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We report the experimental measurement of millijoule terahertz (THz) radiation emitted in the backward

direction from laser wakefields driven by a femtosecond laser pulse of few joules interacting with a gas
target. By utilizing frequency-resolved energy measurement, it is found that the THz spectrum exhibits two
peaks located at about 4.5 and 9.0 THz, respectively. In particular, the high frequency component emerges

when the drive laser energy exceeds 1.26 J, at which electron acceleration in the forward direction is
detected simultaneously. Theoretical analysis and particle-in-cell simulations indicate that the THz
radiation is generated via mode conversion from the laser wakefields excited in plasma with an up-

ramp profile, where radiations both at the local electron plasma frequency and its harmonics are produced.
Such intense THz sources may find many applications in ultrafast science, e.g., manipulating the transient

states of matter.

DOI: 10.1103/PhysRevLett.132.165002

Terahertz (THz) pulses with energy at the millijoule level
can provide electric fields exceeding 10 MV /cm, which
can facilitate applications in many fields [1]. For instance,
high-field THz radiation can be used to manipulate [2,3]
and diagnose [4] electron bunches. It was reported that THz
fields over the MV/cm level can engineer the transient
states of matter [5], i.e., lattice vibrations [6], molecular
rotations [7,8], and spin waves [9,10]. Moreover, intense
THz radiation can provide a new technique to study
nonlinear effects in materials [11-13], e.g., hot Dirac
fermions excitation induced THz high harmonics in gra-
phene [13].

Nowadays, there have been a few approaches to generate
millijoule-level THz sources. The mainstream methods are
based either on coherent transition radiation (CTR) of
electron bunches [14—17] or by optical rectification (OR) in
crystals [18-21]. THz radiation from CTR requires high-
energy electron bunches, which can be generated either by
conventional accelerators [14,15] or by laser wakefield
accelerators [16,17]. Recently, experimental measurements
of multimillijoule broadband THz radiation in the forward
direction via CTR due to laser wakefield-accelerated high
charge electrons were reported [16]. Also narrow-band THz
radiation in the forward direction due to laser wakefields
excited in nonuniform plasma was investigated theoreti-
cally and numerically [22]. Alternatively, it was reported
that millijoule-level THz radiation can be generated
through OR by irradiating a diameter-expanded large laser
beam on either lithium niobates [19,20] or DSTMS [21].
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However, such methods are limited by the cost and
difficulties in preparing large-size crystals as well as the
collecting optical elements. On the other hand, it has been
proposed theoretically that high field THz emission can be
generated directly from a laser wakefield excited in
nonuniform plasmas via linear mode conversion [23-25].
The emission is usually found in the backward direction
with broad spectrum determined by the plasma density
profile. Pioneering experimental studies on THz emission
from short pulse laser interactions with gas and solid targets
were made many years ago [26,27], where the output
energy is at the microjoule level.

In this Letter, we report the experimental measurement of
millijoule-level THz radiation in the backward direction
through the excitation of laser wakefields when an intense
femtosecond laser pulse is focused onto a gas nozzle.
By utilizing frequency-resolved energy measurements, it is
found that the THz spectrum is broadband with two
peaks located around 4.5 and 9.0 THz, respectively. The
high frequency peak emerges when the laser energy is
relatively high above 1.2 J in our experiment, at which
electron acceleration in the laser wakefields is also
detected. Theoretical analysis and simulations identify that
the dominant mechanism of the intense THz radiation is the
mode conversion from the laser wakefields excited in the
nonuniform density profile formed by the gas nozzle.

The experiment was performed on a 200 TW Ti:sapphire
laser facility under the single-shot mode in Shanghai Jiao
Tong University, with the setup schematically shown in

© 2024 American Physical Society
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FIG. 1. (a) Schematics of the experimental setup. The inset
shows the image of the laser focal spot. (b) Schematic of the laser
wakefield excitation and THz radiation in the nozzle, where the
red arrow and green arrows show the laser injection direction and
THz radiation direction, respectively. The inset shows the
approximated gas density profile with an up-ramp length L.

