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Thermal Effects and Thermal Focal Length Measurement of
Laser Diode End-Pumped Solid-State Lasers
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Abstract Thermal effects of laser diode (LD) end-pumped solid-state laser are important factors, which affect the
laser output characteristics and the system performance. The accurate thermal focal length measurement is an
important prerequisite for resonator design. The temperature gradient distribution of LD end-pumped solid-state laser
is calculated with the heat conduction equation. The phase difference and the Fraunhofer diffraction pattern of the
probe laser are obtained. Based on the above theoretical model, a new method by means of Fraunhofer diffraction
pattern of probe laser to determine the thermal focal length is presented, which enables real-time on-line
measurement. The optical path difference is calculated from the Fraunhofer diffraction pattern of probe laser, and
then the thermal focal length is calculated from the optical path difference. The thermal focal length of laser crystal is
measured experimentally, and the feasibility of the method is proved by comparing with the experimental values
measured by unstable cavity method.

Key words lasers; end-pumped solid-state lasers; thermal focal length; Fraunhofer diffraction

1 g = T B RO R IO A 1 i D RN S PR T B A AR R
WO A (LD) S S R e B g e T O T I BRAGE B WO S Pk RE A R L 1
2B AR B -4y R T . BN R Jem BEX PGB BRI, BETE A 2 M

W fs HHE:2009-11-10; W BI1E2 A HHI:2010-01-04

EEWE:HEK A RP AR HFRA R4 (60908013) B I PR

YEZ B PR (1986—) B L WA e Ak, 3222 DA 35 [ RO 8 07 |9 %€ . E-mail: pansunqiang@ gmail. com
SURE T Br 41946, &, JUAR L WL AR R, EEAFROE S AEL MG E T TS . E-mail: chenjunl @zju. edu. en
“BEB R A, E-mail:chongliu78 @hotmail. com



2446 G 5| % ¥ 37 &

B B AR BE A 7 0% A A R »

R BT T AT 4
ARSI T — iR PR 9 6 SRR 247 1 Y P ~7pump light

FEU BEHGE BEARBE 0 J 3k #5635 T LD Sl T » -

LT L e 1 51 — !

S A0 R 26 B VU5 1A (.25 0 965 358 G

R Y1 T2 7 60 TR #8297 5 LR . 7 91 Y

PR A 43 B 450 Tl 5 PR 50 00 i A A LT SR 9 79 LA 5

Ji ¥k B PR S 4 S B E T 07 e PG SRER G TR AR
1 7] 5 Fig. 1 Principle diagram by means of Fraunhofer diffraction

probe light

pattern of probe laser to determine the thermal

focal length

2 BppEA H5E 9+ B B3 40 A 38 1T 5 3 7 56 3

R 0 1 56 3RR B0 59 P RE I A BGB B4 A FRM 6 25 WO B U 7 A W3 2 404 T3
BRI R 1R, BRI RO EOEE TS BRI AT 5 1 58 TR 2R G PR
KA R @ bes BB /N TRE A 27 fii2 PUAE S PR RIR LD 3 T2 SO R G
I o R R I T R P R BRI OB R AR SREEAME Ty ys o) R 3L § 7 B 00

T (xyy,2) T (x,y,2) T (xyy,2)
dxt t K, y* dz*

AP KKK iR ey 2 D7 1 BT AR S Qs s o) O i 1A AT B A0 4 88 0 A R R0 O LD Bz e A
G A

K. + K. — S(xsy52) s (D

S(x,y,2) = Qoexp{—Z[(I—%)z + (y—%)z}/wi}exp(— Y2), (2)
Xrp
Q = 2oy : (3
nwi[1 — exp(— yc)]erf(%f)erf(éf)

orf oy ARG A R POy AR BB L TR R s D w, Al R R v MR R L a,
b,c j‘jHEM:Rj» erf(x) j{llﬂé% ﬁ /IE)(jf] erf(x) = fJ exp(— [Z)dto

T[O

BOER IR T (s y, o) R RS AR

K, 2T(xy.2) = [T (zey.z=0)—T, ],
dz 2=0
d 'V
K. % = h [ T(x,y,2=0) —T,], 4

T(x=0,y,2) — T, =T(x =a,y.z)—T, =0,
T(xyy=0,2)—T, =T(x,y=0,2)—T, =0,
XA A, %Jrﬁaﬁifﬂ%ﬁlﬁ@%f?@%ﬁ Ty g ity A 000 TR 2 THI 38

¥ (2) AR D) 2 T 0 5 2% A AT e A5 030 b A P 3 55 0 B 3 B 25 43 A gt

“)sn(57)- @

T.(2) = AL exp(l.z) + A, exp(—I',,z) — B, exp(— y2), (6)

