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SUMMARY

I. Project Title

Development of the plastic solid—dye cell for tunable solid-state dye

lasers and study on its optical properties

IT. Objective and Importance of the Project

It 1s essential to wuse tunable lasers in atomic spectroscopy,
environmental analysis and the atmospheric remote sensing. And it is
required to use a compact and rugged tunable lasers for the portable
measurement system. The most widely used tunable lasers are dye
lasers based on liquid solutions which can offer wide tuning range and
high efficiency. However, because of dye degradation, heating, and
triplet-state formation, dye laser solutions have to be flowed through
the laser cavity to maintain constant gain and beam quality. This
requires bulky dye-flow systems and reservoirs, which requires large

quantities of often flammable and toxic solvent to dissolve dye.

Many efforts have been done worldwide, to develop novel tunable
solid-state laser materials which can substitute dyes in liquid and
several solid-state laser materials, such as, Ti:sapphire, Cr:LiSAF,
Alexandrite, and fosterite have developed. The lasers with these
materials can be compact, robust, and versatile. But these material are
expensive and the lasing wavelengths of these lasers are generally
near infrared region, which means that frequency conversion process is

needed to get visible wavelength.

Recently there have been many studies all over the world to



fabricate solid-state dyes by doping dyes in sol-gel, silica, and
polymers. It's because that solid-state dyes can be produced in an
extremely low unit cost and have the same tunability as liquid-dyes
and therefore can solve the problems which both solid-state laser
materials and liquid-dyes have respectively. Dye-doped solids may
be refreshed within the laser cavity by either movement or replacement
and also tunability over the entire visible range range 1s possible with
several automatically interchangeable gain elements doped with different
dyes. So solid-state dye lasers have potential to become small, efficient

and cheap tuning extentions to pulse pump lasers.

By considering that the advanced countries are eager to develop
these solid-state dyes and the laser market is governed by these
countries, it 1s very important to develop solid-state dyes and compact
tunable solid-state dye lasers system by ourselves. And it 1s the very

object of the project.

IMl. Scope and Contents of Project

In this year, we have fabricated solid-state dyes with PMMA and
investigated fabracation methods with sol-gel glass and ORMOSIL.
We have designed the various kinds of solid dyes with different sizes
and shapes to broaden the application area. And we studied the
photostability of the solid-state dyes by adding various Kkinds of
additives during the systhesis process.

We also designed and constructed various kinds of solid-state dye
laser oscillators, such as self-seeded type, dualwave type, distributed
feedback type, and investigated the operating characteristics of them.
We have developed a 3-color solid-state oscillator/amplifier system
which might be useful in display industires. And we modified and
improved the laser oscillator by adding the motorized frequency tuning

system.



IV. Result of Project

In this year, we have fabricated solid-state dyes with PMMA in
which there are free radical initiation process, free radical propagation
process, and termination of chain reaction. And we studied the sol-gel
process with sol-gel glasses and ORMOSIL. We designed and
fabricated the water bath with constant temperature and moulds for
different sizes and shapes of solid-dyes.

And we studied the photostability of the solid-state dyes by adding
various kinds of additives during the systhesis process. Through the
experiment, tinuvin 770 was the most stabilizing agent for the
pyrromethene 567 doped PMMA sample and we achieved 3 times
increase 1n photostability. And the 1,4-daizobicyclol2,2,2]octane
(DABCO) gives 5 times increase in the photostability of post-doped
sol-gel samples.

We have constructed a very compact Littman-type cavity and
observed the single longitudinal mode opearation with the linewidth of
less than 500MHz. And a self-seeded solid-state dye laser oscillator
was constructed and we observed the increase of the output power.
The operating charateristics of the dualwave oscillator and distributed
feedback oscillator was investigated. And we have developed a 3-color
solid-state oscillator/amplifier system which might be useful in display
industries. And by installin the motorized frequency tuning system in

the laser oscillator, we achieved automatic frequency control.
V. Proposal for Applications

We could make a solid-state dye laser system which 1s very
compact, handy and versatile when we develop the technologies of the
fabrication of the solid-state dyes through this project. This means
that this laser system can be applied to atmospheric and underwater
sensing, monitoring of the environmental pollutions, local area

communication networks, and spectroscopy.



