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In situ observation of chemistry in Rydberg molecules within a Bose-Einstein-condensate
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We often infer the state of systems in nature indirectly, for example, in high-energy physics by the interaction
of particles with an ambient medium. We adapt this principle to energies 9 orders of magnitude smaller, to
classify the final state of exotic molecules after internal conversion of their electronic state, through their
interaction with an ambient quantum fluid, a Bose-Einstein condensate (BEC). The BEC is the ground state of
a million bosonic atoms near zero temperature, and a single embedded ultra-long-range Rydberg molecule can
coherently excite waves in this fluid, which carry telltale signatures of its dynamics. Bond lengths exceeding a
micrometer allow us to observe the molecular fingerprint on the BEC in situ, via optical microscopy. Interpreting
images in comparison with simulations strongly suggests that the molecular electronic state rapidly converts from
the initially excited S and D orbitals to a much more complex molecular state (called “trilobite””), marked by a
maximally localized electron. This internal conversion liberates energy, such that one expects final-state particles
to move rapidly through the medium, which is however ruled out by comparing experiment and simulations.
The molecule thus must strongly decelerate in the medium, for which we propose a plausible mechanism. Our
experiment demonstrates a medium that facilitates and records an electronic state change of embedded exotic

molecules in ultracold chemistry, with sufficient sensitivity to constrain velocities of final-state particles.

DOLI: 10.1103/PhysRevResearch.6.033150

I. INTRODUCTION

We excite extreme states of atoms and molecules, with a
highly excited Rydberg electron orbiting far from the parent
ion, within an extreme state of matter, a dilute gas Bose-
Einstein condensate (BEC) [1] near the absolute zero of
temperature. This already led to new insights into cold quan-
tum chemistry [2], electron atom scattering [3], molecular
physics [4], and polaron formation [5]. It also challenges our
understanding of the joint quantum dynamics of a few cru-
cial actors, the Rydberg electron, ion and bound ground-state
atoms, with thousands of condensed atoms in the BEC that
surrounds these. Besides providing molecular constituents at
very low energies, the latter was proposed as interrogation
medium, akin to interrogation instruments used in high-
energy physics. Similarly, the BEC can record cold molecular
quantum dynamics and Rydberg chemistry [6-8].

Here we report an initial experimental realization of this
platform, using a BEC to herald the internal conversion of an
electronic bound state, initialized in a Rydberg atomic orbital,
into a Rydberg molecular trilobite orbital [9-11]. These exotic
molecules are bound through elastic collisions of a highly
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excited Rydberg electron [12] with condensate atoms inside
its orbital volume, and exist in a diverse zoo of molecular
states [9-11]. The conversion is driven by nonadiabatic mo-
tion of the atoms in the condensate within the orbital sphere
of the Rydberg electron on a microsecond timescale. It be-
comes evident when comparing the in sifu condensate density
evolution, optically recorded through high-resolution phase
contrast imaging [13], with an extensive simulation campaign.
These simulations are self-consistently predicting the motion
of condensate atoms triggering conversion and can rule out
survival of the initially excited electronic state, its conver-
sion to other candidate molecules (butterflies) and motion of
final-state molecules. The latter requires rapid deceleration of
molecules in the ambient quantum fluid, for which we propose
a possible mechanism.

The experiment establishes BEC as probe medium for dy-
namical processes in ultracold atomic physics and chemistry,
ranging from polaron formation [5,14,15], angular momen-
tum changing collisions [2,8], the dynamical formation of
ultra-long-range molecules [2,9,16] or localized states [17],
over ionization [18-21] to phonon-mediated Yukawa inter-
actions [22]. It also demands theoretical advances in several
directions, to more rigorously investigate the mechanisms of
condensate driven internal molecular conversion and trilobite
molecule slow-down that we propose here.

II. RYDBERG ELECTRON IMPRINT ON A BEC

Our experiments start with a cigar-shaped BEC of typ-
ically one million ¥Rb atoms in the hyperfine level |F =
2, mp = 2). It is confined in a magnetic trap with frequencies
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FIG. 1. Rydberg excitation and subsequent electron dynamics in a BEC. (a) Single Rydberg atoms are created in the center region (red) of
a cigar-shaped BEC (gray ellipsoid) using a focused laser beam (green), targeting | 133S) and | 130D ) Rydberg states, with quantization axis
along y. (b) Relevant molecular potential energy curves for the Rydberg electron interacting with the condensate, enabling state conversion
from S O© (or D) Rydberg orbitals via butterfly molecular states @ into trilobite molecular states @, with corresponding electron densities shown
in orange. (c) Phase contrast image of the bare column density p. (density integrated along z) after interaction of a 133§ Rydberg electron
with the BEC for Nryq = 4 repetitions at time fyo) = 200 us. (d) Data from (c) but with the BEC background in the absence of Rydberg
excitations (popg) subtracted, yielding the change of the column density Ap. = p. — o due to the impact of the Rydberg electron inside the
marked region. (e)—(g) Numerical simulations of the expected averaged signature A p. in the ambient BEC medium when the Rydberg electron
remains in the initial S state (e), transforms into a butterfly state (f) or transforms into a trilobite state (g). Each scenario causes a different
imprint on the BEC, and only conversion into the trilobite state (g) explains the averaged experimental observation (h), a depression in the
density instead of an increment. All simulations include a spatial uncertainty for the initial excitation of the Rydberg impurity, with standard

deviations oy, = (0.9, 2.6, 0.9) um; see panel (a).

