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Numerical Simulation of an Optical Resonator with a 90° Cone Reflector
Wang Wei, Wan Wen, He Qiong, Shi Jinfa
(Wuhan Vocational College of Software and Engineering  Wuhan » Hubei 430205, China)

Yang Sheng.
Abstract An optical resonator with a 90° cone reflector has a better misalignment tolerance because of its special structure. In
this paper, a high-power transverse flow CO, laser is selected as a model for numerical simulation, and the Fox-Li iterative ap-
proach has been used to analyze the output beam mode of the laser resonator. Calculation process is simplified when the beam
transformation occur at 90° cone reflector. Because a 90° cone reflector is a no-paraxial device, and linear polarization is not pre-
served by the reflection. A modified vector method is used to analyze mode distribution of the output beam. and the results
show that when the reflectivity difference between P and S polarizations is more than 3%, the radially polarized or azimuthally
polarized beam with a polarization purity of 1 can be obtained by such resonator.
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Fig. 1 Schematic diagram of the optical resonator

with a 90°cone reflector
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Fig.2 The optical path diagram of the optical
resonator with a 90°cone reflector
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Stability of Off-axis Unstable Resonator with Parabolic Mirrors
Wang Wei', Wan Wen ', Tang Xiahui’
(*Wuhan Vocational College of Software and Engineering » Wuhan . Hubei 430205, Chinas
? National Engineering Research Center for Laser Processing . Huazhong University of Science and
Technology s Wuhan s Hubei 430074, China)

Abstract It is difficult to ensure perfect alignment of the laser resonator in the process of actural assembly and operation
process. Therefore, it is necessary to study the stability of resonator. The” Rigord analysis method” is used to analyze the vari-
ation of power extraction efficiency for parabolic mirror off-axis unstable resonator and spherical mirror resonator, when the an-
gle is out of adjustment. The output characteristics of the two types of resonator are discussed, and the stability of the off-axis
unstable resonator is studied when the radius of curvature of the resonator mirror increased. The results show that the power
extraction efficiency of the parabolic mirror resonator is 5. 6% higher than that of the spherical mirror one when mirror tilt an-
gles varied between — 6 mrad to 6 mrad. For parabolic mirror resonator, the power extraction efficiency is 3. 5% higher that of
the spherical mirror resonator, when the variation of cavity length is in the range of — 1 mm to 1 mm. When the radius of cur-
vature of resonator mirror is increased by 2 mm. the power extraction efficiency of the parabolic mirror resonator is increased
and the anti-misalignment characteristics are better.

Key words unstable resonator; beam quality; numerical simulation; misalignment characteristics

0 3%

BRSO &% et B8 T 49 bR 8 3o g g 28
DX TR BT R o O 88 1) i e D TR o
FMR SO A 25 BUAIBE A RSAR K 3 B0z 7
LB R BORE T T T B SR s Bk P AR
1 AN 5 0 L OG5 TSR P P TR R

PO A8 AE T A op ik, 08 4R i 1) 9k 3 B 50 vk
G o BT AR VAR Ml S o 2B G S A o AR K R E K S0

I is HHA:2018-05-23

— 162 —

e AT AE . ShAh AR BOES B SBRIZ AT I R LB
i 72 52 4 1A VEE B O 4 th & X9 WL 3 L # AR T
S SR DR 7 AR SRR o R 4l 4 T i A AR R
SEPEHEAT I iR - oy s LD,

S Rigord 43 Hri ™0 A SCE S50 07 T L4
T A = A i VR T 5 A 52 2 AR I Dy R 4 U
11 AR A 15 B DA R I TR s SRR BIE AT T K
T PRl 48 4 0 A e AR 5 5 R s e A R A

EEWE WAL E A E TR SR BB (B H % 5 :B2018474)
fEZ B M (1988—), T - 1 BB RHOLIE R SOt AV TH (0F 7. E-mail: wangwei050413(@ 126, com




R L v e A R RS E TR AT T BE S
1 BiIEREAELE RS
AR g mE 1 R R E 1N
R IE ST e B 1 Ch) SR Eh 3 AR AR I L R
fE A BE S Lo i B 0 2 B A o M T AR R JBOR
o AR 2 kW B ER % CO. @0t 38 8 i st
BLEREBOCE M=— 113,68 m Lng
R TR IR B N, =673 8 th 81K % a=81 mm.

B0 AR A R
Ca) B A IE S (b 36 4 £ S I

Fig.1 Schematic diagram of off-axis unstable

resonator structure

PRV % fr E T 0F G R oh b SR A TR 2 FDBLEE,
[RL e 0 % L B I P9 g T R A T A —
S8 I 4 Th 5 d R Th S A b AR, B AR A R R L
B,

A% 30K Ay 2% () DUJR S0 S A B RN BB I
“Rigord 43 87" % 24 il 4F %2 Ji 2% 18 B i) T 36 S
BT o0, AR R LSRR A Bk
Wk 1 B, 48 A E Siegman 940 . A —
dEE AR T R — R R V=1—
/M, V Forgeid — A &4 Ja ot i oh % 5
i P9 Th S L A 3K 5 R S B o e B R T
T 2ol M 2R Rk 8O %6, R4 “Rigord 43
Friz” B AE R o AR R p T A (D
ik

_ a—D"*T17

T A—Db"+0—1—D1-[1—DA—I—D]"}
In[A—DA—(—T)]
() W

(C)1994-2020 China Academic Journal Electronic Publishing House. All r

AL AR R O R £ — AR R (5
FEAL 1B b B A R I LA A P W N B
Fo) 520N COBOUL M /MG S, g0 =0.5 m™;
Loy R BOGH 28 X 1S E

TR A 2 S TR I O O IR AR A B EE 6
AR 6 AR R BT b S B R
iR 5Pl LBt p . k.S B ECN AR
Rl th BiisEd 2 T sUCD Ao, 9 T R BT
PER S R I Y SR HURCR g 5 8RR R

AR LR Sk il T BE S il Al e M 0 Bk T E 28
FERAME B R AR P AT TR, R
i BEAE 6 mrad SEFR Py I, PR I 4R S 7 £ D) S 42
IR A PR 2 i or . B o ol e 2R o 4 T R 6
L SEL U A ) AR FR I BEAE . AP b Rr LU Lk
R O A R s R P R A b AR R AL ok
R Ay LR IE £ 3 mrad F0 BE I L R I A T SR 4R IR
YA T W (ELH 4y B I ) T R R R
Bk, SiHE LKW ETE 6 mrad LR 40

T8 i ) o 38 R HU0 3 LR B I o 5. 624
060

= Y400 T B 4
- — BRI B4 R
X A~ PRAVIVAN
g 0.50
Ln
Roas
0.40, ) ] 3 B
%V 4 B Imrad

B2 [ g e o AR R
Fig.2 Power extraction efficiency for different types
of resonator with different mirror tilt angles

Pl 3 filiR T A R R B R
HH BT T T A e O S 4 0 R E 4 A PR b R A R
9o m b E AR R O AL A . B 3,
Pl 3Chy AP 3Ce) 43 51 9 4 00 Tk 6 5 e A AR s KR
— 3.0 Al + 3 mrad B, % #0049 BE B S A
[ 3¢d) [ 3Ce) A1 8] 3CH) 43 51 Ay Bf i 65 25 b Ak F
S AR () f BE L R o R R A AT, P 3
Tt G R A1 I L SR I A O B A ad S 4y
AEEBAE TR, AR FRoh LM EiET.
i 3Ca) FE 3Cd), LLAEE 3Ce) FE 3CH Xt
B B T I 1) 2K O R A AR T R T
il . DA, 24 i A RE AR [ B 3 490 B I A Hh O
HOI G e (0T B R RE B N R v B AR L 0

