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High-power tunable terahertz (THz) sources are highly desired for numerous applications. However, such sources with
wide spectral tunability remain very lacking. Here we report on the highly efficient production of terawatt (TW)-level
widely-tunable THz pulses, experimentally by harnessing the high-contrast sub-petawatt femtosecond laser impinging
onto metallic foils. THz energy and autocorrelation measurements reveal the scaling-up of THz yield and the ultrabroad-
band tunability of THz spectra with the foil thickness. The THz peak power reaches up to ~2 TW with the laser-to-THz
energy conversion efficiency of ~1%, and the THz center frequency is tunable across 3~20 THz. Theoretical modeling
together with measurements of escaping electrons explains the observed THz results, and attributes the THz spectral
tunability to the controlled spatiotemporal dynamics of laser-accelerated energetic electrons with varying foil thick-
ness. Single-shot THz-induced ionization damage of fused silica is presented as a proof-of-concept illustration of the
ultrahigh THz intensity available. To the best of our knowledge, our results demonstrate a record-strong THz source
spectrally-tunable across 3~20 THz—a spectral region where the generation of intense sources has long been a for-
midable challenge before. Such an extreme THz source will not only open up avenues for the far-beyond-equilibrium
control over matter, but also unlock the previously inaccessible relativistic THz optics. © 2026 Optica Publishing Group
under the terms of the Optica Open Access Publishing Agreement

https://doi.org/10.1364/OPTICA.581695

1. INTRODUCTION

High-power terahertz (THz) radiation sources are essential to

Hence, the generation of THz sources with both high peak power
and wide spectral tunability is not only of profound fundamental
interest but also holds promise for applications.

Although great progress has been made recently in the THz
science, widely-tunable intense THz sources, particularly in
the spectral range of 5~15 THz, are still very lacking. Given
the difficulty in generation and the significance in applications,
the 5~15 THz spectral range has been labeled recently as the new
“THz gap” that poses a major challenge for source development
[18]. Conventional electron accelerators like the large-scale SLAC
can output the sub-millijoule GW-level broadband THz radia-
tion at high repetition rates with high stability [19]. Particularly,
advanced free-electron laser (FEL) can deliver tunable narrowband

many cutting-edge applications [1,2] such as the ultrafast con-
trol of matter [3-5], nonlinear optics [6,7] and compact particle
acceleration [8]. Besides the high power, the THz spectral tun-
ability is also a crucial figure of merit that is highly desired for
numerous applications. For example, intense THz pulses with
an appropriate spectral profile can resonantly excite and control
specific collective modes of a certain degree of freedom in matter,
such as the optical phonons in crystals [9,10], the vibrations of
hydrogen-bonding network and the librations of molecules in the
aqueous solution [11,12], and the rotations of protein molecules

[13], whose characteristic frequencies span across a wide spectral
range [14]. THz selective manipulation of degrees of freedom in
matter is critical to the ultrafast material science, THz chemistry
and biotherapy. Besides, the center frequency or wavelength of
an intense light source is also recognized to have an important
influence on the strong-field light—matter interactions, such as
the ionization dynamics [15], the nonlinear propagation in media
[16], and the generation of secondary radiation like x-rays [17].

