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Deeply bound (24D; + 5S1,2) 87Rb and 3*Rb molecules for eight spin couplings
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We observe long-range ¥ Rb and ¥’Rb (24D, + 55, ,2) Rydberg molecules for eight different spin couplings,
with binding energies up to 440 MHz and subpercent relative uncertainty. Isotopic effects of the molecular
binding energies arise from the different masses and nuclear spins. Because the vibrational states involve
different spin configurations and cover a wide range of internuclear separations, the states have different
dependencies on the s-wave and p-wave scattering phase shifts for singlet and triplet scattering. Fitting the
spectroscopic data, we comprehensively determine all four scattering length functions over the relevant energy
range as well as the zero-energy scattering lengths of the two s-wave channels. Our unusually high temperature
and low density (180 uK, 1 x 10" cm™) suggest that the molecule excitation occurs through photoassisted

collisions.
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I. INTRODUCTION

The scattering of a Rydberg electron and a neutral ground-
state atom is a unique mechanism of forming a molecular
bond [1], which is fundamentally different from covalent,
ionic, or van der Waals bonds. Experimentally accessible
characteristics of these “Rydberg-ground” molecules, such
as vibrational energy levels and dipole moments, depend on
the electron-atom scattering phase shifts in the sub-50-meV
range. Measurements of their molecular binding energies can
validate calculations of the scattering phase shifts and the
structure of negative-ion resonances [2-5]. Studying low-
energy electron scattering using electron and molecular beams
is difficult due to inherent energy spreads and space-charge
electric fields. Rydberg molecules present an attractive, ex-
perimentally accessible alternative [6—15], in which electric
fields can be eliminated using Rydberg-Stark spectroscopy
[16]. Thus these molecules emerge as a testbed for low-
energy electron-atom scattering [17-22]. Low-energy electron
scattering is also of broad interest. For instance, it can cause
DNA strand breaks through the formation of negative-ion
resonances [23-27].

II. RYDBERG-GROUND MOLECULES WITH
HYPERFINE STRUCTURE

The Rydberg-ground molecular interaction may be de-
scribed by a Fermi pseudopotential [28,29] in which the
ground-state atom is modeled as a point perturber. The per-
turbation strength is determined by energy-dependent scatter-
ing lengths a;(k), which are related to the scattering phase
shifts 1;(k) by a;(k)**! = —tann;(k)/k**', where k is the
electron momentum and / is the scattering partial-wave order
(s, p, ...). In the reference frame of the Rydberg ionic core,
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the scattering interaction is [29]
V(r;R) = 2ma,(k)8*(r — RZ)
343 S v
+6mla,(k)]’6’(r —RZ)V -V, (1)

where r and RZ are the positions of the Rydberg elec-
tron and perturber atom. Previous measurements of vibra-
tional energies of low-angular-momentum diatomic Rydberg-
ground molecules have spanned principal quantum numbers
n=26-45, angular momentum S, P, and D states, and atomic
species rubidium, cesium, and strontium [6—12]. For Sr, the
s-wave and p-wave zero-energy scattering lengths, a,(0) and
a,(0), were extracted from S-state data [6]. In Rb and Cs
electron-scattering, there are two relevant electrons. For Cs,
the corresponding singlet and triplet s-wave scattering lengths,
a3(0) and a’ (0), were extracted from mixed singlet-triplet
resonances in P-states [7] using a model developed in [30].
In Rb, a’ (0) was extracted from S- and D-state molecular
resonances [8—10] and a;(O) from S-state resonances [9].
Mixed singlet-triplet resonances in Rb S-states [11] allowed
an extraction of af (0) after determining a’ (0) from previous
data [8,12]. To our knowledge, af,(k) at any k has not been
measured.