— 163 —

ghts reserved.  http://www.cnki.net




T 0 9 T 5 JE 52 B0 60 B R AR G b o TR B i
O Al A A A DL B TR kB A v RR 2 B
[ o V8 4R I 4 BE K TR A AR B TR T

(a) (b) 19
gos go‘

08| o

1 0.4 :lgﬂl
o2 Doz

c';5-1IJ-5 0 5 10 15
~/mm

(e) ™ (dy 1

o8 0.
Ros Fo.
35 S
o2 0.2
%9565 6 5 1615 99570 5 0 & 10 15
Xfmm x/mm
(e) ™ o
o8 3 0.8
Hos| 20l
] 04 T 04
Doz Zo.2|
%9505 0 5 10 15 0855655 6 5 0 15
x/mm omm

PR3 AN [ AR A A R Sk A 0PI
i 4 't S 4 1) E B S A
Ca) 41l 490 1 B s %% W — 3 mrad i
Cb) 497 T 5 e % % 1
Ce) 3490 10 82 1 %% 1 + 3 mrad B
() BRI 6 5 5 9 — 3 mrad
Ce) R 81 oK ok 8
COYER I 8 1 <M + 3 mrad I
Fig.3 Normalized output beam energy distribution
on the output plane for different types of resonator

with different mirror tilt angles

2 FERTEIERESESEN 0

P 4 s b, S (5] 256 Y 48 4% I 1 oh 2R 4R
IO . 2 A A2 o 40 4 T A e R s i 4R
HURCEE R 005445 1 & s A i, oh 38 B IR AE o,
540 BT BN K M nE SRR BUL R EA R T
Fria . MK R n 3 mm w . TR EROKER 0.
503, 4f Ko s K AR FRE 7.5,

X T BRI T L 24 s A/ i SR U R ALE 0~
—1.8 mm {35 B A BT $ETE . 4K S L R
Ji ) B2 B2 B 4 — BLTE 0. 535 BRI i 3, 29 1 4 0k
B 3 mm B RO R A R . i 2 K
ek o Tl 4 B8 1 AR kR 55 40 42 T B 4 s 2
AL, KK N 3 mm B, Th RO H N 0, 477,
S KAESHLLTR®RT 7%,

A5 R R A A AT R . MK S
e AR fE— 1~ 1 mm 36 B N AL, i)
AT B A Th RS HOKCRE LR T B 3.5%.

— 164 —

(C)1994-2020 China Academic Journal Electronic Publishing House. All rights reserved.  http://www

0.60

- Y490 T % i 4 J
— BRI PR
*0.55
® A
=050
% \J
Ro4s
B R
IR f/mm

B4 A e AR ) 286 7R 4 s ) 0 86 3 I
CHEA R O (AR EE AR L Ml
Fig.4 The power extraction efficiency for different
types of resonator when cavity length changes

(The abscissa 0 value represents the ideal confocal resonator)

B 5 S A€ A8 A 380 0 TRT 8 S A R s e
ST 6 O TR 3 0 il A A L P R B A RR R O
i b B AR A OE O R B 1 5 G LB 5(h)
AP 5 Cod gr 3 e i i B2 3 IR kR
2 mm, KA RN 2 mm I SO R
SRAE AT . B 5Cd) B 5Ce) AT 5 ) A ad 7Y BRI
M i A AR i Y TR O 9 RE A A

@ 1 (b 10
gu,a gua
08 08
:Ieru ftu
Doz mo2
095505 0 5 1015 %5405 0 5 1015
/mm x/mm
(c) M d) 10
Ho8 gu.s
Rog 06
if‘m qu
Doz Doz
%8505 0 5 1015 5705 0 51018
x/mm x/mm
(e) M f) 1.0
=08 go.s
06 08
] 0.4 foﬁ
Do2 Mo2
995505 0 5 1015 %5705 0 5 10 15
x/mm /mm
B 5 A [l 28 208 R Bk i 4 ofc 38 i i o T i
i o HEAY R B AR

Ca) 40y 1 68 1 2 AC 9K 2 mom B
Ch) ¥ Py i B Jie A 5 8 oo B S R K 0 2 mm i
() BR T B8 J 52 s A s 2 mum I
Ce) BRTHTGE I3 o el (O BRI % B A 3 2 mm B
Fig.5 Normalized output beam energy distribution
on output plane for different types of resonator
when cavity length changes

cnki.net




E P 5 Ca) AP 5 () b BT e 30490 ok B I
Fewk A b B HOE R AR AR RIS
SR AT TSI 5 T 2 M AC R (P 5 () i H O IR
A7 300 50 RE B S5 R B 0 T SO R% ) 5 R RO
AEARFIRE N ST RRTBEAE . h 5 (D n) R, o
ek A 2 mm L S H O AT 5 I 23 A EE R AN AR B
Felp A M 2 mm B S N3S 55, FL 4 OO0 R D Gl
BEAT T BTk o 3% — &5 SRR PR 4 o i i T 2 4 TR
R A AR A A B A IR AN R T BE I ¥ 2
HRPEHUACRA T ETF . LA g5 B0 E R O IR
e A b A T A KT AR T R LR T
3 PERHMREREEANELERREN ST

T A S 0 7 4T R T A R 0 4 RO
SUF . DR IR M 1 8 T 1 v AT B R —
SR (R 2 CO. B0 B2 AT IR AR S O
AR AR IR PTG e T RO B IR L TR 2 R TR
S o RS s A R M RRRE L TR A O R O
5 A L A AT T PR N RO L (R [
SE I AT LA 59 0 B A o R S 1 (0 B 26 ol g
LI A 1 2R

B 6 4 2 kW B SiB %% CO, #OL 38 8 R b
At 25 5 OR o ANE L 0 O0HE P4 o 48 420 o s 00 ot 3R
TR L TE R M DD BRSO R AL L. B
bR 0 AR ARIE L T o R e A A L I e I B
Hi 3 24 A2 I S U e R kA . B R T LA
224l B ol o A R /I B R T S SR UM R ek
SR B T 2 R AR R e, R AR HOR A
e B 7 A O b HLAERE ) 3 A e A Ok /s 6 0 17 252288
ABLy il #2242 5 B0 2 mm o Bh A6 B UL F)
B K AE 0. 553 T Jf B 5 A5 2804 I 3% Al oh 4
WUy 0. 544 e F R AR SO0 e 5 i 3 o 42 1 0
I 2 mm (9 AR o 00 A BE SR R R EAT T 04T .

