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Diffusive-like redistribution in state-changing
collisions between Rydberg atoms and ground
state atoms

Philipp Geppert® !, Max Althén', Daniel Fichtner' & Herwig Ott@® ™

Exploring the dynamics of inelastic and reactive collisions on the quantum level is a funda-
mental goal in quantum chemistry. Such collisions are of particular importance in connection
with Rydberg atoms in dense environments since they may considerably influence both the
lifetime and the quantum state of the scattered Rydberg atoms. Here, we report on the study
of state-changing collisions between Rydberg atoms and ground state atoms. We employ
high-resolution momentum spectroscopy to identify the final states. In contrast to previous
studies, we find that the outcome of such collisions is not limited to a single hydrogenic
manifold. We observe a redistribution of population over a wide range of final states. We also
find that even the decay to states with the same angular momentum quantum number as the
initial state, but different principal quantum number is possible. We model the underlying
physical process in the framework of a short-lived Rydberg quasi-molecular complex, where a
charge exchange process gives rise to an oscillating electric field that causes transitions
within the Rydberg manifold. The distribution of final states shows a diffusive-like behavior.
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he understanding of collisions between Rydberg atoms and

ground state atoms has a long history and dates back to

seminal work done by Fermil. Today, such processes are
important for low-temperature plasma physics?, astrophysical
plasmas3, and ultracold atom experiments, which have found in
Rydberg physics a perfect match to explore ultracold chemistry
and many-body physics: On the one hand, the high control over
the internal and external degrees of freedom in an ultracold
atomic gas enables the study of new phenomena in the field of
Rydberg physics, such as Rydberg molecules*, Rydberg blockade®,
Rydberg antiblockade®’, and coherent many-body dynamics®.
On the other hand, the same control can now be used to study
established processes in a detailed fashion, thus unraveling the
underlying microscopic physical mechanisms. This way, the state-
resolved study of inelastic collisions and molecular decay pro-
cesses involving Rydberg atoms has become possible.

Collisions between a Rydberg atom and a ground state atom
can have several possible outcomes. Here, we are interested in
such collisions of both partners, where the Rydberg atom
undergoes a transition to a lower-lying state, while the excess
energy is converted into kinetic energy of the atoms. Such colli-
sions have been studied in detail by Schlagmiiller et al.®. They are
important for the understanding of recombination processes in
plasmas, for the quantitative understanding of inelastic processes
in Rydberg gases!? and the decay dynamics of ultralong-range
Rydberg molecules (ULRMs).

The microscopic details of such a collision involve the physics
of ULRMs*, where s- and p-wave scattering between the Rydberg
electron and the ground state atom determine the potential
energy landscape at large internuclear distances. At short inter-
nuclear distances, however, the covalent molecular binding
mechanisms take over and dominate the molecular dynamics.
The total scattering process therefore probes the potential energy
landscape at all internuclear distances. Thus, the understanding of
such a process needs the modeling of both the ultralong-range
potential energy landscape as well as that at short internuclear
distances.

An experimental in-depth study requires the state-selective
detection of the reaction products. Only then, it is possible to
access branching ratios and selection rules and one can compare the
experimental outcome to effective theoretical models. Magneto-
optical trap recoil ion momentum spectroscopy (MOTRIMS)!1-22
is such a technique, which has been used to perform momentum
spectroscopy of atomic and molecular processes with high resolu-
tion. Inspired by the MOTRIMS technique, we have developed a
high-resolution momentum microscope, which enables the study of
inelastic processes involving Rydberg atoms.

Here, we use this technique to investigate inelastic collisions
between Rydberg atoms and ground state atoms. In order to
increase the collision rate, we excite vibrational states of ULRMs
with principal quantum numbers between n =20 and n =27 as
initial state and observe the subsequent dynamics.

