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Stimulated Raman adiabatic passage preparation of a coherent superposition of ThO H3 A, states
for an improved electron electric-dipole-moment measurement
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Experimental searches for the electron electric-dipole moment (EDM) probe new physics beyond the standard
model. The current best EDM limit was set by the ACME Collaboration [Science 343, 269 (2014)], constraining
time-reversal symmetry (7") violating physics at the TeV energy scale. ACME used optical pumping to prepare a
coherent superposition of ThO H>A | states that have aligned electron spins. Spin precession due to the molecule’s
internal electric field was measured to extract the EDM. We report here on an improved method for preparing
this spin-aligned state of the electron by using stimulated Raman adiabatic passage (STIRAP). We demonstrate a
transfer efficiency of 75% =+ 5%, representing a significant gain in signal for a next-generation EDM experiment.
We discuss the particularities of implementing STIRAP in systems such as ours, where molecular ensembles
with large phase-space distributions are transferred via weak molecular transitions with limited laser power and

limited optical access.
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I. INTRODUCTION

The current best upper limit on the electron electric-dipole
moment (EDM), |d,| < 9.3 x 107?ecm (90% confidence),
was set by the ACME Collaboration [1,2]. This represents
an order-of-magnitude improvement on the previous limits on
d, [3,4]. Other measurements of d, are in preparation [5-8].
Related experiments measure nuclear [9] and neutron [10]
electric-dipole moments. The ACME result significantly re-
duces the viable parameter space for time-reversal symmetry
(T), violating interactions between electrons and potential new
particles at the TeV energy scale appearing in many extensions
to the Standard Model [11,12].

The ACME experiment (ACME I) performed a spin-
precession measurement [13] on thorium monoxide (ThO)
molecules from a cryogenic buffer gas beam source [14]. The
measurement took advantage of the high effective electric field
E4¢ ~ 78 GV/cm of the metastable ThO H3 A, state, when
the molecules are fully polarized in moderate electric fields
(~ 10 V/cm) [15-17]. The use of the H3A, state allows for
spectroscopic reversal of & in the laboratory frame due to
its 2-doublet structure [18]. Its small magnetic moment [19]
greatly suppresses systematic errors related to magnetic fields
and geometric phases [20].

ACME I was limited by the 1-sigma statistical uncertainty
in the EDM value of 8d, ~ 1.5 x 10728¢ cm+/d/+/T, where T
is the running time in days (24 h with realistic duty cycle) [1].
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The established systematic error limits were also limited
by statistics, such that an improved statistical sensitivity is
anticipated to result in an improved systematic uncertainty for
an equal measurement time 7. We are now modifying the
ACME apparatus with the goal to improve the sensitivity of
the EDM experiment.

In this paper, we discuss in detail a method that yields a
significant increase in the number of useful ThO molecules
for a next-generation ACME experiment (ACME II). This
technique uses efficient optical transfer of population to
prepare the initial spin-aligned state of the H3A; “EDM
state.” ACME 1 employed optical pumping to prepare this
state, with an efficiency of approximately 6%. Using the
technique of stimulated Raman adiabatic passage (STIRAP),
we demonstrate here an increase in the population of the
desired state by a factor of 12 &+ 1, corresponding to a state
transfer efficiency of 75% =+ 5%.

STIRAP is a population transfer scheme in a three-level
system that relies on coherent two-photon coupling using
time-varying electromagnetic fields [21]. Under appropriate
experimental conditions, STIRAP can nearly completely
transfer population from an initially populated state |1) to
a final state |3) via a possibly lossy intermediary state |2). The
process relies on the adiabatic evolution of a “dark” (i.e., not
coupled to the radiation fields), population-trapping state as
molecules (or atoms) experience partially overlapping slowly
varying fields: a Stokes pulse that introduces a dynamic Stark
splitting of the unpopulated states |2) and |3) is followed by
a pump pulse, coupling states |1) and |2). Since its discovery
and first demonstration with Na, dimers [22], STIRAP has
been successfully applied to a number of experiments, such
as in the preparation of ultracold dense gases of polar
molecules [23,24], the creation of a well-defined photon
number state in single-atom cavity quantum electrodynam-
ics [25,26], and quantum-information processing [27,28].

STIRAP has been successfully implemented in such a
multitude of systems by overcoming significant challenges,
some generic to the method and others peculiar to the specific
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system. In experiments such as ours, in which entire molecular
ensembles with large phase-space distributions are transferred
via weak molecular transitions, the required laser powers and
intensities are significant and can be challenging to achieve
with current laser technology. To perform STIRAP with
near-unity transfer efficiency, two-photon resonance must be
maintained [21], which can place demanding constraints on
the phase coherence of the lasers used [29]. Furthermore,
it is important to apply smoothly varying Stokes and pump
pulses in such a manner that the adiabaticity criterion is
fulfilled during the entirety of the transfer process [21,30].
This is challenging due to the geometrical constraints of our
apparatus.