0.60

2 1. 0 1 2

B 3 2 228 fh/mm

PR 6 4l o I e R e A
xR ) T 3 5 WY 2

Fig. 6 Power extraction efficiency of parabolic mirror

o
a

HERRAHE

0.

resonator when the mirrors radius of curvature changes

(C)1994-2020 China Academic Journal Electronic Publishing House. A

PR 7 2 B A 5 A e 5 A e A e o R R R T
FRILIAER LR Ao S AR 1 0+ R 2 W s
Bl AN 2 mm (AR MERE . 7 WAL
AR SR I b ok R VR R T LA 220 5E L kiR
FHBELE 6 mrad 3 [ Y 4R 34 88 s 10 B 3R 3 U
RS 3. 100, H 2% ff B S, JE 3%
SR ) SIS A S T R i 2k
LRGL FoNRGITESIE S v E S5 N

ast R
= — BT SR
§ 0.55]

g WA AN/ \/\,‘\\
30,50 Al
=

0.45 @

-4 -2 0 2
% 1 i fmrad
VA7 0 T B A T A Al A o R

RS
Fig. 7 Comparison of power extraction efficiency
between parabolic mirror confocal resonator and
nom-confocal one with different mirror tilt angles

FEl 8 SR A ik i f A RE S A R i e oF b
AR A B — b Dt B A R AR B O i B
R O H A E . B 8(a) 8 8(b) A 8
(o) 4 5 Sk dh 4y T B A 4B 2k i — 3.0 A1+ 3 mrad
B 4 H G BRI 9 — AR SR B 43 A 5 1 8D L[] 8Ced AN
P 8CE) 4 5 fis 5 it SR AR 3 N 2 mom Y R L A
SR G R SR EE Sy, H P 8 WT A,
EPSUER ONTRES S ik B SUE§ TR
T B K 2 RO 35 00 Th BB AT PR AE ARG L B
) Y o O 2R i It R AR R R AR S R
i E RGNS T ke 31 A N NG
B 8Ca) FIE 8(d). LA B 8(c) FIE 8D, BIA K
WY 3 — B G AR U S AR P R AT
(a) 10 (by M

g 0. :1 0.8

0/ 0.6

# 0.4 f 0.4

Toz2 So2
0.

03q5-10-5 0 5 10 15 -15-10-6 0 5 10 15
xfmm y/mm

(c) 19 (d) 10
go iOB

0. 0.6/

g5 20
do.2 @02

%95505 0 5 1015 °%705 0 & 1015
Afmm x/mm

— 165 —

rights reserved.  http://www.cnki.net




(e 1 n o
=08 0.8
Ko §06
1 0.4 1 0.4
0.2 0.2
095705 0 5 1015 095705 0 5 1015
*/mm x/mm

Pl 8 i T s A T A s R U B A
ST A 5 TR 4 £ R T 4 A
() L 8 — 3 mrad i (b) FE 48 i A 2% i I
(o) F A R i +3 mrad i (D IEILAfE K — 3 mrad
(ISt ER AR K (D IESEER % +3 mrad
Fig.8 Normalized output beam energy distribution on the
output plane for parabolic mirror confocal
resonator and non-confocal one with different

mirror tilt angles

4 g

FF“Rigord 43 B ¥ A SC % S 49 41 7 B0
35 b I R I R R TR B I A E 2 VR I L T SRR LK
ARG B, LUK S P T 0 SRR 5 AR X
i 1 A8 A I TG R s i R AT T AT s B
JEBE G T I 2 2 A% oS I A 0 T B e R
BEr e, RAgRuT .

W0 T 5 s 85 = e e bl R TG 5 I 40
PR B, 24 2k £f BE AR 6 mrad A8 Ak I Wil 4 T B
i 1 3 26 4R U6 L BR T B M 75 5. 6 %6

(2) iR e K B E — 1~1 mm 78
Bl P I 00 AT 5 188 b o R I 0 0 3 B UM R L R
T4 I 3.5% .

(3) 43R i B 2 - A VBN N 08 91 I 3 2 4
U H A 5T B 4 T 2 2 R i, Ty
TR AE B F A, M A2 2 mm B, 3
S B3 A BB KA 0. 553 T I B il 28 R B g
BTk R I D F AR IR E R 0. 544,

2E
[1] HODGSON N, WEBER H. Laser resonators and beam
propagation[ M]. New York: Springer, 2005.
[2] LI GEN,HUANG CHUYUN, TANG XIAHUL Numerical

— 166 —

research on the output beam quality of kW RF-excited
slab CO; laser[J]. Applied Laser,2015(6):713-717.
FR.EEREEE. T RESHUR K CO, BOLH i th
MR B 2 B LT ] B2 0K -2015(6) 2 713-717.

[3] DU K. Picosecond laser with 400 W average power and 1
mJ pulse energy[J]. Proceedings of SPIE-The Interna-
tional Society for Optical Engineering, 2011, 7912(4) .
1-6.

[4] XIAO LONGSHENG. TANG XIAHUI. QIN YINGX-
IONG, et al. Shaping characteristics of output beam of 2
kW radio frequency slab CO, laser[]]. Chinese Journal
of Lasers,2014,41(4) :38-44.

WM BB R M2 2 kW IR & CO. Bt 2
At O SRR TR R S LT . oh [ WOk L 2014, 41 (4D
38-44.

[5] WANG WEI, TANG XIAHUI, QIN YINGXIONG. et
al. Influence of resonator mirror surfaces on output mode
of radio frequency slab CO, lasers[J]. Chinese Journal
of Lasers, 2016(4):21-27.

E MR RN S i TR ) S AR 2% CO,
S A% fi th BER i B ma LT ). o 0, 2016 (4) 1 21-27.

[6] WANG W,QIN Y,XIAO Y,et al. Research on beam char-
acteristics in a large-Fresnel-number unstable-waveguide hy-
brid resonator with parabolic mirrors[J]. Applied Optics,
2016,55(21) :5497-5504.

[7] BUSKE I, WITTROCK U. Diffraction analysis of aber-
rated laser resonators[ J]. Applied Physics B. 2006, 83
(2):229-233.

[8] SIEGMAN A E. Analysis of laser beam quality degrada-
tion caused by quartic phase aberrations[ J]. Applied Op-
tics,1993,32(30) :5893-5901.

[9] LAPUCCI A, CIOFINI M. Numerical analysis of non-
confocal configurations of a hybrid stable-unstable re-
sonator[ ] ]. Optics Communications, 2011, 284 (4):
999-1003.

[10] SIEGMAN A E. Lasers[ M]. Calif. : Oxford University

Press, 1986.
[11] RIGROD W W. Saturation effects in high-gain lasers M].
Journal of Applied Physics.1965.36(8) :2487-2490.







3. FEE#a3FT B K R4S R ST

538 B 6 ) oM W Vol. 38.No. 6
20184 12 A APPLIED LASER December 2018

AN [A) 45 74 JEF3 18 ' I Re PR AT
M, A, BEE
CRBURM TR R W4k B 4302055 2 SEd R K% B0 in THE R TR S0, 84 2L 430074)

WE ARk T R AF B S R L EL AT 3R A9 8 00T A7 S AR PR A B R DRI B R AR R WO R ROBOR B T M . EE
Rl o 2 R (5] 45 10 L S 1R 28 ZR0 RS 9% s 10 4 o O SRR B 5 S AR TR o DR BB RS R 5 A IR R B R AT S R RO L. R A
FoseLi 3% % 03 B UL T 368 ik TE SR 670 S0 A s %o 9 1 e fis A 0 o o P 00 i o e e S [ 6% 8 R B 10 R o ek
1774007 B FC 45 B3 B8 AR A o A B i o OB SR 3 40 A B B EE A P HL OB TR M BT U X R B 0 1/55 T 8
7S AR 1 T 5% A R A R A E S

XEIA IRRE; HRBRE; HEBHR; RS

hE %S TN242 XHkFRIRAS: A doi: 10.14128/j. cnki. al. 20183806. 1014

Beam Characteristics of Unstable Resonator with Different Structures
Wang Wei', Wan Wen'! Tang Xiahui®
(! Wuhan Vocational College of Software and Engineering , Wuhan , Hubei 430205, China; *National Engineering
Research Center for Laser Processing . Huazhong University of Science and Technology, Wuhan , Hubei 430074, China)

Abstract The unstable resonator is widely used in the slab lasers and amplifiers due to its good mode discrimination character-
istics and the ability to obtain output beam close to the diffraction limit. However, there are many different structures of unsta-
ble resonators. and the output beam characteristics of different types of resonators are different. Therefore. it is of great signif-
icance to study the unstable resonator of different structures. The Fox-Li iterative algorithm was used to numerically simulate
the output characteristics of symmetric positive and negative branch confocal resonators. symmetric unstable resonator and off-
axis unstable resonator, and the stability of different structure resonators were analyzed. The results show that the far field en-
ergy distribution of the output beam of the off-axis unstable confocal resonator is more concentrated, and the M? factor of the
output beam is only 1/5 of the symmetric resonator, while the anti-misalignment of the off-axis negative branch confocal re-
sonator is better than the off-axis positive branch resonator.

