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Fig. 1. Schematic of the cascaded fiber system. TF is the

TFy GFy

third-harmonic generation fiber, GF is the guiding fiber, P,
is input pump power, P, is residual pump power, and Py is

output harmonic power.
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Fig. 2. Refractive index diagram of optical fiber: (a) Cross-section of single-cladding fiber; (b) refractive index distribution in radius

of single-cladding fiber; (c) cross-section of W-type double-cladding fiber; (d) refractive index distribution in radius of W-type

double-cladding fiber.
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50 mm, 1K EMESS ) MF 59K #3145 mm.
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TMg(Az), TEgi(As) A HEg (A3 ) = Fh Br &I

1.48 1.5 )
(a) ) b) HEu(Xs)
1.46 | Y“F“f y
1.4
1.44
. la2f L 13T
® ®
L0} 1.2}
1.38 F
1.1
1.36 F
T HEL(\) CSCF
1'34 1 1 1 1 1 1 1 1 1 1'()
0.5 1.0 15 20 25 3.0 35 4.0 45 5.0 0.5 1.0 1.5 2.0 2.5 3.0
di/pm dy/pm
1.48
1.46
1.44 +
Lo1d2f
1.40 F
1.38
HEn () WDCF
1.36 1 1 1 1 1 1 1 1 1
0.5 1.0 1.5 20 25 3.0 35 40 45 5.0
di/pm
B3 B AN = PO MR AL A BT R oo SRR X R (o) BHR)Z 6L CSCF; (b) M4 GEF MF;

(c) WAL ENEF WDCF, 2453 K A1 = 1064 nm

Fig. 3. Dependence of effective refractive index nc of the fundamental wave and the third harmonic on core diameter d;: (a) CSCF;
(b) MF; (c) WDCF. The fundamental wavelength is A; = 1064 nm .

F1 RAFNIASE FINK A\ = 1064 nm , ZYGEIIEK A3 = 355 nm)
Table 1.  Basic parameters of optical fibers (fundamental wavelength A1 =1064 nm, third-harmonic wavelength Az =355 nm ).
- pleaE S
CSCF MF WDCF
EaRnoy 7 58 Zfisilica Afisilica #fisilica
NELZEA R B isilica EEa B silica
SMLJEA R ¥ ¥ IR
TSR [0y, ng, ny) [1.45, 1.33, —] [1.45, 1, —] [1.45,1.33, 1.37]
Z UGBTI R [0, ng, ny) [1.48, 1.36, —] [1.48, 1, —] [1.48, 1.36, 1.40]
FA HE;(A) HE;(A) HE (A)
UGB HE;3(A3) HE5(As) HE;3(A3)
S EHA d /nm 2217.3 506.5 2217.4
2 B[ dy, dg)/pm [125, —] [o0, —] 6, 125]
A K L/mm 50 5 50
LM ESF Jy/pm 2 0.0092 0.7266 0.0344
FARTPRBFER I a1 /(dB-m™) 0.08 2 0.08
T EBFERE s /(AB'm 1) 0.8 20 0.8
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WIS d), Py BB CER P B 4 FoRh
CSCF, MF #l WDCF =F6Er iyt .

2218
CSCF, L =50 mm 0.10
2217
0.08
g 2216 0.06
~
S 2215 \ 0.04
2214 0.02
2213 0
0 1000 2000 3000 4000 5000
Py/W
507 0.8
MF, L =5 mm
0.6
g
£ 506 0.4
<5
0.2
505 0
0 1000 2000 3000 4000 5000
Py/W
2218 0.25
WDCF, L =50 mm
2216 0.20
£ 2214 0.15
2
5 2212 0.10
2210 0.05
2208 0
0 1000 2000 3000 4000 5000
Py/W

K4 =WOEEHEBRECR ST G EE 4 ASTRBIE P
BXFR  (a) B HAAMZEE CSCF, KR 50 mm; (b) i
6L MF, K J9 5 mm; (¢) WAL JEGE WDCF, K&
50 mm

Fig. 4. Dependence of third harmonic conversion efficiency
on core diameter d; and input pump power Py: (a) CSCF in
50 mm length; (b) MF in 5 mm length; (¢) WDCF in
50 mm length.