Results

Ultralong-range Rydberg molecules. The interaction of a ground
state atom and a Rydberg atom at large internuclear distances is
mediated by low-energy scattering between the Rydberg electron
and the ground state atom, also denoted as perturber atom. For
rubidium, the potential energy at separations larger than the
extent of the electronic wave function is given by the energy levels
of an isolated Rydberg atom, E,; o« —1/(n — 8,)?, where n is the
principal quantum number. The quantum defect §; causes a sig-
nificant splitting of the potential energies only for angular
momentum quantum numbers /<2. One therefore has to dis-
tinguish between energetically isolated low-I (S, P, D) states with
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Fig. 1 Adiabatic potential energy curves (PECs) of rubidium ULRM:s in the
vicinity of the 25P-state. The annotations to the right denote the terms of
the asymptotic free Rydberg states. Starting point of our studies is the
preparation of rubidium ultralong-range Rydberg molecules (ULRMs),
which are bound vibrational states supported by the outermost potential
wells at internuclear distances of up to 1000 ag. The inset shows a zoom
into the ultralong-range part of the potential energy landscape with a
selection of vibrational wavefunctions (gray curves). Here, we specifically
excite vibrational states near the atomic resonance as highlighted in red in
the particular case of a 25P-ULRM. As time evolves, the ground state atom
tunnels toward the ionic core (green arrows), following the R—4-interaction
dominated PECs (blue shaded area) up to the region, where short-range
molecular couplings are dominant. The red arrows indicate possible
outcomes of a state-changing collision, where the release energy is
translated into kinetic energy. Details of the calculation of such PECs are
provided in the “Methods" section.

significant quantum defects and high-I hydrogenic manifolds. For
smaller internuclear distances, the scattering interaction between
the Rydberg electron and the ground state atom leads to oscil-
latory potentials, which support molecular states. The potential
energy landscape is shown in Fig. 1. We employ these so-called
ULRMs with bond lengths of =900 a4 as starting point for our
measurements and restrict ourselves to the regime of low prin-
cipal quantum numbers owing to the n~6 scaling of the outer
wells’ depths23. As initial state, we chose molecular states near the
atomic Rydberg P-resonance (see inset of Fig. 1), which are
excited using a three-photon transition. For a brief introduction
to ULRMs, see Methods.

State-changing collisions. The excited molecular states are only
weakly bound and the wave function extends over several wells
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up to the inner part of the potential landscape. As a consequence,
there is a finite probability for the ground state atom to tunnel
toward the ionic core of the Rydberg atom. This way, we mimic
an inelastic collision between a free ground state atom and a
Rydberg atom, up to a vanishingly small mismatch in energy,
which stems from the binding energy of the Rydberg molecule. In
other words, the outcome of the collision remains unaffected by
the presence of ULRMs. However, unlike initially free atoms, they
are capable of mediating collisions with well-defined starting
conditions, which makes them an ideal test bed to systematically
study the dynamics of inelastic collisions in both a controlled and
precise way.

The molecular dynamic is initially dominated by the low-
energy scattering between the electron and the ground state atom
Vo(Ir —R|) (second term in Eq. (8)) and the ion-neutral
polarization potential V4(R) R~* (Eq. 9). In case of alkali
atoms, V,(|r — R|) shows a prominent attractive feature, the so-
called butterfly potential24-26, see Fig. 1. For our initial states,
there is a finite probability of adiabatically following the butterfly
potential energy curve (PEC), which accelerates the ground state
atom toward the ionic core. At shorter internuclear distances, V
¢(R) takes over and further accelerates the collision process (blue
shaded area in Fig. 1). Up to this point, the dynamics can be
considered as understood. For even shorter internuclear dis-
tances, the ionic core directly interacts with the ground state atom
and the Rydberg electron becomes a spectator. As we will detail
later on, it is this short-range physics, which is mainly responsible
for two distinct processes. The first one is associative ionization,
which reads for the case of rubidium

Rb* + Rb — Rb) + e~ + AE,, 1)

where AE, is the release energy due to the chemical bond of the
molecular ion. The second one is a state-changing collision,

resulting in an exoergic reaction
Rb*(n;, ;) + Rb — Rb*(n; <n;,l) + Rb + AE, )

where the indices i and f denote the initial or final state,
respectively. AE is the released energy, which is transformed into
kinetic energy of the ground state atom and the Rydberg atom.

In the present work, we address this second type of collisions
by directly measuring the momenta of the Rydberg atoms using
high-resolution state-resolved momentum spectroscopy. This
method enables a clear identification of the final states (sketched
as red arrows in Fig. 1) and makes it possible to investigate the
distribution of population after the collision.

Recoil-ion momentum spectroscopy. To measure the momen-
tum distributions of Rydberg atoms with high resolution, we have
adapted the MOTRIMS technique!!-22, included an optical
dipole trap, and implemented a so-called reaction microscope.
The image at the top of Fig. 2 shows a three-quarter section CAD
drawing of the essential parts of our experimental apparatus.