Fig. 1(a). With only its first stage of amplification works, an
800 nm wavelength laser with pulse duration of 35 fs
(FWHM) and energy tunable within 2.2 J is focused on a
nozzle in a vacuum chamber by an off-axis parabolic mirror
with 2 m focal length. A wave-free supersonic pulsed gas
jet system (Smartshell Co. Ltd.) with nozzle of 1 x 4 mmin
the transverse cross section is used in our experiment,
which is synchronized with the laser by the trigger of a
digital delay generator DGS535. A mixture gas of
98% helium and 2% nitrogen is used here with the back
pressure fixed at 0.45 Mpa. Such a nozzle produces a
trapezoid molecular density profile with peak density n, of
~2 x 10'® cm~3 as shown in inset of Fig. 1(b). The typical
length of the density ramp at the edge of the nozzle gas flow
is L = 0.8 mm [28]. According to theory [23-25], THz
radiation emitted via mode conversion is found in the
backward direction as shown in Fig. 1(b). In our experi-
ment, the backward THz radiation is reflected by a center-
drilled golden mirror from the laser axis, and collected by a
pair of polymethyl pentene (TPX) lens (lens 1 and lens 2)
with 10 cm focal length, as shown in Fig. 1(a). The energy
of the THz radiation is measured by a Golay cell, in front of
which a 200 pm silicon wafer is embedded for blocking
other band emission.

We have carried out a series of measurements on the THz
radiation to investigate its characteristics by keeping the
Golay cell at the THz beam center. The calibration method
of the THz radiation energy can be found in the Appendix
of the Letter. First, we insert a THz polarizer before the
Golay cell to check the polarization of the THz radiation.
As shown in Fig. 2(a), the THz energy is basically the same
under different polarizer angles within 180 degrees.

Polarizer Angle
(@) . 90° g E 0.2 5
120 60° E 016l (b)
s 01678 + "
150° 30° 50-12'*.‘ N
- ’ “
008 g oA
< 0.04 -~ N ————d
180° 0° 2
0 02 04 06 2 °
= § . : 0 4 8 12 16 20
Signal Voltage (V) Frequency (THz)
1.6 09 A ~ 30 200 §
S = (d) 5
E E %‘ » 160 &=
5 065 020 z
20 2z 120 &
208 B s 15 e
= g 80 =
N R S 032 § 10 =
= 04 i A e = g
= .-~ Total-eFiltered & 9 40 gg
539 <
5 -#Conversion Efficiency B=| 0 2
0.8 1.2 1.6 2.0 0.8 12 1.6 2.0 %
Pump Energy (J) Pump Energy (J) S

FIG. 2. Experimental results. (a) The measured THz signal
voltage at different polarizer angles. (b) THz spectra measured by
inserting lowpass filters in front of the Golay cell under the laser
energy of 2.07 J, where the dashed line is a fitting of the radiation
spectrum. (c) Total THz energy, lowpass filtered THz energy with
cutoff frequency of 5.5 THz, and the calculated energy con-
version efficiency for different pump energy. (d) The measured
electron charge and the mean energy of accelerated electrons
from laser wakefields under different laser energy. Note that each
data point is obtained by averaging ten laser shots.

We have conducted frequency-resolved THz energy meas-
urement by inserting a set of THz lowpass filters, which is
described in detail in the Appendix. The distribution of the
spectral intensity E;/6w; under the pump energy of 2.07 J
is calculated as shown in Fig. 2(b), where E; is the
measured energy with the i th filter and dw; is the
bandwidth of the j th selected frequency band. It is clearly
shown that the spectrum exhibits three peaks. The first peak
lies around zero frequency, which could be attributed to the
Sommerfeld mode [29]. The second peak lies around
4.5 THz. The third one lies around 9 THz, which is
basically the second harmonic of the second peak.

Then, we change the pump energy from 0.85 to 2.07 J to
investigate the appearance of the two high-frequency peaks.
In Fig. 2(c), it is shown that the low frequency component
below 5.5 THz increases almost linearly with the laser
energy, while the high frequency component above
5.5 THz is observed experimentally at the laser energy
of 1.26 J. The total THz energy reaches about 1.47 mJ with
the pump energy of 2.07 J. The peak conversion efficiency
reaches ~1073 at the pump energy of 1.26 J as shown by
the blue line in Fig. 2(c). Then it gradually decreases with
the pump energy. In addition to the measurement of THz
emission, electron acceleration from the laser wakefields is
also detected. The calibrated mean energy of accelerated
electrons under different pump energy and the total electron
charge are shown in Fig. 2(d). The total electron charge is
obtained by integrating over the electron spectrum. In our
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experiment, the energy spectra of the electron bunch in the
forward direction are detected by the deflection of the
magnetic field. The accelerated electron bunch appears at
the pump energy of 1.26 J, which is accompanied with the
appearance of high frequency components on the THz
radiation as shown in Fig. 2(c).

