
UNIVERSITY OF SOUTHAMPTON 

FACULTY OF SCIENCE 

DEPARTMENT OF PHYSICS 

INVESTIGATIONS INTO YTTERBIUM, YTTERBIUM-ERBIUM AND 

THULIUM-DOPED SILICA-BASED FIBRE LASERS 

by 

Ian Richard P e r r y 

A thes i s submit ted for t h e deg ree of Doctor of Phi losophy 

J a n u a r y 1991 



CONTENTS 

Page 

ABSTRACT 

ACKNOWLEDGEMENTS 

CHAPTER 1: INTRODUCTION 1 

Reference 4 

CHAPTER 2: FIBRE LASERS 5 

2.1 In t roduc t ion ^ 

2.2 Basic F e a t u r e s of F ibre Lase r s 6 

2.3 Fibre F a b r y - P e r o t Resonators 9 

2.4 Cons t ruc t ing F ib re Laser Resonators 11 

2.5 Fibre Fabr ica t ion 14 

2.6 Propagat ion in Optical Waveguides 15 

2.7 Fibre Laser Theory 

2.8 Concluding Remarks 23 

References 23 

CHAPTER 3: RARE-EARTHS IN GLASS 30 

3.1 In t roduc t ion 30 

3.2 The R a r e - E a r t h s 30 

3.3 Transi t ion Probabi l i t ies of R a r e - E a r t h Ions 32 

References 37 

CHAPTER 4: YTTERBIUM-DOPED FIBRE 39 

4.1 In t roduc t ion 39 

4.2 Spec t roscopy 40 

4.2.1 In t roduc t ion 40 

4.2.2 Absorpt ion Measurements 41 

4.2.3 I n f r a r e d Emission 45 

4.2.4 Visible Emission 49 

4.3 Laser Operat ion ^4 

4.3.1 Determination of t h e Laser Trans i t ion 54 

4.3.2 Laser Oscillation on t h e Three -Leve l 58 

Trans i t ion 

4.3.3 Laser Oscillation on t h e Four -Leve l 64 

Trans i t ion 



4.4 Modelling of t h e T h r e e - and Four -Leve l 64 

Transi t ions 

4.4.1 The Four -Leve l Model 65 

4.4.2 I n t e r p r e t a t i o n of t h e Model 69 

4.4.3 Applications of t h e Four -Leve l Model: 71 

Case 1 

4.4.4 Applications of t h e Four -Leve l Model: 73 

Case 2 

4.4.5 The Three -Leve l Model 73 

4.4.6 Applications of t h e Three -Leve l Model 75 

4.4.7 Summary of t h e Model 77 

4.5 Tunable Operation 77 

4.5.1 Preliminary Inves t i ga t i ons 77 

4.5.2 The Ef fec t s of F ibre B i re f r ingence 82 

4.5.3 Improved Tuning Per fo rmance 84 

4.6 Supe r f l uo re scen t Operat ion 88 

4.6.1 In t roduc t ion 88 

4.6.2 Supe r f luo re scence Measurements 89 

4.6.3 Lineshape Measurements 95 

4.6.4 Output Modelling 98 

4.7 Q-Switched Operat ion 102 

4.7.1 In t roduc t ion 102 

4.7.2 Q-Switched Operat ion on t h e Four -Leve l 104 

Transi t ion 

4.7.3 Output Modelling of t h e Four -Leve l 105 

Transi t ion 

4.7.4 Q-Switched Operat ion on t h e Three- leve l 111 

Transi t ion 

4.8 Concluding Remarks 113 

References 115 

CHAPTER 5: YTTERBIUM-SENSITISED ERBIUM-DOPED FIBRE 120 

5.1 In t roduc t ion 120 

5.2 Spect roscopy 124 

5.3 Laser Action a t 1.5/Jm 130 

5.4 Tunable Laser Per fo rmance 135 

5.5 Concluding Remarks 137 

References 138 



CHAPTER 6: THULIUM-DOPED FIBRE PUMPED IN THE VISIBLE 143 

TO NEAR I.R. REGION 

6.1 In t roduc t ion 143 

6.2 Spec t roscopy 144 

6.3 Laser Per formance 151 

6.4 Tunable Operation 154 

6.5 Concluding Remarks 158 

References 159 

CHAPTER 7; Nd;YAG PUMPING OF THULIUM-DOPED FIBRE 161 

7.1 In t roduc t ion 161 

7.2 Spec t roscopy 163 

7.3 Prel iminary Laser Operat ion 165 

7.4 Tunable Operation 172 

7.5 High Power Operat ion 174 

7.5.1 In t roduc t ion 174 

7.5.2 Laser Operat ion 175 

7.5.3 Output Beam Charac te r i s t i c s 180 

716 Excited Sta te Absorpt ion in Tm -Doped Fibre 188 

7.6.1 In t roduc t ion 188 

7.6.2 Spec t roscopy 188 

7.7 Modelling of t h e Thulium-Doped F ibre 196 

7.7.1 In t roduc t ion 196 

7.7.2 Rate Equat ions 198 

7.7.3 Pump Absorp t ion 202 

7.7.4 Gain on t h e 2pm Trans i t ion 203 

7.7.5 Fi t t ing t h e Model 204 

7.8 Charac te r i s t i cs of F ib res with a Modified 214 

Core Composition 

7.8.1 In t roduc t ion 214 

7.8.2 Spec t roscopy 215 

7.8.3 Room Tempera tu re Laser Operat ion 219 

7.8.4 Liquid Nit rogen Cooled Laser Operation 220 

7.9 Concluding Remarks 228 

References 231 

CHAPTER 8: CONCLUSIONS 234 

8.1 In t roduc t ion 234 

8.2 Ytterbium-Doped F ib re 234 



8.3 Yt terbium-Erbium-Doped F ibre 236 

8.4 Thulium-Doped F ibre 237 

8.5 Final Summary 239 

APPENDIX: PUBLISHED PAPERS 240 

Continuous-Wave Oscillation of a Monomode 241 

Ytterbium-Doped F ibre Laser 

Continuous-Wave Tunable and S u p e r f l u o r e s c e n t 244 

Operation of a Monomode Ytterbium-Doped Fiber 

Laser 

Efficient S u p e r f l u o r e s c e n t Emission a t 974nm and 250 

1040nm from an Yb-Doped Fiber 

An Ytterbium-Doped Monomode F ibre Laser : Broadly 255 

Tunable Operation from l.OlOMm to 1.162/Jm and 

Three-Level Operation a t 974nm 

Efficient Operation of an Yb-Sens i t i sed Br Fibre 264 

Laser Pumped in 0.8/Jm Region 

Eff ic ient High-Power Continuous-Wave Operation 266 

of Monomode Tm-Doped Fibre Laser a t 2/Jm pumped 

by NdrYAG Laser a t 1.064;Jm 

Continuous-Wave Oscillation of a Monomode 268 

Thulium-Doped F ibre Laser 

Continuous-Wave Oscillation of a Monomode 270 

Thulium-Doped Silica F iber Laser 

A 1-Watt Thulium-Doped CW Fibre Laser Opera t ing 274 

a t 2fJm 



UNIVERSITY OF SOUTHAMPTON 

ABSTRACT 

FACULTY OF SCIENCE 

PHYSICS 

Doctor of Phi losophy 

INVESTIGATIONS INTO YTTERBIUM, YTTERBIUM-ERBIUM AND 
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Cont inuous-wave monomode laser oscillation has been demons t ra ted in 

y t t e rb ium-doped f i b r e a t 974nm and a r o u n d 1040nm f o r pump wave leng ths 

in t h e 0.8|Jm region. High slope ef f ic iencies (up to 78%) and low 

th resho ld powers (lOmW a b s o r b e d ) were measured fo r t h i s device. 

Tunable operat ion from lOOOnm to 1162nm, t h e gene ra t ion of Q-switched 

pulses , and e f f ic ien t amplified spon taneous emission have also been 

demonst ra ted , and some of t h e s e f e a t u r e s have been modelled. 

A f i b r e doped with erbium and sens i t i sed with y t t e rb ium has been 

inves t iga ted to s t u d y the e f f e c t of e n e r g y t r a n s f e r from t h e y t t e rb ium 

co-dopan t to the erbium ions a f t e r excitat ion a t wave leng ths in the 

O.S^m region. The e f f e c t s of pump excited s t a t e ab so rp t i on on the 

th re sho ld and slope e f f i c iency have been cha rac t e r i s ed . 

Cont inuous-wave monomode lase r oscillation was o b s e r v e d a t 1.564/Jm 

with a 5mW abso rbed th re sho ld power . The l ase r wave leng th was tunab le 

from 1.521pm to 1.562/Jm. 

Cont inuous-wave monomode lase r act ion in a thu l ium-doped f i b r e , also 

pumped in the 0.8/im region, was o b s e r v e d a t a r o u n d 2/Jm with an 

a b s o r b e d th resho ld power of a b o u t 30mW. The l a se r wave leng th was 

tunab le from ISlOnm to 2014nm. A c h a n g e of pump sou rce to a h igh power 

NdrYAG laser ope ra t ing a t 1.064/Jm yielded f i b r e l a se r o u t p u t powers of 

u p to 1.35W with a t h r e sho ld power of 600mW. Pump excited s ta te 

absorp t ion a t 1.064Mm and t h e r e su l t i ng u p c o n v e r t e d visible 

f luorescence has been inves t iga ted and modelled. 
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CHAPTER 1 

INTRODUCTION 

This t he s i s d e s c r i b e s r e s e a r c h into r a r e - e a r t h - d o p e d silica based 

optical f i b r e s , with an emphasis on t h e laser pe r fo rmance of t h e s e 

devices when placed into a r e s o n a n t s t r u c t u r e such as a F a b r y - P e r o t 

cavi ty . Three d i f f e r e n t f i b r e l ase r sys tems were inves t iga t ed , 

involving f i b r e s doped with y t t e rb ium (Yb^*), thulium (Tm^*), and 

doub ly -doped with both y t t e rb ium and erbium (Er^*). All of the f i b r e s 

used in the exper iments desc r ibed in t h e following c h a p t e r s were 

f ab r i ca t ed by J a n e t Townsend of t h e Optical F ibre Group in t h e 

Depar tment of Elect ronics and Computer Science a t t h e Un ive r s i ty of 

Southampton. 

An in t roduc t ion to the p r inc ip les of opt ical p ropaga t ion in 

f i b r e s and a d iscuss ion of the f e a t u r e s t h a t make the doping of such 

f i b r e s a t t r a c t i v e f o r laser opera t ion is given in Chapte r 2, which 

also detai ls t he exper imental t e c h n i q u e s for c o n s t r u c t i n g f i b r e laser 

r e s o n a t o r s and goes on to desc r ibe the basic t h e o r y of opera t ion . 

Chap te r 3 p r o v i d e s a brief summary of the impor tan t f e a t u r e s of 

r a r e - e a r t h ions as impuri t ies in a g lass host , inc luding t h e sal ient 

po in ts of t h e J u d d - O f e l t t h e o r y leading to the F u c h t b a u e r - L a d e n b u r g 

relat ion fo r calcula t ing rad ia t ive lifetimes from measurements on the 

abso rp t ion spec t rum of a pa r t i cu la r r a r e - e a r t h t r ans i t ion . 

Chap te r s 4 to 7 form t h e main p a r t of th i s thes i s : t he 

exper imental r e s u l t s of t h e inves t iga t ions into t h r e e d i f f e r e n t f i b r e 

l ase r sys tems. The experimental t e chn iques n e c e s s a r y fo r t h i s r e s e a r c h 

a r e i n t roduced a t a p p r o p r i a t e poin ts in the tex t and fo r t h i s r eason 

some of the methods desc r ibed in Chapte r 4 fo r measur ing , e.g., t he 

spec t rum of f luo rescence emitted radial ly from the f i b r e , or the 



lifetime of a pa r t i cu la r excited s ta te , a re applicable in la ter 

chap te r s . Chapter 4 desc r ibes the spec t roscopy and laser operat ion of 

Yb -doped f i b r e when pumped in the 0.8/Jm region with a S ty ry l 9M dye 

laser . The dye laser was employed to a s s e s s the f i b r e laser 

performance when pumped at wavelengths achieveable from commercially 

available GaAlAs diode lasers , since in most pract ical applicat ions of 

f i b r e lasers a compact, cheap and reliable pump source would be a 

necess i ty . The f luorescence spect rum fo r emission in the i n f r a r e d , 

a round 1/Jm, is inves t iga ted , and evidence for a cooperat ive 

luminescence p rocess giving emission in the visible region a round 

500nm is also descr ibed . Continuous-wave single mode laser action in 

the ipm region on the ^^7/2 t rans i t ion is shown to occur via a 

three-level transition to the ground state and a quasi-four-level 

t rans i t ion to a S ta rk level in the g round s ta te multiplet. The 

par t i cu la r t rans i t ion t h a t exhibits laser action can be selected by 

appropr i a t e choice of f i b r e length and pump wavelength. The laser gain 

for both transitions is modeUed as a function of fibre length and 

pump power, for the pu rpose of predic t ing the minimum possible 

th reshold power and the length of f i b r e r equ i r ed to achieve this , if 

cavi ty losses can be specif ied. Preliminary r e su l t s of cont inuously 

tunable operat ion on the four - leve l t rans i t ion a re developed to the 

point where a f i b r e loop polarisat ion control ler is incorpora ted into 

the r e sona to r to eliminate ou tpu t power f luc tua t ions due to wavelength 

dependen t cavi ty losses. Laser operat ion in the form of Q-switched 

pulses is demonstrated using an acousto-optic deflector to modulate 

the cavi ty loss, and the ou tpu t power and pulse dura t ion a re modelled. 

In addit ion to provid ing an ef f ic ient f ib re laser source in the ljum 

region, the Yb^*-doped fibre also exhibits amplified spontaneous 

emission (ASE) due to the high single pass gain available from this 

system, and the o u t p u t cha rac te r i s t i c s fo r the t h r e e - and four - l eve l 

t r ans i t ions a re p r e sen t ed , t oge the r with suppor t ing calculations to 

descr ibe the phenomenon. 

Chapter 5 describes the characteristics of a fibre containing 

both Er as a laser-active dopant and Yb^'' as a sensitiser to absorb 

GaAlAs diode laser-compatible wavelengths where a s ingly-doped Er^"^ 

f ib re exhibits excited s ta te absorpt ion . The e f fec t of pump wavelength 

(provided by a S ty ry l 9M dye laser) on the slope eff ic iency and 

th reshold power fo r cont inuous-wave single-mode laser action on the 

^13/2 ^15/2 t rans i t ion in Er at 1.5/Jm is inves t iga ted , and 



optimum pump wave leng ths in t h e O.SjMm region a r e ident i f ied . Some 

pre l iminary r e s u l t s fo r t unab le opera t ion a r e also desc r ibed . 

In Chapte r 6, detai ls of inves t iga t ions into a Tm^^-doped f i b r e 

pumped with a S t y r y l 9M dye laser a t a r o u n d 0.8pm a r e p r e s e n t e d . 

Cont inuous-wave single mode oscillation on t h e t r ans i t i on a t 
4 6 

2/im and tunab le opera t ion in th i s wavelength reg ion a r e desc r ibed , and 

f luo rescence s p e c t r a a r e included fo r pumping a t 0.8(Jm and also a t 

476nm, where an a r g o n ion laser was used to excite the h i g h e r lying 

levels. 

Tm - d o p e d f i b r e was also found to pos se s s a weak abso rp t ion a t 

t he Nd:YAG wave leng th of 1.064pm, and the r e a d y avai labi l i ty and high 

power o u t p u t of t h i s t y p e of source led to inves t iga t ion of i t s use as 

a pump fo r a h igh power f i b r e l ase r a t 2(Jm, These exper iments a r e 

desc r ibed in Chapte r 7, where modifications of t h e f i b r e des ign a re 

shown to permi t con t inuous -wave single mode 2/Jm f i b r e laser o u t p u t a t 

power levels in excess of 1 Watt. The real isat ion of a high power 

f i b r e l ase r source a t t h i s wave leng th is one of t h e most s ign i f ican t 

r e s u l t s of the work desc r ibed in th i s thes i s , and may f ind 

appl ica t ions in a v a r i e t y of s i tua t ions . In addi t ion to 2/Jm emission, 

the f i b r e also f l uo re sce s a t visible wave leng ths a r o u n d 470nm due to a 

mult iphoton sequen t ia l abso rp t ion scheme when pumped a t 1.064pm. This 

upconver s ion f l uo re scence is desc r ibed and a model is developed to 

p r ed i c t t he l ase r gain a t 2pm in t h e p r e s e n c e of the upconver s ion 

p roces s as a func t ion of f i b r e l eng th and i n p u t power. As with the 

Yb model, t he minimum possible th re sho ld can be p red ic t ed if t he 

cavi ty losses a r e known. Finally, some comparisons of the spec t ro scopy 

and lase r pe r fo rmance a r e made between t h r e e d i f f e r e n t t y p e s of 

Tm ^-doped f i b r e , where the d i f f e r e n c e s a re due to changes in the 

s i l ica-based hos t composition and the dopant concent ra t ion . 

Chapter 8 conc ludes th i s t hes i s with a summary of the main 

f e a t u r e s of t h e s e inves t iga t ions into f i b r e l a se r s , and makes some 

sugges t i ons for cont inuat ion and development of the work. 

I t should be noted tha t , s ince the experimental programme 

detai led in t h i s t he s i s was in genera l a col laborat ive e f f o r t of a 

team of r e s e a r c h e r s , some p a r t s of the r e s u l t s p r e s e n t e d he re in have 

appeared elsewhere [1.1], specifically the laser and ASE performance 

of the Yb^^-doped f i b r e and the Yb^^-Er^* co-doped f i b r e 

characteristics. However, with respect to the Yb^* results: the 

modelling of t h e laser t r ans i t i ons and the ASE, the Q-switched 



opera t ion , and t h e cha rac t e r i s a t ion of vis ible emission, a re un ique to 

th i s thes i s . 

Reference 

[1.1] R.G. Smart , Ph.D. Thesis , Un ive r s i ty of Southampton (1990) 



CHAPTER 2 

FIBRE LASERS 

2.1 In t roduc t ion 

The p r e s e n t i n t ense r e s e a r c h into f i b r e l a s e r s and ampl i f iers , due in 

no small p a r t to developments in t h e telecommunications i n d u s t r y and 

improvements in opt ical f i b r e des ign and fabr ica t ion t echn iques , 

follows a re la t ive ly r e c e n t r e s u r g e n c e of i n t e r e s t in a technology 

t h a t da tes back almost as f a r as the l ase r i tself . The glass f i b r e 

laser was inven ted by Elias Sni tzer in 1961 [2.1], with s u b s e q u e n t 

r e p o r t s in 1963-64 [2.2, 2.3], again by Sni tzer , involving a f lashlamp 

pumped multicomponent neodymium-doped f i b r e with a 10/im core diameter. 

The poss ib i l ty of semiconductor diode pumping, a common f e a t u r e of 

p r e s e n t - d a y f i b r e l a se r s , was f i r s t s u g g e s t e d by Koester in 1966 

[2.4], and in 1973 Stone and B u r r u s [2.5] r e p o r t e d longi tudinal 

pumping by a c o h e r e n t source of a 40/Jm core diameter f u s e d silica 

neodymium-doped f ib re , with t h r e s h o l d s as low as l-2mW a b s o r b e d . Thus 

by the mid-1970s, all t h e major f e a t u r e s of t h e typ ica l f i b r e laser 

were in place, a lbei t involving multimode r a t h e r t h a n s ingle mode 

f ib re s . 

I n t e r e s t in t h e s u b j e c t went into decline ove r t h e next t en y e a r s 

unt i l t h e development by the Southampton Unive r s i ty Optical Fibre 

Group of a method of f ab r i ca t i ng s ingle mode silica f i b r e doped with 

l a se r - ac t i ve r a r e - e a r t h impuri t ies [2.6] while still r e t a in ing the 

u l t r a low loss c h a r a c t e r i s t i c s of telecommunications g r a d e f i b r e 

( typical ly 0.5dB/km at 1.3pm or 0.25dB/km at 1.55jJm). Ini t ial work 

concen t r a t ed on the ^ t r ans i t ion in Nd^^ a r o u n d l.OBMm. 
w / b X i. / ̂  

Diode-pumped single mode lase r opera t ion was r e p o r t e d [2.7, 2.8], 



followed by r e p o r t s of Q-switched opera t ion [2.9, 2,10], mode-locked 

opera t ion [2.11, 2.12], s u p e r f l u o r e s c e n t opera t ion [2.13] and tunab le 

opera t ion [2.14, 2.15]. Laser action was also demons t ra ted on the 

^^g/2 t r ans i t i on a t 0.9/Jm [2.16-2.18] and on t h e 

' '^13/2 t r ans i t i on a t 1.39pm [2.19]. The 1.536/Jm ^1^3/2 ''^15/2 

t r ans i t i on in Er^* also st imulated a g r e a t deal of i n t e r e s t , s ince 

th i s wave leng th fal ls within the so-cal led t h i r d telecommunications 

window a t 1.55A<m. As with Nd^*, a r a n g e of Er^^-doped ac t ive f i b r e 

devices was developed ( f u r t h e r detai ls of e rb ium-doped f i b r e l a s e r s 

may be found in Chapte r 5) f o r use as sources , s ignal r e p e a t e r s , 

ampli f iers and de tec to r p reampl i f ie r s [2.20-2.32]. 

However, doped optical f i b r e has many and va r i ed u s e s in f ie lds 

o the r t h a n telecommunications, such a s medical appl ica t ions , s ensor 

technology and spec t roscopy . In view of th is , t h e optical p r o p e r t i e s 

of seve ra l r a r e - e a r t h dopan t s in f i b r e hos t s have been s tud ied over 

the las t few y e a r s to inves t iga te the r a n g e of emission wave leng ths 

and pe r fo rmance c h a r a c t e r i s t i c s a t ta inab le with devices of th i s 

n a t u r e , most notably in the form of f i b r e l a se r s . To date , seven of 

t h e f i f t e e n r a r e - e a r t h elements have exhibi ted l a se r act ion in silica 

f i b r e , with wave leng ths r a n g i n g from 651nm in samarium to beyond 2/Jm 

in thulium and holmium. A summary of t h e s e laser t r a n s i t i o n s is g iven 

in Table 2.1. 

S tud ies involving silica f i b r e s conta ining y t t e rb ium, erbium and 

thulium a r e p r e s e n t e d in Chap te r s 4, 5, 6 and 7 of th i s thes i s . The 

remainder of th i s c h a p t e r cons ide r s some of t h e basic p r inc ip les of 

f i b r e l a se r s and the a d v a n t a g e s fo r laser action a f f o r d e d by t h e f i b r e 

geometry. 

2.2 Basic F e a t u r e s of F ibre Lase r s 

Fibre l a s e r s a r e in e s sence extremely simple devices . R a r e - e a r t h 

dopan t ions may be inco rpora t ed into t h e core reg ion of cyl indr ica l 

glass optical f i b r e s to form a medium which exhib i t s optical gain 

u n d e r a p p r o p r i a t e excitat ion condi t ions of t h e s e ions. This excitation 

is achieved usual ly t h r o u g h longi tudinal pumping by focus ing l ight 

into t h e core of the f i b r e a t one end. The l ight t h e n p r o p a g a t e s along 

the f i b r e core , conf ined by a layer of g lass pos se s s ing a lower 

r e f r a c t i v e index to t h a t of the core. Pump l ight of an a p p r o p r i a t e 

wavelength u n d e r g o e s abso rp t ion by the dopan t ions as it p r o p a g a t e s , 

6 



w h e r e b y t h e e n e r g y of the pump photons promotes e l ec t rons in the 

g round s t a t e of t h e s e ions to h ighe r lying e n e r g y levels. Relaxation 

of t h e s e excited levels t r a n s f e r s t h e a b s o r b e d pump e n e r g y back to t h e 

g round s t a t e e i t he r by the p roduc t ion of phonons ( the q u a n t a of 

v ib ra t i ons of the silica hos t material) or by a rad ia t ive p r o c e s s 

involving t h e c rea t ion of a photon. If su f f i c i en t pump e n e r g y is 

a b s o r b e d to c r ea t e a populat ion invers ion , laser action may t h e n be 

induced by placing t h e f i b r e within a r e s o n a n t s t r u c t u r e such a s a 

F a b r y - P e r o t cavi ty , p rov id ing t h a t t he gain due to the s t imulated 

pho tons exceeds t h e tota l losses of t h e r e s o n a n t cavi ty . 

Dopan t T r a n s i t i o n Wavelength i^m) R e f e r e n c e s 

1.08 [2 .33 , 2 .34 ] 

F : . « : (L888 [2 .34] 

Nd^* ' P 3 / 2 ]L39 [2 .19] 

3/2 
L055 - 1. 14 [ 2 . 7 - 2 . 15] 

^ ' 1 9 / 2 0.9 - 0 .95 [ 2 . 1 6 - 2 . 1 8 ] 

\ / 2 ^ ' " 9 / 2 0.651 [2 .35] 

Ho3 + ' = 9 2.04 [2 .36] 

E r ^ * 
13/2 15/2 

1.51 - 1.60 [ 2 . 2 0 - 2 . 3 2 ] 

Tm^* L780 - 2 . 0 5 6 [ 2 . 3 7 - 2 . 3 9 ] 

Yb^* 0.974 
[ 2 . 4 0 - 2 . 4 3 ] 

" ' " 7 / 2 LOOO - 1 .162 

Table 

R a r e - e a r t h doped f i b r e l a se r s c lear ly have many similarit ies, from a 

spec t roscop ic a spec t , to laser sys tems involving r a r e - e a r t h doped bulk 

g lasses or c r y s t a l s . The imposition of a f i b r e geometry onto a 

r a r e - e a r t h doped glass laser system does however o f f e r severa l 



impor tant a d v a n t a g e s over convent ional bulk devices . 

P e r h a p s t h e most s t r i k ing f e a t u r e of f i b r e l a se r s is t he small 

c r o s s sect ional dimension of the ac t ive region , with core diameters 

fo r monomode f i b r e s typical ly less t han 5pm. This fac t , combined with 

t h e waveguid ing p r o p e r t i e s of t h e f i b r e and t h e good power handl ing 

p r o p e r t i e s of t h e silica hos t , means t h a t a h igh pump in t ens i t y can be 

maintained within t h e doped core for re la t ive ly low i n p u t powers , and 

in many cases read i ly available semiconductor diode l a s e r s of modest 

o u t p u t power can be used as pump sources . The small pumped volume 

o f f e r s a s ign i f i can t r educ t ion in t h r e sho ld r equ i r emen t s over bulk 

sys tems . In genera l , longi tudina l pumping of a bulk laser medium is 

p r e f e r a b l e to t r a n s v e r s e excitation since t h e pumped volume can be 

minimised by focus ing the pump beam to a spo t size such t h a t t he 

l eng th L of t he ac t ive medium is equal to the confocal pa ramete r 

2,nw^/\, where X is t h e pump wavelength . The pumped a r e a is t h e n of the 

o r d e r of LX. For monomode f i b r e s , t h e core r a d i u s of only a few 

micrometers means t h e pumped a r e a is typical ly two to t h r e e o r d e r s of 

magni tude lower t h a n in the bulk longi tudinal ly pumped a r r angemen t . 

The r educ t ion in t h r e s h o l d by th i s same fac to r t h u s b r i n g s t h e typica l 

t h r e sho ld r e q u i r e m e n t f o r f i b r e l a se r s down to the milliwatt level. 

A f u r t h e r a d v a n t a g e over bulk sys tems due to the f i b r e geometry 

is t h e h igh s u r f a c e a r e a to volume rat io. This allows rap id hea t 

d iss ipat ion to t ake place, unl ike the s i tuat ion in bulk l a s e r s where 

the lower d iss ipa t ion r a t e can o f t en p r e v e n t con t inuous-wave 

oscillation and p r ec lude t h r e e - l e v e l opera t ion when t h e h igh pump r a t e 

r e q u i r e d canno t be met by the r a t e of hea t removal, leading to 

f r a c t u r e or optical damage. The rap id hea t d iss ipat ion from pumped 

f i b r e s also c i r cumven t s the problems of thermal d is tor t ion common in 

bulk glass l a se r s . 

If t he f i b r e is made to be s ingle t r a n s v e r s e mode a t both the 

pump and lase r wave leng ths , t h e n t h e good spat ia l over lap of t h e two 

p ropaga t i ng f ie lds makes the most e f f ic ien t use of the pump e n e r g y , 

a l though it is common fo r f i b r e s to be s l ight ly multimode a t t he pump 

wave leng th so t h a t t h e core r a d i u s can be as l a rge as possible 

(without compromising single mode opera t ion a t t he l ase r wavelength) 

to faci l i ta te t h e l aunch ing of pump power into the f i b r e and maximise 

the launch e f f ic iency . In o the r c i rcumstances , a s small a core size as 

possible is des i rab le f o r high pump in t ens i ty and maximum gain in, fo r 

example, telecommunications amplif iers , so c lear ly t h e exact f i b r e 



des ign d e p e n d s on the potent ia l appl icat ion u n d e r cons idera t ion . A 

single mode waveguide automatically p rov ide s a rel iable fundamenta l 

mode Gaussian i n t e n s i t y - p r o f i l e o u t p u t which may be easi ly matched to 

an undoped f i b r e f o r de l ivery of the f i b r e laser radia t ion to a remote 

location. Developments in optical f i b r e technology have p roduced a 

r a n g e of f i b r e devices such as po la r izers , wave leng th select ive 

beamspl i t t e r s , modulators and in t eg ra l g r a t i n g s with which f i b r e 

l a s e r s a re fu l ly compatible. Directional coup le r s a r e especial ly 

impor tan t s ince t h e y can be formed into loops which ac t as r e f l ec to r s , 

t h u s rep lac ing bulk mi r ro r s and eliminating the associa ted d i f f rac t ion 

losses . 

The b road inhomogeneous bandwid th of the optical t r an s i t i ons of 

r a r e - e a r t h ions in an amorphous glass hos t such as silica (ar is ing 

mainly from si te to s i te va r i a t ions in the hos t e lect r ic f ie lds) in 

con junc t ion with t h e h igh optical damage th re sho ld of silica, make it 

possible to obta in s h o r t dura t ion , h igh peak power pu l ses from f i b r e 

l a s e r s when ope ra t ed in Q-switched or mode locked condit ions. The 

broad f luo re scence also allows tunab le laser opera t ion over 

s ign i f i can t r a n g e s , and b r o a d b a n d amplification is possible when the 

f i b r e is removed from a r e s o n a n t cav i ty envi ronment . The long 

in te rac t ion l eng th of the wave guiding s t r u c t u r e allows weak absorp t ion 

to be fu l ly exploited, so t h a t pumping f a r into t h e wings of an 

abso rp t ion band can still p rov ide su f f i c i en t gain fo r laser action if 

a long enough f i b r e is used . 

Fibre l a s e r s t h u s have many un ique and i n t e r e s t i n g f e a t u r e s t h a t 

make them an impor tan t addi t ion to t h e r a n g e of solid s t a t e laser 

devices c u r r e n t l y available. The p r e s e n c e of pump b a n d s access ible by 

GaAlAs diode l a s e r s is of pa r t i cu l a r re levance in the real isat ion of 

cheap , pract ica l , compact and rel iable f i b r e laser devices . However, 

even in s i tua t ions where l a rge pump sou rces such as a r g o n ion, 

neodymium:YAG or dye l a s e r s a r e r e q u i r e d , doped f i b r e s have a role as 

simple and e f f i c i en t wave leng th c o n v e r t e r s , r e q u i r i n g li t t le more t han 

a se t of su i table mi r ro r s and a means of launching pump l ight into the 

f ib re . 

2.3 Fibre Laser F a b r y - P e r o t Resonators 

The simplest cav i ty fo r a f i b r e laser is a F a b r y - P e r o t des ign , formed 

by placing the e n d s of t h e f i b r e d i rec t ly aga ins t f la t mi r ro r s formed 



from dielectr ic coated s u b s t r a t e s , a p r o c e s s known as "bu t t i ng" . The 

mirror a t t h e pumped end of the f i b r e ( the i n p u t mirror) is usual ly 

h ighly t r ansmi t t ing a t t h e pump wave leng th and h ighly re f l ec t ing a t 

t he laser wavelength . The mirror a t t h e o the r end ( the o u t p u t coupler) 

has a t ransmiss ion of typical ly a few p e r c e n t a t t h e laser wavelength 

to couple out a f r a c t i o n of the c i rcu la t ing power. The f i b r e is 

longi tudinal ly pumped by focus ing l ight from an ex te rna l l a se r source 

on to the end of the f i b r e t h r o u g h the i n p u t mir ror . If t h e pump 

wave leng th coincides with one of t h e dopan t ion abso rp t ion b a n d s t hen 

laser act ion may occur within t h e r e s o n a n t s t r u c t u r e formed by t h e two 

mir rors . Under h igh gain condi t ions , t h e * 4 p e r c e n t F resne l 

re f lec t ions from t h e e n d s of the f i b r e may themselves def ine t h e 

r e s o n a n t s t r u c t u r e wi thout the need fo r addi t ional bulk mir rors . 

Al ternat ively , dielectr ic coa t ings may be appl ied d i rec t ly onto the 

f i b r e e n d s to form mi r ro r s and so eliminate t h e b u t t i n g p rocedu re , 

where the f i b r e e n d s a r e o f t en damaged on contac t with a bulk mirror . 

Conventional mi r ro r s may be d i spensed with a l toge the r by us ing f i b r e 

loop r e f l ec to r s , where t h e f i b r e is formed into a loop and f u s e d onto 

itself so t h a t l ight e n t e r i n g t h e loop is e i the r t r ansmi t t ed t h r o u g h 

the o u t p u t end or " r e f l ec t ed" back t h r o u g h the i n p u t end. 

A simple modification to the bulk optic ve r s ion of the 

F a b r y - P e r o t cav i ty allows the incorpora t ion of i n t r a c a v i t y elements, 

such as wave leng th select ive devices f o r t u n i n g and modula tors fo r 

Q-switching or mode locking, to be i n s e r t e d usual ly between t h e f i b r e 

o u t p u t end and the o u t p u t coupler . The o u t p u t l ight from t h e f i b r e 

must t h e n be collimated with an i n t r a c a v i t y lens with a numerical 

a p e r t u r e close to t h a t of the f i b r e so t h a t t he inse r t ion losses a re 

minimised. Q-switching [2.10] and mode locking [2.11] have been 

demons t ra ted with a r r a n g e m e n t s of th i s t ype . Tuning of the f i b r e laser 

wavelength can also be achieved with the in t roduc t ion of an 

i n t r acav i ty wave leng th select ive element such as a se t of b i r e f r i n g e n t 

Lyot f i l t e r s [2.39], or simply a prism [2.42], so t h a t only a limited 

region of t h e las ing bandwid th r e s o n a t e s in the cavi ty . An a l t e rna t ive 

means of t u n i n g is to rep lace the o u t p u t coupler with a re f lec t ion 

d i f f r ac t ion g ra t ing [2.32]. This a r r a n g e m e n t still r e q u i r e s an 

i n t r acav i ty lens to collimate the f i b r e o u t p u t onto the g ra t i ng , and 

to p rov ide a gap into which a beamspl i t te r may be placed to ex t r ac t 

t he u s e f u l ou tpu t . 

Tuning of f i b r e laser r e s o n a t o r s is also poss ible without 
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r e c o u r s e to bulk optical components , an a t t r a c t i v e f e a t u r e due to the 

r educ t ion in inse r t ion losses which o therwise inc rease t h e t h r e sho ld 

power fo r l a se r action. The f i b r e loop r e f l e c t o r s desc r ibed above have 

a r e f l ec t iv i ty t h a t is dependen t on the coupl ing rat io, which is 

itself d e p e n d e n t on the wavelength . Tuning can be achieved [2.44] by 

chang ing the t e m p e r a t u r e of the f u s e d region, which a l t e r s the 

coupl ing ra t io and hence the wave leng th a t which t h e loop is 

re f lec t ive . Another t u n i n g t echn ique t h a t avoids a bulk wavelength 

select ive element is t he formation of a g ra t i ng d i rec t ly onto t h e 

f i b r e by pol ishing away a few millimetres longi tudinal ly to expose the 

core reg ion into which grooves a re e t ched [2.45]. A r e sona to r is 

formed by a h igh r e f l ec to r a t t he f i b r e i n p u t end and the g r a t i ng a t 

t h e o the r end ac t ing as a d i s t r i bu t ed f eedback r e f l ec to r . 

For the work desc r ibed in th i s thes i s , r e s o n a t o r s were formed 

us ing bulk mi r ro r s and bulk in t r acav i ty components . This was f a r more 

conven ien t t h a n coated f i b r e ends , or f i b r e r e f l ec to r s , etc. , s ince 

the bulk s e t - u p allowed rapid and easy c h a n g e s of, e.g., o u t p u t 

coupl ing or f i b r e l eng th . The following sect ion d e s c r i b e s some of t h e 

prac t ica l po in ts to be cons idered when c o n s t r u c t i n g r e s o n a t o r s of th i s 

type . 

2.4 Cons t ruc t ing Fibre Laser Resonators 

If t h e e n d s of a f i b r e a r e to be bu t t ed u p aga ins t dielectr ic mi r ro rs , 

or dielectr ic l aye r s a r e to be deposi ted d i rec t ly onto the ends , t h e n 

it is impor tan t t h a t t h e ends a r e of a high qual i ty so t h a t 

i r r e g u l a r i t i e s or imperfec t ions do not d e g r a d e t h e laser pe r fo rmance 

by in t roduc ing addi t ional losses. The f i b r e e n d s should Ideally be 

f l a t and p e r p e n d i c u l a r to the f i b r e axis. The mir ror su r f ace , in the 

case of bulk opt ics , should also be p e r p e n d i c u l a r to th i s axis, so 

t h a t when the f i b r e is bu t t ed t h e r e is no gap be tween t h e f i b r e and 

the mirror . Angular misalignment can have a marked a d v e r s e e f f e c t on 

the cavi ty loss. Hanna et al. [2.46] o b s e r v e d an inc rease in the 

s ingle pa s s loss of % 10% when the o u t p u t coupler mir ror angle of a 

neodymium-doped f i b r e l ase r was changed by as l i t t le as 1 . This loss 

a r i s e s because the f r ac t i on of emergent power f rom the f i b r e t h a t is 

coupled back in a f t e r re f lec t ion is r e d u c e d by t h e a n g u l a r o f f se t . An 

angled f i b r e end face is similarly detr imental , a s l ight r e f r a c t e d a t 

t he f i b r e / a i r i n t e r f ace is not r e c a p t u r e d by the core if t h e angle is 
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too g rea t . The de l ibera te formation of angled ends may in f ac t be used 

to s u p p r e s s end face re f lec t ions in appl ica t ions where r e sonance is 

undes i r ab le . 

There a re two pr inc ipa l methods of p r e p a r i n g t h e f i b r e e n d s p r i o r 

to bu t t i ng aga in s t mi r ro rs . The f i b r e may be fixed with epoxy re s in 

into a s h o r t piece (a few cm) of glass capi l lary t u b e and polished on 

a g r i nd ing wheel us ing success ive ly f i ne r g r a d e s of pol ishing p a p e r to 

p r o d u c e a h igh qual i ty f l a t su r f ace . Pe rpend icu l a r i t y of the f i b r e end 

face with i t s axis does of cour se depend on t h e f i b r e and capi l lary 

t u b e axes being paral le l and the t u b e being held p e r p e n d i c u l a r to t h e 

pol ishing su r f ace . This method is r a t h e r u n s a t i s f a c t o r y since i t is 

time consuming and p r o n e to damage a t t he weak point where the f i b r e 

leaves the capi l lary tube . A more se r ious d rawback is t he d i f f e r e n c e 

in h a r d n e s s between t h e capi l lary glass and the silica f i b r e , with the 

re la t ive s o f t n e s s of t h e l a t t e r r e su l t i ng in the formation of a 

dep re s s ion in t h e pol ished s u r f a c e in the reg ion of the f i b r e . This 

means t h a t a gap exis ts between the f i b r e and mir ror even if t he 

capi l la ry t u b e is in con tac t with the mirror . 

The pol ishing method has s ince been v i r tua l ly abandoned in f a v o u r 

of a f a r simpler and more rel iable t echn ique , t h a t of c leaving the 

f i b r e via the p ropaga t ion of a c rack ini t ia ted a t i t s edge . This is 

most e f fec t ive ly pe r fo rmed us ing a commercially available cleaving 

tool such as the FK 11 device des igned by York Technology Limited fo r 

c leaving telecommunications f i b r e s in the field. The end few 

cen t imet res of the f i b r e a r e f i r s t l y s t r i p p e d of the p ro tec t ive 

plas t ic coat ing and cleaned tho rough ly in a su i table so lvent such as 

ace tone or methanol, and the f i b r e is t hen placed u n d e r longi tudina l 

t ens ion between a pa i r of clamps. Cleaving is achieved by in t roduc ing 

a diamond blade (v ib ra t ing at 60kHz) p e r p e n d i c u l a r to t h e f i b r e axis. 

When contac t is made between the blade and t h e f ib re , t he c rack 

p ropaga t ion c leaves t h e f ib re . The f i b r e end is t h e n inspec ted 

in te r fe romet r ica l ly us ing the o f f c u t piece, where the number of 

i n t e r f e r e n c e f r i n g e s ind ica tes the angle made between t h e f i b r e end 

face and a r e f e r e n c e optical f lat . The tens ion may t h e n be a l t e red if 

n e c e s s a r y unt i l t he number of f r i n g e s is s a t i s f ac to ry . With t h i s 

device, end face ang les of 0.5 or b e t t e r can be achieved. 

When both e n d s of t h e f i b r e have been p r e p a r e d in t h i s way, the 

cavi ty may be c o n s t r u c t e d . The f i b r e e n d s a re located in V-grooves 

(about lOOMm deep and 4cm long) cu t into metal blocks and s ecu red in 
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place by small magnets . A few millimetres (l-2mm) of f i b r e p r o t r u d e 

from the end of t h e block where the mirror will make contact . These 

assemblies a r e t h e n mounted onto microposit ioning equipment so t h a t 

each end can be moved along t h r e e i ndependen t , o r thogonal axes, i.e., 

along the f i b r e (z) axis and in the plane pe rpend i cu l a r to th i s (x-y 

plane) . The pa r t i cu l a r microposi t ioners used fo r the f i b r e laser 

exper iments desc r ibed in c h a p t e r s 4, 5, 6 and 7 were manufac tu red by 

Martock Design Limited and allowed sub-micron posi t ioning accu racy of 

the f i b r e ends . Pump l ight is l aunched into t h e f i b r e (and collimated 

a t i ts ou tpu t ) with, in most cases , a microscope ob jec t ive mounted on 

a microposi t ioner . Graded index (GRIN) lenses were also used and found 

to pe r fo rm adequa te ly , b u t the r e a d y avai labi l i ty of microscope 

ob jec t ives of va r ious powers meant t h a t t h e s e were the p r e f e r r e d means 

of l aunching in to t h e f i b r e . The ob jec t ives a r e a r r a n g e d so t h a t t h e 

d i s tance between t h e end of t h e ob jec t ive and t h e f i b r e end face is 

approximately equal to the working dis tance . The mirror is s i tua ted 

between t h e ob jec t ive and the f i b r e end, mounted in a holder 

pos ses s ing a r u d i m e n t a r y form of posit ion control so t h a t t h e mirror 

angle (with r e s p e c t to t h e f i b r e end face) can be a d j u s t e d . The mir ror 

holder is mounted onto a fixed platform so t h a t the f i b r e end is 

manoeuvred with r e s p e c t to the mirror d u r i n g the bu t t i ng p rocess . 

Launching of t h e pump l ight is maximised by obse rv ing the 

t r ansmi t t ed s ignal on a photo-d iode located a t t h e f i b r e ou tpu t . When 

the i n p u t ob jec t ive microposi t ioner has been a d j u s t e d f o r maximum 

f luorescence s ignal , t h e f i b r e end is g radua l ly moved towards the 

mirror , with the ob jec t ive posit ion co r r e spond ing ly moved away to 

maintain a maximised signal. When the f i b r e end is within a few 

microns of the mir ror , t he f luo rescence signal i nc rea se s markedly as 

l ight emerging from t h e f i b r e is r e f l ec ted back in by the mirror . 

Modulations in th i s s ignal a re o b s e r v e d as the f i b r e is moved, due to 

the etalon formed by t h e air gap between the f i b r e end and the mirror . 

When con tac t is made t h e modulations cease and t h e f luo rescence s ignal 

becomes s table , a cha rac t e r i s t i c s ign t h a t t h e f i b r e and mirror a re 

bu t t ed . This p r o c e d u r e is t hen r epea t ed fo r the o the r end of t h e f i b r e 

in t h e case of a cav i ty with bu t t ed mi r ro r s a t both ends . Again, t he 

modulations a r e o b s e r v e d , t e rmina ted upon bu t t i ng when a dramatic 

inc rease in the s ignal ind ica tes t h a t laser oscillation is occu r r i ng 

(assuming t h e pump power is above the t h r e sho ld power). Laser action 

can be confi rmed by t h e p r e s e n c e of relaxat ion oscil lat ions in the 
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o u t p u t s ignal , induced by an optical choppe r in the pump beam. 

2.5 Fibre Fabr ica t ion 

The s ign i f ican t r e s u l t s of f i b r e laser r e s e a r c h to date would not have 

been possible wi thout t h e development of rel iable methods of 

incorpora t ing r a r e - e a r t h dopan t s into f i b r e s wi thout compromising t h e 

low-loss c h a r a c t e r i s t i c s a t wave leng ths away from the r a r e - e a r t h 

abso rp t ion bands . There a re f o u r pr inc ipa l methods f o r doped f i b r e 

fabr ica t ion , namely: modified chemical v a p o u r deposi t ion (MCVD); 

r o d - i n - t u b e ; v a p o u r axial deposi t ion (VAD); and cas t ing . The 

s i l ica-based f i b r e s used fo r t h e exper iments desc r ibed in t h i s t hes i s 

were f ab r i ca t ed by J a n e t Townsend (of the Optical F ibre Group in the 

Southampton Unive r s i ty Depar tment of Electronics and Computer Science) 

us ing a development of t h e MCVD p r o c e s s [2.47] known as 

so lu t ion-doping [2.48]. 

The fabr ica t ion p r o c e s s beg ins with the m a n u f a c t u r e of a p re form 

from which t h e f i b r e will be drawn. A silica t u b e with typical ly a 

25mm diameter and 1.5mm walls is ro t a t ed slowly above a b u r n e r . A 

s t ream of gases compris ing, fo r ins tance , SiCl , POCl and CCl P in 

an oxygen c a r r i e r , is p a s s e d t h r o u g h the tube , r eac t ing in t h e high 

t e m p e r a t u r e (about 1500 C) to form a g lassy layer on the ins ide of t h e 

tube . The initial l aye r s depos i ted in th i s way form the c ladding. The 

core material, a t th i s s t age conta in ing no r a r e - e a r t h dopant ions, is 

depos i ted in a similar manner b u t a t a r educed t e m p e r a t u r e of abou t 

1000 C so t h a t t h e layer is u n s i n t e r e d r a t h e r t h a n g lassy . 

Incorpora t ion of the dopan t ions is achieved by soaking t h e t u b e in a 

solution of r a r e - e a r t h chlor ide which permea tes into the porous 

u n s i n t e r e d layer . The t u b e is t hen dr ied out , and the deposi ted 

material oxidised, in a s t ream of CI /He /0 be fo re being s in t e r ed and 

pulled down into f i b r e form. 

The r a r e - e a r t h dopan t s a r e typical ly inco rpora t ed a t t he level of 

a few h u n d r e d p a r t s p e r million silicon ions, and t h e r e f o r e have a 

negligible e f f e c t on t h e r e f r a c t i v e index of the core. The index is 

ra ised by t h e addi t ion of Ge or A1 to t h e gas s t ream depos i t ing the 

core region, so t h a t a f t e r the hea t react ion the core is e i the r GeO -

SiOg or Al Og - SiO^, commonly r e f e r r e d to as germano-s i l ica and 

almina-silica, r e spec t ive ly . 
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2.6 Propagat ion in Optical Waveguides 

The i nva r i an t field d i s t r i bu t ions which can p r o p a g a t e in dielectr ic 

optical waveguides a r e solut ions of Maxwell's wave equat ion u n d e r the 

pa r t i cu l a r waveguide geometry. Each d i f f e r e n t solution is termed a 

mode and p r o p a g a t e s with a d i f f e r e n t p h a s e and g r o u p veloci ty, leading 

to d i spers ion if s eve ra l modes a r e p r e s e n t . In a cyl indr ica l waveguide 

t h e r e exist modes where both the e lec t r ic f ield vec to r E and the 

magnetic f ield vec to r H have in gene ra l longi tudinal , radia l and 

azimuthal components . The modes can, however , be s e p a r a t e d into two 

c lasses , termed EH if t h e axial e lec t r ic field is dominant or HE if 

t h e axial magnetic field is dominant. Analytical simplification is 

made by assuming t h e "weak gu idance" condit ion, i.e., n - n << n ,, 
G O C l C l 

where n and n , a r e t h e core and c ladding r e f r a c t i v e indices , 
c o d 

respec t ive ly . This is t h e s i tua t ion t h a t genera l ly appl ies in optical 

f i b r e s , and leads to simplified solut ions to t h e wave equat ion in the 

form of l inear ly polar i sed , or LP, , modes where t h e non -nega t i ve 

i n t ege r s u b s c r i p t s l,m denote t h e o r d e r of t h e mode. These modes a re 

almost t r a n s v e r s e l y polar ised and each is dominated by one t r a n s v e r s e 

e lect r ic field component and one t r a n s v e r s e magnet ic field component. 

