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of Broadband Terahertz Wave Detection Using
Rydberg Quantum State

Yanchen Zhou
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Abstract—The bandwidth and sensitivity of traditional terahertz
detection devices are limited by material properties and working
temperature. Here, we proposed a four-level Rydberg atom detec-
tion method, which can realize real-time detection for the absolute
strength of the terahertz electric field under room temperature
with the detection bandwidth of 0-5 THz. By theoretical analysis
and formula derivation, the relation among the terahertz electric
field strength, excitation energy level, coupling photoelectric field
strength, gas cell temperature and electromagnetically induced
transparency (EIT) signal are studied in detailed. The NEP of
this method is proven to be 107 W/Hz!? in the range of 0-1
THz, which is three orders of magnitude smaller than that of the
traditional optimal thermal detection system. This research has
important reference value for the later high-sensitivity detection
and application development of terahertz waves

Index Terms—NEP, rydberg atom, terahertz wave, terahertz
detection.

1. INTRODUCTION

ERAHERTZ waves are the electromagnetic waves with

frequencies between 0.1 and 10.0 THz, which is in the
transition region between electronics and photonics [1], [2].The
low photon energy and strong penetration properties make it
have great application potential in non-destructive testing [3],
[4]. Therefore, the research of terahertz devices has become a
hot topic in the field [5], [6]. In the past forty years, terahertz
radiation sources and detectors has made great development.
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Combing with the coherent detection, more and more detection
technologies such as photoconductive antennas [7], electro-
optical crystals [8], and air detection [9], [10] have gradually
matured. The phase information of the electric field is obtained
on the basis of the original detection relative intensity, and the
minimum detectable power is also getting smaller and smaller. In
addition, the working environment no longer requires ultra-low
temperature. Based on the above advantages, coherent detection
has become the main detection technology for terahertz waves.
However, the obtained terahertz electric field signal is a relative
intensity rather than an absolute intensity. At present, one detec-
tion method for the absolute intensity of THz wave is the thermal
radiation detector, but the device is bulky and the response speed
is slow (millisecond level); the other one is the semiconductor
material detection method, whose equivalent noise power (NEP)
could be at the order of 10712 [11]-[13], and the preparation
process is complicated and costly.

This paper proposes to use the Rydberg quantum state detec-
tion method to solve the above problems [14]. This technology
uses alkali metal atoms as sensors, which can achieve accurate,
real-time, high-sensitivity detection at room temperature. Alkali
atom refers to the atom with only one electron in its outermost
layer, such as Na, Rb and Cs, which is very sensitive to the
disturbance of external electric field. When it is used in electro-
magnetic field detection, it has sensitive narrow-band response
characteristics according to the principle that the incident light
energy must be strictly equal to the transition energy level
difference. In addition, since each atom of the same isotope
has the same properties, detection based on this atomic level
can be accurately calibrated to the international system of units
(SI). Based on this principle, different frequencies of light can be
detected by coupling to quantum states with different energy lev-
els. At present, several research groups have carried out related
studies on the application of Rydberg quantum state for accurate
detection in microwave band [15]-[20]. This method of mea-
suring electric field has following advantages: 1) The terahertz
electric field intensity measurement based on the international
unit (Planck constant) standard is produced; [21] 2) because
of the invariance of atomic parameters, this method has the
ability of self-calibration in terahertz electric field measurement;
3) The medium has almost no loss in the process of terahertz
wave detection and transmission; 4) it can measure intense and
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weak fields over a wide frequency range; 5) it can be used to
build small and portable detectors. Therefore, this method has
a broad application prospect for terahertz detector and terahertz
biomedical imaging [22], [23].

However, the frequency and photon energy of terahertz wave
are higher than those of microwave, so to detect the THz,
Rydberg atom needs to be excited to the energy level with
lower main quantum number. In addition, the current terahertz
beam can be divided into two categories: 1) pulse THz wave,
which can cover the entire energy level range of Rydberg atomic
transition with the energy level of millivolt [24], [25]. This is far
lower than that of the volt level of microwave signal, so the
detection device need to be very sensitive, and the requirements
for environmental interference control is strict; 2) continuous
THz wave, whose energy is higher, but their frequencies are
discrete with narrow bandwidth. This lead to the frequency
difference between obtainable THz continuous wave and alkali
metal atomic energy level is usually more than 100 MHz [26].
Even through the regulation of electric field and magnetic field,
it is still difficult to reach this magnitude [27]. Therefore, it is
difficult to do the systematic experiment at this stage.

