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This paper presents the high-order nonlinear spectrum of six-wave mixing (SWM) influenced by ionizing Rydberg
atom environment in rubidium thermal vapor. The experimentally measured transmitted SWM signals reveal significant
spectrum shifts and novel regularities, providing nonlinear spectrum insights into the ionization characteristics of Rydberg
atoms. The detailed spectrum variations with increasing ion density are presented, paving the way for multi-wave mixing
distribution of plasma and demonstrating SWM’s potential as a tool for measuring the electric field induced by the ionization

process.
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1. Introduction

Rydberg atomic spectroscopy in the ionic environment
plays an important role in astrophysics research!!l and plasma
diagnosis.?! The study of the ionization process of Ryd-
berg atoms provides many useful parameters for astrophysics,
which are essential for understanding physical phenomena in
the universe.l¥ It is crucial for providing accurate parame-
ters, promoting the development of measurement technology,
and broadening the scope of plasma research.[*! For exam-
ple, studying the collision process between ions and Rydberg
atoms in the celestial environment can provide many useful
parameters for astrophysics, such as the characteristic spectral
lines emitted after charge transfer, which are important to de-
termine the abundance of matter.’! By analyzing the spectra of
Rydberg atoms, the spectral line shape and atomic kinetics in
plasma have been simulated, which is essential for understand-
ing the physical state and dynamic processes of the plasma.l6!
The unique properties of Rydberg atoms make them useful
for high-precision spectroscopy, which is a sophisticated mea-
surement tool to detect microwaves and radio waves, as well
as to analyze the strength and properties of electromagnetic
fields.!”!

Rydberg atom is easily affected by the external electric
field because of its large principal quantum number n and
weak binding force between its outermost electron and the
nucleus. ¥ When Rydberg atoms are placed in a strong electric

field, their energy levels shift; this phenomenon is known as
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the Stark effect.!”! For decades, the intensity and frequency of
the electric field have been accurately measured by analyzing
the frequency shift of the electromagnetically induced trans-
parency (EIT) spectrum of Rydberg atoms by modulating the
amplitude of the radio frequency electric field using a power
frequency electric field.!'” In contrast to EIT, six-wave mixing
(SWM), a fifth-order nonlinear process, can be achieved in the
EIT window using five excitation beams.!''] SWM spectrum
has a narrower line width than EIT, making it more sensitive
to the electric field.!'?! The ionization of Rydberg atoms can
produce an electric field. Thus, once the SWM process occurs
in ionization, it will be influenced by the electrical field caused
by the ionization environment. Field measurement technology
is being extended to the Rydberg SWM domain, which has
a wide range of applications in electric power, industrial pro-
duction, and scientific research. Rydberg atomic SWM spec-
tra can play a fundamental role in the measurement of electric
fields and provide important technical support for research and
applications.

In this paper, we experimentally obtain SWM spectra of
Rydberg states in a collective ensemble of rubidium thermal
vapors and study their evolution in an ionization environment.
By adjusting experimental parameters to change ionization
density, ionization-induced Rydberg SWM spectrum charac-
teristics are observed at room temperature. Spectrum shifts
and broadening are presented, demonstrating their potential

use in detecting electric fields induced by ionization.
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2. Theoretical model and experimental scheme

To achieve the Rydberg SWM process, an inverted Y-
type four-level atomic system is used in our experiment. As
shown in Fig. 1(a), ground states 5S; ,, F = 3(|0)) and 5S .
F =2(|3)) are excited to the first excited state 5P3/, (|1)),
which is then excited to the second high-lying Rydberg state
nDs )y (|2)) of 35Rb. As illustrated in Fig. 1(a), four Gauss-
type laser beams from three commercial external cavity diode
lasers (DLs) with frequency-stabilized devices are coupled
into the appropriate transitions. The optical path of the ex-
periment is shown in Fig. 1(b). A weak laser beam E; (with
wavelength 780.24 nm, diameter 0.8 mm, frequency @, and
wave vector k1) from DL1 probes the lower transition |0) to
|1), while a pair of coupling beams E3 (780.23 nm, ms, k3)
and E(ws,k}), derived from the same DL3 with a small an-
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gle between them both with diameter 1 mm, connect another
lower transition |3) to |1). By frequency doubling DL2 at
960 nm with a periodically poled KTP crystal in an external
ring resonator, 480-nm laser E,(@;, k7) is obtained to excite
thermal Rb atoms from level |1) to Rydberg states |2). The
strong beam E» (diameter 1 mm) is added to the beam E3 (in
the same direction), which then counter-propagates with beam
E;. Before the cell, two identical lenses (L1 and L2, respec-
tively) with focal lengths of 500 mm focus all of the beams,
which cross at a single point within the cell. The heater tape
encased with p-metal heats the S-cm-long rubidium cell to ad-
just its temperature, allowing control over the density of the
ground atoms. The atomic density of ground state can be cal-
culated by measuring the temperature and pressure of the gas
cell and combining them with the state equation.

