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Abstract

There is a growing interest in the rapid assessment of terahertz (THz) spectroscopy owing to its promising application pros-
pects in nondestructive testing, security screening, and communication. In this study, we introduce a swift characterization
method for THz spectroscopy that utilizes a THz-to-optical conversion system in a warm atomic vapor cell. By subtracting
the photoluminescence (PL) spectra of cesium atoms with the THz field from those without the THz field, we obtained dif-
ferential PL spectra that effectively characterized the 0.548 THz field. The differential PL spectra of Rydberg atoms offer
the opportunity to quantify the THz field’s intensity and frequency, potentially paving the way for the development of THz

spectroscopy based on warm atomic vapor cells.
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1 Introduction

The terahertz (THz) frequency range extends from 0.1 to 10
THz, positioned between far-infrared and microwave fre-
quencies, and is often referred to as the “THz gap” [1-3].
THz photons, with a photon energy of approximately 4
meV at 1 THz, possess relatively low energy. Their high
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transmittance through most nonconductive materials and
large bandwidth render THz technology promising for
applications such as material analysis [4, 5], nondestructive
testing in biology [6-9], security screening [10, 11], and
high-speed communication [12, 13]. THz fields are typically
detected using Golay cells, bolometers, Schottky/tunneling
diodes, and pyroelectric detectors [14, 15]. Nonetheless,
with the diversification of application domains, considerable
challenges remain in creating sensors that can simultane-
ously measure THz fields with high sensitivity and speed.
Recently, a new type of THz detector system based on
Rydberg atoms has emerged, expanding THz spectroscopy
detection technology [16, 17]. Rydberg atoms with high
polarization rates and strong THz transition dipole moments
are promising sensitive THz detectors, for example, alkali
atoms excited to high principal quantum numbers [18-21].
Typically, THz detection can be directly demonstrated using
photoluminescence (PL) spectra resulting from spontaneous
emission during the decay of the THz-induced final Rydberg
state [18, 19]. Wade et al. introduced an innovative technique
for real-time near-field THz imaging that employs atomic
PL signals [18]. Researchers at Durham University have
also proposed a THz imaging system that achieves THz-
to-optical conversion using atomic vapor, which is capable
of full-scene imaging using conventional optical camera
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technology, demonstrating a frame rate of up to 3000 fps
with a spatial resolution close to the diffraction limit and
high sensitivity [19]. With the support of the Chinese Acad-
emy of Sciences, THz imaging techniques based on Rydberg
atomic vapor are under intense investigation at Shanghai
Advanced Research Institute, and a 100x200-pixel capture
of a 0.548 THz field was demonstrated for cesium atoms
[22], achieving both a sensitivity of 43 fW/um? and a frame
rate of 6000 fps simultaneously.

Considering the promising prospects of THz imaging,
it is natural to explore THz spectroscopy utilizing Rydberg
atoms, especially for potential applications in broadband
THz fields generated by particle accelerators, such as the
Shanghai soft X-ray free-electron laser facility [23, 24]. One
potential approach is to utilize the PL spectral differences
of various Rydberg states to resolve THz frequencies, which
is complicated. Therefore, before establishing THz spec-
troscopy based on Rydberg atoms, further THz frequency-
related research should be conducted on existing Rydberg
systems. Currently, cesium serves as the main Rydberg atom
candidate for THz field sensors. The PL characteristics of
the Rydberg states of cesium atoms in relation to THz fields
are not thoroughly understood. Therefore, a complete under-
standing of the Rydberg atomic PL spectrum of cesium is
crucial.

Herein, we present a fundamental study underpinning
THz spectroscopy. The PL spectra of two adjacent Rydberg
states in cesium atoms that undergo THz transitions are
of particular interest. Using the differential PL spectra
of the Rydberg states in cesium atom vapor obtained by
subtracting the PL signal with the THz field (PLy;p,1y,)
from the PL signal without THz field (PLyy; 00t Tr2)» @ rapid
characterization of the THz field was performed. The effects
of temperature, THz frequency, and THz intensity on the
PL spectra of cesium Rydberg states were systematically
measured for the first time. The dataset investigates the
PL spectral mechanism of cesium atom vapor, laying the

Fig.1 (Color online) a Experi- (a)
ment layout. The THz beam
(0.548 THz) is perpendicular

to the laser beam passing
through the cesium vapor cell.
b Cesium atomic energy levels
and laser excitation scheme.
The PLyyinout ti, a0d PLyyi, 1,
signals of cesium atoms decay
from the 14P; /2 state and 13D, 2
state

“|Caesium
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foundation for further establishing multifrequency THz
spectroscopy using Rydberg atoms.

