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Fig. 1 Three-process theory of terahertz (THz) radiation, with figures reproduced with permission from Ref. [24, 35-36, 39, 56].
(a) Three-process model of THz wave generation via femtosecond laser filamentation: ( [ ) four-wave mixing (4WM) and

(1) photocurrent (PC) oscillation dominate the first two processes™ ™, respectively; (1) the spatially confined transmission of

THz waves is considered as the third process"™. (b) Best fittings of the experimental results are achieved with the three-process
model™. Black dots represent the experimental evolution of the time-domain THz peak-to-peak amplitudes in orthogonal
directions with the rotation angle of the frequency-doubling crystal. Fitting lines correspond to the results obtained by using
AWM, PC, 4WM—+PC and the three-process model (4WM-+PC+ 1DND), respectively. (¢) Far-field radiation profiles ( I ) and
the frequency dependence ( II) of THz waves from different filament lengths are obtained via the off-axis phase-matching
model™”. (d) Diameter variation and frequency dependence of THz beams in the filament region (with strong spatial confinement)

and far field”” are shown in ( | ) as experimental results, and in (I ) as a schematic view
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Fig. 2 Experimental detection skills of strong spatial confinement phenomena of THz waves, with figures reproduced with permission

from Ref. [58-60]. (a) Three experimental methods for detecting the strong spatial confinement of THz waves"™

" are longitudinal

translation of the blocker (I ), knife-edge (KE) measurement (Il ), and two-dimensional scanning imaging (Il ); (b) the temporal

advance phenomenon of THz pulses ()" given by the longitudinal method, which further leads to the THz refractive index

distribution as shown in (I1)"; (¢) a typical result given by the transverse KE detection method ( T ) and the evolution of THz

beam diameters with the filament propagation distance ( Il

)

51]

, where the side view of the filament can be found in the upper left

corner of (11 ); (d) the two-dimensional scanning imaging result of THz distributions within the cross section of the filament"™

H— R AE 2y VT N8 Bl 52 X O 22 18 AR T Y K bR
25 A ) R . BB A R AN 2(d) TR KR 4%
TR &Ly ] 2 W 4 TE 43 i 29 5 27 pm A1 20 pm, 5
& 2Cc) fros J) R s R I 25 SR AR — 3%, i — D HE] T
O 2% % W R AR AE G 22 AR . EAS UL Y 2 X B
M BAR 45 R IF R AR B 3 BB I A 2 B v s B 43
A, 3% 2 ok 4w L AR 32 BR T A5 A M L e vk 2
% /N, T DL BAR 53 B 26N 02 5 IE A, 3 4 AR il H
Golay cell #ill #&% (1) 4 56 i 0.1~30 THz, Jo ¥ 1 1 14
BV 3 75 A AU A0 BB AR AT (0.1~1 THz) K 2% 48
Yoy A s
b KB 2 9 R R0 o L 5

fife T

A TR 2H S ) SR (A 55 AU R fige A 5E BU XF O
22 DX 1) R b 2% A% A SR AT T MR O R R
AT B M S5 L IEAT T OEDIE , 45 SR R OG22 4Eh Tk
K RUBE 9 Kk 2% 3 3 BB 8 % 0.1~1 THz i Bl N 1
Kb 2% fig & o 4 7F AR ) 3 2 Ak O B AR Y 2SO
AR 50 A o Kb %% Uk 25 [A) 5 o 40 250 7 Ay AL B
fife B BR AP 70 T BRAT BN 22 5 S K bR 2% U i R AR S

WARPEARBH BT TEE
KLl .
4.1 HEER

AR 2H B S R FH Comsol B E A6 £ 1 45 85 11K
T 22 (R A5 1) A FL R B0 A B A A o 22458 ) N,
O3 A RN R 2% BT 53 25 4 A a0 ] 3 (a-1) Ho ) i 4 RN 4T 2k
JIT7R , JG & AE r=="55 pm iU A7 76 B /ME 5 S8 5 (5 FH 4 )
A MR ICTHE (FEM) X KBk 2% A fiF 45 28 (0.2~0.6 THz)
PEAT T ECE AL A5 R E] 3(a-1D B, il LA
R 25 M 37 3 A AE LA 22 kg v B 30 9% K 9 B A AR
X3, A S fe KAB A T4 3 R A (AL, an [ 3(a-1)
R LR TR o BB AN, AS 04 38 78 B B () 40 %3
P (0.1~10 THz) #EAT T AU 45 248 8 T Kbk 24 15
Y Wt 3 A0 2R 18 K M6 22 4% 18] 34 (IR A 7% 3457 1) e 22 vh
O AR (R i) iy 4l B2 . 5 ZEUL I A9 DA B(A R
LR FH B 256 - A 5 B TN 22 B AR S SRR e 22 4R
STAE B, BT ABE LS B A KB 22 B AR [ R
100 pm, @& 3Ca-10) Fr s ] 25 L SE g H0 (e [ an 15 2(c) ~
() Frw IR K
4.2 fRITHER

