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We show how the phase profile of Bose-Einstein condensates can be engineered through its interaction
with localized Rydberg excitations. The interaction is made controllable and long range by off-resonantly
coupling the condensate to another Rydberg state with laser light. Our technique allows the mapping of
entanglement generated in systems of few strongly interacting Rydberg atoms onto much larger atom
clouds in hybrid setups. As an example we discuss the creation of a spatial mesoscopic superposition state
from a bright soliton. Additionally, the phase imprinted onto the condensate using the Rydberg excitations
is a diagnostic tool for the latter. For example, a condensate time-of-flight image would permit
reconstructing the pattern of an embedded Rydberg crystal.

DOI: 10.1103/PhysRevLett.115.040401 PACS numbers: 03.75.Lm, 32.80.Ee, 32.80.Qk

Introduction.—The imprinting of tailored phase profiles
onto the complex order parameter of a Bose-Einstein
condensate (BEC) [1] is a versatile tool for the creation
of topological states such as solitons [2,3] and vortices [1],
or even Skyrmions [4]. More generally, imprinting allows
the transfer of the BEC into a desired state of atom flow or
motion. Typically, the phase is generated purely optically
using lasers. We propose engineering phases exploiting the
interactions between BEC atoms that are Rydberg dressed
[5–13] and resonantly excited Rydberg atoms [14–18].
This phase-imprinting will rely on the matter-wave coher-
ence of the condensate and thus represent an instance of
genuine Rydberg BEC physics.
We show that phase-imprinting creates a versatile inter-

face between ultracold Rydberg and BEC physics. First, it
allows entangled Rydberg states [19–21] to be mapped
onto the many-body wave function of the condensate. As
one example, we discuss how to turn an atomic Bell state
jþi ¼ ðjRgi þ jgRiÞ= ffiffiffi

2
p

(with two atomic electronic
states jgi, jRi) into a spatial mesoscopic superposition
state in the position of a single BEC bright soliton, akin to
the proposal of Ref. [22]. Second, phase-imprinting rep-
resents a tool to probe Rydberg electronic states via their
effect on a condensate [18,23–27]. To demonstrate, we
show signatures of Rydberg crystals [28] in the expected
condensate time of flight spectra.
Our scheme relies onweakly admixingRydberg character

to all of the atoms in a condensate cloud through far off-
resonant laser coupling between their stable ground state and
a highly excited Rydberg state [6,7], as experimentally
demonstrated for two atoms [13]. All of these “dressed”
atoms then interact with some previously prepared, fully
excited atoms in a different Rydberg state, referred to as
impurity or control atoms depending on whether they are
inside or outside the condensate. The atomic species of
impurities may be identical to condensate atoms.

The interaction involving impurities can be made dom-
inant over the simultaneously induced long-range conden-
sate self-interaction [6,7]. Using this we demonstrate the
imprinting of sizable phases for realistic parameters.
The condensate phase is also affected by direct collisions

of the Rydberg electron with condensate atoms in the

FIG. 1 (color online). (a) The setup. Several Rydberg excited
impurities (the red balls) are embedded in a Bose-Einstein
condensate. The condensed atoms (the green balls) mainly
interact with impurities through dressing induced long-range
interactions of characteristic range rc (the red dashed circles). At
distances d within the Rydberg orbit, d < r0, collisions with
Rydberg electrons are also relevant (the blue dashed circles).
After an imprinting period, the condensate phase (blue shades)
will be modified only in the vicinity of impurities (dark blue).
(b) Level scheme for three representative atoms. Interactions Vrr
give rise to long-range interactions between dressed condensate
atoms, as in Refs. [6,7]. Interactions VrR and VgR give rise to
stronger potentials between dressed condensate atoms and impu-
rities, which are the main focus here. (c) Sketch of these potentials

Uð2Þ
eff (red, see text) and VgR (blue) near one of the impurities.

α ¼ Ω=ð2ΔÞ quantifies the degree of the Rydberg admixture.
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ground state, without dressing coupling. This can be
exploited to visualize the electron orbital through conden-
sate densities [18,27]. In contrast, the imprinting through
dressed interactions discussed here extends the spatial
scale, smoothness, and controllability of phase profiles.
The use of Rydberg impurities and effectively one-(1D) or
two-dimensional (2D) condensates in this Letter circum-
vents some of the interaction strength and many-body
related problems of dressing discussed in Ref. [12].
Interactions between Rydberg impurities and dressed

atoms.—Consider a gas of N Rb atoms with mass M at
locations Rn, as depicted in Fig. 1(a). They may be in any
of three electronic states: ground state jgi, Rydberg state
jri ¼ jνsi, or Rydberg state jRi ¼ jν0si, with the principal
quantum numbers ν, ν0, where ν < ν0, as shown in Fig. 1(b).
The label s implies the angular momentum l ¼ 0. We write
the system Hamiltonian Ĥtot ¼ Ĥ0 þ Ĥdress þ Ĥint, using

the notation σ̂ðnÞkk0 ¼ jkihk0j, where k, k0 ∈ fg; r; Rg and σ̂ðnÞkk0

acts on atom n only:

