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We optically excite 3°Rb atoms in a heated vapor cell to a
low-lying Rydberg state 10Ds;, and observe directional
terahertz (THz) beams at 3.3 THz and 7.8 THz. These
THz fields are generated by amplified spontaneous emis-
sion from the 10Ds, state to the 11P3/, and 8F;, states,
respectively. In addition, we observe ultraviolet (UV) light
produced by four-wave mixing of optical pump lasers and
the 3.3 THz field. We characterize the generated THz power
over the detuning and power of pump lasers, and identify
experimental conditions favoring THz and UV generation,
respectively. Our scheme paves a new pathway towards gen-
erating high-power narrowband THz radiation. © 2021
Optical Society of America

https://doi.org/10.1364/0L.418618

Terahertz (THz) radiation (100 GHz-30 THz) is the spectral
region between the microwave and infrared frequency bands. It
has numerous potential applications in diverse fields including
astronomical observation, material optimization, telecommu-
nication, and medical imaging [1,2]. However, compared to
well-established applications for radio frequency and optical
waves, THz radiation has not been utilized to its full potential
due to a lack of powerful and compact sources as well as fast
and sensitive detectors. In response to this, there has been a
continued effort in developing THz sources using a wide range
of physical systems and techniques [3-5]. Gas-phase THz
lasers, such as optical lasers, are based on population inversion
between discrete quantum levels in gaseous media, and have
been explored since the early days [6,7]. In recent years, there
has been renewed interest in THz molecular lasers, which
have achieved improved compactness and tunability by using
mid-infrared quantum cascade lasers (QCLs) as pumps [8,9].
Lately, Rydberg atoms have emerged as a new physical plat-
form for realizing THz technologies. The energy spacings
between atomic Rydberg levels scale as 1/#°, and their corre-
sponding transition dipole moments scale as 72, where 7 is a
principal quantum number [10]. The manifold of Rydberg
states thus exhibits a plethora of strong dipole transitions in the
microwave and THz regimes. This feature has been utilized for
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sensitive detection of microwave fields and their efficient con-
version to optical fields [11-14]. More recently, applications of
Rydberg atoms for electric field sensing and imaging have been
extended to the THz region [15], and real-time THz imaging
using Rydberg atomic vapor was reported in [16].

In this Letter, we experimentally observe the generation of
THz beams by optically exciting a hot rubidium vapor to a
Rydberg state. Directional THz radiation is created from popu-
lation inversion between Rydberg states, followed by amplified
spontaneous emission (ASE), i.e., amplification via stimulated
emission in free space. This work significantly extends previous
experiments [17,18] where the presence of THz radiation was
inferred from the observed UV light generated by four-wave
mixing (FWM). In our current experiment, generated THz
fields are detected directly, which is achieved by a custom-built
vacuum cell with a silicon (Si) window that transmits THz
radiation. We characterize the generated THz power over the
detuning and power of pump lasers, and identify experimental
conditions favoring THz and UV generation, respectively. We
find that the generated THz power is on the order of several
microwatts for moderate pump laser powers achievable with
compact diode lasers.

The relevant atomic energy levels in ®Rb are shown
in Fig. 1(a). The optical pump transitions 5S;,F=3—
5P3/,F =4 (transition 1) and 5P3/,F =4 — 10Ds, (transi-
tion 2) are driven by two near-resonantlaser fields at 780 nm and
515 nm, respectively. The long radiative lifetime of the 10Ds ,
state (~780 ns) [19] enables population inversion with respect
to the lower-lying states with moderately strong pumping. The
dipole-allowed transitions from the 10Ds , state to lower #P3/>
and 7'F7, states, which have transition frequencies in the range
0f 1-100 THz, are listed in Table 1. We experimentally measure
the generated fields at 3.3 THz and 7.8 THz, from transitions
10Ds;, — 11P3,, (transition 3) and 10Ds,, — 8F;/, (transi-
tion 5), respectively. According to Table 1, these two transitions
have by far the largest transition dipole-matrix elements, and
should thus make the dominant contribution to the generated
THz radiation. As in our previous work [17], we also detect the
UV light emitted on the 11P3/; — 551, transition (transition
4)viaFWM.
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Fig. 1. (a) Energy levels of ®Rb relevant to our experiment. 87gonm
and 8ssnm are the detunings of the two pump lasers from transitions 1
and 2, respectively. Numeric labels are assigned to each transition for
the reader’s convenience. (b) Schematics of the experimental setup.
The two pump laser beams are denoted by red and green lines, and
selected optical elements are shown along beam paths. The vacuum
vapor cell is sketched as a square with four labeled windows, while
the THz beam is denoted by a gray dotted line and the UV beam by
a purple dotted line. Details on beam paths and optical components
along them are given in the text.

