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Simons Observatory Large Aperture Telescope Receiver

Abstract

In the past three decades, cosmic microwave background (CMB) has provided a wealth of information on
the origin and the history of the universe. From motivating the theory of the Big Bang, to providing tests
for the standard model of cosmology; from measuring the Hubble constant, to constraining the mass of
the neutrino; from testing the matter composition of the universe, to shedding light on the cluster
evolution, CMB has truly become one of the most critical subjects of modern cosmology. However, to fully
realize its potential and to achieve a level of accuracy that none has achieved before, large observatories
equipped with ten times the detectors as the current generation experiments are needed. Such is the time
that Simons Observatory (SO) collaboration came together, and proposed a Large Aperture Telescope
(LAT) and an array of Small Aperture Telescopes (SATs) that met such criteria. Built upon the expertise
from the current generation ground-based telescopes such as the Atacama Cosmology Telescope (ACT)
and the South Pole Telescope (SPT), SO will initially deploy a total of 60,000 detectors, split about evenly
between the LAT and SATs, with the potential to double the detector count in the LAT. Naturally, it is no
easy undertaking to build a receiver capable of such feat for the LAT. In this thesis, | will recount the
science cases put forth by SO, and walk through our journey in the designing, making, and testing of the
Large Aperture Telescope Receiver (LATR).
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ABSTRACT

Simons Observatory Large Aperture Telescope Receiver

Ningfeng Zhu

Mark J. Devlin

In the past three decades, cosmic microwave background (CMB) has provided a
wealth of information on the origin and the history of the universe. From motivating
the theory of the Big Bang, to providing tests for the standard model of cosmology;
from measuring the Hubble constant, to constraining the mass of the neutrino;
from testing the matter composition of the universe, to shedding light on the cluster
evolution, CMB has truly become one of the most critical subjects of modern cosmology.
However, to fully realize its potential and to achieve a level of accuracy that none
has achieved before, large observatories equipped with ten times the detectors as the
current generation experiments are needed. Such is the time that Simons Observatory
(SO) collaboration came together, and proposed a Large Aperture Telescope (LAT)
and an array of Small Aperture Telescopes (SATs) that met such criteria. Built
upon the expertise from the current generation ground-based telescopes such as the
Atacama Cosmology Telescope (ACT) and the South Pole Telescope (SPT), SO will
initially deploy a total of 60,000 detectors, split about evenly between the LAT and
SATs, with the potential to double the detector count in the LAT. Naturally, it is no
easy undertaking to build a receiver capable of such feat for the LAT. In this thesis, I
will recount the science cases put forth by SO, and walk through our journey in the

designing, making, and testing of the Large Aperture Telescope Receiver (LATR).
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Chapter 1

The Ever Expanding Universe

Much of the material covered in Chapter 1 is summarized from textbooks Modern
Cosmology [24], Introduction to Modern Cosmology |51], and Physical Foundations
of Cosmology [57], in combination with cutting-edge results from various research

groups.

1.1 The Making of the CMB

13.7 billion years ago, our universe started out with a "bang", commonly known
as the Big Bang. It is hard to deduce its exact state before the singularity came into
existence, as the laws of physics may very well break down with its extremely high
energy concentration. But we do have some theories about what comes after.

10732 seconds after the rapid inflation started, the universe had grown to over 10?°
times in size while rapidly cooling down. After 107'2 seconds, the condition is still
dense enough that elementary particles, including quarks, leptons, bosons, and their

antimatter counterparts were kept in a dynamic thermal equilibrium without a stable
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Figure 1.1: The temperature of the universe as it expands, and some significant
milestones along the process. Figure credits: NASA.

form. The matter-antimatter pairs were spontaneously created from energy, and
then immediately destroyed by annihilation. Within 107% seconds, matter-antimatter
annihilation slowed down significantly and the temperature is cool enough that quarks
started to bind with each other by strong force. At the end of one second after the
creation of the universe, universe has grown to a few light-years large. Seconds later,
electrons started to freeze-out, and then atomic nuclei started to form as the universe
cooled to below 10° K. The relation between the temperature of the universe and time

is summarized in Figure 1.1 1.

'Figure is taken from: https://wmap.gsfc.nasa.gov/universe/bb_tests cmb.html
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Figure 1.2: This figure shows the brief history of the universe as we know it today,
including the beginning of the universe from a singularity, cosmic inflation that
happened before t = 10732 seconds, and the Recombination era at t = 380,000 years.
Figure credits: European Space Agency.

For the next 380,000 years, the universe continued to cool down while gradually
expanding, as shown in Figure 1.2 2. During this period, the universe is often portrayed

as a dense "plasma soup", as the mean free path of the photon is very short due to

Figure is taken from: https://sci.esa.int/web/planck/-/55392-the-history-of-the-universe



efficient Compton scattering. However, as the universe dropped below ~3,000 K, free
electrons started to rapidly bond with protons, forming hydrogen and helium while
rendering the Compton scattering inefficient. This sets the photons free, allowing
them to travel in a straight line, and leaving a permanent imprint in space with
embedded message of where all the matter was in that short period. This imprint is
the cosmic microwave background (CMB) that generations of scientists have been
trying to study and decipher.

The process described above is not only aesthetically pleasing, but motivated
by observation and backed by experimental results. Nevertheless, in order to fully
appreciate these scientific evidence, one needs to start from the fundamentals. A

good starting point is to look at the metrics that defined the "ruler" of the universe.

1.1.1 The Metric of the Universe

In the familiar three-dimensional space, a location can be defined by a three-
component vector, written as (x, y, z) in Cartesian coordinates. In this case, a distance

squared can be defined as the following summation

3
i’ =) gijda'da’ (1.1)

ij=1

where ! = x, 2% =y, and 2® = 2, and the metric g;; is the identity matrix



In order to better capture the spacetime curvature, it is useful to include a fourth

component, time, in the coordinates. In this case, the squared distance becomes

3
ds? = Z Gudatdx” (1.3)

p,v=0

where i and j are replaced by i and v, and the summation captures all four components.
Now if we want to describe a universe that is expanding (to which there are numerous
observational proofs) instead of standing still, the metrics needs to be modified to

include a scale factor a(t), which evolves with time. The metrics then becomes

Guv = (1.4)

which is also known as the Friedmann-Lemaitre-Robertson-Walker (FLRW) metric.
Armed with the metric, we can now set out to find an alternative expression

(based on FLRW metric) to Einstein’s equation

G+ ANgy = 87GT,, (1.5)

where G, is the Einstein tensor defined as:

1
ij = R/u/ — §gle (16)

In the equations above, A is the cosmological constant, GG is the Newton’s constant,



T, is the energy-momentum tensor, 2, is the Ricci tensor, and R is the Ricci scalar.
By looking at the components, we can see that the left hand side of Equation 1.5
describes the metrics of the universe, while its right hand side contains information
about the energy of the content of the universe. The beauty of this equation is that
it relates the two.

To make the Einstein’s equation more explicit, it is useful to expand the Ricci
tensor with Christoffel symbols

Ry, =T%,,—T%, , +T5,I0, — T4, (1.7)

j17NeY pov

where the partial derivatives are defined as

Plva = %1; (18)
Further, the Christoffel symbol itself can be written as
I = %9“6 [Gusw + Gupu — G p) (1.9)
where the partial derivatives is similarly defined as
G = %{f:f (1.10)

This expression makes it apparent that the Ricci tensor is only dependent on
the choice of metrics, and since we have chosen the FLRW metrics in Equation 1.4,

we can explicitly solve for R,,. As it turns out, all other components in the Ricci



tensor are zero for the FLRW metrics, except for the four diagonal components
Ry, Ri1, Ras, and Rs3. It is therefore convenient to group the four resulting linear

equations into time-time (Rgo) and space-space (Ry1, Roe, and Rs3) parts. Solving for

(3)2 = %p (1.11)

and solving for the space-space part yields

time-time part yields

a 4G
g ——T[,0+373] (1.12)

Here p is the energy density, and P is the total pressure. Since we start off with the
cosmological constant A included in Equation 1.5, the energy density here includes
matter, radiation, and p,, the dark energy. Equation 1.11 and Equation 1.12 combined
are known as the Friedmann equations.

Recall that a(t) is the scale factor introduced in Equation 1.4, where it captures
the ratio between comoving distance and physical distance, and how it evolves with
time. To further study the relationship between scale factor and energy density, it is

useful to introduce the definition of Hubble rate
Hy =12 (1.13)
a
at the same time, we will define the Hubble constant as the Hubble rate of today

Hy = H(to) (1.14)



where t( is the current time. Taking H(¢) into Equation 1.11, and dividing both sides

by Hy, we arrive at

o*@t) _ p
2 = 3m (1.15)
871G
If we introduce another constant, the critical density today,
3H?
or = 1.16
por = g (1.16)
as well as the density parameters,
s(T
o, = L:h) (1.17)
pCT’

where s represents the components of the universe, e.g. matter, radiation, or dark

energy, then the energy density of component s can be written as

ps(a) _ Qsa—3(1+ws) (1.18)
pCT
where w; is the equation of state. Taking Equation 1.17 and Equation 1.18 into

Equation 1.15, the first Friedmann equation now becomes

Hz(t) P —3(14ws
e > Qa(t)) 0 (1.19)

s=r,m,A

If we are dealing with a standard Euclidean universe, where Q, + Q,, + Q) =1,

then Equation 1.19 would be complete. Nevertheless, to include the possible curvature



of the universe in the equation, a fourth parameter is introduced as €2, as

K

QH:l_QT_Qm_QAE_HTaQ

(1.20)

where k is a curvature parameter. 2. is not a real "energy" term, but a form
representing a potential difference between the sum of the energy densities and the
critical density. Based on the most recent observation from Planck, the universe is
very close to flat (or Euclidean), with Q, = 0.001 £ 0.002 [67]. Taking Equation 1.20

into Equation 1.19, the now completed equation reads

H2<t>:H3{ ) m[a(t)]3<1+WS>+QK[a<t>]2} (1.21)

s=r,m,A

But what is the w, for each component? The easiest component to solve would
be Q4, where by definition, it is constant, and as a result does not evolve with time.
Therefore we have wy = —1.

For €Q,,, it is calculated by the total rest mass of the matter times their number
density. The number density inversely correlates with the volume of the universe, and
the volume of the universe scales as a®. Thus it is straightforward that €2,, would

3, resulting in w,, = 0.

scale as a~

For €., the wavelength A of the radiation would scale as a. Since A = ¢/f,
the frequency f would scale as a~!. Since the black-body radiation scales with the
Temperature with 7%, and the black-body spectrum is dependent of f /T, we conclude

that Q, would scale as T* < a4, with w, = 1/3.