2 Methods and dataset

The fundamental principle of utilizing Rydberg atoms to
sense THz fields is based on the resonance between the elec-
tric dipole transition frequencies of two adjacent Rydberg
states and the THz frequency to be detected. Simultane-
ously, variations in the transition probabilities and dipole
moments among the different Rydberg atomic states result
in two types of spontaneous emission efficiencies. In this
study, a 0.548 THz field was employed to couple the prin-
cipal quantum number 14 and 13 levels in cesium atoms.

2.1 Study design

Cesium Rydberg atoms convert the difficult-to-detect THz
fields into visible PL spectra. The basic principle is that the
electric dipole transitions between the adjacent Rydberg
states of cesium atoms lie within the THz frequency range.
The spontaneous emission process of two adjacent Rydberg
states has different decay pathways owing to their transition
probabilities and selection rules. Therefore, the PL spec-
tra of the two neighboring Rydberg states are crucial for
detecting THz fields. In our demonstration, a rectangular
vapor cell serving as a warm cesium atom Rydberg detector
is shown in Fig. 1a. Three laser beams, shaped by plano-
convex and plano-concave cylindrical lenses, define an inter-
action region filled with cesium atoms via thermal atomic
motion inside the vapor cell. In the region where the THz
field and laser beams coexist, the atoms are excited to the
final Rydberg state by the THz field and then fluoresce as
they decay in the visible PL signal.

Figure 1 a shows schematic diagrams of a five-level
energy ladder of cesium atoms and lasers, where three laser

b
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beams excite cesium atoms to a Rydberg state, and the THz
field further excites the cesium atoms to the final Rydberg
state. The probe laser (5 mW at 852 nm) is tuned between
the ground 6P, /, state and 6P, state, while the coupling
laser (20 mW at 1470 nm) and Rydberg laser (200 mW at
843 nm) are coupled to the 6P5,, > 7S, , and 7S, , > 14P5
transitions, respectively. The final Rydberg state 14P5,, >
13Ds ), transition is in the THz field (548.613 GHz at 1.58
mW). In contrast to previously presented THz detection
schemes, this scheme is used to sense the THz field through
the PL signal.

In the absence of the THz field, the populated 14P; ), state
emits spontaneous decay containing visible fluorescence,
which is referred to as the “PLyyipou Tz Signal. In contrast,
when the THz field is present, the population is transferred
to the 13Ds , state by the THz field, and the PL signal emit-
ted from the decay of the 13D; ), state is designated as the
“PLyin i, Signal (Fig. 1b).

2.2 Experimental set up

To strictly control the quality and availability of the dataset,
a detailed introduction to the system parameters is required.
The filling vapor cell pressure employed in the cesium
atomic vapor was maintained at 107 Pa [25]. The dimen-
sions of the cesium atomic vapor cell were 1 cm X1 cm X
2 cm, with a laser path length of 1 cm and a quartz wall
thickness of 1 mm. The sealed cesium atomic vapor is heated
to approximately 62.5 °C to increase the vapor pressure and
optimize the PL signal [19].

The strategy to excite cesium atoms to Rydberg states
involves a three-step excitation process, after which THz fur-
ther excites these atoms to the final Rydberg state. The probe
laser was generated using an external cavity semiconductor
laser (ECL801). This laser was operated at a wavelength of
852 nm with a power output of 5 mW. The coupling laser
used was a distributed Bragg reflector semiconductor laser
with a wavelength of 1470 nm and a power of 20 mW. The
Rydberg laser used was a tapered amplifier laser (TAL8O1
and ECL801) with a wavelength of 843 nm and a power of
200 mW. The laser beam was shaped using a plano-concave
cylindrical lens and a plano-convex cylindrical lens, creating
a1 cm X 1 cm two-dimensional light sheet in atomic vapor.
All lasers used in the experiment were purchased from Uni-
quanta Co., Ltd. The frequency range of the THz source
is between 535 and 570 GHz. It is equipped with a WR—
1.5 DH rectangular standard waveguide as the output port,
which provides a power of 1.58 mW.