For each of t h e s e approximate solut ions to Maxwell's equat ion, t h e r e 

exis ts ano the r i n d e p e n d e n t mode with e lec t r ic and magnetic f ie lds 

o r thogona l to those of t h e f i r s t solution. The r e s u l t s de r ived from 

th i s simplification a r e su f f i c i en t ly accu ra t e fo r most appl icat ions . A 

fu l l t r e a tmen t of the ana lys i s may be found in r e f e r e n c e s [2.49] and 

[2.50] and is not dupl ica ted here . The main f e a t u r e s of the weak 

guidance approximation may be summarised by not ing tha t , fo r a 

c i rcu la r ly symmetric s t e p - i n d e x waveguide , t h e cha r ac t e r i s t i c equat ion 

fo r t h e LP^^ modes is g iven by Gloge [2.49] as 

where J{U) is a Bessel f unc t ion and K(W) is a modified Hankel 

func t ion . The p a r a m e t e r s U and W a r e def ined as 

y = (2.2) 
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w i n ' - k ' n l Y " (2.3) 

where ^ is t he p ropaga t ion cons t an t of t h e mode, k - 27t/X is the f r e e 

space wave number and p is t he core r a d i u s ( the c ladding is assumed to 

extend to in f in i ty in th i s analys is ) . The p a r a m e t e r s U and W a r e 

re la ted by a t h i r d pa ramete r V g iven by 

( / = [ / + ; / (2.4) 

This pa ramete r is r e f e r r e d to as the V number of t h e f i b r e , and is in 

e s sence a normalised f r e q u e n c y since by s u b s t i t u t i n g f o r U and W in 

Eq.2.4, V may be exp re s sed as 

y = [ # 2 - n CLS) 
A V C O clV 

The cu t off condit ion is given by W = 0, i.e., when the mode f ie lds 

extend well in to the c ladding layer r a t h e r t h a n be ing conf ined to the 

core so t h a t t h e mode p ropaga t ion cons t an t equa l s Confinement 

t h u s t akes place for va lues of W between 0 and <». For P/ = 0, Eq.2.1 

gives ^{U) = 0. In the limit P/ ®, Eq.2.1 gives J^iU) = 0. 

The re fo re the solut ions for conf ined modes a r e g iven by solut ions fo r 

U which lie be tween t h e zeros of J ([/) and For each value of 

1, t he se t of modes associa ted with each solution f o r U comprises f o u r 

modes labelled by the addi t ional s u b s c r i p t m. The lowest o r d e r mode, 

cha rac t e r i s ed by LP , has a c u t off g iven by t h e lowest root of the 

equat ion J ^(U) = -J^(U) = 0, i.e., a t V = 0. Thus t h e r e will always 

be a t leas t one p ropaga t i ng mode i r r e s p e c t i v e of t h e f i b r e V number . 

As V is i nc reased from zero, t h e number of p r o p a g a t i n g modes also 

inc reases . The f i r s t addi t ional mode to t h e LP mode is t h e LP^^ mode 

which p r o p a g a t e s fo r V 2.405. There fo re , if s ingle mode opera t ion is 

r e q u i r e d a t a pa r t i cu l a r wave length , t h e f i b r e must have a diameter no 

l a rge r than p which, from Eq.2.5, is given by 
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p . . , = 2-405 - T - z FTT75 <2.6) 
- " o j 

For s ingle mode p ropaga t ion a t , fo r ins tance , l/Jm, the core r a d i u s 

must t h e n be no l a r g e r t han about 2/Jm (using va lues f o r r e f r a c t i v e 

indices found in typ ica l f i b re s ) . 

2.7 F ibre Laser Theory 

A comprehens ive t r ea tmen t of t h e t h e o r y of f i b r e l a s e r s and amplif iers 

by, fo r in s t ance , Digonnet and Gaeta [2.51], or Armitage [2.52], 

a p p e a r s in t h e l i t e r a tu r e . Usefu l express ions can be de r ived f o r the 

t h r e sho ld power and t h e slope ef f ic iency , and a brief desc r ip t ion of 

t h e t h e o r y appl icable to fou r - l eve l sys tems in gene ra l follows below. 

Digonnet and Gaeta give the following r a t e equa t ions fo r a 

longi tudinal ly pumped, homogeneously b roadened fou r - l eve l laser medium 

of l eng th 1 in s t e ady s t a te , based on the work of Kubodera and Otsuka 

[2.53]: 

. 0 (2.7) 
"co J 

dS. _ ca 
dt' n 

nix,y,z)s.(x,y,z)dv S. = 0 (2.8) 
1 , 1 C O 2 2 n 

c a v i t y CO 

where c is t he speed of l ight , o is the emission c ro s s sect ion, 5. is 

t he r o u n d t r i p loss f o r the ith mode, T is t h e u p p e r level 

f l uo rescence lifetime, n is t h e core r e f r a c t i v e index, r(x,y,z) is 

t he pump r a t e p e r un i t volume, n(x,y,z) is t he u p p e r level populat ion 

dens i ty , s. is t h e s ignal photon dens i ty of the Ah mode and 5. is t he 

total number of s ignal pho tons in the Ah mode. The normalised 

d i s t r ibu t ion f u n c t i o n s r^(x,y,z) and ^(x,y,z) a r e given by 

r{x,y,z) = Rr^{x,y,z) (2.9) 
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sAx,y,z) = 5. Sp Ax,y,z) (2.10) 

and normalised such t h a t t he in t eg ra l of both and over the 

cavi ty volume is un i ty . The summation in Eq.2.7 is ca r r i ed ou t over 

t h e N t r a n s v e r s e modes in the cavi ty . In t h e case of s ingle mode 

opera t ion , t h e only term in t h e summation is and t h e ana lys i s is 

g r ea t l y simplified. With th i s assumpt ion , Eq.2.7 is solved fo r 

n{x,y,z) and s u b s t i t u t e d into Eq.2.8. Subs t i tu t ion of Eqs.2,9 and 2.10 

t h e n g ives t h e following relat ion: 

s^ ,^{x,y,z) r^(x,y,z) 

e v i l , 1 

I d v = (2.11) 

The pump r a t e r e q u i r e d fo r the oscil lator to r each t h r e sho ld is 

found by se t t i ng = 0 in Eq.2.11. This t h r e s h o l d pump r a t e is 

equ iva len t to T] P /hv , where P, ^ ^ is t he a b s o r b e d power a t 
q t h , a b s ' p' t h , a b s 

t h r e sho ld , hi>^ is t he pump photon e n e r g y and is t h e pump quantum 

ef f ic iency , i.e., t h e f r a c t i o n of a b s o r b e d pho tons t h a t a r e pumped to 

the u p p e r level. Thus the t h r e sho ld power is g iven by 

t h , a b s 
JJ r^(x,y,z)s^ ^(x,y,z) dv | (2.12) 

2 lox n 
f q c a v 1 ty 

If t he mode s t r u c t u r e of the pump and s ignal is neg lec ted , t h e n a 

plane wave ana lys i s equa t ing t h e pump r a t e to the f luo rescence decay 

r a t e a t t h r e s h o l d (i.e., no st imulated emission) g ives ; 

P.. , n, ./U 
* * = - f ^ F T (2-13) 

p f q 

where is the t h r e sho ld populat ion dens i ty in t h e u p p e r l a se r level 

and A is t h e a r ea of t h e f i b r e core, assuming t h a t both pump and 

s ignal occupy the same volume, i.e., t h e core region. From Eq.2.8, t he 
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r i g h t hand side of Eq.2.13 t h e n becomes equ iva len t to 6^(2)7% ) such 

t h a t 

W 5 

f q 

Thus it is a p p a r e n t t h a t t h e e f f e c t of cons ider ing the mode s t r u c t u r e 

is equ iva len t to def in ing an e f fec t ive pump a r ea given by 

4 * ; ; = J J r^(x,y,z)s^ ^(x,y,z) dv (2.15) 

c a v i ty 

and t h e t h r e s h o l d pump power given by Eq.2.12 becomes 

AP 5 

when mode s t r u c t u r e is u n d e r cons idera t ion . Digonnet and Gaeta [2.51] 

give gene ra l exp res s ions f o r the pump power dens i ty and s ignal photon 

dens i ty fo r modes which can be used to calculate t h e mode 

s t r u c t u r e and e f f ec t ive a rea . However, t he express ion for e f fec t ive 

a r ea may be simplified by assuming Gaussian mode prof i les [2.54] fo r 

both the pump d i s t r ibu t ion and the signal d i s t r ibu t ion s ^ as 

follows: 

= --2^:— exp p (2.17) 
rtlw n 

p p 

r ^ p 

s = ^ 2 a r p (SLIB) 

S 
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where r is t h e radia l d i s tance from the f i b r e axis, w and w a r e the 
P 8 

pump and s ignal spo t sizes, r e spec t ive ly , and n is t he f r ac t ion of 

the pump power p r o p a g a t i n g in t h e core given by 

= = 1 - exp (-2pV w (2.19) 

active 
region 

Any z var ia t ion in and ^ has been neglec ted . Subs t i tu t ion of 

Eqs.2.17 and 2.18 into Eq.2.15 t h e n g ives t h e following express ion fo r 

t h e e f fec t ive area : 

ef f 

n 2 , 2 

P s 

2 <1 - exp\ - 2 p l / w ^ + l / 
' p ' s 

(2.20) 

For a s t ep index f i b r e , t he Gaussian mode spot size may be 

approximated [2.55] by 

w 
Un V) 

1 / 2 
(2.21) 

where V is t h e f i b r e V number . In most prac t ica l s i tua t ions , t h e value 
2 of A is v e r y close to t h a t of the ac tua l core a r e a A = np . As 

eff c o r e 

an example, cons ide r t h e y t t e rb ium-doped f i b r e desc r ibed in Chapter 4. 

The pump wave leng th of 850nm and the s ignal wave leng th of 1050nm give 

spo t s izes of Wp = 1.99/im and = 2.31/Jm fo r t h e pump and signal, 

r e spec t ive ly , fo r a core r a d i u s of 1.8/Jm, The mode cu t off 

wave leng th is 805nm, so both t h e pump and s ignal a r e s ingle mode and 

assumed to be Gaussian. Eq.2.20 t h u s gives an e f fec t ive a r ea of A 

1.23 X 10 ** m^, compared to a core a r ea of A 1.02 X 10" in . 

Given the a s sumpt ions made in de termining ^ (no z var ia t ion of t h e 

d i s t r ibu t ions , s t ep index f i b r e , p u r e fou r - l eve l system) t h e ac tua l 

core a r e a is genera l ly acceptable fo r t h r e sho ld calculat ions if both 
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pump and s ignal a re p ropaga t i ng s ingle mode. 

The pa ramete r H also has a role in the e f fec t ive a t t enua t ion 

coeff ic ient of the doped core exper ienced by the pump l ight as it 

p r o p a g a t e s along the f ib re . If t h e plane wave a t t enua t ion coeff ic ient 

is a , t hen t h e e f fec t ive coeff ic ient a is given by a = q and can 

be measured d i rec t ly by cu t t i ng back the f i b r e (see Chapte r 4). The 

a t t enua t ion coef f ic ien t is u s e f u l in de termining t h e abso rp t ion c ross 

sect ion cr^, g iven by (x = where N is t he dopant ion 

concent ra t ion . In p rac t i ce however , a and « a r e t aken to be 

equ iva len t , s ince t h e e r r o r i n t roduced into t h e calculat ion of 

absorp t ion c r o s s sec t ions by th i s assumpt ion is almost ce r ta in ly 

exceeded by the e r r o r in the quoted dopan t concent ra t ion . 

The slope e f f i c iency H is def ined as 

n = — 2 2 ^ (2^!2) 

* 
abs 

where P is t h e total pump power a b s o r b e d by the ac t ive medium and 

P is t he o u t p u t power a t t he f i b r e laser wavelength . The a b s o r b e d 

power is re la ted to the total pumping r a t e R by 

hv 
P ^ = — ( Z 2 3 ) 
ab: 

q 

and the o u t p u t power is re la ted to the total photon number S by 

P . = ,S (&24) 

c o 

where hP^ is t he s ignal photon e n e r g y and T is t h e o u t p u t coupler 

t ransmiss ion ( the i n p u t mirror is assumed to have zero t ransmiss ion a t 

t he s ignal wavelength) . Clarkson and Hanna, following the method of 

Kubodera and Otsuka, show t h a t by s u b s t i t u t i n g Eqs.2.23 and 2.24 into 

Eq.2.11, the slope e f f i c iency may then be exp res sed as 
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T 
" • = ^ a , 

P 1 

(2.25) 

w h e r e H is g iven by 

r g ( z , y , z ) 8 Q ^ ( x , y , z) 

c a v i t y c o 

dv 

rQ(x, y,z) S g ^ ( x , y , 

c . v l t y |1 + 
V CO y 

d v 

(2.26) 

which is t h e f a c t o r b y which t h e p lane wave e x p r e s s i o n f o r n is 

modified by t h e d i s t r i b u t i o n s of t h e pump a n d s igna l modes, a n d 

c h a r a c t e r i s e s t h e e x t e n t to which t h e s e modes o v e r l a p in t h e f i b r e . 

Eq.2.26 is t h e r e f o r e commonly t e rmed t h e "ove r l ap i n t e g r a l " f o r t h e 

pump and s igna l r ad ia t ion . For low power ope ra t i on , d e f i n e d b y 

<7cT^S^Sp iZ-^cp ^ Eq.2.26 is e x p r e s s i b l e in a much simplif ied form: 

m 
rg(x,y,z)sQ(x,y,z) d v 

= 
c a v i t y 

rQ(z,y,z)8g(x,y,z) d v 

(2.27) 

c a v i t y 

and by a s suming Gauss ian d i s t r i b u t i o n s f o r t h e pump and s igna l modes, 

a s in Eqs.2.17 a n d 2.18, t h e o v e r l a p i n t e g r a l t h e n becomes 

= 
r 2 

n I w pi- p + - exp [-2p^[2/Ti^^ + 
(2.28) 
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where w and w a r e the lowest o r d e r pump and s ignal spo t size, 
p s 

respec t ive ly . As an example, cons ider the y t t e r b i u m - d o p e d f i b r e 

desc r ibed above where , fo r a pump wavelength of 850nm and a s ignal 

wavelength of 1050nm, the pump and s ignal spot sizes were 1,99/Jm and 

2.31/Jm, respec t ive ly . The core r a d i u s of p = l.SfJm t h u s gives (from 

Eq.2.28) an over lap of = 0.74. This i nc reases to n = 0.80 fo r a 

pump wave leng th of 900nm, t end ing to un i ty as t h e two wave leng ths 

become equal. This demons t ra tes how the over lap can have a s ign i f i can t 

e f f e c t on t h e slope e f f ic iency of a f i b r e laser . The fundamen ta l limit 

on the slope e f f i c iency is simply {hP /hi> , s ince fo r a low loss 
s p q 

cavi ty t h e ra t io T/5^ app roaches un i ty , and fo r good over lap ^ 1. 

2.8 Concluding Remarks 

This c h a p t e r has desc r ibed t h e basic f e a t u r e s of f i b r e l a s e r s and some 

of the impor tan t developments in the f ield, in addi t ion to d i scuss ing 

some of the prac t ica l a s p e c t s of c o n s t r u c t i n g f i b r e l ase r r e sona to r s . 

Theoret ical exp res s ions f o r two impor tan t pa r ame te r s of laser action, 

t h e t h r e sho ld power and slope ef f ic iency , have been p r e s e n t e d . The 

phys ica l p r o p e r t i e s of dopant r a r e - e a r t h ions in a g lass hos t a re 

desc r ibed in the following c h a p t e r , and t h e remainder of th i s t hes i s 

cons ide r s severa l specif ic f i b r e laser sys tems in detail . 
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CHAPTER 3 

RARE-EARTHS IN GLASS 

3.1 In t roduc t ion 

This c h a p t e r cons ide r s some of t h e f a c t o r s in f luenc ing t h e e lec t ronic 

e n e r g y levels of r a r e - e a r t h dopan t ions in a g lass hos t . Detailed 

theore t i ca l desc r ip t ions of optical t r an s i t i ons and the spec t ro scopy 

of ions in solids may be found e lsewhere [3.1, 3.2, 3.3] and only a 

v e r y basic out l ine will be given here . A descr ip t ion of t h e e lec t ronic 

conf igura t ion of the r a r e - e a r t h is followed by a brief explanat ion of 

the t h e o r y developed by J u d d and Ofelt to p r e d i c t t h e line s t r e n g t h s 

of e lec t r ic and magnetic dipole t r ans i t i ons , and s u b s e q u e n t l y the 

r ad ia t ive lifetime of a given e n e r g y level from measurements on the 

abso rp t ion spec t rum of a r a r e - e a r t h - d o p e d medium. 

3.2 The R a r e - E a r t h s 

The t r i v a l e n t l an than ide , or r a r e - e a r t h , elements a r e p robab ly the 

most widely used and s tud ied ac t iva to r s in both g lasses and c rys t a l s . 

The 15 elements, r a n g i n g from lanthanum with atomic number 57 t h r o u g h 

to lutet ium with atomic number 71, have a wide r a n g e of f luo resc ing 

levels amongst them and can be readi ly excited with widely available 

pump s o u r c e s from t h e i n f r a r e d to t h e u l t rav io le t reg ion . Optical 

t r an s i t i ons occur between 4f e lec t ron s t a t e s , and the t h r e e ou te r 

con f igu ra t ions of all r a r e - e a r t h atoms, i.e., 5s, 5p and 6s, a r e 

filled. However, r a r e - e a r t h ions a r e usual ly i nco rpo ra t ed into g lass 

hos t s in a t r i p ly ionised ( t r iva lent ) s ta te , w h e r e b y two 6s e lec t rons 

and one 4f e lec t ron a r e removed. The remaining 5s and 5p shel ls remain 
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filled and consequen t ly par t ia l ly shield t h e 4 / e l ec t rons from 

ex te rna l f ie lds which would o therwise s t rong ly in f luence t h e posit ion 

of the e n e r g y levels and the excited s t a t e decay r a t e s . This shielding 

allows t h e local f ie lds to be t r e a t e d as small p e r t u r b a t i o n s to the 

f r e e - i o n e n e r g y levels , and the rad ia t ive decay r a t e s can be 

calculated us ing t h e t h e o r y due to J u d d and Ofelt, a s desc r ibed below. 

R a r e - e a r t h ions a r e incorpora ted into a g lass hos t as e i the r 

ne twork modifier ca t ions or as s u b s t i t u t e s f o r ne twork former cat ions, 

depend ing on the ion size and valence s ta te . Since glass is a 

d i so rde red , amorphous ne twork , t h e random d i s t r ibu t ion of ions a round 

an indiv idual ion si te causes a s i te to s i te var ia t ion in t h e 

env i ronment of each ion. This d i f f e r ence in bonding to n e a r e s t 

n e i g h b o u r ions and the consequen t var ia t ion in local f ie lds p r o d u c e s a 

s i te to s i te var ia t ion in the e n e r g y levels and the rad ia t ive and 

nonrad ia t ive t r ans i t i on probabi l i t ies . Following b r o a d b a n d excitat ion, 

emission from excited levels t h u s comprises con t r ibu t ions from 

individual ions in a r a n g e of local envi ronments , and t h e spec t rum is 
- j 

inhomogeneously b roadened with wid ths of typical ly a few cm to a few 

t e n s of cm This inhomogenei ty is also manifes ted in a s p r e a d of 

emission lifetimes, such t h a t t he decay is not s ingle exponent ial in 

c h a r a c t e r . However, with laser excitation only a s u b s e t of ions with 

abso rp t ion e n e r g i e s r e s o n a n t with t h e pump photon e n e r g y (to within 

the homogeneous l inewidth) will be excited, and t h e s u b s e q u e n t decays 

a re more s ingly exponential , with a lifetime cha rac t e r i s t i c of the 

p a r t i c u l a r s u b s e t of excited ions. For example, t h e decay lifetime of 

Yb^* in a sil icate hos t has been o b s e r v e d to v a r y from 1.1ms to 2.6ms 

depend ing on t h e excitation e n e r g y [3.6], a l though it should be noted 

t h a t no such var ia t ion of lifetimes in an Yb^^-doped silica f i b r e was 

de tec ted (see Chapte r 4). An addi t ional source of b roaden ing 

(homogeneous) is due to the coupl ing of e lect ronic s t a t e s to phonon 

s t a t e s of the hos t . Since the mean phonon e n e r g y and d i s t r ibu t ion of 

phonon s t a t e s a r e t e m p e r a t u r e d e p e n d e n t , a c o r r e s p o n d i n g d i s t r ibu t ion 

in t h e photon e n e r g y follows from e n e r g y conserva t ion . 

The broad spec t r a l width is an a t t r a c t i ve f e a t u r e of r a r e - e a r t h 

ions in glass , s ince i t allows pumping of a pa r t i cu l a r t r ans i t i on over 

a cons iderab le wave leng th r ange , and e f f i c ien t excitat ion a t 

wave leng ths s ign i f ican t ly de tuned from the peaks in the abso rp t ion 

spec t rum is a common f e a t u r e of r a r e - e a r t h - d o p e d lase r sys tems. 
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3.3 Trans i t ion Probabi l i t ies of Ra re -Ea r th Ions 

The shie ld ing a f f o r d e d by t h e ou t e r 5s and 5p e l ec t rons of t h e 

r a r e - e a r t h ions r e n d e r s the potent ia l a t t h e ion si te due to i t s 

env i ronment a weak e f f ec t , and as such th i s potent ia l may be 

cons ide red as a p e r t u r b a t i o n to t h e f r e e - i o n e n e r g y . The f r ee - i on 

Hamiltonian, to which t h i s p e r t u r b a t i o n is appl ied, may be wr i t t en as 

where t h e s u b s c r i p t s o, c and so r e p r e s e n t t h e Hamiltonian due to t h e 

in te rac t ion of each optical ly ac t ive e lec t ron with t h e ion core, t he 

Coulomb in te rac t ion of e l ec t rons with each o the r , and t h e s p i n - o r b i t 

in te rac t ion , r e spec t ive ly . g ives r i se to t h e 4 ^ atomic e lec t ron 

o rb i t a l s forming t h e e lec t ron conf igura t ion . This conf igura t ion s ta te 

is spl i t by into LS te rms, i.e., a number of s t a t e s of d i f f e r e n t 

e n e r g y c h a r a c t e r i s e d by va lues of total o rb i ta l a n g u l a r momentum L and 

total sp in a n g u l a r momentum S. The e f f ec t of is to f u r t h e r spl i t 

each LS term into a number of J mult iplets , i.e., s t a t e s c h a r a c t e r i s e d 

by t h e tota l a n g u l a r momentum J, and (2J + l ) - fo ld degene ra t e . These 

d e g e n e r a t e levels a r e t h e n c h a r a c t e r i s e d by values . In the 

R u s s e l l - S a u n d e r s approximation, mixing of d i f f e r e n t LS t e rms is 

neglec ted , b u t in f ac t t he d i f f e r e n t LS t e rms a r e not su f f i c ien t ly 

s e p a r a t e d f o r t h i s approximation to be valid, and t h e s p i n - o r b i t 

in te rac t ion mixes s t a t e s of the same J and M from d i f f e r e n t LS t e rms 

in the so-cal led in te rmedia te -coupl ing approximation. The f r e e - i o n 

e n e r g i e s a r e p e r t u r b e d by the local field a t t h e ion si te and t h e 

d e g e n e r a c y of t h e J mult iplets is removed, giving S ta rk sp l i t t ings of 

^ 100cm Dif fe rences in the local field env i ronment of the hos t 

(coordinat ion number , l igand d is tance and deg ree of covalent bonding) 

impose a si te to s i te var ia t ion of t h e S t a rk sp l i t t ing and 

consequen t ly optical t r ans i t i ons a r e inhomogeneously b roadened , with 

s p e c t r a l wid ths u p to s eve ra l t e n s of cm 

Since the f r e e - i o n levels a r e formed from the conf igura t ion 

and t h u s have the same pa r i t y , e lec t r ic dipole t r a n s i t i o n s a r e 

s t r i c t ly f o r b i d d e n . Only magnetic dipole and e lec t r ic quadrupo le 

t r ans i t i ons a r e allowed, s u b j e c t to the r e l evan t selection ru les . 
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However, opt ica l t r a n s i t i o n s in r a r e - e a r t h ions a r e p r edominan t l y 

f o r c e d e lec t r i c dipole p r o c e s s e s a n d f o r t h i s to be poss ib le s t a t e s of 

oppos i t e p a r i t y mus t be mixed in to t h e w a v e f u n c t i o n s a s soc i a t ed with 

a t l eas t one of t h e two levels invo lved . This mixing may be b r o u g h t 

a b o u t by a local f ie ld of t h e h o s t which l acks i n v e r s i o n symmet ry (as 

in many c r y s t a l s ) , a l t h o u g h t h e t r a n s i t i o n s may sti l l be e lec t r ic 

dipole even a t s i t e s a p p e a r i n g to p o s s e s s i n v e r s i o n symmet ry , 

s u g g e s t i n g t h a t d i s t o r t i o n of t h e e n v i r o n m e n t by t h e r a r e - e a r t h ion 

may remove t h e i n v e r s i o n symmet ry . The admixing of J s t a t e s is due to 

odd t e r m s in t h e local f ie ld po ten t ia l , w h e r e b y t h e oppos i t e p a r i t y 

4/* c o n f i g u r a t i o n is mixed in to t h e 4 / c o n f i g u r a t i o n so t h a t 4f 

4 / t r a n s i t i o n s a r e pa r i t y - a l l owed . 

The p r o b a b i l i t y of t h e e l ec t r i c dipole t r a n s i t i o n s was d e r i v e d 

i n d e p e n d e n t l y b y J u d d [3.4] a n d Ofelt [3.5], who showed t h a t t h e 

p r o b a b i l i t y of r a d i a t i v e t r a n s i t i o n s can be e x p r e s s e d a s t h e sum of a 

n u m b e r of phenomenologica l p a r a m e t e r s de t e rmined by t h e b e s t f i t of 

o b s e r v e d osc i l la tor s t r e n g t h s . I t is a s s u m e d t h a t all t h e S t a r k 

componen t s of t h e g r o u n d mult iple t a r e equa l ly p o p u l a t e d , and a l t h o u g h 

t h i s is c e r t a i n l y no t t r u e in p r a c t i c e , t h e t h e o r y is known to work 

well f o r low symmet ry s i t e s s u c h a s g l a s s o r y t t r i u m aluminium g a r n e t 

(YAG). The J u d d - O f e l t t h e o r y is b r i e f l y summar i sed in t h e following 

d i scuss ion . 

The r a r e - e a r t h ion e i g e n s t a t e s in t h e i n t e rmed ia t e coupl ing 

regime, 1/'{•yS'L}J>, a r e w r i t t e n in t e r m s of t h e R u s s e l l - S a u n d e r s 

s t a t e s , I y y S L J > , a s 

= y | /75Z,J> (3.2) 
Y3L 

w h e r e t h e C c o e f f i c i e n t s a r e t h e coup l ing c o e f f i c i e n t s t r a n s f o r m i n g 

t h e R u s s e l l - S a u n d e r s s t a t e s to i n t e r m e d i a t e - c o u p l e d s t a t e s . The symbol 

y r e p r e s e n t s all o t h e r q u a n t u m n u m b e r s s p e c i f y i n g t h e s t a t e s exc lud ing 

J, which is a good q u a n t u m n u m b e r in t h e i n t e r m e d i a t e - c o u p l i n g regime, 

a n d S a n d L, which a r e not . The line s t r e n g t h f o r e lec t r i c dipole and 

magnet ic dipole t r a n s i t i o n s be tween an u p p e r J mul t ip le t spec i f i ed b y 

btf to a lower mul t ip le t aJ is t h e n g iven b y 
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t"?, 4,6 

2^2 
5^^(aJ,by) = ^ 2 g [ < / [ 7 S Z , ] j | | L + s | | / ' [ 7 ' g ' Z , ' ] y > ] ^ (3.4) 

Am c 

where e and m a r e t h e e lec t ron c h a r g e and mass, r e spec t ive ly , 0 a re 

phenomenological i n t ens i t y pa ramete r s , and a r e doubly r educed 

matrix elements of t e n s o r o p e r a t o r s of r a n k t, with t = 2, 4, 6, and 

a r e genera l ly hos t i ndependen t . These elements can be calculated, and 

t h e s o u r c e s f o r t abu la t ed va lues a r e given by Riseberg and Weber 

[3.7]. The dimensionless oscil lator s t r e n g t h f of a t r ans i t i on of 

f r e q u e n c y v f rom level J to level f is g iven by 

2 

A a J i b y ) = _ [x .S . ( a J . b / ) + % . 5 . (aJ^b/ ) ] (3.5) 
3A(&;+ l)e= ** "d 

where % and X . a r e the local field co r rec t ion f a c t o r s f o r t h e 
ed m a 

elect r ic dipole and magnetic dipole t r ans i t i ons , r e spec t ive ly , where 

j = n{n + 2)^/9 and X^^ •, and n is t he r e f r a c t i v e index of the 

medium. Electr ic quadrupo le t r ans i t i ons , a l though allowed, a r e much 

smaller in s t r e n g t h t h a n e i the r of the dipole t r a n s i t i o n s and have 

t h e r e f o r e been neglec ted in Eq.3.5. The 0 p a r a m e t e r s a r e de termined 

by a leas t s q u a r e s f i t of measured oscil lator s t r e n g t h s of t h e 

abso rp t ion t r a n s i t i o n s to the value p red i c t ed by Eq.3.5. The measured 

oscil lator s t r e n g t h f is found from 
meas 

/ - (&6 ) 

where o(i>) is t he abso rp t ion c ross sect ion a t f r e q u e n c y i> and N is t he 

dopan t ion concent ra t ion . Thus by measur ing the i n t e g r a t e d abso rp t ion 
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f o r a number of t r ans i t i ons from the g round s ta te , t he Judd -Ofe l t 0 

pa rame te r s can be found and used to calculate t h e line s t r e n g t h s S 

and from Eqs.3.3 and 3.4. The spon taneous emission probabi l i t ies 

be tween any two J mult iplets can t h e n be calculated us ing t he se 

values . 

The Einstein spon taneous emission probabi l i ty A be tween levels a 

and b is g iven by 

4 3 

jAiZJ + l ; c 

If only t h e e lec t r ic dipole con t r ibu t ion is cons ide red , t h e n Eqs.3.5, 

3.6 and 3.7 may be u sed to give the F u c h t b a u e r - L a d e n b u r g re la t ion 

between the emission probabi l i ty and the i n t e g r a t e d abso rp t ion 

spec t rum between lower level J and u p p e r level J" a s follows 

2 
ra(p)dk = ^ 1 (3.8) 

2J + 1 

Thus measurement of the i n t e g r a t e d abso rp t ion c ro s s - s ec t i on for a 

given t r ans i t i on is a convenien t and simple way of f ind ing the 

spon taneous emission probabi l i ty A{aJ,bJ'). 

The rad ia t ive lifetime of an excited s t a t e i is g iven by the 

sum of emission probabi l i t ies to all terminal s t a t e s j by 

(3.9) 

where the sum inc ludes both e lec t r ic and magnetic dipole t r ans i t i ons . 

However, e lec t ronic s t a t e s of r a r e - e a r t h s in c r y s t a l s and g lasses can 

also relax via nonrad ia t ive rou te s , and the lifetime of t h e excited 

s t a t e is t h e r e f o r e r e d u c e d from i ts calculated rad ia t ive value. The 
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f luo rescence lifetime (i.e., t he o b s e r v e d lifetime) of t h e u p p e r 

level in t h e absence of e n e r g y t r a n s f e r is t hen given by 

l A p = i A „ + (3.10) 

where is t h e p robab i l i ty of nonrad ia t ive decay. The r a t e of 

nonrad ia t ive relaxat ion d e p e n d s on the number of phonons r e q u i r e d fo r 

e n e r g y conse rva t ion d u r i n g the t r ans i t ion , and also on t h e e n e r g y gap 

between t h e excited s t a t e and t h e next lower level. Dopant ions 

i n t e r ac t with local v ib ra t i ons of the hos t t h r o u g h e l ec t ron -phonon 

coupl ing, and r ap id nonrad ia t ive t r ans i t i ons occur between levels 

s e p a r a t e d by less t h a n t h e maximum phonon e n e r g y permi t ted by t h e 

coupling. For e n e r g y gaps g r e a t e r t h a n t h e phonon e n e r g y , nonrad ia t ive 

relaxat ion may occur by mult iphonon emission, a l though t h e p robabi l i ty 

is r e d u c e d t h e l a r g e r t h e e n e r g y separa t ion , and t h u s rad ia t ive 

emission is more l ikely ( the p robabi l i ty of r ad ia t ive emission 
g 

i nc rea se s as , where AE is t h e e n e r g y gap). 

Severa l methods have been p roposed fo r calculat ing such as 

t h e Huang-Rhys model [3.8] which calcula tes the t e m p e r a t u r e dependence 

of nonrad ia t ive emission us ing a s ing le -conf igu ra t ion -coord ina t e model 

i nco rpora t ing nonrad ia t ive t r ans i t i ons a t a single phonon e n e r g y . 

Riseberg and Moos [3.9] developed a phenomenological model from 

t ime -dependen t p e r t u r b a t i o n t h e o r y , again assuming single f r e q u e n c y 

phonons in t h e nonrad ia t ive t r ans i t ion , and der ived t h e following 

express ion fo r t h e nonrad ia t ive probabi l i ty a t t e m p e r a t u r e T : 

expfhw/kT) 
exp( hw/if r) - 1 

P 
(3.11) 

where hw is t h e phonon e n e r g y , f/^^(0) is t h e low t e m p e r a t u r e 

mult iphonon emission r a t e and p = Af/fiw is the number of phonons 

emitted, where ti-E is t h e e n e r g y gap of the t r ans i t ion , and the 
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t e m p e r a t u r e i n d e p e n d e n t term is exp re s sed by Reisfeld et al. [3.10] as 

= B exp{-^l^E), where B and ^ a r e h o s t - d e p e n d e n t cons t an t s . 

The r e s e a r c h desc r ibed in th i s t he s i s was pe r fo rmed us ing silica 

based f i b r e s exclusively. However, t h e n a t u r e of the hos t glass has 

s ign i f ican t e f f e c t s on t h e posi t ion, line s t r e n g t h , l inewidth and 

lifetime of the r a r e - e a r t h dopants . The r ecen t l y developed 

f luoroz i rcona te f i b r e s , cons is t ing of ZrP^-BaF^-LaF^-AlFg-NaF-PbF and 

r e f e r r e d to as ZBLANP, have lower phonon e n e r g i e s t h a n the i r silica 

counterparts (about 600cm ^ compared to 1000cm" ̂  in silica). Thus 

more phonons a r e r e q u i r e d fo r e n e r g y conse rva t ion in a pa r t i cu la r 

t r ans i t i on t h a n would be needed in silica, and hence t h e nonrad ia t ive 

decay r a t e is lower, r e su l t i ng in genera l ly longer f luo rescence 

lifetimes. For ins tance , t h e f luo rescence lifetime of t h e level in 

Tm^^ is 6ms in f luoroz i rcona te f i b r e [3.11], whereas in silica it does 

not exceed BOOK'S (see Chapter 7). Laser act ion in f luoroz i rcona te 

f i b r e s was f i r s t demons t ra ted by Brier ley et ai.[3.12] and t h e r e have 

been many s u b e s e q u e n t r e p o r t s in th i s f ield (see Reference 3,13 for a 

review). F luoroz i rconate f i b r e s a r e pa r t i cu l a r ly a t t r a c t i v e fo r 

opera t ion in t h e 2-3/Jm region where silica beg ins to a b s o r b s t rong ly 

whereas f luo roz i r cona tes remain h ighly t r a n s p a r e n t , p rov id ing a 

complimentary technology to exis t ing silica based f i b r e l ase rs . 
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CHAPTER 4 

YTTERBIUM-DOPED FIBRE 

4.1 In t roduc t ion 

The basic spec t roscop ic f e a t u r e s of y t t e rb ium in a silica hos t f i b r e 

a r e desc r ibed in th i s c h a p t e r . Laser act ion is demons t ra ted us ing a 

va r i e ty of r e s o n a t o r conf igura t ions , ope ra t i ng on both t h r e e - and 

fou r - l eve l t r a n s i t i o n s a t 974nm and a r o u n d 1040nm, r e spec t ive ly . The 

basic f i b r e l ase r conf igura t ion is developed to allow tunab le emission 

from l.OlOMm to 1.162jJm on the fou r - l eve l t r ans i t i on and Q-switched 

opera t ion on both t r ans i t i ons . By p r e v e n t i n g optical f eedback , both 

t r ans i t i ons may be ope ra t ed in a s u p e r f l u o r e s c e n t mode to give 

b r o a d b a n d emission in t h e 1pm region, and inves t iga t ions into the 

r e l evan t spec t ro scopy and s u p e r f l u o r e s c e n t device pe r fo rmance a re also 

p r e s e n t e d . Some of t h e s e f e a t u r e s have been modelled, and a reasonable 

agreement between exper iment and t h e o r y is obta ined. 

The f i r s t r e p o r t of laser act ion from t h e Yb^* ion came in 1962 

[4.1], when Etzel et ah u sed a xenon-f i l led f l a s h t u b e to pump an 

Yb-doped LiMgAlSi g lass rod . Oscillation a t 1.015/Jm was o b s e r v e d when 

the glass was cooled to liquid n i t rogen t e m p e r a t u r e . Three absorp t ion 

b a n d s were located in the near i n f r a r e d from 914-976nm, t o g e t h e r with 

two b a n d s in t h e u l t raviole t , a l though t h e i n f r a r e d b a n d s were found 

to be those pr imari ly r e spons ib le f o r l a se r action. Laser act ion has 

also been o b s e r v e d in sys tems where Nd^* is used as a co -dopan t ac t ing 

as a s ens i t i s e r in Yb^^-doped glass . In th i s a r r angemen t , nonrad ia t ive 

e n e r g y t r a n s f e r from Nd^* to Yb^* can occur due to the over lap in Nd 

f luo rescence and Yb^* absorp t ion , s ign i f ican t ly improving the 

e f f ic iency f o r f lashlamp pumping. This led to room t e m p e r a t u r e 
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opera t ion a t 1.015Mm in a CaLiB glass [4.2], and s u b s e q u e n t l y in a 

silicate g lass [4.3], also a t room t e m p e r a t u r e , b u t in t h i s case 

las ing a t both l.OlSMm and 1.06pm, with t h e longer emission wavelength 

being due to con t r ibu t ions from the ions as well a s t h e Yb^*. 

Apar t from the incorpora t ion of Yb^* as a s ens i t i s e r in, fo r ins tance , 

Er^* laser sys tems [4.4, 4.5], t h e ea r ly i n t e r e s t in Yb^* as a laser 

ion evapora t ed , due in no small p a r t to the development of Nd *-doped 

glass l a s e r s which ope ra t ed with much g r e a t e r e f f ic iency and h ighe r 

o u t p u t power in a similar wavelength region. However, as will be 

demons t ra ted below, Yb^^-doped glass is a sys tem with seve ra l 

i n t e r e s t i n g f e a t u r e s , inc luding a broad f luo re scence band , a lack of 

excited s t a t e abso rp t ion and the poss ibi l i ty of pumping a t wave leng ths 

within r each of GaAlAs diode lase rs . The doping of Yb * into silica 

f i b r e has b r o u g h t abou t a r e a s se s smen t of i t s pe r fo rmance as a laser 

ion and has in addi t ion shown it to be e f f ic ien t as both a l a se r and 

s u p e r f l u o r e s c e n t source . 

4.2 Spec t roscopy 

4.2.1 In t roduc t ion 

3+ 13 

The g round conf igura t ion of Yb is 4f , g iving r i s e to the two 

manifolds with the J = 5/2 level lying about 

lOOOO-lOSOOcm above t h e J = 7 /2 g round s t a t e manifold. Both of these 

J manifolds a r e spl i t t h r o u g h in te rac t ion with the local f ie lds to 

give, in pr inc ip le , f o u r S ta rk levels in t h e g round s t a t e manifold and 

t h r e e in t h e excited s ta te manifold. There a r e no o the r excited levels 

for t h i s conf igura t ion : t h e ul t raviole t abso rp t ion b a n d s o b s e r v e d by 

Etzel et al. [4.11] co r r e spond to f - d t r ans i t i ons and a re not r e l evan t 

fo r the excitation e n e r g i e s used in t h e p r e s e n t work. Extensive 

inves t iga t ions into the spec t ro scopy of Yb^* exist in the l i t e r a tu re , 

most notably the work of Fourn ie r in collaborat ion with Robinson [4.6, 

4.7] and Bartram [4.8], who s tud ied the spec t ro scopy and co-ord ina t ion 

of Yb^* in seve ra l multicomponent g lasses inc luding sil icates. At low 

t e m p e r a t u r e (20K) t he S ta rk levels of both manifolds were c lear ly 

reso lved , with each J - l eve l exhibi t ing t h e maximum number of Kramers 

double ts . 
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4.2.2 Absorpt ion Measurements 

The Yb^^-doped f i b r e used in the work desc r ibed in t h i s c h a p t e r was 

f ab r i ca t ed by t h e so lu t ion-doping t echn ique [4.9]. Two samples were 

obta ined , one conta in ing a dopant concent ra t ion of 580ppm (nominal) 

and a n o t h e r conta in ing 2500ppm (nominal). The hos t g lass composition 

was GeOg- SiO in the core, with the index ra ised by 0.0095 above t h a t 

of t h e SiO c ladding to give a numerical a p e r t u r e of 0.17 f o r both 

f i b r e s . The c ladding diameter was 125/Jm, and t h e mode cu t off 

wave leng th had been determined as 805nm implying, u n d e r the weak 

guidance approximation and assuming a s t ep r e f r a c t i v e index prof i le , a 

core diameter of 3.6Um. 

Fig.4.1 shows t h e abso rp t ion spec t rum suppl ied with the low doped 

(580ppm) f i b r e , t a k e n with a white l ight source and r eco rded us ing a 

30cm leng th of f i b r e with da ta poin ts t aken a t 5nm in t e rva l s . The 

spec t rum has not been normalised fo r t h e wave leng th r e s p o n s e of t h e 

silicon pho to -d iode u sed to make the measurements . Only two abso rp t ion 

peaks , located a t 910nm and 974nm, a re reso lved f o r t h i s GeO^ - SiO^ 

hos t a t room t e m p e r a t u r e , a l though t h e r e is a sugges t i on of a t h i r d 

un reso lved abso rp t i on in the 965-970nm region. I t is i n t e r e s t i n g to 

compare the posi t ion of t h e s e peaks to those obse rved by Fourn ie r and 

Robinson in sil icate g lass [4.7], where t h e pr inc ipa l abso rp t ion peaks 

were a t 910.Onm, 960.Onm and 972,3nm. I t was noted by t h e s e a u t h o r s 

t h a t t he peak posi t ions were similar in sil icate, p h o s p h a t e and 

germanate g lasses , s u g g e s t i n g t h a t Yb^* is i nco rpo ra t ed in similar 

s i tes in t h e s e g lasses , and the similarit ies in the abso rp t ion 

spec t rum fo r t h e silica f i b r e a p p e a r to s u p p o r t t h i s a rgument . 

If equal populat ion of the S ta rk components in each multiplet is 

assumed, t h e n the abso rp t ion spec t rum may be used to calculate the 
2 2 

rad ia t ive lifetime fo r the F^^ - F^ t r ans i t i on by app ly ing the 

F u c h t b a u e r - L a d e n b u r g relat ion [4.10, see also Eq.3.8] g iven by 

«(X, dX = M M W + 1) ^ ; 

8K&n(2J+ 1) 

where J is t h e total a n g u l a r momentum of the initial level, i / t he 

total angu la r momentum of the f inal level, TV the dopan t ion 
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Fig.4.1 Absorpt ion spec t rum | o r f i b r e 
conta ining 580ppm Yb 
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concent ra t ion , n t he bulk r e f r a c t i v e index of t h e hos t medium, X the 

mean wave leng th of t h e abso rp t ion band and A t he spon taneous emission 

probabi l i ty . For Yb^*, J - 7/2, i / = 5/2, N ^ 1.3 X 10 ions/cm , n = 

1.4585 and X = 910nm. The i n t e g r a t e d absorp t ion coeff ic ient / ociX) dX, 

found by measur ing t h e a r ea u n d e r the c u r v e in Fig.4.1 between 800nm 

and lOOOnm, is 7.526 x 10 These va lues yield A = 1805s , t he 

i nve r se of the rad ia t ive lifetime, i.e., = A ^ = 554ps. The 

cons iderab le u n c e r t a i n t y in the value of the dopan t ion concen t ra t ion 

does however r e n d e r th i s an approximate value only. 

For the remainder of the inves t iga t ions in to t h e Yb *-doped 

f i b r e , t h e pump source was a tunab le S t y r y l 9M dye laser , chosen 

because i t s r a n g e of emission wave leng ths in t h e 0.8l^m region (where 

Yb^* has a s ign i f i can t absorp t ion) coincide with the opera t ing 

wave leng ths of commercially available GaAlAs diode l a se r s , which would 

be t h e ideal pump source in a prac t ica l appl icat ion due to t he i r small 

size, re l iabi l i ty and low cost . 

The value of the abso rp t ion coeff ic ient fo r wave leng ths in the 

O.BMm region could be measured i n d e p e n d e n t l y of the white l ight 

abso rp t ion da ta suppl ied with t h e f i b r e by a cu t back t echn ique to 

monitor the amount of t r ansmi t t ed (unabso rbed) pump power as the 

l eng th was p r o g r e s s i v e l y dec reased . Cut backs were pe r fo rmed on the 

580ppm f i b r e f o r pump wave leng ths of 820nm, 840nm, 850nm, 880nm, 900nm 

and 910nm. For t h e s h o r t e r wave leng ths (820nm, 840nm and 850nm) where 

the abso rp t ion was known to be re la t ive ly weak, a thermopile power 

meter was used to measure the u n a b s o r b e d pump power a t t h e f i b r e 

ou tpu t . An inc iden t pump power of 50mW was used a t 820 and 840nm, and 

lOmW a t 850nm. For t h e longer wave leng ths where the absorp t ion is 

h igher , a lower pump power had to be used to avoid sa tu ra t ion of the 

pump t r ans i t ion . A value of ImW was chosen, too low to yield pump 

o u t p u t powers measurable on the thermopile b u t measurable ins tead with 

a ca l ibra ted silicon photo-diode . 

If t he n a t u r a l log of the o u t p u t pump power P{1) is p lot ted 

aga ins t f i b r e l eng th 1 t hen , accord ing to the Beer law 

P{1} = P(0) exp (-«1) (4.2) 

where PiO) is t h e launched pump power, t he e f fec t ive absorp t ion 

coeff ic ient a is g iven by the g rad ien t . The r e s u l t s obta ined in th i s 

way f o r S t y r y l 9M pumping a re summarised in Table 4.1, where the 
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a t tenua t ion in dB/m is also given. In a similar cu t back a t a pump 

wavelength of 840nm, the more heavi ly doped f i b r e was found to have an 

absorp t ion coef f ic ien t approximately 4.6 times t h a t of t h e low doped 

f ib re , i.e., 1.52m in reasonable ag reemen t 

nominal dopan t concen t r a t ions fo r t h e two f i b r e s . 

with t h e ra t io of 

X (nm) a (m"^) (dB/m) 

820 0 . 17 0 . 7 4 
840 0 . 3 3 1 . 4 3 
850 0 . 8 3 3 . 6 0 
880 4 . 6 9 2 0 . 3 7 
900 9 . 5 7 4 1 . 5 6 
910 10 .55 4 5 . 8 2 

T a b l e 4.1 

In addi t ion to t h e s t a n d a r d cu t back t echn ique fo r t h e 2500ppm f ib re , 

a second method was t r i ed . This involved winding a l eng th of f i b r e 

a r o u n d a p las t ic cy l inder cu t with a sp i ra l groove, such t h a t t he 

f i b r e loops were r e g u l a r l y spaced along the l eng th of t h e cy l inder . 

The plas t ic coat ing on t h e f i b r e was s t r i p p e d away to allow s c a t t e r e d 

(unguided) pump l ight to escape u n h i n d e r e d in a radia l d i rect ion. A 

silicon pho to-d iode was t h e n t r a v e r s e d along the f i b r e loops on a line 

paral lel to t h e cy l inder axis us ing a s t epp ing motor dr ive , with the 

s ignal r eco rded on an X-T c h a r t r e c o r d e r . The photo-d iode had a na r row 

slit a p e r t u r e to p r e v e n t con t r ibu t ions to t h e s ignal from a d j a c e n t 

loops of f ib re . The o u t p u t cons i s ted of a se r i e s of r e g u l a r l y spaced 

peaks in side l ight emission, c o r r e s p o n d i n g to the po in ts a t which the 

photo-d iode pas sed over the loops, with t h e i n t ens i t y v a r y i n g in an 

exponent ial manner with l eng th in accordance with Eq.4.2 as with the 

normal cu t back method. For a pump wave leng th of 840nm, t h e abso rp t ion 
- 1 - 1 

coeff ic ient was 0.37m , cons i s t en t with the value of 0.33m obta ined 

in the convent ional manner . The a d v a n t a g e of the " t rave l l ing de tec to r" 

method is t h a t , in pr inciple , it is n o n d e s t r u c t i v e . In prac t ice , 

however , it is all too easy to b reak the f i b r e when s t r i p p i n g off long 

l e n g t h s of plas t ic coat ing. An a l t e rna t ive method, t h a t of s t r i p p i n g 

off only small r eg ions of t h e f i b r e in situ a t t h e po in ts over which 

the photo-d iode pas sed , was equal ly p rone to mishap, and it was 

concluded t h e r e f o r e to cont inue with t h e cu t back p r o c e d u r e in f u t u r e . 

This method has t h e added a d v a n t a g e of de termining the launch 
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ef f ic iency in addi t ion to the abso rp t ion coeff ic ient , s ince Eq.4.2 can 

be used to f ind P(0) and hence the overal l l aunch e f f ic iency is found 

simply by dividing th i s launched power by the measured pump power 

inc iden t on the l aunch opt ics . 