II. STIRAP IMPLEMENTATION

The ACME experiment uses a pulsed beam of ThO
generated by a cryogenic buffer gas beam source [14]. The
molecules exit the beam source with a forward velocity of
~ 200 m/s along the % axis [Fig. 1(a)]. Their population is
primarily concentrated in the electronic ground state X, in
several rotational states with a Maxwell-Boltzmann distribu-
tion corresponding to a rotational temperature of about 4 K.
In the current measurements, the molecules are collimated
1.1 m downstream by a square aperture with dimensions
of 25 x 25 mm. The molecules exit the aperture with a
“flat-top” transverse velocity distribution with a full width
at half-maximum (FWHM) of about 4.5 m/s. They travel into
a region that has a uniform electric field & that defines the 2
axis. The residual Earth’s magnetic field has a component
l§z ~ 40 mG along the Z axis. The applied electric field
magnitude £ ~ 75 V/cm fully polarizes the molecule in the
laboratory frame [20]. Thus, the internuclear axis, whose
orientation 7 we define to point from the oxygen to thorium
nucleus, is on average either aligned or antialigned with the
applied electric field. This relative alignment is defined by the
quantum number N = £ A=+l

In ACME [, the efficiency of preparing the initial state was
limited by the incoherent nature of the optical pumping process
that was used [partially illustrated in Fig. 1(b)] [1]. There,
the | X,J =1,M = +1,P = —1) states, where P is the parity
quantum number, were optically pumped by two spatially sep-
arated 943 nm laser beams with orthogonal linear polarizations
to the |A,J = 0,P = +1) state. Approximately 35% of the
population excited by the laser subsequently spontaneously
decayed into the |H,J = 1) state manifold [31]. Decay to each
of the mixed-parity states |H,J = 1,M = +1,N ) occurred
with equal probability (P = 1/6), with decay to the odd-parity
state |H,J = 1,M = 0,P = —1) being twice as likely (P =
1/3) and decay to the even-parity state |H,J = 1,M = 0,P=
+1) being forbidden by the E1 parity selection rule. A linearly
polarized 1090 nm laser beam, resonant with the |H,J =
1M = :I:l,JV) - |C,J =1,M = 0,75) transition, addressed
the spectrally unresolved states |H,J = 1,M = +1,N ) of
a particular ' = +1 quantum number, pumping out half
of the population and leaving behind a ‘“dark” coherent
superposition. This coherent superposition corresponds to an
electron spin-aligned state [13]. For example, if the state
preparation laser beam was linearly polarized along % and
the |C,J = 1,M = 0,9 = +1) state was used, the prepared
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FIG. 1. (a) Schematic of the measurement apparatus used in
the present work. A collimated pulsed beam of ThO molecules
enters the interaction region. The spin-aligned state is prepared,
precesses in parallel electric and magnetic fields, and is read out
in the detection region by linearly polarized light, with resulting
fluorescence collected and detected by photomultiplier tubes (PMTs).
The initial state can be populated using either (b) an optical pumping
scheme similar to that used in ACME I, or (c) a STIRAP scheme.
We alternate between the two methods for comparison purposes by
blocking the corresponding laser beams.

State was

M =+1N) — M =—1,N)
A ;

wherg M = :|:1,J\7) is compact notation for |H,J = 1,M =

+1,N).

The optical pumping transfer efficiency from the |X,J =
I,M =41, = —1) states to the H state manifold is

[y =0)N) = (1)
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~ 35% [31]. One-third of this population is contained in
a pair of states with particular N' = =+1, and half of the
population is in the selected spin-aligned state. We therefore
estimate the efficiency of transferring population from the
|X,J =1,M = +1,P = —1) states to |(r =0),N) to be
approximately 6% in ACME 1.

In this work, we demonstrate the use of STIRAP to transfer
population from the ro-vibrational ground state of the ThO
molecule |X,J = 0, = +1) directly into the desired spin-
aligned state of the H state with an efficiency of 75% + 5%
[Fig. 1(c)]. 3

In ACME [, the population in the | X,J = I,M = £1,P =
—1) states was enhanced with population from the other
rotational levels through optical pumping and microwave
transfer by a factor of about 1.5-2.0. Alternate rotational
cooling schemes can provide roughly the same population
in the |X,J = 0,P = +1) state as was previously available
in both |[X,J =1,M = +1,P = —1) states combined. The
gain in usable molecules in a future EDM measurement can
then be parametrized as G = grcgst, With rotational cooling
gain grc & 1. From here on, we refer only to the STIRAP
improvement factor ggr.