Table 1. Frequency v (THz), Wavelength A (um),
Dipole Matrix Elements dppr and dpr (eap) for Transitions
10D5/2 - I'IP3/2 and 10D5/2 - n’F7/2 (e: Elementary
Charge; ao: Bohr Radius)’

10D5/2 b d nP3/2 10D5/2 e d n’F7/2

n v A Idel n v A Ile:l
8 71.2 4.2 0.83 5 88.4 3.4 0.65
9 37.7 7.95 1.24 6 48.0 6.25 1.65
10 17.0 17.6 1.44 7 23.6  12.7 4.82
11 33 91.2 63.6 8 7.8 38.7 27.68

“Further cascade transitions from 7P and »'F states back to the 55, , state are
not included here.

Our experimental setup is illustrated in Fig. 1(b). We have
built a vapor cell from a CF40 vacuum cube with an edge length
of 7 cm, which is designed to measure the generated THz and
UV radiation using two different optical paths as described
below. Along the vertical axis of the cube (not shown in the
figure), one port is connected to an atom source containing 1 g
pure rubidium sample with isotopic composition per its natural
abundance; the other port is connected to a vacuum pump by
which the chamber can be evacuated to around 1078 mbar.
Three of the four side ports are sealed with fused-silica (FS)
windows, and the other one with a Si window. The assembled
cell is mounted in copper blocks connected to heatpipes wound
with bifilar windings of heating wire, and maintained at a tem-
perature of around 110°C, corresponding to a vapor density of
around 1.1 x 10'3 cm™3.
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Table 2. Transmission [Reflection] Efficiency of
Different THz Components’

THz Optics Efficiency at 3.3 (7.8) THz
Si window 0.4 (0.4)

TPX plate 0.55(0.5)

BP filter (3.1-3.5 THz) 0.25 (~0)

BP filter (6.7-8.1 THz) ~0(0.2)

Beam splitter [reflection] 0.9(0.9)

“All transmission percentages are experimentally obtained by measuring
THz signal attenuation when an additional identical component is placed in
the beam path. The bandpass filters’ stop-band attenuations are verified by
placing two dissimilar filters in the beam path.

The two optical pump lasers (see [17] for details) are over-
lapped using a photonic crystal fiber (PCF). The output beams
of the PCF are switched with a flipper mirror between two
possible paths for detecting either the generated UV or THz
radiation. Along the two paths, the pump beams go through
identical optical components and have the same beam con-
figurations inside the vapor cell. Among different pump beam
sizes, two configurations are reported here. In the “collimated”
configuration, the pump beams are collimated over the length
of the cell with the 1/¢% diameters dss,m = 1.1 mm for the
515 nm laser and d7g0nm = 2.2 mm for the 780 nm laser. In
the “focused” configuration, both input beams are focused
at the cell’s geometric center with ds15,m =260 um and
d780nm = 700 pum, respectively. The pump beams are made
circularly polarized by a quarter-wave plate just before the cell.