Here, we theoretically studied and derivated the mechanism of
broadband THz wave detected by Rydberg quantum state. The
relation among the terahertz electric field strength, frequency,
excitation energy level, atomic density, gas cell temperature and
EIT signal are studied in detailed, and the simulation results are
compared with the microwave band. At the end of the paper, the
sensitivity limit of the device in the ideal state is deduced. In
summary, this paper analyzes an accurate measurement method
of broadband terahertz field, which lays a foundation for the sub-
sequent application of this detection technology to the accurate
detection of terahertz wave.

II. FUNDAMENTAL PRINCIPLE OF TERAHERTZ ELECTRIC FIELD
DETECTION BY RYDBERG ATOM

Rydberg atom [28] is a system of atom in which only one
electron be excited into a high quantum state. The electron is
so far away from the atomic core (inner electron plus nucleus)
that it acts like a point charge. At this time, the atomic system
can be considered as a hydrogen-like system, so that the multi-
electron atomic system can be transformed into a single-electron
atomic system for processing, simplifing the study of the atomic
structure, and then the quantum theory of single-electron atomic
system can be used to carry out related calculations.

The interaction between Rydberg atom and external electric
field causes the Rydberg atom levels to split, which is known as
the Aulter-Townes (AT) split. The electromagnetically induced
transparency (EIT) [29] effect is a nonlinear quantum coherence
effect shown by the interaction between light and matter. In
other words, a medium strongly absorbs a light beam at a certain
frequency, and when another beam with a different frequency
incidents on the medium, the absorbance of the first light beam
will be reduced. In the experiment, the AT splitting can be ob-
served through EIT spectrum, and the splitting value is related to
the external electric field intensity, Planck constant and transition
dipole moment, and then the corresponding external electric field
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Fig. 1  Schematic diagram of four-level coupling of cesium Rydberg atom.

intensity can be calculated. The high accuracy of this method
is determined by the EIT technology [30], which converts the
measurement of amplitude to the measurement of frequency.
Precise measurements of terahertz electric field can be realized
by tuning atoms into different quantum states, each of which cor-
responds to a specific frequency. Compared with many current
methods for electric field measurement, which require complex
traceability chain to international unit standard, this measure-
ment technology provides a more direct traceability method.

III. THEORETICAL MODEL

A. A Four-Level System Constructed by Rydberg Quantum
State and Applied Electric Field

Simulated medium is a cesium atomic vapor cell with the
shape of cube (20%20+20 mm?). The probe laser (852 nm) is
locked on the cesium atomic transition level of 6S;/5—6P3 /2,
the coupling light (580 nm) is scan between 6P3/o—nDs5 /2 and
6P3/o—nS; /o. The probe laser and the coupling laser propagate
in opposite directions and coincide with each other along the
axial direction in the cesium vapor cell. As a result, a ladder
type three level system is formed, in which the change of probe
laser intensity can be obtained from EIT spectrum. The power
of probe laser and coupling laser are set as 5 mW and 0.5 W,
respectively. Their spot diameter are both 3 mm [31], [32].

When the atomic states nS/nD and mP3/» are selected, the
two Rydberg states excited by an external terahertz electric field
at a specific frequency are coupled together, forming a four-
level system from the original stepped three-level system. This
process is shown in Fig. 1. At this time, the energy level |4 is
affected by the terahertz Rabi frequency (21y,), which results
in the interference for the probe laser absorption, and then the
EIT peak is divided into two parts, i.e., the AT splitting of the
EIT spectrum.

This paper simulates the cesium atom four level Rydberg
atomic system, and its free atomic Hamiltonian can be written as:

»?
Hy=o—~ hwot|1) (1|Awos|3)(3|hwoa|4) (4] (1)

We have taken the state 2 to have zero energy and hwo1,03,04
are energy gaps between four states 1, 3, 4, and state 2. Only
the energy in state 1lis negative. In the dipole and rotating-wave
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approximations, the atom-field interaction Hamiltonian is:
Hap = —d®) . EC) &) . EMD) )

The dipole operator d has its positive and negative-rotaing
components. The time-independent Hamiltonian of the system
can be obtained by unitary transformation and formula simpli-
fication.