As shown in the inset of Fig. 1(a), we measured the laser
beam diameter at the front edge of the nozzle, which is
about 26 pm (FWHM). Thus, the corresponding normal-
ized amplitude of the laser pulse a is about from 0.86 to
1.34 for the pump energy from 0.85 to 2.07 J. Here, q; is
related with the laser peak intensity through 743 = aj -
1.37 x 10" W cm~2 pm? with 4y = 0.8 pm the laser wave-
length. When the laser pulse is focused into the nozzle, it
ionizes the gas and forms the plasma wake. In the range of
ayp > 1, the plasma wake becomes highly nonlinear and
harmonics at the electron plasma frequency wy = Nw,,

appears [30-32], where w, = \/4zn,(x)e*/m is the
plasma frequency with x the propagation axis and N the
harmonic order.

The gas mixture used in our experiment can result in
electron acceleration via ionization injection [33-35],
where the helium electrons and L-shell nitrogen electrons
can be ionized in the leading edge of the laser pulse,
forming the plasma wake due to the ponderomotive force.
The K-shell nitrogen electrons ionized around the laser
peak can be trapped and continuously accelerated in the
plateau area as shown in Fig. 1(b). In our experimental
conditions, from the THz spectrum, we deduce that the
nonlinear plasma wake occurs at the pump energy of 1.26 J
when the accelerated electrons occur in Fig. 2(d) with the
normalized amplitude a, = 1.05, which is possible for
ionization injection as the self-focusing in the low-density
ramp enhances the laser amplitude [35].

In the following, we analyze the mechanism responsible
for the THz emission observed in our experiment. As the
laser pulse has a Gaussian profile transversely, the ex-
cited plasma wake is expected to have a transverse wave
vector k,. Assume the nonlinear wakefield takes a trans-
verse Gaussian profile f(y) = exp(—2y?/w?) with w the
beam waist, then the transverse wave vector k, y for the
harmonic order N has the same transverse distribution

of F(kyy) = /aw*/2exp(—k; yw?/8) by making two-
dimensional Fourier transformation. As a result, the wave
vector of the plasma wake has an angle tan 0y = k, y/k, v,
where k, y is the longitudinal wave vector. In this case, the
wakefield can be converted to electromagnetic radiation
through mode conversion when k, 5 evolves to zero. The
latter is found when the laser wakefield is excited in plasma
with a density up-ramp [23-25]. Now that the wakefield is
nonlinear, one needs to check emission for the harmonics of
plasma wake.

For simplicity, assume that the wake phase velocity
v,, = ¢ for tenuous plasma [22], the local plasma

wake phase for each harmonic wy can be written as
wy = —Nw,(x)(t —x/c). Considering a plasma density
of n, = n,yx/L.the wave vector of the local plasma wake
reads

oy
k = — =
N ox

Nw,(x)(3x — ct)/2x. (1)
Then following the spatiotemporal line x = ct/3, the wave
vector of each harmonic of the plasma wake k, y = 0. This
suggests that the harmonics of the nonlinear plasma wake
can be converted into THz radiation through the mode
conversion process on the same space-time line.

We have conducted two-dimensional (2D) particle-in-
cell (PIC) simulations using the code OSIRIS [36] to
investigate the characteristics of the THz radiation in the
nonlinear plasma wake regime. To save the computing
resources, only a plasma up-ramp with length L = 0.8 mm
is considered. As the laser is intense enough to ionize
all the helium electrons, the maximum plasma density is
taken as n.y, = 2ny. The laser parameters are basically the
same as the experimental ones. The laser is incident with a
pulse duration of 127, spot radius of 204, as well as s
polarization. The latter enables one to distinguish it from
the p-polarized THz radiation emitted from the laser
wakefields in 2D simulations.

