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Figure 3.3: Top: Amplitude spectrum of the detector noise as a function of frequency for Cosmic Explorer

(CE), the current (O3) and upgraded (A+) sensitivities of Advanced LIGO, LIGO Voyager, NEMO, and the Ein-

stein Telescope. Bottom: Maximum redshift (vertical axis) at which an equal-mass binary of given source-

frame total mass (horizontal axis) can be observed with a signal-to-noise ratio of 8. Different curves repre-

sent different detectors. For binary neutron stars (total mass∼3M ), CE will give access to redshifts larger

than 1, where most of the mergers are expected to happen. For binary black holes, it will enable the explo-

ration of redshifts of 10 and above, where mergers of black holes formed by either the first stellar population

in the universe (Pop I I I stars) or by quantum fluctuations shortly after the Big Bang (primordial black holes)

might be found.

12

D
RAFT

Figure 3.4: Astrophysical horizon of current and proposed future detectors for compact binary systems. The

dotted lines indicate the detection horizons, expressed in cosmological redshift,9 for Advanced LIGO during

its third observing run (“O3” ), Advanced LIGO at its anticipated sensitivity for the fifth observing run (“A+” ),

a possible cryogenic upgrade of LIGO called Voyager (“Voy” ), the Einstein Telescope (“ET” ), and Cosmic

Explorer (“CE” ). The yellow and white dots are for a simulated population of binary neutron star mergers

and binary black hole mergers, respectively, following Madau and Dickinson [10] with a characteristic binary

merger time of 100 million years.
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Gravitational Wave Sensitivity



Optical phase noise due fluctuations in molecular forward scattering
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r= particle	density	#/cm3	,	a = optical	polarizability	cm3

v
0

= thermal	velocity	cm/sec		k	=	Boltzmann's	constant

T	=	temperature	K,		m	=	mass	of	particle	gm

L	=	arm	length	cm,		w(z)	optical	beam	radius	at	z		cm

f = frequency	of	gravitational	wave,		h(f)	=	gw	strain/ Hz

Optical phase noise due to scattering and diffraction by moving 
surfaces

BASIS OF REQUIREMENTS



Cosmic Explorer Pressure Requirements



Special Properties of Gravitational Wave 
Detector Beamtube Vacuum Systems
• There is no large or variable gas load – laser or particle heating not an issue

• When leak free, the outgassing of the wall material is the primary gas 
source

• The diameter of the tube (0.5 to 1.2m depending on wavelength and tube 
length) is determined by the optics providing significant pumping capacity 
by the tube.

• Distributed ion and getter pumping is effective and efficient in the system.

• After initial construction and during operations, beamtubes are rarely (if 
ever) open to the atmosphere, allowing long pumpdown times (months) 
and moderate temperature bakeout for water and hydrocarbons.



Important aim of the workshop and near term 
future effort

Reaching the pressure requirements for the beamtubes of future more sensitive 
gravitational wave detectors has been obtained in the LIGO 4km arms for most gas 
species except hydrogen . Hydrogen requires more pumping capacity, now more 
easily provided by getters than in 1997. The issue is not can one make the 
requirement but rather can one make them at significantly reduced cost.

Extrapolating the costs for 16km of beam tube using the methods and materials in 
1997 to 80km in 2030 including standard inflation is estimated at $700M . Using 
other materials than 304L SS and new techniques to reduce the water adsorption 
on the surface, it may be possible to reduce the beamtube part of the costs by 
around $300M.                                               


