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Collisional loss of cesium Rydberg atoms in a magneto-optical trap
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The collisional loss rates of 63S;,, Rydberg atoms in cesium magneto-optical trap are measured by using the
state-selective pulse field ionization technique and used to investigate the interaction between Rydberg atoms.
The collisional loss rate coefficients due to collisions with Rydberg atoms and ground-state atoms are obtained
by fitting the experimental data. The results indicate that the large collisional loss mainly comes from the strong
long-range interaction between ultracold Rydberg atoms, and the loss rate is significantly increased under a weak

electric field.
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I. INTRODUCTION

In recent decades, the collisions of Rydberg atoms have
been extensively studied both experimentally and theoretically
due to their large size and low binding energy [1], which
play an important role in the atomic and molecular physics
and many laser applications. Due to the limitations of the
large thermal velocities, many atomic beam experiments have
mainly focused on the relevant low-lying Rydberg states [2].

Recently, the collision properties at ultralow temperatures
have opened new research areas in atomic, molecular physics,
and chemical physics with the help of laser cooling and
trapping techniques. In contrast to thermal atomic experiments,
collisions between cold atoms offer many interesting features
connected with their low collision energy and long collision
duration. Collisions become very sensitive to long-range
interactions and to the absorption and emission of radiation
during the collision time [3], e.g., collision loss in single-
species [4] or two-species [5] magneto-optical-trap systems,
and atom-molecule and molecule-molecule collisions [6]. In
additional, the ultracold Rydberg atoms have been extensively
investigated in many-body collisions [7,8], state mixing [9,10],
lifetime measurements [11], and spontaneous evolution into
ultracold plasmas [12]. Due to their large cross sections
and polarizabilities, ultracold Rydberg atoms exhibit strong,
tunable resonant dipole-dipole or off-resonant van der Waals
interactions. One fascinating effect is the interaction-induced
blockade effect [13,14], which has been proposed as a crucial
ingredient for quantum-information processing [15]. The
strong interactions also lead to extreme collisional properties
of ultracold Rydberg atoms. The longer interaction time and
narrower velocity distribution of ultracold Rydberg atoms
allow for observation of the collisional processes and dynamic
evolution in more detail. A weak background dc electric field
can change the potential curve dominating the collision process
of Rydberg atoms [16], and even forming Rydberg molecules
by modifying the avoided crossings between Rydberg atom-
pair interaction potentials [17]. The electric field also can be
used to tune the interaction between Rydberg dipole-allowed
states, and even cause the excitation of dipole-forbidden
but quadrupole-allowed transitions, which open additional
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transition channels and have been investigated in ultracold Rb
Rydberg atoms [18]. Therefore, understanding and controlling
the collisional properties between Rydberg atoms provides an
excellent platform for the study of Rydberg atomic interaction
and Rydberg atom-pair excitation processes. However, most
works on Rydberg atomic interactions were focused on the
principal quantum number n < 50 [19-21]. For higher n,
Rydberg atoms exhibit strong long-range interaction, which
has a dramatic effect on the excitation dynamic. For example,
suppression of excitation corresponding to the van der Waals
interactions had been studied in excitation of high Rydberg
states (n ~ 70-80) using a pulsed amplified single-mode laser
[13]. In additional, the strong-interaction-induced collision can
also give rise to the rapid decay of Rydberg atoms and even
energy transfer [19]. The decay of Rydberg atoms is one of the
effects induced by the interaction between Rydberg atoms. We
measured the decay rate of a high Rydberg state and obtained
interaction information (including long-range interaction and
dipole interaction induced by an electric field applied at the
same time).

In this paper, we investigate the collisional loss of 635/,
Rydberg atoms in a cesium magneto-optical trap (MOT)
using the state-selective pulse field ionization technique. We
extract the collisional loss rate coefficients between Rydberg
atoms by measuring the temporal behavior of Rydberg atomic
population at zero electric field and a weak applied electric
field. We also obtain the collisional loss rate coefficient due to
collisions with the ground-state atoms.