4.2.3 I n f r a r e d Emission 

The emission s p e c t r a of doped f i b r e s may be r eco rded by monitoring 

e i the r guided f luo re scence emitted from the end of t h e f i b r e , or 

ungu ided f luo rescence escap ing in a radia l d i rect ion. This l a t t e r 

app roach is p r e f e r a b l e since, due to the small radia l dimensions 
- 5 

involved, t h e opt ical a t t enua t ion is typical ly < 10 dB [4.11] and so 

the e f f e c t s of g r o u n d s t a t e r e abso rp t i on of f luo rescence , which would 

o therwise d i s t o r t t h e spec t rum, a r e ins ign i f ican t . In addi t ion, gain 

or amplified spon taneous emission, which essen t ia l ly r e l y on t h e long 

in te rac t ion l eng th a f f o r d e d by optical gu idance in a f i b r e , a r e also 

ins ign i f i can t in s ide l ight , and d is tor t ion due to t he se mechanisms 

should not be a problem. To r eco rd s p e c t r a in s ide l ight r e q u i r e s some 

means of collecting the radia l f l uo rescence be fo r e pas s ing it t h r o u g h 

a monochromator. There a r e seve ra l ways in which th i s can be done, 

such as by f ixing p a r t of the f i b r e between t h e e n t r a n c e s l i ts of the 

monochromator, or by r u n n i n g the f i b r e t h r o u g h an i n t e g r a t i n g s p h e r e 

with the monochromator a t i t s exit por t . For the inves t iga t ions 

desc r ibed he re however , a commercially available f i b r e bundle in a 

s l i t - to - s l i t conf igura t ion was used . One end was held over a region of 

f i b r e (with the p ro tec t ive coat ing s t r i p p e d of f ) nea r the i n p u t end 

where the f luo rescence s ignal is s t r o n g e s t , while the o the r end was 

placed into t h e e n t r a n c e of the monochromator. The f i b r e bund le itself 

was assumed to have a wave leng th d e p e n d e n t loss ins ign i f i can t compared 

to i t s total losses over the r a n g e 0.9-1.2A'm. The ful l experimental 

a r r a n g e m e n t for s ide l ight f l uo rescence spec t ro scopy is shown in 

Fig.4.2. Pump l ight was launched into the f i b r e with an 18X microscope 

ob jec t ive and t h e emission wave leng th was scanned with a 

s t e p p i n g - m o t o r - d r i v e n 0.25m g ra t ing monochromator and de tec ted on a 

germanium photo-d iode . The s ignal was t h e n p roces sed by a phase 

sens i t ive de tec to r to improve the s igna l - to -no i se ra t io be fo re a f inal 

o u t p u t was obta ined on a Y-T c h a r t r e c o r d e r . The monochromator 

contained a g r a t i n g blazed fo r Ipm, and the s l i ts were se t a t 1.0mm. 

A typica l s ide l ight f luo rescence spec t rum is shown in Fig.4.3. 
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For t h i s spec t rum t h e low doped f i b r e was used . The pump wavelength 

was 900nm with 45mW inc iden t on the l aunch ob jec t ive . Two p e a k s a re 

c lear ly reso lved a t 974nm and 1034nm, and a t h i r d f e a t u r e is j u s t 

d i scern ib le in the long wavelength tail. By f i t t i ng Gaussian 

d i s t r i bu t ions (i.e, inhomogeneous b roaden ing [4.12] is assumed to be 

the dominant b roaden ing mechanism) to t h e two reso lved peaks and 

s u b t r a c t i n g from the fu l l spec t rum locates t h i s t h i r d peak a t 

approximately 1082nm (neglect ing any wave leng th scal ing for the 

f luo rescence in tens i ty ) . The side l ight spec t rum was inves t iga ted 

u n d e r a v a r i e t y of pump condi t ions , with t h e low doped f i b r e pumped a t 

850nm, 880nm and 900nm to t e s t t he r e s p o n s e to pumping inc reas ing ly 

c loser to t h e r e sonance a t 910nm. No dependence of spec t r a l 

c h a r a c t e r i s t i c s with pump wavelength was o b s e r v e d . For all t h r e e pump 

wave leng ths t h e emission peaks were a t 974.0 ± 0.5nm and 1034.0 ± 

0.5nm. Inc iden t powers were var ied from 5-lOOmW with no sh i f t in the 

peak posi t ions. The ful l width a t half maximum of t h e peak a t 974nm is 

abou t lOnm and t h a t of t h e 1034nm peak is 40nm where , in t h i s l a t t e r 

case, t he fu l l width is f o u n d by doubling the half width measured on 

the s h o r t wave leng th side to eliminate t h e con t r ibu t ion of t h e 

f luo rescence tail on the long wavelength side. 

The heavi ly doped f i b r e (2500ppm) was pumped from 790nm to 880nm 

at lOnm in t e rva l s , with similar r e s u l t s to those of t h e low doped 

sample. For both f i b r e s , t he broad n a t u r e of t h e peak c e n t r e d a t 

1034nm ind ica tes the potent ia l f o r wide tunab i l i ty of l a se r emission 

on th i s t r ans i t ion . To f ind the long wave leng th limit of t h i s 

f luorescence , t h e detect ion system gain was maximised and a spec t rum 

t aken in the extreme reg ions of the tail. For an inc iden t pump power 

of 50mW at wave leng ths of 840-870nm in lOnm s t eps , t h e f luo rescence 

tail ex tended to a maximum of 1250nm. 

The information g a t h e r e d from t h e abso rp t ion and emission s p e c t r a 

allows the e n e r g y level diagram for Yb^* in t h e pa r t i cu l a r 

s i l ica-based hos t g lass used in t he se exper iments to be c o n s t r u c t e d . 

The abso rp t ion peaks a t 910nm, 965-970nm and 974nm indicate u p p e r 

manifold S t a rk levels a t 10989cm 10350cm'^ and 10267cm' 

r e spec t ive ly . Emission (assumed to t ake place f rom the lowest - ly ing 

u p p e r manifold S t a rk level) a t 974nm, 1034nm and 1082nm indica tes 

S t a r k levels in the g round s ta te multiplet a t 0cm 596cm ^ and 

1000cm , r e spec t ive ly . These levels a re shown in Fig.4.4, labelled a 

to g f o r l a te r r e f e r e n c e . Level b, a t abou t 360cm'^ above g r o u n d was 
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located t h r o u g h compar ison with t h e da ta of Fou rn i e r and Robinson 

[4.7]. 

The f l u o r e s c e n c e lifetime of Yb^* was measu red u s i n g t h e 

a r r a n g e m e n t shown in Fig.4.5. A mechanical c h o p p e r i n t e r r u p t e d t h e 

pump beam a n d t h e s u b s e q u e n t decay of t h e f l u o r e s c e n c e s ignal was 

o b s e r v e d on an osci l loscope. The add i t ion of a digi ta l s t o r a g e a d a p t e r 

allowed t h e s igna l to be a v e r a g e d ove r many cyc les to improve t h e 

s i g n a l - t o - n o i s e ra t io . Single exponent ia l decay is g iven by 

I{t) = 1(0) exp {-t/x) (4.3) 

w h e r e I(t) is t h e s igna l i n t e n s i t y a t time t, 1(0) is t h e i n t e n s i t y a t 

time t = 0, a n d t is t h e f l u o r e s c e n c e lifetime. Taking n a t u r a l logs of 

both s ides of Eq.4.3 g ives a s t r a i g h t line of g r a d i e n t -l/x if t h e 

decay is s ing le exponent ia l . The decay was f o u n d to be s ingle 

exponent ia l wi th a l ifetime of 710/Js. 

In t h e p r e s e n c e of n o n r a d i a t i v e decay from an u p p e r level, t h e 

measu red lifetime will be less t h a n t h e lifetime ca lcula ted f rom 

i n t e g r a t e d a b s o r p t i o n measu remen t s on t h e p a r t i c u l a r t r a n s i t i o n . The 
3 + 

f a c t t h a t t h e TlOjus lifetime measu red f o r Yb is g r e a t e r t h a n t h e 

554/Js ca lcu la ted lifetime r e f l e c t s t h e level of u n c e r t a i n t y in t h e 

dopan t ion c o n c e n t r a t i o n . 

The de tec t ion sys tem r e s p o n s e time was measured by o b s e r v i n g t h e 

decay of t h e pump s ignal a f t e r i n t e r r u p t i o n by t h e c h o p p e r and 

a v e r a g i n g o v e r many cyc les as be fo re . This decay is not exponent ia l , 

so t h e time f o r t h e s ignal to fall f rom 90% of i t s initial 

( u n i n t e r r u p t e d ) level to 10% of t h i s is t a k e n as a measure of t h e 

sys tem r e s p o n s e . For t h e germanium pho to -d iode used in t h e 

f l u o r e s c e n c e lifetime measu remen t s t h i s r e s p o n s e time was 55MS. 

4.2.4 Visible Emission 

In add i t ion to t h e i n f r a r e d f l u o r e s c e n c e , emission was also o b s e r v e d 

in t h e v is ib le p a r t of t h e s p e c t r u m in t h e form of a weak g r e e n glow 

along t h e l e n g t h of t h e f i b r e when pumped in t he 800-900nm reg ion . The 

e f f e c t was o b s e r v a b l e with t h e lower doped f i b r e b u t was most a p p a r e n t 

f o r t h e heavi ly doped sample, and f o r t h i s r e a s o n t h e 2500ppm f i b r e 

was u s e d f o r i nves t iga t ion to p rov ide t h e l a r g e s t poss ib le 
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f luorescence signal . A pump wavelength of 837nm was chosen since the 

pump power was rough ly maximised a t th i s wavelength . The side l ight 

spec t rum shown in Fig.4.6 was t aken in a similar way to t h e i n f r a r e d 

s p e c t r a desc r ibed above, with the exception t h a t p a r t of the f i b r e was 

mounted in and along the e n t r a n c e slit of t he monochromator because 

the f i b r e bund le was not available a t th i s time. The monochromator 

conta ined a g r a t i n g blazed a t 500nm and the o u t p u t s ignal was de tec ted 

with a photomult ipl ier t ube , which was u n r e s p o n s i v e to the i n f r a r e d 

emission wave leng ths . The visible spec t rum is similar in overal l shape 

to the i n f r a r e d spec t rum, in t h a t it has a s h a r p peak on the s h o r t 

wavelength s ide with a b r o a d e r peak a t longer wave lengths . The s h a r p 

peak is located a t 489nm ± 2nm, where the e r r o r has been est imated 

from the u n c e r t a i n t y in the l inecen t re posit ion der ived from severa l 

spec t r a . The fu l l width a t half maximum, found by doubl ing t h e half 

width on the s h o r t wavelength side, is abou t 5nm. The peak of the 

b r o a d e r emission is a t 505nm ± 2nm, with a fu l l width a t half maximum 

of abou t 20nm, aga in found from t h e half width on t h e s h o r t wavelength 

side. By r e c o n s t r u c t i n g the long wave leng th half of th i s peak 

(assuming it to be ident ical to the s h o r t wave leng th side) and 

s u b t r a c t i n g from the o b s e r v e d spec t rum rough ly locates a t h i r d peak a t 

about 522nm. Note t h a t t he se f e a t u r e s a t 489nm and 522nm a r e located, 

to within 1%, a t posi t ions c o r r e s p o n d i n g to half t he wave leng th of the 

i n f r a r e d emission peaks a t 974nm and 1036nm, respec t ive ly . 

The source of t h e g r een emission was or iginal ly s u s p e c t e d to be 

impuri t ies o the r t h a n Yb^* in the core, b u t the s t r i k ing corre la t ion 

of the f luo rescence peaks with those of the i n f r a red emission 

s t r o n g l y ind ica tes t h a t Yb ^ is t he source . In fac t , s ince t h e photon 

energy of the green emission is almost exactly twice that of the infra 

r ed emission, it s t r o n g l y s u g g e s t s t h a t t h e vis ible emission a r i s e s 

from a s imultaneous rad ia t ive relaxation of two excited Yb^* ions 

emitt ing a s ingle photon in cooperat ion. This e f f ec t was f i r s t 

obse rved in YbPO^ by Nakazawa and Shionoya [4.13], who termed it 

"cooperat ive luminescence" by analogy with the t hen a l ready well known 

p r o c e s s of coopera t ive absorp t ion . 

The peak a t 505nm could be the r e s u l t of t h e de-exci ta t ion of two 

Yb ions w h e r e b y one emits to t h e lowest - ly ing g round s t a t e S ta rk 

level (level a in Fig.4.4) and t h e o the r to a h i g h e r S t a rk level 

(level c), s ince t h e 505nm wave leng th is mid-way between t h a t g iven by 

de-exci ta t ion of both ions to e i the r level a (489nm) or level c 
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(522nm). I t may also a r i s e simply from t h e de-exci ta t ion of both ions 

in t h e pai r to an in termedia te S ta rk level (level b). This l a t t e r 

a r g u m e n t s u g g e s t s t ha t , s ince the emission a t 489nm and 522nm 

co r re l a t e s so well with t h e i n f r a r e d emission a t 974nm and 1036nm, the 

peak a t 505nm may also have an i n f r a r ed c o u n t e r p a r t a t abou t lOlOnm. 

This would give a g r o u n d s ta te S ta rk level a t abou t 3 6 0 c m ' a s shown 

by level b in t h e e n e r g y level diagram of Fig.4.4, and co r r e l a t e s with 

the s p e c t r a of Fourn ie r and Robinson [4.7]. 

If t he g r e e n emission is indeed due to a two ion p roces s , t h e n 

i t s i n t ens i t y should v a r y quadra t ica l ly with the i n t ens i t y of the pump 

l ight , s ince two pho tons must be a b s o r b e d be fo re an ion pa i r can 

relax. The a r r a n g e m e n t f o r side l ight detect ion was used to monitor 

the s ignal a t 489nm while t h e pump power a t 837nm was inc reased from 

40mW to 80mW in inc rements of lOmW. If t h e in t ens i ty of t h e g r een 

f luorescence , is due to the absorp t ion of m i n f r a r e d pump pho tons 

t hen will v a r y as a func t ion of pump power P accord ing to 

JT * P ™ (4.4) 

The number of pho tons m is found by plot t ing log 7 aga ins t log P, 

where the g r a d i e n t is equal to m. This is shown in Fig.4.7, where the 

g r a d i e n t yields w = 1.94, indica t ing a two photon p r o c e s s as expected. 

The coopera t ive luminescence p r o c e s s also has implications fo r 

the f luo rescence lifetime of the g reen emission. The f luo rescence 

decays of the i n f r a red and visible emission may be wr i t t en as 

Zg (t) #g( t ) = J^g(O) exp ( - ^ A g ) (4.6) 

where I is t he f l uo re scence in tens i ty , n is t he number of excited ions 

(or pa i r of ions) and r is the lifetime, and the s u b s c r i p t s j'r and g 

r e f e r to the i n f r a red and g reen emission, r e spec t ive ly . At t h e s t a r t 

of the decay (when t h e pump is blocked), t he ion pa i r populat ion n (0) 
2 ^ 

is p ropor t iona l to P and n.^(O) is p ropor t iona l to P (since t h e i n f r a 
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r ed emission follows t h e abso rp t ion of a s ingle photon) . 

Nakazawa and Shionoya [4.13] poin t ou t t h a t t he se 

propor t ional i t ies imply t h a t = T .^ /2 . The lifetime of t h e g r een 

emission was measured in a similar way to t h e i n f r a r e d emission, and 

was found to be 394/Js, where the detect ion sys tem r e s p o n s e was 20jJs. 

This is not qui te t h e expected f ac to r of two reduc t ion on the i n f r a 

r ed lifetime of 710/Js. However, t h e ra t io of t h e l ifetimes is 0.555 

which is close to the ra t io of 0.563 o b s e r v e d by Nakazawa and Shionoya 

[4.13]. 

An excitat ion spec t rum fo r t h i s g r e e n emission t aken in side 

l ight is shown in Fig.4.8. The pump wave leng th was va r i ed between 

800nm and 880nm with a s t epp ing motor d r ive ope ra t i ng the b i r e f r i n g e n t 

t u n i n g mechanism on t h e dye laser . The excitat ion spec t rum, normalised 

fo r the dye l ase r power spec t rum, shows a peak a t 847nm. This a p p e a r s 

to indicate some deg ree of s i te se lec t iv i ty (where some r a r e e a r t h 

ions a p p e a r to be located in s i tes which r e n d e r them more suscep t ib le 

to ion pa i r formation) s ince the 847nm wave leng th is ne i the r the 

wavelength of h i g h e s t dye laser power nor a wave leng th c o r r e s p o n d i n g 

to an abso rp t ion peak. F u r t h e r cha rac t e r i s a t i on of t h i s visible 

emission is r e q u i r e d be fo re any def in i te conclus ions a re drawn. 

4.3 Laser Operat ion 

4.3.1 Determination of t h e Laser Trans i t ion 

Operation of the Yb - d o p e d f i b r e as a laser medium is the s u b j e c t of 

th i s sect ion. The laser exper iments desc r ibed below were pe r fo rmed 

us ing the low doped (580ppm) f i b r e in a F a b r y - P e r o t r e sona to r 

conf igura t ion , and e n e r g y level notat ion r e f e r s to t h e diagram in 

Fig.4.4. 

The side l ight f l uo rescence spec t rum desc r ibed in Section 4.2.3 

ind ica tes t h a t emission occur s on both t h r ee - l eve l (e to a) and 

fou r - l eve l (e to b, c and d) t r ans i t i ons . The term " four - l eve l " is 

p e r h a p s not s t r i c t ly a c c u r a t e in the convent ional sense s ince the 

lower laser level is not empty, as in an ideal f ou r - l eve l system, b u t 

is a S ta rk component of the g round s t a t e mult iplet and t h e r e f o r e has a 

thermal populat ion determined by t h e Boltzmann d i s t r ibu t ion . However, 

since the pump and f luo rescence cycle does involve f o u r d i s t inc t 

levels, t he t r ans i t i on is r e f e r r e d to as " four - l eve l " . A qual i ta t ive 
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as se s smen t of t h e expected laser t r ans i t i on u n d e r speci f ied pump and 

f i b r e condi t ions may be made as follows. 

A comparison of the l inecen t re f luo rescence in tens i t i es , and 

hence emission c r o s s sect ions , a t 974nm and 1034nm shows a ra t io of 

abou t 4:1 in f a v o u r of t h r ee - l eve l emission a t 974nm. However, th i s 

t r ans i t i on will s u f f e r a s ign i f ican t r e a b s o r p t i o n loss by g r o u n d s ta te 

populat ion in level a, and un less t h i s loss is k e p t small t he gain on 

the t h r ee - l eve l t r ans i t i on will be r e d u c e d below t h a t of t h e gain on 

t h e f o u r - l e v e l t r ans i t i on as l ight p r o p a g a t e s along t h e f ib re . 

Reabsorpt ion losses a r e kep t small by e n s u r i n g t h a t a subs t an t i a l 

l eng th of t h e f i b r e is i nve r t ed with r e s p e c t to t h e t h r e e - l e v e l 

t r ans i t ion , i.e., a t leas t half of the populat ion is excited to the 

u p p e r level t h r o u g h o u t most of the f ib re . Under t h e s e condi t ions , 

s ince the t h r e e - l e v e l gain is h ighe r t h a n t h a t on t h e fou r - l eve l 

t r ans i t ion , l a se r oscillation will t ake place a r o u n d 974nm. For 

t h r e e - l e v e l invers ion , t h e pump in t ens i t y in t h e f i b r e must be equal 

to or g r e a t e r t h a n t h e pump sa tu ra t ion i n t ens i t y I , g iven by J = 
8 @ L 6 8 t, 

hP^/o^x, where h is P lanck ' s cons tan t , is t h e pump f r e q u e n c y , is 

t he abso rp t ion c r o s s sect ion and x is t h e u p p e r level lifetime (710/Js 
3 + 

fo r Yb in a silica host) . The pump sa tu ra t ion power P is g iven by 
P ^ = I , X ^ where A is the e f fec t ive core a r ea der ived from 
sat sat eff eff 

cons idera t ion of t h e mode over lap of t h e pump and s ignal f ie lds (see 

Section 4.6.4), a l though the ac tua l core a r e a is a good approximation. 

Thus f o r a given i n p u t pump power level, t h e s a tu r a t i on r equ i r emen t 

imposes a limit on the length of f i b r e t h a t may be used fo r 

t h r e e - l e v e l opera t ion . The optimum leng th will be t h a t fo r which the 

pump power emerging from the f i b r e end is j u s t equal to P . For a 

f i b r e s h o r t e r t h a n the optimum leng th , t h e r e is "excess" power 

emerging from t h e end which could o therwise be used to pump more 

f ib re , and so t h e gain is not maximised. In a longer f i b r e , t h e r e will 

be a region a t t h e end where the pump power has fal len below P and, 

s ince the t h r e e - l e v e l t r ans i t ion is no longer i nve r t ed here , t he 

consequen t r e a b s o r p t i o n in th i s region cause s a r educ t ion in the gain. 

If th i s loss is l a rge enough, the gain on the fou r - l eve l t r ans i t i on 

will now dominate, p rov ided t h a t invers ion is maintained with r e s p e c t 

to t h e thermal populat ion of levels b and c. In a p u r e fou r - l eve l 

system th i s gain i nc rea se s with l eng th unt i l all t h e pump power is 

a b s o r b e d , b u t s ince the lower levels of the Yb^^ ion a r e thermal ly 

popula ted , t he small r eabso rp t ion loss p r e v e n t s t h e f i b r e being made 
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a r b i t r a r i l y long if maximum power is r e q u i r e d . I t should be noted t h a t 

t h e s e comments fo r oscillation wavelength selection with f i b r e l eng th 

apply only in a s i tua t ion where a laser is formed us ing b r o a d - b a n d 

r e f l ec to r s , i.e., ne i the r t r ans i t ion is discr iminated aga in s t by the 

r e f l ec t iv i ty of t h e cavi ty mirrors . 

The e f f e c t of f i b r e l eng th on laser wave leng th fo r t h e fou r - l eve l 

t r ans i t i on was demons t ra ted with a F a b r y - P e r o t cav i ty where the f i b r e 

e n d s were bu t t ed aga ins t dielectr ic mir rors . The i n p u t mir ror was 

>99.5% re f l ec t ive in t h e r a n g e 980-1120nm and the o u t p u t coupler was 

1% t r ansmiss ive in the r a n g e 1040-1160nm. The f i b r e was pumped with 

abou t 50mW launched a t 840nm. The var ia t ion of las ing wave leng th with 

f i b r e l eng th is shown in Fig.4.9. For long l e n g t h s t h e r eabso rp t i on 

losses of levels b and c fo rce oscillation on the e to d t r ans i t i on a t 

abou t llOOnm, desp i te t h e lower emission c ro s s sect ion when compared 

to the t h r e e - l e v e l t r ans i t ion . Reducing t h e f i b r e l eng th b r i n g s abou t 

oscillation on the e to c t r ans i t ion a r o u n d 1050nm since t h e h ighe r 

emission c ross sect ion now outweighs the h i g h e r r e a b s o r p t i o n loss of 

level c compared to level d. The s ingle pa s s i n t e rna l losses were also 

measured fo r each l eng th us ing the relaxat ion oscillation method 

[4.14]. For the longer l eng ths {8-lOm), t h e loss was abou t 10%, 

whereas for the s h o r t e r l eng ths {2-5m) the loss was h i g h e r a t abou t 

25%, a r e s u l t of the inc reased r eabso rp t i on loss as the t r ans i t ion 

swi tches from e d to e c. The inc ident t h r e sho ld power r e f l ec t s 

th i s inc reased loss, v a r y i n g from 5mW for a 10m leng th to 13mW for a 

l eng th of 3.25m. 

The shortest f ibre used above in demonstrating the e f fect of 

l eng th on oscillation wavelength {1.2m) was too long to permit 

t h r e e - l e v e l opera t ion due to i n su f f i c i en t pump power a t 840nm fo r 

invers ion on th i s t r ans i t ion , i.e., t h e r e existed a region of f i b r e a t 

t he end where the pump power was below t h e s a tu r a t i on level, and the 

s u b s e q u e n t r e abso rp t i on in th i s region p r e v e n t e d t h r e e - l e v e l 

opera t ion . The express ion for the abso rp t ion c r o s s sect ion a = CX/N, 
25 ^ ^ 

where the dopant concent ra t ion # = L3 % 10 ions/m , is used in 

conjunction with the values for a given in Table 4.1 to obtain a (X), 

where X is the pump wavelength , and the pump sa tu ra t ion power found 

us ing a (X) is shown in Table 4.2 below. 

With a maximum o u t p u t from the dye laser of abou t 150mW a t 840nm 

three- level operation is not possible, since not even the power 

coupled into the f i b r e at i t s i n p u t end 75mW) will r each the 
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Fig.4.9 Laser wavelength v e r s u s f i b r e l eng th 
fo r 840nm pump wavelength 
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sa tu ra t ion power . However, a t 900nm the sa tu ra t ion power of 4mW is 

easily obta inable from the pump source , with up to 65mW available a t 

th i s wave leng th . 

X (nm) P , X (nm) 
s a t 

820 262 
840 132 
850 52 
880 9 
900 4 
910 4 

(mW) 

Table 4.2 

There a r e two r e a s o n s fo r not pumping a t even longer wave leng ths 

closer to the abso rp t ion peak a t 910nm. The f i r s t is t h a t v e r y litt le 

power is avai lable f rom t h e dye laser due to t h e limitations in the 

S t y r y l 9M t u n i n g c u r v e , and secondly, as pointed ou t by Armitage 

[4.15], fo r wave leng ths longer t h a n abou t 900nm t h e emission c ro s s 

sec t ions a r e no longer zero, so t h a t a t h igh pumping r a t e s the ra t io 

of t h e u p p e r level to lower level populat ion t e n d s towards t h e ra t io 

of t h e abso rp t i on to emission c ross sect ions and complete invers ion 

cannot be achieved . 

4.3.2 Laser Oscillation on the Three-Leve l Trans i t ion 

To o b s e r v e l ase r act ion on the t h r ee - l eve l t r ans i t ion , a r e sona to r was 

set u p with a mir ror bu t t ed a t t h e i n p u t end with r e f l ec t iv i ty >99.5% 

in the r a n g e 930-1200nm. A f i b r e l eng th of 20cm was pumped a t 900nm. 

While s e t t i ng u p the pump launch, laser oscillation was o b s e r v e d from 

the f i b r e wi thout a mir ror bu t t ed a t t he o u t p u t end. I t was t h e r e f o r e 

decided to allow the 3.5% Fresne l re f lec t ion from the f i b r e end face 

to form the o u t p u t mirror . A sui table f i l t e r to s e p a r a t e the pump and 

s ignal wave leng ths a t t h e f i b r e o u t p u t was not available, so o u t p u t 

powers were measured by pass ing the beam t h r o u g h a monochromator a f t e r 

collimation by a microscope objec t ive . The total power be fo re e n t r y to 

the monochromator was divided in the ra t io of the powers a t each of 

the two wave leng ths measured a t i t s exit. The sl i ts were opened to 

about 2-3mm, e n s u r i n g t h a t t he en t i r e bandwid th of each s ignal was 
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passed while also maintaining a d e q u a t e discrimination between the two 

wave leng ths . Under t h e s e condi t ions the laser cha rac t e r i s t i c shown in 

Fig.4.10 was obta ined , where t h e o u t p u t power a t 974nm is p lot ted 

aga ins t t he a b s o r b e d pump power. 

Absorbed pump powers were calculated by s u b t r a c t i n g the measured 

o u t p u t pump power (cor rec ted for t ransmiss ion of the microscope 

ob jec t ive used to collimate the ou tpu t ) f rom the launched pump power. 

This l a t t e r f i g u r e was determined from t h e overal l l aunch ef f ic iency, 

which was itself f ound us ing t h e cu t back data , ex t rapola ted to zero 

f i b r e l eng th to calculate the power a t t h e i n p u t end of the f i b r e f o r 

a known pump power inc iden t on the launch objec t ive . The launch 

e f f ic iency de r ived in th i s way was 0.5. Note t h a t t he i n p u t mirror 

used f o r laser opera t ion was in place du r ing t h e cu t backs , so the 

launch e f f ic iency value is d i rec t ly appl icable f o r laser operat ion. 

The laser cha rac t e r i s t i c of Fig.4.10 has a slope e f f ic iency of 

46% with r e s p e c t to a b s o r b e d power. The t h r e sho ld was 12mW launched 

(4mW a b s o r b e d ) and t h e maximum o b s e r v e d o u t p u t power was 4.3mW f o r 

17.4mW a b s o r b e d (65mW inc iden t on the launch objec t ive) . However, pump 

o u t p u t powers were g r e a t e r t h a n the calculated sa tu ra t ion power 

t h r o u g h o u t the r a n g e of inc ident powers used (20-65mW), with abou t 

15mW exit ing for 65mW incident . To maximise t h e available gain of th i s 

sys tem, the f i b r e l eng th was inc reased to 50cm, a l eng th a t which pump 

o u t p u t powers were comparable to P , such t h a t fo r 65mW inc ident the 

pump o u t p u t was 5.2mW, fal l ing to 2.7mW at t h re sho ld . The laser 

cha rac t e r i s t i c fo r th i s optimised l eng th is shown in Fig.4.11. The 

slope e f f ic iency is 63% with r e s p e c t to a b s o r b e d power, with a maximum 

o b s e r v e d o u t p u t power of 9.3mW for 27.3mW a b s o r b e d (65mW incident) . 

The th re sho ld was 15mW launched (12mW abso rbed ) . 

Inve r s ion on t h e t h r ee - l eve l t r ans i t ion was also achievable with 

a pump wave leng th of 850nm (the prohib i t ive ly high value of P a t 

s h o r t e r pump wave leng ths p r e v e n t e d oscillation o c c u r r i n g f o r pumping 

below 850nm). From Table 4.2, a t 850nm the sa tu ra t ion power is abou t 

50mW and , with a maximum dye l ase r power of 145mW here , it was 

possible to i n v e r t t he t h r e e - l e v e l t r ans i t i on over a s h o r t l eng th of 

f ib re . To demons t ra te th i s a 20cm f i b r e was pumped a t 850nm, with an 

ident ical mir ror to t h a t used p rev ious ly bu t t ed a t t he input . To 

r educe the cav i ty losses , a similar h igh re f l ec to r was bu t t ed a t t h e 

ou tpu t . With th i s a r r a n g e m e n t the maximum o u t p u t power a t 974nm was 

only of the o r d e r of ImW fo r 70mW launched . However, t h i s does a t 
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Fig.4.10 Laser cha rac t e r i s t i c a t 974nm f o r 
20cm f i b r e pumped a t 900nm 
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Fig.4.11 Laser cha rac t e r i s t i c a t 974nm f o r 
50cm f i b r e pumped a t 900nm 
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Fig.4.12 Laser cha rac t e r i s t i c a t 1036nm f o r 
1.1m f i b r e pumped a t 900nm 
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Fig.4.13 Laser cha rac t e r i s t i c a t 1050nm fo r 
4m f i b r e pumped a t 850nm 
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l eas t demons t ra t e t h a t t h r e e - l e v e l laser act ion is achievable fo r pump 

wave leng ths within t h e r each of GaAlAs diode lase rs . 

4.3.3 Laser Oscillation on the Four -Leve l Trans i t ion 

To induce oscillation on the fou r - l eve l t r ans i t ion , t h e f i b r e l eng th 

is simply inc reased to t h e point where t h e t h r e e - l e v e l r e abso rp t i on 

losses become too g r e a t to sus t a in l ase r action. The var ia t ion of 

f ou r - l eve l oscillation wave leng th with f i b r e l eng th was desc r ibed 

br ie f ly in Section 4.3.1, where l e n g t h s up to 10m were used . However, 

t h e o u t p u t power was extremely low (of the o r d e r of a milliwatt) as a 

r e s u l t of the low pump power a t 840nm (due to problems with an ageing 

dye solution) and r eab sorp t ion losses in t h e longer l eng ths . A 1.1m 

l eng th pumped with u p to 65mW at 900nm (using a new dye solution) in 

t h e s ingle b u t t e d mir ror conf igura t ion had a g rea t ly improved 

pe r fo rmance , with all of the available pump power a b s o r b e d in th i s 

l eng th . The f i b r e l ase r wave leng th was 1036nm. The laser 

cha r ac t e r i s t i c is shown in Fig.4.12: the slope e f f i c iency with r e s p e c t 

to a b s o r b e d power was 78%; th re sho ld was lOmW a b s o r b e d , and the 

maximum o b s e r v e d o u t p u t power was 16mW for 33mW a b s o r b e d . 

For diode l ase r wave leng th emulation, t h e pump wave leng th was 

again changed to 850nm. Since the abso rp t ion is lower a t th i s 

wave length , t h e f i b r e l eng th must be inc reased if all t he pump is to 

be a b s o r b e d in an a t t empt to maximise t h e o u t p u t power. Virtually all 

t he power was a b s o r b e d in a 4m l eng th fo r up to 150mW inc ident ( the 

maximum available) a t 850nm. Using th i s l eng th in t h e s ingle bu t t ed 

mirror conf igura t ion , t he laser cha rac t e r i s t i c shown in Fig.4.13 was 

obta ined , with a slope e f f ic iency with r e s p e c t to a b s o r b e d power of 

57% and a t h r e s h o l d of 25mW abso rbed . The maximum o b s e r v e d o u t p u t 

power was 28mW f o r 72mW abso rbed . The l ase r wavelength in th i s case 

was 1050nm, sh i f t ed s l ight ly due to reab sorption of t he sho r t 

wave leng th components . 

4.4 Modelling of the T h r e e - and Four -Leve l Trans i t ions 

I t is possible to model pe r fo rmance on the two t r ans i t i ons in Yb^* 

us ing a r a t e equat ion ana lys i s with a few simplifications. The f i b r e 

is modelled as a un i fo rmly-doped medium which s a t u r a t e s homogeneously, 

and no account is t aken of t h e spat ial prof i le of the pump and s ignal 
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modes since, fo r t h e wave leng ths and V number s involved, the ex ten t of 

the over lap be tween t h e two modes a p p r o a c h e s un i ty . The quantum 

ef f ic iency of t h e u p p e r laser level is t a k e n as un i ty (implied by the 

measured lifetime of 710/Js compared with t h e calculated rad ia t ive 

lifetime of 554/Js). The model is appl icable a t or below the th re sho ld 

of l a se r opera t ion , and p r e d i c t s the var ia t ion of single p a s s gain 

with f i b r e l eng th in t h e p r e s e n c e of an a b s o r b i n g lower laser level: 

e i the r the thermal ly popula ted level in t h e case of fou r - l eve l 

opera t ion , or t h e g r o u n d s t a t e in t h e t h r e e - l e v e l case. Considerat ion 

of t h e losses due to the cavi ty mi r ro r s and t h e lower level 

r e ab sorp t ion allow an "above t h r e s h o l d " ope ra t ing reg ion to be 

p red ic t ed . 

4.4.1 The Four -Leve l Model 

The fou r - l eve l scheme is i l l u s t r a t ed in Fig.4.14, where the 

popula t ions of t h e f o u r levels 1, 2, 3 and 4 a t posi t ion z along the 

f ibre are n (z), and respectively. Referring to 

the Yb^* e n e r g y levels shown in Fig.4.4, levels 1 and 2 r e p r e s e n t the 

g r o u n d s t a t e manifold sub leve ls a and c, r e spec t ive ly , and levels 3 

and 4 r e p r e s e n t t h e excited manifold sub leve l s e and g, r e spec t ive ly . 

For the p u r p o s e s of t h e model, level h is i nco rpora t ed into level a. 

The decay from t h e pump band (level 4) to the u p p e r laser level (level 

3) is assumed to be v e r y f a s t so t h a t n ^ 0. Rapid nonrad ia t ive decay 

from level 2 to level 1 is also assumed, so t h a t levels 1 and 2 a re in 

thermal equil ibrium. The total populat ion is t h u s given by 

= n^iz) + n^iz) + n^{z) (4.7) 

The thermal popula t ion of level 2 may be wr i t t en as 

n^{z) = Pn^(z) (4.8) 

where = exp [ - ( E - E^)/k^T] is t h e Boltzmann f ac to r , where and 

E a r e the e n e r g i e s of levels 1 and 2, r e spec t ive ly , is Boltzmann's 
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c o n s t a n t and T is t h e absolu te t empera tu re . The r a t e equat ion fo r 

level 3 is g iven by 

^ 3 ^ ^ ) = - ^3^^^ (4.9) 

where W^(z) accoun t s f o r the pump r a t e a t posi t ion z along t h e f i b r e 

l eng th , is t he st imulated emission r a t e f rom level 3 to level 2, 

1̂ 23 is t h e st imulated emission r a t e from level 2 to level 3, and x is 

t he u p p e r level lifetime. The st imulated emission r a t e s from levels 2 

to 3 and 3 to 2 a re assumed to be equal , i.e., = W. In the 

s t e a d y s ta te , dn^{z)/dt = 0 and us ing Eqs.4.7 and 4.8 to eliminate 

#3(2) g ives 

n^iz) = n 1 + m (4.10) 
(1 + P) + (1 + 2^)m + W^(z)x 

At th i s point t he f u r t h e r assumpt ion t h a t P/c « 1 is made, and the pump 

r a t e is wr i t t en as W iz) = a J iz)/{hP ), where a is t he absorp t ion 
P a p ' p a 

c ros s sect ion, I iz) is t he pump in t ens i t y a t posit ion z and hP is 
p p 

t he pump photon e n e r g y . This, in con junc t ion with t h e pump sa tu ra t ion 

in t ens i t y I = hi> /(o x), g ives 
sat p' a 

a (2) = n (4.11) 
(1 t P) + 

The pump absorption df ( z ) /dz = -a^n^(z)Z (z) can then be expressed as 

o n I (z) 
= l_o_P ^ (4.12) 

dz (1 + P) + 

I n t e g r a t i n g over the f i b r e l eng th from z - 0 to z = 1 y ields 
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In 
f / o ) J 

+ 1 I/O) 

sat (1 + P) 
(4.13) 

where / = (1 + p) The u n a b s o r b e d pump power 1^(1) can now be 

calculated as a func t ion of 1 by computer solution methods. 

The tota l s ingle p a s s gain G may be wr i t t en in t e rms of the 

exponent ia l gain coeff ic ient g as G = exp (g), where g is g iven by 

S - - ng(z)] dz (4.14) 

and a is t he emission c ro s s section. Using Eqs.4.7 and 4.8 yields 

g - - (1 + 2p)a^ J"̂  n^(z) dz (4.15) 

which, us ing Eqs.4.11 and 4.12, may be f u r t h e r e x p r e s s e d as 

g = (1 + 2P) 
a + In 

L (1 + 2p) P ' P 
[ijn/no}] (4.16) 

Eqs.4.13 and 4.16 can now be used to calculate t h e remaining pump 

power a t posit ion 1 along the f i b r e and s u b s e q u e n t l y t h e c o r r e s p o n d i n g 

s ingle p a s s gain over th i s l eng th . To simplify t h e express ions the 

following pa rame te r s a r e adopted: 

f = 
"."o' 

(1 + 2P) 
A' = g = 

sa t J 

Eq.4.13 can then be wr i t t en as 

In X + (x - iXk' = - / (4.17) 
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where / " = {! + 2^ ) f / ( I + P), and Eq.4.16 becomes 

(1 + 2P) ^ ^ ^ f " + In X 
1 + 2P 

(4.18) 

If k' and P a r e f ixed, Eq.4.17 can be solved fo r x with computer 

i t e ra t ion methods fo r a r a n g e of va lues of 1 ( t h r o u g h the l eng th 

pa rame te r / "), and t h e n t he se va lues of x can be used to solve 

Eq.4.18 fo r g v e r s u s 1. By chang ing k', i.e., t he i n p u t pump power, 

t h e p r o c e s s can be r epea t ed to obtain a family of c u r v e s showing the 

var ia t ion of gain pa rame te r g' with l eng th pa rame te r f " f o r a r a n g e 

of i n p u t powers in t h e p r e s e n c e of a non -ze ro lower laser level 

populat ion. 

4.4.2 I n t e r p r e t a t i o n of the Model 

A typica l plot of gain v e r s u s f i b r e l eng th ( s t r ic t ly , g' v e r s u s f ") 

is shown in Fig.4.15. The ope ra t ing region fo r l a se r act ion is bounded 

by the curve given by A:' = «), Ae., x = 1. In this case g' becomes 

equal to (1 + p ) / a s t r a i g h t line which r e p r e s e n t s the maximum gain 

available versus length if all the ions are inverted. If the total 

losses are greater than this at a particular length then the laser 

cannot opera te . In the ope ra t ing region below th i s line t h e r e must be 

su f f i c i en t gain a t a pa r t i cu la r l eng th 1 to overcome the g round s ta te 

r e abso rp t i on loss a t t h e laser wavelength X , s c a t t e r i n g losses (which 

will be l eng th dependen t ) and the fixed cavi ty losses due to o u t p u t 

coupl ing a t t he mir rors . The s ca t t e r i ng losses a r e not t r e a t e d in th i s 

model, and t h e reab sorption loss has been inco rpora t ed in t h e gain 

calculat ion. The fixed losses y due to the mir ror t ransmiss ion a r e 

wr i t t en as 7 = In (i?^/?^) , where and a r e the re f lec t iv i t i es 

of the input and output mirrors, respectively. This fixed loss defines 

a second straight line intercepting the g' axis at A = ^/(a / a (X ), 

where A is the value of the loss scaled by the c ro s s sect ion rat io. 

These two s t r a i g h t l ines def in ing t h e u p p e r and lower bounds f o r laser 

operation are shown in Fig.4.15. There will exist some value of for 

which t h e g' v e r s u s f " c u r v e j u s t touches the line of the lower 

bound. This g ives t h e minimum possible value of k', i.e., t h e minimum 

possible i n p u t power, fo r laser action to occur , and also spec i f ies 
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t h e c o r r e s p o n d i n g l eng th of f i b r e needed fo r t h i s minimum th re sho ld 

( the l eng th a t which the c u r v e touches the line). For t h i s pa r t i cu l a r 

value of k', longer or s h o r t e r f i b r e l e n g t h s have in su f f i c i en t gain to 

overcome the combined losses. 

4,4.3 Applicat ions of t h e Four -Leve l Model: Case 1 

As an example of how the model may be appl ied to exist ing data , 

cons ide r t h e f i b r e pumped a t 850nm with laser emission a t lOSOnm 

desc r ibed in Section 4.3.3. Output coupl ing was p rov ided by t h e 3.5% 

Fresne l re f lec t ion of t h e f i b r e end face , and a A* 100% re f l ec to r was 

bu t t ed a t t h e i n p u t end. Hence t h e fixed losses a r e y = 1.68 

(addit ional b u t t i n g losses a r e negligible compared to t h e high 

t ransmiss ion of t h e f i b r e end face ) . The abso rp t ion c r o s s sect ion a t 

850nm is g iven by t h e ra t io of t h e abso rp t ion coeff ic ient a (Table 

4.1) and the dopant concen t ra t ion , i.e., a * 0.065 x 10 and 

the emission c ro s s sect ion a t lOSOnm is a * 0.37 x 10 m^ [4.15], 

hence A = 0.3. The sepa ra t ion of the lower l ase r level (level c in 

Fig.4.4) and t h e g r o u n d s ta te is abou t 600cm so the Boltzmann 

fac to r is 0.056 a t room t e m p e r a t u r e (300K). 

A plot of g' v e r s u s f " i nco rpora t ing t he se va lues is shown in 

Fig.4.16 fo r k' va lues of 0.3, 0.4, 0.45, 0.5 and 0.6. The u p p e r bound 

for k' = * is also shown, t o g e t h e r with the loss line given by A = 

0.3. The g r a p h shows t h a t t he minimum possible value of k' fo r which 

laser act ion can occur is k' = 0.45 a t f = 2.58. Given t h a t P = 
sa t 

52mW a t 850nm (Table 4.2) and P = 0.056, the t h r e sho ld launched pump 

power P (0) = k ' + j3) is t h e r e f o r e 24.7mW, and the value of 1 

c o r r e s p o n d i n g to f " = 2.58 is i = 3.28m. 

Thus the model p r e d i c t s a minimum launched t h r e sho ld power of 

about 25mW for a 3.3m f ib re . The exis t ing experimental da ta f o r a 

1050nm laser pumped a t 850nm indica tes a 25mW launched th re sho ld power 

(where k' = 0.46) fo r a 4m l eng th (where f " - 3.14). There fo re , the 

laser was ope ra t ed v e r y close to i t s minimum poss ible t h r e sho ld power. 

This p rov ide s a u s e f u l guide to t h e minimum power r e q u i r e d from, fo r 

example, a GaAlAs laser diode pump source . Given t h e w 50% overal l 

l aunch e f f ic iency fo r pump l ight , t he modelling ind ica tes t h a t diode 

power in excess of lOOmW is n e c e s s a r y a t 850nm. The model is also 

u s e f u l in p red i c t i ng t h e r a n g e of f i b r e l eng th over which laser action 

is possible for a given i n p u t pump power. For ins tance , cons ider an 
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Fig.4.16 Four - l eve l gain v e r s u s l eng th . 
Loss line A = 0.3 fo r 850nm pump wavelength 
and lOSOnm lase r wave leng th 
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Fig.4.17 Four - leve l gain v e r s u s l eng th . 
Loss line A = 1.8 fo r 900nm pump wavelength 
and 1036nm lase r wave leng th 
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i n p u t of 27mW a t 850nm, c o r r e s p o n d i n g to k' = 0.5 in Fig.4.16. The g' 

v e r s u s f c u r v e is t h e n above the loss line fo r f i b r e l e n g t h s between 

1.5m and 4.3m. 

4.4.4 Applications of t h e Four-Level Model: Case 2 

A second example is based on the a f i b r e pumped a t 900nm with laser 

act ion a t 1036nm (see Section 4.3,3). Here a % 0.75 x l o ' ^ ^ (based 

on t h e value of a in Table 4.1) and a 0.7 x m^ [4.15]. The 

r e sona to r mi r ro r s were identical to those of Case 1, i.e, y = 1.68, 

b u t A = 1.8 h e r e due to t h e d i f f e r e n t c r o s s sect ion rat io. Fig.4.17 

shows g' v e r s u s for k' values of 1.5, 2.0 and 2.5, with the y = m 

line and A = 1.8 loss line also shown. The f i g u r e shows t h a t t he 

minimum launched power is given by k' s 1.95 a t / ' = 5.5. Taking P 
sat 

= 4mW a t 900nm (Table 4.2), the t h r e sho ld launched pump power is P (0) 

= 8.2mW a t i = 0.6m. 

The t h r e s h o l d obta ined experimental ly was lOmW launched fo r a 

l eng th of 1.1m. This c o r r e s p o n d s to k' = 2.4 and f - 9.9, a point 

which lies ins ide the p red ic t ed ope ra t ing reg ion (i.e., above the loss 

line), but s u g g e s t s that a sl ightly lower threshold would have been 

a t ta inab le with a s h o r t e r f i b r e l eng th where r e a b s o r p t i o n losses a re 

r e d u c e d . 

4.4.5 The Three -Leve l Model 

The r a t e equat ion ana lys i s may also be appl ied to the t h r ee - l eve l 

t r ans i t i on i l lus t ra ted in Fig.4.18, where level 1 r e p r e s e n t s the 

ground state inanHtdd sublevel a of Fig.4.4 and levels 2 and 3 

r e p r e s e n t the excited subleve ls e and g. The popula t ions of levels 1, 

2 and 3 a re n^, and n^, r e spec t ive ly . The decay from level 3 to 

level 2 is assumed to be f a s t so t h a t 0. The total populat ion 

is t h e n 

"o = "i + "2 (4.19) 

and the r a t e equat ion fo r level 2 is 
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^ 2 ^ ^ ) = W (z)n - Wn^ + Wn^ - "2 at p i ^ ^ 2 I T 
(4.20) 

Proceeding in a similar manner to t h e fou r - l eve l ana lys is , and again 

assuming Wt « 1, g ives 

n(z) = 
1 + 

(4.21) 

This is ident ical to Eq.4.11 with j3 se t to zero, and comparison with 

Eqs.4.13 and 4.17 gives , fo r t h e t h r e e - l e v e l t r ans i t ion : 

In (x) + {x - l)k = - f (4.22) 

where f = o n 1 and k = I {z)/l . The exponent ia l gain coeff ic ient 
3 U p S 31. 

is g iven by 

(4.23) 

Using Eqs.4.19 and 4.12 with p = 0 g ives 

pi 

a 0 

( - l / l ^ J dl U ) (4.24) 

which, upon in tegra t ion , becomes 

0 In - I ^ ( 0 ) ) / J „ j (4.25) 

By in t roduc ing g' = g/{pJo^ and s u b s t i t u t i n g f o r x and k, Eq.4.25 

may be exp re s sed in the simplified form of 
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g' = In X - ix - l)k (4.26) 

which, us ing Eq.4.22 may also be wr i t t en as 

g' = 21n X + f (4.27) 

As with the f o u r - l e v e l case, two equa t ions (Eqs.4.22 and 4.27) can be 

solved fo r x and g' v e r s u s 1 f o r a r a n g e of k va lues , and hence the 

var ia t ion of s ingle p a s s gain v e r s u s l eng th can be found as t h e i n p u t 

pump power is va r i ed . 

4.4.6 Applicat ions of t h e Three -Leve l Model 

In Section 4.4.2, t h e pe r fo rmance of the t h r e e - l e v e l l a se r was 

desc r ibed , with l e n g t h s of 20cm and 50cm pumped a t 900nm, both giving 

emission at 974nm. Fig.4.19 shows g' versus f for the case of X = 
p 

900nm and = 974nm, with A values of 2.20, 2.75, 3.25 and 3.75. Also 

shown is the line given by A; = <» which, since x = 1 here, is given by 

Eq.4.27 as g = f . The mirror losses a r e ident ica l to t hose of t h e 

four- leve l case, f.e., 7 = 1.68, and the fixed loss A is again given 

by A = 7 / T a k i n g <?̂ (X ) 0.75 x 10 m^ (based on a in 

Table 4.1) and fv 3.1 x 10 m^ [4.15] gives A = 0.41. 

The model p r e d i c t s t h a t t h e minimum th r e sho ld , where the gain 

c u r v e of Fig.4.19 j u s t touches the fixed loss line, is g iven by the 

c u r v e where k = 2.2 and occu r s at / = 2. The pump sa tu ra t ion power of 

4mW at 900nm (Table 4.1) t hen implies a launched t h r e sho ld power of ^ 

9mW, and f = 2 implies t h a t t he r e q u i r e d f i b r e l eng th is i = 0.21m. 

The 20cm fibre invest igated experimentally was found to have a 

l aunched power t h r e sho ld of 12mW, in r easonab ly good ag reemen t with 

t h e p red i c t ed value of 9mW for the same f i b r e l eng th . 

For the 50cm fibre, where f = 4.8, the measured launched 

threshold power was 15mW, corresponding to A: = 3.75. The gain at f = 

4.8 on the A; = 3.75 curve is, as shown in Fig.4.19, well above the 

loss line and t e n d s to sugges t t h a t a lower t h r e sho ld should have been 

attainable. In fact the f igure s u g g e s t s that the A: = 3 curve (not 

shown) would cut the loss line at f = 4.8, giving a predicted 

t h r e sho ld of 12mW. 
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Fig.4.19 Three- leve l gain v e r s u s l eng th . 
Loss line A = 0.41 fo r 900nm pump wavelength 
and 974nm laser wavelength 
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4.4.7 Summary of t h e Model 

A model has been developed to p r e d i c t t he minimum launched th resho ld 

power and the c o r r e s p o n d i n g f i b r e l eng th fo r both the t h r e e - and 

fou r - l eve l t r ans i t i ons . For 850nm pumping, the fou r - l eve l t r ans i t ion 

had a p r ed i c t ed minimum th re sho ld power of 25mW for a 3.3m f ib re . This 

compares favourably with the 25mW threshold measured with a 4m fibre. 

