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There is much interest in employing terahertz (THz) radiation across a range of imaging applications, but
so far, technologies have struggled to achieve the necessary frame rates. Here, we demonstrate a THz
imaging system based upon efficient THz-to-optical conversion in atomic vapor, where full-field images
can be collected at ultrahigh speeds using conventional optical camera technology. For a 0.55-THz field, we
show an effective 1-cm? sensor with near diffraction-limited spatial resolution and a minimum detectable
power of (190 4 30) fWs™'/2 per (40 x 40) um? pixel capable of video capture at 3000 frames per
second. This combination of speed and sensitivity represents a step change in the state of the art of THz
imaging and will likely lead to its uptake in wider industrial settings.
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I. INTRODUCTION

The THz band is commonly defined as the section of the
electromagnetic (EM) spectrum in the 0.1-10-THz range,
lying between the far-infrared (IR) and microwave regions
[1]. Its ability to penetrate common materials such as paper,
cloth, and plastics makes it a promising candidate for use in
nondestructive testing [2,3], while the fact that it is non-
ionizing gives it potential for use in security screening [4]
and biomedical [5] settings. Photonic techniques used for
visible and infrared light fail at such long wavelengths,
while electronic techniques used for microwave and radio-
frequency technologies are unsuitable for the high frequen-
cies of the THz band. Despite the plethora of potential
uses, because THz sources tend to have lower power and
THz detectors have lower sensitivity than devices in other
regions of the EM spectrum, there is limited uptake of
technologies operating in the THz range, a phenomenon
referred to as the THz gap [6].

For many proposed applications, the ability to collect
image data is key. Numerous THz imaging techniques have
been developed, each with its own merits and challenges.
Single point detectors can be used to collect high-resolution
images pixel by pixel [7] but have yet to demonstrate
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real-time capabilities. For example, early techniques
employing thermal detectors such as Golay cells and
bolometers were limited to response times on the order
of 100 ms per pixel [8]. While some techniques such as
self-mixing in quantum cascade lasers (QCLs) can capture
pixel data at significantly higher rates [9], they are limited
by the speed at which they can raster between pixels [10].
Systems employing digital mirror devices to create coded
apertures can image at spatial resolutions below the dif-
fraction limit [11], but the added processing time means that
these techniques are not relevant for a real-time system. Full-
field THz imaging techniques, in which a complete image is
collected in a single shot, eliminate the need to scan between
individual pixels. These schemes typically consist of arrays
of small point detectors such as microbolometers [12,13],
field-effect transistors (FETSs) [14], or carbon nanotubes
[15]. Such arrays can operate up to video frame rates of
around 60 Hz; however, their sensitivities are limited, and
scaling to large pixel numbers can be challenging [16]. More
sensitive arrays such as those based on superconductors [17]
suffer similar scaling problems and rely on cryogenic
cooling to overcome thermal noise, making them cumber-
some, expensive, and complex to operate. Another prom-
ising approach to full-field THz imaging is frequency
up-conversion, where a nonlinear optical material such as
diamond [18] or DAST crystal [19] is used to convert
incident THz photons to more easily detectable wave-
lengths, allowing images to be collected using standard
optical or IR cameras. Despite the high demand, a room-
temperature THz imaging system combining both high
speed and sensitivity has yet to be realized [1,6,7].
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Sensors based on atomic vapor can offer high perfor-
mance across a range of applications. Because atoms have
well-known properties and give reproducible measurements
that can easily be related to ST units, they are ideal candidates
for use in a new generation of sensors in the growing field of
quantum technologies [20]. For example, atom-based sen-
sors have been used for precise measurements of magnetic
fields [21,22] and gravity [23,24] and are beginning to be
marketed and used in fields as diverse as biomedical sensing
[25], geomagnetic [26], and defense applications [27].
A subclass of atom-based sensors includes those based
upon Rydberg atoms, atoms that have been excited to a
high principal quantum number n. It has been shown that
Rydberg atoms are excellent sensors for weak electro-
magnetic fields in the radio-frequency, microwave, and
THz ranges [28-31], as well as for trace gas detection
[32]. Recently, the ability of Rydberg atoms to provide IR-
to-optical conversion has been exploited [33-35], and
imaging of high-power pulsed IR [36] and THz [37] fields
has been demonstrated using a Rydberg atom photocathode.