Key words unstable resonator; beam quality; numerical simulation; misalignment characteristics
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Abstract: There has been recent interest in diode pumped metastable rare gas lasers
(DPRGLs) and their scaling to higher powers, due to the advantages of excellent beam quality
and high quantum efficiency. In this paper, a ew diode pumped rare gas amplifier (DPRGA)
with single-pass longitudinally pumped configuration is studied theoretically based on master
oscillator and power amplifier (MOPA). A five-level kinetic model of DPRGAs is first
established. Then, the influences of gain medium density, pump and seed laser intensities and
gain length on DPRGA performance are simulated and analyzed. The results of numerical
simulation agree well with those of Rawlins et al.’s experiment. With the best set of working
parameters, the amplification factor reaches 22.18 dB, at pump intensity of 50 kW/em® and
seed laser intensity of 100 W/em?, Parameter optimization is helpful for design of a relatively
high-power DPRGL system

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Recently, significant progress has been made in the development of a hybrid gas phase/solid
state laser systems: diode pumped alkali vapor lasers (DPALs) [1-7]. However, there exist
two main challenges for DPALs: active chemical properties of the gain medium (usually
alkali vapor and hydrocarbons) and precise temperature control (the effective gain medium
concentration is vaporized by heating). To solve these issues of DPALs, Han and Heaven et
al. proposed an optically pumped metastable rare gas (Rg*) laser (OPRGL) in 2012 [8]. The
gain medium of OPRGLs is their usage of rare gases (Rg) only. which makes these lasers
inherently chemical inert. OPRGL is an alternative to DPAL because of their similar lasing
mechanism, which combines the advantages of solid lasers and gas lasers. As a two-step
pumping scheme, OPRGL includes Rg electrical discharge and optical pumping processes.
When a diode laser is used as pump source, diode pumped rare gas lasers (DPRGLs) can be
regarded as beam conversion systems with a wavelength in the near infrared range. In
DPRGLs. a high-power laser with excellent beam quality is produced by a diode laser with
poor beam quality at room temperature. In addition, DPRGLs have some other characteristics:
high quantum efficiency, the narrow line-width (~MHz), medium recyclable flow heat
dissipation, light weight and compactness.

Based on the advantages as mentioned above, DPRGLs have attracted increasing interest
of researchers around the world. In recent years, a series of experiments and theoretical
models have shown that DPRGLs are of high efficiency, high power and excellent beam
quality of DPRGLs in different ways [8—16]. In 2015, Rawlins et al. have firstly realized a cw
Ar* laser by microwave frequency microplasma discharge [10]. The cw laser power is 22
mW of a single OPRGL oscillator with narrow linewidth and high beam quality (Gaussian
beam profile), which meets the requirements of seed laser in a cw MOPA laser system.

#361618 https:/fdoi.org/10.1364/0E.27.012514
©2019 Received 5 Mar 2019; revised 12 Apr 2019; accepted 12 Apr 2019; published 17 Apr 2019
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At the same time, researchers have done a lot of theoretical work. Demyanov et al. have
established cw OPRGLs model with optical conversion efficiency of 60% based on three-
level scheme under consideration of the discharge power density to sustain sufficient Ar*
density in 2013 [12]. Subsequently, Yang et al. and Gao et al. developed a longitudinally and
transversely diode pumped double-pass model by five-level scheme, respectively [13,14]
And we have established a complete dynamic model of DPRGLs systems with high
efficiency and high power output [15]. To increase the power of these hybrid laser systems
including DPRGLs and DPALs, till now, higher intensity and narrow-banded (~20 GHz)
pump sources have been employed, such as multiple diode laser arrays or stacks of diode
laser arrays [16,17]. Besides, similar to in traditional solid-state and fiber laser systems, there
are two common ways for DPRGL power scaling: one is to extract power from a single
oscillator, the other is to use the master oscillator power amplifier (MOPA) configuration.

Until now, diode pumped alkali amplifiers (DPAAs) have been demonstrated in both
experimental and theoretical [18-23]. Zhdanov et al. have firstly presented Cs DPAA with
21.6 dB amplification in 2008 [18], and the first Rb DPAA with 7.9 dB amplification has
been demonstrated in 2010 [19]. However, to date, all the high power DPRGL systems are
performed using single oscillator, the DPRGA systems may be required for power scaling.
Compared with a single oscillator, as an alternative power scaling approach, diode pumped
rare gas amplifier (DPRGA) or DPRGA chain configuration is beneficial for the power
scaling with excellent beam quality and reduces thermal effect of high power lasers.

In this paper, based on a five-level scheme, a kinetic model of a DPRGA system is
established by taking Ar-He gas mixture as an example in order to research the characters of
DPRGAs. Then, the validity of our model 1s verified by comparing with Rawlins et al.’s
experimental results. Finally, the influence of optimization factors on single-pass
amplification factor and efficiencies are analyzed in the simulation, which are helpful for
designing an efficient high power DPRGA system.

In Section 2, the physical model and numerical approach of a single-pass DPRGA based
on five-level scheme are introduced. In Section 3, validity of the model is verified by a
comparison with Rawlins et al. experimental results. In Section 4, some key factors of laser
characteristics are calculated and analyzed.

2. Physical model of DPRGA description

For ease of understanding and explanation, the schematic diagram of an Ar* laser MOPA
system is shown in Fig. 1. The seed laser, denoted as I, is produced by the Ar* oscillator,
and is injected in amplifier with pump light to obtain the output laser /.. Both of oscillator
and amplifier contain a homogeneous gain medium, namely helium and metastable Ar*
atoms, which 1s produced by discharge near atmosphere. The difference between oscillator
and amplifier is that the later one only considers the single-pass transmission without cavity
mirror.

Ar’ Oscillator

Partial light 912.3nm AT Amplifier
e for seed laser Gain seed laser

Lo medium Iy 912.3 nm
B Gain output laser

} i I

{gair medium I
laser
1, -
The rest light Rai

for output laser

Fig. 1. Schematic diagram for an Ar* laser MOPA system.
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The energy level scheme for excited rare gases is more complicated than that of the
alkalis. The complete energy levels associated with the DPRGA systems contain four 1s-
levels (from 1s; to 1ss, Paschen notation) and ten 2p-levels (from 2p, to 2pp). In our model,
however, the kinetic of the DPRGA model can be described as a five-level structure,
including the lower pump level 1ss, the upper pump level 2pq, the upper laser level 2pg, and
the resonant level 1sy and the 2pg. This simplification was based on the assumptions: one 1s
that the population transfer from 1s, and Is; levels is ignored because the intermultiplet
transfer data of manifold 1s is incomplete, and the other is that we only consider the 2py level
and ignore the 2p;~2p; levels because of the small energy gap between the levels of 2pg and
2ps (about 0.01 eV). A five-level model based on more complete energy levels and population
transfer channels is shown in Fig. 2.