The |X,J =0,P = +1) = |1) initial state and desired
spin-aligned state |/ (r = 0),N) = |3) [from Eq. (1)] are one
unit of angular momentum projection apart (AM = %1).
STIRAP between |1) and |3) requires one laser beam to
have Z polarization (corresponding to AM = 0) and one %
polarization (corresponding to AM = +£1). Access to the Z
polarization in the molecular-beam region requires that the
laser beams be sent vertically (along the § axis), as shown in
Fig. 1(a). In this configuration, the laser fields do not transmit
through the transparent field plates, as was the case in ACME
I. This avoids potential optical damage to the electric field
plates and prevents imperfect STIRAP laser intensity profiles
due to interactions (e.g., reflections) with the field plates.

The radiative couplings between the three levels are
characterized by the Rabi frequencies
D;E;(1)

P 2
where i € {S, P} corresponds to the Stokes or pump transition,
D; is the transition dipole moment, and E; = E;é; is the
vector amplitude of the laser radiation field, which includes
polarization. As shown in Fig. 1(c), the STIRAP efficiency is
usually parametrized as a function of the detunings of the pump
and Stokes lasers from their respective one-photon resonances
Ap and Ag. The STIRAP transfer efficiency is significantly
more sensitive to the two-photon detuning § = (Ap — Ag)/2
than the one-photon detuning A = (Ap + Ag)/2 [21].

As shown in Fig. 1(c), we perform STIRAP via couplings
to the |C,J =1,M = 0,P = —1) = |2) state, which has a
lifetime of t¢ = 500 ns [32]. The pump laser beam (690 nm)
is linearly polarized along Z and is near-resonant with the
transition between states |1) and |2). The Stokes laser (1090
nm) is linearly polarized along X and is near-resonant with the
transition between |2) and |H,J = 1,M = £1,N). Due to the
parity of the intermediary state, population is transferred into
the spin-aligned state |3) given in Eq. (1) [13]. In the ACME
I optical pumping scheme, the orthogonal spin orientation
could be prepared by choosing the opposite excited-state

Qi(n) =
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parity, |C,J = 1,M = 0,75), or by rotating the polarization
of the depletion 1090 nm laser to the § direction to address
the opposite spin superposition. This was used as a “switch”
for rejection of systematics [1]. In this STIRAP scheme, the
orthogonal spin orientation cannot be prepared, but we believe
that this will not significantly impact our systematic error.

After being prepared by either STIRAP or the ACME I
method, electric and magnetic fields cause the spin-aligned
state to accumulate a phase ¢, resulting in

e M = +1,N) — et M = —1,N)

NG .
The phase ¢ is dominated by the effects of |B;| = B - 2|, and
its B = sgn(B - ),

[y (), N) = 3)

~ —HB8BIB|T

5
where g is the g-factor and pup is the Bohr magneton. This
phase also describes the angle by which the initial spin
alignment rotates in the x-y plane while in the interaction
region.

After traveling through the interaction region for a distance
L ~ 22 cm, corresponding to a time t ~ 1.1 ms, the phase
of the spin-aligned state can be read out in the detection
region using laser-induced fluorescence. The detection scheme
relies on excitation of molecules with a linearly polarized
readout laser to a short-lived state (the C state in ACME
I, the I state in the current work) that emits photons when
decaying to the ground state X. These photons are collected
and detected by PMTs. In ACME I, ¢ was determined
by rapidly switching between polarizations. In the STIRAP
experiments described here, we are primarily interested only
in the total number of molecules, so the laser polarization
direction is not switched but rather kept constant. The laser’s
linear polarization direction R is chosen such that the detected
fluorescence signal is maximized.

Care must be taken to minimize contamination of the
detected signal with photons from other regions of the
experiment, which would lead to additional noise in our EDM
data. The STIRAP scheme we describe in this paper uses
pump coupling through the same X — C transition that was
used in ACME 1 for fluorescence detection (690 nm). We
avoid the background from the STIRAP pump laser by using
excitation at 703 nm from the H state to the [ state instead
of the C state [33]. The fluorescence accompanying the [
state decay at 512 nm is easily separable from the 690 nm
pump light background. The [ state has all of the necessary
features for the future ACME II detection scheme: a large
branching ratio to X, a small branching ratio to H, a strong
enough transition to H, and spectroscopically resolved states
of opposite parity [34,35].