2
" = Qan + hAL|1) (1] + hAg|3) (3] + hAs|4) (4]

h , ,
+ 5 ([{2le™™ 7 + [2)(1]etT)

h , .
+ 5 ([2){3]e7™7 + [3)(2le ")

+ gQg (13)(4]e” s 4 |4) (3] ethsT) (3)

By substituting the variables into the expression, the evolution
of the density matrix is used to describe the system evolution,
and each element in the matrix is represented according
to the calculation formula of the elements of the density
matrix. Finally, by solving the density matrix equations, the
susceptibility of the medium for the probe laser, y, and ¢y is
the dielectric constant under vacuum state. We can give the
magnetic susceptibility as [33]:

_JN |9p] 2p (Qmh,)° +4D13D14
|Eplsp Dig(Qrny)® + D1a()? 4+ 4D12D13D14
4
Dyi =mi —JjBy ®))

Among them, N is the atom density in the cell, the characters
of the subscript 12, 13 and 14 refer to the transition level 1, 2,
3, and 4, respectively. 7;; represents the attenuation rate at each
level [16], Ap is the detuning of the probe laser, {2, . 7, are the
Rabi frequencies for the different transitions(probe, coupling,
and THz) and are given by:

Qp,C,THZ = |EP,C,THZ| % (6)
Here, h is Planck’s constant, I, . 7 are the magnitude of
the probe laser field, the coupling laser, and the THz source.
©p.c, TH- are the atomic dipole moments corresponding to the
probe, coupling, and RF transitions. Parameters D;3 and Dy
[15] would also be a function of A and A g, (the detuning
of the coupling laser and THz source), respectively. As the
frequencies of coupling laser and terahertz wave are correspond-
ing to the transition energy levels, the terahertz electric field
intensity can be directly traced back to the international standard
of measurement parameters (the Planck constant), see (6).
Using this magnetization coefficient, the transmission coef-
ficient T of probe light through the atomic vapor cell can be
obtained [17]:

‘IT = exp (—

Where L represents the length of the cell and Ap is the
wavelength of the probe laser. The intensity of the probe laser

2m LIm|x] ) ’

o ()
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measured on the detector is given by:

®)

oLl
I = I|T* = Iyexp (—”mb‘]>

2,

Iy is the intensity of the probe laser at the input of the gas cell.
We use this model to understand the behavior of the EIT signal
on the detector as a function of the RF field intensity. When the
value of Im[x] approaches 0, the transmitted signal peak can be
observed on the detector. Here, the interval between the two EIT
peaks is the AT splitting interval (Af), and there is a relationship
between Af and the applied electric field Rabi frequency:

Qp = 2nAf ©)
At this time, the electric field intensity of the applied terahertz
field can be deduced from the Rabi frequency:

Bl = - Qp = 2n - Af (10)
(23] PE

B. Calculation of Atomic Transition Dipole Moment

After measuring the splitting interval, an unknown quantity
that can determine the electric field intensity is the transition
dipole moment of the terahertz transition. The expression of the
dipole moment is mentioned in the reference [34] :

pp = e€ [ P3P dV = eAssRsy (11

Here e is the elementary charge, € is the polarization vector
of light, and W% and U} are the wave functions for the initial
and final states of the terahertz field transition. And Asy is the
angular part and R34 is the radial part. Considering the alkali
metal atom with a single valence electron, the Hamiltonian of
the system can be written as:

1
H = —§V2+V(r)+Fz (12)

After expanding the simplified calculation, the radial matrix

elements can be calculated as [35]:

B B =Y XX (Z X#2y Xﬁ?)
% i i ( | 3)

According to the Eq. (9), we can directly trace the mea-
surement of electric field strength to the international standard
physical quantity (Planck constant).

