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Abstract
The response of highly excited potassium Rydberg states with n ~ 305 to a sinusoidal electric
drive field in the radio frequency (100 - 300 MHz) regime is examined by photoexcitation from the
4s ground state using a uv probe beam. The drive field couples many Rydberg levels simultaneously
and results in a coherent response that leads to a variety of multiphoton processes. The excitation
spectra are analyzed within the framework of Floquet theory and reveal signatures of quantum
optical phenomena such as electromagnetically induced transparency and Autler-Townes splitting

seen with few-level systems.
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I. INTRODUCTION

Very-high-n (n ~ 305) Rydberg atoms, which have diameters of ~ 10um, provide a valu-
able laboratory in which to study the behavior of mesoscopic systems and, because they lie
near the classical limit, furnish an ideal testing ground to study the bridge between classical
and quantum dynamics. Indeed, wave packets (i.e., non-stationary spatially-localized wave
functions) have been engineered that behave much like a particle moving along a classical
trajectory with little dispersion [1]. Such “coherent” behavior can be maintained for many
hundreds of periods if the wave packet is acted upon by a periodic driving force which pro-
vides a source of coherence for the system. Such extended coherence is easiest to obtain
when the frequency of the driving force is close to the classical Kepler orbital frequency [2—-
4]. Even weak fields of a few millivolts per centimeter can provide strong driving because

2. Furthermore, extremely dilute ensembles of high-n

the dipole interaction scales as ~ n
Rydberg atoms can act as a strongly interacting many-body system because atom-atom
interactions also increase rapidly with n, for example, the van der Waals coefficient scales
as Cg ~ n'' [5, 6].

In the present work we investigate, in the single atom limit, the behavior of high n, n ~
305, potassium Rydberg states when subject to sinusoidal radio-frequency (rf) drive fields
with frequencies in the range ~ 100-300 MHz that include the classical Kepler frequency of
n ~ 305 states (~233 MHz) and the frequency separations between neighboring p and s or
d states (~ 105-125 MHz). The rf field leads to strong coupling between different Rydberg
levels. Their highly non-linear response, theoretically described by Floquet states [7, 8], is
investigated by photoexcitation from the 4s ground state using a uv probe beam. Many
studies of quantum optical phenomena in both single atoms and in strongly interacting
systems have been undertaken using three-level excitation schemes of either the A type or
the ladder type illustrated in Fig. 1(a) [9-15] and a variety of interesting phenomena such as
electromagnetically-induced transparency (EIT) and coherent population trapping (CPT)
have been observed. Frequently in such measurements two optical fields of comparable
frequency, wy o, are employed. In studies of Rydberg atom excitation (see Fig. 1(a)) the first
field couples the atomic ground state |g) to a low-lying excited state |e) while the second
couples this state to an isolated Rydberg level |r). We consider here a different scenario in

which a “strong” rf field is used to couple many different Rydberg levels and the response to



this driving is examined using a “weak” uv probe field that directly connects the ground state
|g) to the manifold of perturbed Rydberg states. (Note that here the frequencies of the drive
and probe fields, w,r and wyy, respectively, are very different with w,f < wyy.) Measurements
of the (uv) absorption probability reveal quantum-optical effects such as Autler-Townes
splitting [7] and EIT [9] together with novel spectral features associated with non-linear
multiphoton processes. For example, suppression of resonant absorption resembling EIT
reappears for strong off-resonant driving due to Bloch-Siegert shifts [16]. The experimental
data are found to be in good agreement with Floquet theory and with numerical simulations

using the time-dependent Schrodinger equation (TDSE) within a truncated state space.

