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Suppression of Excitation and Spectral Broadening Induced by Interactions
in a Cold Gas of Rydberg Atoms
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We report on the observation of ultralong range interactions in a gas of cold rubidium Rydberg atoms.
The van der Waals interaction between a pair of Rydberg atoms separated as far as 100 000 Bohr radii
features two important effects: spectral broadening of the resonance lines and suppression of excitation
with increasing density. The density dependence of these effects is investigated in detail for the S- and
P-Rydberg states with principal quantum numbers N~ 60 and n~ 80 excited by narrow-band
continuous-wave laser light. The density-dependent suppression of excitation can be interpreted as

the onset of an interaction-induced local blockade.
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With the advances in laser cooling and trapping, new
perspectives for the investigation of Rydberg atoms [1]
have evolved. When cooled to very low temperatures, the
core motion can be neglected for the time scales of
excitation (“frozen Rydberg gas’). Unexpected effects
have been discovered, such as the many-body diffusion
of excitation [2,3], the population of high-angular-
momentum states through free charges [4], or the sponta-
neous formation and recombination of ultracold plasmas
[5,6]. Other fascinating features of cold, interacting
Rydberg atoms have been proposed but have not been
observed so far, e.g., the creation of ultralong range
molecules [7,8], whereas molecular crossover resonances
have already been found experimentally [9]. One out-
standing property of Rydberg atoms is their high polar-
izability. This leads to strong electric field sensitivity and
long-range dipole-dipole interactions. First indications of
interaction effects between Rydberg gases at high den-
sities have been found in an atomic beam experiment [10]
and, more recently, collisional evidence for ultralong
range interactions in a cold Rydberg gas has been re-
ported [11]. In a frozen gas these interactions make
Rydberg atoms possible candidates for quantum informa-
tion processing [12,13]. One promising approach is based
on the concept of a dipole blockade [13], i.e., the inhibi-
tion of multiple Rydberg excitations in a confined volume
due to interaction-induced energy shifts.

In this Letter we report on experimental evidence for
ultralong range interactions in a frozen Rydberg gas, and
we present high-resolution spectroscopic signatures of
these interactions. Similar indications of suppressed ex-
citation have recently been observed in pulsed Rydberg
excitation from a cold gas [14]. Different from these
findings, our experiment makes use of a tunable narrow-
bandwidth continuous-wave (cw) laser for Rydberg exci-
tation and thus allows for high-resolution spectroscopy of
the resonance lines. By varying the density of Rydberg
atoms in a controlled way, the influence of interactions on
the strength and the shape of these lines is investigated in
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detail. Signatures of ultralong range interactions appear
as spectral broadening of the excitation lines and satura-
tion of the resonance peak height, the latter being an
indication of the dipole blockade.

To realize a frozen gas of Rydberg atoms we trap 3’Rb
atoms in a dispenser-loaded magneto-optical trap (MOT).
The trapping laser light is provided by a diode laser
system consisting of two diode lasers which are simulta-
neously injection locked to a frequency-stabilized ex-
tended cavity diode laser (ECDL) at 780 nm and added
coherently [15]. The frequency is detuned by 1.5I" (natural
linewidth I'/27r = 6.1 MHz) to the red of the cooling and
trapping transition 55 ,,(F=2)—5P;,,(F=3). A sec-
ond ECDL drives the repumping transition 55, /,(F =
1)—5P;,(F =2). The MOT contains 1.2(3) X 107 atoms
at temperatures around 100 xK. The atom cloud can be
approximated by a Gaussian spatial distribution with an
1/e diameter of 1.2(0.3) mm resulting in peak densities of
1.1(3) X 10'° cm ™3, as determined by absorption imag-
ing [16].

The laser light for driving the transition to Rydberg
states 5SP3,(F = 3) — n{; is provided by a commercial
laser system (Toptica, TA-SHG 110) consisting of an
ECDL at 960 nm subsequently amplified to 1 W and
then frequency doubled to 479 nm with a linewidth
<2 MHz. The output beam, which can be switched by
an acousto-optical modulator (AOM), is guided along one
of the diagonal axes of the vacuum chamber and focused
to a waist of 80(10) xm at the center of the atom cloud.
The overlap between the atom cloud and the blue laser
beam defines an effective Rydberg excitation volume
Vexe = 1.1 X 1072 mm?,