Wy, = 2w x (194, 16, 194) Hz, resulting in a typical peak
density of pg = 4.6 x 10> um~3. Near the trap center, we pro-
mote a single atom from the BEC to a high-n (n is the principal
quantum number) Rydberg state via resonant two-photon
laser coupling to either |S) = |n = 133, S8y,,m; =1/2) or
|D)=|n=130,Ds/,m; =1/2) orbitals; see Appendix A.
One of the excitation laser beams is strongly focused into
the condensate via a high numerical aperture asphere (NA
= 0.55), constraining the spot of Rydberg atom creation to
be as small as the size of the electron orbit [Fig. 1(a)]. After
the &, = 1 us long laser pulse, we let the electron interact for
tine = 3 us with the ~10* condensate atoms residing inside its
giant orbital (7, = 1.8 um radius for n = 133). During this
time, the electron may predominantly stay in its initial state
or, as we discuss below, may undergo dramatic state changes
due to its interaction with the ambient BEC [Fig. 1(b)]. The
interaction is interrupted by applying a short ionizing electric
field pulse (7 V/cm applied for 0.5 us), which rapidly removes
the electron and ion fragments from the BEC. A short wait
time of 0.3 us ensures that the electric field drops back to zero.
This sequence of Rydberg creation, interaction, and removal
from the BEC may be repeated Ngyq times with a 208 kHz
repetition rate to increase the impact of the Rydberg electron
on the BEC density. The latter is finally imaged (within a
duration of 10 us) via a high-resolution in sifu phase contrast
method through the same lens as used for local excitation [13].
An additional variable delay time of free condensate evolution
is added between the end of the last Rydberg removal and the
beginning of image acquisition to strengthen the signal by giv-
ing condensate atoms affected by interaction with the Rydberg

atom more time to move. We denote the total evolution time
from the start of the first excitation pulse to the beginning of
imaging with fyoj.

The impact of the Rydberg electron on the BEC is barely
visible on absolute scales [Fig. 1(c)] and requires careful
subtraction of the unperturbed background density. To this
end, we take a reference image of the condensate for each
experimental run using the same sequence but in the absence
of Rydberg excitations, by tuning the excitation lasers +100
MHz off-resonant from the Rydberg state energy. Subtracting
these reference images and subsequent averaging of typically
70-200 experiments reveals the impact of the Rydberg elec-
tron in the change of the condensate column density Ap,
[Fig. 1(d)]. This procedure also ensures correct subtraction of
small density perturbations induced by the focused excitation
laser. The experiment shows a local density reduction (“hole”)
near the Rydberg excitation region, which we now interpret by
comparing to numerical simulations.

III. BEC DYNAMICS AND ELECTRON STATE CHANGE

Once the high-n Rydberg state is excited in the BEC,
about 10 000 condensate atoms will reside in the orbital
volume of the Rydberg electron. Each of these atoms then
interacts with the electron via low-energy s- and p-wave
collisions [9,23]. For an atom at position R relative to the
Rydberg ionic core, that collision is quantified by respective
scattering lengths (and volumes for p) a,,[k(|R]|)], which
depend on the local electron momentum %k and thus im-
plicitly on the distance R = |R| from the ion core [24] (see
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Appendix C). When assuming that the electron remains in the
initially excited | S) (| D)) orbital, each condensate atom ex-
periences a single molecular potential energy surface Vyq(R)
for a large part of its configuration space, which can be de-
rived perturbatively using s-wave collisions alone, yielding
VaaP(R) = Vo(R)|¥s p(R)I?, with 5 p(R) = (R[S, D) the
electron wave function of the respective Rydberg orbital and
Vo(R) = 2 h2ag[k(|R|)]/m. (m, is the electron mass). Such
a potential is net attractive for both |S) and | D), since
as < 0 for most Rb-e™ collisions relevant here. This results
in an overall increase of BEC density at the center [Fig. 1(e)]
[25], just the opposite to our experimental observation
[Fig. 1(h)].

This simplified picture with a single potential surface
changes, when taking into account p-wave collisions. The
p-wave scattering channel features a shape resonance, which
leads to a divergence of a,. The resonant p-wave interac-
tion can then strongly mix the highly degenerate Rydberg
orbitals with angular momentum [/ > 2, forming butterfly
molecular states [26]. Those exhibit strong avoided cross-
ings with the potential surfaces Vr(fi’d) associated with the
initially excited | S') (| D)) orbitals at R, s ~ 0.1 um (1900a0)
[Rac.a = 0.05um (945a)], opening channels for rapid in-
ternal conversion of the electronic state of the Rydberg
molecule and ultracold chemistry following laser excitation
[2] [cf. Fig. 1(b)]. Last, the butterfly states couple at short
range to trilobite molecular states [2], which feature strongest
localization of the Rydberg electron on a single conden-
sate atom [9], on multiple atoms [27], or even clusters of
atoms [16]. The corresponding potential energy landscape for
one condensate atom interacting with the Rydberg electron
is obtained via diagonalizing the electron-atom interaction
Hamiltonian on a finite Rydberg atomic basis (see Ap-
pendix C), and shown in Fig. 2(a) together with arrows that
indicate the discussed path for Rydberg state changes. Ap-
proximate diabatic Landau-Zener crossing probabilities are
indicated in green in Fig. 2, for the butterfly to trilobite cross-
ing extrapolating [2], and support the conversion sequence
discussed. Experimental evidence for this has been found in
Ref. [28].

