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ABSTRACT

The variations of the input parameters of the Nd**-YAG laser (1064 nm) has
been studied. This laser was used as a pumping source for a Ti:sapphire crystal
coupled with a nonlinear optical crystal KTP and a Q-switch. The effect of such
variation of the output pulse characteristics (dela)é time, pulse width, pulse
build up time, duration and peaks maxima of the Nd**-YAG pumping laser) has
been mvestlgated A mathematical model is introduced to describe the system
as well as the dynamic emission of a gain-switched Ti:sapphire oscillator with
simultaneous dual wavelength emission. The suggested model allows the
estimation of the synchronization (overlap) of the both emitted wavelengths
from the Nd*-YAG pumping laser and the gain-switched Ti:sapphire oscillator.

The spontaneous emission of Nd*-YAG pumping laser at 1064nm and
1318nm has been studied. In addition, this system has been utilized to pump the
gain-switched Ti:sapphire osciIIator, so as to generate a dual wavelength
emission at 780nm and 790nm.

Numerical results showed that the output pulse of the gain-switched
Ti:sapphire oscillator is strongly dependent on the input parameters of the
laser irradiation source.

Key Words: Dynamic Emission, Input parameter, Q-swiched,
Secong Harmonic, Ti:sapphire crystal, Wavelength.

32



2009 (25)

. 3d1 Tl 3+
Ti* ALO, 3d'

)2E (doublet) 2%2 (triplet) Ti’
(1) [1,2] (

2T2

107cm™ 38cm™ T, T,

[2-4] 19000cm ™ *E °T,

)
Q
I
/__— -
T
N Nonradiative Decays E
1 b \
5 Lasing Output K 0 *
B T 660-1180 nm
g > 8
<
o, W Y E,
/ L
EZ
’ Tt 7 E, 4
R 2 17 2 A 33
----- \ YWY /[ LIT
Nonradiative Decays
@ Tis+ ' ]
Coordinate
‘B A AlO; Ti* 1)
[5,22]
Yo 7«
2
3d ) E -
. -19 2 19 3
Ti,0, Al O, 5310 "cm” 3310 cm

33



.0.1%wt

)
(z
[2.3](c )
21—v2 ZE
[3.4.6] -
Q- ) Nd**:YAG

(mode locked laser) Nd**:YAG (switched

[5]

Nd**:YAG
12,3,5-7]
Nd**:YAG
5]
Nd**:YAG

- Nd&**:YAG

34



2009 (25)

( - )
— Nd* :YAG

Nd&**:YAG [2,3,5,7-10]
Nd**-YAG -1
Ap! =1318nm 2, =1064nm
(2) Nd**
1
4
3 2
o, =88107" s =1318ns AN =1064 ns
J11] ol =29107"
4F3/2 - 11507 _‘R
11423 5, — a500 a
My —— g —X 3
(a) (b)
)

[12] Nd**-YAG

35



112]
3)

Nd**-YAG Y

Output Coupler (flat)
T=43% @ 1064 nm
T=24% @ 1318 nm

KTP Crystal
Type # SFM

600 mm FL
Lens

.[12-14]'

112]

.
.

1064 nm

End Mirror, R=5m
&
/‘/ 1064 nm

Q-Switch

1064 nm
Polarizer

Dichroic
Beam Splitter

1318 nm
End Mirror, R=5m
B--{---—=2- A1)

i i i Flashlamp & Rod Assembly PoFI’Iaa:tiier 1318 nm i
Rod AR @ 1318 nm L posombly Q-Switch
—> e >€ >i
i 40cm i 26.¢cm i 24cm i

Y @)

[12] Nd**-YAG
- 3+
:[15-17] Nd**-YAG

36



2009 (25)

Nd Nd

dAN (t) :Sp(t)_AN (t)_(o_j\/d Nd 4 UNd O_é\/d Nd c UNd)ANNd(t) (1)

dt ?f Lcl ch 77

Y LYy LY Ly,
o) oM 2 1
) 1318 nm 1064 nm

n c

Nd&**-YAG UM, i=12 Nd&'-YAG
(1)

Sp(t)=(128/7z)“2aabasaq%exp[ 8(t/t\)]

P%ul

% 1 a,
, a;
N
W 15 N
E, t Tl
Nd**-YAG
:[18,19]
dUNd UNd V/«ll (UNd )
pl Nd pl 0
- = [V,Ul (Z Y -K loss )]U - + (2)
d 1 loss1 1Y p1 ng 2L,
dUNd UNd Vluz (UNd )
=[vin (1Y K U ——2-+ 2 3
dr 2 loss 2 p2 ng 2L,

37



Y 7, (i =1,2)