At a pump wave leng th of 900nm, the p red ic t ed fou r - l eve l minimum 

th re sho ld was 8mW for a 60cm f ib re . The experimental data , t aken 

be fo re the modelling was pe r fo rmed , involved a 1.1m f i b r e where the 

t h r e sho ld was lOmW, s u g g e s t i n g t h a t a s l ight ly lower t h r e sho ld could 

have been obta ined with a s h o r t e r f ib re . 

The t h r e e - l e v e l t r ans i t ion minimum th r e sho ld power fo r 900nm 

pumping is p r ed i c t ed to be 9mW for a 20cm f ib re , compared with the 

12mW measured t h r e s h o l d with a f i b r e of similar length . The 

t h r e e - l e v e l t r ans i t i on was not modelled f o r a pump wavelength of 

850nm, since t h e h igh powers needed f o r pump sa tu ra t ion r e n d e r it a 

r a t h e r impractical cand ida te for diode l ase r pumping. 

Given t h e simplicity of the r a t e equat ion model, t h e agreement 

between exper iment and t h e o r y is su f f i c i en t ly good tha t , given a 

specif ied pump wavelength and an estimate of the cavity loss, gain 

c u r v e s could be g e n e r a t e d to p r e d i c t t he minimum possible th re sho ld 

power and the r e q u i r e d f i b r e l eng th . This would be pa r t i cu la r ly u se fu l 

in a sce r t a in ing whe the r the speci f ica t ions (i.e., ope ra t ing wavelength 

and o u t p u t power) of a given pump source such as a diode laser could 

achieve t h r e sho ld in an Yb *-doped f i b re . 

4.5 Tunable Operat ion 

4.5.1 Prel iminary Inves t iga t ions 

As mentioned above in Section 4.2.3, t he broad n a t u r e of the 

f luorescence peak at around 1034nm indicates the possibility of a wide 

t u n i n g r a n g e f o r l a se r opera t ion . In o r d e r to t u n e the wavelength , it 

is n e c e s s a r y to i n s e r t into the cavi ty an element with a 

wavelength-dependent loss. This may be, for instance, a set of 

b i r e f r i n g e n t t u n i n g p la tes [4.16], a d i f f r ac t ion g r a t i ng [4.17, 4.18], 

a f i b r e coupler [4.19, 4.20, 4.21], or simply a prism. 

In the pre l iminary s t ages of t un ing t h e fou r - l eve l emission in 
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Yb^*, t u n i n g was achieved with a g r a t i ng in t h e r e sona to r 

conf igura t ion shown in Fig.4.20. Pump l ight a t 840nm was launched into 

t h e f i b r e with a g r aded index lens a f t e r pas s ing t h r o u g h a mirror 

(highly re f l ec t ing a t t he laser wavelength) , angled to r e f l ec t 

c o u n t e r - p r o p a g a t i n g l ase r emission onto a g r a t i ng . The g ra t ing , blazed 

fo r ipm, was a s t a n d a r d Applied Pho tophys ics monochromator g r a t i ng in 

t h e Littrow conf igura t ion ac t ing as a h igh r e f l ec to r to r e t r o - r e f l e c t 

into the f i b r e . Outpu t coupl ing was p rov ided by a b u t t e d mirror 

t r ansmi t t i ng abou t 20% at the l ase r wave length , and t h e o u t p u t was 

pas sed t h r o u g h a monochromator be fo re r each ing a germanium 

photo-d iode . The g r a t i ng was mounted in a ro ta tab le holder so t h a t 

t u n i n g could be achieved by making small changes of angle to a l te r t h e 

f eedback wavelength . The t u n i n g c u r v e f o r a 3.5m l eng th of the 2500ppm 

f i b r e (pumped with 150mW inc iden t on t h e launch ob jec t ive) is shown in 

Pig.4.21. The t u n i n g r a n g e is con t inuous and broad (1034nm to 1142nm), 

b u t the o u t p u t s ignal a p p e a r s heavi ly modulated with an a v e r a g e peak 

separa t ion of abou t lOnm. A similar modulated c u r v e was obta ined when 

a se t of t h r e e b i r e f r i n g e n t t u n i n g p la tes ( taken from a Coherent dye 

laser) was i n s e r t e d i n t r a - c a v i t y between the o u t p u t coupler and the 

f i b r e end , with the g r a t i n g simply rep laced by a second high re f l ec to r 

a t t he laser wave length . 

Al though s u c c e s s f u l in achieving t un ing , t h e two a r r a n g e m e n t s 

detai led above involve removing the wave leng th select ive elements from 

o the r equipment . A more prac t ica l app roach , t h a t of us ing a prism, was 

inves t iga ted with the cavi ty a r r a n g e m e n t shown in Fig.4.22. From th is 

point onwards , all t u n i n g exper iments were pe r fo rmed with the 580ppm 

f ib re . The i n p u t end of the f i b r e was bu t t ed aga ins t a h ighly 

r e f l ec t ing mirror (> 99.5%) in the r a n g e 930-1200nm. Output from the 

o the r end of t h e f i b r e was collimated with an i n t r a - c a v i t y ob jec t ive 

be fo re pass ing t h r o u g h a prism onto a f eedback mir ror , which was a 

high r e f l ec to r of similar specif icat ion to t h a t a t t h e inpu t . In view 

of the extremely low o u t p u t coupling, t h e laser o u t p u t was de tec ted 

via the ref lec t ion from the prism (see Fig.4.22). This has the added 

a d v a n t a g e of a fixed angle of re f lec t ion , i nva r i an t with r e s p e c t to 

t h e l ase r wavelength , whereas if t he de tec to r had been placed behind 

t h e o u t p u t coupler i t s posi t ion would need to be optimised for each 

wave leng th due to t h e d i f f e r ing r e f r a c t i o n angle in the prism. The 

l ight was ana lysed with the monochromator /de tec to r combination as in 

t h e pre l iminary t u n i n g exper iments . Tuning was achieved by making a 
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Fig.4.20 Resonator fo r t u n i n g us ing a 
ro ta tab le d i f f r ac t ion g r a t i ng as a 
wave leng th select ive h igh r e f l ec to r 
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Fig.4.21 Tuning c u r v e obta ined with the r e sona to r 
shown in Fig.4.20 fo r 3.5m of the 2500ppm 
f i b r e pumped a t 840nm 
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small ro ta t ion of the f eedback mir ror to select a pa r t i cu l a r 

wave leng th fo r re f lec t ion back into the cavi ty . The f i b r e o u t p u t end 

was fixed into a g lass capi l lary t u b e and i n s e r t e d in a cell 

conta in ing index matching f lu id , a n e c e s s a r y p recau t ion since without 

some means of p r e v e n t i n g f eedback from the end face , l a se r act ion a t 

1044nm o c c u r r e d off t h e F resne l re f lec t ion of the f i b r e / a i r i n t e r f ace 

and t u n i n g was p r e v e n t e d . 

A 3m f i b r e was pumped a t 840nm with 280mW inc iden t on the launch 

objec t ive . About lOOmW was coupled into t h e f i b r e core with 75% of 

th i s a b s o r b e d . The las ing wavelength was t u n e d in 2nm s t e p s by se t t ing 

t h e monochromator pa s s wavelength and ro t a t ing t h e f e e d b a c k mir ror to 

select t h i s wave length , with t h e cavi ty optimised a t each s t age fo r 

maximum o u t p u t s ignal . A typica l t un ing c u r v e u n d e r t h e s e condi t ions 

is shown in Fig.4.23, ex tending from 1020nm to 1150nm. Again, as with 

t h e g r a t i n g and t h e b i r e f r i n g e n t t u n e r , t h e o u t p u t s ignal is 

modulated. The modulation is not due to an etalon in t h e cavi ty , s ince 

the f r e e s p e c t r a l r a n g e FSR of abou t 7nm (indicated by the separa t ion 

of the peaks in the t u n i n g cu rve ) would give, accord ing to FSR = 

/{2nd), an etalon spac ing d of about 90/Jm in a i r or 60/Jm in glass , 

where n is t h e r e l e v a n t r e f r a c t i v e index of 1.0 or 1.5, r e spec t ive ly , 

and X is t h e las ing wave length , t aken h e r e as 1.1/im ( rough ly the 

mid-point of t h e t u n i n g range) . No spac ings of t he se dimensions 

existed in the cavi ty , and systemat ic a d j u s t m e n t of all t he cavi ty 

components failed to remove the modulation. The prism was eventua l ly 

ident i f ied as the element p roduc ing the modulation, since the 

re f lec t ion losses a t i t s s u r f a c e depend on the polar isa t ion s t a t e of 

l ight inc iden t upon it which, in t u r n , as will be desc r ibed below, 

d e p e n d s on the wavelength . To minimise cavi ty loss, t h e prism was 

al igned close to B rews t e r ' s angle so t h a t t h e hor izonta l ly polar ised 

component of the laser s ignal was s u b j e c t e d to a much lower loss t han 

t h e ve r t i ca l component. The prism was not a l igned exact ly a t 

B rews t e r ' s angle so t h a t t h e r e was a small hor izontal component in 

ref lec t ion which could t h e n be de tec ted as a measure of the laser 

power. Since t h e s t a te of polar isat ion d e p e n d s on wave length , t he 

amount of power in t h e ver t i ca l component, and hence t h e power lost 

from the cavi ty , was also w a v e l e n g t h - d e p e n d e n t , leading to the 

o b s e r v e d modulation. Similar cons idera t ions app ly f o r t u n i n g with the 

g r a t i ng and b i r e f r i n g e n t t u n e r . Fo r tuna te ly the polar isa t ion s ta te of 

l ight in the cavi ty could be control led in a way t h a t eliminated the 
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Fig.4.22 Resonator fo r t u n i n g us ing a prism 
for d i spers ion and a ro ta tab le h igh 
re f l ec to r f o r wave leng th select ion 
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Fig.4.23 Tuning c u r v e obta ined with t h e r e sona to r 
shown in Fig.4.22 f o r 3m of t h e 580ppm 
f i b r e pumped a t 840nm 
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modulation by e n s u r i n g t h a t t h e l ight inc ident on t h e pr ism was 

predominant ly hor izontal ly polar ised. This was f i r s t noticed when, a t 

a minimum in the o u t p u t s ignal , s l igh t bend ing of the f i b r e was found 

to inc rease the s ignal u p to the level of the a d j a c e n t peaks , 

indica t ive of a s t r e s s - i n d u c e d e f f e c t such as b i r e f r i ngence . This is 

desc r ibed in more detail in the following sect ion. 

4.5.2 The Effects of Fibre Birefringence 

Bire f r ingence o c c u r s in optical f i b r e s [4.22, 4.23, 4.24, 4,25] 

t h r o u g h severa l p r o c e s s e s which may be g rouped into two main c lasses , 

i n t e rna l and ex te rna l . The i n t e rna l b i r e f r i n g e n c e a r i s e s f rom the 

lack of circular symmetry in the core cross section, and if both 

polarisation modes are excited (the mode can be decomposed into 

two orthogonal linearly polarised modes), the state of polarisation 

evolves cyclically as t h e d i f f e r e n t p ropaga t ion c o n s t a n t of each mode 

causes periodic beating to occur. Externally induced birefringence, 

l a rge compared to the i n t e rna l b i r e f r i ngence , a r i s e s from mechanical 

s t r e s s e s t h a t yield an e las to-opt ica l an i so t ropy and allows coupl ing 

of power between the modes. These s t r e s s e s a r e due to twis t ing or 

bend ing of the f i b r e , t he applicat ion of t r a n s v e r s e p r e s s u r e , or to 

t e m p e r a t u r e c h a n g e s (where d i f fe ren t i a l thermal expansion appl ies 

t r a n s v e r s e fo rces ) . 

The e f fec ts of this birefringence cause a wavelength dependence 

in t h e polar isat ion s ta te of the f i b r e ou tpu t , a r i s ing from the 

wavelength dependence of the beat period between the two modes. This 

leads to t h e o b s e r v e d modulations in o u t p u t power because of the 

v a r y i n g reflection loss a t t he prism as the emergent s t a t e of 

polar isat ion c h a n g e s with wavelength . To p r e v e n t the o u t p u t power 

va r i a t ions in t h e t u n i n g c u r v e , some means must be found of e n s u r i n g 

t h a t t h e polar isat ion s t a t e is always predominant ly hor izontal a t t he 

prism, i.e, a f t e r i t has been fed back into the f i b r e and u n d e r g o n e a 

round-trip it emerges with the polar isat ion s t a t e horizontal , even 

though i t will have evolved during i ts pa s sage t h r o u g h the f ib re . Note 

t h a t even launch ing horizontal ly polar ised l ight into the f i b r e a t t he 

prism end is not su f f i c i en t , s ince it can be reso lved into two 

or thogonal components with r e s p e c t to the axes of b i r e f r i n g e n c e and so 

in genera l will have developed a ver t i ca l component when it emerges 

after a round trip. One method of obviating this problem would be to 
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use a co r rec t ly al igned polar i sa t ion-mainta in ing f i b r e , where a highly 

elliptical core c ro s s sect ion or inc reased s t r e s s - i n d u c e d an i so t ropy 

maintains a h igh in t r ins ic b i r e f r i n g e n c e . The intermodal coupl ing is 

t h e r e f o r e v e r y weak, and p ropaga t ion o c c u r s essent ia l ly in one 

polar isat ion eigenmode only, p rov id ing power is l aunched into only one 

of t he se modes. In t h e absence of such a f i b r e , however , t h e simple 

method proposed by Lefevre [4.26] was employed. This provides a means 

of induc ing l inear b i r e f r i n g e n c e in a control lable manner by coiling 

the f i b r e into a s e r i e s of loops, making a device analogous to a se t 

of fractional wave plates to form an ef fect ive polarisation controller 

(see also [4.27]). 

L e f e v r e ' s ana lys i s cons ide r s a pa i r of p r inc ipa l axes, one along 

t h e f i b r e diameter in t h e plane of t h e bend ( fas t axis), and ano the r 

o r thogona l to th i s , again along the f i b r e diameter b u t p e r p e n d i c u l a r 

to the plane of t h e bend (slow axis). By cons idera t ion of the 

d i f f e r ence in the e x t r a o r d i n a r y and o r d i n a r y s t r e s s - i n d u c e d 

r e f r a c t i v e indices , i t is poss ible to der ive the re la t ion 

^ ] r ad i ans /m (4.28) 

where the birefringence 6^ is the difference in the propagation 

c o n s t a n t s of t h e two polar isat ion modes, E is Young 's modulus, C is 

the stress-optical coefficient, r is the f ibre radius (including the 

cladding) and J? is the f ibre bend radius. If the f ibre is coiled into 

a loop of N t u r n s , a total p h a s e delay between the two polar isat ion 

modes of 2nNB&^ is p roduced , where 2nNR is simply t h e total l eng th of 

f i b r e in t h e loop. Hence a r e q u i r e d phase delay of Jr, Jr/2 or Jt/4 

(corresponding to X/2, X/4 or X/8 devices) implies the relation 

|6j9| = 27(/m (4.29) 

where m - 2,4 or 8. Thus the bend r a d i u s r e q u i r e d to give a phase 

delay specif ied by m is simply 

A - (4.30) 
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For silica, E = 7.75 x 10^ kg/m^, and C * -3 .5 x 10 m^/kg a t a 

wavelength of 633nm. Although C v a r i e s s l ight ly with wavelength , t he 

quoted value is t aken as valid in the 1/Jm region where the Yb^* f i b r e 

laser ope ra t e s . For t h e Yb^* doped f i b r e used he re , r = 62.5/Jm. For a 

s ingle loop (N = 1) " q u a r t e r wave pla te" where M = 4 and the 

wavelength is t aken as ( the approximate mid-point of t h e t u n i n g 

r ange ) , t he bend r a d i u s is i? = 1.2cm. For a "half wave p la te" device 

where m = 2, a s ingle loop of half th i s r a d i u s (i.e, 0.6cm) is 

r e q u i r e d , or a l t e rna t ive ly two t u r n s (N = 2) of r a d i u s 1.2cm. The two 

t u r n a p p r o a c h is p r e f e r a b l e fo r simplicity of cons t ruc t ion , and also 

to avoid the r i sk of t h e f i b r e e i t he r b r eak ing , or having too g r e a t a 

radia t ion loss, due to t h e smaller r a d i u s of c u r v a t u r e . 

Thus it is easi ly possible to c o n s t r u c t an in- l ine device 

compris ing two X/4 loops to cont ro l t h e el l ipt ici ty and one X/2 loop 

to cont ro l t he or ien ta t ion of t h e o u t p u t polar isat ion. Control is 

achieved by ro t a t ing the plane of t h e loops, which twis t s the f i b r e 

and r o t a t e s the or ien ta t ion of the axes of the induced b i r e f r i ngence . 

In p rac t i ce t h e device cons i s t s of t h r e e plast ic d iscs of a p p r o p r i a t e 

r a d i u s with grooves cu t into the e d g e s to accommodate t h e f i b r e . Two 

of t h e d iscs have one f i b r e loop, t h e o the r has two, and all t h r e e 

d iscs a re f ixed to mounts which allow i n d e p e n d e n t ro ta t ion of the 

plane of each of t h e d iscs abou t a mutual t angen t i a l axis. Such a 

device, termed a " f ib re loop polar isa t ion cont ro l le r" , was used to 

s ign i f ican t ly improve t h e tunab le pe r fo rmance of t h e Yb^* f i b r e laser . 

These r e s u l t s a re desc r ibed in t h e following sect ion. 

4.5.3 Improved Tuning Per formance 

The new r e sona to r conf igura t ion is shown in Fig.4.24, where the f i b r e 

loop polar isat ion contro l ler has been inco rpora t ed . A f u r t h e r 

improvement is t he addi t ion of a second prism, s ince a t e n d e n c y to 

oscillate on more t h a n one wave leng th s imul taneously ( r ega rd l e s s of 

the inclusion of the polar isat ion contro l ler ) had been obse rved du r ing 

the cour se of the t u n i n g exper iments . This second prism prov ided 

inc reased d i spers ion and p r e v e n t e d f eedback of unwan ted wave leng ths , 

which o therwise depopula te the u p p e r laser level and cause a r educ t ion 

in the available gain a t t he des i red wavelength . The o u t p u t from the 

f i b r e was again t aken in the form of a re f lec t ion from the f i r s t 

pr ism, s l ight ly o f f s e t from Brews t e r ' s angle to allow a small 
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re f lec t ion of t h e horizontal component. This was t h e n pas sed t h r o u g h a 

Glan-Taylor po la r i se r to e n s u r e t h a t only t h i s hor izontal component 

was selected be fo re being ana lysed by a monochromator and germanium 

photo-diode . As with the initial p r i s m - t u n e d pe r fo rmance , t h e f i b r e 

l eng th was 3m, pumped with abou t 280mW inc iden t on t h e launch 

ob jec t ive a t 840nm. The t un ing c u r v e , r e co rded in 2nm s t eps , is shown 

in Fig.4.25. Laser action was o b s e r v e d con t inuous ly from lOlOnm to 

1162nm, with a t h r e sho ld of 30mW a b s o r b e d . The angle of each loop in 

t h e polar isat ion cont ro l le r was a d j u s t e d a t each s t ep to maximise the 

o u t p u t s ignal , with the r e s u l t t h a t t h e modulation e f f e c t has 

v i r tua l ly d i s appea red . 

The s h o r t wave leng th limit of the t u n i n g r a n g e may be r educed by 

cooling the f i b r e to 77K by immersing as much of i t a s poss ible (about 

2.5m) in a Dewar conta in ing l iquid n i t rogen . The low t e m p e r a t u r e 

s ign i f ican t ly r e d u c e s the thermal populat ion of t h e S t a rk levels in 

t h e g round s t a t e multiplet , r e d u c i n g t h e r e a b s o r p t i o n loss o therwise 

s u f f e r e d by the s h o r t e r emission wave leng ths . The t u n i n g c u r v e fo r a 

LN -cooled 3m leng th of f i b r e pumped a t 840nm is shown in Fig.4.26. 

The s h o r t wave leng th limit is indeed r e d u c e d , f rom lOlOnm {at room 

t empera tu re ) to lOOOnm. However, it is u n c e r t a i n why the long 

wave leng th limit is also r educed (from 1162nm to 1150nm) as the 

cooling should have little e f f e c t on t r a n s i t i o n s to the h i g h e r - l y i n g 

S t a rk levels in t h e g round manifold. This long wave leng th limit might, 

in fac t , be expected to extend f u r t h e r in the case of both room 

t e m p e r a t u r e and liquid n i t rogen cooled opera t ion , s ince the 

f luo rescence con t inues ou t to 1250nm and the cav i ty mi r ro r s remained 

highly re f l ec t ing to 1200nm. However, t he maximum o b s e r v e d tun ing 

r a n g e of 152nm a t room t e m p e r a t u r e compares f a v o u r a b l y with dye laser 

t u n i n g r a n g e s and r e p r e s e n t s an e n e r g y t u n i n g r a n g e of almost 

1300cm Finally, s ince the r e sona to r used two high r e f l ec to r s , the 

o u t p u t power emerging from e i the r mir ror is extremely small, e.g., t he 

o u t p u t from the ro ta tab le f eedback mirror was abou t 3/JW in the pla teau 

reg ion of the t u n i n g cu rve . F u r t h e r developments of t h e tunab le 

Yb^*-doped f i b r e laser will r e q u i r e optimisation of t h e o u t p u t 

coupling to inc rease t h e power, a l though th i s would almost ce r ta in ly 

impose t h e pena l ty of some reduc t ion in t h e t u n i n g r ange . 
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Fig.4.24 Resonator for t u n i n g inco rpo ra t ing a 
f i b r e loop polar isat ion cont ro l le r 
to r e d u c e o u t p u t power modulation 
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Fig.4.25 Tuning c u r v e obta ined with the r e sona to r 
shown in Fig.4.24 fo r 3m of t h e 580ppm 
f i b r e pumped a t 840nm 
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Fig.4.26 Tuning c u r v e obta ined with t h e r e sona to r 
shown in Fig.4.24 fo r 3m of t h e 580ppm 
f i b r e pumped a t 840nm and cooled to 77K 
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4.6 S u p e r f l u o r e s c e n t Operat ion 

4.6.1 In t roduc t ion 

The t u n i n g exper iments desc r ibed in Section 4.5 above led to the 

d i scovery t h a t u n d e r a p p r o p r i a t e condi t ions the Yb * f i b r e could 

p r o d u c e s ign i f i can t amounts of amplified spon taneous emission (ASE), a 

phenomenon commonly te rmed " s u p e r f l u o r e s c e n c e " . Attempts to t u n e the 

t h r e e - l e v e l t r ans i t i on us ing a s h o r t (20cm) 580ppm f i b r e pumped a t 

900nm were u n s u c c e s s f u l . No tunab i l i ty was o b s e r v e d on th i s t r ans i t i on 

( the t u n i n g r a n g e would in any case be limited by t h e na r row l inewidth 

of t h e t r ans i t ion) , b u t the f i b r e was o b s e r v e d to emit severa l 

milliwatts a t 974 nm fo r v e r y modest inc iden t powers ( typical ly 

40-50mW). Since the o u t p u t end was te rmina ted in an index matching 

cell to s u p p r e s s las ing off t he uncoated f i b r e end (which o therwise 

p r e v e n t e d t u n a b l e opera t ion) , t h i s implied a s t r o n g f luo rescence 

o u t p u t r a t h e r t h a n l ase r emission, confirmed by the absence of 

relaxat ion oscil lat ions induced by the optical chopper . I t was 

concluded t h a t t h e emission must be due to s u p e r f l u o r e s c e n c e , a 

phenomenon t h a t o c c u r s in h igh -ga in l ase r media due to s ing le - or 

d o u b l e - p a s s amplif ication of spon taneous emission without t h e benef i t 

of optical f eedback . The p r o c e s s is shown in Fig.4.27. Spontaneous ly 

emitted pho tons in an act ive medium t r a v e l in all d i rec t ions , b u t in 

the case of a f i b r e some will be emitted into the numerical a p e r t u r e 

and guided along t h e core. These pho tons st imulate excited ions to 

emit, and t h e pho tons p roduced by th i s p r o c e s s a r e of cou r se also 

emitted into t h e numerical a p e r t u r e and guided by the f ib re . F u r t h e r 

emission is s t imulated by t he se photons , and the s ignal is t h e r e f o r e 

amplified as it p r o p a g a t e s , r ap id ly becoming predominant ly st imulated 

emission. 

Digonnet has s u g g e s t e d t h a t doped f i b r e s could be used as 

s u p e r f l u o r e s c e n t sou rces [4.28] as an a l t e rna t ive to the 

supe r luminescen t diodes [4.29] used as s o u r c e s in r ing laser 

gyroscopes . Such diodes have severa l d i s advan tages , inc luding s h o r t 

opera t ional lifetime, low o u t p u t power, poor wave leng th s tabi l i ty and 

low coupl ing e f f i c iency to a monomode f i b r e system. The h ighes t 

r e p o r t e d o u t p u t power from a supe r luminescen t diode is abou t 30mW 

[4.30], bu t only abou t 20% of t h i s could be launched into a monomode 

f ib re . The o u t p u t from a s u p e r f l u o r e s c e n t f i b r e , however , can be 
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easily coupled into a f i b r e sys tem due to the good matching of spat ial 

modes, and in addi t ion it has been o b s e r v e d t h a t t he SiO^ hos t 

env i ronment can s tabi l ise the emission wave leng th [4.31] with r e s p e c t 

to t e m p e r a t u r e to a g r e a t e r ex ten t t h a n a semiconductor host , where 

t h e emission wave leng th va r i e s by typical ly O.OSnm/degree C. 

S u p e r f l u o r e s c e n t s o u r c e s f ind appl ica t ions where b roadband , 

n o n r e s o n a n t emission is r e q u i r e d , such as t h e f i b r e gyroscope where 

s h o r t coherence l e n g t h s ( tens of microns or b e t t e r ) a r e needed to 

r e d u c e Rayleigh b a c k s c a t t e r i n g noise. Evidence of s u p e r f l u o r e s c e n t 

emission from a f i b r e was f i r s t r e p o r t e d by Po et al. [4.32], b u t the 

f i r s t p rac t ica l device was a Nd^^-doped f i b r e p roduc ing abou t lOmW a t 

1.06pm with a fu l l width a t half maximum of 17nm r e p o r t e d by Liu et 

al. [4.33]. S ign i f ican t improvements have followed, and r ecen t ly 

Duling et al [4.34] r e p o r t e d 80mW of s u p e r f l u o r e s c e n t emission from a 

d iode-pumped Nd^^-doped o f f s e t core f i b r e . 

4.6.2 S u p e r f l u o r e s c e n c e Measurements 

For inves t iga t ions into t h e s u p e r f l u o r e s c e n t pe r fo rmance of the 

Yb^^-doped f i b r e , pump l ight was launched in t h r o u g h a b u t t e d mirror , 

h ighly re f l ec t ing (>99.5%) in the r a n g e 930-1200nm. The p u r p o s e of 

t h i s mir ror was to r e f l e c t t h e b a c k w a r d s - t r a v e l l i n g s ignal and add it 

to the o u t p u t s ignal t h r o u g h the o the r end of t h e f i b r e (i.e., a 

doub l e -pa s s conf igura t ion) , t h u s r educ ing by a f ac to r of two t h e pump 

power needed fo r t h e same gain with a s i n g l e - p a s s conf igura t ion . The 

o u t p u t end was te rmina ted in an index-match ing cell to p r e v e n t 

f eedback from t h e f i b r e / a i r i n t e r f ace which would o therwise cause 

laser oscillation and give a longi tudinal mode s t r u c t u r e to the 

emission spec t rum. Note t h a t t h e addi t ion of t h e index matching cell 

is t he only d i f f e r e n c e between the conf igura t ion fo r s u p e r f l u o r e s c e n t 

o u t p u t and t h a t u sed fo r t h r e e - and fou r - l eve l l a se r emission. Output 

powers were measured in the same manner as t h a t desc r ibed in Sect ions 

4.3.2 and 4.3.3, where a monochromator was used to s e p a r a t e pump and 

s ignal wave leng ths and the total power measured a t t he f i b r e o u t p u t 

was divided in t h e ra t io of the germanium photo-d iode s ignal measured 

a t each wave leng th a f t e r the monochromator. 

S u p e r f l u o r e s c e n c e was o b s e r v e d on both the t h r e e - and fou r - l eve l 

t r ans i t i ons , t he dominant t r ans i t i on being determined by f i b r e length 

as desc r ibed qual i ta t ive ly fo r the laser emission in Section 4.3.1. 
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This qual i ta t ive behav iour was confirmed experimental ly by cu t t i ng 

back a l eng th of f i b r e from 2.20m to abou t 0.25m while monitoring the 

pump and s ignal powers . The f i b r e was pumped with 60mW inc ident on the 

launch ob jec t ive a t a wavelength of 900nm, where t h e re la t ive ly high 

power available from the dye laser gave the h i g h e s t s u p e r f l u o r e s c e n t 

power, desp i te t h e s l igh t de tun ing from t h e abso rp t ion peak a t 910nm, 

since t h e dye laser t u n i n g r a n g e was fal l ing off a t t h i s longer 

wavelength . 

Fig.4.28 shows t h e r e s u l t s of t h e cu t back. For l e n g t h s g r e a t e r 

t han abou t Im, the fou r - l eve l emission dominates a t abou t 1040nm (the 

exact emission wave leng th d e p e n d s on f i b r e l eng th as desc r ibed in 

Section 4.3.1). For the t h r e e - l e v e l t r ans i t i on , t h e cons idera t ions of 

the pump sa tu ra t i on power d i scussed in Section 4.4.1 apply . 

Although the f i b r e is i n v e r t e d with r e s p e c t to both t r ans i t i ons a t t he 

i n p u t end where the pump power in t h e core is g r e a t e r t h a n the 

t h r ee - l eve l emission is r e a b s o r b e d in t h e reg ion where t h e pump power 

fal ls below th i s value and t h e f o u r - l e v e l emission dominates. The 

fou r - l eve l emission shows the expected behav iour , i nc reas ing with 

inc reas ing l eng th unt i l t he o u t p u t power peaks when all t he pump power 

is a b s o r b e d in about 1.5-2.0m. The o u t p u t power t h e n shows a roll-off 

with inc reas ing l eng th a f t e r a peak a t abou t 1.75m. This could be 

i n t e r p r e t e d as the e f f e c t of r e abso rp t i on by thermal populat ion in the 

lower levels {b and c in Fig.4.4) p r e v e n t i n g t h e f i b r e being made 

a r b i t r a r i l y long if maximum power is a c r i t e r ion , as with the laser 

per formance . However, the e f f e c t is somewhat more marked t h a n expected 

and in f ac t a r e p e a t cu t back t aken only fo r 1040nm emission fo r f i b r e 

l e n g t h s from 2 to 5m showed t h a t t h e power t e n d e d asymptot ical ly 

towards about 12mW with no evidence of f ou r - l eve l r eab sorp t ion f o r 

th i s r a n g e of f i b r e l eng ths . These measurements a re not shown in the 

f i g u r e since the pump power was d i f f e r e n t and the launch not fu l ly 

optimised. 

The o u t p u t power a t 974nm on t h e t h r ee - l eve l t r ans i t i on beg ins to 

inc rease as t h e f i b r e l eng th is p r o g r e s s i v e l y cu t back from abou t Im, 

i.e., t h e l eng th of t h e a b s o r b i n g region a t t he end of t h e f i b r e is 

being r educed . The power peaks a t a l eng th of abou t 50cm and t h e n 

dec reases with dec reas ing leng th , with t h e peak def in ing t h e optimum 

leng th where the pump power leaving the f i b r e is equal to P . The 

cu t back shows t h a t t h e res idua l pump a t t h i s point is abou t 4mW, This 

is in excellent ag reement with the va lue given in Table 4.2 where P 
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is 4mW f o r a pump wave leng th of 900nm. I t should be noted t h a t t he 

desc r ip t ion of power v e r s u s l eng th given above, and pa r t i cu l a r l y the 

de terminat ion of t h e optimum l eng th f o r t h r e e - l e v e l emission, app ly 

f o r speci f ic va lues of pump power (which de te rmines the l eng th of t h e 

f i b r e t h a t is i nve r t ed ) and pump wavelength (which de te rmines the 

s a tu r a t i on power) . 

The o u t p u t cha rac t e r i s t i c c u r v e fo r t h r e e - l e v e l emission a t 974nm 

v e r s u s pump power is shown in Fig.4.29. A l eng th of 50cm and a pump 

wave leng th of 900nm were used , optimum f o r an inc iden t power of 60mW 

or , assuming a 50% launch ef f ic iency , a launched power of 30mW. This 

va lue of 60mW was t h e maximum available f rom t h e dye laser a t t h e time 

t h a t t h i s and t h e s u p e r f l u o r e s c e n c e cu t back measurements were ca r r i ed 

out . However, d u r i n g pre l iminary inves t iga t ions into t h e 

s u p e r f l u o r e s c e n t pe r fo rmance , t h e dye was cons ide rab ly f r e s h e r , and a 

f i b r e of comparable l eng th was pumped with 80mW inc ident . The 

r e su l t i ng 12mW f i b r e o u t p u t is also shown in Fig.4.29. The a b s o r b e d 

power f o r t h i s maximum power poin t was 32mW, and t h e slope e f f ic iency 

was approximately 47% fo r o u t p u t powers u p to 5mW. The t h r e s h o l d power 

is a r b i t r a r i l y def ined by Digonnet [4.28] as t h e a b s o r b e d pump power 

P ^ f o r which t h e o u t p u t power is 1% of P . . Using th i s def ini t ion 
a b s abs 

t h e t h r e sho ld was less t h a n t h e lowest pump power (12.5mW a b s o r b e d ) 

used in t h e measurements . 

To inves t i ga t e the fou r - l eve l t r ans i t ion a t 1040nm, t h e pump 

wave leng th was changed to 850nm since more pump power was available 

h e r e (up to 160mW). At t h i s wave length , P is abou t 50mW so tha t , in 

con junc t ion with a longer f ib re , emission a t 974nm is d iscr iminated 

aga ins t . A l eng th of 5m was chosen, with a t leas t 90% of t h e pump 

power a b s o r b e d in th i s l eng th . The o u t p u t cha r ac t e r i s t i c c u r v e is 

shown in Fig.4.30. The maximum o u t p u t power was 27mW f o r 67mW 

a b s o r b e d , and t h e slope e f f ic iency was approximately 62%. The 

t h r e sho ld was aga in less t h a n the lowest pump power (18mW a b s o r b e d ) 

used . 

For a doub l e -pa s s conf igura t ion in the high gain limit where 

s a tu r a t i on has se t in, t h e theore t ica l limit on t h e slope e f f ic iency 

Hg is g iven by [4.31] as 

n = AP /AP (4.31) 
s e' p 
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Fig.4.29 Charac te r i s t i c fo r ASE a t 974nm f o r 
50cm f i b r e pumped a t 900nm 
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Fig.4.30 Charac te r i s t i c fo r ASE a t 1040nm fo r 
5m f i b r e pumped a t 850nm 
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where hv ̂  and a r e t h e s ignal and pump photon energ ies , 

r e spec t ive ly . In t h e case of a f i b r e geometry , t h e over lap of t h e pump 

and s ignal modes must also be t a k e n into account . Assuming the se modes 

to be Gaussian, t h e express ion g iven by [4.35] fo r the over lap 

in t eg ra l may be used , so t h a t t h e slope e f f ic iency becomes 

hp 
n = n — - (4.32) 

^ Aw 
p 

where un i ty quantum ef f ic iency and no loss due to the i n p u t b u t t a r e 

assumed. For t h e case of the f i b r e pumped a t 900nm with emission a t 

974nm, the over lap is = 0.90, whereas fo r t h e f i b r e pumped a t 850nm 

with emission a t 1040nm, r; = 0.92. These va lues yield maximum slope 

ef f ic iencies of 83% and 75% fo r t h e t h r e e - and fou r - l eve l t r ans i t ions , 

r e spec t ive ly . The experimental ly measured va lues of 47% and 62% a re 

somewhat lower, and r e f l e c t t he loss of cav i ty pho tons a t t he bu t t ed 

end and by r eabso rp t i on in t h e lower level. 

4.6.3 Lineshape Measurements 

The spec t rum of t h e s u p e r f l u o r e s c e n t o u t p u t was measured fo r the 

t h r e e - and fou r - l eve l t r ans i t i ons by pas s ing t h e end l ight t h r o u g h a 

monochromator. The o u t p u t was de tec ted on a germanium photo-d iode and 

plot ted on a Y-T c h a r t r e c o r d e r . Fig.4.31 shows a typica l spec t rum fo r 

a 50cm f i b r e pumped with 60mW a t 900nm. The peak emission wavelength 

is 974nm and the fu l l width a t half maximum is 2.9nm (monochromator 

resolu t ion 0.5nm). The spec t rum is f r e e from any ev idence of r e s o n a n t 

mode s t r u c t u r e , i.e., t he index matching cell is e f f ec t ive in 

p r e v e n t i n g optical f eedback . 

The l inewidth is expected to na r row as the pump power is 

i nc reased [4.28, 4.31], s ince f r e q u e n c y components near the cen t r e of 

t h e gain c u r v e a r e s u b j e c t to a h i g h e r gain t h a n components lying away 

from l inecent re . To give as wide a r a n g e of pump power as possible , 

t h e pump wave leng th was changed to 850nm (up to 150mW available) and 

t h e f i b r e l eng th inc reased to 4m so t h a t t h e fou r - l eve l t r ans i t ion was 

u n d e r inves t iga t ion . A typica l spec t rum fo r emission a t abou t 1040nm 

( incident pump power 120mW) is shown in Fig.4.32. Spec t r a were 
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pumped a t 900nm 

Intensity ( a rb i t r a ry uni t s ) 

1000 1020 1040 1060 

VVavehength (nrn) 

1080 

Fig.4.32 End l ight ASE spec t rum fo r 5m f i b r e 
pumped a t 850nm 
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Fig.4.33 Four- leve l ASE l inewidth v e r s u s pump 
power fo r 5m f i b r e pumped a t 850nm 
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r e c o r d e d f o r a r a n g e of inc ident pump power between 20mW and 150mW, 

and some ev idence of line na r rowing was obta ined: the fu l l width a t 

half maximum var i ed from 25.4nm fo r 20mW inc iden t to 20.5nm f o r 150mW 

inc ident . The var ia t ion of l inewidth with pump power is shown in 

Fig.4.33. The genera l behaviour is as p red i c t ed [4.28], i.e., t he 

l inewidth na r rows rap id ly before t end ing to a quas i -asympto t ic value 

fo r h igh powers . 

4.6.4 Outpu t Modelling 

The model developed by Digonnet [4.28, 4.31] is appl ied in th i s 

sect ion to p r e d i c t t he s u p e r f l u o r e s c e n c e power in a doub l e -pa s s device 

in t h e absence of gain sa tu ra t ion . The o u t p u t c u r v e s in Pigs.4.29 and 

4.30 a r e essent ia l ly l inear over much of t h e r a n g e of pump powers used 

and lack detail in t h e reg ion before t h i s l inear i ty se t s in. In o r d e r 

to model the u n s a t u r a t e d region of the cha rac t e r i s t i c , a n o t h e r se t of 

da ta was t aken f o r the fou r - l eve l t r ans i t i on by pumping a 3m l eng th of 

f i b r e a t 900nm with inc iden t pump powers between 25mW and 50mW. The 

peak of the s u p e r f l u o r e s c e n c e o u t p u t was located a t 1035nm in th i s 

ins tance . 

For modelling p u r p o s e s , a loss less f i b r e with a s t ep r e f r a c t i v e 

index prof i le and a uniformly doped core region is assumed. Let f{u} 

be t h e gain l ineshape with a fu l l width a t half maximum of Ap , 

normalised to un i ty a t l inecen t re i-*̂ . The single—pass gain coeff ic ient 

g"(P) may t h e n be wr i t t en as 

G((^) = (4,33) 

The tota l s u p e r f l u o r e s c e n c e power emitted, P, is found by i n t e g r a t i n g 

the number of pho tons n(t^) p e r un i t bandwid th over t h e emission 

l ineshape , where 

= exp [g(i;)] - 1 (4.34) 

The in t eg ra t ion yields the following express ion fo r emitted power: 
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P = {exp [2g(P^)] - 1} 5 (4.35) 

where 5 is a normalised dimensionless in t eg ra l t h a t d e p e n d s on g(P ) 

and /(P). The value of 5 is ex t rac ted from the da ta in [4.31]. The 

f ac to r of two in t h e exponent a r i s e s from the collection of backwards 

t rave l l ing f luo rescence by the h igh r e f l ec to r , doubl ing t h e available 

gain. The coef f ic ien t P is t he power emission of one photon p e r mode, 

g iven by 

(4.36) 

where m is t he number of polar isa t ion modes, hi> is t he 
8 

s u p e r f l u o r e s c e n c e photon e n e r g y and 0 is a normalisation f ac to r g iven 

by 

,+co 
fit;) (jP (4.37) 

-co 

P is t a k e n to be 1.064 by assuming a Gaussian l ineshape. The s ignal 

photon e n e r g y is 1.92 % 10 J and the l inewidth is t aken as abou t 

20nm from the s p e c t r a d i scussed in Section 4.5.3. I t is f u r t h e r 

assumed t h a t both of t h e or thogonal polar isat ion modes a r e excited so 

t h a t m = 2. Taking t he se va lues g ives « 2|UW. 

The small s ignal , undep le ted g round s ta te gain coeff ic ient a t 

l i necen t re g (̂P ) is g iven by [4.31] as 

( V n ) P (4.38) 

where o is t h e s t imulated emission c r o s s sect ion a t is t he 
s s f 

u p p e r level lifetime, is t he pump photon e n e r g y , is t he 

f r ac t i on of t h e pump e n e r g y ca r r i ed in the core , A is t h e core a r ea 

and F is a dimensionless coeff ic ient desc r ib ing the amount of over lap 

between the pump and s ignal modes and can be given in t e rms of the 
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e f fec t ive core a r e a by [4.28] as 

^ = "^core/^eff (4.39) 

"^core active core area given by but cancels out of Eq.4.38 

when s u b s t i t u t i n g fo r F. If t he pump and s ignal modes a r e assumed to 

have a Gaussian form {i.e., monomode propaga t ion) along the f i b r e 

l eng th , t h e n t h e e f f ec t ive a r e a [4.35, see also Eq.2.20] is 

* [l - exp [ -2p^[ l/w^ + l/v/ j j j (4.40) 

where and are the spot s izes for the pump and signal modes, 

respectively. The pump and signal spot s izes are given by the 

approximation [4.36] ^ = p (In where y i s the f ibre ( /number at 
t he pump or s ignal wavelength . 

For the Yb f i b r e used he re , t he V number is 2.136 a t t he pump 

wavelength of 900nm and 1.858 at the signal wavelength of 1035nm. 

Taking the ^ core radius as p = 1.8Ajm yields an ef fect ive core area of 

1.13 X 10 m .̂ The number at 900nm is used to calculate (Eq.2.19) 

the fractional power in the core as = 0.77. The gain coefficient 

may now be written as g ( P j = 3.7 x Eq.4.35 is then 

used to calculate the theoretical output power versus absorbed power 

curve for comparison with the experimental data, with as a f itt ing 

parameter. The best f i t was found f o r = 0.5 x lo"^^ hence g(p ) 

may be exp res sed as ® 

= O-lf - p . , . ' - " " ! (4.41) 

The curve calculated from t h i s re la t ionsh ip is shown in Fig.4.34, 

together with the experimental data. The f i t is good until the 

absorbed power reaches about 20mW. At this point it may be inferred 
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Fig.4.34 Four - l eve l ASE o u t p u t v e r s u s pump power 
fo r 3m f i b r e pumped a t 900nm with 
calculated c u r v e added 
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t h a t gain s a tu ra t ion beg ins to se t in here , and the c u r v e will be 

l inear fo r h ighe r a b s o r b e d powers . The th re sho ld for 

s u p e r f l u o r e s c e n c e , as def ined in Section 4.5.2, is abou t 12mW 

a b s o r b e d . Eq.4.41 t h e n implies t h a t t h e round t r i p gain Ig a t 

t h r e sho ld is abou t 20dB, cons i s t en t with the p red ic t ions of Digonnet 

[4.28] fo r t h e gain r e q u i r e d for s u p e r f l u o r e s c e n c e in doped f i b r e s . 

The h igh gains available from Yb^^-doped f i b r e have revea led it 

to be a s u r p r i s i n g l y i n t e r e s t i n g and notable f i b r e system, with laser 

opera t ion us ing a h ighly t r ansmi t t ing (* 96%) end face as an o u t p u t 

coupler , and s u p e r f l u o r e s c e n t opera t ion when t h e o u t p u t coupling is 

i nc r ea sed to 100%. In t h e following sect ion, t h e r e sona to r des ign is 

modified again to demons t ra te some pre l iminary r e s u l t s of Q-switching 

on both the t h r e e - and fou r - l eve l t r ans i t i ons . 

4.7 Q-Switched Operat ion 

4.7.1 In t roduc t ion 

Q-switched opera t ion has been p rev ious ly demons t ra ted with f i b r e 

l a se r s [4.38, 4.39, 4.40]. For ins tance , a Nd^^-doped f i b r e laser has 

yielded 70ns pu l se s a t 0.9pm, and 200ns pu l s e s a t 1.08/Jm with a peak 

power of about 9W [4.39]. Q-switched Er^ -doped f i b r e l a se r s have also 

been demons t ra ted , with 60ns pu l se s a t 1.55pm and 2W peak power 

[4.40]. 

The h igh gain demons t ra ted in t h e Yb^^-doped f i b r e system makes 

it a prime cand ida te f o r high peak power opera t ion u n d e r Q-switching 

condit ions. In o r d e r to accommodate a Q-switching mechanism, t h e basic 

f i b r e laser cav i ty was modified as shown in Fig.4.35. An in t r acav i ty 

microscope ob jec t ive collimated the f i b r e o u t p u t be fo re pas s ing i t 

t h r o u g h the Q-switch on to the o u t p u t coupler . The o the r end of the 

f i b r e was b u t t e d aga ins t a mir ror h ighly r e f l ec t ing in the r a n g e 

930-1200nm. The Q-switch used he re was a Crys ta l Technology Model 3080 

acous to-op t ic modulator with spec i f ica t ions given in Table 4.3 below. 

The Q-switch power s u p p l y was d r iven with a 5V TTL i n p u t s ignal from a 

pu lse g e n e r a t o r capable of p rov id ing var iab le d r iv ing pulse wid ths and 

repe t i t ion r a t e s . Output pu l ses were de tec ted with a f a s t photo-d iode 

{response time 1- lOns) and displayed on an oscilloscope with lOOMHz 

bandwidth . 

Init ial measurements of the Q-swi tched pe r fo rmance were made 
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I n t e n s ^ y ( a r b H r a r y unKs) 

0 500 1000 1500 

Time ( n s ) 

2000 

Fig.4.36 Output pu lse a t 1036nm f o r 1.1m f i b r e 
pumped a t 850nm 
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us ing a Im l eng th of f i b r e pumped at 850nm. The o u t p u t coupler had a 

t ransmiss ion of abou t 20% a t the l ase r wave leng th of 104Inm. Output 

pu l s e s were o b s e r v e d , b u t the modulator did not p rov ide su f f i c i en t 

hold-off in i t s low-Q s t a t e to p r e v e n t con t inuous -wave lasing. This 

was s u s p e c t e d to be a r e s u l t of the po la r i sa t ion - sens i t ive n a t u r e of 

t h e modulator , so t h e d i f f r ac t ion e f f i c iency of t h e f i r s t o r d e r 

d i f f r a c t e d beam was measured fo r t h e ve r t i ca l and hor izontal 

components . The measurement was made by removing t h e o u t p u t coupler 

and i n s e r t i n g a Glan- taylor po la r i se r be tween t h e i n t r a c a v i t y 

ob jec t ive and t h e modulator. The d i f f r ac t ion e f f ic iency f o r the 

ve r t i ca l component was 40%, b u t only 20% fo r t h e hor izonta l component. 

Neither of t h e s e ef f ic iencies is pa r t i cu l a r l y high, b u t i t did p rove 

possible to hold off l a se r oscillation in t h e low-Q s t a t e with the 

incorpora t ion of a f i b r e loop polar isa t ion contro l ler , a s desc r ibed in 

Section 4.5.2. This could be a d j u s t e d to e n s u r e t h a t , a f t e r a r o u n d 

t r i p t h r o u g h the f i b r e , t h e polar isat ion s t a t e a t t h e modulator was 

p redominan t ly ve r t i ca l and t h e r e f o r e s u b j e c t to a h i g h e r d i f f r ac t ion 

loss. In select ing t h e Q-switch repe t i t ion r a t e t h e u p p e r l a se r level 

lifetime of 710/Js was t aken into account . Pumping f o r one or two 

lifetimes is suff ic ient to ensure appreciable population inversion, 

s ince a t any g iven i n s t a n t ions excited one or two lifetimes 

p rev ious ly will have la rge ly decayed and a re no longer available fo r 

s t imulated emission. Consequent ly , repe t i t ion r a t e s be tween l.OkHz and 

1.2kHz were used . 

Q-Sw i t c h S p e c i f i c a t i o n s : 

s p e c t r a l r a n g e 0 . 4 4 - 1.20fJm 

t e l l u r i u m dioxide (TeO^) 

a c o u s t i c v e l o c i t y 4. 2 6mm/iJs 

a p e r t u r e 1. 0 mm 

c e n t r e f r e q u e n c y 80MHz 

Table 4.3 

4.7.2 Q-Switched Operat ion on t h e Four -Leve l Trans i t ion 

The improved r e s o n a t o r was se t up as desc r ibed above and pumped with, 

init ially, u p to 70mW inc iden t on t h e launch ob jec t ive a t 850nm. With 
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a f i b r e l eng th of 1.1m, the laser wave leng th was 1036nm, and the 

t h r e s h o l d f o r Q-swi tched laser action was 30mW inc iden t on t h e i n p u t 

ob jec t ive . The o u t p u t coupler t ransmiss ion was 20% at t h e laser 

wavelength . The a v e r a g e o u t p u t power f o r the pump and s ignal 

wave leng ths was measured on a thermopile de tec to r a t the exit slit of 

a monochromator (located a t the f i b r e laser ou tpu t ) , and co r r ec t ed f o r 

t h e monochromator t ransmiss ion by measur ing t h e tota l power a t t h e 

e n t r a n c e slit. For an inc iden t pump power of 70mW, the a v e r a g e laser 

power was 0.6mW. The 1.2kHz repe t i t ion r a t e t h e r e f o r e implies t h a t t he 

pu l se e n e r g y was 500nJ. The o u t p u t pu lse shape is shown in Fig.4.36. 

