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ABSTRACT

We present an experimental observation of 37Ds, + 6Si/2 Cs, Rydberg-ground molecules by employing a two-photon photoassociation
method. Two distinct Rydberg-ground molecular signals, deep and shallow bound molecules, are observed at the red detuning of atomic
line. In theory, the model of scattering interaction between the Rydberg electron and ground-state atom is used to simulate the experiments.
Two potential energy curves with energy minimum, deep pure triplet > and shallow hyperfine-mixed singlet-triplet *S potentials, refer
to the attained Rydberg-ground molecular signals, respectively. Calculations of the binding energy of triplet > and mixed »*Zv = 0 states
are compared with the measurements. The agreement between the calculated and measured values of the binding energy yields zero-energy

scattering lengths a! (0) = —19.2a and a$(0) = —1.3ap, respectively.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5132993

I. INTRODUCTION

Photoassociation (PA) spectroscopy of ultracold atoms is a
valuable technique for investigation of atomic collisions and pro-
duction of ultracold molecules, which was theoretically proposed
in 1987." Ultracold molecules have been produced by PA in
homonuclear nonpolar alkali molecules” * and polar heteronuclear
molecules.” * PA spectroscopy can (i) serve as a significant approach
for preparing ultracold molecules at micro-Kelvin temperature and
(ii) give rise to a new high-resolution molecular spectroscopic tech-
nique (PA technique). PA spectroscopy has been an ideal method
for detecting long-range molecular states, which provides abun-
dant information on molecular structures in the near dissociation
region.” In addition, it has been used to precisely measure the s-wave
scattering length'’ and fundamental physical constants."'

Recently, PA spectroscopy offers unprecedented opportunities
for the control of large scale molecules involving highly excited

states, such as the Rydberg-Rydberg macrodimer'* '® and Rydberg-
ground molecules.”” " These types of molecules possess large per-
manent electric dipole moments of up to a kilo-Debye.'”** Tt makes
ultralong-range Rydberg molecules a candidate for the realization of
certain strongly correlated many-body gases’' and quantum infor-
mation processing.”” Experiments on Rydberg-ground molecules
were first reported with Rb #nS,/» (n = 35-37) states'” and later with
“ states and recently with Cs nSyp

39

Rb #P1j23,"" and nDsjsn”™
and nPs; " Rydberg states.

In this work, we report experimental observations and analy-
sis of two-photon photoassociation spectroscopy of cesium atoms
at the near dissociation of the 37Ds, + 6812 Rydberg molecule.
At red detuning of the atomic line, the PA spectrum shows
two distinct molecular signals at —56.0 MHz and -22.6 MHz,
which come from the Rydberg-ground 37Ds;; + 6S12(F = 4)
Cs, molecules bound by the pure triplet *S potential and mixed
singlet-triplet *3 potential, respectively. The Rydberg-ground
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molecular potential and vibrational functions are calculated and
compared with the measurements of the PA spectrum, and
the good agreement yields an appropriate zero-energy scattering
length.

