PHYSICAL REVIEW A 103, 063305 (2021)

Rydberg excitation spectrum of **K ultracold Fermi gases

Donghao Li,"? Guoqi Bian,"? Jie Miao,"> Pengjun Wang,""> Zengming Meng, '

Liangchao Chen,"? Lianghui Huang ©,

12" and Jing Zhang'

IState Key Laboratory of Quantum Optics and Quantum Optics Devices, Institute of Opto-electronics,
Shanxi University, Taiyuan, Shanxi 030006, People’s Republic of China
2Collaborative Innovation Center of Extreme Optics, Shanxi University, Taiyuan, Shanxi 030006, People’s Republic of China

® (Received 28 January 2021; revised 29 May 2021; accepted 1 June 2021; published 14 June 2021)

We report the measurement of the Rydberg excitation spectrum by two-photon process in ultracold “°K Fermi
gases. Two different methods are employed to measure the Rydberg excitation spectrum, depending on the power
of the probe laser. One scheme is to reduce atomic losses by means of electromagnetically induced transparency.
The other is to enhance the atomic losses by spontaneous avalanche ionization due to the strong Rydberg-
Rydberg interactions. We verity the consistency of both of the methods. The highest Rydberg states detectable in
our experiment are limited to n < 62 due to the competition between the long Rydberg blockade effective range

and the limited atomic cloud size.
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Due to their long lifetimes, large cross sections, very large
polarizabilities, etc. [1], the Rydberg atoms are extremely
sensitive to external electric and magnetic fields and exhibit
strong atom-atom interactions and large optical nonlineari-
ties. Under ultracold conditions, the thermal motion can be
neglected and the long-range dipole-dipole interactions play
a major role. This interaction manifest in a variety of phe-
nomena, including the excitation-blockade effect [2,3], exotic
molecules (trilobite Rydberg molecules [4-6], butterfly Ryd-
berg molecules [7,8], macrodimers [9-13]), and in few-body
to many-body physics between one Rydberg atom and mul-
tiple ground-state atoms [14]. The Rydberg atom is an ideal
system for the implementation of highly controllable quantum
simulators [15-19], because the interactions can be controlled
by static electric or magnetic, laser or microwave fields.

Since a Rydberg atom interacting with an ultracold back-
ground atomic gas leads to the formation of a molecular shell
structure in the quantum regime, the bosonic or fermionic
quantum statistics will play an important role [20,21]. The
first evidence of the Fermi suppression has been observed
in a nondegenerate Fermi gas of ¥ Sr [22]. Rydberg-dressed
atomic gases display the rich many-body phenomena [23,24].
Many phenomena relating to the Rydberg states have been
studied experimentally in an atomic Bose-Einstein condensate
[11,25-32] and theoretically predicted in degenerate Fermi
gases [33-38]; however, the degenerate Fermi gases are still
waiting to be studied and explored experimentally. The exper-
imental realization of Rydberg-dressed interactions between
fermionic atoms would be an exciting step toward resolving
puzzles related to strongly correlated electronic solids, such
as topological superfluids [34] and topological density wave
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[35]. Among the alkali-metal atoms, potassium is the element
with three naturally abundant isotopes: Boson MK, 4K, and
fermion “°K. “°K atoms are an attractive candidate for Ryd-
berg dressing of a fermionic species because they are readily
obtained degenerate Fermi gases. Rydberg excitation spec-
troscopy of boson K has been carried out experimentally
in [39—41]. The natural abundance of fermionic “°K is very
low and the measurement of Rydberg excitation spectra for
fermionic “°K atoms is not easy to perform. In this paper,
we measure the Rydberg excitation spectrum by a two-photon
process in ultracold “°K Fermi gas. The Rydberg excitation
spectrum is obtained by measuring the atomic losses instead
of the transmitted probe beam. Two different methods are em-
ployed to measure the spectrum using different powers of the
probe laser. One method is to reduce atomic losses by means
of electromagnetically induced transparency (EIT) [42] using
a low probe power. The second method (the avalanche ioniza-
tion scheme) is to enhance the atomic losses by spontaneous
avalanche ionization [43,44] of the strong Rydberg-Rydberg
interactions by using a high power probe beam. We compare
the two methods and show that the Rydberg excitation spec-
trum using both methods agree each other very well. We find
that the detectable highest Rydberg state in our experiment
is n < 62 limited by competition between Rydberg blockade
effective range and the atomic cloud size. This work takes the
first step to study Rydberg-dressed ultracold “°K Fermi gases.
Moreover, our work provides a platform to generate ultracold
strongly coupled plasmas from the degenerate Fermi gases to
explore the physics of nonequilibrium dynamics.