The long (about 1.5^s} tail is unexpec ted b u t could be caused by the 

de t ec to r r e s p o n s e , since some p h o t o - d e t e c t o r s d isp lay a long decay 

when r e s p o n d i n g to an in t ense i n p u t s ignal . An expanded reg ion of the 

pu lse is shown in Fig.4.37. The pu lse width a t t he half i n t ens i t y 

po in ts is 100ns. If t he en t i r e 500nJ was del ivered in a pu lse of th i s 

dura t ion , t h e n t h e peak power would be abou t 5W. 

4.7.3 Ou tpu t Modelling of t h e Four -Leve l Trans i t ion 

To model th i s Q-switched per formance , a p u r e fou r - l eve l system 

(Fig.4.14) is assumed and a simple r a t e equat ion ana lys i s is used to 

p r e d i c t t he peak o u t p u t power, o u t p u t e n e r g y and pu lse width. The 

comprehens ive ana lys i s by Siegman [4.41], or t h e more simplified 

ve r s ion of Svelto [4.12], p rov ide f u r t h e r detai ls to t h e basic 

desc r ip t ion given below. The fou r - l eve l r a t e equa t ions may be wr i t t en 

as follows: 

17^^ = R/pf, - JSgJOs - (4.42) 

iff = yaJS-Zas --

where n and a r e the popula t ions of the g round s t a t e and u p p e r 

l a se r level, r e spec t ive ly , f / is t h e pump r a t e p e r ion, B is the 

s t imulated t r ans i t i on r a t e p e r atom and pe r mode, is t he mode 

volume within t h e ac t ive medium, q is t he number of pho tons in the 
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cavi ty , t is t h e u p p e r level f luo rescence lifetime and t is t he 

photon cav i ty lifetime. The lower level populat ion n and the pump 

level populat ion a r e assumed to decay rap id ly so t h a t #2 * 

and so + n = n , where is t he total populat ion of ac t ive ions. 

The populat ion invers ion n is t h e n given by n = - n . This allows 

Eqs.4.42 and 4.43 to be simplified to: 

- n) - Bqn - n/x (4.44) 

= (V^Bn - lA^) q (4.45) 

Under Q-switching condi t ions , t h e time evolution of n and q is s h o r t 

compared to t h e pump r a t e and u p p e r level decay ra t e , and an 

addi t ional simplification can be made by neglec t ing the - n) and 

n/T t e rms in Eqs.4.44 and 4.45. This t hen yields 

= -Bqn (4.46) 

- 1/%^) g (4.47) 

At the peak of t h e Q-switched pulse , dq/dt = 0 and Eq.4.47 g ives 

a = l / (ygIR^) (4.48) 

where is t h e inve r s ion a t t he peak. This may also be wr i t t en [4.12] 

a = T/fOgJ) (4.49) 

where y is t he total logari thmic loss p e r pass , (Z is t he emission 
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c ross sect ion and 1 is the l eng th of the ac t ive medium. This 

express ion is ident ica l to t h a t fo r the cr i t ical (i.e., t h re sho ld ) 

invers ion n f o r l a se r action. The t h r e s h o l d pump r a t e W is f ound c Pf tn 
by p u t t i n g dn/dt = 0, n = n and g = 0 in Eq.4.44, which yields 

n 
y ^ 

( n , - n j T 

If n « n t h e n W * n /{n r). If t he pump r a t e is now se t a t x 
c X p, V h c i 

times t h e t h r e s h o l d r a t e , i.e., = xW^ (and assuming no pump 

sa tu ra t ion ) , t h e following relat ion may be der ived 

W nx = xn = xn (4.51) 
p T c p 

since n and n a r e identical . In a cont inuous ly pumped repe t i t ive ly c p 

Q-switched laser , in the time between consecut ive pu l se s the pump 

r a t e must r e s t o r e t h e init ial invers ion n. ( the invers ion a t t he time 

t h a t t h e switch "opens") s t a r t i n g from t h e f inal invers ion n ( the 

invers ion a f t e r t h e pu lse is over ) . Pu t t ing - n) « and q = 

0 in Eq.4.44 gives 

dn - n/x (4.52) 

I n t e g r a t i n g th i s equat ion from n. to n t hen yields 

n. = (^ n X) - (W n X - n ) exp (-x /x) (4.53) 
1 p T p i f P 

which can be r ewr i t t en , us ing Eq.4.51, in the form 

X (N^/N. ) [1 - exp (-T^/T ) ] = 1 - ( n ^ / n . ) exp (-x^/x) (4.54) 
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Since x is known (from the ra t io of pump power to t h r e sho ld power) , 

e i the r n /n. or n j n . can be found if one of t h e s e ra t ios is known. To p' 1 f 1 

proceed , t h e ra t io of Eqs.4.46 and 4.47 is t aken and Eq.4.48 appl ied 

to obtain: 

= - V (1 - n /n) (4.55) 
at a p 

I n t e g r a t i n g from g to q (i.e., n . to n) and neglec t ing t h e small 

initial number of pho tons g. yields t h e following relat ion: 

q = - n - n^ln ( n . / n ) ] (4.56) 

The f inal invers ion is found by se t t i ng g = 0, which g ives 

(n, - n ^ ) / n . = (n / n . ) In injn^) (4.57) 

Eqs.4.54 and 4.57 can now be solved fo r n./n . This value is t h e n used 
i' p 

to calculate the peak o u t p u t power, o u t p u t e n e r g y and pu lse width, as 

desc r ibed below. 

The o u t p u t power P t h r o u g h one of the cav i ty mi r ro rs having 

r e f l ec t iv i ty R is g iven by [4.12] as 

p - (4^*) 

where y' = - In J? is t h e logari thmic loss p e r p a s s t h r o u g h the mirror , 

L is t he optical pa th l eng th , v is t h e f r e q u e n c y of emission and g is 

t h e number of cav i ty photons . At t h e peak of t h e pulse , t he power is 

given by and t h e number of pho tons by g^ ( found by p u t t i n g n -

in Eq.4.56). Using Eq.4.49 for n and not ing t h a t t h e cav i ty lifetime 

is g iven by = - L/icH) g ives 
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where V^ has been approximated as Al, where A is t he a r e a of the 

ac t ive medium and 1 t he l eng th . 

The o u t p u t e n e r g y E is f ound from t h e following: 

r* f r* 
E = j P (t) d t = [ 2X~ j ^ g(t) dt (4.60) 

where Eq.4.58 has been used fo r P. The i n t eg ra l of q is f ound by-

i n t e g r a t i n g Eqs.4.46 and 4.47, and by not ing t h a t q(0) = g{a>) = 0 to 

obta in 

E = ] (n. - n^) {V^hi>) (4.61) 

To rewr i t e th i s in t e rms of the ra t io n . / n , Eq.4.57 is used in a 

d i f f e r e n t form by not ing t h a t t he l e f t hand side can be def ined as the 

invers ion ut i l isat ion f ac to r - n^ ) /n^ , so t h a t Eq.4.57 can be 

r e c a s t as 

(n./n )n = - In (1 - t] ) (4.62) 
i' p E E 

Again approximat ing as Al and us ing Eq.4.49 f o r n^, Eq.4.61 t akes 

t h e following form: 

E = ( ? ' / 2 ) (i7.//2p) Hg (yl/c^) hP (4.63) 

This equat ion may now be used in con junc t ion with Eq.4.59 to obta in an 

approximate value fo r t h e pulse width AT by def in ing th i s width as AT 

= e/P^. Hence, f rom Eqs.4.59 and 4.63 
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(4.64) 

) - In ( n / n ) - l ] 

I t may now be determined whe the r t he se equa t ions accu ra t e ly desc r ibe 

t h e Q-swi tched opera t ion of an Yb^^-doped f i b r e laser in prac t ice . 

From the r e s u l t s given in Section 4.7.2, x = 2.333 (from t h e ra t io of 

t h e 70mW pump power to the 30mW th resho ld ) . The repe t i t ion r a t e of 

1.2kHz means t h a t = 833^8 which, t o g e t h e r with t h e f luo rescence 

lifetime x of 710/Js, g ives = 1.17. S u b s t i t u t i n g f o r x and T /% in 

Eq.4.56, and us ing Eq.4.57, yields t h e solution n . / = 1.76, and from 

Eq.4.62, Hg = 0.717. These va lues can t h e n be used in Eqs.4.59, 4.63 

and 4.64 to f ind P , E and AT. 
p 

In o r d e r to calculate the peak o u t p u t power the photon cav i ty 

lifetime T is r e q u i r e d . This is g iven by [4.12] as 

? - : ^ (4.Ga) c 
c In (1 - r, 

where and A a r e the re f lec t iv i t ies of the two cavi ty mi r ro rs , L is 

t h e optical p a t h l eng th of t h e cavi ty and T, is t h e f rac t iona l 

i n t e rna l loss p e r pass . The i n t r acav i ty ob jec t ive has a t ransmiss ion 

loss of abou t 10%, and in addi t ion the e f f ic iency of r e l aunch ing l ight 

into the f i b r e with th i s ob jec t ive must be t aken into account . If it 

is assumed t h a t all t h e l ight emitted from the f i b r e end is collected 

by the objective, but only 50% is relaunched after reflection by the 

o u t p u t coupler , t h e n the single pa s s launch loss will be 1 - (0.5)^^^ 

0.3. The total i n t e rna l f rac t iona l loss p e r pa s s is t h e r e f o r e T, = 1 

- [{1 - 0.1) X (1 - 0.3)] = 0.37. The optical pa th l eng th in th i s 

i n s t ance was 1.83m and so, with = 1.00 and A = 0.80, t he cavi ty 

lifetime is = 10.6ns. In addi t ion, t he logari thmic loss due to the 

o u t p u t coupler is ? ' = - I n # = 0.22. 

S u b s t i t u t i n g into Eq.4.59 for x and n./n , t o g e t h e r with A = np^ 

(where the core r a d i u s p is 1.8/Jm), and tak ing a % 0.7 x lo" m 

[4.15] a t 1036nm yields a peak o u t p u t power of = 5.64W. The o u t p u t 

e n e r g y is found from Eq.4.63, solving f i r s t fo r n = 0.717 fo r n /n = 
E i P 

1.76 in Eq.4.62. With the va lues of A, a and y' given above, E = 
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390nJ. Using t h e s e calculated va lues of E and the width of the 

o u t p u t pu lse is g iven approximately by E / P = 70ns. These calculated 

pu l se p a r a m e t e r s a r e given in Table 4.4, t o g e t h e r with the measured 

va lues fo r comparison. 

ca lcul a t e d m e a s u r e d 

p 5.6W 5 . OW 

E 390nJ SOOnJ 

A T 7 0 n s 1 0 0 n s 

T a b l e 4.4 

The agreement be tween the calculated and measured p a r a m e t e r s is 

genera l ly reasonab le s u g g e s t i n g , even if somewhat t en ta t ive ly , t h a t 

t h e o b s e r v e d long pu l se tail is p robab ly due to t h e de tec to r r e s p o n s e 

and not some phenomenon of the l ase r emission. 

4.7.4 Q-Switched Operat ion on the Three-Leve l Trans i t ion 

The f i b r e l eng th was r educed to 25cm f o r opera t ion on the t h r e e - l e v e l 

t r ans i t i on a t 974nm, and the pump wave leng th was changed to 884nm fo r 

inc reased absorp t ion . The s h o r t l eng th meant i t was not poss ible to 

i nco rpo ra t e the f i b r e loop polar isa t ion contro l ler , a s t h i s device 

alone took u p in excess of 50cm of f i b r e , and a s t r o n g t e n d e n c y for 

p re l a s ing was a p e r s i s t e n t problem. With 20% o u t p u t coupl ing a t 974nm, 

t h e inc ident t h r e s h o l d power was 25mW and the maximum available pump 

power was 40mW, yielding an ave rage Q-switched o u t p u t power of 0.2mW. 

The IkHz repe t i t ion r a t e then implies an o u t p u t e n e r g y of 200nJ. The 

o u t p u t pu lse is shown in Fig.4.38, where the pu l se width a t t h e half 

i n t ens i t y poin ts is 25ns. As with the fou r - l eve l t r ans i t ion , t he pulse 

has a long decay of abou t 1.5/Js, a l though th i s is not shown in the 

f i gu re . If all t he o u t p u t e n e r g y a p p e a r e d in t h e pulse , t he peak power 

would be 8W, b u t with p e r h a p s 90% of the e n e r g y in t h e long 0.75ms) 

p r e l a se signal , t h e ac tua l peak power may be only abou t IW. Due to 

t h e s e unce r t a in t i e s and experimental d i f f icu l t ies in p r e v e n t i n g 

p re l a s ing , Q-switched opera t ion on t h e t h r e e - l e v e l t r ans i t i on was 

p u r s u e d no f u r t h e r . However, t he possibi l i ty of Q-swi tching the 

Yb^^-doped f i b r e laser has been demons t ra ted , and t h e r e remains 
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Fig.4.37 As Fig.4.36, with expanded time scale 

1 0 0 
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IHnne ( n s ) 

Fig.4.38 Outpu t pu lse a t 974nm f o r 25cm f i b r e 
pumped a t 884nm 
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cons iderab le scope f o r f u r t h e r development and improvement with a more 

e f fec t ive Q-switch and optimised f i b r e l eng th and o u t p u t coupling. 

4.8 Concluding Remarks 

Cont inuous-wave lase r act ion in t h e iMm wave leng th reg ion has been 

demons t ra ted in Yb^^-doped silica based f i b r e s [4.42, 4.43] pumped a t 

wave leng ths achieveable from GaAlAs diode l a se r s in t h e O.S/Jm region. 

The cons iderab le de tun ing (« 900cm" from the peak Yb^* abso rp t ion 

a r o u n d 0.9pm demons t r a t e s t h e a t t r a c t i v e f e a t u r e s of t h e la rge 

inhomogeneous b roaden ing of r a r e - e a r t h s in a g lass host . 

Emission on t h e t h r e e - and f o u r - l e v e l t r a n s i t i o n s a t 974nm and ^ 

1040nm, r e spec t ive ly , was o b s e r v e d with a pump wave leng th of 850nm 

prov ided by a S t y r y l 9M dye laser . A 20cm f i b r e with h igh r e f l e c t o r s 

bu t t ed a t both e n d s yielded 1.4raW a t 974nm fo r 70mW launched . 

I nc r ea s ing t h e f i b r e l eng th to 4m yielded lase r act ion a t 1050nm in a 

r e s o n a t o r with a b u t t e d h igh r e f l ec to r a t t he i n p u t b u t us ing the 3.5% 

re f l ec t iv i ty f i b r e / a i r i n t e r f ace a t t h e o u t p u t end f o r f eedback . A 

slope e f f ic iency of 57% with r e s p e c t to a b s o r b e d power was measured , 

and the t h r e sho ld power was 25mW a b s o r b e d . The maximum o b s e r v e d o u t p u t 

power a t 1050nm was 28mW for 72mW a b s o r b e d . Hence both t h r e e - and 

fou r - l eve l opera t ion is expected to be possible with diode laser pumps 

a t 850nm, pa r t i cu l a r l y if l aser diode a r r a y s a r e cons ide red . However, 

t he need f o r two h igh r e f l e c t o r s f o r 974nm emission and the high pump 

sa tu ra t i on power r e q u i r e d to i n v e r t t h e abso rp t ion (about 50mW) 

ind ica tes t h a t longer wavelength diodes ope ra t ing closer to the Yb^* 

peak abso rp t i on would be a necess i ty if diode pumped opera t ion of th i s 

t r ans i t ion is to be pract ica l . 

For longer pump wave leng ths closer to the ^^5/2 

abso rp t ion peak , the t h r ee - l eve l pe r fo rmance is g rea t ly improved. A 

50cm f i b r e pumped a t 900nm, again with the end face p rov id ing 

f eedback , yielded u p to 9mW at 974nm f o r 27mW a b s o r b e d , with a 

t h r e sho ld power of 12mW a b s o r b e d . The slope e f f ic iency with r e s p e c t to 

a b s o r b e d power was 63%. Laser act ion on the fou r - l eve l t r ans i t ion was 

inves t iga ted fo r th i s pump wavelength by inc reas ing the f i b r e l eng th 

to 1.1m. The l ase r wave leng th was t h e n 1036nm. A 78% slope e f f ic iency 

with r e s p e c t to a b s o r b e d power was o b s e r v e d with th i s f i b r e , with a 

t h r e sho ld power of lOmW a b s o r b e d . The maximum o u t p u t power was 16mW 

for 33mW a b s o r b e d . The high slope ef f ic iencies a t ta inab le on both 
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t r an s i t i ons is a t t r i b u t e d to t h e lack of excited s ta te absorp t ion in 

t h e Yb^* sys tem, and o f f e r s t h e p r o s p e c t of scaling to h ighe r powers 

if t he S t y r y l 9M pump lase r was rep laced with, f o r ins tance , a 

Ti : sapphi re source . 

A model has been developed to p r e d i c t t he minimum possible 

t h r e sho ld power and t h e r e q u i r e d f i b r e l eng th f o r t h e t h r e e - and 

fou r - l eve l t r ans i t i ons . The model p r e d i c t s ( for the pa r t i cu l a r 

r e s o n a t o r s used) minimum launched t h r e s h o l d / l e n g t h combinations of 

9mW/0.2m fo r the t h r e e - l e v e l t r ans i t ion , and 8mW/0.6m fo r t h e 

f o u r - l e v e l t r ans i t ion , fo r 900nm pumping in both cases . For a pump 

wave leng th of 850nm, the fou r - l eve l t h r e s h o l d is p r ed i c t ed as 25mW f o r 

a 3.3m f i b r e l eng th . These va lues a r e in r easonab le ag reemen t with the 

measured cha rac t e r i s t i c s . 

The broad f luo re scence on t h e f o u r - l e v e l t r ans i t i on a r o u n d 1040nm 

allowed con t inuous ly t unab l e l a se r opera t ion [4.43] over a wide r a n g e 

of wave leng ths us ing a pr ism as the d i spe r s ive element. The t un ing 

r a n g e ex tended from lOlOnm to 1162nm a t room t e m p e r a t u r e , with t h e 

lower limit r e d u c e d to lOOOnm a t 77K. Outpu t power modulations with 

t h e ope ra t ing wave leng th were found to be caused by the b i r e f r i n g e n t 

n a t u r e of t h e f i b r e , and were al leviated by the incorpora t ion of f i b r e 

loop polar isa t ion cont ro l le rs . 

The high ga ins available from the Yb^^-doped f i b r e (modelling 

calculat ions show the r o u n d t r i p gain a t t h r e s h o l d to be abou t 20dB) 

allowed the demonst ra t ion of s u p e r f l u o r e s c e n c e , or amplified 

spon taneous emission (ASE), on the t h r e e - and fou r - l eve l t r ans i t i ons 

[4.44]. A 50cm f i b r e pumped a t 900nm yielded 12mW at 974nm fo r 32mW 

a b s o r b e d , with a 47% slope e f f i c iency with r e s p e c t to a b s o r b e d power. 

With the f i b r e l eng th inc reased to 5m and a pump wavelength of 850nm, 

u p to 27mW was o b s e r v e d a t 1040nm with a slope e f f ic iency of 62% with 

r e s p e c t to a b s o r b e d power. This s u p e r f l u o r e s c e n c e may f ind impor tant 

appl ica t ions in r ing laser gy roscopes , where b r o a d b a n d non re sonan t 

sou rces a re r e q u i r e d 

Q-switched opera t ion , us ing an acous to-op t ic def lec tor to 

modulate the cavi ty loss, gave measured peak o u t p u t powers of 5W at 

1036nm and severa l (bu t indeterminate) wa t t s a t 974nm. Improvements in 

pe r fo rmance may be expected with a modulator having a h ighe r 

d i f f r ac t ion e f f ic iency t h a n the one used in t h e exper iments , s ince 

p re las ing due to i n su f f i c i en t cav i ty loss was found to be a p e r s i s t e n t 

problem. 
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Ytterb ium-doped f i b r e l a se r s t h u s have many i n t e r e s t i n g f e a t u r e s 

and may f ind appl ica t ions as e f f i c ien t wave leng th c o n v e r t e r s of GaAlAs 

diode laser wave leng ths to t h e 1/Jm region , and also as tunab le 

spec t roscop ic sou rces over a s ign i f i can t wave leng th r ange . 
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CHAPTER 5 

YTTERBIUM-SENSITISED ERBIUM-DOPED FIBRE 

5.1 In t roduc t ion 

The r e c e n t revolut ion in opt ical communications technology has 

s t imulated immense i n t e r e s t in t h e development of the sou rces and 

ampli f iers r e q u i r e d f o r t h i s t y p e of da ta t ransmiss ion . Of pa r t i cu la r 

i n t e r e s t a r e e rb ium-doped g lass l a se r s , s ince the ope ra t ing wavelength 

of * 1.55/Jm lies within t h e t h i r d t ransmiss ion window of s i l ica-based 

f i b r e s , where typ ica l losses a r e only 0.25dB/km. This compares v e r y 

f a v o u r a b l y with the 0.5dB/km loss a t 1.3pm, where most f i b r e -op t i c 

communications sys tems c u r r e n t l y ope ra t e to exploit t h e p r e s e n c e of a 

zero d i spers ion point a t t h i s wavelength . However, so-called 

d i s p e r s i o n - s h i f t e d f i b r e s can also be made with zero d i spers ion a t 

1.55Mm, where the lower t ransmiss ion losses make th i s longer 

wavelength more sui table f o r long d i s tance and submar ine cables . 

Erb ium-doped f i b r e s , r a t h e r t h a n bulk glass devices , a r e 

obviously well su i ted as the sou rces and ampli f iers f o r a 

communications sys tem ope ra t ing a t 1.55;Jm due to t he i r low th re sho ld 

opera t ion (or h igh gain f o r a given i n p u t pump power) . The p r e s e n c e of 

abso rp t ion b a n d s a t wave leng ths a t ta inab le by laser diodes is a 

f u r t h e r a t t r ac t ion , and indeed Er^^-doped f i b r e l a se r s and amplif iers 

have been extens ive ly r e p o r t e d in t h e l i t e r a t u r e [5.1-5.19]. I t is 

possible to achieve inve r s ion us ing severa l pump wave leng ths [5.9] 

s ince t h e r e a r e f o u r main absorp t ion bands , c e n t r e d a t 528nm, 807nm, 

980nm and 1480nm. From a prac t ica l device point of view, diode pumping 

is to be p r e f e r r e d , which r u l e s ou t the 528nm band , a l though high gain 

(1.36dB/mW launched) ampli f iers have been demons t ra ted us ing a pump 
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wavelength of 532nm [5.9] and high power (A* lOOmW) tunable output 

[5.10] has been r e p o r t e d for a pump wave leng th of 514.5nm. Laser 

act ion and amplification (2.2dB/mW launched) has also been 

demons t ra ted us ing the 980nm pump band [5.9, 5.11, 5.12, 5.13]. This 

longer pump wavelength has t h e a d v a n t a g e of e n s u r i n g good over lap 

between t h e pump and s ignal modes since t h e f i b r e can be made single 

mode a t both wave leng ths , and in addi t ion i t is f r e e from t h e pump 

excited s t a t e abso rp t ion [5.20] encoun t e r ed a t ^ 0.8pm, making it 

poss ib ly the optimum pump wave leng th f o r the e rb ium-doped system. 

Laser diodes ope ra t ing a t 980nm a r e now available, e.g., 

GaAsSb-AlGaAsSb [5.21] and s t r a ined quantum well s t r u c t u r e InGaAs 

semiconductors [5.22], and a re viable pump s o u r c e s b u t none the less 

still an emerging and re la t ive ly u n t r i e d technology. InGaAsP laser 

diodes a t ^ 1.5pm, with the i r well e s tab l i shed technology, a r e also 

u n d e r in tens ive inves t iga t ion [5.14], a l though t h e r e a r e d r a w b a c k s in 

t h a t t h i s is a pump wave leng th known to s u f f e r f rom amplif ier noise in 

the Er^* sys tem and also involves a re la t ive ly high power r equ i remen t . 

Er^^-doped f i b r e l a s e r s and amplif iers pumped t h r o u g h t h e A* 0.8/Jm pump 

band a r e a t t r a c t i v e s ince th i s band is access ib le by GaAlAs laser 

diodes with the i r a d v a n t a g e s of being widely available, cheap and 

rel iable. Slope ef f ic ienc ies of 13.5% and o u t p u t powers of 8mW have 

been r e p o r t e d when pumped with a diode a r r a y a t 806nm [5.15], and 

t h r e s h o l d s as low as ImW a b s o r b e d have been o b s e r v e d [5.16]. The peak 

abso rp t ion wave leng th a t 807nm is, however , p rone to excited s ta te 

abso rp t ion from t h e u p p e r laser level, and a l though longer or s h o r t e r 

pump wave leng ths may r educe th i s problem, the fal l-off in abso rp t ion 

p r e v e n t s th i s cour se of action if e f f i c iency is a prime concern . 

One means of c i rcumvent ing t h e r e s t r i c t i on on t h e choice of pump 

wave leng th in the GaAlAs diode l ase r wave leng th reg ion is to co-dope, 

or sens i t i se , t he Er^*-doped silica hos t with a second r a r e - e a r t h 

posses s ing a b s o r b i n g t r ans i t i ons a t more sui table and , hopefu l ly , less 

r e s t r i c t i v e wave leng ths . The excitat ion of t h e co -dopan t is t hen 

t r a n s f e r r e d to the laser act ive ions e i t he r r e s o n a n t l y or, if t he 

e n e r g y mismatch between the r e l e v a n t levels is l a rge , by a 

p h o n o n - a s s i s t e d p rocess . Ene rgy t r a n s f e r o c c u r s t h r o u g h a 

dipole-dipole in te rac t ion which is too small to s ign i f icant ly a f f e c t 

t he e n e r g y level s t r u c t u r e b u t does allow e n e r g y to be t r a n s f e r r e d 

nonrad ia t ive ly to a n o t h e r unexci ted ion which may t h e n rad ia te the 
~ 6 

e n e r g y . The dipole-dipole in te rac t ion t r a n s f e r r a t e va r i e s as r , 
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where r is t h e mean ion separa t ion between the "donor" and "acceptor" 

ion species , and th i s dependence on separa t ion s u g g e s t s t h a t 

c l u s t e r i ng of dopan t ions can be beneficial , s ince the localised mean 

ion sepa ra t ion will be decreased from t h e global mean. The t r a n s f e r of 

e n e r g y from donor to accep to r in solid s t a t e materials was f i r s t 

t r e a t e d by F o r s t e r [5.23] and Dexter [5.24], and more r ecen t ly a 

comprehens ive s t u d y was made by Wright [5.25]. 

One well known sui tab le co -dopan t f o r an e n e r g y t r a n s f e r scheme 

involving Er^* is Yb^*, since i t s excited s t a t e lies a t an 

e n e r g y v e r y close to t h a t of the excited s t a t e of Er^*. The 
3 + 3 + 

f i r s t demonst ra t ion of laser action of an Yb - s e n s i t i s e d Er - d o p e d 

glass laser was by Sni tzer and Woodcock [5.26] in 1965, where laser 

act ion a t 1.5426pm was obse rved from a xenon f lash lamp-pumped silicate 

g lass rod a t room t empera tu re . This was also the f i r s t demonst ra t ion 

of t h e t h r ee - l eve l laser t r ans i t ion in Er^*, which had p rev ious ly 

ope ra t ed a t 1.612jUm on i t s f ou r - l eve l t r ans i t i on a t 77K. S u b s e q u e n t 

developments led to r e p o r t s of l a s e r -pumped opera t ion [5.27, 5.28, 

5.29], and t h e n in 1988 Sni tzer et al. r e p o r t e d an Yb^*-Er^* f i b r e 

laser [5.30], closely followed by o the r r e p o r t s of l a se r action in 

Yb^*-Er^* f i b r e s pumped with Nd:YAG l a se r s a t 1.06/Jm [5.31, 5.32] and 

also in the 0.8/Jm region [5.33, 5.34]. 
2 2 3 + 

The broad abso rp t ion band of the ^ ^5 /2 t r ans i t i on in Yb" 
allows pumping over a wide r a n g e of wave leng ths , from a r o u n d 0.8pm to 

1.2pm. The e n e r g y levels for Yb^* and Er^* a r e shown in Fig.5.1. 
2 3 + 

Excitation of t h e level in Yb allows r e s o n a n t e n e r g y t r a n s f e r 

to t ake place to the ^11/2 level in Er \ followed by rap id 

nonrad ia t ive decay to the metastable ^1^3^2 Direct absorp t ion 

by t h e Er"* ions a t 0.98pm can also t ake place into and a t 

a r o u n d 0.8pm into I ^ , again followed in both i n s t ances by rap id 
4 

nonrad ia t ive decay to I . Laser act ion may t h e n t ake place from 
4 4 

I 2/2 to t h e I / g round s ta te . The t r ans i t i on is t h r ee - l eve l in 

n a t u r e , so t h a t a t leas t half of the g r o u n d s t a t e populat ion must be 

excited to achieve invers ion between the excited s t a t e and t h e lowest 

g r o u n d s t a t e S ta rk level and, as with any t h r ee - l eve l t r ans i t ion , t he 

gain f rom the bleached section of f i b r e must exceed the r eabso rp t i on 

loss in any unb leached region in addi t ion to the fixed r e sona to r 

losses, imposing an optimum f i b r e l eng th fo r a given i n p u t pump power. 

The p r e s e n c e of excited s ta te abso rp t ion from t h e u p p e r laser 

level is a pa r t i cu l a r problem since the t h r e e - l e v e l n a t u r e of the 
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Fig.5.1 E n e r g y levels fo r Yb-Er -doped f i b r e 
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amplifying t r ans i t i on r e q u i r e s a l a rge populat ion in th i s level, and 

the s u b s e q u e n t deplet ion of t h i s populat ion by ESA makes inef f ic ien t 

use of t h e available pump e n e r g y . For pump wave leng ths in the GaAlAs 

diode laser region th i s is pa r t i cu l a r ly r e l e v a n t a t a round 0.8/Jm since 

th i s wave leng th c o r r e s p o n d s to d i rec t abso rp t ion from the 
2 4 2 13/2 

metastable level into and In addi t ion, H is also 

popula ted thermal ly from the lower lying *S level. Radiative decay 
2 4 

to t h e g round s t a t e f rom and yields f luorescence a t 522nm 

and 546nm, r e spec t ive ly . The g reen-emi t t ing levels may also be 

popula ted by a two s t e p r e s o n a n t e n e r g y t r a n s f e r p roces s [5.35], 

w h e r e b y an excited Yb^* ion t r a n s f e r s e n e r g y r e s o n a n t l y to the 
3 + 11/2 

level in Er , followed by a second r e s o n a n t t r a n s f e r excit ing t h e 

Er ion from ^^3/2 ' where rap id nonrad ia t ive decay 

t akes place to . 

The potent ia l fo r ex tending t h e r a n g e of possible 

diode-compatible pump wave leng ths of Er^*-doped f i b r e l a s e r s by the 

incorpora t ion of Yb^ as a co -dopan t has been inves t iga ted and is 

desc r ibed in t h i s c h a p t e r . The e f f e c t of excited s ta te abso rp t ion on 

the t h r e s h o l d and slope e f f ic iency is also desc r ibed , and an optimum 

wave leng th fo r GaAlAs diode laser pumping is ident i f ied , us ing a 

S t y r y l 9M dye l ase r as a pump source to emulate diode laser 

wave leng ths . 

5.2 Spec t roscopy 

A s i l ica-based f i b r e was f ab r i ca t ed by t h e solution doping t echn ique 

[5.36], with the t h e core index ra i sed by 5 mole % Al^O and 5 mole % 

PgOg" This inclusion of aluminium and p h o s p h o r u s also s e r v e s to 

improve t h e r a r e - e a r t h ion solubil i ty and p r e v e n t devi t r i f ica t ion 

[5.37].The Yb^ and Er^* dopan t s were incorpora ted in t h e ra t io of 

20:1 by weight , such t h a t t he f i b r e core conta ined 1.70 wt% Yb 

(6000ppm) and 0.08 wt% Er (300ppm). To e n s u r e s ingle t r a n s v e r s e mode 

opera t ion a t t he expected laser wave leng th of 1.55/Jm and good launch 

ef f ic iency fo r t h e BOOnm pump l ight , t he f i b r e was des igned to have 

an cu t off wave leng th of 1.5/Jm. The core r a d i u s was 2.3/Jm and the 

numerical a p e r t u r e was 0.25. 

The f i b r e was end pumped with a Coherent 599 S ty ry l 9M dye laser 

a t wave leng ths in t h e r a n g e 795nm to 880nm. The p rev ious ly r e p o r t e d 

excited s ta te abso rp t ion [5.20] was ev idenced by a g r een f luorescence 
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from the side of the f i b r e over much of t h i s pumping r ange , and was 

most noticeable f o r pump wave leng ths of 800nm and 840nm. This ESA 

will be cons idered in more detail below. 

In the absence of a rel iable abso rp t ion spec t rum the absorp t ion 

coeff ic ient was measured a t severa l d i sc re t e wave leng ths by cu t t i ng 

back the f i b r e from Im to 0.4m while monitoring t h e u n a b s o r b e d 

pump power. This also allowed t h e overal l l aunch e f f ic iency (rat io of 

launched power to power inc iden t on t h e launch objec t ive) to be found . 

During t h e s e measurements t h e i n p u t end of the f i b r e was bu t t ed 

aga ins t a h igh r e f l ec to r (at 1.55A'm) to simulate t h e launch condi t ions 

encoun te r ed u n d e r l a se r ope ra t ing condi t ions . Table 5.1 shows the 

a t t enua t ion coeff ic ient « v e r s u s the pump wavelength . The pump power 

was maintained below the sa tu ra t ion level fo r each wavelength 

inves t iga ted by e n s u r i n g t h a t t he u n a b s o r b e d pump power was d i rec t ly 

propor t iona l to the i n p u t power. 

Pump Wavelength a 

(nm) m ^) 

8 0 0 1 .42 
8 10 1 .19 
8 2 0 1 .34 
8 2 5 1 .39 
8 3 0 1 .53 
8 3 5 1 .92 
8 4 0 3 .08 
8 4 5 3 .76 

Table 5.1 

3 + 
The e f f e c t of t h e Yb co -dopan t is immediately obvious when compared 

to an abso rp t ion spec t rum for a f i b r e doped only with Er^* [5.34], 

where the abso rp t ion c e n t r e d a t * 0.8/Jm is spec t ra l ly na r row (about 

20nm). The p r e s e n c e of Yb^* g rea t ly ex tends the e f fec t ive absorp t ion 

band to longer wave leng ths within r each of commercially available 

GaAlAs laser diodes. The overal l l aunch e f f ic iency a t 825nm was 0.43 

which, t ak ing into account the high r e f l ec to r and microscope ob jec t ive 

t ransmiss ions a t 825nm of 0.75 and 0.90 r e spec t ive ly , g ives a coupling 

ef f ic iency (rat io of launched power to power inc ident on t h e f i b r e end 

face) of abou t 65%. 
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Fluorescence was o b s e r v e d in the 1.5^m region fo r the r a n g e of 

pump wave leng ths u sed , b u t the side l ight s ignal was too weak to be 

adequa te ly d iscern ib le above noise. In s t ead , t h e guided end l ight 

f luorescence was used to r eco rd t h e spec t rum, a l though it should be 

noted t h a t t he t h r ee - l eve l n a t u r e of the t r ans i t ion 
15/ ^ 

means t h a t some d is tor t ion by r eab sorp t ion in the g round s ta te 

multiplet can be expected. A 0.7m leng th of the f i b r e was pumped with 

150mW at 820nm. The end l ight f l uo re scence was focused onto t h e inpu t 

slit of a 0.25m monochromator conta in ing a g r a t i ng blazed fo r IjJm. The 

s ignal from t h e o u t p u t sli t was de tec ted with a germanium photo-d iode 

as t h e f luo rescence wave leng th was scanned by a s t epp ing motor d r ive 

fixed to the monochromator. The r e su l t i ng spec t rum is shown in 

Fig.5.2, where t h e peak of the f luo rescence a p p e a r s a t 1.534/Jm with a 

ful l width a t half maximum of 40nm. 

An excitation spec t rum was r eco rded by se t t i ng the monochromator 

to 1.55fJm and monitoring t h e photo-d iode s ignal as t h e pump wavelength 

was va r i ed between 785nm and 880nm with a second s t epp ing motor d r ive 

fixed to the dye laser wave leng th control . The end l ight excitation 

spec t rum is shown in Fig.5.3. This has not been co r r ec t ed f o r t h e dye 

laser o u t p u t power spec t rum, which has a peak a t 825nm us ing t h e 

s t a n d a r d se t of opt ics , s ince the u n c o r r e c t e d spec t rum is more 

appl icable in the selection of pump wave leng th when power fall off 

with wavelength is a f ac to r . The excitat ion spec t rum shows a maximum 

1.55Mm f luorescence yield fo r a pump wave leng th of 820nm. 

The u p c o n v e r t e d f luo rescence a r i s ing from pump ESA was s t r ong 

enough to be o b s e r v e d in side l ight . An a r r a n g e m e n t similar to t h a t 

used f o r side l ight measurements in y t t e rb ium was employed, with a 

fibre bundle located near to the input end of the f ibre (where the 

signal is s t r o n g e s t ) t r a n s f e r r i n g the f luo rescence to the 

monochromator. The monochromator was f i t t ed with a g r a t i ng blazed for 

500nm and a photomult ipl ier t u b e was used to de tec t t he visible 

f luorescence . The pump wavelength was 840nm with abou t 200mW inc ident 

on t h e launch opt ics . The side l ight spec t rum is shown in Fig.5.4, 

which shows f luo rescence peaks located a t 522nm and 546nm, 
c o r r e s p o n d i n g to emission to the g round s t a t e from and ^ 1b/6 11/2 

Sg/g* respec t ive ly . An excitation spec t rum fo r t h i s visible emission 

is shown in Fig.5.5, and ident i f ies 800nm and 840nm as t h e most 

significant wavelengths for pump ESA in the 0.8A/m region, consistent 

with ESA from into at about 800nm and ''s^^g at about 
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Fig.5.2 End l ight f l uo rescence spec t rum f o r 70cm 
f i b r e pumped a t 820nm 
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Fig.5.3 Excitation spec t rum fo r emission a t 1.55/Jm 
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I n t e n s i t y ( a r b i t r a r y u n i t s ) 
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Fig.5.4 Side l ight f luorescence spect rum in the 
visible region for 840nm pump wavelength 
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Fig.5.5 Excitation spect rum for emission a t 543nm 
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840nm. 

F luorescence lifetimes were measured by i n t e r r u p t i n g t h e pump 

beam with a mechanical chopper and obse rv ing t h e decay of t h e 

f luo rescence s ignal on t h e a p p r o p r i a t e de tec to r in combination with a 

digital s t o rage oscilloscope. The visible emission a t 546nm was 

measured with a photomult ipl ier t u b e in end l ight from a 0.3m f ib re , 

s ince t h e side l ight s ignal was too small fo r t h i s measurement . The 

non-exponent ia l decay took 40^s to fall from 90% to 10% of i t s 

u n i n t e r r u p t e d level. However, t h e detect ion sys tem r e s p o n s e time, 

found by obse rva t ion of t h e s ignal decay of chopped o u t p u t pump l ight , 

was also 40^s, and t h e visible emission lifetime measurement is 

t h e r e f o r e de tec to r limited. The b u i l d - u p time fo r t h e 546nm emission 

to r each s t eady s t a t e u n d e r u n i n t e r r u p t e d pumping was abou t 25-30ms. 
4 4 

The f luo re scence decay of the I -> I ^ erbium t r ans i t i on giving 

f luo rescence a t 1.528pm (the f luo rescence peak in t h e 0.3m f i b r e ) 

measured in end l ight was s ingle exponent ial with a e ^ lifetime of 

9.6ms. The de tec to r used he re was a germanium photo-d iode , and t h e 

sys tem r e s p o n s e had a 90%-10% decay time of 175fis. Using t h i s same 
2 2 

detec t ion sys tem, f luo rescence a t 974nm from t h e F ^ F^^^ 

t r ans i t i on in t h e y t t e rb ium co -dopan t could be de tec ted in s ide l ight 

us ing t h e f i b r e bundle . The decay was s ingle exponent ia l with a e ^ 

lifetime of 575/Js. These lifetimes a r e summarised in Table 5.2. 

Dopant T r a n s i t i o n Em i s s i o n L i f e t i me 
W a v e l e n g t h (Mm) 

'' I 1 .528 9. 6ms 
13/2 15/2 

1 .528 9. 6ms 

Er^* 
3/2 15/2 

0 . 5 4 6 s 40Ms 

Yb3 + ^F -> ^F 
5/2 7/2 

0 . 9 7 4 575ms 

T a b l e 5.2 

An est imate of the t r a n s f e r e f f ic iency from Yb^* to Er^* may be made 

by comparison of the f luo rescence lifetime of Yb^* in t h e doub ly -doped 

f i b r e with t h a t in a f i b r e doped only with Y b ^ \ The t r a n s f e r 

e f f ic iency is g iven by 
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" t (5.1) 

where is t h e lifetime in t h e s ing ly -doped f i b r e and T is t h e 

lifetime in the doub ly -doped f i b r e . From Chapter 4, T = 710/Js and 

from Table 5.2, = 575A(s, giving = 0.2. Clearly, a substantial 

f r ac t i on of ions excited to the level in Yb^* decay back to i t s 

^Fy/2 ground s t a t e wi thout c ro s s - r e l ax ing to Er^*. The e f f ic iency 

could p robab ly be improved by us ing h ighe r doping levels to inc rease 

the t r a n s f e r r a t e by r educ ing t h e a v e r a g e ion separa t ion . 

5.3 Laser Action a t 1.5/Jm 

Init ial inves t iga t ions into t h e l ase r pe r fo rmance of t h e 

Yb - E r - d o p e d f i b r e were made with a 0.7m sample (approximately one 

abso rp t ion l eng th a t a pump wave leng th of 800nm) b u t t e d aga in s t 

dielectr ic mi r ro r s in a F a b r y - P e r o t cavi ty . The i n p u t mirror was 299% 

re f lec t ive a t L55^m b u t va r i ed in r e f l ec t iv i ty ove r t h e r a n g e of pump 

wave leng ths , from 87% a t BOOnm to 60% a t 845nm. The o u t p u t coupler had 

a t ransmiss ion of 28% a t 1.55/Jm and was 22% re f lec t ive over t h e pump 

r ange . This choice of o u t p u t coupler was d ic ta ted simply by t h e 

availabil i ty of mi r ro r s with t ransmiss ion a t l.SSfJm, the only o the r 

su i table mir ror being ano the r h igh r e f l ec to r . The f i b r e laser 

wave leng th was 1.564pm f o r th i s 0.7m f ib re . 

With a t unab le pump source , it was possible to pump the f i b r e a t 

a r a n g e of wave leng ths and o b s e r v e t h e var ia t ion in both f i b r e laser 

slope eff ic iency and threshold power. The lower wavelength limit was 

se t a t 800nm, since t h e Yb * abso rp t ion is negligible for s h o r t e r 

wave lengths . An u p p e r limit of 845nm re f l ec ted t h e maximum wavelength 

then achieveable from commercially available GaAlAs diode l a s e r s 

(simulated by t h e S t y r y l 9M dye laser) . 

F ibre laser o u t p u t powers were measured on a thermopile power 

meter with a f i l t e r to block the u n a b s o r b e d pump l ight . The pump power 

was var ied from zero to a maximum of 150mW. Thresho lds were measured 

by r e d u c i n g t h e pump power unt i l l a se r act ion ( indicated by the 

p r e s e n c e of relaxat ion oscil lations) ceased. These relaxation 

oscil lat ions were induced by i n t e r r u p t i n g the pump beam with a 

mechanical choppe r and o b s e r v e d with a germanium photo-d iode in place 
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of the power meter . Absorbed pump powers were calculated by-

s u b t r a c t i n g t h e u n a b s o r b e d pump power from t h e launched power 

(determined us ing the launch ef f ic ienc ies found from cu t back 

measurements made a t s eve ra l wave leng ths ) . The t h r e sho ld measurements 

were r epea t ed fo r a f i b r e l eng th of 0.4m. Slope ef f ic iency 

measurements were not poss ible with t h i s s h o r t e r f i b r e due to the low 

f i b r e laser power imposed by the r e d u c e d pump absorp t ion in th i s 

s h o r t e r l eng th . 

The var ia t ion of a b s o r b e d th re sho ld power with pump wavelength is 

shown in Fig.5.6 f o r the two l eng ths . In both cases t h e r e is a region 

between abou t 820nm and 830nm f o r which the t h r e sho ld is minimised, 

the lowest measured value being 5mW a b s o r b e d in t h e 70cm leng th fo r a 

pump wave leng th of 825nm. The t h r e s h o l d s inc rease g radua l ly as the 

wave leng th is dec reased from th i s point , b u t t h e e f f e c t is much more 

marked fo r longer wave leng ths , where t h e t h r e s h o l d s fo r both f i b r e s 

r i se r ap id ly to a peak a t a pump wave leng th of % 840nm and t h e n a p p e a r 

to fall off as t h e wave leng th is i nc reased f u r t h e r . This behav iour is 

r e f l ec ted in t h e var ia t ion of slope e f f i c iency (with r e s p e c t to 

a b s o r b e d power) with pump wavelength , shown in Fig.5.7 f o r the 0.7m 

f ib re . The slope e f f ic iency shows a peak of 8.5% f o r a pump wavelength 

of 830nm, fal l ing off r ap id ly fo r s h o r t e r and longer wave leng ths , and 

the peak in t h r e s h o l d a t 840nm is manifes ted as a local dip in the 

slope e f f ic iency a t t he same wavelength . The d e g r a d e d per formance , 

pa r t i cu la r ly a t a pump wave leng th of 840nm b u t also in t h e region of 

800nm, is cons i s t en t with the excitat ion spec t rum fo r u p c o n v e r t e d 

emission (Fig.5.5), indica t ing c lear ly t h a t pump induced ESA at t he se 

two wave leng ths is r e spons ib le fo r inc reased t h r e s h o l d s and decreased 

slope ef f ic iencies compared to the pe r fo rmance when pumped a t % 825nm, 

where ESA is not as e f f ec t ive a t removing populat ion from the u p p e r 

laser level. This wave leng th dependence is i l lus t ra ted f u r t h e r in 

Fig.5.8, which shows the laser c h a r a c t e r i s t i c s fo r pump wave leng ths of 

800nm, 825nm and 840nm for t h e 0.7m f ib re . The slope ef f ic iencies 

(with respect to absorbed power) at 800nm, 825nm and 840nm are 6.3%, 

8.3% and 4.5%, r e spec t ive ly . 

I t was also poss ible to achieve l ase r act ion on the ^F^^^ ^F^ 

ytterbium transition by replacing the input mirror with a high 

reflector (>99%) in the range 980-1120nm and 90% transmitting at the 

835-840nm pump wavelength . The o u t p u t coupler had a t ransmiss ion of 

10% at the Yb^* l aser wave length , and the f i b r e l eng th remained a t 
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T h r e s h o l d P o w e r (mW) 

7 9 0 8 0 0 8 1 0 8 2 0 8 3 0 8 4 0 8 5 0 

P u m p W a v e l e n g t h ( n m ) 

7 0 c m ^ 4 0 c m 

Fig.5.6 Absorbed t h r e s h o l d power v e r s u s pump 
wave leng th fo r f i b r e l e n g t h s of 40cin 
and 70cm 
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S l o p e E f f i c i ency (%) 

7 9 0 8 0 0 8 1 0 8 2 0 8 3 0 8 4 0 8 5 0 

P u m p W a v e l e n g t h ( n m ) 

Fig.5.7 Slope ef f ic iency (with r e s p e c t to a b s o r b e d 
power) v e r s u s pump wave leng th f o r a f i b r e 
l eng th of 70cm 
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O u t p u t P o w e r (mW) 
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A b s o r b e d P u m p P o w e r (mW) 

8 0 0 n m 

8 4 0 n m 

825nn i 

Fig.5.8 Laser cha rac t e r i s t i c fo r pump wave leng ths 
of 800nm, 825nm and 840nm 
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0.7m. The h igh y t t e rb ium concent ra t ion r e s u l t s in h igh r e a b s o r p t i o n 

losses on the t r a n s i t i o n s yielding oscillation a t 0.974/Jm and 1.040Mm 

desc r ibed in Chapte r 4. Laser action t h e r e f o r e took place to a h ighe r 

lying S t a rk level in t h e g round s t a t e multiplet where the thermal 

populat ion was low enough to allow oscillation a t 1.088Mm. Even so, 

t h e r e remained a cons iderab le total cav i ty loss: relaxat ion 

oscillation measurements [5.38] indica ted losses of w 50% p e r pass , 

and t h e t h r e s h o l d power inc ident on t h e l aunch ob jec t ive va r i ed from 

30mW f o r a pump wavelength of 860nm to lOOmW for 810nm. 

5.4 Tunable Laser Per formance 

The end l ight f l uo rescence spec t rum of Fig.5.2 ind ica tes t h a t t he 

erbium t r ans i t i on may be tunab le in the region of 1.5-1.6jUm. A 

p r i s m - t u n e d r e sona to r des ign similar to t h a t u sed f o r t h e t u n i n g of 

the y t t e rb ium f i b r e was se t up , t h e only modifications n e c e s s a r y fo r 

the Yb:Er f i b r e being t h e removal of t h e (unneces sa ry ) index-matching 

cell and a change of mir rors . Two high r e f l e c t o r s (%99% in t h e r a n g e 

1.425/Jm to 1.640/Jm) were used to compensate fo r t h e losses imposed by 
3+ 3 + 

t h e inclusion of an in t r acav i ty ob jec t ive . A 0.7m leng th of Yb - E r 

f i b r e was pumped a t 820nm, where the ESA losses a r e minimised. A pump 

power of 180mW (the maximum t h e n available from the dye l ase r a t 

820nm) inc iden t on the launch ob jec t ive was used , with the o u t p u t 

f i b r e laser s ignal , in t h e form of a ref lec t ion from the prism, 

ana lysed by a monochromator (l/Jm g ra t ing ) and germanium photo-diode . 