The two-step excitation into Rydberg states is sche-
matically shown in Fig. 1(a). At the beginning of an
excitation cycle, the trapping laser is tuned into resonance
with the 55 ,(F = 2) — 5P;,(F' = 3) transition. Subs-
equently, the blue Rydberg excitation laser, which is tuned
to the Rydberg manifold, is switched on for typically
20 ws. Rydberg atoms are accumulated in the excitation
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volume during this time, since the lifetime of the
Rydberg states exceeds 100 ws [1,17]. After the Ryd-
berg excitation laser is blocked, the trapping laser is reset
to the MOT detuning of —1.5I". The Rydberg atoms are
field ionized by applying a voltage of 40 V to the central
field plates consisting of nickel meshes separated by
13.2 mm with 95% transparency through which the
MOT beams pass almost unperturbed. The ions are ac-
celerated onto a microchannel plate detector (MCP).
Residual electrical fields during Rydberg excitation are
mainly caused by the MCP potential of —1.9 kV. Field
components perpendicular to the field plates are compen-
sated by applying a small voltage, while parallel field
components are measured to be less than 0.16 V/cm. The
excitation cycle is repeated every 20 ms while maintain-
ing a continuously loaded steady-state MOT. To take an
excitation spectrum, the frequency of the blue laser is
scanned at a rate of 300 MHz/s.

The density of Rydberg atoms can be controlled by
varying the population in the 55, ,(F = 2) launch state
through optical pumping into the 58, ,(F = 1) state. For
this purpose, the repumping laser is attenuated by an
AOM while an additional depumping laser resonant
with the transition 58,/,(F =2) — 5P;,(F = 2) [see
Fig. 1(a)] is switched on. Within 1 ms, the density of
atoms in the launch state is lowered by 1 order of magni-
tude, as is measured by recording the fluorescence on the
closed 58 /,(F = 2)-5P5,(F = 3) transition with a pho-
todiode. Note that no atoms are lost from the MOT
capture volume during this short period of time, and
that the excitation volume V. remains unaltered. By
delaying the two-step Rydberg excitation scheme with
respect to the start of the depumping process, one can
thus modify the density of atoms in the launch state
without changing the total density of atoms in the MOT.

Absolute numbers of Rydberg atoms per excitation
cycle are obtained by comparing the number of atoms
lost from the trap, as deduced from the change in fluo-
rescence rate at 780 nm, with the integral of the ion signal
at the MCP. In this way, the response of the MCP can be
calibrated and nonlinearities at large ion signals are
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FIG. 1. (a) Energy levels of 3’Rb with the relevant transitions.

(b) Rydberg spectrum at principal quantum number n ~ 80.
The small D* line is not yet attributed. The small structures
labeled 79* and 80* are hydrogenlike states with € = 3.
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compensated. Throughout this Letter, the number of
Rydberg atoms is derived from the number of measured
ions at the MCP after calibration. Peak Rydberg densities
firyq are calculated by dividing the number of Rydberg
atoms by the effective excitation volume V., assuming
that the spatial distribution of Rydberg atoms follows the
distribution of ground state atoms. We estimate the sys-
tematic error for the absolute number and peak density of
Rydberg atoms to be a factor of roughly 3.

A Rydberg spectrum for n ~ 80 is depicted in Fig. 1(b).
About 4500 Rydberg atoms are detected for the strong
dipole-allowed D transitions. The resonance linewidth is
typically ~30 MHz caused by saturation broadening of
the first excitation step [18]. Dipole-forbidden P states are
also excited due to the residual electrical field. Under our
experimental conditions, the ion formation rate for n ~
80 states through blackbody radiation [1] is estimated
from calculated lifetimes [17] to be approximately
200 Hz. Ionization rates due to collisions of cold
Rydberg atoms with residual hot Rydberg atoms are of
the same order of magnitude assuming an upper limit of
103 cm™3 for the densities of hot Rydberg atoms. We
therefore do not expect significant effects of the sponta-
neous creation of ions and avalanche processes during the
time scales of excitation (~20 wus) [5,19].