With all the equation of state resolved, let us introduce another parameter,



cosmological redshift z

—1 (1.22)

w
Il
Q=

Replacing a with z, and including the derived equation of state, Equation 1.21 can

be rewritten in an even more useful format:

H?(t) = HF[On + Qu(1+2)* + Q1+ 2) + Q,.(1 + 2)Y] (1.23)

1.1.2 The Scattering Particles
The Boltzmann Equation

The macroscopic dynamics of the universe are governed by Equation 1.23, where
it accurately describes how energy densities of different components evolve from
the early universe to the present time. Nevertheless, in order to study the Big
Bang Nucleosynthesis and the formation of CMB, we must tackle the microscopic
interactions as well. The best starting point is to study the Boltzmann equation.

In a general form, the Boltzmann equation can be written as

—cly) (1.24)

On the left hand side of the Equation 1.24, we have the distribution function f, where

its time derivative is defined as

=4+ &-V,+ PV, (1.25)

10



which consists of a time component, a location component, and a momentum compo-
nent. On the right hand side of the Equation 1.24, we have the collision term, which
describes the particle-particle interactions.

It is straightforward to rewrite the Boltzmann equation with the FLRW metric

of  ppof of _
E—'—Ezaxz —Hpa—p —C[f] (1.26)

where p' is the unit vector for momentum p, p* = p;. It is useful to look at two
approximations that we can sometimes apply to the system. One approximation is for
relativistic species like photons, where p > m. In this case, the Boltzmann equation
can be simplified to

or (008 08 iy (1.27)

ot * a Ox’ pap

On the opposite extreme for massive particles like baryons, where p < m, the
Boltzmann equation can be simplified to

0f [ PP Of g 0f

e + s ap Clf] (1.28)

Let us now introduce two additional parameters to modify the FLRW metric
introduced in Equation 1.4, ® and . With these two terms added, the metric

becomes

ggo(fB,t) = -] — 2@(33,15)

gij(x,t) = a2(t)(57;j[1 +20(x, t))

11



where W introduces a Newtonian potential for non-relativistic entities, and & pre-
scribes a local perturbation to the scale factor a. Combined, they introduce a small
modification (~ O(107)) to the metric, and consequently, to the Boltzmann equation.
Since the addition is relatively small, we can ignore the higher order term and simply
work on the linear order terms.

In this perturb FLRW metric, the four-momentum becomes

R
a

P*= |E(1-0),p (1.30)

where p’ is defined as

p'=pp (1.31)
With these, the perturbed space component of the Boltzmann equation becomes

Y2

da:i_Pi_pp

S Rl UL ) (1.32)

and the perturbed momentum component becomes

dp
dt

(H +d)p' =~ = —pv, + v (1.33)

If we are interested in the magnitude of the momentum, we can then arrive at

d _

E
=—|H+ ®]p— —p'V; 1.34
L+ Oy S (134)
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Similarly, the direction of the momentum is

dp’ E . . p?
= a—p[(sﬂ — p'p"] (EQ—QJ) ) (1.35)

)

Equation 1.34 and Equation 1.35 combined nicely summarize the path of a particle
that moves through an expanding universe with a field-like perturbation. There
are numerous cosmic events that are observed to follow this pair of equations. For
example, the lensing effect is governed by these two equations, which is caused by
massive clusters in-between us and the CMB bending the path of CMB photons. In
order to study the true form of CMB, we have to remove such effect. This process is
called "delensing". On the other hand, measuring the lensing effect in the CMB map
can also reveal a range of useful information regarding the cosmic history.

If we just focus on the perturbed equation for photon, where E = p, then we can

combine Equation 1.32 and Equation 1.33 in linear order as

ai ot T aor

d _of ¥ 8f_{ - zﬁi@ﬁf}paf (1.36)

H+®+——| —
++a0x18p

which ultimately leads to the creation of anisotropies in the CMB observed today.
We will tackle this equation again when we look at the inner working of anisotropies.
Neutrinos

Following Equation 1.23, in the early universe, the energy density is dominated by
the radiation term, €2,. Relativistic particles that were held in thermal equilibrium

contributed to the radiation density before they froze out of the plasma. The main
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contributors to the radiation energy density are neutrinos and photons. Other particles
like baryons had a negligible effect on the total energy due to their much lower density
comparing to radiation or photon. Between photons and neutrinos, the contribution
to radiation energy can be written as:
g’ 4

—T
30 7T

T,

AL o 1.37
where photons behave as Bosons (first term), and neutrinos behave as Fermions
(second term). Both terms share a degeneracy factor g. If we define the contribution
from photons as p,, then Equation 1.37 can be re-written as:

7 (T,\*
p= Hé(?) NV] Py (1.38)

o

Early on when photons and neutrinos were held in thermal equilibrium, they
were at the same temperature. As the universe cooled to below 101 K, neutrinos
and antineutrinos can no longer be kept in the thermal equilibrium due to the
annihilation scattering rate dropping below the expansion rate of the universe. As
a result, neutrinos began to decouple from the plasma to form the cosmic neutrino
background. Soon after the neutrinos froze out, temperature dropped below the
mass of electron, and the electron-positron annihilation reheats the plasma, making
the photon background hotter than the neutrino background. Based on entropy

conservation, the ratio between the two temperature is:

T 1/3
v (gﬁ) (1.39)
T, g1
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Where g5 is the degrees of freedom of all particles in the plasma after the electron-
positron annihilation, and ¢; is the same term before annihilation. Post-annihilation,
only photons remain in the thermal equilibrium while others have negligible effect

due to much smaller number density. Therefore, we have:
g2 =2 (1.40)

As for pre-annihilation, we need to include the spin state from electron and positron

in addition to photons, which means:

7 7 11
=24+ — %24+ —%2=— 1.41
Gr=2+4 g2+ o 5 (1.41)

Taking g; and g5 into Equation 1.39, the temperature ratio is now:

T, 4\ /3

v

Where it is assumed that the neutrino decoupling and the electron-positron annihila-

tion were well-separated in time. Taking Equation 1.42 into Equation 1.37, we arrive

7 4 4/3
1+3 (ﬁ) N,,] Py (1.43)

Where N, = 3 assuming the neutrinos are massless, and the decoupling is instanta-

at:

10:

neous.
Nevertheless, in reality the neutrinos are proven to have a non-zero mass ¥m,, [29].

The decoupling process also has an overlap with the electron-positron annihilation
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period, allowing the neutrinos to receive entropy from the annihilation (for example,
from charged-current processes), slightly increasing the neutrino energy density

(~ O(1%)). To account for this effect, N.ff is introduced, in the form of:

7 4 4/3
1 + g (ﬁ) Neff] Py (144)

The latest numerical calculation based on the standard model predict the effective

p:

number of neutrinos to be N.sr = 3.0440 [28].

1.1.3 Big Bang Nucleosynthesis

Following the decoupling of neutrinos, the formation of light elements promptly
begins. During this time, electron froze-out, hydrogen (and its isotopes’) nuclei were
formed, and so did helium (and its isotope’s) nuclei. Some other light elements were
also created during this time, but since their number density is much lower compared
to hydrogen or helium, they will not be included in this discussion.

A slight variation of the Boltzmann equation from Equation 1.36 with the addition

of the massive particle and a collision term leads to

d(nia®) nsn nin

-3 (0), (0) 374 112

a =n; ' ny <ov> — (1.45)
dt b nPn®  pOp)

This is used to describe the number density n; for species 1 in a generic reaction

142344 (1.46)

where the mean cross section is shortened as < ov >.
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Intuitively, when the particle is held in thermal equilibrium via scattering or
annihilation, the reaction rate of the particle should be much higher than the expansion
rate of the universe. With this in mind, if we look at Equation 1.45, on the left of the
equation, we have ~ O(nyH), while on the right hand side of the equation, we have

~ O(ning < ov >). If H < ny < ov >, then we must have

ning N3Ny
= (1.47)
ngo)ngo) n:(),O)nz(LO)

This is also known as the Saha equation, and from our derivation, it holds as long as
the system is in the equilibrium state.
Equation 1.47 is very powerful in that it applies to many types of scattering. For

example, if we are to look at the weak interactions between protons and neutrons

pt+e <n+v
pre +vn (1.48)

p+verntet

One can apply Equation 1.45 and arrive at

3 (0)
T N ) N 7 S (1.49)
dt ! 0 "
P

where n; is the lepton density. If we ignore helium nucleus due to its much lower
number density, we can define X,, as the ratio of neutrons to total nuclei in the form

of

X, = (1.50)



Then from Equation 1.49, we can derive the rate of change for X,, as

dX,
Tl n§0) <ov>[(1—X,)e mnm)/T _ X ] (1.51)

In reality, however, Equation 1.51 only holds when expansion rate is much slower
than the reaction rate. As the temperature cools to T~1MeV and the reaction rate
drops below the expansion rate, neutron froze out and seize to follow the analytical
value predicted by X,. As a result, at the onset of Big Bang Nucleosynthesis
(T~0.07MeV), we have X, ,re—ppy ~ 0.11, instead of a much smaller amount
according to the analytical result.

During the main synthesis event, the majority of the neutron went into helium

nucleus via the reaction

p+n—D
D+ D — n+ *He (1.52)

He + D — p + “He

Therefore, the “He abundance Y, is

Y;J = 2Xn,prefBBN (153>

which provides Y, ~ 0.22 based on a rough estimation. A more detailed numerical
integration calculation performed in 2018 can be found in [66], which provides the

value

Y, = 0.24705 + 0.00019 (1.54)
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This is consistent with the latest measurement from Planck [67] that shows

vtk = 0.24714 £ 0.00049 (1.55)

1.1.4 The Epoch of Recombination

The universe remains ionized for the next 380,000 years as the temperature
continues to decrease to ~ 1eV. During this time, as soon as any neutral hydrogen is
formed, it is immediately re-ionized by energetic photons. Eventually, expansion of
the universe cooled the photon enough such that they can no longer overcome the
hydrogen binding energy. Thus began the recombination era.

In short, the recombination is about the reaction

e +pe> H+vy (1.56)

From the Saha equation (Equation 1.47), we have

NNy ngo)nl(,o)

= 1.57

when the system is in equilibrium. In reality, neutral helium also formed at a slightly
earlier time, but due to helium’s much lower number density, we will only focus on

hydrogen in this section. Similar to X,,, we define the free electron fraction X, as

X,= e (1.58)
Ne + Ny
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Then from Equation 1.45 we have

dX, T.s
o = l1-X)<ov> (—n; )2e= /T — X%(n, + ny) < ov > (1.59)
™

where ¢ is the hydrogen binding energy at 13.6eV.