Each experimental sequence starts with the trapping of
precooled 8/Rb atoms in a three-dimensional magneto-optical
trap (3D MOT). The atoms are then transferred to a crossed
optical dipole trap with a wavelength of 1064 nm (illustrated as
red beams in Fig. 2) and trapping frequencies of wy=2mx
2.8 kHz, w, = 2n x 1.4 kHz, and w, =2m x 3.1 kHz. After a short
evaporation, the sample consists of more than 3 x 104 atoms,
prepared in the |5S, ,, F = 1) ground state, with a temperature of
=100 uK and a peak density of 1.9 x 10!3 atoms/cm?.

Rydberg states nP;;, with principal quantum numbers n
between 20 and 27 are addressed via an off-resonant three-
photon transition employing the 5P;;, and 5Ds/, states as
intermediate states. The radiation at 780 nm (first step), 776 nm

In, l; = 1) ® [5S)

Ing < ni,ly) ©158)

Fig. 2 Recoil-ion momentum spectrometer and experimental sequence. a CAD drawing of the experimental setup in three-quarter section view. Laser-
cooled 87Rb atoms are trapped in a crossed optical dipole trap (red beams) and excited by a three-photon transition (depicted as blue beam) to a Rydberg
state. By using a high-power CO, laser pulse (green beam), the Rydberg atoms are photoionized efficiently. The ions then follow two subsequent
homogeneous electric fields and traverse a field-free drift tube before hitting the position- and time-sensitive detector. This method allows the
measurement of momentum distributions of initially neutral particles with high resolution. The lower panel shows a sketch illustrating the state-changing
collision process and the experimental procedure to measure the resulting momenta. b The experiment starts with the photoassociation of an ULRM,
where the initial state of the Rydberg electron (blue) is |ni7 I = 1). Subsequently, the Rydberg core (red) and the neutral atom (green) approach each other.
¢ During the inelastic collision, the Rydberg electron changes its state (final principal quantum number n; is less than or equal to n;). The final angular
momentum quantum number s may be any value between O and (n; — 1). The release energy is apportioned equally between the Rydberg atom and the
perturber atom, which fly into opposite directions due to the momentum conservation. d The Rydberg atom is photoionized by a CO5 laser pulse. e Electric
fields guide the ionic core toward the detector without changing the transverse momentum. From the point of impact the momentum of the Rydberg atom
can be inferred.
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(second step), and 1280-1310 nm (third step) is provided by
frequency-stabilized diode laser systems. While two excitation
lasers are applied from the same direction, the third one is
counterpropagating (depicted as blue beam in Fig. 2). The
corresponding detunings amount to dsp = —60 MHz and Js5p =
-+45MHz, respectively. As the photon energy of the dipole
trap beams is sufficient to photoionize atoms in the 5Ds),
state (photoionization cross section 217 Mb ~ 0.6 a(z)), the dipole
trap is switched off prior to the 1us long excitation pulse.
Subsequently, the atoms are recaptured, such that we can perform
up to 100 experiments per sample without loosing too much
(525%) density.

At the bottom of Fig. 2, we illustrate the microscopic physical
processes. Starting with the photoassociation of ULRMs, we wait
for a total of 2 us during which the inelastic collisions take place
and the Rydberg atom changes its state (Fig. 2a, b). Since the final
states are energetically lower than the initial state, the release
energy is translated into kinetic energy, which is shared by the
Rydberg atom and the ground state atom. Due to momentum
conservation, both constituents move into opposite directions.
Subsequently, the Rydberg atoms are photoionized by a short
pulse from a high-power CO, laser (Fig. 2c). With a
photoionization cross section of tens of megabarns?’>28 the
ionization process is very efficient. The recoil momentum caused
by the photoionization is two orders of magnitude smaller than
the typical momenta of the investigated processes, such that the
created ion has, in good approximation, the same momentum as
the Rydberg atom. The ion then follows two sections of
homogeneous electric fields and traverses a drift tube with zero
electric field before hitting a position and time-sensitive
microchannel plate delay-line detector (Fig. 2d). This configura-
tion is referred to as Wiley-McLaren spectrometer?® that, in
particular, provides space and time focusing of the ions, i.e., ions
with the same momentum hit the detector at the same position
and the same time, independent of their initial position in the
trap. As a result, we are able to measure momentum distributions
of initially neutral atoms with resolutions better than 0.1 7/ag
depending on the chosen electric fields.