II. EXPERIMENTAL SETUP

The present apparatus, shown in Fig. 2, is described in detail elsewhere [17]. Potassium
atoms contained in a tightly collimated beam are subject to a sinusoidal field with frequencies
wrt ~ 100-300 MHz and amplitudes, Fi¢, ~ 1 mV cm™! generated using a 2 gigasamples/sec
arbitrary waveform generator whose output is applied to a nearby electrode creating an
electric field that oscillates in the z direction indicated in Fig. 2. (Note that this field differs
from that associated with, say, a propagating microwave beam because the magnetic field
component is absent.) Since the dipole transition matrix elements (nf|z|(n+1)(¢+1)) scale
as ~ n?, this weak rf field leads to strong coupling within the manifold of high Rydberg
states. The resulting perturbations are probed by the crossed (uv) output of an extracavity-
doubled frequency-stabilized Rh6G dye laser (also polarized along the z axis) that is tuned
to excite transitions to Rydberg levels with n ~ 305. Experiments are performed in a pulsed
mode. A periodic train of concurrent rf and uv pulses, each ~ 2us long, is applied with
a pulse repetition frequency of ~ 20 kHz. The number of Rydberg atoms created (< 1
per laser pulse) is determined using selective field ionization for which purpose a slowly
rising electric field (risetime ~ 1us) is generated in the experimental volume by applying a
positive voltage ramp to the lower electrode. Product electrons are accelerated out of the
interaction region and are detected by a particle multiplier. The experimentally observed
signal is proportional to the imaginary, i.e., absorptive, part of the linear susceptibility,
Imx (wyy; wit, Fre), at uv frequencies and probes the non-linear response of the Rydberg

atoms to the rf field. The dispersive part of the linear response, Rey(wyy; wit, Fif), can be



determined using the Kramers-Kronig relations [18, 19].

Because of the splitting (~ 461 MHz) of the F=1 and F=2 ground hyperfine states
in potassium, photoexcitation leads to the generation of two interleaved Rydberg series,
one originating from each of the ground states, which complicates the excitation spectrum.
However, in certain regions of the spectrum features associated with excitation from each
hyperfine level overlap. Here we focus on the region near n ~ 305 where the ground state
hyperfine splitting matches the An = 2 spacing between Rydberg manifolds and, conse-
quently, the np and (n-2)p states overlap. Working in this regime simplifies the excitation
spectra (and hence their analysis) because, as illustrated in the inset in Fig. 2, at very high
n the spacing between Rydberg levels varies only slowly with n and the two superposed n
series exhibit very similar behaviors. To further check this, measurements were undertaken
with the laser tuned to excite transitions to n ~ 320 states where two well-resolved Rydberg
series are observed. Application of the rf drive field resulted in changes in each separate

Rydberg series similar to those seen in the superposed spectra at n ~ 305.

III. FLOQUET THEORY

The photoexcitation of potassium by a laser field F,, sin(wy,t) in the presence of an rf
field Fi¢sin(wt) can be described by the Hamiltonian

H = 5+V(r)+zF(t) (1)

where V(r) is a one-electron model potential (atomic units are used throughout unless

otherwise noted). The fields
F(t) = Fyy sin (wyyt) + Fif sin (wyt) (2)

are taken to be linearly polarized along the z axis. Though the laser field amplitude (~ 10-
100 V ecm™) is a factor of 10* larger than the typical rf field strengths employed, the dipole
matrix elements between ground and Rydberg states are much smaller than those between
neighboring Rydberg states (for n ~ n’ ~ 300, (4s|z|nf) ~ 10~* whereas (nf|z|n’¢') ~ 10%).
The rf field thus plays the role of a strong pump field while the uv laser field provides a
weak probe field.



The Floquet states |¢f (t)) resulting from dressing by the rf field satisfy the eigenvalue

equation
Ut + T, )] 05 (1)) = =00 |gy (1)) (3)

where U(t + Ty, t) (T = 27 /wyt) is the period-one evolution operator for the Hamiltonian

H= 5 + V(r) + zF¢sin (wit) . (4)

As the time evolution operator is a unitary operator, the quasi-energy of the Floquet state,

&k, is real. We expand the Floquet states in terms of the field-free states, |¢,. (), of potassium,

|¢k ZCTM ) bne) - (5)

While the Floquet state accumulates the phase e *+7x

f per period, the remainder of the
wave function is strictly periodic due to the periodicity of the Hamiltonian. Allowing for a

Fourier series expansion of the dressed state,

|¢k _ —zé'kt Z Z & l —iNw;st
= n

nt N

(bn,Z) ) (6>

the photoexcitation rate and, hence, Imy, is proportional to the dipole oscillator strength

from the 4s ground state [7],
Imx (way; wit, Fre) o< p(E, N) = | chz 1(N )P e=12| 4, 0>| ) (7)

where only the projection onto the p state (¢ = 1) of the dressed Rydberg state contributes.