From Equation 1.59, it is natural to define the recombination rate as

wp =< ov > (1.60)

which scales rapidly as the temperature drops below 1eV. With the acceleration of
recombination, photons that were efficiently scattered by free electrons started to
decouple. Most of them scattered for one last time®, and then started traveling in
straight lines, going through eons until they finally reached Earth today. Thus was

born the CMB.

1.2 Decoding the CMB

As stated above, the photon imprints produced at the last scattering surface essen-
tially preserved the energy distribution of the universe at that moment until present
day. Therefore, by observing the CMB, one can gain much insight into the matter
composition, density distribution, and particle interactions before the recombination.
These information are encoded in the CMB temperature and polarization maps, and
are usually extracted by calculating the power spectrum of these maps and fitting for

the corresponding parameters given a model of the universe.

3A small portion of them do scatter again later due to some other effects. One example would be
via Sunyaev-Zeldovich (SZ) effect.
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1.2.1 The Theory of Inflation

To first order, the CMB observed today is a very smooth black-body radiation
curve with a temperature of Ty = 2.7260 £ 0.0013 K, as measured by the Far InfraRed
Absolute Spectrophotometer (FIRAS) on-board the Cosmic Background Explorer
(COBE) satellite [27]. The smoothness (< 0.1% variation) of CMB led to a basic
assumption that our universe is isotropic and homogeneous. This gives rise to an

issue - the horizon problem. If we consider the comoving horizon defined as

n(a) = /O Zg((il,)) (1.61)

which represents a patch size that could be in casual contact at scale factor a. Since

7 is monotonically increasing, it can also be used to track the age of the universe, and
is known as the "conformal time". During recombination, n,c., ~ 2.8 x 102hA~! Mpc.
However, at present day, 1y has grown to ~ 1.4 x 102~ Mpc. This means that any
two patches that are more than ~ 1.2° apart on today’s sky cannot be in casual
contact during recombination. Why would the end result be this smooth if these
patches have no way of communicating with each other?

Another issue that arises is the flatness problem. The €2, introduced in Equa-
tion 1.20 is measured to be ~ 0.001 [67], which suggests that the universe is very
flat. However, as the definition suggests, the curvature would grow rapidly as the
universe evolve. In fact, the curvature measured today means that the universe has to
have a density |p — per|/p < 1075 at the early stage, based on Alan Guth’s original
derivation [37]. Why would the universe be this flat to begin with?

Both problems can be solved by the theory of inflation. This theory includes a
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tiny starting point, an exponential expansion, and a short duration, as qualitatively
described in Section 1.1. The small starting point reduces the comoving Hubble
radius dramatically, resulting in everything in casual contact with each other at early
times. The exponential expansion ensures that the curvature were driven to near zero
as Q, o (aH)™2. The short duration means that it ended quickly, as we do not see
rapid expansion all the way to today.

There are many theories as to what drives the inflation. The simplest among
them prescribes a potential energy of a scalar field with a negative pressure. In this
model, the field ¢ slowly rolls down the potential V'(¢) until it reached its minimum.

As ¢ changes slowly, so will H. We can thus define a small parameter €, such that

Cd, 1, dH/dy

One famous prediction from inflation is that it will produce both scalar and tensor
perturbations in the CMB, and some of them are observable today, long after inflation
and recombination.

In short, the magnitude of tensor mode perturbation is

32nGH?
horizon crossing
and the magnitude of scalar mode perturbation is
2nGH?
Ps(k) = = (1.64)
k €6 |horizon crossing

Both equations are written in the Fourier k-space, and are evaluated when mode k
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crosses the horizon. From Equation 1.63 and Equation 1.64, we can define their ratio

as

= 16¢, (1.65)

horizon crossing
which, remarkably, can be measured from the CMB. Since this tensor-to-scalar ratio
r provides a unique probe for the inflation model and its driver ¢, it is a vital

measurement that the CMB science community is striving to improve upon.

1.2.2 Anisotropies in the CMB

Even though the CMB temperature is very smooth, tiny anisotropies are discovered
in it. Countless research and astounding results spring from studying the shape and
form of these anisotropies. In order to understand how they are observed, it is useful

to introduce a fractional temperature fluctuation term © as
T(z,p,t) =T(t)[1+O(z,p,1)] (1.66)

where x is the location of the observer, p is the direction of momentum of the observed
photons. Since we only have one sky and can only make observation at current time
to, the real variable in Equation 1.66 is p, where we record © in terms of locations of
the photon on the sky. Since the sky-shaped temperature map can be viewed as a

sphere, it is convenient to expend it in the basis of spherical harmonics Y},

00 l

Oz, p,t) = > Y am(m,1)Yim(p) (1.67)

=1 m=—1
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where [ is the multipole moment of the spherical harmonics, and m is its azimuthal
degree of freedom. From Equation 1.67, we can invert the relationship and write a;,,

in terms of © in Fourier k-space

onant) = [ % [ dovi k. .0 (1.68)

When observed at current time on Earth, Equation 1.68 can be simplified to
VRN ek, .
m = (—1) Wﬁm(p)@(k,p) (1.69)
where the variance C(I) of a;,, can be calculated by
C(l)(sll’(;mm’ =< almaf,m, > (170)

But what constitutes the theoretical value for ©7 In essence, we can acquire
an analytic understanding of it by solving the evolution of a perturbed Boltzmann
equation for photon. If we continue along Equation 1.36, and attempt to solve the

Boltzmann equation explicitly, we can expand f(x, p,t) to first order in © as

PO f(O)
op

where f© is defined as

fO = [eP/T — 1)1 (1.72)

where (0) means the distribution function for zero chemical potential case.
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Now we can calculate df /dt as

(0) (0)

VI Lo pn?)

dt dt dt dp (1.73)
O pafO T 0T 00 '
N dp @+(I)+a @x"+8$i

where ® and ¥ are the same metric perturbation introduced in Equation 1.29. Recall
from Equation 1.24 that to solve for ©, we still need the collision term C[f], which
has a text book expression given by [24]:

pdf¥

el =-"

(RCOT)[@() — @(f)) + IA) . Ue] (174)

where u,. is the bulk velocity of electron-proton-photon plasma, and ©; is the [th

multipole moment of © defined as

o= / d(ﬁz. I%)Pl(i’ -k)O(k, p,1) (1.75)

Here P, is the Legendre polynomials. Combining Equation 1.73 and Equation 1.74 as

df /dt = C[f], we finally arrive at the complete Boltzmann equation for photon

. pfov 0e\] o
{@ v ( o, ax)} — (neor)[O0— O() + 9w (L76)

The left hand side of Equation 1.76 represents the evolution of the distribution function,
while the right hand side expresses the photon-electron scattering interaction. This
equation relates the two.

Although Equation 1.76 is very powerful, solving it proves to be no easy task.
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Fortunately, there is no need to solve ©; for all multipole moments, since the temper-
ature anisotropies are dominated by the monopole moment ©, and dipole moment
©,. If we make the approximation by dropping the higher multipole moment, we
can consider the tightly coupled plasma to obey fluid dynamics similar to a forced
harmonic oscillator. With this analogy in mind, we can define the sound speed of the

fluid as

1
)= | — (1.77)
3(1+ 328)

where we use the conformal time 7 defined in Equation 1.61 to replace conventional
time t, and py, p, to represent the baryon density and photon density respectively.

Following this, the sound horizon of the fluid can be defined as

) = [ det) (1.78)

Even with the fluid approximation, writing down the exact form for ©; is quite
complicated. Here we will abbreviate the form of ©y and ©; as presented in the

original derivation by Wayne Hu and Naoshi Sugiyama [44]:

©¢ = [Acos(krs) + Bsin(krs)|D(n, k)
1

V3

(1.79)

0, [Asin(krs) — Beos(krs)|D(n, k)

where A and B are constants based on the photon-baryon density ratio and the
perturbation scale ® and W. The term D(n, k) represents the diffusion damping term
defined as

D(n, k) = e~ k/ko)? (1.80)
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where kp is the damping scale. The damping happens due to the finiteness of photon
scattering. Consider the scattering rate in Equation 1.76 (n.or), if this rate is infinite,
there would be no damping. However, during a course of a Hubble time 1/H, photon
would on average only scatter (n.or)/H times, traveling on average a comoving
distance 1/4/(neor)a?H. Over this distance, the difference between hot and cold
spots will be smeared by photons, and thus the anisotropies damped. A whole range
of small scale CMB science depends on the accurate measurement of the damping
scale kp.

There is yet another piece to the puzzle. After recombination, photons still have
a long way to travel before reaching the detector on Earth. During this period, it is
affected by the evolution of potentials. Such effect is called the integrated Sachs-Wolfe
(ISW) effect, which is mainly due to the contribution from radiation energy at early

time, and from dark energy at late time.

6000

A& ACT+WMAP ACDM best fit

B --=- ACT ACDM best fit
§ 40001 » & WMAP
= A S ¢ ACT DR4
= 4 Y e %
= 2000 T
a oty

o] w“‘um"»‘_‘__._‘__.____.____.____.______._ ______ R ]
__ 807
§ 0 $ * )
E +
'a 80 © residuals to ACT best fit
by ¢  residuals to ACT+-WMAP best fit
0 500 1000 1500 2000 2500 3000 3500 4000 4500

Figure 1.3: This plot shows the latest temperature anisotropy measurement presented
by Atacama Cosmology Telescope (ACT) collaboration in combination with Wilkinson
Microwave Anisotropy Probe (WMAP) data, ranging from [ = 0 to [ = 4500. The
upper panel shows the measurements, while the lower panel shows the deviation
from measured points to theoretical prediction. Figure credit: ACT DR4 maps and
cosmological parameters.
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Finally, a linear combination of ©y and ©; from Equation 1.79, and the addition
of ISW effect constitutes the bulk of the temperature anisotropies © that we observe

today, in the form of

Oy(k) = J1[0o(k) + ¥ (k)] + J2301(k) + Jrsw (1.81)

Here Ji, Jo, and Jrsw are composed of a series of [ dependent spherical Bessel
functions. One of the latest measurement of such anisotropies presented by ACT
collaboration [7] is shown in Figure 1.3. The y-axis value D, is defined as

I(1+1)

Dl =
2w

C()TZup (1.82)

where C is the variance defined in Equation 1.70. The peaks and troughs in this
figure are directly related to the peaks and troughs from ©y and ©,, amplified or
attenuated by ISW effect. One can also observe the effect of diffusion damping at

high 1.