In a next step, we analyze the BEC dynamics to assess
the possibility that these additional potential energy curves
may become relevant. First, we simulate the time evolution
using the Gross-Pitaevskii equation (GPE) for the mean-field
BEC wave function ¢ with an external potential given by the
asymptotic |S) or | D) potentials in Fig. 2(a). Incorporating
the experimental sequence of multiple Rydberg excitation
pulses yields the predicted increase of the BEC density, p =
|¢|?, at the Rydberg excitation region mentioned above [cf.
Fig. 1(e)], contradicting our experiment. Yet, this simula-
tion now provides an estimate for the timescale of Rydberg
electron state change into the butterfly and then trilobite po-
tential. Specifically, we evaluate the time ¢ = #,,,y, When the
probability P,.(t) approaches unity, that at least one atom
has passed the avoided crossing with the butterfly state from
outside to inside. We mark R, s as green line in Fig. 2(a) and
the inset of Fig. 2(a) shows Py (¢). It is calculated from the
net change of mean atom number within R < Ry, Any.(t) =
fR<Rac d*R[p(R, 1) — p(R,0)]; see Appendix E. At this
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FIG. 2. Interactions of Rydberg electron and condensate atoms
(a) Molecular potential energy curves (black and blue lines) for a
single ground-state atom interacting with the Rydberg electron as
a function of distance R from the ionic core. Zero energy is that
of 133§ at large R. The ground-state atom is expected to follow
the blue curves along the red arrows once it reaches the avoided
crossing (vertical green line at R, ), very likely transforming the
electronic state from the initial 133§ state to the 129-trilobite state
via butterfly states, based on Landau-Zener diabatic crossing prob-
abilities shown in green. The inset shows the mean increase in the
number of atoms An,. (black) within the volume R < R,. and the
corresponding probability P,. that at least one atom has entered this
volume (red) as predicted from mean field simulations of the BEC
following excitation to | S) (solid) or | D) (dashed). (b), (c) 2D cut
at z = 0 through the 3D electron probability density for the 1335
molecular state (b) with attached condensate atom at R = 1.68 um,
and the 129-trilobite state (c) at R = 1.58 um. The green (blue) circle
marks the position of the Rydberg core (attached condensate atom).

moment, which we set to fns = 0.7 us after excitation for
| S), and slightly later fonvg = 2.0 us for | D), rapid state
change of the Rydberg electron first into the butterfly and then
into the trilobite state occurs. Once in the trilobite, the Ry-
dberg electron strongly localizes at the position of a specific
condensate atom [Fig. 2(c)], which causes a much more potent
but shorter-range potential seen by the BEC.

The discussion so far considered only one atom in the
electron orbit. While interaction potential calculations for all
10 000 condensate atoms in the orbit remain intractable, we
provide evidence in Appendix D and Appendix F for the fol-
lowing picture: (i) initially, if the Rydberg atom was excited,
then all BEC atoms are located away from the shell near
R = Ry, since the molecular states in that shell have strongly
reduced | §') character, (ii) outer condensate atoms then slowly
move inwards due to net attraction, correctly modeled in the
GPE. (iii) As soon as the first condensate atom reaches R ~
R,, it may adiabatically take the Rydberg electron to the trilo-
bite molecular state. (iv) Despite each molecular constituent
gaining an initial velocity of v =3.5 m/s in the process,
kinetic energy is rapidly shed by interactions with the many-
body environment, in which the electron repeatedly reattaches
to new, previously immobile, ground-state atoms. We thus
arrive at a phenomenological model for GPE simulations,
in which the condensate atoms only initially experience the
potential due to an electron in an | S) (] D)) atomic Rydberg
state. After a conversion time Zonys (fonvd), We switch to
the potential associated with the relevant immobile trilobite

033150-3



FELIX ENGEL et al. PHYSICAL REVIEW RESEARCH 6, 033150 (2024)

& 1
S
X —_
a E 05 o
g 2 5
f o ;
@ 3 [
4 . g
° N * =
° * -0.5 Qo
El o . <
o *
ST 5
[y ® S sl sl
Sg--i a3 o . " " B
o S F 04~ - ~0-STrifsim] |_ S a =] A 5
S -1 ‘&\\\& 0= Tril[sim] 3 X & =
X Polo | -o-Satsim] o R &
z 2 & _igio | -o-Dilsim £ g g
< ¢: % ~>-D-at[sim] et W =
-3 ‘ @ S[Exp] ° Q& -
L 9 DiExp] 4 < 4
4

100 200 300 400 500
bl [12s]

evo!

y [pm]

y [pm]

FIG. 3. Dynamical evolution of the averaged BEC density induced by Rydberg excitations to 133S and 130D. (a), (b) Measured (full
symbols) and simulated (open symbols connected by lines) depression of the BEC density quantified by the local atom number change AN,
of the order of a few thousand, in the Rydberg excitation region [white boxes in panels (e)—(h)]. AN is shown as a function of the number
of sequentially implanted Rydberg atoms Nryq With Zeyos = 200 ps (a), and as a function of the time since first implantation fey, for Ngyq = 10
(b). The inset in panel (a) shows the effect of a single Rydberg excitation, the legend in panel (b) also pertains to panel (a). Simulation data
depict scenarios for which the electron remains in the initially excited S state (D state) [green in panel (b)], converts from 133S to 129-trilobite
after onv,s = 0.7 us (dashed dark gray with ¢ marked S-Tri), converts from 130D to 128-trilobite states after #ny,qg = 2 us (dashed light gray
with ¢ marked D-Tri), or converts into a trilobite without delay #ony,s ~ 0 (dashed black with ¢ marked Tril). The red-dotted boxes surround
data for which details are shown exemplarily in panels (c)—(j). (e)—(h) Measured (e), (f) and simulated (g), (h) change of the column density
Ap, following S- and D-excitations as indicated, for Nryq = 10 and feyo; = 200 us. Simulation data are shown for delayed trilobite insertion
(at %ony,s/d), and account for finite optical resolution. (c), (d), (i), (j) Vertical (y = 0) (c), (d) and horizontal (x = 0) (i), (j) cuts through the
measured (solid lines) and simulated (dashed lines) column density differences A p., with markers below panels (c), (d) indicating the cut in
panels (e)—(h). (c), (i) follow S-excitation, and (d), (j) D-excitation. (c), (d), (i), (j) Green dashed lines assume electrons staying in the initial
electronic states, and gray dashed lines assume delayed conversion into trilobite molecules. Experimental data are typically averaged over
70 — 200 runs, while the simulations are averaged over 200 samples, the standard error of which is indicated by colored shading in panels (c),