Journal © 2026 Optica Publishing Group

THz radiation across a wide spectral range, but the THz peak
power is limited to the MW ~ GW level [20-23]. For crystal-
based THz sources, multi-millijoule GW-scale single-cycle or
multi-cycle low-frequency (<1 THz) THz pulses have been
reported, respectively, by utilizing joule-scale femtosecond laser
pulses to pump large-size cryogenically-cooled lithium niobate
crystals [24] or periodically poled crystals [25-27]. Intense THz
pulses in the spectral range of <5 THz can be generated from a
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large-size organic crystal pumped by an infrared laser pulse at the
1.2~1.6 um wavelength [28-30]. Sub-millijoule 2-GW THz
radiation at 15 THz has been reported recently with a 150-TW
laser pulse pumping a large-area lithium niobate crystal, but it is
not tunable in spectrum [31]. Although generation of narrowband
pulses tunable in the range of 4~18 THz is possible by difference-
frequency generation in the nonlinear crystal [32,33], the THz
peak power is limited below the MW level due to the low optical
damage threshold of crystals. Laser-produced plasma is an alterna-
tive promising medium for generating high-power THz radiation
[34]. It has been reported that ~200-m] TW-scale THz pulses can
be generated by a 70-] picosecond laser pulse interacting with cop-
per foils, with an efficiency of ~0.3% [35]. Driving microchannel
targets with 100s of joules of picosecond laser pulses has demon-
strated a THz yield in the joule class [36]. It should be noted that
despite some efforts to tune the THz spectra, the spectral content
of picosecond laser-driven THz sources is limited to below 3 THz
[35,37]. In contrast, femtosecond laser interactions with either
solids [38—41], liquids [42], or gas-density plasmas [43—45] can
produce THz pulses with ultra-broadband spectra at the repetition
rate of the driving laser. For example, the THz radiation from
two-color laser ionization of gases covers a spectral bandwidth up
to 10s of THz, which is useful for spectroscopic applications [46].
It has been demonstrated that relativistic femtosecond laser pulses
impinging on metallic foils can generate GW-level broadband
THz pulses, with a laser-to-terahertz energy conversion efficiency
in thelevel of ~0.1% [38—41]. Nevertheless, previous studies focus
primarily on the THz generation mechanisms and the THz yield,
paying little attention to the THz spectral tunability.

Here, we demonstrate the efficient generation of extreme
THz pulses with both an unprecedentedly high TW-level THz
peak power and an ultrabroadband spectral tunable range across
3~20 THz, from high-contrast sub-petawatt femtosecond laser
interactions with thin metallic foils. To the best of our knowledge,
this is the record-high-power THz source in the “THz gap” spectral
region. Theoretical modeling and electron measurements explain
the experimental results, and attribute the origin of spectral tun-
ability to the distinct spatiotemporal dynamics of laser-accelerated
electrons transporting in foils of different thickness. Single-shot
THz-field-induced ionization damage of fused silica is observed
as a proof-of-concept demonstration of such an ultraintense THz
source.

2. EXPERIMENTAL SETUP

The experiment was conducted with the petawatt femtosec-
ond Ti:sapphire laser system at the station D3 of the Synergetic
Extreme Condition User Facility (SECUF). The laser deliv-
ered a 30-fs, 800-nm laser pulse at the maximum repetition rate
of 1 shot/min. By the use of the cross polarized wave (XPW) gen-
eration technique, the laser temporal contrast ratio was ~10~ 104
the picosecond scale, avoiding the generation of large-scale plasmas
and the destruction of thin foil targets prior to the arrival of the
main laser pulse. Figure 1 sketches the experimental layout. The
laser beam, focused with an off-axis parabolic mirror (f-number
~3), was incident onto the foil target at an angle of ~15° with
respect to the target normal. This resulted in a full-width-at-half-
maxima (FWHM) laser focal spot size of approximately 10 pm,
and correspondingly, a peak intensity of ~10?° W/cm? for the
maximum 15-] laser energy and 0.5-PW peak power arriving at the
target. The ps prepulse at the intensity of ~10'° W/cm? would not

damage the target [47]. Targets used in the experiment included
the copper (Cu) foils with different thicknesses ranging from 5 to
300 pm and aluminum (Al) foils with thickness in the range of
20~200 pm. The measurements were taken in single-shot mode.
After each shot, the foil target was refreshed using motorized stages
to ensure laser interacting with the intact foil with an equivalent
sizeof >5 mm.

Given the rather large THz angular divergence, a gold-coated
parabolic mirror was employed to collect and collimate the
THz radiation emitted from the target rear side in the range of
24°~87° with respect to the rear target normal. Passing through
a 1 mm-thick diamond window that was of high spectrally-flat
transmission in the whole THz range, the collimated THz radia-
tion was relayed outside the vacuum chamber for measurements.
The THz pulse energy was measured with a well-calibrated pyro-
electric detector (Gentec-EO, THZ5I-BL-BNC). To avoid the
saturation of detectors, broadband THz attenuators comprising
high-resistivity silicon wafers and wire-grid polarizers were inserted
in the THz path to weaken the THz radiation appropriately. The
spectrally dependent energy transmittance of the diamond win-
dow, silicon wafers, and the relative spectral responsivity of the
pyroelectric detector used are shown in inset (a) of Fig. 1. The THz
focal spot was measured by replacing the pyroelectric detector with
an uncooled microbolometer camera (SwissTerahertz, RIGI M2),
showing a hollow ring-like intensity profile with a sub-mm size
[see the inset (b) of Fig. 1]. For the THz spectral measurements, a
customized non-collinear autocorrelator was used [48], enabling
the single-shot spectral detection with an ultrabroadband response
range and a high spectral resolution. A typical autocorrelation
interferogram is shown in the inset (c) of Fig. 1.

