
 
 

 
 

PM fiber lasers at 589nm: a 20W transportable laser system for LGS 
return flux studies  
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ABSTRACT 

<& 8K'J 9*9%2 O% 92%J%&8 8K% 2*8'#&*,% *&3 3%J'H& #F * (#$9*(8. 82*&J9#28*M,%. $#34,*2 ?*J%2 >4'3% N8*2 [&'8. (#$92'J'&H 
* TSX&$ ,*J%2 $#4&8%3 #& * ;\\$$ ,*4&(K 8%,%J(#9%. 8# M% 4J%3 '& F4842% %09%2'$%&8J 92#M'&H 8K% $%J#J9K%2'( J#3'4$ 
92#9%28'%J *&3 8# :*,'3*8% %0'J8'&H ?>N 2%842& F,40 J'$4,*8'#&J= BK% 5\I +I TSX&$ ?*J%2 'J M*J%3 #& 8K% LNP 
3%:%,#9%3 (#&(%98 #F TSX&$ ,*J%2J M*J%3 #& A*$*& 1'M%2 /$9,'F'%2J. 2%F'&%3 *&3 *JJ%$M,%3 8#H%8K%2 O'8K '&34J82C= <8 
K*J 8K% J*$% ,*J%2 *2(K'8%(842% *J 8K% ,*J%2 OK'(K O',, M% 4J%3 F#2 8K% 6?B /3*98':% P98'(J 1*(','8C=  I% K*:% *33%3 8# 
8K% 5\I +I ,*J%2 JCJ8%$ 8K% (*9*M','8'%J #F (K*&H'&H #48948 9#,*2'R*8'#&. "5M %$'JJ'#& ,%:%,J. 9#O%2 ,%:%,. ,'&%O'38K 
*&3 8# #9%2*8% *J 94,J%3 ,*J%2 O'8K *$9,'843% $#34,*8'#&= I% F#(4J '& 8K'J 9*9%2 #& 8K% ,*J%2 3%J(2'98'#& *&3 8%J8 2%J4,8J= 
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1. INTRODUCTION 
<& 8K% 9*J8 C%*2J LNP 8#H%8K%2 O'8K 8K% H2#49 #F 72#F= )43@%2 *8 )%2@%,%C K*J 92#34(%3 8# #42 @&#O,%3H% 8K% $#J8 
2%F'&%3 $#3%, #F 8K% J#3'4$ ?>N 2%842& F,40. O'8K 8K% *'$ 8# 3%F'&% 8K% ,*J%2 92#9%28'%J OK'(K H':% 8K% M%J8 2%842& F,40 
]-^. '& :'%O #F 8K% 6?B /P1 *&3 LQL?B 92#_%(8J. M#8K #F OK'(K O',, 4J% $4,8'9,% ?*J%2 >4'3% N8*2J `?>Na= 
E%*J42%$%&8J #F ?>N 2%842& F,40 :*2C'&H 8K% 2%,%:*&8 ,*J%2 9*2*$%8%2J *2% 2%b4'2%3 8# :*,'3*8% 8K%J% J'$4,*8'#&J. *J 
8K%2% *2% :%2C F%O (*,'M2*8%3 ?>N 2%842& F,40 $%*J42%$%&8J *:*',*M,%. OK',% (#&J'J8%&8 2%842& F,40 H*'&J *2% *&8'('9*8%3 
MC 8K% J'$4,*8'#&J 'F 8K% 92#9%2 ,*J%2 F#2$*8 'J J%,%(8%3 ]Y^=  
 
E#2%#:%2. O'8K 8K% 3%J'H& #F %08%&3%3 *&3 (#$9,%0 ?>NQ/P JCJ8%$J 8K%2% 'J * H%&%2*, &%%3 F#2 J9%('F'( F'%,3 
%09%2'$%&8J #& JCJ8%$ 'JJ4%J *FF%(8'&H 8K% 3%J'H&J. ,'@% 8K% $%J#J9K%2'( J#3'4$ *M4&3*&(% ]V^. 8K% J#3'4$ 92#F',% 
:*2'*M','8C ];. T^. 8K% 3'FF%2%&8 %,#&H*8%3 H%#$%82'%J #& O*:%F2#&8 J%&J#2J J4MQ*9%2842%J 92#34(%3 MC $#&#J8*8'( *&3 
M'J8*8'( 92#9*H*8'#& J(K%$%J ]U^. 8K% %FF%(8':%&%JJ #F J9#8 82*(@'&H O'8K 94,J%3 ,*J%2J *&3 8K% F2*82'('3% %FF%(8. #&,C 8# 
&*$% 8K% $#J8 2%,%:*&8 #&%J=  
 
)4',3'&H #& 8K% J4((%JJF4, 3%:%,#9$%&8 #F 8K% LNP 1'M%2 A*$*& /$9,'F'%2 `L1A/a *&3 #F * (#$9*(8 TSX&$ F'M%2 ,*J%2 
'& 8K% 9*J8 T C%*2J ]-\^ *J O%,, *J #& 8K% 2%(%&8 92#H2%JJ #F 8K% ,*J%2 '&34J82C O'8K J4(K 3%:%,#9$%&8J. LNP 'J *JJ%$M,'&H 
* 82*&J9#28*M,% ?>N [&'8 `?>N[a *J 8##, 8# (*22C #& J82*8%H'( ?>N F'%,3 %09%2'$%&8J `Figure 1a=  BK% ?>N[ (#&J'J8J #F 
* 5\I +I. TSX&$ ,*J%2 JCJ8%$. OK#J% $*'& J4MJCJ8%$J K*:% M%%& *JJ%$M,%3 MC 8K% ,*J%2 '&34J82'%J B#98'(* /> *&3 
E7) +#$$4&'(*8'#&J <&(=. 3'2%(8,C *88*(K%3 8# * J8%%2*M,% 2%F2*(8':% ,*4&(K 8%,%J(#9% 92#34(%3 MC /J8%,(# NCJ8%$J 
>$MG=  BK% 49,'&@ ,*J%2 M%*$ 'J ;\\$$ '& 3'*$%8%2= BK% ,*J%2 K*J M%%& *JJ%$M,%3 *&3 8%J8%3 '& 8K% 9*J8 J'0 $#&8KJ. 
OK',% 8K% ,*4&(K 8%,%J(#9% $%(K*&'(*, 9*28J *&3 #98'(J K*:% M%%& 92#34(%3 *&3 K*:% J8',, 8# M% *JJ%$M,%3 *8 8K% 8'$% #F 
8K'J O2'8'&H=  
 
