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Abstract: In this article, effects of the strong long-range interaction of Rydberg atoms on the Autler—
Townes splitting spectrum are investigated. Preliminary results are obtained for various excitation
times and Rydberg atom densities. The 25, /, and 2P, /, levels of lithium-7 are coupled with strong
laser field and probed by another laser via excitation into a 70S Rydberg level. Interactions between
Rydberg atoms excited by the probe beam lead to the broadening of the Autler-Townes spectra. At
high concentrations of Rydberg atoms, a suppression of the excitation of the Autler—Townes peak at
red detuning is observed.
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1. Introduction

Strong long-range interaction between Rydberg atoms modifies properties and be-
havior of a dense ensemble of Rydberg atoms. These interactions can be used in quantum
information processes [1-3], in dynamically driven dissipative systems [4] and in a wide
range of many-body physics phenomena. Rydberg atoms of lithium are proposed as an
object for the study of Rydberg dressing phenomena [5]. For imaging of cold ions, large
polarizability of Rydberg atoms is used [6].

Nonlinear optical effects such as Autler-Townes (AT) splitting [7] and electromag-
netically induced transparency (EIT) have been studied in strongly interacting cold [8]
and hot [9,10] atomic samples. In [11,12], the ground level and the first excited level of
cesium are coupled by a strong field and are probed via excitation into a Rydberg level.
Interaction between Rydberg atoms results in sufficient broadening of the AT spectra. The
population redistribution of Rydberg states caused by blackbody radiation (BBR) [13,14]
and Rydberg—Rydberg collisions [15] together with direct photoionization by BBR results
in appearance of charged particles in the excitation volume. Many effects exist which are
associated with charged particles and with formation of ultracold plasma in a cold gas
of Rydberg atoms, such as ion blockade or antiblockade of excitation [16] and avalanche
ionization of the dense Rydberg gas [17,18]. This interaction-induced dephasing increases
the critical coupling power above which AT splitting occurs.

In [14], it was found for the nS lithium series that the rate of population of high Rydberg
levels by blackbody radiation abnormally depends on n. This anomaly is analogous to
the occurrence of the Cooper minimum in a discrete spectrum [14]. The rate of direct
photoionization by blackbody radiation for the 1S states of lithium is more than an order
of magnitude less than that of potassium and caesium.

In a three-level system with a long-lived metastable intermediate level, the AT splitting
is observed under conditions similar to the EIT conditions in a traditional three-level
cascade system of alkali metal atoms. This type of three-level systems was studied in [19]
by means of atoms of alkaline-earth strontium. Long-range interaction between Rydberg
atoms results in strong decoherence, shifting and deformation of the observed AT spectra.
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In this article, we study the effects of the strong long-range interaction of Rydberg
atoms on the Autler-Townes splitting spectrum. Lithium D1 line transitions are strongly
coupled and probed via excitation into 70S Rydberg states. Interactions between Rydberg
atoms excited by means of a probe beam result in the broadening of the Autler-Townes
spectra. At high concentrations of Rydberg atoms, significant suppression of the excitation
of the AT peak at red detuning is observed.

2. Experimental Setup and Methods

For cooling and trapping atoms in a magneto-optical trap (MOT), we use two amplified
external-cavity diode lasers (wavelength 671 nm) working at the D2 line transitions of
lithium-7. The main cooling laser is locked at the saturation absorption resonance in a high
temperature vapor cell (D2 line transition 251 /,(F = 2)-2P;,(F' = 3), Figure 1a). We use
a fused silica heat-pipe oven with lithium [20]. A molybdenum foil is placed in the middle
of the fused silica tube in the heating area. In order to observe good locking signals, the cell
is heated up to 400 °C [21]. In order to avoid deposition of lithium onto the windows, we
use argon at pressure 0.01 Torr as a buffer gas. The quartz gas cell with cold windows has
been used for more than ten years without outgassing or repair. The second cooling laser
is stabilized around the transition 257 /5 (F = 1)-2P;3 5 (F' = 2) using the optical beat-note
signal between cooling lasers by means of the frequency offset locking technique [22].
Our MOT is formed by three pairs of counter-propagating circularly polarized beams.
The intensity of the MOT beams is controlled by an acousto-optical modulator. Other
details of the cooling and trapping of lithium-7 are described elsewhere [23,24]. We confine
No = 3(1) x 108 atoms with the peak density n ~ 10" cm~3. The temperature of cold
atoms in the working MOT is measured via the differential two-photon spectroscopic
technique, and for our MOT parameters is equal to 0.8 mK [23,25].
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Figure 1. (a) Relevant level scheme in ’Li. (b) Excitation time sequence. Here r is the pulse repetition
rate, Tex is duration of the coupling and probe beams. The relative timings between pulses are not
in scale.