Ĥ0 ¼
XN
n¼1

�
−ℏ2∇2

Rn

ð2MÞ þWðRnÞσ̂ðnÞgg

�
;

Ĥdress ¼
XN
n¼1

�
ΩðtÞσ̂ðnÞrg

2
þ H:c: − Δσ̂ðnÞrr

�
;

Ĥint ¼
X

a;b∈fg;r;Rg

XN
n≠m¼1

VabðdnmÞσ̂ðnÞaa σ̂
ðmÞ
bb : ð1Þ

Ground state atoms experience an external trapping poten-
tial WðRnÞ. The state jgi is coherently coupled to jri with
Rabi frequency ΩðtÞ and detuning Δ. Defining
dnm ¼ jRn −Rmj, we take van der Waals interactions
between two Rydberg atoms in states a, b as VabðdÞ ¼
CðabÞ
6 =½ð1þ δabÞd6�, for simplicity, where CðabÞ

6 is the dis-
persion coefficient and δab Kronecker’s delta. Between
ground state atoms we assume the usual contact interaction
VggðdÞ ¼ gδðdÞ, where g ¼ 4πℏ2as=M with atom-atom s-
wave scattering length as. Finally, ground state and Rydberg
electrons interact via Fermi pseudopotentials Vg;r=RðdÞ ¼
V0jΨν=ν0 ðdÞj2, with V0 ¼ 2πℏ2ae=me [29], electron mass
me, electron-atom scattering length ae [30], and Rydberg
orbital wave function Ψν=ν0 ðdÞ. Our examples will be based
on Rb with ae ¼ −0.849 nm, assuming the Rydberg states
jri ¼ j55Si and jRi ¼ j76Si [31].
Now consider a scenario whereNimp of theN atoms have

been excited to the impurity Rydberg state jRi, denoting
their locations by fxng ⊂ fRng. Many different random or
deterministic location patterns can be created, depending on
the method of excitation. We do not consider the excitation
step, but refer to the literature on selective optical access
[32–34], the exploitation of blockade effects [28,35–43],
or condensate density dependent energy shifts [16,23].
Interactions VRR between two Rydberg impurities are

important in the stage of impurity placement but can
subsequently be neglected in the examples discussed here.
The light-atom coupling in Ĥdress will cause long-range
interactions for all atoms, which would otherwise be present
only among Rydberg excited atoms (jri, jRi). Assuming far
off-resonant coupling between jgi and jri, so that jαj ≪ 1
for α ¼ ΩðtÞ=ð2ΔÞ, we determine these interactions using
fourth order perturbation theory in ΩðtÞ. Calculating the
energy shift ΔEgR of the state j0i ¼ jgRi where the Nimp

atoms at locations xn are in jRi and the other N̄¼N−Nimp

atoms in jgi, we obtain ΔEgR¼α2Eð2Þþα4Eð4Þ, where

Eð2Þ¼Δ
P

N̄
n ð1−

PNimp
m VrRðjRn−xmjÞ=ΔÞ−1. We find Eð4Þ,

in comparison, negligible; see Ref. [44].
In this Letter, impurities will only affect dynamics for

very short times, such that their motion can be assumed
frozen in space [45], and they also do not undergo state
changes. Similar to Ref. [6], we merge the effective
interactions obtained through the laser dressing with the
direct interactions between atoms contained in Eq. (1)
(VgR, Vgg) to arrive at the following effective Gross-
Pitaevskii equation (GPE) for the dressed and condensed
ground state atoms in the presence of Rydberg impurities:

iℏ
∂
∂tϕðRÞ ¼

�
−
ℏ2

2m
∇2 þWðRÞ þ gjϕðRÞj2

þ
�
Ueff

ð2Þ(R; fxmg; t)

þ
XNimp

m

V0jΨðjR − xmjÞj2
��

ϕðRÞ;

