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We demonstrate a simple method to measure electric field intensity by using doublet electromagnetically induced
transparency (EIT) spectra of cold Rb Rydberg atoms, where the frequency of the coupling laser does not need to be
locked. Based on the Stark splitting of the Rb Rydberg state, 10D /5, under electric fields and the corresponding calculated
polarizabilities, the real electric field intensity is calculated using the difference in radio-frequency diffraction between two
acousto-optic modulators, which acts as a frequency criterion that allows us to measure the electrical field without locking
the coupling laser. The value measured by this simple method shows a good agreement with our previous work [Opt.
Express 29 1558 (2021)] where the frequency of the coupling laser needs to be locked with an additional EIT spectrum
based on atom vapor and a proportional-integral-differential feedback circuit. Our presented method can also be extended
to the measurement of electric field based on hot Rydberg atom vapor, which has application in industry.

Keywords: doublet electromagnetically induced transparency (EIT), Aulter—Townes (AT) splitting, Rydberg

atom, electric field measurement
PACS: 32.60.+i, 32.10.Dk, 32.80.Ee, 42.50.Gy

1. Introduction

Fast and intriguing developments in the behavior of
cold atoms and molecules have been reviewed in numerous
articles.!!? External electric field control of cold atoms and
molecules is of special interest. In atomic configurations, it
has been verified that one can obtain a small dipole moment
under the action of an external electric field.’) In molecu-
lar systems, a polar molecule possesses a permanent electric
dipole moment along its interatomic axis. The dipole mo-
ment can be modified by an electric field, which can be used to
measure the fundamental physical constants and pave the way
for quantum computing and quantum simulation.'*-! Thus, in
order to control the interaction of atoms and molecules with
electric fields and to address their characteristics precisely, it
is necessary to know the actual electric field intensity that they
really feel.

Atom-based field measurement has the potential to out-
perform traditional methods due to the stability, high sen-
sitivity, self-calibration and intrinsic accuracy of atomic
properties.!” ! In particular, the Rydberg atom has been
proven to be capable of measuring electric field and RF
strength due to its large polarizabilities and microwave-

[10-141 By sensing the electric field

transition dipole moments.
inside a vacuum chamber using cold Rydberg atoms, the stray

electric field around a magneto-optical trap (MOT) can be
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shielded.!"> Then by measuring the Stark splitting of a cold
Rydberg Rb atom, the electric field intensity can be calibrated,
which is necessary for further calculating the permanent elec-
tric dipole moment of the cold ground-state polar molecule. !

An all-optical sensing method based on Rydberg elec-
tromagnetically induced transparency (EIT) is usually used
to measure the electric field intensity because of the non-
destructive detection mechanism. In general, the Rydberg EIT
spectrum is observed by scanning the frequency of a probe
(coupling) laser with an acousto-optic modulator (AOM),
where the frequencies of both probe laser and coupling laser
need to be locked by various techniques,!'”-!8] such as sat-
urated absorption spectroscopy (SAS), EIT spectroscopy or
Pound-Drever—Hall spectroscopy, etc. However, these fre-
quency locking techniques need to be implemented in an elab-
orate experimental setup that may require expensive equip-
ment and potentially timing sequence control. Thus develop-
ing a method without the requirement of frequency locking is
meaningful for Rydberg atom-based field measurement.

In this paper, cold Rydberg Rb atoms are utilized to mea-
sure the electric field intensity in the region of an MOT by
using doublet EIT spectroscopy. The AOM’s ratio frequency
diffraction is used as a frequency standard to enable measure-
ment of the frequency shift of the Rydberg energy level under
an external electric field. We calculate the polarizabilities of
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sublevels of the Rydberg state and investigate the dependence
of Stark splitting on the electric field. Finally, the electric
field intensity is calibrated with a ratio of 0.79(3) relative to
the set value, which shows good agreement with our previous
work, 1 which needed additional equipment for the EIT spec-
trum setup and proportional-integral—differential (PID) com-

ponents.