¢ “)

A. Laser system

The STIRAP transfer is implemented with light derived
from two systems of commercial external cavity diode
lasers (ECDLs) at 1090 nm (Stokes laser, near-resonant
with the C — H transition) and 690 nm (pump laser, near-
resonant with the X — C transition) [36]. The lasers are
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actively frequency stabilized through simultaneous locking
to a horizontal cylindrical ultralow expansion (ULE) glass
cavity with a finesse of 30 000. The cavity is housed in
a laboratory-built evacuated aluminum enclosure with two
stages of temperature control. It is temperature-regulated near
the critical temperature of the ULE spacer of 27.8 °C with a
long-term (usually days) stability better than 1 mK.

The lasers are locked to the ULE resonator using a feed-
back system based on the Pound-Drever-Hall (PDH) locking
scheme [37]. The feedback is provided by a commercial
digital proportional-integral-derivative (PID) regulator, with
a fast component to the current (bandwidth up to 5 MHz),
and a slow component to the grating piezo (bandwidth up to
100 Hz). A resonant EOM at 10 MHz creates the modulation
sidebands necessary for the PDH lock, and an AOM allows
for freely tuning the laser frequency away from the resonances
of the cavity. A commercial fiber frequency comb locked
to a GPS-stabilized rf reference allows for monitoring and
long-term correction of the absolute laser frequencies. The
largest correction is a linear drift of ~7 kHz/d, presumed to
be due to the mechanical relaxation of the ULE spacer.

The 690 nm laser light is amplified by a commercial tapered
amplifier (TA) to ~300 mW. The output of the TA is then
coupled through a single-mode fiber that also acts as a spatial
filter for light delivered to the experiment. The 1090 nm laser
is amplified by a commercial fiber amplifier to ~10 W.

The readout laser light at 703 nm is produced by a
commercial Ti:sapphire laser [38]. Its frequency is actively
stabilized through an offset beat note lock with an 703 nm
ECDL [39], which is locked to the ULE cavity in the same
manner as described above. Feedback is applied to the fast and
slow piezo that positions one of the mirrors of the Ti:sapphire
cavity, with a bandwidth of up to 100 kHz. The linewidths
observed were approximately 20 kHz (100 ms integration
time), with a long-term stability of 100 kHz within 24 h.

B. Phase noise

Population transfer with close to unity efficiency of the
entire ensemble of ThO molecules is possible in STIRAP if
the two-photon detuning of the laser fields is near zero, i.e.,
roughly within the two-photon population transfer linewidth
Awypn [40]. In the case of significant differential phase noise
between the pump and the Stokes lasers outside of this
two-photon resonance linewidth, but within the one-photon
resonance linewidth, the dark-state eigenvector can acquire
a component of the intermediary state |2), and population
can radiatively decay out of the three-level system. The
two-photon line shape is difficult to describe analytically and
varies significantly with the specific properties of the system,
such as molecule phase-space distribution, Rabi frequencies,
lifetime of the excited state, interaction time, and one-photon
detuning. Nevertheless, in our system it is possible to crudely
estimate Awypn as follows. Due to experimental constraints
described below, we operate in a regime where the time when
the STIRAP pulses overlap AT is on the order of 1/yc,
where yc is the decay rate of the intermediate excited state
C. In this case, Awyp, is within a factor of order unity of

Qefr/2, Where Qefr = v/ Q3% + Q3 is an effective two-photon
Rabi frequency [40]. In our system, two-photon linewidths
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Awapy, are typically in the range of 2w x (2—4) MHz FWHM,
and Qe &~ 27 x 14 MHz, limited by the pump and Stokes
laser-beam intensities.

To characterize the phase noise present in our lasers, we
measured their power spectral densities using an optical beat
note with a second laser system locked to a separate ULE
cavity. Both systems were constructed to be as similar as
possible. Figure 2(a) shows the power spectral density of a beat
note between two identical 690 nm lasers (50 ms integration
time). The power spectra show a narrow 27w x 150 Hz
FWHM peak on top of a much broader suppressed pedestal,
typical of stabilized ECDLs. The width of the central peak
was measured using a much smaller resolution bandwidth
than shown in Fig. 2(a). The first tests were performed with
a set of off-the-shelf diodes [blue in Fig. 2(a)], which showed
relatively high power in the spectral pedestal. Using these
diodes, we observed that the STIRAP transfer efficiency
saturated as a function of laser power, reaching a maximum
level of only 30%—40%. This behavior is consistent with
recently reported detrimental effects on STIRAP transfer
efficiency due to broad pedestals in the spectral line shape
that are common to stabilized ECDLs [29]. Furthermore, we
performed simulations of the STIRAP efficiency by integrating
the Lindblad master equation with random sampling over the
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FIG. 2. (a) Power spectral densities of the 690 nm lasers are
typical of stabilized ECDLs, with a very narrow central component on
top of a much weaker broad pedestal. The antireflection (AR) -coated
diodes provide a 10 dB reduction in the noise pedestal compared
to the off-the-shelf diodes. (b) Typical laser beam intensity profiles
(along the X axis) at the center of the molecular beam (integrated over
a 5 mm range along Z, blue line) and Gaussian fits (dashed red line).
The beam profiles are greatly separated for clarity.