ATLAR I, BE NS Py i, i A
MIVERCHILR S AR dy AR, LUK 4(a) H1 CSCF
HLF R, Py=0R155] dy =2217.3 nm; & Py =
2500 W, U R I 408 BAR K dy = 2216 nm , JLAT
A RIS K2R 2.5% BB 80%,; 27 R I
) Py, WU T8 SE T HE/NEY dy . AR APOGET
WA LR, anl& 4(b) T MF 6478 Py =
2500 W, di = 506 nm B4R 62.9%, Kl 4(c)
i) WDCF JG4F7E Py =2500 W, dq = 2214 nm iy}
AR 23.5%.

M AT LUE Y, R s SR 2 %, mT L
IR B = USRS, B2 T B 1)
LRI LA R A 52 8 & iU A S e M A et i
T, I SRR B AR D)K. (EARE
BRI, JCEF1EH 1 3 72 rh AN ] Bk G M AF AR IR 25,
PR A 0 AR s a2 ml /D b O 25 L, 1T =K
TR AT M i 22 Y SE 2 BEARV/ DN, [T 4 R iRy
TSR S R MR W T X —4FAE. AR A
KJa, HEAMAT A, FEAETE M 22 01 60T an
I A T AR A, AT AR D
TR, —FieE T 0 7 R O S G, A
PO GET HAR AT RE W e A A D RC S50 191, AR 4
& 4, 0] LIAT 55 b —Fpfg o s ik, BIOREEZR DL
WA AR, T3 PR R 5 AT, T IEAE
SEBRAE R & AT, 1 HAS S MU JEAAS ERAS Y
By R

4.2 HRREERE

SR BAT ARRIREHURIRE E o B0 =Wk %
FeR K 5 BR. w AL CSCF 1E 0 = 0
I ERIR AR 2 2.5%; 5 o Ry 0.3 nm B, F40ak
RRIFTREE 0.1%; 24 o B F 0.5 nm B, Hsk
I 0.06%. AN GEF MF 52 RIS BE ¢ 5% ) [ + B
i, HIAEEL R AT 36 62.9% (0 = 0), % FE LR
A ZE 2.8%(0 = 0.3 nm) M 1.5%(c = 0.5 nm), {H
WKk T CSCF. WDCF f 6 s s ) 4 i R
Z 0], HBME T 23.5% (0 = 0), &4 HURE RS W A
% 1.8%(c = 0.3 nm) 1 0.9%(c = 0.5 nm).

AT HURE 2 S 8 = U R s R I B
FAARG, TR DR TR T 27 0 A% 1 Ik s 5% i s 1 A 6z 2
Fic i 0.8, 19, FEAR -5 = U A AE T B 2 U
Lo ==/ [68,], B PR T 53R 5 B2 (WA 30K
OB BRI Lo B, BRI R A A =k
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WERRERE, Ja AT LAY LT SR s ik AR W% Py = 2140 WAL, 68, ~ 0, BiE 1L AR
TRIER, fERFHTT R AR, = YR TR TS K, I =08 H T AT & LT+

SRR 25 A TARAE 1950—2330 W X — [X.Ji]

Kl 6(a) Fi7nly CSCF JGEFAHA 2k BT ik Fifi 2 WA 164, <50 m ' SEPRAOLAA IR E, 28
JEIPR AR L. HEF S EAR N 2216 nm, FEASSHR LA AT RE S O 2 BT, 0K Ao 3 2ol o 7 P b 3 1

3
(a) CSCF, L =50 mm
—o0=0
n=25% - - -0=0.3nm
—-=0=0.5 nm
2|
X
~
S5
1F
n=0.1%
7= 0.06%
Ned

Py/W

0 - N =
0 1000 2000 3000 4000 5000

70 30
(b) MF, L =5 mm (c) WDCF, L =50 mm
60 | n=23.5%
n=62.9% N
50 [ —o0o=0 —o0=0
- —0=0.3 nm 20 = —o=0.3nm
—-—0=0.5 nm —-—0=0.5 nm
40
X X
~ ~
s s
30 |
10 ¢
20 |
n=15%
10F 2 n=0.9%
0 DD BN MER L\ 0 . Praa
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
Py/W Po/W

5 L BANFBEHURIRE R o I A YOS IARECR 1 (a) WHLERALZEOLET CSCF, KDY 50 mm; (b) MALET MF, KA
A5 mm; (c) WALZENE WDCF, £k 50 mm
Fig. 5. Third harmonic conversion efficiency for different fiber random roughness: (a) CSCF in 50 mm length; (b) MF in 5 mm

length; (¢) WDCF in 50 mm length.

