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ABSTRACT

We report the experimental measurements of the decay rate of polar cesium nDs;; — 6S1/2 Rydberg-ground molecules with a large principal
quantum number range of 35 < n < 40. Rydberg molecules are prepared employing the method of two-photon photoassociation and the
molecular (atomic) ions, due to autoionization (blackbody photoionization), are detected with a microchannel plate detector. The decay rate
I of the vibrational ground state of the deep and shadow bound molecules for triplet (*%) and mixed singlet-triplet (>7X) are measured by
fitting the molecular population with the exponential function. Comparing with the parent atom, the decay rate of the polar Rydberg-ground
molecule shows an obvious increase with a magnitude of a few us. The possible dissociation mechanism of polar Rydberg-ground molecules
including a collisional decay, blackbody induced decay, and coupling of adjacent Rydberg states and tunneling decay are discussed in detail.
The theoretical model is induced to simulate the measurements, showing agreement.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0175109

I. INTRODUCTION

Rydberg molecules, consisting of one or more Rydberg atoms,
have become an attractive research field since they were first predi-
cated in theory,"” and observed in experiment,”" due to their exotic
binding mechanism. Usually, Rydberg molecules are divided into
three types according to the different binding mechanisms. The
first one is the Rydberg-Rydberg molecule, also called a Rydberg
macrodimer, that is formed by a pair of atoms both being Rydberg
states.”" " The binding mechanism of Rydberg macrodimer comes
from the electrical multipole interaction between Rydberg atoms.
The second one is the Rydberg-ground molecule, formed with one
Rydberg-state atom and one ground-state atom.”*’ The bind-
ing mechanism of the Rydberg-ground molecule comes from the
scattering interaction of a Rydberg electron with a neutral atom,
often described with Fermi pseudopotential. The third is a novel
kind of ion-Rydberg molecule consisting of one ion and a Rydberg
atom, where the corresponding binding mechanism is the long-
range monopole and electric multipole interaction. This kind of
molecule is proposed in theory”””' and observed in experiment in
Rb.** Due to the large size (~ym) and huge permanent electric

dipole moment (~kilo-Debye), Rydberg-ground molecules have
been investigated with different angular quantum number of
Rydberg states and different atomic samples, such as alkali atoms
Rb #S,”" nP,"* and nD'"""” state, Cs atoms nS,"* nP,'* and nD,"” "
and alkaline-earth Sr atom Rydberg-ground molecules."”

In addition to the properties of large size and permanent
dipole moment, the decay and dissociation of Rydberg molecules are
other important characteristics. As we know, Rydberg atoms have
long lifetime scaling as n* (n is the principal quantum number).
For example, the calculated spontaneous radiation decay rate of
Cs 60Ds), state is 8.06 kHz, and the effective decay rate at 300 K
accounting for the blackbody radiation effect is about 13.16 kHz.
For the Rydberg-ground molecule, it has a similar short decay rate
compared to the corresponding atomic Rydberg state. In Ref. 23,
Butscher et al. investigated the decay rate and corresponding life-
time of "2(5S - 355) long-range Rb, Rydberg molecules in the
vibrational ground state and an excited state, which demonstrated
that the molecular decay rate is much faster than that of correspond-
ing Rydberg atoms. The decay rate of "3(5S — 35S) state shows
atomic density dependence. Camargo et al.”* also investigated the
decay rate of ultra-long-range strontium Rydberg molecules, the
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corresponding decay rate of the low-lying vibrational states being
very similar to those of the parent Rydberg atoms where the related
lifetime is on the order of dozen microseconds.

In this work, we present the measurement of decay rate of polar
cesium nDs;, — 65172 (n = 35 — 40) Rydberg-ground molecules. We
prepare the D-type Rydberg-ground molecule employing the
two-photon photoassociation technique, and obtain the Rydberg
molecular signal for different interaction time, ¢tp. The decay rates
of the Rydberg molecules for a triplet S and a mixed singlet-
triplet *TS of v = 0 vibration state are extracted by an exponential
fitting of molecules signals. We find that decay rates of cesium
nDs;; — 68172 are much faster than that of the corresponding parent
Rydberg atoms, which is different from rubidium*’ and strontium?*
Rydberg-ground molecules. On the basis of the measured decay
rate, we qualitatively discuss and analyze molecular dissociation
mechanisms and possible decay channels.