Kloss /Jl- (l :172)
AN =1318 nm
AN =1064 nm
AM =1318 nm
AN =1318 nm AN =1064 nm

J19] 1Y =1064 nm

eml

Nd**-YAG

() =~QLy 1)Ln[(1= (K, ))A-THI-0,0)] |} (1 =12)

1318 1064 nm
( ). nm

L, L, =L +(n-1)L,

(K )y =p+0, +(1/2Ly )Ln(1/RR ), (i =1,2),(j =2,3)

P
R, R,
2 1 0,.0,

[12,20] (step function)

Nd

T, T, =1-[In[(1- K, )]+ I[(1-T,] 2~ In(1- K ,,. )]
(o)

Nd
2

38



2009 (25)

(homogeneous broadening)
(1)

(4)
[14,21]

166) 15 14
18 %
N 17 13
A B
(1)
Nd3*-YAG 19 20 ) @ :
J_ Ti:sapphire
[ |
||
T 12
1 2 3 4 8 9 10 11
- (4)
Nd*-YAG 9-1. Nd**-YAG
( 8 4 53 6 2 11¢749)
(HR) 16 13 12 .532 nm 45° 11 KTP 10
- 15 (870 nm — 650 nm) HR 20 19 532 nm 45°
.[12,22] - 18 17 14
E; . - ©)
2 1
E; E;
( )2 1
(1) . A

:[22]

39



§
\ .
NL CRYSTAL
\\\ l 5.| . 1064 nm| S32nm .
1
Py | PN

N, L 1318mm

Pli‘, PZI P3] ‘Pdl P]J ‘P]A

BJJ
()
B A - Nd**-YAG
ANT
d(AN") Tl) 7 7 7i s AN"
=(a )— o-TN'U —(a! Ul +d U *AN’— 4)
dt )SH n 75,
Ti Ti Ti
Yo L < avrup Yk ry ©
dt Lcavl 77 cl
Ti Ti Ti
Yo o, £ ANT’UT’ Lk wry ©)
dt LcuvZ 2
( ) K (i=12)
6) (5)

40



2009 (25)

dul' /dt =dU) /dt U] =UJ

7., =7, K/ =K,:
¢ 5 L ¢ 5 L L _ Oowr .
—Oen27 = Oemi T i _Ti
77 * ’ Lgm)Z 77 * Lcavl LcavZ O-em2
Y
2’27;;2 2’eTnlil
L" 2 1 Ul =1,2)
L:LIWZ 1 L:cltvl -
2
(LTi ) ‘
=——({ =12
et )
.[14,21,22]
KTP -3
(small signal approximation)
1[23,24]
=K, sin*((Ak, ). L,, / 2)’ K, = 87°d; L2, W, .
(Ak,,), L, /2)? 80771w77;)7722wc (ﬁviL )i W
Ak KN e
d,, (phasemis-matching coefficient)
7" 5 ( )

41



- W,, W
Lk KTP

c

2 [
P, =AW, cU,(1-|R,|)/2n;

PZw :772wPa)2 /A

(1=|R,[) Wy
: A=rw,/4
stiff ) (6) — (1)
.(nonlinear differential equations
~ Nd*'-YAG

-0, 0

Qz(l>0}:0 Ql(t>0):O Q2(t<0):Q2max Ql(t<0):Q1max

©

1 1 1 1 -
(t)=——, (t)=. Lim ,————, @)=, Limy— | ——'"dT,
Q. l+e™ Q.0 T et Q. "2 ;[r-l—ig

0,(t)=, Lim ™"

(Runge — Kutta) -

Nd&**-YAG

26,27] .

42



2009

(25)

[1,15,21,27-34] (6) - (1)

(1)

UM (0)=1x10" (ph/cnt), AN™ (0)=0.0(1/ et ), AN™ (0) =00 (1/en?),U” (0) =107 (ph/cnt)

- Nd**-YAG (1)
(Ti:sapphire)-0
KTP
W (i =12) 3.73x10" J (O wore | 3x107° | em?
Lya 11 cm R, 100% -
n 1.82 - R, 67% _
H 0.55 - R, 76% ]
w, 2.479x10™ J L' =L" 10 cm
P 0.003 em”! L 12 om
Tr 230 Hs L 1.8 cm
o 411x107"° cm? T, 32 us
s 4457107 cm’ N" 310" | em
Al 780 am [TV =LY Jc| 3x10" g
Aon 790 nm A 23x10% | om?
MLy | 2107 : o | ST
S I I A R
A 1064(532 (SH)) | nm

43



(7 6)

(synchronization) (7 6)
Nd**-YAG
R,
1064 nm
1064 nm 1318 nm
1318 nm 1318 nm
.1064 nm
T R=1I-T R R,
( )
( )
84
—~ 51
= b
=
w44 a
3
24
0 Y L T 1
0 50 100 150 200
t [ns]
Nd*-YAG (6)
(43¢ =1318nm, 23 =659nm) (4, =1064nm, A} =532nm):
Klossl :Klossz :0.0lcm_l X=X =40cm™ R3 =70.% R2 = 45.5% (a)
'I<loss1 :Klossz = .OlCm_l X=X :4001'1'171 R3 =30.% R2 =55.5% (b)
) T R, =1-T;(i=23):