The t u n i n g c u r v e , shown in Fig.5.9, ex t ends from 1.521/Jm to 1.562pm, a 

r a n g e of 41nm (173cm ^). 

Although laser action was con t inuous over th i s r ange , t he 

spec t rum cons i s ted of two prominent emission peaks located a t 1.527pm 

and 1.552pm, as o b s e r v e d by Hears et al. [5.1] in s ing ly -doped 

Er^^-doped f i b r e and c o r r e s p o n d i n g to peaks in t h e f luo rescence 

spec t rum. Another possible explanat ion for t h i s p r e f e r e n t i a l 

oscillation on two wave leng ths may be t h e inclusion of p h o s p h o r u s 

pentoxide (P^O^) as one of the core cons t i tuen t s . I t has been r e p o r t e d 

[5.11, 5.34] t h a t silica f i b r e s conta in ing Al 0^ and P 0^ ope ra t e on a 

se t of d i sc re t e wave leng ths c o r r e s p o n d i n g to t r ans i t i ons between a 

limited number of t h e S t a rk components in the g r o u n d and excited 

s ta te . Barnes et al, [5.11] s u g g e s t only two S ta rk levels in each of 

the g round and excited s t a t e s a r e involved, giving emission 
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Pig.5.9 Tuning c u r v e fo r 70cm f i b r e pumped a t 820nm 
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wave leng ths of 1.53/Jm, 1.57/Jin and 1.60/Jm. In comparison, GeO^-SiO^ 

f i b r e s have a more g r a d u a l t r ans i t i on of ope ra t ing wave leng th [5.17, 

5.18] involving a g r e a t e r number of S t a rk levels (changes of ope ra t ing 

wavelength a r e revea led pr inc ipa l ly by c h a n g e s in the f i b r e l eng th so 

t h a t r e abso rp t i on by g round s t a t e S t a r k levels is a f ac to r in 

determining which t r ans i t i on will dominate). However, i t should be 

noted t h a t con t inuous t u n i n g has been o b s e r v e d over t h e r ange 

1.51-1.58pm [5.19] with a f i b r e conta in ing p h o s p h o r u s pentoxide, and 

t h e reason fo r the p ronounced double peak in the t u n i n g c u r v e 

desc r ibed above is likely to be i n su f f i c i en t d i spers ion by t h e prism 

p r e v e n t i n g the low gain wave leng ths being s e p a r a t e d from the h igh gain 

wave leng ths a t t h e f luo rescence peaks which s u b s e q u e n t l y dominate the 

emission. 

5.5 Concluding Remarks 

Laser act ion in an Er^*-doped silica f i b r e us ing Yb^* as a sens i t i s ing 

co -dopan t has been desc r ibed . The incorpora t ion of t h e Yb co-dopan t 

enabled the u p p e r laser level in Er^* to be popula ted a t pump 

wave leng ths which a r e ine f f i c ien t or incapable of achieving invers ion 

in a f i b r e doped only with Er^*. Pump wave leng ths in t h e r a n g e 

800-845nm have been inves t iga ted us ing a t unab l e dye laser to p rov ide 

the wave leng ths c u r r e n t l y avai lable from GaAlAs diode l a se r s , since 

t he se a r e an es t ab l i shed technology and a r e t h e c h e a p e s t and most 

rel iable of the many poss ible pump sou rces fo r erbium f i b r e l a se r s and 

amplif iers . Laser action a t 1.564pm has been demons t ra ted with 

t h r e s h o l d s easily a t ta inab le by diode l a s e r s (5-15mW abso rbed ) . A 

minimum in the t h r e sho ld (5mW) was ident i f ied f o r pump wave leng ths in 

the r a n g e 820-830nm f o r f i b r e l e n g t h s of 40cm and 70cm, and is 

a t t r i b u t e d to a s ign i f i can t r educ t ion in the pump induced excited 

s t a t e absorp t ion . This ESA is a p p a r e n t a t pump wave leng ths of 800nm 

and 840-850nm where it is r e spons ib le f o r an inc rease in t h e th re sho ld 

power, and r e s u l t s in vis ible emission a t 522nm and 546nm. The slope 

e f f ic iency fo r t h e laser pe r fo rmance also revea led the e f f e c t s of ESA, 

with a measured maximum of 8.5% fo r pumping a 70cm f i b r e a t 830nm and 

a minimum of 4.5% a t 845nm. I t should be noted t h a t t he f i b r e laser 

was not optimised with r e s p e c t to f i b r e l eng th or o u t p u t coupl ing, and 

so it is d i f f icu l t to compare the r e s u l t s with those fo r f i b r e s doped 

only with Er^* where the pe r fo rmance has been optimised to some 
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extent . However, l a te r s tud ie s [5.34] comparing Er^* and Yb^*-Er^* 

f i b r e l a se r s revea led no s ign i f ican t d i f f e r ence in pe r fo rmance fo r 

pumping a t 810nm. The benef i t of t h e co -dopan t is none the less readily-

a p p a r e n t since t h e r ange of possible diode-compatible pump wave leng ths 

is g rea t ly inc reased , and ESA may be s ign i f ican t ly r e d u c e d by choice 

of the a p p r o p r i a t e wavelength . 

When t h e exper iments desc r ibed in t h i s c h a p t e r were pe r fo rmed , 

diode l a s e r s a t 980nm were not a p rac t ica l c o n t e n d e r fo r t h e selection 

of a pump source . The ident i f ica t ion of 980nm as p e r h a p s t h e optimum 

pump wave leng th for Er^*-doped f i b r e s , and r e c e n t developments in 

diode laser technology, mean t h a t GaAlAs diode l ase r pumping in the 

0.8pm reg ion will p robab ly give way to sou rces a t 980nm. If 980nm 

diodes cont inue to be unre l iab le or s u f f e r f rom s h o r t opera t ional 

l ifetimes, t h e n p e r h a p s Yb^* will p rove u s e f u l once more, s ince i t s 

t h r e e - l e v e l l a se r t r ans i t i on a t 974nm would be sui table as a pump 

source fo r Er^*-doped f i b r e l a s e r s and amplif iers . 
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CHAPTER 6 

THULIUM-DOPED FIBRE PUMPED IN THE VISIBLE TO NEAR I.R. REGION 

6.1 In t roduc t ion 

The f i r s t obse rva t ion of l a se r act ion of Tm^* ions in a g lass hos t 

came in 1967 when Gandy et al. [6.1] r e p o r t e d oscillation a t 1.85/Jm in 

a f l ash lamp-pumped sil icate g lass rod cooled to liquid n i t rogen 

t e m p e r a t u r e s , a l though lasing in c r y s t a l hos t s had been es tab l i shed 

some y e a r s p rev ious ly [6.2, 6.3, 6.4]. A broad f luo rescence in 

sil icate glass , r a n g i n g from 1.7Mm to 2.2pm, was o b s e r v e d with a fu l l 

width a t half maximum of 200nm. Room t e m p e r a t u r e opera t ion was 

s u b s e q u e n t l y achieved in t h i s same r e f e r e n c e d work with a 

t r i p l y - a c t i v a t e d glass inco rpora t ing Yb^ and Er in addi t ion to 

Tm^^, with laser action a t 2.015pm. This work is v e r y i n t e r e s t i n g with 

r e s p e c t to f i b r e laser opera t ion , s ince t h e b road f luo rescence band 

indica tes t h e possibi l i ty of a wide t u n i n g r a n g e in t h e 2pm region , a 

wavelength not covered by exis t ing f i b r e l ase r sys tems to date . From a 

prac t ica l device point of view, the potent ia l l a se r wavelength in t h e 

2pm region, where seve ra l molecules have abso rp t ion bands , may have 

appl ica t ions in molecular spec t ro scopy and a tmospher ic phys ics . Water 

vapour , fo r example, has an abso rp t ion band c e n t r e d a t 1.88pm, and 

ca rbon dioxide has abso rp t ion b a n d s c e n t r e d a t 1.96pm, 2.01pm and 

2.06pm. In addi t ion, radia t ion in t h e 2pm region has u s e s in eye safe 

c o h e r e n t laser r a d a r , and also in medical appl ica t ions due to the 

liquid water abso rp t ion a t 1.93pm. These f e a t u r e s , t o g e t h e r with the 

a d v a n t a g e s of incorpora t ion into silica f i b r e , e.g., t h e broad 

abso rp t ion b a n d s and long in te rac t ion l eng th , make thulium a prime 

candida te for inves t iga t ion as a f i b r e l ase r ac t iva to r , pa r t i cu la r ly 
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as one of the abso rp t ion b a n d s is readi ly access ible by GaAlAs diode 

laser wave leng ths . 

This c h a p t e r de sc r ibe s t h e spec t ro scopy and laser act ion of a 

Tm^^-doped silica f i b r e laser , with the laser pe r fo rmance f u r t h e r 

developed to demons t ra te tunab le opera t ion . 

6.2 Spec t roscopy 

A f i b r e p re form was f ab r i ca t ed by t h e solution doping t e chn ique [6.5] 

with a germano-s i l ica core conta ining a nominal dopan t concen t ra t ion 

of 840ppm (f»1.9 X 10*^ ions/cm^), with t h e index d i f f e r ence of 0.0064 

between the core and c ladding yielding a numerical a p e r t u r e of 0.14. 

The mode cu t off wavelength was 1.7Mm. The hos t g lass composition 

was 94 mole % SiO , 6 mole % GeO^. Fig.6.1 shows t h e white l ight 

abso rp t ion spec t rum obta ined fo r th i s p re form. The p r e s e n c e of an 

abso rp t ion band located close to 800nm ind ica tes t h a t GaAlAs diode 

l a s e r s may be sui table as a pump source , so to simulate t h e s e devices 

a S t y r y l 9M dye laser was used , ope ra t i ng in the 790-820nm region. The 

e n e r g y level diagram der ived from t h e abso rp t ion measurements is shown 
-J 

in Fig.6.2 ( the D level was located by i t s emission wavelength . See 

Chapte r 7 fo r detai ls) . 

There is some d ive rgence of opinion in t h e l i t e r a t u r e over the 

labelling of the F^ and levels. The notat ion of Gandy et al. 
3 3 

[6.1] has been adopted here , where lies lower t h a n "P , a l though 
some a u t h o r s r e v e r s e the labelling of t he se two levels. Pumping in the 

3 3 
SOO/Jm region exci tes populat ion from the H_ g round s t a t e to F , from 

3 

where rap id nonrad ia t ive decay popu la tes the metastable level H . 

F luorescence t h e n occu r s from th i s level to S ta rk levels in the g round 

s ta te multiplet , i.e., t h e t r ans i t ion is essent ia l ly q u a s i - f o u r - l e v e l 

in n a t u r e . 

F luorescence measurements were made when t h e preform had been 

pulled down into f i b r e form with a core diameter of 8.6/Jm and a 

c ladding diameter of 125/Jm. Pump l ight a t 797nm was launched into the 

f i b r e with a microscope ob jec t ive , and t h e f luo rescence was measured 

in both end l ight and side l ight. The pump wave leng th was se t a t 797nm 

because , a l though the peak abso rp t ion is a t 783.4nm, t h e dye laser 

power was g r e a t e r a t t he longer wave leng th and the f luo rescence signal 

was maximised f o r 797nm pumping. End l ight f l uo rescence was collimated 

with a second ob jec t ive be fo re being passed t h r o u g h a 25cm 
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monochromator conta in ing a g r a t i ng blazed fo r 2/Jm. Side l ight was 

measured with t h e t echn ique used with y t t e rb ium (see Chapter 4) 

involving a f i b r e bundle with one end placed aga ins t t h e thulium f i b r e 

and the o the r a t t he monochromator i n p u t por t . In both cases the 

monochromator wave leng th selection mechanism was d r iven with a 

s t epp ing motor dr ive , and the f luo rescence was de tec ted with a 

germanium photo-d iode . Pump powers in the reg ion of 100-150mW inc ident 

on t h e launch ob jec t ive were used , and the f luo rescence was ana lysed 

over t h e wave leng th r a n g e 1.3-2.4)Jm. Fig.6.3 shows the f luo rescence 

from the side of t h e f i b r e where , because of t h e s h o r t optical l eng th 

involved, t h e spec t rum may be cons idered to be f r e e from g r o u n d s t a t e 

r e abso rp t i on e f f ec t s . These e f f e c t s a r e readi ly a p p a r e n t when th i s 

spec t rum is compared with Fig.6.4, which shows the spec t rum of 

f luo rescence guided along a 25cm l eng th of f i b r e . The sh i f t in the 

peak is due to the emission a t s h o r t e r wave leng ths being r e a b s o r b e d by 

the thermal ly popula ted S t a rk levels in the g round s ta te multiplet , so 

t h a t t r an s i t i ons to t h e less popula ted h ighe r lying S ta rk levels now 

dominate the emission. The end l ight spec t rum also shows a weak 
3 3 

f e a t u r e a t 1.47Mm, due to emission from F , to H,, and in f a c t l aser 

act ion has also been o b s e r v e d on th i s t r ans i t i on fo r t h e f i r s t time in 

a g lass hos t in f luoroz i rcona te g lass co-doped with Tm^* and Tb^* 

[6.6]. These t r ans i t i ons a r e indicated by the a r rows shown in Fig.6.2. 

Although th i s c h a p t e r is concerned mainly with the pe r fo rmance of 

the thu l ium-doped f i b r e when pumped in the 800nm region, the basic 

spec t ro scopy was f u r t h e r inves t iga ted by pumping the 25cm f i b r e in the 

blue a t 476nm with an Ar^ ion l ase r to p robe t h e level. The end 

l ight spec t rum is shown in Fig.6.5 fo r wave leng ths between 600nm and 

1200nm (a g r a t i ng blazed a t 500nm was used fo r th i s measurement) . 

There a re t h r e e emission b a n d s in th i s region r e su l t i ng from t h e Ar^ 

ion excitation: r ed f luo rescence c e n t r e d a t 649nm; a doub le -peaked 

f e a t u r e a r o u n d 800nm, and a weak f e a t u r e peaking a round llSOnm. A 

spec t rum t aken u n d e r ident ical condi t ions , except fo r an inc rease in 

the f i b r e l eng th to 1.25m, is shown in Fig.6.6. Here the emission band 

a round 800nm has been r e d u c e d in in tens i ty , and t h e cen t ra l dip is 

more p ronounced . I t may be i n f e r r e d t h e r e f o r e t h a t th i s f luo rescence 

s u f f e r s inc reas ing reab sorption with f i b r e l eng th , and hence the 

terminal level is t h e g round s t a t e multiplet: t he s t r ong g round s ta te 

absorp t ion c e n t r e d a round 790nm accoun t s fo r the dip in the emission 

spec t rum and p r o d u c e s t h e double peak e f fec t . This emission must 
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t h e r e f o r e o r ig ina te from te rmina t ing on the level. The 

level is popula ted by decay from G , giving f luorescence a r o u n d 
1 3 

1130nm. The r ed emission a r i s e s from decay from G_ to H_. These 

t r ans i t i ons a r e indica ted by the a r rows shown in Fig.6.7. However, 

Ar^-ion laser pumping is not cons ide red to be an e f fec t ive means of 

pumping the thul ium system due to the phenomenon of pho toda rken ing , 

a r i s ing from colour c e n t r e formation, w h e r e b y t h e t ransmiss ion of a 

thu l ium-doped f i b r e has been o b s e r v e d to dec rease with time when 

pumped a t 475nm [6.7]. The excess loss induced by th i s photochromic 

behav iour is t h e r e f o r e likely to p rec lude the use of Ar^ ion l a se r s 

f o r pumping Tm^^-doped silica f i b r e s . 

The lifetime of t h e metastable level was measured by chopping 

the S t y r y l 9M pump beam (set a t 803nm) and o b s e r v i n g the decay of 

f luo rescence a t l.S/Jm on an oscilloscope with a digital s t o rage 

a d a p t e r a t t achment . The t echn ique is v e r y similar to t h a t u sed fo r 

lifetime measurements with y t t e rb ium, except when t h e measurements 

were made with thulium t h e f i b r e bund le had not ye t been obta ined , so 

end l ight from a 4cm leng th of f i b r e was used r a t h e r t h a n side l ight . 

A monochromator with a g r a t i ng blazed fo r 2pm was used to f i l t e r out 

all b u t t h e l.S/Jm f luorescence , with the s ignal de tec ted with a f a s t 

germanium photo-d iode and amplifier . The o b s e r v e d decay in the s ignal 

a f t e r i n t e r r u p t i o n of t h e pump beam was s ingle exponential , with a 

lifetime of abou t 200ps. Measurements made on t h e f i b r e p re fo rm gave a 

similar lifetime. The de tec to r sys tem r e s p o n s e was determined as about 

50/Js, def ined as the time t aken f o r the chopped pump signal to fall 

from 90% to 10% of i t s initial ( u n i n t e r r u p t e d ) value. 

6.3 Laser Per fo rmance 

To inves t iga te l a se r act ion, a F a b r y - P e r o t cav i ty was se t up , with 

cleaved f i b r e e n d s b u t t e d aga in s t d ie lect r ic mi r ro r s a t both ends . The 

f i b r e was e n d - p u m p e d by the S t y r y l 9M dye laser with t h e l ight 

l aunched into t h e cavi ty with a lOX microscope objec t ive . The i n p u t 

mir ror was a h igh re f l ec to r (>99.5%) in the r ange 1.5-2.0/Jni with 

t ransmiss ion >90% a t t h e pump wavelength , and the o u t p u t coupler had a 

t ransmiss ion of 20% a t 1.9/Jm. 

The e f f e c t s of g round s t a t e r e a b s o r p t i o n were manifes ted in the 

condi t ions u n d e r which the laser could opera te . Init ially a 1.3m f i b r e 

was pumped with up to 150mW (incident on t h e launch objec t ive) a t 
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805nm, b u t t h e r eab sorp t ion losses p r e v e n t e d oscillation a t room 

t empera tu re . However, by immersing t h e f i b r e in a Dewar conta ining 

liquid n i t rogen the thermal populat ion of the S ta rk levels in the 

g round s ta te could be removed, and l ase r action was t h e n possible . The 

emission wave leng th was 1.876pm, and t h e inc ident t h r e sho ld power was 

75mW. An o u t p u t l a se r power of abou t 2.4mW was measured on a 

thermopile power meter fo r 125mW inc iden t pump power. By removing 

inc reas ing l e n g t h s of f i b r e f rom t h e Dewar, t h e wave leng th was seen to 

s h i f t to longer wave leng ths (up to l.SjUm) as r e abso rp t i on p r e v e n t e d 

oscillation on t h e s h o r t wave leng th components . The t h r e sho ld also 

inc reased unt i l i t exceeded t h e maximum inc iden t power available and 

laser act ion was no longer possible with t h e available pump power. 

Clearly, f o r room t e m p e r a t u r e opera t ion a s h o r t e r f i b r e was 

r e q u i r e d . With t h e f i b r e l eng th r e d u c e d to 27cm and pumped a t 797nm, 

room t e m p e r a t u r e opera t ion was o b s e r v e d , a l though t h e lower gain 

available in the s h o r t e r l eng th neces s i t a t ed a r educ t ion in the o u t p u t 

coupl ing. Emission a t 1.96pm was o b s e r v e d , with an o u t p u t coupler 

t ransmiss ion of 3% a t th i s wave length . The launch ef f ic iency fo r the 

pump was determined by monitoring pump t ransmiss ion t h r o u g h the f i b r e 

whilst cu t t i ng back the l eng th (as desc r ibed in Chapte r 4 for 

y t te rb ium) . An inc iden t power of 80mW was used a t 797nm and the f i b r e 

was cu t back from 0.7m to 0.2m. The r e s u l t s indicated a pump 

abso rp t ion coeff ic ient of 8.9m (40dB/m) and an overal l launch 

e f f ic iency of 75% of t h e inc iden t power was launched into t h e core. 

The o u t p u t cha rac t e r i s t i c fo r t h e 27cm f i b r e is shown in Fig.6.8, 

where the slope e f f ic iency with r e s p e c t to a b s o r b e d power is 13% 

[6.8]. The t h r e s h o l d was 28mW a b s o r b e d ( co r re spond ing to 40mW incident 

on the launch opt ics) , a l though s l ight a d j u s t m e n t of the f i b r e b u t t at 

t he i n p u t end (so, s t r i c t ly , t he r e s o n a t o r condi t ions fo r which t h e 

cha rac t e r i s t i c appl ies were a l t e red) was found to r e d u c e th i s to 21mW 

a b s o r b e d (30mW inc ident ) . Since t h e cu t off wavelength fo r th i s f i b r e 

was 1.7fJm, t h e laser ope ra t ed in a s ingle t r a n s v e r s e mode a t 2pm. I t 

should be noted t h a t ne i the r t h e f i b r e l eng th nor the o u t p u t coupler 

t ransmiss ion have been optimised fo r maximum o u t p u t power, and 

t h e r e f o r e t h e r e is cons iderab le scope fo r improvement of th i s f i b r e 

laser system, pa r t i cu la r ly in view of t h e e f f e c t of l eng th on the 

q u a s i - f o u r - l e v e l laser t r ans i t ion . In fac t , improved pe r fo rmance of 

t h e thu l ium-doped f i b r e laser has been r e p o r t e d in the l i t e ra tu re . 

Hanna et al. [6.9] r e p o r t a 36% slope e f f ic iency from a f i b r e 
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conta in ing 3000ppm (f^7 x 10^^ ions/cm^) of Tm^*, manufac tu red by the 

modified chemical v a p o u r deposi t ion (MCVD) t echn ique . An o u t p u t power 

of 44mW was o b s e r v e d a t L9^m from a 22cm f i b r e pumped with 167mW 

(absorbed) from a S t y r y l 9M dye l ase r ope ra t ing a t 810nm. 

6.4 Tunable Operat ion 

The s ide l ight spec t rum shown in Fig.6.3 ind ica tes a fu l l width a t 

half maximum of approximately 290nm. This f ac t , in con junc t ion with 

t h e demons t ra ted wave leng th-se lec t ion by p r o g r e s s i v e removal from 

liquid n i t rogen immersion, s u g g e s t s t h a t t unab l e opera t ion should be 

possible over a subs t an t i a l r ange . 

The t u n i n g r a n g e was inves t iga ted us ing t h e a r r a n g e m e n t shown in 

Fig.6.9. The cleaved f i b r e i n p u t end of a 1.2m f i b r e was b u t t e d 

aga ins t a d ie lect r ic mirror with h igh r e f l ec t iv i ty (>99.5%) over the 

r a n g e 1.7-2.1/Jm, with the pump l ight l aunched with a microscope 

ob jec t ive . Wavelength selection was p rov ided by an i n t r acav i ty 

t h r e e - p l a t e b i r e f r i n g e n t t u n i n g mechanism t a k e n from a Coherent 599 

dye laser . The o u t p u t from the f i b r e was collimated t h r o u g h t h e t u n i n g 

p la tes by an i n t r acav i ty lOX microscope ob jec t ive which, being a 

s t a n d a r d ob jec t ive with no an t i re f l ec t ion coat ing, had a low 

t ransmiss ion (approximately 70%) in t h e 2Âm region. This i n t roduced 

h igh r e sona to r losses and consequen t ly t h e o u t p u t coupl ing was 

cons t r a ined to be low, a t abou t 1% a c r o s s t h e o b s e r v e d t u n i n g r ange . 

The f i b r e l ase r o u t p u t was ana lysed with a 0.25m monochromator (with 

g r a t i n g blazed f o r 2^m), and de tec ted with a germanium photo-diode . 

The q u a s i - f o u r - l e v e l n a t u r e of t h e laser t r ans i t i on s u g g e s t s t h a t 

f i b r e l eng th will play an impor tan t p a r t in de termining the available 

t u n i n g r ange , due to reabsorption in the g r o u n d s t a t e multiplet . Hence 

two f i b r e l e n g t h s were used in t h e t u n i n g exper iments , with the 

initial 1.2m f i b r e s u b s e q u e n t l y cu t back to 0.6m. 

The t u n i n g cu rve , r e p r e s e n t i n g the photo-d iode s ignal aga ins t 

l a se r wave length , is shown in Fig.6.10 fo r the 1.2m f ib re . The f i b r e 

laser was t u n e d in s t e p s of 4nm by small a d j u s t m e n t s of t h e micrometer 

d r ive on t h e t u n i n g mechanism. In p rac t i ce t h i s was achieved by 

se t t i ng the monochromator wavelength se lector on a pa r t i cu l a r 

wavelength , and t h e n a d j u s t i n g the t u n i n g p la tes to maximise the 

de tec to r signal . The laser wave leng th was con t inuous ly tunab le from 

1866nm to 2014nm, with a maximum o u t p u t power of the o r d e r of lOOpW 
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O u t p u t P o w e r ( a r b i t r a r y u n i t s ) 

1 8 0 0 1 8 5 0 1 9 0 0 1 9 5 0 2 0 0 0 

VVavelength ( n r n ) 

2 0 5 0 

Fig.6.10 Tun ing c u r v e f o r 1.2m f i b r e pumped 
a t 800nm 
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O u t p u t P o w e r ( a r b i t r a r y u n i t s ) 

1 8 0 0 1 8 5 0 1 9 0 0 1 9 5 0 2 0 0 0 

W a v e l e n g t h (nm^ 

2 0 5 0 

Fig.6.11 Tun ing c u r v e f o r 0.6m f i b r e pumped 
a t 800nm 
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for a pump power of 210mW (at 800nm) inc iden t on the launch objec t ive . 

This extremely low o u t p u t power was due to the small o u t p u t coupling 

needed to overcome t h e losses i n t roduced by the i n t r a c a v i t y objec t ive . 

The re la t ive ly high inc ident t h r e sho ld power of 80mW is a f u r t h e r 

indicat ion of t h e h igh r e sona to r loss. 

By r e d u c i n g t h e f i b r e l eng th , t he r e a b s o r p t i o n losses a r e r educed 

and consequen t ly allow laser act ion to t ake place a t s h o r t e r 

wave leng ths . This was demons t ra ted by c u t t i n g back t h e f i b r e to 0.6m. 

The c o r r e s p o n d i n g t u n i n g c u r v e is shown in Fig.6.11, where the lower 

wavelength limit is r e d u c e d to ISlOnm due to t h e r educed reab sorp t ion 

losses. The u p p e r wave leng th limit is also r e d u c e d (to 2006nm) since 

t h e r e is less pump power a b s o r b e d in t h e s h o r t e r f i b r e and hence less 

gain a t t he longer wave leng ths . Again, t he laser o u t p u t powers were of 

the o r d e r of 100/JW. 

I t was not n e c e s s a r y to i nco rpora t e t h e f i b r e loop polar isat ion 

cont ro l le r as used f o r t u n i n g t h e q u a s i - f o u r - l e v e l t r ans i t i on in 

y t t e rb ium (Chapter 4), s ince no modulation in t h e ex t rac ted power with 

wavelength was o b s e r v e d . However, power modulations have been r e p o r t e d 

in a Tm^^-doped silica f i b r e [6.9] f ab r i ca t ed by the MCVD process , 

a l though no polar isa t ion control was appl ied to coun t e r ac t th i s 

e f fec t , due to t h e la rge r eab sorp t ion losses i n t roduced in the 

re la t ive ly long l eng th of f i b r e needed to encompass the d iscs of the 

polar isat ion contro l ler . In t h i s same r e f e r e n c e , an ex tended t u n i n g 

r a n g e fo r a so lu t ion-doped Tm *-doped f i b r e (in f a c t t he same f i b r e 

used in the work r e p o r t e d in th i s c h a p t e r ) was r e p o r t e d , r a n g i n g from 

1820nm to 2056nm fo r a 2.2m f ib re , and from 1780nm to 1975nm fo r a 

0.6m f ib re , a l though o u t p u t powers were still r e s t r i c t e d to the 100/JW 

level for the reasons discussed above relating to intracavity losses. 

No power modulations were o b s e r v e d in t he se t u n i n g c u r v e s , and it 

seems reasonable to assume t h a t t h e so lu t ion-doped f i b r e had 

i n a d v e r t e n t polar isat ion p r e s e r v i n g p rope r t i e s . 

6.5 Concluding Remarks 

Cont inuous-wave laser act ion a t 2lJm has been demons t ra ted in a 

Tm *-doped silica f i b r e laser . A slope e f f ic iency (with r e s p e c t to 

a b s o r b e d power) of 13% was measured fo r a 27cm f i b r e pumped a t 797nm 

with 3% output coupling. The absorbed power at threshold was about 

30mW, and t h e maximum o b s e r v e d o u t p u t power a t 2/Jm was abou t 2.5mW for 
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50mW abso rbed . 

The laser t r ans i t ion was con t inuous ly tunab le over t h e r ange 

1866-2014nin fo r a 1.2m f i b r e pumped a t 800nm, and 1810-2006nm fo r a 

0.6m f i b r e pumped a t t he same wavelength . In both cases t h e maximum 

o u t p u t power obse rved was abou t lOOjuW fo r an inc iden t pump power of 

210mW. 

There is cons iderab le scope f o r improving the thu l ium-doped 

system even f u r t h e r , and in f ac t both d iode-pumped and ex tended 

tunab le opera t ion have been r e p o r t e d [6.10]. For t h e t un ing 

demonst ra t ion , a Ti : sapphi re laser was used to pump a germano-si l ica 

f i b r e (doped with 50ppm) a t 788nm. Tuning was achieved with a ru led 

g r a t i ng in place of the o u t p u t coupler , with t h e lower wavelength 

limit ex tending down to 1650nm. A sh i f t ed (to longer wavelengths) 

t u n i n g c u r v e is r e p o r t e d fo r an alumina-si l ica f i b r e {200ppm Tm^"^), 

which t e n d s to s u g g e s t t h a t t h e p rec i se n a t u r e of t h e g lass hos t may 

be modified to extend or sh i f t t he t u n i n g r a n g e to su i t t he pa r t i cu la r 

appl icat ion of i n t e r e s t . 
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CHAPTER 7 

Nd:YAG PUMPING OF THULIUM-DOPED FIBRE 

7.1 In t roduc t ion 

The 2Hm f i b r e laser desc r ibed in the p r ev ious c h a p t e r , a l though 

reasonab ly e f f ic ien t , was c lear ly a low power device ope ra t ing a t t he 

seve ra l milliwatts level, and as such i t s sui tabi l i ty as a d i rec t ly 

appl icable prac t ica l source is p robab ly limited. The low opera t ing 

power was simply a consequence of the re la t ive ly low pump power 

available from the S t y r y l 9M source in t h e 800nm region. An 

a l t e rna t ive pump source is needed if t he f i b r e l ase r power is to be 

inc reased s igni f icant ly . A Ti: Sapph i re laser , capable of p roduc ing 

abou t IW in t h e S t y r y l 9M wavelength region (for t h e same Ar^ ion pump 

power) , p rov ide s a su i table a l t e rna t ive , b u t u n f o r t u n a t e l y such a 

source was not available when the se exper iments were ca r r i ed out. 
3 3 

The 0.8/Jm-pumped H - F^ t r ans i t ion is not the only means of 

popula t ing the u p p e r l a se r level H (see Fig.6.2 fo r an e n e r g y level 
3 3 

diagram). The H^ - H^ pump t r ans i t ion c e n t r e d a t 1.2Mm prov ides an 

a l t e rna t ive rou te , a l though t h e r e remains t h e problem of the 

r equ i r emen t of a source in th i s wavelength region. For tuna te ly , the 

broad abso rp t ion b a n d s of r a r e e a r t h s in g lasses p r e s e n t less of a 

r e s t r i c t ion on t h e choice of pump wave leng ths t h a n a c rys ta l l ine host , 

and i t was r ecen t ly pointed out by Hakimi [7.1] t h a t ce r ta in 

Tm^^-doped s i l ica-based f i b r e s exhibit abso rp t ion in the wing of th i s 

t r ans i t i on a t t he Nd:YAG wavelength of 1.064jUm, some 900cm ^ from line 

cen t r e . The pump scheme is i l lus t ra ted by t h e par t ia l e n e r g y level 

diagram shown in Fig.7.1. The pump absorp t ion is extremely weak: the 

abso rp t ion spec t rum for t h e Tm^^-doped f i b r e used for the exper iments 
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Fig.7.2 Side l i gh t f l u o r e s c e n c e s p e c t r u m 
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desc r ibed in Chapter 6 (shown in Fig.6.1) shows t h a t it is only abou t 

2dB/m a t 1.064/Jm in t h a t pa r t i cu l a r f i b r e (dopant concen t ra t ion 

840ppm). However, t he availabil i ty of h igh power NdzYAG sou rces makes 

th i s an a t t r a c t i ve pump wavelength , s ince the weak abso rp t ion is not 

an i n supe rab l e problem (provid ing inve r s ion is achieved) where the 

wave guiding p r o p e r t i e s of t h e f i b r e e n s u r e t h a t a long in te rac t ion 

l eng th can be used to a b s o r b all of the available pump power. In 

addi t ion, g iven the convenience and widespread use of NdzYAG l a se rs , 

t he Tm^* f i b r e laser o f f e r s a simple and a t t r a c t i v e method of 

wave leng th convers ion from 1.064/Jm to t h e 2/Jm region . 

In th i s c h a p t e r the initial exper iments t h a t demons t ra ted t h e 

viabi l i ty of NdzYAG pumping of Tm^^-doped f i b r e , and t h e developments 

of the system to include tunab le opera t ion and o u t p u t powers in excess 

of IW, a r e desc r ibed . A consequence of the 1.064/Jm pump wavelength is 

a de t r imenta l (to the 2/Jm emission) upconver s ion p r o c e s s involving the 

p roduc t ion of readi ly obse rvab le blue l ight v ia excited s ta te 
3 

abso rp t ion (ESA) from the u p p e r laser level H^. This e f f e c t is also 

desc r ibed , and a comparison is made between seve ra l t y p e s of 

Tm^^-doped f i b r e in an a t t empt to minimise the ESA in f a v o u r of 2/Jm 

opera t ion . 

7.2 Spec t roscopy 

Side l ight and end l ight f luorescence s p e c t r a were r e c o r d e d fo r the 

Tm^^-doped f i b r e u n d e r excitation a t 1.064Mm from a S p e c t r a - P h y s i c s 

Ser ies 3000 NdzYAG l a se r ope ra t ing with a s ingle t r a n s v e r s e mode 

o u t p u t beam. The spec t roscopic measurements were made not with the 

8.6/Jm core diameter f i b r e used p rev ious ly in the S t y r y l 9M pumped 

sys tem, bu t r a t h e r with a ITjJm core diameter f i b r e special ly made fo r 

r e a s o n s desc r ibed below in Section 7.5. 

The side l ight spec t rum, obta ined by use of t h e f i b r e bundle and 

monochromator method, is shown in Fig.7.2. The pump power was about 7W 

inc iden t on the launch objec t ive , and the f luo rescence signal was 

de tec ted with a PbS photo-d iode and lock- in amplif ier combination. The 
3 3 

peak of the emission from the t r ans i t i on is located a t 
4 6 

1.865pm, with a ful l width at half maximum of abou t 160nm. Also shown 

in the f i g u r e is a f luo rescence peak a t 2.345/Jm a r i s ing from the F^ -
3 3 

H t rans i t ion , since t h e level becomes popula ted as a r e s u l t of 

t h e ESA p roces s desc r ibed below in Section 7.5. Laser action has been 
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Fig.7.3 End l i gh t f l u o r e s c e n c e s p e c t r u m f o r 
80cm f i b r e 
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o b s e r v e d on t h i s t r a n s i t i o n in a Tm^^-doped f l ouo roz i r cona t e f i b r e 

[7.2, 7.3], b u t is un l ike ly to be r ea l i sed in a silica sys t em s ince 

t h e u p p e r level l ifet ime i s so s h o r t (^20MS) compared to t h e * 1.5ms 

lifetime of i t s c o u n t e r p a r t in t h e f l u o r o z i r c o n a t e hos t . In add i t ion , 

t h e end l i gh t s p e c t r u m f o r a 0.8m l e n g t h of t h e sil ica f i b r e 

(Fig.7.3), u n d e r iden t i ca l exci ta t ion cond i t ions to t h o s e u s e d f o r 

s ide l igh t , shows t h a t t h e emission a r o u n d 2.3/Jm is s i g n i f i c a n t l y 

d iminished by t h e lo s ses of t h e sil ica h o s t in t h i s w a v e l e n g t h r eg ion , 

f u r t h e r r e a s o n to s u p p o s e t h a t 2.3jJm ope ra t i on is un l ike ly . The end 

l igh t s p e c t r u m also shows a s l i gh t s h i f t to l onge r w a v e l e n g t h s f o r t h e 

^ 2)Jm emission d u e to r e a b s o r p t i o n in t h e g r o u n d s t a t e S t a r k levels : 

t h e peak of t h e emission shown in Fig.7.3 is s h i f t e d to 1.9/Jm wi th a 

fu l l w id th a t half maximum of a b o u t 200nm. 

7.3 P re l imina ry Lase r Opera t ion 

Ini t ia l i n v e s t i g a t i o n s of YAG-pumped ope ra t i on were made wi th t h e 

8.6Um core f i b r e a s u s e d p r e v i o u s l y wi th t h e S t y r y l 9M pump source . 

The a b s o r p t i o n coe f f i c i en t a t 1.064/Jm was de te rmined d i r e c t l y b y 

c u t t i n g back t h e f i b r e (as d e s c r i b e d in C h a p t e r 4) f rom 2.0m to 0.1m 

with a pump power of 40mW inc iden t on t h e l aunch ob j ec t i ve . This va lue 

was chosen a f t e r e s t a b l i s h i n g t h a t i t was low e n o u g h so t h a t a n y 

s a t u r a t i o n o r ESA e f f e c t s could be r e a s o n a b l y neg l ec t ed . The check f o r 

t h i s was t h e o b s e r v a t i o n t h a t when t h e pump power was ha lved or 

doub led , t h e d e t e c t e d o u t p u t pump power f rom t h e f i b r e showed a 

c o r r e s p o n d i n g ha lv ing or doub l ing . The exponen t ia l decay of u n a b s o r b e d 

pump power with f i b r e l e n g t h y ie lded an a b s o r p t i o n coe f f i c i en t a of 

2dBm In add i t ion , t h e ex t r apo l a t ed pump power of 17mW a t t h e i n p u t 

end a n d i n c i d e n t power of 40mW gave an overa l l l aunch e f f i c i ency of * 

45%. Note t h a t d u r i n g t h e c u t back a h igh r e f l e c t o r (>99.5%) in t h e 

r a n g e 1.6-2.1/Jm was b u t t e d a t t h e i n p u t e n d , so t h a t t h e l aunch 

e f f i c i e n c y is app l icab le f o r l a s e r ope ra t ion . 

In a simple 2- leve l sys tem w h e r e t h e pump power is comparable to 

or g r e a t e r t h a n t h e pump s a t u r a t i o n power , a non -exponen t i a l decay of 

u n a b s o r b e d pump a t t h e o u t p u t with i n c r e a s i n g f i b r e l e n g t h is 

expec ted . The r e d u c e d e f f e c t i v e a b s o r p t i o n coe f f i c i en t would yield 

h i g h e r o u t p u t pump p o w e r s t h a n t h o s e g iven by t h e u n s a t u r a t e d va lue of 
3+ 3 

a f o r a g iven l e n g t h . For YAG-pumped Tm however , t h e ESA from 

r e s u l t s in an i n c r e a s e in t h e e f f e c t i v e a b s o r p t i o n coef f i c i en t . The 
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e f f ec t is demons t ra ted in Fig.7.4, where the u n a b s o r b e d pump power is 

shown as a f u n c t i o n of f i b r e l eng th as the f i b r e was cu t back from 

4.0m to 0.2m. The inc iden t pump power was 900mW and no mi r ro r s were 

included in t h e s e t - u p . The c u r v e calculated us ing « u n d e r small 

s ignal condi t ions (2dBm"^ measured fo r 40mW incident) is also shown 

f o r comparison, and demons t ra t e s how t h e abso rp t ion is inc reased in 

the p r e s e n c e of ESA. 

The inc reased abso rp t ion fo r h igh pump powers is f u r t h e r 

demons t ra ted in Fig.7.5, which shows t h e var ia t ion of the u n a b s o r b e d 

pump f o r a f ixed l eng th (Im) as t h e l aunched power is inc reased from 

zero to abou t 400mW. For pump powers above abou t 50mW launched , t h e 

abso rp t ion d e p a r t s from t h e 30% level u p to nea r ly 75% of t h e i n p u t 

power f o r 380mW launched . This i nc reased abso rp t ion is manifes ted in 

t h e s t r o n g blue emission, easily o b s e r v e d by the unaided eye fo r pump 

powers as low as w lOOmW inc iden t on the launch objec t ive . 

Laser act ion was easi ly achieved with f i b r e l e n g t h s from abou t 2m 

to 10m in a F a b r y - P e r o t cav i ty conf igura t ion with the mi r ro rs bu t t ed 

a t both e n d s of t h e f i b r e . The i n p u t mir ror was as desc r ibed above, 

being 90% t r ansmiss ive a t t he pump wavelength . A v a r i e t y of o u t p u t 

coup le r s was available, with t r ansmiss ions in the 2.0-2.4/Jm region 

from 1% to abou t 30%. In de te rmining the optimum leng th , t he 

quas i -4 - leve l n a t u r e of t h e l ase r t r ans i t ion due to t h e thermal 

populat ion of the lower l ase r level must be cons idered . As with the 

y t t e rb ium f ib re , th i s will impose an optimum l eng th for maximum laser 

power. This l eng th obviously d e p e n d s on the amount of pump power i n p u t 

to the f i b r e , b u t fo r a f ixed pump level the optimum can be found by 

monitoring the f i b r e l ase r power as t h e f i b r e is cu t back from the 

o u t p u t end (so t h a t t h e launch is not d i s t u r b e d and a cons t an t launch 

e f f i c iency can be assumed) . This l eng th dependence was measured us ing 

a r e sona to r with 1% o u t p u t coupl ing a t 2/Jm. The inc iden t pump power 

was IW and the f i b r e was cu t back from 6.0m to 0.5m. The o u t p u t laser 

power v e r s u s l eng th is shown in Fig.7.6, which shows a p ronounced peak 

for a l eng th of abou t 1.8m. The s h a r p n e s s of th i s r e s p o n s e is 

unexpec ted , and may in p a r t be due to the sens i t iv i ty of t h e laser 

pe r fo rmance to t h e cleave qual i ty of the f i b r e ends . However, t he more 

g r adua l fall off in power for l e n g t h s g r e a t e r t h a n about 2m does 

s u g g e s t an approximate optimum may occur in t h e 0-2m region. In view 

of th i s , a se r i e s of exper iments was pe r fo rmed with a f i b r e l eng th of 

1.8m. Although th i s is "optimum" fo r IW incident , t he f i b r e was in 
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f a c t pumped with 3.6W in one ins tance and u p to 2.35W genera l ly . 

The YAG laser was capable of emitt ing u p to lOW in t h e TEM^^ 

mode, b u t t h e coat ing on the h igh r e f l ec to r a t t h e i n p u t end of the 

f i b r e was v e r y suscep t ib le to damage. To avoid d e s t r o y i n g the mirror , 

an inc iden t power limit was se t a t abou t 3.6W. 

Four o u t p u t coup le r s were used , with t r ansmiss ions of 1%, 2.5%, 

6% and 34% (all nominal va lues a t 2/Jni in a i r ) . Output powers were 

measured on a thermopile power meter with a f i l t e r to block t h e pump 

wave leng th so t h a t t h e f i b r e laser power could be measured d i rec t ly . 

These va lues were t h e n co r r ec t ed fo r the f i l t e r t r ansmiss ion (75%) and 

t h e t ransmiss ion of the collimating ob jec t ive (70% a t 2(Jm, 90% a t 

1.064A'm). The r e s u l t i n g o u t p u t c h a r a c t e r i s t i c s a r e summarised in Table 

7.1 below. 

O u t p u t Coupler 
T r a n s m i s s i o n { % ) 

S l o p e 
E f f i c i e n c y (%) 

Absorbed T h r e s h o l d 
Power (mW) 

1 . 0 22 70 

2 . 5 24 60 

6 . 0 28 105 

3 4 . 0 21 635 

T a b l e 7.1 

The laser wave leng th was in all cases 2.0/iin with fu l l width a t half 

maximum of 3.5nm. In the absence of any o t h e r su i table mi r ro r s 

between 6% and 34% t ransmiss ion fo r use as o u t p u t couple rs , it was 

decided to proceed with t h e 6% coupler , s ince t h e c o r r e s p o n d i n g slope 

e f f i c iency was h i g h e s t and the t h r e sho ld modest, a t w 105mW a b s o r b e d 

(295mW incident) . I t was also with th i s pa r t i cu l a r mir ror t h a t t h e 

h i g h e s t power was obse rved , 269mW out fo r 3.6W inc iden t (1.15W 

a b s o r b e d ) . The laser cha rac t e r i s t i c obta ined us ing th i s o u t p u t coupler 

is shown in Fig. 7.7. The cha rac t e r i s t i c is l inear desp i te the ESA 

e f f e c t s d i scussed above, due to t h e f a c t t h a t once t h r e s h o l d is 

r eached , the populat ion invers ion is clamped. This means t h a t an 

inc rease in pump power leads to an inc rease in s t imulated emission 

r a t h e r t h a n an inc rease in the u p p e r laser level populat ion. As a 

consequence , t h e r e is less ESA when the f i b r e is lasing t h a n when 
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lasing is p r e v e n t e d , fo r a given pump power above th re sho ld . This 

e f f e c t can be o b s e r v e d experimental ly by u n b u t t i n g one of the cavi ty 

mi r ro r s to p r e v e n t l a se r action, when the amount of blue emission is 

seen to inc rease not iceably. 

As a gene ra l comment, it may be said t h a t t he YAG-pumped 

Tm^^-doped f i b r e laser system shows a g r e a t e r dependence on the cleave 

qual i ty and the prec is ion of t h e mir ror bu t t ing , with r e s p e c t to the 

l ase r o u t p u t power, t h a n most o the r f i b r e laser sys tems. The o u t p u t 

powers desc r ibed above were obta ined a f t e r v e r y c a r e f u l a d j u s t m e n t of 

the mir ror ang les and t h e b u t t i n g , and then only when the cleave 

qual i ty was except ional (one i n t e r f e r e n c e f r i n g e u n d e r ana lys i s with 

an inspec t ion tool). In some i n s t ances t h e d i f f e r ence between a good 

cleave and a bad one could a f f e c t t he o u t p u t power by as much as an 

o r d e r of magni tude. This is bel ieved to be a d i rec t r e s u l t of the ESA 

process . In a lossy cavi ty , such as one with poor qual i ty cleaves, t h e 

populat ion of the u p p e r laser level must be re la t ive ly high to p rov ide 

the gain r e q u i r e d to overcome t h e s e losses. Since the amount of ESA 

from t h e u p p e r level is d e p e n d e n t on the u p p e r level populat ion, a 

lossy cav i ty is s u b j e c t to more ESA t h a n a low loss cavi ty , and hence 

t h e l ase r pe r fo rmance is d e g r a d e d by t h e removal of populat ion from 

t h e u p p e r level. Direct dielectr ic coat ing of the f i b r e e n d s to form 

in t eg ra l mi r ro r s would al leviate th i s problem and inc rease the 

e f f ic iency of the Tm^^-doped f i b r e laser system. 

7.4 Tunable Operat ion 

Although not expected to be as widely tunab le as the S ty ry l 9M pumped 

system, the tunability for Nd:YAG pumped operation is a feature that 

may have impor tan t prac t ica l appl ica t ions fo r simple wave leng th 

convers ion from t h e 1/Jm to 2jUm region. 

To inves t iga te t h e t un ing r ange , t he r e sona to r was se t u p as 

shown in Fig.6.9, with a se t of b i r e f r i n g e n t t u n i n g p la tes ( taken from 

a Coherent 599 dye laser ) as the wave leng th - se lec t ive element. A lOX 

microscope ob jec t ive was placed i n t r acav i ty to collimate the o u t p u t 

beam t h r o u g h the t u n i n g p la tes onto the o u t p u t coupler and to 

r e - l a u n c h l ight into t h e f i b r e a f t e r re f lec t ion a t t he coupler . The 

h ighe r t h r e sho ld imposed by t h e inclusion of the i n t r acav i ty ob jec t ive 

necess i t a ted the use of a low t ransmiss ion (1% a t 2/Jm) o u t p u t coupler . 

The i n p u t mir ror was the same high r e f l ec to r used in the pre l iminary 
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laser exper iments . 

A 2m leng th of f i b r e was pumped with 3W from the Nd:YAG laser 

inc iden t on the launch objec t ive . Without t h e t u n i n g mechanism, t h e 

free-running wavelength was 1976nm and the incident threshold power 

was 1.3W, r i s ing to 2.1W when t h e t u n e r was i n s e r t e d . The wave leng th 

was t u n e d in s t e p s of 4nra, ana lysed by a 0.25m g r a t i n g monochromator 

and monitored by a germanium photo-d iode . The r e su l t i ng t u n i n g c u r v e 

is shown in Fig.7.8. Power cal ibrat ion was pe r fo rmed by measur ing t h e 

power a t t h e l a r g e s t de tec to r s ignal with a thermopile de tec to r and 

pump f i l te r . Detector r e a d i n g s a t all o t h e r wave leng ths in the t u n i n g 

r a n g e a re assumed to scale accord ing ly . The v e r y low o u t p u t power 

(1.3mW maximum fo r 1350mW launched) is a consequence of both the low 

o u t p u t coupl ing and t h e h igh inse r t ion loss of t h e i n t r a c a v i t y 

ob jec t ive , as ev idenced by the f ac to r of t en inc rease in inc iden t 

t h r e sho ld from 220mW f o r a bu t t ed r e sona to r with 1% o u t p u t coupling to 

2100mW in t h e case of t h e t u n i n g r e sona to r . The w a v e l e n g t h - d e p e n d e n t 

power modulation e f f e c t s o b s e r v e d with y t t e rb ium were not p r e s e n t 

he re , b u t the incorpora t ion of a f i b r e loop polar isa t ion cont ro l le r 

might have been beneficial in s l ight ly inc reas ing t h e o u t p u t power by 

offset t ing any polarisation-dependent loss at the birefringent plates, 

as would us ing h ighe r o u t p u t coupl ing a t t h e expense of an inc reased 

th re sho ld and possible r educ t ion in t h e t u n i n g r a n g e . The o b s e r v e d 

tuning range of 76nm from 1920nm to 1996nm (198cm" is significantly 

less t han t h a t of t h e 0.8/Jm-pumped sys tem, b u t n e v e r t h e l e s s 

demonstrates an appreciable tuning range in the 2/Jm region despite the 

v e r y weak abso rp t ion fo r Nd:YAG pumping. 