Il. EXPERIMENTAL SCHEME

The experiment is carried out in a crossed optical dipole trap
(CODT) loaded from a magneto-optical trap (MOT), where the
chamber vacuum pressure is 2 x 10~ Pa. The detail of the experi-
ments is reported elsewhere.'® The CODT density, measured with
an absorption imaging method, is orders of 10" ¢cm™, which is
sufficiently dense for exciting Rydberg-ground molecules with bond
lengths ~0.12 ym (our case). In experiments, the two-photon
photoassociation scheme is employed to achieve the Rydberg exci-
tation, displayed in Fig. 1(a). The first-photon laser (852 nm) drives
the lower transition 6S1, (F = 4) — 6P32(F' = 5) with the frequency
blue detuned 6 = +360 MHz from the intermediate 6P3/, state.
Meanwhile the second-photon laser (510 nm) achieves the Rydberg
transition 6P3; — nDsj;. Two photoassociation lasers with a beam
waist of 80 ym (852 nm) and 40 ym (510 nm) are overlapped in
a counter propagating geometry through the atom cloud in the
MOT center, the schematic of experimental apparatus is shown
in Fig. 1(b). The frequency of first-photon laser is locked with a
polarization spectroscopy”’ technique and the second-photon laser
is stabilized to an ultra-stable Fabry-Perot (F-P) cavity with a
fineness of 15 k employing Pound-Drever-Hall (PDH) technique,
corresponding laser linewidth less than 100 kHz. A pair of girds on
either side of the atomic cloud along y-axis are used for applying the
potential and driving atomic and molecular ions to MCP detector.
The other two pairs of grids along x- and z-axis, not shown here, are
used to compensate stray electric field, related the stray field around
the cold cloud is expected to be less than 20 mV/cm.

For attaining the Rydberg molecular spectra, we scan the
second-photon 510 nm laser frequency from the atomic Rydberg
line to red 150 MHz detuning by scanning the radio-frequency signal
(rf) applied to the electro-optic modulator (EOM) that is employed
to lock the laser to the FP cavity. Rydberg molecules are formed
when the detuning from the atomic line matches the binding energy
of a molecular vibrational state. The ions of Rydberg molecular
(atomic) due to the Hornbeck-Molnar autoionization (blackbody
photoionization) are detected with a MCP detector.

The decay rate of the Rydberg molecule can be extracted by
analyzing the molecular signal as a function of the delay time ¢p, see
Fig. 1(c). We investigate the density dependence of Rydberg molecu-
lar decay rates by changing the time interval far between MOT beam
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FIG. 1. (a) Two-photon excitation diagram of Rydberg state. The first-photon vgs;
(red arrow) laser drives the lower transition 6Sy, — 6P3;, with the frequency
360 MHz blue detuned from the intermediate 6P, state. The second-photon vsqq
(green arrow) laser achieves the Rydberg excitation of 6P3; — nDsp,, prepar-
ing Rydberg atoms and Rydberg-ground molecules. (b) Sketch of experimental
setup. Two excited lasers are counter-propagated through the MOT center along
the x-direction. lons of molecules (atoms) due to Hornbeck-Molnar autoionization
(blackbody photoionization) are detected with a MCP detector and processed with
a boxcar and recorded with a computer. (c) Timing sequence. After switching off
the MOT and CODT beam, we turn on two-photon excitation pulse with duration
3 us for preparing Rydberg atoms and molecules. The electric field is switched on
for ions acceleration and detection after a time delay of tp. The time interval, ty, is
used to change the MOT density.

and Rydberg excitation beams and further changing atomic density,
see Fig. 1(c). It is found that the nice two-photon photoassociation
spectroscopy in the MOT can be obtained for higher n, such as
n = 38 and 39. However for lower n, the molecular spectra are
attained only in the CODT.

lll. DECAY RATE OF RYDBERG MOLECULES

The binding energy of Rydberg-ground molecule comes from
the scattering interaction of the Rydberg electron and the ground-
state atom. We firstly calculate the potential curves and vibrational
energies of cesium nDs;; — 6S1/2 Rydberg-ground molecules based
on the Fermi pseudopotential model,”*”” which have been reported
in detail in previous work.'”'*""* In Fig. 2(a), we present the calcula-
tions of the potential energy curves of cesium 37Ds/; — 6S1/2(F = 4)
Rydberg-ground molecule. The potential curves are asymptotically
related to the 37Ds5/; atomic line. The outermost wells of R > 19004,
mainly arise from the s-wave scattering interaction forming
trilobite-type Rydberg-ground molecules, whereas the inner wells of
R < 190049 on the order of GHz mainly from the p-wave scatter-
ing forming butterfly-type Rydberg-ground molecules. In this work,
we focus on the outermost bound potential wells with dozens of
megahertz deep at R ~ 22004y.