Hyperfine levels in the D2 line are closely spaced and are not completely resolved [26].
Separation between the hyperfine levels is comparable to the natural linewidths of the
D2 line components 27t x 6 MHz. Closely spaced hyperfine states in the D2 line make it
less preferable for studies of such coherent effects as Autler-Townes splitting or EIT [27].
For clearer observation of the AT splitting, the 25,,, and 2P, /, levels of lithium-7 are
coupled in our study with a strong laser field. The distance between the D1 line and D2
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line of the lithium-7 exceeds 10 GHz [26]. For the coupling beam, an additional diode
laser with a wavelength of 671 nm is used, which was frequency locked by saturated
absorption resonances in a high temperature vapor cell. To drive the 2P, ,,-70S transition,
a UV laser system (with wavelength 350 nm) is used [28]. The laser frequency is locked to a
temperature-stabilized reference cavity.

Both the probe beam and the coupling beam are spatially filtered by means of single-
mode polarization maintaining fibers and are focused to the center of the MOT. The waist
of the probe beam and of the coupling beam are 60(10) pum and 250(15) um, respectively,
and are measured by charge-coupled device camera. In all experiments, the Rabi frequency
of the probe beam is much lower than the Rabi frequency of the coupling beam and is equal
to )y = 27 x 0.4 MHz [29]. The atomic cloud in the MOT has a Gaussian distribution with
a diameter equal to 1.7(2) mm at the 1/e level. The overlap between the atom cloud and
the probe beam forms the effective volume in which Rydberg atoms are excited and which
is equal to V = 10(2) x 10~% cm3. The strong laser coupling of the transition produces an
AT doublet of dressed states. Separation between these two new energy levels is often used
for determining the effective intensity of the coupling beam. This method makes it possible
to precisely determine the intensity of the radiation seen via the atomic sample. Direct
calculation of the Rabi frequency by means of the measured optical power leads to large
uncertainties associated with the overlapping between waists of the probe beam and the
coupling beam. In our case, we evaluate this relative error as approximately 30-40%.

The coupling beam and the probe beam have linear parallel polarization and drive
251/2(F = 2)-2Py /»(F' = 1) and 2P, ,(F' = 1)-708S transitions, respectively. Experimental
cycles are repeated with the variable rate r. The pump beam and the probe beam with
duration Tex are switched on simultaneously, a few microseconds after turning off the MOT
beams. The pulse sequences of our experiment are shown in Figure 1b. We observe the trap
loss spectrum by means of scanning the probe laser near the Rydberg transition frequency
and by simultaneously applying excitation pulses with repetition rate r.

We find the number of Rydberg atoms produced in each excitation cycle by means of
a model of simple rate equation (RE). The fluorescence signal is proportional to the number
of atoms N in the trap. The simplified dynamics of the trapped atoms in the MOT N(¢)
with constant loading rate R may be described by the following equation

AN () =R—-TN(t), 1)

dt

which has the following solution N(t) = No(1 — e~ *), where the loss T = T + I'ff is
described by the sum of collisional losses of neutral atoms due to their collisions with the
residual gas in the vacuum chamber and losses due to the excitation of neutral atoms to
Rydberg states. Without the coupling beam and the probe beam, I'ff = 0, and the stationary
number of atoms Ny = R/T . In our MOT, R/Ny = 0.056 s~! and the collisional loss
is Teo] = 1/Teo1 = 1/18 s71. In cases where the number of excited atoms in one cycle is
sufficiently small, the effective losses upon excitation can be represented as rgif = TexText.
From the stationary solution of Equation (1), we obtain the expression

e — e (R - 1), @
where Ng; is the stationary number of trapped atoms in the presence of excitation pulses
having the repetition rate ». The number of Rydberg atoms excited in a one pulse cycle
with duration Tex can be obtained as N; = NyTl'ex Tex.