Momentum spectroscopy of state-changing collisions. The
outcome of our experiments is two-dimensional momentum
distributions as shown in Fig. 3 for the 25P-state. A larger part of
the jons accumulates at the center, where the transverse
momentum is close to zero. These ions stem from photoionized
ULRMs which have not undergone a state-changing collision or
from facilitated off-resonantly excited Rydberg atoms®. Around
the center, two concentric circular structures are visible. The
circular shape arises from a projection of a three-dimensional
spherical shell in momentum space onto the surface of the
detector. The sharp boundaries of the circles thereby correspond
to momentum vectors perpendicular to the spectrometer axis. As
the initial state is well defined, the energy differences AE to each
of the lower-lying states and hence the momenta p of the Rb™
ions with the mass mp, can be calculated using

h\/2mp, AE 3)

P= agEym,

where % denotes the reduced Planck constant, a, the Bohr radius,
Ey the Hartree energy, and m, the electron rest mass. This allows
us to identify the different shells in the momentum spectra.

We have verified that resonant or even blue-detuned excita-
tions of Rydberg atoms give rise to similar product-state
distributions. In this case, however, the fraction of atoms which
undergo a state-changing collision is substantially smaller as the
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Fig. 3 Detector image resulting from the decay of 25P-ULRMs. The center
of the plot consists of ions with vanishing transverse momentum, stemming
mainly from photoionized ULRMs that have not undergone a state-
changing collision. The two concentric circles at momenta 2.5 and 5.0 #/aq
are due to the decay into the 22Hy and 21Hy hydrogenic manifolds. The
feature in the lower right quadrant is due to technical issues of the
detection unit. Sum of 107 experimental runs, normalized to the maximum
number of ion counts.
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Fig. 4 Full detector image for state-changing collisions of 20P-ULRMs.
Final states with principal quantum numbers down to n =12 are clearly
visible. In addition, the decay to the 18D- and 19P-state can be observed,
indicating the presence of low-/ final states. The color code is the same as in
Fig. 3. Deviations from the circular shape are due to design-related
imperfections, causing a repulsion of the ions along the two diagonals. The
artifacts in the corners of the detector plane are due to technical issues of
the detection unit.

excited Rydberg atom has to find a collisional partner during the
short evolution time until the ionization pulse is applied.

Considering a full detector image, as shown in Fig. 4 for the
case of 20P-ULRMSs, a large range of final states becomes
apparent. Here, we cannot only observe the decay into manifolds
as low as n=12; also states lying in between the manifolds are
clearly visible. The deviations from the circular structure are
artefacts caused by unshielded rods which hold the electrodes of
the spectrometer and are set on a higher electric potential. As a
consequence, the ions experience a Coulomb repulsion from four
directions and the resulting momentum distribution appears to
be pincushion-distorted. This especially applies to ions with large
radial momenta moving at large distances from the spectrometer
axis. Nevertheless, the final states can unambiguously be
identified and evaluated.
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Fig. 5 Angular integrated radial profile of the momentum distribution
shown in Fig. 3. The integration is performed over a circle segment, where
the spectrum shows the least distortion. The center peak is omitted due to
scaling purposes. Four peaks are visible. The two most pronounced peaks
correspond to manifolds 22Hy and 21Hy. In between, the 23D- and 24P-
states are visible. We do not see signatures of a decay to the 25S-state,
which should appear between 22Hy and 23D. For higher radii, only the
envelopes of the peaks are visible.

Analysis. We first concentrate our analysis on transitions from
the initial state to the two lower-lying manifolds and the low-I
states in between. For a quantitative analysis of the momentum
spectra we show the radial profile of the momentum distribution
in Fig. 5. Since the outcome of our experiments is two-
dimensional projections of initially three-dimensional spherical
shells, we make use of Abel transformations. To account for the
finite thickness of the shells, which corresponds to the momen-
tum uncertainty, we assume for the three-dimensional momen-
tum distribution a Gaussian distribution of width ¢ and
amplitude A, which is shifted isotropically by the radius R of the

respective shell
A (r—R)?
/'——'27_[0_2 exp (_ 202 ) ; (4)

where r2=x?+ y? + 7% The two-dimensional projection along
the z-axis is then given by the Abel transform of Eq. (4)

F(p,R,0) = /Oof(r,R, o)dz

f(r7 Rﬂ U) =

3 . 5)
:/ 2-f(r,R,0) - ——=dr,

, 2 — p2
in which p? =x2 + y2.

