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Fig. 1 Schematics of CCDFG generating THz wave. (a) Schematic of photon interactions, where laser fill ratio indicates intensity of
laser, red arrow indicates red-shifted process of cascaded optical difference frequency, and blue arrow indicates blue-shifted
process of cascade optical difference frequency; (b) evolution of wave vectors; (c) schematic of experiment, where M, and M, can

realize total reflection to dual idler waves, M, can realize total reflection to dual idler waves and full transmission to dual signal

wave, half wave plate changes dual idler waves from o-wave to e-wave, polarizer separates orthogonally polarized signal wave

from idler wave, PE is polyethylene filter plate to filter out residual cascaded optical waves, and beam filter is used to remove

residual pump waves
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Fig. 2 At 300 K temperature, power density of pump wave,
dual signal waves, and dual idle waves generated by
coupled optical parametric amplification in AFB-KTP
crystal (pump wavelength A,=532 nm, pump power
density 1,=4000 MW /cm®, power density of seed w3

and w?, is 1/10" of pump power density)
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Fig. 3 At 100 K temperature, CCDFG generates THz wave and cascaded optical waves, where power density of w{ and wg is

1022.77 MW /cm® and 1027.10 MW /cm’, respectively, and power density of w}, and w}, is 972.78 MW /cm” and 983.85 MW /cm?,

respectively. (a) Poling period versus crystal length; (b) phase mismatch distributions of each CDFG stimulated by dual signal

waves; (c) phase mismatch distributions of each CDFG stimulated by dual idler waves; (d) evolution of THz wave, ?,, and f,,

generated by stimulating CCDFG with dual signal waves and dual idler waves, where I, and I.; indicate the power density of

w?, and w;,; (e) distribution of cascaded optical waves w:, at crystal lengths x'= 0, 3.02, 5.00, 6.79, 7.95 mm; (f)

distribution of cascaded optical waves w?,, at crystal lengths = 0, 3.02, 5.00, 6.79, 7.95 mm
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CDFG; (c) THz wave power density versus crystal length, where I; ., denotes power density of THz wave generated by

CCDFG, I, denotes power density of THz wave generated by CCDFG, I, and I;; denote power density of THz wave

generated by stimulating CDFG with dual signal waves and dual idler waves, respectively
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Fig. 5 At 300 K temperature, CCDFG generates THz wave and cascaded optical waves, where power density of w{ and wj is
1022.77 MW /cm® and 1027.10 MW /cm®, respectively, and power density of w} and w3 is 972.78 MW /cm” and 983.85 MW /cm’.
(a) Variation of poled period with crystal length; (b) phase mismatch distribution of each CDFG stimulated by dual signal waves;

(c) phase mismatch distribution of each CDFG stimulated by dual idler waves; (d) evolution of THz wave, w:, and o,

generated by stimulating CCDFG with dual signal waves and dual idler waves; (e) distribution of cascaded optical waves w?,, at

crystal length 2= 0, 2.28, 4.98, 5.56, 5.95 mm; (f) distribution of cascaded optical waves w;,, at crystal length 2= 0, 2.28,
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W) T A 1 6 (¢) s o CCDFG 7= 42 (1) THz
WY ) % B L OBUAE 5 6 I RUIR A Bk 1Y T
CDFG 77 A= 1) THz % (1) Ty 3% B Z F 42 &5 17 60%
Lt

7E 4000 MW /em® T D 2% 2 T 13 8 1 & 2 &
WA THz 3%, (52 S5 1 dE DL AR A K 0 22 3 2h
REKR HEEMNEL FEMEBG. Vi,
THE T 100 K A1 300 K il BE T 25 1 ) 26 % B 7E 400~
4000 MW /em? {8 il 9 i) THz 3 09 S % B 1 LA M
XN B e B AR IS R T TR . MR
T I 285 B R 400 MW /em? i, 100 K #1300 K T THz
W T 2R 9% B 43 1 R 32.62 MW /em® 1 2.67 MW /em?,
XN BE d A 4 2k 43 il o 8.15%0 F10.67% . THz
U Ty e 5% JE R BE B B 0 ORI R R R Y R
Iy R AR I, ok DL R I R £ W S 25 00 . Bl
R R B Gk 25 0 gk (R
P, BLAK By Stokes Y6 T 9% 47 80 5% % B &5 B Stokes

St F . THz U B I 26 % B FIfg & 5% 40 250 % 8
K.

