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Two-photon microwave transitions and strong-field effects in a room-temperature Rydberg-atom gas
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We investigate two-photon Autler-Townes splitting and strong-field effects of 85Rb Rydberg atoms in a
room-temperature vapor cell. To observe the level structure we employ electromagnetically induced transparency.
We first study the two-photon 62S1/2-63S1/2 microwave transition using an electric-field reference measurement
obtained with the one-photon 62S1/2-62P3/2 transition. We then study the 61D5/2-62D5/2 transition where the
microwave electric-field range is extended up to ∼40 V/m. A Floquet analysis is used to model field-induced
level shifts and state-mixing effects present in the strongly driven quantum systems under consideration.
Calculations are found to be in good agreement with experimental observations.
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I. INTRODUCTION

Studies of interactions between atoms in highly excited
Rydberg states and radiation fields have a rich history [1,2]
and continue to provide a fertile ground for new physics.
Strong Rydberg-field and Rydberg-Rydberg interactions have
recently given rise to a range of studies in quantum optics and
quantum many-body physics. These include the development
of efficient single-photon sources [3,4] using electromagnet-
ically induced transparency with Rydberg atoms (Rydberg-
EIT) [5–7] and all-optical quantum processing by manipu-
lation of Rydberg polariton states [8] using microwaves [9].
Efforts in establishing atomic standards [10] for field quantities
have also benefited from the high sensitivity of Rydberg atoms.
Room-temperature microwave electrometry by Autler-Townes
(AT) splitting of Rydberg-EIT resonances [11] has recently
been demonstrated as a viable high-precision technique [12]
suitable for broadband measurements of radiation fields [13].
This technique has also been used for measurements of
microwave polarizations [14], millimeter-wave detection [15],
subwavelength imaging, and field mapping [16,17].

In this paper we study two-photon transitions and strong-
field effects in room-temperature 85Rb Rydberg atoms via
Rydberg-EIT-AT. We consider two cases. In the first case,
we probe a two-photon nS1/2 → (n + 1)S1/2 transition. This
transition has a dominant near-resonant intermediate state
nP3/2, which leads to large two-photon Rabi frequencies
and considerable state mixing already at small microwave
electric-field strengths. Generally, at low fields the system can
be modeled quite well by perturbation theory. We compare the
perturbative model with a (nonperturbative) Floquet analysis
to account for higher-order field-induced mixing. In the second
case, we study a two-photon nD5/2 → (n + 1)D5/2 transition.
This transition has no near-resonant intermediate state and
requires higher electric fields to cause AT splittings. Here, we
use a Floquet analysis to accurately model the system.

*anderda@umich.edu

II. EXPERIMENTAL SETUP

Our setup, shown in Fig. 1(a), includes a probe laser beam
at a wavelength of λp � 780 nm and a coupling laser beam at
a wavelength of λc � 480 nm. The beams are overlapped and
counterpropagating through a room-temperature cylindrical
rubidium vapor cell that has a length of 75 mm and a diameter
of 25 mm. The probe beam has a power of 200 nW and is
focused to 80 μm full width at half maximum (FWHM); the
coupling beam has a power of 24 mW and is focused to 100 μm
FWHM. Each laser beam is linearly polarized along z and
has a linewidth of ∼1 MHz. In each of our experiments, we
use a four-level Rydberg-EIT-AT scheme, such as the one
shown in Fig. 1(b). The probe laser frequency is scanned
linearly across the |5S1/2〉 → |5P3/2,F = 4〉 transition at a
1-Hz repetition rate, while the coupling laser frequency is fixed
near a |5P3/2,F = 4〉 → |Rydberg〉 transition. The coupling
laser intensity is modulated with a 10-kHz square wave by an
acousto-optic modulator, and the transmitted probe power is
measured by a photodiode. The photodiode signal is processed
with a lock-in amplifier, the output of which is recorded by a
digital oscilloscope. Microwaves in the Ku band (12–18 GHz)
are produced by a signal generator and are emitted from a
horn oriented as shown in Fig. 1(a). For most cases, the
horn is placed 33 cm from the location of the laser beams.
For the nD5/2 → (n + 1)D5/2 case, the horn is placed up
against the vapor cell to achieve higher power. The microwaves
are linearly polarized along z (parallel to the optical beam
polarizations). The experimental region is surrounded by
microwave-absorbing material to avoid unwanted reflections.