7.5 High Power Operation 

7.5.1 In t roduc t ion 

In the absence of any s igns of output power saturation, the output 

power of 269mW (the highest o b s e r v e d with th i s f ib re ) is believed to 

be limited by the inc ident pump power. The pump power limit of 3.6W 

corresponds to an intensity of 6.2MW/cm^ at the surface of the input 

mirror , assuming the pump beam is focused down to a spot size equal to 

t h e f i b r e core. Having decided not to exceed th i s i n t ens i t y fo r f e a r 

of caus ing mirror damage, two possibi l i t ies fo r inc reas ing the f i b r e 

laser o u t p u t power were cons ide red . The f i r s t method was to expand t h e 

174 



beam a t t he mirror s u r f a c e such t h a t a h ighe r pump power could be used 

without inc reas ing t h e in tens i ty . In p rac t i ce th i s means us ing an 

i n t r a c a v i t y ob jec t ive between the i n p u t mir ror and t h e f i b r e so t h a t 

the pump beam is no longer focused onto the mirror a t t h e bu t t i ng 

point . However, exper ience with tunab le opera t ion (see Section 7.4) 

showed t h a t t he losses in t roduced by i n t r a c a v i t y elements dras t ica l ly 

i nc rease the t h r e sho ld and r educe t h e e f f ic iency . The second t echn ique 

of i nc reas ing the power is to use a f i b r e with a l a r g e r core diameter , 

so t h a t a l though t h e pump beam is still focused on t h e mirror , t h e 

spot may be l a r g e r and hence a h ighe r pump power may be used without 

i nc reas ing the in tens i ty . 

In the i n t e r e s t s of maintaining a low th r e sho ld , t h i s second 

method was adopted . The p re form from which t h e or iginal core 

diameter f i b r e was made was drawn into a second f i b r e having a core 

diameter of 17Mm, i.e., a core a r ea f o u r times t h a t of the original . 

Hence, with a pump in t ens i t y limit of 6.2MW/cm^, and assuming t h e pump 

spot equa l s the core size, t h e inc iden t power limit is 14W. This 

exceeds the maximum power available from t h e Nd:YAG laser , so mir ror 

damage was not expected to be a problem. With the ac tua l maximum power 

of abou t low the f i b r e laser power a t 2jUm may be scaled from 269mW for 

3.6W inc iden t to 750mW for lOW inc ident . In f ac t , a f t e r c a r e f u l 

optimisation of the r e sona to r , an o u t p u t power nea r ly twice t h i s 

f i g u r e was f inal ly rea l ised . 

7.5.2 Laser Operation 

The modified f i b r e was identical to t h e original , i.e., dopan t 

concen t ra t ion 840ppm and numerical a p e r t u r e 0.15, with the exception 

t h a t t h e core diameter was 17^m (measured by white l ight microscopy) 

and t h e c ladding diameter was 250pm ins tead of 125/Jm since, coming 

from t h e same p re fo rm as the original , t h e ra t io of core to c ladding 

was maintained. This l a rge ou te r diameter caused cons iderab le problems 

when t r y i n g to cleave the f ib re . The s t a n d a r d cleaving device (a York 

Technology FK 11} was unable to p rov ide enough tens ion fo r a 

s a t i s f a c t o r y cleave, and launching pump l ight and achieving lase r 

act ion was initially r a t h e r d i f f icul t . However, a vers ion of the 

c leaver special ly modified by York Technology did allow cons i s ten t ly 

good c leaves to be obta ined. 

The a t t enua t ion coeff ic ient was checked with the cu t back 
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t echn ique , with the i n p u t mir ror in place so t h a t the overal l l aunch 

e f f i c iency could be determined (for a lOX objec t ive) . The i n p u t mirror 

was >99.5% re f l ec t ing in t h e r a n g e 1.6-2.Ipm and 90% t r ansmi t t i ng a t 

t he pump wavelength . With an inc iden t power of lOOmW (where ESA and 

s a tu r a t i on e f f e c t s were negligible fo r th i s f ib re ) the f i b r e was cu t 

back from 1.5m to 0.25m. The value of a was found to be 2.0dBm'^, and 

the overal l l aunch ef f ic iency (rat io of l aunched power to power 

inc iden t on the launch objec t ive) was 55%. Taking into accoun t the 

t ransmiss ion of the i n p u t ob jec t ive and t h e mir ror g ives a coupl ing 

e f f i c iency (rat io of l aunched power to power inc iden t on the f i b r e end 

face) of 75%. Pump t ransmiss ion measurements on a 5cm leng th of f i b r e 

(so s h o r t t h a t abso rp t ion can be neglec ted) s u p p o r t e d t he se launch 

e f f i c iency f i g u r e s . 

A P a b r y - P e r o t r e sona to r was c o n s t r u c t e d with the f i b r e bu t t ed a t 

both ends . The o u t p u t coupler was 6% t r ansmi t t i ng a t 2/Jm and 80% 

t r ansmi t t i ng a t 1.064/Jm, The o u t p u t cha rac t e r i s t i c was determined f o r 

s eve ra l f i b r e l e n g t h s in an a t t empt to f ind an optimum. Leng ths of 

2.8m, 2.0m, 1.6m and 1.4m were pumped with u p to 9.6W (the maximum 

available) . F ibre l ase r o u t p u t powers were measured on a thermopile 

detector with the pump light blocked by a filter. The resulting 

c h a r a c t e r i s t i c s a r e summarised in Table 7.2 below, where t h e o u t p u t 

powers have been corrected for the transmission of the collimating 

ob jec t ive a t t he laser wavelength . Slope ef f ic iencies a re given with 

r e s p e c t to a b s o r b e d power. 

L e n g t h (m) S lope A b s o r b e d T h r e s h o l d Outpu t Power 
Ef f i c i e n c y (%) Power (mW) (mW) t 

2 . 8 20 620 5 2 0 
2 . 0 23 $ 5 95 
1 . 6 25 720 5 60 
1 . 4 37 600 7 8 0 

t v a l u e s g i v e n f o r 3W a b s o r b e d 
$ n o t m e a s u r e d 

T a b l e ^ 2 

The h ighes t o u t p u t power and slope e f f ic iency were obse rved with t h e 
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1.4m leng th , where an inc ident power of 9.6W (5W a b s o r b e d ) yielded 

1.24W a t 2.01pm, with a t h r e sho ld of 1.2W inc iden t {600mW abso rbed ) . 

The laser c h a r a c t e r i s t i c is shown in Fig.7.9. The slope e f f ic iency of 

37% r e p r e s e n t s an in t e rna l quantum ef f ic iency of 70%. The marked 

improvement in pe r fo rmance obta ined by cu t t i ng back from 1.6m to 1.4m 

is t h o u g h t to be due more to a high qual i ty cleave and f o r t u i t o u s 

mirror a l ignment t h a n to a s t r o n g l eng th dependence e f f ec t , a l though 

the overal l t r e n d is one of improving pe r fo rmance with diminishing 

f i b r e l eng th . 

The high power point a t 1.24W fo r the 1.4m leng th was obta ined by 

chang ing t h e Nd:YAG lamp c u r r e n t from i ts normal ope ra t ing level of 

18A to 19A to give t h e maximum power of 9.6W. This is v e r y likely to 

a l t e r t he pump beam c h a r a c t e r i s t i c s such t h a t t h e launch e f f ic iency is 

no longer t h e 55% as determined with t h e 18A c u r r e n t . However, since 

th i s new launch e f f ic iency was unknown, 55% was assumed t h r o u g h o u t , 

and it is f o r th i s r eason t h a t t h e 1.24W point lies off t h e s t r a i g h t 

line f i t : it is not believed to be ev idence of o u t p u t power 

sa tu ra t ion . 

A spec t rum of t h e laser emission was t aken by ana lys ing the 

o u t p u t with a monochromator with a s t epp ing motor dr ive . The r e s p o n s e 

was monitored on a PbS de tec to r connec ted to a Y-T c h a r t r e c o r d e r . 

Fig.7.10 shows the spec t rum fo r a 1.3m leng th of f i b r e pumped a t 5 

times above th r e sho ld . The inc iden t power he re was 6W and t h e f i b r e 

l ase r o u t p u t was 420mW. The spec t rum has two main peaks c e n t r e d a t 

1991nm and 2000nm, and both exhibi t some degree of modulation. This 

modulation s u g g e s t s t h e p r e s e n c e of an etalon, a l though t h e a v e r a g e 

spac ing of O.Snm would r e q u i r e a 2.5mm gap in a i r and no f e a t u r e s of 

th i s dimension existed in the cavi ty . The e f f ec t could be due to a 

po la r i sa t ion- re la t ed phenomenon, b u t no polar isat ion sens i t ive 

elements were inco rpora t ed . A t h i r d possibi l i ty is ins tabi l i ty in the 

monochromator d r ive mechanism. 

In a f u r t h e r a t t empt to optimise the o u t p u t power with r e s p e c t to 

l eng th , a f i b r e was pumped a t a fixed inc ident power of 9.6W as the 

l eng th was cu t back from 2.0m to 0.7m. Fig.7.11 shows the var ia t ion of 

f i b r e laser power with length . There was no s ign i f ican t var ia t ion of 

l a se r wave leng th with l eng th , t h e emission wavelength being 2.0A'm in 

all cases . The h i g h e s t o u t p u t power was o b s e r v e d from the 0.7m leng th . 

If a launch e f f i c iency of 55% is assumed (despi te the f ac t t h a t the 

inc reased lamp c u r r e n t may have changed th i s value) t hen the a b s o r b e d 
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Fig.7.11 Variation of laser power at 2/Jm with f ibre 
length for 9.6W incident power 
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pump power would be 4.4W. The f i b r e laser power was 1.35W, the h ighes t 

power obse rved a t a n y time du r ing th i s work. 

The genera l t r e n d shown in Pig.7.11 implies t h a t l eng ths s h o r t e r 

than 0.7m may yield even h ighe r powers , s ince the fall off in power 

with inc reas ing l eng th ind ica tes t h a t hos t absorp t ion and r eabso rp t ion 

in the thermal ly popula ted lower laser level is s ign i f ican t fo r longer 

l eng ths . Unfo r tuna t e ly it was not possible to use s h o r t e r l eng ths 

since, in o r d e r to do so, t he microposit ioning blocks would need to be 

placed close t o g e t h e r in such a way t h a t t he f i b r e would be ben t 

cons iderab ly between the two blocks. The la rge f i b r e diameter meant 

t h a t t h e minimum bend r a d i u s was prohib i t ive ly la rge if 

b e n d i n g - i n d u c e d f r a c t u r e was to be avoided. I t is i n t e r e s t i ng to 

compare Fig.7.11 with Fig.7.6 fo r the small core diameter f ib re , and 

specula te t h a t t he optimum leng th fo r t h e la rge core f i b r e may exhibit 

a similarly p ronounced dependence on f i b r e l eng th fo r f i b r e s s h o r t e r 

t h a t 0.7m. 

7.5.3 Output Beam Charac te r i s t i c s 

The 2/Jm f ib r e source has promising appl ica t ions due to i t s h igh power 

capabil i t ies , b u t if t he se a r e to be real ised t h e r e remains the 

r equ i r emen t t h a t t h e beam qual i ty be su f f i c ien t ly good f o r prac t ica l 

p u r p o s e s such as l aunching into a t ransmiss ion f i b r e or focus ing down 

to a small spo t size. 

The beam and mode cha rac t e r i s t i c s (spot size, number of 

p ropaga t ing modes) may be p red i c t ed from the f i b r e pa ramete r s , i.e., 

core r a d i u s and numerical a p e r t u r e , assuming a s t ep r e f r a c t i v e index 

profi le . However, in p rac t ice t h e index prof i le of a typica l f ib re may 

deviate s igni f icant ly f rom an ideal s t ep index. This is demonst ra ted 

by Fig.7.12, which shows the r e f r a c t i v e index prof i le for the 

thu l ium-doped f i b r e , where the index d i f f e r ence re la t ive to the 

c ladding glass is p lo t ted aga ins t radia l d is tance. The GeO component 

of the core composition is r educed to GeO in the cen t ra l region as a 

consequence of the fabr ica t ion p r o c e s s and is s u b s e q u e n t l y lost, 

caus ing a dip to a p p e a r in the c e n t r e of the index profi le . An 

expanded plot of the core region is shown in Fig.7.13. The r e f r a c t i v e 

index measurements were pe r fo rmed on the f i b r e p re form [7.4], b u t the 

index prof i le is assumed to remain unchanged when the preform is 

pulled down into a f ib re . 
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Severa l t e c h n i q u e s have been developed [7.5, 7.6, 7.7, 7.8, 7.9, 

7.10] to determine the p ropaga t ion cha rac t e r i s t i c s of f i b r e s with 

a r b i t r a r y r e f r a c t i v e index prof i les by t r ans fo rming t h e prof i le into 

an "equiva len t s t ep index" (ESI), s ince analyt ical solut ions for s tep 

index prof i les a r e well known [7.11]. If t he ESI method p r e d i c t s an 

mode c u t of f , p ropaga t ion cons tan t , mode field r a d i u s and 

e v a n e s c e n t field close to the pa rame te r s of t h e ac tua l f i b r e , t hen 

even the bend ing and splice losses can be p red ic t ed , and complex 

methods exist to e n s u r e su f f i c i en t accuracy . For the thulium f i b r e the 

only p a r a m e t e r s of i n t e r e s t a r e the core r ad ius , determined by the 

equ iva len t s t ep width ( the "equiva len t core r ad ius" ) , and the 

numerical a p e r t u r e , de r ived from the he igh t of t h e equ iva len t s t ep 

( the "equ iva len t prof i le he igh t" ) , and t h e r e f o r e a much simplified 

ve r s ion of t h e ESI t echn ique may be used [7.5]. 

The ESI method is used to der ive two pa ramete r s , t h e equ iva len t 

core r a d i u s and t h e equ iva len t prof i le he igh t h^, from an ana lys i s 

by moments of t h e r e f r a c t i v e index prof i le of the f i b r e p re form. 

The prof i le moments a re def ined as 

Q 
m (7.1) 

0 

2/ \ 2 
n (r) - n 

where siR) = (7.2) 

"O - " c 1 

and nir) is t h e r e f r a c t i v e index prof i le , n is t he maximum r e f r a c t i v e 

index, is t h e c ladding r e f r a c t i v e index, and r is t he radia l 

posit ion ac ros s the preform. R is t he normalised r a d i u s r / p , where p 

is t he ac tua l core r ad ius , and m g ives the o r d e r of t h e moment. 

Normalised moments a re def ined as 

17-31 

In the weak gu idance approximation, Eq.7.2 becomes 
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n(r) - n 
A* S__ (7 4) 

"o - " c l 

and s(R) is assumed to be zero for i? > 1. 

The ESI method s t a t e s t h a t only the even moments a re needed to 

spec i fy any r e f r a c t i v e index prof i le [7.10], and f u r t h e r , t h a t 0 fo r 

the ac tua l prof i le is equal to 0^ fo r the s t ep profi le . This is also 

t r u e f o r the normalised moment 0^. These equal i t ies give the 

following: 

where 

Pe = ( (^5) 

(7:6) 

% = sfjfXfZdJ? (7.7: 

1 

J dJR 
(7.8) 

0 

Performing the i n t eg ra t i ons i n d e p e n d e n t l y on both the r i g h t and le f t 

hand s ides of the prof i le in Fig.7.13 gives p = 7.5Mm and h = 
e e 

0.0064. The numerical a p e r t u r e NA f o r a s t ep index is given by 

, 2 2 \ l / 2 
1) (7\9) 

where is t h e core r e f r a c t i v e index. In the case of the equ iva len t 
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s t ep cons idered here, t h e core index is ra i sed by a value above the 

c ladding. For the s i l ica-based f i b r e s used in th i s work, n = 1.4585. 

There fo re \s = 1.4649. Hence the numerical a p e r t u r e is 

0.137 and the normalised frequency K = (27rp^/X) x then implies 

that, at the mode cut off where ^ = 2.405 for a step index, the 

cu t off wave length is 2.7/Jm. The f i b r e laser o u t p u t could t h e r e f o r e be 

multimode a t 2pm. In fac t , a t 2/Jm the F-number is 3.23, so only t h e 

mode can p r o p a g a t e in addi t ion to the fundamen ta l mode [7.12]. 

To inves t iga te the ac tua l mode prof i le , t h e f a r field o u t p u t beam 

was scanned with a PbS de tec to r in t h e a r r a n g e m e n t shown in Fig.7.14. 

A 70cm leng th of f i b r e was pumped with 7.2W inc ident on the launch 

ob jec t ive from the TAG source , yielding 420mW a t 2/Jm from the f i b r e 

laser . The o u t p u t from t h e f i b r e was passed t h r o u g h a f i l t e r to remove 

the pump component be fo re r each ing the de tec tor . The de tec to r was 

f i t t ed with a pinhole a p e r t u r e {i.e., c i rcu la r ) d i rec t ly in f r o n t of 

t h e ac t ive a rea , and was scanned t r a n s v e r s e l y ac ros s the beam on a 

linear translation stage. Note that it is important in such a 

measurement t h a t t h e a p e r t u r e is a c i r cu la r hole r a t h e r t h a n a slit , 

as the latter would integrate along its length and, for instance, 

transform a uniform intensity circular profile into something looking 

v e r y much like a Gaussian. 

The beam was scanned at a distance of 60cm from the output 

coupler. A typical profile is shown in Fig. 7.15. This profile was 

measured a f t e r locating t h e peak signal in a plane p e r p e n d i c u l a r to 

the beam propagation direction, but is similar for profiles taken 

through other regions of the beam, Y.e., the profile is symmetrical 
abou t a cen t r a l peak. 

A Gaussian curve has been fitted to the data points shown in 

Pig.7.15, and shows clearly that the f ibre laser is operating in its 

fundamenta l mode. The beam d ive rgence B may be found by measur ing the 

spo t size w{z) a t a known d is tance ^ from the waist [7.13]. The 

expression 

w(z) = 1̂1 + (7.10) 

where is t he waist spo t size and X is the p ropaga t ion wavelength , 

is u sed to der ive t h e ha l f - ang le d ive rgence g iven by 
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Fig.7.15 Intensity profile of the 2m f ibre laser 
output beam showing single mode structure 
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« = (7.11) 
dz z 00 

as the following 

8 = (7.12) 

Thus by measuring 9 directly, the waist spot size at the f ibre 

o u t p u t end can be found , p rov id ing the d i s tance is such t h a t \ z / n v / 

» L ° 

Since Fig. 7.15 depic t s i n t ens i ty , i t is t he separa t ion of the 

1 / e poin ts on e i the r s ide of the peak t h a t must be used in 

con junc t ion with the d is tance between the detect ion posit ion and the 

o u t p u t coupler to give t h e d ive rgence . This measurement yie lds 6 = 

lOSmrad. From Eq.7.12 a waist spo t size of 6.2/Jm is t h e n obta ined, 

assuming a d i f f r ac t ion limited o u t p u t and tak ing X = 2Um. The Gaussian 

approximation for mode f ields [7.14] g ives a spot size for the 

fundamenta l mode of 

"o = Pe (In (7.13) 

and so, a t 2/Jm where V = 3.23, t he calculated spo t size is = 6.9iJm. 

This is in good agreement with the measured spot size of 6.2Mm. 

The in t ens i t y prof i le indica tes tha t , a l though in pr inc ip le two 

modes can be supported at 2;Jm, in practice only the fundamental mode 

is excited, even when pumped at s eve ra l times above th re sho ld (in th i s 

case up to 6 times the t h r e sho ld inc iden t power) . 

The pump prof i le exhibi ts a more complicated s t r u c t u r e . At 

1.064/Jm the F-number is 6.07, indica t ing t h a t up to 6 LP modes can 

propagate [7.12]. A typical profile is shown in Fig.7.16, where the 

f i l t e r has been removed to enable pump l ight to r each t h e de tec tor . 

The ful l mode s t r u c t u r e cannot be seen with a simple l inear scan 

t h r o u g h t h e beam, bu t viewing the o u t p u t on an i n f r a r e d viewing ca rd 
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confirmed t h a t severa l modes were p ropaga t ing . 

7.6 Excited S ta te Absorpt ion in Tm^^-Doped F ibre 

7.6.1 In t roduc t ion 

The phenomenon of vis ible emission from the thu l ium-doped f i b r e when 

pumped a t 1.064/Jm has been desc r ibed br ie f ly above. In th i s sect ion 

the e f fect is described in more detail, and a rate equation model is 

developed to desc r ibe the e f f e c t of the excited s t a t e abso rp t ion 

p roces s on the popula t ions of t h e e n e r g y levels, t h e pump abso rp t ion 

and the small s ignal gain. 

7.6.2 Spec t ro scopy 

A side light f luorescence spectrum (taken with the 8.6fVm core diameter 

f ibre) for excitation at 1.064A^m is shown in Fig.7.17, where the pump 

power incident on the launch objective was 6W. The method used to take 

t he spec t rum was similar to t h a t desc r ibed in Section 7.2, with t h e 

monochromator h e r e f i t t ed with a g r a t i ng blazed a t 500nm and a 

photomultiplier tube for signal detection. The predominant feature in 

t he spec t rum is a peak in the blue region , c en t r ed a t 467nm. The blue 

emission is easily seen with the naked eye for pump powers in the tens 

of milliwatts region and particularly bright at the multiwatt pump 

level. There are also much weaker features centred at 368nm, 650nm and 

784nm. The blue emission is shown in more detail in Fig.7.18. 

The f luo rescence lifetimes fo r t he se emission wavelengths were 

measured by interrupting the pump beam with a mechanical chopper and 

observing the subsequent decay of the side l ight f luorescence signal 

on a digital s t o rage oscilloscope, in an experimental a r r a n g e m e n t 

similar to the one shown in Fig,4.5 f o r t h e y t t e rb ium lifetime 

measurements . During the measurements t h e choppe r was s i tua ted a t t he 

waist of the pump beam to e n s u r e t h e f a s t e s t possible interruption of 

the beam. However, to determine the system response time the chopper 

was moved to the f ibre output end with the end light signal now 

monitored by the photomultiplier tube. In this way the continuous wave 

f luorescence signal from the f ibre was chopped, and the decay time was 

due only to the detection system response. This technique was used 

because the pump signal was too weak to be obse rved in side l ight ( the 
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Fig.7.18 As Fig.7.17 with expanded wavelength scale 
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1 

normal way of measuring system response) . The system response, taken 

as the time f o r the s ignal to fall from 90% to 10% of i t s initial 

value, was 20/Js. Since a t t he chopping location fo r th i s measurement 

the beam was l a r g e r t h a n a t t he location fo r lifetime measurements , it 

may be concluded t h a t in de termining the f luorescence lifetimes the 

system r e s p o n s e is 20Ms. 

The decay of the blue emission a t 467nm was seen to be single 

exponential with a lifetime of 230^s. The r ed emission a t 650nm also 

had a measured lifetime of 230/^8. The ultraviolet and infrared 

emissions had much s h o r t e r s ingle exponent ia l l ifetimes of 20ps, and 

a r e t h e r e f o r e likely to be de tec tor- l imi ted (pumping a t 797nm with a 

S t y r y l 9M dye l ase r [7.15] gave a lifetime of abou t 10/Js fo r the 

i n f r a r e d decay). 

With r e f e r e n c e to the e n e r g y level diagram of Fig,7.19, t he 

production of the upconverted wavelengths may be described as follows. 

The blue emission (467nm) a r i s e s from decay from the level to the 

S ta rk levels in the g round s t a t e mult iplet as obse rved u n d e r the 

d i rec t pumping scheme us ing 476nm l ight desc r ibed in Chapte r 6. The 

red emission (650nm) can also be ident i f ied as or ig ina t ing from t h e 

level s ince it has t h e same lifetime. This t r ans i t ion te rmina tes 
3 

on the u p p e r l a se r level involved in 2)Um laser action. Emission 

a t 784nm is t h o u g h t to be due to decay from to fo r the r ea sons 

d i scussed in Chapter 6 involving g round s t a t e r eabso rp t ion , and 

emission at 368nm is thought to be due to the to transition. 
2 6 

The high- lying levels are populated by a process of multiphoton 

sequent ia l abso rp t ion of pump and , poss ib ly , f luo rescence photons . The 

p roces s beg ins with the abso rp t ion of a 1.064/Jm pump photon from the 

Hg g round s t a t e into the h igh e n e r g y wing of which rap id ly 

decays nonradiatively to where population builds up if the f ibre 

is not unde rgo ing laser action a t 2pm. S u b s e q u e n t abso rp t ion of a 

second pump photon from this level into the and levels is 

followed by rap id nonrad ia t ive decay to ^F . This level loses 

populat ion by decay to the g r o u n d s ta te giving emission in the 

i n f r a r e d a round 780nm, and also by abso rp t ion by a t h i rd pump photon 

to G^, from where the blue and r ed f luo rescence or ig inate . The 

absorp t ion of t h e second and t h i r d pump pho tons in th i s scheme is 

nearly resonant for both of the relevant transitions, and accounts for 

t he s ign i f ican t amounts of u p c o n v e r t e d emission desp i te the weak 

absorption of pump light from the ground state. Several mechanisms are 

190 



868nm 

1064nm 

10G4nm 

I064nm 

660nm 

784nm 467nm 

V 

D 
2 

G 
4 

3 

3 

3 

R 
2,3 

F 

H 

4 

5 

3 H 

^ 3 
H 

6 

Fig.7.19 E n e r g y levels involved in upconve r s ion 
in Tm - d o p e d f i b r e 

191 



possible f o r the populat ion of [7,16] b u t the most likely 

explanat ion is t h e abso rp t ion of "blue" pho tons (emitted by rad ia t ive 

relaxat ion from to by populat ion in t h e level d i rec t ly 

into th i s This is s t rong ly s u g g e s t e d by t h e inc reased abso rp t ion 

by the f i b r e for p robe wave leng ths of 450-465nm when pumped a t 1.064Min 

compared to when the pump is switched off , a f t e r t he method of [7.17] 

and desc r ibed in [7.16]. Decay from to H is also t h o u g h t to 

c o n t r i b u t e to the s h o r t wavelength side of the blue emission. 

The hypo thes i s t h a t t h e abso rp t ion of t h r e e pho tons is t h e means 

by which is popula ted can be val ida ted by measur ing the in t ens i ty 

of t h e blue emission as a func t ion of pump in tens i ty , s ince the blue 

i n t ens i t y will be propor t iona l to the pump in t ens i t y ra i sed to t h e 

power m, where m is the number of pump photons r e q u i r e d to yield one 

u p c o n v e r t e d photon, if p h o n o n - a s s i s t e d p r o c e s s e s and g round s t a t e 

depletion are neglected. A side l ight monitoring technique (using a 

f i b r e bundle to t r a n s f e r l ight from the f r o n t end of the thu l ium-doped 

f i b r e to the monochromator) was used to measure t h e blue emission on a 

photomult ipl ier t u b e as t h e inc ident pump power was inc reased from 

zero to 5W. The 17Mm core diameter f i b r e was used fo r th i s 

measurement. By plotting the logarithm of the blue signal against the 

logari thm of t h e inc iden t power, a s t r a i g h t line is obta ined with 

g r a d i e n t m. This is shown in Fig.7.20, where t h e g r a d i e n t over the 

range of input powers from zero to IW gives m = 3, thus confirming 

t h a t G^ is popula ted by the absorp t ion of t h r e e pump photons . For 

higher pump powers, ground state depletion becomes significant and the 

c u r v e beg ins to s a t u r a t e such t h a t i ts g r a d i e n t fal ls below m = 3. 

When laser action occurs from the level, the population of 

this level will differ from its value when lasing does not take place. 

This has implications for the number of u p c o n v e r t e d pho tons s ince the 

r educ t ion in lifetime by st imulated emission means t h a t t h e populat ion 

of the excited s t a t e is r educed . This was demons t ra ted by monitoring 

both t h e u n a b s o r b e d pump power leaving the o u t p u t end of the f i b r e , 

and the side l ight blue emission, when laser act ion was allowed and 

when it was p r e v e n t e d (by u n b u t t i n g the o u t p u t coupler ) . For t he se 

measurements a 70cm length of the ITA/m core diameter fibre was used. 

In Fig.7.21 the unabsorbed pump power is plotted against incident pump 

power for the two cases of lasing and not lasing. This demonstrates 

that more pump power is absorbed when lasing is prevented, since the 

level is not being clamped by laser action at 2A'm. Population can 
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build up in th i s level and is t h e r e f o r e available fo r upconvers ion . 

The l inear {for the r a n g e of powers used here) power dependence fo r 

the lasing case, as d i scussed in Section 7.3, indica tes t h a t t he ESA 

problem is not as de t r imenta l as might f i r s t be t h o u g h t , s ince for a 

given power above t h r e sho ld the pump abso rp t ion du r ing laser action is 

less t h a n t h a t when oscillation is p r e v e n t e d . Fig.7.22 shows the blue 

s ignal a t 467nm as monitored on the photomult ipl ier t u b e in s ide l ight 

as t h e pump power is va r i ed fo r the las ing and non- las ing cases . The 

non- las ing c u r v e has a cubic dependence on pump power u p to IW as 

desc r ibed above. For powers in excess of abou t IW, t h e c u r v e s a t u r a t e s 

and t h e power law dependence fal ls from 3 to about 1.5 (for 5W 

incident) . During laser action, t h e blue yield is genera l ly much 

r educed since the amount of upconver s ion is r educed by t h e decreased 
3 

populat ion in H^. The poin t a t which t h e two c u r v e s i n t e r s e c t def ines 

th resho ld . Fig.7.22 ind ica tes t h a t th i s would occur a t abou t 1.5W 

inc iden t for the 70cm l eng th of f i b r e used he re , and in f ac t t h re sho ld 

was measured as 1.2W, in reasonab le agreement . 

The yield of u p c o n v e r t e d f luorescence , f o r a f ixed pump power, 

has been demons t ra ted to dec rease s ign i f ican t ly when laser action 

occu r s a t 2Mm compared to t h a t o b s e r v e d when laser action is 

p r e v e n t e d , and the slope e f f ic iency with r e s p e c t to a b s o r b e d power is 

comparable to t h a t achieved fo r pump wave leng ths t h a t do not lead to 

excited s ta te absorp t ion . The main problem p r e s e n t e d by ESA then , in 

the 1.064/Jm pumped scheme, is t he imposition of a high t h r e sho ld , 

since the removal of upper laser level population by ESA means the 

pump ra te must be high enough to compensate fo r th i s loss before 

invers ion can be a t t a ined . I t is p robab le t h a t a marked reduc t ion in 

th resho ld could be achieved , p e r h a p s by modifications in the hos t 

f i b r e fabr ica t ion p roces s to a l t e r t he lifetimes and c ross sect ions 

f avourab ly . 

7.7 Modelling of the Thulium-Doped Fibre 

7.7.1 In t roduc t ion 

In t h i s sect ion, a simple r a t e equat ion model of the thulium system is 

used to desc r ibe the pump absorp t ion , small s ignal gain a t 2Mm, and 

the populations of the energy levels, in the presence of excited state 

absorp t ion leading to u p c o n v e r t e d emission in the blue. The model 
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cons iders the g round s ta te and t h e f i r s t f ive excited s t a t e s u p to 

i.e., any cont r ibut ion to t h e blue emission from D^, and f o r 

t h a t matter the ul t raviole t emission, is neg lec ted in o r d e r to 

simplify the analys is . This is j u s t i f i e d in view of t h e s h o r t lifetime 

of (320^8) and the f ac t t h a t t h e u l t rav io le t emission is v e r y weak 

compared to t h e blue. For similar r e a s o n s t h e i n f r a r e d emission a r o u n d 

780nm ar i s ing from the t r ans i t i on , and the r e d emission 
1 3 

a round 650nm ar i s ing from t h e t r ans i t ion , a r e also 

neglected. 
The remaining t r ans i t ions t h a t will be cons ide red a r e shown in 

Fig.7.23. The e n e r g y levels a r e labelled f rom 0 to 5, where level 0 3 3 3 

r e p r e s e n t s level 1 r e p r e s e n t s H^, level 2 r e p r e s e n t s H^, level 

3 r e p r e s e n t s level 4 r e p r e s e n t s ^F^ ^ and level 5 r e p r e s e n t s G^. 

These levels have populat ions where i is t h e level label 0 to 5. 

The lifetimes of levels 5, 3 and 1 a r e g iven by and x 

respec t ive ly . Levels 2 and 4 a r e assumed in t h i s ana lys i s to decay 

v e r y rapid ly such t h a t t he i r l ifetimes may be neglec ted . The 

absorp t ion c ro s s sect ion for t h e pump t r ans i t i on (0 to 2) is g iven by 

P 2* the two success ive excited s t a t e ab so rp t i on p r o c e s s e s (1 to 4 

and 3 to 5) have c ross sec t ions of cr and r e spec t ive ly . The 

emission c ro s s section fo r 2^m f luo re scence on t h e 1 to 0 t r a n s i t i o n 

is given by 

7.7.2 Rate Equat ions 

The total populat ion n is given by t h e sum of the indiv idual level 

populat ions, such t h a t 

n = (7.14) 

Since levels 2 and 4 a re cons t r a ined to be empty th i s r e d u c e s to 

n = (7.15) 

Let t h e t r ans i t ion r a t e between levels i a n d j be IV. y The r a t e 
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equa t ions for levels 0, 1, 3 and 5 may t h e n be wr i t t en as 

''lo "i + %o "s ' '^02 "o '7-16) 

"oz "o + "31 "3 " <"10 + ^ 4 ' "1 

•^,4 * "=3 "5 = I " 3 , + ^35) "3 (7-18) 

"as "3 - I%S3 + ''so' "5 M'191 

From Eq.7.19, may be exp re s sed as 

^ 5 3 + ^50 

(7.20) 
^35 

" s = "3 
+ " so 

S u b s t i t u t i n g fo r n in Eq.7.18 yields 

•̂ 14 
_ n (7.21) 

- — 
and s u b s t i t u t i n g fo r n in Eq.7.17 gives 

n = (r, 22) 
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Eqs. 7.20, 7.21 and 7.22 may be simplified by not ing t h a t t he 

t r ans i t i on r a t e s fo r decay may be wr i t t en as 

>^,0 = (7-23) 

"31= S ' 17-24) 

Level 5, unl ike levels 3 and 1, decays to more t h a n one f inal level in 

the model and so t h e total decay r a t e is given by 

' ' so + 1̂ 53 = <7.25) 

where the t r ans i t i on 5 -> 0 has rad ia t ive quantum ef f ic iency H given by 

^50 
n = — (7.26) 

+ ^53 

The t r ans i t ion r a t e fo r abso rp t ion of the initial photon in t h e t h r e e 

photon p roces s is given by 

A f , = n \27) 

where h is P lanck ' s cons tan t , is t he f r e q u e n c y of the pump l ight and 

liz) is t he local pump in t ens i t y a t d i s tance 2 along t h e f ib re . By 

in t roduc ing the pump sa tu ra t ion in t ens i ty where = hi ' / iox^), and 

t h e pa ramete r kiz) = I{z)/l^, becomes 

P/gg = ai (7.28) 
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Similarly, by i n t roduc ing t h e pa rame te r s 

2 (7.29) 

^35 " ' s / ' o z (7-3°) 

the t r ans i t i on r a t e s fo r t h e two ESA p r o c e s s e s may be wr i t t en as 

'^14 " (7.311 

1^35 = (7.32) 

For f u r t h e r simplification in la te r express ions two f u r t h e r pa rame te r s 

a r e in t roduced : 

?3 = ^3/^1 (7-33) 

?s " ^5 /^1 (7-34) 

Eqs.7.20, 7.21 and 7.22 may t h e n be wr i t t en as 

n^iz) = TgPgg k(z) n^{z) (7.35) 

&(z) 
n (z) = nAz) (7.36) 

1 + M z ) 

k{ z) 
n (z) = : n (z) (7.37) 

1 * nv^f i^^k(z) 
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The populat ions of levels 1,3 and 5 a r e t h u s de sc r ibed in t e r m s of t h e 

l e n g t h - i n d e p e n d e n t pa ramete rs n» K and t h e l e n g t h - d e p e n d e n t 

parameter k{z). The form of t h i s l eng th dependence of k{z) is 

cons idered in the following sect ion. 

7.7.3 Pump Absorpt ion 

In a simple two-level absorp t ion scheme, t h e decay of t h e pump 

in t ens i ty Hz) with dis tance z along t h e f i b r e is exp re s sed as 

- a n' jTz) (7.38) 

where o is t he absorp t ion c ro s s sect ion of the t r ans i t ion and n is 

t he populat ion d i f fe rence between the lower and u p p e r level. In the 

case of the model for the thulium system t h e r e a r e t h r e e a b s o r b i n g 

t r ans i t i ons ac t ing on the pump l ight , and t h e basic equat ion f o r pump 

decay is given by 

= - fa .. (7.39) 

where has been neglected s ince i t is small with r e s p e c t to n^. By 

ut i l is ing the pa ramete rs k and Eq.7.39 may be r e w r i t t e n in t h e 

following form: 

1 
k dz 

(7.40) 

The ra t ios n^(z)/n^{z) and n^{z)/n^{z) a r e f o u n d from Eqs.7.36 and 

7.37. At th i s point i t is u se fu l to i n t roduce t h e normalised l eng th 

w = z/I (7.41) 
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where 1 is t h e f i b r e l eng th , and t h e pa rame te r 

f = (7.42) 

which fo r a fixed f i b r e l eng th is a cons t an t , where is t h e 

abso rp t ion coeff ic ient a. Eq.7.40 t h e n becomes 

dk{w)_ 

dw 
= -fkiw) 

" o f " ) 

n 
1 + 

rngf 1 , 9 3 5 * ( " ) 
1 + 

1 + i l T s P s s k t " ) 

1 + (1 + 

1 + ^"3p35A:(' ') 

(7.43) 

The ra t io n^{w)/n is f ound by s u b s t i t u t i n g fo r and (by us ing 

Eqs.7.35, 7.36 and 7.37) in Eq.7.15 to obta in 

- 1 

n 

k{ w) 
1 + 

1 + 
1 + %73f35&(") 

1 + [ l + 75p35&(*r)J 
l + nYgPgsAi*) 

(7 .44) 

Hence Eqs.7.43 and 7.44 can be used to desc r ibe t h e evolution of the 

pump in t ens i ty with f i b r e l eng th t h r o u g h the pa ramete r k{w). 

7.7.4 Gain on t h e 2/Jm Trans i t ion 

The express ion desc r ib ing the r a t e of c h a n g e of laser i n t ens i t y I^iz) 

with d i s tance z along t h e f i b r e is 

dz 
(7.45) 
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where n. is t he populat ion invers ion . The u p p e r level populat ion is 

and the lower level is a S t a rk level in the g round s t a t e multiplet 

with a populat ion of an , where a is t he f r ac t i on of t h e total g round 

s t a t e populat ion r e s id ing in t h e S ta rk level u n d e r condi t ions of 

thermal equil ibrium. Hence the gain may be exp res sed by 

— ( 7 . 4 6 ) 

dz 

The single p a s s exponent ia l gain coeff ic ient ( the r i g h t hand side of 

Eq.7.46) may t h e n be calculated fo r va r ious va lues of the f rac t iona l 

lower level populat ion, a, by s u b s t i t u t i n g f o r and n (us ing 

Eqs.7.15, 7.35, 7.36 and 7.37) and i n t e g r a t i n g over the f i b r e 

l eng th 1. 

The populat ion of levels 5, 3 and 1 (Eqs.7.35, 7.36 and 7.37) may 

now be exp res sed in t e rms of the total populat ion n ( a f t e r a p p r o p r i a t e 

s u b s t i t u t i o n s and use of Eq.7.44), t o g e t h e r with t h e decay of t h e pump 

in t ens i t y (Eq.7.43) and the laser gain (Eq.7.46). The parameter i sa t ion 

of t h e s e express ions was pe r fo rmed to faci l i ta te the use of computer 

solution methods to calculate the popula t ions , remaining pump 

in t ens i t y (or power in th i s case, s ince the f i b r e a r ea is cons tan t ) 

and gain, fo r a g iven f i b r e l eng th over a r a n g e of i n p u t pump 

in tens i t ies . Of these , t he only d i rec t ly measurable q u a n t i t y is the 

u n a b s o r b e d pump power exit ing the end of the f i b r e as a func t ion of 

inc ident pump power. This da ta was obta ined by pumping a 74cm leng th 

of the 17/Jm core diameter f i b r e a t 1.064/Jm and monitoring t h e o u t p u t 

pump power on a power meter while v a r y i n g t h e inc iden t power. A cu t 

back determined the l aunch e f f i c iency to be 40%. Fig.7.24 shows the 

r e su l t i ng u n a b s o r b e d pump power v e r s u s launched pump power c u r v e to 

which the model will be f i t t ed . 

7.7.5 Fi t t ing t h e Model 

Most of the p a r a m e t e r s f e a t u r i n g in the model can be est imated on the 

bas is of experimental evidence. The lifetime of level 5 is t aken as % 

= 230/Js, and t h a t of level 3 as t = lO)Js. The level 1 lifetime of r 
3 1 

- 200^'s t hen yields = 1.15 and = 0.05. The abso rp t ion c ross 
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Fig.7.24 U n a b s o r b e d pump power v e r s u s i n p u t power 
f o r 74cm f i b r e , wi th c u r v e ca lcu la ted f rom 
t h e model a d d e d 
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sect ion is found from = a / n , where the abso rp t ion coeff ic ient 

a = 0.46m ^ and dopant concen t ra t ion n % 1.86 x 10^^ ions/m^ give (Z 

2.5 X 10 m^. The emission c ro s s sect ion is calculated us ing 

the re la t ion [7.19] 

4 
O\O = (7.47) 

8* c AX,, , 

where X is t h e peak f luo rescence wave leng th , A ^ is t h e rad ia t ive 

lifetime of t h e t r ans i t ion , c is t h e speed of l ight , is t he 

r e f r a c t i v e index of t h e hos t and AX is the e f f ec t ive width of the 
ei 1 

f luo rescence band , def ined as t h e i n t e g r a t e d f luo rescence in t ens i t y 

divided by t h e peak f luo rescence in tens i ty . Taking = 3.4ms [7.18], 

= 1.4585, AXg,, = 200nm and X = 2^m gives a 1,4 x lo"^^ m^. 

The rad ia t ive quantum ef f ic iency n fo r level 5 is es t imated us ing t h e 

F u c h t b a u e r - L a d e n b u r g re la t ion i n t roduced in Chapte r 4 (Eq.4.1). 

Measurements on the abso rp t ion spec t rum (Fig.6.1) f o r the 

t r ans i t ion yield a calculated rad ia t ive lifetime of 2.2ms. The 

measured lifetime of 230/Js t h e r e f o r e ind ica tes a quantum ef f ic iency of 

n « 0.1. Finally, of t h e "known" pa rame te r s , fo r a f i b r e l eng th 1 of 

74cm, t h e l eng th pa rame te r f = a n j is 0.34. 

Two f i t t i ng p a r a m e t e r s remain, and 0 , r e p r e s e n t i n g the 

abso rp t ion c ro s s sec t ions fo r the second and t h i rd s t e p s in the t h r e e 

photon excitation p roces s of level 5. To proceed , an i n p u t pump power 
P. is set . This de f ines an initial kiz) value of k{0) = P / p . 
1 i n' 8 

Eq.7.43 is t hen i n t e g r a t e d along the f i b r e l eng th (us ing Eq.7.44 to 

s u b s t i t u t e fo r n^iz)/n) to calculate the total change in t h e value of 

k, f rom which the u n a b s o r b e d pump power can be calculated, i.e., t h e 
u n a b s o r b e d pump power is equal to [MO) - kil)] x p , This is 

sa t 
r e p e a t e d fo r seve ra l va lues of the i n p u t pump power, i.e., s eve ra l 

va lues of k(0), to p roduce a c u r v e showing u n a b s o r b e d pump power 

v e r s u s i n p u t pump power. The c ro s s sect ion p a r a m e t e r s a r e t h e n 

a d j u s t e d unt i l t h i s c u r v e f i t s t he experimental da ta of Fig.7.24. 

Since the a b s o r p t i o n s between levels 1 ^ 4 and levels 3 -> 5 a r e 

nea r ly r e sonan t , whereas the g round s t a t e abso rp t ion t e rmina tes in the 

wings of t h e level 2 abso rp t ion band, t h e initial assumpt ion t h a t ^ 

2: 1 and 0 ^ 1 is made. Fi t t ing the experimental da ta was achieved by 
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f i r s t se lect ing equal va lues of and p . Values fo r t h e s e of 25, 

50 and 85 were t r i ed initially, b u t none were s a t i s f ac to ry , and in 

f ac t t he problem lies with the re la t ive ly h igh value of Fig.7.25 

shows t h e c u r v e s g e n e r a t e d fo r = 10 as is va r ied from 60 to 

90. The f i t is reasonable fo r low i n p u t powers (<500mW) f o r = 60, 

b u t poor a t h i g h e r powers . With = 90 t h e f i t is s l ight ly improved 

fo r i n p u t powers g r e a t e r t h a n about lOOOmW at the expense of the f i t 

a t low powers . The f i t of t h e c u r v e s is more sens i t ive to va r i a t ions 

in fo r low i n p u t powers lOOOmW) and more sens i t ive to fo r 

h ighe r powers , a s may be expected s ince t h e p robabi l i ty of the t h r e e 

photon abso rp t ion p r o c e s s has a cubic dependence on i n p u t power and is 

t h e r e f o r e more s ign i f ican t a t t he h ighe r power levels. The b e s t f i t 

was obta ined f o r = 8 0 with r educed to un i ty , as shown by the 

c u r v e f i t t ed to t h e da ta in Fig.7.24. 

These f i t t ed va lues of and a r e t h e n used to calculate the 

popula t ions of levels 0, 1, 3 and 5 as a func t ion of i n p u t pump power. 

The g r o u n d s t a t e populat ion is found d i rec t ly f rom Eq.7.44, and the 

excited s t a t e popula t ions n and follow from Eqs.7.37, 7.36 and 

7.35, r e spec t ive ly . In Fig.7.26 t h e popula t ions of the excited levels 

1, 3 and 5 a r e shown as f r a c t i o n s of t h e total populat ion n aga ins t 

i n p u t pump power. These va lues r e p r e s e n t the popula t ions a t t he end of 

t h e 74cm f i b r e used to obta in the o u t p u t pump power v e r s u s i n p u t pump 

power data . The populat ion of level 1, where laser act ion a t 2pm 

ini t ia tes , is seen to build u p rap id ly with pump power, whe reas t h e 

popula t ions of levels 3 and 5 lie subs tan t i a l ly below th i s c u r v e over 

t h e r a n g e of i n p u t powers encoun t e r ed in t h i s pa r t i cu l a r exper imental 

s e t - u p . The f r ac t ion of the total populat ion re s id ing in level 0 

c h a n g e s by only 10% over t h e same power r ange , fal l ing from un i ty for 

zero i n p u t power to abou t 0.9 fo r 2.5W inpu t . The evolut ion of the 

popula t ions along the f i b r e l eng th may be found fo r a given i n p u t 

power by success ive calculat ions of the popula t ions a t t h e end of 

d i f f e r ing l e n g t h s of f i b r e . Fig.7.27 shows th i s dependence f o r f i b r e 

l e n g t h s between zero and Im, f o r an i n p u t power of IW. For th i s same 

i n p u t power, t h e f r ac t iona l populat ion of level 0 va r i e s l i t t le, from 

0.85 a t t he i n p u t end to 0.95 a t t he end of the Im f ib re . 

The most s ign i f ican t point a r i s ing from t h e s e populat ion c u r v e s 

is t h a t is v e r y small, desp i te the impression given by t h e s t r ong 

blue emission easily vis ible to the eye t h a t t h e r e is a cons iderab le 

populat ion in t h i s level. The low populat ion is confirmed by the r o u g h 
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es t imates made by Hanna et al. [7.16] who r e p o r t e d t h a t only abou t 
-4 -5 1 

10 to 10 of the g r o u n d s t a t e populat ion was excited to the 

level fo r a IW i n p u t power to a 9pm core diameter Tm *-doped f ib re . 

This v e r y low upconver s ion e f f ic iency is bel ieved to be a d i rec t 

r e s u l t of the s h o r t e n i n g of the in te rmedia te level l ifetimes by 

nonrad ia t ive decay, a f e a t u r e which removes populat ion from these 

levels t h a t could o therwise c o n t r i b u t e to ESA into t h e blue emitt ing 

level. To demons t ra te t h e de t r imenta l e f f e c t t h a t th i s lifetime 

sho r t en ing has on the yield of u p c o n v e r t e d f luorescence , a r a n g e of 
3 

va lues fo r the lifetime T of level 3 ( F ) was s u b s t i t u t e d into the 

model, keeping all o t h e r l ifetimes fixed a t t he i r experimental ly 

o b s e r v e d values . The dependence of t h e level 5 populat ion (^G^) on 

th i s lifetime is shown in Fig.7.28 fo r i n p u t pump powers of 0.5W. 

l.OW, 1.5W and 2.0W. The populat ion is seen to be s t r o n g l y d e p e n d e n t 

on T fo r l ifetimes less t h a n abou t 200^s, with the r e s p o n s e becoming 

less sens i t ive f o r longer lifetimes. The p r o s p e c t s fo r a s ign i f ican t 

inc rease in the populat ion seem poor, s ince even an inc rease of t to 

1ms gives only abou t a f ac to r of two inc rease in the populat ion over 

i ts va lue with t h e measured lifetime of a r o u n d 200MS. An inc rease in 
3 

yield could be expected by ex tend ing t h e level 1 ( H^) lifetime. This 

was an impor tant f a c t o r in the s u c c e s s f u l demonst ra t ion of 

upconver s ion laser act ion a t 455nm and 480nm in Tm^^-doped 

f luoroz i rcona te f i b r e [7.20], where the lower phonon e n e r g i e s and , 

t h e r e f o r e , r e d u c e d nonrad ia t ive decay r a t e s , gave lifetimes fo r H 

and "F^ of 6.0ms (% ) and 1.4ms (z ), r e spec t ive ly . 

