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We demonstrate coherent two-photon population transfer to Rydberg states of barium atoms using
a combination of a pulsed dye laser and a chirped-pulse millimeter-wave spectrometer. Numeri-
cal calculations, using a density matrix formalism, reproduce our experimental results and explain
the factors responsible for the observed fractional population transferred, optimal experimental con-
ditions, and possibilities for future improvements. The long coherence times associated with the
millimeter-wave radiation aid in creating coherence between the ground state and Rydberg states, but
higher-coherence laser sources are required to achieve stimulated Raman adiabatic passage and for
applications to molecules. Published by AIP Publishing. https://doi.org/10.1063/1.4997624

I. INTRODUCTION

Rydberg states of molecules are a relatively unexplored
area of molecular physics. High resolution spectra of molecu-
lar Rydberg states will enable precision measurements of the
properties of molecular cations,1–6 highly efficient Stark slow-
ing and trapping of neutral molecules,7–11 and identification of
the physical mechanisms of electron-ion energy transfer and
reaction pathways in simple systems.12–22 However, for nearly
all molecules, the ionization threshold lies at a much higher
energy than the dissociation threshold. As a result, long-lived
Rydberg states can generally only be populated via sequential
excitation steps through electronic states that are profoundly
affected by rapid predissociation. The predissociation rate in
Rydberg states scales as the square of the overlap of the Ryd-
berg electron wavefunction with the ion-core; thus the rate
scales as n∗�3 and roughly as `−7, where n∗ is the effective
principal quantum number (n∗ = n− δ` , where n is the princi-
pal quantum number and δ` is the `-dependent quantum defect)
and ` is the orbital angular momentum.16

Rydberg states of molecules can be divided into two cate-
gories: core-penetrating (CP) and core-nonpenetrating (CNP).
CP states are those in which the wavefunction of the Ryd-
berg electron has significant amplitude within the ion-core
because it possesses relatively low orbital angular momen-
tum. However, owing to multipolar mixing that is especially
strong when the Rydberg electron is near the ion-core, ` is typ-
ically not a good quantum number in molecules. CP states are
easily accessed from low-lying electronic states (usually the
electronic ground state) because of optical transition propen-
sity rules. CNP states are those with a relatively large orbital
angular momentum (` ≥ 4, in general) and small quantum
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defects (δ` < 0.05) and have received considerably less atten-
tion than the CP states, largely due to the difficulty in accessing
them via optical transitions from low-lying valence states.
Owing to the `(` + 1)/2r2 centrifugal barrier in the effective
radial potential of the Rydberg electron, the wavefunction of
the Rydberg electron in a CNP state has negligible amplitude
within the ion-core. Predissociation lifetimes of CNP states
are generally on the order of 10�7 to 10�4 s, compared with
10�11 to 10�9 s for CP states.23,24

Standard incoherent multiple resonance techniques, by
which population is transferred one step at a time, are generally
incapable of transferring a spectroscopically useful popula-
tion into a CNP state by transit through a CP state with a
sub-nanosecond lifetime. Coherent population transfer meth-
ods, such as STIRAP (STImulated Raman Adiabatic Passage),
on the other hand, are well suited for the efficient transfer
of population to CNP states because they do not suffer from
the large decay rates associated with the easily accessible CP
states. STIRAP has been demonstrated in a variety of systems
to be capable of robust transfer of 100% of population through
a short lifetime state or even significant transfer through a
continuum.25–31 However, before STIRAP can be attempted,
coherence must be established between the optical photon
that excites a CP state and a significantly lower frequency
photon [a millimeter-wave (mm-wave) photon in our case]
that excites a transition from the CP state to a CNP state.
These two photons have frequencies different by more than
3 orders of magnitude. This frequency ratio is a source of dif-
ficulty in satisfying the requirements for coherent population
transfer.

We report here on a demonstration of coherent, optical-
mm-wave, two-photon population transfer to Rydberg states
of barium as a proof-of-principle for future applications of
coherent population transfer. Our choice of mm-waves was
motivated by (i) the easily available long coherence times
from solid-state mm-wave generation systems, (ii) the large
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transition dipole moments (on the order of 1000 D at n∗ ≈ 30)
for electronic Rydberg–Rydberg transitions with small ∆n∗,
and (iii) the ability to simultaneously and distinctly monitor
multiple transitions by detecting the Free Induction Decay
(FID) associated with each transition directly in the time
domain.32–36 The last of these motivations is perhaps the
most important for being able to demonstrate coherent pop-
ulation transfer effects, as it allows simultaneous monitoring
of not just the relative populations of the intermediate and
final states but also the coherence between these intermedi-
ate and final states in the form of FID radiation. Additionally,
the coherence properties of the mm-waves and large transition
dipole moments associated with transitions between Rydberg
states allow for coherent population transfer, albeit not true
STIRAP, despite the optical photon being generated in a stan-
dard pulsed dye laser (with a pulse duration of ∼7 ns and
a spectral bandwidth of ∼1 GHz). Once it is routinely pos-
sible to efficiently and selectively populate CNP states, it
will become possible to use chirped pulse mm-wave spec-
troscopy to systematically interrogate molecular CNP states
at high resolution, large dynamic range, and near perfect
completeness.