Il. EXPERIMENTS

The two-photon PA experiments are performed in a crossed
optical dipole trap (CODT), which is loaded from a standard cesium
magneto-optical trap (MOT). The atomic density of CODT is
~3 x 10" ¢m™® measured by shadow imaging, and the estimated
temperature is T ~ 100 K, as shown in Fig. 1(a). The stray electric
field is compensated by applying the electric potential at three pairs
of electrodes placed beside the MOT. The corresponding stray field
is less than 50 mV/cm, which leads to the molecular signal shift of
<0.5 MHz. The two-photon PA scheme consists of an 852 nm and
a 510 nm laser beams that are overlapped in a counter propagating
geometry inside the CODT. The first photon, 852 nm laser (Topti-
cal DLpro) with Gaussian waist ~80 ym, couples the lower ground
state transition |6S1/2, F = 4) — |[6P3), F' = 5). The second photon,
510 nm laser (Toptical SHG110) with Gaussian waist ~40 ym, drives
the up transition |6Ps/2, F' = 5) — [37Ds2). The 852 nm laser fre-
quency is locked to the transition of |6S1/2, F = 4) — |6P3), F' = 5) by
using the polarization spectrum technique’ and blue shifted from
the intermediate level by 360 MHz using a double-pass acousto-
optic modulator (AOM). The 510-nm frequency is scanned from the
Rydberg atomic line to ~100 MHz red detuned side. The frequency
scan of the 510-nm beam is realized by using another double-passed
AOM. During the frequency scan, the 510 nm laser power is kept
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" (37Dsr)
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S - © (37Ds2+ 6S17)
PAlaser .'.'v\‘..,'.
C ° .
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=110 ps
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FIG. 1. (a) Experimental schematic of two-photon photoassociation spectra.
Cesium atoms are trapped in a MOT (not shown here) and then loaded into
a CODT. 852 nm and 510 nm lasers, overlapped in a counter propagating
geometry inside the CODT, constitute a two-photon PA scheme. (b) Timing
sequence. After switching off the trapping and CODT beams, the two-photon
PA lasers are used to excite cesium ground atoms to form the Rydberg-ground
molecules. A ramped electric field is finally applied to ionize the Rydberg atoms
and molecules, and resultant ions are detected by using the microchannel plate.
(c) Two-photon excitation diagram. The first photon, 852 nm laser, drives the
|6S1)2, F = 4) — |6P3,, F’ = 5) transition, while the second photon, 510 nm laser,
drives the |6Psp, F' =5) — |37Ds, ) transition. The 852 nm laser frequency is blue
shifted from |6P3, F” = 5) by 360 MHz using a double-pass acousto-optic mod-
ulator (AOM). The 510-nm frequency is scanned to red detuning from the 37Ds,
Rydberg atomic line.
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fixed by using a PID (proportional integral derivative) feedback loop
that controls the RF power supplied to the 510-nm AOM. The fre-
quency of the 510-nm excitation beam is stabilized at a high-finesse
F-P cavity with the 15000 finesse.

After switching off trapping and CODT beams [see Fig. 1(b)],
we apply two-photon PA laser beams for exciting the cesium ground
6S1/2(F = 4) atoms to the 37Ds/, Rydberg state. During the PA laser
pulse, the repumping laser keeps on for allowing a majority of the
cesium atoms at hyperfine (F = 4) levels of the 651/, state. To observe
Cs 37Ds/, Rydberg photoassociation spectra, we apply a 3-ys excita-
tion pulse with the power of the 852-nm beam (80 yW) and the 510-
nm beam (10 mW). Then, Rydberg atoms and molecules are ionized
with a ramped electric field, and the resultant ions are accelerated
and detected with a microchannel plate (MCP) detector.

We first experimentally investigate a PA spectrum near the
37Dsy; resonance line, e.g., the 37Ds; + 6812 (F = 4) asymptote. Two
free ground state atoms are excited to a bound state by the PA laser,
where one atom is excited to the excited state and the other one
stays in the ground state. When an atom is excited to the Rydberg
state, the ground atom and Rydberg state atom could bind to form
the Rydberg-ground molecules, only with the two free atoms ful-
filling the following requirements: (i) the distance between the free
atoms matches the molecular bond length and (ii) a PA-laser detun-
ing from the Rydberg resonant line matches the molecules bind-
ing energy. Then, these molecules can directly be attained in a PA
spectrum, and the relative binding energy is measured by a differ-
ence between the excitation frequency of the molecule and Rydberg
atomic line.

In Fig. 2, we present a photoassociation spectrum of cesium
atoms prepared in the 6S12(F = 4) hyperfine levels to long-range
cesium Rydberg molecules correlated with 37Ds/; Rydberg states.
The spectrum, centered at the atomic resonance, is averaged by
5 independent measurements. The error bars indicate the stan-
dard errors of five independent measurements. In addition to the
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FIG. 2. Two-photon photoassociation spectra near the cesium 37Ds, Rydberg
state. The main peak at the 0-detuning position comes from the resonant excitation
of the 37D/, atom, and two small peaks at detuning, —56.0 MHz and —22.6 MHz,
are induced due to Rydberg-ground molecules, 37Ds, + 6Sy2(F = 4), denoted as
the gray square. The Rydberg-ground molecular signal is obtained with respect to
the pure triplet potential, =, and mixed singlet and triplet potential, 3 (see the
text for details). The inset is an enlargement of the gray region. Gray symbols and
error bars show the original data; the black line displays smoothed average. The
error bars are the standard errors of five independent measurements.
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resonant excitation of the 37Ds;; Rydberg state at 0-detuning, a
few photoassociation resonances at the red-detuned side are clearly
shown in the shadowed region and enlarged in the inset of Fig. 2.
The two strong photoassociation signals at —56.0 MHz and -22.6
MHz are clearly shown, which is attributed to the vibronic ground
state of the pure triplet state >T (v = 0) and the hyperfine-mixed
singlet-triplet state, "< (v = 0), respectively. The weak peak
at about —45.5 MHz may come from the 3% (v = 1) vibronic
state.