(d), (i), (j). Error bars in panels (a), (b) show one standard error.

molecular potential with bond length 1.58 um and random
orientation. We thus neglect short lived transient states during
conversion and assume a Landau-Zener probability of 100%
for trilobite formation for simplicity, since accurate formation
probabilities are challenging to calculate in the high-density
medium (see Appendix D). The result of such a simulation for
| S) [Fig. 1(g)] predicts a clear density reduction, in qualitative
and near quantitative agreement with the experiment. For this,
large forces had to be exerted on BEC atoms for a prolonged
time, necessitating an immobile trilobite electron. In contrast,
even trilobite motion as slow as v = 0.5 m/s reverts the signal
back to a density increment.

The response of the condensate medium involves out-
wards propagating matter waves that interfere with each
other and also represent condensate particles interfering with
themselves. Both features cannot be captured by a classi-
cal treatment; see Supplemental Material for movie [29].
While our experimental resolution was not yet high enough
to read out the information in interference effects, this
could be realized in the future. Properties of the BEC that
have been already exploited here were the absence of ther-
mal density fluctuations which helped the extraction of the
very weak signal created by the Rydberg impurities, and
the relatively large densities which triggered the molecular
conversion.

IV. QUANTITATIVE ANALYSIS OF THE BEC RESPONSE

Next, we test our phenomenological model through a quan-
titative comparison with experimental data taken after | S') and
| D) Rydberg excitation at different values for Nryq and fyor.
In all cases, we observe a local density reduction, which we
quantify further by evaluating the corresponding atom number
change AN in the excitation region [Figs. 3(a) and 3(b)].
It is evident that the impact of the Rydberg electron on the
BEC increases monotonically in Nryq and %o similarly for
|S) and | D). We also show that the data does not agree
with simulations in which the Rydberg electron state does
not change, supporting the conclusion that both states un-
dergo molecular state changes into similar trilobite states, akin
to internal molecular conversion. The quantitatively weaker
condensate response to | D) excitations is due to slower con-
version (Zonvd > konvs), Which we attribute to the nonradial
gradient of the | D )-state potential (see Appendix C). Note-
worthy, even the faint impact of just a single Rydberg atom
[Nrya = 1in Fig. 3(a)] is still detectable.

A comparison of exemplary experimental in situ images
for | S) and | D) excitations with simulations using Eq. (E1)
to model the phenomenological sequence proposed above is
shown in Figs. 3(c)-3(j). Both the width and amplitude of
the holelike feature appearing in Ap, is captured well. This
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implies that atoms have been strongly accelerated by in-
teraction with the Rydberg electron, ultimately leaving the
excitation region. We stress again, that this acceleration can-
not come from an electron remaining in the initially excited
atomic state, which then should show a local density in-
crease instead of a hole. Similarly, we can exclude butterfly
molecules as final state [cf. Fig. 1(f)]. We have already ruled
out several other conceivable causes for the qualitative mis-
match between the experiment and simulations retaining the
electronic initial state, such as three-body losses, non-mean-
field dynamics and short range physics of the interaction
potential in Ref. [25]. To conclude, our observations require
the deep potential associated with the extreme localization
of the Rydberg electron wave function in trilobite states,
which can sufficiently strongly accelerate condensate atoms
in the excitation region to create a “hole” feature. The trilobite
molecules must quickly become immobile to explain the data,
since motion as slow as v = 0.5 m/s turns the hole feature in
simulations into a density increase, see Appendix B.

We provide a candidate mechanism for trilobite slowdown
in Appendix F: By re-attachment of the Rydberg electron
onto new condensate atoms, after the first attached condensate
atom has been propelled out of the orbital volume, the ion
interacts with a large number of ambient condensate atoms,
itself being slowed down to a complete stop in less than half a
microsecond.

The data in Fig. 3 shows that the mechanism proposed
above results in near quantitative agreement with the exper-
iment. Many other conceivable scenarios are ruled out by our
simulations. That retention of the originally excited electronic
states is not possible is explicitly shown in the figure. Moving
Rydberg atoms in S,D or other adjacent low-1 states yield sim-
ilar qualitative disagreement. Earlier experiments in Ref. [2]
rule out transitions to lower principal quantum numbers than
n—4.

We justify our use of trilobite wave functions derived for
a single atom interacting with the Rydberg electron by the
observation of Ref. [16] that trilobite orbitals in a high-density
medium typically are of similar character as single atom ones.
However, it is likely that many-body effects quantitatively
modify the mechanism. For example, the trilobite electron
could be localized on multiple condensate atoms; see, e.g.,
Ref. [27]. As a first check of such possibilities, we obtain
similar simulation results from the trilobites shown here as
from a coherent superposition of two trilobites, with attached
condensate atoms an angle 6 = 7 /6 apart.

