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Rydberg states of molecules are intrinsically challenging to study due to the presence
of fast non-radiative decay pathways, such as predissociation. However, selectively
exciting Rydberg states with values of the orbital angular momentum (¢) ¢ 2> 3
is a productive strategy to minimize this rapid decay and to populate molecular
Rydberg states with lifetimes that approach those of atoms. In this proof-of-principle
demonstration, we transfer population to an n f Rydberg state of the calcium atom by
stimulated Raman adiabatic passage, in which an optical and a millimeter-wave field
couple the initial and final states via an intermediate nd Rydberg state. Numerical
simulations reproduce the observed time and frequency dependences of the population

transfer, and suggest the utility of this scheme to populate high-¢ Rydberg states of

molecules.
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I. INTRODUCTION

Rydberg states of molecules possess many of the extreme properties, such as large polar-
izabilities and strong dipole-dipole interactions, that make Rydberg atoms attractive for di-
verse applications in quantum computation,® electrostatic slowing and trapping,?® and high-
resolution spectroscopy.*® Spectroscopic investigations of molecular Rydberg states have en-
abled measurements of the electric structure of ions®” and uncovered the complex dynamics
of the exchange of energy between the molecular ion-core and the Rydberg electron.® 1 The
most significant challenge in the study of Rydberg states of molecules is the presence of fast
non-radiative decay pathways. In particular, predissociation occurs due to the interaction of
a bound excited state with one or more dissociation continua, which leads to dissociation of
the molecule at an energy below the dissociation asymptote of the Rydberg state potential
energy surface.!' Predissociation is a universal obstacle to the systematic study of molecular
Rydberg states. Through proof-of-principle experiments on atomic Rydberg states reported
in this article, we propose the use of optical-millimeter-wave stimulated Raman adiabatic
passage (optical-mmW STIRAP) as a general and efficient means to circumvent the predis-

sociation obstacle that hinders the study of molecular Rydberg states.

Critical to the success of this method is the fact that, in spite of the ubiquity of predissoci-
ation in highly excited molecules, its impact can be reduced by excitation of carefully chosen
Rydberg states. The repulsive states responsible for predissociation are valence electronic
states, which invariably have significant wavefunction amplitude localized near the ion-core.
Increasing the orbital angular momentum, ¢, of the Rydberg electron limits the interaction
with repulsive valence states by reducing the amplitude of the Rydberg wavefunction near
the ion-core. In a semi-classical picture, the point of closest approach of the Rydberg elec-
tron to the ion-core in a Keplerian orbit occurs at ryi, & £(¢ + 1).'? Thus, high-¢ Rydberg
states do not sample the region near the ion-core, so they interact less strongly with va-
lence states and therefore are more weakly predissociated. In general, Rydberg states with
¢ < 3 are all core-penetrating and, since the valence states also have low-¢ character, they
exhibit fast (typically, < 1 ns) predissociation rates.!3!* Meanwhile, states with ¢ > 3 are

all core-nonpenetrating and predissociation rates decrease rapidly with each step of increase

of £.15

Systematic access to high orbital angular momentum Rydberg states is restricted by
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the combination of the effective Al = 41 selection rules for dipole-allowed transitions and
the short (sub-nanosecond) predissociation-limited lifetimes of low-¢ Rydberg states. One
technique that is uniquely well-suited to population transfer in the presence of short-lived
intermediate states is Stimulated Raman Adiabatic Passage (STIRAP).

STIRAP has been extensively discussed in the literature and successfully applied to many
systems in atomic and chemical physics.'"!? In a three-level system, a “dark” population-
trapping superposition of the initial and final states is prepared by two coherent time-varying
fields. The amplitudes of these two coupling fields are changed smoothly in time to ensure
adiabatic evolution of the dark state, transferring population from the field-free initial state
to the final state.

In this article we report the implementation of optical-mmW STIRAP, which relies on
coherent coupling of an optical Pump field and a millimeter-wave Stokes field. As a first test
of this technique, we have coherently transferred 2 50% of the total population between the
4shp and 4s28f states of Ca atoms. Our choice of an atomic system for this initial demon-
stration was motivated by the ability to quantitatively characterize the time-dependent
populations of all of the involved states in the absence of non-radiative decay mechanisms.
We observe characteristic features of the STIRAP process in a time-delay experiment, in
which enhanced population transfer occurs only in the so-called “counterintuitive” pulse
timing, and a detuning experiment, in which maximal population transfer occurs whenever
two-photon resonance is maintained. Numerical simulations reproduce these observations,
supporting our interpretation and allowing for detailed analysis of the imperfections in our
experiment. Simulation of a hypothetical predissociated (1 ns lifetime) molecular system
demonstrates that, even with the current experimental shortcomings, optical-mmW STI-

RAP is a promising method for populating high-¢ Rydberg states of molecules.

II. EXPERIMENT

An atomic Ca beam was generated in our ablation-loaded cryogenic buffer-gas cooled

2021 and we describe

beam source. This apparatus has been described in detail previously
only the characteristics relevant to this experiment. A schematic of the experimental ap-
paratus appears in Figure 1. Calcium atoms are produced by ablation of a calcium metal

target by ~ 10 mJ pulses of the 532 nm second harmonic of a nanosecond Nd:YAG laser

3



AlP

Publishing

FID
detection

N

STOKES
+
PROBE

ablation
laser

40K

FIG. 1. Schematic of the cryogenic buffer gas cooled beam source used in this work. Calcium
atoms are laser ablated from a metal target and thermalize with neon atoms at 20 K inside the
buffer gas cell. The beam is extracted from the cell and undergoes a mild hydrodynamic expansion.
Approximately 30 cm downstream from the output of the cell, the atomic beam intersects the two
laser beams and the millimeter-wave field, which all co-propagate through the chamber. Following
the population transfer experiment, the populations in the intermediate 4s30d and 4s28f states are
probed by polarizing two connected Rydberg-Rydberg transitions and detecting the coherent free

induction decay (FID) at a second millimeter-wave horn.