Due to the azimuthal integration, the final fit function is given
by p - F(p, R, 0). To account for the appearance of multiple peaks,
we fit a sum of peaks to the data. For the radial profile shown in
Fig. 5, for instance, we fitted a total of six peaks, of which four are
sharp and clearly identifiable. The remaining two peaks are rather
small and broad, which is mainly due to the continuously
increasing distortion for higher transverse momenta and, hence,
larger radii of the underlying momentum distribution. Thus, only
the envelope of several peaks rather than individual peaks
indicating the final states after the collision can be resolved. In
summary, we find good agreement with our experimental data.
From the fit, we extract the amplitudes, the momenta, and their
uncertainties, encoded in A, R, and o. Particularly, this allows us
to evaluate the relative amplitude for each final state.

In addition to the two manifolds visible in Fig. 3, we can
identify two more peaks stemming from the 23D and 24P final
states. A systematic analysis for the initial quantum numbers nP,
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Fig. 6 Momenta resulting from state-changing collisions in dependence
of the initial state. Depicted are the first four peaks, deduced from the fits
to the respective radial profile (Fig. 5). The theoretically expected momenta
are plotted as color-coded lines, where the thickness of the lines accounts
for the momentum width (see text). The error bars indicate the momentum
uncertainty as given by the fit parameter ¢ of the Abel transform.

Table 1 Relative population of the final states down to the

(n — 4)Hy manifold and fraction of molecular ions RbJ. All
values are normalized to the sum of the detected atomic and
molecular ions. The missing population is distributed over

lower-lying states.

nP (n—3)Hy (—2)D (—NP (n—4)Hy Rb}
27P  89.7% 15% 0.1% 0.01% 0.4% 3.6%
25P  921% 13% 0.1% 0.1% 0.4% 2.6%
22P  742% 4.0% 0.2% 0.3% 0.6% 82%
20P 69.2% 3.3% 0.3% 0.6% 1.5% 2.3%

with n € {20, 22, 25, 27} is shown in Fig. 6, where we plot the
momenta of the fitted peaks in dependence of n. The expected
momenta as calculated from the release energy are plotted as solid
lines, where the thickness accounts for the spectral width of each
final state including fine structure splitting and finite quantum
defects of F- and G-states, which we include in the respective
energetically close manifolds. In this procedure, we have
introduced one global scaling factor to match experiment and
theory, while the relative momenta remain conserved. The perfect
agreement visible in Fig. 6 allows us to use this scaling factor as a
calibration factor for all our momentum spectra.

In order to evaluate all detectable final states, we also include
the molecular ions, which are created at short internuclear
distances through associative ionization. Their signal is readily
distinguished via their longer time of flight. The respective signals
are then normalized to the total number of events
Niot = Ngp+ + Ngp+- The results of this first part of the analysis

are summarized in Table 1.

Inspecting Table 1, several trends are discernible. First, we note
that the majority of events appear in the center of the momentum
distribution. This is plausible as the signal in the center mainly
consists of ions from long-living, photoionized ULRMs or from
facilitated off-resonantly excited and photoionized Rydberg
atoms. We find that these processes appear to become less likely
for initial states with lower principal quantum numbers, in favor
of state-changing collisions. Here, we particularly observed a
pronounced decay to the (n —3) hydrogenic manifold, which
corroborates the experimental findings of Schlagmiiller et al.%.
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Beyond that, our results reveal that the set of possible final
states is not restricted to the first lower-lying hydrogenic
manifold, but extends to numerous lower-lying states as well.
Also the decay to isolated low angular momentum states,
including P-states, is possible, which means that the observed
collisions do not necessarily need to alter the angular quantum
number. We therefore call these processes state-changing
collisions rather than I-changing collisions as it is commonly
referred to in literature (e.g., refs. 30-32). Surprisingly, we could
not find any indication of a decay into a final state with [=0.
Evaluating our signal-to-noise ratio, such processes are at least
suppressed by a factor of 10.

The situation changes for the decay into hydrogenic manifolds,
which appear to be more likely than the decay into isolated low-I
states. This is plausible as each manifold comprises a high
amount of available final states. Moreover, the autoionization
resonance width of Rydberg atoms becomes narrower for larger
angular momentum quantum numbers, thus suppressing the
formation of molecular ions33.

Of particular interest is also the ratio between state-changing
collisions and Rb; formation. Evaluating the distribution listed in
Table 1, a clear trend becomes apparent. When starting with a 27P-
ULRM, for instance, the occurrence of state-changing collisions is
of the same order of magnitude as the formation of molecular ions
(6.7% compared to 3.6%). For lower initial states, however, we find
a significantly enhanced incidence of state-changing collisions of
up to 28.5% (for 20P-ULRMs), exceeding the fraction of molecular
ions (2.3%) by more than one order of magnitude.