While the atom number change AN of the order of thou-
sands is quantitatively explained by our self consistent model
following | D) excitation, the agreement is less good follow-
ing |S) excitation. It is somewhat improved by assuming
immediate conversion to the trilobite. Possible trilobite cre-
ation via § excitation in dense gases has been proposed in
Ref. [16], through admixture of S character into trilobites by
atom clusters in dense media. Extrapolating calculations of
Ref. [16] (that neglect the p-wave shape resonance), this effect
should occur for n = 133 only at higher densities p = 1.13 x
102'm~—3. However, since the shape resonance increases the
mixing of states, considering clusters formed near R & R,
could conceivably lower the required densities. Exploring
this poses a formidable challenge for theory, since the dense

condensate atoms in 3D at n = 133 necessitate diagonalizing
Eq. (C3) in the complete Hilbert space, with M = 17 689 bare
atomic states in the » = 133 manifold alone.

Another aspect in which the experiment severely chal-
lenges theory, is the quantum dynamics of thousands of
condensate atoms all jointly coupled to the same Rydberg
electron and thus entering correlated many-body states. While
we were still able to describe observations using existing tech-
niques, the model was not based on first principles and is not
likely to remain successful for refined experiments with more
detailed observation: Even if advanced bases [27] ultimately
yield complete 3D many-body potentials, each avoided cross-
ing passed in Fig. 2(a), will split the Rydberg electron wave
function onto multiple surfaces, subsequently entangling
with the BEC, necessitating advanced multi-orbital methods
[30-33]. These superpositions then decohere [34,35], which
in turn can affect transitions at subsequent crossings. The
details will affect final observations, for example, through
orientation of trilobite molecules.

Considering the above, the level of agreement between
simulation and experiment is encouraging. Seeking even more
complete agreement in the future will allow the ultracold
medium tracking platform to provide constraints on future
theories designed to tackle those challenges.

V. OUTLOOK AND CONCLUSIONS

We report imaging the imprint of a molecular state conver-
sion on the quantum dynamics of an ambient Bose-Einstein
condensate, in sifu, with phase contrast imaging. By compar-
ison with simulations for alternative scenarios of molecular
dynamics, we show that the data constrains timescales, ve-
locities and final quantum states involved in the conversion
process, demonstrating the utility of the BEC as an interroga-
tion medium, similar in functionality to high-energy physics
detectors or reaction microscopes. We had shown in Ref. [8]
that coherence also has the potential to allow the BEC to
record nonzero velocity. Here it was used already to infer an
unexpectedly vanishing velocity. Our conclusions heavily rely
on extensive and detailed simulations, in much the same way
that the interpretation of collision data in high-energy physics
requires accurate Monte Carlo event generators [36], which
allow the prediction of observations based on known physics
and from that the isolation of signals for new physics. Here,
in much the same spirit the ultracold “interrogation device”
has already guided us to propose a new mechanism for the
slowdown and preservation of trilobite molecules in a BEC.

With further improvements in the spatiotemporal reso-
Iution of density measurements, the platform may allow
direct access to ultracold quantum chemical reactions of ex-
otic Rydberg molecules and their interplay with a quantum
degenerate solvent, transient aspects of polaron formation
[5,14,15], many-body trilobite molecules [16], phonon-
mediated Yukawa interactions [22], or Rydberg composites
[37]. To unleash the full potential of the condensate interro-
gation medium for few body quantum dynamics prototyped
here then will require also the further development of theory
techniques that can handle the simultaneous interaction of
many ground-state atoms with one Rydberg electron and their
entanglement with the latter.
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APPENDIX A: RYDBERG EXCITATION IN THE BEC

The two-photon excitation exploits the intermediate 6P;,
level, using lasers at about 420 and 1011 nm. The interme-
diate state detuning is set to +160 MHz (4320 MHz) for
the 133S;,> (130Ds,;) data. Typical BEC atom numbers are
N = 1.2 x 10° for S-state data and N = 0.7 x 10° for D-state
data, resulting in peak densities py = 4.9 x 10> um~* and
4.0 x 10?> um~3, respectively. The 1011 nm beam propagates
along the z — direction and is focused into the BEC center.
The 420 nm beam illuminates the BEC homogeneously and
propagates along the y direction (quantization axis set by the
trap magnetic field) for addressing the S state, while for the D
state the beam is counter-propagating to the 1011 nm beam.
The laser polarization of the 420 nm and 1011 nm beam is set
to o™ — o~ for the S state and to 7 — m for the D-state
data, which allows for coupling selectively to the m; = 1/2
Rydberg state in both cases. The tight 1011 nm beam waist of
wo = 1.8(3) um enables localization control of the implanted
Rydberg atom. The interaction of the Rydberg electron with
the condensate atoms inside the electron orbit during the laser
excitation causes density-dependent line shifts and broaden-
ing. To compensate for that, we detune the 1011nm laser
by —50 MHz for 133S;,, and —30 MHz for 130Ds,, from
the bare Rydberg state resonance, which approximately ac-
counts for measured mean density shifts. The strong Rydberg
blockade and low excitation rate ensure that only a single
condensate atom is excited to a Rydberg state for each pulse

[3].

