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Introduction 

  With 2nd generation 
instruments under 
construction it is now time 
to look what comes 
afterwards. 

  In Europe the design study 
for the third generation 
Einstein telescope (based 
on an underground 
xylophone with 10km 
armlength) has been 
completed. 

  What are the upgrade 
options for Advanced 
LIGO?  
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https://tds.ego-gw.it/itf/tds/index.php?callContent=2&callCode=8709 



What shall LIGO 3 look like? 
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One just needs to copy 
and paste the ET design.  
(If that is not the optimal 

solution then there is 
something wrong with the 

ET design.)  



Upgrades within the  
Advanced LIGO infrastructure 

  However, the advanced LIGO 
baseline sensitivity is far away 
from the infrastructure limits. 

  Infrastructure limit was usually 
defined as combination of 
residual gas noise and gravity 
gradient noise.  

  So there is plenty of room 
for advanced LIGO upgrades 
within the existing 
infrastructure! And this will 
be the focus of the rest of 
this presentation  
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LIGO-T070247 



What are the boundaries? 

  At the beginning one needs to set the boundaries: 
 When is it going to happen? 
 What is the maximum budget? 
 Only include mature technologies or shall we include 

technologies that we are not sure if they work or not? 
 Technical limitations (e.g. stick to 1MW or go beyond)? 
 Do we only consider incremental upgrades? 
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 Unfortunately, at the moment we simply do not know! 

  So we need to throw in our guesses. ALSO it might be 
useful to have different designs available each fitting a 
certain future scenario.  



Two different scenarios 

In this presentation I would like to show you two very different 
scenarios: 

 Red Team design: 
  Upgraded room temperature interferometer 
  Larger beams, heavier test masses, longer suspension, 

frequency dependent squeezed light, gravity gradient noise 
subtraction, improved coating noise … 

  Provides broadband improvement of a factor 3-4 =>600 Mpc  

 Red Team design xylophone: 
  Build a 2-tone xylophone detector inside existing vacuum system 
  Cryogenic interferometer with low power to cover the low-

frequency region. 

As we will see, these 2 are probably close to the 2 opposite ends of 
the spectrum of available scenarios.   
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Suspension Thermal Noise 

Assume a boosted 
aLIGO Quad-suspension: 

  Increased length of last 
stage to 1.2m to reduce 
suspension thermal 
noise. 

 Increased mirror mass 
of 160kg to reduce 
suspension thermal 
noise (and radiation 
pressure noiseand 
coating noise)    
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Suspension Thermal Noise 
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Newtonian Noise 
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Used seismic data from: 

GWADW, Hawaii, May 2012 

 Red design assumes a reduction factor of 5. 

  Please note seismic noise is not constant. The factor 5 assumed 
guarantees that 90% of the time the Newtonian noise would be 
below the LIGO-3 red sensitivity. 



Coating Brownian noise 

 Assumed an overall improvement by a factor 
3.2. 

 Factor 1.6 from increased beam sizes. 

 Another factor of 2 on top of this from either: 
 Better coatings 
 Khalili cavities 
 Resonant waveguide mirrors  
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Quantum noise 
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 We kept the interferometer configuration and the mirror 
reflectivities the same as in aLIGO baseline. 

  Introduced frequency dependent input squeezing. 

  Key aspects: achievable squeezing level & required length of 
filter cavity    

GWADW, Hawaii, May 2012 



Squeezing losses 
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= 9% in total 
Assuming losses are independent  
of cavity length 

GWADW, Hawaii, May 2012 

Frequency independent  
losses: 

Frequency dependent loss 
(from filtercavity): 

Starting from  20dB squeezing inside the squeezing crystal the losses 
reduce the observed squeezing to about 9-10dB 

+ 



Team Red  
Sensitivity  

  So if we put all the afore 
mentioned things 
together we get the 
following sensitivity: 

  Overall an improvement 
of a factor 3 at all 
frequencies above 100 
Hz. And a factor 3-4 
below 100Hz.  

  The binary neutron star 
inspiral range would 
improve from about 200 
Mpc to above 600 Mpc.  
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Team Red 
parameters 

  Rough cost estimate (only 
hardware included) is about 
20 million $ per 
interferometer.  