The experimental setup and energy level scheme for the
two-photon Rydberg excitation are shown in Fig. 1. The
three-level ladder-type energy levels include the ground state
48,2, intermediate state 4P3,,, and highly excited Rydberg
states ns and nd. A weak probe beam (red laser) with wave-
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FIG. 1. Experimental setup and procedure. (a) Level scheme of the two-photon excitation of “°K to Rydberg ns and nd states. (b), (c) The

schematic of the two detection schemes. (b1) The optical setup for

the EIT method. The same probe laser is used for the EIT and also, for

absorption imaging, propagates along the z axis. (b2) The time sequence for the EIT detection method showing the atoms ballistically expand
to take the time-of-flight (TOF) absorption image with a CCD. (c1) The avalanche ionization scheme setup. The probe laser propagates along

the y axis, focused onto the ensemble through a high-NA aspheric

lens while a separate nonfocused imaging probe is used for taking the

absorption image. The inset shows the in sifu atomic density in which the hole at the center shows the atomic losses by the strongly focused
probe light. (c2) The time sequence for the enhanced atomic losses detection method. The atoms are imaged by in situ imaging. Here, the
coupling field (blue laser) intersects with the y axis at an angle of 45°.

state of 4P;,,. A strong-coupling beam (blue laser) drives the
transition between the intermediate |F’ = 11/2, mp = 11/2)
state of 4P;,, and the highly excited Rydberg states ns and
nd at around 457 nm. The coupling laser beam is derived
from a system of ECDL (external cavity diode laser)-TA
(tapered amplifier)-SHG (cavity-enhanced second harmonic
generation) providing 800 mW output at around 457 nm. The
frequency of the coupling laser is scanned and measured using
a high-resolution wavemeter (HighFinesse, WS7, measure-
ment resolution of 10 MHz). The pulse duration and intensity
of the probe and coupling laser beams is controlled through
acousto-optic modulators (AOMs).

The experiment starts with the preparation of a degenerate
Fermi gas of “°K atoms in the state |F = 9/2, mz = 9/2)
in a crossed optical dipole trap. Around N = 3 x 10° ultra-
cold *°K atoms are prepared at a temperature of 0.37 using
sympathetic cooling by 8’Rb, where the Fermi temperature
is defined by Tr = h@(6N)'/? /kg. Here & = (w,wy0,)'? =~
2 x 80 Hz is the geometric mean of the optical trap in our
experiment, N is the particle number of “°K atoms, and kg
is the Boltzmann’s constant. The remaining %’Rb atoms are
removed by shining a resonant laser beam pulse (780 nm) for
0.03 ms without heating and losing “°K atoms.

Usually, there are two ways to observe the EIT spectrum
[46]. The first method is to measure the transmission of a
probe beam through an atomic sample via scanning its fre-
quency, while the frequency of the coupling beam is locked
[47,48]. This method results in the standard three level EIT
line shape, which has a narrow transmission window at the
resonance frequency and strong absorption at the two dressed

states on both sides of the transmission window. The other
method is to measure the probe beam intensity by scanning the
frequency of the coupling beam across the atomic transition
and keeping the probe laser locked [49], which can eliminate
the Doppler background in thermal vapors [50]. Here, we use
the second method to obtain the Rydberg excitation spectrum
in ultracold Fermi gases by measuring the atom losses.