A B R AP A B B4 A 25 45537 40 A R A [ R AT

1714010-4



2505 F 17 H9/2023 £ 9 B/ EH¢

10.8
©. 106

“loa

(pazijeusou) ™Y

di2

7 (um)

Normalized |E, [
o =
[¢,]

o
o

Negative Dielectric(ND) pin 2% 2 4 0 1 2 3

Pl 3 oAbl 2% Bl s 1] 9 R 000 () BB A Y PR 22 T AR 3R 2 % SOk 56-57,61-62 ] 0 () B AR (1) 55 88 7 1k % i |

0.4 THz 47 5§ 2 AL 3] 4 KWk 2 4535 19 42 170 435 5 (11)0.2.0.4..0.6 THz A5 37 4 1 P . (b) SR iR 35 BB (1) Kb 2%

P AE 28 -5 B T MR- R A IR 9 1 DG 4R B P 5 C LD ) I 1A DR 2% 88 373 23 A1 P o (o) — &k B A vt 5 %0 5 (1DND)

RS CT ) S5 88 RO 22 A A 1) A v 3 0923 (IR (0 S48 ) AT 53 40 A (U (e 22) 5 (I (I ) 4 Ja b K Al 22 4 g 6741
WBOEET R B (IV ) IDND B 45 0 Kbk 24 BE 5 18 180 43 A JE a5 U Relle, ] =0 1 i 2 1 i

Fig. 3 Theoretical models for the spatial confinement effect of THz waves, with figures reproduced with permission from Ref. [56-57,

61-62]. (a) Numerical model®: ( ) the plasma density, refractive index at 0.4 THz and radial distribution of the simulated THz
modal field; (1) the cross sections of THz modes at 0.2, 0.4 and 0.6 THz. (b) Micro-cavity oscillation model””: ( T ) the ray-

tracing diagram of THz wave oscillations in a simplified “air-plasma-air” cavity; ( II) the field distribution of the THz mode

inside the cavity. (c) One-dimensional negative dielectric (IDND) waveguide model™ . ( T ) the radial real part of the dielectric

constant (black solid line) and refractive index distribution (blue dashed line) of the plasma filament™; (I )(Ill) the schematic

diagram of a metal nanowire as a negative dielectric constant optical waveguide™; (IV') the radial distribution of the THz modal

field given by the IDND model, where “a” is defined as the radial distance at which Re[e,]J=0""
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Fig. 4 Applications based on the strong spatial confinement of THz waves, with figures reproduced with permission from Ref. [56,61,

65-68]. (a) Super-resolution THz imaging™: ( I ) the experimental setup; ([[ ) comparison between the optical and THz images;

(1) comparison of one-dimensional data. (b) Evolution of THz energy and electric field intensity along the filament ( T )", the

relationship between the maximum THz electric field and the distance from the BBO crystal to the focal point (BFD) (I[ )", and

the enhancement of THz radiation with a dual-filament array (I1)"". (¢) By adjusting the pumping laser power and the transverse

electrostatic bias of the filaments, the relative time delay of the orthogonal THz components can be modulated ( I ), leading to

the conversion of the output THz polarization states (I )
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Abstract

Significance

Femtosecond laser filamentation in air refers to the technical approach of using the femtosecond laser to ionize air near

its focal point, forming a plasma channel (also known as the optical filament) that emits terahertz (THz) waves. Due to the remote

generation of plasma filaments and the broadband and high intensity characteristics of the emitted THz waves, femtosecond laser

filamentation overcomes water vapor absorption losses in free-space THz transmission; thus, it is advantageous for applications such

as remote sensing and communication in THz band. Therefore, the study of physical mechanisms of THz wave radiation by
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femtosecond laser filaments has become an important branch of THz science.

However, there currently remains controversy surrounding the mainstream models for THz wave generation, and important
experimental observations such as THz polarization and angular dispersion distribution remain in disagreement. For example, the two
mainstream models, i.e., four-wave mixing (4WM) and photocurrent (PC), have fundamental differences: when the THz wave yield
is significant, the former assumes a relative phase difference of O between the fundamental and second harmonic laser fields, while the
latter assumes a n/2 phase difference. Furthermore, regarding the dependence of the far-field divergence angle of THz waves on
frequency, the mainstream viewpoint represented by the off-axis phase matching model suggests that only dual-color filaments longer
than the dephasing length can radiate THz waves with high-frequency components distributed inside and low-frequency components
distributed outside. However, this explanation fails to account for the similar radiation behavior observed in short filaments, and
contradicts experimental findings in some literature, which report high-frequency outside, low-frequency inside, or frequency-
independent angular distribution.

