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Properties of long plasma-channel generated by TW
femtosecond laser in natural environmental air
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Abstract: The properties of long plasma-channel generated by terawatt (TW) femtosecond laser propa-
gating in natural environmental air are investigated. It shows that the plasma filamentation with length of
2 km can be achieved when 2 TW femtosecond laser propagates in natural environment, and the electron
density is measured to be 10'' cm™ at different location of filament, which shows the good conductiv-
ity of plasma channel even at the end of channel. Moreover, high voltage discharge test also confirms
that, compared with the case without plasma channel, the high voltage of discharging can be reduced by
30% when plasma channel exists, which indicates the effectiveness of fs laser induced discharging. This
work paves away for generation of several kilometer and long lifetime filamentation in air, laser induced

lightning, environmental monitoring, and artificial intervention of climate.
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1 5 7

ROk BT B IR A T, IR R AR AR, T DA AR R 1 AR 2R M Kerr 2R, X
PR Kerr 208 275 KA 72 A LB B AN, AT A RSO TE AL 4R A vh R AR 1 SRR 5 — 7T,
BT 1 SR A RO 10 5 B RT3 K, 22 SR A O o e S R BT, 2 KRR P AR AR
T, B TR B A BUEIER. MaARZR M B SR AR AN RN 5 2 T B HICER SN B B S P B, SOk
OB BEAL B AR I 1) BE 2, I FE R HOeAE B 12 DIl — 26 B — 2 S MR RE I &5 58 Rl 18, Xk
J2 U IO KIS (Laser filament) 101, f 76 K55 & TR JE1E oK & iz sl 1 7 S 8%
B RHE ST (Cherenkov radiation) DA A HoAth A 2844 R0 AR I 1) S5 RN, 75T iR <55 B8 -1~ M il 1Y) [
I, BT LA 2R 7 o NS SR BILT A BB I S 7S, T KRD O TE KA b AR I 25 B A i E O 5
WO, 5] SRR, KA RIS N TR, EokiEEI S5 A+ mEW
I FH T 5o

XTSRRI N, KA B TR EIE K LA LR R DL B Ak, BRI G dr R Kok 4k
FEOo S SRR TR (1 5 AP0 SR ER T ST AR S M 1 BRI, 22 B0 SR 0 T AR R BRTE SE G = AR
N, WO A SEE M AR B b AR Z AT /NAREFL TR IL (TW, 1 TW=10"2 W) ¢ ¢
WO BE B AR 22 I F2, 38 W SR RS 7E 1 DR 4 B BUR IR T 206 2 1 At i,
WML R T KR AE 51227 | i Mechain 581 Hao %543 il EL A 7 4035 B2 A2 U5 10 45 58 TR 18
R B AR TR ) S5 S AEE, 48 H B AR TR U A S TR R E R E R R B, TR EE
(1 He, -85 PO A 2 0 DA 2R 12425 Durand 4501 F B 522 W 5 i N 2 T HL B IR AETE, (H 2= AT 9R Bk
Z 0T B EH AR A P 1 A A 3 PR T Y S A6

ik, RSO — & BER 2 TW R EOERIZ M BHiE S G ARFA R, 0 1 HR KSR,
SEHL T KA A B RO S B T REIE, BT T K B R AL I R, R SR E 2 T VRS R K
BT A AT TR, SRS T KR B A B R o P AN S O A e s, X e g
SOt 51 TR TR AR S bR B A BB AR S8
2 LRI RSRE
21 ERATASHEWM2TW CRELERE