1.3 Next Generation CMB Observation

1.3.1 Progress Made So Far

As presented above, observations of the CMB are crucial tools in developing our
understanding of the physics of the early universe and testing the standard model
of cosmology, ACDM [16]. While satellite missions such as the Cosmic Background

Explorer (COBE) [74], the Wilkinson Microwave Anisotropy Probe (WMAP) [11; 43],
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and the Planck Collaboration [68] have produced full-sky microwave maps, ground-
based experiments have extended the satellite measurements towards smaller angular
scales and lower noise levels over 40% the sky. High resolution (~ 1") experiments, such
as the Atacama Cosmology Telescope [80] (ACT) and the South Pole Telescope [13;
73] (SPT) have made measurements of both the primordial temperature power
spectrum [84] as well as secondary anisotropies such as the thermal and kinematic
Sunyaev-Zel’dovich (SZ) effects [42; 76; 77| and gravitational lensing effects |75].
Low resolution experiments (~0.5°), such as the Background Imaging of Cosmic
Extragalactic Polarization (BICEP) and Keck Arrays [3; 46|, the SPIDER |[33], the
Atacama B-mode Survey (ABS) [49], the POLARBEAR [4; 69|, and the Cosmology
Large Angular Scale Surveyor (CLASS) [86; 38| aim to improve measurements on
B-mode polarization, one of the two components in CMB polarization [45], at larger
angular scales (¢ < 200).

The last decade has seen a significant amount of detection and numerous highly
accurate measurements. However, there is more science to be gained from the
upcoming CMB experiments, among which are the Simons Observatory (SO) and
CMB-S4. An in-depth review from the CMB-S4 collaboration [2|, with the current
CMB temperature, E-mode polarization, and B-mode polarization measurements
shown in Figure 1.4. The abundance of science sought by the next generation CMB
observatories include better constraints on various cosmological parameters, searching
for B-mode polarization due to primordial gravitational waves, measuring the effective
number of light relativistic species, detecting the sum of the neutrino masses, providing
test on dark energy properties, and testing alternative theories for gravity on large

scales.
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Figure 1.4: The current power spectrum of the CMB in temperature, E-mode
polarization, and B-mode polarization. Figure credits: CMB-S4 Science Book.

1.3.2 SO Science Goals

The key science goals for SO is summarized in Table 1.1, and discussed in details
in SO science and forecast paper [79]. The nominal forecast result is shown in the
SO-Baseline column, where the uncertainty was assumed to be at 25% to account for
additional systematic errors from the instruments. Below, I present a brief summary
of the SO forecast result.

SO aims to improve our understanding on the primordial perturbations by mea-
suring the tensor-to-scalar ratio r (derived in Equation 1.65), scalar perturbations,

and non-Gaussian perturbations. The SO Small Aperture Telescope (SAT) will be
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Parameter SO-Baseline SO-Baseline SO-Goal | Current
(no syst)
T 0.0024 0.003 0.002 0.03
e ?"P(k = 0.2/Mpc) 0.4% 0.5% 0.4% 3%
f\?fal 1.8 3 1 5

Ners 0.055 0.07 0.05 0.2

m, 0.033 0.04 0.03 0.1

og(z=1-2) 1.2% 2% 1% %

Hy (ACDM) 0.3 04 0.3 0.5
Mfeedback 2% 3% 2% 50-100%
Dnt 6% 8% 5% 50-100%

Az 0.4 0.6 0.3 1.4

Table 1.1: Summary of SO key science goals. The SO forecasts assume that SO
is combined with Planck data. The forecasts here are presented in three columns.
The first column is the baseline noise level with no additional systematic error. The
second column represents the nominal forecast, with a 25% additional uncertainties
to account for potential instrument systematics. The third column represents the
goal forecast, which assumes negligible systematic uncertainties, and rounds to one
significant figure.

capable of achieving o(r) = 0.003, which would confirm or rule out models that
prescribe 7 > 0.01. The SO Large Aperture Telescope (LAT) will use the temperature
and E-mode polarization map at small scales to provide constraints on scalar per-
turbations with 20 & bins between & = 0.001 Mpc™" and k = 0.35 Mpc ™', which will
test the almost-scale-invariant prediction of inflation, as discussed in Section 1.2.1.
Non-Gaussianity measurement has a baseline forecast at o (f{9¢4) = 3, which will be
obtained from both correlating the LAT-measured kSZ effect and the LAT-measured
CMB lensing field with the galaxy distribution from Vera C. Rubin Observatory [14].

Local primordial non-Gaussianity can be used to potentially rule out single field
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inflation models described in Section 1.2.1.

For the effective number of relativistic species N.ss (defined in Equation 1.44), SO
will be able to measure o(N,f¢) = 0.07 by fitting for the damping scale kp, confirming
or ruling out some of the potential light relics beyond the standard model. SO will
also be able to measure the total mass of the three neutrino flavors to an accuracy of
o(Xm,) = 0.04eV, potentially providing a confirmation for a non-zero neutrino mass
sum. This will be achieved from CMB lensing, SZ clusters, and thermal SZ distortion
measurements.

The amplitude of matter perturbations, og, is defined as the root mean square
overdensity in a sphere with radius 84! Mpc. It provides crucial insight on structure
growth and will be constrained by SO at 2% level between z = 1-2 using SZ clusters
and CMB lensing measurements from LAT. In addition, SO aims to reduce the current
uncertainty on the Hubble constant H, (defined in Equation 1.14) to 0.4 km/s/Mpc
with LAT temperature and polarization power spectra, enhancing the significance
of the discrepancy with Hy derived from the CMB and from Hubble diagram at low
redshift. Currently, this discrepancy between indirect measurements of Hy from the
early universe cosmology and direct measurements of Hy from late-time Cepheids
stars is not well explained by the standard model, and could come from residual
systematics or new physics.

SO will contribute to our understanding of the galaxy evolution by measuring
the feedback efficiency, 7feedpack, t0 3% uncertainty. The feedback effect is largely
due to the formation of stars and black holes, altering the inter-galactic matter
distribution. SO will also measure the degree of non-thermal pressure support, p,;

to 8% uncertainty. Currently, no strong limits exist on these parameters that are
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crucial to models of galaxy evolution. Both constraints will come from temperature
measurements from LAT.

Finally, SO will measure the duration of reionization, Az, with an uncertainty
of 0.6, less than half of the current best constraint using LAT temperature and
polarization maps. This will help constrain models for the ionization process, and
provide properties on the first galaxies, quasars, and the intergalactic medium in the

reionization epoch.
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Chapter 2

SO LATR Design

2.1 SO LATR Design and Operation Guideline

SO [79; 30] is a next generation CMB experiment consisting of three 0.42m
SATs [9] and one 6m LAT [65] in the Atacama Desert of Chile. As reviewed by
CMB-54 [2], both large and small telescopes are needed to capture the CMB at small
and large scales. All of these instruments are designed and built upon a series of
requirements extracted from the science goals outlined in Section 1.3. This thesis will
only discuss the LAT considerations. The bulk of the content presented in Chapter 2

and Chapter 3 is also published in [89], of which I was a lead author.

2.1.1 Detector Count and Operating Temperature

The LAT utilizes a crossed-Dragone optical design with a pair of 6 m mirrors [31; 35].
A cross section view of the LAT is shown in Figure 2.1. Inside LAT’s receiver cabin,

we will install the Large Aperture Telescope Receiver (LATR) [89; 63; 85|, which can
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Figure 2.1: The LATR in the LAT. This shows a cutaway rendering of the LAT with
the LATR installed in the receiver cabin. The elevation structure is labeled with
the 6 m primary and secondary mirrors inside. As the telescope changes observation
elevation by rotating the elevation structure, the LATR co-rotates — maintaining a
consistent orientation between the LATR and the primary and secondary mirrors.
This figure is taken from [89].
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contain up to 13 optics tubes and will cover six frequency bands centered around 27,
39, 93, 145, 225, and 280 GHz, grouped into low-frequency (LF) band (27 and 39 GHz),
mid-frequency (MF) band (93 and 145 GHz), and ultra-high-frequency (UHF) band
(225 and 280 GHz). The optics tube is a self-contained unit including components
at 4K, 1K, and 100mK. Its detailed design is discussed in Section 2.2.6. Each
optics tube will contain three detector wafers filled with transition edge sensor (TES)
bolometers, capable of observing ~1.3° of sky when combined. All wafers will operate
at 100 mK and measure a single band group with dichoric pixels that are sub-divided
into two linear polarizations. The initial survey will use seven optics tubes in the
nominal configuration with the remaining six positions allowing for future upgrades.
The band group distribution is included in Table 2.1. The LATR is 2.6 m in length,
2.4m in diameter, and 11 m? in volume. It is installed on a bore-sight rotation mount
to maintain a constant pointing on the secondary mirror and uses a 6.7° field of view
out of the 7.8° available.

A detailed design study was performed to optimise the overall sensitivity of the
instrument while considering the technical challenges and the timeline of the program.
For example, the size of the focal plane on the LAT could accommodate a 19 tube
LATR, but this was deemed too technically risky and a 13 optics tube LATR was
chosen as the best balance between meeting the near term goals of SO while allowing
for significant future upgrade. A 100 mK dilution refrigerator was chosen since it
provides continuous operation and increased sensitivity over a 300 mK He-3 adsorption
cooled system [60; 1|. Such a system has been successfully operating on ACT since
2011. The sensitivity that SO is capable of achieving is included in Table 2.1. For MF

and UHF band group, we choose to couple the TES bolometers to monolithic feedhorn
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Frequency | FWHM | Baseline noise | Goal noise Bands Detector | Optics

(GHz) (arcmin) | (pK-arcmin) | (pK-arcmin) Number | Tubes
w | sa | o || o |
w12 |1 63 | MF | 10am | ¢
wo | o8 | s o | U S |

Table 2.1: The SO LAT projected survey sensitivity with fs, = 0.4. This represents
the nominal configuration for the first deployment, with seven of the 13 optics tubes
installed (see Section 2.2.6 for optics tube design). The quoted detector numbers
assume three detector wafers per optics tube. With the use of dichroic pixels, the six
targeted bands are split into three categories: low-frequency (LF), medium-frequency
(MF), and ultra-high-frequency (UHF). The baseline sensitivity includes an additional
uncertainty factor to account for approximated instrument systematic noise, while
the goal sensitivity assumes the instrument noise is negligible. A detailed explanation
of the value here can be found in [79].

arrays that were well-tested in the Advanced ACT receiver [15; 40; 26]|. For LF band
group, we will couple sinuous antennas with lenslet coupling that were successfully
deployed in POLARBEAR [78] and the SPT [64; 70]. To limit the noise level from
atmosphere and readout electronics, half-wave plates were initially considered for the
LATR, but they were ruled out for the final design. This is due to LATR’s main focus
on small-scale science, and the 1/f noise achieved by ACTPol without a half-wave

plate [20] is found to be sufficient in the SO science goals and forecast study [79].