<8 $4J8 M% &#8%3 8K*8 F#2 8K'J %09%2'$%&8*, J%849 M#8K 8K% ,*J%2 JCJ8%$ *&3 8K% ,*4&(K 8%,%J(#9% #98'(J K*:% 3%J'H&J 2*8K%2 
J'$',*2 8# 8K#J% *3#98%3 F#2 8K% 6?B V?>N1c/P1 JCJ8%$ ]S.X^. OK'(K 'J 4&3#4M8%3,C *& *JJ%8 %&*M,'&H 8# J9#8 %*2,C #& 
92#M,%$J #2 3%J'H& 'JJ4%J *&3 8# :*,'3*8%. 342'&H 8K% (#$$'JJ'#&'&H 9K*J% *&3 '& 8K% F'%,3 %09%2'$%&8J. J%:%2*, 3%J'H& 
*J9%(8J #F 8K% V?>N1 ,*J%2 *&3 ,*4&(K 8%,%J(#9% JCJ8%$J M%F#2% 8K%C O',, M% $*&4F*(842%3= 



 
 

 
 

BK% $*'& H#*, #F 8K'J 9*9%2 'J 8# 2%9#28 #& 8K% 3%J'H& *&3 9%2F#2$*&(% #F 8K% (#$9*(8 F'M%2 ,*J%2 J4MJCJ8%$ #F 8K% 
?>N[= BK% ,*J%2 K%*3 *88*(K%3 8# 8K% ,*4&(K 8%,%J(#9% #((49'%J * :#,4$% #F T\\0;T\0-\T$$;. *&3 8K% *88*(K%3 
9#,*2'R*8'#&Q$*'&8*'&'&H `7Ea A*$*& 1'M%2 /$9,'F'%2 `A1/a #((49'%J *& *33'8'#&*, :#,4$% #F * (C,'&3%2 O'8K * M*J% #F 
;T\$$ '& 3'*$%8%2 *&3 -T\$$ '& K%'HK8=   

 
Figure 1: The ESO Laser Guide Star Unit consists of two electronics cabinets, 800x600x1600 mm, one laser head with 
the 1178nm narrow-band Raman Fiber Amplifier, 500x350x255mm, both attached to the bottom of a refractive launch 
telescope, 1600mm long producing a 300 mm diameter uplink laser beam. 
  
 
 
1.1 Scientific targets 

BK% ,*J%2 9#O%2 J9%('F'(*8'#&J F#2 8K% /P1cV?>N1 JCJ8%$. *&3 F#2 8K% 7K*J% ) J843C #F 8K% LQL?B. *2% M*J%3 #& 8K% 
2%J4,8J #F #42 &4$%2'(*, J'$4,*8'#&J #& 2%842& F,40. OK'(K 92%3'(8 8# $%%8 8K% /3*98':% P98'(J 2%842& F,40 J9%('F'(*8'#&J 
O'8K * 5\I +I ,*J%2 'F *& %&K*&(%3 2%842& F,40 'J #M8*'&%3 MC $%*&J #F ('2(4,*2 9#,*2'R*8'#& #F 8K% ,*J%2 M%*$. 
,'&%O'38K #F T EGR *&3 %FF'('%&8 "5M 2%Q94$9'&H= <8 'J 2*8K%2 '$9#28*&8 *&3 J82*8%H'( 8# :*,'3*8% 8K% 2%842& F,40 
J'$4,*8'#&J %09%2'$%&8*,,C. '& 8K% (#$'&H 8O# C%*2J= 
 
I% &%%3 *J F'2J8 92'#2'8C 8# 8*(@,% 8K% 3%9%&3%&('%J #F 8K% ?>N 2%842&J F,40 F2#$ 8K% ,*J%2 %$'JJ'#& F#2$*8J *&3 8K% 
9#'&8'&H 3'2%(8'#& `'$9*(8 #F 8K% *,'H&$%&8 #F 8K% ,*J%2 M%*$ O'8K 8K% L*28KdJ $*H&%8'( F'%,3 ,'&%J. J%% ]T^a= "'FF%2%&8 
%09%2'$%&8J *2% F#2%J%%&e 
 

-= BK% %FF'('%&(C #F 8K% #98'(*, 94$9'&H 'J 2%34(%3 MC 8K% J#3'4$ *8#$ ?*2$#2 92%(%JJ'#& '&34(%3 MC 8K% 
H%#$*H&%8'( F'%,3= BK% #2'%&8*8'#& M%8O%%& 8K% H%#$*H&%8'( F'%,3 ,'&% *&3 #F 8K% ,*J%2 92#9*H*8'#& :%(8#2 
'&F,4%&(%J 8K% 2%842& F,40=  BK% 2%842& F,40 %09%(8%3 %=H= '& 7*2*&*, 'J '&3'(*8%3 '& 1'H42% 5. '& 4&'8J #F 



 
 

 
 

-\Y9KcJc$5. F#2 ('2(4,*2,C 9#,*2'R%3 ,'HK8 *&3 O'8K 2%Q94$9'&H *8 -5f= BK% 
9,#8 8*@%J '&8# *((#4&8 8K% %FF%(8 #F *'2Q$*JJ= IK%& 9#'&8'&H 8K% ?>N '& 8K% 
3'2%(8'#& #F 8K% OK'8% 3#8 '& 1'H=5. 8K% %*28K $*H&%8'( F'%,3 ) 'J 9*2*,,%, 8# 8K% 
,'HK8 92#9*H*8'#& :%(8#2 *&3 8K% #98'(*, 94$9'&H 'J #98'$*,=  N%% *,J# ]Y^ F#2 
$#2% 3%8*',J= <& 8K% 2%,*8%3 %09%2'$%&8 O% O',, $%*J42% 8K% 2%842& F,40 
9#'&8'&H 8K% ?>N F#2 3'FF%2%&8 ?>N 9#'&8'&H 3'2%(8'#&J #& 8K% J@C. :*2C'&H 
8K% /?BQ/g #F 8K% ,*4&(K 8%,%J(#9% 9#'&8'&H. O'8K #98'$*, 2%Q94$9'&H *&3 
*8 $*0'$4$ 9#O%2 #48948= 1#2 %*(K 9#'&8'&H O% O',, $%*J42% 8K% 2%842& F,40 
:*2C'&H 8K% 9#,*2'R*8'#& J8*8% #F 8K% ,*J%2 M%*$. F2#$ ,'&%*2 8# %,,'98'(*,. 8# 
('2(4,*2= 
 

5= BK% 2%842& F,40 3%9%&3%&(% F2#$ 8K% +I ,*J%2 ,'&%O'38K. *((#23'&H 8# #42 
J'$4,*8'#&J. JK#4,3 K*:% * $*0'$4$ *8 ?h 7cY. OK%2% 7 'J 8K% 9#O%2 '& *'2. 
? 'J 8K% ,'&%O'38K '& EGR= BK% ,*J%2 JK#4,3 M% *M,% 8# :*2C 8K% ,'&%O'38K *8 
,%*J8 M%8O%%& T *&3 5\ EGR= BK% 2%842& F,40 :*2'*8'#& :J ,*J%2 ,'&%O'38K 
(42:% 'J H':%& '& ]-^= 
 