For resonant absorption, the uv laser frequency and w,; must satisfy
Wy = gk + Nwrf 5 (8)

where N is the photon number of the corresponding quasi-energy band (&, N). We calcu-
late the excitation spectrum numerically by representing the Hamiltonian [Eq. (1)] in matrix
form using a truncated basis (Nmin < 7 < Nmax, £ < lax, m = 0). The eigenenergies of the
Hamiltonian in the field-free basis are evaluated using the experimentally measured values of
the quantum defect [20] rather than deriving them from a model potential V(). The dipole
matrix elements (including corrections due to the quantum defects) are evaluated semiclas-

sically [21, 22]. The period-one evolution matrix [Eq. (3)] is derived from the Hamiltonian



using the split-operator method and the quasi-energies & are obtained by numerically diag-
onalizing the matrix. The evolution of the corresponding eigenstates is calculated by solving
the TDSE. The expansion coefficients ¢, ¢(t) are expanded in a Fourier series to obtain the
oscillator strengths. The resulting calculated spectra are convoluted with a Gaussian dis-
tribution to mimic the Doppler broadening (A ~ 15MHz) present in the measurements.
The validity of the approach discussed above was confirmed by comparison with predictions
made by directly solving the TDSE including both the ground state and the Rydberg levels

as well as the two fields.

A. Harmonic oscillator model for potassium

Some of the complex features present in Imy for the “strong” rf driving discussed below
can be analyzed with the help of a simplified three-dimensional (3D) spherical harmonic
oscillator model. Key to this is the fact that, for a fixed value of ¢, the n levels are to a
good approximation equispaced and, moreover, that the quantum defects in potassium are
such that the p levels lie approximately midway between the neighboring s and d levels.
Consequently, the spectrum resembles that of a 3D oscillator with wese >~ Ej, =1 — B, =0 =~
Epnti10=0 — Epe=1. To set up a minimal model of a coherently-excited multi-state Rydberg
atom three levels are required, for example (306s, 306p, 307s) or (306p, 307s, 307p). The
corresponding model Hamiltonian Hyg in the product Hilbert space |n, N) for a harmonic
oscillator with quantum number n and rf-photon space with photon number N becomes in

the rotating wave approximation (RWA) [23]

(n— 1) wese + (N + 1wt —idFy/2 0
HHO = ’LdFrf/Q NWose + N(A)rf —’idFrf/2 y (9)
0 ZdFrf/2 (n + 1) Wose T (N - 1)er

where d is the dipole transition matrix element. Since the model is designed to approximate
driven Rydberg atoms with n ~ 305, the dipole transition matrix elements are assumed to
be equal (n — 1, N 4+ 1|d|n, N) ~ (n, N|d|n + 1, N — 1). The Floquet eigenvalues of Eq (9)

are

5172 = NWysc + Nwrf + \/52 + d2Fr2f/2

53 = NWosc + Nwrf (10)



with the detuning § = wese — wyp. For off-resonant driving (|| > |dFy¢|) the unperturbed
energies (diagonal elements of the Hamilton matrix [Eq. (9)]) are non-degenerate. With
increasing perturbation the two outer states & o are repelled by the center state whose
quasi-energy &3 remains independent of |dFy¢|. For weak perturbations the repulsion of the

outer states is quadratic in Fi¢

d*F?
E19 ™ NWose + Nwgg £ 6 (1 + 452rf) : (11)
On the other hand, for resonant driving (|6| < |dFy¢|), the three-fold degeneracy of the
unperturbed states in the limit 6 — 0 is broken and the quasi-energies separate linearly in

F¢ from each other

1 52
(9172 ™~ NWose + Nwrf + —dFrf <1 + —) . (12)
V2 d*F}

The center state is given in terms of the product state |n, N) by
1
0% + 2d°F2

In the off-resonant limit (|6| > |dFy|) Eq. (13) converges to the uncoupled center state

pf) = (dF¢ln — 1, N 4+ 1) 4 2id|n, N) + dFgln +1,N — 1)) . (13)