II. EXPERIMENTAL SETUP

We cool and trap cesium atoms in a standard MOT at a
temperature of ~100 K. The trap has a Gaussian radius of
400 pum and contains ~6x 107 cold atoms, which lead to a
peak density on the order of 10'' cm™3. The experimental
setup is shown schematically in Fig. 1. Excitation to Rydberg
states is accomplished by a two-photon scheme; the first
photon is provided by the cooling and trapping laser (Toptica,
DL100) with a wavelength of 852 nm. The second photon
is generated by a commercial laser system (Toptica, TA-
SHG110) consisting of an extended cavity diode laser which
is amplified to a maximum power of 1 W and then doubled
to 507-517 nm with a linewidth below 2 MHz. The output
beam of the 510-nm laser is switched on for typicallyl us
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FIG. 1. Experimental setup. MCP: microchannel plate, AOM:
acousto-optical modulator.

with an acousto-optical modulator (AOM), and focused into
the cold atomic cloud with a maximum power of 60 mW and
a waist radius ogy ~ 150 um. The excited Rydberg atoms
are located at the center of two parallel metal grids spaced
15 mm apart with an optical transmission of 95% through
which the MOT laser beams pass almost undisturbed. We
apply a static voltage to one of the grids during the whole
experiment, which allows us to compensate for the residual
electric field and investigate the effect of an applied dc electric
field ¢ on interaction between Rydberg atoms. To the other
grid we apply a 3-us rise-time high-voltage electric-field
pulse [E = 1/(16n*)] to ionize Rydberg atoms, and drive
the ions to a microchannel plate detector (MCP) located
behind one of the girds. A boxcar integrator is set to select
the desired time-of-flight window, and the resulting data of
averaging over five measurements are stored in a computer.
The number of Rydberg atoms is obtained using a calibrated
digital charge-coupled device (CCD) camera (IMC-82FT, IMT
Tech.) by measuring the decrease in fluorescence of 6Pz,
atoms, which is consistent with the number of detected ions by
a calibrated MCP with a quantum detection efficiency of 45%.
The density of Rydberg atoms can be calculated by dividing the
number of Rydberg atoms by an effective excitation volume
Vexe = (2nal%y)3/ 2 with a typical peak density of nS, ~
9 x 10° cm™3.

While the Rydberg atoms are produced, the Rydberg atomic
population can evolve freely during the delay time between the
510-nm laser pulse and high-voltage pulse field, which is con-
trolled by a digital delay and pulse generator (SRS-DG535).
The decay curve based on the high-resolution spectroscopy
of nS;,, states is obtained by scanning the frequency of
the 510-nm laser for different delay times at fixed initial
Rydberg atomic densities. The absolute laser frequency is
recorded using a commercial wavelength meter (HighFinesse-
Angstrom, WSU-30) with an accuracy of 0.001 cm™!.

III. RESULTS AND DISCUSSION

The collisional loss rate is determined from the analysis of
the decay curve. The decay of the number of ultracold Rydberg
atoms as a function of delay time is given by the following rate
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equation:

d Ny
dt

= —aNgy — B /v nlzzy &Pr— Bry-c /v nRyNG d&’r,
(D

where B is the loss rate coefficient caused by colli-
sions between ultracold Rydberg atoms, Bgry_g is the
loss rate coefficient caused by collisions between ul-
tracold Rydberg and trapped ground-state atoms, ngy
and ng are the densities of Rydberg and ground
-state atoms, respectively, and « is the loss rate coefficient
mainly caused by the spontaneous radiation and blackbody
radiation. Here, we neglect hot background gas collisions
(composed mostly of hot Rydberg and ground-state atoms)
due to the relatively low density of hot ground-state atoms
in our experiment; while the hot Rydberg atoms are mostly
removed by tuning the trapping laser into resonance before the
arrival of the 510-nm laser pulse.