As described in our previous work,'® ' the potential curves of
Fig. 2(a) include two potential wells, the deep triplet ' (blue) and
shallow mixed 57S (red) wells. To understand fully the features of
Rydberg-ground molecules, in Fig. 2(a) we also present the vibration
wave functions of v = 0 state for ®'S (red) and 'S (blue), calculated
with the molecular Hamiltonian theory.

In Fig. 2(b), we display measured two-photon photoassocia-
tion spectrum for 37Ds;; Rydberg state. The black circles are the
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FIG. 2. (a) Calculations of potential energy curves of 37Ds;, — 6S1,(F = 4)
Rydberg-ground molecule asymptotically related to the 37Ds;, atomic line. The
deep potential curve (blue dashed line) indicates a triplet 3 state and shallow
potential curve (red solid ling) is a hyperfine mixed singlet-triplet S7% state. In
the outermost wells, the color filled dashed-curves display the vibrational wave
functions of (v =0) state. (b) Measurement of the two-photon photoassocia-
tion spectroscopy of the 37Ds;, — 6S12(F = 4) Rydberg-ground molecule. The
red and blue solid curves are Gaussian fittings to the molecular peaks yielding
a peak center of —22.83 + 0.13 MHz for ST= and —55.19 + 0.09 MHz for ',
respectively. The error bars are the standard average errors of five independent
measurements.
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FIG. 3. Normalized signal of 37Dz, — 6Sy;, molecule as a function of the time
delay tp for > state (a) and ST state (b). The solid lines are the exponential
fittings yielding decay rate of y; = 0.16 + 0.03 MHz and y; ; = 0.20 + 0.05 MHz,

respectively.

ionic signals and error bars are the standard average errors of
five independent measurements. The zero detuning displays 37Ds/,
Rydberg atomic line. It is clearly seen that there are two peaks in
red detuned sides that are distributed to Rydberg-ground molecu-
lar signals. These two peaks are attributed to the vibrational ground
state v = 0 of 'S (blue) and >7S (red) molecular states, correspond-
ing binding energies are —55.19 +0.09 and -22.83 +0.13 MHz,
respectively. The measurement shows a good agreement with the
calculation in Fig. 2(a). The relative deviations are less than 3%,
which are originating from the laser linewidth and frequency
calibration.
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TABLE I. Measured decay rates in MHz, yg ; and yr, of nDsj, — 6S4;, molecules in
their vibrational ground state. The error bars display the fitting errors of exponential
function. The forth column lists calculations of spontaneous emission decay rates y,
of nDsj, parent Rydberg atoms.

n Vst Yr Yo

35 0.17 £ 0.05 0.11 + 0.06 0.044
37 0.20 + 0.05 0.16 + 0.03 0.037
38 0.23 + 0.04 0.16 + 0.04 0.034
39 0.29 + 0.05 0.19 £ 0.03 0.031
40 0.31 £ 0.04 0.19 £ 0.20 0.029

In order to obtain the decay rate of Rydberg-ground molecule,
we do a series of measurements like in Fig. 2(b) for different time
delay, tp. From the Gaussian fittings to the molecular peaks, we
attain the molecular signal strength (proportional to the molecular
number) as a function of the time delay tp, as shown in Fig. 3(a)
for 7% and Fig. 3(b) for TS state. The decay rates are extracted to
be y; = 0.16 + 0.03 MHz and y ;- = 0.20 + 0.05 MHz by exponential
fitting to the measurements of Fig. 3.

We have done more decay rate measurements for n = 35-40,
the decay rate of nDs/, — 65172 molecules are displayed in the Table I.
The decay rates, both y; and yg;, demonstrate slightly increas-
ing with principal quantum number n. For comparison, we also
present the spontaneous emission decay rate of corresponding
parent Rydberg atoms in the forth column of the Table 1.

IV. DISCUSSIONS

It is found that, from the Table I, the decay rate y;. of the triplet
state is smaller than y; ;. of the mixed state. We attribute this to: (i)
the potential well of 'S state is deeper than that of 7S state, showing
more stable and stronger binding than $”$, state; (ii) the tunneling
decay rate of 'Y state is less than that of > state, which will be
discussed later. We also found that the decay rates of both Rydberg-
ground molecule are significantly faster compared to their parent
Rydberg atoms. The decay rate of Rydberg-ground molecule is about
3-4 times for n = 35 and 6-10 times for n = 40 faster than that of the
related parent atoms.