1E 100 K A1 300 K # & T, CCDFG 7= 4 ) THz
11 ) 35 5 1 L RUAR 5 6 R0 XU PR B30 5% 06 1 R
CDFG = A 1y THz I 09 D) % Z Mm AR 2, Ui B
CCDFG H /) W & CDFG & [a] j= 4= I K THz i,
I i R W) THz 3 XBEXF CCDFG #2 4t 1F &2 5%, ik
— AWKl CCDFG [] 3 &5 B 19 Stokes 224550 7 &, 1T
K3 T R e AOR . A BT BOL eI &
N2t R G T35, M BE & 532 nm O A% AT LA i
1064 nm G AR AT 2, W 5 £1 A0 Rl 56 T DL i
KTP-OPO 7 3T i I #5 Bif 45 73 8], AFB-KTP /i f&
FIAPPLN fh & I/E T2 i, HE ) 2z W H T
AL UL CET ARG R THz B9 7= 48 o FEAR T E
A AR AFB-KTP & AR 19 5% i 2% mT DL 3 XU
5 O U BU PR A ' ) A S, DATIE A5 B 4 232 AT R 3R Y
THz % .

0614001-7



®50% £ 6H1/2023 £ 3 B/HE#N

(a) Lo/ (MW-cm?) L/(MW-cm)  (b) I /(MW -cm?) I /(MW - cm-2)
E 340 1610 1610 . 320 1510 1510
S 320 1410 1410 E 300 1360 1360
= z 1210 1210
£ 1210 1210 5

3 300 g 280 1060 1060
g 1010 1010 g,

& 280 £ 260 910 910
5 &K 810 = 760 760
2 260 610 610 g 240 610 610
g 240 410 410 2 220 460 460
E 210 210 F sl sl
Q

7 220 g 200 160 160
S 10 10 S - 10 10

200
0

e sum of Ir,s and Ir,;
160 I, ci
e
Q.E) 355 - - - I, cs
= : -~
= 80Fr
Az — . IT,s
-t
40
=
."_"_,../‘
0 ' : : ;
0 1 2 3 4 >

' /mm

B 6 300 KiJE F,CCDFG fl % CDFG 7= 4 (1) THz 9% LA K g8 56 0938 4k , 1,=1022.77 MW /cm®, [,=1027.10 MW /cm’, I, =
972.78 MW /cm?,1,=983.85 MW /cm®, (a) w® ,, 7E CCDFG FIHE CDFG 3 AL 15 100 , I 2870 AU 5 0% FRUER A Y e 5] 38 3
CCDFG A POt wl, M REE LR RAE CDFG T w?, IR EE ; (b) o], /£ CCDFG FIHLE CDFG ™ 1 7 fk 1

DL, 15 3R SUE 5 50 RS A0 38 W) R CCDFG 77 A i K OE i, 1 D) 5% 8, T R OR L8 CDFG ' o, 1 T 5%

()T Hz i Hy 248 95 1 B b AR 2 114 i Ak

Fig. 6 At 300 K, evolution of THz wave and cascaded optical waves in CCDFG and CDFG, where I,=1022.77 MW /cm®, I,=
1027.10 MW /cm®, 1,=972.78 MW /em”, I,=983.85 MW /cm”. (a) Evolution of @?,, in CCDFG and CDFG, where I, denotes

power density of w?, generated by stimulating CCDFG with dual signal waves and dual idler waves, and I, denotes power

density of w?, generated by CDFG; (b) evolution of wf, in CCDFG and CDFG, where I denotes power density of wf,,
generated by stimulating CCDFG with dual signal waves and dual idler waves, I, denotes power density of w;,, generated by