Rydberg-EIT resonances are absorption minima of a weak
probe beam, induced by the application of a strong coupling
field between the upper probe level and a Rydberg state. We
note that Rydberg-EIT differs from the traditional definition of
EIT in that traditional EIT is defined for a � system in which
two lower metastable levels are coupled to a common upper
level that decays into each of the lower levels. In contrast, in
our Rydberg-EIT system we are dealing with a cascade level
scheme in which the uppermost (Rydberg) level decays slowly
into other levels, including the intermediate 5P3/2 level (which,
in turn, decays back to the ground state 5S1/2). The net result
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FIG. 1. (Color online) (a) Experimental setup (not to scale).
(b) Energy-level diagram for the four-level cascade configuration and
transitions used in the two-photon 85Rb 62S1/2 − 63S1/2 Rydberg-
EIT-AT measurement.

is that steady-state absorption of both fields is exactly zero
in traditional EIT, whereas there is always a weak residual
steady-state absorption of both fields in Rydberg-EIT. This
reflects the fact that in Rydberg-EIT there is no perfectly dark
state [6]. Despite these differences between traditional EIT and
Rydberg-EIT, there are strong commonalities in the absorption
and dispersion behavior of the probe field.

A Rydberg-EIT spectrum for the |62S1/2〉 Rydberg state
without the application of microwaves is shown in the top
curve of Fig. 2(a). The plot is centered on the EIT signal
of the |5P3/2,F = 4〉 hyperfine state. This EIT resonance
has a linewidth of 2π × (3.4 ± 0.3) MHz, which is larger
than the ≈2π× 1 MHz single-atom EIT linewidth given by
γEIT = �2

c/γ [18], where �c is the Rabi frequency of the

coupling field and γ is the 5P3/2 state linewidth. The observed
EIT linewidth is likely increased by laser linewidths and
transit-time broadening [18,19], however in our experiment
the broadening is mostly due to the drift of the probe laser
frequency over the course of one data-averaging sequence.
The smaller feature at ≈−48 MHz is an EIT signal of the
|5P3/2,F = 3〉 hyperfine state.

The application of a microwave field that couples the
laser-excited Rydberg level to a second Rydberg level results
in AT splitting of the EIT resonance. The frequency sepa-
ration of the two EIT-AT peaks provides a measure of the
microwave electric-field strength. In the experimental spectra,
the measured frequency separations between EIT lines are
altered due to different Doppler shifts of the coupling and
probe beam frequencies. The frequency separations of the EIT
resonances due to the 5P3/2 hyperfine structure are changed
by a factor of 1 − λc/λp, and those of the Rydberg levels (e.g.,
the microwave-induced AT splittings) are changed by a factor
of λc/λp from their Doppler-free values [7].

III. ONE-PHOTON 62S1/2-62P3/2

The sensitivity of Rydberg-EIT to radiation fields is due to
the large electric dipole matrix elements of Rydberg-Rydberg
transitions, which are typically d � 103ea0, where e and a0