20 20 )
15 15 F
10 ~ 10¢f (2400 W, 500 m~1)
n [ (650 W, 50 m~1) [ N~ 2
g A N = 5 X
- (2330 W, 50 m~1) (4007 W, o Obeooe fo (3850 W,
E] L A S Al som) | 2 AN 500 m-1)
= (2140 W, 0 m~1) = b ff BB W oY
S RNy N Sy N & ° ‘\ N
< _1p (270 W, —50 m~1) (1950 W, =50 m™) /(3607 w, 50 m-1) | < _ 10 F A415 W, —500 m~1) féﬁ?}om"y;) (3300 W, —500 m~1)
_15E CSCF, —15
L =50 mm 20 MF, L =5 mm
720 L 1 1 1 — L 1 1 1
1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
Py/W Po/W
20
WDCF, L =50 mm
15
10k B .
DR A
= 0 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
\3/ ™ (2600 W, 0 m~1)
S D P
[S5Y (4880 W, —50 m~1)
< _10 (130 W, =50 m~") (2510 W, —50 m~1)
715 E
—20 | L L | S
0 1000 2000 3000 4000 5000

Py/W

6 LR EARAIE R SARA KB i 68, FEA OGN PR (a) WHLEAALRE L LT CSCF, K B2 50 mm, £F 8 B AR 35 0
dy = 2217, 2216, 2215 nm; (b) {44 & £F MF, K 4 5 mm, £F 85 EH 42 5 9 4 di = 506.3, 506, 505.7 nm; (c) W fL 2 5% £F
WDCF, £ B8 50 mm, £ EH &4 30 di = 2217, 2214, 2211 nm

Fig. 6. Total mismatch in propagation constant &3, versus input pump power P, for different core diameters: (a) CSCF
in 50 mm length, core diameters are dj = 2217, 2216, 2215nm; (b) MF in 5 mm length, core diameters are di = 506.3,
506, 505.7 nm ; (¢) WDCF in 50 mm length, core diameters are d; = 2217, 2214, 2211 nm.
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Py, JnI it 68, fE— e BB BASEIAL. Bilan, 270
BRI KA 2217 nm B, K FRE T TR ) G ) 2 E)
X [E] 270—650 W, 1fi 47,0 HA2 /MR 2215 nm
FF, 25 3 ) e DR A% B [X 6] 3627—4007 W. AT UL, 2
A I HRAE 0—4000 W G [ Y AT 95, ) &F
S EAE VA1 nm B HIE R 25, KB (68, <
50 m L, AHTKE Lo 490 62 mm.

XA JEET MF FDSUEL )26 £F WDCF i)
PIEAT 2T, 4558 0L IE 6(b), (c). MF X il i
FE R 2R Z), RS AR ITHE 0.3 nm A
FBl N A DK |63, #5HI7E 500 m ! AR, S1 AR T
KAL) 6 mm. M Z T, WDCF [i522 5645
JERR, TR B AR BT 43 nm 1Y 30 Fl N S8 3
168, <50 m . A SCHEXF = M LA BAE AL
JrR A CAK BN EA 14 A AT .

4.3 RALRZEWIER

AT — 2 ik = FORe e i 1 s
PRI R ST, BI0EL N RRIE = U B R 5 sioR
BE S ZE D ETI R AR L WA 7. #0000 e oL 4F
TF LS EAR d) MKE Lep TEFEYMSH, 3 H
FIERT L EHAMBENLI S (B E S o =
0.3 nm). &G WIR AR HERTERADEEF (Nufern
NI FUD-3959 TS H4F), HEAF S EHAR 9 jum,
IR B EEEN Lo = 20 cm.