The PL spectra were measured using a HORIBA iHR320
spectrometer and a charge-coupled device (CCD, SYN-
CER-1024 x 256). The spectrometer grating has a groove
density of 1800 g/mm, achieving a resolution of ~0.05 nm.
The spectrometer and CCD system were calibrated using a

mercury lamp as a standard light source. The testing range
for the cesium atomic PL spectra was 450-730 nm.

2.3 Quality control and existing use of data

An alkaline Rydberg calculator (ARC) was used to calcu-
late the laser and corresponding energy levels of the excited
cesium atoms, ensuring the rationality of the experiment. To
ensure data quality, the equipment underwent standard spec-
tral calibration, and multiple measurements were conducted
on the obtained data to verify consistency. The evaluation
of the test results involved the use of an ARC calculator
for the rationality analysis of the PL spectral data, ensuring
that the data were valid. The relevant data have been pub-
lished in the Science Data Bank, and a complete overview
of the dataset, including the “title,” “description,” “data,”
and “information.”

3 Datarecords
3.1 Photoluminescence spectra

To verify the performance of cesium atom THz detectors
and understand the detection mechanism of cesium atoms
in the THz field, we conducted experiments on the PL spec-
tra of the adjacent Rydberg states. The PL spectra have
also been shown to affect the vapor cell temperature, THz
frequency, and THz field intensity. In the differential PL
spectra, a positive signal signifies an increase in PL spectra
intensity caused by the transfer to the final Rydberg state
and an increase in transition probability, whereas negative
signals indicate a decrease in PL signal due to the population
transfer to the final Rydberg states.

Figure 2a illustrates the excitation of cesium atoms’ PL
spectra by the three lasers in the absence of a THz field,
covering the range of 450-730 nm. The PLyy;pou TH, Signal
of the excited cesium atom has peaks at 534.9 nm and 632.2
nm. This result indicates that the population transfers from
11D5, to 6P, and from 14P;,, to 5D5,. The PLyyh,
spectra of the 0.548 THz-induced cesium atoms are shown
in Fig. 2b, with the amplification of the peak features at
534.9 nm and a typical peak at 632.2 nm. The PL signal
peaks at 534.9 nm and 632.2 nm may be attributed to the
13Ds;, = 6P, and the 14P; , — 5D 5. The PLyy;p, 1y, Sig-
nal clearly shows a stronger peak at 534.9 nm, indicating a
higher transition efficiency from 13Ds ), to 6P5 .

To better understand the correspondence between the
spectra and the decay pathways, the transition channels
in the PL spectra were calculated using ARC. The peaks
of the PL spectra were identified based on the potential
decay pathways and grouped according to the different
channels (Fig. 3). The black curve in Fig. 3 represents
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Fig.3 (Color online) Identifying PL lines by spectral series. The
vertical lines from top to bottom represent the decay pathways from
nSy; to 6P, and from nS, ), to 6P;, (n =9 — 15), the decay path-
ways from nP,,, to 5D;, and from nP;,, to 5Ds;,, (n=10-15),
the decay pathways from nDs;, to 6P, and from nDs, to 6P,
(n="7-15), and the decay pathways from nF’, to 5D;,, and from
nF;,t05Ds), (n=T7—15)

the PLy;, iy, spectra, which cover the PL spectra in the
range of 500-730 nm. The vertical lines in different colors
correspond to the wavelengths of the calculated transi-
tion channels. The first row of vertical lines illustrates
the decay pathways from nS, /, to 6P, , and nS; , to 6P; ),
(n =9 —15). The second row shows the decay pathways
from nP, , to 5SD5, and nPs, to 5Ds , (n = 10 — 15). The
third row corresponds to the decay pathways from nD; , to
6P, , and from nDs , to 6P5 , (n = 7 — 15). The fourth row
shows the decay pathways from nFs, to 5D; , and nF; s, to
5Ds;, (n =7 - 15). Notably, most peaks in the measured
spectra were accounted for in the calculations.