Snapshots of the magnetic field B, at t+ = 4007, with
ag = 1.2 are shown in Fig. 3(a). It can be clearly seen that
strong THz radiation is radiated in the backward direction
toward vacuum. As the normalized laser intensity ag > 1,
the laser wakefield is highly nonlinear and appears in the
form of bubbles at the tail of the laser pulse shown in
Figs. 3(b) and 3(c) for the electron density and electric
field, respectively. At r=3x/c, the plasma wake will
experience a reversal in the direction of the wave vector
accompanied by the vanish of plasma wake amplitude as
detected in previously research [37]. In Fig. 3(c), such a
phenomenon appears in the white box area. At the same
time, the backward radiation associated to the linear mode
conversion appears in Fig. 3(a) as the white arrow shows.
The spatiotemporal plot of the on-axis longitudinal electric
field E, is shown in Fig. 3(d). The vanish of the plasma
wake strictly follows the line of x = ct/3 (the black solid
line). Meanwhile, the wave vector of plasma wake changes
its sign along the mode conversion line.

The waveform of the collected THz radiation at
254y away from the left boundary is shown in Fig. 3(e).
The relation of collecting time #, with the corresponding
plasma longitudinal position x, can be derived as
tg = 25T + 3xg/c + 2x,/ c. Here, the first term is related
to the collecting position, the second and third terms are
brought by the appearance of mode conversion and
propagating distance inside the plasma. The THz radiation
has positive chirp as the plasma wake in higher plasma
density region is excited later. Besides, the radiation is
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2D PIC simulation results. Snapshots of magnetic field B, (a), electron density n, (b), and electric field E, (c) at t = 4007,

with the peak laser amplitude a, = 1.2. Dashed lines show the plasma-vacuum boundaries. (d) Spatiotemporal plot of the on-axis
longitudinal electric field E.. (¢) THz radiation waveform E|, collected at 254, away from the left boundary, where the white dashed lines
divide the time into intervals of A [0,400T,], B [400T, 7007 ], C [700T,, 10007 )]. (f) The amplitude spectra of the THz radiation,
where the blue, orange, and green lines correspond to the radiation from the time intervals A, B, and C shown in (e), respectively. The
black dashed lines mark the positions of the fundamental, second, and third harmonics for radiation within the time interval C. (g) The
collected spectra of the THz radiation under different pump energy. The electric and magnetic fields in this figure are normalized by
maqc/e, while the electron density is normalized by 7., in which n, = 1.756 x 10?! cm™ is the critical plasma density of 800 nm

wavelength.

radially polarized, which consistent with the experimental
results in Fig. 2(a). The radiation conical angleis & o 1/k,w
as marked in Fig. 3(e), which also depends upon the
radiation frequency [25]. The conical angle drops from
about 36° in region A to about 19° in region C with
higher radiation frequency under the given conditions.
Moreover, the near field amplitude reaches up to about
1.6 GV/m and the energy conversion efficiency from laser
exceeds 2 x 1073, The collecting angle in our experiment
is limited to the aperture of the TPX lens, leading to the
loss on conversion efficiency in Fig. 2(c) compared to the
simulation result. The spectra at different time intervals
in Fig. 3(e) are shown in Fig. 3(f). The separated
spectra exhibit multiple peaks. For example, the spectrum
of time interval C exhibits three peaks at the fundamental,
second, and third harmonic of the plasma frequency around
6 THz emitted from the plasma region x, = [1354,, 1954,].
They radiate at the same time, in agreement with our analysis
given above. Because of the positive chirp, the peaks of the
harmonics are blueshifted with a larger time delay.

Figure 3(g) shows the total THz spectra obtained with
different laser amplitudes from ay, = 0.9to 1.8. Atay = 0.9,

the THz radiation is dominated by the fundamental wave.
The wake amplitude of the fundamental wave scales linearly
with a% [35], which is analogous to our simulation results in
Fig. 3(g). Compared to the experimental result in Fig. 2(c),
however, it suggests that the THz energy almost linearly
increases with the pump energy. As the pump energy is
enhanced, the beam waist w decreases due to severer self-
focusing, consequently the THz conical angle increases
according to @ e 1/k,w. Thus, the above discrepancy could
be due to more serious loss on the fundamental wave excited
with enhanced pump energy in experimental measurement.
The amplitudes of the high harmonic components also
increase with the pump energy, in particular, when the
plasma wakefield becomes highly nonlinear. Therefore,
the second harmonic component is found to increase with
the pump energy more quickly than the fundamental wave,
as shown in Fig. 3(g). Since the higher frequency compo-
nents associated with higher plasma density boosts with
higher pump energy more quickly, the peak at the high
frequency is blueshifted with a higher pump laser amplitude.