44



2009 (25)

1 (a)
4_
24
J 2
-
5,
b - r ; ,
< 100 125 150 175 200
&
A (b)
X
2" 1
':33-..
44
2]
Jz
0 . J : .
100 125 150 175 200
t [ns]
Nd*-YAG @

(2% =1318nm, % =659nm) (4" =1064nm, A5 =532nm)
=0.0lem™ y =4, =40cm™ R, =70.% R, =45.5% (a)

Ko, =Ko,
K,, =K,, =00lecm™ HA=47 40em™ Ry =30.% R, =555% (p
) ) (®

AN (t)
ANT ()

45



©) ®)

16+
2
124
1
-
g
-,
] 84
=
T
x
5"
z
44
0 T T .J T 1
0 50 100 150 200 250

t [ns]
(8)

(A" =790nm, 4" =780nm)

Ky =K,y =00lem™  z,=7,=40cm™ R, =70.% R, =45.5% (1)

loss |

K, =K

loss | loss ,

=0.0lem™ 4 =y, =40cm™ R,=30.% R, =55.5% (2)

@) ()

46



2009 (25)

2.0- 1

(a)
1.5-
1.0
0.5-
o~
5 0.0 T T T L
S 150 175 200 225 250
<
s‘b
S 12, j (b)
h::)
0.8-
0.4-
0.0 ; . . ‘
150 175 200 225 250
t [ns]
. - 9)
(4" =790nm, 4" =780nm)
K, = K, =0.0lem™ =y, =40cm™ R,=70% R, =45.5%(a)
Ky, =Ky, =0.0lcm™ = 7, =40cm™ R, =30.% R, =55.5%(b)
780 nm )

- 790 nm
( 532 nm

47



.(connection effect)

.[22] (efficiency effect)

790 nm 780 nm
N&*-YAG

Nd*- .
_ YAG

48



2009 (25)

REFERENCES

[1] T. M. Fortier, et al., “Octave-spanning Ti:sapphire laser with a repetition
rate > 1 GHz for optical frequency measurements and comparisons”, Opt.
Lett. 31 (7), 1011 (2006).

[2] 1. Matsushima, et al.,, “10 kHz 40 W Ti:sapphire regenerative ring
amplifier”, Opt. Lett. 31 (13), 2066 (2006).

[3] G. T. Nogueira, et al., “Broadband 2.12 GHz Ti:sapphire laser compressed
to 5.9 femtoseconds using MIIPS”, Opt. Express 16 (14), 10033 (2008).

[4] A. Bartels, et al., “Passively mode-locked 10 GHz femtosecond Ti:sapphire
laser”, Opt. Lett. 33 (16), 1905 (2008).

[5] A. Stingl, et al., “Sub-10-fs mirror-dispersion-controlled Ti:sapphire laser”,
Opt. Lett. 20 (6), 602 (1995).

[6] S. H. Cho, et al., “Low-repetition-rate high-peak-power Kerr-lens mode-
locked TiAlL O3 laser with a multiple-pass cavity”, Opt. Lett. 24 (6), 417
(1999).

[7] P. F. Moulton, “Spectroscopic and laser characteristics of Ti:Al,O3”, J.
Opt. Soc. Am. B 3 (1), 125 (1986).

[8] G. N. Gibson, et al., “Electro-optically cavity-dumped ultra short-pulse
Ti:sapphire oscillator”, Opt. Lett. 21 (14), 1055 (1996).

[9] D. H. Sutter, et al., “Semiconductor saturable-absorber mirror-assisted
Kerr lens mode locked Ti:sapphire laser producing pulses in the two-cycle
regime”, Opt. Lett. 24 (9), 631 (1999).

[10]U. Morgner, et al., “Sub-two cycle pulses from a Kerr-lens mode-locked
Ti:sapphire laser”, Opt. Lett. 24 (6), 411 (1999).

[11]R. EIll, et al., “Generation of 5-fs pulses and octave-spanning spectra
directly from a Ti:sapphire laser”, Opt. Lett. 26 (6), 373 (2001).

[12]G. A. Henderson, “A computational Model of a dual — wavelength solid
state laser”, J. Appl. Phys. 68 (11), 5451-5455, (1990).

[13]W. Koechner, “Solid -State Laser Engineering”, Springer Verlag, (2005).

[14]R. Sheps and J. F. Myers, “Dual-wavelength coupled —cavity Ti: sapphire
laser with active mirror for enhanced red operation and efficient
intracavity sum frequency generation at 459 nm”, IEEE Journal of
Quantum Electronics (30), (4) 1050-1057, (1994).