In this paper, the experimentally achieved populations
and mm-wave coherences are compared with numerical solu-
tions of the Liouville-von Neumann equation for the time
evolution of the density matrix. These calculations determine
the coherent character of a pulse sequence, specify the opti-
mal experimental parameters, and predict the efficiency of
coherent population transfer, even in the presence of short life-
times of the intermediate state. Additionally, these calculations
make explicit the experimental design refinements necessary
for the application of STIRAP to molecules with short-lived
intermediate states.

II. EXPERIMENTAL METHODS

The energy level diagram in Fig. 1 displays the excitation
scheme and relevant probe transitions. A two-photon process
transfers ground state Ba 6s2 1S0 atoms to the 6s41d 1D2 final
state via the intermediate 6s45p 1P1 state. Population in this
intermediate state is monitored by an FID signal associated
with a mm-wave transition to the 6s47d 1D2 state, while popu-
lation in the final state is monitored by an FID signal associated
with a mm-wave transition to the 6s41f 1F3 state. The pump37

transition to the 6s45p 1P1 state is driven by a 238.269 nm,
7.5 ns etalon-narrowed dye laser pulse. The etalon-narrowed
dye laser (Lambda Physik Scanmate 2E) is pumped by an
injection-seeded Nd:YAG laser, and the 476.538 nm dye laser
output is frequency doubled to 238.269 nm in a β-barium
borate (β-BBO) crystal.

The time-averaged bandwidth of the fundamental out-
put of this laser was measured to be 0.02 cm�1 (600 MHz);
however, this bandwidth takes the form of three accessi-
ble longitudinal cavity modes, each with a bandwidth of
≤250 MHz spaced by 500 MHz.38 Each of these modes is
significantly broader than the Fourier transform limited band-
width of 59 MHz Full Width Half Maximum (FWHM) for a
7.5 ns (FWHM) Gaussian pulse. When carefully aligned, only
one longitudinal mode is dominant, both during each pulse as

FIG. 1. Level diagram for the present experiments on the Ba atom. The
pump (purple, solid), Stokes (red, solid), and probe (blue, dashed and green,
dashed-dotted) transitions are shown along with the effective principal quan-
tum numbers of each state and the electric dipole transition moments for the
pump and Stokes transitions. The inset displays a cartoon that demonstrates
the relative timing of the Stokes and Pump pulses required for STIRAP.

well as over the time scale of the experiment (∼2 h), consis-
tent with other lasers based on the same design.38 The laser
produced 400 µJ/pulse at the spectroscopy chamber, schemat-
ically shown in Fig. 2. This is the largest UV pulse energy
that we could sustain and control over the duration of the
experiment.

Millimeter-waves in the region of 260–295 GHz are
required for the Stokes transition (1D2 ←

1P1) and for both
of the two probe transitions, and they are generated as follows.
A 12.0 GS/s arbitrary waveform generator (AWG, Agilent
M8150) creates pulses with frequency components from 2.0
to 3.5 GHz. These pulses are then mixed with the output of
an 8.8 GHz phase-locked oscillator, filtered to select the upper
sideband (10.8–13.3 GHz), and inputted to an active multiplier
chain (AMC, Virginia Diodes AMC291) in which the fre-
quency is multiplied by 24. The resultant mm-wave radiation
is broadcast through a 24-dBi39 standard gain horn and colli-
mated by a 25-cm focal length, gold, off-axis parabolic mirror
before interacting with the sample. Laser light is focused
through a small hole in this parabolic mirror and expands while
propagating collinearly with the mm-wave radiation. Both the
residual mm-wave excitation radiation and the resultant mm-
wave FID radiation are focused by a 10-cm focal length Teflon
lens into a second identical standard gain horn. A second chan-
nel of the AWG creates a tunable local oscillator frequency in
the 2.0–3.5 GHz region, which is also mixed with the out-
put of the same 8.8 GHz phase-locked oscillator, filtered to
select the upper sideband, and fed into a separate ×12 AMC
(Virginia Diodes MixAMC156) before being used for the het-
erodyne detection of both the input radiation and the FID
signal radiation through a subharmonic mixer. The low fre-
quency output of this mixing process is directly detected on a
50 GS/s, 20 GHz digital oscilloscope (Tektronix DPO72004).
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FIG. 2. Schematic diagram of the
experimental setup. The important fea-
ture of the setup is that the atomic
beam propagates perpendicularly to the
parallel propagating pump and Stokes
radiation.

The oscilloscope, AWG, and 8.8 GHz fixed frequency oscil-
lator are all locked to the output of a 10 MHz rubidium fre-
quency standard (Stanford Research Systems FS725) in order
to phase-coherently average the time domain signal. All results
discussed in this paper have been averaged over 1000 laser
shots. The mm-wave system produces 30 mW of power, which
we use unattenuated in order to drive the Stokes transition as
strongly as possible with a 10 ns duration pulse centered at
276.893 GHz.

