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We explore the vibration isolation requirements imposed by Newtonian noise on the cryogenic shielding
for next-generation gravitational-wave observatories relying on radiative cooling. Two sources of
Newtonian noise from the shield arrays are analyzed: the tidal coupling from the motion of a shield
segment to its nearby test mass’s displacement, and the effect of density fluctuations due to heterogeneous
boiling of cryogenic liquids in the vicinity of the test masses. It was determined that the outer shields
require no additional vibration isolation from ground motion to mitigate the Newtonian noise coupling to
levels compatible with the LIGO Voyager design. Additionally, it was determined that the use of boiling
nitrogen as the heat sink for the cryogenic arrays is unlikely to create enough Newtonian noise to
compromise the detector performance for either Voyager or Cosmic Explorer phase 2. However, the
inherent periodicity of the nucleation cycle might acoustically excite structural modes of the cryogenic
array which could contaminate the signals from the interferometer through other means. This last effect
could be circumvented by using a single-phase coolant to absorb the heat from the cryogenic shields.
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I. INTRODUCTION

The first direct detection of gravitational waves by the
Advanced LIGO Observatories in 2015 [1] kicked off the
new field of gravitational-wave astronomy. Additionally,
the first observation of gravitational waves produced by a
neutron star-neutron star merger [2] opened a new window
in our understanding of the Universe through multimes-
senger astronomy [3].
With the success of the LIGO and Virgo observatories,

there is much interest in further improving the technologies
that make gravitational-wave detection possible. Multiple
upgrades have been proposed [4–6] to maximize the
detection capabilities of the existing infrastructure.
Similarly, projects for so-called third-generation detectors
are currently in their design phase [7–9].
These proposals incorporate different combinations of

changes to the current technology, including longer base-
lines, heavier test masses, changes in the circulating power,
and cryogenic temperatures. All of these have the potential
to mitigate the fundamental sources of noise for the
interferometers.
This set of papers focuses on detectors that combine the

use of 124 K silicon test masses1 and high circulating

power in the interferometer cavities.2 These features are
shared by LIGO Voyager [5] and the second stage of
Cosmic Explorer (CE2) [8].
The operating temperature of 124 K enables the exclu-

sive use of radiative coupling to a ‘cryogenic shield’ to hold
the temperature of the test masses inside the vacuum
chamber. Radiation-only cooling is advantageous from a
vibration isolation perspective because the closest common
mechanical connection between the test masses and the
cooling equipment is the ground.3 However, the high
circulating power in the cavity imposes stringent isolation
requirements for objects in the vicinity of the test mass that
could reflect scattered light back to the main beam.4 It then
becomes necessary to use a vibration-isolated double
cryogenic shield like the one proposed and tested in
[12]. This double-shield design is adopted in the plans
for LIGO Voyager [5].
Much of the cryogenic technology is still in the design

and prototype phase. The design for the cryogenic shields

*edgard@stanford.edu
1The choice of material and operating temperature are driven

by a reduction of thermoelastic noise. Silicon’s thermal expansion
coefficient crosses zero around 124 K [10].

2Increasing the laser power is one way to reduce shot noise.
3One alternative is to use ribbons to conduct the heat from the

test masses, as done by KAGRA [11]. Their operating temper-
ature of 20 K prevents the use of radiation as the only mechanism
of heat absorption for the test masses. In their case, the closest
common mechanical connection between the cooling equipment
and the test masses is only a few stages of passive isolation away
from the test mass.

4The scattered-light noise requirements for cryogenic shields
are the subject of part two in this set of articles.
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will have to simultaneously satisfy the vibration isolation,
vacuum, and heat removal requirements for steady-state
operation of the observatories. A fully functional prototype
of a suspended Fabry-Perot cavity operating at 124 K with
steady-state radiative cooling has not yet been demonstrated.
This paper is the first of a set of two articles exploring the

vibration isolation requirements of the cryogenic shields.
The purpose of these articles is to lay out calculations and
estimates necessary to inform the design decisions for the
cryogenics of third-generation gravitational-wave detec-
tors, as well as to provide justification for the conceptual
diagrams presented in [5,12] in the specific case of LIGO
Voyager. This paper focuses on the requirements set by
Newtonian noise coupling to the longitudinal motion of the
test masses. This noise coupling sets the isolation require-
ments for the outermost layer of the cryogenic shields. Part
two will deal with the more stringent isolation requirements
imposed on the inner layer of cryogenic shielding by
scattered light noise coupling.
Most Newtonian noise studies focus on seismic and

atmospheric fields [13,14], but it is well known that other
disturbances near test masses like vibrating structures or
flowing water can potentially lead to significant gravita-
tional coupling [15,16]. However, to the authors’ knowl-
edge, this is the first article providing estimates for this type
of coupling in the context of equipment immediately
surrounding the test masses.
The body of this document is structured as follows. In

Sec. II, we provide the background for the calculations,
including a general overview of the double cryogenic shield
design and Newtonian noise coupling. In Sec. III we lay out
the calculations to estimate the Newtonian noise arising
from the relative motion of the cryogenic shields and the
test masses. In Sec. IV we explore the Newtonian noise
from rapid density changes in boiling liquids near the test

masses. In Sec. V we apply our calculations to the context
of the design of the cryogenic shields for LIGO Voyager,
which allows us to derive a set of design considerations and
constraints for this specific project. We include results that
are relevant to the second stage of Cosmic Explorer when
appropriate.