;= BK% %FF'('%&(C #F 8K% #98'(*, 94$9'&H 3%9%&3J #& 8K% '&8%&J'8C. #2 9#O%2 
3%&J'8C. #F 8K% ?>N *8 8K% $%J#J9K%2% ]5^= 6*2C'&H 8K% ?>N J'R% MC (K*&H'&H F#(4J. * J(*& #F 8K% 9#O%2 3%&J'8C 
(*& M% 92#34(%3. OK'(K O',, 2%J4,8 '& * :*2'*8'#& #F 8K% 
2%842& F,40= BK'J 'J ',,4J82*8%3 '& 1'H42% ; *&3 3%8*',%3 
'& ]-^= BK% ?>N J9#8 J'R% *8 8K% $%J#J9K%2% O',, M% 
3%2':%3 %09%2'$%&8*,,C. J%% 9#'&8 `T=a M%,#O 
 

1'H42% 5e 2%842& F,40 '& -\Y

9KcJc$5. *J * F4&(8'#& #F /?B 
*&3 /g *8 7*2*&*,= BK% 9,#8 
(%&8%2 'J g%&'8K. 8K% %3H% 'J 8K% 
K#2'R#&= 

V= <& 8K% *MJ%&(% #F J*842*8'#&. 8K% ?>N 2%842& F,40 
JK#4,3 M% 92#9#28'#&*, 8# 8K% %$'88%3 9#O%2= BK% (42:% 
#F 8K% 2%842& F,40 :J %$'88%3 9#O%2 *&3 ,'HK8 
9#,*2'R*8'#& O',, *,,#O 3%8%2$'&'&H 8K% #&J%8 *&3 
92%J%&(% #F J*842*8'#&. F#2 3'FF%2%&8 9#,*2'R*8'#& J8*8%J=  
 

T= BK% ?>N J9#8 J'R% O',, M% 3%2':%3 MC '$*H'&H 
J'$4,8*&%#4J,C #& 8K% J*$% 3%8%(8#2 *& i>N 
9K#8#$%82'( (*,'M2*8#2 J8*2 '& 6QM*&3 *&3 8K% ?>N. 
*2#4&3 8K% ?>N 9#'&8'&H (##23'&*8%J= BK% i>N '$*H% 
O',, M% 3%(#&:#,:%3 F2#$ 8K% ?>N '$*H% #M8*'&%3 #& 
8K% J*$% 3%8%(8#2. 8# 3%2':% 8K% $%J#J9K%2'( ?>N= 
 

Y= "5M 2%Q94$9'&H JK#4,3 '&(2%*J% 8K% 2%842& F,40 MC 
F*(8#2J 49 8# ;QV '& 7*2*&*,. O'8K -YI #F ,*J%2 9#O%2 
'& *'2= BK% :*2'*8'#& #F 8K% 2%842& F,40 :J 8K% F2*(8'#& #F 
8K% 9#O%2 %$'88%3 '& 8K% "5M ,'&% O',, M% 
%09%2'$%&8*,,C :%2'F'%3= N%% ]-^ F#2 $#2% 3%8*',J= 
 

1'H42% ;e 3%9%&3%&(% #F 8K% 2%842& F,40 F2#$ 8K%
,'&%O'38K *&3 8K% ?>N '&8%&J'8C *8 8K%
$%J#J9K%2%= BK% (#&8#42J :*,4%J *2% 92#9#28'#&*,
8# 8K% 2%842& F,40  

BK2%% $#2% *2%*J #F Aj" 2%,*8%3 8# ?>N *2% 8*2H%8%3 MC #42 3%:%,#9$%&8 #F 8K% ?>N[e 
 

! BK% :*,'3*8'#& #F 8K% ,*8%J8 2%J4,8J #& 8K% F*J8 :*2'*M','8C #F 8K% $%J#J9K%2'( N#3'4$ ,*C%2 ];^= 
! 1'%,3 %09%2'$%&8J #& %,#&H*8%3 J9#8 O*:%F2#&8 J%&J'&H  *&3 #& ?>N J9#8 82*(@'&H. :'* 8K% (2%*8'#& #F J4'8*M,% T 

$'(2#J%(#&3J 94,J% F#2$*8J `:'* *$9,'843% $#34,*8'#&a ]U^ 
 
1.2 Laser Main Requirements 

BK% 2%b4'2%$%&8J *2% 3%2':%3 F#2 8K% %09%2'$%&8*, JCJ8%$. '& #23%2 8# 8%J8 8K% 2%842& F,40 J%&J'8':'8C 8# 8K% %$'88%3 
9#,*2'R*8'#&. ,*J%2 ,'&%O'38K. "5M 2%Q94$9'&H ,%:%,J. 94,J%3 #9%2*8'#& `*$9,'843% $#34,*8'#&a. *&3 8# #9%2*8% 3'2%(8,C 
*88*(K%3 8# 8K% ,*4&(K 8%,%J(#9%=  1#2 8K% ,*J%2e 



 
 

 
 

 

Laser Main Requirement Value/definition 

?*J%2 G%*3 ,#(*8'#& *88*(K%3 8# ?*4&(K B%,%J(#9% 

?*J%2 G%*3 (*& #9%2*8% O'8K :*2C'&H H2*:'8C :%(8#2 #9%2*8'#& /?B 5\QX\k 

?*J%2 ,'&%O'38K lT EGR 

7#JJ'M','8C 8# (K*&H% 8K% ,'&%O'38K %,%(82#&'(*,,C [9 8# 5\ EGR 

?*J%2 7#O%2   5\ I +I *8 TSX&$  

12%b4%&(C (#&82#, J8*M','8C mV\ EGR 

?*J%2 M%*$ #98'(*, b4*,'8C  l  T\ &$ 2$J 

P48948 M%*$ O*'J8 O# -=-m\=- $$ '& 3'*$%8%2. ,#(*8%3 *8 ,*J%2 %0'8 m5$ 

P48948 M%*$ 9#,*2'R*8'#& 7LA n T\e- 

7#JJ'M','8C 8# (K*&H% 8K% 9#,*2'R*8'#& J8*8% #&,'&%= 
7#,*2'R*8'#& L,,'98'('8C 2%J#,48'#& m\=\5 

P48948 )%*$ N8*M','8C `3%(%&8%2. 8',8a -\\ o$ 2*3'4J. - *2($'& 8',8 

?*J%2 9#O%2 $#&'8#2J  A%,*8':% 9#O%2. $%*J42%3 *8 --US &$ *&3 TSX &$ 

L$'88%3 ,'&% 92#F',% $#&'8#2  5=T EGR 2%J#,48'#&. 2*&H% l-\\\ EGR 

N'3%M*&3 J9%(824$ F#2 "5M 2%Q94$9'&H -=U-; >GR F2#$ "5* 

N'3%M*&3 *$9,'843% F#2 "5M 2%Q94$9'&H *$9,'843% *3_4J8*M,%. 49 8# -Tf #F "5* '&8%&J'8C 

/$9,'843% E#34,*8'#& /3_4J8*M,%. 49 8# YY\ @GR. %08'&(8'#& l -f 

"'J8*&(% #F ,*J%2 %,%(82#&'( (*M'&%8 F2#$ ,*J%2 K%*3 ! ;$ 

 
 