B A — B e Y A AR A B, AR R R SR, G (R B B R A R WA
(400~650 nm, W ISCIELE 490 nm) A58 526G (660~1200 nm, A S IELE 800 nm FHiL). Fr 1 L%
WIS RAE 2 A, Bh A S AIE B AT RUF IR s T 3R, PR AR e 46 g I8 [ el K
& i SR, BT LS N B2 90 AEAR LR A 2 BB PO IE 25 /R 28, 1B T e AR R R E R
YIERRRME, BT A B0 RGRE AT LA TE 6, SCRE SEIL M R R DU K TR, K R kv
WOk, 2 4ur KR WRBEosS I kR SR, ZSEIL R EOROR. SRR RRE R LR K TLE
) KADEOEIHFAE T Fo 8 5 K PR IO e B A AR R K P BCK 4R (Chirped-pulse amplification,
CPA) 21 Jyfifift). FLBEA TR R B y: 1 2 B4R 5 28 7 AR AR I BURE k ok 5 471, o i 368 3 ok o i 5 2%,
TE T REGERE 1S B> A AR HIE LT, A0 ik i 5 20800 E R D DU L0 Th 28 KR B PRI, IX R Y
J& B e B ik HE N TBOR 38 TR IR, T DA 2850 b e AR o = ik o P 4 2 VAR 20507, Hf e 4 TR o v e L D 26 Tf
5| g R AR 2R 1 A5ON: AT A R B A, AT ARAIE T BB & 1 e 36 K R m BOR R I R BB 5 R 5%
A E UM IR IR P R 46 2R G, A kol &2 58 81 5 b AT P B 5, 3 T 15 B ) e ik TW s 130 s ik
LN

RILH WP HOGEE B I SR8 B0 Fig Fios, B CRMR G 8%, B Y8, FIAERORES. THOKHE
R GE 28 555 e o CRP IR 2 4R C R U8, &% H AR 80 MHz 1 KRB E ik rhg
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BLoh J5 BRI TROR 255 J2 B 22 W R % 2 HH () RORD Ik b 78 B 3 b J2 58 2] 200 ps, 5 k& 56 J5 B EN
TR 2 H R A e W B RO I 2 A A AR 2P 2808 DA K T RS Y 2 o k3 s £, AT 345 58 22 1) g i
R FRAR UK B8 TR 2%, B R T kb BB B A nd BOK 2 mI & 2%, BOKMEHEE S 100 ERORE it —
WK, XA R TR BOR, TEILA #hiz2 Bt iz T, v DERTS O S MEE=N 110 mJ, H 46 /5 M RE
F2) 80 mJ, Bk i FE /N T 50 fs, XF RIEEAE ThZ T 2 TW, RSN 10 Hz.
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Fig. 1  Schematic of home-made 2 TW Ti: sapphire laser system

WG 7E P EDET SR R A X S R TR UD R T — AR 34T, 3l ik R 2 4 2000
me A T IERCHTEEM X TR SURRIIIEE, DL ER B iR 2 R A B, K A R G BV AN
ARG ae REVEAS. FHEBORES. EHORES. R4ads, B Bt RS AR, S R AR AT DY
SRR A K st AR A ST AN S IR 23 AT B AR, et B H (R, R 4530 0 12 Ot g 4L 5 4
—fE, A 24m K I m WHOLEFE L. N TREREEAT, Bt 7 MR S, B R e
WOL A BCEAERE I L, 4 Fig.2 Fis.

Fig. 2  Photograph of the whole TW laser system in a simple clean shed

Sl Ak 5, FH ARk b 5 A Wizzler-800 f 46 J& 1A bk i 9 FE REAT 1 W S, s 8 Fr) ik o
T8N 46.6 fs, Wl Fig. 3(a) Fme 4 1 38 N WRD ik A8 R A A i € SRR a2 R 76 3R, e 4 46 m KD G Al
LAAE AL REAE I RS 8% & b, AT DURSE 75 2R e < IR BB, UK A kb i Re B A 8 1R
i 4 h EN 1.77% (rms), W Fig. 3(b).  AEBAEMTRIEE I, BOGE FIRRE 1247 N EF SRS I
FIRRAE T AT SRRl K O HL IR Fig. 4 & kT8 0077 a6 4 3 % Ah AT B AR
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80 rms is 1.77% 7
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Fig. 3 Measurement of (a) pulse duration and (b) energy stability

Fig. 4 Photograph of output TW laser. The red line arrow denotes propagation of laser to the window for

the outdoor natural environmental experiment

22 FSMKEBEEFESFHEERE

H T 4 C R OE BN BB R 2 v, AT BT TSR AR, 6% 6 ~ 7 m B, WO
TFh A R 2, 320 BB R g i Fa s HLAK R B 10 25 B8 ORI 0E, 76K 2 TP B W Fig. S(a) Fis i)
KPR BB AEIE. JBOACH R, A8 08 W B0 S B E SR S 0 72 4, WL Fig.5 (b). Fig. 5(c)
O 50 m Iz 5 RS AR AR B RREE, T LA BB O R AR SRR D, — P8 R R I AR i AR
HR AR (R HE A AR A 2720300, 300 o SRS Tzt Ak 1 L3, R PR SO DRSO R T O R AR B S, K
S 2 km, S8 3T R IE I P R RO 5 v R AR R I AR S TR R