v

5P3/2 |1)

E\| BEv< | E; |E
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Fig. 1. Model and experimental setup. (a) An inverted Y-type four-level atomic system in 35Rb atom for experimental processes, which includes
hyperfine states F = 3(|0)) and F = 2(|3)) of the ground state 5S /,, a first excited state 5P3, (|1)), and a highly-excited Rydberg state nDs
(12)). (b) The laser beam propagation geometry in the experiment. (c) Simple ionization process simulation of Rydberg (Ryd) atoms.

This excitation process involves two types of multi-wave
mixing (MWM) processes. First, without beams E,, a Four-
wave mixing (FWM) process with the phase-matching con-
dition (PMC) kpwm = ki + k3 — k’3 occurs in the A-type
three-level subsystem |0) <> |1) <> |3). Then, beam E, par-
ticipation and an ElT-assisted SWM signal Egwym with the
PMC kswm = ki + ko — ko + k3 — K} can be observed in
|0) <»|1) <>|2) <»+|3). This configuration builds coherence in
each corresponding three-level subsystem, enhancing the effi-
ciency of the MWM process.[!>!4 These MWM signals have
the same emitting direction (opposite to the direction of E%,
as shown in Fig. 1(b)), which can be identified by tuning the
frequency detuning of various incident beams, and are de-
tected by an avalanche photodiode detector (APD). The APD
receives the SWM signal through the front amplifier and then
finally transmits to the oscilloscope, where it can be observed
SWM spectrum. It is specifically known as the Rydberg signal
with particular features, and it is associated with the Rydberg
state |2). According to the energy system and Liouville path-
ways, considering the dressing effect of the generated EIT and
SWMIS! and the Doppler effect (kv), the first-order and fifth-

order density matrix elements with all four beams on are as

follows:

Pl =i |G| /[dy +]Gal? feba], )
P =G |Ga? 1G5 /[dy +|Gaf JdalPdads,  (2)

where d; =1—i0—|—i(A1 —|—k1v), dy, =TI+ 1A —|—iA2+i(k1V—
kpv), d3 = I3g + 1A + 143 + i(k1v — k3v), frequency detun-
ing A; = Q; — w; (£ is the resonance frequency of the tran-
sition driven by E;), G; = p;; E;/h is the Rabi frequency of
the optical field, I are the decay rates of |n) (n =1, 2, or
3) and |0), and v is the relative velocity between atoms and
corresponding light field. p1<(5)) is the Rydberg SWM density
matrix element that can determine the intensity of Rydberg
SWM signals. Rydberg interaction and ionization can gen-
erate a blockade effect,!'®! which suppresses the excitation
state and shifts the energy level, yielding ionization during
the experimental process due to their significant polarization
and collisions with electrons, ions, or other atoms. The atom
ionizes when its electrons are removed, as shown in Fig. 1(c).
Rydberg atoms are influenced by the blockade effect and sen-
sitive to such surroundings due to their large dipole moment
and high polarizability. When the interaction and ionization
effects are changed, a frequency shift and a relaxation rate
will change. The blockade causes the energy level to be ex-
cited to the Rydberg state shift to Ay + A,. The ionization
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causes an effective Rydberg atom number-dependent detuning
of the E, field Ay — Ap + A and the corresponding decay rate
Do — o+ 17117 Specifically, positive ions and electrons can
produce an inhomogeneous local electric field in the vicinity
of the atomic vapor. Ay, can be calculated through Ref. [18],
which, together with the local electric field, affects Rydberg
atoms, causing Rydberg level shift and a change in relaxation
rate. When the electron density and the positive ion density
are assumed to be identical, the induced density of charged
particles Nc provides both parameters. For obtaining Ag, the
following rate equations can be solved to determine the re-
lation between the density of charged particles and Rydberg

atomic density(!°!