In order to make the discussion more convenient, in Table 11,
we present the measured lifetimes for 751 and 77, of nDs;; — 68172

TABLE Il Measured lifetimes in us, Ts7 and 77, of nDs;; — 6S4;; molecules in their
vibrational ground state. The error bars display the fitting errors of exponential func-
tion. The forth column displays calculations of spontaneous emission lifetimes 7, of
nDs,, parent Rydberg atoms.

n Ts,T TT To

35 6.04 £ 1.70 9.32 +£4.39 22.5
37 5.01 +£1.25 6.30 = 1.09 26.9
38 4.30 + 0.64 6.27 £ 1.50 29.4
39 3.39 £ 0.56 5.16 + 0.82 319
40 3.18 £ 0.39 5.17 + 3.26 34.6
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FIG. 4. Measured decay rate I' of molecular state "=(v = 0) state (a) and
ST3 (v = 0) (b) as a function of the ground-atom density for 37D5, Rydberg state.
For comparison, we also display the decay rates of the parent atom y,, - in (c).
Red and blue dashed lines display the fittings of function T' = a + bN to the data.
The yellow shadow in (c) means the average atomic decay rate.

molecules in their vibrational ground state v = 0 and the sponta-
neous emission lifetimes of parent Rydberg atoms. In the following,
we discuss the decay and dissociation mechanism and possible decay
channels of Rydberg-ground molecules. The possible decay channels
include the decay due to the autoionization of molecules, ground-
state atomic collision, and blackbody induced transition, and decay
to nearby bind state and so on.

We first discuss the decay channel due to the ground-state
atomic collision, I';;; = bN = Nov, with N the atomic density, b
the fitting parameter, o the collision cross section, and v the mean
velocity of the atom. For the temperature of MOT atom about
100 yK, the mean velocity v~ 10 cm/s. In order to obtain the
decay rate dependence on the ground-state density, we measure the
decay rate (I = 1/7) of 37Ds;2 — 6S1/2 molecular vibrational ground
state for different atomic density by varying the fa;, as shown in
Fig. 4(a) for Ty and (b) for 3TS states. (Atomic density is moni-
tored by absorption imaging). It is shown that the decay rate exhibits
nearly linear increases with the atomic density. Using the func-
tion I' = a+ bN, we fit the data of Figs. 4(a) and 4(b), displayed
with dashed lines. The fitting yields the cross section o = b/v = 1.60
x 1077 and 2.70 x 10~7 cm? for 'S and *'% state, respectively. The
measurements of cross section shows reasonable agreement with the
geometric collision section ~3 x 1077 cm?, calculated with the for-
mula 0 or. = 7r* with 7 ~ 3 um. In addition, the fitting also yields a
parameter a = 12.62 x 10* and 3.36 x 10* Hz, for "% and *3 state,
which displays decay rate due to the other decay channels discussed
below.

Secondly, we discuss the decay rate due to the blackbody radia-
tion. Analogous to the atomic Rydberg state, the molecules can decay
radiatively to a pair of free atoms due to the blackbody effect, and the
related decay process is written as

Cs(nD) + Cs(6S) — Cs[(n + 1)P] + Cs(6S) + hv, (1)

ARTICLE pubs.aip.org/aipl/jcp
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FIG. 5. Calculated potential energy curve (black) and vibrational wavefunction
for v = 0 (red), 1 (green), 2 (blue) of T of 36Ds;, — 6Si(F = 4). Inset is the
enlargement of the gray shallow region.

where v is the frequency of microwave photon of transition
nD — (n + 1)P. The effect induced with blackbody on decay rate
is similar for Rydberg-ground molecule and for the relative parent
Rydberg atom.” Here we estimate the effect of blackbody on molecu-
lar decay by calculating the natural decay rate y, and effective decay
accounting blackbody for parent Rydberg atom y,. For instance,
the calculated natural decay rate of 37Ds/, state is Yo =372 kHz and
effective decay rate at 300 K is y,; = 49.8 kHz. In experiment, the
measured natural decay rate of 37Ds/, state is 37.3 + 0.6 kHz, which
is in agreement with the calculation. In Fig. 4(c) we present the decay
rate measurement of 37Ds,, state as a function of the atomic density,
which displays that the atomic decay rate is independent on atomic
density® at the low density case.