Comparison with previous studies. These observations are new
compared to previous studies’, where only the decay into one
lower-lying manifold could be experimentally observed. However,
there are also substantial differences concerning the experimental
prerequisites. First of all, in ref. %, initial states with much higher
principal quantum numbers (n>40) have been used. In this
regime, enhanced state mixing gives rise to strong long-range
couplings such that the dynamics predominantly occurs at large
internuclear distances. A crucial role in this context plays the
direct coupling between the butterfly PEC and the trilobite PEC
(see also Fig. 1), which is assumed to be responsible for the decay
into the next lower-lying manifold®. For initial states with lower
principal quantum numbers, however, this coupling is strongly
suppressed and cannot explain the observed redistribution of
population. Instead, the probed dynamics is characterized by
short-range interactions (see “Methods” section) rather than
adiabatic couplings in the long-range part of the potential energy
landscape and must therefore be clearly distinguished from the
processes observed by Schlagmiiller et al.%.

Another relevant difference in this connection is the number of
ground state atoms inside the wave function of the Rydberg
electron, which could considerably influence the collision process.
Due to the low principal quantum numbers of the initial states
used in our experiment, we expect this number, on average, to be
well below 1. In ref. 2, however, not only the principal quantum
numbers of the initial states but also the densities of the atomic
sample are higher, which results in an average of up to 1000
ground state atoms within the orbit of the Rydberg electron,
bound to one single Rydberg core.

Apart from that, it should be noted that not only the principal
quantum numbers but also the angular momentum quantum
numbers of the initial states are different. In fact, instead of nP-
states, the experiments performed by Schlagmiiller et al.” rely on
nS-states. Looking at the molecular PECs in Fig. 1, it becomes
obvious that the initial dynamics starting from those states is
quite different due to the involved quantum defects.
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Fig. 7 Distribution of the final state population upon state-changing
collisions starting from 20P-ULRMs. The data are normalized to the sum
of events that ended up in the respective states. The diffusive model (see
text) is shown as green dashed line and reproduces the experimental data
well. The error bars indicate systematic uncertainties of the determined
populations.

Our approach is especially sensitive to small signals at high
momenta, thus facilitating the detection of lower-lying states due
to a high signal-to-noise ratio. Only this way, it is possible to
resolve the redistribution of population as a result of state-
changing collisions. Due to major differences concerning both the
experimental approach and the probed dynamics, our findings
are distinct from previously reported results presented in ref. °.

Short-range dynamics. We now turn our attention to the details
of the population distribution between the final states. In Fig. 4,
one can clearly see the decay into six hydrogenic manifolds when
starting with a 20P-ULRM. For simplicity, we restricted ourselves
to the manifolds only and neglect low-I states, which are, by
comparison, substantially suppressed. The measured population
in each manifold is shown in Fig. 7. One can clearly see a con-
tinuous decrease of the signal, with substantial weight even at the
lowest detectable quantum number (# = 12). In order to explain
the wide distribution of final states, we have to look at the
microscopic details of the molecular PEC couplings. In ref. ?, it
was argued that the decay into the lower-lying manifold is due to
a direct coupling of the butterfly PEC with the trilobite PEC. For
an initial nP-state with low principal quantum number, the direct
coupling between the butterfly state and the trilobite state
becomes small and cannot fully explain the strong decay into the
next lower-lying manifold and even less the distribution among
the other final states observed in our experiment. Considering
couplings within the long-range part of the PEC landscape only is
therefore not expedient. In fact, to understand this process one
has to look in more detail at the molecular dynamics at short
internuclear distances.

Following ref. 34, inelastic collisions between Rydberg atoms and
ground state atoms can often be subdivided into three phases: (1)
the approach of the particles until they strongly couple to each
other, (2) the formation of a Rydberg quasi-molecular complex at
short internuclear distances, and (3) the outcome of the collision, a
state-change followed by dissociation or associative ionization.
Applying this principle to the present case, the ionic core of the
Rydberg atom and the neutral atom first approach each other,
following the long-range PECs. When the internuclear distance has
reached values <30 ag, the subsequent dynamics can be described
in the framework of a Rydberg diatomic quasi-molecular complex.
This complex consists of two positively charged Rb™ cores, a
generalized valence electron stemming from the ground state atom
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Fig. 8 Rydberg quasi-molecular diatomic complex. The short-range
dynamics of the collision between a Rydberg atom and a ground state atom
can be described in the framework of a short-lived Rydberg quasi-molecular
complex, where tunneling of the inner valence electron between the two
jonic cores leads to an oscillating dipole moment D. As a result, the
oscillating dipole induces transitions of the Rydberg electron.

