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The in f luence  o f  d i f f e r e n t  parameters i n  the  r e f l e c t l o n  co- 

e f f  i c i e n t  o f  a  three-mi r r o r  r e f l e c t o r  i s  ca lcu la ted .  I t i s  demonst ra ted  

t h a t  such e r e f l e c t o r  can be appl i e d  f o r  frequency s e l  e c t  i o n  i n  h igh 

gain lasers .  I n  an experiment single-mode operat ion o f  a  f lash- lamp pum- 

ped Rhodamine 6G-laser was obtained. 

A i n f l u ê n c i a  de d i f e r e n t e s  parâmetros sobre o  c o e f i c i e n t e  de 

r e f l e x ã o  de um r e f l e t o r  de t r ê s  espelhos é calculada. Demonstra-se que 
t a l  r e f l e t o r  pode ser  ap l icado na seleção de freqüência em lasers de a l -  

t o  ganho. Em uma exper iênc ia obteve-se a  operação de um 6 G - l a s e r   de Rho- 

damine com bombeamento através de uma Iâmpada-flash. 

1. INTRODUCTION 

A th ree- mi r ro r  r e f l e c t o r  i s  equiva lent  t o  a  Fabry-Perot e ta -  

lon  w i t h  the  f r o n t  m i r r o r  replaced by an in te r fe rence  f i l t e r .  The re -  

f l e c t i v i t y  o f  the  arrangement shows narrow maxima i n  dependence o f  i t s  

length, which i s  opposi te  t o  the behaviour o f  a  Fabry-Perot e ta lon .  Fre- 

quency se lec t ion  and single-mode opera t ion  using a  th ree-mi r ro r  r e f l e c -  

t o r  has been inves t iga ted  p rev ious ly  on ly  f o r  low gain lasers,  especia l -  

l y  f o r  the ~ e / ~ e - l a s e r s l > ~ 9 ~ .  



I n  t h i s  paper a computer study i s  presented y i e l d i n g  parame- 

t e r s  fo r  three-mir ror  r e f l e c t o r s  s u i t a b l e  f o r  h igh  gain lasers.  An expe- 

r iment i s  described app ly ing  a r e f l e c t o r  o f  t h i s  type f o r  frequency se- 

l e c t i o n  i n  a dye l a s e r  y i e l d i n g  single-mode operat ion i r \  comb i n a t i o n  

w i t h  o ther  i n t r a c a v i  t y  p re- se lec t ion  elements (Fig.4).  

The three-mir ror  r e f l e c t o r  can be compared w i t h  o ther  i n t e r -  

fe romet r i c  systems f o r  frequency ~ e l e c t i o n ~ ~ ~ ~ ~ ~ ~ ,  e.g. the  Fabry-Perot 

e ta lon  and the Fox-Smi th- in ter ferometer .  Fabry-Perot e ta lons have t o  be 

t i l t e d  w i t h  respect t o  the laser  ax is .  This produces losses due t o  beam 

wa lk- o f f  and l i m i t s  the leng th  and bandwidth. These r e s t r i c t i o n s  do n o t  

e x i s t  f o r  the three-mir ror  r e f l e c t o r .  A Fox-Smith in te r fe romete r  rep la -  

c i n g  one laser  m i r r o r  has frequency s e l e c t i v e  p roper t ies  s i m ;  l a r  t o  a 

three-mir ror  r e f l e c t o r .  Hcwever, the o p t i c a l  components and t h e  mechani- 

ca l  design a re  q u i t e  d i f f e r e n t .  Probably, t h e  mechanical c o n s t r u c t  i o n  

and the adjustment o f  a  th ree- mi r ro r  r e f l e c t o r  are eas ie r  i n  many cases 

beeause a l l  components have a commn o p t i c a l  ax is .  

2. THEORY 

I n  the three-mir ror  r e f l e c t o r  (TMR see Fig.4) t h e  m i r r o r s  2 

and 3 a r e  separated by a A/2-layer w i t h  the transmission c o e f f i c i e n t  T o .  