Due to the large electric dipole transition moments for
transitions between Rydberg states, the probe transitions are
very easily power broadened. The probe pulse used to monitor
population in the 6s41d 1D2 final state is attenuated by reduc-
ing the input power from the AWG to the AMC. Due to the
highly nonlinear response of the AMC, changes in the input
power by less than 1% can induce significant changes in the
output power, making it difficult to optimize the intensity of
this probe pulse by attenuation of the AWG alone. We used
the duration of the probe pulse as an additional variable to
adjust the degree of polarization of this probe transition. The
probe transition used to monitor the 6s45p 1P1 intermediate
state was sufficiently weak that no attenuation was used. The
two probe pulses consisted of one strongly attenuated 50 ns
single-frequency pulse centered at 282.507 GHz (final state
probe) followed immediately by an unattenuated 250 ns single-
frequency pulse centered at 283.847 GHz (intermediate state
probe). The first pulse induced a polarization modulo-2π of
π/2 while the second pulse induced one of π/4. A polariza-
tion of modulo-2π of π/2 for the first probe was chosen to
maximize the FID intensity, while the polarization of π/4 for
the second pulse was chosen as a balance between FID sig-
nal intensity and competing dephasing processes. The ratio of
these polarizations is used to normalize each of the probe tran-
sition intensities and determine accurate relative populations.
In addition to the FID from the two probe transitions, the FID
from the Stokes transition can also be detected as an additional
probe of the system.

Barium atoms are excited in a buffer gas cooled atomic
beam, formed similar to that in Ref. 2, summarized here.2,40–43

Barium atoms are generated by ablation of a barium target with
a ≤50 mJ pulse of the 1064 nm fundamental of a Nd:YAG
laser, focused to a ∼1 mm2 spot size. We allow the Q-switch
to remain open after the initial laser pulse, which causes post-
ablation localized melting of the Ba target. This results in an
increase of the usable lifetime of the Ba pellet to over 10 h
from less than 1 h. A cold, collimated beam of Ba atoms is
formed by entraining the ablation plume in a constant, 20
SCCM (standard cubic centimeters per minute) flow of 20 K
neon, and a hydrodynamic expansion into vacuum through a
2 cm diameter skimmer, which is held at 6 K. The laser and
mm-wave pulses intersect this atomic beam transversely 30 cm
downstream from the formation area in a separate detection
chamber. The choice of Ba as the target atom was motivated
by (i) the low ionization potential of barium, which allows for
excitation to Rydberg states with a single dye laser photon, and
(ii) the ease of creating barium in the gas phase via ablation
in our buffer gas cooled beam chamber (compared with, e.g.,
alkali metals).

In order to operate at Ba atomic number densities suffi-
ciently low to avoid dipole-dipole interactions yet maintain a
sufficient number of polarized Ba atom FID-emitters to per-
mit the detection of FID, the resonance region is located far
downstream from the skimmer in order to produce a large
active experimental volume. The active volume is determined
by the overlap of the laser and mm-wave radiation and the
atomic beam. The mm-wave radiation determines two dimen-
sions of the overlap region, as it is collimated to a ∼1.5 cm
beam diameter through the detection chamber. The divergence
of the atomic beam is calculated using the relationship given
in the work of Hutzler et al.,42

∆θ ≈

√
mb

ms
= 43.6◦, (1)

where ∆θ is the angular divergence, mb is the mass of the
buffer gas (neon), and ms is the mass of the entrained species
(barium). Using the diameter of the cold skimmer plate as a ref-
erence point, we calculate that the atomic beam has diverged to
a∼15 cm diameter in the detection region. Combining this with
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FIG. 3. The timing sequence for the laser, mm-waves,
and FID. The first, purple pulse is the pump pulse, which
is stepped through a variable delay τ with respect to the
second, red, Stokes pulse. The two probe pulses occur 100
ns after the Stokes pulse. The double-headed arrow asso-
ciated with the variable delay shows a range of delays,
while the actual delay shown is for a negative value of τ.

the∼1.5 cm beam diameter of the mm-waves, we determine an
active volume of 1.5×1.5×15 ≈ 30 cm3. In order to match the
beam diameter of the laser to that of the mm-waves, the focal
properties of the laser beam were chosen such that it enters the
chamber at a ∼1.5 cm beam diameter and expands in area by
a factor of 2 as it traverses the active volume. This expansion
of the laser beam means that the Rabi frequency induced by
the laser decreases over the length of the sample, resulting in
a reduction in the coherent population transfer efficiency as a
function of the transverse location. We observe that recollima-
tion of the laser results in unacceptable diffractive losses of
the mm-waves by the collimation optics.