II. LITERATURE BACKGROUND

A. Double cryogenic shields

A sketch of the geometry of a double cryogenic shield is
shown in Fig. 1, based on the design ideas proposed in [12].
In it, two shields, which we dub the inner shield and the
outer shield, surround the test mass and reaction mass/
compensation plate of the interferometers, as well as parts
of the beam tubes. Each shield is divided into independent
segments: one in the portion between two gate valves
connecting the test mass’s vacuum chamber to the main
beam pipe, a second one covering the beam path leading to
the test mass, and the last one surrounding the test mass
itself. These segments are labeled (a), (b), and (c), respec-
tively, in Fig. 1.
All outer shield segments are connected to cooling plants

outside of the vacuum chamber by a heat sink. This
connection could in principle be a heat pipe, a simple
metal rod or liquid nitrogen plumbing. This heat sink is
responsible for absorbing the heat load of the inner shield
and the radiation from the surrounding vacuum chamber
during cooldown and operation of the interferometer.
The inner shield segments are all suspended for passive

isolation and need to be actively isolated to mitigate
scattered light coupling.5 The inner shield segments are

FIG. 1. Diagram for an end-test-mass (ETM) double-layer cryogenic shield array. The array encompasses three regions around the test
mass and the beam tube. The outer shield segments are connected to a heat sink outside the vacuum wall and are not seismically isolated.
The inner shield segments are connected by flexible heat links to the outer shield and are both suspended and actively controlled for
vibration isolation. In this diagram, both the test mass (TST) and the penultimate mass (PUM) are included inside the shields.

5This will be further elaborated on in part 2 of this set of
articles.
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connected to the outer shield through a compliant con-
nection (such as copper braid).
The input test masses and end test masses (ITMs and

ETMs, respectively) will likely have two different shield
geometries due to their different position and function in
the interferometer arms. The ITM shields will have two
open snouts to leave the beam path uninterrupted, while
the ETM shields will have a window past the test mass,
mounted on the outer shield.
Additionally, for the purposes of reducing thermal noise

coupling, it has been considered that the cryogenic shields
should include the penultimate mass of the suspension
chain, in addition to the test mass. We will consider both
configurations in our examples for this article.
Figure 1 also shows that all the shield segments must be

connected to an appropriate heat sink mechanism to
transfer their heat load to a cryocooler located outside
the vacuum chamber. This connection can be made, for
example, through a metal rod, a heat pipe or a flowing
liquid cryogen. The choice of mechanism will ultimately
depend on a tradeoff between cost, noise injection to the
interferometer, and ability to perform both in the initial
cooldown and as a steady-state heat sink.
In this article, we consider the situation where the heat is

carried away from the shields through flow boiling of liquid
nitrogen. This option has the advantage of being both
inexpensive and capable of high power absorption, but not
much has been said about its potential contribution to the
noise of the interferometers. We will study the potential
Newtonian noise generated by the evaporation process as
the liquid nitrogen boils near the test masses.

B. Newtonian noise

The term Newtonian noise is used to describe the
fluctuations in the gravitational field surrounding the test
masses that both originates from local sources, and is
completely explainable by Newtonian gravity.
In the case of the cryogenic shields, there are two main

mechanisms capable of generating Newtonian noise: First,
the tidal forces induced by the motion of the shields around
the test mass. Second, the density fluctuations in the liquid
coolant, caused by the phase transition, as it boils near the
test mass.
The exact couplings of these two sources of Newtonian

noise to the gravitational-wave channel depend strongly on
the geometry of the shields. For that reason, we will limit
ourselves to deriving upper bounds and order of magnitude
assessments of their impact. We believe these estimates will
be enough to set limits and help drive the discussion about
the specific design of the cryogenic shields.
We will begin our calculations by considering the

gravitational coupling between a point mass and a uniform
cylindrical mass (which represents the test mass). Then, we
will show how to extend this result to the continuous body
of the cryogenic shields to estimate the tidal Newtonian

noise from the shields. Finally, the point-mass model will
be used to estimate the potential effect of moving bubbles
of gaseous nitrogen in the cryogenic array.

C. Acceleration between a point mass and a cylinder

The gravitational force between a point mass and a
uniform cylinder is investigated in [17]. From this work, we
extract an expression for the axial acceleration per-unit-
mass αxðr; θÞ that a point mass exerts on a uniform
cylinder,6

αxðr; θÞ ¼ G
X∞
n¼0

�
P2nþ1ðcosðθÞÞ

r2

�
l
r

�
2n

×
Xn
k¼0

C½2nþ 1; 2k�P2kð0Þ
kþ 1

�
b
l

�
2k
�
; ð1Þ

whereG is the universal gravitational constant, r represents
the distance between the point mass and the center of mass
of the cylinder, and θ is the angle measured from the axis
of symmetry of the cylinder. Additionally, l is the half
thickness of the cylinder and b is its radius. C½n; k� is the
binomial coefficient ‘n choose k’. Finally, PkðxÞ represents
the kth Legendre polynomial.