2. Experimental setup

The energy level and scheme of the experimental setup
are displayed in Figs. 1(a) and 1(b), respectively. Our experi-
ment is operated in an Rb MOT with a temperature of around
100 uK and a background pressure of 1 x 10~ Pa. The mag-
netic gradient generated by a pair of anti-Helmholtz coils is
about 15 G-cm™!. The trapping and repumping laser are pro-
vided by two external-cavity diode lasers (Toptica DL100)
and locked by SAS. The frequency of the trapping laser is
red-detuned by 15 MHz by AOMI from the transition of

581/, (F =3) — 5P3, (F' = 4); the repumping laser is res-

onant with 58/, (F =2) — 5P3), (F' = 3). The probe
laser is generated from the trapping laser and tuned to the
5812 (F =3) — 5P3), (F' = 4) transition by AOM2. The
coupling laser is a home-made diode laser with a scanning fre-
quency that drives the transition 5P3, (F =4) — 10D, with
the central frequency of 515.1718 nm. The probe laser and
coupling laser are coupled into two optical fibers, overlapped,
counter-propagated and focused onto cold Rb atoms with a
radius of 40 um for both. The powers of the probe laser and
coupling laser are 0.6 uW and 1 mW, respectively. Wavelength
monitoring by a wavemeter helps to tune the frequency of the
coupling laser to the transition between the excited state, |e),
and the desired Rydberg state, |r). Two electrode meshes with
a size of 2 cm x 4 cm are placed inside the vacuum cham-
ber and 4.8 cm apart. The diameter of the central trapped
cold atoms is around 100 pm. The relative sizes of electrode
meshes and atoms mean that the two electrode meshes can be
regarded as parallel-plate electrodes. In a DC electric field, the

10D3, Rydberg state will split into two sublevels: 10D3 3 1 />

and 10D3/2’3/2 .
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Fig. 1. Energy level diagram of the Rb ladder system (a) and scheme of the experimental setup (b). The probe laser is generated from the Rb
trapping laser by AOM2, which is tuned to the 58, , (F = 3) — 5P 5 (F " = 4) transition; the trapping laser is red-detuned by 15 MHz from
this transition by AOM1. The coupling laser is scanned through 5P; (F' =4) to the 10D; /2 state by applying a triangular-wave voltage to
the piezoelectric transducer (PZT) of the laser. The frequency-locked probe laser and frequency-scanning coupling laser are counter-propagated
and focused onto cold Rb atoms with a radius of 40 um. The EIT spectrum is obtained by detecting the transmission of the probe laser using
a photodiode (PD). Two electrode meshes, 4.8 cm apart, are placed in vacuum chamber to make the Rydberg state 10D;, split into the two
sublevels 10D3 5 1 and 10D3 5 3 in an electric field.

When the frequency of the probe laser is resonant with the
lower transition (|g) — |e)), the absorption of the probe laser
will be suppressed in the presence of a near-resonance cou-
pling laser. By scanning the frequency of the coupling laser,

the EIT spectrum can be obtained by measuring the transmis-
sion of the probe laser with a photodiode (PD) after a dichroic
mirror (DM). To scan the frequency of the coupling laser, a
complex setup shown in the red shaded area in Fig. 1(b) was
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needed in our previous work,['®! while in this work we only
need to use the simple setup shown in the green shaded area. In
the scheme of red shaded area, the frequency of the coupling
laser is locked by the Rydberg EIT spectrum in a vapor cell
with a PID feedback and scanned by a double-passed AOM.
To improve the diffraction efficiency of the AOM, a pair of
lenses can also be added. In the scheme of the green shaded
area, the frequency scanning of the coupling laser is realized
by applying an internal voltage to the PZT using a triangular
wave. The scanning rate of the PZT is fixed during the whole
experimental process. Unlike the scheme of the red shaded
area, there is no need for a complex frequency locking mecha-
nism for the pumping laser in the scheme of the green shaded
area, and there is also no complex timing sequence control,
which is needed in Ref. [16].

3. Results and discussion

By scanning the frequency of the coupling laser, we ob-
tain the spectrum shown in Fig. 2(a), called the doublet EIT
spectrum. It is different from the traditional EIT spectrum,
which only has one resonance peak. The two peaks observed
here are caused by the high Rabi frequency of the trapping
laser. The existence of a trapping laser leads to the Aulter—
Townes (AT) splitting of the |g) state and |e) state, which leads
to two EIT resonance peaks when scanning the frequency of
the coupling laser. It is observed that the amplitudes of the
two peaks of the doublet EIT spectrum are asymmetric, which
is because the probe laser is not resonant with the transition
|g) — |e) with the effect of AT splitting.!'”) We fit the experi-
mental data by using a bimodal Lorentz function, shown by the
red curve in Fig. 2(a). By changing the power of the trapping
laser, we find that the interval between the two peaks increases
with increasing laser power, as shown in Fig. 2(b).
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Fig. 2. (a) Doublet EIT spectrum as a function of the coupling laser detun-
ing. (b) The relationship between trapping laser power and the separation
of the doublet EIT spectrum.