By means of applying a strong laser field between the ground state and the inter-
mediate state, we generate two separated Autler—Townes peaks. Following the model
considered in [11,12,30] for our cascade excitation scheme, the Hamiltonian in the rotating-
wave approximation can be expressed as follows
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Density matrix evolution is described by the Lindblad equation
, i
p=—zlHo+L ()

h
where decay and Rydberg-induced dephasing are included in the Liouville operator [12]

Tegp22 - %72,012 - %73013
L= —372021 —Tegpn +Trepss —3(72+73)023 |- )
- %’73P31 - % (72 +73)032 —T're033

Here 72 = e + Ieg is the dephasing rate of the 2P; /,(F' = 1) level which is equal to
the natural linewidth of the 2P; /; level I'eg = 271 X 6 MHz, other decay processes of this
state can be neglected, and y3 = <1 + I'r is the dephasing rate of the Rydberg state. The
natural width of the Rydberg state I're is sufficiently small, in our case I'te < 7. The
probe beam excites the high-lying 70S Rydberg state, with strong van der Waals interaction
(dispersion coefficient C4 = —585 GHz um® [31]). This results in the large values of the
Rydberg dephasing rate, and here we consider 3 ~ ;.

In the stationary case, the imaginary part Im(p,3) is proportional to the absorption of
the probe beam and to the loss of atoms measured in our experiment [11,30]:

Y2(V3 + 4A2) + 73] Q|2
Y2+ 2iA) (3 +2iA) + Q22

Im(p23) o |( (6)
The eigenvalues corresponding to the Hamiltonian (3) can be written as E+ ~ +h()/2.
According to this model, we can experimentally determine the Rabi frequency of the
coupling beam by means of measuring separation between the AT peaks.

3. Results

The two-step 251 ,,—2P; ,—70S transition spectra for a low Rabi frequency of the
coupling field ()¢ < T'eg are presented in Figure 2 (blue line). This spectral dependence
is well approximated by the Lorentzian distribution with full width at half maximum
FWHM = 10.8 MHz (the dashed line in Figure 2). We use this value in Equation (6) as the
experimental value of the intermediate-level dephasing coefficient <y, in order to take into
account the Doppler broadening and other possible dephasing mechanisms.

The red curve in Figure 2 shows the spectral dependence in cases where the 25, /; and
2P; /5 levels of lithium-7 are coupled with a strong laser field and are probed by another
laser via excitation into a 70S Rydberg level. For short excitation timescale Tex = 100 ns
and for a small number of Rydberg atoms, AT peaks have equal amplitude. The symmetric
AT peaks are in good agreement with the theoretical model (6) that takes dephasing into
account. Interaction between Rydberg atoms results in sufficient broadening of the AT
spectra. This interaction-induced dephasing eliminates the AT splitting (the peak separation
from Figure 2 is QAT = 271 x 34 MHz) and increases the critical coupling power above
which the AT splitting occurs [12]. The Rabi frequency determined from intensity of the
coupling beam is equal to Q" = 27 x 52(20) MHz. The indicated uncertainties are
associated with the overlap between intensity distributions of the coupling beam and the
probe beam in the excitation region.
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Figure 2. Two-step 25, /,—2P; /,—70S transition spectra for the low Rabi frequency (blue curve) and
the high Rabi frequency (red curve) of the coupling beam. The dashed curve is the best fit by means
of a Lorentzian distribution with full width at half maximum FWHM = 10.8 MHz; the black solid
curve is the best fit by means of Equation (6) with the dephasing rate 73 = 27 x 43 MHz and
Q¢ = 27 x 47 MHz. The separation of AT peaks (the distance between two maximum values) is
QAT = 271 x 34 MHz, and the measured Rabi frequency determined from intensity of the coupling
beam is O¢F = 271 x 52(20) MHz.