CDFG; (¢) THz wave power density versus crystal length

1500 40
= 71 a1 300 K . 4 45 B
1200 b = nat 100K e
= ¢ GaANE " 30 AT A SRR R P A B UL I UL R A
5 900 2 JEAE APPLN Gk i T 45 CDFG 33 THz Bl
= 20 L Pi%s CDFG #& 7 — i AL R AOR THZ 3. Bk i
T W 15 THz ¥ REW XT CCDFG $ it iE S i5t , i — P 9K s A 't
0 10 T 150 8 95 B0 9 Stokes JF RS TR RIS 1 TH2Z i
5 BEREHORCR . 2 BRI, 2 532 nm OG0 DD B 1E
400 1000 1600 2200 2800 3400 4000 0 4000 MW/CmZHTJ’EloOKﬂ] SOOK‘ZEE&EFéé CCDFG
I, /(MW - cm™?) 15 2 i THz % 19 Yy 2% % B 4309 R 1483.6 MW /cm” il

W7 ORISR S F CCDFG P/ i THo i sy ey 163-7 MW/ e’ A VL 9 Rl Bk 3% 4l 20 5300 Oy 3706 A
(Ly ) FIRE REFE B R ()  FE W K A, =532 nm , B0 T 4.6% ,CCDFG =4 14 THz i 1 Tl 289 B b A [A] 2% 1F
Wiy Al w, (4 2 22585 B2 OB D 2% L Y 1/107 AU 5 6 RS PR AT RN i 2 CDF G 7™ AE /) THz
Fig. 7 THz wave power density (I; ;) and energy conversion W T R B 2 A B E T 40% F160% L L.
efficiency (») generated by stimulating CCDFG at

different pump power densities, where A,=532 nm, 5 # X B
: N o 19
power density of seeds wj and @ 1s 1/10" of pump [1]  Kim M, Pallecchi E, Ge R J, et al. Analogue switches made from

wave power density boron nitride monolayers for application in 5G and terahertz

0614001-8



(2]

(3]

[4]

(6]

(7]

(8]

[9]

R

communication systems[J]. Nature Electronics, 2020, 3(8): 479-
485.

TRA, B, KA, % WIEB PS-PAMS {5 576 Kbk 22 % 0t
JGEF P AT S AL [T]. Jes i, 2021, 41(24): 2406003,

Ding JJ, Wang Y Y, Zhang J, et al. Wired transmission of PS-
PAMS signal at W-band over terahertz hollow-core fiber[J]. Acta
Optica Sinica, 2021, 41(24): 2406003.

Yang Y H, Yamagami Y, Yu X B, et al. Terahertz topological
photonics for on-chip communication[J]. Nature Photonics, 2020,
14(7): 446-451.

Ferguson B, Zhang X C. Materials for terahertz science and
technology[J]. Nature Materials, 2002, 1(1): 26-33.

B, AR I, AEWAE A R T AR S B Y Ik R 2%
AR I BT AR LT]. i O, 2020, 47(10): 1014001,

Zhong Y F, RenJJ, LiL J, et al. Pulsed terahertz nondestructive
detection tomography based on fringe suppression technology[J].
Chinese Journal of Lasers, 2020, 47(10): 1014001.

Wang J, Zhang J, Chang T Y, et al. Terahertz nondestructive
imaging for foreign object detection in glass fibre-reinforced
polymer composite panels[J]. Infrared Physics &. Technology,
2019, 98: 36-44.

Niessen K A, Xu M Y, George D K, et al. Protein and RNA
dynamical fingerprinting[J]. Nature Communications, 2019, 10:
1026.

Vinh N Q, Sherwin M S, Allen S J, et al. High-precision
gigahertz-to-terahertz spectroscopy of aqueous salt solutions as a
probe of the femtosecond-to-picosecond dynamics of liquid water
[J]. The Journal of Chemical Physics, 2015, 142(16): 164502.
Smolyanskaya O A, Schelkanova I J, Kulya M S, et al. Glycerol
dehydration of native and diabetic animal tissues studied by THz-
TDS and NMR methods[J]. Biomedical Optics Express, 2018, 9
(3): 1198-1215.

EEME, KR RPN, AT T R I ) A 1 2K 2
RV BURAR B AT T]. L2724, 2021, 41(7): 0711001,
Wang Y Y, Jiang B Z, Xu D G, et al. Continuous terahertz wave
biological tissue imaging technology based on focal plane array[J].
Acta Optica Sinica, 2021, 41(7): 0711001.