Besides the THz radiation, the fast electrons escaping from the
target rear side were also detected separately in some shots with an
image plate (IP) stack placed ~12 cm behind the target. Metallic
and plastic filters of varying thicknesses were inserted in front of the
IP and between IP layers to shield from the unwanted low-energy
electrons, ions, and x-rays. Inset (d) of Fig. 1 illustrates a typical
electron angular profile measured with the four-layered IP stack,
from which one can infer the angular distribution, temperature,
and total charge of the escaping electrons [49]. Measurements
showed that the electrons were emitted primarily along the direc-
tion of 8° with a FWHM divergence angle of around 30°, roughly
independent of the foil thickness. The electron divergence angle
emitted from Cu foils was slightly larger than that from Al foils, as
shown in the inset (¢) of Fig. 1.

3. RESULTS AND DISCUSSION
A. THz Yield Characterization

We first evaluate the pulse energy of the collected THz radiation
by taking into account the transmittance of optical elements in the
THz path [see Supplement 1 for more details on the evaluation of
THz energy]. Figure 2(a) shows the measured THz pulse energy
and the corresponding laser-to-THz energy conversion efficiency,
N.THz> for Cu or Al foils as a function of the foil thickness. The
relative shot-to-shot fluctuation of THz energy is within 13%. As
the foil thickness increases, the THz energy first decreases at 5 and
10 pwm, then increases continuously from 20 pm onward, and
exhibits a slight reduction at 300 pm. By contrast, measurements
of ion acceleration under similar laser-foil parameters indicate a
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Fig. 1.  Schematic of the experimental setup. Insets. (a) Spectrally dependent energy transmittance of the diamond window, silicon wafers in the THz
path, and the relative spectral responsivity of the pyroelectric detector used. (b) THz focal spot measured for the 80 pm-thick Al foil. (c) Typical THz auto-
correlation interferogram measured for the 20 pm-thick Cu foil. (d) Typical electron angular profiles measured with the four-layered image plate (IP) stack.
(e) Angular distribution profiles, extracted from the IP measurements, of escaping electrons for 20 um-thick Cu and Al foils. Black dotted lines in (d) and
(e) mark the rear target normal (TN) and laser direction (LD), respectively. Red dashed curves in (e) represent the Gaussian fitting, and the green dashed line

indicates the full width at half-maximum (FWHM).
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Fig. 2.

THz energy and escaping electron measurements. (a) THz pulse energy and laser-to-THz energy conversion efficiency, 11.11,, (b) escaping elec-

tron charge, Qc, and maximum proton energy, £pnax, and (c) laser-to-electron energy conversion efficiency, 1y.., as a function of the foil thickness for Cu
(blue squares) and Al (red circles) foils. (d) THz energy versus Q. and power-law function fitting (dashed curve). The error bars represent the shot-to-shot

fluctuation as at least three laser shots are taken for each foil thickness.

different dependency on the foil thickness. The maximum proton
energy, Epma, drops significantly as the foil thickness increases
[Fig. 2(b)]. It suggests that the THz pulse is mainly generated via
the coherent transition radiation (CTR) of fast electrons traversing
the metallic foil-vacuum interface, rather than the ion acceler-
ation, which has been verified in previous studies [37,39,50].
It is also interesting to compare different foil materials. Cu foils
produce higher THz energy than Al foils for thicknesses from
20—50 pm, while Al foils excel Cu foils in the THz energy for
thicknesses >80 wm.