APPENDIX B: IN SITU IMAGING AND DATA PROCESSING

For phase contrast imaging, we illuminate the BEC with
a 780 nm imaging beam propagating along the z-direction
and detuned by +500 MHz from the |5P;,;, F =3, mp = 2)
state. For this detuning and our typical densities, the BEC in-
duced phase shift on the imaging light is in the linear response
regime [13], which allows us to directly infer the integrated
column density p. and from that A p.. Small shot-to-shot posi-
tion and atom number fluctuations of the BEC make it difficult
to use a single reference image for this procedure. Instead, we
construct an optimal background reference for each image of
p. taken with Rydberg excitations present. This reference is
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FIG. 4. Averaged density depression following repeated | S ) Ry-
dberg excitations in a BEC. (a), (c), (e), (g) The relative column
density in the experiment for Nryq repeated excitations as indicated,
at foyo] = 200 us, and (b), (d), (f), (h) row-wise matching simulation
results for the same, assuming conversion to the trilobite molecule
from the initial | §') state after 0.7 us.

obtained from a large pool of recorded background density
distributions (typically 200 images) following the procedure
described in Ref. [38]. When constructing the reference, we
exclude a region of 10 x 10 um around the Rydberg excitation
region. Experimental data shown are typically averaged over
70-200 runs and 280 runs in Fig. 1.

Further snapshots of condensate density evolution beyond
Fig. 3 can be found in Figs. 4-7 and exhibit a similar level
of agreement with simulations. They all show the general
trend that the relative density depression increases in size and
amplitude with more repeated Rydberg excitations Myq, or
longer final free evolution time #yait = fvol — Nrydfpulse, With
fouise = 4.8 us the total duration of the sequence for a single
Rydberg excitation. Some of the experimental samples cor-
respond to a near vanishing wait time, and demonstrate that
also directly after the excitation the signal corresponds to a
holelike feature, which simply slightly widens during the final
wait period.

Finally we show a comparison of experiment and simu-
lation in Fig. 8 that rules out moving trilobites: We can see
that already motion as slow as v = 0.5 m/s (instead of the 3.5
m/s expected after S state to trilobite conversion) causes the
BEC response to change from the density depression (black
line) to a density increase in the center (red line), which is in
qualitative disagreement with experiments. The reason is that
a mobile trilobite affects the condensate wave function over
a larger region than an immobile one but much more weakly,
such that condensate atoms are not sufficiently accelerated to
leave the imaging region.
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FIG. 5. Averaged density depression following repeated | S ) Ry-
dberg excitations in a BEC. The same as Fig. 4, but at fixed Ngyq =
10 for different wait times.

APPENDIX C: RYDBERG-CONDENSATE POTENTIALS

Electron-atom interactions are described by pseudopoten-
tials [9,23]:

2
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FIG. 6. Averaged density depression following repeated | D ) Ry-
dberg excitations in a BEC. (a), (c), (e) The relative column density
in the experiment for Nryq repeated excitations as indicated, at foyo] =
200 ps, and (b), (d), (f) row-wise matching simulation results for the
same, assuming conversion to the trilobite molecule from the initial
| D) state after 2 us.
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FIG. 7. Averaged density depression following repeated | D ) Ry-
dberg excitations in a BEC. The same as Fig. 6, but at fixed Ngyq =
10 for different wait times.

where ag ,[k] are triplet s- or p-wave scattering lengths [24]
for electron-*’Rb collisions. The electron momentum fik is
taken from /%k(R,)?/(2m,) = E\» + €2/(4m€o|R,|), where
E,+ = —Rgyq/n** is the electron energy for effective principal

50
(© (d)
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FIG. 8. Expected signature of moving trilobite molecules. Aver-
aged density depression, after excitation of | §) states for Mryq = 4
and %y = 200 ps. (a) Relative column density change Ap. from
simulation with trilobites inserted at t = 0 with random orientation
and moving with v = 0.5 m/s in the direction of their internuclear
axis, does not agree with the experiment in panel (b). (c) Horizontal
(x =0) and (d) vertical (y = 0) cuts through the measured (black)
and simulated (red) column density changes Ap,.
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FIG. 9. Approximate potential for Rydberg D state interacting with condensate. (a) Vr;‘fi)(R) in the x—y plane, where the quantization axis
is along y. (b) Zoom of the same near the avoided crossing, indicated by the green circle in panels (a), (b). Here we apply Gaussian smoothing
with kernel width o = 0.05 um to focus on the net trend of the potential. (c) Gradient of the smoothed potential near the avoided crossing

shown as arrows, to capture the net trend of V\/r;,‘fl) (R).

quantum number n* [39,40], m, is the electron mass and
Rryq the Rydberg constant. Scattering phases are taken from
Ref. [41].

We then add the ion-atom potential [42,43] and V=
>, V(R,, ) from Eq. (C1) to the unperturbed ¥’Rb atomic
Hamiltonian, and diagonalize the resultant H.(R) for each
collective coordinate R =[Ry,---,Ry]’ of condensate
atoms:

Hi(R)| ¢(R)) = Voa(R)| 9(R)), (C2)

in the set of atomic states with n = 127-135 and all angu-
lar momenta, to find a large number of Born-Oppenheimer
surfaces Viyqa(R). A single attached atom can reside on the
quantization axis, such that only states containing m, = 0, 1
are required. Since we only excite m; = 1/2, and m; re-
mains a good quantum number when neglecting condensate
spin flips, we further restrict these to m; = 1/2. This is
not possible for multiple condensate atoms in 3D, render-
ing this scenario too challenging to calculate potentials for
n = 133. For simulations we thus take either (i) the single
atom surface connecting to |S) at large |R|, (ii) the ap-
proximate single atom surface connecting to |D) at large
|R| discussed below, (iii) the surface corresponding to dimer

trilobite molecules Vy4(R) = 2j’n—ﬁzas[k(|R|)]|1pTrﬂ(R)|2, with
wave function Yy given by the analytical formula from
Ref. [27]:

!0 (1= o (1) =10 (t_ )t} o (1.
wTri] — uno( o ziTAUtO( u 0( +) . (C3)
Here At =t —1t_, with ty =R+r=x

VR2 + 72 —2Rrcos(y)), r = |r|, R = |R|, and y the angle
between the ground-state atom at R and Rydberg electron
at r. u,o(r) is the radial Hydrogen electron wave function in
state n, £ = 0. In a later section, we provide justifications
for this approach by considering multiple condensate atoms
on the z axis. While Eq. (C3) is derived based on just a
single perturbing atom, it has been numerically shown in

Ref. [16] that also in denser environment the typical electron
distribution strongly resembles (C3), albeit now localized on
dominant clusters of atoms.