2.1.2 Scanning Strategy

Over a five year observing period, we plan to use the LAT to survey ~ 40% of the
sky with arcminute resolution and a map noise level of ~ 6 uK-arcmin in the 93 and
145 GHz bands (see Table 2.1). While it is possible to have LAT focusing on 10% of the

sky and maximizing the overlapping region with SAT for dedicated delensing, it will
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sacrifice a large portion of the LAT science goals while achieving similar delensing levels
that can be obtained from external maps or the cosmic infrared background [79; 88].
Overlapping with existing and upcoming optical surveys, the SO will be able to
measure cross correlations of the SO reconstructed lensing potential with the Vera
C. Rubin Observatory [14] identified galaxies, and provide tighter constraints on the
neutrino mass by combining SO data with Dark Energy Spectroscopic Instrument
(DESI) [21] baryon acoustic oscillation (BAO) information. Additionally, the LAT
will detect tens of thousands of clusters using the thermal SZ effect, as well as
numerous extra-galactic sources and transient microwave objects [59; 36]. There
are even prospects for the LAT to detect Oort clouds around nearby stars [12; 62]
or additional planets in our Solar System [10]. Finally, although the nominal plan
is to rely on external delensing, observations made with the LAT can be used to
cross-check the delensing factor and help reduce the uncertainly on the large scale

B-mode signals [5] measured with the SATS.
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2.2 LATR Mechanical Design

Dilution Refrigerator
(DR)

DR Turbo Rack

Cable Hub

Pulse Tube
(PT420)

Front Plate

Pulse Tube
(PT90)

SN

Support Rings

Co-rotator
2.6 m  gpell Interface

Front/Back Vacuum

Figure 2.2: LATR external components are shown in this figure. The front plate
with 13 hexagonal windows is labeled. The co-rotator at the bottom supports the
LATR in the LAT (Figure 2.1), and allows the LATR to maintain its orientation with
respect to the LAT mirrors when the telescope changes elevation. Two of the pulse
tube coolers on one side are labeled, including a one-stage 80 K cooler (PT90) and
a two-stage 40 K/4 K cooler (PT420). The DR at the back of the LATR is labeled.
Also labeled is one of the readout crates around the LATR, which house a number
of critical electronics for detector data readout. All hoses and cables travel to the
central hub (metal frame on the top right) on the cryostat before going to the cable

wrap (Figure 2.1).
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Dilution Refrigerator
(DR)

100 mK Thermal BUS

1 K Thermal BUS

Back Plate

Optics Tube

300 K Filter

80 K Filters

40 K Filter 4 K Stage

G10 Tab
40 K Stage

Vacuum Stage 80 K Stage

Figure 2.3: The LATR cut-out to display the internal structures. From the front to
the back, the LATR consists of the 300 K vacuum stage, 80 K stage (grey), 40 K stage
(green), and 4 K stage (purple). The 80K stage is supported by 12 G-10 tabs from
the front of the vacuum shell; the 40 K stage is supported by 24 G-10 tabs from the
middle of the vacuum shell. One of the 300-40 K G-10 tabs is visible and labeled.
Inside the 4 K cavity, the 1 K and 100 mK stages distribute the cooling power from
the dilution refrigerator to individual optics tubes (see Figure 2.25). Infrared filters
on the cryostat are shown at the 300 K, 80 K, and 40 K stages in front of the optics
tubes. The optics tubes contain the optical components at <4 K and the detector
arrays. The optics tube design is discussed in Section 2.2.6 and its internal structure
is displayed in Figure 2.13.

The SO LATR has six temperature stages: 300K, 80K, 40K, 4K, 1K, and
100 mK. Its mechanical structure is shown in Figure 2.3. The vacuum shell, cold

plates, and radiation shields were manufactured by Dynavac!. Window and infrared

!Dynavac, https://www.dynavac.com/
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radiation (IR) blocking filters are installed on the 300K, 80K, and 40K plate to
absorb most of the optical loading that enters the cryostat, so that the cryo-coolers
are not overloaded, and the detectors are not saturated. The detector arrays and the
rest of the cold optical components (including lenses and filters) are packaged in optics
tubes at <4 K, which are attached directly to the 4 K cold plate with relatively easy
access. Mounting the majority of optical components in the optics path within a single
optics tube makes it simpler to precisely control the relative position of the optical
components. The detailed design of the optics tube is discussed in Section 2.2.6. The
modular design also allows one to easily reconfigure the receiver by swapping out any
individual optics tube without impacting the other tubes. The interior of each optics
tube provides mechanical and thermal isolation for 4 K, 1 K, and 100 mK components.
The 1K and 100 mK stages are cooled via cold fingers and thermal straps by 1 K and
100 mK thermal Back-up Structures (BUSs). The 1K and 100 mK thermal BUSs
are oxygen-free-high-conductivity (OFHC) copper web structures, which efficiently
distribute the cooling power from the dilution refrigerator (DR) to the back of the
optics tubes (Figure 2.3 and Figure 2.25).

The LATR design also incorporates 12 large radial feedthroughs penetrating the
300K, 40K, and 4 K stages to accommodate the pulse tubes, the dilution refrigerator,
and cable feedthroughs. The radial feedthroughs are designed to remain thermally
coupled to the relevant heat shield while avoiding light leaks and allowing for differen-
tial motion between the heat shields and 300K mounting plate. We also paid attention
to ensuring the components could be easily installed and removed in keeping with

the modular design and future upgrade potential of the 13 optics tube configuration.
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2.2.1 LATR G-10 Tab Design

The LATR cryogenic stages weigh more than one metric ton. Mechanically
supporting this mass with the required stability and optical alignment while minimizing
the thermal conductance is a significant challenge. To solve this, we use thin-walled
glass epoxy laminate (G-10CR) to mechanically support the 80K, 40K, and 4K
stages. Throughout this thesis, G-10 exclusively refers to G-10CR. This design draws
on the legacies of both AdvACT [80] and SPIDER [34]. AdvACT used a similar
cylindrical G-10 design to mechanically support the 40 K and 4 K stages. However, for
the LATR, the diameter of such a cylinder would be nearly 2.4 m. When cooled from
300K to 40 K, the diameter of such a structure would contract by ~2.5cm, resulting
in an unacceptable radial stress on the G-10, and significantly weakening the structure.
Inspired by SPIDER, we break up the cylinders by using individual G-10 tabs to
support each cryogenic stage. All the G-10 tabs were precisely fabricated at the
University of Pennsylvania with assembly jigs. This enabled the precise positioning
of each cryogenic stage. As detailed in Table 2.2, the 80 K stage is supported by 12
G-10 tabs from the front of the vacuum shell; the 40 K stage is supported by 24 G-10
tabs from the middle of the vacuum shell; and the 4 K (and colder) stage is supported
by another 24 G-10 tabs from the 40 K stage. The 300-40 K G-10 tabs can be seen in
Figure 2.3.

The tabs consist of two ‘feet’ connected by a flat sheet of G-10, glued together
in a precision jig using Armstrong A-12 epoxy. An example of such tab is shown
in Figure 2.4. The tabs can flex radially, allowing them to accommodate the high

differential thermal contraction between the cold stages and the vacuum shell during
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Width | Length Armstrong A-12

Stage (mm) | (mm) Number of Tabs Glue area (cm?)
300-80K | 140 180 12 29
300-40K | 160 150 24 36
40-4 K 150 195 24 33

Table 2.2: The geometry and number of tabs. All tabs are 2.4 mm thick with different
width and length. The G-10 meets NIST G-10 CR process specification and conforms
to MIL-1-247682 Type GEE/CR.

Ce s - Metal foot \

<—— G-10Plate ——

|

|

e Glue Joint ﬂ
+<—— Metal foot

Figure 2.4: An example of 300-80 K G-10 tab is shown from two perspectives. Two
aluminum ‘feet’ are glued to G10 plate as mechanical interfaces. Armstrong A-12 was
chosen as the glue considering its mechanical and cryogenic performance. Each G-10
tab is serialized as shown in the side-view photo on the right.

cooling. Extensive finite element analysis (FEA) was performed to simulate the
structural strength of the G-10 tabs [63], which determined that the factor of safety
for the structural components of the tabs is > 8, excluding the effects of bonding the
G-10 tab to the aluminum foot. A pull test of an assembled tab was performed to
determine the strength of the glue bond; it failed via de-adhesion from the aluminum
surface at 21 kN, implying a glue adhesive strength of 590 MPa. While this force was
lower than predicted from the manufacturer listed bond strength, the resulting FoS

of 6 still satisfies our requirements. The G-10 was supplied by Professional Plastics.?
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Vacuum shell back plate

Vacuum shell back section

Vacuum shell front section

Vacuum shell front plate

Figure 2.5: Exploded view showing the four major components of the vacuum shell.
For scale, the assembled vacuum shell is 2.4m long and 2.4m in diameter. The front
plate is reinforced where stress concentration is high, and weight-relieved where stress
concentration is low. The front section shell is a 1.3 ¢m thick cylinder and the back
section shell is a 0.6 cm thick cylinder. Two aluminum ribs are welded to the back
section cylinder for additional strength. They are designed to be as weight efficient
as possible to keep the cryostat within the total mass limit.

2.2.2 300K Stage (Vacuum Shell)

The vacuum shell of the cryostat needs to withstand the atmospheric pressure
since we need to reach a vacuum of at least 107 torr to minimize thermal conduction
between stages. The model of the vacuum shell is shown in Figure. 2.5. The 300 K
vacuum shell consists of the front plate, the front shell, the back shell, and the back
plate; all constructed of aluminum 6061-T6. The size of the cryostat was chosen to be
2.4m in diameter to accommodate 13 optics tubes and allow for mechanical supports

and thermal shielding.

2Professional Plastics, https://www.professionalplastics.com/
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The front plate is a 6 cm thick flat plate with 13 densely packed hexagonal window
cutouts to allow for maximum illumination of the detector arrays. Optimizing the
front plate was one of the most challenging aspects of the LATR design. Optical
and sensitivity requirements warrant maximizing open apertures via closely spaced
windows. However, removing more material drives the plate to be thicker, which
eventually leads to a conflict between the diverging optical beam and the window
spacing. Ultimately, the optics tube spacing was primarily driven by the optimization
of the front plate design. The hexagonal windows are tapered to match the diverging
beam, leaving as much material as possible to reduce the bending and stress on the
front plate. Alternative designs and materials were considered, including machining
the plate with a domed shape, either bowing in or out. These were rejected due to
the complexity and expense of machining them. Additionally, doming the front plate
would stagger the windows axially; this would require all further optical elements to
be axially staggered to maintain consistency of the optical chain, greatly complicating
the design of the cold optics.