Here, we measure the binding energies of 24D; — 55,
8Rb and ¥’Rb molecular states for eight combinations of
spin couplings, with fractional uncertainties as low as 0.2%
for the deepest states. Unique sets of resonances for each
combination reveal the dependence on the isotopic mass and,
notably, the nuclear spin I, of the ground-state atom. We fit the
binding energies to 3.8 MHz rms deviation with a semiem-
pirical model and extract scattering length functions for all
four scattering channels, including the singlet p-wave one.
We discuss why our relatively hot (temperature 180 «K) and
dilute (density >10'" cm~3) atom sample yields a surprisingly
strong molecular signal.

The full Hamiltonian for the system is [30]

H(x,R) = Hy+ Z Vie, RYP; + Aurps So - 1o, (2)
i=S.T
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FIG. 1. (a) Potential curves for Rb (24D, + 55;,,) molecules
for J =5/2 (top) and J =3/2 (bottom). The “deep” potentials
(solid black) are virtually the same for both hyperfine ground states
(F. and F.) and isotopes (*’Rb and 3Rb). The “shallow” potentials
(solid gray for 8Rb and dashed black for 35Rb) depend significantly
on the hyperfine ground state and slightly on the isotope. The inset
shows wave functions of vibrational resonances in potential A (ver-
tical offset shows resonance energy). (b) Excitation level diagram.

where A, is the Hamiltonian of the unperturbed Rydberg
electron (including its fine structure). The second term
sums over both spin-dependent singlet (i =S) and triplet
(i = T) scattering channels, using the projection operators
75T =$-S+ 3/4, 755 =1- ﬁT (Sl and S, are the elec-
tronic spins of the Rydberg and ground-state atom, respec-
tively). The last term represents the hyperfine coupling of
S, to the ground-state-atom nuclear spin I, with hyperfine
parameter Ayrs. In Rb, Ayps is comparable to the scattering
interactions (on the order of GHz), and I, becomes coupled
in second order to S; through P; and Ps. The singlet po-
tentials disappear and are replaced with mixed singlet-triplet
potentials [10,30]. These, in addition to the (nearly pure)
triplet potentials, sustain molecular bound states, as has been
observed in Cs [7] and Rb [11,15].

We obtain the potential energy curves (PECs) by solving
the Hamiltonian on a grid of intermolecular distances R
[1,8], as shown in Fig. 1(a). Following the Born-Oppenheimer
approximation, the PECs describe the vibrational motion. The
hyperfine-mixed singlet-triplet potentials (‘“shallow” poten-
tials) have shallower wells and vary significantly depending
on whether the ground-state atom is in its upper or lower
hyperfine state, F, = F. or F.. The shallow potentials for F.
are deeper than those for F.. The triplet potentials (“deep”
potentials) are virtually unaffected by hyperfine mixing, and
therefore independent of I, and F5.

The narrow molecular resonances in each PEC are found
by solving the Schrodinger equation for the vibrational motion
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FIG. 2. Experimental sequence: (a) Atoms are first trapped in
a MOT (red beams) and loaded into the vertical 1D lattice trap
(yellow). (b) The traps are switched off, and overlapping 780- and
480-nm beams excite a Rydberg atomic or molecular state. After
excitation, voltages applied to six metal rods steer spontaneously
generated Rb™ and Rb,* ions to the MCP detector, where they arrive
in time-resolved clusters. (¢) Timing sequence. Data rate is 100 Hz.
The insets show a qualitatively representative atom area density of
the lattice-trapped atoms and surrounding MOT (left) and an ion
time-of-flight signal (upper right).

[30]. The result is a spectrum of vibrational states, the major-
ity of which are mostly contained in the outermost potential
wells [inset of Fig. 1(a)].

III. EXPERIMENTAL SETUP

In the experiment we photoassociate Rydberg molecules
from cold Rb atoms out of a one-dimensional (1D) lattice
dipole trap, which is loaded from a magneto-optical trap
(MOT). An atom pair undergoes two-photon excitation to
a (24Dj +58y,;) pair state [Fig. 1(b)]. The fixed lower-
transition (780-nm) frequency is 0.5-1 GHz blue-detuned
from the 5P;,, intermediate state to mitigate scattering-
induced heating, while the upper-transition (480-nm) fre-
quency is scanned from the Rydberg atomic line to several
hundred MHz below. Rydberg molecules are formed when the
detuning from the atomic line matches a molecular binding
energy.