And as a solid-state dye laser can be compact, inexpensive, short in
maintenance time, and nontoxic and the solid-state dyes are disposable,
the advanced countries, such as the United States, recognized the
merits of them and are eager to apply it to medicine.

Therefore it will be possible to apply the solid-state dye laser

system to the apparatus of medical treatments.

And almost all of the tunable lasers, including dye lasers, in our
country have been imported from other countries. So we could expect
this laser system might be a substitute of some of them when we

finish the development.
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o] gl
—carbon atoms)®] Z A}

SERXE

1 AAZA Sl (solvent)e] 9

n 7He] MMA ZAfell A o] Fo] 4]

R0l #t}.
dcy, e,
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=
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.
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el

o] AIBN#Z} 1t
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- 1 (weight ratio)
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Methyl Methacrylate(MMA)
138 2-1. MMA (methyl methacrlylate) o] 3} +-=%4].

cle3 cle3
HyC— C— N=N— C—CHj

| |

CN CN

2-2'-azo-bis-isobutyronitrile
(AIBN)
719 2-2. AIBN(2-2'-Azo-bis-isobutyronitrile)2] &3} Fz2].

Benzoyl Peroxide

19 2-3. Benzoyl Peroxide®] &}8F x4,
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CH, CH,
I I
HC— G NEN—CG—CH
CN CN
2-2'-azo-bis-isobutyronitrile
(AIBN)

l Heat

CIHS Electron CII_I3

HC—ce* + N=N + eC—CH,
I I
CN CN

Initiation fragment(free radical)’

o] ¥

H,C—cCe + N,
I
CN
| 12
free radical

2% 2-4. AIBNO| A 2oz @4 1A,
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o o
| |
—C30 =0~ C_Q

Beniayl Peroxide

l Heat
O O
I I
_C—0e + @0 _C_Q

Initiation fragment(free radical)

O
I
- CTOG
| 12
free radical

O |2
free radical - =

13 2-5. Benzoyl Peroxide®] A+ vl dA 34,
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N-Radical group

T a
|
HC—C—=N=N—C—CH, — HC—C |a&
| | |
CN CN CN |2
2-2"-azo-bis-isobutyronitrile (AIBN) —» Ra
Inintiator Radical
Propagation
CH, H CH, CcH, H
| \C=C/ | /CH3
HC—ce + N — HiC—C—Cc—cCa
I /=0 1 Ne=o0
CN roS CN H O/
N\
CH, N,
Ra& + M — R@
Radical'  Monomer(MMA) Radical 1
CH, H Cl H H
s N A
H,C—C—c—ce S=X  _» HC—C—-c-c—cC—C@
CNH / s CNH C=0H /
=Y A I Q
CH, CH, o CH,
¢H,
R,& + M — R,&
Radical 1 Monomer(MMA) Radical 2
A T TN e
HC—C—c-c—Cc—C¢ + =X —» HC—C—Cc—C—C—Cc—C—C&
[ | c=o0 H / =0 1| I I c=0
CN H IC=OHO/ 4 CNHIC=OH C=OoH ¢
o \c|_|3 \CH3 (e} O \C|_|3
| | |
CH, CH, CH,
RZG + M — R3G
Radical 2 Monomer(MMA) Radical 3
_ - v _ _
CH | H CH CH, | H
N AN RS
H,C—c—c—C ¢ , c=c — HC—Cc—-Cc—C @
o o Ne=o L1l
CN | H CI:=O O/ CN | H c=0
|
e} N\ e}
| Cch, [
| CH, 1nl CH, n
R.1@ + M g R@
Radical (n-1) Monomer(MMA) Radical n

19 2-6. MMA 3340 A N-group?] =#to)zt A aghA.
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Termination