The detailed lasing mechanism of DPRGA 1is as follows: the metastable 1ss state of Rg
(excepting He), as the common laser and pump lower level, is generated by discharge. Optical
pumping on the 1s5—2py transition with subsequent collisional relaxation to the laser upper
level (2p;q state) creates inversion between Iss and 2p,o states undergoing absorption and
amplification processes of seed laser.

Degeneracy Paschen notation Energy [em™]
Y 2p 108722.6
3 2.”372.‘77
g:=3, n, r ™ Y — 2p, 105617.3
|l |
H " 3
2,=7. n, !} ' — | T e 2p, 105462.8
i : 1 22148
' . 5000
: ! o
: : = 104102.1
: Pl :
- 2S5 -
! i E H 95399.8
: : 34 94553.7
£=3 m | ' l—‘r Is, 93750.6
¢ - ]
2,25 n, ek — e s, 93143.8
Ar';/ g
Discharge '
1
¥
'S, 0

Fig 2. Nlustration of Ar energy levels and transfer channels in the mode.

In Fig. 2, the red dotted and black lines represent the spontaneous emission processes and
the collisional relaxation processes, respectively. And the orange and yellow thick lines
respectively describe the pumping and lasing processes. In our model, we mainly concern the
repopulation of the five related energy level by optical pumping and corresponding laser
performance, and the repopulation of these levels by discharge is not included. It 1s assumed
that the pump and seed laser intensities are homogenous along the longitudinal direction (the
optical axis). Our model of DPRGA based on rate equations is described as follows:
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where Any is defined as Amy=n,—g;/ g * n;, in which n; and g; (the subscripts 7, j = 1.2,3.4.5)
represent the population densities and degenerate degrees of 1ss, 154, 2pyy, 2py and 2py energy
levels, respectively. 4; and AL, between i and j energy level, are the spontaneous emission
Einstein coefficients and the energy gaps, respectively, which are provided by [24]. k; are the
collisional relaxation rate constants, which can be obtained by k; =k, = ya, + k™ % yige. v
and yy. respectively represent the mixture fraction of argon and helium. Ic,J"" and k,,"" are
taken from [10,12,25,26]. The reaction processes and the value of k; and A, considered in the
rate equations are shown in Table 1 and Table 2, respectively. In order to simulate the
DPRLAs systems with different temperatures effectively, the rates are modified by an
Arthenius temperature scaling [10]. In our model, gain medium density, as a constant, is
expressed as the initial Ar (1ss) number density which is investigated in detail in our previous
work [15]. lpy, 15 length of the gain medium. kg is Boltzmann constant, and T is the absolute
temperature in Kelvin. g3,(4) is described the excitation cross sections in the laser emission
processes for laser amplifier, which is expressed as below:

Ay
A = 31731 7
oy, (4) . U}

where 431 = 912.3 nm is the wavelength of the seed laser and the output laser of the amplifier.
The spectral linewidth of the laser transition, denoted as Avs,, is described as below [27]:

Avy =2[ ki, JX(T/300)7 %N, )

where k;,"¢ and ks, are equal to 5 x 107 em¥s and 0.6 x 107" em?/s, respectively, in Table
1. N represents the density of particles at atmosphere.
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In addition, the pump rate, the seed laser transition rate and the laser transition rate in the
amplifier are represented by I'p, I'y and [iuser, respectively. And I, is described as below [28]:

r =MJ’J,{L‘HP_(’”
L) v, di

.{]—eKP[_AnHJH (1]'].&32'“]}’ ®

where 4o and #meq, assumed to be 100% in calculation, represent the delivery efficiency of
the pump beam and the mode-matching efficiency, respectively. hv, is pump photon energy,
in which £ is the Planck constant and v, is pump light frequency. di(A)/di is the spectrally
resolved pump light intensity, which can be expressed by

di,(A)fdA=1,-g,(4). (10)

where [, denotes the pump intensity, and we assume that the lineshape is shown as g,(1) in a
Gaussian distribution [14]:

¢ 2 (In2 4In2 2
gp(A) =z e - — ("_"p) i an
A Aav, N7 Av,
Table 1. Collisional relaxation processes and rate constants involved in DPRGLs model.
Rate constants ky Tempx Units References

Ar(l1sy)+ Ar — Ar(1ss) + Ar 1x 107" 300 K cm’/s [13]
Ar(1s,) + He — Ar(1s5) + He 12x 107" 303K em¥s [13]
Ar(2p10) + At — Ar(ls5) + Ar 06 x 107" 300K em¥s [13]
Ar(2pq) + He — Ar(1ss) + He 5x 1071 300K em¥s 1131
Ar(2pg) + Ar -5 Ar(1s) + Ar 25 %107 300K em’s [13]
Ar(2ps) + He — Ar(1ss)+ He 2x 107" 300K cm’/s [13]
Ar(2pg) + Ar — Ar(1ss) + Ar 15 107" 300K em’/s [13]
Ar(2pg) + He — Ar(Iss)+ He 1= 10712 300K em’s [13]
Ar(2ps) + Ar = Ar(2pio) + Ar 26 107" 300K em¥s [13]
Ar(2ps) + He — Ar(2pi) + He 16 % 107" 300K em¥s [13]
Ar(2pg) + Ar = Ar(2pio) + Ar L1 x 107t 300K em¥s [13]
Ar(2pg) + He — Ar(2pyg) + He 4x 107" 300 K em’/s [13]
Ar(2pg) + Ar — Ar(2py) + Ar L1 x 107" 300K em’/s [13]
Ar(2py) + He — Ar(2pq) + He 45 107" 300K cm’/s [13]
Ar(Iss)+ Ar+ Ar — An* + Ar 36 % 1072 x 708 em¥s 1131
Ar(Iss) + Ar + He — Ar* + He 18 x 1073 x 706 em?s [13]

Table 2. Einstein spontaneous emission coefficients A in DPRGLs model”.

Reactions Emstein spo coefficients (s')  References
Ar{1s4) > Ar{18q) A =57 10° [10]
Ar(2pi) = Ar(lss) A, =187 % 107 [24]
Ar2pi) = Ar(ls) A =543 x 10° [24]
Ar(2pi) = Ar(ls;) Ao =9.8 x 10° 241
Ar(2py) = Ar(ls;) Apig =19 x 10° [24]
Ar(2ps) — Ar(lss) Ay =331x107 24]
Ar(2ps) — Ar(1ss) Ay =928 x 10° [24]
Ar(2ps) — Ar(1s,) A=215% 107 [24]
Ar{2pg) - Ar{ls,) Ay o = 1.47 % 10° [24]

“Ay 1s the radiatively trapped coefficient in our model.

In Eq. (11), ¢ is the speed of light, Av, and v, are described, respectively, the spectral
linewidth in FWHM and the corresponding frequency with the wavelength of the pump
source. In order to obtain higher pumping efficiency, Av, needs to match the corresponding
Ar* absorption linewidth (FWHM) which 1s related to absorption cross section a14(4) in Eq.
(9). Since the density of Ar* 1s produced by discharge under atmosphere, we assume that the
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homogeneous broadening (Lorentzian profile) dominates in broadening process. Therefore,
14(4) can be given as below:

g, Aua Av,,
o,(d)==223L. — 8 (12
B T Ty :

where Ay = 811.5 nm is the pump wavelength, v4; is the corresponding frequency at 811.5
nm. Avy; is not only related to the total pressure in discharge but also related to the partial
pressure ratio of helium and argon, similar to Eq. (8), which is described as below:

Avy =2y -kl + v, kY ]x(7/300) XN, (13)
where ky,"¢ and k;,™ are equal to 2 x 1072 em¥/s and 2.5 x 107"! em?/s, respectively, in Table

In our model, the seed laser is assumed to be in a single frequency and amplified being
absorbed. The seed laser transition rate I';; is given by

_ NaaTlwoa 1 dl;t
I diaﬂl{l—exp[—A}qlo”(A]AIw”]}, (14)

where ay;(4) 1s described as the absorption cross sections for laser amplifier.
The laser transition rate I, can be expressed as

|
L ier I'K‘{exp[mslcﬁl(A)"rwn]_]}: (15)
where hv; is laser photon energy.