A diagram of the timing of the various radiation pulses is
shown in Fig. 3. In order to maintain phase coherence between
all components of the experiment, the master delay generator
(Stanford Research Systems Model DG535) for the experi-
ment was locked to the same 10 MHz reference as the oscil-
loscope and mm-wave generation components. The leading
edge of the Stokes mm-wave pulse occurs 100 ns in advance
of the two probe pulses. This delay between Stokes and probe
pulses allows sufficient time for damping of reflections inside
the vacuum chamber. The dephasing rates of the intermediate
and final states are Doppler limited at 5 µs, so this 100 ns delay
does not strongly affect the signal strength. Population decay
due to spontaneous decay or blackbody induced decay take
place on much longer time scales (∼20 ms and∼50 µs, respec-
tively) and similarly do not strongly affect the signal strength.
The leading edge of the Pump laser pulse is stepped in 500 ps
increments through the leading edge of the Stokes pulse in
order to observe the dependence of the transfer efficiency on
the Stokes/Pump time delay.

III. THEORETICAL BACKGROUND

In order to predict the required intensities for the pump
and Stokes pulses, the appropriate timing for optimal trans-
fer, and to compare experimental results to expected sig-
nal strengths, we numerically simulate the radiation-coupled
three-level system. The basic three-level Hamiltonian is given
in the interaction picture by

HI (t) =
~

2



0 ΩP(t) 0

ΩP(t) 2∆P − i/T1 ΩS(t)

0 ΩS(t) 2(∆P − ∆S)



, (2)

where ΩP and ΩS are the Rabi frequencies of the pump and
Stokes pulses, ∆P and ∆S are the detunings of the pump and

Stokes pulses from resonance, and T1 is the incoherent decay
lifetime from the intermediate state. (∆P � ∆S) = 0 is cho-
sen throughout this paper, satisfying the two-photon resonance
condition. ΩP /S are given by

ΩP/S =
µP/SEP/S(t)

~
, (3)

where µP and µS are the electric dipole transition moments
of the pump and Stokes transitions and EP(t) and ES(t) are
the envelopes of the electric fields of the Pump and Stokes
pulses. For the majority of calculations below, the term that
includes T1 was set to 0 to simulate an atomic system, as the
primary sources of decay in atomic Rydberg systems, sponta-
neous and black-body induced decay, occur on much longer
time scales than the STIRAP pulses, and we operate below
the first ionization threshold of Ba, removing the possibility
of autoionization. As opposed to a numerical solution of the
time-dependent Schrödinger equation, as is commonly used
to simulate STIRAP, we solved the Liouville-von Neumann
equation in order to calculate the coherences between atomic
states

i~
∂ρ

∂t
=

[
HI , ρ

]
, (4)

where ρ is the density matrix. For an n-level system, the density
matrix is an n× n matrix where the diagonal terms represent the
populations of the individual levels and the off-diagonal terms
represent the coherences between connected levels. Applying
Eq. (4) to the Hamiltonian in Eq. (2) results in the following
system of nine coupled differential equations:

i ρ̇11 = ΩP (ρ21 − ρ12) , (5a)

i ρ̇12 = ΩP ρ22 −Ω
∗
P ρ11 −ΩS ρ13 −

(
2∆P +

i
T1

)
ρ12, (5b)

i ρ̇13 = ΩP ρ23 −ΩS ρ12 − 2 (∆P − ∆S) ρ13, (5c)

i ρ̇21 = Ω
∗
P ρ11 −ΩP ρ22 +ΩS ρ31 +

(
2∆P −

i
T1

)
ρ21, (5d)

i ρ̇22 = Ω
∗
P (ρ12 − ρ21) +ΩS (ρ32 − ρ23) −

2i
T1
ρ22, (5e)

i ρ̇23 = Ω
∗
P ρ13 −ΩS (ρ33 − ρ22) +

(
2∆S −

i
T1

)
ρ23, (5f)

i ρ̇31 = −ΩP ρ32 +ΩS ρ21 + 2 (∆P − ∆S) ρ31, (5g)

i ρ̇32 = −Ω
∗
P ρ31 −ΩS (ρ22 − ρ33) −

(
2∆S +

i
T1

)
ρ32, (5h)

i ρ̇33 = ΩS (ρ23 − ρ32) , (5i)
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where ρij are the density matrix elements and Ω∗P is the com-
plex conjugate of the complex pump Rabi frequency given
below. This complex Rabi frequency is introduced to account
for the possibility of phase noise in the pump laser beam.
The off-diagonal terms are related to the amplitude of the FID
radiation by

FIDij ∝ ��i
(
ρij − ρji

) ��, (6)

where i , j. In many applications of STIRAP, in which
the intermediate state is very short-lived, the coherences that
involve the intermediate state decay at a rate comparable to
that of the population in the intermediate state. Thus the coher-
ences that involve the intermediate state are typically difficult
to observe. However, for our proof-of-principle experiments,
the intermediate state is long-lived, and the coherence that
builds up between the intermediate and final states is directly
detectable as FID. This coherence provides a parameter in
addition to population transfer that will indicate whether the
STIRAP process is occurring.

The characteristic effect in the coherence [as in Eq. (6)]
that demonstrates the occurrence of STIRAP is a decrease to
zero of the coherence between the intermediate and final states
when the pump pulse arrives slightly later than the Stokes
pulse, in the so-called “counter-intuitive” pulse sequence. This
implies that there is no transient population in the interme-
diate state. This decrease in coherence can be seen clearly
as the pump Rabi frequency is increased, shown in Fig. 4.