III. TIDAL NEWTONIAN NOISE

The Newtonian coupling of the shield arrays to each of
the test masses’ axial forces will be driven both by their
rigid-body motion and their internal, structural modes of
vibration. To give a conservative estimate for the total
Newtonian noise coupling, we can study separate compo-
nents of the shields individually, adding their contributions
either in absolute value (if they are correlated) or in
quadrature (if they are uncorrelated).
For simplicity, consider a single continuous component

of the cryogenic shields,7 together with the test mass closest
to it. Let us assume we separate this shield portion S into
several infinitesimal mass elements dm ¼ dmðr⃗ 0Þ, indexed
by their positions r⃗ 0 in the shield. Let δr⃗ðr⃗ 0; tÞ represent the
vector field of displacements of the mass elements dm of
this shield portion with respect to their equilibrium posi-
tions. The net contribution of the motion of the shield to its
corresponding test mass’s axial acceleration is given by

δaxðtÞ ¼
Z
S
∇αx½r⃗ 0� · δr⃗ðr⃗ 0; tÞdm; ð2Þ

where ∇ represents the gradient with respect to the change
of position of the mass elements dm of the shield S over
which the integral is taken.

6This equation was rederived and reworked by the authors to a
form that allows for easier computation.

7For example, the part of the outer shield directly surrounding
the test mass. The general case with multiple structures is a
straightforward generalization of the single component case.
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Additionally, we can get a rough estimate for the amount
of damping required for structural modes in the detection
band by assuming independent damping of the normal
modes of the structure [18,19].8 In this case, the normal
modes are represented by a set of ‘mode shapes’ fψ⃗kðr⃗0Þg,
which are vector fields on the structure that indicate the free
vibrational modes of the system. They satisfy the ortho-
gonality condition

hψk;ψ li ¼
Z
S
ψ⃗kðr⃗0Þ · ψ⃗ lðr⃗0Þdm ¼ m̃kδkl: ð3Þ

We have defined the inner product m̃k to be the modal
mass associated with mode k on the structure,9 δkl is a
Kronecker delta, and the inner product h·; ·i is defined as an
integral over the mass elements of S.
The mode shapes form a complete basis for vector fields

defined over the shield surface. In particular, we can
decompose the acceleration gradient ∇αx½r⃗0� into a combi-
nation of mode shapes,

∇αx½r⃗0� ¼
X
k

Ckψ⃗kðr⃗0Þ with Ck ¼
hψk;∇αxi

m̃k
: ð4Þ

Similarly, for the time-varying structural fluctuation
δr⃗ðr⃗; tÞ,

δr⃗ðr⃗0; tÞ ¼
X
k

δbkðtÞψ⃗kðr⃗0Þ with δbkðtÞ ¼
hψk;∇δr⃗ðtÞi

m̃k
:

ð5Þ

The coefficients Ck represent the Newtonian coupling
between the axial acceleration of the test mass and the kth
mode of the shield. The coefficients bk will ultimately be
related to the modal equations of motion of the structure
under the influence of external inputs.
Using the modal basis, we can write the gravitationally-

induced axial acceleration, as a function of frequency, as a
sum over the individual modes of the shield

δâxðfÞ ¼
X
k

Ckm̃kδb̂kðfÞ: ð6Þ

The expression for δb̂kðfÞ can be approximated in terms
of the input ground displacement δXg by considering a one-
dimensional harmonic oscillator

δb̂kðfÞ ¼
�
1 −

f2

f2 − f2k − i ffkQk

�
δX̂g;kðfÞ; ð7Þ

where fk is the (undamped) natural frequency of mode k and
Qk is its Q-factor. δX̂g;kðfÞ is the projection of the input
ground motion into the kth mode of the shield. For lightly
damped systems, the resonant frequency is f̃ ≈ fk and the
amplification of the input motion on resonance can be appro-
ximated directly by the Q-factor; jδb̂kðf̃Þj ≈QkjδX̂g;kðfkÞj,
with Q ≫ 1.

IV. DENSITY NEWTONIAN NOISE

One choice for the cooling system designed to bring the
test masses’ temperature to 124 K is to use the evaporation
of liquid nitrogen inside pipes surrounding the outer shield
segments. During the liquid-gas transition, the density
fluctuations of the nitrogen will alter the local gravitational
field around each test mass.
Due to the inherent unpredictability of the boiling

process, we will settle for a simplified theoretical approach
that will let us set an approximate upper bound for the
amount of noise that the density fluctuations can generate
on the system in terms of some basic quantities. The model
derives key insights from the literature on boiling heat
transfer, and focuses on the isolated-bubble regime of
nucleate boiling [20]. Much of the discussion presented
here is explored in detail in a technical note by the
authors [21].