Progress These unresolved contradictions pose significant challenges in the study of THz wave radiation from dual-color filaments.
The reason for these contradictions could be that femtosecond laser filamentation is a complex optical phenomenon involving multiple
nonlinear processes such as optical Kerr self-focusing and plasma defocusing. Therefore, a single physical model is likely insufficient
to encompass the entire dynamic mechanism of filamentation-induced THz wave radiation. Accordingly, we propose a three-process
theory that incorporates mainstream models and the recent experimental observation of spatial confinement of THz waves inside the
laser filament.

We first divided the filamentation process into Kerr self-focusing and plasma defocusing before and after the laser intensity
breaking the ionization threshold. Then, in the first process, when neutral gas molecules are not yet ionized, we primarily consider the
AWM effect of the pump laser and its harmonic in air, which generates THz waves. The second process occurs when the laser
intensity exceeds the ionization threshold, resulting in the ionization of air and the formation of a plasma (free electrons). Under the
drive of the time-asymmetric electric field of the dual-color laser pulse, the plasma oscillates and gives rise to a nonzero trailing current
(also known as drift current or residual current) and the emission of THz waves. Finally, considering the time scale of THz waves
(ps), which is much larger than the establishment time of the plasma filament (tens or hundreds of fs) and much smaller than the
plasma lifetime (ns), the filament can be treated as a quasistatic waveguide for THz waves. During the transmission of THz wave, its
interaction with the plasma free electrons leads to the spatial confinement of THz waves at the radial edge of the filament. This
constitutes the third process.

Based on the analysis above, we explain the THz radiation regarding the three processes using the mainstream models of 4WM
and PC, as well as the proposed one-dimensional negative dielectric waveguide model (IDND). As shown in Fig. 1, if we consider
only the first or second process, the predictions of the THz orthogonal polarization components by the two mainstream models alone
are unsatisfactory. If we incorporate the THz spatial confinement effect as the crucial third process, it is necessary to consider the
spatial mode distribution, energy loss, and spectral changes of THz waves after interaction with the plasma. This consideration leads
to the best fit to experimental results. The THz spatial confinement effect has also facilitated several novel applications and addressed
key challenges in the field (Fig. 4), including super-resolution THz imaging, high conversion efficiency of THz strong electric fields,
and flexible manipulation of broadband THz polarization states.

Conclusions and Prospects In conclusion, the proposed 4WM-+PC-+1DND model presents a new mechanism that overcomes
the limitations of a single physical model, bridges the connections between mainstream models, and provides a unified framework for
fundamental theories that were previously incompatible. This model could comprehensively and reasonably explain the unresolved
evolution of THz polarization states with the rotation of the frequency-doubling crystal in dual-color field radiation, as well as
experimental results such as near-field THz modes and far-field THz spatial chirping. It provides a fresh opportunity to reevaluate past
experimental findings and resolve related contradictions in the field.

Future prospects of the THz spatial confinement effect can be focused on the following aspects. 1) Investigation of the physical
mechanisms behind single-color and dual-color filamentation for THz wave generation: due to the universality of the THz spatial
confinement effect, it can be incorporated into both single-color and dual-color THz generation processes. This might establish a
foundation for a unified understanding of the common mechanisms in these two important research directions. 2) Exploration of new
technologies: compressing THz waves into subwavelength spatial scales 1s expected to lead to technological innovations. For
example, broadband THz all-optical computation techniques relying on spatial compression in subwavelength narrow channels can be
developed utilizing THz wave spatial confinement for guidance and transmission, which has the potential for breakthroughs in this
field. 3) Interdisciplinary exploration: the integration of the IDND model with principles from micro and nanooptics can be explored.
Concepts such as surface waves and epsilon near zero (ENZ) can be utilized to investigate THz spatial confinement across scales
ranging from submillimeter to nanometer. This approach can provide new insights into laser-induced plasma filaments using the
concept of surface plasmon polariton waveguides. 4) Laser filaments as self-balanced physical systems: based on the THz spatial
confinement effect, laser filaments in the THz regime can become a new platform for self-balanced physical systems. Similar to the
action of silicon-based fiber waveguides on light, this filament platform can greatly facilitate the study of new laser ionization
mechanisms, THz wave transmission principles, and modulation methods from a new perspective.

Key words physical optics; terahertz wave; femtosecond laser filamentation; spatial confinement; physical mechanism; super-
resolution imaging
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