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Rydberg atoms possess a strong atom-atom interaction, which limits its density in an atomic
sample. Such effect is known as Rydberg atom blockade. Here, we present a novel way to control
such effect by directly orienting the induced atomic dipole moment using a dc external electrical
field. To demonstrate it, we excite the 5051, Rb atomic state in a quasi-unidimensional sample
held in a quasi-electrostatic trap. A pure nS state holds only van der Waals interaction at long
range, but in the presence of an external electric field the state mixing leads to strong dipole-dipole
interactions. We have measured the Rydberg atom population as a function of ground state atoms
density for several angles between the electric field and the main axis of the unidimensional sample.
The results indicate that the limit on the final Rydberg density can be controlled by electric field
orientation. Besides, we have characterized the sample by using a single-atom ion imaging technique,
demonstrating that it does behave as an unidimensional sample.

Rydberg atom interactions play a key role on the study
of very intrinsic properties of cold matter [1]. It helps us
to understand long-range interactions ﬂ, ], atomic col-
lisions [2, 4, 5], molecular formation [6] and also macro-
scopic manifestation of atomic phenomena like van der
Waals and dipole-dipole interactions ﬂj, ] Besides, they
are essential for the development of quantum computa-
tion [9] and the study of coherent systems [10]. Such sys-
tems rely on the Rydberg atom blockade effect ],
which is a density limitation of Rydberg atomic popu-
lation due to the strong interaction between the atoms.
However, these same interactions may lead to coherence-
loss on atomic samples ﬂﬂ] Such interaction can present
either advantages or disadvantages in atomic systems,
therefore they need to be well understood.

The dipole-dipole interaction is for sure the most im-
portant term involving two cold Rydberg atoms; and its
importance has been recognized since the first experi-
ments ﬂﬂ, |E] However, the first experiment to observe
evidence of its anisotropy, was carried out in 2004 by
Carrol et al ﬂﬂ] In this work, the authors have observed
the electric field angular dependence of the dipole-dipole
interaction in a quasi-unidimensional sample created by
a confined laser beam geometry. Recently, Ravets and
co-workers |18] have investigated the angular dependence
of the dipole-dipole interaction in a much clearer system
using two individual Rydberg atoms held in two micro-
scopic optical dipole traps. Since their system is not an
ensemble, the authors were able to obtain clearly the an-
gular dependence of the dipole-dipole interaction.

Several research groups have been investigating, ei-
ther theoretically or experimentally, highly interacting
many-body unidimensional system using Rydberg atomic
samples created by a confined laser beam geometry.
Such works explore different aspects of condensed mat-
ter physics: 1) transition to the crystalline phase %, @],
ii) energy transport [21]; iii) spatial correlations [22]; iv)
Rydberg aggregates [23]; v) van der Waals interaction
and Rydberg blockade effect M Clearly, Rydberg

atoms can be used as a prototype for the study of such
complex properties because they are a simpler system
and easier to control. Besides, anisotropy effects may
play an important role on such properties in a unidimen-
sional sample.

In this work, we have observed the anisotropy of the
dipole-dipole interaction by studying the Rydberg block-
ade effect in a tightly confined atomic sample held in a
quasi-electrostatic trap (QUEST). The 505/, Rb Ryd-
berg state population was measured as a function of
ground state atoms density for several angles between
the axis of the quasi-unidimensional sample and the ori-
entation of an external dc electric field. We have demon-
strated that the density limitation, imposed by Ryd-
berg blockade effect, can be overcome by suppressing the
dipole-dipole interaction in our sample. Besides, the uni-
dimensionality of the sample was proved by using direct
spatial ion imaging.

Our experiment starts with a magneto-optical trap
(MOT), which operates in a stainless steel chamber with
a background pressure below 1070 torr and it is loaded
from an a rubidium 2DMOT. Such magneto-optical trap
is used to load a quasi-electrostatic trap (QUEST), pro-
ducing a non-polarized atomic sample of ~ 10° atoms
at a peak density of ~ 102 atoms/cm?® and temper-
ature of 60 pK. The QUEST is provided by a polar-
ized 10.6 um CO4 laser (COHERENT model GEM-100),
which is focused into the MOT volume with a waist
of 15 ym and an available power of 80 W. More de-
tails on the experimental setup can be found in ﬂﬂ, ]
In order to excite the 5051, state, we apply a laser
pulse train, which are subsequently detected by pulsed-
field ionization (PFI). This laser pulse train operates
at 100 Hz for 1.5 s and it is composed of two narrow-
bandwidth CW laser pulses near 780 nm and 480 nm,
whose duration is about 1 us and have intensities of
Izs0 = 1.6 mW cm ™2 and Iygo ~ 100 W cm~2 (Rabi
frequency of 32 MHz). The 480 nm laser is stabilized
in frequency using a commercial wavemeter (Highfinesse