We prepare molecules for eight cases of (I, F3,J):
(1) To observe the isotope (I;) dependence, we adjust our
MOT lasers to trap either isotope. (ii) To observe the hyperfine
(F2) dependence, we prepare the atoms in either F. or F.
by turning off the repumper either at the same time as the
cooling laser or 150 us earlier. We adjust the 780-nm laser
frequency according to our choice for (i) and (ii). Finally,
(iii) to observe 24DJ =3/2 or 5/2 Rydberg-ground
molecules, the 480-nm laser frequency is changed by the
Rydberg fine-structure splitting (913 MHz).
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FIG. 3. Detected ions vs detuning relative to the 24D, atomic state, for the eight (I, F>, J) combinations. The spectra are normalized by
the height of the A; or C, resonance. A selection of resonances is marked with vertical lines and labeled according to their corresponding
potential in Fig. 1(a). Filled (open) triangles denote resonances in the deep (shallow) potentials predicted with our model. Faded triangles are

additional predicted resonances not used in the fitting procedure.

Figure 2 shows the experimental geometry and timing. The
lattice trap (1064 nm) is formed by a fundamental Gaussian
mode of a near-concentric, in-vacuum cavity [31] with a
trap depth of ~40 MHz for Rb 55 ;. The lattice trap loads
~2 x 10* atoms from an overlapping MOT [Fig. 2(a)] to
generate an atom cloud of about 18 pm diam, 700 pm length,
transverse temperature ~180 wK, and central volume density
~1.6 x 10!! cm~3. Before photoassociation, we turn off the
MOT and the lattice trap to avoid light shifts. Several us
afterward, a 20-us pulse of 780- and 480-nm light excites
atoms to Rydberg atomic and molecular states. The 780-
and 480-nm beams have respective waists of 20 um and
<100 um and overlap with the 1064-nm trap, creating an
oblong excitation volume in the densest region of the cloud.

The Rydberg-ground molecules yield either Rb,™ via
Hornbeck-Molnar autoionization or ion-pair formation, or
Rb™ via blackbody photoionization or ion-pair formation
[32-35]. The ions detected by the microchannel plate [MCP;
see Fig. 2(b)] are our signal. Rydberg-Rydberg molecules
are also produced [36-38], but only a small fraction ionize
spontaneously. Since the ion extraction electric field is too

weak to field-ionize the Rydberg products, we preferentially
detect Rydberg-ground molecules.

IV. EXPERIMENTAL RESULTS

The resonances in the spectra shown in Fig. 3 are different
for each (I, F», J) case. The upward trend of the background
signal at small detunings is attributed to Rydberg-Rydberg
molecules [36]. We assign the most prominent peaks to the
deep or shallow potentials of Rydberg-ground molecules,
A/C or B/D in Fig. 1, respectively, by comparison with the
resonances predicted by our model (see below). The binding
energies, determined by Gaussian fits to the peaks, are marked
with vertical lines and listed in Table I. The largest uncertainty
arises from the 480-nm laser frequency calibration (typically
0.6-0.9 MHz), followed by statistical uncertainties caused
by fluctuations in signal strength and the peak-fitting. The
resultant relative uncertainties of the listed binding energies
range between 0.2%, for the lowest states found, and 0.4%.
To our knowledge, these values are lower than previously
reported ones.

TABLE I. Molecular binding energies in MHz, relative to the atomic lines, corresponding to the labeled peaks in Fig. 3.