3 SRR S5ITE

31 KESFEFHBRENES

I AP0 R AR # HOGIIERT 2 TR R PR S, FiZe s KA IOE — e 2 S B TAMEEO R
RS, AT AT DAF ) RFD O 22 IS A 7 B, 308 42 1) 458 B85 AR T 108 A% R E S RN K

MR EOE BECMETE O AR, R RO AR S B R S I TR AR P AR SR A
TESEAE DL, 7= A8 1) 55 B8 TS0 T8 A& 4 E B8 AN 22 KAzE, | T 7E HH 11 Akl = A= 712 B 1 1 SR A, o o5 B 2 3
TG TR & SOk, e BE A 2 v B 3 17 BT A&, WL Fig. 6(a); H 6B W 5 A3 5, 32 A e BEA> A1 1% F0
4, 1 Fig. 6(b) Fi 7.



%53 Jie W5 BFANIAEE T OK BL KO A B R IE E R VAT 7 517

(2) (®) (©) (d)

Fig.5 (a) Photograph of laser filament to the sky; (b) Laser filament in horizonal transmission direction;

(c) Continuum generation and cone radiation; (d) Beam point on the mountain at 2 km away

(a) (W)

Fig. 6 Photography of laser filament when the dispersion is well- compensated at the exit of laser, where the length of

filament is shorter (a), and transverse spot is also irregular distribution (b)

LRPBOL A B AME S FIAE AL I, LR S OEH F14) 20 m, M IALTFG6 T S5 B 114 22, m) LA
LS 2 By 77 AR PR 5 B A B ORI B, BB FREE K, L Fig. 7(a); £E 5z FE B Ak M Hh 0 21 J I J0EE
oA AL Z OER, ol B R B2 55 55 TR 2238, DL Fig. 7(b).

RIS AR B, AT DLd i AR e A A R e 2 (] BE RS 45 KA EO Bk — e B R TR HOR AME |
TR EAE AR T BE B b B A, AT 428 1) 55 B A4 B 22 A S G A B DL R 55 8 1 A e T ) v B E, S
K PE B 45 B R IEE 1 7 A I8 OB OGRS AR DA R B IR, R S A T A B A IEE T DLAR F F 2
km PA I
32 KEBFEFHRERTEENNE

P bl P= A e B R B A5 B Al TE FE A b, FDSBOR AL S T EAN AR S EE B OB os B2 43 A,
It HHBZIEZ W 755 8 R iE E ) B AR

Fig. 8 & EAFME IR R FOGIRAE SO AR R KB IR, z AfEHiE . e LG 2
JCEAEH 1 23 m o J5 4r R 7 2 B 3 AR SE B TRl IE, 55 T AOE IEAZ O A RE B A AR AR B
BERAE T AN, D AR AT B G B o, SRR T ARIEIE M EAR KL | mme BT 3 R BR A, W
DR 55 Feze R RER 53 m, £ 53 m AL RRZZ GBI G 3 B 5 5 1A i 548 HL & Ak S e A 24 K BR 5, 1
Wit o A i B P G N, 6 B A T P DR T ] Rk AR

Fig. 9(a) F Fig. 9(b) 7 M B/~ T 1E 222 s AL B (23 m) Al ez il & P 2 (53 m) b ik 3ol 7% 4L 4 iR
FHAR 10 s (=R 100 &) G121 BB, fEREZE S B, BT A B S B 1@ E 75 A AE 6 mm BI7E N, 75
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53 m AL B S, 45 B T AOETE TR AEX 38T R E] 10 mme A I EIE TAER 9155 B R is iE A B 52
0 32 B R K L s B3,

B2 ARSI T AR B AR S B T R IETE i . S WA I R B 0 Fig. 10
s FEPIANTEER DN 13 mm (SRR B, Hob— AN sl B AT BAR 2 mm (/0 FL, S8 8 TR IEIE AT DL
BNLENE 5 — AN bl 0 RSB (ACHEE A BT A AR P, A28 R AR B BN 2000 VOB LI,
A [0 it 2 7 AR HLUAE, R P < A U B 50 Q 70 s P B A4 P T P ) 55 R SRS it o ) P A P
B, 325 T 5K b 48 2 1 A 1) F o 4381, ke B PT LARS B A R BLAL, BT ART DLW AE AN
PRBS 1S TR IEIE P T

.