lll. THEORETICAL MODEL

To simulate the experimental data in Fig. 2, we calculate the
molecular potential considering the pseudopotential due to the scat-
tering interaction between the Rydberg electron and ground-state
atom. In the theoretical model, the ground-state atom is considered
as a point perturber. The total Hamiltonian’* is written as

H(r,R)=Ho+ Y. V(t,R)P(i) + AnrsSz - 1o, (1)
s

where Hy is the Hamiltonian of the unperturbed Rydberg atom
including Rydberg quantum defects and the fine structure. The sec-
ond term describes the scattering interaction between the Rydberg
electron and ground atom, consisting of both spin-dependent sin-
glet (i = S) and triplet (i = T') scattering channels, using the projection
operators P(T) = §; - $; + 3/4 and P(S) = 1 — P(T). The operators
$1 and $, are the electronic spins of the Rydberg and ground-state
atoms, respectively. In the reference frame of the Rydberg ionic core,
the scattering interaction is taken,””

V(5;R) = 27a,(k)&° (r — R2) + 671[a, (k) ’6°(r - R2)V - ¥, (2)

where r and RZ are the positions of the Rydberg electron and the
ground-state atom, respectively. The a;(k) (I is the scattering partial-
wave order, | = 0 for s-wave scattering, [ = 1 for p-wave scatter-
ing, and so on) is the energy-dependent scattering length related
to the scattering phase shifts 7,(k) by a,(k)*"*! = —tan ;(k)/k*'*!,
and k is the electron momentum of the Rydberg atom. The scat-
tering phase shifts #;(k) are extracted based on the approach of
Ref. 36. In the non-relativistic approach, we use finite-range model
potentials for the low-energy electron scattering, and related scat-
tering lengths a$ (k) and a! (k) are determined by numerically inte-
grating the s-wave singlet and triplet scattering wave functions.
The scattering momentum of the Rydberg electron is given by

the quasiclassical expression, k(r) = \/2Ex, = \/2(E,+1/r) in
atomic units, with the energy of Rydberg level E,; = —1/2(n - 8,;)*
and §,; quantum defect of the Rydberg states. The last term in Eq. (1)
demonstrates the hyperfine interaction of S, to the ground-state-
atom nuclear spin I, with hyperfine parameter Apps.
Diagonalization of the Hamiltonian in Eq. (1) results in adi-
abatic potential curves W,;4(R). Rovibrational states can be cal-
culated with molecular Hamiltonian theory.”” " It is challenging
for polyatomic molecules”’* to get accurate rovibrational ener-
gies. For the present diatomic molecule, accurate vibrational states
W4 and corresponding wave functions W4, (R) can be routinely
obtained with potential W ,;4(R) and reduced mass 133 amu/2. In the
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calculation, we neglect the rotational motion of the molecule due
to the narrow spacings between the accessible rotational levels
compared to natural linewidths.

IV. RESULT AND DISCUSSION

In Fig. 3, we present the potential energy curves of the Ryd-
berg molecule, asymptotically related to the 37Ds, atomic line with
and without considering the p-wave scattering interactions. At large
internuclear separations, R 2 27504y, the scattering interactions
between the Rydberg and perturber are negligible and the rela-
tive potential is nearly flat, corresponding to zero energy being the
atomic asymptote of the isolated 37Ds;; Rydberg atom, which is
the dissociation limit of the 37Ds/, + 681/2(F = 4) Rydberg-ground
molecule. At R = 225049, the potential curves display the outer-
most energy minimum that is dozens of megahertz deep, where
the electron-atom interaction is modeled via the s-wave scattering
interaction forming a trilobite-type Rydberg molecule. The deep-
well potential is due to the pure triplet scattering interaction, and the
shallow-well potential is due to hyperfine-mixed singlet and triplet
scattering interaction (see below for details). At small internuclear
separations, R < 18004y, the potential curve is modeled via p-wave
scattering, which pushes the inner lobes deep forming a few GHz-
deep potential wells that are used to bind butterfly-type Rydberg
molecules.'”** The butterfly-type Rydberg molecule is beyond this
work and will be investigated in future. Close inspection of the out-
most well demonstrates that the p-wave scattering has a negligible
impact on the outermost potential well. Aiming to attain more accu-
rate results, we calculate the potential curves below by including the
p-wave scattering.

