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• %Op(cal%design%%
• %layout%
• %gaussian%parameters%
• %aberra(ons%

• %Tolerancing%
• %defini(on%
• %results%



ETM% BRT%

GPT%
L%ETM/BRT%L1%=%5%m% L%BRT%L1/%L2%=%1.8022%m%

L%GPT%L1/%L2%=%243%mm%

nair%=%1%%
nETM%=%sapphire%
nlenses%=%fused%silica%

ETM%1st%side%/%RoC%=%1900%m%%

ETM%2nd%side%/%RoC%=%infinity%%

BRT%L1%/%biQconvex%/%RoC%=%1776.614%mm%

BRT%L2%/%biQconcave%/%RoC%=%(Q)%158.894%mm%

GPT%L1%/%biQconvex%/%RoC%=%308.5%mm%/%f%=%343.6%mm%

GPT%L2%/%biQconcave%/%RoC%=%(Q)%103.85%mm%/%f%=%(Q)%114.5%mm%

e%ETM=%150%mm%/%wedge%=%0.2°%

e%lenses=%5%mm%%
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Specifica,ons/Parameters" EBT"

Distance%waist%in%the%cavity%–%ETM%first%side% 1500%m%

Waist%size%in%the%cavity% 16.197%mm%

Wavelength% 1064%nm%

• %Gaussian%beam%propaga(on%

• %Weak%as(gma(sm%due%to%the%wedge%of%ETM%((lted%beam%on%
BRT)%

• %Op(cs%a^er%ETM%centered%along%the%op(cal%axis%(not%(lted)%

• %Surface%number%related%to%the%lens%data%editor%(previous%
slide)%

• %Waist%size%at%the%output%(a^er%GPT%L2)%=%153%µm%
• %Waist%posi(on%at%the%output%(a^er%GPT%L2)%=%306%mm%

Weak%difference%between%Zemax%and%the%parameters%(size%of%
the%beam%on%the%op(cs)%from%Junko%Katyama:%maybe%due%to%
the%refrac(ve%index%value,%,%the%defini(on%of%the%GPT%lenses%
the%calcula(on%method%(Junko%ABCD%matrix?Optocad?)%%%%%%%%



5"

• %Coupling%efficiency%at%the%
output%of%the%telescope%(waist%
posi(on)%=%85%%

• %Spherical%aberra(ons:%located%
mainly%on%the%second%side%of%
BRT%L1%

Seidel%diagram%

Zernike%coefficients%
Z4:"focus"aberra,on"

Z6:"as,gma,sm"

Z8:"coma""

Z11:spherical"aberra,on""



6"

• %Merit%func(on:%spherical%aberra(ons,%coma,%
as(gma(sm,%waist%size%%

• %Op(miza(on%of%the%distance%BRT_L1%/%BRT_L2:%
1802.2mm%Q>%1801.4%mm%%

• %Coupling%efficiency%at%the%output%of%the%telescope%(waist%
posi(on)%~%85%%

• %Spherical%aberra(ons%s(ll%located%mainly%on%the%second%
side%of%BRT%L1%

• %Waist%size%at%the%output%(a^er%GPT%L2)%=%168%µm%

• %Waist%posi(on%at%the%output%(a^er%GPT%L2)%=%356%mm%
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• %The%tolerancing%study%was%performed%using%the%Zemax%so^ware%through%a%Monte%Carlo%simula(on.%%

• %The%aim%is%to%find%the%most%cri(cal%parameters%of%the%op(cal%system%that%contribute%to%the%system%
performances%worsening%

• %Define%the%good%compensators%to%recover%op(mal%performances.%%

• %This%analysis%is%powerful%and%useful%because%all%the%tolerances%can%be%considered%at%once.%Every%
parameter%is%randomly%perturbed%using%appropriate%sta(s(cal%models,%all%compensators%are%
adjusted%and%the%en(re%system%is%evaluated%with%all%defects%considered.%