model WS-7). All the electric fields are generated by
a system of 8 independently-controlled electrodes, which
are distributed in two aligned cloverleaf distribution sets,
following the design of reference [29]. In the bottom elec-
trodes of each set, we apply a 5 us PFI, which occurs
70 ns after the optical excitation. The electrons are de-
tected using a microchannel plate detector (MCP), which
gives an average of 300 Rydberg atoms per pulse at the
highest atomic density and no electric field. The QUEST
is turned off for about 15 us during the Rydberg excita-
tion and detection to avoid any unwanted effects such as
ac Stark shifts or photoionization of the Rydberg states
@] During the laser pulse train the atomic popula-
tion held in the QUEST decays, allowing us to study
the 505, /o Rydberg state population as a function of the
ground state atomic density. In order to characterize the
sample’s decay, state-selective absorption imaging tech-
nique was used. The background electric field is esti-
mated to be < 20mVem™!. A boxcar gate is used to
selectively detect the 50S5;,, population, a function of
the ground state atomic density.

For nS states (in the absence of any dc electric field)
the atoms interact only via van der Waals interaction, so
the potential is purely repulsive and isotropic ﬂﬁ_lﬂ In the
presence of an external field, the atoms become polarized
and the interaction changes to an angular-dependent ef-
fective potential, given by:

Vet (R, 0) = % + %(1 —3cos?(0)) (1)
where Cg is the van der Waals interaction parameter,
(5 is the dipole-dipole interaction parameter ( C5 =
|P|? /47, in S.I. units), P is the electric dipole moment
vector and R is the internuclear separation vector. The
effective potential is directly dependent on Cg and Cs,
and C3 depends on the amplitude of the external elec-
tric field. By choosing the direction of such field, the ef-
fective potential can be either more repulsive, when the
dipoles are parallel to each other, or less repulsive when
the dipoles are aligned in a line. The first step in our
experiment was to obtain a Stark spectrum, which was
accomplished by locking the 480 nm laser at several de-
tuning values (A4g0) below the 5Py (F = 4) — 505 /5
transition and scanning the dc electric field. Figure [[h
shows a typical normalized 505 /o population as a func-
tion of the dc field for Aygg = 151 MHz. By combin-
ing similar spectrum for different Aygg, we can obtain
the Stark spectrum (Fig. [b). We have chosen to ex-
cite the atoms in the 5057 /5 state between the 37 and

4th avoided-crossings with the manifold hydrogenic lines
at a field of 2.37 Vem ™!, At this condition, the dipole-
dipole interaction strength is comparable to the van der
Waals interaction at the highest achievable experimental
density.

To guarantee that the applied field is behaving as ex-
pected, the electrodes were calibrated by taking several
Stark maps near the 505/, state and comparing it to
the theoretical value on each direction X, Y and Z in-
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FIG. 1. (Color online) a) Normalized 50S5;/, population as
a function of the dc electric field for Asgo = 150 MHz. b)
Experimental Stark spectrum showing the avoided-crossings
of the 505/, state with the manifold hydrogenic lines. This
map shows our capability to resolve the avoided-crossings of
interest. The yellow line marks the position of the excitation
frequency for the experiment.

dependently, following the procedure described in @]
This procedure allows us to obtain the zero field position
and calibration factor simultaneously for each coordinate.
Then, before each Rydberg blockade measurement at a
given angle, we performed a field scan to check the posi-
tion of the chosen resonance. By setting the field at the
resonance (as shown in fig. [Th), we can guarantee the
amplitude of the field for all angles within 20 mV cm™".
As the angle was varied, the voltages applied in the elec-
trodes presented small variations in order to keep the res-
onance. By computational simulations, we were able to
estimate that such voltage variations represent an angle
error that is less than 4°.