In the case of cw operation, the solutions of the rate equations are discussed under the
steady-state conditions of d / df = 0. Combined with Egs. (9), (14) and (15), the rate equations
can be solved to obtain the dependent variables such as number density »; and output laser
intensity /... Then the energy conversion channels can be expressed as follows:

Fosar = liguer * 5. (16)

Pﬂuﬂnmm = V‘(HIA‘ALA‘E]L A AL, +n A AE A AE +"5’451A‘Esz)1 7

ny Ay AEs +n, Ay AR, +ns Ay AR,

- B AE
+hy AL, -"z _7?"1 exp[— kka"l ]}
Brew =V - +kAE, 1, _ﬁn] exp[_ ?(E}l J} . (18)
L 3 B
[ g AE,
kAL -"s __jnz exp[— kg;? J:|
[ g AL,
+ky AE;, -nj ——jxg exp[— kg;: H
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where Pler, Puorescence. and Py, are the output laser, fluorescence power and waste heat in
amplifier. S is the cross section area of the laser beam. J' is the mode volume, which can be
expressed by V= [y, % 8.

3. Comparison with Rawlins et al.’s experimental results

In this section, validity of the model is verified by a comparison between the simulation by
our model and the experiment results by Rawlins et al. The model parameters are set to
ensure consistency with the experimental conditions [10]: gas pressure P = | atm, mixture
fraction of Ar y,, = 2%, gas temperature " = 600 K. pump linewidth Av,, =2 GHz. The
dependence of gain length on amplification factor at the pump intensity /, = 1320 W/em®
(corresponding to 800 mW) and the seed laser intensity /, = 20 W/cm® (corresponding to 12
mW) is shown in Fig. 3. In literature [10], the single-pass amplification factor in probe
experiment is about 9, and in our calculation is 9.84 (that is 9.93 dB in Fig. 3). The calculated
results agree qualitatively with the experimental results. The main reason for the relatively
larger calculated results is that we assumed the delivery efficiency of the pump beam 5, and
the mode-matching efficiency i, to be 100% in simulation.

15 T T T T T T T T T
14
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e

Fig 3. The calculation results of the gain length on single-pass amplification factor. The
amplification factor is defined as A(dB) = 10 logig (fiwer / L)

4. Simulation results and discussions

In this section, the influence of several key factors on amplification factor are simulated and
analyzed. and the calculations results could provide guidance for designing an efficient
single-pass DPRGA system in future. We first analyze the influence of the initial Ar(lss)
density (Section 4.1) on single-pass amplification factor and efficiencies of DPRGAs
separately. Then, with different pump intensities /,, seed laser intensity [; and linewidth of
pump laser A4, the dependences of the single-pass amplification factor on the gain length leu,
(Section 4.2) are respectively discussed. Finally, the influence of pump and seed laser
intensities on single-pass amplification factor is determined (Section 4.3).

4.1 Influence of the initial Ar(1ss) density

The gain medium density is a very important factor in designing a DPRGA system. In our
model, the gain medium density is expressed as the initial Ar(1ss) number density which is
obtained by discharge. Yang et al. proposed that the bottleneck effect of slow relaxation rate
sy can be compensated by increasing the initial Ar(1ss) number density (3 x 10 em™) to
realize a cw linear lasing [13]. And the number density of metastable Ar* atoms under
conditions of a de microdischarge was measured in [29] to be 10" cm™. As a result, the
initial Ar(1s;) number density is set as the order of 10" em™ in our calculations

Then we study the influence of the initial Ar(lss) density on single-pass amplification
factor. In the calculation, the parameters are set as follows: total gas pressure is 1 atm (room
temperature) mixture with 2% Ar and 98% He (i.e. ya, = 2% and yy. = 98%), the pump
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intensity is [, = 50 kW/em? with linewidth of 50 GHz (FWHM), and the seed laser intensity is
Iy= 100 W/em®. The selection of the main parameters is analyzed in detail. According to the
literature [10]. properly elevated temperature may be beneficial to laser performance because
of faster energy transfer kinetics. Given that the lack of collisional rate constants at higher
temperature (also the reliable temperature scaling laws), we provide the calculations at room
temperature for a conservative estimation [13]. The simulation results are shown in Fig. 4.
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Fig. 4. The initial Ar (lss) number density influence on single-pass amplification factor of a
DPRGA at different (a) gain lengths, (b) pump intensities, (c) seed laser intensities and (d)
pump linewidths.

In DPRGA system, uniform propagation of pump light in gain medium is beneficial to
obtain higher energy laser. The uniform propagation characteristic of pump light in gain
medium can be guaranteed by choosing suitable Rayleigh length, that is, by selecting the
appropriate gain length. With different gain lengths of 1 cm, 5 cm, 10 ¢cm, 15 cm, 30 cm, the
dependences of the single-pass amplification factor on the initial Ar(1ss) number density are
shown in Fig. 4(a). It can be seen from Fig. 4(a) that the equivalence between gain length and
initial Ar(1ss) density. For a certain column Ar(lss) density with different gain length, the
maximum single-pass amplification factor keeps the same (~22.18 dB) theoretically. But at
the same amplification factor, the gain length is inversely proportional to the initial Ar(lss)
density. At the same time, the Rayleigh length can be expressed as L = e, / A (w, represents
the beam waist of the pump light), which is proportional to the cross section area of pump
light at a definite wavelength. However, according to the relationship between power and
intensity (P =1 = ), the pump power is proportional to the cross section area of the pump
light at a certain pump intensity. To summarize, for identical intensities, the gain length is
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inversely proportional to the initial Ar(lss) density and is proportional to pump power.
However, the higher initial Ar(1ss) density poses a challenge to discharge conditions. So, it 1s
necessary to keep a balance between the gain length and the imtial Ar(lss) density in
designing a DPRGA system. In our simulation model, gain length is set as a moderate value
Of lgain = 15 cm when we study the influence of other factors on amplification factor.

Then the influence of initial Ar(1s;) density on laser performance at different pump
intensities 1s shown in Fig. 4(b). For a given pump intensity, we require an optimal initial
Ar(1ss5) density to obtain the highest amplification factor, which is the result of a balance
between pump absorption and non-lasing losses. To get higher amplification factor, we need a
higher pump intensity and higher initial Ar(1s;) density. With different pump intensities of 5
kW/em?, 10 kW/em?, 30 kW/em?, 50 kW/em?, 80 kW/em?, 100 kW/ecm?, the amplification
factor could reach 11.79 dB, 14.95 dB. 19.90 dB, 22.18 dB, 24.25 dB, 2524 dB at the optimal
initial Ar(1ss) density of 3 x 10" em™, 5 % 107 em™, 1 % 10™ em™, 1.6 x 10" em™, 2.4 x
10" em™, 2.9 x 10" cm™, respectively.