(K., T h)(K.y —h)exp(—y) — (K.I',,, Fh)(K.y +h)exp(F T, C)
(K., — h)exp(— ) — (K. + R exp (D)

AT (x,y,2) = T(x,y,2) — T, = 2 T, (z)sm(

myn=1

G

Ei - B’YII (7)




10 39 PN A - WOl TR AL i T Al (E A 8 ' A B0 PR N A A B AR R 2447

g = @w"exp[— '’ w? / (8b° )]<1n< )>< R{@(iﬁ 1 f’i’;u H (9
P = @ expl — 't/ (8a) Jsin (75 ) X Re[erf(g;f: IMH (11)

Hy T PG 7 A B L
ﬁﬁﬁf%)‘é?&%(()PD)(S‘,/\M/\JLTij

dsi iy,
&8(1’_}/92) d

A e

JE o3 A s — ACBRAE A R O R 28 5

XAE BSOS AR A AT -5 AR T 5

dTAT(x,y,z) + nje.. + E an (12)

(75}

= U+ war ATz y2) JHHE AL e AR car j]*ﬂﬁa/ﬂi’t%ﬁl (12) A 2R — 150 A 47 3 R b

R A8 A 7 A ) B S 3R A 3 A B I il 1) 0 R A o A i TR A S = I R EOWT S X T A AR

XCHT S ity 1A - FAESOOUT 5 5 | 32 1) A2 i) 1870 1] B B3 3 2k A

SLU AR B B T ST RN 2 AT L2 R T A

SR 85 0 FL% T A (12 B o L 1% 4115 5 5010 Y %
p=| [E;AT(I,y’z)—i—noe Ja== Ju-[%—O—m(l—Q—,u)aT]AT(x,y,z)dz. (13)

JEREZE AC e LURIN E ALk 5k = 2n /A, AT 13 FEAT
PRI R 28 38 A AR i A AL 25
Ap(xsy) = RAS. (1)
B RN G A Sy e 016 1 O R T
SR I3 A R
E(x,y) = Ejexp[— (2% + ¥ /wi], (15)
P o, N RIDG R B HREA2 AR DD R 2853 HOk
mn A5 35 58 43 A Ry
E'(z.y) =Ejexp[— (2’ + ") /w’] X
exp[—iAd(z.y) ], (16)
Xt E" (o y) VBB A8 e, B DLAS 30 00 o 248
TG 1 IR SR ATT S IR
XF L EARVE R TR . A RO R AR B
22 %50, 3%, K54 mm X4 mm X 10 mm/¥)
Nd:GdVO, , KW ZE K y=3.9 em ', T ifF %
n,=2.19, M FEXR K. =11.7Wem '« K ', #E
FZ8 dn/dT=4.7X10 "K', g ik R ar =
£ 43X 107 KL IR e o= 0. 28. Bl LS80k B X
BRL15]. g e A, =808 nm, filliz B P=
40 W, B 2 12w, = 400 pm, 3R G0 K A, =
532 nm&Et, WPEH AR w, =1 mm., FERBEOE 5
WOGH R A = 1064 nm, 477 4E ZEL p=0.4. 43t
LR AR E‘LE’J?%?&E’%@UE@EETEZ%%
161 KRG R 25 fh A 5 i A AL 22 40 B 2 o
KDL 22 Bt RAE Abun N 32. 2m, 0 OL TR E AN

8. 56 pm X I i A S e R AR A 22 O B RO
58 o3 A1 (16) 3 A HL oA 48, 7 3] Mo 3 Ok 3
RBEATHFIEIRE A IA] 3 R .

110
100}
90}
80}
70}
60}
50}
40}
30}
20}
10}

Phase difference A¢ /rad

0 . . . . . . .
0 05 1.0 15 20 25 30 35 40

2 /mm

B2 BRIDGIHR 2 3t d 7R )G B A 7 22
Fig. 2 Phase difference of probe laser

3 BRI R HRR 98 AT A5 (AT A

Fig. 3 Fraunhofer pattern of probe laser



2448 G 5|

# ot 3T’

3 POEBEAEEMNITE

B e DN I BROR B AT S5 TR SR BBOROE AR 10
OB BTN, MR 2 (13) X Ffifhiz % P s
IR O i AR 8 R 5 R A I A0 R O 1 SR R
AR AT S R S AR o pl RO B SR IRR B
TS PEURE SR D e 22 R T by D6 e 2 5K HG 0T R
RGBSR .

10r (a) Ad=1 um
08+t
0.6F

0.4

Intensity (a.u.)

0.2

R R—Y 0 05 10
x (au.)

L0+ (¢) A6=8 ym
08|

0.6 |

0.4+¢

Intensity (a.u.)

0.2+

0

10 05 0 0.5 10
x (a.u.)