NRyd = —NRydNg Oy D — NRyaNRydOryd D’ + Rexe,  (3)

Nc = —NryaNgOg D — NryaNryaOryad' —Ncla,  (4)

where o, is the cross-section of atomic collisions in the
Rydberg-ground state, Nryq and Nc are the Rydberg atom
density and induced density of the charged particles, respec-
tively. Ny is the ground-state atomic density, D is the average
relative velocity of ground-state atoms and colliding Rydberg
atoms, and D’ is the mean relative velocity of Rydberg atoms
colliding with other Rydberg atoms, Oryq and is the geomet-
ric cross-section of collisions between Rydberg atoms.[20-1]
The estimated value of oy is approximately 0.060ryq, Where
ORyd = ﬂ(a%n*“)[zz] (ap is the Bohr radius) is the geomet-
ric cross-section of the Rydberg state determined by the ef-
fective principal quantum number n*. Rydberg component
in the superposition dark state of EIT is described as Rexe =
G1/(Gi + G3) - NyG1G2 /Ay + Ay In Eq. (4), I3 represents
charged particles recombination and decay rate, which can be
expressed as Iq = I3 + 2N, \/Wcrpc. I is as-
sume to be 0.25 MHz. The second term of Ij can be approx-
imated as 2I;, which explains how ions and electrons can re-
combine to form neutral particles. Kg is the Boltzmann con-
stant, m. is the electron mass, p. is the charged particles popu-
lation, with p; ~ 1 is assumed theoretically. Kramer’s formula
can be used to determine the expected value of o; in a semi-
classical treatment.[?*! Since 2I7 is negligible in comparison
to the ion diffusion rate of 0.25 MHz, it can be disregarded.
The local electric field can be defined asP>*?! ¢ =
2.603|e| /(47ep) -Né/ ? using the computed density of charged
particles, where & is the vacuum dielectric constant and e is
the electron charge. Secondorder perturbation theory provides
the Stark shift of the Rydberg state in low electric fields as
As = —(1/2)ae?,) where « is the Rydberg state’s atomic
polarizability, which can be computed by consulting Ref. [18].

Rydberg level shift varies with charged particle density as

1 (2603-le|  2s3\°
As = ——a =20 NP 5
S OC( 47[80 C ( )

The Rydberg energy level shift Ag calculated using
Eq. (5) is shown in Fig. 4(c), which can be as a theoretical
standard to estimate energy level shift caused by electric field.

3. Results and discussion

Rydberg SWM spectra under low and high densities are
presented in Fig. 2. Different scanning methods are shown in
Figs. 2(a) and 2(b), respectively. Each peak in the figure rep-
resents Rydberg SWM signals. Zero detuning of A; and A; is
identical to the Rb 5S; , (F = 3) — 5P3/, — 37Ds , cascade
resonance. The spectral lines on the right side of Fig. 2(a) are
the baseline of FWM. The experimental results show a clear
spectrum peak shift. The frequency shift value in the high-
density case is roughly 100 MHz, which is attributed to three
factors: the Doppler effect, Rydberg interaction, and ioniza-
tion. In our experiment, the 780 nm and 480-nm lasers are op-
positely incident, making a large Dopplerfree region, resulting
in a weak frequency shift. When it is a dipole—dipole inter-
action, which is proportional to 1/R3, the Rydberg level shift
for the 37Ds 5 state can be calculated within a short-distance

(18] Tn the long-distance

range using Rydberg atomic density.
range, the interaction is Van der Waals, which is proportional
to 1/Rgs. Therefore, the Rydberg level shift due to Rydberg
interaction is smaller than our measured values. According
to the conclusion of reference,!?’! it is impossible to cause a
Rydberg level shift of several hundred MHz. The remaining
frequency shift value indicates that the electric field generated
by the collisions of Rydberg atoms causes the Rydberg energy
level shift Ag. The variation in Ag alters pfg), causing shifts
in SWM spectra due to the high density of atoms colliding
with one another, which creates ions. According to our mea-
surements, the Rydberg level shift caused by the interaction of
Rydberg atoms and ionization is the most important factor. To
further investigate SWM spectrum evolution under an ionized
environment, detailed spectral variations with density changes

are presented below.

z 7

E 1.0 {— Low density (a) g 1.0 —L(?w densi'ty (b)

:f — High density = —High density|

£ 0.8 S

& El

2 0.6 05
<

EO 0.4 b:D

w 5

0.2

= S 5

E —600 —300 0 300 < —500 0 500
n
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Fig. 2. (a) SWM spectrum in the two atomic densities when scanning Aj.
(b) SWM spectrum in the two atomic densities when scanning A;. Low den-
sity is 1.0 x 10'® cm™3, whereas high density is 1.0 x 10'" cm 3.
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Fig. 3. The dependence of Rydberg SWM signal intensities on power and A;. (a) The measured 37Ds, Rydberg SWM spectra versus A, for
different probe field powers. (b) Probe power dependence curves of different Rydberg states 37Ds, 45Ds >, and 54Ds 5. The error bars in

panel (b) represent the standard deviation of repeated measurements.
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Fig. 4. (a) The measured SWM signals via scanning A at different A; from top to bottom: —80 MHz, —40 MHz, —20 MHz, and 0 MHz. (b) The

intensity dependence curves of SWM signals through measuring intensity resemble (a) at different atomic densities: N; = 1.0 x 10! ¢cm

-3
B

N> =1.0x102cm=3, and N3 = 5.0 x 10'2 cm™3. (c) Variation of calculated energy level shift versus electrical field intensity, when m; = 5/2,
3/2, or 1/2. The error bars in panel (b) represent the standard deviation of repeated measurements.