Ueff
ð2Þ ¼ α2ðtÞΔ

�
1 −

XNimp

m

VrRðjR − xmjÞ=Δ
�
−1
: ð2Þ

Here, the presence of a few impurity atoms that are fully
in a Rydberg state causes strong, long-range interactions
with the remaining atoms, which can be treated as external
single body potential for the condensate. The correspond-
ing terms in Eq. (2) are the first in square brackets and will
be the central tool of the present Letter. Note that the
dominant part Eð2Þ is orders of magnitude larger than the
dressed interaction between condensate atoms, causing
quite different physics than the latter [6]. The induced

potentials are sketched in Fig. 1(c) as a red line (Uð2Þ
eff , using

signs VrR=Δ < 0) and a blue line [jΨðjRjÞj2] for a single
impurity. Either potential is associated with an important
length scale. The plateau of the dressing induced potential

extends to the critical radius rc ¼ jCðrRÞ
6 =Δj1=6, which also

sets the width of the region of the potential drop. The extent
of the direct interaction potential VgR is the radius of the
Rydberg electron orbital Ψν0 of the impurity, r0 ≈ a0ν02,
with a0 being the Bohr radius. We focus on parameters for
which molecular resonances are avoided and also rc > r0
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[46–48]. Although included in our solutions of Eq. (2) [49],
the direct interactions VgR then play a minor role. It has
been shown that many-body perturbative calculations as
used here are valid only as long as there would be much less
than one Rydberg excitation per blockade sphere (Nbl ≪ 1)
[8,50], which will be satisfied here.
Our applications of Eq. (2) to phase-imprinting involve

two dynamical stages: In a first short stage of duration
τimp ∼ 10 μs, the condensate order parameter ϕ acquires a
dynamical phase φðRÞ, such that ϕðRÞ→exp½iφðRÞ�ϕðRÞ,
with φðRÞ ¼ −Ueff

ð2Þ(R; fxmg)τimp. The time τimp and
strength of Ueff

ð2Þ are such that other energies can be
neglected. Only in this stage are dressed interactions
enabled through Ĥdress. In a much longer second stage
(t ∼ 10 ms), the condensate evolves according to the usual
GPE, and the initially imprinted phase profile is typically
transformed into condensate flow and/or density variations.
We consider two examples that highlight the main strengths
of Rydberg phase-imprinting: transferring entanglement
from a Rydberg system onto a BEC, and inferring the
geometry of a collection of Rydberg impurities in a
cold gas.
Entanglement transfer.—We first consider a 1D arrange-

ment of an 85Rb BEC bright soliton (see Refs. [51,52] and
the references therein) with N̄ ¼ 400 atoms, located
between two individual atoms, which are each tightly
trapped in their own optical tweezer at x1;2, with position
spread σcon ¼ 0.05 μm. The atoms outside the condensate
are referred to as control atoms. As shown in Fig. 2, the

control atoms are separated by a distance D ¼ jx1 − x2j ¼
3 μm. The soliton requires attractive contact interactions,
g < 0, which can be achieved using the Feshbach resonance
[53] at B ∼ 155 G in 85Rb [54]; we assume asðBÞ ¼
−5.33 nm [55]. Only the control atoms are now driven
into the Rydberg state jRi ¼ jν0i under blockade condi-
tions, resulting in an entangled two-body state jþi ¼
ðjgRi þ jRgiÞ= ffiffiffi

2
p

. Subsequently, we enable the dressing
couplingΩðtÞ to the state jri for the bulk soliton, resulting in
the dressed potential sketched blue in Figs. 2(a) and 2(b),
which depends on whether the left or right control atomwas
originally excited. After an adiabatically enabled and
disabled imprinting period τimp ¼ 36 μs, with ΩðtÞ=h ¼
3 MHz and Δ=h ¼ −500 MHz, the condensate has
acquired the phase profile shown in red. Following deexci-
tation of the control atoms, we allow τmov ¼ 2 ms of free
evolution according to the first line of Eq. (2), i.e.,ΩðtÞ ¼ 0.
After τmov, the soliton has moved by about 2 μm to the left
or right, depending on the imprinted phase profile, as shown
in Figs. 2(c) and 2(d). Let us denote the many-body wave
function of the gas for these two cases as jΨileft=right. The
entire process should be quantum coherent, since the
initial imprinting happens well before a control Rydberg
state or a dressed Rydberg state from the condensate would
decay [56], resulting in a final many-body state
jΨþi ¼ ðjΨileft þ jΨirightÞ=

ffiffiffi
2

p
.

The tightly trapped control atoms [58] and the small
length scales [32] are technical challenges for the above
proposal. However, when these are overcome, one obtains a
mesoscopic entangled state [22,59–64], where the entire
soliton of N̄ atoms is in a superposition of two different
locations, as proposed in Refs. [22,65].
The superposition nature of the resulting state can be

proven interferometrically [22,65,66] upon recombination,
for which one would additionally place the soliton into a
weak harmonic trap WðRÞ. Decoherence processes during
the creation of such a highly entangled many-body state
limit N̄, but they are small for our choice here [67]. A full
quantum many-body treatment including coherence
between control atom states and condensate atoms may
be a subject of further research.
Rydberg crystal imprinting.—The maximally entangled