To understand the THz results, we have also retrieved the total
charge, Qe, and the average temperature, 7;, of fast electrons
escaping from the target rear side, based on the measurements with
the IP stack. The laser-to-electron energy conversion efficiency,
Nle> Is evaluated approximately as 7i.e = Qesckp 7o/ (¢ - Wiaser)
where kg is the Boltzmann constant and W/, is the laser energy.
Figures 2(b) and 2(c) show the retrieved Qe and the evaluated 7.,
as a function of the foil thickness, respectively. Qe is greater than
400nC, and 7y is around 10%. Similar to the THz energy, the
escaping electron charge shows first a decrease and then an increase
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with increasing the foil thickness from 5 to 300 pm. This can be
explained qualitatively as follows. The fast electrons, accelerated
by the ultraintense laser pulse at the front surface of foils, trans-
port forward with a rather large divergence angle, and establish a
quasi-electrostatic sheath field at the foil rear surface, suppressing
electrons to escape and resulting in ion acceleration. For thin foils
whose thickness is less than the laser pulse length (~10 pm),
most of low-energy electrons are dragged back to the target by the
strong sheath field. The refluxing electrons returning to the front
surface will be reaccelerated back into the target by the intense laser
field that still exists at the front surface. The laser re-acceleration
of electrons leads to the enhanced 71, and Q. and as a result,
gives rise to the increased THz energy at the 5 and 10 pum foil
thickness. Similar THz energy boost at thin foils has been observed
before [40]. For thick foils, the sheath field strength drops with the
increased foil thickness due to the significant broadening of the
electron beam size at the foil rear surface. The weakening of the
sheath field allows more electrons to escape from the target, and
consequently, inducing stronger THz radiation via CTR, despite
that the broadened electron beam size could degrade the coherence
of the high-frequency radiation [51]. This scenario is similar to our
previous work [37], where the THz radiation was boosted by weak-
ening sheath fields with the additional laser-produced preplasmas
at the target rear surface.

Figure 2(d) shows the dependence of THz energy on the escap-
ing electron charge. Fitting with the power-law function indicates a
power index of ~1.6, rather than the quadratic dependence com-
monly recognized in the CTR theory and observed in our previous
work [37]. This deviation can be attributed to the broadened fast-
electron beam size with the increased foil thickness, which degrades
the coherence of the radiation field by each electron and reduces
the electron-to-CTR conversion efficiency accordingly [51]. The
influence of the fast-electron beam size on the CTR energy can also
explain the THz results of different foil materials. Although Qe
and 7y, for Cu foils remain slightly higher than those for Al foils at
all thicknesses, the larger fast-electron divergence angle and beam
size for Cu foils than those for Al foils [see inset (e) of Fig. 1] result
in a gradually reduced electron-to-CTR conversion efficiency.
Consequently, the THz energy from Al foils catches up and over-
takes that from Cu foils at >80-pm thickness [see Fig. 2(a)]. In
view of this, one can predict that the THz energy will eventually
reduce at the sufficiently thick foils, as evidenced by the decreased
THzyield observed at the 300 pm thick Cu foils.

The maximum THz pulse energy of ~172 m] is measured at
the 100 pm thick Al foil, corresponding to a laser-to-THz energy
conversion efficiency up to ~1.15%. To our knowledge, this is the
highest THz pulse energy driven by femtosecond laser pulses and
the highest THz generation efficiency reported experimentally in
the ultraintense laser—plasma interactions. Note that here we only
consider the collected THz radiation that is available for practical
use. The total THz energy emitted from the target rear surface can
be evaluated roughly by taking into account the parabolic mirror’s
collection efficiency of ~80%.

B. THz Spectral Tunability

We then investigate the THz spectral tunability with the non-
collinear autocorrelation-based single-shot spectral measurements.
Details on the calibration and data processing of autocorrelation
interferograms can be found in Ref. [48]. Figures 3(a)-3(h) show