• %First,%we%define%a%merit%func(on%that%describe%the%coupling%efficiency.%This%func(on%is%built%
considering%errors%on%beam%waist%with%respect%to%the%ideal%size,%error%on%beam%posi(on%with%respect%
to%ideal%posi(on%and%the%remaining%aberra(ons%such%as%spherical%aberra(ons,%coma%and%
as(gma(sm.%The%ideal%configura(on%gives%a%coupling%efficiency%of%85%.%%
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Op,cs% Distance"BRT_L1"/"BRT_L2"(moving"

BRT_L2)%
Distance"GPT_L1"/"GPT_L2"(moving"

GPT_L2)%

BRT_L1%side%1% +/Q%10%mm%%%

BRT_L1%side%2% +/Q%%10%mm%

BRT_L2%side%1% +/Q%%%1%mm%

BRT_L2%side%2% +/Q%%%1%mm%%

GPT_L1%side%1% +/Q%%%3.5%mm%%

GPT_L1%side%2% +/Q%%3.5%mm%

GPT_L2%side%1% +/Q%%1%mm%%

GPT_L2%side%2% +/Q%%1%mm%%

Tolerancing%study:%ranges%needed%to%compensate%1%%RoC%errors%(typical%manufacturer%error)%
Goal:%have%a%waist%size%of%168%µm%and%a%matching%~%85%%%%

A%matching%higher%than%85%%can%be%recovered%by%using%the%two%handles%(distance%
between%BRT%lenses%and%the%distance%between%GPT%lenses)%when%there%is%an%error%on%the%
radius%of%curvature.%The%range%of%the%compensators%are%realis(c%and%viable%for%the%setup.%
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Tolerancing%study:%the%input%beam%coming%from%the%ITF%could%present%errors%on%the%waist%size%(~%10%)%and%on%the%waist%
posi(on%(~%50%meters)%

A%matching%higher%than%80%%can%be%recovered%by%using%the%two%handles%(distance%between%BRT%lenses%and%the%
distance%between%GPT%lenses)%when%there%is%an%error%on%the%input%beam%(ITF%beam).%%

Nominal%posi(on%
Coupling%87%%%

Op(mal%posi(on%
Coupling%95%%%

At%the%nominal%posi(on,%the%
coupling%is%87%%(beoer%than%
85%)%because%the%waist%size%
and%posi(on%are%changed%
(input%beam%errors),%and%the%
coupling%is%87%%at%356mm%
from%GPT_L2%(not%at%the%waist%
posi(on).%At%the%waist%posi(on%
(which%is%374%mm),%the%
coupling%is%84%.%

Idem%for%the%op(mal%posi(on:%
the%coupling%is%95%%at%356mm%
from%GPT_L2,%but%at%the%waist%
posi(on%(which%is%434%mm%in%

this%case),%the%coupling%is%83%.   
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Tolerancing%study:%a%(lt%or%a%decenter%of%the%op(cs%of%the%telescope%will%induce%coma,%spherical%aberra(ons%and%as(gma(sm%
on%the%beam.%To%respect%an%op(mal%configura(on%(coupling%efficiency%higher%than%85%),%we%computed%the%maximum%(lt%and%

decenter%allowed%on%the%op(cs%mounts%of%the%EBT%(during%the%alignment%phase)%

Op,cs% Tilt% Decenter%

BRT_L1% +/Q%1°% +/Q%6%mm%

BRT_L2% +/Q%0.9°% +/Q%2.5%mm%

GPT_L1% +/Q%4°% +/Q%10%mm%

GPT_L2%% +/Q%3°% +/Q%10%mm%

These%values%give%the%requirements%on%the%op(cal%mount%actuators/picomotors.%
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The% reflected% light% by% the% sides% of% the% GPT% lenses% has% been%
computed%(using%matlab%script).%%

The% needed% angle% to% separe% correctly% the% main% beam% and% the%
reflected%beam%has%been%computed.%%

The% coupling% (the% aberra(ons)% induced% by% this% angle% has% been%
simulated%using%Zemax.%
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If%GPT_L1%is%(lted%by%9.6°,%the%coupling%efficiency%is%52%.%