@ Springer

Fig. 4 Differential PL spectra of cesium atoms with PLy;p, 11, Spectra
subtracted from the PLyyihou i, SPECtra. Differential signal can reveal
the PL spectral changes induced by the THz field

It is noteworthy that, at 534.9 nm of cesium atoms, the
peaks of PLy; tr, a0d PLyyicnoue THZ Signals display a signifi-
cant difference in signal intensity, suggesting a diverse tran-
sition efficiency for the PL spectra of 14P and 13D states.
The THz-induced PL characteristic spectra of cesium atoms
can be expressed as the PLy;,;, 1y, spectra subtracted from
the PLyy;ihou THZ, SPECtra (differential PL spectra, Fig. 4). The
results of representative processed PL spectra are provided
at several different intensities in Fig. 4, where the enhanced
PL signals are at 519.6 nm and 534.9 nm, while the other PL
peaks are all attenuated signals. For the THz field-induced
case, the differential PL spectra of the 14P;,, and 13Ds ),
states arise from the variations in the transition probabilities
and electric dipole moments, resulting in differing efficien-
cies of the decay channels. Thus, these differential PL spec-
tra can serve as a fingerprint spectrum for a 0.548 THz field.

Figure 5a shows the PL spectra of cesium atoms without
the THz field, spanning the range of 20-62.5 °C. The PL
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Fig.5 (Color online) The PL (a) PL signal @ 534.9 (b) PL signal @ 534.9
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signal peak at 534.9 nm and 632.2 nm rises with increase in
temperature. It is worth noting that the PL signal intensity
at 632.2 nm (20-45 °C) is stronger in the lower tempera-
ture range. As the temperature increases, the PL signal at
534.9 nm gradually exceeds the 632.2 nm signal peak at the
same temperature (> 45 °C). However, in the case of the
THz field, both the 534.9 nm signal and the 632.2 nm signal
show a phenomenon where the PL signal becomes stronger
as the temperature increases, and the 534.9 nm signal peak
is greater than the 632.2 nm signal peak at any temperature
in Fig. 5b. Therefore, these results suggest that higher tem-
peratures facilitate the distinction of the 534.9 nm signal
from other signals.

3.2 Evolution of PL with THz detuning and detector
sensitivity

To investigate the influence of varying THz detuning on the
PL spectra, the differential PL spectra evolution under THz
detuning was characterized, as shown in Fig. 6a. The red-
shaded area represents signals in which the differential PL
signal is positive when the THz field is tuned. The blue-
shaded area corresponds to the signal where PL spectra are
suppressed and the differential PL signal is negative. When

Temperature (°C)

the THz field is present, the maximum enhanced peaks of
the PL signal are 534.9 nm and 519.3 nm, corresponding
to the strongest emission lines (decay from the 13D state)
at a center frequency of 548.613 GHz. The suppressed PL
spectra correspond to the emission lines present in the PL
spectra without the THz field (decay from the 14P state).
To determine the THz-responsive linewidth, differential PL
spectra at THz frequency detuning were recorded, extract-
ing the intensity of the 534.9 nm and 632.2 nm signals as a
function of the THz frequency, as shown in Fig. 6b. Based
on this result, the PL spectra with THz frequency detuning
displayed a full width at half maximum (FWHM) value of
approximately 14 MHz.

The PL spectra of cesium atomic Rydberg states are sen-
sitive to the THz field, and the PL spectral intensity was
measured at different THz intensities, as shown in Fig. 7.
The signal intensity of the cesium Rydberg atom at 534.9
nm increases with an increase in terahertz intensity, whereas
the 632.2 nm signal diminishes as THz intensity increases.
This observation indicates a robust dependence of the decay
channels on THz intensity. Furthermore, at a THz inten-
sity of ~ 107 mW, the 534.9 nm signal continues to exhibit
a distinct difference from the PLyy; 00 tr, Dase, While the
632.2 nm signal demonstrates a significantly lower intensity
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dashed lines are guide lines g % / L
c X % "
e 04 ® / |
= ) 2 - s,
O ® - \
3 z S
T 201 - K
= ¥ )
.l_-,’ N L] ;I 777777
404 0~I|1]--n.-*w...nnllll
T T T T T T T T
500 600 700 -40 -20 0 20 40

Wavelength (nm)

THz detuning (MHz)

@ Springer



152 Page6of8

T.Lietal

#— PLyu TH, Signal @ 534.9 nm
*— PLyith H Signal @ 632.2 nm
5
©
<
o
x
©
[y
(%’ PLWithout THz base
1 0
< '/'\‘\‘_\‘\‘
S P

10¢ 10° 10* 10° 102 10" 10°
THz power (mW)

Fig.7 The PLy;, 1y, signal about 534.9 nm and 632.2 nm as a func-
tion of THz power. The red and blue line was PLy;ou T, Signal
about 534.9 nm and 632.2 nm. The red and blue solid lines represent
the signal intensities of the peaks at 534.9 nm and 632.2 nm in the PL
spectra without the THz field, serving as the baseline

than the PLyy;p0u T, D2S€, thereby achieving commendable
resolution capability with respect to

3.3 Basicinformation of the dataset

Rydberg atoms have been extensively studied in areas such
as THz imaging. PL spectroscopy was combined with the
imaging and testing of the PL spectra while simultaneously
recording the THz spectroscopic detection. Therefore, the
impact of the atomic vapor cell temperature, THz intensity,
and THz frequency detuning on the PL spectra is important.
The supporting data for a clear presentation of the dataset

Table 1 Specification table

and experimental operations were recorded, as shown in the
Specifications Table 1.