HETHRDUR 2 ST B R . UL
2. M (16) X HP R e 58 4x A E (s y) A4 22
Ay AL R AR RS L TR E (e ) 1 {8 BRI 725 4645 3]
RIAR PAT G EIRE S B 4 S AS [ D6 R 22 5 45 2 B AT
SRR, 1B 3 AT A ] A S A 2 X6 1 AN [ 1) A7 S
B

LOT (b) A0=5 um
08}

0.6 |

0.4t

Intensity (a.u.)

0.2}

0

-1.0 -0.5 0 0.5 1.0
x (a.u.)

LOT (4) A3=10 ym

0.8 |

0.6

04}

Intensity (a.u.)

0.2}

0

1o 05 0 05 10
x (a.u.)

Bl 4 REDGREZE A6 TH R IR AT 5 1A B
Fig. 4 Fraunhofer pattern of different optical path AS

B 4 A1 A R S R S R 22
[EFFTER R R BB Z OO 22 R, X T 5L 15
S AT T IR S 78 7 TC 76 L4 21 s DXl 1) 73 53 25
KA e B e e 22 . B EAMZMSE =4
W CHAMINEO 55 — MR ERZ I S K
ENREE . HEARRNIEEZE A0, Tt E (2 ) 1R
B A5 3 G SRR B AT S IR L AT LA e A S R SR
MAFDEREZE A R ERZ L S, B 5 iR,
XTELS i A E TG A58 A0 5 SRR

A= A/(S—DB), an
AP A=—0.9167X10",B=0.9231, HILHE T
TS EFE SN KR,

KA EIFE SRR A R R G E T
EOCTEZE A SIGE R MR, EMiZ kR
Y0 L S DGR 28 40 A B4 3R I R X iR 35 WO 1 #GE
BN . FEAhIZ G F AR T B Ah L O R 22 00 Al X iR
WOLFZ AN K PRt R R 2% s Ot R AR
) FROFE BN, . RIS D6 2 AR T L L 0 DGR 22
A VE YR T G AT DATH B L BORE i i 45 . R

11 o
o calculated value
fitted curve

—
(=]
T

AS /pm
N W k= Ot &Y 3 o ©

045 055 065 075 085
Diameter ratio S
K5 BAFEBEL S 5% AHER
Fig. 5 Relation between diameter ratio S of dark ring
and AS
VU YA Tk A e BB A X — T Y S 8
A PEREAER SR EN KRN
f=C/AS, (18
HHp C=0.8642X10"°,
B (D5 A) AL Bot kI EHFERE /5
M EFMBEAERZLS MXERN



10 3

PN A - WOl TR AL i T Al (E A 8 ' A B0 PR N A A B AR R 2449

f=C(S—B)/A, 19
XPZHA.B.C HEOLRRN SIS 5. iz 2
DS P E/ PR S S G P

4 SRR AR
S FE AN 6 R 6 PR OIGB 0 TOR E

probe laser

......
;;;;

“LAY L filz ot b # A B B2 R E Nd: GAVO, g 1k
HL R R 20 C s e R E AR A
400 g FREMDSE AR A28 1 mme SR h 42 5
HEAGER I L M Hh Bt R AR B R R 2
RS R

laser

far field

Nd:Gdvo,

45° reflector

output mirror

Bl 6 e
Fig. 6 Experimental setup

K7 40 W Hillis By 3T B R IR SR AT O AR
(a) SRR MATHF B RE . (b) IS5 15 2 A0 A7 5 AR
Fig. 7 Fraunhofer patterns under 40 W pump power
(a) experimental diffraction pattern,
(b) theoretical calculated diffraction pattern

(a) P=26 W (b) P=30 W

(c)P=35W

K8 [l filiz T AT A 41 B A

Fig. 8 Diffraction patterns under different pump powers

160\ —e— new method
\ —— unstable cavity method
Q.

Thermal focal length /mm

24 26 28 30 32 34 36 38 40 42
Pump power /W
K9 BUEFAESMsUEN LR
Fig.9 Relation between thermal focal length and

pump power

Mz Py ARy 40 W, 250 75 ) 1) K BR 9
A AR BN 7 Ca) B BRAE TH 5345 2 i R IR 2%
Mg AR 7(h) s . A WIS T 5 SL i 45
RAF AT HERLEF

AT I8 D RS B AT AF R R A —FE I S0
S B I S A S AR A 8 PR . I R R iz
NARTATG BRI SR R 55 — W AR Z It
S HF il (19) CRPAT 3+ 3 RGBS fR BE . A [ il s
AT MBS GEEME 9 FR .

B9 rh By = S T8 D A R Mk A5 7 52 6 B A
1580 g, A SCATT S ik D00 A4 1) 52 30 s

S
Yt T — iR A 1 K 5O 9075
i A AR BN O 3 . Lk O e AR L



2450 G 5|

#

ot 37 &

P83 B 43 A FIARIN D' o 28 3 R O B AR L 0 A L 3
AT T HRIIDEAE I b ) R IR SR AT S R .