  Please note: Apart from the 
'magic' factor of 2 in coating 
noise improvement, we 
have all the know-how 
required to actually build 
such an instrument now!  
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  For details please see documents 
on the DCC: 

  50 page long description of the 
Team Red Design can be found 
at https://dcc.ligo.org/cgi-bin/private/
DocDB/ShowDocument?docid=78100 

  The sensitivity data for the Team 
Red design are available at 
https://dcc.ligo.org/cgi-bin/private/
DocDB/ShowDocument?docid=86562  
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More Details of the Team Red Design 
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How does the red design  
compare to blue and green? 
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Interesting/surprising  
how similar they are … 
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Is room temperature 
 really the only way forward? 
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Come on!!  
Where is your vision? 

We know that in the long-
term cryogenic test masses 

will be the best for low 
frequency sensitivity (see 

Kagra and ET 
investigations) The earlier 
we start to learn how to do 
this the better we will be 

off later on.  



The cooler the better the noise! 
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How about a xylophone? 
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As H2 will go abroad, why 
not thinking about first 
building a Team Red like 

room temperature 
interferometer as H1 and 
then accompanying it with 
a cryogenic, low-power, 

low-frequency 
interferometer as H2?   



General advantages of  
Xylophone concept 

  Resolves the problem of noise sources scaling in opposite 
direction (e.g. shot noise versus radiation pressure noise). 

  Resolves problem of high power laser beams on cryogenic test 
masses. 

  Please note: It is already quite amazing that our detectors can 
span a detection band of 2 to 3 decades in frequency. 

  However, it seems likely that at some point we will find it easier 
(in terms of complexity) and cheaper (in terms of cost and time) 
to build two simpler interferometers (each optimised for the 
noise sources relevant in its frequency range) rather than one 
extremely complex instrument (optimised for 'everything').   
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Let's build a xylophone inside the 
LIGO infrastructure … 

  For all xylophone considerations we neglect gravity gradient 
noise, seismic noise and any control noises or other technical 
noises. 

  Our first approach is to use parameters very similar to the low 
frequency interferometer of ET: 
  18kW of optical power impinging on the main mirrors 
  A monolithic silicon suspension that allows to extract at least the 

required 18mW  
  Silicon test masses of 40K 
  Tuned Signal recyling 
  Frequency dependent squeezing  
  etc 
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Thermal noise of a  
cryogenic Silicon suspension 

•  Allows to extract the 
power similar to ET-D-LF: 
18kW * 1ppm = 18mW  

•  Cryogenic silicon 
suspension at 40K. 

•  Improvement of about 
factor 10 at 10Hz. 

•  Stress was chosen to be 
half of the current (quick) 
lab measurement.  

•  Temperature was chosen 
as a compromise of heat 
extraction and TN 
performance.    

Stefan Hild Slide 25 GWADW, Hawaii, May 2012 



Coating noise of a cryogenic Silicon 
test mass 

  Assumes no better 
than tantala/silica 
coating on silicon 
substrate 
(conservative choice) 

  Uses measured losses 
for the coating 
materials 

  Beam radius of 9 cm. 
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Quantum noise 

•  Assumed: 
•  18kW of circulating 

power  
•  1550nm  
•  test masses of 160kg 
•  effective squeezing of 

10dB 

•  FPMI without Signal 
recycling 

•  This allows to get away with 
a single short filter cavity  

Examples	
  of	
  different	
  SR	
  configura8ons	
  	
  
from	
  ET-­‐D_LF	
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Noise budget of a cryogenic  
low-frequency detector 

Please	
  note:	
  No	
  GGN	
  or	
  seismic	
  noise	
  or	
  any	
  control	
  noises	
  are	
  included	
  here	
  !!	
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The full xylophone 

Please	
  note:	
  No	
  GGN	
  or	
  seismic	
  noise	
  or	
  any	
  control	
  noises	
  are	
  included	
  in	
  the	
  LF	
  detector	
  noise	
  budget	
  !!	
  