Figures 4(d)–4(f) display the coherence between the interme-
diate and final states as a function of the relative timing of the
pump and Stokes pulses, τ. For negative values of τ, the cen-
ter of the pump pulse occurs before the center of the Stokes
pulse, which is the so-called “intuitive” pulse sequence, as
shown in Fig. 4(a) and indicated by the vertical red dashed
lines in Figs. 4(d)–4(f). For positive values of τ, the center of
the pump pulse occurs after the center of the Stokes pulse, as
shown in Fig. 4(c) and indicated by the vertical black dashed-
dotted lines in Figs. 4(d)–4(f). The “counter-intuitive” pulse
sequence is shown in Fig. 4(b) and corresponds to the ideal
overlap between the Stokes and pump pulses, τ ∼ 5 ns. This
value of τ corresponds to the Stokes pulse arriving first and is
indicated by the vertical green solid lines in Figs. 4(d)–4(f).
The rapid oscillations shown in Fig. 4(d) are two-photon Rabi
oscillations that occur as the pump and Stokes pulses move
through a complete overlap. The coherence between the inter-
mediate and final states has a pronounced minimum at the
counter-intuitive pulse sequence in plot (d), as expected for
STIRAP. The final state populations for each of these cases
are shown in Fig. 5. Two-photon Rabi oscillations are pro-
nounced in the population as a function of the pulse overlap as
well.

In order to account for the poor phase coherence properties
and large intensity fluctuations of the pulsed dye laser pump
pulse, we include these fluctuations directly in our calculations
and average the simulation results in an attempt to replicate the
experimental results. For the phase fluctuations, we include

FIG. 4. Dependence on the pump Rabi frequency and
on the pump-Stokes delay of the coherence between the
intermediate and final states. Plots (a)–(c) display the
pulse timings at negative, small positive, and large posi-
tive values of the pump pulse delay. Plots (d)–(f) display
the coherence for a pair of 10 ns pulses with 24 GHz, 6
GHz, and 1.5 GHz Pump Rabi frequencies, respectively.
The vertical dashed, solid, and dashed-dotted lines indi-
cate the relative pump and Stokes pulse timings displayed
in plots (a)–(c). The purple boxed area in plot (d) displays
the minimum in the coherence associated with STIRAP.
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FIG. 5. Dependence on the pump Rabi frequency and on
the Pump-Stokes delay of the final state population. Plots
(a)–(c) display the final state population for a pair of 10 ns
pulses with 24 GHz, 6 GHz, and 1.5 GHz Pump Rabi
frequencies, respectively. The vertical dashed, solid, and
dashed-dotted lines indicate the relative pump and Stokes
pulse timings as in Fig. 4. The purple boxed area in plot
(a) displays the full population transfer associated with
STIRAP.

exponentially correlated colored phase noise, equivalent to a
phase diffusion model with a non-Lorentzian line shape.27 This
takes the form of a pseudo-random phase function, α(t), which
modulates the pump pulse, leading to a modification of the
Rabi frequency,

ΩP =
µPEP(t)eiα(t)

~
. (7)

The phase function α(t) depends on two parameters, the
spectral density of the noise, D, and the correlation time of the
fluctuations, Γ, given by the correlation function

〈ε(t)ε(s)〉 = DΓe−Γ |t−s | , (8)

where t and s are two arbitrary times.α(t) can then be generated
using the Box-Müller algorithm.27 D and Γ also describe the
ratio of the laser bandwidth to that of the Fourier transform
limited pulse, NFourier , by the relationship

NFourier =
∆ωPhase

∆ωFourier
= ∆tLaser

√
DΓ
2

, (9)

where ∆tLaser is the FWHM of the duration of the laser pulse,
∆ωPhase is the FWHM of the frequency of the simulated laser
pulse, and∆ωFourier is the FWHM of the frequency of a Fourier
transform limited pulse of duration∆tLaser . In order to simulate
a non-transform limited pulse that matches a single longitudi-
nal mode of our intracavity etalon-narrowed pulsed dye laser
(∆ωPhase ≈ 250 MHz, NFourier ≈ 4), we set D = Γ = 0.75 GHz.
Different values of D and Γ that maintained a constant value
of
√

DΓ/2 were investigated, with qualitatively similar results

for small variations in D and Γ, which match the conclusions
of Ref. 27.

Intensity fluctuations were included by modifying the
electric field, and hence the Rabi frequency, of the pump
laser pulse. The nominal pump laser field was multiplied by a
pseudo-random number chosen from a Gaussian distribution
with a fractional variance of 0.075, chosen to match the inten-
sity fluctuations observed for our laser. The temporal profile
of the dye laser pulse is measured to be nearly Gaussian with
a 7.5 ns FWHM.