Main%beam%
Reflected%beam%

10%cm%
(arbitrary%distance,%
however%10cm%is%good%to%
can%place%a%dumper)%

GPT_L1%first%side%

w=2.8%mm%@%10cm%w=4.55%mm%@%10cm%
Diverging%beam%since%%
Is%reflected%by%a%convex%
surface%

To%avoid%the%clipping%losses%and%easily%
separate%the%beams,%we%have%to%consider%4.5%
(mes%the%beam%size%

4.55%x%4.5%=%20.4%mm% 2.8%x%4.5%=%12.6%mm%

~%17%mm%

17%mm%

10%cm%

α%=%9.6°%
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If%GPT_L1%is%(lted%by%4.5°,%the%coupling%efficiency%is%s(ll%higher%than%85%.%

Main%beam%
Reflected%beam%

30%cm%
(arbitrary%distance,%
however%10cm%is%good%to%
can%place%a%dumper)%

GPT_L1%first%side%

w=2.7%mm%@%30cm%w=8.1%mm%@%30cm%
Diverging%beam%since%%
Is%reflected%by%a%convex%
surface%

To%avoid%the%clipping%losses%and%easily%
separate%the%beams,%we%have%to%consider%4.5%
(mes%the%beam%size%

8.1%x%4.5%=%36.4%mm% 2.7%x%4.5%=%12.1%mm%

~%24%mm%

24%mm%

30%cm%

α%=%4.5°%

But 2.4cm is still not enough to separe the two beams 
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If%GPT_L1%is%(lted%by%3.6°,%the%coupling%efficiency%is%s(ll%higher%than%85%.%

Main%beam%
Reflected%beam%

50%cm%
(arbitrary%distance,%
however%10cm%is%good%to%
can%place%a%dumper)%

GPT_L1%first%side%

w=2.7%mm%@%50cm%w=11.6%mm%@%50cm%
Diverging%beam%since%%
Is%reflected%by%a%convex%
surface%

To%avoid%the%clipping%losses%and%easily%
separate%the%beams,%we%have%to%consider%4.5%
(mes%the%beam%size%

11.6%x%4.5%=%52.2%mm% 2.7%x%4.5%=%12.1%mm%

~%32%mm%

32%mm%

50%cm%

α%=%4.5°%

But 3.2cm is enough to separe the two beams? Maybe yes! 
Note that the maximum angle allowed for GPT_L1 to keep a coupling > 85% is 4.5°. So 
the beams need to be seprataed at least at 30cm from GPT_L1. 
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If%GPT_L1%is%(lted%by%4.5°,%the%coupling%efficiency%is%s(ll%higher%than%85%.%

Main%beam%
Reflected%beam%

10%cm%
(arbitrary%distance,%
however%10cm%is%good%to%
can%place%a%dumper)%

GPT_L1%second%side%

w=2.8%mm%@%10cm%

w=0.75%mm%@%10cm%
Converging%beam%
since%is%reflected%by%a%
concave%surface%

To%avoid%the%clipping%losses%and%easily%
separate%the%beams,%we%have%to%consider%4.5%
(mes%the%beam%size%

0.75%x%4.5%=%3.4%mm% 2.8%x%4.5%=%12.6%mm%

~%8%mm%

8%mm%

10%cm%

α%=%4.5°%

But 0.8cm is not enough to separe the two beams. 
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If%GPT_L1%is%(lted%by%4.39°,%the%coupling%efficiency%is%s(ll%higher%than%85%.%

Main%beam%
Reflected%beam%

50%cm%
(arbitrary%distance,%
however%10cm%is%good%to%
can%place%a%dumper)%

GPT_L1%second%side%

w=2.7%mm%@%50cm%

w=14.4%mm%@%50cm%
Converging%beam%
since%is%reflected%by%a%
concave%surface%

To%avoid%the%clipping%losses%and%easily%
separate%the%beams,%we%have%to%consider%4.5%
(mes%the%beam%size%