The UV path goes through two FS windows that transmit
only optical wavelengths. The generated UV is separated from
the transmitted pump lights by UV-bandpass interference fil-
ters, and its power is measured with a calibrated UV-enhanced
photodiode (PD). In the THz path, the input port is a FS win-
dow as in the UV path. However, the output port is a Si window
that is transparent for the THz wave but opaque for the optical
pump beams and generated UV light. A polymethylpentene
(TPX) plano-convex lens is used to focus the THz radiation to
be detected by a pyroelectric bolometer. The combination of
the Si window and the TPX lens allows the transmission of fre-
quency up to 10 THz. In this way, our setup allows us to measure
the THz fields emitted on transitions 3 and 5 in Fig. 1(a). These
two THz frequencies can be measured separately by using
resonant bandpass filters made of copper mesh. An indium-tin-
oxide-coated THz beam splitter, which reflects the THz wave
but transmits infrared radiation, is used for steering the THz
beam before the bolometer. The detailed characteristics of these
THz components are given in Table 2. Note that the beam path
after the TPX lens is enclosed and additionally shielded from
direct view of the heating elements to reduce any background
effects, and an overall longer path is chosen to keep the detector
farther away from the heated vacuum chamber. Measurements
of both UV and THz radiation are performed using the lock-in
method, with modulation provided by a chopper wheel placed
before the PCE

We verify the directionality of the generated THz radiation
by measuring its transverse intensity distribution in a plane
perpendicular to the propagation direction of the pump beams.
Here the two input beams are under the “collimated” configura-
tion described earlier. The result of a knife-edge measurement
[20] for the 7.8 THz beam is shown in Fig. 2. We find that the
experimental data are fitted well by an error function, which
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Fig. 2. Khnife-edge measurements of the generated THz beam at
3 cm from the exiting Si window. The solid line is a fit to the data (black
squares) with the error function, which is the integration of a Gaussian
beam profile along the radial direction. The knife edge is placed after
the Si window but before any other optics.

demonstrates that the generated THz field has a localized
Gaussian beam profile and propagates collinearly along the
pump lasers.

From the measurement in Fig. 2, we estimate that the diam-
eter of the 7.8 THz beam at the position of the Si window is
approximately 71, = 1.5+ 0.25 mm. This beam size is
larger than the overlap area of the two pump beams, a cylinder
with diameter dsys,m = 1.1 mm. This result can be explained
as follows. The THz radiation, generated by ASE, requires
only excited atoms in the 10 Ds , state, but not necessarily the
presence of both pump beams. That is, excited atoms can move
outside the pump beams before ASE happens. Taking into
account the long lifetime of the 10 Ds; state, we calculate that
the diameter of the active region where THz generation can take
place is broadened to & 1.4 mm due to atomic motion. This is
consistent with the above estimated THz beam size. We have
also performed similar measurements on the 3.3 THz beam and
find that it has a Gaussian profile as well. However, the lower
power and larger divergence of the generated 3.3 THz radiation
makes the measured sizes less accurate.

We further characterize the spectral dependence of THz
generation and present the spectra taken under the “collimated”
and “focused” configurations in the left and right columns of
Fig. 3, respectively. The different pump beam sizes in these two
configurations lead to the differences in pump intensities and
in active volumes where ASE can take place. More specifically,
the pump beam intensities increase, and the size of the active
medium decreases when switching from the collimated to the
focused configuration. This turns out to be the key factor that
dictates the system to favor either THz or UV generation.

The THz spectra in Figs. 3(a) and 3(b) correspond to the
collimated configuration and show vertical gaps around the
resonance 87gonm ~ 0. This is due to the strong absorption of
the 780 nm pump beam on the resonance of transition 1, which
restricts excitation of atoms to the 10Ds;, Rydberg state to a
small volume near the entrance window. Moreover, we find
that the maximal THz generation happens near 855 pym ~ 0,
and more THz power is generated in the red-detuned region
8780nm < 0 than in 87g9nm > 0. This latter observation is con-
sistent with the fact that additional hyperfine resonances (e.g.,
5812F=3— 5P3,F =2 and 3) are located on the red-
detuned side, which can enhance the excitation to the 10Ds,
Rydberg level and consequently the THz generation.
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Fig. 3. Generated THz and UV powers plotted versus the two
detunings 750nm and 8sis,m for two different beam configurations.
The power of the 515 nm pump is ~15 mW for both configurations;
the power of the 780 nm laser is ~120 mW for the collimated con-
figuration, but ~160 mW for the focused configuration. The plotted
THz powers are calibrated to be that just before the Si window inside
the chamber by taking into account the efficiencies of various THz
components listed in Table 2. The two spectra in each row share the
same false-color bar on the right.