E 7(a) HOMI R L G LT Sl H LR 2 G £
CSCF. X N = 1 (HP i ARG 2R ) B, o e 1 5%
PRy =n=0.1%; 24 N =2,3, 48, 7F 0—
5000 W SR TN E N, 3 S5 a4y
SR LL A FARK, T H SR R AR A AR
WIHR Py A —5 78 3 i<k FEL P, ~ 2350 W
AR T3, A 1 = 0.4%,0.8%,1.4% , 1%
HEEEALT & (9) BB, Bl ~ N2 -5, . K 7(b)
J R RN G MF ffE O, OB TEL N = 1,
2,3, 4, 1E Py ~ 2700 W AMEKIRA n = 2.8%, 10.2%,
18.8%,22.9% ; & 7(c) A 26 4F WDCF (1)1
B, BIERATTEL N = 1,2,3,4 0}, 78 Py ~ 2700 W &b
N4 n = 1.8%, 6.5%, 10.0%, 16.0% . T 51 )52,
G T V0 Y ES B AR A = ORI RS M IS L T
15 ), ISR, B —UOR IS 1R,
I AR AL 55 SEBR A I 25 25748 K, BT AFEE] 7(b),
(c) 1, M Py R (s 4000 W) K 243k T 4L
BZ (N =4) B, FHsecem MR 4515

RBIE LA, FEREVEATRE, FefileoR
BE N YRR AL T A,

CSCF (d; = 2216 nm, Lty = 50 mm)

00
Lyw 4000 500671

MF (dy =506 nm, Lty =5 mm)

n/%

n/%

T RERHITEL NS R = UM D R Bl A
JeTNE Py AL (a) FEAIOGET i ML AL R OLLT CSCF,
KPE Ly = 50 mm; (b) FHOGLT HIMIAICLT MF, K Ly =
5 mm; (c) % #e% £F  WAL J2 OL 4 WDCF, K Ly =
50 mm. ZHDEP K Ay = 1064 nm , FeHOLLFHNEE o =
0.3 nm; & FOELF M FRE B R E4F (4708 B AR 9 pm, £
FE Lep = 20 cm)

Fig. 7. Third harmonic conversion efficiency versus input
pump power for cascading system of different unit number
N: (a) CSCF as the third-harmonic generation fiber (TF),
with length Lyp = 50 mm; (b) MF as the TF, with length
Lrp = 5mm; (c) WDCF as the TF, with length Ly =
50 mm. The pump wavelength is A; = 1064 nm, and the
TFs are of roughness (¢ = 0.3 nm). The guiding fibers
(GFs) are standard step-index fibers (9 pm core diameter,

length Lgp = 20 cm).
59 b
5.1 Z=FEARERIELLE

2 2 AN T =L PR | HARIR 5
ZE 5HH30%. CSCF A1 WDCF 3 & Af {37 DT i
SN AR R T 2 wm, BAAESME, 3]
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TEALZIME MO YR B2, DUPERE S PR GEr
FHIE. ANEEF MF BI4F 0 5212 0.5 pm, HA
2 Ra R, BTG S 155, MU ReR 2. A
i, 15245 TR AR E SRS J {6, MF f LASC
PR = OB AR B, BV AR 0 EAR Y
BEHLIE B (0 = 0.3 nm), RH—B 5 mm K HFEH
FELF R AT IE 2% L 5 DU B FE A R £F 9k
ORI AG B I 20%. {H MF i i £ 45 2 2Kk ™
A7, EMELF KEACR 5 mm, 75 HAR IR 2 T &
FEHANA +0.3 nm. WDCF B304 T CSCF
5 MF ZJa], RH—B 50 mm KAGEF rl$E30T 2%,
U B AT IR A 16%. WDCF Hy4F i B AR iR 2%
TEAE A 43 nm, 43JE CSCF 1) 3 %, MF /9 10
5. Hitk, WDCF 7E—E R LRl G T % 2
LT FFLADCEF L, B B ) SEBR AT A T

%2 SADELRERRE H GEHDENHE A = 1064 nm

FCLFHRERE o = 0.3 nm)

Table 2.  Comparison of characteristics of three fibers

(pump wavelength is A1 = 1064 nm, and the TFs are of

roughness ¢ = 0.3 nm).