14.4%x%4.5%=%64.8%mm% 2.7%x%4.5%=%12.1%mm%

~%38.4%mm%

38.4%mm%

50%cm%

α%=%4.39°%

But 3.8cm is not enough to separe the two beams? Maybe yes! 
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The maximum angle of tilt for GPT_L1 is 4.5° (to keep a coupling > 85%) 

For the side 1, if the lens is tilted by 4.5°, the 2 beams are seprated by 3.2cm 
at 50cm 

For the side 2, if the lens is tilted by 4.5°, the 2 beams are seprated by 3.8cm 
at 50cm  

Is 3.2cm and 3.8cm enough?  
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If%GPT_L1%is%(lted%by%5.7°,%the%coupling%efficiency%is%s(ll%higher%than%85%.%

Main%beam%Reflected%beam%

10%cm%
(arbitrary%distance,%
however%10cm%is%good%to%
can%place%a%dumper)%

GPT_L2%first%side%

w=2.8%mm%@%10cm%
w=1.5%mm%@%10cm%
Converging%beam%since%
is%reflected%by%a%
concave%surface%

To%avoid%the%clipping%losses%and%easily%
separate%the%beams,%we%have%to%consider%4.5%
(mes%the%beam%size%

1.5%x%4.5%=%6.75%mm% 2.8%x%4.5%=%12.6%mm%

~%10%mm%

10%mm%

10%cm%

α%=%5.7°%

But 1cm is not enough to separe the two beams. 
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If%GPT_L1%is%(lted%by%3.4°,%the%coupling%efficiency%is%s(ll%higher%than%85%.%

Main%beam%Reflected%beam%

50%cm%
(arbitrary%distance,%
however%10cm%is%good%to%
can%place%a%dumper)%

GPT_L2%first%side%

w=2.7%mm%@%50cm%
w=10.6%mm%@%50cm%
Converging%beam%since%
is%reflected%by%a%
concave%surface%

To%avoid%the%clipping%losses%and%easily%
separate%the%beams,%we%have%to%consider%4.5%
(mes%the%beam%size%

10.6%x%4.5%=%47.7%mm% 2.7%x%4.5%=%12.1%mm%

~%30%mm%

30%mm%

50%cm%

α%=%3.4°%

But 3cm is not enough to separe the two beams? Maybe yes! 
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If%GPT_L1%is%(lted%by%6.8°,%the%coupling%efficiency%is%s(ll%higher%than%85%.%

Main%beam%Reflected%beam%

10%cm%
(arbitrary%distance,%
however%10cm%is%good%to%
can%place%a%dumper)%

GPT_L2%first%side%

w=2.8%mm%@%10cm%
w=2.6%mm%@%10cm%
Diverging%beam%since%
is%reflected%by%a%
concave%surface%

To%avoid%the%clipping%losses%and%easily%
separate%the%beams,%we%have%to%consider%4.5%
(mes%the%beam%size%

2.6%x%4.5%=%11.7%mm% 2.8%x%4.5%=%12.6%mm%

~%12%mm%

12%mm%

10%cm%

α%=%6.8°%

But 1.2cm is not enough to separe the two beams. 
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If%GPT_L1%is%(lted%by%3.3°,%the%coupling%efficiency%is%s(ll%higher%than%85%.%

Main%beam%Reflected%beam%

50%cm%
(arbitrary%distance,%
however%10cm%is%good%to%
can%place%a%dumper)%

GPT_L2%first%side%

w=2.7%mm%@%50cm%
w=10%mm%@%50cm%
Diverging%beam%since%
is%reflected%by%a%
concave%surface%

To%avoid%the%clipping%losses%and%easily%
separate%the%beams,%we%have%to%consider%4.5%
(mes%the%beam%size%

10%x%4.5%=%45%mm% 2.7%x%4.5%=%12.1%mm%

~%29%mm%

29%mm%

50%cm%

α%=%3.3°%

But 3cm is not enough to separe the two beams? Maybe yes! 
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The maximum angle of tilt for GPT_L1 is 5° (to keep a coupling > 85%) 

For the side 1, if the lens is tilted by 3.4°, the 2 beams are seprated by 3cm at 
50cm 

For the side 2, if the lens is tilted by 3.3°, the 2 beams are seprated by 3cm at 
50cm  

Is 3cm enough? 