In, N} while in the resonant limit (|§| < |dFy|) |¢L) converges to a coherent superposition
of the two unperturbed states [n — 1, N + 1) and |n + 1, N — 1). The model Hamiltonian
[Eq. (9)] can be applied to both the case where the unperturbed center state |n, N) is a p
state, (i.e. |n — 1) =|306s), |n) = |306p), |n + 1) = |307s)) and where the center state is
of s character (i.e. |n — 1) = |306p), |n) = [307s), [n + 1) = |307p)). However, the linear
response, Imy, as probed by the uv laser, for these two 3-state manifolds is dramatically

different.

B. Manifold with central p state

We explore now the application of the 3-level harmonic oscillator model outlined above
to a three-level Rydberg “atom” (306s, 306p, 307s) centered on the p state. Figure 3
compares the quasi-energy spectrum obtained analytically using the harmonic oscillator
model [Eq. (10)] and drive frequencies w,y = 233 and 116 MHz (Figs. 3(a) and 3(d)) with
the simulated excitation spectra, i.e., Imy(wyy;wrt, Frf), obtained for the 3-state Rydberg

manifold using the realistic values for energy spectrum and dipole matrix elements both with
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and without invoking the rotating wave approximation (RWA). For these comparisons, the
parameters for the harmonic oscillator model are chosen as wes. = (E307s — F306s)/2 and d =
((@306s| 2| P306p) + (P306p|2|P307s))/2. When the frequency of the drive field (w,s = 233MHz)
is far off-resonance relative to the transition between the 306s and 306p levels (~109MHz)
and between the 306p and 307s levels (~124MHz), the two outermost Floquet states (which
are asymptotically connected to the s-states in the weak field limit) initially suffer quadratic
energy shifts as the drive field is increased whilst the Floquet state associated with the
unperturbed 306p state does not change in energy. As is apparent from Figs. 3(b) and 3(c),
little excitation of the outermost Floquet states occurs at small drive fields because of their
dominant s-like character. As the drive field increases these states acquire more p character
and their excitation becomes more probable. For small to intermediate drive fields, the
analytic harmonic oscillator model predicts the quasi-energy spectrum of the absorption
peaks quite well. Under strong-field driving (Fi; = 5 mV cm™!), however, novel features
appear that signify the break-down of the RWA. The counter-rotating component of the drive
field shifts the unperturbed energy levels, an effect known as the Bloch-Siegert shift [16] [this
shift can be estimated by substituting 0 = wes. +wyf in Eq. (10)]. Remarkably, for strong far-
off resonant driving (Fig. 3(c)) the Floquet state associated with the unperturbed 306p state
becomes transparent to laser excitation leading to electromagnetically induced transparency
(EIT). A different response emerges for near-resonant driving (w,s = 116MHz). The 3-level
system is degenerate in the limit Fy — 0. The quasi-energy spectrum splits linearly with
increasing drive field, an effect termed Autler-Townes splitting [7]. At low-to-intermediate
values of F}¢ the Floquet state associated with zero detuning is transparent to w,, excitation.
This can be readily understood using the simple harmonic oscillator model [Eq. (9)] and
results because, in this limit, the state |¢L) is a superposition of two adjacent s states
and therefore not optically accessible from the 4s ground state. However, for strong driving
(Fig. 3(f)) the “zero-detuned” Floquet state becomes accessible because the counter-rotating

field component destroys the EIT.

C. Manifold with central s state

As evident from Fig. 4(a), a dramatically different excitation spectrum emerges for a

3-level Rydberg “atom” (306p, 307s, 307p) centered on an s state. For both off-resonant