LT 2EAY
et
CSCF MF WDCF
MR L 55 g
A LT AR /nm 2216 506 2214
21 HAR R ZE WA B /nm +1 +0.3 +3
g (N =1)/% 0.1 2.8 1.8
g (N = 4)/% 1.4 22.9 16.0

5.2 HEZRHEE

O HEJZMTH R R YOE TR S —
YOS AT A5 SEIARAL VE L. AT R B, JG2F i 4E
fLAE NA b8l — H(E, H NA BT 2 AH
MV = PO B 2. A, SRR NA
B, et ] B R AN SRS, AR SOt
£F MF B9 NA 4 1.05, £F05 HARZ00 500 nm, 7] 57
FF 1064 nm 1YFAE PBAL . TXT NA = 0.58
[) CSCF J&4F, HAF I B YN 2200 nm B 84
Y4 TM,,, TEy, Al HE,, = B0 &5 Bk, AT
25 =Y I B () LB HE,, (W DR A0R R
. FESCEF BT b ane] A 6 o I s 2 — 2P Y
5T, 7340, MR (6) X, FARReR SR nHEZm:
Pri R R E @ BUEAHDE, AR SCHHE R = FOGEF 1Y)
LR R n @ BN Al A AR, TSR

BA ARSI s MR R O, Dkt
L ER G,

SCHBE T ARG ER B SE PR IR I A R T
SIS HE— A E. SCRR [22] SR AN 1091 nm
Jik 5&>0 2.3 ns i) MOPA % i B4 294 520 nm,
K BN 8 mm [ A RN GET, SR AR T
SHMB B AR = U T, TR S D3
ik 2600 WM HY-F- 3558500 1.2 W) IR WEE 5
TCEF it B 32 A 2 O A At A Ze P AR e
T AR AR SR AR I (H B R LAY 1064 nm 1R
RHA, AT SRR OCL T, AR RIS
EIR, AR E R DI %2 2700 W FHE TAERL
A, XK SE A ns Bk PIEOE, Brds i-F- Y2580
DIRRALE 1 W 9. TGLEr MF (W EEZ R
500 nm, KR 5 mm, FFE LIRS AT %
ETAEFEAIX, i CSCF Al WDCF 47 Bz
BIRT 2 pm, AT 7S 5T 5 A2 P 38, AH DG Y 5
WIS ST .

AR SCHY AN LT MF Al 3@ a5 b 4925 i
HESCEF il s 10, ARG LR B gl e 21 X
B 5 B AT AT, T R P B AR B ET mT
YERL 5 AL 3. #5787 R MDEAE EARMXT
5T I DX SRR DEE, 7™ A= A8 1 — Ui
s A ARG RCTE , AL B AN R )
AIFE I I XS BRI D S, DT = A B — e 9
M) = UEDE . TER A OB R GERT, W] e
AT BT 145 Bt oA i i ok, T Sk
HERBERTOCL, SRIGER AN hri & b
JET AP HTE 2L 1 BLAR AN () 56 41 B,
M HAR I FOCLF BRSO Er. M5 3O
KB HESESEAAFN, =R scR s
FOCYIR R ARt S AT AN [A] (AnAE &R H) B
RAMCE), AN R G0 SMA S RFE.