In this work, we demonstrate and characterize a THz
imaging system based on the principal of THz-to-optical
conversion in a room-temperature atomic vapor [38]. For a
0.55-THz field, we show an effective 1-cm? sensor with
near diffraction-limited spatial resolution and a minimum
detectable power of (190 +30) fWs~!/2 per (40 x 40) um?
pixel. We show that the system is capable of high-speed
imaging by demonstrating video capture at 3000 frames per
second, rates that are impossible with other available THz
technologies. Since the speed is ultimately limited by the
atomic lifetime of 0.80 us, we expect that frame rates of up
to 1 MHz would be possible. In Sec. II, we describe the
atomic system at work in the conversion process and detail
how we make use of this to perform 2D THz imaging.
In Sec. III, we characterize the spatial and temporal
resolution of the system and measure the minimum
detectable power. We discuss the limitations of the system
presented here and highlight future modifications and
improvements in Sec. IV.

II. EXPERIMENTAL SETUP

The principle of operation is to use caesium Rydberg
atoms to perform THz-to-optical frequency conversion,
converting difficult-to-detect THz radiation into easy-to-
detect optical photons. The electric dipole transitions
between neighboring Rydberg states of alkali atoms lie
in the THz frequency range [39]. These transitions have
very large dipole moments, resulting in a high probability
of interaction with a resonant THz field. Rydberg states are
relatively long-lived, with natural lifetimes on the order of
microseconds, and they decay via spontaneous emission
back to the atomic ground state. While this decay process is
probabilistic, the complex atomic structure results in certain
pathways being more likely than others, leading to rea-
sonable THz-to-optical conversion efficiencies. In this

work, we use a 0.55-THz field to couple the n = 14 and
n’ = 13 levels in caesium. For each THz photon absorbed
by the system, we have a 52.4% chance of emitting a signal
photon at 535 nm, allowing us to perform THz-to-optical
conversion. By creating a 2D sheet of atoms, we use the
emitted visible photons to create a full-field image of the
incident THz field in a single exposure. The versatility of
this approach means that any optical camera can be
employed and can easily be substituted into the system.

We use atomic caesium due to its high vapor pressure at
room temperature and easily accessible transition wave-
lengths. The atomic structure involved in the process is
shown in Fig. 1(a). The vapor is prepared in the 14 P, state
using IR lasers (red arrows) in a three-step excitation process
[40]. The probe laser (5 mW at 852 nm) excites atoms to the
6 P3, state, and the coupling laser (20 mW at 1470 nm) takes
atoms from the 6 P5 , state to the 7 S, state. Both lasers are
commercial ECDLs with sub-MHz linewidths and are
frequency stabilized to an atomic resonance. The probe
laser is stabilized to the 6 S, ,F = 4 — 6P5,,F' = 5 hyper-
fine transition using polarization spectroscopy [41], while
the coupling laser is stabilised to the 6P;,F =5 —
7S, ,,F" = 4 using excited-state polarization spectroscopy
[42]. The Rydberg laser (200 mW at 843 nm) is tuned to the
781> — 14P3), transition and is not actively frequency
stabilized. Once prepared in the 14 P3 , state, aresonant THz
field (17 uW at 0.55 THz) transfers population into the
nearby 13Ds , state, shown by the purple arrow in Fig. 1(a).
This narrow-band continuous-wave THz field is generated
using an amplifier multiplier chain (AMC), manufactured by
Virginia Diodes Inc., which is seeded by a microwave signal
generator.