(Fig. 4(a)) and near-resonant driving (Fig. 4(d)) the quasi-energies (dashed lines) agree with
those in Figs. 3(a) and 3(d). However, the excitation spectra exhibit an entirely different
behavior. The unperturbed 307s state is not directly accessible from the ground state by
single-photon absorption. Transitions to this state must be accompanied by absorption or
emission of an rf-photon. Therefore, excitation is observed at Floquet energies that are
shifted by +wy (red/solid black lines) or —wys (light blue/gray lines) relative to those for
transitions that do not involve rf photons. For driving far off-resonance the two dominant
excitation peaks stem from the unperturbed 306p and 307p states. However, with increasing
rf field strength, the absorption and emission of rf photons starts to become important re-
sulting in the appearance of excitation at energies corresponding to E3p7s +wys. The Floquet
energies of these states are independent of the strength of the perturbation, but the absorp-
tion, Imy, depends markedly on whether or not the RWA is invoked. The two dominant
p-states, coupled with the w.¢-shifted 307s state, form optically active Floquet states that
exhibit quadratic energy shifts. However, as seen in Fig. 4(d), driving near-resonance yields
linear energy shifts. EIT is absent for weak drive fields because the corresponding Floquet
state is a superposition of two p-states and is optically accessible. For drive field strengths
above ~ 5 mV cm™! the counter-rotating field brings the system out of the resonance and
the energy shifts become quadratic in Fy¢. Because the multi-level excitation spectra involve
different numbers of rf photons and because the energy levels belonging to different photon

numbers are not coupled, their Floquet levels can cross.

IV. COMPARISON BETWEEN SIMULATED AND MEASURED SPECTRA

While the three-level Rydberg systems and the analytic harmonic oscillator model pro-
vide qualitative insights into the behavior of Rydberg atoms under rf driving, quantitative
comparisons with experiment require the inclusion of many n and [ states to allow for multi-
(rf) photon emission and absorption. The calculations presented here were undertaken using
a finite basis with 284 <n <324, 0 < /¢ <10 and m = 0.

Excitation probabilities for off-resonant driving (wys = 233MHz) and for near-resonant
driving (w,f = 116MHz) are shown in Fig. 5 and 6, respectively, as a function of rf field
strength and compared with experimental data. For low-to-intermediate strengths of an off-

resonant drive field (Fig. 5) the positions of the dominant absorption peaks remain nearly



constant in qualitative agreement with the harmonic oscillator model (Fig. 3). (In the multi-
level system the “collective” repulsion from levels both below and above averages to near
zero thereby leaving their positions essentially unchanged.) With increasing Fyy both ns and
(n — 2)d states become accessible. The strength S, of the excitation of these states can be
quantified by the integral
Spet A
Spe X / dwyy Imx (wyy; Wi, Fre) (14)
Sne—A

over the line width (Fig. 5). For the s and d components, S, s—o2 increases quadratically
with Fi; consistent with Eq. (13). As illustrated in Fig. 7, the growth of the features in the
measured spectra associated with the excitation of s and d states (Sso75 + S305q in (a) and
S306s + S304a 1 (b)) is in good agreement with that of the excitation strengths predicted by
Eq. (14). The dominant contribution of s states to the s,d features was confirmed by rotating
the plane of polarization of the uv laser approximately 90° using a (nearly) half-wave plate.
With such rotation only the creation of product states with m = +1 is allowed, discriminat-
ing against creation of final ns states. Although a measure of elliptical polarization remained
in the laser beam after insertion of the half-wave plate, its presence reduced the size of the
multiphoton features by ~ 70% confirming the dominance of ns final states. The symmetry
of the excitation branches relative to the dominant np state seen for the harmonic oscillator
model is broken in the multi-level Rydberg atom and one nearly linearly shifted branch with
a negative slope dominates. For strong driving fields F,; > 5 mV cm™! the excitation of
p-states becomes suppressed, which is a remnant of the EIT induced by the Bloch-Siegert
shift. For near-resonant driving (w,s = 116MHz) (Fig. 6) the excitation peaks associated
with the p states split and form two (or three) peaks whose spacing initially increases lin-
early with increasing field strength in qualitative agreement with the harmonic oscillator
model. However, as the perturbation becomes stronger this linearity no longer holds and
the excitation spectra become increasingly complex. The oscillator strength is distributed
over many quasi-energy levels due to the increasing importance of multi-photon processes
that couple many Rydberg levels. The calculated spectra (Fig. 6) reproduce well the gen-
eral behavior seen in the measured spectra, the small differences between the predicted and
measured splittings of the spectral features being attributable, in part, to uncertainties in
the rf drive field amplitude.