Here, we calculate the atomic transition dipole moment in the
terahertz band and compare it with the case of microwave band,
as shown in Fig. 2. Here, the main quantum number range of the
response energy level in the microwave band and terahertz band
are 44-49 [Fig. 2(a)], and 18-23 [Fig. 2(b)], respectively. This
is because the frequency of terahertz wave is higher than that of
microwave, the photon energy is stronger, and the lower energy
level states with larger energy level spacing are needed. The
results of Fig. 2 show that the atomic dipole moment decreases
with the increase of response frequency, and the atomic dipole
moment in terahertz band is one fifth of that in microwave band.

1
2
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Fig.2. Schematic diagram of coupling response at (a) GHz Band N = 44-49.
(b) THz Band N = 18-23.

C. EIT Response of Terahertz Waves

By adjusting the terahertz waves and coupling laser, the EIT
signal and AT splitting phenomenon of cesium Rydberg atom
can be observed. As shown in Fig. 3, when only probe laser
is applied to the cesium vapor cell, its energy is absorbed by
the atomic material. At this moment, there is no EIT signal (the
yellow solid line). When the probe laser and the coupling laser
act simultaneously, the EIT effect will be generated in the cesium
vapor cell and the signal peak will be generated, as the red dotted
line shown. When the terahertz field is applied, EIT signal will
show AT splitting (the blue dash line).

Due to the influence of Doppler effect, the EIT-AT splitting
interval Af shown in Fig. 3 has the following relation with the
Rabi frequency 2 77, of the terahertz electric field coupled with
two Rydberg states [36]:

1 X

Af = — —=Qrp.
f o ay T

(14)
D. Relationship Between Terahertz EIT and Electric
Field Intensity

In order to simulate the interaction between terahertz electric
field and cesium atom quickly and simply, the THz electric field
in the cell is treated as plane wave here. When the applied
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Fig. 3.  EIT signal without both coupling laser and terahertz waves (yellow
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Fig. 4. EIT-AT signal under different applied terahertz electric field strength.
The blue solid line, red dotted line and yellow dash line correspond to the
intensity of 0.1 W, 0.3 W and 0.5 W, respectively.

electric field frequency is 1.461 THz, we simulate the corre-
sponding EIT-AT splitting spectrum. As shown in Fig. 4, The
splitting degree of EIT-AT signal increases with the increase
of the intensity of the applied THz wave. This demonstrates
the Rydberg atom’s function as a detector of the signal’s field
strength.

E. Broadband Coverage of Terahertz EIT

The detection method proposed in this paper is suitable for
the detection of multiple THz frequencies or broadband THz
waves. Here, we enumerated and calculated the Rydberg atomic
detection frequency from O to 1.5 THz, the corresponding data
are presented in Table I. The response frequency of each row
in the table is the minimum frequency in the terahertz band
that the energy level 3 can be responded. For example, in the
first row of the table, the minimum detectable frequency of
energy level 3 (18D5/2) is 1.461 THz. By comparing the data
of each row, it can be found that with the increase of the main
quantum number of level 3, the minimum detectable terahertz
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TABLE I
RESPONSE FREQUENCY AND ATOMIC DIPOLE MOMENT BETWEEN THE ENERGY LEVEL 3 AND LEVEL 4

Atomic dipole moment

Energy level 3 Energy level 4 Response frequency (THz) (a0e)
aoe
18Ds5 20p3 1.461 103.426
z 2
19Ds 21p3 1.218 117.738
2 2
20Ds 22p3 1.026 132.978
2 2
21Ds 23p3 0.872 149.146
z 2
22Ds 24p3 0.747 166.241
2 2
23Ds 25p3 0.646 184.264
2 2
1851 18p3 1.127 232.273
z 2z
1951 19p3 0.92 265.677
2 2
2081 20p3 0.711 301.320
2 2
218, 21p3 0.634 339.203
2 2
2281 22p3 0.536 379.324
2 2
2381 23p3 0.456 421.685
2 2
(a) © (e)
60 1 30
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Fig. 5.

