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Dephasing effect of Rydberg states on trap loss
spectroscopy of cold atoms
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Abstract: In this paper, we investigate the asymmetry of trap loss spectra of ultra cold atoms
during the excitation of Rydberg states. It is shown that the profile of trap loss spectrum is affected
by the density of Rydberg atoms as well as dephasing rate of Rydberg states. The splitting of trap
loss spectrum is shown at the higher dephasing rates of Rydberg states. A three-level model,
where the dephasing rates mainly ascribe to a random collision of Rydberg atoms, reasonably
explains the experimental results.
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1. Introduction

Rydberg atoms possess large dipole moments and long lifetimes, which are important for
generating collectivity and entanglement for quantum computation and quantum simulation [1-5].
At present, Rydberg atoms with high principal quantum numbers are suitable for quantum
measurement due to sensitive response to external electric fields [6-10]. In quantum computation,
quantum simulation and precision measurement, the dephasing rate directly affects the coherence
time of the quantum states [ 11-13]. Typically detecting techniques currently of cold Rydberg atoms
includes: selective field ionization and electromagnetically induced transparency spectroscopy.
Selective field ionization, which ions or electrons from ionized Rydberg atoms were detected,
has been widely used in transition dipole moment measurement [14, 15], quantum defect
measurement [16], lifetime measurement [17], collision cross section measurement of Rydberg
states [18,19], etc. As a non-destructive detection technique, electromagnetic induced transparent
spectroscopy is used in the study of Rydberg atom interaction [20], Rydberg atom interaction with
the field [21,22] and Rydberg excitation light frequency stabilization [23]. Similarly, trap loss
spectroscopy is also a non-destructive measurement technology and has been widely used in the
field of ultra cold atoms, especially in ultra cold molecular spectroscopy, which has achieved the
measurement of the vibrational state and molecular vibrational coefficient of Cs, molecule [24].

In this work, the effect of dephasing rate of Rydberg states on trap loss spectra of the ultra cold
Rydberg atoms is studied. The two-photon excitation of Rydberg states is employed in a standard
magneto-optical trap(MOT). The trap loss of MOT occurred as the production of Rydberg atoms.
By varying the detuning of cooling laser, the trap loss spectra are obtained at different densities,
and the shape of the trap loss spectra was simulated using a ladder-type three-level system. We
employ a theoretical model of atoms collision and the master equation calculation to explain well
our experimental data.
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2. Experimental setup

The experimental setup is shown in Fig.1(a), where an ultra cold atom gases with an atom number
of around 9 x 10° and a temperature of about 200 uK is obtained using laser cooling techniques.
Its peak density can be tuned in the range of 0.6 x 10'° cm™ to 6 x 10'° cm™ by adjusting
detuning of cooling laser. The ultra cold atoms maintain the steady states of cyclic transition
between the energy levels 6S;/, (F=4) and 6P3/, (F = 5). Then a laser beam with a wavelength of
510 nm is added into the ultra cold atom gases to couple the transition from the 6Pz, (F=5) to
51512 Rydberg state. The energy level diagram is shown in Fig.1(b), where the cooling laser and
repumping laser are provided by commercial semiconductor laser(DL-Pro, 852 nm) with a waist
about 400 um. The frequency is locked by saturation absorption spectroscopy on the transition
from 6S;,,(F=4) to 6P3,(F=5) and 6S/2(F=3) to 6P3,>(F=4) with about 1 MHz linewidth. The
excitation light (wavelength 510 nm) has a waist of about 800 um at the MOT. In the experiment,
the excitation light is optimized to ensure complete coverage of the atoms. The frequency of
excitation light is locked to the transition from 6Pz, to 515/, through the super-stable cavity,
and its linewidth is less than 100 Hz.