To study interaction effects between Rydberg atoms,
excitation spectra of the 82§/, state are recorded for
different Rydberg densities. The density is changed by
either varying the power of the excitation laser or, as
described above, by changing the density 7, of atoms in
the 55, ,(F = 2) launch state. Figures 2(al) and 2(a2) are
taken at a low intensity of the blue excitation laser (I =
6 W/cm?). In this “low power regime,” the line shows no
broadening. The number, and thus the density, of Rydberg
atoms increases with iy, as the number of launch state
atoms in the fixed excitation volume increases. The be-
havior changes drastically at higher intensity of the blue
excitation laser. Figures 2(a3) and 2(a4) show the reso-
nance line at an excitation intensity of about 500 W/cm?2.
In the “high power” regime characterized by Rydberg
densities in the 108 cm ™3 range, one observes an asym-
metric broadening of the line. Qualitatively similar line
broadenings at Rydberg densities around 10'! cm ™3 were
observed earlier in an atomic beam experiment [10]. The
line broadenings are attributed to level shifts of Rydberg
states induced by the long-range van der Waals (vdW)
interactions of Rydberg atom pairs, although an appro-
priate model describing these line shapes is still lacking.
Our high-resolution spectra in a cold gas reveal addi-
tional spectral features in the red wing of the resonance
line, which show strong shot-to-shot fluctuations. Since
these features never appear at the blue side of the reso-
nance, independent of the scanning direction, one is
tempted to attribute them to molecular resonances in
the attractive part of an interaction potential. The origin
of the fluctuating resonances remains to be clarified.
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The line broadening is accompanied by suppression of
excitation on resonance. In Fig. 2(b) we have plotted the
peak density of Rydberg atoms excited on resonance
versus peak density 7, of 55/,(F = 2) atoms for both
the “low power” and the “high power” regimes. If no
interaction is present, the peak density of Rydberg atoms
will scale linearly with 7i,. This is, indeed, realized in the

“low power” regime as a fit to the data yields figyq =

P2 1owAe " with a probability pgy o, = 0.006(1) for an

atom to become excited in a Rydberg state during the
20 us excitation interval. In the *““high power” regime,
however, the increase of Rydberg density scales less than
linear with 7, clearly showing a suppression of excita-
tion. At high excitation rate and density, we detect only
10* Rydberg atoms, which is a factor of ~2.7 less than
expected from simple linear density scaling [see dashed
line in Fig. 2(b)]. The data are fitted by a heuristic
saturation function of the form 7iryq = pgo highfly /(1 +
), giving  pgpign = 0.31(2) and  ng = 4.1(4) X
109 Cl’Il_S. The deviation of p82,high/p82,low = 56 from
the ratio of the blue excitation laser power of 83 indicates
a slight power saturation of the Rydberg excitation. It is
important to note that power saturation can neither ex-
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FIG. 2. (a) Excitation spectra of the 825/, state at different

intensities of the blue excitation laser [6 W/cm? for (al) and
(a2), 500 W/cm? for (a3) and (a4)] and launch state densities
[(a]) 1.6 X 10°cm ™3, (a2) 1.0X 10"%cm ™3, (a3) 1.5 X 10°cm 3,
(a4) 1.0X 10" cm™3]. (b) Rydberg peak densities on the 825,
resonance versus launch state density for 6 W/cm? ((J) and
500 W/cm? (). The dashed line is a linear extrapolation from
the origin through the first data point. Data points correspond-
ing to the spectra (al) to (a4) are marked. (c) Comparison of
the density-dependent suppression of Rydberg excitation for the
828/, [same data as in (b)] and 625, (O) resonances. The
625, , data were taken at 350 W /cm?. The solid lines in (b) and
(c) show fitted saturation functions (see text).
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plain the asymmetric broadening of the excitation lines
nor can it explain the density-dependent saturation of the
Rydberg excitation. Saturation caused by the MCP detec-
tion is excluded by the calibration and linearization pro-
cedure. Therefore we attribute the suppression of the
Rydberg excitation to interatomic interactions resulting
in the onset of a dipole blockade caused by vdW
interactions.

To further test this interpretation we have compared
the saturation for different principal quantum numbers n.
The vdW interaction potential between two Rydberg
atoms strongly increases with n. Therefore, one expects
weaker suppression of Rydberg excitation for lines with a
lower principal quantum number, although the transition
strength of these lines is much higher as it scales with
(n*)73 where n* denotes the principal quantum number
corrected by the corresponding quantum defect [1].
Figure 2(c) shows a comparison of resonantly excited
Rydberg atoms on the 82§/, line and the 625/, line.
The solid lines show fits of the saturation function de-
scribed above. For the 62§/, line we find peppign =
0.37(2) and ng = 9(1) X 10° cm™>. The 625/, satura-
tion density is larger by more than a factor of 2 than the
saturation density of the 825/, excitation. Additionally,
the asymptotic Rydberg density (pyqng for i, > ng)
for 625/, relative to 828, is larger by a factor of 2.8.
Both findings support the interpretation in terms of an
interaction-induced blockade.