0
Ap/27 (MHz)

Frequence (THz)

Under different (a)MW (b)THz electric field frequency, the relation between EIT-AT splitting amplitude and applied electric field intensity. Under the

same applied electric field intensity (E = 30 V/m), EIT-AT phenomenon at different (c)MW (d)THz frequencies, and the relation between the EIT-AT split interval

and the frequency of the applied (e) MW (f)THz electric field.

frequency will decrease. For the same main quantum number
of level 3, the detectable terahertz frequency of the S-Layer is
less than that of the D-Layer. We can also conclude that: as
the detected terahertz frequency decreases, the atomic dipole
moment increases. The coupling efficiency of the device for
detecting 0.456 THz is more than three times higher than that
for detecting 1.461 THz in Table I, so it can be inferred that
the device will be more sensitive for measuring low frequency
THz waves.

FE. EIT Phenomena at Different THz Frequencies

On the premise of not changing the parameters of the
probe&coupling laser, the splitting trend of EIT-AT at different
terahertz frequencies is simulated and compared with the case
of microwave band, as shown in Fig. 5. Here, the energy level 3
of terahertz and microwave band are chosen as 18 and 44. The
EIT-AT splitting amplitude at different frequencies is shown in
Fig. 5(a) and (b), Each taking three frequencies as examples,
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Fig. 6.  EIT-AT signal changes under different coupling laser field intensities.
We choose 1 kV/m (blue solid line), 3 kV/m (red dot line), 5 kV/m (yellow dash
line) as examples. The inset shows the FWHM of EIT-AT splitting peak by as a
function of the intensity of coupling laser field.

the EIT-AT splits all show a linear variation, and with the
decrease of the applied MW/THz wave frequency, the splits
interval becomes larger (represented by the increase of slope
in the figure).

According to Egs. (4) and (9), it can be inferred that the value
of coupling optical Rabi frequency in terahertz band is higher
than that in microwave band, which leads to the larger full width
at half maxima(FWHM) of terahertz EIT signal. In addition, the
AT split width in the microwave band is more than two times
larger than that in the terahertz band due to the difference of
the Rabi frequency in Fig. 5(c) and (d). Therefore, for both THz
and MW cases, the EIT detection method is more sensitive to
the low frequency fields.

As shown in Fig. 5(e) and (f), we also simulated the variation
trend of EIT-AT splitting width at different frequencies without
changing the applied MW/THz electric field intensity (30 V/m).
Since the atomic dipole moment between the energy levels in
the microwave region is much larger than that of the terahertz
band, therefore the splitting amplitude of the microwave is twice
than that of the terahertz region. Both of them prove that the split
size gradually decreases as the frequency increases.

G. Terahertz EIT Phenomena Under Different Coupling
Electric Field Intensities

In order to understand the influence of the coupled optical
power on the signal of the EIT-AT signal, we fixed E7p, = 0.3
V/m for simulation in Fig. 6, When the coupling laser power
intensity increases from 1 kV/m (blue solid line) to 5 kV/m
(yellow dash line), the detuning range of the EIT-AT signal
becomes wider. This is because that the intensity change of
the coupling laser will directly affect the Rabbi frequency of
the coupling laser [(4)]. Obviously, as the coupling electric
field intensity is 1 kV/m, the peak value of EIT-AT signal is
weaker than others. By comparing the relation between the
intensity of the coupled light electric intensity and the FWHM
of EIT-AT signal, we can find that there is a linearly proportional
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Fig. 7. EIT-AT signal at 1.461 THz, and the temperature of gas cell is

50°C (blue dotted line), 60°C (red dotted line) and 70°C (yellow solid line),
respectively.

relationship between them, as shown in the inset of the Fig. 6.
In addition, we notice that the splitting width of EIT-AT signal
does not change with the coupling laser intensity, but its FWHM
becomes wider with the increase of the intensity of the coupling
laser, which can be used to analyze the intensity of the coupling
laser used in the experiment.