The mm-wave source has vastly better coherence prop-
erties and fewer intensity fluctuations than the pulsed dye
laser. The primary limitation of our mm-wave source is that
the pulse-generating electronics have response times on the
order of several nanoseconds and cannot easily produce out-
puts with amplitude shaping on time scales shorter than a few
ns. The Stokes pulse, therefore, takes the form of a 10 ns
Fourier-transform limited (Fourier transform limit FWHM of
∼120 MHz) square wave pulse exactly centered on resonance
with the Ba Rydberg–Rydberg transition. Non-adiabatic losses
from the sudden turn-off of the Stokes pulse are unavoidable
with a square wave pulse, and we have also simulated the pulse
with a Gaussian and a triangular pulse shape in an attempt to
quantify these losses.

IV. RESULTS AND ANALYSIS

The solid curves in Fig. 6(a) show the ratio of transition
intensity of the 41f � 41d transition (probe of final level) to
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FIG. 6. Plot (a) displays the experimental ratio of the population in the final
state to the population in the intermediate state as a function of the pump pulse
delay,τ, as a blue solid curve, the coherent theoretical results as a black dashed
curve, and the incoherent theoretical results as a red dashed-dotted curve. The
vertical axis of plot (a) is the ratio of FID intensities, which is related to the
ratio of populations by the ratio of the pulse areas of the two-probe pulses.
Plots (b)–(d) display the intensity of the 41f � 41d transition (probe of the
final level) at pump pulse delays given by the vertical red dashed line, the
vertical green solid line, and the vertical black dashed-dotted line in plot (a),
respectively. Plots (e)–(g) display the intensity of the 47d � 45p (probe of the
intermediate level) transition at the same pulse delays. Note the difference in
vertical scales between plots (b)–(d) and plots (e)–(g).

the transition intensity of the 47d � 45p transition (probe of
intermediate level), weighted by the difference in probe pulse
excitation areas (π/2 for the 41f � 41d transition and π/4 for the
47d � 45p transition), as a function of the variable delay, τ, of
the laser pump pulse. The observation of a maximum at a delay
τ = 0, the time at which the center of the laser (pump) pulse
is coincident with the center of the mm-wave (Stokes) pulse,
demonstrates enhanced transfer when both radiation fields are
present at the same time. As in Fig. 4, for negative values of
τ, the center of the pump pulse occurs before the center of the
Stokes pulse while positive values of τ correspond to the cen-
ter of the pump pulse occurring after the center of the Stokes
pulse. For negative values of τ, the ratio of transition intensities
is dictated primarily by the efficiencies of the pump and Stokes
pulses in transferring population via separate one-photon pro-
cesses, while for large positive values of τ, no population
is expected to be transferred to the final state. All coherent

transfer processes are expected to occur when τ is small and
positive or when τ ≈ 0.

Figures 6(b)–6(d) show the intensity of the 41d � 41f,
final state probe transition, and Figs. 6(e)–6(g) show the
intensity of the 45p � 47d, intermediate state probe transi-
tion at the delays indicated by the vertical dashed, solid, and
dashed-dotted lines, respectively. At a delay consistent with
the intuitive pulse sequence [Figs. 5(b) and 5(e)], both the
intermediate and final states retain population, thus probe tran-
sitions from both states are observed. As the pulses begin to
overlap [Figs. 5(c) and 5(f)], the intensity in the probe transi-
tion that originates from the final state increases significantly,
while the probe transition out of the intermediate state dis-
appears entirely. Finally, when the pump pulse is delayed
to occur entirely after the Stokes pulse such that there is
no overlap between the two pulses, the probe transition out
of the final state disappears [Figs. 5(d) and 5(g)], while the
probe transition out of the intermediate state increases signif-
icantly in intensity. Note that this does not correspond to the
counter-intuitive pulse sequence, and we observe no enhance-
ment at timing consistent with the counter-intuitive pulse
sequence.

The dashed black curve in Fig. 6(a) shows the results of
our calculations of coherent effects, which include phase and
intensity noise effects, as outlined above, while the dashed-
dotted red curve in Fig. 6(a) shows the results of a calculation
of an incoherent transition sequence using Einstein rate coef-
ficients, displayed as the ratio of the intensity of the probe
transition associated with the final state to the probe transition
associated with the intermediate state. This ratio is related
to the ratio of populations by the ratio of the pulse areas
of the two probe pulses. Qualitatively, the dependence on
τ of the experimental data is well reproduced in the coher-
ent calculations, in contrast to the qualitative disagreement
between the experimental observations and the incoherent
calculations.

This agreement of the coherent calculations for the ratio
of final to intermediate populations supports the validity of
our calculations of the population transferred into the final
state when the pulses are overlapped and we expect to find
good agreement with our experimental results. The model
system shows a population transfer from the initial state to
the final state of ∼50% during exact overlap, compared with
a transfer of ∼20% for both the intuitive (τ . −5 ns) and
counter-intuitive (τ ≈ 5 ns) pulse sequences. The calculated
variation of the final state population with a delay time of the
pump pulse is shown in the solid blue curve of Fig. 7(a).