Additional insights can be obtained by considering how the photoexcitation spectra vary
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with w, for a fixed value of Fj;. This is shown in Fig. 8 which compares excitation proba-
bilities Im (wyy; wrr, Fre) to measured spectra. At high drive frequencies (w,y > 250 MHz)
the excitation of p-states is dominant. As the drive frequency is reduced and |dFy¢| becomes
larger relative to 0 in Eq. (11) the mixing between states becomes stronger allowing the
excitation of s and d states. Since this requires absorption or emission of an rf photon, the
positions of the excitation peaks vary linearly with w,¢. For example, excitation of the 306s
state will occur at a uv photon energy corresponding to E3u6s + wyf which involves emission
of an rf photon as well as at a uv photon energy of Fs36s — wyf which requires absorption of
an rf photon. In particular, the crossing (A) of the peaks seen for w;y ~ 230 MHz in at a
detuning 6 = 120 MHz has contributions from both the 306s and 308s states even though
the uv photon energy corresponds to that required for direct excitation of the 307s state.
Similarly 304d and 306d states can be populated at the crossing. (The energy difference
between 306s and 304d or between 308s and 306d states is about 20 MHz, comparable to
the effective experimental line width A.)

With further decreases in drive field frequency, multi rf-photon processes become increas-
ingly important. For example, near w,y = 190MHz the Floquet states associated with the
306s and the 308s states cross with those corresponding to Esgs, — 2wy (B) and Esgsp 4 2wy
(C), respectively, for which excitation involves the emission or absorption of two rf pho-
tons. Since this is in a strongly coupled regime, the Floquet states associated with energies
Espgp — 2wie or Esgsy, + 2wy are not pure 308p or 305p states. Numerical analysis indicates
that these states are in fact a superposition of 307p and 309p states and 304p and 306p
states, respectively, i.e., each comprises two p-states coupled via a two-photon transition.
Below w,s ~ 180MHz many excitation peaks are visible whose positions change linearly
with drive frequency. These features correspond to excitation processes that involve increas-
ing numbers of rf photons, their number defining the slope of the linear variation in the
peak position with rf drive frequency. While these multiphoton processes result in complex
excitation spectra, the excitation probability is strongly suppressed at uv photon energies
corresponding to the excitation of unperturbed p states. While this is reminiscent of EIT
seen in few-level systems, here each Floquet state is a superposition involving many unper-
turbed states strongly coupled by the (near-resonant) drive field. As illustrated in Fig. 8,
the calculated spectra reproduce well the behaviors seen in the measured spectra. However,

peaks are seen in the data recorded at the lower rf drive frequencies at wavelengths corre-
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sponding to the energetic position of the unperturbed np states that are not present in the

simplified theoretical model employed.

V. SUMMARY AND OUTLOOK

The response of potassium high Rydberg states to an rf electric drive field has
been investigated both experimentally and theoretically by probing the linear response,
Imy (wyy; wit, Fre), to uv radiation. Even though high-n Rydberg states are close to the
classical limit and the drive field is well removed from the optical regime, quantum optical
features such as electromagnetically induced transparency (EIT), Autler-Townes splitting,
and the Bloch-Siegert shift can be clearly identified even for comparatively weak drive fields.
The photoexcitation spectra can be qualitatively understood with the help of a harmonic
oscillator model exploiting the fact that the adjacent ns-np and np-(n + 1)s spacings are
nearly equal. With increasing drive field strength multiphoton transitions become ever more
important and the photoexcitation spectra become more complex. The product states are
superpositions of an increasing number of (unperturbed) states which is characteristic of
behavior seen when the dynamics of a system become more classical.