A. Bubbling noise from a single nucleation site

The Newtonian noise model starts by assuming that the
overall noise is the quadrature addition of the noise
generated by different nucleation sites near the test masses.
This model will only be appropriate in the isolated -bubble
regime during bubbly flow,10 but it provides enough in-
sight into the process of nucleation to derive design
considerations.
The change in gravitational acceleration between a

liquid-filled tube like the one in Fig. 2 due to the presence
of a single bubble of volume VðtÞ is approximately
given by

ax;bubbleðtÞ ¼ −ðρl − ρgÞVðtÞαxðr⃗ðtÞÞ; ð8Þ

where we have assumed that the bubble is small enough
that it can be treated as a point mass. VðtÞ represents the
volume of a single bubble and r⃗ðtÞ the position of its center
as a function of its lifetime. αx is the axial acceleration per
unit mass, defined in Sec. II C. Note that the net effect of

8In this case the structure is said to be proportionally damped
and it does not represent the vast majority of structures. However,
this approach is simple to implement in most FEA packages and it
is a good starting point before a more involved analysis.

9The choice of normalization for the mode shapes is arbitrary.
We utilize a general notation on which the modal masses are
explicitly stated in order to draw general conclusions that could
be readily applied in simulations.

10‘Bubbly flow’ is the term used to describe one of the regimes
of two-phase flow at low void fractions. It is characterized by a
continuous liquid phase with discrete pockets of gas (the bubbles)
flowing in it [20].
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the bubble is that of a negative mass, since we only care
about the difference with respect to the liquid it displaced.
The total acceleration coming from a single nucleation

site is just a superposition of the bubbles it produces. Let
ftig represent the set of times at which a new bubble starts
growing (or nucleates) in a given nucleation site. This
superposition can be approximated by

ax;siteðtÞ ¼
X
i

ax;bubbleðt − tiÞ: ð9Þ

Owing to the properties of the nucleation cycle, we know
that the process is quasiperiodic. The time interval between

successive bubble nucleations from the same site τi ¼
tiþ1 − ti is roughly regular and can be split into a waiting
time τw and a growth time τd [20,22]. These concepts,
alongside a diagram depicting the nucleation cycle, are
shown in Fig. 3.
The nucleation interval is experimentally observed to

vary between different nucleating bubbles at the same site,
with the variation being a fraction of the waiting time τw
[23,24]. Following the distribution plotted in Fig. 8 of [24],
we model the bubble nucleation intervals for a single site as
independent realizations of a gamma-distributed random
variable τ > 0. That is,

Pðτi ∈ ½τ; τ þ dτ�Þ ¼ ρ1ðτÞdτ ¼
1

ΓðkÞθk τ
k−1e−

τ
θdτ: ð10Þ

The values of k and θ can be adjusted to match the average
nucleation time and its standard deviation.
This model for the acceleration noise generated by the

bubbles is called renewal shot noise and it is a generali-
zation of the conventional (Poisson) shot noise process.
The (single-sided) amplitude spectral density for the
fluctuations around the mean of (9) is [25,26]

jδâx;siteðfÞj ¼
ffiffiffi
2

τ̄

r ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − jρ̂1ðfÞj2
j1 − ρ̂1ðfÞj2

s
jδâx;bubbleðfÞj: ð11Þ

The quantity 1=τ̄ ¼ fnuc is the nucleation frequency of the
site, as it is usually defined in the literature on boiling heat
transfer. As shown in [21], the spectrum of the renewal shot

FIG. 2. Simplified depiction of the gravitational interaction
between the test mass and bubbles in the liquid nitrogen. We
assume all bubbles grow in relevant segments of pipe near the test
mass. When bubbles grow and travel, they push away all the
liquid (assumed incompressible). The net effect is as if the
bubbles had a negative mass compared to the pure liquid.

FIG. 3. Simplified depiction of the nucleation cycle. (1) Nucleation starts with vapor trapped in crevices on the heated surface. (2) The
heat of the wall starts creating a superheated boundary layer of liquid. (3) The trapped vapor bubble starts growing once the boundary
layer is hot enough to support growth against the surface tension. (4) The bubble will continue to grow beyond the size of the cavity,
picking up the boundary layer. (5) When the buoyancy of the vapor is enough to overcome the forces attaching the bubble to the surface,
the bubble initiates its departure. (6) As the bubble departs from the nucleation site, it disrupts the boundary layer on the wall, cold liquid
rushes in on its wake, and the cycle starts anew.
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noise exhibits peaks at multiples of the nucleation fre-
quency due to the quasiperiodicity of the nucleation cycle.
The spectral density of the superposition of independent

nucleation sites adds in quadrature [27]. Hence, in order to
get the aggregate estimate, it is sufficient to compute each
nucleation site individually with Eq. (11).

B. Boiling and nucleation

In order to evaluate Eq. (11), we need to populate it with
physical parameters coming from the nucleation process.
Below, we present key insights from the theory of boiling
and nucleation that will aid in our noise analysis, as well as
motivating some of the design recommendations at the end
of the article.