Since the ionization process is more likely to occur in a
high-density environment, some parameters can be varied to
control the density of Rydberg atoms. In the following, con-
sidering that laser powers and principal quantum number have
a significant effect on the density of Rydberg atoms, SWM
signals are changed by the power of E; for different n values
are presented. The 37Ds/, Rydberg state spectra are shown
in Fig. 3(a), indicating that the intensity of SWM signals in-
creases when E; power increases to 1.5 mW, then decreases,
and the line width of the spectrum becomes wider.

According to Eq. (2), SWM signals should increase with
increasing power. In fact, Rydberg interaction becomes strong
and collisions become more intense as the power increases,
producing a large number of ions. Rydberg interaction shifts
the SWM signals. A large number of ions generate an electric
field, which not only shifts but also broadens SWM signals, as
shown in Fig. 3(a). These phenomena are easier to understand
theoretically; the interaction and the presence of a number of
ions result in Ay — Ay + Ap + A, with a corresponding de-
cay rate I3g — I3 +I". The change of A, + A causes the
SWM spectrum peak to shift and I makes the SWM spec-
trum weaker. The linewidth increases due to large excitation
power and the collision of a large number of ions and atoms.
Theoretically, the energy level structure, transverse relaxation
rate, and energy level lifetime all play a role in determining
the minimal line-width of SWM. However, the line-width of
SWM can be influenced by many factors, such as excitation

power, transition probability, and atomic collisions. Accord-
ing properties of Rydberg interaction, the larger the principal
quantum number, the stronger the interaction, the easier the
ionization, and the greater the influence of the electric field. It
is expected that the larger the principal quantum number, the
better the spectral shift for detecting changes in the ionizing
environment. However, as shown in Fig. 3(b), SWM spectra
of 45Ds ), and 54Ds , are very weak due to a large transition
dipole moment and easier ionization. The weakest SWM spec-
trum is not the best choice for measuring the ionizing electric
field because of its energy level shift.

Therefore, the 37Ds, Rydberg state is chosen to investi-
gate spectrum shift variation for detecting the ionization elec-
tric field. Figure 4(a) shows Rydberg SWM signals during
dressing field detuning at a cell temperature of 60 °C, where
each small peak in the figure represents an SWM signal. We
fix the 780-nm laser wavelength at a chosen detuning and scan
the 480-nm laser frequency to get the SWM signal. When the
detuning of A; is 100 MHz, the SWM signal is the largest
due to the electric field generated by the collisions of Ryd-
berg atoms and Rydberg interaction, resulting in a Rydberg
level shift, as explained in the theoretical section. Figure 4(b)
shows only the envelope curves for 60 °C, 70 °C, and 80 °C. It
shows that the 780-nm laser detuning for the maximum inten-
sity of SWM signals changes with temperatures (correspond-
ing ground-state atomic densities were Ni, N, and N3). As
the Rydberg interaction becomes strong and the ion density
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increases, the intensity of SWM decreases, and the probe field
detuning of the maximum SWM signal intensity increases. It
is clear that probe field detuning with the maximum SWM sig-
nal intensity increased almost linearly as the temperature in-
creased. Thus, to determine the electric field intensity induced
by the ionization process, the experimental spectrum shift can
be used to detect the ionization electric field by subtracting the
calculated shift value caused by Rydberg interaction and com-
paring it to the calculated energy level shift results, as shown
in Fig. 4(c).

4. Conclusion

In summary, we examined the characteristics of SWM
spectra in the presence of Rydberg atom ionization and ob-
served significant energy level shifts and broadening phenom-
ena. The regulation and evolution patterns of SWM spectra
are studied and analyzed in an ionized environment by vary-
ing the probe field power, principal quantum number, and
atomic density. Theoretical calculations of field-induced en-
ergy level shifts revealed that the SWM spectrum of the Ry-
dberg state can be used to measure ionizationinduced electric
fields. These findings have important applications in the realm
of electric field measurement based on the nonlinear spectrum
of the atomic system.
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