Pair potentials A1 Az Bl Bz C1 Cz DX D1 Dz
SRb (24D, + 581, F.) —439.1(10) —387.0(10) —261.2(8) —205.4(8) —294.1(8) —272.7(8) —314.0(8) —222.6(7) —193.6(7)
87Rb (24D; + 5812 F.) —439.9(10) —388.2(10) —173.9(7) —294.1(8) —274.2(7) —238.3(7) —167.5(7)

85Rb (24D, + 581, Fo) —436.1(9) —3853(9) —252.7(8) —201.2(7) —293.7(8) —274.1(8) —317.2(8) —221.0(7) —196.7(7)
$Rb (24D, + 581, F.) —4372(9) —385.5(9) —177.7(7) —293.2(8) —273.7(8) —237.2(7) —171.8(7)
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The identified peaks, with the exception of peaks D,,
arise from the first or second vibrational resonances in the
outer region of the PECs (R &~ 800-1000ay; see Fig. 1). We
observed no other prominent resonances up to 150 MHz
below the deepest peaks in Fig. 3. The D, peaks correspond to
resonances in the inner well at R & 710a,; they have weaker
signals due to the reduced likelihood of finding atoms at
smaller internuclear separations. Most unidentified peaks in
Fig. 3 are higher resonances in the deep potentials. Their
low signal strength may be attributed to the rapid oscilla-
tions in their vibrational wave functions [see the inset of
Fig. 1(a)], leading to small Franck-Condon factors, and their
short tunneling-induced lifetimes. The spin-mixing also plays
arole in signal strength; a method for computing line strengths
of vibrational spectra of Rydberg molecules including the
hyperfine and spin dependence is presented in Ref. [39].

The starkest difference among the spectra in Fig. 3 is
between J = 5/2 (right) and J = 3/2 (left); the deepest reso-
nances differ by up to 150 MHz. The depths of the molecular
potential wells and the fine structure scale as n =% [12] and
n=3, respectively. At low n, the molecular binding interaction
strength exceeds the fine-structure splitting. When this hap-
pens, the molecules are classified as Hund’s case (a) [40,41].
In this limit, the molecular potentials that asymptotically
connect to J = 5/2 approach and repel from the adiabatic po-
tentials that connect to the J = 3/2 atomic level. As a result,
in the Hund’s case (a) regime, the / = 3/2 adiabatic potentials
become deeper than the fine-structure coupling, with their
depths scaling as n~®, whereas the J = 5/2 potentials are
limited in depth by the fine-structure splitting; hence their
depths scale as n~>. Molecules in Rb 24D; are far into the
Hund’s case (a) regime. The relevance of Hund’s cases to
Rydberg-ground molecules has been discussed in detail in
Ref. [30].

The largest difference among the rows in Fig. 3 and Table I
is between the states in the shallow potentials (i.e., the B and
D peaks) for F. and F., which differ by up to 70 MHz.
The strong dependence on F; is expected from the PECs in
Fig. 1. The B and D peaks also exhibit isotopic differences
up to ~10 MHz, which originate from the different hyperfine-
coupling strengths Aygs, nuclear spins /», and masses.

The A peaks are similar for F. and F. but vary slightly
between the two isotopes (see Fig. 3 and Table I). As the
A-PECs are virtually identical, the variation is likely due to
the isotopic mass difference. The heavier isotope has deeper
binding energies because of its smaller vibrational frequencies
within the same potential. The two unlabeled resonances
immediately to the right of A, (at —370 to —330 MHz) show a
pronounced difference between isotopes, suggesting that they
correspond to states of the inner PEC wells at R =~ 710qy in
Fig. 1, where a mass difference has a greater quantitative ef-
fect because of the larger spacings between vibrational states.