The Rabi frequencies of the excitation laser and cooling laser are 27 X 0.8 MHz and 27 X 45
MHz, respectively. During the experiment, we scan the frequency of the Rydberg excitation laser
at the resonance position with the frequency range of 75 MHz. The fluorescence is detected by a
collection system with the lens area of 50.67 mm? and the distance of 11 mm from the atom
cloud, giving the trap loss spectra of ultra cold cesium atoms. And a 852 nm narrow-bandwidth
optical filter is used to eliminate the effects of stray light. In order to improve the signal-to-noise
ratio of the spectral signal, we use a frequency modulation technique [25], which effectively
improves the signal-to-noise ratio by about 30 dB.

(a) cooling (b) [3) = |5151/2)
15
detector
excitation laser
|12) = |6P.
| 3/2> __A_C___ —
optical filter
cooling laser fluorescence
1) = [651/2)

excitation

Fig. 1. (a) Sketch of the experimental set up, the 510 nm excitation laser and 852 nm cooling laser are propagated into a
cold cesium atom cloud, and the fluorescence collection device detects the fluorescence signal emitting by the atoms; (b)

Cesium Rydberg atom ladder-level system schematic.

3. Result and discussion

The results are shown in Fig.2, where the cooling laser Rabi frequency is 2m X 45 MHz, the
Rydberg excitation laser Rabi frequency is 27 X 0.8 MHz, and the excitation laser frequency is
scanned from -75 MHz to 75 MHz near the resonance of 6P3/,—51S;,,. The density of atoms
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are 8.53 x 10% cm™3(Fig.2(a)) and 4.92 x 10° cm~3(Fig.2(b)), respectively. It can be shown that
when the density of atoms increases, the trap loss spectra show a clear asymmetric splitting.
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Fig. 2. (a) Trap loss spectrum of atom density 8.53 x 108 cm™3; (b) Trap loss spectrum of atom density 4.92 x 10° cm™3;
(c) Rydberg atom saturation excitation curve with atom density 4.92 x 10° cm™, in which the inset figure shows the
result of fitting the maximum fluorescence loss with the theoretical model, where the gray circles are experimental data

and the solid red curve is the theoretical calculation result.

To explain the experimental results, we consider a three-level system composed of state |1),|2)
and |3)(see Fig.1(b)) whose Hamiltonian can be described as:

H=H0+HAL (1)

where Hj is the Hamiltonian of the system in the absence of external fields and H4y is the
Hamiltonian of the light-atom interaction. The strength of the light-atom interaction is described
using the Rabi frequency:

_ M | 2P

& 2
h \ nrw?ceg

@)
where y;; denotes the dipole leap matrix element of the atom from quantum state [) to |j), and
P and w are the power and waist of the laser. ¢ and g are the speed of light and the dielectric
constant in vacuum. 7 is the Planck constant.

The Hamiltonian H can be expressed in the case of considering the rotating wave approximation
as:

0 A 0
h
H=3| Q. -2A Q, 3)
0 Q -2(A+A)
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where Q. and Q. denote the Rabi frequencies of the cooling and excitation laser, respectively,
and A; and A, are the detuning of the the cooling and excitation laser(see Fig.1(b)).
Taking the Hamiltonian into the Lindblad master equation:

p=—1[H.pl+L(p) “

L(p) is the Lindblad super operator to describe the dissipative process of the system [26]. In
the three-energy system, it takes the following form:

Y2022 —3v2p12 -3v3p13
L(p) =| —3y2p21  —v2pm+7y3p3s =5 (v2+73) p23 &)
—Yyips1 =3 (2 +73) pn2 ~Y3033

where > and y3 denote the dephasing rates of the excited state |2) (6P3,) and the Rydberg
state |3) (51S;2), respectively. y2 = Yeg + ¥e, Where y.g is the decoherence rate due to the
spontaneous radiation of the excited state, and 7y, is the decoherence rate due to the interaction
of the excited state atoms. Since the effect of the interaction of the excited state atoms is much
smaller than their spontaneous radiation, we have:ys = y., = 5.2 MHz. y3 = ¥, +v,,where v,
and vy, are the decay of the Rydberg atoms, because of the spontaneous radiation and interaction
between them.