H. Terahertz EIT Phenomenon Under Different Coupling
Photoelectric Field Intensities

The THz detection technology uses a sealed alkali gas cell
as a medium, and its EIT-AT signal is dependent on the atom
density. According to (15), It can be found that the atom density
is related to temperature [22], [23]:

_ Py (T)Na
RT

N (15)

N is the atom density of alkali metal atoms in the cell, N4 is
Avogadro’s constant, and R is the gas constant. The saturated
vapor pressure P/(T) of alkali metal vapor is determined by the
temperature 7T at the interface between alkali metal liquid and
vapor. Taking cesium as an example, Py(T) = 107046-3830T,

In order to study the influence of temperature in the cell on
the EIT-AT signal, we simulated the signal at 1.461 THz of
different temperatures without changing the applied electric field
strength, as shown in Fig. 7. As the temperature of the cesium
cell increases from 50°C (blue dot line) to 70°C (yellow solid
line), the pressure in the gas cell increases five times [(15)],
which result in the increase of detuning range of the probe light,
but the FWHM and the intensity of signal will decrease with the
increasing temperature. On the other hand, high temperature will
increase the instability of atomic reaction. Therefore, in order
to get the best detection results, it is necessary to control the
chamber temperature reasonably.
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Fig. 8. Relationship between spot diameter of each beam and NEP.

1. The Minimum Detectable Power of the System — NEP

Noise-equivalent power (NEP) [37], [38] represents the sen-
sitivity of photodetector or detector system. For the detection
device, it can represent the minimum power that can be measured
by the detector [39]:

P
NEP=——==P
SNR

In this paper, the value of the simulated detection bandwidth
(BW) is 1 Hz, so the formula can be changed as follows:

(16)

NEP = =P (17)

P
VBW

In the free space of electromagnetic radiation, the power flux
density (PFD) is the power per unit area perpendicular to the
direction of electromagnetic wave propagation, and its unit is
W/m? [40], represented here by S. For the plane wave, power flux
density, electric field strength (£) and magnetic field intensity
(H) and the free space of the inherent impedance: 1y = 377 €.

S=—= H2770
o

The equivalent power P of a region is the product of PFD and
region A:

(18)

P=SxA (19)

According to Eq. (17), the minimum detectable power of
each frequency point is related to the spot diameter of each
beam, and the minimum detectable power of the comparison
system can be calculated by changing the spot size of each laser
beam, and logarithmic processing is carried out on the theoretical
calculated value of NEP.As shown in Fig. 8, R is the spot radius
of probe laser and coupling laser, and R5 is the spot radius of
terahertz light in millimeters.

As can be seen from Fig. 8, if Ry = 3 mm, we only change
the THz beam spot size R, from 5 mm (black solid line) to 4
mm (green dot dash line), the NEP value of Rydberg detection
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Fig. 9. NEP variation rule of Rydberg quantum detection system in response
to terahertz waves with different frequencies.

system is generally declining. Similarly, if Ry = 5 mm, the NEP
value of the system also shows an overall trend of decline when
only the probe and coupling laser spot size R; is reduced from
3mm (black solid line) to 2 mm (red dash line). This also means
that the smaller the size of each laser spot of the system, the
lower the equivalent noise power of the device. Compared with
Ry =2 mm and Ry, = 5 mm (red dotted line) and R; = 3 mm
and Ry = 4 mm (green dash line) in the figure, it can be inferred
that the NEP value is more affected by the probe and coupling
laser spot size than that of the NEP value of Ry = 3 mm and
Ro = 5 mm (black solid line).

In order to obtain the minimum detectable power limit of the
system, we set the laser spot diameter to 1 mm as an example for
simulation. According to the NEP variation rule analysis of the
Rydberg quantum detection system as a function of THz waves
frequency (Fig. 9), the NEP of the system for low-frequency
terahertz light can reach the order of 10~!7. The sensitivity of
the terahertz electric field detection method based on Rydberg
atom is three orders of magnitude higher than that of the most
sensitive thermal radiation detector of the present stage, which
is only 10~ orders of magnitude.

IV. SUMMARY AND OUTLOOK

In this paper, a detection technique based on Rydberg quantum
state to detect the absolute intensity of terahertz wave electric
field is analyzed in detail. The variation rule of EIT signal
under different parameter conditions (such as applied terahertz
electric field intensity, excitation level, coupling photoelectric
field intensity and chamber temperature) are summarized. In
terms of measurement, the absolute strength of the added signal
can be measured directly by conversion, and its equivalent noise
power limit can reach 10~'7 magnitude. These results have
important reference value for the development and application
of high-sensitivity detection technology in terahertz field.
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