052110-4



STIMULATED RAMAN ADIABATIC PASSAGE ...

spatial and velocity distributions within the molecular beam.
The simulations were run with a phase model [41] consistent
with the measured power spectral density of the lasers, varying
phase noise parameters such as pedestal amplitude, width,
and position of noise features within the uncertainty of the
measurement. The results of these simulations are consistent
with the observed behavior, i.e., they showed a typical STIRAP
saturation with laser power of the transfer efficiency at only
30%-40% in a parameter range similar to that of our system.

To reduce the laser phase noise in the pedestals, the
off-the-shelf diodes were replaced with AR-coated diodes,
which yield a narrower linewidth in an ECDL configuration
before locking (2w x 200 kHz compared to 27 x 1.5 MHz).
The power spectrum of the beat note from locked ECDLs
with the new diodes displays a much-suppressed pedestal
(=30 dB instead of —20 dB) with approximately the same
pedestal linewidth (~2mw x 2 MHz FWHM), as shown in
Fig. 2(a). Simulations using a phase noise model consistent
with the improved power spectrum predict near-unity STIRAP
efficiency. Due to changes to the experiment geometry that
occurred at the same time as the reduction in laser phase
noise, we could not verify empirically that the phase noise
was directly responsible for the previously observed low
transfer efficiencies. The 1090 nm laser power spectral
densities, not shown here, exhibit similar pedestal suppression
and pedestal linewidths to those of the 690 nm AR-coated
diodes.

C. Particularities of the ACME experiment

Although STIRAP has been performed in a number of
atomic and molecular-beam experiments [22-27], each system
presents its own difficulties. STIRAP within the ACME
experiment is challenging for several reasons, which mostly
arise from the fact that we are operating with lasers with
power outputs that are close to our minimum requirements
for efficient population transfer.

In considering the spatial intensity profiles necessary for
the laser beams, it is important to note that STIRAP relies on
adiabaticity for obtaining high transfer efficiencies [21]. The
“local” adiabaticity criterion,

‘QPQS — QpSQ2

2o < |o* — o, 5)

where |0 — | is the field-induced splitting in the dressed-
state energy eigenvalues [30], sets constraints on the spatial
“smoothness” and overlap of the STIRAP laser beams.
In the case when the laser profiles have smooth shapes,
an integration of the above gives the “global” adiabaticity
criterion Qe AT > 1 [21].

Laser-beam shaping is restricted by optical power availabil-
ity and geometrical considerations: in the Z direction, the laser
beams need to be significantly larger than the 25 mm diameter
of the molecular beam in order to ensure that all molecules
are addressed. The laser-beam diameters necessary along the
molecular-beam forward velocity (along X) are constrained by
both the adiabaticity and two-photon resonance conditions.
It can be shown that Q. AT o /w,, where w, is the waist
(1/€? intensity half-width) of the laser beam along %, and the
proportionality constant is a function of the transition dipole
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moments, available laser power, laser-beam diameter along Z,
and molecular-beam longitudinal velocity. The adiabaticity
criterion, QAT > 1, puts a lower limit on the waist at
wy > 10 um.

The transverse velocity distribution of the ThO molecules
in the STIRAP transfer region has a FWHM of 4.5 m/s,
as discussed in the introduction to Sec. II. Since the two
photons have a large relative wavelength difference (690 nm
pump and 1090 nm Stokes), the different velocity classes
will experience different Doppler shifts for the two STIRAP
beams. This results in a distribution of two-photon detunings
within the molecular beam with a width of Awpeppler ~ 2 X
1.2 MHz FWHM. Awpoppler must be smaller than the intrinsic
two-photon linewidth of the STIRAP process Awyph to ensure
near-unity transfer efficiency for all of the molecules in the
ensemble. Aw,pp increases with increasing laser intensity [42],
which we achieve by decreasing the laser beam waists along
the molecular-beam forward velocity, w, . Simulations involv-
ing numerical integration of the Hamiltonian for the three-level
system show that for close to unity transfer efficiency, we
require w, < 300 pum.