A key mechanical challenge for the vacuum shell was managing the level of bending
of the comparatively narrow struts around the 13 hexagonal optic tube openings
in the front plate under atmospheric pressure. After consultation with an external
engineering firm (PVEng?), we addressed this concern by increasing the thickness of
the front vacuum shell wall and adding stiffening ribs. Overall the minimum factor of
safety (FoS) on the vacuum shell is >3 at 1 atmosphere of pressure, with the lowest
FoS on the front plate. Figure 2.6 shows the expected deformation of the final front

plate design from FEA, magnified by a factor of ten. These results are for sea level

3Pressure Vessel Engineering Limited, https://www.pveng.com/
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atmospheric pressure. While the pressure at the high-elevation site in Chile is only

~ (0.5 bar, the integration testing of the LATR is being done at lower elevations.

URES {mm) FOS
8.0 10,00
73 933
_ a7 866
. B0 798
.53 731
47 664
I 4.0 I 5.97
| 33 530
27 482
.20 305
13 328
0.7 I 261
0.0 1.93

Figure 2.6: Left: Resultant displacement (URES) plot showing the bowing of the
front plate under 1 atmosphere of pressure. The displacement scale is exaggerated 10
times. Right: FoS plot for the vacuum shell under 1 atmospheric pressure at sea-level.
The minimum FoS is in the corners of the center window and is due to unphysical
stress concentrations from the finite size of the mesh. The actual FoS on the surface
of the vessel is > 3.

Sensitivity requirements drive the windows to be as thin as possible, which has
to be balanced against the need to withstand atmospheric pressure. The LATR
utilizes 1/8” thick hexagonal windows made of anti-reflection (AR) coated ultra-high
molecular weight polyethylene. Each hexagonal window has its own O-ring. A single

window has been vacuum tested under atmospheric pressure for more than 36 months
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with no indication of reduced structural performance or leakage. The LATR has
been tested with seven 1/8” thick windows. However, the majority of the in-lab
(sea-level) testing has been performed with 1/4” thick windows to remove the risk of a
catastrophic failure event that might damage other parts of the receiver. One double-
sided IR blocking filter fabricated by Cardiff University ([6]; section 7) is mounted on
the back of the front plate behind each window to reduce the optical loading entering

the cryostat. The cold optics design is discussed in detail in Section 2.2.6.

2.2.3 80K Stage

80 K filter plate

80 K filter stack

00K -B0K GLO
tab support

Figure 2.7: Assembled model of the 80 K stage. For scale the 80 K plate is 2.3m in
diameter. The combination of the IR blocking filter and alumina filter in the 80 K
filter stack will absorb most of the out-of-band optical power so that the 40 K stage
is not overwhelmed with optical loading. The 80 K stage will absorb an estimated
total of 100 W from all loadings combined.
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& tab support

Figure 2.8: This picture shows the 80 K stage installed in the cryostat. The outside
of the stage is covered with 30 layers of MLI.

The 80K stage (as shown in Figure. 2.7) consists of a 2.1 m diameter, 2.54 cm
thick circular plate made of aluminum 1100-H14 and a short 80 K shield made of
aluminum 6061-T6. It is designed to intercept most of the optical loading entering
the cryostat, reducing the load on the 40 K stage. The 1100 series aluminum was
used due to its higher thermal conductivity. The 80 K plate contains one double-sided
IR blocking filter and one AR coated alumina filter for each optics tube [32]. The
alumina filters act as an IR absorber as well as a prism to bend the off-axis beams
back parallel to the long axis of the cryostat [22]. The outside of the 80 K stage
is covered with 30 layers of multi-layer insulation (MLI)? to reduce the blackbody
radiative load coming from the 300 K shell, as shown in Figure 2.8. The structural

support of the 80 K stage is located at the front of the vacuum shell. Thus, the entire

4RUAG Holding AG, https://www.ruag.com/en/
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80 K stage can be installed or taken out independently from the rest of the cryostat.

2.2.4 40K Stage

!

40 K back plate

!

40 K shield

300 K - 40 K G10 tab support T
40 K filter stack

40 K filter plate extension
40 K filter plate

Figure 2.9: The exploded view showing the 40 K stage assembly. For scale, the 40 K
stage assembly is 2.1 m in diameter and 2.0m long. As shown, the light enters from
the right and goes through the IR blocking filters mounted on the 40 K filter plate.
The entirety of the 40 K stage will be covered by multi-layer insulation (not shown in
the model).

The 40 K stage consists of a 2.1 m diameter circular plate, a 40 K radiation shield, a
40 K filter extension tube, and a thin 40 K radiation back plate, as shown in Figure. 2.9.
The two cylinders are mdae of 1100 aluminum and the plates are made of 6061-T6
aluminum. Rather than being suspended from the 80 K stage, it is instead suspended

directly from the 300 K vacuum shell back section. This approach greatly reduces
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40 K radiation
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Figure 2.10: This picture shows the 40 K shield assembly sitting on dollies right before
getting installed onto the vacuum shell. The 40 K shield is wrapped with 30 layers of
MLI. The G-10 tabs attached to the 40 K shield is wrapped with 20 layers of MLI.
The black paint inside the 40 K shield is also visible through the radial cutouts.

the structural stress on the 80 K stage G10 tabs, simplifies the assembly process,
and adds little conductive load to the 40 K stage compared to the cooling capacity
available [63]. Another double-sided IR blocking filter will be mounted on the 40 K
filter plate to further reduce the IR power to milliwatt level on lower temperature
stages (per optics tube). We covered the entirety of the 40 K assembly with 30 layers
of MLI and wrapped each of the G-10 tabs in 20 layers to reduce 300 K radiation
loading, as shown in Figure 2.10. The interior of the 40 K shield is painted with

Aeroglaze® 7306 black paint to absorb stray radiation from 300 K. To vent the inside
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of the 40 K cavity, evacuation blocks mounted on the back lid of the 40 K shell were
designed to allow air to escape without adding an easy path for light leaks. This also

prevents the fragile filters from bursting due to differential pressure.

2.2.5 4K Stage

!

4 K back plate

T

4 K shield

4K plate  Optics tubes x 7 T
40 K - 4 K G10 tab support

Figure 2.11: An exploded view showing the 4 K stage assembly. For scale the 4 K
plate is 2.1 m in diameter. The optics tubes are mounted on the 4 K plate and thus
thermally coupled to the 4 K stage.

The 4K stage consists of a 2.1 m diameter, 2.5cm thick circular plate, a 4K
radiation shield and a thin 4 K back plate, all fabricated from 6061 aluminum, as
shown in Figure. 2.11. Similar to the 80 K and 40 K stages, the 4 K stage assembly
is also supported by G10 tabs. The main 4K plate is significantly thicker than

the plates for the 40 K or 80 K stages since this structure supports the optics tubes
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(Section 2.2.6), the most vital components of the cryostat. The 4 K radiation shield is
designed to have recesses for pulse tube refrigerator attachments without penetrating
the 4 K cavity, allowing for significant thermal strapping area while minimizing the
chance of light leaks into the 4 K cavity, where the 1 K and the 100 mK components
reside. The outside of the 4 K shield is wrapped with 20 layers of MLI, and the
interior of the 4 K shield is painted with Aeroglaze® 7306 black paint, as shown in

Figure 2.12.

B/ K radiation
& shield with MLI

300 K i
f vacuum shell .

Figure 2.12: This picture shows the 4 K shield right before it is installed in the
cryostat. Although the radiative thermal loading from 40K to 4 K is low, we still
wrapped the 4 K shield with 20 layers of MLI, in case excess amount of stray light
from 300 K hits the 4 K shield. The black paint on the interior wall of the 4 K shield
is also visible in this picture.
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2.2.6 Optics Tubes

4K Tube
4K cold plate 5 4K I_ens and
attachment [ ) filters
1'? cold- LPE/Arrays and 100 mK Upper 4K magnetic shielding
finger to 4K readout y
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100 mK
coldfinger
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Lower 4K magnetic L'K=100 mK Lens3 1K 1K stop with bon fib 4K metamaterial
- carbon fiber i1 Ccareonber Lens 2+ LPE ;
shielding baffles metamaterial : tiles
truss : suspension
tiles

Figure 2.13: A rendering showing the major parts of one optics tube. Light rays
enter from the right through the 40 cm diameter 4 K lens and filters. After the
metamaterial tile section, light rays are refracted by Lens2. Then the incoming light
rays are truncated by the metamaterial tile covered Lyot stop before going in to the
ring baffle section. Finally, the light rays are focused by Lens 3 before reaching the
detector arrays. The detector arrays and their supporting components are presented
in Figure 2.14 with more details.

The cryostat can accommodate a total of 13 optical chains, each with a dedicated
set of detectors (see Table 2.1). Each optical chain consists of elements that are
mounted on either the cryostat cold plates (300 K, 80 K, and 40 K) or, for the colder
stages, in a large, self-contained optics tube (Figure 2.13) that has components at
4K, 1K, and 100 mK. Each tube is roughly 40 cm in diameter and 130 cm long and is
designed to be removable as a single unit from the rear of the cryostat. As detailed in
Table 2.1, the initial seven optics tubes include 1 in the LF bands, 4 in the MF bands,
and 2 in the UHF bands. A cross-section of an MF tube is shown in Figure 2.13. The
field of view for each optics tube is 1.3° in diameter, which is partially filled by the

three detector wafers.
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Cold Optics

We selected a refractive cold optics design for its compactness. Inside each
optics tube, three silicon lenses re-image the telescope focal plane onto a set of three
hexagonal detector arrays [22]. Silicon is selected as the lens material due to its low loss
and the outstanding performance of developed metamaterial AR coatings [32; 18; 19].
The upper edge of each frequency channel is set by a set of low-pass edge (LPE)
filters, which use a capacitive mesh design [6] to set a range of cut-off frequencies (e.g.,
12.5em™! to 6.2cm™ for MF). The cut-offs are also chosen to suppress out-of-band
leaks from other filters. The LPE filters are complemented by IR blocking filters at
warmer stages [81] to reduce the thermal loads on the colder stages. The designs
implemented for the SO incorporate two metal mesh patterns printed onto each face
of a polypropylene substrate to form double-sided IR blockers. The capacitive square
copper patterns have a 15 um period; the polypropylene substrate is thin (4 um) and
absorbs very little of the in-band radiation. Thus each device acts as a basic low-pass
filter, which is optimized for high reflectivity of near-IR radiation with virtually no
attenuation of the science bands. Successive filters are placed between 300 K and
4K to reflect the IR radiation emitted by these stages and to protect the thermal
environment at the 1 K and 0.1 K stages. Combined, the optical elements consist
of: a 3.1mm thick AR coated window and an IR blocking filter at 300 K; an IR
blocking filter and alumina absorbing filter at 80 K; an IR blocking filter at 40 K; an
IR blocking filter, LPE filter, and the first lens at 4 K; an LPE filter, the second lens,
the Lyot stop, and third lens at 1 K; and the final LPE filter and detector arrays at

100 mK. See Figure 2.13 for the relative locations of optical elements inside the optics
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tube.