Note that if we tilt the lens by 5°, the beams are seprated by 4.5cm, which seems 
enough    
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Q %Zemax%simula(on%for%the%lens%configura(on%

Q %Coupling%efficiency%of%85%%

Q %RoC%errors%and%input%beam%errors%can%be%easily%compensate%by%the%distance%between%the%op(cs%

Q %Tilt%and%decenter%allowed%for%the%op(cs%give%requirements%on%the%actuators/picomotors%

Q %The%GPT%lenses%can%easily%be%(lted%to%dump%the%backQreflected%light%(and%keep%a%coupling%higher%
than%85%)%
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Zemax%simula(on%
Material:%fused%silica%
Thickness:%5%mm%

GPT_L1%
Focal%length:%343.6%mm%
RoC%value:%308.5%mm%

GPT_L2%
Focal%length:%(Q)%114.5%mm%
RoC%value:%(Q)%103.85%mm%



Ro
C%
er
ro
r%
on

%B
RT

_L
1%
si
de

%1
%

Thickness%BRT_L1%/%BRT_L2% Ro
C%
er
ro
r%
on

%B
RT

_L
1%
si
de

%2
%

Thickness%BRT_L1%/%BRT_L2%%

Ro
C%
er
ro
r%
on

%B
RT

_L
2%
si
de

%1
%

Thickness%BRT_L1%/%BRT_L2%%

Ro
C%
er
ro
r%
on

%B
RT

_L
2%
si
de

%2
%

Thickness%BRT_L1%/%BRT_L2% Ro
C%
er
ro
r%
on

%G
PT
_L
1%
si
de

%1
%

Thickness%GPT_L1%/%GPT_L2%% Thickness%GPT_L1%/%GPT_L2%%Ro
C%
er
ro
r%
on

%G
PT
_L
1%
si
de

%2
%

Thickness%GPT_L1%/%GPT_L2%%Ro
C%
er
ro
r%
on

%G
PT
_L
2%
si
de

%1
%

Thickness%GPT_L1%/%GPT_L2%%Ro
C%
er
ro
r%
on

%G
PT
_L
2%
si
de

%2
%



Co
up

lin
g%
effi

ci
en

cy
%

Tilt%BRT_L1%

Co
up

lin
g%
effi

ci
en

cy
%

Tilt%BRT_L2%%

Co
up

lin
g%
effi

ci
en

cy
%

Tilt%GPT_L1%

Co
up

lin
g%
effi

ci
en

cy
%

Decenter%BRT_L1%

Co
up

lin
g%
effi

ci
en

cy
%

Decenter%BRT_L2% Decenter%GPT_L1%

Co
up

lin
g%
effi

ci
en

cy
%

Decenter%GPT_L2%

Co
up

lin
g%
effi

ci
en

cy
%







2"

• %Op(cal%design%%
• %layout%
• %gaussian%parameters%
• %aberra(ons%

• %Tolerancing%
• %results%



ETM%

BRT%

GPT%

L%ETM/BRT%M1%=%5%m%

L%BRT%M1/M2%=%1.8022%m%

L%GPT%L1/%L2%=%243%mm%

nair%=%1%%
nETM%=%sapphire%
nlenses%=%fused%silica%

ETM%1st%side%/%RoC%=%1900%m%%

ETM%2nd%side%/%RoC%=%infinity%%

BRT%M1%/%concave%/%RoC%=%4000%mm%

BRT%M2%/%convex%/%RoC%=%(Q)%400%mm%

GPT%L1%/%biQconvex%/%RoC%=%308.5%mm%/%f%=%343.6%mm%

GPT%L2%/%biQconcave%/%RoC%=%(Q)%103.85%mm%/%f%=%(Q)%114.5%mm%

e%ETM=%150%mm%/%wedge%=%0.2°%

e%lenses=%5%mm%%

3"