CH, [ CH, ] CH, N CH, ]
HC— cl:——lc—(I: @ + HC— IC—-<I3—CIJ @
| b e=o & H =0
o o
B | &,
R.@ + R
Radical n Radical m
CH, [ H CH, / [ CH, H| o,
b L] 1T
ST et A
0 o
R P T
P + Pm
Poylmer n Poylmer m
Pn+m
Poylmer n+ m

-

S 27 MMA 3349 FA24 Eelnizt g4EE v,
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Temp. =85 ~ 95°C

Dye  yiscous MMA

MA) Solutio )
Mixture
e —_—

Mold

T g £ Aa &I HHA

Temp. = 48°C for 10 hours 4

48 Ty
. Temperature Control . R
2 4 6 8 10 12

Time(hr)

Temp.=95"C for 2 hours

call
OR¥
oX
ol
o

A

]

Solid-state PMMA

® .,

Removing the mold

2% 28 LAAE AL A2,

,25,




AR 21 nAA L A ARE g A4 F

i
o
1
oy

AR 22 GE AL A ARE 9% GBS B

ARl 2-38 A A AL AZEH] Yek AH 2 ALEE £ L
S

A% A (Ciculation Water Bath)®] ¢ ZtE<Folth, o] x|+ A A4 Aol A
2o ALgHE ZFXZA PMMAS Z2E vjdz2 A& 4o A F
TG BAEE 48 59 255 WA A AojsteF st FAo|th &
TAle] AEEs oF £05T ool
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£ 21 e FLAAA AL
Specification

. . Inside : W450xD300xH450 mm

Dimension

Bath Outside : W700xD400xH530 mm
a ' Interior : STS304 1.2t Plate
Material ]
Exterior : SPCC #1 1.2t Plate
Source AC 220 V, 60 Hz
Power -
Consumption Heater 2.8 kW
Range Room Temp. ~ 95 C
Accuracy + 0.5 C at 50 C
Temperature . . .
Controlle PID control-Digital Setting Display Type
Sensor Pt 100 & TTD Type
- Magnetic pump & Solenoid Valve
Water Control
Water Control Circulation ontro
-20 liter/ min
Drain Valve - Inlet & Outlet 3/8 inch STS pipe

g AA L F B2 AR 243 o] FE5 AN = Fel 4
&g A=E A Ja, Ate Wds Fs Aerlvle EA4d7E o
=9 225 4435 == 57 A R == dMTI= HE7F WA
of vk EF o] ARG St ol WHAAIIE=ES oFA Y
7F FEES Edols MEYE A H Q. U] 29 2EE A
(thermocouple K-type)E o] &3to] FA|star HAH 2 EwWste] mepx PID W
Aol FEEYZE of 2 AlofstAl Hof Utk AR 2-5= o] ¥ Al AlFE A M4

,27,
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ARZL 2-5. GhFeHAl Al AtE A A A S B

_29_



A 2 A4 Sol-gel glassE ©] &3t LA MA Ax 7|&=

DAMAEE A= 24 WHo=EX4 F7]& A (inorganic material)
host material2 A}-&3t= 7 -g-olth. F7ELZA FHEAAE

o
TE fAE dxded EELe fFo(glass)dd FElo FAEE A (SI0:)0]