These limits are also set, in part, by the weak transition
dipole moment of the Stokes transition. The H — C dipole
moment is estimated at 0.02e ag [43]. Even with 10 W of
power available for the Stokes transition, the typical peak
Rabi frequencies accessed in our system, Qg ~ 27 x 8 MHz,
are orders of magnitude smaller than what was available in
the first demonstration of STIRAP [22]. For comparison,
the pump transition X — C dipole moment is estimated at
0.3e ap [32,43], making the power requirements lower for that
transition. With 50 mW of power, we are able to achieve pump
Rabi frequencies of Qp ~ 27 x 12 MHz.

To satisfy previously described constraints, the laser beams
are expanded in Z to waists of 20-25 mm and then collimated.
Along £, the optical beams are first expanded to diameters of
10-20 mm and then focused to the required small waists (w,)
of 150 um (690 nm pump) and 160 pm (1090 nm Stokes), at
the position of the molecular beam. The Rayleigh lengths for
the laser beams are 100 mm (pump) and 70 mm (Stokes), larger
than the molecular-beam diameter of 25 mm, ensuring small
variations in the laser-beam diameter and peak intensity across
the molecular beam along the vertical direction §. The resulting
peak intensities are Ig &~ 1000 mW/mm? for the Stokes
beam (1090 nm) and 7 ~ 6 mW/mm? for the pump beam
(690 nm).

Due to experimental complexities associated with other
components of the ACME experimental apparatus, such as
large-volume mu-metal magnetic shields, the experiment
vacuum chamber, and magnetic field coils, the available optical
access is limited. To allow for easy adjustability, the last
optical element is placed outside of the magnetic shields, at
a distance of 1.5 m from the focal point. These constraints
limit the achieved laser intensity profile quality. Figure 2(b)
shows profiles of the laser beams along the molecules’ forward
velocity axis (X), at the waist, measured with a CCD beam
profiler. It is important to note that the quality of the beam
shapes degrades at the vertical extremities of the molecular
beam, as one moves away from the focal point, with Airy-like
lobes in the tails increasing in amplitude up to 10-20 % of the
maximum intensity.
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Imperfect laser intensity profiles can either cause the local
adiabaticity criterion [Eq. (5)] to not be fulfilled, leading to
nonadiabatic transfer of population to the intermediary lossy
state |2), from which it decays out of the system, or it can leave
population in the initial state |1). Additionally, when on one-
photon resonance, excess optical power in wings of the laser-
beam profiles similar to an Airy pattern caused by clipping
of the laser beams can drive optical pumping, depleting the
population of the initial state |1) before the STIRAP process
begins, or depleting the desired final state |3) after the two-
photon process is complete. Careful alignment of the relative
pointing of the Stokes and pump beams to better than a few
milliradians is extremely important for maintaining optimal
overlap over the vertical 25 mm spatial extent of the molecular
beam.

D. Gain measurement

To quantify the signal improvement over ACME I, we
measure the STIRAP molecule gain factor gst by quickly
switching between the STIRAP state preparation scheme and
the ACME I optical pumping scheme by alternately blocking
the relevant laser beams for these two schemes on a time scale
of 5 s, faster than normal fluctuations in the molecule-beam
flux [14]. We detect the population in the prepared spin-
aligned state by optically pumping on the H — [ transition
with a linearly polarized laser and detecting laser-induced
fluorescence signals at 512 nm (Sst and Sop, respectively,
for STIRAP and optical pumping) that are proportional to the
transferred population.

Given that STIRAP state transfer is performed out of
| X,J = 0,9 = +1), and the ACME I state transfer scheme
was performed out of |X,J = 1,M = +1,P = —1), the gain
factor gst can be expressed as

St X4 PUX,J =1,M =+1,P = —1))
ST S PUXT =0.P=11)
where P(|Y)) is the initial population in state |¢). In the
following measurements, rotational cooling schemes are not
used. The initial populations are assumed to follow a Maxwell-
Boltzmann distribution with a rotational temperature of
4+ 1 K [44], as observed previously with our beam
source [14].