1. Nucleation site size and density

Nucleation is first possible when the vapor pressure
inside a bubble is enough to overcome the surface tension
forces of its boundary. The Clausius-Clapeyron relation can
be used to determine the minimum size bubble that will not
collapse when surrounded by a liquid superheated by an
amount ΔTsup [20]

R� ¼ 2σTsat

ΔTsupρghlg
; ð12Þ

where σ represents the surface tension of the liquid, Tsat is
the boiling (or saturation) temperature, ρg is the gas-phase
density, and hlg is the latent heat of evaporation. For
bubbles trapped in holes and crevices of a superheated
wall, there is the additional constraint that they need to be
surrounded by liquid hotter than their inside in order to
continue their growth. The interplay between these two
effects implies that only a range of crevice sizes RC;max ≥
RC ≥ RC;min is active given a wall superheat and boundary
layer conditions [20,23].
We can estimate the size of the typical active cavity

mouth radius RC by considering the model developed in
[23] and selecting the critical radius at which nucleation is
first possible for a given wall superheat11

RC ≈ 2R� ¼ 4σTsat

ΔTsupρghlg
. ð13Þ

The number of active nucleation sites can be estimated
by using the empirical correlation for the active cavity
density found by Zhokhov, referenced in [30]:

n ¼ ½6.25 × 10−14 m�
�

2

R�

�
3

. ð14Þ

2. Bubble lifetime

A nucleating bubble grows in a nucleation site with
radius RC until it reaches a radius large enough to overcome
the forces that bind it to the surface. For cryogenic liquids,
and neglecting the effect of dynamic forces,12 the departure
radius can be approximated by

Rd ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3

2

σRC

gðρl − ρgÞ
3

s
: ð15Þ

For cryogenic liquids and saturated boiling, the growth
process of the bubble can be reasonably approximated by
considering the Plesset-Zwick solution for the growth of a
bubble in a uniformly superheated liquid [32,33]

RðtÞ¼
ffiffiffiffiffi
12

π

r
Ja

ffiffiffiffiffiffi
αlt

p ¼
ffiffiffiffiffi
12

π

r
ρlcp;lΔTsup

hlgρg

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
κl

ρlcp;l

�
t

s
; ð16Þ

where αl ¼ κl
ρlcp;l

is the thermal diffusivity of the liquid and

Ja ¼ ρlcp;lΔTsup

hlgρg
is the Jakob number.

Under this approximation, the typical growth time τd for
the bubble in a nucleation site would be given by

τd ¼
π

12αl

�
Rd

Ja

�
2

: ð17Þ

Finally, under our noninteracting bubble hypothesis, the
volume and position for the lifetime of a bubble [both
necessary to evaluate Eq. (8)] are given by

VðtÞ ¼

8>><
>>:

0 for t < 0

4
3
πRðtÞ3 for 0 ≤ t ≤ τd

4
3
πR3

d for τd < t;

ð18Þ

r⃗ðtÞ ¼
�
r⃗0 for t ≤ τd

r⃗0 þ v⃗ðt − τdÞ for τd < t;
ð19Þ

which correspond to bubbles growing statically at their
nucleation sites and getting swept after detachment by the
fluid flow, assumed to have velocity v⃗.13

11This is similar to the approach used in [28,29]. It is sufficient
for an order of magnitude estimate regardless of the specifics of
the thermal boundary layer.

12This approach is justified in the case cryogenic liquids on
metallic surfaces. The low contact angles (< 15o as per [31])
make it so that bubbles separate due to breaking with the edge of
the nucleation sites where they grow, based on an equilibrium
between buoyancy, drag, surface tension and inertial forces
[32,33]. Of these forces, only buoyancy and surface tension play
a significant role in the heat transfer regime we are considering.

13This equivalent to having a slip ratio of 1. This hypothesis
can be modified, but it does not impact the qualitative results of
this article.
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3. Nucleation interval distribution

The interval of time τ̄ needed to nucleate a bubble in a
single nucleation site is generally modeled as the sum of the
time needed to reestablish a superheated layer (the waiting
time τw), and the time needed for a nucleating bubble to
grow to the departure radius (the growth time τd).
We model the waiting time by following [23], where the

authors consider the time it takes for the heat of the wall to
diffuse and increase the temperature at a distance of 3

2
RC

away from the wall to the required temperature for bubble
growth

τw ¼ 1

παl

� 3
2
RCðTw − TlÞ

Tw − Tsatð1þ 2σ
RCρghlg

Þ
�

2

: ð20Þ

As mentioned previously, the nucleation interval is
observed to have some variation of the order of a fraction
of τw [23,24]. To model this effect, we select k ¼ ðτwþτd

0.1τw
Þ2

and θ ¼ τwþτd
k in Eq. (10). This corresponds to a mean τ̄ ¼

τw þ τd and standard deviation
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
τ̄2 − τ̄2

p
¼ 0.1τw. These

values can be readily substituted in the expression for the
Fourier transform of the gamma distribution

ρ̂1ðfÞ ¼
1

ð1 − 2πiθfÞk : ð21Þ

4. Power absorbed

Finally, in order to get an estimate for the Newtonian noise
by superimposing different nucleation sites, we need to
input the operating superheat of the cryogenic shield in
Eqs. (15)–(21). The operating temperature will be a function
of the heat load as well as the geometry of the cooling array.
Alternatively, it is possible to express the results in terms of
the power absorbed by evaporation. The evaporative heat
flux _qevap, is often expressed as [20]

_qevap ¼ nfnucρgVdhlg; ð22Þ

which, when multiplied by the heated area A gives the total
heat absorbed by evaporation.