are the elementary charge and the Bohr radius, respectively.
This results in a strong atomic response to radiation fields
at frequencies near an atomic transition; ∼8-μV/cm fields
have previously been measured [12]. To obtain a field
strength reference in the measurement volume, we first drive
a one-photon dipole-allowed Rydberg-Rydberg transition.
Figure 2(a) shows a series of Rydberg-EIT spectra for the
62S1/2-62P3/2 Rydberg transition driven with the microwave
source set at νMW = 15.590 464 GHz. (This is within 1 MHz
of the 62S1/2-62P3/2 transition frequency calculated using
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FIG. 2. (a) Rydberg-EIT-AT spectra for the one-photon 62S1/2-62P3/2 Rydberg transition for increasing microwave power (top to bottom).
(b) Measured Rabi frequency and electric-field strength for the inner (white) and outer (black) maxima in (a) are plotted versus the square root
of applied microwave power. Line centers are determined by Gaussian fits to the peaks. Uncertainty bars, given by the fit error, are smaller than
the data points. The dashed line is a linear fit to the average measured field strength. The shaded region indicates the microwave field range
for the 62S1/2-63S1/2 measurement in (c). (c) 62S1/2-63S1/2 spectra at average field strengths indicated by the arrows. State energies obtained
from second-order perturbation theory are plotted as a function of average microwave field (solid lines); also plotted are quasienergies from a
Floquet analysis for the 62S1/2 and 63S1/2 state pair (dashed lines). All spectra in (a) and (c) are averages of 12 and 15 traces, respectively.
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quantum defects from Ref. [2].) As the microwave power is
increased, there is an increased splitting of the EIT resonance
into two symmetric EIT-AT peaks. Generally, for both single
and multiphoton transitions, the observed frequency splittings

correspond to λc/λp × �̃, where �̃ =
√

δ2 + �2
0 is the effec-

tive Rabi frequency. Here, δ is the detuning of the microwave
frequency from the Rydberg-Rydberg transition, and �0 is the
(on-resonant) Rabi frequency of the transition. For the data in
Fig. 2(a), δ ≈ 0, and from the splitting of the EIT-AT peaks
at each microwave power we obtain �0 for the 62S1/2-62P3/2

transition. The z-polarized microwave field strength Ez is then
determined from Ez = �0�/dz using the measured �0 and the
calculated electric dipole matrix element dz = 1854ea0 for the
|62S1/2,mj = 1/2〉 − |62P3/2,mj = 1/2〉 transition.

In principle, the width of the individual AT line profiles is
given by the decay rates of the two coupled states [20]. Here,
since none of the Rydberg states involved has a substantial
decay rate, we assume the AT linewidths are primarily
determined by inhomogeneous line broadening. Specifically,
as the microwave field is increased, the EIT-AT peaks become
broadened due to inhomogeneity of the electric field inside
the vapor cell. Atoms located at different positions within the
path of the probe beam sample different field strengths. At
the highest microwave powers in Fig. 2(a), each of the EIT-AT
peaks exhibits two separated maxima as indicated by the black
and white circles. We attribute this to local extrema in the
electric-field distribution in the vapor cell (see, for example,
Ref. [17]). The average field strengths are indicated in Fig. 2(a).
In Fig. 2(b) we show a plot of the Rabi frequencies measured
in Fig. 2(a) and the corresponding field strengths as a function
of the square root of the microwave power. The black circles
correspond to the separation of the outer maxima, and the white
circles correspond to that of the inner maxima. Based on the
data in Figs. 2(a) and 2(b), the uncertainty in the field strength
is estimated to be ±15%. The dashed line in Fig. 2(b) is a
fit to the average measured field, showing the expected linear
dependence of the single-photon transition Rabi frequency on
the microwave field.

We note that field-induced state mixing must generally be
considered in the interpretation of Figs. 2(a) and 2(b). Floquet
calculations (discussed in detail below) show that over the
measured field range in Fig. 2(a) the electric dipole moment
of the 62S1/2-62P3/2 transition drops by ∼6% from its zero-
field value of dz = 1854ea0. Accounting for this would result
in a slight nonlinear correction to the electric-field axis in
Fig. 2(b). In our present paper, this correction is less than the
electric-field uncertainty and is therefore ignored.