1.3 Launch Telescope Main Requirements 

 

Launch Telescope Main Requirement Value/definition 

"%J'H& 8C9% /8K%2$*,'R%3 A%F2*(8#2. 5\0 )%*$ L09*&3%2 

P48948 )%*$ "'*$%8%2 ;\\ $$  

7#'&8'&H +##23'&*8%J *&3 A*&H% /?Bc/ge /?B \QX\k. /g m-S\ 

7#'&8'&H *((42*(C lT *2(J%( '& #9%2*8'&H 2*&H% 

P98'(*, Z4*,'8C '&(,43'&H )L[ `8',8 *&3 F#(4J 2%$#:%3a I1L l ST &$ 2$J 

BK2#4HK948 n X5f 

1#(4J A*&H% U\Q5\\ @$ 

7#,*2'R*8'#& ?#JJ  l;f 

 

 
 



 
 

 
 

 

2. THE 20W  LASER  
 

1'H42% Ve EP7/ J(K%$% #F 8K% 7E V\I --US&$ ,*J%2 J#42(%. 
94$9%3 MC * -\\I +I (#$$%2('*, F'M%2 ,*J%2 *8 --5-&$ 

2.1 The 1178nm module MOPA Scheme  

BK% ,*J%2 'J M*J%3 #& * $*J8%2 #J(',,*8#2Q7#O%2 
/$9,'F'%2 J(K%$% `EP7/a. '& OK'(K * &*22#O M*&3 
J%%3 ,*J%2 *8 --US&$ 32':%J * V\I --US&$ 
9#,*2'R*8'#& $*'&8*'&'&H 1'M%2 A*$*& /$9,'F'%2 
`A1/a. '&Q,'&% 94$9%3 MC * -\\I. --5- &$ 
(#$$%2('*, F'M%2 ,*J%2 `1'H42% Va= 12#$ 8K% #48948 
#F 8K% J%%3 8# 8K% %&3 #F 8K% --US&$ $#34,%. &# 
F2%% J9*(% (#$9#&%&8J *2% 4J%3. 8K% --US&$ K'HK 
9#O%2 ,*J%2 #48948 'J F2#$ * J'&H,%Q$#3% F'M%2 (#2%=  

)#8K 8K% --US&$ J%%3 ,*J%2 *&3 8K% --5- &$ -\\I 
+I 94$9 F'M%2 ,*J%2 *2% 9,*(%3 '& 8K% ,*J%2 
%,%(82#&'(J (*M'&%8 *&3 (#&&%(8%3 :'* *2$#2%3Q
92#8%(8%3. J'&H,% $#3% F'M%2J 8# 8K% A1/ *8 J%:%2*, 
$%8%2J 3'J8*&(%= BK% 9#O%2 3'JJ'9*8'#& '& 8K% ,*J%2 
K%*3 'J #F 8K% #23%2 #F Y\I *&3 '8 'J 2%$#:%3 MC 
8K%2$*, (#&8*(8 O'8K 8K% O*8%2 (##,%3 ,*J%2 K%*3=  

 

2.2 The Second Harmonic Generation 

BK% J%(#&3 K*2$#&'( H%&%2*8'#& `#2 F2%b4%&(C 
3#4M,'&Ha 92#(%JJ 92#34(%J #&% 9K#8#& *8 TSX &$ 
F#2 %:%2C 8O# 9K#8#&J *8 --US &$. '& #42 ,*J%2 :'* * 
&#&Q,'&%*2 (2CJ8*, '&J%28%3 '& * 2%J#&*&8 (*:'8C= BK% 
F'M%2 #48948 #F 8K% --US &$ A1/ 'J (#,,'$*8%3 '& 
8K% ?*J%2 G%*3. (#&8*'&'&H * K'HK 9#O%2 #98'(*, 
'J#,*8#2 *&3 8K% $#3%Q$*8(K'&H #98'(J `,%&J%J *&3 
$'22#2Ja 8# F%%3 8K% F2%b4%&(C 3#4M,'&H 2%J#&*&8 
(*:'8C `1'H42% Ta= BK% (#$9*(8. (#$$%2('*,,C 
*:*',*M,% NG>Q92# 2'&H 2%J#&*&8 (*:'8C 'J 
(#&82#,,%3 :'* * 7#4&3Q"2%:%2QG*,, J(K%$% *&3 
4J%J ?)P *J &#& ,'&%*2 (2CJ8*, F#2 8K% F2%b4%&(C 
(#&:%2J'#&= BK% H##3 M%*$ b4*,'8C #F 8K% --US &$ 
J#42(% *&3 8K% %082%$%,C ,#O 9*JJ':% (*:'8C ,#JJ%J. 
*,,#O 2%*(K'&H NG> #98'(*, (#&:%2J'#& %FF'('%&('%J 
M%88%2 8K*& S\f=    

)%J'3%J 8K% 7"G (*:'8C (#&82#, ,##9. 8K% ,*J%2 
(#&82#, J(K%$% '&(,43%J O*:%,%&H8K J8*M','R*8'#& 4J'&H * (#$$%2('*, O*:%,%&H8K $%8%2 O'8K * 92%('J'#& #F m-\ EGR. * 
2%F%2%&(% J8*M','R%3 ,#OQ9#O%2 ,*J%2 *&3 O#2@'&H '& (,#J%3 F%%3M*(@ ,##9 #& 8K% --US&$ J%%3 ,*J%2. *8 * 2*8% #F -T GR 
`1'H42% Ya=  

1'H42% Te 8K% --US&$ F'M%2 ,*J%2 F%%3J * B#98'(* NG>Q92#
F2%b4%&(C 3#4M,'&H 2%J#&*&8 (*:'8C M*J%3 #& 8K% ?)P (2CJ8*,.
OK'(K (#&:%28J %*(K 8O# 9K#8#&J *8 --US &$ '&8# #&% *8 TSX &$=