For (ii) we construct an approximation, since
the computational requirement to attach  atoms
only on the z axis prevents direct calculations of
the anisotropic  potential following excitation of
[130D,J =5/2,m; = 1/2). Note that the state contains two
different orbital angular momenta, |J =5/2,m; =1/2) =

JHm=00m =1/2) + [2im = 1.m, = —172).

But the electron density governing the interaction with
the BEC differs in |130D,m; =0,m;=1/2) and
| 130D, m; = 1, my = —1/2), decohering the superposition
above, as discussed in Refs. [34,35]. We assume complete
decoherence and average these two potentials, taking
into account their different spin dependence. For this,

we first find Vr%’(?’:l/z)](z) for one atom on the z axis
asymptotic to |130D,m; = +1/2) from Eq. (C2), using
the triplet scattering length. Since the m; = 1 component
vanishes on the z axis, we extract the m; = 0 contribution

=172 . .
through Vr;ﬁ? = %Vr%(?’ /1 We then use this in 3D via

VA (R) = VIQR)IYS" (0, 9)*/1¥9(0, 0)[2, which assumes
the radial potential to not differ between m; = 0, 1 and the
angular dependence to follow that of the | 130D, m; = m)
electronic state. We also require the singlet contribution

V(dl)(R)%mV(dl)(R), using the zero-energy singlet

ryd,S as(0) "ryd, T
scattering length a¥(0) = 0.63a.

We  finally  assemble  VIQ(R)= 2V EQ(R) +
%(VI;‘;}S)(R)—FK%}T)(R)), the sum in brackets taking into

account that scattering between the m; = —1/2 Rydberg
electron and my =2 condensate atom will contain equal
singlet and triplet parts. The resultant potential is shown in
Fig. 9, including a zoom onto R, 4 to highlight the nonradial
gradient.
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FIG. 10. Multiple condensate atoms interacting with the Ryd-
berg electron. (a) Potential with N, = 86 additional atoms on the
z axis (blue and violet lines, with blue following the asymptotic
| 1335) state), compared to a single atom potential (red dashed lines),
1/3 of the potential for a moving cluster of three atoms (black
lines), and in the inset the corresponding average of three single
atom potentials (green dotted line). The inset shows the outer orbital
region representing the by far largest volume fraction, where many-
and single-body potentials nearly agree, and even moving clusters
do not cause qualitative deviations. The main panel shows the inner
volume near the shape resonance. Deviations between many-body
potential (blue) and single-body potential (red dashed) are visible
and could strongly alter Landau-Zener crossing rates. Deviations are
even stronger for the moving cluster (black), which leads to an earlier
onset of the butterfly crossing, but a shallower slope. (b) Fractional s
character f,(Z,, Z,) for two atoms on the z axis. Between the magenta
lines, the s content of the initially excited state drops from 0.99 to
0.03. Again potentials are additive, unless both atoms approach R,
together.

APPENDIX D: MANY-BODY RYDBERG POTENTIALS

To justify our dominant use of potentials calculated for
just a single atom interacting with the Rydberg electron, we
now extend calculations to multiple interacting atoms. These
are constrained to reside on the quantization axis (z axis),
since otherwise calculations would not be tractable. We dis-
tribute N, = 86 ground-state atoms randomly on the z axis in
configuration Ry = [Ry, - - - Rss]”, which provides a similar
mean nearest neighbor distance in 1D as would be the case
for Ny, &~ 10* in 3D. We then scan one additional atom at
R; regularly along z to map out the potential V,yq([Ro, R,]").
This yields the surface asymptotic to the | S') state shown in
Fig. 10(a). In that figure, we also compare this with a potential
Vaad(Ry) = Viya(Ry) + Viya(Ry), where the energy offset of the
earlier Ny atoms is just added to a single atom potential for the
scanned atom. We find that both mostly agree, hence assuming
additive potentials for all condensate atoms while the Rydberg
electron is in low-1 states, as implicitly done in Eq. (E1), is a
good approximation for the overwhelming fraction of the 3D
orbital volume. Deviations are only visible between many and
single atom potentials near the avoided crossing R = R, 5, and
become extreme when moving a cluster of three atoms. This
will affect the width of avoided crossings between molecu-
lar states, thus many-body effects can strongly modify the
Landau-Zener conversion rates calculated in Ref. [2]. Since
these are thus not accurately known, we assume 100% con-
version to the trilobite for simplicity. We also scan the overall
S-state character f,(Z;,Z>) = |(1335|¢(R))|?, for two in-
dependent atoms located at Z = Z; and Z = Z,, shown in

Fig. 10(b). The molecular state corresponds to >99.5% to the
single atom S state, unless either atom enters Z < 0.064 um.
Only for both atoms near R, the additive picture fails. Gen-
eralizing to the 3N, dimensional molecular energy surface
for Ny, atoms, we thus assume that when any of those enter
the sphere with radius R,. around the ion, it can trigger an
adiabatic molecular transition into the trilobite, justifying our
phenomenological model. The classical time to fall down the
potential drop to the trilobite is less than 50 ns once started,
hence we neglect the transient butterfly state.