V. RESULTS AND DISCUSSION

A. Tidal Newtonian noise

We focus our attention on the displacement of segment
(c) of the outer shield shown in Fig. 1. This section will
have the most stringent requirement due to its proximity to
the test mass. The dimensions chosen for the outer shield
segment are shown in Fig. 4. The shield shown is large
enough to fit both the test mass and the penultimate stage of
the suspensions. However, as shown in Appendix, changes
in the surrounding geometry have little impact on the tidal
coupling of the shield at low frequencies.

For frequencies below the first structural resonance of
the outer shield, we can approximate the motion of the
outer shield as a pure rigid body motion in phase with the
input ground motion. Consequently, the acceleration noise
due to longitudinal ground motion can be estimated by

jδâxðfÞj ¼
����
Z
S

∂αx
∂x dm

����jδX̂gðfÞj: ð23Þ

The results are shown in Fig. 5, with the input motion
jδX̂gðfÞj taken from 95th percentile ground-motion data
from the LIGO Livingston Observatory [34].14 It can be
appreciated that the broadband Newtonian noise coupling
is expected to be more than 50 times smaller than the LIGO
Voyager design sensitivity at 10 Hz and falling faster than
1=f3 in frequency.
Most of the contribution to the Newtonian noise cou-

pling comes from the snout area next to the front and the
back of the test mass, due to their proximity to the
longitudinal axis.
Therefore, we estimate that the Newtonian noise imposes

no extra isolation from ground motion for the outer shields.
It is sufficient to connect them directly to their heat sinks.
The result from Fig. 5 admits another interpretation; the
maximum acceleration input that can be tolerated in the
outer shields is about 50 times larger than the 95th
percentile ground motion acceleration at LLO at 10 Hz.
This sets a Newtonian-noise-imposed limit for the maxi-
mum amount of acoustic coupling on the outer shield.
Additionally, we would require enough damping of the

structural resonances so they do not contaminate the
detection band with Newtonian noise

FIG. 4. Dimensions (in cm) for the outer shield utilized for the
tidal Newtonian noise estimate in Fig. 5. We assume that the
shield is made of copper panels 5 mm thick. The ETM shields
have a 1-inch thick sapphire window in the backside of the shield
respect to the longitudinal direction, while the ITMs will exhibit
two snouts to allow the laser to pass through. This is expanded in
Appendix.

1495th percentile data means that, 95% of the time, the actual
amplitude spectrum of the ground motion is lower than the input
value utilized in our calculations.
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ðm̃kjCkjÞjδX̂g;kðfkÞj
Qk

ð2πfkÞ2
< 3 × 1021 m=

ffiffiffiffiffiffi
Hz

p
: ð24Þ

If we estimate 1
ð2πfkÞ2 ðm̃kjCkjÞjδX̂g;kðfkÞj to be of the same

order of the rigid-body estimate shown in Fig. 5, then
damping resonances with frequencies fk > 50 Hz to a Q-
factor less than 1000 should be enough to keep the
Newtonian noise coupling below the detection band.
This level of damping for structural modes should be
achievable with a modest amount of engineering.

B. Density Newtonian noise

To study this coupling, we evaluate Eqs. (15)–(21), by
inputting values for the operating superheat ΔTsup of the
outer shield.
Given the design considerations shown in [5], a

conservative estimate for the heat load on the outer shield
is about 200 W. Consequently, the expected operating
superheat ΔTsup will have a value such that the fraction of

FIG. 5. Tidal Newtonian noise coupling for the general shield
geometry from Fig. 4. We consider only rigid-body motion of the
outer shield from ground displacement inputs. The input is taken
to be the 95th percentile ground motion at the LIGO Livingston
Observatory (LLO). The estimate shown adds the contribution of
the outer shields from all four test masses in quadrature.

FIG. 6. Geometry of the cryogenic system for the Newtonian
noise calculations. The values for each parameter are summarized
in Table I. For simplicity, we consider four tubes, all 60 degrees
away from the longitudinal direction of the test mass. We also
simplify the nucleation sites of each tube to lie in the vertical
midpoint of the array, which gives a conservative estimate for the
Newtonian noise coupling.

TABLE I. (Top) Estimated values for physical parameters of
nitrogen, taken from [37]. (Bottom) Estimated values for the
geometric and engineering parameters of the cryogenic array.
Note that, for our estimate, we consider the case of saturated
boiling. The geometric variables are defined in Fig. 6.