Figure 2 shows the 505 /5 state population as a func-
tion of ground state atoms density for several field ori-
entation at an amplitude of 2.38 Vem™! and Asgy =
151 MHz. Each point is an average of 40 independent
measurements, and the error bars were suppressed to sim-
plify the graph; however they are on the order of 15%.
The Rydberg population is normalized for the saturated
value of final population at zero field. The trap is formed
along the Y axis and the angle is defined by the orienta-
tion of the applied electric field and the trap axis, on the
plane YZ. For comparison we also show the measurement
at zero field and for the field applied at the magic angle
(0 =54.7°).

It is important to notice that the final population
varies around the zero field population as the angle is
changed. It is also clear that the final population at the
magic angle is almost the same as the population in the
zero field condition; indicating that one can suppress the
dipole-dipole interaction in our sample. We should point
out that the behavior of these two curves (no electric field
and field at the magic angle), in the low density regime,
is slightly different. We believe that at low density, the
sample does not behave as a quasi-unidimensional en-
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FIG. 2. (Color online) 505, state population as a function
of ground state atoms density for several field orientation for
an amplitude of 2.38 Vem ™! and Auso = 151 MHz.

semble, therefore, there will be differences between the
zero field and the magic angle signal respectively. As the
density increases, and the sample reaches the blockaded
regime, its unidimensionality rises leading to a preferen-
tial axis for the atomic distribution and, consequently, to
no differences on the final population.

In order to demonstrate that such result is consistent
with Rydberg atom blockade, we have applied a classical
hard sphere model in the steady state @, @] This is
one of the simplest model available in the literature, but
it does contain the main physical insights and correctly
describes the effect. Briefly, the hard sphere model treats
Rydberg atoms as hard spheres with a radius equal to the
blockade radius (Rp;), thereby defining an exclusion vol-
ume around each excited atom. In the blockade regime,
the excitation volume is assumed to be densely packed by
these spheres so that information about the excited state
population is obtained. The blockade radius is an im-
portant parameter in such model, and it can be obtained
by imposing that the laser bandwidth (I") matches the
effective potential at the interatomic distance Ry;:

Cs Cs 5
I''= — + —=(1—3cos*(h)) (2)
Ry, Ry

From Eq. B it is clear that the blockade radius is
now angular dependent, therefore the final Rydberg pop-
ulation should vary depending on the field orientation.
In order to compare the experimental angular depen-
dence of the 505/, population with the blockade hard
sphere model, we plot the average final number of Ryd-
berg atoms as a function of the electric field angle; which
is shown in figure Bl Each point is an average of the last
three experimental points, at the highest atomic density,
of each curve from figure 2 and their standard deviations
is used as error bars.

The line is a fitting using the hard sphere model, from
where we obtained the following interaction parameters:
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FIG. 3. (Color online) 505 state population as a function of
angle for the highest atomic ground state density for an am-
plitude of 2.38 Vem™!. The line is the theoretical prediction
using the hard sphere model @7 @]

Cs¢ = 18418 MHz pm® and C3 = 99.74 MHz pm3.
The obtained Cj is close to the theoretical one for the
5051 /5 state (15296 MHz pm®) [34]. The obtained Cj
is about seven times larger than the theoretical one
(14.375 MHz pm?), which is calculated in the asymptotic
regime, using the atomic dipole moment. Such difference
is not surprising, and it may be due to two factors:

i) The interaction between two Rydberg atoms is more
complex than this simplistic potential based on the in-
teraction parameter, obtained from the single-atom Stark
effect, which is expected to be valid only at long range
and not at the blocked regime. In a recent work, we have
shown that the multilevel character of the interaction due
to the presence of high angular momentum states is cru-
cial for the calculation of accurate potential curves and
interpretation of Rydberg interaction experimentsm].
Such calculation requires to consider all L states up to
L = (n—1) for at least two manifolds above and below the
state of interest. Since in this experiment n = 50, such
calculation is more difficult and challenging than in our
previous work[28], and it is under implementation [35].

ii) The hard sphere blockade model is a very simple one
and it does deviate from the experiment results at higher
densities. We have observed in a previous work, that
while the model saturates at high density, the experi-
mental Rydberg atomic population still presents a slow
increaseﬂﬁ]

To explore the capability of nullifying the dipole-dipole
interactions, in another experiment, we have measured
the 505/, population as a function of the ground state
atomic density for several electric fields at the magic an-
gle. The electric field amplitudes are chosen between the
different avoided-crossings of the 505/, with the mani-
fold hydrogenic lines. Different field amplitudes lead to a
change in the interaction strength and consequently the
final population of Rydberg atom. But as we have shown
before, at the magic angle the dipole-dipole interaction



is suppressed and, therefore the curves should be inde-
pendent of the field amplitude. This can be observed in
figure @ Here we present saturation curves for differ-
ent field amplitudes at the magic angle. The inset shows
the standard deviation from the average for all curves,
which has a maximum of 8% indicating that the curves
are independent from the electric field amplitude.
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FIG. 4. (Color online) 505, state population as a function
of the ground state atomic density for several electric fields
at the magic angle.