3.4 Dataset location

The datasets contained both raw and analyzed data. All
datasets for this study have been uploaded to the “Science
Data Bank™ as a separate.zip file. (https://doi.org/10.57760/
sciencedb.16313)

3.5 Dataset name and format

The data contained a file of two classes: (1) the data, includ-
ing both raw data and analyzed data (file format: .dat). (2)
This file contains all the original files for the drawings and is
in. ai format. All files are provided in English. After obtain-
ing written permission from the Science Data Bank, the
data were used publicly for academic research and teaching
purposes.

3.6 Data content

The “data” index has five files, containing the raw data and
analyzed data with corresponding file names of “raw” and
“analyzed”. Figure 2 shows the raw and analyzed atomic PL
spectra with and without the THz field. Figure 3 includes the
raw and analyzed data of the differential PL spectra. The file
in Fig. 4 contains the raw data and original PL spectra data
at temperatures ranging from 20 to 62.5 °C, both with and
without THz field conditions. Figure 5 shows the analysis
data of cesium atomic PL spectra with and without THz
detuning. Figure 6 shows the raw cesium atomic PL spectra
and the analysis data at different THz field intensities.

Subject

Specific subject area
Data format

Type of data

How data were acquired

.dat and .ai

Nuclear physics

Atomic molecular and optical physics

Raw and analyzed

Measurements were performed using a HORIBA iHR320 spectrometer and a

SYNCER-1024x256 CCD

Parameters for data collection
Description of data collection
Data collection

Data source location

Tested with an exposure time of 2 or 0.5 s and a slit width of 20 or 200 pm

Data were collected by saving CCD
Institution: Shanghai Advanced Research Institute, Chinese Academy of Sciences

Country: China

Data accessibility

Repository name: Science Data Bank

Data identification number: https://cstr.cn/31253.11.sciencedb.16313
Direct URL to data: https://doi.org/10.57760/sciencedb.16313
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4 Recommended repositories to store
and find data

4.1 Technical validation

The Rydberg state of cesium atoms was achieved by laser
frequency locking using 852-, 1470-, and 843 nm lasers to
match the excitation frequency with the cesium atom res-
onance transition frequency. The 852 nm probe laser was
scanned using a piezoelectric ceramic module to adjust the
laser output frequency to match the cesium atom resonance
transition frequency. For the 1470 nm coupling laser, the
EIT locking method was used for frequency locking. A mod-
ulation signal was added to the 843 nm laser, and the error
signal caused by the laser was extracted by a phase-locked
amplifier and fed back into the laser for frequency locking.
The PL spectra were collected using a plano-convex lens
in free space and entered the spectrometer slit. The spec-
trometer was set with a 20 um slit width in Figs. 1, 2, 3 and
4, with an exposure time of 1 s. The slit width in Fig. 5 is
200 pm, with an exposure time of 0.5 s. The THz field was
delivered to a vapor cell in free space.

4.2 Usage notes

THz radiation has broad application prospects in imaging
and spectroscopy. The use of the PL spectral differences of
Rydberg atoms to achieve THz frequency resolution is a new
and validated feasible method. By utilizing the differential
PL spectroscopy of Rydberg atoms, this method can be used
for THz imaging and THz spectroscopy. The dataset includes
PL spectra for identifying a 0.548 THz field, differential PL
spectra, PL spectra under THz detuning, and provides differ-
ential PL spectra at different frequencies, offering reusable
data for researchers. The data in this dataset is in.dat format,
which can be opened and directly used by the vast majority
of data-processing software. The dataset was uploaded to
the Science Data Bank, and both raw and processed data in
the database are readily usable without the need for further
software processing. In the database, the x axis of the raw
data represents the PL spectrum wavelength, whereas the y
axis represents the PL intensity.
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