IV. TWO-PHOTON 62S1/2-63S1/2

In our multiphoton work, we first study the 62S1/2-63S1/2

two-photon transition. We use microwave field strengths that
are within the measurement range in Figs. 2(a) and 2(b).
Considering only the dominant 62P3/2 intermediate state
as shown in Fig. 1(b), the two-photon Rabi frequency can
be expressed as �2×MW = �1�2/(2	), where �1 and �2

are the single photon 62S1/2-62P3/2 and 62P3/2-63S1/2 Rabi
frequencies, respectively, and 	 is the detuning of the mi-
crowave frequency from the 62P3/2 intermediate state. For the

62S1/2-63S1/2 transition, �1 ≈ �2 to within 3%. Furthermore,
since 	 > �1, we expect �2×MW to be smaller than �1 by
a factor of ≈�1/(2	). For the levels shown in Fig. 1(b)
and the full electric-field range of 0.4–4.2 V/m covered in
Figs. 2(a) and 2(b), this corresponds to Rabi-frequency ratios
of �2×MW/�1 ∼ 1/30 to 1/3, respectively.

We drive the 62S1/2-63S1/2 two-photon transition shown
in Fig. 1(b) at νMW = 15.728 909 GHz for microwave field
strengths over the range indicated by the gray-shaded region
in Fig. 2(b). This two-photon microwave frequency (2 ×
νMW) is blue detuned from the 62S1/2-63S1/2 transition by
δ2×MW/2π = 10 MHz. The 62S1/2-63S1/2 two-photon EIT-AT
spectra are shown in Fig. 2(c) where the frequency axes
of the experimental spectra have been scaled by λp/λc so
that the AT splittings correspond directly to the effective
two-photon Rabi frequency �̃2×MW. It is evident that �̃2×MW

is considerably smaller than �1. Taking into account the
nonzero δ2×MW, for the electric-field range from 2.12 to
3.74 V/m we measure Rabi-frequency ratios �̃2×MW/�1 of
∼1/5 to 1/3, respectively. These fall within the expected range.
Due to the quadratic field dependence of the two-photon
Rabi frequency, the ±15% uncertainty in the electric field
leads to an inhomogeneous broadening of the two-photon
62S1/2-63S1/2 AT lines that is ≈±30% of �2×MW. This is seen
in the 62S1/2-63S1/2 spectra in Fig. 2(c) where the broadening
approaches the effective two-photon Rabi frequency. The large
broadening seems to obscure any AT-splitting substructure
caused by field extrema as seen in the 62S1/2-62P3/2 spectra
in Fig. 2(a).

To model the energy-level shifts observed in Fig. 2(c),
we first use a perturbative treatment considering off-resonant
transitions through the intermediate 62P1/2 and 62P3/2 levels.
The dominant coupling is through the 62P3/2 level; the
two-photon Rabi frequency through this intermediate level
is about a factor of 6 larger than the one through the 62P1/2

level. This difference is in part due to the intermediate-state
detunings, which are ∼150 MHz for 62P3/2 and ∼500 MHz
for 62P1/2. In the perturbative model we first calculate the ac
Stark shifts of the 62S1/2, 62P1/2, 62P3/2, and 63S1/2 states
using second-order perturbation theory (see, for example,
Ref. [21]). The 62S1/2 and 63S1/2 energies shift at about
+1.34 and +1.40 MHz (V/m)−2, respectively. This results in
differential shifts of <1 MHz in the experimental electric-field
range, and therefore δ2×MW does not noticeably change as
a function of electric field. The intermediate 62P3/2 energy
shifts at about −2.09 MHz (V/m)−2, whereas the 62P1/2