Both Rydberg states can decay back to the ground state
through the emission of visible photons, the wavelength of
which depends on the decay pathway taken. We use an
Ocean Optics USB spectrometer to measure the spectrum of
the emitted fluorescence [Fig. 1(b)], both with and without
the THz field (orange and green lines, respectively). In the
absence of the THz field, the 14P3 ), state is populated and
subsequently decays via multiple pathways with similar
probabilities, resulting in visible fluorescence comprising
multiple different wavelengths. We refer to this fluorescence
as the “THz.” signal, represented by the orange lines in
Figs. 1(a) and 1(b). In contrast, in the presence of the THz
field, population is transferred into the 13Ds, state, which
predominantly decays via the intermediate 6P;/, state,
resulting in the emission of green (535-nm) photons. We
refer to this as the “THz,,” signal, which is represented by
the green lines in Figs. 1(a) and 1(b). Because the emissions
from the 14P and 13D states at 535 nm are very different, we
can use a narrow-band filter [shaded region in Fig. 1(b)] to
effectively isolate the fluorescence from the THz-coupled
13Ds ), state and hence increase the signal-to-noise ratio of
the system. Since the atomic transition addressed by the THz
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FIG. 1. THz imaging using atomic vapor. (a) The internal
energy structure of caesium, highlighting the excitation and
principal decay pathways used in this work. The red arrows
correspond to laser excitations, the purple arrow to the excitation
driven by the THz field, and the orange and green arrows to
optical fluorescence emitted by decay from the 14P3,, and
13Ds, states, respectively. The large green arrow represents
the principal decay pathway. (b) The spectral characteristics of
the fluorescence from the vapor, both with and without the THz
field (green and orange lines, respectively). The shaded region
highlights the optical filter used to isolate the spectral region
of interest. Inset: The dependence of the fluorescence signal
on THz detuning, from which we extract a linewidth of
(14.0 + 0.4) MHz. (c) A diagram of the imaging setup described
in this work. Infrared pump lasers form a sheet of excited caesium
atoms contained within a quartz cell. The THz field passes
through an object that is imaged onto the atoms using PTFE
lenses. Interaction of the THz field with the excited atoms leads to
the emission of green fluorescence, which is captured using an
optical camera.

field is a narrow-band transition, we expect the system to
have a similarly narrow-band response. To determine the
linewidth of the response, we record fluorescence spectra at
various values of THz detuning and extract the total signal
(THz,, — THz,y) within the filter transmission window
[inset of Fig. 1(b)]. From this result, we measure a full
width at half maximum (FWHM) of (14.0 & 0.4) MHz, as
indicated by the grey dashed lines. The structure seen in the
data around zero detuning arises from the unresolved
hyperfine structure of the Rydberg states.

We create a practical THz imaging sensor using our
atomic THz-to-optical conversion process by forming a 2D
sheet of excited atoms onto which a THz-field image can be
projected. A schematic of this imaging setup is shown in
Fig. 1(c). The caesium vapor is contained within a quartz
cell and heated to around 50°C to increase the vapor
pressure and maximize the resulting fluorescence signal.
All three laser beams propagate coaxially and are shaped to
form a light sheet of approximately 100 ym in width and
10 mm in height at the position of the vapor cell. The
Rydberg laser propagates in the opposite sense to the probe
and coupling beams along the x axis. The object to be
imaged is illuminated with a continuous-wave THz field,
which propagates in the z direction, perpendicular to the
plane of the excited vapor, and is linearly polarized in the
vertical (y) direction. Along the axis of this beam, a 1:1
transmission imaging system, comprised of polytetrafluoro-
ethylene (PTFE) aspheric lenses, is used to project a THz
image onto the sheet of excited atoms. The fluorescence
emitted by atoms in the region of overlap between the lasers
and the THz beam is reimaged onto an optical camera,
providing an image of the incident THz field in a single shot.
In this work, three different optical cameras were employed.
The true-color images were taken using a commercial Nikon
D5500 DSLR (camera A) with an exposure time of 0.5 s, an
F-stop of f/1.8, and an ISO of 100. An Andor iXon EMCCD
camera (camera B) was used for high-resolution low-noise
images, running without water cooling to the EMCCD. An
exposure time of 200 ms was used for this camera, with the
EM gain set to minimum. A Photron FASTCAM SA4
(camera C) was used to record the high-speed video at
exposure times equal to the reciprocal of the frame rates
stated. When using cameras B and C, we use a simple 1:1
optical triplet lens to image the vapor and spectral filters to
remove unwanted IR scatter and background fluorescence
[shaded region in Fig. 1(b)].