6 %4 W

ASCHRSE T = B A SR8 0 1) B BR AL 21
I LT 13 22 AN B i = i il e e, BV B fL
% B4 2 64T CSCF fl MF, D) Bz XA 26 &F
WDCF. =F6LF 3R F 4l — Ak fk B 38 4 Sy £F
OSHRE, DUEAG S0y i R hE e Rk, 21 AR
FRAEFEATE 5 = Ui I AN PE R &5 . CSCR
1 WDCF ¥EARFEBME, HLSEERT 2 pm,
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BUBPERE R 4F. MF LFBEAARE] 1 pm, HAEE
h R, BT LOCEF SIS, ML RE R 2. SCp
I EAEAU AT T = FOCLF I B S OR ) 45
W, MF YL 7l DL s LR R BsoR s, R
—BE MF 200 LIk 2% A b, 8 i Ger g )
BEBL 20%, (3 MEF X i &8 B 2R 07, 460
HARIRZETE R EANA 0.3 nm. CSCF A5 %
A, BABAIRCR N 0.1%, KIS 200 1% RIKF,
HARIRZETEAE N+1 nm. WDCF 1955 #3054
T CSCF 5 MF ZJa], R —E 50 mm K PGEF
W42 2%, TUESSIB IS 29 16%. WDCF [R4T .t
ERIR2E 94 43 nm, 73 H& CSCF # 3 1%
HIMF /9 10 £, 264 WDCF 78— f2 5
RS TR LAY 2 AT CSCF Mg Al G4 MF
I, U RE AL R, I BA BRI
Tl B MERE, SR NI BE Y 2 A = U e B bR At
T —FhHA SRR TR B . AR SRS
ST HEIS AT BRI i, JEEek it —2 T
JRAH ) LRI UE T AE.
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Abstract

Ultraviolet fiber lasers are highly desired in different fields such as lithography, laser processing, optical

communications, optical storage, and biomedicine. On the other hand, all-fiber frequency conversion technology

is of great significance in scientific research and practical applications, as it provides an alternative to the
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current solutions based on nonlinear crystals. Developing special optical fibers with both suitable mechanical
performance and conversion efficiency and reducing the difficulty in their preparing are the key challenges in
bringing this novel technology into practical application. In this work, three step-index optical fibers with
simple structure are designed, they being a conventional single-cladding fiber (CSCF) with high numerical
aperture, a microfiber (MF), and a W-type double-cladding fiber (WDCF), and the third-harmonic generation
in ultraviolet band is studied by using them, respectively. The fundamental (pump) wavelength used in this
work is 1064 nm and the third-harmonic wavelength is 355 nm.

In order to achieve good transmission in the ultraviolet band, the cores of all three optical fibers are
designed to be made of pure silica glass, and the core diameters are determined according to the phase matching
condition for the fundamental wave and the third harmonic, by solving the eigenvalue equations. The cladding
of CSCF is fluorine-doped silica glass, and the cladding of MF is air; for WDCF, the inner cladding and outer
cladding are fluorine-doped silica glass and fluoroplastics, respectively. Both the CSCF and the WDCF have
solid cladding, and their core diameters can be greater than 2 um, so they have adequate mechanical properties.
In comparison, due to the air cladding and thin core (the core diameter has to be less than 1 pm for phase
matching), the MF is fragile in structure and thus its mechanical performance is rather poor.

The conversion efficiencies of these three fibers are investigated in detail, by solving numerically the
coupled mode equations for the pump and the third harmonic with the Runge-Kutta method. The effect of
random fiber roughness (i.e. core diameter fluctuation) and enhancement in conversion efficiency by cascading
the fibers are also analyzed. The results show that the conversion efficiency in MF is the highest, with an
efficiency of 2% for a 5-mm-long single MF segment and over 20% for cascaded MFs; however, MF requires
strict fabrication accuracy, and the tolerance of core diameter is only 4+ 0.3 nm. The CSCF has the lowest
conversion efficiency, which is 0.1% for a 50-mm-long single segment and at the level of about 1% after
cascading, and the tolerance of core diameter is + 1 nm. The conversion efficiency of WDCF is between those of
CSCF and MF, nearly 2% with a 50-mm-long segment and about 16% when four such segments are cascaded;
WDCEF bears core diameter tolerance of + 3 nm, which is three times that of CSCF and 10 times that of MF.
Therefore, the W-type double-cladding fiber WDCF actually integrates the advantages of conventional single-
cladding fiber CSCF and microfiber MF, showing both satisfactory mechanical performance and conversion
efficiency, as well as reduced fabrication difficulty, which provides a promising solution for all-fiber third-

harmonic generation in the ultraviolet band.

Keywords: third-harmonic generation, ultraviolet band, single-cladding optical fiber, double-cladding optical
fiber
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