The primary factor that limits the efficiency of the two-
photon process is the phase fluctuations associated with the
pump pulse generated by our pulsed dye laser. Previous theo-
retical and experimental studies of the use of pulsed dye lasers
in coherent population transfer techniques, such as STIRAP,
have shown that the Rabi frequency required to drive these
processes scales as N2

Fourier [see Eq. (9)].25,27,29 In our sys-
tem, NFourier ≈ 4 for each longitudinal mode, leading to an
∼16× effective reduction in the Rabi frequency for the pump
pulse. The absence of an improvement in population trans-
fer for the counter-intuitive pulse sequence as compared with
what we observe for completely overlapped pulses, as well as a
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FIG. 7. Theoretical populations of the final state as a
function of the pump pulse delay, τ, without (a) and with
(b) intermediate state decay due to predissociation. Solid
curves indicate conditions that match our experimental
conditions; dashed curves indicate simulations for cal-
cium as outlined in the text. The inset to plot (b) is a
zoom in of the very low population transfer shown by the
solid curve.

maximum population transfer efficiency of only ∼50% imply
that STIRAP is not occurring for the laser conditions presently
obtained in our system. With the limited power available from
our dye laser in the UV, we cannot reach the regime of STIRAP
because the effective Rabi frequency for the first transition is
too low. This conclusion is experimentally supported by our
observation of the remaining coherence between the interme-
diate and final states, which is manifest as FID radiation at
the frequency of the Stokes pulse. The solid curve in Fig. 8(a)
shows the FID associated with the 45p � 41d transition as a
function of the delay of the laser pump pulse, while the dashed
curve shows the calculated coherence [as in Eq. (6)] between
the two states. The decrease in coherence near small, positive

Stokes-pump delays characteristic of the STIRAP process is
also absent in both of these curves. The observed increase in the
population transfer efficiency when the pulses are overlapped
is still, however, evidence of coherent population transfer, in
a more straightforward two-photon Raman scheme where the
population of the intermediate state is transient, as opposed to
a STIRAP scheme where the population of the intermediate
state remains zero.

In order to determine whether optical-mm-wave STIRAP
is feasible using a pulsed dye laser similar to the one avail-
able for our experiments, we simulate a realistic target system
based on known transitions in atomic calcium. With a larger
ionization potential, we can use a two-step optical excitation

FIG. 8. Coherence between the intermediate and final
states [as in Eq. (6)] as a function of the variable delay
of the pump pulse. Plot (a) displays the experimental
(blue solid) and calculated (red dashed) coherences for
our actual experimental conditions. Plot (b) displays the
calculated (red solid) coherence for calcium simulations
as described in the text and the coherence expected for a
system with two Gaussian pulses as described in Sec. III
and displayed in Fig. 4(d) (black dashed-dotted).
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path to Rydberg states (4snd ← 4s5p ← 4s2, correspond-
ing to transition wavelengths of ∼272 nm and ∼803 nm) in
order to exploit a larger pump electric dipole transition moment
of ∼0.5 D, and take advantage of the higher available pump
laser power in the IR of ∼ 2 mJ. Ca, in particular, is a useful
atom due to the similarity between the structure of the Ryd-
berg states of Ca and those of CaF, a prototypical molecular
target.44

When calculating the population transferred to the final
state with this realistic system, we observe a maximum asso-
ciated with STIRAP that occurs at the optimum Stokes-pump
delay of the counter-intuitive pulse sequence, as shown in
the dashed curve of Fig. 7(a). Additionally, we observe the
characteristic decrease to zero in the coherence between the
intermediate and final states at the same pulse timing as dis-
played by the dashed curve in Fig. 8(b). The solid curve in
Fig. 8(b) shows a system with two Gaussian pulses, as dis-
cussed in Sec. III [and is the same curve as in Fig. 4(d)]. These
distinct decreases in coherence between the intermediate and
final states at τ ∼ 5 ns delay in both curves are associated with
the STIRAP mechanism of transferring population directly
from the initial to the final state without placing any population
in the intermediate state. These two calculations demonstrate
that the primary obstacle remaining to achieve optical-mm-
wave STIRAP is to increase the Rabi frequency for the pump
transition, either by increasing laser power, changing the exci-
tation scheme to exploit a larger transition dipole moment, or
by improving the coherence properties of the laser.

In order to more accurately predict the transfer efficiency
in the case of a rapidly predissociating molecule, we set T1 in

FIG. 9. Computed populations of the final state as a function of the Stokes
pulse envelope. The blue solid curve represents a square pulse envelope, the
red dashed curve represents a Gaussian pulse envelope, and the green dashed-
dotted curve represents a triangular pulse envelope. All calculations were
performed on the calcium system as described in the text.

Eq. (2) to 100 ps in order to replicate typical predissociation
lifetimes in the intermediate state and recalculate with our
current experimental parameters. The population of the final
state as a function of the pump laser delay is shown as the solid
curve in the inset to Fig. 7(b). A maximum transfer efficiency of
less than 1% is predicted. In contrast, the population in the final
state with a predissociated intermediate state for the calcium
system, as outlined above, is displayed as the dashed curve
in Fig. 7(b), which shows a maximum of ∼60% population
transfer.