and a Rydberg electron, which is shared by the molecular ionic
core Rb (see Fig. 8). At such short internuclear distances, the
so-called dipole resonant mechanism3>3¢ becomes active. When
the ionic core and the ground state atom approach each other, the
valence electron starts to tunnel between the two ionic cores. This
leads to an oscillating internal dipole moment D(t) = eR cos(wt)
of the quasi-molecule, where R denotes the distance of the two
ionic cores, w=A(R) is the splitting between the gerade and
ungerade wave function of the inner valence electron, and e is the
elementary charge. The periodic potential leads to an oscillating
electric field with dipolar radiation characteristics, which can
induce transitions of the Rydberg electron. In this semiclassical
picture of the collision process, the varying distance between the
ionic core and the ground state atom leads to a time-varying
oscillation frequency. It is therefore not surprising that these
mechanisms can induce many transitions within and between
different Rydberg manifolds.

To illustrate these mechanisms, we show in Fig. 9 a simplified
version of the PECs at short internuclear distances. All final states
of the collision when starting with 20P-ULRMs are highlighted.
Considering only the molecular ion, Rbj, we have two PECs,
Ug(R) and Uy(R) for the terms ZZ‘gL and 227, The ZZJg’ state is the
ground state of the molecular ion and forms a deep potential well.
The PEC labeled as X}, however, is predominantly repulsive
with a shallow attractive section at larger internuclear distances.
The energy difference between both states 7% x A(R) determines
the oscillation frequency of the electron when tunneling between
the two ionic cores.

The inclusion of the Rydberg electron is now done in a trivial
way by only taking care of its binding energy. This results in
copies of the PECs, shifted by the binding energy of the Rydberg
electron

U(gnvli)(R) = Ug,u(R) + Ebind(na l) (6)

All other couplings, such as the spin-spin interaction, fine
structure splitting, hyperfine structure effects, or the exchange
interaction between the two electrons, are so small that they are
negligible on the energy scale given by 4 x A(R). The relevant
molecular symmetry for all PECs is therefore the gerade and
ungerade one of the molecular ionic core.

The PECs in Fig. 9 show a plenitude of crossings between the
gerade and ungerade states. Due to the resonant dipole
mechanism, all of these are avoided and the molecule can
undergo transitions between the different PECs, resulting in an
effective redistribution of the populations during the collision.
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Fig. 9 Potential energy landscape of a Rydberg quasi-molecular complex.
The molecular PECs split into two branches, which belong to the ZZE and
ZZE components of the quasi-molecular ion. The highest-lying PEC of each
branch belongs to Ug(R) (U,(R)) of the molecular ion. All other PECs
U‘g'L',)(R) are shifted by the binding energy of the Rydberg electron. For
simplicity, we restrict the plot to hydrogenic manifolds only. The
multicolored PECs are relevant for the description of the state-changing
collision process when starting with 20P-ULRMs (see also Fig. 4). When
the frequency of the oscillating dipole @ = A(R) exceeds the binding energy
of the Rydberg electron, the complex may undergo associative ionization.
The gray dashed line indicates the energy limit as defined by the asymptotic
potential of the initial state ¥,

It is instructive to look at the coupling strength between the
PECs. Based on the semiclassical model introduced above, we can
make the following estimate: we calculated the electric field E(t)
induced by the oscillating internal dipole at the classical radius of
the Rydberg electron’s orbit. We further simplify the system by
assuming that the resulting electric field is spatially homogeneous
across the Rydberg electron wave function. Together with the
typical transition matrix elements between neighboring Rydberg
states, given by eagn?, we get the coupling strength #Q. The
resulting values of Q2 are in the Terahertz range and are therefore
comparable to or even higher than the energetic distance of
adjacent manifolds. This complicates the molecular dynamics at
short internuclear distances even further, as the coupling cannot
be considered as a small perturbation to the PECs. Consequently,
surface hopping models?’ are expected to be not applicable (see
also ref. 38).