Since continuous laser excitation is used in the experiment, we use the steady-state solution of
the master equation to obtain the change in the distribution of the excited state atom number, i.e.,
the change of the fluorescence intensity. At the steady state of the system we have: p;; = 0 and
P11 + p22 + p33 = 1, it means that the total distribution probability of the three quantum states is
1. The excited state atom number distribution can be obtained by solving p7;:

4(Ae+A)*Q2
2 = 5 (6)
492 (Ae + Ac)* + (—4Ac (Ac +A0) +Q2)" +2 (4 (Ao +Ac)? + Qg) Q2+ Qf

In the experiment, we first determine the saturation excitation power of Rydberg atoms to
ensure that the atoms achieve saturation excitation at the minimum excitation laser power(see
Fig.2(c)). It means that the density of Rydberg atoms is only related to the density of ground
state atoms. And the effect of van der Waals interaction between atoms can be ignored by using
the minimum saturation excitation power [27,28]. We change the ground state atoms density
by controlling the detuning of the cooling laser. Using the expression (6), we have fitted the
experimental data theoretically to obtain the dephasing rates 3 of the Rydberg states at different
atom densities through the fluorescence loss rate. It is shown in the inset figure in Fig.2(c), where
the circle is experimental data and the solid curve is the theoretical calculation.

The Fig.3(a) shows the fluorescence loss rate changed with the dephasing rate 3. It is obvious
from the experimental results that the dephasing rate of the Rydberg states varies linearly with
the density of atom clouds. For this phenomenon, we use the random collision model to explain
it [18]. Compared to the ground state atoms, the Rydberg atoms have larger atomic radii, so the
effect of the ground state atoms collisions can be neglected at the lower atom density [29], and
only the collisions between Rydberg atoms are considered. The dephasing rate of the Rydberg
state: Y3 = ¥re + ¥r, Where vy, is the dephasing rate caused by atom collisions. According to the
random collision model:

Yr = OrVyPr (7)
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Fig. 3. (a) The fluorescence loss rate varies with the dephasing rate 3 of Rydberg state, where the red curve is the
theoretical calculation result and the gray circle is the fluorescence loss rate measured experimentally; (b) The dephasing
rate y3 of Rydberg state varies with the density of Rydberg atoms, where the red curve is the theoretical calculation result

and the gray curve is the fitting result of experimental data.

where v, is the velocity of the Rydberg atom, calculated using the temperature of the cold atoms,
which has an average velocity of 17 cm/s for a cold atoms at 200 uK. p,- is the density of Rydberg
atoms, obtained by scaling the distribution of quantum states in the theoretical model, using
the density of excited atoms of state. o is the collision cross section of the Rydberg atom.
According to the experimental conditions, the blocking radius of the Rydberg atom is about 22.11
um, and its collision cross section o = 3.80 X 107° cm?.

For the experimental results, we have fitted the result by using a linear function: y = ax + b, as
shown in Fig.3(b). Where the solid gray line is the result of the linear fit, where a = 7.74 x 1078
kHz-cm™ and b = 3.64 kHz. The red solid line is the result obtained by our model y; =
Yre + 04V, pr, calculated with a slope of o v, = 6.46 X 1078 kHz-cm™3. The theoretical model
is in good agreement with the experimental results, and the slope of the experimental results
obtained is slightly higher than the theoretical calculation, probably due to the fact that the cold
atom is heated by the excitation process of the Rydberg atoms during the experiment. The slope
of the obtained experimental results is slightly higher than the theoretical calculation because the
atomic average velocity used in the theoretical calculation is difference from Gaussian distribution
for actual atom gases. In addition, the collision of ground atoms and Rydberg atoms can also
lead to higher dephasing rate [29].

4. Conclusion

We have studied the trap loss spectra of the Rydberg atom of the ladder type three-level system
in an ultra cold cesium atom and obtained the Rydberg energy level dephasing rate y3 and
the dependence on atom density. This phenomenon is mainly caused by increase the collision
probability of Rydberg atoms by the increasing density, which in turn leads to the decoherence
effect. The results of this paper provide a detailed investigation for the dephasing rate of the
Rydberg energy levels.
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