The frequency of the coupling laser is proportional to the
voltage on the PZT, and it is scanned by applying a triangular-
wave voltage as a function of time, V(¢); thus the spectrum
obtained in Fig. 2(a) is in fact directly related to time, shown
as the bottom horizontal coordinate. The corresponding fre-
quency interval of the scanning range, which is proportional to

corresponding time interval, is derived as follows. In Fig. 2(a)
the interval of two peaks in units of time represents the AT
splitting and depends on the power of the trapping laser with
the relationship A; = ky4/koPyap + 82,1101 where k; is the ra-
tio of A¢ to the corresponding frequency interval Ay, kp is a
fitting coefficient, Py,p is the trapping laser power and & is
the detuning of the trapping laser relative to 5S; , (F = 3) —
5P3/, (F' = 4) with the known value of 15 MHz (determined
by the frequency difference of AOM1 and AOM2). Using this
equation to fit the measured data in Fig. 2(b), shown by the
red curve, we obtain that k; = 9.9(7) x 10~* s:-MHz~! and
ky =9(2) MHz? - mW ™. Through the ratio value, ki, we can
easily transform the data of the bottom horizontal coordinate
in units of time in Fig. 2(a) to the corresponding frequency
value, shown as the top horizontal coordinate in Fig. 2(a).
Here, the frequency interval of doublet EIT spectra under a
certain trapping laser power can be regarded as a frequency
reference standard.

As mentioned before, by applying a DC electric field, the
energy level of the 10Dz, Rydberg state will split into two
sublevels: 10D3/5 1/, and 10D3/53/. Here the DC electric
field intensity is selected between 458 V-cm™! from consid-
eration of the spectral resolution to 625 V-cm™! with the lim-
itation of the maximum voltage of the power supply (3 kV).
Figure 3 displays the DC Stark splitting of doublet EIT spec-
tra in various electric fields. It contains four peaks: peak 1
(3) and peak 2 (4) are components of the |m;| = 3/2 (1/2)
sublevel, where |my| is the absolute value of the projection
quantum number along the electric field vector. Each com-
ponent of the sublevels contains two resonance EIT spectra
as we mentioned above. We can see that the intensity of the
transmission resonant peaks of |m,| = 3/2 is larger than that
of |my| = 1/2 due to the larger transition electric dipole mo-
ment from 5P3; to 10D3 5 3/5. Here, the separation between
peak 1 (3) and peak 2 (4) is called as the doublet EIT, and the
separation between peak 1 (2) and peak 3 (4) is called the DC
Stark splitting. By fitting the experimental data using a mul-
tipeak Lorenz function, we can obtain the resonance central
frequencies. The central frequency difference between peak 1
and peak 3, fi3, is expected to be the same as the frequency
difference between peak 2 and peak 4, f>4, which represents
the separation of 10D;/5 3,5 and 10D3 5 1/,. After fitting the
central frequencies of these four peaks, we derive fi3 and fo4
and take their average. Figure 4 shows the relationship be-
tween the DC electric field and the separation of 10D3 /3 3/»
and 10D;3 /5 /2. We can see that the separation increases with
increasing electric field intensity.

The Stark shift of Rydberg atoms can be expressed as!?"!

1
AW = —Ea(bE)z
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2

= —% (0(0 + “23ij(21]—(]1)+1)) (bE)*, (D)
where J is the angular quantum number, « is the polarizability,
o is the scalar polarizability, which describes the average en-
ergy shift, and o is the tensor polarizability, which stands for
Stark level splitting. E is the set electric field intensity, which
is the quotient of the set voltage and the distance between the
electrode meshes. As the intensity of an actual DC electric
field is not equal to the applied DC electric field, a parameter b
is introduced here as the ratio between the real electric field in-
tensity felt by atoms and the electric field intensity we applied
to the electrode meshes. Once the parameter b is obtained, the
real electric field intensity felt by atoms can be derived from
DE.

|my|=3/2 Imy|=1/2
41625 V/cm
2_' 1 2
O, 7 1 [ R i)).ll RN
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c I | I | I | I L I
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Fig. 3. DC Stark splitting of the doublet EIT spectra in different electric
fields. By applying an external electric field, the Rydberg state 10D;
will split into 10D3/5 3/, and 10D3 /5 ;5. The red curve is the result of
multipeak Lorenz fitting. Two doublet EIT spectra are generated from
these two sublevels |m;| =3/2 and |m;| = 1/2.