 

BK'J (#&82#, J(K%$% 'J M*J%3 #& (#$$%2('*,,C *:*',*M,% (#$9#&%&8J. $#J8 #F OK'(K O%2% 4J%3 342'&H F#2$%2 ,*J%2 
3%:%,#9$%&8 *8 LNP. *&3 K*:% M%%& &#O '$9,%$%&8%3 '& 8K% ?>N[ ,*J%2 K%*3=  



 
 

 
 

 
1'H42% Ye ?*J%2 J(K%$% '&(,43'&H 8K% 8O# (#&82#, ,##9J. F#2 8K% F2%b4%&(C J8*M','R*8'#& *&3 8K% F2%b4%&(C 3#4M,'&H 4&'8= 

                
2.3 The Laser Head 

BK% O*8%2Q(##,%3 ,*J%2 K%*3 *((#$$#3*8%J 8K% NG> 4&'8. *& L,%(82#QP98'(*, E#34,*8#2 `LPEa 8# H%&%2*8% 8K% ,'&% 
J'3%M*&3J *8 -=U-; >GR `"5Ma. *& /(#4J8#QP98'( E#34,*8#2 `/PEa *(8'&H *J F*J8 M%*$ 3%F,%(8#2 8# H%&%2*8% *$9,'843% 
$#34,*8'#&. *&3 * b4*28%2O*:% W K*,FO*:%9,*8% '& J%2'%J. OK'(K (*& M% 2#8*8%3 2%$#8%,C 8# H%&%2*8% *2M'82*2C #48948 
9#,*2'R*8'#& J8*8%J=  BK% ?*J%2 G%*3 K#J8J * $'22#2 JK488%2. :*2'#4J 9#O%2 $#&'8#2'&H 3'#3%J *&3 * 8%$9%2*842% J%&J#2=  

BK'J ',,4J82*8%3 J(K%$*8'(*,,C '& 1'H42% U= BK% F#(4J'&H )%*$ L09*&3%2 'J 9,*(%3 #48J'3% 8K% ?*J%2 G%*3. *&3 4J%3 8# 
92#34(% * -T $$ M%*$ *J '&948 8# 8K% ?*4&(K B%,%J(#9%= BK% (##,*&8 'J @%98 *8 -Sm- p+ *&3 8K%2$*, '&J4,*8'#& 'J 4J%3 
8# JK'%,3 8K% ?*J%2 G%*3 F2#$ 8K% %&:'2#&$%&8= 

   
1'H42% Ue "'*H2*$ #F 8K% ?*J%2 G%*3 *&3 '8J F4&(8'#&*,'8'%J= /F8%2 8K% NG> 4&'8 *& LPE *&3 /PE (*& M% 4J%3 8# 
92#34(% 2%Q94$9'&H *&3 *$9,'843% $#34,*8'#& F#2 94,J%3 #9%2*8'#&= BK% /PE R%2#Q#23%2 J'H&*, 'J 34$9%3=  



 
 

 
 

 
1'H42% Se BK% T\\0;T\0-\T $$; ,*J%2 K%*3 'J O*8%2 (##,%3 *8 -Sm- p+ *&3 K*J 8K% A1/ *88*(K%3 #& 8K% M#88#$= BK% 
A1/ 'J (##,%3 MC 8K%2$*, (#&8*(8 O'8K 8K% ,*J%2 K%*3 M*J%9,*8%= P& 8K% 2'HK8. * 9'(842% 8*@%& 342'&H 8K% '&8%H2*8'#&=  
 

 
1'H42% Xe ?*J%2 G%*3 8#9 :'%O= BK% --US &$ F2%% J9*(% M%*$ %&8%2J F2#$ 8K% M#88#$ ,%F8 J'3% 9*JJ'&H 8K2#4HK 8K% 
'J#,*8#2. 8K% $#3% $*8(K'&H 8%,%J(#9% *&3 8O# F#,3'&H F,*8J. M%F#2% %&8%2'&H 8K% NG> 72# 4&'8= BK% TSX &$ M%*$ %0'8'&H 
8K% NG>Q92# 'J F#,3%3 *&3 J9*8'*,,C $*8(K%3 F'2J8 8# 8K% LPE *&3 8K%& 8# 8K% /PE. M%F#2% 2%*(K'&H 8K% $#8#2'R%3 
9#,*2'R*8'#& (#&82#, *&3 8K% JK488%2= BO# F428K%2 F#,3'&H F,*8J *2% 4J%3 8# *,'H& 8K% #48948 M%*$ 8# 8K% %0'8 9#28. OK'(K 'J 
8# 8K% 2'HK8 '& 8K% 9'(842%=  



 
 

 
 

2.4 The Electronics 

BO# O*8%2Q(##,%3 (*M'&%8J O'8K K'HK LE< 'J#,*8'#& K*:% M%%& M4',8 MC LNP. 8# (#&82#, 
8K% ,*J%2 `,*J%2 (*M'&%8a. 8# 92#:'3% 8K% A1 32':%2J F#2 8K% $#34,*8#2J. 8K% '&8%2,#(@J 
JCJ8%$ *&3 8# 92#:'3% 8K% ,*4&(K 8%,%J(#9% F4&(8'#&*,'8'%J `%,%(82#&'(J (*M'&%8a= /& 
'&34J82'*, 7+ J49%2:'J#2C (#$948%2 'J '&8%H2*8%3 '& 8K% %,%(82#&'(J (*M'&%8. O'8K 8K% 
JCJ8%$ (#&82#, NI M*J%3 #& ?*M:'%O= 6'* ?/i * 2%$#8% 3%J@8#9 (*& (#&&%(8 *&3 
#9%2*8% 8K% %&8'2% ?>N[ 2%$#8%,C=   

BK% 8#8*, 9#O%2 (#&J4$98'#& #F 8K% ?>N[ 'J V=T @I *8 ;S\6/+= / 3#4M,%Q('2(4'8 (K',,%2 
JCJ8%$ 92#34(%J 8K% (##,'&H (*9*('8C F#2 8K% 8O# %,%(82#&'(J (*M'&%8 *8 -Y p+. *&3 8K% 
J8*M','R%3 (##,'&H F#2 8K% ,*J%2 94$9 *&3 8K% ,*J%2 K%*3. *8 -S p+=  

/& [7N 'J '&J8*,,%3 O'8K n-T$'& *48#&#$C. 8# *,,#O * J$##8K JK48 3#O& #F 8K% ,*J%2 '& 
(*J% #F 9#O%2 F*',42%J= BK% (*M'&%8J (*& M% 92%QK%*8%3 8# O*2$ 49 8K% J4MJCJ8%$J '& 
(K',,C %&:'2#&$%&8J. M%F#2% * (#,3QJ8*2849 #F 8K% JCJ8%$=  