-
»

(@ (b)

Fig. 7 Photography of collimated long distance laser filament, when pre-chirp is applied in the laser pulse through the

compressor, the long distance and collimated filament is generated (a), and transverse spot is regular conical distribution (b)

®

Fig. 8 Filament structure of laser beam at different position (a) z=23 m; (b) z=29 m; (c¢) z=35 m; (d) z=41 m; (e) z=47 m;

(f) z=53 m along the propagation of laser filament
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(a) (b)

Fig. 9  Marks on photo-paper burned by laser pulse irradiation for 10 s (100 shots) at (a) 23 m and (b) 53 m distance

Cu electrodes

fs laser pulse filaments

oscilloscope I | 50Q

Fig. 10 Schematic diagram of electron density measurement

HY T4 B RO TE A AN LIRS, DR AR PRI 45 1 (A SR A S i, R S A e
75 F AR B /NALET, BB R A G HIRAE 5. Fig. 11 RTEAFIFE RSO B 1 3RA5 00 55 & 1R 18 B
59, %G T RARHERIR G IR S, FFEEI R0 60 ns, FLUEAE FE A% fisE B 7E 35~ 90 mV Z [fl,

Fig. 12 N5 B 7 PR8I f 5 SIEEA AN R LR s IR LS R 125 SERLL 50 Q K7 R EH
BIVRT A3 280 [ e e ) PR U R P IS R DA PRI T DA 2 PR B PR LB, AR TIBR 0 I L BHL S5 88 10
LRI PR % PR i P FEL DA% PR Y S PRy SEL BT 743 280 28 2 A T 110 FhL BB, P85 5 55 1 1 1A 1) EL AR R AT LA
T AR, X IXREZ K B AR S & 7 Aol iE, A P K I A B Fed i BH DL i
FAT P RE, PRI AT DL 955 180 4 S 2 ) P L4 45 T PELBR P PP 80 2 (A 3 DAY 00 - T il
TN MR T MR, 58 TERE. RS OUN, ARIETUAIZ 3h )7 RE T 45 HLIRL

nee’

2000 V

J= E, (D

MV,
I vy A HE TR AR R T R RIS R, H 3

2
R I
O__en ) (2)

T mevo = R
R 1R FREE KR, 2T B A IAEE 13 mm, R Y25 55 TR I8 i s BH, r % B R IE I ) 2
%, 2105 mm. 75 1 AN KRR T, MR vy 2905 102 s71 HH A H 095 B 08 i o1 2% 7
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Fig. 11  Electric signals of filament at different propagation distances.

(a) z=23 m; (b) z=37 m; (¢) z=43 m; (d) z=53 m

100 T T T T T
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S 60} i EEm 14 =
8 | ] 2
87 l‘ / \/i 3 'z
2 40} /™ v\ 3
g | | [ ] 1 §
20t 3
.l m
0

Distance/m

Fig. 12 Peak electric signal and electron density of filament

versus propagation distance
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Fig. 13 Photography of high voltage discharge in plasma channel

4 % op

WEFE T 2 TW RAPER A WOGHE B ANIASE N 7 AL KB 1 4 8 (RSl 1S P @i et ROtk
A M 2 18] B, T AR B RO R P IR Gl A BB R A, B BB AR, W
PASEELAIE 2 km BLE RS E 55 88 7 IE, A8 7 2R I 55 8 (A E 1 AN [R]85 L, SR A F A s vk
M 7 EIE N RT3, 4709 101 em™, i B BARZ K @ A% o, 558 & TR EE R KR RIFI0FH
o TR — o7 B A0 e T8 L BB R S 7 A 45 10 K T T LUK T8 A FEL S BRAIR 30%, 5t B0 15 5 v S TR
A Rk XSS RUARIESE 1B B 55 B TREIE I 7 . AU ORI KO A~ LR, K
i RS B B IE 77 A S B TR PR A BR 1, X0t 91 d . ORI S S AL N TR T B

PR

SEHk:
[1] Hao Zuogiang, Zhang Jie. Propagation of intense femtosecond laser pulses in air [J]. Physics (##), 2004, 33(10): 741-747 (in
Chinese).