the measured autocorrelation interferograms, the extracted auto-
correlation traces, and the retrieved THz spectra at different foil
thicknesses. The slight asymmetry in the autocorrelation traces
could arise from the shot-to-shot fluctuation and the imper-
fect THz alignment. Despite the fact that the autocorrelation
interferogram directly reflects the THz spectrum, one can still
approximately evaluate the THz pulse duration, Try,, from the
autocorrelation duration, tac, as Try, = Tac/ V2, by assuming a
Gaussian-profiled THz waveform. This is reasonably true as both
numerical simulations and modeling show the CTR pulse has a
quasi-half-cycle waveform that resembles the fast-electron tem-
poral distribution [52]. Figures 3(i) and 3(j) depict the retrieved
71, and THz center frequency, w./27, as a function of the foil
thickness, respectively. For > 20-pm-thick foils, the measured
autocorrelation interferogram exhibits as a single fringe, and
the retrieved THz spectrum is broadband. As the foil thickness
increases from 20 to 300 pm, Try, increases, and accordingly, the
THz center frequency is tuned gradually from ~5 — ~3 THz.
Additionally, tryy, for Cu foils remains longer than that for Al
foils. We ascribe the THz temporal-spectral tunability mainly
to the broadened fast-electron beam size with the increased foil
thickness. The CTR induce by an electron bunch is the coher-
ent superposition of the fields produced by electrons at different
spatiotemporal positions, i.e., as a result of the convolution of
spatiotemporal properties of fast electrons. According to the theo-
retical modeling of CTR [51], trp, depends on both the electron
bunch duration, 7., and the electron beam size, o, approximately
as ‘r%HZ ~ (1.8)* + (oesina/c)?, where § is the Doppler modifi-
cation factor, « is the observation angle, and ¢ is the light speed in
vacuum, respectively. Due to the rather large divergence angle of
the fast electrons during propagation through the foil, o, broad-
ens with the foil thickness, and as a result, T, increases and .
decreases with the foil thickness. Given the fact that the bunch
duration of laser-accelerated electrons is comparable to the laser
pulse duration (t. &~ 30 fs) [51], one can quantitatively infer o,
as a function of the foil thickness, L, from the measured Ty, 0.
broadens approximately linearly with L¢, implying the ballistic
transport of electrons in foils, as shown in the inset of Fig. 3(i).
Linear fit indicates the electron beam divergence angle, 6, ~31°
for Cu foils and ~26° for Al foils. These values are in line with the
experimental measurements shown in the inset (e) of Fig. 1.

More interestingly, for the 5 and 10 pm thin foils, multiple
periodic fringes appear in the autocorrelation interferogram,
and correspondingly, the THz spectrum becomes relatively nar-
rowband. When the foil thickness decreases from 10 to 5 pm,
the center frequency is tuned from 8.8-20 THz, with a relative
bandwidth, defined as the ratio of the FWHM bandwidth to the
center frequency, Aw/w., of ~28% and ~16%, respectively. The
dramatically increased THz durations and center frequencies [see
the shaded region in Figs. 3(i) and 3(j)] cannot be explained simply
by the CTR of a single electron bunch. This implies a transition in
the dominant THz generation scenario. We attribute this exotic
THz tunability to the fast-electron recirculation dynamics that
occurs mainly when the target thickness is less than half of the
pulse length [53]. Due to the high contrast ratio of the ultraintense
laser pulse used in the experiment, strong sheath fields can be
established both at the target front and rear surfaces. Most of fast
electrons will be reflected back and forth by the sheath fields at both
surfaces [40], and travel through the foil for multiple round trips,
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Fig.3. THzautocorrelation measurements. (a-d) Measured THz autocorrelation traces, interferograms (inset), and (e-h) retrieved THz spectra at differ-
ent Cu foil thickness. The horizontal and vertical black scale bars marked in the interferograms represent 200 fs and 1 mm, respectively. (i) Evaluated THz
pulse duration, ry,, and (j) THz center frequency, w. /27 (blue squares for Cu and red circles for Al foils) as a function of the foil thickness, Ly, and theo-
retical fitting and calculations with the CTR modeling (dashed curves). The shaded region highlights the dominance of fast-electron recirculation dynam-
ics. Inset in (i): electron beam size, o, inferred from the measured Tryy,, as a function of Ly, and linear fit (dashed line). Inset in (j): schematic illustrating
the recirculation-induced generation of multi-cycle THz radiation. For the foil thickness greater than 20 wm, Ty, is numerically fitted with the equation,
Ty, ~ (1.8)* + (o.sina/c)?, to infer the fast-electron divergence angle, 6, and then w./27 is numerically calculated as w./27 = 1/(27ry,) for the Cu
foils, where 7. ~ 30 fs (approximately the same with the laser pulse duration), § = 0.89, 6. = 0,0 + 2L¢ - tan(6/2), 0,0 = 10 pm (approximately the laser
focal spot size), and & = 55° (approximately the middle angle of the THz collection angle range of 24°~87°). For the foil thickness less than 20 pm, the
theoretical modeling and fit parameters for w. /27 can be found in the main textand Supplement 1.