BK% JCJ8%$ '&8%2,#(@J '&J8*,,%3 *2%e 

-= ?*J%2 92#8%(8'#& '&8%2,#(@ #& A1/ N8'$4,*8%3 )2',,#4'& N(*88%2'&H 
5= ?*J%2 92#8%(8'#& '&8%2,#(@ #& --5\ 94$9 9#O%2Q32#9 
;= ?*J%2 92#8%(8'#& '&8%2,#(@ #& --US&$ J%%3 9#O%2 32#9 
V= 72#9*H*8'#& JK488%2 '&8%2,#(@ F2#$ 2%$#8% *'2(2*F8 J9#88%2 JO'8(K 1'H42% -\e L,%(82#&'(J (*M'&%8

O'8K 8K% LPE A1 32':%2. 8K%
'&8%H2*8%3 7+ (#$948%2. 8K%
'&8%2,#(@ 9*&%,. 8K% LPE *&3
/PE A1 H%&%2*8#2J 

 

3. 20W 589NM LASER TEST RESULTS  
 
3.1 1178nm PM RFA 

 

3.1.1 PM RFA Emission Specifications and Monitored Signals 

 
Parameter Units Min Nom Max Comments 

P48948 7#O%2 7%2 +K*&&%, I -\ ;Y ;U  
/3_4J8*M,% 7#O%2 A*&H% f T\  -\T f #F &#$'&*, 
/$9,'F'(*8'#& I*:%,%&H8K &$ --UY --US --UX  
?'&%O'38K EGR 2 V 5T  
A<i f   V AEN. TGRQ-EGR 

 
 

Monitor Access to monitored 
parameter 

Tap Ratio/ Response Conditions 

)*(@O*23 N)N  P98'(*, :'* F'M%2 8*9 -f 74$9 'J P& 
P48948 A1/ 9#O%2 :'* %,%(82'(*, (*M,% -\\$6cI 

`>*'& ,#Oa 
74$9 'J P& 

7*JJ 8K2#4HK J'H&*, `*8 8K% 
A1/ #48948a 

:'* %,%(82'(*, (*M,% -\$6c$I  
`>*'& K'HKa 

74$9 'J PFF 

"%,':%2%3 94$9 9#O%2 P98'(*, :'* F'M%2 8*9 \=\SY$IcI 74$9 'J P& 
 

[J'&H * J'&H,%Q*2$ A1/ *992#*(K 49 8# VVI *8 --US &$ K*:% M%%& 92#34(%3 O'8K * -\\I. --5- &$ 94$9= B# 92#34(% 
5\I *8 TSX &$. ;5I *2% 2%b4'2%3 F2#$ 8K% A1/ #48948. M%F#2% 8K% #98'(*, 'J#,*8#2= I% K*:% 8K%2%F#2% J#$% $*2H'& *&3 



 
 

 
 

3# &#8 K*:% 8# #9%2*8% 8K% ,*J%2 94$9 *8 '8J $*0'$4$= BK% 9,#8 '& 1'H42% -- JK#OJ 8K% A1/ #48948 9#O%2 *8 --US &$ *J 
* F4&(8'#& #F 8K% 94$9 ,*J%2 9#O%2 *8 --5- &$ `('2(,%Ja= BK% Jb4*2%J JK#O 8K% N)N J'H&*, ,%:%,= BK% A1/ 'J '&8%2,#(@%3 
'F 8K% N)N 9#O%2 H#%J *M#:% \=5I= BK% 8%J8 2%J4,8J 3%$#&J82*8% 8K*8 8K% 7E A1/ 'J $%%8'&H *&3 %0(%%3'&H 8K% #48948 
9#O%2 J9%('F'(*8'#&J=  

 
1'H42% --e --US&$ A1/ 9#O%2 #48948 `('2(,%J. ,%F8 #23'&*8% *0'Ja *J * F4&(8'#& #F 8K% 94$9 9#O%2= N)N `Jb4*2%J. 2'HK8 
#23'&*8% *0'Ja H%&%2*8%3 *8 8K% J*$% 94$9 9#O%2 ,%:%,= BK% A1/ #48948 9#O%2 J9%('F'(*8'#& 'J ;YI. #9%2*8'#& *8 ;5I 
+I= [9 8# VV I 9#O%2 K*J M%%& 3%$#&J82*8%3 O'8K J8*M,% #9%2*8'#& 342'&H 8K% 8%J8J= 
 
  

 

 

RFA-P-36-1178: FP scan of amplified 1178-nm signal, P=34W
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1'H42% -5e ?%F8e 9'(842% #F 8K% A1/ *J 3%,':%2%3 F2#$ E7)+q A'HK8e J9%(824$ #F 8K% %$'88%3 ,'&% 8*@%& O'8K *& <A P98'(*, 
N9%(824$ /&*,CR%2. *8 A1/ 9#O%2 #F ;VI= BK% ,'&% 92#F',% *JC$$%82C 'J 34% 8# 8K% J9%(824$ *&*,CR%2 $'J*,'H&$%&8= 

 
BK% --US &$ %$'88%3 ,'&% O*J 8*@%& *8 ;VI 4J'&H *& '&F2*2%3 P98'(*, N9%(824$ /&*,CR%2 `PN/a *&3 '8 'J JK#O& '& 
1'H42% -5= BK% ,'&%O'38K $%*J42%3 'J ; EGR. K#O%:%2 8K% PN/ 1'&%JJ% 'J ,'$'8'&H 8K% 2%J#,48'#& *&3 8K% J,'HK8 
$'J*,'H&$%&8 #F 8K% 1*M2C 7%2#8 '&F,4%&(%J 8K% JC$$%82C #F 8K% 2%J4,8= BK% J9%('F'(*8'#& #& 2%,*8':% '&8%&J'8C &#'J% O*J 
%b4*,,C $%8. O'8K *& 2$J #F \=Vf $%*J42%3 '& 8K% F2%b4%&(C 2*&H% T GRQ- EGR. -\ 8'$%J M%88%2 8K*& J9%('F'(*8'#&J=  
 
BK% A1/ $%8 *,, 8%(K&'(*, J9%('F'(*8'#&J. '8 K*J &# $#:*M,% 9*28J #2 F2%% J9*(% #98'(J *&3 K%&(% '8 'J &#8 '&F,4%&(%3 MC 
8K% H2*:'8C :%(8#2 (K*&H%J OK%& '8 O',, M% *88*(K%3 8# 8K% ?*4&(K B%,%J(#9%= BK% 8K%2$*, $*&*H%$%&8 #F J#$% K'HK 
9#O%2 (#$9#&%&8J 'J *& *2%* OK'(K O',, M% F428K%2 (K%(@%3 *&3 '$92#:%3 M%F#2% 3%9,#C'&H 8K% 4&'8 F#2 F'%,3 8%J8J= 