[2] Braun A, Korn G, Liu X, et al. Self-channeling of high-peak-power femtosecond laser-pulses in air [J]. Optics Letters, 1995,
20(1): 73-75.

[3] Chin S L, Hosseini S A, Liu W, et al. The propagation of powerful femtosecond laser pulses in optical media: Physics,
application, and new challenges [J]. Canadian Journal of Physics, 2005, 83(9): 863-905.

[4] Berge L, Skupin S, Nuter R, et al. Ultrashort filaments of light in weakly ionized, optically transparent media [J]. Reports on
Progressin Physics, 2007, 70(10): 1633-1713.

[5] Couairon A, Mysyrowicz A. Femtosecond filamentation in transparent media [J]. Physics Reports, 2007, 441(2): 47-189.

[6] Béjot P, Kasparian J, Henin S, ef al. Higher-order Kerr terms allow ionization-free filamentation in gases [J]. Physical Review
Letters, 2010, 104(10): 103903.

[7] Nibbering E T J, Curley P F, Grillon G, et al. Conical emission from self-guided femtosecond pulses in air [J]. Optics Letters,
1996, 21(1): 62-64.

[8] Alfano R R. The Supercontinuum Laser Source [M]. New York: Springer, 2016: 281-298.



522 2 F B F ¥R 37 %

[9] BallL M. The laser lightning rod system: Thunderstorm domestication [J]. Applied Optics, 1974, 13(10): 2292-2296.
[10] Zhao X M, Diels J C, Wang C Y, et al. Femtosecond ultraviolet-laser pulse induced lightning discharges in gases [J]. IEEE
Journal of Quantum Electronics, 1995, 31(3): 599-612.

[11] Rodriguez M, Sauerbrey R, Wille H, et al. Triggering and guiding megavolt discharges by use of laser-induced ionized filaments
[J]. Optics Letters, 2002, 27(9): 772-774.

[12] Kasparian J, Ackermann R, André Y B, et al. Electric events synchronized with laser filaments in thunderclouds [J]. Optics
Express, 2008, 169(8): 5757-5763.

[13] Chateauneuf M, Payeur S, Dubois J, et al. Microwave guiding in air by a cylindrical filament array waveguide [J]. Applied
Physics Letters, 2008, 92(9): 091104.

[14] Bogatov N A, Kuznetsov A I, Smirnov A I, ef al. Channeling of microwave radiation in a double line containing a plasma
channel produced by intense femtosecond laser pulses in air [J]. Quantum Electronics, 2009, 39(10): 985-988.

[15] Daigle J F, Kamali Y, Roy G, er al. Remote filament-induced fluorescence spectroscopy from thin clouds of smoke [J]. Applied
Physics B, 2008, 93(11): 759-762.

[16] Mgjean G, Kasparian J, Yu J, et al. Remote detection and identification of biological aerosols using a femtosecond terawatt
lidar system [J]. Applied Physics B, 2004, 78(5): 535-537.

[17] Rohwetter P, Kasparian J, Stelmaszczyk K, et al. Laser-induced water condensation in air [J]. Nature Photonics, 2010, 4(7):
451-456.

[18] JulJ J, LiuJ S, Wang C, et al. Laser-filamentation-induced condensation and snow formation in a cloud chamber [J]. Optics
Letters, 2012, 37(7): 1214-1216.

[19] Rosenthal E W, Jhajj N, Wahlstand J K, et al. Collection of remote optical signals by air waveguides [J]. Optica, 2014, 1(1):
5-9.

[20] Kasparian J, Rodriguez M, Megjean G, et al. White-light filaments for atmospheric analysis [J]. Science, 2003, 301(5629):
61-64.