The failure to achieve near 100% transfer of population
from the initial state to the final state in this realistic sys-
tem is due to other experimental imperfections in our system,
such as the non-adiabatic losses inherent in the sharp turn-off
of the mm-wave pulse. The transfer efficiency may be mod-
eled as a function of the mm-wave pulse shape (square wave,
Gaussian, triangle pulse), and the results are shown in Fig. 9.
These calculations used a 100 ps value of T1 and parame-
ters from the calcium system. As expected, a Gaussian pulse
provides the most efficient transfer, but a triangle pulse pro-
vides nearly the same efficiency and is technically easier to
implement.

As the frequencies of the laser and mm-wave photons are
different by a factor of∼103, the Doppler shifts of the two tran-
sitions are quite different and result in a two-photon detuning
that cannot be compensated for by any choice of experimen-
tal geometry. For a Λ-type transition, co-propagating beams
of similar frequency cancel the majority of the Doppler shift,
while for a ladder-type transition, counter-propagating beams
of similar frequency have the same effect. In our case, the

FIG. 10. Computed population transfer efficiency as a function of the trans-
verse distance from the center of the atomic beam. The blue solid curve
represents a slow buffer gas cooled expansion and the green dashed curve
represents a fast supersonic expansion. All calculations were performed on
the calcium system as described in the text.
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Doppler width associated with the optical photon (∼800 MHz)
is much larger than the Doppler width associated with the
mm-wave photon (∼200 kHz). These small Doppler widths
are due to the use of a buffer gas cooled beam source in our
experiments. Typical Doppler widths in a supersonic expan-
sion are ∼5× larger. We calculate the efficiency of STIRAP
transfer in Ca for both a slow buffer gas expansion and a
fast supersonic expansion as a function of the radial distance
from the center of the beam. The results of this calculation are
shown in Fig. 10. For systems with a large frequency mismatch
between pump and Stokes pulses, it is clear that a slow beam
expansion, such as obtained from buffer gas cooling, is essen-
tial to achieve efficient population transfer across the entire
sample.

V. CONCLUSION

We have demonstrated coherent coupling between an opti-
cal and a mm-wave photon that differ in frequency by a factor
of∼103. This is a proof-of-principle that demonstrates the fea-
sibility of observation and exploitation of optical-mm-wave
STIRAP for the efficient coherent population transfer to CNP
Rydberg states of predissociating molecules. We have per-
formed simulations that employ a density matrix formalism to
capture coherences (FID) as well as population transfer. These
simulations allow an accurate calculation of the experimental
parameters required to optimize this transfer, as well as to
evaluate the dominant sources of non-ideality. Alkaline-earth
monohalide molecules, such as CaF, will be the first molecu-
lar target for this experimental technique due to their large
ion-core dipole moments, closed-shell ion-core electronic
structure, and the similarity of their Rydberg states to those
of the alkaline earth atoms used in these proof-of-principle
experiments.

The two most important improvements for our system
required to ensure maximization of the efficiency of molecular
population transfer are reduction of the phase noise in the pump
laser and shaping of the temporal envelope of the mm-wave
pulse to minimize non-adiabatic losses. We are constructing a
pulsed amplifier for a phase-stable CW laser system in order
to create a pulsed laser system with the near Fourier transform
limited bandwidth. The pump source for this amplifier will
ideally have a pulse duration of ≥10 ns which is sufficiently
long to allow for shaping of the mm-wave pulse envelope with
a voltage controlled attenuator.

Multi-photon ionization is also an obstacle that must be
overcome, as the pump pulse can cause multi-photon ioniza-
tion of the Rydberg states in either the intermediate or the
final state. Higher-coherence laser sources combat ionization
through reduction of non-resonant radiation that would con-
tribute to ionization but not to STIRAP population transfer.
Longer pulse durations also combat multi-photon ionization
by allowing for lower peak intensities of both pulses, further
minimizing unwanted ionization processes.

The relatively poor behavior of commercial pulsed dye
lasers prevents realization of full optical-mm-wave STIRAP
despite the superb coherence properties of the mm-wave
radiation. This precludes true STIRAP even with a per-
fectly coherent mm-wave source. However, once the optical

coherence has been improved, the coherence of the mm-waves
and the large electric dipole transition moments between
Rydberg states open the door for more sophisticated coherent
population transfer methods with a single optical photon and
a pre-selected sequence of mm-wave pulses. As predissocia-
tion lifetimes become exponentially longer as ` is increased,
using STIRAP to enter an ng state, for example, provides a
long enough lifetime for mm-wave pulses to transfer further
population. Such designer-pulse schemes will enable flex-
ibility in selective population of CNP states that lie even
higher in `. Once populated, we plan to use the CNP states of
molecules as a first step toward a global understanding of the
entire electronic structure of a molecule, in investigations of
the dynamics of intramolecular electron-nuclear energy trans-
fer, and also as a tool for creating quantum state-selected
molecular ions in selected single rotation-vibration-MJ states
via vibrational autoionization and Stark slowing of Rydberg
molecules.
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