For high-1 states or trilobite molecules potentials are not
additive, however we can justify the use of two-body trilo-
bites in our phenomenological model by the observation in
Ref. [16], that most many-body trilobites in a dense medium
approximate two-body ones centered on clusters, see also
Appendix F.

APPENDIX E: CONDENSATE EVOLUTION AND
PROCESSING

We insert the chosen Vyq4 as in (i-iii) above into the GPE
. p 2
iidg = (~LV2+W +Uplgl +Voa)d,  (ED)

with 3D harmonic trap W = m(w}x* + 0;y* + w?z?)/2. The
strength of interactions is Uy = 4nh2ah /m, with a, = 109ag
the s-wave scattering length of ’Rb atoms and m their mass.
We increase wy, — (27)32 Hz for tractability, keeping peak
densities as in experiment. Prior to the excitation sequence,
the ground state is found in imaginary time. For comparison
with experiment, simulation data is post-processed assuming
a finite imaging resolution of 1 um [25]. We average all
simulations over 200 realizations of random Rydberg posi-
tions, which was only possible with 128* grid points. This
will slightly undersample the most strongly accelerated atoms,
possibly explaining discrepancies outside the white dashed
box in Fig. 2.

From An, defined in the main text, the probability P, that
at least one atom (out of N total) has crossed the green line in
Fig. 2 from outside to inside is Pc(r) = [1 — (1 — %)N]
For the classical simulations in the Supplemental Material for
movie [29], we solved Newton’s equations for a large number
of noninteracting background gas atoms initially randomly
located within a cubical volume, and then subject to the same
excitation sequence of Rydberg atoms and trilobites used for
the GPE simulation shown in the movie. To calculate the
classical forces, we use the numerical gradients of the rele-
vant energy surface derived from Eq. (C2), and the analytical
gradient of Eq. (C3), taken from Ref. [27].

APPENDIX F: ELECTRON STRIP-OFF AND SLOWDOWN
OF TRILOBITE MOLECULES

The conversion from the initial electronic Rydberg state
| 1335) to the | 129Hyd ) trilobite molecule liberates AE /h =~
2.7 GHz of potential energy into kinetic energy of ion and
attached condensate atom. The v, = 7 m/s relative velocity
should cause the condensate atom to leave the Rydberg orbit
after fx = 0.27 us, whereupon one could expect the elec-
tronic state to turn into a set of hydrogenic states.
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FIG. 11. Electron strip-off from moving attached atoms. (a) Ry-
dberg potentials from Eq. (C2), zooming near R =~ ryy, (vertical red
dotted line) at the energy range in which the trilobite molecular
potential connects to the hydrogenic manifold | 129Hyd ), in the
presence (black) and absence (blue) of three extra perturbers fixed
atz = 1.2, 1.429, 1.68 um, marked by green dotted vertical lines in
panel (a), and green dots in panels (b)—(d). The position of a fourth
perturber is scanned along R. The zero of energy is that of | 1335').
Green numbers are Landau Zener crossing probabilities as discussed
in the text. (b)—(d) Electron density in the x-z plane, for the states
marked in panel (a), with fourth atom at R = 2 um as shown by the
blue dot.

However this will not be the case in the BEC, as one
sees from many-body potentials in the region where the trilo-
bite potential would connect to the hydrogenic manifold, see
Fig. 11. Without the BEC, the attached atom in the trilobite
potential climbs a roughly linear potential gradient VV =
90 MHz/um following the blue potential line, until reaching
the hydrogenic manifold. However, when adding three rep-
resentative static BEC atoms on the z axis, each opens up a
series of avoided crossings with the trilobite potential. For the
relative velocity of 3.5 m/s with which the accelerated per-
turber passes those initially at rest, most should be diabatically

traversed as indicated by the estimates of Landau Zener cross-
ing probabilities shown in green. The crucial exception is the
last crossing, near the condensate atom situated most closely
to the orbital exit. Here the electron is likely to “strip off”” from
the fast moving atom onto that last static atom, causing the
loss of half the initial kinetic energy from the relative motion
once the original perturber leaves the molecule. At the ex-
perimental density, the replacement atom is always available.
At this time, the ion is still moving. In the simplest picture,
repeated relocations of the electron onto a new atom in the
orbit cause the ion to continuously feel a constant force given
by VV above. However, in our dense medium, about five
atoms are located within the region of strong trilobite poten-
tial, and scanning a cluster of five atoms steepens the gradient
to VV ~ 600 MHz/ um. With this force, a crude classical
simulation of ion motion shows complete stopping within
I yum and 1 us. While this slowdown is not yet fast enough
to explain observations, it provides a compelling candidate
mechanism, quantitative details of which require a more com-
plete 3D picture. The ion could be additionally decelerated
by elastic collisions with the surrounding ground-state atoms
[44-47].

Besides slowing down the ion, repeated electron relocation
preserves the electronic state in a Trilobite for much longer
than it would exist in vacuum (only Zy;), which might be a
possible explanation for the unexpected threshold behavior of
I-changing collision times inferred in Ref. [2].

While presently intractable, a more complete calculation
should include all perturbers in the orbital volume. This
likely provides additional electronic final states, including
superpositions of trilobite orbitals [27]. However since we
find numerically that the volume covered by the Rydberg
electron in Fig. 11(b) almost certainly contains dense clus-
ters of a few condensate atoms, it appears likely based on
Ref. [16] that the electron will relocate to one of these
clusters.
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