In this optics tube design, it is worth highlighting part of the 80K design that
makes it possible. The alumina filter at 80K is wedge-shaped (except for the central
optics tube) so that it acts as a prism in addition to acting as an IR blocking filter.
This prism allows all optics tubes to be coaxial with the cryostat, which allows for a
much more efficient use of space and greatly simplifies the installation/removal of the
optics tubes. Each alumina filter has a notch machined into it for setting the proper
angular orientation. We are pursuing several parallel AR coating techniques for this
element to optimize cost versus performance. The baseline is to use metamaterial
coatings on alumina [32].

The close-packed optics tubes prevent the use of traditional light baffling between
4K filter and Lens 2, since there is little space between the walls of the upper (4 K)
optics tube and the incoming beam. Since stray light is a major concern, significant
effort was dedicated toward fabricating novel, low-profile metamaterial microwave
absorbers [87; 35|. The goal was a design that had maximum absorptivity and
minimum reflection, was capable of cooling down to cryogenic temperatures while
maintaining mechanical integrity, and was relatively easy to install. The solution
was injection-molded, carbon-loaded plastic tiles that create a gradient index AR
coating [87]. About 240 holes were laser cut into the upper tube, allowing each tile
to be screwed into place. A flat version of the tile was designed to attach to both
sides of the 1 K Lyot stop. The region in between the stop and Lens 3 was baffled
with standard ring baffles covered with a mixture of Stycast 2850 FT, coarse carbon
powder, and fine carbon powder, because it has more radial clearance and is less

critical for stray light. The 1 K radiation shield surrounding the detector arrays was
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blackened in the same manner.

Mechanical Support Structures

The windows and all filters are mounted using aluminum clamps (except for the
100 mK LPE filter, which uses a copper clamp). The LPE filter clamps are axially
spring-loaded to minimize the possibility of delamination due to the shear forces
involved during large (radial) differential thermal contraction (~ 6 mm) between the
aluminum mounts and the polypropylene filters. The spring is a commercial spiral
beryllium copper structure.® The lens mounts contain both an axial spring and a
radial spring. The axial spring ensures firm thermal contact between the lens and
mount without risking cracking the brittle silicon. The radial spring ensures the lens
is centered at operating temperature by pushing the lens against two opposing hard
points.

Each optics tube consists of a large 4 K cylindrical structure containing the 1 K
and 100 mK components. A 4 K A4K magnetic shield lines the outside wall of the 4 K
tube, extending from the location of the second lens to the rear end of the optics tube.
The 4K and 1K tubular sections were fabricated from aluminum 1100-H14 sheet to
reduce thermal gradients along their lengths, which resulted in a 2 K temperature
gradient reduction according to the simulation. The sheets were welded to Al 6061
O-temper flanges. A final machining step is done to attain the assembly specifications.
The 1K components are supported from the 4 K tube by a custom-made carbon

fiber tube from Clearwater Composites and Van Dijk®. A 1K radiation shield is

SSPIRA, http://www.spira-emi.com/
6Van Dijk Pultrusion Products (DPP BV), https://www.dpp-pultrusion.com/en/
the- company/
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installed around the 100 mK components. Because the shield serves the dual purpose
of supporting and cooling readout components, it was fabricated out of OFHC copper.
A carbon fiber truss attaches to the rear of the 1K section and supports all 100 mK
components. Mechanical loading tests verified that the carbon fiber structures were
able to support at least five times the expected operating loads. Simulations show
the lowest resonant frequency of the carbon fiber structure is above 50 Hz, which lies
above the 30 Hz requirement based on our past experience with the ACT receiver.
The 100 mK and 1 K cold fingers and readout support structures were all fabricated
out of OFHC. The components were also gold plated to prevent future oxidation,
which would lead to reduced thermal performance. The focal plane base plates, which
support the detector arrays and 100 mK readout components, were also fabricated

out of OFHC and gold plated.

Detector Arrays and Readout

The SO uses two types of dual-polarization dual-frequency TES bolometer arrays.
For MF and UHF frequencies, the TES bolometers are coupled to the optics with
orthomode transducers feeding monolithic feedhorn arrays, based on their well-tested
performance in the Advanced ACT receiver [15; 40; 26]. For LF frequencies, sinuous
antennas with lenslets couple the bolometers, based on the design successfully used
for POLARBEAR |78] and the South Pole Telescope [64; 70|. For both architectures,
each TES array is hexagon-shaped and fabricated from Silicon wafers 150 mm in
diameter. A detector array, including the light-coupling mechanism, TES bolometers,
100 mK readout architecture, and associated magnetic shielding are packaged into a

single universal focal-plane module (UFM) [56]. There are three UFMs per optics
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Figure 2.14: Optics tube mechanical and readout components on the 4K, 1K, and
100 mK stages. This design shows the cable setup for a multiplexing factor of 1,000,
where each UFM is read out by two pairs of RF lines. In addition, one DC ribbon
cable per UFM provides the detector biases and flux ramps.

tube. The UHF and MF optics tubes contain a total of 1,290 pixels that couple to
5,160 optically active TESes. An LF tube has 111 pixels that couple to 444 optically
active TESs. Details of the UFM design are described in Li et al. [50].

Due to space limitations, one of the most significant challenges of the optics tube
design was the routing of the readout cabling from the three UFMs at 100 mK to the
4K components on the back of the optics tube magnetic shielding (Figure 2.14). The
SO uses microwave multiplexing technology to read the detectors out [23]. For the

target multiplexing factor of 1,000, each optics tube needs 12 radio frequency (RF)
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coaxial cables to read out ~ 5000 detectors and 3 direct current (DC) ribbon cables
for detector/amplifier biases and flux ramps [54].

To simplify the routing between isothermal components, hand-formable 3.58 mm
copper coaxial cables were used.” For connecting optics tubes readout components
at different temperatures (4 K—-1K and 1 K- 100mK), low thermal conductivity
semi-rigid cables were employed. CuproNickel (CuNi) cables with 0.86 mm diameter
are used for RFj, to control the attenuation at each step to a colder temperature
stage, as well as limit thermal loading. For the RF,; lines, superconducting 1.19 mm
Niobium Titanium (NbTi) cables maximize signal-to-noise, yet still have good thermal
isolation properties. Both types of semi-rigid cables are bent into loops for strain relief.
DC blocks are implemented for additional electrical /thermal isolation. Attenuators
on the input lines guarantee that the correct power level is delivered to the resonators,
the multiplexing components in the array. Each 4 K RF output line has a LNA
mounted on the back of the magnetic shield. To reduce temperature rise due to the
power generated by the LNAs (~5mW each), the LNAs are mounted on a common
copper plate that has a copper strap routed down the side of each tube to the 4 K
plate. Additional LNAs are installed at 40 K stage to constitute a two-stage cold

LNA system. For more details on the RF component chain, see [72].

Magnetic Shielding

A layer of Cryoperm A4K manufactured by Amuneal® covers the back of the optics
tube to act as a 4 K magnetic shield, as shown in Figure 2.14. The A4K magnetic

shield extends through the optics tube to the Lens 2 mounting location shown in

"Mini-Circuits https://www.minicircuits.com/
8 Amuneal Manufacturing Corp, https://www.amuneal.com/
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Figure 2.13. A study has been conducted on the possible UFM magnetic shielding
strategies for the microwave SQUID multiplexing readout system [82]. As a result
of this study, and in order to provide a higher shielding factor for the detector and
readout components, we are also investigating plating the optics tube 1 K radiation
shield with a type-I superconductor. The original design calls for plating the interior
of the 1K copper optics tube shield with Tin. But due to concern with Tin pest
from such plating, we are investigating an alternative to plate the copper shield with

lead-tin alloy instead.

2.2.7 1K and 100mK Stages

100 mK Thermal BUS

1 K-100 mK carbon
fiber support

4 K-1Kcarbon 1 K Thermal BUS
fiber support

Figure 2.15: An exploded view of the thermal BUS. The thermal BUSes are made
of OFHC copper. A set of six carbon fiber tripods support the 1 K thermal BUS
from the 4 K plate, and a set of six carbon fiber V-shaped supports suspend the
100 mK thermal BUS from the 1 K thermal BUS. The cold fingers on the 1 K BUS
were welded on, while the cold fingers on the 100 mK BUS were bolted on.
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Figure 2.16: A picture of the installed thermal BUS. The 100 mK BUS is closer, and
the 1 K BUS is visible in the back. Part of the 100 mK BUS where thermometer lines
run is covered with MLI tape to achieve more accurate temperature reading.
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To increase the sensitivity of the TES detectors, all detector components and
readout chips are cooled to below 100 mK [55] with a Model LD400 DR manufactured
by Bluefors.® To reduce thermal gradients on the 1 K and 100 mK stages, we implement
two thermal BUSes comprised of two wheel-like structures made of OFHC copper
(Figure 2.15 and Figure 2.16). The original design has both thermal BUSes gold
plated for lower emissivity and smaller contact resistance, but after contacting a
few gold plating companies, we decide that gold plating a part this size would be
too costly. As such, we simply asked the machine shop to polish the surface of the
finished OFHC BUSes. From the thermal BUS cold finger, individual gold-plated
copper straps, manufactured by TAI ! extend down to attach to the 1K and 100 mK
cold fingers inside each optics tube. The original thought was to weld these cold
fingers to the thermal bus to reduce a bolted interface. However, due to the size of
the thermal BUS, the welding would require too much heat that it would introduce
warpage to the BUS plate. After a few iterations of prototypes, we decide to switch to
bolted cold fingers to simplify the machining process. During testing, we found that
properly bolted cold finger introduce negligible contact resistance compared to the
welded version. The 1K thermal BUS is supported from the 4 K plate with carbon
fiber tripods, while the 100 mK thermal BUS is supported from the 1K thermal BUS
via carbon fiber trusses. We chose the twill-ply carbon fiber tubing for these legs
as we find that the unidirectional-ply carbon fiber has a tendency to splinter. The
carbon fiber used for these applications was sourced from Clearwater Composites!!.

Thermal FEA shows that the temperature gradient across both thermal BUSes

9Bluefors Oy, https://www.bluefors.com/
0Technology Applications, Inc. (TAI), https://www.techapps.com/
HClearwater Composites, https://www.clearwatercomposites.com/
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should be ~5mK, which satisfies our gradient requirements of < 10 mK. During
cryogenic validation (discussed in detial in Section 3.2), the actual temperature
gradient measured on the 100 mK BUS is < 10mK, higher than the FEA value
but still below the requirement. Based on calculated loading from conduction and
measured total loading the inferred radiative load on the 100 mK thermal BUS is

<<1puW.