(Spectra Physics, GCR-130), focused to a ~ 1 mm? spot. The ablated Ca atoms thermalize
in the 20 K neon buffer gas and undergo a mild hydrodynamic expansion through the output
orifice of the cell. The laser and mmW radiation intersect the atomic beam transversely 30
cm downstream from the buffer gas cell. In this interaction region, the atomic beam exhibits
a transverse velocity distribution with full width at half maximum (FWHM) of about 250
m/s. The number density of Ca atoms is estimated to be ~ 10'° cm™ by laser induced
fluorescence measurements.?’ Figure 2 shows the relevant Ca energy levels and radiation
sources used in the experiment. The initial state in the STIRAP three-level system is pop-
ulated by pumping the 4s5p<—4s? transition at 272 nm with a frequency-doubled dye laser
(SIRAH Cobra Stretch), referred to as the “Prep” laser hereafter. No attempt is made to

characterize the absolute number of atoms in this initial state.

The Pump photon couples the initial 4s5p and intermediate 4s30d states at 804 nm and
is generated by pulsed amplification of a continuous-wave (CW) laser. The seed laser is a

commercial Ti:Sapphire laser (M Squared SolsTiS) locked to a high-resolution wavemeter

4
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(Angstrom WS/7), which allows for reproducible tuning of the laser frequency during the
course of an experiment. Approximately 100 mW of CW radiation is fiber coupled to the
input of a three-stage dye amplifier pumped by the second harmonic of an injection-seeded,
pulsed Nd:YAG laser (Spectra Physics, LAB-170). Spatial filtering after each of the three
amplification stages reduces the amplified spontaneous emission (ASE) in the output laser
beam. We obtain 10 mJ, 7 ns FWHM pulses of near-infrared radiation. Details of the

linewidth are discussed later in the text.

The intermediate 4s30d and final 4s28f states are coupled by a Stokes field in the mmW
frequency range. This 25 ns, 263 GHz, single-frequency mmW pulse is produced by a
260-300 GHz mmW spectrometer, which has been described in detail by the Pate group®?
and is briefly summarized here. The output of a 12.0 GS/s arbitrary waveform generator
(AWG, Agilent M8150) is mixed with a phase-locked 9.375 GHz local oscillator (Miteq,
DLCRO 0101-09375-3-15P), and filtered to select the higher frequency sideband. This low
frequency waveform is sent to an active multiplier chain (AMC, Virginia Diodes AMC291),
which multiplies the frequency by 24 to produce the required mmW excitation pulses. The
radiation is broadcast into the chamber by a standard gain horn antenna (Millitech, SGH-
10). The residual excitation pulses as well as the mmW free induction decay (FID) from the
sample are received on the opposite side of the sample volume by an identical horn antenna
and down-converted. The local oscillator for down-conversion is generated by a second
channel of the AWG that is mixed with the same phase-locked oscillator and multiplied
by a factor of 12 in a second AMC (Virginia Diodes MixAMC156). Down-conversion is
accomplished in a subharmonic mixer and the intermediate frequency signal is digitized
directly on a 50 GS/s, 20 GHz digital oscilloscope (Tektronix DPO72004). The ability
to create tailored sequences of mmW pulses with an AWG allows us to interrogate, on
every experimental cycle, the populations of the intermediate and final states of our three-
level system by two linked “Probe” transitions. Note that all pulses from the CPmmW
spectrometer are constrained by technical limitations to have square temporal profiles with
rise and fall times of less than 2 ns. This non-ideal pulse shape is explicitly included in the
numerical simulations and profoundly influences the quality of the population transfer.

The population transfer efficiency and the capability for numerical characterization of
our STIRAP scheme require a sample volume in which each of the multiple radiation fields

has a well-known spatial profile. The sample volume is defined by the Prep and Pump laser
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fields, which are collimated to 1/e? beam diameters of approximately 7 mm and 10 mm,
respectively, while the mmW radiation is approximately collimated by a Teflon lens to a
cross-sectional area of 10 cm?. The mmW radiation is first overlapped with the 804 nm
laser beam at an I'TO-coated glass plate, which acts as a mirror at mmW frequencies. These
two radiation fields are then overlapped with the 272 nm Prep laser beam by transmission
through a large-diameter backside-polished mirror coated for reflectivity near 266 nm (CVI,

Y4-3037-45-UNP).

4s30f 'F,

PROBE

4s30d 1 D2 283 GHz

STOKES
263 GHz

45281 'F,
298 GHz wt 4527 'G,

PUMP
804 nm

4s5p P,

A

PREP
272 nm

4521S,

FIG. 2. Level scheme in Ca for STIRAP demonstration. The three-level system for coherent
population transfer is composed of the 4s5p, 4s30d, and 4s28f singlet states, which are the initial,
intermediate, and final states, respectively. The Pump laser field couples the initial and intermedi-
ate states with one-photon detuning Ap, and the Stokes mmW field couples the intermediate and

final states with one-photon detuning Ag.