V. MODEL AND FITTING PROCEDURE

To model the observed molecular resonances based on
Egs. (1) and (2), four scattering-length functions af(k) are
required. In our model, we use the short-range potential
provided in Ref. [21], integrate the radial Schrodinger equa-
tion, and evaluate the scattering wave functions at a distance

TABLE II. Zero-energy scattering lengths in ay. An asterisk
denotes that a’ (0) was fixed while af_ (0) was fitted.

a’(0) a’(0) Ref.
Theory —16.1 0.627 [4]
—16.9 0.63 [44]
Experiment —15.7(1) neglected [12]
—15.7(1)* —0.2(5) [11]
—14.0(5) neglected [10]

—14.7(3) 0.0(3) This work

d = 150ay from the perturber, corresponding to the typical
width of the outermost lobe of the Rydberg-electron wave
function for 24D. The scattering lengths then follow from
textbook equations [42]. The values of the resulting scattering
length functions ai(k) at very low k are artificial because
they depend on the evaluation distance (here, d = 150ay),
whereas the true scattering length functions af (k), obtained
in the limit d — oo, are independent of d. Our approach
of using d = 150ay avoids the problem that for k — O the
p-wave scattering lengths diverge [43], which would cause
an unphysical divergence in the adiabatic potentials at the
classical turning point of the Rydberg electron when using
the Fermi method. Due to the localization of the Rydberg
electron within the lobes of its wave function, the probability
of finding it at very low k is negligible, allowing us to use
sz(k) to calculate the potentials.

In our fitting procedure, we allow for adjustable phase
shifts of the scattering wave functions at 0.01ap, near the
center of the perturber atom, which account for short-range
corrections of the Rb™ scattering potentials and are used to
fine-tune the functions & (k). Every set of four &) (k) yields
eight PECs through solving Eq. (2). From the PECs we obtain
the vibrational resonances and determine their rms deviation
from the 32 measured values in Table I. The four adjustable
phases are varied and the procedure is repeated until the
rms deviation is minimized (3.8 MHz). The corresponding
calculated resonances are shown as triangles in Fig. 3.

To estimate the zero-energy values of the true scattering
length functions, we also calculate the functions a'(k) using
an evaluation distance d = 2 x 10*ay. Figure 4 shows the four
extracted scattering length functions sz (k) and their corre-
sponding al(k). As expected, @i (k) and a)(k) match at k >
0.015 (E = F*k*/2m > 3 meV). We anticipate the predicted
scattering lengths to be the most useful in the range k =
0.012-0.030 (shaded vertical strip in Fig. 4), which corre-
sponds to £ = 2-12 meV and R = 700-960ay, because this
is the region probed by the measured molecular bound states.

We quantify the uncertainty in @ (k) and a)(k) by varying
several parameters in our procedure. First, we perform the
fitting procedure for three Rydberg-state basis sets 21.1 — j <
n* < 24.1 4 j, with effective principal quantum number n*,
for j =0, 1, and 2. In Fig. 3, the j = 2 basis size is used.
Second, we include or omit resonances in the inner potential
well at R = 710ay (see Fig. 1). Third, we increase or decrease
the measured resonance values by the experimental frequency
uncertainty (~0.2%). We use the combination of the three
sources as the estimated uncertainty (in Fig. 4 and Table II).
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FIG. 4. Scattering length functions for the ai(k) (solid lines; d = 2 x 10%*ay) and a@i(k) (dashed lines; d = 150ay) that correspond to
the predicted resonances in Fig. 3. Shaded backdrops behind the curves show the uncertainties. The vertical gray strip corresponds to the
experimentally relevant energy range; the four inscribed rectangles correspond to the zoom-ins shown in the four panels on the right. Black
circles indicate the two zero-energy values included in Table II for this work.

We are able to simultaneously fit the four scattering lengths
because we analyze a large set of binding energies on PECs
for a variety of spin cases, which have different sensitivities
to the singlet and triplet s-wave and p-wave scattering-length
functions. For instance, the inner-well resonances at 710aq
(e.g., D) and 820ay (e.g., A2, By, C>, and D) depend strongly
on Zzg (k) [whose shape resonance is responsible for the steep
drop-off in Fig. 1(a) at 600ag] and weakly on ZzST (k), while
outer-well resonances show the opposite trend. Meanwhile,
substantial dependencies on sz (k) and Zzi(k) are only found
in the B and D resonances. Some small codependencies of
the scattering lengths remain. For instance, fixing @ (k) would
significantly decrease the uncertainty in Zzi(k).