The integration in Eq. (1) is performed over the whole
volume occupied by the excited Rydberg atoms. The spatial
distribution for both ultracold Rydberg and ground-state
atoms is approximately described by a Gaussian distribution
[22], nry(r,t) = ni (e ™% and ng(r,t) = nS(t)e™""/%:
substituting ngy(r,#) and ng(r,¢) into Eq. (1) and integrating
over the volume we obtain

d Ngy

= —a'Ngy — ———= N2, ()
d s ()
where
1 32
o =a+ Bry_gNg| —————~ . 3

Integrating Eq. (2) with respect to time yields

(4n0}%y)3/2a’NRy(O)e’“,’
3/2 e
(4r03) o + BNy(0) — BNgy(0)e "

Ney(1) = )

where Ngry(0) is the number of initial Rydberg atoms. The
experimental procedure to measure 8 and Bry_¢ are carried
out as follows: First, we compensate the residual electric-field
components perpendicular to one of the grids by applying a
small voltage of ~600 mV; the decay curve of the Rydberg
atomic population is then measured by changing the delay
time at a fixed initial Rydberg atomic density. Finally, we
obtain the rate coefficients o/ and B by fitting the decay
curve using Eq. (4). In order to extract the value of Bry_g,
we are required to estimate the value of «, ogy, and og.
The o is derived from the CCD images of the cold atomic
sample, while the oy is determined by measuring the waist
of the excitation laser beam at the focus using the scanning
knife-edge beam profile measurement technique. The values
of spontaneous radiation rate and blackbody radiation rate
come from theoretical calculations. Recently, Beterov et al.
[23] have numerically calculated the zero-Kelvin lifetimes
and blackbody-radiation-induced depopulation rate for higher
Rydberg states n < 80 at several ambient temperatures by using
the quasiclassical approximation method. A simple analytical

042711-2



COLLISIONAL LOSS OF CESIUM RYDBERG ATOMS IN A ...

TABLE I. Value of the coefficients A, B, C, and D in Eq. (6) for
Cs [23].

State A B C D

nSi, 0.123 0.231 2.517 4.375
nDs 0.038 0.076 1.790 3.656
nDs, 0.036 0.073 1.770 3.636

expression for the zero-Kelvin spontaneous radiation rate can
be written as

L — 11 5)
spon — T - Tsnsz’

where 7, and y are fitting parameters determined by fitting
the numerical results of zero-Kelvin radiative lifetimes as a
function of effective principal quantum number n.s¢ = n—§;,
where §; is the quantum defect for a given state which is taken
from Ref. [24].

The blackbody-radiation-induced depopulation rate can be
approximately described by the following analytical function
[23]:

A 2.14 x 100
nb exp (315 7SOB/ngffT) -1

Tesr = ™. (©
where 7 is the thermal background temperature; we assume
that the vacuum chamber is 300 K for our experiment. The
fitting parameters A, B, C, and D were obtained from the
fit of the numerical results at the temperature of 300 K and
corresponding values for Cs are given in Table 1.

Figure 2 shows a typical decay curve of 635, as a
function of delay time at ¢ = 0 mV/cm and corresponding
fitting curve. Each data is the result of Lorenzian fit to the
63512 spectrum averaging over four individual scans, and
normalized to a maximum signal at a O us delay time. The
ion spectrum of the 635, state at a delay time of 17 us is
shown in the inset of Fig. 2. We obtain the rate coefficients
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FIG. 2. (Color online) Typical decay curve of the 635, popula-
tion as a function of delay time at a dc electric field of ¢ = 0 mV /cm.
The red solid line represents a fitting of Eq. (4) to the data. The inset
is spectrum of the 635, ,, Rydberg state and Lorenzian fitting curve
at a delay time of 17 us.
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o' = (24480 +£480) s7! and B = (3.0£ 1.0) x 107® cm?/s
by fitting the decay curve using Eq. (4). The error source
mainly comes from the uncertainty in the measurement of
the Rydberg atomic density. We can estimate o = 9302 s~!
as the sum of the spontaneous radiation and blackbody
radiation rates by Egs. (5) and (6), and corresponding fitting
coefficients are taken from Ref. [23]. We then extract the
Bry—G ~ (3.1 £1.5) x 1077 cm3/s from Eq. (3), which is
one order of magnitude smaller than the collisional loss
rate coefficient B. It is proved that the collisional loss due
to collisions between Rydberg atoms is the dominant loss
mechanism because of their strong interaction. Although the
interaction potential is repulsive for 635, [25], the blackbody
radiation can cause redistribution to an energetically nearby
dipole-coupled Rydberg state, and give rise to collisional
ionization. We experimentally observe that ions appear after a
10 us delay time and increase with increasing delay time, and
similar behaviors have been observed in Ref. [26] for higher
Rb Rydberg states.