The coherent couplings of the initial to intermediate state, and the intermediate to final
state are characterized by the Rabi frequencies of the Pump and Stokes pulses, (2p and (g.
The Rabi frequency is defined as:

Qt) = ———— (1)

where 77 is the transition dipole moment, and f(t) is the time-dependent electric field
envelope of the relevant pulse of radiation. In addition, the STIRAP process is parameterized
in terms of the detuning of the Pump and Stokes fields from one-photon resonance, Ap and

Ag. The detunings are illustrated in Figure 2 and defined as the difference between the

6
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transition frequency and the carrier frequency of the Stokes or Pump field:
hAp = By — By — hwp (2)

hAs = E2 - E3 - th (3)

where Fy, F,, and Fs3 are the energies of the initial, intermediate, and final states, re-
spectively, and wp and ws are the angular frequencies of the Pump and Stokes fields. The
population transfer efficiency of STIRAP is especially insensitive to the one-photon detun-
ing of the system, A = (Ap + Ag)/2, but is strongly modified by the two-photon detuning
d = (Ap — Ag).

A. Frequency Chirp Measurement

A well-known problem associated with pulsed amplification in a dye solution is frequency
chirping in the amplified laser pulse.?>?* We characterize this phenomenon, as in previous
studies, by a self-heterodyne measurement. A portion of the seed laser is frequency shifted
by double-passing an acousto-optic modulator (Gooch and Housego, AOMO 3350-125) op-
erating at 375 MHz. This frequency-shifted radiation, along with the output of the pulsed
amplification chain, are coupled into a single-mode fiber to overlap the wavefronts of the two
laser beams. The beat note between the two lasers is monitored on a fast photodiode (New-
port, 818-BB-21A) and digitized on a high-speed oscilloscope (Tektronix, DPO71254B). By
using a large frequency offset of 750 MHz, we can fit the resultant beat pattern directly in the
time-domain and extract the time dependent frequency chirp. We typically observe a chirp
of approximately -50 MHz between the initial and final 10% intensity limits of the pulse,
which causes the pulsed output to be broadened beyond the Fourier transform limit. This
effect is explicitly included in our numerical simulations as a time-dependent one-photon

detuning.

B. Doppler Broadening

The Doppler broadening present in the atomic sample is a key parameter in the STTIRAP
experiment. A Doppler shift of the relevant transitions can create a two-photon detuning,

which would significantly reduce the population transfer efficiency. The geometry of the

7
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experiment can be chosen to reduce this effect. If the Pump and Stokes radiation fields
have similar frequencies, the Doppler shift will be similar for each velocity sub-group. For
a A arrangement of energy levels, the Pump and Stokes pulses should co-propagate across
the sample, while for a ladder arrangement, the two pulses should counter-propagate. The
nearly equal Doppler shifts produce only a one-photon detuning, while maintaining the all-
important two-photon resonance. Unfortunately, as the frequency difference between the
two photons increases, the cancellation of the Doppler shifts is reduced. In the case of
optical-mmW STIRAP, the optical and mmW photons differ in frequency by approximately
three orders of magnitude and, as a result, there is negligible cancellation of the Doppler
shifts for the two photons. Therefore, the Doppler shift of the Pump photon across the
sample produces a range of two-photon detunings across the sample. In this experiment, a
cryogenic buffer-gas beam, with its typically small divergence (fpwum = 65°), reduces the
transverse Doppler broadening, while also allowing for the large interaction volume neces-
sary for FID-detected mmW spectroscopy experiments on Rydberg states.?> The observed
310 MHz linewidth for the Pump 4s30d<—4s5p transition at 804 nm corresponds to a trans-
verse velocity spread of 249 m/s FWHM. This velocity spread produces a Doppler width of
appoximately 219 kHz for the Stokes transition at 263 GHz. For simulations of the STIRAP
experiment, we neglect this < 0.1% cancellation between the 310 MHz and 215 kHz Doppler
widths.

C. Population Calibration

In order to quantify the population distribution among the three STIRAP-involved levels,
we developed a calibration experiment, which employs a sequential, adiabatic rapid passage
(ARP) excitation scheme. A schematic timing diagram of the experimental sequences for the
calibration procedure and the time delay experiment appears in Figure 3. In the time delay
experiment, the delay time between the 263 GHz Stokes pulse and the 804 nm Pump pulse
is scanned in 1 ns time steps. At each choice of the time delay, the population remaining in
the intermediate and final states is measured by polarizing the two Probe transitions with
single-frequency mmW pulses and detecting the subsequent Rydberg-Rydberg FID signal.
For the calibration experiment, we have observed saturation of the 4s30d<—4s5p transition

as a function of Pump laser power. As a result of the large number of Rabi oscillations

8
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FIG. 3. Schematic timing diagram for the time delay and calibration experiments as described
in the text. In the time delay sequence, the Prep pulse arrives well before the Stokes and Pump
pulses, and the time delay between Stokes and Pump pulses is scanned. In the calibration sequence,
the Prep and Pump pulses are followed by a mmW frequency chirp that induces an adiabatic
rapid passage (ARP) to transfer all population from the intermediate to final states. Each timing
sequence concludes with polarization of the two probe transitions, followed by FID detection to

measure both the intermediate and final state populations.

induced by the laser pulse and moderate pulse-to-pulse energy fluctuations, we measure
an average 50% population transfer between the two levels. Following laser excitation, we
apply a mmW field with a 300 ns cubic frequency chirp (fise o t*) of 800 MHz centered
at the Stokes transition frequency. This produces a complete population transfer (= 95%)
to the final state. Probe pulses of identical power and duration are used in the calibration
and STIRAP time delay experiments, allowing direct comparison of the signal from the
intermediate and final state transitions. We switch between the calibration and time delay
sequences after every choice of time delay for the STIRAP experiment. Thus, we have a
50% total population transfer signal with which to calibrate the STIRAP transfer. This
calibration scheme additionally corrects for the slow fluctuations in the total signal due to

the ablation source and the Prep laser.