Numbers	
  given	
  in	
  the	
  legend	
  refer	
  to	
  binary	
  neutron	
  star	
  inspiral	
  range.	
  	
  
A	
  lower	
  cut-­‐off	
  frequency	
  of	
  5Hz	
  was	
  chosen.	
  	
  

Poten:al	
  	
  
improvement	
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What can we learn from this? (I) 

  Advanced LIGO is far away 
from its facility limits. 

  The Team Red design would 
alllow an incremental 
upgrade, improving the 
sensitivity broadband by a 
factor 3-4. 

  'You can buy sensitivity at a 
rate of the order of about 
10Mpc/$1million'. 

  However, it might be hard to 
further improve the 
instruments. 
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What can we learn from this? (II) 

  If we are prepared to do 
without the magic factor of 2 
in coating noise 
improvement, then: 

 We still get a substantial 
sensitivity improvement to a 
BNS range of 430Mpc. 

  But even more importantly: 
Such a design would only 
include techniques and know-
how that we already have! In 
principle we could start building 
such an interferometer right 
away.  
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What can we learn from this? (III) 
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•  If gravity gradient noise and seismic noise can be mitigated, a 
cryogenic instrument accompanying a RT partner could make a 
significant low frequency sensitivity improvement 

•  Using a xylophone can allow simplifying the accompanying 
room temperature upgrade (for instance shorter suspensions, 
lower weight of test masses, shorter filter cavity etc) 

•  Going for a full xylophone can give all the benefits of a 
cryogenic, low-power interferometer to cover the low 
frequency range while AT THE SAME TIME give the full benefit 
of a not too complex high-power interferometer covering 
the high frequency end. 



The final thought … 

Doing a xylophone would allow us: 

  to have safe, solid and cost efficient improvement of the 
sensitivity based on the room temperature interferometer. 

  while at the same time adding a cryogenic interferometer in the 
10-40K range will significantly improve the low frequency 
range and (equally important) gives us the possibility to learn 
cryogenics and prepare ourselves for the future.      
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TOP 5: Required Research for  
Red Team Design 

 Common items with Blue and Green Design: Large optics, 
heavy suspensions, Newtonian noise subtraction, low-loss 
squeezing injection. 

 Better coatings: Room temperature + cryogenics, 
1064nm + ~1.5 micron (waveguide mirrors + Khalili cavity 
as a backup plan) 

 Xylophone concept and how to integrate it into 
infrastructure 

 Silicon material parameters (Sapphire as a backup) 

 Quasimonolithic design for cryogenic silicon suspension 
including heat extraction. 
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EXTRA SLIDES 
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Increasing the beam size 

 Assume an 
increase of 
beam size by a 
factor 1.6. 

 Keep aspect 
ratio of test 
masses as it is 
=> 160kg. 

 Reduces all 
mirror thermal 
noise 
contributions by 
a factor 1.6. 
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Optical coatings with reduced 
thermal noise 

 Continued improvement of tantala coatings. 
  Loss related to local atomic structure of material 

 High-temperature annealing of coatings. 
  Heat treatment in the range of 500-1000 degrees centigrade 

 Amorphous silicon as a high-index coating 
material 
  n=3.5 => quarter-wave layer is thinner. In addition need fewer layers. 
  Potential improvement = 2.1 (in amplitude)  
  Requires change of laser wavelength  

 Crystalline coatings (e.g. AlGaAs or AlGaP) 
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Khalili cavities 
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Total mirror thermal noise 
improved by a factor 2 
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Waveguide mirrors 
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From D. Friedrich PhD thesis 

Factor of 2 lower total noise 
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Squeezing losses 
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= 9% in total 

Cavity losses in literature 

Assuming losses are independent  
of cavity length 

GWADW, Hawaii, May 2012 



Newer data from LLO 
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New data from LLO seem to suggest that Strawman red underestimates 
 the GGN level by about a factor 2.  

LVC@MIT, Boston, March 
2012 



Khalili cavities 

 Extremely hardware 
intensive. 

 Lots of technical 
challenges: 
  Thermal lensing 
  Cavity stability 
  Control 
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Thermal lensing in K-cavity 
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Speedmeter an alternative? 
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