Symbol Description Approximate value

ρl Liquid density 830 kg=m3

ρg Gas phase density 3 kg=m3

σ Surface tension 10−2 N=m
cp;l Liquid specific heat 2100 J=kg · K
Tsat Saturation temperature 77 K
hlg Latent heat of evaporation 2 × 105 J=kg
kl Liquid thermal conductivity 0.15 W=m · K
αl Liquid thermal diffusivity 8.9 × 10−8 m2=s
Tl Liquid bulk temperature 77 K
D Pipe diameter 0.01 m
L Individual pipe length 1 m
Npipes Number of cryogenic pipes 4
d0 Distance to test mass 0.5 m
v Flow speed 0.25 m/s

FIG. 7. Estimate of the density Newtonian noise coupling.
Three example superheat temperatures are shown, together with
their respective estimated evaporative heat transfer per shield.
The peaks in the spectrum correspond to the multiples of the
nucleation frequencies for each condition (shown in Table II). In
this case, we include the LIGO Voyager and CE2 sensitivities in
displacement units, where they can be properly compared to the
density Newtonian noise, despite the different scaling due to their
different baselines.
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the power absorbed by evaporation _Qevap is less than the
total heat load of the cooling array.15 The results of the
calculations are shown in Fig. 7 for different values for
the outer shield superheat. The approximate values for the
physical parameters of nitrogen were taken from [37]. They
are summarized in Table I together with a set of estimated
values for the geometric factors of the cryogenic shield. It
can be immediately noted that the overall value of the
density Newtonian noise is expected to be lower than the
design sensitivity of the interferometer in the isolated
bubble regime for the range of shield superheats tested.
We highlight two important features for the spectra

shown in Fig. 7. The Newtonian noise spectra will exhibit
peaks in the multiples of the average nucleation frequency
fnuc. The magnitude of the peaks depends on the variability
on the nucleation time for bubbles, both at the same
nucleation site, and at different sites. However, more
variability on the nucleation process leads to an increase
of the broadband noise for the renewal process, as
explained in [25] and discussed in [21].
In principle, these results imply that it is relatively safe to

utilize boiling nitrogen (in the bubbly-flow regime) during
normal operation of the cryogenic shields from the density
Newtonian noise standpoint. However, we note that the
periodicity of the nucleation cycle could excite some of the
resonant modes of the structure in the case of a coincidence
(fstruct ≈ Nfnuc, for some integer N).
The issue of coincidence could be avoided altogether by

utilizing subcooled nitrogen16 and suppressing nucleation

with polished surfaces. A summary of possible boiling
suppression strategies is discussed in [21].
The main advantage of a cryogenic system combining

subcooled nitrogen with treated surfaces is that it could be
tuned to use the boiling heat transfer for the initial
cooldown of the interferometer (when high heat transfer
capabilities are needed) and single-phase forced convection
during steady-state operation (when quiet operation is
needed).

VI. CONCLUSIONS

We studied the potential Newtonian noise coupling of
double cryogenic arrays to the gravitational-wave channel
of next-generation gravitational-wave observatories. This
allowed us to set the vibration isolation requirements for the
portion of the outer shield surrounding the test masses in
LIGO Voyager.
First, we studied the tidal coupling of the shield arrays to

the gravitational-wave channel, showing how to project the
multipole expansion of the axial acceleration of a cylin-
drical test mass into the structural modes of the cryogenic
shields.
It was determined that the likely coupling from this noise

source in the case of LIGO Voyager is low enough that it
does not impose any vibration isolation constraints on the
outer shields. Additionally, structural resonances above
50 Hz should be damped to a Q-factor of less than 1000 to
keep them out of the detection band, which should be
within the current engineering abilities of the LIGO
collaboration.
Furthermore, we determined that the Newtonian noise

coupling sets the requirement for the acoustic coupling to
the outer shield to be less than 50 times the observed 95th
percentile ground acceleration at 10 Hz. This requirement
will be of importance when designing the connection of the
heat sinks to the outer shield.
Additionally, the Newtonian noise induced by a phase

change on liquid nitrogen near the test masses was also
studied. Under some simplifications, we show that this
coupling can be modeled by a renewal shot noise process.
Qualitatively, it means that it will both exhibit a 1=f3

broadband coupling and spectral peaks at multiples of the
typical nucleation frequency fnuc. The former one due to
the stochastic behavior of nucleation and the latter ones
owing to the inherent periodicity of heterogeneous boiling.
The amplitude and width of these peaks depends on the
variability of the internucleation times, as explained in [21].
We determined that the broadband Newtonian noise

created by the phase-change induced density fluctuations
is likely to be below the design sensitivity of LIGO
Voyager, as well as the second phase of Cosmic
Explorer. However, the interplay between the periodicity
of nucleation and the structural resonances of the outer
shields will need to be considered in the design of the
heat sink mechanism for the cryogenic arrays. Our

TABLE II. Calculated values for the nucleation parameters
based on Eqs. (15)–(21) and the values of Table I. We evaluate
three conditions for the wall superheat (0.5 K, 1.5 K, and 2.0 K)
to cover the likely operating range for the cryogenic shield. The
values for _Qevap are calculated considering the geometry shown in
Fig. 6.

Symbol Description Calculated values Units

ΔTsup Wall superheat 0.5, 1.5, 2.0 K
RC Representative cavity radius 8.1, 2.7, 2.0 μm
Rd Bubble departure radius 0.24, 0.17, 0.15 mm
td Bubble growth time 110, 5.7, 2.7 ms
tw Waiting time 2.1, 0.23, 0.13 ms
fnuc Nucleation frequency 9, 170, 360 Hz
n Active nucleation site density 0.74, 20, 47 sites=cm2

_Qevap Power absorbed by evaporation 0.33, 55, 210 W

15In the nucleate boiling regime, there are three main mech-
anisms for heat transfer: forced convection, surface quenching,
and evaporation [35,36]. Their relative contribution varies along a
heated channel, as the liquid phase temperature and the density of
active nucleation sites change.