22 PEe T2l s Fe oy A4 b2 2AEL EH6
ARE 5 Qor /158 Fevige Fyste]l AT & vk FrIEA

4 ¢
r-\m

&l (hydrolysis)®t o5 5§18 (polycondensation
reaction) &= Aw=El 4 gt} o] W precursor® AFEHE EZAZE=
Tetramethoxysilane [Si(OCHj3)s;TMOS]¥ Tetraethoxysilane [Si(OC2Hs)s4 TEOS]
S & tetraalkoxysilane A B o] ®EAFEolth. TMOSS TEOSt EATE4 0
2 HW silicon 97l 22 Wd7]1eh a7 7t Aol Fxolth. 1
¥ 2-9¢F o] TMOS® &5 #H7bste] 7FEal (Hydrolysis) #H&& do7|H
A(CH:OH)E AAdettt. olw] F 71 Si(OH)stAFe] =3 RE-8-(Condensation) &
ad 2-109% Zow stel & s ST o9 e SRSl o s
o FojA A HW 19 2-113 o] HEHA x5 FAsHA " o]d v
gt w$(polycondensation reaction)®] Aol wEkr A S = chain TF,
entangled T-%, cluster 7%, colloidal &% o2 &etzct. ZA= ozl W3}
B A precursor®] %, pH %, =9 & FAZ AMEE+= A - @ 7] (acid
- base catalyst)e] T 7 &, 282 B9V 2% 9 JH wEA E2A 77
o] 5o A24HdH.

A9 AAAAN = HAZE(drying) ek 24 (sintering) # A o] o o]
A A 2= host materialo] ZA(geD) B 7 7] Mol H7psto] Eekeity. EAo]
Hie 297 225 til AHA 602 AT FAEY Zddd wEkd tia W
st7b Aok olgA mAstE ¥AE EES
2719 @& T (pore)S 7HAa QA EWAL oF 100-200 m”/g ©lth. Xerogel

i

O

xerogel®| 2t H =1 4= nanometer

< I AAR FL2 A% FREE A AE Aoy ofF ek s &¥n L
HEg olZ fYolAE uAMLR o]&s7] 9side A3 (densification) 74
A dAT HFAHE AXA Hoh Xerogeld] ®W-2 T2 silanol L& (Si-OH)Z}
FAATH B2 TAYC doenw 3 dA A E dto FAAEE ES

,30,



cle3 C|:H3
OH
0 0
N/ I

/Si\ + 4(H,0) — HO—Si— OH + 4(CH30H)
o o |

| | OH
CH; CH,
9 2-9. TMOSSE B3}e] 7h52auhg.
OH OH OH OH

| | | |

HO— Si— OH +HO—Si— OH —»HO—Si— O—Si— OH + H,0
| | | I
OH OH OH OH

7 2-10. Si(OH)49] =38ks-
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OH OH
I |

HO—Si— O—Si—OH +6Si(OH), —*
I |
OH OH

OH OH
HO—Sli—OH HO—Sli—OH
OH c|> c|> OH
OH—Sli—O—Sli o) Sli—O—Sli—OH + 6(H,0)
o \o 51 o

I |

HO— Si—OH HO—Si—OH
| I
OH OH

9 2-11. Si(OH)4®] v 3RES.

Sk, ORMOSIL(ORganically MOdified SILicate) A
organic-inorganic silica glass® o)A sol-gel Wl olajA Azxgd 4 A}

¥ 2-22 E7FA] ormosils o] &% AN o E HoFT

rlo

,32,



# 1. ORMOSIL <+

ORMOSIL Molar Dopant
gel host ratio dye Sl
TMOS 1 C153 2.0x107°
MMA 1
TMSPM 1
0.04N HCI 35
TMOS 1 R6G 5.0x10™
EG 1
GPTMS 1
0.04N HCI 45
TMOS 3 R6G 5.0x10™
MMA 15
EG 3
TMSPM 15
GPTMS 3
0.04N HCI 16

TMOS = tetramethoxysilane, Si(OCHs)4

MMA =methyl methacrylate, CH2CCHsCOOCHj3

EG = ethylene glycol, HOCH:CH:OH

TMSPM = 3-(trimethoxysilyl) propyl methacrylate, Si(OCHz3)3(CH2)sOCOCCH2CHjs
GPTMS = 3-glycidoxypropyl trimethoxysilane, Si(OCHz3)3(CH2)sOCH:CHOCH:

= BH F2 FFE fste] EAYE o] &3 FrIaAMAA A
& z+zF TMOS, distilled water, methanol, HCL, Glycerol®
H7F 1 :20: 14 : 0002 : 325 Fyuu|= Z+2F 22 134 : 81 1 x 1 7.2 9]