In the current work Imy is determined by field ionization of the photoexcited Rydberg
states. In the future it might also be possible to determine Imy by studying the absorption
of the uv beam. Such optical measurement will be challenging due to the small oscillator
strengths for the transitions involved but might be achieved using a high-density sample of
trapped laser-cooled atoms. Future work might also include the addition of a propagating
electromagnetic field to couple the ground hyperfine states whose frequency separation, ~
461 MHz, matches that between levels with An = 2 transitions at n ~ 305. The combination
of a purely electric field (F}¢, wy) with the electromagnetic field would allow for simultaneous,
yet selective, coherent excitation of the hyperfine states in the 4s ground state and the
Rydberg orbital degrees of freedom. This might then be used to manipulate and entangle
nuclear, electronic, and photonic degrees of freedom, and would allow for unprecedented
control of orbital and spin degrees of freedom. Non-destructive optical read-out would,
however, be crucial for implementing such protocols for quantum information storage and

processing.
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Figures

FIG. 1: Comparison between the standard three-level ladder scheme for coherent excitation of
Rydberg levels utilizing two optical transitions with frequencies wy 2 (a) and the coherent excitation

of a multi-level Rydberg atom through rf driving that is probed using a uv laser pulse (b).

FIG. 2: (Color online) Schematic diagram of the apparatus. The inset shows a partial term diagram
for potassium depicting the two Rydberg series of interest here that originate on the F=1 and F=2
ground hyperfine states. The arrows indicate the energy separations between neighboring s and p

levels.

FIG. 3: (Color online) Floquet energies (a,d) of the three-level driven harmonic oscillator [Eq. (9)]
and excitation spectra (b,c,e,f) of the three-level Rydberg atom (306s, 306p, 307s) driven by an rf
field. The drive frequency is wyf = 233MHz in (a~c) and 116MHz in (d-f). The excitation strengths
Imy of the Floquet states are estimated as (€, N) [Eq. (6)] when the laser is tuned to the frequency
&L + Nwyt. The spectra are summed over all Floquet states and photon numbers N and convolved
with a Gaussian to match with Doppler broadening (A ~ 15MHz) seen experimentally. The
laser frequency resonant with excitation of the 306p state is defined as zero detuning. Excitation

strengths calculated both with (b,e), and without (c,f) use of the RWA are included.
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FIG. 4: (Color online) Floquet energies (a,d) of the three-level driven harmonic oscillator [Eq. (9)]
and excitation spectra (b,c,e,f) of the three-level Rydberg atom (306p, 307s, 307p) driven by an rf
field. The driving frequency is wyf = 233 MHz in (a-c) and 116MHz in (d-f). In (a,d) the dashed
lines correspond to the Floquet energies & (i = 1,2,3) in Eq. 10 with N = 0, the red (dark gray)
lines with N = 1, and the light blue (light gray) lines with N = —1. The excitation strengths are

calculated and arranged as in Fig. 3.

FIG. 5: (Color online) Evolution of the photoexcitation spectrum near n ~ 305 as a function of
rf drive field amplitude for a drive frequency wy,s = 233 MHz. (a) Excitation strengths [Eq. (14)]
derived from the expansion coefficients (&, N) calculated within the finite basis 284 < n < 324,
0 < ¢ <10, and m = 0. (b) Comparison of experimental data (black lines) with simulated spectra
(blue/gray lines) obtained by making cuts through (a) at selected field strengths within the white

dashed rectangle. The positions of the zero-field resonances are indicated.

FIG. 6: (Color online) Evolution of the photoexcitation spectrum near n ~ 305 as a function of rf
drive field amplitude for a drive frequency w,sf = 116 MHz. The excitation strengths are calculated,

and the figure is arranged, as in Fig. 5.

FIG. 7: (Color online) Growth of the features seen in Fig. 5(b) associated with excitation of (a)
304d, 306s and (b) 305d, 307s states as a function of rf drive field amplitude: B, experimental
data; —, integrated excitation strengths [Eq. (14)]. The integration ranges are (a) d3p5q — 20MHz
< wyy < 03075 + 20MHz and (a) 3049 — 20MHz < wyy < 03065 + 20MHz.

FIG. 8: (Color online) Evolution of the potassium photoexcitation spectrum in the vicinity of
n ~ 305 as a function of the frequency of an rf drive field of amplitude ~ 3 mV cm™!. The excitation
strengths are calculated, and the figure is arranged, as in Fig. 5. The processes responsible for
excitation at the crossings labeled A, B, and C in (a) are shown schematically in the bottom frame

(see text).
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