energy does not shift significantly. Over the field range in
Fig. 2(c), the 62P3/2 level shifts by an absolute amount of
≈−9 to −29 MHz. Taking into account both 62S1/2 and
62P3/2 level shifts, the detuning 	 increases by about 25%
over the same range. (The corresponding change in 	 for
the further-off-resonant 62P1/2 level is insignificant.) The AT
pair energies are then calculated by diagonalizing a 2 × 2
Hamiltonian with the 62S1/2 and 63S1/2 dressed energy-level
shifts on the diagonals and the sum of the two-photon couplings
through the 62P3/2 and 62P1/2 levels on the off-diagonals
(where the field dependence of the 	 values is taken into
account). The resulting energies are plotted as solid lines in
Fig. 2(c). The residual energy splitting at zero field corresponds
to δ2×MW. The ac Stark shifts and two-photon couplings in the
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Hamiltonian are proportional to |E|2 (with small deviations in
the couplings due to the field dependence of 	). Hence, for
the case of a resonant two-photon 62S1/2-63S1/2 interaction
(δ2×MW = 0), the eigenvalues and AT splittings would scale
approximately as |E|2. For a nonzero detuning, the energy-
level spectrum exhibits a more complex behavior. In the
limit δ2×MW > �2×MW, the AT levels have a near-constant
energy splitting of � × δ2×MW. At large field strengths, when
�2×MW > δ2×MW, the splitting approaches the |E|2 scaling of
the δ2×MW = 0 case. Our experiment is in a regime where
δ2×MW ≈ �2×MW. Here, the splitting does not exhibit a clear
scaling behavior.

To investigate the influence of higher-order state mixing, we
perform a Floquet analysis, which accounts for the effect of
the microwave field in an exact nonperturbative manner [22].
The dashed lines in Fig. 2(c) are the calculated Floquet
quasienergies of the 62S1/2 and 63S1/2 state pair as a function
of average field strength for the 15.728 909-GHz microwaves.
The quasienergies agree very well with the level shifts and
AT splitting obtained using perturbation theory for field
strengths up to 2 V/m. Beyond this field strength, in the
Floquet calculation, the lower AT state becomes increasingly
redshifted relative to that of the perturbative calculation;
the difference reaches about 5 MHz at Ez = 4 V/m. This
difference is due to higher-order couplings not accounted for in
the perturbative calculation. Compared to both calculations, at
larger electric-field strengths, the experimental spectra appear
to shift to higher energies by a few megahertz. This is likely
due to a drift of the coupling laser frequency over the entire
measurement duration in Fig. 2(c). There is also a slight
mismatch between experimental and calculated AT splittings.
This may be explained by the uncertainty in the electric-field
distribution.

The amount of 62S1/2 and 63S1/2 state character in the
AT states depends on both the microwave field strength and
the frequency detuning from the two-photon resonance. This
effect is evident in Fig. 2(c) where the ratio of the EIT-AT peak
areas changes as a function of the applied field strength for the
given nonzero δ2×MW. At the smallest field, we preferentially
excite the upper EIT-AT state, which is predominantly of
62S1/2 character. At higher microwave fields the 62S1/2 and
63S1/2 states are more strongly mixed, and the 62S1/2 character
becomes evenly distributed between the two EIT-AT states.
The Floquet analysis shows that for the data in Fig. 2(c) the
signal-strength ratio of the lower and upper EIT-AT signals
should vary from ∼1/6 at the low-field end to ∼2/3 at the
high-field end. The analysis also shows considerable mixing
of 
 > 0 states into the relevant Floquet levels [see Table I(a)].
This is primarily due to the small intermediate-state detuning 	

for the 62P3/2 level [see Fig. 1(b)], which results in substantial
mixing of the 62P3/2 state with the 62S1/2 and 63S1/2 states at
field strengths that are already quite low. As seen in Table I(a),
the admixture percentages of the 
 �= 0 states other than 62P

are very small as one would expect for low field strengths.