L%BRT%M1/%GPT%%L2%=%1300%mm%

θ1 = 9° 

θ2 = 27.95° 
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Specifica,ons/Parameters" EBT"

Distance%waist%in%the%cavity%–%ETM%first%side% 1500%m%

Waist%size%in%the%cavity% 16.197%mm%

Wavelength% 1064%nm%

• %Gaussian%beam%propaga(on%

• %As(gma(sm%due%to%the%wedge%of%ETM%((lted%beam%on%BRT)%
and%the%two%spherical%mirrors%

• %Surface%number%related%to%the%lens%data%editor%(previous%
slide)%

• %Waist%size%at%the%output%(a^er%GPT%L2)%~%220%µm%
• %Waist%posi(on%at%the%output%(a^er%GPT%L2)%~%600%mm%

Important%difference%betwen%Zemax’%paramaters%and%Junko’s%
parameters%
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• %Coupling%efficiency%at%the%output%of%the%
telescope%(300mm%a^er%GPT_L2)%=%32%%

• %Spherical%aberra(ons,%coma%and%as(gma(sm%

Zernike%coefficients%

Z4:"focus"aberra,on"

Z6:"as,gma,sm"

Z8:"coma""

Z11:spherical"aberra,on"

Z12:"as,gma,sm"secondaire"

Z16:"coma"secondaire"



6"

• %Reduce%the%as(gma(sm%by%adjus(ng%the%angle%of%
incidence%(«%Design%of%a%lowQloss%offQaxis%beam%
expander%»)%

• %Op(miza(on%of%the%distance%BRT_M1%/%BRT_M2,%and%
maybe%the%RoC%of%BRT_M1%and%BRT_M2%

• %Try%to%have%a%coupling%efficiency%~%80%%

• %Have%a%waist%size%at%the%output%(a^er%GPT%L2)%~%168%µm%
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• %Two%configura(ons%described%in%the%note:%
• %z1%(waist%posi(on%at%the%input%of%the%telescope)%>>%b1%(Rayleigh%range%of%the%input%telescope%beam)%
• %z1%<<%b1%%

• %For%the%KAGRA%telescope:%%
• %z1%=%10^3%
• %b1%=%3.10^2%
• %z1%not%really%>>%b1%

• %However,%I%tried%to%used%the%compensa(on%assuming%z1%>>%b1,%and%for%θ1=9°%I%obtained%θ2=5.16°%(the%
formul%used%%is%described%in%detailed%in%the%note)%

• %I%integrated%this%angle%values%in%Zemax,%but%the%as(gma(sm%was%not%compensated%(as%expected)#
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• %I%create%a%merit%func(on%in%Zemax,%in%order%to%compensate%the%as(gma(sm%directly%in%the%simula(on%
• %waist%posi(on%X%=%waist%posi(on%Y%
• %as(gma(sm%=%0%
• %coma%=%0%
• %spherical%aberra(on%=%0%
• %waist%size%W%=%waist%size%Y%=%2.6%mm%on%GPT%L1%%%

• %I%put%some%variable%in%the%simula(on:%
• %angle%of%(lt%of%BRT%M2%
• %distance%between%BRT%M1%and%BRT%M2%%%

• %The%results%obtained%are%not%realis(c%for%the%moment:%
• %θ2=1000°%(??)%
• %BRT_M1%/%BRT_M2%=%few%meters%
• %the%as(gma(sm%not%compensated%%

• %I%compared%to%what%was%studied%for%Advanced%Virgo:%
• %a%spherical%configura(on%has%been%studied%
• %the%minimum%RoC%for%M1%was%8m%(not%less%than%8m%otherwise%the%aberra(ons%were%to%strong)%
• %this%configura(on%was%discarded%due%to%the%space%constraints#
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• %It%seems%difficult%to%compensate%the%aberra(on%for%the%choosen%
configura(on%

• %It%seems%that%the%RoC%of%BRT_M1%has%to%be%increased%if%we%want%to%
decrease%the%as(gma(sm%

• %The%space%constraints%will%be%a%poten(al%problem%