 
 

 
 

3.2 Second Harmonic Generation Tests 

<& 8K% ?*J%2 G%*3 8K% NG>Q72# (*:'8C H%&%2*8%J 
8K% TSX&$ 9K#8#&J= BK% --US&$ 9#O%2 %&8%2'&H 
8K% 2'&H (*:'8C 'J ,#O%2 8K*& 8K% A1/ #48948 34% 
$*'&,C 8# 8K% *MJ#298'#& #F 8K% F2%% J9*(% M%*$ '& 
8K% '&F2*2%3 P98'(*, <J#,*8#2= BK% $%*J42%3 #98'(*, 
(#&:%2J'#& %FF'('%&(C 'J #M8*'&%3 MC 8K% 2*8'# #F 
8K% (*:'8C '&948 *&3 #48948 9#O%2J= /3_4J8'&H 8K% 
$#3% $*8(K'&H #F 8K% '&948 M%*$ 8# (#$9%&J*8% 
8K% #98'(*, 'J#,*8#2 8K%2$*, ,%&J'&H. O% K*:% 
#M8*'&%3 (#&J'J8%&8,C %FF'('%&('%J *M#:% S\f `J%% 
1'H42% -;a=   

BK% %$'88%3 J9%(82*, ,'&% O*J $%*J42%3 4J'&H *& 
PN/ F#2 8K% :'J'M,% O'8K * J9%(82*, 2%J#,48'#& #F 
5EGR. *8 TSX &$ ,*J%2 9#O%2 ,%:%,J #F -\. -T *&3 
5\ I. O'8K 8K% LPE *(8':*8%3 8# 92#34(% 8K% "5M 
J'3%M*&3J *8 -=U-; >GR K*:'&H -\f #F 8K% (%&82*, 
%$'JJ'#& ,'&% 9%*@ '&8%&J'8C. *J J9%('F'%3=  

<& (*J% 8K% A1/ O#4,3 %09%2'%&(% 1#42QI*:% 
E'0'&H. O% O#4,3 #MJ%2:% 8K% <A *&3 K%&(% 8K% 
TSX &$ %$'JJ'#& ,'&%O'38K M2#*3%& O'8K 
'&(2%*J'&H ,*J%2 9#O%2= I% K*:% $%*J42%3 O'8K 8K% 
J*$% #&Q,'&% PN/ 8K% TSX &$ (%&82*, ,'&%O'38K F#2 
8K% 9#O%2J #F -\. -T *&3 5\ I +I *&3 #MJ%2:% &# 
(K*&H%J `J%% 1'H42% -Va= BK% $%*J42%3 ,'&%O'38K *8 
TSX &$ 'J Y=YEGR. O'8K#48 3%(#&:#,:'&H 8K% PN/ 
'&J824$%&8 92#F',%. *&3 8K% ,'&% 'J JC$$%82'(*,=    
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1'H42% -;e TSX&$ #48948 9#O%2 F2#$ 8K% NG>Q72# 2'&H (*:'8C `,%F8 
*0'Ja. *J * F4&(8'#& #F '&948 9#O%2 *8 --US&$= BK% (#&:%2J'#& 
%FF'('%&(C `2'HK8 *0'Ja 'J *M#:% S\f F2#$ -;I '&948 #&O*23= 

"42'&H * (#&8'&4#4J 5V K#42J 8%J8. 8K% *:%2*H% 
,*J%2 %$'88%3 9#O%2 K*J M%%& 5\=V I O'8K *& 2$J 
#F \=-XI= 

 

3.3 D2b line generation 

BK2#4HK 8K% 9K*J% :*2'*8'#&J '&34(%3 MC 2*3'#Q
F2%b4%&(C *8 -=U-; >GR *99,'%3 8# * T$$ *9%2842% 
L,%(82#QP98'( E#34,*8#2 (2CJ8*,. * F2*(8'#& #F 8K% 
F4&3*$%&8*, TSX &$ ,'&% 9K#8#&J *2% JK'F8%3 MC 
-=U-; >GR 8#O*23J 8K% 2%3 #2 8K% M,4%= BK% ,*J%2 
%$'JJ'#& J9%(824$ H%8J 8O# J'3%M*&3 ,'&%J. 8K% 
*$9,'843% M%'&H 3%8%2$'&%3 MC 8K% A1 9#O%2=  

BK#J% 9K#8#&J JK'F8%3 8#O*23 8K% M,4% *2% %0('8'&H 
"5M ,'&% 82*&J'8'#&J #F 8K% J*$% J#3'4$ *8#$. *&3 *(8 *J 2%Q94$9'&H 9K#8#&J ]-^=  

1'H42% -Ve ?*J%2 J9%(824$ *8 TSX &$= BK2%% $%*J42%3 %$'JJ'#&
,'&%J *2% JK#O&. 8*@%& `F2#$ ,%F8 8# 2'HK8a *8 -\. -T *&3 5\I
%$'JJ'#& 9#O%2= BK% ,'&%J K*:% *2M'82*2',C JK'F8%3 #& 8K% 9,#8 '&
#23%2 8# J%% 8K%$. OK',% @%%9'&H 8K% F2%b4%&(C J(*,%= 

I% 92#9*H*8% * 5=T$$ M%*$ 8K2#4HK 8K% LPE 8# *:#'3 #98'(*, O*:%F2#&8 3'J8#28'#&J= BK% LPE '&3%%3 '&82#34(%J 
8K%2$*, ,%&J'&H OK'(K (K*&H%J O'8K 8K% *99,'%3 9#O%2= BK% JK#28%J8 ,%&J'&H #MJ%2:%3 *8 5\ I O*J T $ 2*3'4J #F 
(42:*842%= BK%2%F#2% 8K% #48948 M%*$ #F 8K% ,*J%2 K%*3 'J J82'(8,C J9%*@'&H (#,,'$*8%3 #&,C *8 5\ I 9#O%2. *8 ,#O%2 
9#O%2J 8K% F#(4J (K*&H%J *&3 '8 O',, K*:% 8# M% (#$9%&J*8%3 MC 8K% ,*4&(K 8%,%J(#9% M%*$ %09*&3%2. OK'(K O',, K*:% *& 
#FFJ%8 (*,'M2*8%3 :J ,*J%2 9#O%2 ,%:%,J= 