III. CHARACTERIZATION

To ascertain the spatial resolution of the system, we
image a metallic “test card” comprising apertures of
varying sizes and shapes [see Fig. 2(a)]. Images of a
0.50-mm-diameter pinhole and “¥”-shaped aperture are
shown both as true-color unprocessed photographs taken
with camera A and as false-color filtered images taken with
camera B. By considering the image of the 0.50-mm-
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FIG. 2. Demonstration of spatial resolution. (a) A metal mask (center) placed in the object plane of the system. To the left and right are
true-color images taken with camera A (above) and false-color images taken with camera B (below) for a 0.50-mm-diameter pinhole
(left) and a “¥”’-shaped aperture (right). (b) Radially averaged intensity profiles of the measured PSF (solid blue line) and the simulated
ideal PSF (dashed orange line). Both PSFs were scaled such that the total power in each image was equal. The ratio of peak heights gives

a Strehl ratio of 0.57. (c) Real (top panel) and simulated (bottom panel) images of two 0.50-mm-diameter pinholes separated
by 1.00 mm.

diameter pinhole to be the point spread function (PSF) of  distribution will be given by an Airy pattern [43]. Based
the system, we are able to compare the performance to that ~ on the characteristics of the THz lenses, we calculate the
of an ideal imaging system. Since the diameter of the  f-number of the system to be 1.5. We normalize both the
pinhole is subwavelength, we assume that it can be treated  real and ideal unaberrated PSF such that the total power in
as a point source and hence that the ideal intensity  each image is equal, and then perform a radial average
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FIG. 3. Ultrahigh-speed THz video. (a) Subsequent frames from a THz video of an optical chopper wheel rotating at 700 rpm, imaged
at a frame rate of 3 kHz. The white arrow is added to highlight the movement of one spoke of the wheel between frames. (b) A
significantly slower frame rate of 500 Hz, is sufficient to capture the dynamics of a water droplet in free fall shortly after being released
from a buret, every fourth frame of which is shown here. Full video files are available online [44].
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about the point of peak intensity, the results of which are
plotted in Fig. 2(b). By calculating the ratio of the
maximum peak heights, we extract a Strehl ratio for our
system of 0.57, indicative of a moderately aberrant system.
We posit that these aberrations arise from the simple design
of the THz lenses used. By considering the Rayleigh
criterion, we expect that our system will be able to resolve
two point sources separated by 1.00 mm. We demonstrate
this ability by imaging two 0.50-mm-diameter pinholes
separated by 1.00 mm [Fig. 2(c)]. The resulting image (top
panel) closely resembles the simulated image (bottom
panel) in which the two distinct apertures are clearly
resolved, providing an upper bound of 1.00 mm on the
system’s spatial resolution. We conclude that the system
achieves near-diffraction-limited resolution and is currently
limited by the simple design of the THz lens system used.

To illustrate the high-speed capabilities of this technique,
we demonstrate THz imaging of dynamical processes at
frame rates up to 3 kHz, 2 orders of magnitude faster than
the current state of the art [19]. Here, we use camera C to
capture videos of a water droplet in free fall at a frame rate
of 500 Hz and a rotating optical chopper wheel at 3 kHz.
Frames from each video are presented in Fig. 3 (full video
files are available in the Supplemental Material [44]).
Although the frames in Fig. 3(b) were taken at a frame
rate of 500 Hz, only every fourth frame is shown to
illustrate the changing shape of the water droplet in free
fall captured in the video. To improve image clarity, we
perform postprocessing on the captured frames, further
details of which can be found in the Supplemental
Material [44].