AlP

Publishing

D. Numerical Simulations

We have simulated the population transfer in this experiment by numerical integration of
the Liouville-von Neumann equation using properties for the atomic ensemble and the two
photons consistent with the experiment:

Ldp
zha =[H,p]+T (4)

where p is the density matrix for the three-level system, and H is the total Hamiltonian for

the atom-radiation system, which is given by

0 Qp(t) 0
H=_1Qpt) 28p  Qs(t) (5)
0 Qs(t) 2(Ap — Ag)

In Equation 4, the operator I' is a phenomenological decay matrix, which, considering only

predissociation of the intermediate level, has the form:

O —Zplg 0

2
Y Y
I'=]|—-—= — ——= 6
2021 _1022 2/)23 ( )
0 — 0
B P32

where v is the predissociation rate of the intermediate state (State 2). By substituting the
explicit forms of the total Hamiltonian (Equation 5) and the decay operator (Equation 6)
into Equation 4, we obtain a system of nine coupled differential equations, which completely
describes the time evolution of the populations and coherences of the system of interest.

In our simulations, we find that the relevant Rabi frequencies, Q2p = 27 x 115 MHgz,
and €2s = 27 x 68 MHz, best reproduce the experimental observations. The population
transfer is integrated over the observed 310 MHz FWHM Doppler width of the Pump laser
transition and the Gaussian variation of pump laser intensity across the laser beam profile.
Both Gaussian-distributed fluctuations of the Pump laser intensity and fluctuations in the
magnitude of the Pump laser chirp are explicitly included. We average 100 simulations
in order to compare the simulated time and frequency dependences with the experimental

results.
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III. RESULTS AND DISCUSSION
A. Adiabaticity

We begin by noting that the Rabi frequencies used in our simulation should be consid-
ered effective Rabi frequencies. While several of the experimental imperfections have been
explicitly modeled in the simulations, all neglected imperfections will have the general effect
of reducing the Rabi frequencies that describe the experiment. Based on our measurement
of the pulse energies and durations, both the Stokes and Pump Rabi frequencies used in the
simulations are about 40% smaller than our initial estimates. Simulations that use the ini-
tially estimated Rabi frequencies show significantly worse agreement with all experimental
data. In the following sections of this discussion, we will address in detail the experimental
imperfections that could give rise to some of the discrepancies between the simulations and
experiment.

The STIRAP process requires adiabatic evolution of the dark state in order to coher-
ently transfer population from the initial to the final state. Bergmann and co-workers have

suggested a global adiabaticity requirement for the STIRAP process:!¢

QeﬂAT > 10 (7)

where A7 is the time period during which the pulses overlap, and Qe = 1/Q% + Q2 is the
effective Rabi frequency of the system. The global adiabaticity requirement in Equation
7 provides an approximate benchmark for determining the effectiveness of STIRAP. Our
effective Rabi frequencies and pulse overlap time result in QA7 &~ 5. While the detailed
pulse shape and other parameters will impact the final population transfer as well, this
simple Qg AT metric indicates that our experiment is operating near to but not deeply in the
adiabatic regime. This fact is primarily responsible for the less than perfect, approximately
50%, population transfer to the final state.

The second major impediment to adiabatic following in our experiment is the nearly
square temporal profile of the mmW pulse. The sharp turn-on and turn-off of the Stokes
pulse is antithetical to the required slow, smooth change in Rabi frequencies and locally
violates the adiabaticity requirement. As a result, the peak population transfer occurs at
a smaller negative pulse delay than might be expected from the naive picture typically

discussed, where the optimum pulse delay for two identical, smooth Gaussian pulses is equal

11
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to the pulse duration.'®?0 In our experiment, the poor adiabatic following due to the square
pulse shape is partly compensated by a longer overlap time. This appears in both the
experimental data and the simulation results discussed in Section IIIB. In the simulation,
arbitrarily increasing the Rabi frequencies causes the optimal pulse delay timing to shift to

longer negative pulse delays as the adiabatic following improves.

B. Time Dependence

A typical time delay experiment involves scanning the time delay between the Pump pulse
and Stokes pulse, while monitoring the populations of the intermediate and final levels. A
schematic representation of the Pump and Stokes pulse timing is shown above the main
plot in Figure 4. For all time dependence experiments, the one-photon detunings of the
Pump and Stokes pulses are set to zero. At large negative delay, the laser pulse arrives well
after the mmW pulse, and thus only the intermediate level is populated. At large positive
delay, the laser pulse arrives well before the mmW pulse and corresponds to the regime of
sequential excitation of the three-level system. Between these limits, we anticipate enhanced
population transfer to the final level at short negative delays, when the pulses are in the
“counterintuitive” timing that is a key requirement of the STIRAP process.