Aok Al eMs 29" 2-129F Zom Ao

2 o
N
X
e
i -
=)
o
o,

[o
-
Au)

5] =
% TMOS 22mlE &R - o] &9l Methanol 8lml H7hgth. Wl



TEOSE o] &3 7Z-$d+= Metanol 4l Ethanols ©]-&3toof st EH&% W]
5 $Fo] T dAke BEEEE 9F7] st SR/ 360mlol IMEEe
t}. 7] distilled water 27ml

el LT FAGE o
qJ

et
N
L
>,
Y

2

sk}, o] glo| Glycerol 7.2ml & H7}3h | glycerol& #=#x5 #
F ol Wo sigretA HE2 o glycerol FHFEo] A uztA] ZLu)
batholl A1 10-15%5<¢F &E59°] £t} Glycerol formamideE 4l Yol= &=
O a=d gQomA Aol hdd o] % FAeH(scattering)S =50 %4
°of FEAS AT F AEF dFEh o]F 93t TMOS (E+ TEOS)HT}

3o Es vt HESs sv oA, pHE SAste] oF 8A=IA &

il

oft
o
2
2
oL,
rlo
L
=2
3
job)
0Q
=
@
=
o
wn
=
=
=
@
=
Ll
)
ofo B
ol
ol
&
2

= ol FEAIZEE MeOHS 75 °F 40 i, EtOHY 7ol &= 2F 60 i©]

olgA st dFo] BT JolrtH Alme ¢F 63mL7t HA =™ 50ml A E=7A]

a8y o)uf AlZro] YUE A 3w poly condensation®] YojuAl HEE 309
ol 58 Hel= # A¥of gt} poly condensation®] dojt}r] AlAtebd ©
o] magnetic stirrer’t £X7F W ®WEFA Ha A ol REH

condensation©] WAyl gellinge] €% o] WA €k vt= o] #Ao] 714
Ajg gtEo] w2 whA ot}
HER FH)ste olw &7|do] =2 3 glojof

=
= =
F7b AR Aeo]n U viscousd A 7

grrolme] Alse= ¢ | Aol Fwl#
Nxgoe A7E Fol ovendl WETH  ovend] SEE 40Tol4 52C ol 3k}
HEE st} 52T ol oA = crackinge] dojdth A58 g &7 SIHF-E9
Fio] SR Jd=F AYE AVie VY TFHES EolFolok st x7]4
oveno|l ¥Su= parafimo 2 +HE U] 2-3d A3 FesHE sl 12X
S Agol FFAY R FEE cracke] HASIY] AlEA|Z7F A5
#rt ovenol o9+ HMEHE AMEFE &7 EW AEFHA FHE AA7E A
A e s B ded oA R HA Y= ol

Z1 o] %ol parafilme A7 8FAL ovendroll WolE F 254 L= Adstd A &
A AFol k. S8 HE v Bt dA4%] FoE50] des & F
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o g% golA @zl FHAE S flske] polishinge] Z83 Ao &=
o] AFgE& FEoln Thorlabs A9 fiber polishing-& lapping films (LFP5P,
LFP3P, LFP1P, LFPO3P)& <¢AHH o & A3t polishing shejof  ghrh,
(http://www.thorlabs.com #%) o]#3t 3L FH Lol Bryans 5°] H i A
Um0 hdsty Alg Az 7)1 #@oh[28]

AR 2-62 9] RS Fate] Alxd A nAMLAe] wgow A%
of 507k e EFoltk ARl 2-72 ovenoll A condensation©] ¢F=

2] wgolt,

i, o
@]
<
[}
=)
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TMOS(tetramethylorthosilicate) 22ml

Methanol 81ml
«— 7.2ml of [Distilled water (360mL)+HCI(1M)0.3ml]