16At one atmosphere, nitrogen can remain in liquid phase
down to about 63 K [38]. It is possible to use subcooled liquid
nitrogen at 65 K as the coolant for the shield arrays, which should
provide enough heat capacity to absorb the heat from the shields
without boiling during steady-state operation.
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recommendation is to avoid boiling liquid nitrogen during
steady-state operation of the observatories. This can be
achieved by polishing the surfaces to suppress nucleation
and utilizing subcooled nitrogen as the main cooling agent
during operation.
We hope that the techniques developed here help drive

forward the discussion about the design of the cryogenic
part of next-generation gravitational-wave observatories, as
well as their integration with the goals of the rest of the
subsystems for these instruments.
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APPENDIX: GEOMETRIES FOR TIDAL
NEWTONIAN NOISE CALCULATIONS

We explored various geometries for the outer shield
segment closest to the test mass. In this Appendix we show
that, according to our simulations, the expected variability
in the rigid-body-displacement Newtonian noise coupling
is less than 20%. Similarly, we include insight about the
spatial distribution of the coupling over the shield geom-
etry. We conclude that most of the Newtonian noise
coupling comes from the snouts in the front and back of
the outer shield segment. This information can be used to
give a back of the envelope estimate for the Newtonian
noise coupling for design purposes.

1. Geometry specifications

Figures 8–10 show the different shield geometries
explored for the tidal Newtonian noise calculations aside

from the one shown in Fig. 4. They include shields that
envelope both the test mass (TST) and penultimate mass
(PUM), as well as rounded shields to test whether a higher
degree of symmetry would have any impact on the
Newtonian noise coupling. Additionally, Fig. 11 shows
an example of the two-snout geometry used for the estimated
Newtonian noise on the ITMs for every shield design.

2. Results

For frequencies below the structural modes of the
shields, we can assume that the shields move like rigid
bodies in phase with the input ground motion. The result for
the Newtonian noise coupling is shown in Fig. 13, where

FIG. 8. Side and front views of a rounded-rectangular cross-
section ETM outer shield. This particular array would include the
penultimate mass (PUM). It has the same characteristics as the
one in Fig. 4. Dimensions noted are in cm.

FIG. 9. Side and front views of a rectangular cross-section ETM
outer shield. This design considers only test mass cooling, the
penultimate mass remains at room temperature. Dimensions are
in cm.

FIG. 10. Side and front views of a circular cross-section ETM
outer shield. This design considers only test mass cooling, the
penultimate mass remains at room temperature. Dimensions are
in cm.

FIG. 11. Side view of an ITM outer shield. Different from the
ETM shields from Figs. 8–10, the ITM outer shield has two
snouts to allow free passage of the laser light. Dimensions are
in cm.
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we evaluated the longitudinal acceleration gradient directly
over the surface of the respective shields according to the
equation

∂αx
∂x ¼ −G

X∞
n¼0

�ð2nþ 2ÞP2nþ2ðcosðθÞÞ
r3

�
l
r

�
2n

×
Xn
k¼0

C½2nþ 1; 2k�P2kð0Þ
kþ 1

�
b
l

�
2k
�
: ðA1Þ

It can be appreciated in Fig. 13 that the expected
Newtonian noise coupling to displacement is of the order
of 10−21 m=

ffiffiffiffiffiffi
Hz

p
at 10 Hz. Moreover, the magnitude of

the coupling from the different shield geometries is
almost identical, which can be analyzed by observing
the projection of the acceleration gradient (A1) over the
surface of the shields. An example projection is shown in
Fig. 12, where we can appreciate that the portion of the
shields that contributes the most to the Newtonian noise
coupling are the snouts near the faces of the test mass
and the portions of the shield around the barrel. These
two areas partially cancel one another, with the snouts
having the larger magnitude coupling. The implication is
that most of the mass of the shields needed to wrap the
PUM has a negligible contribution to the overall level of
Newtonian noise. Therefore, it is sensible to approximate
the broadband Newtonian noise coupling by only con-
sidering the mass of the portions of the shield directly in
front of and behind the test mass. With this approxima-
tion in mind, we can set the limit of the amount of mass
that can be placed in front of (or behind) the test mass by
choosing a representative distance of 0.5 m and evalu-
ating Eq. (A1) to find the intersection with the sensitivity
curve in displacement units. The mass in the case of
LIGO Voyager is about 200 kg. This estimate is also
valid for the case of CE2.

FIG. 12. Projection of the longitudinal acceleration gradient over the surface of the sample geometries for an ETM (left) and an
ITM (right). The colors blue and red represent the sign of the gradient coupling per unit mass, while their saturation represents their
magnitude.

FIG. 13. Comparison of the Newtonian noise coupling for the
different shield geometries from Figs. 8–10 with the geometry
from Fig. 4. The input motion is 95th percentile ground motion
measured in the Livingston Observatory. We add the contribu-
tions of all the test masses in quadrature.
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