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We have started research on Rydberg-atom based sensor, which is
capable of Sl-traceable electric field measurements of Terahertz
waves. The ladder-type EIT (Electromagnetically Induced
Transparency) signals were prepared by counterpropagating lasers
of two distinct wavelength lasers corresponding to the S-P-D
transitions of Cesium (Cs) atoms enclosed in a cylindrical glass cell.
Irradiation of a THz-wave whose frequency matched the D-F
transition then results in an observed Autler-Townes (AT) splitting
of the EIT signal. We confirmed that the frequency separation of the
splitting changes with the irradiated power of the 100GHz and 300
waves.
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[. INTRODUCTION

With the technological growth in various scientific and
industrial field an application using a higher frequency
electromagnetic wave is increasing. Especially Terahertz waves
have been recently used for several applications in high-speed
wireless communication, nondestructive sensing and imaging
or astrophysics. To take full advantage of high frequency
sources NICT has been conducting research of frequency
metrology in the THz band [1,2]. In addition to accurate
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Figure 1. Energy levels of Cs atom and target transitions for
the 100GHz wave measurement
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frequency allocations highly sensitive and robust
measurements for electromagnetic field strength of the waves
are also in demand. Rydberg-atom based electric field sensors
are expected to act as an Sl-traceable electrometer surpassing
calorimeters or antennas in providing simple and accurate
measurements. Various results and applications have already
been reported [3-9]. NICT has started research of Rydberg-
atom sensors for the THz band to leverage the synergies of
frequency metrology and electrometry.
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Figure 2. Photo and simplified experimental setup for Rydberg-atom
based THz-wave electric field sensor

II. EXPERIMENTAL SETUP

Figure 1 shows the energy levels of the Cs atom used for the
100GHz wave measurement, where a 852nm probe laser
excites the atom from the 65 ground state to the 6P state and a
511nm coupling laser is used to transfer the excited atom from
the 6P state to a specific Rydberg 33D state. The 852nm laser



light is emitted by a conventional external-cavity diode laser
(ECDL), whereas the 511nm laser light is supplied from 1.5um
ECDL by the third harmonics generation using one module
including two periodically-poled lithium niobate (PPLN)
waveguides for second harmonic generation and sum frequency
generation [10]. The conversion efficiency of the PPLN module
is about 100%/W?2. The 852nm and the 511nm lasers counter-
propagate through a glass cell filled with Cs vapor, with an
optical power of about 100uW and 20mW, respectively. The
laser beam diameter is about 2mm. In this experiment, the laser
frequency of the 852nm external-cavity diode laser (ECDL) is
locked to the 62512 (F=4) - 62P5,, (F=5) transition of the D, line.
The 511nm laser frequency is scanned for measurement of the
ladder-type EIT signal of the 6S-6P-33D transition. The
presence of THz-wave resonant with the energy difference
between the D state and a neighboring Rydberg F state can then
induce the AT splitting [11] of the EIT signal. The frequency
separation corresponds to the Rabi frequency, which is
determined by the dipole moments of the transition and the
electric field of the irradiated THz-wave. This electric field can
thus be obtained by careful measurements of the frequency
splitting.
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Figure 3. Observed EIT signals when the 852nm probe laser is locked
to the D, line and the 511nm coupling lased is scanned over 3GHz
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Figure 4. AT splitting of EIT signal with increasing the power of
the 98GHz

III. MEASUREMENT OF AT-SPLITTING BY A 100GHZ WAVE

Figure 3 shows the observed EIT signals for a wide scan of
the coupling laser. The two peaks correspond to the 62Si, -
6%P3-332Dspand 6281, - 62P3;- 332Dspy transitions. According
to numerical calculations [12], the fine structure energy
difference of 33D is about 2.11GHz. No information is available
about the hyperfine structures. The hyperfine states can likely be
considered to be degenerate.

We then irradiate the 100GHz wave corresponding to the
energy difference between 33D and 31F states. This is generated
as the 6th harmonic of a microwave source and the maximum
irradiated power is about 20mW. Figure 4 shows the behavior of
the EIT signal of the 62Si, - 6Ps» - 332Ds), transition for
increasing THz-wave power irradiated on the intersection of the
laser beams. We can see that the splitting widens with increasing
irradiated power. The frequency of the irradiated THz-wave is
98GHz, corresponding to the 332Ds»-312F7),, 5> transition.
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Figure 5. Energy levels of Cs atom and target transitions for
the 300GHz wave measurement

IV. MEASUREMENT OF AT-SPLITTING BY A 300GHZ WAVE

The energy levels of the Cs atom for the 300GHz wave
measurements are shown in Fig. 5. To transfer the excited atom
in the 6P state to a Rydberg 23D state, another PPLN module
for the third harmonic generation was replaced and the 1.5 mm
ECDL was frequency-tuned for the 515 nm green light
generation. The 300 GHz wave source was prepared by
attaching a tripler onto the 100GHz source, The output power
was about ImW at maximum. Similar to the 100GHz wave
measurements, two EIT signals of the S-P-D3,; and the S-P-Ds)»
transitions were observed in Figure 6. The frequency difference
of two signal is 6.944 GHz. When we irradiate the 320GHz
waves corresponding to the energy difference between 23D and
21F states, the AT-splitting was observed on each EIT signal,
and it widens with increasing the irradiated THz-wave power.

The dipole moment of the 23D-21F transition for the
300GHz wave measurement is smaller than that of the 33D-31F
transition for the 100GHz wave. Furthermore, the output power



of the 300GHz wave source is lower than that of the 100GHz
wave source. These limit the splitting broadening of the EIT
signals. Optimizing the THz wave coupling to the intersection
of the laser beams would increase the widening of the AT-
splitting.
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Fig.6. Observed EIT signals when the 852nm probe laser is
locked to the D, line and the 515nm coupling lased is scanned over
8GHz. (Inset) AT-splitting of the EIT signals when the 320GHz
wave resonant to each D-F transition is irradiated onto the Cs cell.

V. SUMMARY AND FUTURE PLAN

In our preliminary experiments, very simple measurement
setup using one Cs gas cell and two lasers was prepared and we
have succeeded in observing the AT splitting of the EIT signal
caused by a 100GHz wave and a 300GHz wave. We also
confirmed that the splitting widens with increasing irradiated
THz-wave power. This becomes the first step toward the
accurate electrometer for the THz-wave. As the next step, the
actual measurements of the electric field strength of the
irradiated THz-wave and their accuracy evaluation are planned.
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