The potential energy curves of Fig. 3 are calculated with
al (0) = —21.7ap and a$(0) = —3.5a,"" for the 37Ds,, asymptote. The
last lobe at R ~ 2250a¢ creates the outermost and deepest poten-
tial minimum that could bind ground atoms and form Rydberg
molecules.

0 e
20
< 40
jas)
2
< -60
BN
-80 - Triplet with p-wave
------- Triplet without p-wave
100 F Mixed with p-wave
Mixed without p-wave
120 L L ) L L
1500 1800 2100 2400 2700
R (ay)

FIG. 3. Calculations of potential energy curves of the Rydberg-ground molecule
that is asymptotically related to the 37Ds,, Rydberg atomic line with (solid) and
without (dashed lines) taking the p-wave scatting interaction into account. The
deep potential (gray) for the triplet °% state and shallow wells (blue) for hyperfine-
mixed singlet-triplet potential %3, states. The vibrational wave functions in the
outermost wells are indicated in color filled curves for v = 0 and 1 of deep potential
and v = 0 of shallow potential.
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The depth of the outermost potential well is Vi = —=74.1 MHz for
the triplet potential. This supports two bound states correspond-
ing to binding energies of —65.4 MHz (v = 0) and —49.1 MHz
(v = 1), respectively. For the hyperfine-mixed potential curve, the
outermost well has a minimum energy Vi = —35.7 MHz, which
binds one vibrational state with a binding energy —30.3 MHz. It is
noted that the calculated binding energy is ~14% larger than the
measured binding energy, —56.0 MHz, for the 3y (v = 0) vibrational
state and ~25% larger than the measured energy, —22.6 MHz, for the
135 (v = 0) state.

To attain agreement between measured and calculated values of
the molecular binding energy, we tune the s-wave scattering-length
functions a3 (k) and a! (k) by phase shifting the wave function of
the scattered electron at a small distance (0.1 ao) from the scattering
center. The phase shifts are parameterized by the zero-energy scat-
tering lengths, a$(0) and a! (0). The zero-energy scattering length
predicted by the theoretical calculation ranges from -21.7 to —17a9
for al (0) and from —1.33 to —3.5a, for a$(0)."* We present the com-
parison of the measured binding energy of triplet (v = 0) [mixed
L35 (v = 0)] to the calculations of a few asT(O) (af(O)) values in
Table I (Table II).

The calculations indicate that the *% deep-well potential only
depends on the triplet zero-energy scattering length a! (0), whereas
the % shallow-well potential depends on both al (0) and a5(0).
To fit our experimental observations, we first adjust triplet phase
shifts and further the scattering length at step 0.1a¢ and calculate
the binding energy of the deep-well potential. The comparison with
the experimental observation yields al (0). The fitting procedure is
similar to Ref. 28. In Table I, we present the calculated deep-well
depth and corresponding binding energy of vibrational states v = 0
and v = 1 with fixed af(O) = —1.0ag and a different aST(O) value that
is taken from Refs. 45 and 46. In the last line, we also display mea-
sured binding energies of the 3% (v = 0 and 1) molecular state. It
is found that the a! (0) = —19.2a, yields a good reproduction of the
’S(v = 0) molecular signal of the experimental observation. Then, we
adjust singlet phase shifts to obtain the singlet a$(0) using a similar
procedure mentioned above. In Table 11, we present the calculated
values of the shallow-well potential with a! (0) = —19.2a, and dif-
ferent a3 (0) and the measured binding energy in the last line. The

TABLE |. Comparison of measured and calculated values of the outermost deep-well

depth and binding energy of v = 0 and v = 1 vibrational states in MHz relative to the

dissociation limit of the 37Ds, + 6Syj(F = 4) molecule for different aX (0) and fixed
N =

ag (0) = 1.030.

Theor. Triplet potential

al (0) Vinin V=0 V=1
—21.7% —74.1 —65.4 —49.1
~17° —55.5 —48.3 —345
—18.7 —62.2 —54.4 —40.1
—19.2 —64.2 —56.2 —41.6
Expt. —56.0 £ 0.2 —455+0.4

“The a’ (0) value in the first column is from Ref. 45.
"The ! (0) value in the first column is from Ref. 46.