Interaction between Rydberg atoms excited by probe beams results in sufficient broad-
ening of the AT peaks, and in their dramatic change. The potential of the long-range van
der Waals interaction for a pair of Rydberg atoms at a distance R is equal to U = —Cg/R®.
The dispersion coefficient C4 grows as the effective principal quantum number grows as
n'l. The dephasing rate increases with effective quantum number 7 increasing or with the
density of Rydberg atoms increasing. Figure 3a,b show the AT spectrum for two different
values of the coupling beam power and for the same excitation pulse length 7ex = 100 ns.
For a lower coupling beam power ((). = 271 X 34 MHz), the peak number of Rydberg atoms
excited in each pulse sequence does not exceed 10°. For a higher coupling beam power,
as shown in Figure 3b, or for longer excitation time, as shown in Figure 3c, increasing the
number of Rydberg atoms results in suppression of the AT peak compared to the peak
observed for blue detuning of the probe beam A. Figure 3d,e correspond to the same
coupling beam power and to different excitation times, Tex = 3 ps and 20 ps, respectively.
The strong interaction between Rydberg atoms changes the separation between the AT
peaks, rather than the shape of the AT peaks only. The peak number of Rydberg atoms in
Figure 3e corresponds to a density of approximately 1.4(2) x 10° cm~3. The corresponding
long-range interaction for such density is equal to U ~ 40(15) MHz. The RE model (1) does
not take into account the temperature expansion of Rydberg atoms or other decay processes.
The number of Rydberg atoms for excitation times longer than a few microseconds can be
determined with a significant error.
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Figure 3. Number of Rydberg atoms excited by application of single pulse with duration Tex
vs. probe beam detuning A: (a) Qé“ = 27 x 34 MHz, QiXp = 27 x 52 MHz, Tex = 0.1 pus;
(b) QAT = 27 x 54 MHz, Q¢ = 27 x 71 MHz, 7ex = 0.1 ps; (¢) QAT = 27 x 73 MHz,
QP =27 x 71 MHz, Tex = 0.2 us; (d) QAT = 271 x 81 MHz, Q¢F = 271 x 97 MHz, Tex = 3 us;
(e) Q?T =27t x 119 MHz, Q&F = 271 x 97 MHz, Tex = 20 ps. The frequencies Q?T are determined
by the separation of AT peaks. The measured Rabi frequencies Q¢ ¥ are determined from intensity of
the coupling beam.

4. Conclusions and Outlook

In this article, the effects of the strong long-range interaction of Rydberg atoms on the
Autler-Townes splitting spectrum are studied. Lithium D1 line transitions are strongly
coupled and they are probed by means of excitation into 70S Rydberg states. Interactions
between Rydberg atoms excited by the probe beam lead to broadening of the Autler—
Townes spectra. At high concentrations of Rydberg atoms, suppression of the excitation
of the AT peak at red detuning is observed. Significant distortions of the AT spectrum
have been previously observed in alkaline-earth strontium [19]. These results for short
excitation times are in good agreement with the mean-field models. However, like in [19],
a dephasing source exists at longer excitation times that has not yet been described via the
mean-field model. A significant difference exists between the cascade excitation scheme
presented in this article and the scheme involving a metastable intermediate level. However,
in our opinion, a possible reason for the high dephasing rate may be common. For nS
lithium states, all the effects associated with BBR differ from the effects of other alkaline
and alkaline-earth species. These experimental results can help in the correct interpretation
of coherent effects in a strongly interacting gas.

For correct quantitative analysis, it is necessary to create a comprehensive model
which should include density distribution and density variation during the pulse sequence.
In future, we plan to systematically measure the AT spectrum using a charged particle
detection system and the selective field ionization technique. This will allow us to measure
BBR-induced redistribution of Rydberg states to obtain sufficient information about the
behavior of a strongly interacting Rydberg system. We plan to reduce the uncertainties
concerning the determination of the excitation volume and concerning the estimation of the
Rydberg density. This will help us to take interactions into account and to create a correct
model for explanation of our results.
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Abbreviations

The following abbreviations are used in this manuscript:

AT Autler-Townes
BBR Blackbody radiation
EIT Electromagnetically induced transparency

FWHM  Full width at half maximum
MOT Magneto-optical trap

RE Rate equation
uv Ultraviolet
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