V. TWO-PHOTON 61D5/2-62D5/2

To extend the technique to higher-field strengths, we drive
the two-photon 61D5/2-62D5/2 transition at 15.116 35 GHz,
which is within 0.5 MHz of the calculated transition fre-

TABLE I. Admixture percentages into AT-split levels from states
identified in the right column. Percentages given are averages over one
microwave cycle. (a) For the 62S1/2-63S1/2 transition and fields as in
Fig. 2. (b) For the 61D5/2-62D5/2 transition and fields as in Fig. 3. For
the 62S1/2-63S1/2 case we show total admixture percentages as well as
admixture percentages excluding the mixing with the near-resonant
intermediate 62P levels. For the 61D5/2-62D5/2 case we show total
admixture percentages as well as admixture percentages excluding
fine-structure mixing.

(a) 62S-63S

E (V/m) |mj | = 1/2 Character

2 2.75 
 �= 0
4 7.44 in 62S1/2 and 63S1/2

2 0.08 
 �= 0 excluding 62P

4 0.29 in 62S1/2 and 63S1/2

(b) 61D-62D

E (V/m) |mj | = 1/2 3/2 5/2 Character

13 0.37 0.36 0.12 
 �= 2, 61D3/2, 62D3/2

37 3.88 11.24 0.96 in 61D5/2 and 62D5/2

13 0.36 0.22 0.12 
 �= 2
37 2.90 1.75 0.96 in 61Dj and 62Dj

quency. The nearest dipole-allowed intermediate states for
this transition are the 63P and 60F states from which the
microwave frequency is detuned by ≈−6 and +5 GHz,
respectively. These detunings are about a factor of 40 larger
than the intermediate-state detuning in the 62S1/2-63S1/2

study, requiring significantly higher electric-field strengths to
generate AT splittings. For this experiment we apply electric
fields (intensities) that are ∼10 × (∼100×) larger than those
used in the 62S1/2-63S1/2 study. Another important difference
between the 62S1/2-63S1/2 and the 61D5/2-62D5/2 studies
is that the latter involves levels with fine structure (FS). At
high fields FS-changing microwave couplings into D3/2 levels
become important.

To achieve higher microwave powers, the microwave horn is
placed up against the vapor cell. We obtain two-photon EIT-AT
spectra for a set of microwave source powers, incremented
in steps of 1 dBm. An experimental density plot of these
spectra is shown in Fig. 3, along with calculated Floquet
quasienergies up to 87 V/m. The experimental spectra are
aligned in frequency with the calculated Floquet quasienergies
to account for 480-nm laser frequency drift; the experimental
spectra (which have a fixed 1-dB spacing) are also adjusted
along the logarithmic intensity scale by a common offset to
match them with the calculation on an absolute microwave
intensity scale. The agreement between experimental and
calculated energies is quite good. Despite the fact that the
5S1/2 ground state only has a |mj | = 1/2 component and all
fields are z polarized, in the spectra we see states of both
|mj | = 1/2 and 3/2 character (short and long dashed lines,
respectively). This is because most |5P3/2,F,mF 〉 hyperfine
levels contain multiple mj components.

At the high-intensity end of the data in Fig. 3, the |mj | =
1/2 and 3/2 components split into resolved nondegenerate AT
pairs. The mj degeneracy is lifted due to the |mj | dependence
of the two-photon Rabi frequencies and ac Stark shifts. As
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FIG. 3. Density plot of experimental two-photon 61D5/2-62D5/2

EIT-AT spectra versus microwave intensity and field strength. The
signal strength is represented on a linear gray scale from <0.26
(white) to >0.6 (black) in arbitrary units of the probe transmission.
The fine-structure splitting at zero field of the 61D state is indicated
on the plot (FS). Calculated Floquet quasienergies for states with
significant |mj | = 1/2 (short dashed lines) and |mj | = 3/2 (long
dashed lines) character are overlaid for the hyperfine EIT resonances
5P3/2 F = 4 (thick lines) and F = 3 (thin lines).

in the 62S1/2-63S1/2 case [Fig. 2(c)], the couplings and ac
Stark shifts for the 61D5/2-62D5/2 case in the experimentally
probed field range (Fig. 3) are approximately proportional
to |E|2. Allometric fits to most levels in Fig. 3 exhibit
this quadratic scaling for fields �40 V/m. For the lower
components of the |mj | = 1/2 AT pairs, the positive ac Stark
shifts are nearly canceled by the AT level repulsions, leading
to near-stationary level energies with allometric-fit exponents
substantially different from 2.