Figure 4(c) shows the relationship between the amplification factor and the initial Ar(1ss)
density for six different seed laser intensities under the same pump intensity. For the same
column Ar(1ss) density, the amplification factor is decreased with the increase of seed laser
intensity. At initial Ar(lss) density of 1.6 x 10" em™, the optimal amplification factors are
32.14 dB. 25.16 dB, 22.18 dB, 15.28 dB, 12.42 dB and 4.23 dB under the seed laser
intensities of 10 W/em?, 50 W/em®, 100 W/em?, 500 W/em?®, 1 kW/em® and 10 kW/em?
respectively.
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Fig 5. Influence of the imitial Ar(1ss) density on pump absorption efficlency (#ases), the laser
extraction efficiency relative to total pump POWer (Huw), the laser extraction efficiency
relative to absorbed pump power (4., fluorescence efficiency relative to absorbed pump
POWET (Hftwwis) and heat efficiency relative to absorbed pump power (Bieas). And
fluorescence power and heat power are calculated by Egs. (17) and (18).

Finally, the influence of initial Ar(1ss) density on DPRGA performance at different pump
spectral linewidths of 2 GHz, 10 GHz, 20 GHz, 50 GHz, 100 GHz, 1s shown in Fig. 4(d). The
results show that the effect of pump spectral linewidth on DPRGA performance decreases
with the increasing of initial Ar(1ss) density. The reason is that the probability of collision
between pump light and Ar(1s;) particles decreases at lower initial Ar(1s;s) density. Therefore,
DPRGA performance becomes more sensitive to the pump linewidth. In addition, the
amplification factor decreases with the increase of pump linewidth at the same column
Ar(1ss) density. According to the results shown in Fig. 4, we also can clearly see that the
amplification factor increases dramatically with the initial Ar(1ss) density (in range of 1 ~10
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% 10" em™) to its maximum value, and then it decreases slowly with the increase of the
initial Ar(1ss) density (greater than 1.5 x 10" em™) at a certain condition. Under the
condition of lgin = 15 ¢m, the aperture of the gain medium need to be 6 cm® to realize 100 kW
output for the pump intensity of 50 kW/cm® and the seed laser intensity of 100 W/ecm®. The
results show that a DPRGA 1s a compact and high power output laser system.

Figure 5 shows the relationship between the efficiencies of DPRGA and the initial Ar(1ss)
density. Parameters are the same as mentioned in Fig. 4. With the increase of the initial
Ar( 1s5) density, we need to increase the pump absorption efficiency #,5,4, Which, otherwise,
will lead to the decrease of the laser extraction efficiency #opeass. For the absorbed pump
power, there exist three main exit channels: laser. fluorescence and heat. From Fig. 5, we can
see that both the fluorescence efficiency #gu.us and the heat efficiency #je, will increase as
the initial Ar(1ss) density increases, which induces the decrease of #gp.ans. The results show
that the maximum laser extraction efficiency is about 33%. The phenomenon is caused by the
absorption of seed laser and the single-pass pumping process.

4.2 Influence of the gain length

The gain length is another important factor in designing a DPRGA system. In Fig. 6, single-
pass amplification factor is represented as functions of the gain length for different simulation
conditions. The initial Ar(1ss) density is set as 1.6 x 10" ¢m™ and the other parameters are
set as what listed in Section 4.1. Firstly, we study the influence of gain length on DPRGA
single-pass amplification factor at different pump intensities [Fig 6(a)]. The results
demonstrate that the amplification factor increases obviously with the gain length to its
optimal value, and then it decreases slowly with the increase of gain length at a certain pump
intensity .
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Fig 6. The gain length influence on single-pass amplification factor of a DPRGA at different
(a) pump intensities, (b) pump linewidths and (c) seed laser intensities.
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In addition, we find that the amplification factor increases with the increase of pump
intensity at the same column gain length. And the optimal gain length increases with the
increase of the pump intensity. The optimal gain lengths are 9.9 e¢m, 15 em and 22.1 cm at the
pump intensities of 30 kW/em?, 50 kW/em® and 80 kW/em® respectively. Therefore, the gain
length should be optimized to achieve the optimal amplification factor in designing a
DPRGA. In Fig. 6(b), the amplification factor is represented as functions of gain length at
different pump spectral linewidth. When the gain length increases, the probability of collision
between pump light and Ar(1s;) particles dramatically increases, and the amplification factor
becomes less sensitive to the change of pump spectral linewidth. According to the result of
Fig. 4(a), the gain length is inversely proportional to the initial Ar(1ss) density. To obtain a
DPRGA system with highest energy output, it is necessary to keep a balance between gain
length and initial Ar(1ss) density. From Fig. 6(c), it can be seen that the maximum single-
amplification factors are 32.14 dB, 22.18 dB and 12.41 dB at the seed laser intensities of 10
W/em?, 100 W/em®, and 1 kW/em?, respectively, under the optimal gain length [y, = 15 cm.

4.3 Influence of pump laser and seed laser intensities

According to the experimental results of Rawlins et al. the output of the DPRGL is
approximately dozens of milliwatts (i.e.. W/cm?) [10]. As a high power five-level DPRGA
system, the required pump intensity is several kW/cm®. In our calculation, the dependence of
amplification factor on seed laser intensity at different pump intensities is shown in Fig. 7. It
is seen that, for a constant seed laser intensity, the amplification factor increases with the
increase of the pump intensity. In addition, when the seed laser intensity is weaker, the
amplification factor is larger.
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Fig. 7. The gain length influence on single-pass amplification factor of a DPRGA at different
pump intensities.

In DPRGAs, when the seed laser is absent, the Rg* works in recycling mode
155—2Py—2P—1s5 to convert pump photons into laser photons, and the cycling step
2Pyp—1ss 1s dominated by spontaneous emission. And when the seed laser is present, the
cycling step 2P;y—1s;s 1s dominated by stimulated emission, which is much faster than the
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spontaneously emission process. Thus, the presence of seed laser accelerates the total atomic
recycling rate, including the pump absorption step 1s;—2Pg. And for a constant initial Ar(1ss)
density, the pump absorption fraction is dramatically enhanced.

5. Conclusions

In this paper. we set up a five-level scheme model for a DPRGA by considering the
conservation of the number density. The design of DPRGA is very promising in achieving
high power output. By analysis of the kinetic of laser amplification processes, we established
a physical model to simulate the output characteristics of the DPRGAs systems. The results
predicted by our model agree well with the experiment results in Ref [10]. We simulated and
analyzed the influences of the initial Ar(1ss) density, gain length and the intensities of pump
and seed laser on amplification factor. From the simulation results, we can reach the
following three conclusions. Firstly, the maximum single-pass amplification is existed under
an optimal initial Ar(1ss) density. Secondly, higher initial Ar( 1ss) density can result in the less
sensitiveness of pump spectral linewidth and shorter gain length. Thirdly, the total atomic
recycling rate can be accelerated by injecting the seed laser into the system compared with a
single oscillator, which is beneficial for obtaining higher power output.

According to the simulation results, the DPRGA system is promising in achieving high
power output by keeping a balance of some main parameters. The conditions of the maximum
amplification factor of 22.18 dB (ie.100 kW output) are derived as follows: the pump
intensity is 50 kW/cm’, the seed laser intensity is 100 W/em®, the gas pressure is 1 atm and
the gain length is 15 cm. However, considering the only single-pass pumping in DPRGAs, the
laser extraction efficiency of DPRGAs (~33%) is lower than that of a single oscillator (~57%)
[13]. Thus, we can provide a high efficiency DPRGA system by multi-pass pumping, and a
higher power output by a chain of two or more amplifiers structure.
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Power Battery Explosive proof Valve Welding
System Based on MOPA Fiber Laser

He Qiong' Yang Sheng' Wu Xuan® Lei Bo®
(1, Wuhan Vovational College of Software and Engineering, Wuhan 430205, Hubei;
2. Wuhan YiFi Laser Equipment Co. . Ltd, Wuhan 430074, Hubei)

Abstract: The design principle and operating feature of power battery explosive-proof valve laser-weld-
ing system based on MOPA fiber laser is introduced in this paper. which optimizes laser-welding technolo-
gy and fixture design as well as double-working station design and rotators station loop cycle. It gives a so-
lution to the efficiency problem of power battery explosive-proof valve welding quality. the final welding
yield comes up to 99 % with production efficiency=245/min. The system could meet the production require-
ments of explosive-proofl valve for square and cylindrical power battery.