ARTICLE scitation.org/journalljcp

TABLE II. Comparison of measured and calculated values of the outermost shallow-
well potential and binding energy of vibrational state v = 0 in MHz relative to the
dissociation limit of the 37Ds;+ 6S5(F = 4) molecule for different a$(0) and fixed
al(0) = —19.2a.

Theor. Hyperfine-mixed potential
aSS(O) Vmin VU:O
—3.5° —31.3 —26.3
—24° ~29.1 —245
—1.3 —27.1 —22.7
—1 —26.3 —22.1
Expt. ~226+02

The value a’ (0) in the first column is from Ref. 30.
PThe value a5 (0) in the first column is from Ref. 47.

comparison between the calculated and measured values of binding
energies of the "’ (v = 0) state yields a singlet scattering length of
as(0) = —1.3a,.

In Fig. 4(a), we present the potential-energy curves related
to the 37Ds;; + 6S12F = 4 asymptote, calculated with the zero-
energy scattering length a! (0) = —19.2a and a$(0) = —1.3a,. For
comparison, we also display the two-photon PA spectrum of the
37Ds;; + 6S1/2(F = 4) Rydberg molecule in Fig. 4(b). The molecular
signals of vibration level v = 0 are marked with triangles, showing
a good agreement with the calculated results. The binding ener-
gies are measured as molecular line positions with respect to the
37Ds); atomic line. Gaussian fittings to molecular peaks [blue lines
in Fig. 4(b)] yield a binding energy of —56.0 + 0.2 for the deep well
triplet *(v = 0) state and —22.6 + 0.2 for the shallow well hyperfine-
mixed singlet-triplet "’ (v = 0) state. The errors represent Gaussian

1750 2000 2250 2500 0.00 0.05 0.10 0.15
R (a;) Signal (arb.units)

FIG. 4. Comparison between calculated potential energy curves and experimen-
tal measurement of two-photon PA spectra for the 37D, + 6S12(F = 4) Ryd-
berg molecule. (a) Calculation of Rydberg-ground molecular potential curves (gray
lines) and vibrational wave functions (colored lines). The shallow-well potential
(dashed gray line) and deep-well potential (solid gray line) are induced by the
hyperfine mixed singlet-triplet and pure triplet potentials, respectively. (b) Mea-
surements of the two-photon PA spectra of the 37Ds, + 6Sy2(F = 4) Rydberg-
ground molecule. The molecular signals for the vibration level v = 0 are marked
with the triangles. The blue solid lines are Gaussian fittings to the molecular peaks.
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TABLE Ill. Calculations of the binding energy of vibrational state v =0 of 3 and '3
potential curves in MHz relative to the dissociation limit of 26P3,+ 6Sy,(F = 3, 4) and
33P3t 6S4(F = 3, 4) molecules.

F=4 F=3
" 3y 135 3y 135
26 —392.6 —126.4 —392.7 —189.6
33 —88.8 —32.0 —88.8 —45.5

fitting errors. The accuracy of the binding energy value is given by
the laser linewidth and Gaussian fittings.

To corroborate our model, we further calculate the potential
energy curves of nPs3;» + 6S12(F = 3, 4) Cs, molecules relative to
nP3/, resonance atomic lines, investigated in Ref. 30. As an exam-
ple, Table 111 demonstrates the calculated binding energy of triplet
3% (v =0) and hyperfine-mixed L35 (v = 0) vibrational ground states
of 26P3/; + 6S1/2(F = 3, 4) and 33P3/2+ 6S12(F = 3, 4) molecules. The
calculations are in agreement with the experimental observation of
Ref. 30 with discrepancy less than 2.5%.

V. SUMMARY

In summary, we have observed the two-photon photoassoci-
ation spectrum of the 37Ds;, Rydberg state and found two dis-
tinct peaks at the negative detuned position of the atomic line,
which come from the Rydberg-ground molecules. We use the model
of low-energy scattering interaction between the Rydberg electron
and ground-state atom to simulate the experiment. We have com-
pared the measured binding energy to the calculated one. It is
found that the zero-energy scattering lengths a! (0) = —19.2ay and
a$(0) = —1.3ap show good agreement with the experimental results
for both triplet >T and hyperfine-mixed *% potential wells. The
further calculations demonstrate that the extracted binding energy
shows good agreement with the measurements for the large n range
and different angular momenta of nPs, in the literature.” In future
work, we will investigate trilobite molecules for different nD; Ryd-
berg states and the properties such as vibrational wave function and
dipole moments.
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