The Floquet analysis reveals the mixing behavior of the AT-
coupled levels. We distinguish between two types of mixing,
namely, total mixing (including FS mixing) and 
 mixing
only (excluding FS mixing). Table I(b), upper rows, shows
the total admixture percentages of the 61D5/2 and 62D5/2

AT pair (including D3/2 states), for the lowest and highest
field strengths probed in the experiment. Since the zero-field
FS splittings are only ≈50 MHz, the admixing percentages
are quite high due to substantial FS mixing (i.e., J -changing
microwave couplings). In the bottom rows of Table I(b), we
show 
-mixing percentages, i.e., admixtures from states with

 �= 2 into all 61Dj and 62Dj AT pairs with J = 3/2 or 5/2.
Despite the significantly larger electric-field strengths used
in this 61D5/2-62D5/2 study compared to the 62S1/2-63S1/2

study, the mixing of 
 �= 2 states into the 61Dj and 62Dj states
in Fig. 3 is less than the mixing of 
 �= 0 states into the 62S1/2

and 63S1/2 states in Fig. 2. This qualitatively different 
-mixing
behavior is due to the larger detunings from dipole-allowed
transitions into intermediate states in the 61D5/2-62D5/2 case
compared to the 62S1/2-63S1/2 case.

Further analysis of the |mj | = 3/2 and 1/2 Floquet states
shows that they exhibit a transition from a FS-dominant
into a microwave-coupling-dominant regime. In the latter, the
microwave field is strong enough that it decouples electron
and orbital spins (i.e., ms and m
 quantum numbers become
separately conserved). This breakup of the FS occurs at lower
fields for |mj | = 3/2 (∼40 V/m) than it does for |mj | =
1/2 (∼100 V/m). Table I(b) indicates that the FS mixing at
37 V/m is about three times as large for |mj | = 3/2 than
it is for |mj | = 1/2. Inspection of Fig. 3 shows that the
difference in FS breakup behavior follows from larger AT
splittings (microwave couplings) and ac level shifts in the
|mj | = 3/2 levels compared to the |mj | = 1/2 levels. It is also
noted that at fields of �50 V/m deviations in the level shifts
from an approximate E2 scaling become substantial. In some
cases there is even a change in sign of the dynamic electric
dipole moment. This is related to the high density of states in
the Floquet energy spectrum and the correspondingly large
number of higher-order couplings which become effective
at larger fields. An experimental study of the complex level
structure in the FS breakup transition regime and beyond is an
objective of future work.

VI. CONCLUSION

We have studied two-photon transitions in room-
temperature 85Rb atoms using Rydberg-EIT-AT for two cases.
The first is an nS → (n + 1)S transition with a single near-
resonant intermediate nP state. The second is an nD → (n +
1)D transition for higher electric-field strengths. Over a large
range of field strengths, level shifts and field-induced state
mixing effects were observed. In the first case, the Rydberg
atom-field interactions were modeled using both perturbation
theory and a Floquet treatment. To within the measurement
uncertainty, both models reproduced the observed level shifts
and AT splittings. In the second case, the system was modeled
using the Floquet treatment, which reproduced the experiment
rather well. Here, field-induced state-mixing percentages
indicate a transition into a fine-structure mixing regime at
the highest experimental field strengths. This paper exhibits
the utility of room-temperature Rydberg-EIT for studies of
strong Rydberg atom-field interactions. Our extension of
Rydberg-EIT-AT to a strong-field regime also suggests the
method may be well suited as an atom-based technique for
precision field measurements of high-power radiation sources.
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