We thirdly discuss the decay due to the tunneling. The tun-
neling is the quantum phenomenon where a wavefunction can
propagate through a potential barrier, whose related transmission
rate depends on the barrier height and barrier width. As shown in
Fig. 5, we calculated the vibrational wavefunctions of v = 0 (red), 1
(green), 2 (blue) for Ts state of 36Dsj, — 6S1/2(F = 4). We can obvi-
ously see that many inner potentials are deeper than the outermost
potentials, which means the vibrational wavefunction can tunnel
through these inner potentials. The tunneling decay rate generated
from flux model is written as

Trunne = (|A’kR/M) /Py, ©))

where Ty, is the tunneling decay rate in 1/s, Py is the normalized
integral of ¥ over the trapped region (unitless), A is the amplitude
of the (real-valued) sinusoid for v in the scattering region in 1/\/m,
and k is the wavenumber in the scattering region in 1/m, and M is
the effective mass in kg. Seeing the enlargement of the gray shallow
in Fig. 5, for v = 0, 1, the amplitude A of the sine-like wave-function
in the scattering region at R = 10004 or less is almost zero, suggest-
ing that the tunneling decay rate can be neglected. On the contrary,
for v = 2, the calculated Ty, is about 1000 kHz which results the
rapidly decay for Rydberg-ground molecule.

The Breit-Wigner function is another method for extracting
a tunneling decay rate from static wavefunction amplitudes whose
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formula is written as, I = (2/h)(dW/d®), with W the energy in
Nm, and @ the scattering phase in rads. This gives Gamma in units
frequency. This is the (1/e) decay rate divided by 27. It would be
equivalent to the spectroscopic linewidth in Hz. The 1/e decay rate
is Tgecay = (2/h) (AW /d®). Note the f1in place of just h. For our case,
the tunneling decay rate from the above two models have essentially
given the same information that, for the molecule v = 0 we prepared,
the tunneling effect is not a major reason that results the rapidly
decay.

Finally, we discuss the decay to nearby bind state, related decay
rate depending on the Franck-Condon factor (Grc). However, a set
of vibrational states builds a basis of normalized eigenstates, the sum
of the Franck-Condon factor,

> Grc[nDv - n'PV'] = 1. (3)

4

According to the discussion above, we can conclude that the
collision and blackbody reduced decays are the main reason that
result the fast decay of the Rydberg-ground molecules. To fully
understand the decay mechanism, we take the 73 state of 37Ds,
— 68172 molecules as an example to quantitatively display the decom-
position of the decay rate. The collision cross section is ¢ = 2.70
x 1077 cm?® from Fig. 4(b), the decay rate due to the collision is
141.21 kHz at the density of N = 5.23 x 10'” cm™. Whereas the
decay rate due to the blackbody radiation of the parent atom is about
37.33 kHz. From the Fig. 5, the amplitude of the sine-like wave-
function in the scattering region at less than R = 2000 4 is almost
zero, related tunneling decay rate is zero. The total decay rate is
consistent with the experimental measurement of 179.96 kHz.

V. SUMMARY

In this work, we have presented measurements of decay
rates of cesium nDsj; — 6S1/2(F = 4) Rydberg-ground molecules for
35 <n <40. The Rydberg-ground molecules are prepared in the
Rydberg ensemble by the method of two-photon photoassociation.
We have obtained the molecular decay rate by means of fitting the
measured population of molecules as a function of the time delay
between the excitation pulse and the detection electric field. The
decay rates of Rydberg molecule show increase with the principal
quantum number and on the order of hundreds of kHz, which is
much larger than that of their parent Rydberg atoms.

We have discussed possible decay channels in details, includ-
ing autoionization induced decay of molecules, blackbody induced
decay, the tunneling induced decay and collision between atoms
induced decay. We found that the measured decay rate of the
Rydberg-ground molecules shows the linear increase with atomic
density, while the related bare Rydberg atoms are independent
of the atomic density at lower atomic density. From the linear
fitting, we have extracted the cross section that agrees with the
calculation.

Among the possible decay channels, the ground-state atomic
collision and the blackbody radiation of the parent Rydberg atom
are the important decay channels, which can lead to the significant
increase of the molecular decay rate. Decay mechanism is an impor-
tant property both for Rydberg atom and for molecules, which plays
a key role in atomic and molecular physics. The measurements of
decay rate and the exploration of decay mechanisms are of great

ARTICLE pubs.aip.org/aipl/jcp

significance for understanding the binding mechanisms of Rydberg
molecules.
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