Key words: power battery; laser-welding; battery explosive-proof valve; MOPA fiber laser
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7. FRAMB BB REMN R

E———— Application -+ Communication { [EIIIEIR

FRANBHADBRE MR

Design of Handheld Wire Rope Laser Cutting System

o A &R OE ®
(1 XKREHTRREFELFELLTHEEL, KR 430205;
2HPHAEXFHE AN IHREIEMT PO, KL 430074)

A E: MRT -MFRAFEHNAEOCIE RS UABk BRSO E RO, R A A AT R
&4, 3 T IR E Ak R BTA TS S LE . Sl (R BUh i i Bkl Bkrb 88 BN S HE
SEECERGUTHEER 12 mm PRRSIAI DRI B R, R T DRI AR BT

x| FEAEOLE WMWE it Sotdl

DOI: 10.3969/j. issn. 1007 — 080x.2012. 02. 011

Abstract: This article mainly introduce a handheld laser cutting system for wire rope which used for fiber
transferring. By the use of pulsed solid laser, we chose fibers as flexible transmission, designed a special clamping
apparatus for rope cutting. Furthermore, we also did some research on its cutting technologies. With the optimized
discharge current, pulsed frequency, pulsed width and assisted gas pressure, this system now can meet cutting
requirements up to diameter 12 mm wire rope which affords a new approach to rope cutting field.

Key words: solid laser ire rope cutting fiber transmission  laser cutting
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Two—rod high power pulsed Nd : YAG laser cutting system
HE Qiong' YANG Sheng' . FANG You—xiong - WANG Ying"
1. Wuhan Vocational College of Software and Engineering: Optoelectronics and Communication Engineering Department s Wuban 430205, China
2. National Engineering Research Center for Laser Processing of HUST' , Wuhan 430074, China
Abstract : A high power pulsed solid state laser cutting system- It is constituted by series —wound dual rods of 1000W lasers: CNC table, auto focus system
and optic delivery system - And this system can fulfill multifarious metal cuiting applications- Such as Carbon steel . S-steel, Al-, Brass in thickness of 1~
Compare to single rod of 500W lasers and series—wound dual rods of 500W lasers. series—wound dual rods of 1000W lasers has advantages of faster cutting speed
and cutting deeper-
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Application of 3D Laser Scanning System in Automatic Grabbing of

Ship Unloader
HE Qiong , YANG Sheng
(Wuhan Vocational College of Software and Engineering, Wuhan 430205, China)

Abstract: The articles introduces the application of 3D laser scanning system in automatic ship unloader. It ana—
lyzes the working process of the system and puts forward the installation plan of the laser scanner. By the laser scan—

ning, PLC captures the 3D shape of the material, the grabbing points and depth and thus the whole work process of the

unloader in the circulation is optimized.

Key words: grabbing ship unloader; 3D laser scanning system; PLC
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Analysis of Tooth Wear of Powder Metallurgical Gear during Dry

Running
TU Jie
(Nanjing College of Chemical Technology, Nanjing 210048, China)

Abstract:In this research, we establish a model to prediet the wear pattern of spur gear tooth under unlubricated
conditions, and compare the predicted wear depth with experimental results. Through the comparison, we know some
factors that influence the wearing.

Key words: modeling; spur gear; wear depth
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Study on the Characteristics of Non-confocal Off-axis Positive Branch Unstable Resonator
Yang Sheng, Wang Wei
(Wuhan Vocational College of Software and Engineering , Wuhan , Hubei 430205, China)
Abstract The unstable resonator has a large mode volume and good beam characteristics. so it is widely used in the slab laser.
Generally speaking ., the slab laser adopts confocal unstable resonator, while there are few research on the structure of the non-
confocal unstable resonator. In this paper, the power extraction efficiency of non-confocal resonator is analyzed by ‘Rigrod
Analysis’. The beam characteristics and misalignment characteristics are investigated when the cavity length increased or re-
duced. The results show that when the cavity length decreased, the power extraction efficiency shows a downward trend.
However. when the cavity length increased by 150 mm to 210 mm. the power extraction efficiency of the non-confocal resona-
tor is increased about 11% . and the anti-misalignment is increased by more than 10% compared with the confocal resonator.
Key words unstable resonator; the power extraction efficiency;

misalignment characteristics; beam quality
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Roller Surface Fiber Laser Texturing System

YANG Sheng, FAN You-xiong
(College of electronic engineering, Wuhan Vocational College of Software and Engineering, Wuhan 430205, China)

Abstract : The working principle and application of laser texturing technology have been introduced in this paper,

designed a fiber laser roller surface texturing system based on PLC system. USE PLC signal control the fiber laser. By

setting different texturing processing parameters,we get sample with ordered and disordered arrangement on the roller

surface. The efficiency and quality of this system reach the level of electrical discharge texturing

Key words: Roller surface ; Texturing; Disordered texturing ; Fiber laser
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Influence of Mg Doped ZnO Films on Bulk Acoustic Resonator Characteristics

GUI Dan"? ,ZHENG Dan"*,HE Qiong'
( 1.Faculty of Electronic and Engineering, Wuhan Vocational College of Software Engineering , Wuhan 430205, China:
2.Electronic Sci and Technology . H University of Science and Technology , Wuhan 430074, China:
3.Faculty of Physics & Electronic Technology . Hubei University , Wuhan 430062 , China)

Abstract: Mg doped ZnO piezoelectric film was used to prepare thin film bulk acoustic resonator. When the doping concen—
tration is quite lower, the electromechanical coupling factor is weak increase. When the doping concentration is too high, the
electra mechanical drops. When the mass fraction of Mg is 2.23% , the temperature coefficient of frequency( TCF) of the device is
=26.0 ppm/C in the ranging of 20~ 100 “C ,which is greatly lower than the value =69.5 ppm/“C of the pure Zn0 based FBAR.

Keywords: thin film bulk acoustic resonator; temperature coefficient of frequency: sensor: electromechanical coupling factor
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Design of Infrared Image Processing Software Based on MFC

Ren Tingting', Zhang Zekui', Yi Chao’

(1. School of Electronic Engineering, Wuhan Vocational College of Software and Engineering, Wuhan Hubei 430205, China;
2.FiberHome Telecommunication Technologies Co., Ltd., Wuhan Hubei 430205, China)

Abstract: Infrared technology is widely used in military and civil fields as a means of detecting, discovering and identifying
targets. The infrared image processing software is a single document program based on MFC on the platform of VC++. The infrared
image processing software is designed by using object-oriented method. Because infrared image generally has the characteristics
of low contrast, high noise and blurred edge, the author puts forward gray stretch transformation, histogram equalization, pseudo—
color transformation and other enhancement algorithms to process the image. Firstly, starting from the development of infrared image
processing technology, the realization of software framework is introduced, and the software is emphatically expounded. The infrared
image processing algorithm applied in the part has a good processing effect.

Key words: MFC; gradation transformation; histogram equalization; pseudo color transformation
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