We have also studied the density dependence of the
dipole-forbidden fine-structure doublet 81P;, and
81P3/, (left and right peaks in Fig. 3(a), respectively),
for which theoretical calculations of the pair potentials
are available [20,21]. Two features are remarkable: With
increasing density the 81P;/, peak develops a wing on the
red side of the resonance, again with the fluctuating
resonances [see also Fig. 2(a)], while the 81P; , peak is
hardly broadened, but grows much faster with the launch
state density. As shown in Fig. 3(b), the attractive 81P3/,
interaction asymptote is much steeper than the 81P, ),
asymptote due to a coincidental near-resonant enhance-
ment in the Cq coefficient. This explains why broadening
is observed only for the red wing of the 81P;/, line but
not for the 81P;,, line. The average nearest neighbor
distances derived from the launch state density are de-
picted by the dashed lines in Fig. 3(b). The red broadening
starts when the average nearest neighbor distance be-
comes comparable to interatomic distances at which the
attractive interaction potential starts to bend, and ob-
served broadening and interaction energy are within the
same order of magnitude.

Contrary to the dipole-allowed S and D lines, the
dipole-forbidden 81P;/, peak grows much faster than
linear with the launch state density 7,, as shown in
Fig. 3(c). A fit to the data of the 81P;/, resonance yields

a scaling with ﬁé'm). The behavior of the 81P5,, peak is
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FIG. 3. (a) Resonance line for the fine-structure doublet
81P,/, (left) and 81P3, (right) at excitation intensity of about
500 W/cm?> and  different launch  state  densities
[(al) 2.5X10°cm™3, (a2) 55X%10°cm™3, (a3) 8.3X
10°cm ™3, (a4) 1.0 X 10'° cm™3]. (b) Calculated vdW pair
potentials for the 81P,; +81P;, and 81P;, + 81P;),
asymptote versus the interatomic distance. Dashed lines indi-
cate the average nearest neighbor distances 7ig 3 for the
corresponding spectra in (a). (c) Resonance peak densities of
the 81P/, and the 81P3/, line as a function of the launch state
peak density. The solid line is a polynomial fit to the data. The
data points corresponding to the graphs depicted in (a) are
marked.

more complicated, but shows saturation relative to the
81P,/, peak, which may again be caused by an
interaction-induced blockade effect. Whether the density
dependence of the dipole-forbidden P lines may be at-
tributed to interaction-induced S and D admixtures, in
addition to the admixture caused by the residual static
electric field (< 0.16 V/cm), has to be clarified in the
framework of a detailed model for the cw Rydberg exci-
tation in a cold gas.

In conclusion, we have explored two signatures of inter-
actions in a cold Rydberg gas by controlling the density:
A broadening of Rydberg resonance lines with additional
spectral features in the red wings and a suppression of on-
resonance excitation. We find qualitative agreement be-
tween the observed broadening with predicted pair-
interaction vdW potentials in the case of the 81P fine-
structure doublet. Theoretical calculations of vdW poten-
tials including fine structure are needed to allow for a
more quantitative description of the observed line shapes.

The saturation of Rydberg excitation with increasing
launch state density is a complementary signature of the
ultralong range Rydberg-Rydberg interactions and marks
the onset of a vdW-induced dipole blockade. While the
spectral broadening of the resonance lines can be under-
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stood only as an “instantaneous’ excitation of Rydberg
pairs, it is not clear whether the density-dependent satu-
ration occurs in a similar way or whether it is induced by
a process based on the successive creation of Rydberg
atoms. The latter hypothesis has successfully been em-
ployed in the interpretation of similar saturation effects
recently observed for Rydberg atoms excited through
short duration, high intensity laser pulses from a cold
gas [14]. Our experimental approach employing narrow-
band cw Rydberg excitation can directly be applied to the
implementation of quantum information processing with
Rydberg atoms [13,22] by further increasing the density,
thus proceeding from the two-body limit to the full
many-body regime of the dipole blockade [13].
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