Recent results indicate that a weak electric field can
significantly change the potential curves of field-free Rydberg
atoms pair, which lead to Rydberg atomic population transfer
from an initial state to higher-n states by some energy
crossings, and eventual Penning ionization [16]. We also
observe a similar effect in our experiment. Figure 3 shows the
dependence of the 635/, atomic population on a dc electric
field at a fixed delay time of 3 ws. Obviously, the atomic
population rapidly reduces with an increase of the dc electric
field. In order to investigate the effect of the electric field on the
interaction and further on the collisional loss rate, we measure
the population of the Rydberg state as a function of delay
time at a weak dc electric field and keep all other parameters
fixed. The decay curve of 635/, and the corresponding fit
at ¢ = 267 mV/cm are shown in Fig. 4. Comparing to the
experimental results at ¢ = 0 mV /cm, the presence of the
electric field significantly accelerates the population decay
from the initial Rydberg state. Because we keep all other
experimental conditions unchanged except for the application
of a weak electric field, we consider that the collisional loss rate
between ultracold Rydberg and ground atoms is approximately
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FIG. 3. The variation of the 635, atomic population with the dc
electric field at a delay time of 3 us.
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FIG. 4. (Color online) Typical decay curve of the 635, popula-
tion as a function of delay time at a dc electric field of e =267 mV /cm.
The red solid line is a fitting curve of Eq. (4) to the data.

constant. We therefore fix a/ to a value from Fig. 2 and obtain a
collisional loss rate coefficient 8 = (3.7 & 1.4)x 10™* cm? /s,
which is two orders of magnitude larger than that of zero
electric field. The large collisional loss rate is explained by the
fact that the electric field can increase the interaction strength
between the initial Rydberg state and the nearby dipole coupled
states and transfer some Rydberg atoms to nearby states; the
electric-field-induced dipole interaction (scaling as R~?) is
stronger than the long-range van der Waals interaction in
the absence of an electric field (scaling as R%) at the same
conditions.

It should be pointed out that the ion production is experi-
mentally observed on slightly smaller time scales and rapidly
increases with delay time as compared to the zero electric field.
It confirms that the dc electric field increases the collisional
possibility of Rydberg atoms and leads to increased collisional
ionization, which maybe tune the interaction strength between
coupled pair states by the electric field, because we observe
the appearance of some dipole-allowed Rydberg states in a
large electric field. Figure 5 shows the time-resolved ion signal
for 6381/, at a dc electric field of ¢ = 267 mV/cm and
a fixed delay time of 6 us. A possible explanation is that
the electric field induces nonadiabatic transition by forming
energy crossings,and the influence of the dc Stark effect
on the nonadiabatic multichannel decay of quasimolecules
has been investigated [27]. The other possible reason is
that pairs of 635/, states are energetically degenerate with
closer attractive pairs states for certain electric fields, and the
electric field leads to / and n mixing between dipole-dipole
coupled states. We will further investigate this process in other
experiments.
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FIG. 5. Time-resolved ion signal of 635, with a dc electric field
of ¢ = 267 mV/cm and fixed delay time of 6 us. The data are
normalized to its maximum signal. The signal enclosed in the circle
represents dipole-allowed states induced by electric field.

IV. CONCLUSION

We measure the collisional loss rate coefficients of cesium
6351 /» Rydberg atoms at different background dc electric fields
by measuring the corresponding decay curves in a conventional
MOT. The large collisional loss of Rydberg atoms is mainly
attributed to the collisions between ultracold Rydberg atoms
because of their strong long-range interactions, which are one
order of magnitude larger than the loss rate coefficients caused
by collisions between ultracold Rydberg and trapped ground-
state atoms. A weak dc electric field can significantly increase
the collision loss by tuning the interaction strength between
the coupled pair states. In fact, the Stark structures of the nS
states are mixed with the other states in the Stark manifold
at an even weaker electric field for higher n Rydberg states,
which can result in many other effects such as energy transfer
[14], dipole-forbidden transitions [18], and may even form
Rydberg molecules. So the measurement of the collisional
loss rate coefficient provides a tool for investigating the pair
state dynamics in the electric field and interactions between
Rydberg atoms.
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