The mi r r o r s  3 and 4 represent a  resonator w i t h  the  leng th  LR=1(kaiB/2) /2*rr, 

where k i s  an in teger ,  1 i s  the  wavelength, and B the  phase s h i f t .  The 

ampli tude r e f l e c t i o n  and the power transmission c o e f f i c i e n t s  o f  the  m i r -  

r o r  i are ri and Ti. Ref .2 gives an expression f o r  the ampl i tude r e f  l ec -  

t i o n  r: o f  the three- rnirror r e f l e c t o r  which may be s i r n p l i f i e d  f o r  the  

case o f  an exact X/2 l a y e r  between m i r r o r  2  and 3 t o  

The h a l f - w i d t h  bv o f  R; = i s  given by * 

* The ha l f - w id th  i s  def ined w i t h  an a d d i t i o n a l  f a c t o r  2 i n  re f .2 .  



w i t h  

B~ = a r c  cos ( -2 r  r I + r Ir 12)) 
3 / 2  4 3/2 4 

and 

rgI2 = - IP 1 + T T Ir l / ( l  - T Ir 1 lr31 1 .  
3 0 3  2 O 2  

The d ispers ion  range o f  the  system i s  

AvD = c/2LR . ( 3 )  

According t o  Eq.( l)  t h e  r e f l e c t i o n  c o e f f i c i e n t  R: = lr;l2 
can be ca lcu lated.  For the cases i n t e r e s t i n g  here a  maximum f o r  B  = O 

and a  minimum f o r  B  = s r e s u l t s  ( F i g . l ) .  

3. CALCULATIONS 

A  maximum r e f  

rninimurn r e f l e c t i o n  c o e f f i  

requi red f o r  mode s e l e c t i ~  

can be obta ined by a  smal 

cond i t i ons  f o r  low gain 1,  

l e c t i o n  c o e f f i c i e n t  R*(B-O) near 100%, a  small 
2 

c i e n t  R*(B=T), and a  narrow band-width Av a r e  
2  

on i n  h igh  gain lasers.  The narrow band- w i d t h  

1 Bo o r  a  large length LR o f  the  resonator.  The 

asers are less r e s t r i c t i v e  because a  l a r g e r  mi- 

nimum r e f l e c t i o n  c o e f f i c i e n t  i s  permiss ib le .  

I n  what fo l l ows  c a l c u l a t i o n s  are discussed which lead t o  a  

system s u i t a b l e  f o r  h igh  gain lasers.  

I n  Fig. 1 (a) and (b) the ca lcu la ted  maximum R;(B=O) and mi- 

nimum R~(B=I~) and Bo a re  shown i n  dependence o f  R  and R3 wi t h  To as pa- 
2  

rameter.The o ther  phys ica l  data used f o r  the c a l c u l a t i o n  accord ing to  Eq.  

(1) and (2) a r e  determined by t h e  f o l  lowing cond i t i ons :  The r e f l e c t i o n  

c o e f f i c i e n t  R,, o f  the m i r r o r  4 should be as h igh  as poss ib le  and the ab- 

s o r p t i o n  c o e f f i c i e n t s  R2 = 1  - R2 - T2 and A3 = 1  - R3 - T3 of the m i r-  

r o r s  2 and 3 should be very small .  Using t y p i c a l  d i e l e c t r i c  m i r r o r s  o f  

ZnS and Na3A16F3 the  f o l l o w i n g  data were used i n  F ig .  1: R,, = 99.8% (13 

layers)  and A2 = A3 = 0.1%. 





Fig.1 (a) demonsrrates t h a t  the  maximum R;(B=o) i s  approxima- 

t e l y  independent o f  To and the  minimum R;(B=a) i s  independent of R3 fo r  

the pa.ramsters choosen. R;(B=~) shows a zero minimum a t  

which depends s t rong ly  on To. I n  F ig .  ] ( a )  R;(B=o) i s  a n e a r l y  l i n e a r  

func t ion  o f  R2 y i e l d i n g  values o f  R ~ ( B = o )  = 99.9% f o r  R, = 99.9%. The 

values o f  R ~ ( B = o )  which d e c r e a s e w i t h  inc reas ing  R a re  given i n  F ig .  1 
3 

(a) i n  brackets  f o r  R2 = 95%. 