X

R gt R 20 B . 45 3 1 oy A A AR TH I GE B

MR J5 k. S5 R Nd = GAVO, A D 30 1
B TR s SRR PGB B . %
7 W5 S I e 5 AR AR i 9 I I R (AT S AR
U oAk %7 R T R G R A A R

w

2 % x #

Dong Yantao, Zhao Zhigang, Liu Chong e al.. Influence of
thermal effects on polarizability and output character of TEMg,-
mode of solid state laser [ J]. Chinese J. Laserss 2009, 36(7):
1759~1765

HE R R X a2 A5, RO X A I O% 2 e IR R R
S AR [T ], P Bk, 2009, 36(7):1759~1765
Wang Sha, Liu Chong, Chen Jun et al.. Influence of resonator
focal length
34 (10):

thermal
2007,

solid-state laser on

Chinese J.

structure of
measurement [ ] |.
1431~1435
W SR FE AR BRI T A5 N G AR
P R )]. P Bk, 2007, 34(10):1431~1435

Liu Chong. Ge Jianhong, Xiang Zhen et al.. Thermal-induced

Lasers

birefringence-compensated laser system with two Nd: YAG rods
[J]. Chinese J. Lasers, 2007, 34(11):1483~1487

XS EEIN L R OAE. RURE R A B BOBUIT S %N
JEIIRIELT]. F E#OE. 2007, 34(11).:1483~1487

7. Xiang, J. Ge, Z. Zhao et al.. 1.9 W flash-lamp-pumped
solid-state 266 nm ultraviolet laser [ J]. Chin. Opt. Lett.
2009, 7(6) :502~504

Z. Zhao, Y. Dong, C. Liuet al.. A 15.1 W continuous wave
TEM, mode laser using a YVO,/Nd: YVO, composite crystal
[J]. Laser Physics, 2009, 19(11) :2069~2072

Liu Danping, Hu Yu. Experimental study of overcoming laser
rod’s thermal effect with stimulated Brillouin scattering phase
2005, 32(2).

conjugation mirror [ J 1. Chinese J. Lasers,

184~187

10

11

12

13

14

XUFFF 81 W I A2 A B UK S A A i B v R O A
R Y SC I BFSE )], F Bk, 2005, 32(2):184~187

Niu Jinfu,
partially laser-diode-pumped slab lasers [ J]. Acta Optica
Sinica, 2006, 26(6) :854~858

BN A 4w ARSURK. B4 HliE A9 AR 2 OG5 1 KN 43 BT
(7. &5 33, 2006, 26(6):854~858

Wang Nuanrang, Wang Canzhao, Yuan Ligang et al.. 138 W

Cheng Xiaojin, Xu Jianqiu. Thermal effects in

narrow pulse-width solid-state green laser operation [ ] J.
Chinese J. Lasers, 2006, 33(8):1017~1020

FREilE, TAN A4 %, 138 W 78 Jik 58 4 & 4 56Ok 0t 2%
[J]. ¥ HE#k, 2006, 33(8):1017~1020

Yao Jianquan, Xu Degang. All Solid State Laser and Nonlinear
Optical Frequency Conversion Technology [ M ]. Beijing:
Science Press, 2007

WA ARTER. 4 FEAROE K ALt # R A i H R M.
degt Bh# At . 2007

B. Neuenschwander, R. Weber, H. P. Weber. Determination
of thermal lens in solid-state lasers with stable cavities [J].
IEEE J. Quantum Electron. , 1995, 31(6):1082~1087

S. Chenai, F. Druon, F. Balembois et al.. . Thermal lensing
measurements in diode-pumped Yb-doped GACOB, YCOB, YSO,
YAG and KGW [J]. Optical Material , 2003, 22(1):129~137
C. Pfistner, R. Weber, H. P. Weber. Thermal beam
distortions in end-pumped Nd: YAG, Nd:GSGG, and Nd: YLF
rods [ J]. IEEE J. 1994, 30 (7).
1605~1615

Z. Xiong, Z. G. Li, N. Mooreer al.. .
of thermal effects in longitudinally diode-pumped Nd: YVO,
lasers [ J]. IEEE J. Quantum Electron., 2003, 39 (8):
979~986

Mohammad Sabaeian,

Quantum Electron. ,

Detailed investigation

Hamid Nadgaran, Laleh Mousave.
Analytical solution of the heat equation in a longitudinally
pumped cubic solid-state laser [J]. Appl. Opt. , 2008, 47(13):
2317~2325

Yungsheng Huang, Hsienliang Tsai, Fangling Chang. Thermo-
optic effects affecting the high pump power end pumped solid
state lasers: Modeling and analysis [J]. Opt. Commun. , 2007,

273(2):515~525