Re tu rn ing to the or iginal condi t ions f o r the silica f i b r e , t he 
3 3 

single pa s s exponent ia l gain coeff ic ient fo r the t r ans i t ion 

may be calculated from Eq.7.46, which is i n t e g r a t e d along the f i b r e 

l eng th for a r a n g e of i n p u t powers and va lues of t h e lower level 

populat ion f ac to r , a. The dependence of gain on i n p u t power fo r the 

74cm f i b r e is shown in Fig.7.29, where a va r i e s from zero to 4% of the 

total g round s t a t e populat ion n^. At t h r e sho ld , t he s ingle p a s s gain 

is j u s t su f f i c i en t to o f f s e t t h e to ta l s ingle p a s s losses. Since the 

loss mechanism due to ESA and r e a b s o r p t i o n is a l r eady t aken into 

account by the model, t h e only remaining loss mechanisms a r e t h e fixed 

mirror t r ansmiss ions and the fixed coupl ing and b u t t i n g losses. A 

minimum th r e sho ld gain coeff ic ient = In (R^R^) is r e q u i r e d to 

overcome the fixed mir ror losses , where R^ and A a re the mirror 

ref lec t iv i t ies . In the case of the device being modelled he re , t he 
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high r e f l ec to r and 6% o u t p u t coupler imply = 1.00 and A = 0.94, 

giving = 0.03. The unknown coupl ing and b u t t i n g losses will 

i nc rease t h i s r e q u i r e d th re sho ld gain exponent . Assuming a wors t case 

loss of 5% a t each end, t h e maximum gain r equ i r emen t is * 0.08. 

From sect ion 7.5.2, t he inc ident t h r e sho ld power f o r a f i b r e of 

similar l eng th {70cm) was 1.2W, which c o r r e s p o n d e d to an i n p u t power 

of 660mW. Fig.7.29 ind ica tes t h a t f o r an i n p u t power of 660mW, the 

r e q u i r e d t h r e sho ld gain exponent of 0.03-0.08 is met f o r a A* 0.035, 

i.e., t h e a = 0.035 c u r v e i n t e r s e c t s t h e loss line ( region between 

and a t t he measured t h r e s h o l d power. Lower va lues of a 

would achieve t h r e sho ld for a lower i n p u t power, and h ighe r va lues 

would need a h ighe r i n p u t power to overcome t h e h ighe r lower level 

r e abso rp t i on losses. 

The var ia t ion of gain with f i b r e l eng th is shown in Fig.7.30 for 

i n p u t powers r a n g i n g from 400mW to IW, where a has been se t a t 3,5%. 

The f i g u r e shows t h a t f o r each pump power t h e r e exis ts an optimum 

leng th a t which t h e gain is maximised. The est imated t h r e s h o l d gain 

exponent r equ i r emen t of 0.03-0.08 implies t h a t fo r t h e pa r t i cu l a r 

f i b r e being modelled, t h e minimum poss ible power f o r which t h r e sho ld 

can be achieved is abou t 400-600mW in a f i b r e l eng th of 20-30cm (in 

t h e most optimistic case where losses a r e due only to t h e 6% o u t p u t 

coupler , t he f i g u r e shows t h a t a minimum i n p u t power r equ i r emen t of 

abou t 400mW will be su f f i c i en t to achieve th re sho ld in a 20cm f ib re ) . 

7.8 Charac te r i s t i c s of F ib res with a Modified Core Composition 

7.8.1 In t roduc t ion 

In Section 7.7.5, t he role of the in termedia te level l ifetimes in t h e 

upconve r s ion scheme were d i scussed br ie f ly . The s h o r t lifetime 

of t h e F^ level is poss ib ly due to c lu s t e r ing of the dopan t ions, a 

s i tuat ion w h e r e b y two or more ions may be close enough fo r a 

s ign i f i can t in te rac t ion to occur between them. The in te rac t ion allows 

nonrad ia t ive e n e r g y t r a n s f e r to t ake place between an excited ion and 

a n e a r b y unexci ted ion and consequen t ly s h o r t e n s the rad ia t ive 

lifetime of the excited ion. Clus ter ing occu r s d u r i n g t h e hea t ing 

phase of f i b r e f ab r i ca t ion and it has been est imated [7.21] t h a t 

approximately 68% of the ions in the 840ppm thulium f ibres are 

c lus t e r ed . This is beneficial from the point of view of YAG-pumped 
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opera t ion a t 2/Jm since i t he lps to lessen the populat ion b u i l d - u p in 

t h e in termedia te levels, and ind ica tes t h a t a h ighe r doping level 

(i.e., more c lus t e r ing ) may be even more e f fec t ive . However, 

s h o r t e n i n g of t h e u p p e r laser level lifetime would have an a d v e r s e 

e f f e c t on t h e t h r e sho ld power. 

The conve r se s i tuat ion, i.e., longer in te rmedia te level 

l ifetimes, was inves t iga t ed with two addi t ional f i b r e samples 

f a b r i c a t e d from p r e f o r m s in which t h e r e f r a c t i v e index of the core was 

ra i sed with A1 O r a t h e r t h a n GeO . The reason f o r i nves t iga t ing th i s 

change in t h e hos t composition is t h a t t he incorpora t ion of aluminium 

improves the solubil i ty of the dopan t ions so t h a t t h e y a r e b e t t e r 

d i s p e r s e d so t h a t any c lu s t e r ing should be r e d u c e d . The two f i b r e s 

both had numerical a p e r t u r e s of 0.15, core diameters of 6/Jm and 

mode cu t off wave leng ths of 1.1pm, and d i f f e red only in t h e i r dopant 

concen t r a t ions of 200ppm and lOOOppm. 

7.8.2 Spec t ro scopy 

F luorescence decay l ifetimes following excitation a t 1.064/Jm were 

measured in side l ight . The t r ans i t i on wave leng th was measured with a 

0.25m monochromator and the emission was de tec ted with a 

photomult ipl ier t u b e {90%-10% r e s p o n s e time 20/Js) f o r f l uo rescence in 

the u l t rav io le t and visible reg ions , and a Ge photo-d iode and 

amplif ier f o r the i n f r a r e d (90%-10% r e s p o n s e time 50/Js). The lifetimes 

of t h e emitt ing levels fo r the alumina-si l ica f i b r e s a r e summarised 

below in Table 7.3 t o g e t h e r with those fo r the germano-s i l ica f i b r e 

fo r r e f e r e n c e . The f luo rescence wave leng th used f o r each measurement 

is also shown. In some cases , notably with the alumina-si l ica samples, 

t h e r e a r e two lifetime components , des igna ted in t h e Table as f fo r 

t h e f a s t component and s f o r t h e slow component. 

The most s t r i k ing f e a t u r e of t h e s e measurements is t h a t both the 
3 3 

and H lifetimes a r e s igni f icant ly l eng thened in t h e 
alumina-si l ica host . Also a p p a r e n t is t he p r e s e n c e of a f a s t component 

1 3 

in t h e decays of D and F^. In genera l , a d i s t r ibu t ion of decay 

r a t e s is expected f o r r a r e - e a r t h s in g lass due to the va r i a t ions in 

local envi ronment , and if th i s d i s t r ibu t ion is l a rge the decays will 

be h ighly non-exponent ia l . However, with l ase r excitat ion, only 
s u b s e t s of ions a r e excited and the decays will be more exponential . 

1 
In the case of D i t is poss ible t h a t more t h a n one s u b s e t is 
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excited, since th is level is t h o u g h t to be populated by the absorp t ion 

from of the 20nm-bandwidth blue emission ar i s ing from the -
3 

H_ t rans i t ion , r a t h e r than di rect ly from the laser source. The 
® 3 

a p p a r e n t slow component of the decay, however, is not t h o u g h t to 
1 3 

be genuine, but r a t h e r an a r t i f ac t of relaxation from to the P , 

level. This is suppo r t ed by the close cor respondence between the F 
1 '' 

slow component and the G^ lifetime, bu t most s ignif icant ly by r e su l t s 

obtained from d i rec t -pumping of F^ [7.22] a t 785nm which yielded a 

decay lifetime of 25ps. The d i f fe rence between the two hos ts can 
i 3 

t h e r e f o r e be summarised as increased lifetimes fo r G^ and H^, both 

important levels in the upconvers ion p rocess and likely to have 

consequences for laser action a t 2/Jm. 

In i t ial F i n a l Emi s s i o n L i f e t i m e (Ms) 
Level Leve 1 W a v e l e n g t h (nm) F i b r e 1 F i b r e 2 F i b r e 3 

f s f s f s 

' " 2 'He 366 40 70 40 70 20 

470 365 355 230 

650 355 350 230 

790 50 270 70 350 10 

1900 500 500 200 

F i b r e 1: 200ppm A l ^ O ^ - S i O ^ 

F ib re 2: lOOOppm A l ^ O ^ - S i O ^ 

F ib re 3: 840ppm GeO^-SiO^ 

Table 7.3 

The side l ight t echn ique used for visible f luorescence in the 

GeOg-SiOg f ib re was also employed for the two Al^O^-SiO^ f ib res . The 

pump power incident on the lOX launch object ive was 6W at 1.064^m. 

Figs.7.31 and 7.32 show the s p e c t r a from 300nm to 850nm for the 200ppm 

and lOOOppm f ib res , respec t ive ly . The blue emission over the 430-520nm 

r a n g e is shown in more detail in Figs.7.33 (200ppm) and 7.34 

(lOOOppm). Taking into account the sensi t iv i ty se t t ing of the signal 

amplifier and in t eg ra t ing u n d e r the spec t ra , the yield of blue 
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IntensH^ ( a r b ^ r o r y unh:sj 

3(D() 4C)0 S)00 60C) 700 

VVavehength (nrn) 

800 

Fig.7.31 Side l ight upconve r s ion f luo rescence 
spec t rum fo r alumina-si l ica f i b r e (200ppm) 

In t ens^y (arbMrary unH:s) 

300 400 500 600 700 600 

VVavehength (nrn) 

Fig.7.32 Side l ight upconve r s ion f luo rescence 
spec t rum f o r alumina-si l ica f i b r e (lOOOppm) 
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Intensity ( a rb i t r a ry uni t s ) 

440 460 480 500 

VVavelength (nrn) 

520 

Fig.7.33 As Fig.7.31 with detai l of blue emission 

In tens^y (a rbHrary unM:s) 

430 450 470 490 510 

Wavelength ( n m ) 

Fig.7.34 As Fig.7.32 with detail of blue emission 
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f luo rescence is approximately 2.5 times l a r g e r fo r t h e lOOOppm 

A1 0 -SiOg f i b r e t han fo r the comparab ly-doped 840ppm GeO^-SiO^ f i b r e 

(Figs.7.17 and 7.18). Correc t ing r o u g h l y fo r t h e lower concen t ra t ion 

of the 200ppm f i b r e by mult iplying by a f ac to r of 5 g ives a similar 

improvement in the blue yield over the germano-s i l ica f i b r e . This 

inc rease in t h e u p c o n v e r t e d f luo rescence is a consequence of the 
i 3 

longer l ifetimes of t h e and levels in t h e alumina-si l ica hos t , 

where t h e r e d u c e d decay r a t e s permit h ighe r s t e a d y - s t a t e popula t ions 

to build up. 

7.8.3 Room Tempera tu re Laser Operat ion 

The A1 0 -SiO f i b r e s both exhibi ted l a se r act ion a t a r o u n d 2/Jm when 

pumped a t 1.064/Jm in F a b r y - P e r o t cavi t ies , a l though t h e oscillation 

was uns t ab l e and d i f f icu l t to maintain. A 1.1m l eng th of the lOOOppm 

f i b r e b u t t e d aga in s t a h igh r e f l ec to r (>99.5% a t 2/Jm) a t t h e i n p u t end 

and a 6% t r ansmi t t i ng (at 2^m) mirror a t t h e o u t p u t end had a laser 

wavelength of 1.92/Jm. The t h r e sho ld power was 2.8W inc iden t on t h e 

launch microscope ob jec t ive (lOX). For inc iden t powers u p to 6W (the 

maximum available from the Nd:YAG laser a t t h e time), t h e o u t p u t laser 

power was too small to be measurable on a power meter . The laser 

s ignal , de tec ted with a PbS photo-d iode , was seen to cons i s t of a 

sp ike ^0.2ms in du ra t ion coincident with t h e occlusion of the pump 

beam by the chopper . This f e a t u r e was also o b s e r v e d with t h e 200ppm 

f i b r e , which lased a t 1.94^m with an inc iden t t h r e sho ld power of 4.5W 

fo r a 4m l eng th of f ib re . Again, l aser action was v e r y uns tab le , and 

r e -c l eav ing the f i b r e e n d s did not lead to any improvement. I t was 

impossible to a s s e s s the e f f e c t of f i b r e l eng th fo r e i the r of the 

f i b r e s due to the ins tabi l i t ies , t he negligible o u t p u t laser power and 

t h e d i f f icu l ty in achieving laser act ion in the f i r s t place. Clearly 

the alumina-si l ica f i b r e s a r e worse p e r f o r m e r s t h a n t h e i r 

germano-s i l ica c o u n t e r p a r t when pumped a t 1.064/Jm, due almost 

ce r t a in ly to the inc reased ef f ic iency of the ESA process , s ince a 

h i g h e r pump power is t h e n r e q u i r e d to overcome the ESA losses and 

achieve th re sho ld . To compensate f o r the h ighe r gain r equ i r emen t it 

should be possible to empty the lower laser (S ta rk) level by cooling 

with liquid n i t rogen , t h u s r e d u c i n g r e a b s o r p t i o n losses on t h e laser 

t r ans i t ion and consequen t ly r educ ing t h e gain r equ i remen t . Such 

exper iments a r e desc r ibed in t h e following section. 
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7.8.4 Liquid Nitrogen Cooled Laser Operation 

The e f f ec t of cooling was inves t iga ted us ing the 200ppm f ib re , s ince 

r eabso rp t ion losses in reg ions of the f i b r e exposed to room 

t e m p e r a t u r e would be less of a problem t h a n with t h e lOOOppm sample 

simply because of t h e lower doping level. Fig.7.35 shows t h e end l ight 

f luorescence s ignal a t 2/Jm as a f u n c t i o n of pump power for a 6.6m 

f i b r e a t room t e m p e r a t u r e and when cooled in a Dewar conta in ing liquid 

n i t rogen . The measurement was pe r fo rmed by ana lys ing t h e 2/Jm end l ight 

s ignal with a monochromator and PbS photo-d iode , us ing a chopped pump 

beam and locked- in p h a s e - s e n s i t i v e de tec to r to amplify and r ecove r the 

signal. The 2/Jm yield is subs tan t i a l ly g r e a t e r fo r t h e cooled f i b r e 

because of the r educ t ion in g r o u n d s t a t e r eabso rp t ion . The pump 

absorp t ion is co r r e spond ing ly h ighe r fo r t h e cooled f ib re , a s shown in 

Fig.7.36 where o u t p u t pump power is p lot ted aga ins t i n p u t power f o r 

the cooled and uncooled f ib re . Liquid n i t rogen cooling was t h e r e f o r e 

expected to improve the laser pe r fo rmance of t h e AlgO^-SiO f ib re . 

A Fabry-Perot cav i ty was se t u p with a h igh r e f l ec to r (>99.5% at 

2/Jm and 90% t r ansmi t t i ng a t t he pump wavelength) a t t he i n p u t and a 

mirror t r ansmi t t ing 6% at 2^m as the o u t p u t coupler . F ibre l e n g t h s 

between 1.0m and 10.0m were used , with all b u t w 10cm a t each end of 

the f i b r e immersed in a Dewar conta in ing l iquid n i t rogen . The f i b r e 

was pumped with up to 6W but , a s with the room t e m p e r a t u r e opera t ion , 

t he o u t p u t power (of t h e o r d e r of /JW) was too low to be rel iably 

measured on a power meter. The es tab l i shment of l a se r action was, 

however , much eas ier to achieve and more readi ly maintained than in 

the room t e m p e r a t u r e case. With th i s improved s tabi l i ty , it was 

possible to make some a s se s smen t of the var ia t ion of pe r fo rmance with 

f i b r e l eng th . S p e c t r a of the laser emission were r eco rded by ana lys ing 

the end l ight emission with a monochromator and PbS photo-d iode , and 

the a r e a u n d e r the s p e c t r a fo r va r ious f i b r e l e n g t h s was t aken as a 

measure of the o u t p u t power. Fig.7.37 shows th i s o u t p u t power v e r s u s 

f i b r e length . With so few data po in ts it is d i f f icu l t to a s s e s s 

whe the r the form of t h e c u r v e is due to the t h r e e - l e v e l n a t u r e of the 

t r ans i t ion (imposed by t h e cooling) or to va r ia t ions in the cleave 

qual i ty of the f i b r e e n d s bu t , a s with Fig.7.6 fo r t h e 840ppm 

germano-si l ica f i b r e , t he o u t p u t power shows a p ronounced peak with 

l eng th (in th i s case a t abou t 5.5m) s u g g e s t i n g t h a t t he Tm^^-doped 

f i b r e system is pa r t i cu la r ly sens i t ive to f i b r e l eng th . 
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D e t e c t o r S igna l (uV) 
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Inc iden t P u m p P o w e r (W) 

Fig.7.35 End l ight 2Hm f luo rescence a t 77K and 300K 
v e r s u s pump power 
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U n a b s o r b e d P u m p Power (mW) 
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Incident P u m p Power (W) 

Fig.7.36 Unabsorbed pump power v e r s u s pump power 
at 77K and 300K 
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O u t p u t Power ( a rb i t r a ry un i t s ) 
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Fibre Length ( m ) 

12 

Fig.7.37 Laser power a t l,85pm v e r s u s f i b r e l eng th 
a t 7 7 K 
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The laser spec t rum was genera l ly a con t inuous emission ranging 

from abou t 1.82/Jm to 1.88/Jra with a fu l l width a t half maximum of 

typical ly 40nm, a l though th i s emission a p p e a r e d to comprise f o u r main 

lines a t (approximately) 1.84Mm, 1.85/Jm, 1.86Mm and 1.87/Jm (by 

s l ight ly u n b u t t i n g the o u t p u t end , t he spec t rum was nar rowed to 3.7nm 

cen t r ed a t 1.85Mm due to the etalon formed between t h e f i b r e end face 

and the mirror) . The o u t p u t wave leng th is sh i f t ed from i t s room 

t e m p e r a t u r e value of ^ 1,94pm fo r a 4m f i b r e , compared to * 1.85/Jm f o r 

a similar l eng th a t 77K, s ince the emptying of the g round s ta te 

multiplet S t a rk levels allows laser action to t ake place to the 

lower- ly ing levels wi thout s u f f e r i n g r eabso rp t ion . 

The laser act ion aga in took the form of a sp ike coincident with 

the time a t which t h e pump was blocked by the choppe r , as obse rved fo r 

room t e m p e r a t u r e opera t ion in sect ion 7.8.3. The spike was most 

a p p a r e n t when the i n p u t or o u t p u t end of the f i b r e was s l ight ly 

u n b u t t e d . Fig.7.38 shows t h e oscilloscope t r ace t a k e n from a f a s t InAs 

photo-d iode (with f i l t e r s to block t h e pump signal) located a t t h e end 

of a l iquid n i t rogen cooled 10m l eng th of f i b r e with both ends 

s l ight ly u n b u t t e d , and pumped with 6W inc iden t on t h e launch 

objec t ive . The sp ike is <=» 0.15ms in dura t ion a t i t s fu l l width a t half 

maximum. An expanded t r a c e is shown in Fig.7.39, where the p r e s e n c e of 

relaxation oscil lat ions conf i rms t h a t t he sp ike is indeed due to laser 

action. Fig.7.40 shows super imposed t r a c e s fo r the laser sp ike and the 

pump signal (obtained by removing the pump f i l t e r s ) . The laser spike 

is ini t ia ted above the f luo rescence s ignal immediately t h e pump signal 

begins to fall from i ts s t e ady level. Other t r a c e s were similar 

i r r e s p e c t i v e of chopping ra t e , i.e., t he laser spike was always 

coincident with the pump swi tch-of f . 

The sp ike a t t he beg inn ing of the pump t r ace is indicat ive of the 

temporal evolution of t h e abso rp t ion exper ienced by the pump l ight as 

ESA beg ins to t ake e f f ec t . Init ial ly, as the pump is switched on, the 

only a b s o r b i n g t r ans i t i on is b u t when and s u b s e q u e n t l y 

F^ become popula ted t h e y p r e s e n t an addi t ional source of pump 

absorp t ion due to ESA, and so the pump t ransmiss ion is dec reased . 

With the o u t p u t end b u t t e d , t he b u i l d - u p time fo r t h r e sho ld is 

r educed and oscillation beg ins v i r tua l ly as soon as the pump beam is 

inc ident , a l though a sp ike still occu r s when the beam is chopped , as 

shown in Fig.7.41. As the i n p u t end is g radua l ly b u t t e d , t he p r e - s p i k e 

laser s ignal i n c r e a s e s in magni tude unt i l it is comparable to the 
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Fig.7.38 Laser oscillation (spike) with both e n d s 
of t h e f i b r e s l ight ly u n b u t t e d 
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Pig.7.39 As Fig.7.38 with expanded time scale 
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Fig.7.40 Transmi t ted pump s ignal with laser s ignal 
super imposed 
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Signal ( a rb i t ra ry uni t s ) 
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Fig.7.41 Laser oscillation with f i b r e o u t p u t end 
b u t t e d , i n p u t end u n b u t t e d s l ight ly 

Signal ( a rb i t ra ry uni t s ) 

0 .0 1.0 2 . 0 3 . 0 4 .0 

Time ( m s ) 

5 . 0 

Fig.7.42 Laser oscillation with both e n d s of t h e 
f i b r e bu t t ed 
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spike, such t h a t t he laser s ignal becomes "smooth" t h r o u g h o u t the 

pumping cycle, a s shown in Fig.7.42. The sp ik ing behav iour a t t he end 

of t h e pumping cycle was obse rved for va r ious chopping r a t e s , 

indica t ing t h a t it is not d e p e n d e n t on the l eng th of time f o r which 

the f i b r e is pumped. The spike is a t t r i b u t e d to the c i r cu la to ry n a t u r e 

of the excitation p r o c e s s e s t ak ing place in the f i b r e and a r i s e s as a 

r e s u l t of excited s t a t e abso rp t ion removing populat ion from the u p p e r 

laser level. Under condi t ions of h igh cavi ty losses , such as one or 

both of the f i b r e e n d s being u n b u t t e d , t h e populat ion invers ion 
3 3 

r equ i r emen t on t h e t r ans i t i on may be too g r e a t f o r laser 
3 

action to occur . Populat ion is t h e n removed from mainly by ESA, 

even tua l ly popula t ing and relaxing back both d i rec t ly to t h e 

g r o u n d s t a t e and also to (with f luorescence a t % 650nm), where the 

ESA cycle beg ins again. When the pump source is blocked, t h e removal 

by ESA of populat ion from th i s level ceases , and t h e rap id b u i l d - u p of 
1 3 populat ion in t h e u p p e r laser level due to the G, - H. relaxat ion 

4 4 

overcomes the t h r e s h o l d invers ion r equ i r emen t to give l ase r act ion fo r 

as long as th i s invers ion is maintained. Since t h e f i b r e is now 

unpumped , t h e inve r s ion is maintained only b r i e f ly and hence t h e laser 

o u t p u t is in the form of a spike. As the losses a r e r e d u c e d , by 

b u t t i n g one end fo r ins tance , the t h r e sho ld inve r s ion r equ i r emen t is 

also r educed and even tua l ly r eaches the point where , desp i te t h e ESA 

loss, l aser act ion o c c u r s d u r i n g the pump cycle. Even so, when the 

pump is blocked t h e rap id populat ion b u i l d - u p in still g ives a 

sp iked o u t p u t a t t h e end of the cycle. The thu l ium-doped f i b r e is in 

e f f e c t se l f -Q-swi tch ing , where the swi tching loss mechanism is ESA, 

s to r ing e n e r g y in t h e form of populat ion c i rcu la t ing a round the e n e r g y 

levels unt i l it is "switched off" to dec rease the loss and allow 

oscillation t h r o u g h a rap id populat ion bu i l d -up in t h e u p p e r laser 

level. This phenomenon was not o b s e r v e d with the germano-s i l ica f i b r e , 

where ESA is a less e f f ec t ive loss mechanism. 

7.9 Concluding Remarks 

Cont inuous-wave lase r action a t * 2/Jm has been demons t ra ted in 

TmT^-doped silica based f i b r e s when pumped by a Nd:YAG source a t 

1.064^m, desp i te t h e v e r y weak abso rp t ion a t t h e pump wave leng th 

(about 2 dB/m). A 1.8m leng th of f i b r e conta ining a nominal dopant ion 

concen t ra t ion of 840ppm and with a core diameter of 8.6/Jm yielded 
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270mW of laser o u t p u t f o r 1.2W a b s o r b e d . The mode cu t off 

wavelength of L7^m e n s u r e d t h a t t he laser o u t p u t was s ingle 

t r a n s v e r s e mode. The slope e f f ic iency with r e s p e c t to a b s o r b e d power 

was 28% fo r 6% total o u t p u t coupl ing, r e p r e s e n t i n g an in t e rna l pump 

quantum ef f ic iency above t h r e sho ld of 0.53 (i.e., 53% of the a b s o r b e d 

pump pho tons a r e conve r t ed into laser photons) , and t h e t h r e sho ld 

power was 105mW a b s o r b e d (295mW inc iden t on the launch opt ics) . In 

addi t ion, t unab l e laser emission has been demons t ra ted over the r a n g e 

1920nm to 1996nm, with a l aunched power t h r e sho ld of abou t IW. 

The f r e e - r u n n i n g f i b r e laser o u t p u t power was inc reased f u r t h e r 

by us ing a second f i b r e f rom t h e same pre form pulled down to a core 

diameter of 17/Jm, so t h a t h ighe r pump powers could be used wi thout 

i nc reas ing t h e pump in t ens i t y a t t h e h igh r e f l ec to r on t h e i n p u t end 

of the f ib re . A 0.7m leng th of t h e l a r g e r core f i b r e yielded 1.35W a t 

2lJm fo r an a b s o r b e d pump power of 4.4W. The slope e f f ic iency with 

r e s p e c t to a b s o r b e d power was 37% fo r 6% tota l o u t p u t coupl ing 

(measured with a 1.4m f ib re ) , r e p r e s e n t i n g an i n t e rna l pump quantum 

ef f ic iency above t h r e sho ld of 0.70. The t h r e sho ld power with th i s 

l eng th was 600mW a b s o r b e d (1.2W inc ident ) . Measurements of t h e o u t p u t 

beam prof i le confi rmed t h a t , a l though th i s f i b r e can in pr inc ip le 

s u p p o r t two t r a n s v e r s e modes a t 2pm, t h e o u t p u t was in f a c t c lear ly 

s ingle t r a n s v e r s e mode. 

For the r a n g e of pump powers (up to « lOW) used in t he 

exper iments desc r ibed in th i s c h a p t e r , no evidence of f i b r e laser 

o u t p u t power s a tu ra t ion was found . I t should t h e r e f o r e be possible to 

achieve even h i g h e r o u t p u t powers t h a n the 1.35W desc r ibed above 

simply by inc reas ing the pump power. Nd:YAG lase r powers well in 

excess of those used he re a r e available, and f i b r e laser o u t p u t s 

a t t he multiwatt level may be an t ic ipa ted . The limiting f ac to r in t h e 

l ase r o u t p u t is likely to be thermal ly induced damage, pa r t i cu l a r ly a t 

t h e mir ror s u r f a c e a t t he i n p u t end , a l though a launch system 

involving a microscope ob jec t ive (or o the r sui table lens) placed 

i n t r acav i ty between t h e mir ror and the f i b r e may c i rcumvent th i s 

problem if t he h i g h e r t h r e sho ld r equ i r emen t can be met by t h e pump 

source . The power handl ing capabi l i t ies may then be limited by 

nonl inear e f f e c t s such as st imulated Brillouin s ca t t e r i ng and 

st imulated Raman s c a t t e r i n g , s ince hea t deposi t ion problems within the 

f i b r e itself can be al leviated by r e d u c i n g the doping level so t h a t 

t he pump power is a b s o r b e d over a g r e a t e r length . The r educed power 
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a b s o r b e d p e r un i t l eng th may then be small enough to r e n d e r 

the rmal ly - induced s t r e s s e s negligible. In some appl icat ions , however , 

a s h o r t h ighly doped f i b r e may be des i rable , and t h e thermal e f f e c t s 

may then become problematical . I t has been est imated [7.23] t h a t t he 

maximum hea t d iss ipat ion, where t h e maximum s t r e s s induced by 

d i f fe ren t i a l expansion a c r o s s t h e f i b r e r a d i u s r e a c h e s the tens i le 

s t r e n g t h of the hos t material, is in t h e region of IW/cm to lOW/cm. 

Taking the exper imental va lues of 4.4W a b s o r b e d in a 0.7m f i b r e g ives 

an a v e r a g e a b s o r b e d power p e r un i t l eng th of abou t 60mW/cm, i.e., 1 to 

2 o r d e r s of magni tude below the value a t which the rmal ly - induced 

s t r e s s e s become impor tant . Higher o u t p u t power may also be possible 

t h r o u g h a modification in t h e f i b r e des ign to faci l i ta te a 

c l add ing-pumped a r r a n g e m e n t [7.24], where pump l ight (possibly from a 

multimode source) is l aunched not j u s t into the f i b r e core , b u t into 

the s u r r o u n d i n g c ladding material as well, so t h a t h igh pump powers 

(bu t a t a lower i n t e n s i t y over t h e l a r g e r a rea) may be used without 

r i sk of i n p u t mir ror damage. A second, ou te r , c ladding layer (of lower 

r e f r a c t i v e index t h a n the f i r s t ) p rov ide s guidance fo r t h e pump l ight , 

which is p r o g r e s s i v e l y a b s o r b e d into the doped f i b r e core as it 

p r o p a g a t e s t h r o u g h the inne r c ladding [7.25, 7.26]. 

Some pre l iminary inves t iga t ions into c ladding pumped opera t ion of 

Tm ^-doped f i b r e s were made us ing two f i b r e s pulled from the lOOOppm 

AlgOg-SiOg p re form ( the re was in su f f i c i en t 840ppm GeO^-SiO p re form 

remaining fo r any f u r t h e r f i b r e s to be pulled from th is ) . These new 

f i b r e s had co re / c l add ing diameters of 3.8iJm/125jUm and 2.8/Jm/90fim, 

r espec t ive ly . However, initial r e s u l t s from these f i b r e s were 

d i sappoin t ing , with pump t r ansmiss ions typical ly only a few p e r c e n t 

through about 30cin of fibre. The poor results are believed to be 

caused by pump a t t enua t ion a t t h e i n t e r f a c e be tween the inne r and 

ou t e r c ladding materials: silicone r u b b e r was used as the ou te r 

c ladding material, and has p roved to be f a r f rom ideal in th i s 

applicat ion. 

Although laser pe r fo rmance a t 2^m has been the main a r ea of 

i n t e r e s t in the Tm^*-doped f i b r e , t h e s t r i k ing blue f luo rescence leads 

inevi tably to specula t ion into t h e poss ibi l i ty of visible laser 

emission in a silica hos t , pa r t i cu la r ly as th i s has now been achieved 

fo r Tm^^-doped f luoroz i rcona te f i b r e s [7.20]. Severa l a t t empt s to 

achieve visible laser emission were made, us ing mi r ro rs h ighly 

re f lec t ing a t % 470nm b u t t e d a t both ends of t h e f ib re . The two 
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alumina-sil ica (200ppin and lOOOppm) f i b r e s were t r i ed , as was the 

germano-si l ica {840ppm) f ib re . F ibre l e n g t h s u p to 6m were used , and 

a l though in genera l t h e etalon e f f e c t s common d u r i n g t h e bu t t i ng 

p r o c e d u r e were o b s e r v e d (periodic va r ia t ions in the o u t p u t 

f luorescence s ignal as t h e f i b r e end a p p r o a c h e s t h e mirror) , t he 

f i b r e s did not r each t h r e sho ld fo r pump powers up to 6W inc ident on 

the launch ob jec t ive ( the maximum available a t t he time). Liquid 

n i t rogen cooling was also t r i ed , with t h e in tent ion of emptying the 

thermal populat ion in t h e g r o u n d s t a t e S t a rk levels, b u t t h i s still 

did not allow laser act ion to t ake place in the blue. The low 

populat ion of s u g g e s t e d by exper iment and modelling imply t h a t 

thu l ium-doped silica f i b r e s will r e q u i r e cons iderab le modifications in 

the hos t des ign to inc rease the excited s ta te abso rp t ion before 

visible laser emission can be rea l ised . 

Modifications in hos t des ign may also p r o v e beneficial to the 

laser pe r fo rmance a t 2/Jm, pa r t i cu l a r ly if t h e e n e r g y level s t r u c t u r e 

can be tai lored to i nc rease the g r o u n d s t a t e abso rp t ion a t 1.064f^m and 

r educe the ESA. Since th i s is essen t ia l ly t h e opposi te s i tuat ion to 

t h a t des i red fo r vis ible laser emission, t he pa r t i cu l a r f i b r e 

appl icat ions will t h e r e f o r e d ic ta te the specif ic f i b r e hos t des ign, a 

s u b j e c t of impor tan t on -go ing r e s e a r c h . 
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CHAPTER 8 

CONCLUSIONS 

8.1 In t roduc t ion 

Three d i f f e r e n t species of r a r e - e a r t h dopan t ions have been 

inves t iga t ed as laser ac t iva to r s in s i l ica-based optical f i b r e s , and 

the pe r fo rmance cha rac t e r i s t i c s , spec t ro scopy and o t h e r r e l evan t 

f e a t u r e s have been desc r ibed . In t h e following sect ions , t he main 

experimental r e s u l t s a r e summarised, and some s u g g e s t i o n s a r e made fo r 

f u r t h e r work. 

8.2 Ytterbium-Doped F ibre 

Yt te rb ium-doped f i b r e p roved to be a f a r more i n t e r e s t i n g sys tem t h a n 

might have been expected initially. I t s decept ive ly simple e n e r g y 

level scheme, compris ing j u s t two mult iplets , yielded not only laser 

act ion on t h r e e - and q u a s i - f o u r - l e v e l t r ans i t i ons , b u t also 

s ign i f i can t amounts of s u p e r f l u o r e s c e n c e power and t h e phenomenon of 

coopera t ive luminescence in the visible region. 

The r e s u l t s of the exper iments may be summarised as follows. 

Cont inuous-wave single mode laser oscillation was o b s e r v e d a t 974nm 

( th ree - l eve l t r ans i t ion) and a r o u n d 1040nm (quasi - four- level 

t r ans i t ion) for pump wave leng ths in t h e region of 0.8-0.9/Jm. A maximum 

of 9mW was obse rved a t 974nm for 27mW a b s o r b e d a t 900nm in a 50cm 

f i b r e doped with abou t 600ppm Yb^^. A 4m leng th yielded u p to 28mW at 

lOSOnm for 72mW a b s o r b e d a t 850nm. The oscillation wave leng th was 

selectable mainly by a p p r o p r i a t e choice of f i b r e l eng th , s ince 

reabsorption of t he t h r ee - l eve l emission p rec luded t h e use of a long 
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f i b r e fo r laser act ion a t 974nm, whereas the q u a s i - f o u r - l e v e l emission 

was less sens i t ive to the f i b r e length due to r educed reabsorption 

losses. The optimum leng th fo r t h ree - l eve l emission was t h a t l eng th 

fo r which the u n a b s o r b e d pump power leaving the o u t p u t end of the 

f i b r e was equal to the pump sa tu ra t ion power: a longer f i b r e would 

p rov ide an a b s o r b i n g region a t the s ignal wave length , whereas a 

s h o r t e r f i b r e would not maximise the available gain. The lack of 

excited s ta te abso rp t ion (ESA) in the Yb^* system is c r ed i t ed as the 

r eason fo r the h igh slope ef f ic iencies measured fo r both laser 

t r ans i t ions . With r e s p e c t to a b s o r b e d power, t h e h i g h e s t obse rved 

slope ef f ic iencies were 63% a t 974nm and 78% at 1036nm, in a 20cm and 

1.1m f ib re , r e spec t ive ly , pumped a t 900nm in both ins t ances . The 

a b s o r b e d th re sho ld powers were measured as abou t lOmW for pumping both 

t r a n s i t i o n s a t 900nm, and abou t 30mW for t h e q u a s i - f o u r - l e v e l 

t r ans i t i on pumped a t 850nm, indica t ing t h a t GaAlAs diode l a se r pumped 

opera t ion should be a possibi l i ty . The fou r - l eve l t r ans i t i on was 

tunab le from lOOOnm to 1162nm us ing pr isms as i n t r acav i ty d i spe r s ive 

elements, a l though the r e sona to r was not optimised with r e s p e c t to 

o u t p u t coupling and the o u t p u t powers were negl igibly small. Severe 

modulation of the o u t p u t laser s ignal with laser wave leng th was found 

to be due to t h e b i r e f r i n g e n t n a t u r e of the f i b r e in con junc t ion with 

po la r i sa t ion- sens i t ive cavi ty losses. The incorpora t ion of a f i b r e 

loop polarisation controller was effect ive in significantly reducing 

t h i s problem. 

The laser t r ans i t i ons have been modelled with a simple r a t e 

equat ion ana lys i s which t akes no account of the pump or s ignal mode 

prof i les . This was jus t i f i ed due to the good over lap of the two 

profiles since they both propagated single mode in the fibre. A 

reasonable ag reemen t between exper iment and t h e o r y was found , and the 

model has appl ica t ions in p red ic t ing the minimum th re sho ld power fo r a 

given value of r e s o n a t o r loss by calculat ing the t h r e e - and fou r - l eve l 

gain as a func t ion of f i b r e l eng th and i n p u t pump power. 

The high gain available from the Yb^^-doped f i b r e allowed 

e f f ic ien t s u p e r f l u o r e s c e n t opera t ion , with up to 12mW emitted a t 974nm 

f o r 32mW a b s o r b e d a t 900nm in a 50cm f ib re , and 27mW emitted a t 1040nm 

fo r 67mW a b s o r b e d a t 850nm in a 5m f ib re . Slope ef f ic iencies were 47% 

and 62%, r e spec t ive ly , with r e s p e c t to a b s o r b e d power. The 

s u p e r f l u o r e s c e n c e was found to have a l inewidth of about 3nm at 974nm 

and abou t 20-25nm a t 1040nm, with some evidence of line na r rowing for 
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t h e h igher pump powers . 

The generat ion of Q-switched lase r pu l ses on both t r a n s i t i o n s was 

also possible, with % 25ns pu l s e s a t 974nm and « 100ns p u l s e s a t 

1036nm. Peak o u t p u t powers were in excess of IW in bo th cases . 

Improvements of t h e loss modulation will be n e c e s s a r y to p r e v e n t 

pre las ing , a f e a t u r e t h a t makes a p rec i se de terminat ion of t h e pulse 

e n e r g y diff icul t . The low d i f f r ac t i on e f f ic iency of t h e modulator 

meant t h a t lasing could not be held off in some s i tua t ions . A 

modulator providing a h ighe r loss in i ts "closed s ta te would solve 

t h e problem, and multiwatt peak powers may t h e n be an t i c ipa ted as a 

r esu l t . 

The use of a h igh power pump source such as a Ti: S a p p h i r e laser 

r a t h e r than the S t y r y l 9M dye l ase r used as a pump in t he se 

experiments would p rove benef ic ia l in i nc r ea s ing the l a s e r power 

available in both f r e e - r u n n i n g and tunab le modes of opera t ion , b u t 

un fo r tuna t e ly r e p r e s e n t s a d i s t inc t d e p a r t u r e f rom the t r e n d towards 

diode pumping convenience. However, the con t inu ing developments in 

diode laser technology by no means ru le ou t s ign i f i can t p r o g r e s s in 

diode pumped operat ion of the Yb^ f i b r e laser . 

Prom a spect roscopic point of view, f u r t h e r i nves t iga t ions into 

t h e visible emission in t h e g r e e n may give a g r e a t e r i n s igh t in to the 

cooperat ive luminescence phenomenon. The f a c t o r s t h a t may in f luence 

t h e visible f luorescence yield, s u c h as dopant ion concen t ra t ion , need 

to be ident i f ied. This was not pe r fo rmed d u r i n g the c o u r s e of the 

experiments descr ibed above, s ince an i n t e g r a t i n g s p h e r e , n e c e s s a r y 

fo r accura t e measurements of t h e emitted rad ia t ion , was not available 

a t t he time. 

8.3 Ytterbium-Erbium-Doped F ib re 

A brief inves t igat ion was made in to the c h a r a c t e r i s t i c s of Er - d o p e d 

f i b r e s sens i t i sed with an Yb co -dopan t , t h e in ten t ion be ing to pump 

t h e Er^* ions via e n e r g y t r a n s f e r f rom excited Yb ions a t 

wave leng ths which a re ine f f i c i en t or impract ical f o r pumping 

s ing ly -doped Er * f i b r e s . 

A S ty ry l 9M dye laser was used to simulate GaAlAs diode 

wave leng ths in the 800-845nm reg ion . The p r e s e n c e of pump excited 

s t a t e absorp t ion (ESA) in Er^* in t h i s wave leng th reg ion was 

manifes ted as an inc rease in t h e t h r e s h o l d power and a d e c r e a s e in t h e 
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slope ef f ic iency a t a round 800nm and 840nm. The upconve r s ion 

f luorescence due to t h e ESA was also found to be maximised a t t he se 

wavelengths . The most f avourab le pump wave leng th in t h e 0.8pm reg ion 

was ident i f ied as 820-830nm, where the t h r e s h o l d power was 5mW 

absorbed and the slope e f f i c iency was nea r ly 9% with r e s p e c t to 

absorbed power fo r a 70cm f ib re . Cont inuous-wave s ingle mode laser 

action was o b s e r v e d a t 1.564fJm, with a maximum measu red o u t p u t power 

of 3mW for 40mW a b s o r b e d in a 70cm f i b r e pumped a t 825nm. Tunable 

operat ion over a cont inuous r a n g e from 1.521/Jm to 1.562pm was 

demonst ra ted with an i n t r a c a v i t y prism to p rov ide wave leng th 

dispers ion. The typical t h r e s h o l d powers f o r cw l a se r act ion a re 

readi ly obtainable from GaAlAs diode l a se r s , and Yb co-doping 

appea red to o f f e r an e f fec t ive means of diode pumping Er - d o p e d 

f i b r e s a t wave leng ths in the long wave leng th tail of t h e 807nm 

absorp t ion peak where Er^* abso rp t ion is fa l l ing off , with the 

addit ional f e a t u r e of avoiding, or a t leas t r e d u c i n g , t h e e f f e c t s of 

pump induced ESA. However, 980nm has since been identif ied as perhaps 

t he optimum pump wavelength f o r Er^ s ince ESA is avoided completely, 

and d i rec t diode pumping with 980nm diodes will p r o b a b l y become 

commonplace if such pump sources (still v e r y much in t h e development 

s tage) p rove to be reliable. If not , t h e n Yb may ye t f ind a role 

since the 974nm emission wave leng th of Yb - d o p e d f i b r e l a s e r s would 

be sui table as a pump source . 

8.4 Thulium-Doped Fibre 

Thulium-doped f i b r e was inves t iga t ed as a means of p r o d u c i n g a laser 

source in the 2|um region, where sou rces a r e r e q u i r e d f o r medical 

applicat ions, in c o h e r e n t l a se r r a d a r , and f o r u s e s in molecular 

spec t roscopy. Once again a S t y r y l 9M dye l a se r was u sed to simulate 

GaAlAs diode laser wave leng ths , and con t inuous -wave s ingle mode lase r 

oscillation was demons t ra ted with a t h r e s h o l d power of 20-30mW 

absorbed in a 30cm f i b r e pumped a t 797nm. The slope e f f i c i ency was 

13% with r e s p e c t to a b s o r b e d power , and the maximum o u t p u t power a t 

2pm was 2.5mW f o r 50mW a b s o r b e d . Cont inuously t u n a b l e l a se r opera t ion 

was obse rved ove r t h e r a n g e 1866nm to 2014nm f o r a 1.2m f i b r e and 

1810nm to 2006nm f o r a 0.6m f i b r e , us ing a se t of b i r e f r i n g e n t t u n i n g 

p la tes fo r wave leng th selection. No optimisat ion of o u t p u t coupl ing 

was performed f o r e i t he r t h e cw or t unab le opera t ion , and hence some 
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improvement in the pe r fo rmance may be expected . 

The f i b r e was also found to pos ses s su f f i c i en t absorp t ion a t t he 

1.064Mm to permi t l a se r opera t ion us ing a NdrYAG pump source . It was 

then possible to s igni f icant ly inc rease the f i b r e laser o u t p u t power 

a t 2Mm simply by us ing h igh i n p u t power from a Nd:YAG laser . A 28% 

slope e f f ic iency was measured with r e s p e c t to a b s o r b e d power fo r a 

1.8m f i b r e ident ical to the one employed in the exper iments with the 

S t y r y l 9M pump source . The t h r e sho ld power was abou t lOOmW abso rbed . A 

maximum f i b r e laser power of 270mW was o b s e r v e d a t 2/Jm fo r 1.2W 

abso rbed . The laser wave leng th was t unab l e from 1920nm to 1996nm, 

a l though with a l a rge pena l ty in the form of an inc reased th resho ld (w 

IW launched) due to losses i n t roduced by the i n t r acav i ty elements 

n e c e s s a r y fo r t un ing . 

A modification in t h e f i b r e des ign allowed even g r e a t e r o u t p u t 

power to be achieved . A new f i b r e was f ab r i ca t ed with a core a r ea f o u r 

times g r e a t e r t h a n t h a t of t h e or iginal f i b r e , so t h a t a h ighe r pump 

power could be used wi thout inc reas ing t h e in t ens i ty beyond the damage 

th re sho ld of the i n p u t mirror . A 0.7m f i b r e yielded 1.35W for 4.4W 

a b s o r b e d a t 1.064pm. The slope e f f i c iency (for a 1.4m f ib re ) was 37% 

with r e s p e c t to a b s o r b e d power, and t h e t h r e sho ld power was 600mW 

a b s o r b e d . The overal l convers ion e f f ic iency from Nd:YAG laser o u t p u t 

power to f i b r e l ase r o u t p u t power is abou t 15%, and t h u s th i s 

a r r a n g e m e n t r e p r e s e n t s a simple and reasonab ly e f f ic ien t method of 

conve r t i ng the o u t p u t of a NdrYAG laser into emission a t 2pm. An 

inves t iga t ion of the f i b r e laser o u t p u t prof i le demons t ra ted it to be 

s ingle t r a n s v e r s e mode a l though th i s l a r g e r f i b r e could in pr inciple 

s u p p o r t two modes a t 2/im. Higher o u t p u t powers a r e an t ic ipa ted by 

modifying the f ibre design further so that the pump power is 

propaga t ed in the c ladding region and g radua l ly a b s o r b e d by the core 

along the f i b r e l eng th . In th i s way a l a rge f i b r e diameter ( inclusive 

of t h e c ladding) should permit v e r y h igh pump powers to be used 

without r each ing the damage in t ens i ty t h r e sho ld a t t he i n p u t end, and 

if all t h i s power can be s u b s e q u e n t l y a b s o r b e d by the core, t hen 

multiwatt cw opera t ion can be an t ic ipa ted . 

In addi t ion to the laser pe r fo rmance of Nd:YAG pumped Tm^^-doped 

f ib re , t he blue f l uo re scence due to upconver s ion of the pump radia t ion 

has also been s tud ied . Laser act ion in t h e blue was not achieved due 

to t h e u n f a v o u r a b l y s h o r t l ifetimes of in termedia te levels in the 

upconvers ion p rocess . A change in the core composition, which was 
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ini t iated to i nc rea se these l ifetimes, was u n s u c c e s s f u l in rea l is ing 

visible laser emission. This is a t t r i b u t e d to t h e h igh nonrad ia t ive 

decay r a t e s of ions in a silica hos t , compared to f luoroz i rcona te 

hos t s where longer rad ia t ive lifetimes have allowed su f f i c i en t 

populat ion to bui ld u p in the blue emit t ing level f o r laser act ion to 

take place. The gain on the 2[Jm t r ans i t i on h a s been modelled to 

p red ic t t he minimum th resho ld in t h e p r e s e n c e of upconve r s ion , as a 

func t ion of f i b r e l eng th and i n p u t pump power , with t h e thermal 

population in t h e terminal (S ta rk) l a se r level ac t ing as a loss 

mechanism f o r t h e 2iUm emission. The amount of popula t ion r e s id ing in 

t h e level r e spons ib l e fo r vis ible emission is shown to be almost 

negligibly small, a l though an inc rease in t h e in te rmedia te level 

lifetimes is pos tu la t ed to inc rease th i s popula t ion . F u r t h e r work on 

the silica hos t components will be n e c e s s a r y b e f o r e l ase r act ion in 

t h e visible will be possible in Tm^^-doped silica f i b r e . 

8.5 Final Summary 

The inves t iga t ions into r a r e - e a r t h - d o p e d f i b r e s desc r ibed in th i s 

thes i s provide f u r t h e r evidence t h a t laser dev ices of t h i s t y p e 

exhibit a wide r a n g e of i n t e r e s t i ng f e a t u r e s which may f ind p rac t i ca l 

applicat ions in a v a r i e t y of s i tua t ions . Cont inuous-wave s ingle mode 

laser oscillation has been demons t ra ted in t h r e e d i s t inc t wave leng th 

regions: 1/Jm, 1.5pm, and 2Mm. In addi t ion , phenomena such as amplified 

spontaneous emission, cooperat ive luminescence and excited s ta te 

absorp t ion have been obse rved . Diode laser pumping has been shown to 

be viable, s ince t h e t h r e sho ld s f o r laser act ion in t h e y t t e rb ium- , 

y t t e rb ium-e rb ium- and thu l ium-doped f i b r e s a r e a t t a inab le with 

c u r r e n t l y available GaAlAs diode l a se r s . The >1W con t inuous -wave 

operat ion of t h e thul ium system u n d e r Nd:YAG exci tat ion has shown t h a t 

f i b r e l a se r s need not necessa r i ly be low power devices , and may 

compete with e s t ab l i shed laser s o u r c e s in a v a r i e t y of appl icat ions . 
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