The results of a time delay experiment are shown as red (intermediate state) and blue
(final state) markers in Figure 4. At short negative delay, we observe an enhanced population
transfer to the final state of 2250%. Concurrently, the population in the intermediate state
exhibits a pronounced dip. As the delay becomes positive but while the two pulses are
still overlapped, the population transfers to both the final and intermediate levels show
variations with pulse delay that is enhanced relative to the sequential excitation regime.
The intermediate state population reaches a maximum and the final state population dips
at zero time delay. After this point, the final state population increases slightly as the
intermediate state population begins to decrease. This type of population transfer has been

observed in other systems!'”?72

and we interpret this as further evidence for strong two-
photon coupling.

Our simulations qualitatively capture many of the features of the time delay experiment.
In Figure 4, the solid lines are the average of 100 simulations, and the shaded area represents

the standard deviation of the 100 simulations. Red denotes the intermediate state and blue

12
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FIG. 4. Population measured in the intermediate (red markers) and final (blue markers) states
as a function of the delay time between the Pump and Stokes pulses. At short negative delay
times, enhanced population transfer to the final state is evident, while a dip in the population
of the intermediate state occurs simultaneously. A schematic representation of the Pump (red,
Gaussian) and Stokes (blue, square) pulse timings appears above the main figure. The results
of our numerical simulations also appear in the figure for the intermediate (red) and final (blue)
states. For 100 simulations, the solid lines represent the mean population in each state and the

shaded area represents the standard deviation of the 100 simulation results.

denotes the final state. Population transfer of at least 50% is observed in both experimental
and simulation results. This enhanced population transfer to the final state is, as expected,
accompanied by a pronounced decrease in the population transfer to the intermediate state.
While the calculation yields quantitative agreement with the final state population, the ob-
served intermediate state population is about 10% larger than in the calculation. As the
pulse delay increases beyond the STIRAP timing, while the two pulses overlap, the simula-
tion produces oscillations in the final and intermediate state populations. This oscillatory
behavior is due to two-photon Rabi flopping between the initial and final levels. While
we observe some time dependence of the final and intermediate state populations in the

experimental data, the oscillations are strongly damped relative to the simulation.

The population transfer at long delay times is quantitatively reproduced. At long negative

13



AlP

Publishing

delays, the simulation captures the ~50% population transfer expected from our measure-
ment of saturation of the 4s30d<«4s5p transition. At long positive delays, the Pump and
Stokes pulses interact with the system sequentially, and the final and intermediate state

populations are simply dependent on the ratio of Stokes and Pump Rabi frequencies.

We hypothesize that the reduced contrast in the Rabi flopping during the pulse overlap
is a result of imperfections in either the laser or mmW fields which have not been accounted
for in our simulation. These include variations or fluctuations in amplitude and polarization.
Amplitude variations can take the form of hot spots in the beam profile, which can enhance
the local electric field by more than 50%,%° or uneven illumination, which is particularly
difficult to characterize for the mmW field. Polarization also plays an important role that
we have not yet addressed. In these experiments, all three radiation fields nominally have
linear, parallel polarization. Unintentional changes to the polarization arrangement will
introduce additional magnetic (m) sub-levels of the (2¢ + 1)-fold degenerate manifold for
each state. The transition dipole moment is m-dependent so the presence of more than
one magnetic sub-level and more than one transition path produces several sets of alternate
three-level systems, each with a different effective Rabi frequency. Moreover, these additional
excitation paths can result in both constructive and destructive interference, as discussed

by previous authors.!73°

We have simulated several hypothetical scenarios, including larger laser power fluctua-
tions, non-uniform spatial profiles, and alternate polarization (more than one m sub-level)
arrangements. The peak population transfer at the STIRAP timing is essentially unchanged
in the presence of these additional imperfections because the STIRAP process is robust with
respect to variations in the Rabi frequencies as long as the Rabi frequencies are large enough
to ensure adiabatic following. In contrast, the two-photon Rabi oscillations that follow the
STIRAP timing are substantially damped by these imperfections, since Rabi flopping is
highly sensitive to the Rabi frequency. We have been unable to characterize the laser and
mmW fields in sufficient detail to unambiguously identify which of these experimental im-
perfections, or what combination, is dominantly responsible for the damped Rabi flopping

observed.
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C. Frequency Dependence

The other signature of STIRAP-mediated population transfer is its insensitivity to one-
photon detuning, as long as the two-photon resonance is maintained. This characteristic,
which arises from the two-photon nature of the population transfer, produces a “STIRAP
ridge” of enhanced population transfer at zero two-photon detuning as the Pump and Stokes
detunings are varied.

Panels (a) and (b) of Figure 5 show the final state population transfer at the STIRAP
timing as a function of Pump laser detuning for several fixed values of the Stokes microwave
frequency. The spectra are obtained by scanning the Pump detuning while maintaining the
Stokes detuning at a fixed value. Panel (b) shows positive detunings from 600 MHz (dark
blue) to 0 MHz (dark red) in steps of 50 MHz, and panel (a) shows negative Stokes detunings
from -600 MHz (dark blue) to 0 MHz (dark red) in 50 MHz steps. All spectra were scaled
by the population transfer measured at the STIRAP timing in the time delay experiment.