Suzuki D, Oda S, Kawano Y. A flexible and wearable terahertz
scannerJ]. Nature Photonics, 2016, 10(12): 809-813.

Fiilop J A, Ollmann Z, Lombosi C, et al. Efficient generation of
THz pulses with 0.4 mJ energy[J]. Optics Express, 2014, 22(17):

[13]

[14]

[16]

[17]

[18]

[19]

[20]

[21]

(22]

[23]

®50% F 6H1/2023 £ 3 B/ E#N
20155-20163.

Ravi K, Hemmer M, Cirmi G, et al. Cascaded parametric
amplification for highly efficient terahertz generation[J].
Letters, 2016, 41(16): 3806-3809.

Wang L, Fallahi A, Ravi K, et al. High efficiency terahertz

Optics

generation in a multi-stage system[J]. Optics Express, 2018, 26
(23): 29744-29768.

LiZY, Sun X Q, Zhang H T, et al. High-efficiency terahertz
wave generation in aperiodically poled lithium niobate by cascaded
difference frequency generation[J]. Journal of the Optical Society of
America B, 2020, 37(8): 2416-2422.

LiZY, Wang S L, Wang M T, et al. Theoretical analysis of
terahertz generation from a compact optical parametric oscillator
based on adhesive-free-bonded periodically inverted KTiOPO,
plates[J]. Journal of Optics, 2017, 19(10): 105503.

Ravi K, Schimpf D N, Kartner F X. Pulse sequences for efficient
multi-cycle terahertz generation in periodically poled lithium niobate
[J]. Optics Express, 2016, 24(22): 25582-25607.

Kato K, Takaoka E. Sellmeier and thermo-optic dispersion
formulas for KTP[J]. Applied Optics, 2002, 41(24): 5040-5044.
Alford W J, Smith A V. Wavelength variation of the second-order
nonlinear coefficients of KNbO,, KTiOPO,, KTiOAsO,,
LiNbO,, LilO,, beta-BaB,O,, KH,PO,, and LiB,O; crystals: a
test of Miller wavelength scaling[J]. Journal of the Optical Society
of America B, 2001, 18(4): 524-533.

Jundt D H. Temperature-dependent Sellmeier equation for the
index of refraction, n,, in congruent lithium niobate[J]. Optics
Letters, 1997, 22(20): 1553-1555.

Palfalvi L, Hebling J, Kuhl J, et al. Temperature dependence of
the absorption and refraction of Mg-doped congruent and
stoichiometric LiNbO, in the THz range[J]. Journal of Applied
Physics, 2005, 97(12): 123505.

Verma S, Bahuguna K C, Chitra, et al. Investigation of adhesive-
free bonded potassium titanyl phosphate crystal based optical
parametric oscillator for generation of 2.1 pm wavelength at high
repetition rate[J]. Infrared Physics & Technology, 2018, 92: 244-
248.

L’ huillier J A, Torosyan G, Theuer M, et al. Generation of THz
radiation using bulk, periodically and aperiodically poled lithium
niobate —part 2: experiments[J]. Applied Physics B, 2007, 86(2):
197-208.

Investigation of Efficient Terahertz Wave Generation by Coupled Cascade
Difference Frequency Generation

Li Zhongyang', Yan Qianze', Chen Xinghai’, Bing Pibin', Yuan Sheng', Zhong Kai’,

Yao Jianquan’

'College of Electric Power, North China University of Water Resources and Electric Power, Zhengzhou 450045,

Henan, China;

*Zolix Instruments Co. Ltd., Beijing 101102, China;

*College of Precision Instrument and Opto-Electronics Engineering, Institute of Laser and Opto-Electronics,

Tianjgin University, Tianjin 300072, China

Abstract

Objective

testing, macromolecular spectral analysis, and medical detection of biological tissues.