We characterize the detector sensitivity by measuring the
minimum detectable power (MDP): the minimum THz
power at which the resulting optical signal is reliably
detectable above the noise. We use camera B to record a
series of images, both with and without the incident 0.55-
THz field, for varying THz powers. We define the signal as
the pixel value resulting from fluorescence in the presence
of the THz field minus that from background fluorescence
in the absence of the THz field, THz,, — THz.4. For a
typical (40 x 40) um? pixel close to the center of the
image, this background-subtracted signal and its uncer-
tainty are plotted against the incident THz power in Fig. 4
[45]. We find that the system responds linearly for THz
powers up to around 20 pW per (40 x 40) uym? pixel, as
indicated by the green line. Above this value, the system
experiences saturation, and we observe a smaller increase
in signal for a given increase in THz power, which is seen
as the deviation from the linear trend at high THz powers
in Fig. 4(a). We determine the MDP by considering the
signal in the region of lowest incident THz power, shown in
Fig. 4(b). At exposure times of over 0.5 s, the fluorescence
signal saturates the camera, so to obtain an integration
time of 1 s, we average over 5 frames, each with an
exposure of 200 ms. At this exposure time, we are working
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FIG. 4. Minimum detectable power. (a) The fluorescence signal
THz,, — THz, (open blue circles) as a function of incident THz
power for a total integration time of 1 second. The linear trendline
is extrapolated from that in panel (b) to highlight the saturation
point at THz powers above 20 pW per (40 x 40) um? pixel. The
vertical dashed lines highlight the range of the data used in panel
(b). (b) Plotting the measured fluorescence signal (open blue
circles), we can map the linear response of the system (solid green
line) plus its associated uncertainty (green shaded region) to
the point at which the fluorescence signal is no longer reli-
ably detectable (dashed orange line), at (190 % 30) fW per
(40 x 40) um? pixel for a 1-s integration time.

within the shot-noise-limited regime of the camera, where
the recorded pixel value scales linearly with exposure
time, and the uncertainty is proportional to the square root
of this pixel value. In this way, the MDP of our system
scales inversely with the square root of the total integrated
exposure time used, resulting in a MDP of (190 +
30) fWs™/2 per (40 x 40) um? pixel. Alternatively, this
result can be expressed as a minimum detectable intensity
of (0.12 4 0.02) mW m~2s~'/2, This value represents an
improvement of over 2 orders of magnitude on other room-
temperature imaging systems [16] and is the reason that
such high frame rates are possible.

IV. DISCUSSION

Despite already demonstrating significant improvements
in speed and sensitivity over other THz imaging systems,
many relatively simple adjustments could be made to
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improve performance further. For example, image quality
could be improved by reducing the interference patterns
caused by reflections of the THz field within the cell by
making the cell thinner (less than 200 gm) and adding an
antireflection coating. Furthermore, the image resolution
could be increased by using a more sophisticated THz lens
system or by imaging using higher THz frequencies by the
choice of an appropriate atomic transition from the wide
range available [38]. The THz sensor area could be
extended by using a larger vapor cell to enable formation
of a larger sheet of excited atoms; however, increased laser
powers would be required to maintain laser beam intensity
over a larger area. We note that the response time of this
system is ultimately limited by the lifetime of the atomic
state used, which here is 0.80 us [46]. Our full-field
approach enables the system to be used for capturing
high-speed THz video, potentially up to MHz frame rates
with a suitable optical camera. As camera C is not designed
for low-light applications, we are limited in this work to
frame rates less than 4 kHz; a more sensitive camera would
increase the maximum frame rate of the system. We
estimate that only 0.4% of the emitted fluorescence is
collected by the current camera lens; therefore, a larger
optical lens allowing for greater collection efficiency would
also allow for increased frame rates. The wide range of THz
frequency transitions within caesium and other alkali metal
atoms means that this system could be extended to operate
at multiple THz frequencies, allowing for “multicolored”
THz imaging. This case could enable spectroscopic infor-
mation to be collected about a sample alongside trans-
mission images. This high-speed THz imaging system adds
to the growing field of quantum technologies. Much of the
underlying laser and vapor cell technology has been
miniaturized, allowing for the development of portable
and affordable quantum devices. Since our THz imaging
system uses the same component parts and underlying
techniques as other atom-based devices, it will benefit from
the drive to bring these technologies to market.

While we highlight simple modifications that could be
made to improve the performance of this system, the figures
of merit reported here have enabled THz imaging of
dynamical processes at rates not previously possible by
any other method. We predict that the versatility and
sensitivity of this atom-based THz imaging technique will
produce a disruptive impact on fields as diverse as biological
imaging and production-line quality control [2,3,6].

All data and codes are available online at Ref. [47].
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