The solid line for each spectrum in Figure 5 is a fit to the data with a skew Gaussian

function of the form:

flvy=A4 [1 + erf (04(:7\;;)” exp (—(v — p)?/20%) (8)

where A is a scaling factor, u is the center of the distribution, o2

is the variance, and «
is the skewness parameter. This choice of lineshape is not motivated by the physics of the
system, but rather, it has a simple functional form that can capture the asymmetry, width,
and shift of the observed lines. In fact, the physics that produces the observed population
transfer profiles includes many contributions and the lineshape likely does not have a simple
analytical form for the particular experiment described here.3'32

In panels (a) and (b) of Figure 5, the Pump detuning that produces peak population
transfer shifts as a function of the Stokes detuning. The Pump detuning of the peak pop-
ulation transfer approaches 400 MHz for a Stokes detuning of 600 MHz, and approaches
-400 MHz for a Stokes detuning of -600 MHz. The peak population transfer along this
line of approximately zero two-photon detunings is the characteristic STIRAP ridge. The
linewidth for all detuning values is substantially larger than the 310 MHz Doppler width

due to the Pump laser. Lastly, as the Stokes detuning is increased, the shape of the line

becomes increasingly asymmetric, with its tail pointing toward zero Pump detuning.
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FIG. 5. Population transfer to the final state as a function of laser (Pump) detuning for fixed
millimeter-wave (Stokes) detunings. (a) Stokes detunings from -600 MHz (dark blue) to 0 MHz
(dark red) in steps of 50 MHz (b) Stokes detunings from +600 MHz (dark blue) to 0 MHz (dark
red). The solid lines are fits to the data with a skew Gaussian function as defined in the text. The
“STIRAP ridge” (shown as a curved black arrow) is the peak population transfer that occurs along
the approximate zero two-photon detuning line. Panels (c) and (d) are simulation results for the
population transfer as a function of Pump detuning for fixed values of the Stokes detuning. Panels
(c) and (d) show Stokes detunings and color schemes identical to panels (a) and (b), respectively.
Again, the black arrow is a guide to the eye, highlighting the STIRAP ridge of peak population

transfer.
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FIG. 6. The Pump detuning that produces the peak population transfer as a function of Stokes
detuning. The experimental data are shown as red circles and the simulated data as black circles.
The dashed black line is the two-photon resonance line, Ap = Ag. Both the experiment and
simulation exhibit deviation from the two-photon resonance line above and below one-photon

resonance.

The simulation of the frequency detuning experiment, shown in panels (¢) and (d) of
Figure 5, captures many of the features observed in our experiment. In both experiment
and simulation, as the Stokes detuning is increased, the Pump detuning spectra show a
clear frequency shift in the peak population transfer along with a pronounced increase in
lineshape asymmetry. In order to make a more quantitative comparison, Figure 6 shows
the maximum of the fits to the experimental data (red circles) and the maximum of the
simulated population transfer (black circles) as a function of Stokes detuning. The black
dashed line is the naive expectation for a STIRAP process in which the peak population
transfer occurs at exactly Ap = Ag. Both the experiment and simulation deviate from this
naive expectation and the rate of change of the peak transfer detuning is much shallower
near one-photon resonance. As the detuning increases, the rate of change of the peak Pump
detuning increases and the value of the peak Pump detuning approaches the two-photon
resonance line. The experimental results show a similar trend in the detuning dependence,
although the magnitude of the observed shift, particularly at large Stokes detunings, is

smaller than expected from the simulations.

Next, we turn to an examination of the lineshape. The simulation shows that in the
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STIRAP timing, the linewidth of the two-photon process is broader than the one-photon
Doppler linewidth of 310 MHz, which is explicitly included in the simulation. The large
Rabi frequencies in the STIRAP experiment allow for enhanced population transfer even in
the presence of a one-photon detuning. The experimental broadening is even larger than the
simulated broadening. As mentioned in Section IIT A, the effective Rabi frequencies in our
simulations are smaller than expected for the measured pulse energies and durations of the
Pump and Stokes pulses. This suggests that fluctuations in phase or amplitude degrades the
overall coherence. These imperfections can increase the observed linewidth by broadening
the laser or mmW bandwidth, or by increasing the effect of power broadening.®?

Both the simulation and the experiment show lineshapes which grow increasingly asym-
metric as the one-photon detuning is increased. This is in contrast to the symmetric line-
shapes obtained from simulation of a “perfect” STIRAP experiment. We quantitatively
compare this asymmetry by examining the skewness of the fitted and simulated lines. Skew-
ness is defined as the third standardized moment, given by the expression:

ks E[X—p)
s = 55 = TBTX = ) ¥

where p3 is the third moment about the mean defined by the expectation value (E[-]) of
the quantity (X — u)3, where X is the sample and p is the sample mean. The standard
deviation, o, is defined in the usual way as the square root of the second moment about
the mean, (E [(X — p)?])"/2. For comparison, a Gaussian distribution is symmetric and has
a skewness of zero. The skewness values of the simulated (black) and fitted (red) lines are
shown in Figure 7. The calculated skewness quantitatively agrees for small negative and all
positive Stokes detuned spectra. There is greater deviation for the negative Stokes detuned
spectra, though the direction and order of magnitude are correct. We interpret the similar
lineshapes between the simulation and experiment to mean that our simulation is likely
capturing most of the physics, though estimates for the particular parameters (e.g., Rabi
frequencies, frequency or amplitude fluctuations, etc.) may not be exactly correct.