To estimate the electric field intensity felt by Rb Rydberg
atoms, it is essential to calculate the scalar polarizability and
tensor polarizability accurately. As noted in Ref. [21], o and
0 can be written as

2 s U T\l |n, s, 1,02
w=27Y I /II/MI/\ I
3 4 QI+ EW 1) —E(n,1,J)]

o 10J(27 — 1) /2
T B3I+ )(2I+1)
8 (s 1|l s, 0, )P
nlﬁl/,JlE(n/7S/7l/7J/)_E(n7s7l7‘])
i [T
L
<o 1] @

where (n', s’ ' J'||t||n,s,1,J) is the electric dipole matrix ele-
ment. The transition should be allowed by the selection rules.

E(n,s,l,J) and E(r/,s’,I',J') are the energies in the absence
of the electric field. Because the polarizability is an overall
effect with the consideration of the neighboring states, here
we calculate it by setting n with a range of £5 and [ up to
10. Finally, the polarizability is obtained with the value of
942.6 Hz-cm?-V~2 for |m;| = 1/2 and 1469.9 Hz-cm?-V~2 for
|my| = 3/2, which is consistent with the fitting results from the
Atom calculator!??! (942.97 Hz-cm?-V~2 for |m;| = 1/2 and
1470.20 Hz-cm?-V~2 for |m;| = 3/2). We can see that the
polarizability of |m;| = 3/2 is larger than that of |m;| = 1/2.
This will give rise to a larger Stark shift, which makes the level
5P3; closer to 10D3 5 3 than to 10D3 5 1 /5.

After acquiring the polarizability of sublevels, we can de-
duce their DC Stark splitting by using the relationship shown
by Eq. (1). Using the difference in the frequency shifts of two
substates is more accurate than estimating the frequency shift
of each sublevel when the frequency of the coupling laser is
scanning. Thus, we subtract the polarizability of |m;| = 3/2
and |my| = 1/2 and fit the experimental data by using Eq. (1),
as shown in Fig. 4 by the red solid curve. Here, b is set as
a variable with a fitted value of 0.79(3). This means that the
electric field intensity felt by the atom is 0.79(3) times that
actually applied to the electrode meshes. This value is in ac-

16 where the fre-

cordance with our previous measurement,
quency of the coupling laser needs to be locked by Rb Ryd-
berg EIT in vapor!?} and scanned by a double-passed AOM.
In contrast, the methods presented in this paper can not only
obtain the same accuracy, but also make the experiment faster
and easier to operate. Moreover, the method we propose has
no system restriction and can be used in an atom vapor sys-
tem. In an atom vapor system, an additional laser should be
introduced in place of the trapping laser. This laser is divided
into two beams by a polarizing beam splitter; one beam passes
through an AOM and the other does not. The fixed frequency
difference between these two beams can be treated as a fre-
quency standard, which is realized by setting the radio fre-
quency of the AOM. Since the intensity of the laser used here
is much less than that of the trapping laser, there is no need to
consider the AT splitting of the ground state and excited state.
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Fig. 4. Stark splitting between 10D3 5 35 and 10D3 5 1 /5 sublevels versus
electric field.
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4. Conclusion

In this paper, we calibrate the DC electric field intensity
by using Rydberg doublet EIT spectra, without a complex fre-
quency locking scheme and timing sequence control. We treat
the difference in two peaks in the doublet EIT spectrum as
the frequency reference. By applying an electric field, the DC
Stark effect is observed. The Stark splitting between sublevels
of 10D3, is measured by scanning the frequency of the cou-
pling laser. The polarizability of the 10D /; state is calculated,
and is in good agreement with the theoretical results of other
groups. Based on the calculated polarizability, we calibrate
the electric field intensity applied to the meshes in the vacuum
chamber. The calibration result is consistent with our previ-
ous measurement, where the laser is frequency-locked by ad-
ditional EIT spectrum and scanned by a double-passed AOM
and timing control is needed. Our proposed simple method
can be used to calibrate the electric field intensity with a simi-
lar system and can be extended to an atom vapor system.
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