In conclusion, we report experimental measurements
of millijoule-level backward THz radiation from laser
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wakefields excited in nonuniform plasmas. Under our gas
target conditions, the THz radiation spectra exhibit two
peaks at about 4.5 and 9.0 THz, respectively. The energy of
the lower frequency radiation increases nearly linearly as the
drive laser energy boosts, while the energy of the higher
frequency radiation emerges at the laser energy of 1.26 J. In
this case, accelerated electrons from the wakefields are also
measured in forward direction. Theoretical analysis and 2D
PIC simulations show that the radiation is due to laser
wakefield excitation and subsequent mode conversion in the
plasma density up-ramp. Through the same mechanism, the
plasma wake can radiate harmonics of the plasma frequency
when the laser pulse is at relativistic high intensity. The
conversion efficiency measured is as high as ~1073 with
tunable spectrum determined by the plasma density. Such
high-field THz radiation may find applications in many
areas and it may provide a useful diagnosis of the laser
wakefields.
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This work is supported by National Natural Science
Foundation of China (Grants No. 12074250,
No. 11991073, No. 11991074, and No. 12135009) and
Science and Technology Commission of Shanghai
Municipality (Grant No. 22JC1401900).

Appendix: Experimental Methods.—THz energy cali-
bration: To calibrate the THz energy, we have consi-
dered the response coefficient of the Golay cell, the
absorption of the transmissive elements, and the size of
the focal spot. First, the calculated response coefficient is
n = 15.16 uJ/V by the calibration using an 800 nm laser
pulse with pJ-level energy. Second, the TPX lens, silicon
wafer, and the TPX chamber window in the detection
path introduce a total transmittance of about 7 = 0.185 in
the THz region. In addition, as the THz spot is much
larger than the aperture of the Golay cell, we have
conducted a spatial scanning in both horizontal and
vertical directions [38]. The scanned THz beam profile
exhibits a standard Gaussian beam with the beam radius
of r = 11.10 mm, as shown in Fig. 4. Finally, the calibra-
tion efficiency between the Golay cell signal at the THz
beam center and the total THz energy can be derived as

2

o :%n: 1.16 mJ/V, (A1)
where S is the surface area of the Golay cell.
Frequency-resolved THz energy measurement: Consi-

dering that the spectral curves of different filters have
distinct line shapes, we have taken the linear superposition
method for different frequency bands. And the frequency
bands are divided by the cutoff frequencies of the
filters introduced in the experiment. The transmittance of
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FIG. 4. Spatial scanning results on the THz radiation along the
horizontal (a) and vertical (b) directions, respectively. The solid
lines give the Gaussian fitting results with the waist of about
11.10 mm.

the i th filter within the j th frequency band can be
represented as T';;, which is taken as the transmittance on
the central frequency within the j th band. By inserting the
whole set of filters, the relation between the measured
energy and the real THz energy with different filters can
be expressed as

[T E)] = [Edl-

j (A2)

Here, E; is the measured energy with the ith filter, and E; is
the real THz energy within the j th frequency band.

In our experiment, a set of terahertz lowpass filters
(LPF3.2, LPF5.5, LPF10.9, LPF14.3, LPF23.1 from
TYDEX) is used for frequency-resolved measurements.
The frequency bands are divided by the cutoff frequencies
of the filters, where the transmittance is decayed to the 1/ ¢?
level of the transmittance maximum. The cutoff frequencies
corresponding to these filters are given as [1.6 THz,
2.6 THz, 5.5 THz, 7.3 THz, 11.6 THz, 20 THz], in which
20 THz is introduced by the cutoff frequency of the TPX
lens [39]. Then, the transmittance of the i th filter in the
central frequency of jth band can be denoted as

[045 0 0 0 0 0
050 020 O 0 0 0
0.65 065 035 0 0 0
7] (A3)
0.85 0.75 0.12 015 0 0
0.70 0.50 025 0.18 0.08 0
| 1.00 1.00 1.00 1.00 1.00 0.50 |

Note that the last row in T';; corresponding to 20 THz is
normalized since the transmittance of the TPX lens has
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already been counted in the energy calibration part. The last
numerical value 0.50 is the normalized transmittance of
TPX lens at the frequency of 15.8 THz, which is the central
frequency of the last band.
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