We hypothesize that the reason for the observed asymmetry in the population transfer
is the presence of non-adiabatic transitions from the initial to final state caused by the
frequency fluctuations in the Pump field and the sharp turn-off of the Stokes field. As a
result, there is greater population transfer when the Pump frequency is tuned to one-photon

resonance. This effect is enhanced by the presence of Doppler broadening in our sample be-
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FIG. 7. Skewness (ji3) of the observed (red) and simulated (black) lineshapes for each value of the
Stokes detuning. As the Stokes detuning is increased, the asymmetry of the lineshape increases

due to non-adiabatic population transfer when the Pump field is tuned to one-photon resonance.

cause a Doppler subgroup with significant population is one-photon resonant with the Pump
transition even at detunings of several hundred MHz. By varying values of the temporal
pulse overlap and detuning in the simulation, we have observed simulated spectra that are
double-peaked, with a second local maximum in the population transfer near zero Pump de-
tuning. This further suggests that the population transfer in the tail is due to non-adiabatic
transitions, or, in other words, step-wise transitions from the initial to intermediate to final
state caused mainly by the sharp turn-on of the mmW pulse. These step-wise, non-adiabatic
transitions are more sensitive to one-photon detuning than STIRAP. Furthermore, we ob-
serve in the simulations that when the Stokes detuning is increased beyond the £600 MHz
region investigated experimentally, the intensity in the tail rapidly decreases and eventually
the lineshape becomes symmetric again when only the adiabatic process contributes.

We have so far considered that the result of non-adiabatic transitions is to cause greater
population transfer to the final state. However, if the excitation is partly incoherent or sub-
stantially modified by pulse-to-pulse intensity fluctuations, then saturation occurs, limiting
the population transfer to maximally 50%. The STIRAP process has no such limitation and
can transfer up to 100% of the population from the inital to final states. This means it is pos-
sible for non-adiabatic transitions to actually reduce the total population transfer by moving

population from the final state back to the intermediate state. In both the experimental
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data and simulations presented in Figure 5, there is a small dip in the population transfer
when both Pump and Stokes fields are on one-photon resonance; the dark red curve has a
lower maximum than the orange curves on either side. At small detunings above and below
one-photon resonance, we observe slightly enhanced population transfer to the final state.
This is expected behavior because the maximum adiabatic and non-adiabatic population
transfers occur near one-photon resonance, but the adiabatic transfer efficiency is much less
sensitive to one-photon detuning. The non-adiabatic population transfer reduces the popu-
lation transfer that would be expected for the adiabatic process alone. In both experimental
and simulation results, the difference in population transfer at small detunings is subtle
and merits further investigation. However, previous STIRAP experiments have reported
this effect, especially when fast intermediate state decay is involved, because non-adiabatic

transitions into the intermediate state lead to irreversible loss of that population.?®

D. Lossy Intermediate State

It is informative to examine how our system behaves in the presence of a hypothetical
lossy intermediate state. All simulation parameters are the same as previously described,
but the intermediate state is assumed to have a 1 ns non-radiative lifetime. This is a typical

predissociation lifetime for a low-¢ Rydberg state in a diatomic molecule.!3:14:34

Figure 8
shows the population transfer to the intermediate (red) and final (blue) states as a function of
pulse delay. In the presence of this rapid decay channel, significant population transfer to the
final state only occurs at the STIRAP timing. At all other times, either through sequential
excitation or two-photon Rabi flopping, population is moved into the intermediate state and
immediately lost. The very modest population transfer of just over 10% is a reflection of
the previously described experimental imperfections in our system.

Figure 9 shows the simulated population transfer as a function of detuning with a 1 ns
intermediate state lifetime. As observed in the time delay simulation in Figure 8, the peak
transfer on resonance is just larger than 10% for this hypothetical system.

As the one-photon detuning is increased, the population transfer appears more robust
than in the case with no intermediate state decay. At the extreme detunings, the population
transfer decreases to approximately 70% of its maximal value. In contrast, the population

transfer in the case with no decay (Figure 5) is just 28% of its maximal value at the extreme
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FIG. 8. Simulation results for the intermediate (red) and final (blue) state population transfers

as a function of pulse delay when the intermediate state has non-radiative lifetime of 1 ns. The

solid lines are the mean population and the standard deviation of the 100 simulations is shown as

a shaded area. A schematic representation of the Pump (red, Gaussian) and Stokes (blue, square)

pulse timing appears above the main figure.

detunings. In addition, the lines are significantly more symmetric, missing the long tails
in the direction of zero Pump detuning. Both of these observations point to the fact that
only adiabatic population transfer can move significant population from the initial to the
final state in the presence of a very lossy intermediate state. Since non-adiabatic population
transfer near zero Pump detuning is not effective in moving population to the final state,
the lineshape is more symmetric and the magnitude of the population transfer is similar for
all detunings. STIRAP is characteristically insensitive to the one-photon detuning and so
the adiabatic population transfer does not decrease substantially across the detuning range.
In contrast, for the case with no decay, the non-adiabatic population transfer is strongly
one-photon dependent and displays a dramatic increase in the population transfer only near
zero Pump detuning.

This hypothetical lossy state is the true test of STIRAP. A defining feature of STIRAP
is that the intermediate state is not substantially populated en route to the final state. By

simulating a fast intermediate state decay, the sequential excitation path is turned off and
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FIG. 9. Simulation results for the population transfer as a function of Pump detuning for fixed

values of the Stokes detuning for a system with a 1 ns intermediate state lifetime. (a) Stokes

detunings of -600 MHz (dark blue) to 0 MHz (dark red) in steps of 50 MHz (b) Stokes detunings

of 600 MHz (dark blue) to 0 MHz (dark red) in steps of -50 MHz.

only STIRAP transfer can produce a signal. In our previous work, this test was the clear
indication that STIRAP had not been achieved.?” These simulation results imply that at
least 10% of the total population is trapped in the coherent dark state in our experiment.
This positive result further bolsters our interpretation that optical-mmW STIRAP is oper-
ative, though not ideal, in our experiment, and that implementation of this technique in a

molecule under similar conditions would be feasible.