[21] Bergé L, Skupin S, Lederer F, er al. Multiple filamentation of terawatt laser pulses in air [J]. Physical Review Letters, 2004,
92(22): 225002.

[22] Rodriguez M, Bourayou R, Mejean G, et al. Kilometer-range nonlinear propagation of femtosecond laser pulses [J]. Physical
Review E, 2004, 69(3 Pt 2): 036607.

[23] Mechain G, Couairon A, Andre Y B, ef al. Long-range self-channeling of infrared laser pulses in air: A new propagation
regime without ionization [J]. Applied Physics B, 2004, 79(3): 379-382.

[24] Mechain G, D’ Amico C, Andre Y B, ef al. Range of plasma filaments created in air by a multi-terawatt femtosecond laser [J].
Optics Communications, 2005, 247(1): 171-180.

[25] HaoZ Q,Zhang J, Zhang Z, et al. Characteristics of multiple filaments generated by femtosecond laser pulses in air: Prefocused
versus free propagation [J]. Physical Review E, 2006, 74(6 Pt 2): 066402.

[26] Durand M, Houard A, Prade B, e al. Kilometer range filamentation [J]. Optics Express, 2013, 21(22): 26836-26845.

[27] Apeksimov D V, Geints Y E, Zemlyanov A A, et al. Control of the domain of multiple filamentation of terawatt laser pulses
along a hundred-meter air path [J]. Quantum Electronics, 2015, 45(5): 408-414.

[28] Moulton P F. Spectroscopic and laser characteristics of Ti: Al,O3 [J]. Journal of the Optical Society of America B, 1986, 3(1):
125-133.

[29] Strickland D, Mourou G. Compression of amplified chirped optical pulses [J]. Optics Communications, 1985, 55(3): 219-221.

[30] Kosareva O G, Kandidov V P, Brodeur A, et al. Conical emission from laser-plasma interactions in the filamentation of
powerful ultrashort laser pulses in air [J]. Optics Letters, 1997, 22(17): 1332-1334.

[31] Kandidov V P, Kosareva O G, Tamarov M P, et al. Nucleation and random movement of filaments in the propagation of

high-power laser radiation in a turbulent atmosphere [J]. Quantum Electronics, 1999, 29(10): 911-915.



%53 Jie W5 BFANIAEE T OK BL KO A B R IE E R VAT 7 523

[32] Chin S L, Talebpour A, Yang J, et al. Filamentation of femtosecond laser pulses in turbulent air [J]. Applied Physics B-Lasers
and Optics, 2002, 74(1): 67-76.

[33] MaY Y, Lu X, Xi TT, et al. Widening of long-range femtosecond laser filaments in turbulent air [J]. Optics Express, 2008,
16(12): 8332-8341.

[34] Tzortzakis S, Prade B, Franco M, et al. Time-evolution of the plasma channel at the trail of a self-guided IR femtosecond laser
pulse in air [J]. Optics Communications, 2000, 181(1): 123-127.

[35] Hao Z Q, Zhang J, Li Y T, et al. Prolongation of the fluorescence lifetime of plasma channels in air induced by femtosecond
laser pulses [J]. Applied Physics B, 2005, 80(4): 627-630.

[36] Liu X L, Lu X, Ma J L, et al. Long lifetime air plasma channel generated by femtosecond laser pulse sequence [J]. Optics
Express, 2012, 20(6): 5968-5973.

[37] Tzortzakis S, Franco M A, Andre Y B, et al. Formation of a conducting channel in air by self-guided femtosecond laser pulses
[J]. Physical Review E, 1999, 60(4 Pt A): R3505-R3507.

[38] Schillinger H, Sauerbrey R. Electrical conductivity of long plasma channels in air generated by self-guided femtosecond laser
pulses [J]. Applied Physics B, 1999, 68(4): 753-756.

[39] Lu X, Chen S Y, Ma J L, ef al. Quasi-steady-state air plasma channel produced by a femtosecond laser pulse sequence [J].
Scientific Reports, 2015, 5: 15515.

[40] Clerici M, Hu Y, Lassonde P, er al. Laser-assisted guiding of electric discharges around objects [J]. Science Advances, 2015,
1(5): e1400111.



	2020.5量电封面aaa.pdf
	2005ml.pdf
	(1)6479.pdf