We are quoting an experimental result for ai(k) [and for
al(k) for E =2 —12 meV] derived from a fitting proce-
dure applied in a Rydberg-ground molecule experiment. In
Table II, we show our median values (within the uncertainty
bounds) of a’ (0) and af (0) for comparison with other pub-
lished zero-energy values.

VI. DISCUSSION

We note several deficiencies of the method we have used.
First, the choice of basis size used to calculate the adiabatic
potentials affects the depth of the potentials. We explored the
convergence behavior of the adiabatic potentials as a function
of basis size, ranging from 21.1 < n* < 24.1t0 17.1 < n* <
28.1 (i.e., we varied the range in n* from about 3 to 11).
Over this substantial variation in n* range, we found that
the outer potential wells increased in depth by 13% over the
entire range, and that they do not seem to converge with
growing basis size (but the incremental changes decrease).
This is problematic and raises the question of which basis
choice leads to the most accurate potentials. The issue of
nonconvergence has also been noted elsewhere and discussed
in comparison to alternative techniques for calculating the

adiabatic potentials [45-48], and the topic has been described
as controversial. A second deficiency of our method is that
the Fermi model may have fundamental inaccuracies at low n,
where the size of the perturber atom relative to the Rydberg
wave function increases. This could possibly be addressed by
using a Green’s function calculation [21].

The minor discrepancies between our quoted zero-energy
scattering lengths and previous results have several possible
causes. Methods for calculating the k-dependence of a!(k)
vary. The inaccuracy of the Fermi model at low » may con-
tribute. We also note that the previously quoted experimen-
tal scattering lengths did not account for p-wave scattering,
which may have caused the extracted s-wave values to be
overly negative. Finally, we note that in Ref. [9] two values
for aST (0) are presented, —16.05a¢ and —19.48ay, along with
a zero-energy p-wave scattering length a[T, (0) of —21.15ay.

The reported results are obtained with atoms prepared at a
temperature of ~180 uK, densities of only >10'! cm~3, and a
quantum state as low as n = 24. The strongest molecular sig-
nal is about 1% of the signal on the atomic line (not shown in
Fig. 3). This is surprising because under the given conditions,
the instantaneous probability of finding a ground-state atom
within a Rydberg atom is only about 0.01%. This discrepancy
may be resolved by interpreting the molecule excitations as
photoassisted collisions. Estimates show that the excitation
pulse duration, Rydberg-excitation Rabi frequency, thermal
velocities, and atom density are such that during the excitation
pulses the fraction of atom pairs that undergo collisions at
distances of the typical vibrational bond length (~800ay)
is sufficient to explain the molecular-signal strength. In a
photoassisted collision, in contrast to the concept of a frozen
Rydberg gas, the molecule excitation can be considered a
nonadiabatic transition of atomic wave packets between in-
tersecting dressed-atom ground-ground and ground-Rydberg
PEC’s that are coupled by the Rydberg Rabi frequency. Fur-
ther analysis of this scenario is ongoing.
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VII. CONCLUSION

In summary, we have measured 32 binding energies of
(24D; + 581/2) Rydberg-molecular states on PECs for both
Rb isotopes. The low value of n leads to sub-% relative un-
certainties and pronounced sensitivities to p-wave scattering.
We have simultaneously fitted the s-wave and p-wave singlet
and triplet scattering length functions af k), al (k), als,(k),
and a[T, (k). The binding energies depend on the functions af (k)
over arange of k, not only on aj(k ~ 0). The behavior of a, (k)
near a shape resonance has a strong effect on states in the

multiple-GHz-deep, inner wells around 600a,. In future work,
one may observe level splittings in these wells caused by
the fine-structure splitting of the *P;_o | , scattering channels
[21,45].
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