[15]L. Richard, Sutherland, “Hand Book of Nonlinear Optics”, Marcel Dekker
Inc, (1996).

[16]C. E. Byvik, and A. M. Buoncristiani, “Analysis of vibronic transitions in
titanium doped sapphire using the temperature of the fluorescence
spectra”, IEEE Journal of Quantum Electronics (21), (10) 1619-1624,
(1985).

[17]P. F. Moulton, “An investigation of theCo : MgF, laser system”, IEEE
Journal of Quantum Elect.VV.QE-21, N(10)1582—15952, (1985).

[18]M. Soukieh, B. Abdul Ghani, M. Hammadi, “Numerical calculations of
intracavity dye Q- switched ruby laser”, Optics and Lasers in Engineering,
41; 177-187, (2002).

[19]B. I. Stepanov, “Calculation methods of optical quantum generators 117,
Minsk: Nayka, (in Russian), (1968).

49



[20]H. Su, H. Shen, W. X. Lin, R. R. Zeng, C. H. Huang, and Zhang,
“Computational model of Q- switch Nd :YALQO, dual -wavelength
laser”, J. Apll. Phys. V(84), N(12), 6519-6522, (1998).

[21]S. G. Bartoshevich, G. A. Mikhnyuk, I. G. Tarazevich and Skripko,
“Efficient difference frequency Oscillator Based on a Ti: Sapphire laser”,
IEEE Journal Of Quantum Electronic V(27), N(10), (1991).

[22]F. Song, J. Q. Yao, D. W. Zhou, et al.,, “Rate —equation theory and
experimental research on dual — wavelength operation of a Ti: sapphire
laser”, Spring Verlag 605-610, (2001).

[23]J. E. Murray and S. E. Harris, “Pulse lengthening via internal second —
harmonic generation”, Journal of Applied Physics. V(41),N(2), (1970).

[24]A. K. Mohamed, J. A. Pruvost, I. Ribet, M. Lefebvre, E. Rosencher and D.
J. Binks, “Laser Diode Injected Intracavity-Doubled Ti: Sapphire laser for
Single —-Mode Tunable UV Sources”, IEEE Journal Of Quantum
Electronics V(37), N(2), (2001).

[25]A. V. Kir'yanov, V. A. Abortes et al., “Second-harmonic generation by
Nd*:YAG '/ Cr*:YAG laser pulses with changing state of polarization”,
Optical Society of America, TB4-3/331: TB4-1/329, (1999).

[26]C. E. Byvik, A. M. Buoncristiani, “Analysis of vibronic transitions in
titanium doped sapphire using the temperature of the fluorescence
spectra”, IEEE Journal of Quantum Electronics (21) ,(10) 1619-1624,
(1985).

[27]R. Sheps and J. F. Myers, “Dual-wavelength coupled —cavity Ti: sapphire
laser with active mirror for enhanced red operation and efficient
intracavity sum frequency generation at 459 nm”, IEEE Journal of
Quantum Electronics (30), (4) 1050-1057, (1994)

[28]S. G. Bartoshevich, G. A Mikhnyuk, I. G. Tarazevich and Skripko,
“Efficient difference frequency Oscillator Based on a Ti: Sapphire laser”,
IEEE Journal Of Quantum Electronic V(27), N(10), (1991).

[29]M. Soukieh, B. Abdul Ghani, M. Hammadi, “Numerical calculations of
intracavity dye Q- switched ruby laser”, Optics and Lasers in Engineering,
41; 177-187, (2002)

[30]N. J. Vasa, M. Tanaka, T. Okada, M. Macda, O. Uchino, “Comparative
study of spectral narrowing of a pulsed Ti:sapphire laser using pulsed and
CW injection seeding”, J. Appl. Phys. B (Laser and Optics) 62,51-57 (1996).

[31]B. I. Stepanov, “Calculation methods of optical quantum generators 117,
Minsk: Nayka, (in Russian), (1968).

[32]Ci-Ling pan, Nen-Wen Pu., and Jia-Min Sheih, “Dynamic pulse build up in
continuous — wave passively mode —locked picosecond Ti: sapphire /DDi
and Ti: sapphire /IR140 lasers”, Chines Journal of Physics 37, 4, 361-379,
(1999).

[33]G. A. Skripko, S. G. Bartoshevich, I. V. Mikhnyuk and I. G. Tarazevich.,
“LiB,0;: a highly efficient frequency converter for Ti:sapphire lasers”,
Opt. Lett. V(16), N(21) ,1-3, (1991).

[34]L. Richard, Sutherland, “Hand Book of Nonlinear Optics”, Marcel Dekker

Inc, (1996).

50