I n  r i g . l ( b )  BO i s  given us ing a simi 

f o r  R; i n  Fig. I (a) . The dependence of Bo on R, 

= 97% and 10CZ. For in termediate To a d d i t i o n a l  

f o r  R, = 100%. For a p p l i c a t i o n  o f  a three-mir ror  

a r  representat ion as 

and R3 i s  shown f o r  To 

values o f  Bo a r e  g iven 

r e f  l e c t o r  on ly  cases 

w i t h  B :: r / 2  a r e  o f  i n t e r e s t  because f o r  BO 5 a/2 the  system has t h e  o 
p roper t ieâ  o f  a Fabry-Perot e t a l o n  which has broad r e f l e c t i v i t y  maxima. 

The l i m i t i n g  case o f  BO = r / 2  i s  g iven by 

I t may be concluded from Figs. 1 (a) and (b) t h a t  th ree- mi r ro r  r e f l e c t o r s  

w i t h  h igh  R;(f3=0) and low R;(B=a) and BO can be const ructed espec ia l l y  i n  

the  reg ion Rg > 99%, R3 > 99%, and To near 100%. The optimum choice o f  

R2, R3, and To depends on the laser  type and gain and o ther  experimental 

condi t i o n s .  As two examples f rom Figs.  I (a) and (b) three-mi r r o r  r e f  l ec -  

t o r s  can be const ructed w i t h  

(1) R, = R3 = 99.5% , To = 99.9% y i e l d i n g  

, To = 97% y i e l d i n g  

B=a) = 2 8 . 3 % ,  Bo = 0 . 0 5 .  

Example (1) shows t h a t  values o f  R ~ ( ~ ~ = o ) ~ I o o %  and R:(B=~)=o% 

can be achieved on ly  i f  a la rge  bandwidth parameter BO i s  a1 lowed. Accor- 

d ing  t o  ~ e f s . ( 2 , 3 )  a value o f  R;(B=O) = 100% and a small Bo i s  poss ib le  



i f  the minimum r e f l e c t i v i t y  R?(B=~)  i s  h igh,  e.g. 90%. This  t ype  o f t h r e e  

- m i r r o r  r e f l e c t o r  i s  s u i t a b l e  f o r  frequency s e l e c t i o n  i n  low gain lasers. 

Example (2)  shows t h a t  f o r  h igh  ga in  lasers a compromise can be found 

y i e l d i n g  la rge  R;(B=o), small R;(B=w) and small B o .  

I n  Figs.2 and 3 t h e  dependence o f  the p roper t ies  o f  the th ree  

-mirrar r e f l e c t o r  on T2 and T 3  i s  i nves t iga ted  f o r  example (1) wi t h  R2 = 

= R g  = 99.5%. The o ther  non-varied data a re  the same as i n  F ig.1:  RI, = 

= 99.8% and A3 = 0.1% ( ~ i ~ . 2 )  o r  A 2  = 0.1% ( ~ i ~ . 3 ) .  

To = 9S0/0- 9 9,9O/o 

Fig.2(a)  - K ; ( % = O )  and R?(@-)  i n  dependence o f  o r  Ai w i t h  To as pa- 

rarneter. The data  R2 = R3 = 99.5%, Ri, = 99.8%, and A 2  = 0.1% were used. 

2(b)  - Dependente o f  ao on T2 or A2 w i  t h  To as pararneter. 



To = 95% - 99.9% 
a) t o o  R;(P= O) 

Tb=95O/o ~ ; (p=n)  

t 
97% " 

F i g . 3 í a )  - R;(B=O) and R;@-) i n  dependence of T g  or,Ag w i t h  To as pa- 

rarneter. l h e  data  R2 = R3 = 99.5%. i$ L 99.8%, and A2 = 0.1% were used. 

3(b) - Dependente of BO on Tg or A3 w i t h  To as pararneter. 

I t  may be concluded from F ig .  2 (a) and (b) t h a t  the absorp- 

t i o n  c o e f f i c i e n t  A2 should be very srnall. For the case T o  = 99.9% a zero 

minimum oF R ~ ( % = T )  a r i s e s  a t  A2= 0.1%. The same minimum appears f o r  A3 

= 0.1% i n  F ig.  3 (a) and i n  F ig .  1 (a) which was ca lcu la ted  f o r  A2 = A 3  

= 0.1%. I n  conclusion t h e  procedure proposed a t  the  beginning o f  t h i s  

sec t ion  stsems reasonable: The absorpt ion c o e f f  i c i e n t s  o f  the  rni r r o r 5  2 

and 3 are  choosen as small as poss ib le  (e.g. 0.1%), and the  o p t i m i z a t i o n  

o f  the  th ree- mi r ro r  r e f l e c t o r  i s  done accord ing t o  F ig .  1 by a s u i t a b l e  

choice o f  R2, R3 , and T o .  