First, we measure the spectrum of high-lying Rydberg
states using a low power probe laser through the EIT (lead-
ing to reduced atomic loss at the Rydberg resonances). The
strong-coupling laser will induce the ac Stark shift of the
intermediate state 4P3/. In this scheme, the probe laser prop-
agates along the z axis and is collimated with a Gaussian
waist of 1 cm, while the coupling laser (in the xy plane) is
focused on the Fermi atomic cloud with the 1/e” radius of
approximately 100 «m as shown in Fig. 1(b1). The probe and
coupling field intensities are around / = 1.9 x 10~/ W/mm?
and I = 19 W/mm?, respectively. The coupling field is turned
on first and after 50 us the probe field is turned on, which
then stays on for 50 us together with the coupling field after
which both are simultaneously turned off. The frequency of
the probe field is fixed at the resonance, while the frequency
of the coupling laser is scanned as shown in Fig. 1(b2). After
exposure to the two fields, we immediately turn off the optical
trap and the homogeneous magnetic field, and let the atoms
ballistically expand for 12 ms and take the time-of-flight
(TOF) absorption image with a CCD. Therefore, the Rydberg
excitation spectrum is obtained from the number of remaining
atoms in the optical trap as the function of the coupling laser
detuning.
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FIG. 2. Rydberg spectrum of ultracold “°K atoms by the EIT detection scheme. (a) Trap loss Rydberg spectrum as a function of the
frequency of the coupling (blue) laser. The spectrum for nd states (n = 35, 36, 37 and n = 48, 49, 50) is shown. (b) Zoomed-in portion of the
spectrum showing 36d and 38s corresponding to the green highlighted part of (a). The broad and narrow peak features of the nd and ns states
are visible. Error bars indicate the standard deviation of three repeated measurements. The red line (blue line) represents the result of the fit of

a Gaussian line profile to the measured 36d (38s) data points.

Each of the data points is recorded three times and the spec-
trum along with the standard deviation is shown in Fig. 2(a). It
shows the remaining number of atoms as a function of the fre-
quency of the coupling laser. We can see a peak due to reduced
atom loss when the coupling laser is tuned in resonance with
a particular Rydberg level. The Rydberg spectrum portion of
Fig. 2(b) contains a narrow and a broad peak corresponding
to the ns and nd resonances, respectively. The reason for

the different linewidth of the resonances is the different dc
polarizabilities of the ns and nd states; the polarizability of
the nd states is approximately five times larger than for the ns
states [40]. The spectrum of Fig. 2 shows some parts of the
peaks below the n = 63, and the remaining detected peaks of
the spectrum are listed in Table I. The theoretical values of the
peaks in Table I were calculated from Ref. [45]. The values in
parentheses of the experimental data in Table I are from the fit

TABLE I. Transition portion of 4p3;, — ns and 4p3;, — nd of “°K ultracold Fermi gases in theory and experiment. The detectable
highest Rydberg state in our experiment is n = 62 limited by the competition between the Rydberg blockade effective range and the atomic
cloud size. Here n is principal quantum number and the theoretical value of the transition was calculated by Ref. [45]. The values in parentheses
of the experimental data were from the fit in Figs. 2 and 3, and represent the detection’s resolution.

4p3;, — ns (THz)

4p3/2 — nd (THZ)

n Theory Casel /case2 (Expt.) 3 Theory Casel /case2 (Expt.) 84

34 655.302943 655.659524

35  655.497931 655.823724  655.82316(1.7) / 655.82248(7.4)  0.276/0.280
36 655.675880 655.974331  655.97318(1.6) / 655.97315(4.3)  0.280/0.280
37  655.838719  655.83822(4.7) / 655.83786(3.6)  2.179/2.182  656.112803  656.11210(5.4) / 656.11165(8.2)  0.277/0.280
38 655.988110  655.98759(1.1) / 655.98717(2.6)  2.180/2.182  656.240411

39 656.125495  656.12488(9.8) / 656.12470(1.1)  2.180/2.182  656.358262

48 656.985171 657.107695 657.10660(1.7)/657.10626(4.4) 0.284/0.290
49  657.051393 657.166377 657.16522(2.8)/657.16448(6.2) 0.286/0.299
50  657.113505  657.11285(5.7) / 657.11219(4.6)  2.181/2.192  657.221555 657.22029(3.5)/657.22020(1.0) 0.288/0.290
51  657.171838  657.17111(1.2) / 657.17088(1.0)  2.182/2.186  657.273502

52 657.226695  657.22595(2.2) / 657.22548(4.1)  2.182/2.191  657.322465

53 657.278345 657.368669

54 657.327033 657.412317

60  657.568104 657.629834 -/657.62722(10) -/0.341
61  657.601280 657.659961

62  657.632805 -/657.63169(12) -/2.196

657.688636
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FIG. 3. Rydberg spectrum of ultracold “°K atoms by the avalanche ionization scheme. (a) The Rydberg loss spectrum recorded with
strongly focused probe field. The results agree with the spectrum of the weak probe EIT spectrum very well. (b) Zoomed-in portion of the
spectrum showing 364 and 38s as dips corresponding to the green highlighted part of Fig. 3(a). Error bars indicate the standard deviation of
three repeated measurements. The red line (blue line) represents the result of the fit of a Gaussian line profile to the measured 36d (38s) data

points.

in Fig. 2 and Fig. 3, and represent the uncertainty, which arises
from variations in parameters and fluctuations in the measured
signal during the scans [40].