Diffusive-like redistribution of population. To account for this
strong mixing of the PECs, we adopt an effective model from
ref. 3%, where the redistribution of population between the Ryd-
berg states is the consequence of a diffusive motion of the Ryd-
berg electron in microwave fields?®. This approach has been
successfully employed for the description of collisional or thermal
ionization processes038-44. As the physical mechanisms in a
state-changing collision are the same, it is applicable in our case
as well. The stochastic motion of the Rydberg electron is
described by a diffusion equation

iqp( t)—Da—ZCD( t) (7)
PYR e PR

where @(n,t) is the distribution of a Rydberg electron in the space
of principal quantum numbers n and D is the diffusion coeffi-
cient. Prior to the redistribution, the main principal quantum
number of the initial state is given by ;. Due to the mixing of the
butterfly state, we assume the population to be initially in a state
with the principal quantum number n; = 18 with probability p;.
We then solve Eq. (7) using D as a fit parameter. The results are
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shown in Fig. 7 and show good agreement with our experimental
results, thus confirming a diffusive-like redistribution between the
final states.

One might wonder, why the diffusive model describes the
experimental observation so well, given its simplicity. In fact,
the exact microscopic ingredients are much more complex since
the diffusion coefficient D in Eq. (7) is not necessarily a
constant>* and the oscillating electric dipole radiation field is far
from being homogeneous. Moreover, we have completely ignored
the n — 1 angular momentum states of each manifold, which all
have different matrix elements, and that the initial butterfly state
is made up by a large number of angular momentum states.

However, when so many different initial angular momentum
states and so many couplings with different strength between a
plenitude of PECs contribute to the system dynamics, a diffusive-
like behavior might be, after all, just the most likely one. Our
results might therefore be interpreted as a manifestation of the
central limit theorem.

Discussion

In this manuscript, we demonstrate that inelastic collisions
between Rydberg and ground state atoms can result in a large
range of final states. We give evidence for the decay into low
angular momentum states over a large range of principal quantum
numbers. We also find pronounced decay into many lower-lying
hydrogenic manifolds with substantial weight. The distribution
among the manifolds suggests a diffusive-like redistribution
between the Rydberg states at short internuclear distances. We
give a simplified explanation of this behavior in terms of redis-
tribution of Rydberg states in microwave fields. An ab initio
quantum-chemical treatment of the total collision process is a
challenging task, given the different interaction mechanisms at
short and large internuclear distances. Nevertheless, our results
help to model parts of the collisions more accurately. Our results
also have implications for the modeling of inelastic processes in
many-body Rydberg systems. In the future, it will be interesting to
look for effects of alignment in the initial state, where the resulting
momentum distribution after the collisions becomes anisotropic.
This would exploit the full 3D imaging capability of our
momentum spectrometer. We expect that this development will
also allow for the study of other dynamical processes in Rydberg
systems such as Rydberg-Rydberg dynamics, the direct measure-
ment of the momentum distribution of Rydberg molecules and the
study of other exotic Rydberg matter, such as heavy Rydberg
systems®>.

Methods

Ultralong-range Rydberg molecules. ULRMs are bound states between a Rydberg
atom and at least one ground state atom. The binding results from low-energy
scattering between the Rydberg electron and the ground state atom and can be
expressed in the formalism of a Fermi pseudopotentiall-2446-49

Vegllr = RD = Vi(r = RD + V(ir = R
= 27 [k(RI(r — R) ®)

+ 674, [KR)] V 8(r = R)V,

where r is the position of the Rydberg electron and R the position of the ground
state atom with respect to the Rydberg ionic core. The first term describes s-wave
interactions, which dominate at sufficiently large internuclear distances. At smaller
internuclear distances of a few hundred Bohr radii, the p-wave scattering inter-
action comes into play. In case of alkali atoms, it equips the potential energy
landscape with an attractive potential, associated with the so-called butterfly
PECs24-26, which arise from an underlying p-wave shape resonance.

Besides the electron-atom scattering, one also has to account for the attractive
long-range interaction between the ionic core and the polarizable ground state
atom, which is given by

V., gR) = —a/(2R*) ©)

with the polarizability a.

The effective Hamiltonian for the Rydberg electron therefore reads
H=Hy")+ Ve, gR) + V., g(r—R|), (10)

where H,(r) is the Hamiltonian of the bare Rydberg atom. By diagonalizing this
Hamiltonian in a finite set of basis states Born-Oppenheimer PECs can be
deduced. Since the energy shift due to V(|r — R|) is proportional to the electron
probability density at the position of the perturber, the PECs are oscillatory
functions of R with localized wells at large separations, which can support closely
spaced bound vibrational states.

Data availability
The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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