I n  the computer study a l s o  the p roper t ies  o f  the th ree- mi r ro r  

r e f l e c t o r  were inves t iga ted  vary ing  R,,. A reduct ion o f  R4 r e s u l t s  i n  a 

decrease o f  R:(B=o) and i n  a increase o f  Bo. Thus as mentioned above the  

optimum choice o f  the r e f l e c t i o n  c o e f f i c i e n t  o f  m i r r o r  4 i s  R, = 100%. 



4. EXPERIMENT 

For t e s t i n g  the  th ree- mi r ro r  r e f l e c t o r  i n  a h igh  ga in  laser  

mode-selection i n  a dye l a s e r  was s tud ied  i n  experiment. A three-  rn i r ro r  

r e f l e c t o r  TMR ( ~ i ~ . 4 )  w i t h  the  f o l l o w i n g  data was ava i lab le :  R2 = Rg -r 

= 99.5%, R, = 99.8%, T o  = 99.9%, T 2  = T ,  = 0.4%. According t o  Eqs. (11 

-(3) o r  t o  Fig.1 the maximum and minimum r e f l e c t i o n  c o e f f i c i e n t s  a r e  c a l -  

cu la ted  t o  99.9% and 0.0% and BO = 0.93 (see example (1) i n  l a s t  section). 

With L = 4.3 cm the bandwidth i s  Av =l .O GHz, and t h e  d ispers ion  r a n g e  
R 

AvD = 3.5 GHz. By a small v a r i a t i o n  o f  the  parameters th ree  - m i  r r o r  re -  

f l e c t o r s  w i t h  a smal ler  bandwidth can be obtained. The r e f l e c t i o n  coef- 

f i c i e n t  depends c r i t i c a l l y  on t h e  separat ion between t h e  m i r r o r s  2 and 3. 

Therefore m i r r o r s  2 and 3 have been f a b r i c a t e d  on a commn substrate,se- 

parated by a X/2-layer made o f  LaF3. The in te r fe rence  f i l t e r  c o n s i s t i n g  

o f  m i r r o r s  2 and 3 had a measured power transmission c o e f f i c i e n t  o f  0 .2  

and a h a l f w i d t h  o f  2 nm as shown i n  Fig.5. The wavelength f o r  which peak 

transmission occured v a r i e d  f o r  d i f f e r e n t  p o s i t i o n s  o f  t h e  f i l t e r  i nd ica -  

t i n g  t h a t  the X/2-layer was wedge-shaped. 
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FPE IF '2 3 4 ' 

Fig.4 - Dye-laser con f i gu ra t i on  w i t h  three- mir ror  r e f i e c t o r  TMR cons i s t -  

i n g  o f  m i r r o r s  2, 3,  4, Fabry-Perot e ta l on  FPE, and in ter ference f i l t e r  

IF .  F ~ ,  P3, F& a re  the ampli tude r e f l e c t i o n  coe f f i c i an t s  o f  the m i r r o r s  

2, f ,  4. To i s  the p o w r  t ransmiss ion coe f f i c i en t  o f  t he  L /2- layer  sepa- 

r a t i n g  m i r ro r s  2 and 3. P ~ / ~  i s  the ampli tude r e f l e c t i o n  c o e f f i c i e n t  o f  

the combination o f  m i r r o r s  2 and 3 which can be considered as  an a d d i t i -  

onal i n t e r f e rence  f i l t e r .  



Posi tion 
O 
O 
O 

F i g . 5  - Transrnissiqn c o e f f i c i e n t  versus wavelength h of the  i n t e r f e r e n c e  

f i l t e r  consis t ing  of  m i r r o r s  2 ,  3 measured for d i f f e r e n t  pos i t ions  of  the  

probing b e m .  The m i r r o r  diameter was 3 cm, the  p o s i t i o n  o f  the  probing 

beam i s  ind icated  by a p o i n t .  