. ()

III. EXPERIMENTAL RESULTS

The STIRAP transfer efficiency ngr is calculated from the
measured gain by nst = kgst, where the proportionality factor
k is obtained from an auxiliary calibration measurement. This
calibration was performed by measuring both gain and transfer
efficiency under experimental conditions where efficiency
can be extracted with ease. We performed STIRAP with
a one-photon detuning of A = 2w x 15 MHz, much larger
than the Doppler linewidths of the pump (690 nm) and
Stokes (1090 nm) beams of 27 x 3.2 MHz half-width at half-
maximum (HWHM) and 27r x 2 MHz HWHM, respectively.
The detuning is also much larger than the one-photon natural
linewidth of 27 x 0.3 MHz HWHM. This large one-photon
detuning is chosen such that one-photon transitions are highly
suppressed. Even in the case of nonadiabatic transfer, the
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population that is not transferred to the desired final state
|3) remains in the initial state |1) rather than populating the
lossy intermediary state |2) and decaying out of the three-level
system. A second probe laser, at 690 nm, driving the |1) — |2)
transition, produces laser-induced fluorescence proportional to
the population in state |1). The resulting 690 nm fluorescence
is detected with the same PMTs used to detect the 512 nm
fluorescence from the I state, as discussed above.
Fluorescence signals proportional to the population in

state |1) are recorded when performing STIRAP (S|SIT>) and

normalized to the case when no excitation is present (S(‘)D).
The fluorescence signal proportional to leftover population in
state |1) after performing STIRAP is given by

S‘Sl"lZ = S(‘)U[1 - ﬂsr(l - ndecay)]v (7)

where the correction factor (1 — 7gecay) accounts for decay
from the metastable state H back to state |1) during the
time molecules travel between the population transfer and
the readout regions. Vibrational and rotational branching
ratios [45] along with the lifetime of the H state (~2 ms) [1]
and the precession time (t ~ 1.1 ms) give an estimated
Ndecay ~ 13%, which is the fraction of population in the H
state that decays back to state |1). Under the same large one-
photon detuning conditions corresponding to the calibration
measurement, gy is extracted from Eq. (7), and the gain ggr is
measured using the same procedure described above. We then
calculate the proportionality factor k = ngr/gst ~ 6.2 £ 0.3,
where the uncertainty is dominated by the error in the rotational
Boltzmann factor. We then use k to infer the transfer efficiency
nst from the measured gain gst for all other data, regardless
of the laser detunings and other experimental parameters.
The transfer efficiency measured under optimal conditions
in our system is shown in Fig. 3(a), as the spatial overlap of the
pump and Stokes beams is varied, at a one-photon detuning
A =27 x 8§ MHz. The two-photon resonance condition, § =
0, is maintained for molecules with zero transverse velocity.
As one would expect from the underlying theory [21], optimal
transfer efficiency is obtained for the Stokes pulse preceding
the pump pulse, with a separation between the two compa-
rable to the waist size (160 pum). The maximum observed
transfer efficiency is 75% =+ 5%. We observe a second, lower
efficiency, local maximum when the two laser beams overlap in
the reverse order, with the pump pulse applied first. This feature
is a consequence of a large one-photon detuning [22]. Unlike
when on resonance, the initial state is not optically pumped by
the pump pulse arriving first. As the molecules pass through the
laser beams, the overlap region allows a partially adiabatic two-
photon process to drive a fraction of the population (40%) to
the final state |3). We observe a dip in efficiency when the two
pulses are completely overlapped and the transfer efficiency
vanishes when the separation between the laser beams is
large compared to the laser intensity widths, as the overlap
between the Stokes and pump beams drops to zero. Simulations
performed by integrating the Schrodinger equation with a
three-level system Hamiltonian show qualitative agreement
with the data [Fig. 3(a)]. The simulations were performed with
molecular ensemble parameters consistent with the measured
experimental values. In addition, a Stokes and pump relative
laser-beam-pointing misalignment of ~ 5 mrad was included
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FIG. 3. (a) Efficiency of population transfer from ground state
|X,J = 0) to a spin-aligned state in the | H,J = 1) state, as a function
of the spatial overlap of the pump and Stokes beams (laser beam
widths 2150 um) for the experiment (blue) and simulation (red
dashed line). Insets along the top show the relative positions of
the optical field pulses, as they are encountered by the molecules,
traveling from left to right. Power saturation behavior of the
(b) pump 690 nm laser and (c) Stokes 1090 nm laser.

in the simulation and partially accounts for the lower than unity
efficiency.

Figures 3(b) and 3(c) show the dependence of transfer
efficiency on the power of the Stokes and pump lasers.
Each data set is taken with the other laser at full power,
always at the same one-photon detuning A = 27 x § MHz
and on two-photon resonance § = 0, for molecules with zero
transverse velocity. The 690 nm pump transition |1) — |2) is
driven well into the saturated regime. The STIRAP transfer
efficiency versus 1090 nm Stokes laser power data shows that
higher transfer efficiency might be achievable with greater
power [Fig. 3(c)].