E. Future Improvements

The final state population transfer of just over 50% for this proof-of-principle system
is far below the near-unity population transfer typically associated with STIRAP. Beyond
simply increasing the Rabi frequencies or eliminating the possible experimental imperfections
discussed in Section I1I B, our simulations suggest the most important areas for improvement
in the experimental design.

First, the mmW pulse with a nearly square temporal profile immediately hinders the

22




AlP

Publishing

adiabatic following necessary for STIRAP. The sharp turn-on and turn-off produce non-
adiabatic transitions between the intermediate and final states, corrupting the purity of
the desired dark state. In the mmW frequency range, arbitrary pulse shaping on nanosec-
ond time scales is currently technically inaccessible. We have explored strategies for some
pulse shaping using electrically tuned variable attenuators or up-conversion of low-frequency
shaped pulses in harmonic mixers.?” We anticipate that this challenge will be solved by the
rapid advances in diode technology in this high frequency range.

The Pump laser has a near-Gaussian transverse beam profile; as a result, the Rabi fre-
quency varies significantly as a function of the radial dimension of the laser spot. Near
the center of the Pump beam, where the laser intensity is greatest, the simulated trans-
fer plateaus around 65% and the intermediate state population is only 20%. Moving out
toward the edge of the beam profile, the population transfer efficiency decreases precipi-
tously because the Rabi frequency is too low to ensure adiabatic following. This issue of
radial variation in laser intensity has been identified in other STIRAP experiments.> By re-
shaping the beam, for instance to a top-hat profile, it should be possible to achieve uniform
population transfer efficiency across the full diameter of the laser beam.

We have simulated our experiment with corrections for these two deficiencies: both Pump
and Stokes fields have a 7 ns Gaussian time profile with peak Rabi frequency, 2 = 27 x 150
MHz, and both fields have top-hat profiles, with no radial variation in Rabi frequency.
This new simulation predicts just over 70% population transfer from the initial to the final
state. We anticipate future implementations of optical-mmW STIRAP will correct these
experimental imperfections and obtain population transfer similar to this simulation.

One of the most significant challenges in optical-mmW STIRAP relative to previous
STIRAP implementations is the very large frequency difference that leads to negligible
cancellation in Doppler shifts for the two photons. The use of a buffer gas cooled beam,
with its relatively low beam divergence, certainly improved the population transfer efficiency
in this experiment relative to what would be possible with a high divergence supersonic jet.
For reference, the Doppler width at 804 nm for a Ne supersonic jet is approximately 1.6
GHz, five times the value in our buffer gas beam. By skimming the beam, the transverse
Doppler width could be further reduced, although at the expense of the total number of
atoms/molecules. Of interest to experiments in the ultracold regime, negligible Doppler

broadening can provide a significant boost in population transfer. For the simulation of the
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improved experiment described in the previous paragraph, neglecting Doppler broadening
eliminates the two-photon detuning in the sample and further improves the population

transfer to nearly 80%.

IV. CONCLUSION

We have demonstrated population of high-¢ Rydberg states by optical-mmW STIRAP.
Population transfer occurs from a low-lying excited state of Ca atoms to an nf Rydberg
state via an optically accessible lower-¢ Rydberg state and involves coherent coupling of
a laser and a mmW photon, which differ by three orders of magnitude in frequency. We
quantitatively characterize the population transfer by FID-detected mmW spectroscopy and
observe a population transfer of = 50% in the “counterintuitive” pulse timing, characteristic
of STIRAP. In addition, measurement of the population transfer as a function of the Pump
and Stokes detunings reveals the characteristic insensitivity of STIRAP transfer to one-
photon detunings as long as two-photon resonance is maintained. Numerical simulations of
our experiment qualitatively recapitulate these observations.

The optical-mmW STIRAP technique represents a widely applicable method for efficient
population transfer into high-¢ Rydberg states of atoms and molecules. Our simulation
of a hypothetical predissociated molecular system demonstrates capability of at least 10%
population transfer to a final high-¢ Rydberg state, despite a 1 ns predissociation lifetime for
the intermediate state. All molecules have long-lived high-¢ Rydberg states, but these states
cannot be populated by sequential excitation because optically accessible low-¢ Rydberg
states suffer from fast predissociation. Systematic study of the Rydberg states of many
molecules will be made possible by optical-mmW STIRAP, leading to new applications for
molecular Rydberg states in quantum and chemical physics.

Beyond Rydberg states of molecules, the efficient population transfer of the optical-mmW
STIRAP technique will be of interest to ultracold experiments on the “trilobite” Rydberg
molecules proposed by Greene et al.3® These exotic Rydberg molecules involve a bonding
interaction between a ground state atom and an atom in a high-¢ Rydberg state, which must
be excited by a multi-photon scheme. Optical-mmW STIRAP offers an efficient method for
accessing the high-¢ Rydberg manifold, and thus a productive means for generating the

trilobite species. We look forward to exciting implementations of opticallmmW STIRAP in
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the many areas of Rydberg physics where efficient population of high-¢ states is desirable.
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