The laser  and the mode s e l e c t i v e  elements a re  shown i n  F ig.  

4 .  Rhodainine 6G i n  a Brewster angled dye c e l l  was pumped by a f lashlamp. 

The laseir length was LL = 52 cm. The m i  r r o r  1 has a r e f l e c t i o n  c o e f  f i - 
c i e n t  o f  RI  = 70% and the m i r r o r  r a d i i  were p l  = 3 m, p2 

= O 3  = P b  = 
Narrowing the bandwidth o f  the laser  emission from 12 nm t o  0.005 nm (4  
G H ~ )  was achieved by an in te r fe rence  f i  l t e r  I F  (no t  t o  be mixed up w l t h  

the in te r fe rence  f i l t e r  b u i  1 t up by m i r r o r s  2 and 3) and a Fabry-Perot 

e t a l o n  FPE us ing a plane m i r r o r  instead o f  the three-mir ror  r e f l e c t o r .  A 

schematic: representat ion o f  the laser  spectrum i s  given i n  Fig.6. A f t e r  

i n s e r t i o n  o f  the I F  and FPE the laser  o s c i l l a t e d  i n  the fundamental 

t ransversal  m d e  TEMoo. S u b s t i t u t i n g  the th ree- mi r ro r  r e f l e c t o r  TMR f o r  

the plane mi r r o r  y i e l d e d  s i n g l e  l o n g i t u d i n a l  mode operat ion.  The a c t i o n  

o f  the THR on the laser  spectrum i s  represénted i n  F ig .  6.  

The s i n g l e  rnode power amounted t o  about 1 kW, the  energy was 

-1 mJ. Without frequency s e l e c t i o n  the  laser  produced an ou tpu t  e n e r g y  

o f  50 mJ. The main power l o s s  was due  t o  the  in te r fe rence  f i l t e r  IF and 

the Fabry-Perot e t a l o n  FPE which have been used f o r  p r e s e l e c t i o n  o f  the  

frequency . l t has n o t  been t r i e d  t o  op t im ize  these components because 

the aim o f  the  experiment was on ly  t o  t e s t  the  performance o f  the  three- 

-mirrar r e f l e c t o r .  Th is  produced on ly  a power reduct ion o f  25%. 

The laser  spectrum was analyzed w i t h  an externa1 Fabry-Perot 

in ter ferorneter  ( p l a t e  separat ion 60 rnm! . Photographs taken f o r  s ing le-  



Loser spectrum 

wi th preseiectlon 
by i F  and FPE 

+Avnz 3 5 G n z  -- Reflection 

Fig.6 - Laser spectrum w i t h  preselection by an inter ference f i l t e r  IFand 

a Fabry-Perot e ta lon FPE and r e f l e c t i o n  c o e f f i c i e n t  R: o f  the three-mir- 

ror r e f  lector  TMR. 

F i9 .7  - Two-mde and single-mode output interferogram. 

and two mode operat ion a re  shown i n  F íg .7 .  I n  order  t o  t e s t  the tuníng 

range o f  the s i n g l e  mode laser  both the 1F and FPE have t o  be t i l t e d .  



Simultaneously t h e  d is tance o f  the  m i r r o r s  2 and 3 had t o  be tuned t o  be 

equal t o  the h a l f  o f  the se lected l a s e r  wavelength. This  was accompli- 

shed by us ing the wedge-shaped X/2-layer between the m i r r o r  layers  and 

d isp lac ing  the in te r fe rence  f i l t e r  c o n s i s t i n g  o f  m i r r o r s  2 and 3 perpen- 

d i c u l a r  t o  the laser  a x i s .  Because on ly  a s l i g h t  wedge was a v a i l a b l e  

the tun ing  range was ! i m i t e d  from 607 nm t o  615 nm. 

I n  conclusion i t  i s  demonstrated t h a t  a th ree- mi r ro r  r e f l e c -  

t o r  can be used f o r  frequency s e l e c t i o n  i n  a dye l a s e r  which has a much 

l a r g e r  gain than the He-Ne-laser inves t iga ted  p rev ious ly3 .  T h u s ,  the  

three-mir ror  r e f l e c t o r  represents an a l t e r n a t i v e  i n t e r f e r o m e t r i c  method 

for single-mode operat ion o f  h igh  gain lasers.  
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