<« Distilled water 27ml
«—— Glycerol 7.2ml

Put in a container and place in awater bath
Shake for 15min in ultrasonic bath to be mixed evenly

|
40min(methanol) 70°C, gentle stirring in water bath

«—— Dyesolution

Pouring into polystylene cuvettes and sealing

|
40 - 52°C, 2 daysin oven
|

Uncover sealing
|
40 - 52°C, 2 weeksin oven

v
Laser medium

a7 2-12 TMOSE ©]-&3F sol-gel LA M4 A 2274
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AR 2-6 AzE E4 AE (9438 Asigx ¢ AE <9, RhB
doped-, Rh6G doped-, Pure sol-gel)

a9 2-7 Ax7t 489 sol-gel A MAHA (pure sol-gel , RhB
doped sol-gel)
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'. L=50mm _ Screen
Solid-State Dye

Spatial Mode = o - H

He-Ne Laser U /

I—
H
—
N
—
w
—
a
—
(63}
NN

Commercial
Solid-State Dye

M anufactured
Solid-State Dye

a9 2-14. dAE A AS F313 He-Ne dlo]l A4 3o T

t
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200 400 600

Wavelength(nm)

800
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D

5
4
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13CD
0

a9 2-16. ZygoE °l&7 I
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(o2}
o
o

N
o
o

N

Output(ud/pulse)
3

19l

o

a8 2-17

Output Energy(uJ/pulse)

14
12
10

o N A O ©

A4 290l 7187 B&E 108% Aor] GIME F77]e
2%tk g TAMzAlA FYRLEL 3nsArk. o

=48 A3 3m]/pulse( 5 - 9 J/em?)e] HZo| A

Slope Efficiency =10.8% _-

e

o 1 2 3 4 5 6 7

Pump Energy(mJ/pulse)

Bt FxI7e A o] DA ML HelAY FHas

Poly(methyl methacrylate)

NK-55

0 10 20 30 40 50 60 70
Number of laser pulses x 1000
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29 2-18 4T FX7]eA el NK-55 % PMMA LA A4 #o]A ] 41
R

AA A e T 2 GRS JAE = 919 A7 AdelA mzol HelA H
I3 23k photodegradation®]t}. ©]2]3F photodegradation®] <1 oz 7}
A 7F PR 1 PelF Yy singlet oxygeno® 4H A k. 29 &
pyrromethene 567 A9 oy x &g roltt. adoA & F gl5%o] singlet
oxygen? YA F=9= Mo 358 AH (triplet state)} A9 dAst=z 4
S AEHd osiAte] AT EES & Ak ol d Ao EAl= A ie
HpeE Rl oF AbAe] o 7] F9eke] B AE I Ao o7& et bl nieE
N7 A3 AL doIA o] photodegrations WA AIZITE o] 2 A&7
gt AL A A AAE AAT F e HIAAAE B Hed ol

2 aAN2AY FEYS AT

i<

i

T~=ps
S,=3.140.08 eV xT2 =3.18%0.1eV
— 410+
A= 41010 nm ) = 80050 nm
T=ps|
S,-23%003ev ="
+
0.67%0.04 eV S—— 1,110 ps
T,=1.63+0.01eV
A=54015nm
A =920+ 25 nm
singlet oxygen = 0.98 eV
G=0eV
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Relative conc. Relative Highest Increase in
Additive additive efficiency photostability | photostability
(additive/P567) | (additive/P567) (GJ/mol) (additive/P567)
None 0 1.00 20 1.00
CcOoT 0.25 1.00 40 2.00
Dabco 0.2 0.95 45 2.25
Tinuvin 770 0.5 0.85 60 3.00
TMP 0.5 0.91 50 2.5
TPA 0.5 0.91 40 2.00
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Additive Conc. of additive| Efficiency | Photostability | Increase in
(1x10-4 M) (%) (GJ/mol) photostability
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TPA 66.8 22 160 4.0
TMP 13.3 20 152 3.8
Tinuvin 770 33.4 20 165 4.1
Dabco 66.8 24 200 5.0
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