inducing multi-cycle narrowband CTR [51], as illustrated in the
inset of Fig. 3(j). It should be noted that within the sub-picosecond
recirculation duration, the foil target only undergoes sub-pim-scale
expansion and remains substantially intact with little destruction.
Hence, the foil surface can still be approximately modeled as a
sharp metallic boundary during the electron recirculation. Because
the electron beam size increases significantly and the sheath field
strength reduces dramatically with the increased foil thickness, the
electron recirculation behavior and the self-induced narrowband
CTR dominates only at the thin foils. The resulting CTR has a
center frequency approximately at w. /27w ~1/At, a duration of
TrH™ Niee - Atiee, and a relative bandwidth of Aw/w ~1/ N,
where N, is the recirculation number, and Az, is the average time
interval between successive recirculation, respectively. Az, can
be approximately calculated as twice the sum of the fast-electron
transit time through foils (~L¢/c for energetic electrons, where L¢
is the foil thickness) and the dwell time, #4y.i1, of electrons in the
sheath fields (depends mainly on the sheath field strength, E,). By
appropriately modeling Az, and E¢,, one can numerically evalu-
ate the THz center frequency as a function of the foil thickness. As
shown in Fig. 3(j), the theoretical modeling is in good agreement
with the experimental measurements. See Supplement 1 for details
on the theoretical modeling and fit parameters used. These results
imply that one can tune the THz spectra continuously in a wide
range by manipulating the fast-electron spatiotemporal dynamics
with varying the foil thickness appropriately.

C. THz Field-Induced lonization Damage

THz radiation is generally recognized to be non-ionizing. To
demonstrate the ultrahigh THz intensity and field strength
available, we study the THz-field-induced ionization damage of
optically-transparent solids. The THz pulse was focused onto a
1 mm thick fused silica wafer, and an imaging system equipped
with a charge-coupled device (CCD) camera was placed in the
THz propagation direction to monitor the fluorescence emit-
ted from the fused silica [see the schematic in Fig. 1]. The THz
peak power incident onto the sample was ~0.3 TW with a cen-
ter frequency at ~5 THz, corresponding to a peak intensity of
~7 x 10" W/cm? and a peak electric field of ~2.4 V/A. Astrong
flash of fluorescence from fused silica was captured by the camera
during the THz irradiation, and after the single-shot THz irradi-
ation, a sub-millimeter-sized damage pattern was clearly visible
in the fused silica, as shown in Figs. 4(a)—4(c). These observations
indicate that the THz pulse is strong enough to induce the irre-
versible damage of solid dielectrics at the single-shot mode. Given
the fact that the band gap (~9 V) of fused silica is more than
400 times the THz photon energy, the damage could be resulted
primarily from the THz field-induced tunneling ionization (rather
than multiphoton ionization), then followed by the plasma expan-
sion and thermal ablation on the nanosecond time scale. To the
best of our knowledge, this is the first report on the single-shot THz
field-induced ionization damage ofsilica.

It is interesting to note that both the damage pattern and the
fluorescence profile show a hollow ring-shaped spatial distribution.
This is because the CTR-induced THz pulse in our experiment is
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Fig. 4. THz-induced damage of fused silica. (a) Photograph and
(b) optical microscope image of the fused silica after the single-shot THz
irradiation. (c) Plasma fluorescence image captured by a CCD camera.
(d) Depth morphology of the damaged area characterize with a white
light interferometer. (¢) Normalized line-out intensity profiles of the
fluorescence image and THz focal spot.

approximately radially-polarized, and accordingly, the THz focal
spot has a hollow ring-like intensity distribution, as evidenced
by direct measurements with the THz camera [see inset (b) of
Fig. 1]. Figures 4(d) and 4(e) depict the depth morphology of the
damaged area, and the normalized line-out intensity profiles of the
fluorescence image and THz focal spot, respectively. Quantitative
size comparison indicates that the damage area is smaller than the
THz focal spot. This suggests the extremely nonlinear behavior of
field-induced ionization, i.e., the significant ionization damage
only occurs in the region where the THz field is sufficiently high.
In contrast, the fluorescence area is much larger than the THz focal
spot. This could imply the outward lateral transport of electrons
driven by sub-cycle radially-polarized THz fields and the THz-
induced carrier multiplication [37,54] in the periphery of THz
focal spot.