Although the Rydberg sample behaves as 1D, we have
no other evidence that in fact it may be consider like
one. In order to clarify this issue, we have performed
a spatially resolved single-atom ion imaging of our Ryd-
berg sample. The ion imaging system is composed of:
i) a magnifying electrostatic lens, positioned perpendic-
ularly to the electrodes system and axially aligned with
the ion path to the detector, whose magnification de-
pends on the applied voltage; ii) a grounded tube of flight
of 15 cm; iii) a spatially sensitive ion detector (BOS-18-
OPTO1 from Beam Imaging Solutions), which consists of
two MCP coupled to a phosphor screen; and iv) a trig-
gerable digital camera, which captures the images out-
side the vacuum system. Our system, and its operation,
is very similar to other reported systems in the litera-
ture @, @] To characterize the sample we begin by
taking ~ 3000 images from the MCP detector; each im-
age shows the ion impact positions for a single excitation
pulse (780 nm and 480 nm laser pulses) at the highest
atomic density of the each QUEST sample. Figure [l (a)
shows the sum of about 3000 ion images in a normal-
ized colorscale at zero field excitation. By calculating
the paircorrelation function (PCF), using the same proce-
dure established by Schwarzkopf and co-workers [36], we
can obtain the sum of all PCF, presented in figure[dl (b).
In this figure, one can notice an anisotropic structure
around the origin; which we have observed that it is in-
dependent either of electric field amplitude or direction.
One feature of such structure is locate along the X axis
(+X and —X), and it represents the probability of hav-
ing two Rydberg atoms interacting with each along the

X axis (radial axis of the sample), which is very small
for our system. In fact, most of the interaction between
two Rydberg atoms happens along the sample’s axis (Y
axis), with an angle that is less than 6 = 4.5°. Con-
sidering the Rydberg atoms as hard spheres, the maxi-
mum classical impact parameter possible in our sample
is 2Ry sin (4.5°) =~ 0.8 pm. This clearly demonstrates
that our sample is quasi-unidimensional, and the atoms
are almost aligned in a single line.
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FIG. 5. (Color online) a) sum of 3000 ion images for
E = 238 § V/cm. b) Sum of all paircorrelations where
we can observe a structure at the center. The red-dashed line
is plotted with 4.5° related to the sample axis (Y). Here is
important to notice that the x and y scales are not the same.

In summary, we have demonstrated that a tightly con-
fined atomic sample held in a quasi-electrostatic trap
(QUEST) behaves as an unidimensional sample for cold
Rydberg atom experiments. In such system, we were
able to measure directly the angular dependence of the
dipole-dipole interaction and demonstrated that it be-
comes stronger when the atomic induced-dipole-moments
are aligned 6 = 90° with respect the sample axis, leading
to a super-blockaded sample. And on the other hand,
if the field is aligned 8 = 0°, the effective potential is
smaller, leading to an enhanced final population of Ryd-
berg atoms. We have also demonstrated that at the
magic angle § = 54.7° the dipole-dipole interaction is
suppressed, leading the sample of Rydberg atoms to be-
have, in the presence of electric field, in the same way as
the field free case. The unidimensionality of our sample
was verified by a spatially resolved ion imaging method,
corroborating our dipole-dipole interaction results.

Such results may have several implications on cold
Rydberg atom experiment. For example, overcoming the
density limitation of Rydberg atoms may be important
for time dependent experiments where the direction of
the field can be changed suddenly, taking the system
from a low interacting condition to a high interacting
regime. That may be useful for the study of many-body
effects in a strongly-coupled systems in condensed mat-
ter physics [19-21, ] The suppression of the dipole-
dipole interaction at the magic angle is also very signif-
icant because allows one to perform experiments where



high order interactions may be investigated in more de-
tails, for instance dipole-quadrupole, extracting informa-
tion of intrinsic properties of interatomic potentials that
were previously unachievable. Besides, the presence of
an external field, at the magic angle, could also allow the
excitation of states, which are not dipole allowed, like nP

and nF', with comparable conditions to a field-free case.
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