Terahertz (THz) waves are in demand for applications in high-speed wireless communications, nondestructive material

However, the lack of high-power,

miniaturization, and affordable THz radiation sources has severely limited the application of THz waves in the above-mentioned

fields. Cascaded difference frequency generation (CDFG), in which a pump photon can continuously generate multiple THz photons

simultaneously through nonlinear optical effects, breaks the limits of the Manley-Rowe relationship and substantially improves the
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energy conversion efficiency of THz waves. In this study, we propose a method for efficient THz wave generation by coupled
cascaded difference frequency generation (CCDFG), which uses two sets of CDFG to jointly generate and amplify THz waves. The
THz wave generated by this method can provide positive feedback to the CCDFG, further driving it to expand to higher-order Stokes
differential frequencies, thus significantly improving the THz wave energy conversion efficiency. We hope that this new scheme will
facilitate the generation of high-power efficient THz waves.

Methods A pump wave with a wavelength of 532 nm stimulated an adhesive-free-bonded KTiOPO, (AFB-KTP) crystal generating
dual signal waves and dual idler waves using a coupled optical parametric process. The dual signal waves and dual idler waves
stimulated two CDFG in an aperiodic periodically poled lithium niobate (APPLN) crystal, generating two sets of cascaded optical
waves and THz waves simultaneously. The above two CDFG were intensely coupled by THz waves with identical frequency,
polarization direction, and propagation direction. The CCDFG generated and amplified the THz wave, and the amplified THz wave
enhanced the CCDFG simultaneously, resulting in the further frequency transformation from dual signal waves and dual idler waves to
high-order Stokes waves. Moreover, the cascaded optical waves were further transformed to high-order Stokes waves by depressing
the phase mismatches of cascaded Stokes processes and enlarging the phase mismatches of cascaded anti-Stokes processes

simultaneously, thus substantially improving the THz wave energy conversion efficiency.

Results and Discussions With a pump intensity of 4000 MW /cm” and a poling period of 6104.9864 pm of AFB-KTP, two signal
waves with wavelengths of 289.0173 THz and 288.0173 THz respectively, and two idler waves with wavelengths of 274.8924 THz
and 275.8924 THz are generated. The power densities of the two signal waves are 1022.77 MW/cm® and 1027.10 MW /cm®
respectively, and the power densities of the two idler waves are 972.78 MW /cm” and 983.85 MW /cm” respectively (Fig. 2). At
100 K, a THz wave with a power density of 1483.6 MW /cm” is realized, corresponding to energy conversion efficiencies of 37%.
The frequencies of the cascaded optical waves are converted from 280 THz to about 70 THz, indicating that one signal or idler wave
photon can produce 210 THz photons (Fig. 3). The majority of signal wave photons and idler wave photons in a single set of CDFG
under the same conditions are transferred to approximately 120 THz (Fig. 4). At 300 K, the absorption coefficient of the APPLN
crystal for THz waves is significantly large, limiting the transfer of CCDFG to higher-order Stokes waves. The generated THz wave,
therefore, has a power density of 183.7 MW /cm®, corresponding to energy conversion efficiencies of.4.6% (Fig. 5). The power
densities of THz waves generated by CCDFG at the same temperature are 177.9 MW /cm” and 182.8 MW /cm®, and the power
densities of THz waves generated by a single set of CDFG are 58.8 MW /cm® and 53.1 MW /cm®, respectively (Fig. 6). At both
100 K and 300 K, the THz wave power densities generated by the CCDFG is considerably higher than the sum of the THz wave

power densities generated by the two sets of CDFG excited by dual signal waves and dual idler waves.

Conclusions In this paper, a scheme to efficiently generate THz waves by CCDFG is proposed that substantially improves the
energy conversion efficiency of THz waves. Unlike the reported scheme using two near-infrared (NIR) laser beams for cascaded
difference frequency generation of THz waves, we use one high-energy laser beam and two NIR seed beams to generate two signal
waves and two idle frequency waves in an AFB-KTP crystal. The two signal waves and two idler waves are generated in the same
APPLN crystal by exciting a set of CDFG processes to generate THz waves simultaneously. The THz waves can effectively couple
two sets of CDFG together to amplify the THz waves, and the amplified THz waves can provide positive feedback to the CCDFG to
further drive the pump photon to higher-order Stokes light transfer, which substantially improves the THz wave energy conversion

efficiency.

Key words nonlinear optics; terahertz wave; coupled cascaded difference frequency generation
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