Figure 4(a) shows the variation of the transfer efficiency
with the detunings of the two lasers. These data are taken with
both lasers at full power, with optimal overlap. As expected,
STIRAP efficiency is very sensitive to two-photon detunings
& # 0, but quite robust to one-photon detunings A # 0. Unlike
many other STIRAP systems, we obtain higher efficiency
when running at one-photon detunings that are large compared
to the Doppler linewidths of the pump and the Stokes beams.
Transfer efficiency decreases substantially, to 10-20 %, when
on one-photon resonance. We believe that this is due to sharp
changes in the spatial intensity profiles of the laser beams
across the large spatial extent (25 mm) of the molecular beam.
On resonance, any excess laser intensity in the wings of the
spatial intensity profiles (due, e.g., to scatter or diffraction from
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FIG. 4. (a) Density plot showing variation of the measured
transfer efficiency with the detunings of the two lasers. Green
(red) dashed lines are a guide to the eye, and they indicate the
extent of the pump (Stokes) one-photon resonance FWHM linewidth.
Dotted black lines that indicate constant two-photon detunings are
drawnat$ € 27w x {—4,—2,0,42,+4} MHz. (b) Spin analysis fringes
showing coherent preparation of the aligned-spin electron state, data
(blue), and sinusoidal fit (red line).

apertures in the laser beam paths) can drive optical pumping,
depleting the population of the initial state. This effect is
accentuated by the relatively small transition dipole moment
of the |2) — |3) Stokes transition, since the population in the
intermediary |2) state decays to other nonresonant molecular
states (mostly to other rotational levels of the ground state
X) with a much larger probability than to the desired state
|3). Simulations of the molecule ensemble, when integrating
the Schrodinger equation of the three-level system, show
similar behavior when including Airy-like wings in the spatial
intensity profiles of the lasers with amplitudes at the level of
10-20% of the maximum intensity, comparable to the ones
observed in our laser beams.

At one-photon detunings that are large compared to the
one-photon Doppler linewidths of the pump and Stokes lasers,
the two-photon profile is asymmetric [Fig. 4(a)]: the transfer
efficiency drops at a faster rate as the two-photon detuning is
tuned toward the pump one-photon resonance than when the
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two-photon detuning is tuned toward the Stokes one-photon
resonance. This is general STIRAP behavior that occurs when
at one-photon detunings that are large compared to Qg and
when the Rabi frequencies are not equal [46]. In our case,
Qp / Qs ~ 1.5.

We verified that the STIRAP process directly populates
a spin-aligned state |3) required for performing the spin-
precession measurement [13]. Figure 4(b) shows sinusoidal
oscillations of the fluorescence signal characteristic of our
spin analysis method, as the angle of the linear polarization of
the readout beam is varied with a half-wave plate. The contrast
of the spin analysis fringes is 93% =+ 2%, comparable to that
observed with the GEN I preparation method, 94% =+ 2% [1].

IV. CONCLUSION

The reported results illustrate that a much higher fraction
of the ThO molecules produced by our buffer gas beam source
can be used for an electron EDM measurement than in ACME
I [1]. STIRAP directly prepares the coherent superposition
of ThO H3A, states that represents the initial spin-aligned
state of our precession measurement and is approximately 12
times more efficient than the optical pumping method used
in ACME I. Detecting fluorescence at a wavelength not used
for the STIRAP excitation avoids stray light contamination
while also allowing us to profit from the 2.5 times higher
PMT quantum efficiency reported [47] for the shorter 512 nm
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detection wavelength [33]. In the course of this work, we
also demonstrated that transferring fluorescence photons to
the PMTs through light guides (rather than the fiber bundles
used previously) increases the number of EDM-sensitive state
molecules detected by a factor of 2.5. These factors together
illustrate that at least a 75 times higher fraction of the ThO
molecules from our source can be used to perform an electron
EDM measurement using the metastable H> A state of ThO.
Other planned improvements in ACME (to be discussed
elsewhere) could yield additional gains in the useful fraction
of molecules and the source flux.

We have presented in detail the implementation of STIRAP
in our system and contrasted it with the previously used optical
pumping method of preparing the desired spin-aligned state.
We have discussed the challenges of implementing STIRAP
in ThO and described the methods we have used to overcome
them. We have demonstrated that STIRAP can be applied with
high transfer efficiency (75% =+ 5%) in systems characterized
by low transition dipole moments, large volume of excitation,
and with limited optical access. Finally, even higher transfer
efficiencies could be achieved in the future with a higher Stokes
laser power or improved laser spatial intensity profiles.
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