<8 K*J M%%& (#&F'2$%3 MC 8%J8 8K*8 8K% LPE '&3%%3 H%&%2*8%J 8K% (#22%(8 J'3%,#M%J OK'(K *(K'%:% 8K% 3%J'2%3 '&8%&J'8C 
,%:%,J F#2 #9%2*8'#& `-5fa= "42'&H 8K% 2%842& F,40 8%J8J O% O',, M% *M,% 8# :*2C 8K% "5M 2%Q94$9'&H F2#$ \f 8# -Sf #F 
8K% (%&82*, ,'&% 9%*@ '&8%&J'8C `J%% 1'H42% -Ta. *&3 $%*J42% 8K% (#22%J9#&3'&H 2%842& F,40 :*2'*8'#&=   



 
 

 
 

  
1'H42% -Ye ?*J%2 %$'JJ'#& J9%(824$ O'8K J'3%M*&3J *8 -=U-; >GR `,%F8a= 6*2C'&H 8K% A1 9#O%2 *99,'%3 8K% J'3%Q,#M% 
'&8%&J'8C (*& M% :*2'%3 49 8# -Sf '& #42 J%849 `2'HK8a= )#8K 9,#8J *2% %09%2'$%&8*, 2%J4,8J #M8*'&%3 342'&H 8%J8J #F 8K% 
,*J%2 K%*3=  
 

3.4 Wavelength Control 

BK% ,*J%2 O*:%,%&H8K (#&82#, 
JCJ8%$ 4J%J * B#98'(* IN[c-\ 
92%('J'#& O*:%,%&H8KQ$%8%2 O'8K 
-\EGR *MJ#,48% *((42*(C. *&3 * 
J8*M','R%3 BLE\\ G%Qi% ,*J%2 *J 
2%F%2%&(%= <8 J8*M','R%J 8K% $*J8%2 
#J(',,*8#2 O*:%,%&H8K *8 --US &$. 
OK'(K MC F2%b4%&(CQ3#4M,'&H 'J 
3'2%(8,C ,'&@%3 8# 8K% TSX &$ 
O*:%,%&H8K. *:#'3'&H 8K%2%F#2% 8K% 
4J% #F * N#3'4$ 2%F%2%&(% (%,,= 

BK% O*:%,%&H8K (#&82#, 4J%J 
\=T$I F2#$ 8K% --US &$ J%%3 
,*J%2 J#42(% *8 5 GR ,##9 F2%b4%&(C= 
BK% ,*J%2 %$'JJ'#& F2%b4%&(C 
J8*M','8C J9%('F'(*8'#& 'J mV\ EGR= / ,#&H 8%2$ 8%J8 (*22'%3 #:%2 YV K#42J K*J 92#34(%3 5 EGR 2$J %22#2 `J%% 1'H42% -Ya=  

3.5 Laser Beam Optical Qualit

1'H42% -Te %22#2 J'H&*, #F 8K% ,*J%2 O*:%,%&H8K (#&82#, ,##9. F#2 YV K#42J #F 
(,#J%3 ,##9 #9%2*8'#& *8 --US&$= BK% 2$J %22#2 'J 5 EGR= 

y 

%*J42%3 *8 5\ I O'8K 8K% LPE '& #9%2*8'#& *&3 8K% /PE (2CJ8*, '& 8K% M%*$ 9*8K. 

( E#34,*8#2 F#2 M%*$ 3%F,%(8'#& *&3 * M,#(@'&H "QJK*9%3 $'22#2 F#2 8K% \8K #23%2 3%F,%(8'#& 8K% 

R *&3 YY\@GR= B# 4J% J4(K K'HK F2%b4%&(C O% K*:% 2%34(%3 8K% 

4. SUMMARY AND CONCLUSIONS 
<8 'J J82*8%H'( F#2 8K% &%0 %2'$%&8*,,C. F#2 8K% 3%J'H& #F 8K% 

BK% #98'(*, M%*$ b4*,'8C K*J M%%& $
&#8 $#34,*8'&H. 4J'&H * 9'(@Q#FF O'&3#O *8 8K% %0'8 #F 8K% ,*J%2 K%*3 *&3 * G*J# NK*(@QG*28$*&& O*:%F2#&8 J%&J#2= BK% 
I*:%F2#&8 %22#2 2$J *F8%2 2%$#:'&H 8',8 *&3 F#(4J 'J Y &$ `J%% 1'H42% -Ua= 

3.6 Pulsed Operation 

[J'&H 8K% /(#4J8#QP98'
,*J%2 %$'JJ'#& (*& M% 94,J%3 MC *$9,'843% $#34,*8'#&=  

I% K*:% 8%J8%3 8K% /PE 49 8# 8K% F2%b4%&('%J #F ;;\@G
M%*$ J'R% '& 8K% /PE 8# \=S $$ '&J8%*3 #F 5 $$. OK'(K O',, M% 4J%3 F#2 ;QT @GR 94,J% F2%b4%&('%J. 92#:#@'&H * 32#9 
3#O& 8# Y\f #F 8K% /PE $#34,*8'#& %FF'('%&(C= BK% 9%*@ 9#O%2 342'&H 8K% %09%2'$%&8 O*J -5I. 8K% 2'J% 8'$% l\=-oJ=  

8 C%*2J 8# K*:% 2%,'*M,% ?>N 2%842& F,40 $#3%,J :*,'3*8%3 %09
F4842% ?>NQ/P JCJ8%$= )4',3'&H 49 F2#$ %*2,'%2 F'M%2 ,*J%2 3%:%,#9$%&8. * 82*&J9#28*M,% ?>N[ O'8K * 5\I F'M%2QM*J%3 
,*J%2 'J M%'&H 3%J'H&%3. *JJ%$M,%3 *&3 8%J8%3 8K'J C%*2 *8 LNP. 8# (#&34(8 $%*J42%$%&8 (*$9*'H&J '& 5\-- *&3 5\-5= 



 
 

 
 

BK% 3%J'H& #F 8K% ,*J%2 *&3 #F 8K% ,*4&(K 8%,%J(#9% K*:% $*&C J'$',*2'8'%J O'8K 8K% /P1cV?>N1 ?>N[ ]X^. K%&(% * 
MC92#34(8 #F 8K'J *(8':'8C 'J *,J# * 2'J@ 2%34(8'#& #& 8K% V?>N1 J4MJCJ8%$J M%'&H M4',8= BK% *JJ%$M,C #F 8K% 5\ I ,*J%2 
K*J M%%& (#$9,%8%3 *&3 %08%&J':% 8%J8 2%J4,8J 92#:% 8K*8 '8 $%%8J *&3 #F8%& %0(%%3J 8K% J9%('F'(*8'#&J= 1428K%2 O#2@ 'J 
&%(%JJ*2C 8K'J C%*2 8# (#$9,%8% 8K% 82*&J9#28*M,% ?>N[ *&3 8# F428K%2 8%J8 *&3 24HH%3'R% 8K% JCJ8%$ F#2 F'%,3 #9%2*8'#&=    
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