The THz spectra in Figs. 3(d) and 3(e) correspond to the
focused configuration and show that the generated THz power
is much smaller than in the collimated configuration [Figs. 3(a)
and 3(b)]. Since measurements of the THz power versus pump
intensities show (see discussion of Fig. 4 below) that ASE is
already nearly saturated with the intensities in the collimated
configuration, the increase in pump intensities in the focused
beams will not enhance THz emission. Thus, the decrease
in generated THz power in the focused configuration can be
largely attributed to the smaller area of the active region. The
diameter of the active medium for ASE is about four times
smaller for the focused configuration than that for the colli-
mated configuration. The reduction in the peak 7.8 THz power
in Fig. 3(d) compared to that in Fig. 3(a) is consistent with the
corresponding active area difference, whereas the reduction for
3.3 THzin Fig. 3(e) is less pronounced.

The power of the generated UV light is shown in Figs. 3(c)
and 3(f) for the two pump beam configurations. Since the UV
beam is generated via FWM [17], it is expected to favor a more
tightly focused beam configuration that provides the high inten-
sities necessary for the nonlinear process. As phase-matching
is required for UV generation but not THz generation, their
spectral landscapes look different. The strong Kerr lensing at the
red-detuning side (8780 nm < 0) distorts the 780 nm pump beam
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Fig.4. Generated powers of 3.3 THz (open symbol) and 7.8 THz

(filled symbol) as a function of the 780 nm pump power for three
515 nm laser powers given in the legend. The input pump beams are in
the collimated configuration. The detunings of both pump lasers are
kept at the values that produce maximum THz power. The solid lines
are a guide for the eye.

and destroys the phase-matching conditions [21]. Therefore,
the UV generation peak appears only at the blue-detuning
side (8780 nm > 0) and near two-photon resonance, as we had
observed in our previous experiment [17].

Finally, we investigate the dependence of the generated THz
radiation on the power of the pump lasers, and the result is
shown in Fig. 4. The generated THz has only a weak depend-
ence on the 515 nm power, and saturates when the power of
the 515 nm beam is above 12 mW. The power of the 7.8 THz
beam is always larger than that of the 3.3 THz beam. This
observation is counterintuitive at first, since the dipole matrix
element of the transition that emits the 3.3 THz radiation is
more than twice as large as that for the 7.8 THz radiation (see
Table 1). To investigate this further, we perform numerical
simulations of Maxwell-Bloch equations [14] using a simple
four-level model. We find that for typical input parameters, the
amplification of radiation does not grow exponentially but only
linearly with the length of the medium. The reason for this is
that the large dipole matrix elements in combination with the
generated THz intensities result in very large Rabi frequencies
(on the order of 100 MHz) that are well above the saturation
threshold. In the saturated regime, the gain is independent of
the incoming THz intensity and depends only on the number
of excited atoms in the active region. If the two THz transitions
were independent, our simple model predicts that the number
of generated 3.3 THz and 7.8 THz photons is identical, and
thus the ratio of the generated power is given by the frequency
ratio w7 TH,/®W33 T, ~ 2.4. The measured power ratio is
on that order of magnitude, and deviations are a consequence
of complicated level structure and the fact that the two THz
transitions influence each other since they both belong to the
same atom. At high 780 nm power, the 3.3 THz radiation shows
saturation, but the 7.8 THz power comes down. This decrease
in THz generation is subject to further investigation.

In conclusion, we observe narrowband and directional THz
beams with frequencies of 3.3 THz and 7.8 THz by optically
pumping atoms into a low-lying Rydberg state. The power of
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the generated THz radiation is on the order of microwatts and
can be further increased by increasing the diameter and power
of the pump lasers, by enclosing the vapor cell in a cavity, or by
injecting the generated THz radiation into a QCL for amplifica-
tion. The observed THz radiation with high spectral brightness
can be readily used for developing Rydberg-atom-based THz
electrometry and THz imaging, which is currently limited to the
sub-THz frequency range due to a lack of suitable sources.
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