D. THz Figures of Merit

With the measured THz energy and the retrieved THz dura-
tion, one can evaluate the THz peak power, as shown in Fig. 5(a).
The THz peak power rises at first and then gets saturated even
reduces with the increase of foil thickness. The maximum peak
power, Prp,, reaches ~2 TW at the 80 um-thick Al foil. To the
best of our knowledge, this is the first report on the femtosecond
laser-driven TW-scale THz radiation. Based on the normal-
ized ring-like intensity distribution, Ij(x, y) of the THz focal
spot measured [see inset (b) of Fig. 1], the THz peak intensity,
Iy, is inferred to be ~4.8 x 10" W/cm? from the formula
Pry, = f [ Itw, - Io(x, y)dxdy. The THz peak electric field is
evaluated as Erp, = (2Frh,/c80)/?~6.2 V/A, where ¢ is the
speed of light and & is permittivity. Accordingly, the normalized
vector potential, as a critical parameter to characterize the electro-
magnetic field strength, is evaluated as 29 = ¢ Etpy,/mecw~1.1,
where the central frequency, w /27, is ~5 THz, ¢ and m, are the
charge and mass of the electron, respectively. This implies that
the THz radiation produced in our experiment already arrives at
the relativistic intensity [55] and enables the realm of relativistic
THz optics, which was not accessible on a 100-fs-level half-cycle
time scale previously.
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Fig. 5. THz peak power and power spectral density (PSD).
(a) Evaluated THz peak power as a function of the foil thickness.
(b) Comparison with state-of-the-art high-power THz sources. The
data are referenced from previously experimentally reported records of
THz sources based on conventional accelerators (gray down-triangles)
[19], free-electron lasers (FEL, green squares) [20-23], optical rectifi-
cation from crystals (orange up-triangles) [24-31], and laser-produced
plasmas in solids (blue circles) [35—-37] and gases (red diamonds) [43—45].

The red stars represent the results presented in this work.

Figure 5(b) illustrates the comparison with state-of-the-art
high-power THz sources. Given the fact that those sources have
different spectral bandwidths, the figure of merit used for compari-
son is the power spectral density (PSD), defined as the peak power
divided by the FWHM spectral bandwidth. Almost all previously-
reported THz sources of PSD >1 GW/THz are limited below
3 THz in the center frequency, based on either picosecond laser
plasmas or large-size crystals. Sources with a PSD exceeding
1GW/THz in the range of 3~20 THz remain nearly blank. In
contrast, the THz source demonstrated in our current work fills
this long-standing gap. The PSD arrives at the unprecedentedly
high level up to around 0.25TW/THz, more than 2 orders of mag-
nitude higher than other existing advanced sources including the
large-scale FEL. Furthermore, the THz center frequency is widely
tunable across 3~20 THz while maintaining the ultrahigh PSD.
Despite the single-shot operation and shot-to-shot instability, the
THz source demonstrated here serves as a unique complement to
widely-tunable intense THz sources.

4. CONCLUSION

We have experimentally demonstrated the highly efficient gen-
eration of ultrahigh-power spectrally-tunable THz pulses by a
high-contrast femtosecond ultraintense laser interacting with
metallic foils of varying thickness. Comprehensive THz characteri-
zation reveals not only the unprecedentedly high TW-level peak
power and sub-TW/THz-scale power spectral density, exceeding
other state-of-the-art THz sources by more than two orders of
magnitude but also the ultrabroadband spectral tunable range
across 3~20 THz. Theoretical modeling together with fast-
electron measurements reproduces the experimental results and
attributes the THz spectral tunability to the distinct fast-electron
transport dynamics with varying foil thickness. The ultrahigh
THz intensity and field strength available are illustrated by the
single-shot THz-field-induced ionization damage of fused silica.
Sucha record-strong THz source tunable in the “THz gap” spectral
region will unlock many intriguing opportunities in the extreme
THz science [56]. On one hand, the TW-level THz peak power
could allow access to a fully new paradigm of relativistic optics
in the THz regime that has not been studied before, where many
novel phenomena and new physics would be discovered [34,57].
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On the other hand, the intense THz source with ultrawide spectral
tunability will open up novel avenues for the THz control over
matter by resonantly and selectively driving the specific collective
modes to the far-from-equilibrium states. In combination with
other ultrafast particle or photon beams generated concomitantly
during laser—plasma interactions, such an extreme THz source will
offer a unique pump—probe platform for studying light—matter
interactions particularly irreversible phenomena.
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