Next, we measure the Rydberg spectrum using a high
power probe field to enhance the atomic losses by spontaneous
avalanche ionization of the strong Rydberg-Rydberg inter-
actions. Under strong laser excitation, a Rydberg ensemble
is created in the strong blockade regime, which undergoes
an ionization avalanche, including the rapid increase in the
number of ions and a sudden depletion of the Rydberg and
ground-state densities. The probe field in this scheme is pro-
vided by another beam along the y axis, which is strong
focused to a 1/e? waist of wy = 4 um by a high-NA aspheric
lens (ASL10142-B) with focal length 79 mm, while the cou-
pling beam is the same as in the previous case, as shown in
Fig. 1(c). The in situ atomic density profile presents a hole
at the center [inset of Fig. 1(c1)] corresponding to the atomic
losses induced by the strongly focused probe light. The inten-
sities of the probe and coupling fields are around 1.99 x 102

In conclusion, we have measured the Rydberg excitation
spectrum through a two-photon process of the ultracold “°K
atoms in the ladder-type system using two different methods.
The natural abundance of fermionic “°K is very low and,
therefore, the measurement of Rydberg excitation spectra for
fermionic “°K atoms in a natural abundance vapor cell is not
easy to perform. Our work provides an experimental study
of the Rydberg excitation spectra of the degenerate fermionic
40K atoms. The EIT detection scheme reduces atomic losses
due to reduced absorption for the weak probe light, while the
avalanche ionization scheme enhances the atomic losses by
spontaneous avalanche ionization for the strong probe light.
We have observed the narrow ns and broad nd features in
the spectrum of the excited Rydberg states. We also measured
the additional broad resonance of the np— state only for the
higher Rydberg states, which is the dipole-forbidden transi-
tion. This work takes a first step in studying Rydberg-dressed

W/mm? and 19 W/mm?, respectively. The time sequence is
also the same as in the previous case but the atoms are im- £ 1.0
aged by in situ imaging with the same high-NA aspheric lens 'g ﬁ
(without any TOF) using a laser beam along the y axis [51]. Z i {
As shown in Fig. 3(a), the spectrum recorded using this 0.8
method shows enhanced atom loss (the avalanche ionization §
scheme) as a function of the coupling laser frequency. The re- s 0
sults agree with the spectrum of the weak probe EIT spectrum 20.6
(Fig. 2) very well. We can see from the Rydberg spectrum g 60d 62s 62p
portion of Fig. 3(b) a narrow and a broad dip corresponding E -
to the ns and nd resonances, respectively [40]. This behavior 0.4 . I . I . |
is shared by all the ns and nd resonances in the spectrum. 657.62 657.63 657.64 657.65

Furthermore, we have also observed an additional broad
resonance of a 62p— state, which is the dipole-forbidden
transition as shown in Fig. 4. This case is only for the higher
Rydberg states. We surmise that these forbidden transitions
are visible because the weak residual electric fields in the ex-
periment induce the mixing of the states with different parity
[40]. This mixing is more favorable for the higher Rydberg
states.

Frequency of Coupling laser (THz)

FIG. 4. Rydberg spectrum of 60d, 62s, and 62p states by the
enhanced atomic losses detection method. We find that the de-
tectable highest Rydberg state in our experiment is n < 62. The
dipole-forbidden transition to the 62p state is also visible in the
spectrum. Error bars indicate the standard deviation of three repeated
measurements.
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40K ultracold Fermi gases, and it can help in the study of inter-
esting phenomena related to the dressed ultracold Fermi gases
like the many-body phase diagram and the observation of
continuous supersolids involving Rydberg states. Moreover,
the spontaneous avalanche ionization technique can generate
ultracold, strongly coupled plasmas that can be useful for the
exploration of the nonequilibrium dynamics.
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