state jφþi is but one example of entanglement arising due to
strong Rydberg-Rydberg interactions. Another example is
given by spatially ordered (crystal) structures formed by
large numbers of Rydberg excitations in a cold gas
[28,40,42,68–70]. We show now that Rydberg phase-
imprinting in the presence of such structures leads to
condensate momentum spectra that allow the reconstruction
of the locations of impurities.
Let us consider a 2D model [71] of a BEC confined in a

pancake shaped harmonic trap WðRÞ ¼ m½ω2
rðx2 þ y2Þ þ

ω2
zz2�=2, with frequencies ωz ≫ ωr and as ¼ 5.5 nm; thus,

g > 0. Using a scheme as discussed in Ref. [28], Nimp

FIG. 2 (color online). Entanglement transfer from two control
Rydberg atoms onto a mesoscopic BEC cloud. The position space
density of control atoms is shown as shaded curves: blue for state
jRi and gray for state jgi. The condensate density for a soliton is
shown as a thick black line. (Blue) Dressing potential jUð2Þ

eff j.
(Red) Condensate phase φ after imprinting. We show all
quantities with an arbitrary normalization to fit the same axis.
(a),(b) Initial state at t ¼ τimp, (c),(d) final state at
t ¼ τimp þ τmov. (a),(c) show the control atom configuration
jRgi, (b),(d) show jgRi. For each configuration, we model
condensate evolution separately using Eq. (2) [55]. The dotted
line in (c),(d) is for shifted control atom positions xi þ 2σcon.
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impurities can be arranged, for example, in a crystal-like
structure within the condensate cloud.
For a distribution of impurities as shown in Fig. 3(a), we

numerically solve Eq. (2) [72,73] enabling the potentials
Ueff

ð2Þ and VgR [49] for a short imprinting period τimp ¼
18.5 μs only, using Ω=h ¼ 4 MHz, Δ=h ¼ −150 MHz.
This is followed by evolution under the influence of the
contact interactions, but with a disabled harmonic trap and
the impurities assumed removed via field ionization
[16,74]. At some final time where momentum spectra no
longer significantly change, we plot the expected time-of-
flight images in Fig. 3. We also show the position space
density shortly after phase-imprinting.
If the effect of atomic collisions, described by the

nonlinear term gjϕðRÞj2, is not too large, the final
momentum spectrum is roughly the Fourier transform of
ϕðRÞ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

niniðRÞp
exp½iφðRÞ�, where niniðRÞ is the known

initial atom density in the trap, and φðRÞ the phase profile
generated through imprinting and shown in Fig. 3(b). A
standard phase-retrieval algorithm [75,76] is then able to
recover the phase profile as shown in Fig. 3(e), from which
impurity positions can clearly be inferred. The algorithm
relies on iterative Fourier transforms involving two known
quantities: the final time-of-flight image from which the
modulus of the condensate order parameter is extracted
j ~ϕðkÞj, and the initial condensate density niniðRÞ. We
briefly describe the algorithm in Ref. [44].
We find that simple phase retrieval fails for larger

condensate densities than in Fig. 3 (and other parameters

the same) due to condensate self-interactions. This might
be remedied by more sophisticated variants of the phase-
retrieval algorithm [76], or modifications of atomic inter-
actions using a Feshbach resonance [53]. One could then
use larger atom clouds, in which case impurity locations
can be recovered from a single image, as in Fig. 3(d),
without the need for image alignment in an ensemble
average, as in Ref. [42].
The setup just discussed complements Rydberg crystal

detection based on single-atom addressing [42] or electro-
magnetically induced transparency [24–26] by working
with a bulk gas and moving the signal from the light to the
atomic density. Beyond crystal detection, it enables phase
profiles that are otherwise difficult to achieve, for example
those akin to Fig. 3(b) arising from a crystalline impurity
distribution on the surface of a 3D sphere.
Conclusions and outlook.—We proposed a novel phase-

imprinting technique for Bose-Einstein condensates,
employing long-range interactions between condensate
atoms and embedded Rydberg excited impurity atoms,
created by coupling condensate atoms far off-resonantly to
another Rydberg state. The scheme offers functionalities
beyond existing imprinting methods, as it allows mapping
of entanglement from few-body Rydberg states onto the
whole atom cloud and strengthens BEC as a diagnostic tool
for detecting Rydberg excitations in an ensemble of atoms.
We illustrate the former through a proposal for the creation
of a mesoscopic entangled state in the position of a cloud of
atoms and the latter by exploring the link between Rydberg
crystal structures in a condensate, and momentum space
spectra after phase-imprinting.
Combing the techniques discussed here with imprinting

effects by a Rydberg electron in a larger orbital may offer
additional possibilities due to the unusual shape of the
Rydberg orbital [16–18]. Other interesting physics might
arise from the interplay of phase-imprinting and controlled
impurity motion [77–81].
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