2.3 LATR Cryogenic Design

2.3.1 Cryo-cooler Integration

In order to reach the desired detector sensitivity, the LATR cryogenic system must
maintain all 62,000 detectors at a stable temperature below 100 mK while minimizing
the in-band optical loading onto the detectors. The system must also be mechanically
rigid, with required tolerances on optical alignment of the elements that are fractions
of a millimeter over the 2.4m x 2.6 m scale of the system. Given the LATR needs
to cool 1200 kg of material to 4 K and 200 kg to below 100 mK, it is challenging to
design the cryogenic system to cool down the internal structures effectively. The 80 K
stage uses two PT90 pulse tubes while the 40 K and 4 K stages are cooled by two
PT420 pulse tubes supplied by Cryomech!?. We also considered Gifford-McMahon
(GM) coolers: while they can provide higher cooling capacity at warmer temperatures,
specifically 80 K, they cannot reach our required 4 K base temperature, and they also
produce far more vibrations than pulse tube coolers, potentially heating the coldest

stages via microphonics. Our 1K and 100 mK stages are cooled with a 3He-*He DR

12Cryomech, https://www.cryomech.com
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manufactured by Bluefors, which is backed by a Cryomech PT420 pulse tube cooler.
A DR provides the ability to cool our detector arrays to 100 mK, with approximately
500 uW of power available at that temperature. It also provides continuous cooling
power, without the need to cycle the system. As a design contingency, the LATR
can accomodate an additional PT90 and PT420 pulse tube cooler for the 80 K and
40 K/4 K stages respectively. However, these additional coolers are not required based
on our cryogenic validation tests.

Managing and minimizing the thermal loads to meet the cryogenic performance
specifications drives almost every aspect of the thermal design. The base temperature
of the pulse tube is a function of the total thermal load on the system. Thermal
load on each stage includes conductive load from supporting structures, radiative
load from the warmer stages and incoming light, conductive load from cables, and
cryogenic electrical components. Estimates of all of these were included in thermal
models, summarized in Table 2.3.

The large 2.4m x 2.6 m scale of the receiver poses its own challenges to the
cryogenic design. Reaching the target temperatures at the cold head of the pulse
tube coolers or DR is a necessary but not sufficient condition. The thermal design
must also include sufficient thermal conductivity within each temperature stage to
keep the thermal gradient below the required level. For example, the farthest point
on the 40 K filter plate is ~2m from the nearest pulse tube with five mechanical
joints in the thermal path (Figure 2.3). If the thermal link is weak, a small amount
of power can lead to a large temperature gradient along the path, resulting in an
elevated optical filter temperature, without substantively affecting the pulse tube

base temperature. During our initial cryogenic testing, we found that the 40 K stage
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gradient to be too large due to insufficient conductivity from the 40 K shell. As a
result, we have to install additional 5N aluminum plates to improve the conductivity.
This process involves grinding the black paint off the interior of the 40 K shield,
drilling holes through the shield with a stop so that the drill doesn’t go through the
30-lyaer MLI outside the 40 K shield, and install rivet nuts on the thin shell. We then
installed 1/4in and 3/8in 5N aluminum plate on the curved shell, using the screw to
bend the plate so that they conform to the shield curvature. Figure 2.17 shows the
drilling process in action. This lesson implies that more attention should be paid on

improving the shell conductance if the shells are designed to distribute cooling power.

Figure 2.17: The picture shows the process of installing additional 5N aluminum
straps on the 40K shield in order to improve the gradient on the 40 K stage.

In most cases, the thermal path follows the mechanical structure. However, there
are exceptions. For example, 6061 aluminum is used for the mechanical structure of

the 4 K cold plate to meet the optical alignment requirements, and supplemented by
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the softer but more conductive 1100 aluminum or sometimes 5N aluminum to meet
the thermal requirements. In another case, flexible thermal straps connect the coolers

and cryogenic stages to transfer heat while allowing for the differential contraction

between the two. An example of such combination is shown in Figure 2.18.

Figure 2.18: A picture showcasing the 40 K and 4 K copper braid straps, and the 5N
aluminum installed on the 40 K sheild.

Finally, it is important to minimize temperature gradient during cooldown. Based
on the mass of the cold structure, bringing the system from 300K to the target
temperature requires removing 350 million Joules of energy from the system. Gradients
are important because the pulse tube cooling efficiency is a very steep function of the

cold head temperature. The PT420 second stage (4 K cold head) can remove up to
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225 W when it is at 300 K, but only 2W when it is cooled to 4 K. Therefore, the most
efficient use of the pulse tube during cooling is achieved when thermal gradients are
minimized across the cryostat, while pulse tube cold head temperature is maximized.
A large temperature gradient between the cold head and stage means the pulse tube
temperature is well below the rest of the stage, and thus the pulse tube can remove less
power than it would if the entire system was at the same temperature. For example,
if the thermal strap between the PT420 second stage and the body of the cryostat is
not conductive enough, even 50 W of heat flow would correspond to a 100 K gradient.
In this situation, the pulse tube would be much colder than the 4 K plate, and thus
removing power much slower than what it could do if it were at a higher temperature.
A model of the material properties as a function of temperature is included in the
design to ensure sufficient thermal conduction throughout the relevant parts of the
LATR during cooldown. The cooldown predictions are shown in Section 2.3.3, and

the measured cooldown times are presented in Section 3.2.

2.3.2 Thermal Modeling

Thermal Conduction Calculation

Thermal modeling included a careful accounting of all sources of loading at each
stage. To compute the thermal loading from supports, we first compiled a library of
materials and their thermal conductivities at cryogenic temperatures. We obtained
measurements from the National Institute for Standards and Technology (NIST)
cryogenic material properties database [61; 53] and from Adam Woodcraft’s low

temperature material database [83]. The total conductive load for a support is the
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integrated thermal conductivity between the temperatures on the high and low ends.
The conductivity of the cables were computed in the same way, with the conductivity
of the coax cables provided by Coax Co.!3

The thermal conduction due to radiation on surfaces covered in MLI was computed

using the Lockhead equation |71]:

C.NZ56T
qtot - —(Th - TC)
o n (2.1)
r€o . .
F T T,

which accounts for both the conductive loading through the layers of the blanket (first
term), and the radiative loading between layers of the MLI blanket (second term).
In Equation 2.1, qy,, is the total thermal load on the MLI in unit of mW/m?, C. =
8.95x 107° is a numerical constant defining the MLI conductive heat transfer, N is the

MLI layer density in layers per centimeter, T}, is the mean MLI temperature, taken to

be T, = Th;TC , nis the number of MLI layers, T}, is the hot-side temperature in Kelvin,
T, is the cold-side temperature in Kelvin, C, = 5.39 x 1077 is a numerical constant

defining the MLI radiative heat transfer, and ¢y = 0.031 is the MLI emissivity [47].

Thermal Optical Simulation

To calculate the thermal loading due to the optical elements inside the LATR,
we created a custom Python package to model the thermal performance of all filter
elements in a predefined radiative environment. The code estimates the total power

emitted and absorbed at each temperature stage by performing a radiative transfer

13Coax Co., Ltd., http://www.coax.co.jp/en/
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Stage | Support | Radiative | Optical Cfrsgcolzgfl te Total A;;Ez)lij;le
(K) (W) (W) (W) (W) (W) (W)
80 3.2 6.6 51 0.026 61 180
40 9.5 25 0.026 21 56 110

0.31 0.20 0.36 1.5 2.4 4.0
1 2.0x1073 | 5.5x107° | 0.38x107% | 0.44x10~° | 2.8x1073 | 25x1073
0.1 | 44x107% | 0.41x107° | 4.1x107© 18x107° 67x107% | 500x10~°

Table 2.3: Loading estimates for each temperature stage of the LATR split by source.
The provided load estimates are for 13 optics tubes. The cooling power at 80K is
supplied by two PT90 coolers, the power at 40 K and 4 K is supplied by two PT420
coolers, the power at 1 K by the DR still stage, and the 100 mK by the DR mixing
chamber stage.

simulation using numerical ray optics. The circularly symmetrized geometry (shown
in Figure. 2.19 for our current design) and the spectral properties of the optics tube
walls and filters are used as inputs to this model. An additional output of this
simulation is a set of radial temperature profiles for all filter elements (computed
using temperature-dependent thermal conductivities of the filter materials). The
resultant thermal loads for each stage are shown in Tab. 2.4, while the optimized

filter stack and corresponding center temperatures are shown in Tab. 2.5.
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Figure 2.19: Geometry of the LATR optics tube showing all filter elements and walls
at each stage. The lines shown in the graph do not represent the actual ray trace;
they merely highlight the location of the Lyot stop.

Temperature Stage | 300K 80K 40K 4K 1K 100 mK

Optical Load 3 03\ 1 3 90W | 2.0mW | 27.6mW | 20 iW | 3120W
(per optics tube)

Table 2.4: Table of thermal loading from the optical chain at each temperature stage.
The negative loading at 300 K represents the total power that enters the window.

Power dissipation from electrical components such as the detector readout low
noise amplifiers (LNAs) and TES biasing was also included in the thermal model.

The LNA power dissipation was computed by multiplying the LNA drain current by
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Temperature Stage | 300K | SOK | 80K | 40K | 4K |4K | 1K 100 mK
Filter IRB |IRB | AF |IRB |IRB | LPE | LPE | LPE
Filter Temperature | 297K | 252K | 81K | 74K | 62K | 12K | 1.1 K | 10bmK

Table 2.5: Table of optimized filter stack and center temperatures. “IRB" stands for
IR blocking filter, “AF" stands for alumina filter, and “LPE" stands for low pass edge
filter.

its drain voltage, using the nominal current and voltage from the specification sheet

provided by Low Noise Factory (LNF)4.

Temperature Gradient Analysis

We used the COMSOLY software suite to estimate thermal gradients across our
80K, 40K, 4K, 1K, and 100 mK stages. Our simulations used the computer aided
design (CAD) model of the relevant thermal stage, with some simplifications that only
minimally impact the accuracy of the simulations — for example, suppressing screw
holes. Using the material library we developed for the thermal model we applied a
material to each part, specifying its thermal conductivity as a function of temperature.
Thermal loads were distributed throughout the model. To include the effect of
the relevant cryocooler, a measured load curve of that cryocooler as a temperature
dependant negative heat flux is applied to the cold head of the cryocooler. These
simulations allowed us to identify which areas were cryogenically critical, leading us
to make those areas thicker and more conductive. The simulations showed that to
reduce the gradients throughout the stages, the radiation shields play a crucial role
in conducting the cooling power besides shielding radiation. As a result of this for

the 40 K stage that relies heavily on the shield to cool the filter plate, we used Al1100

T.0w Noise Factory AB, https://www.lownoisefactory.com/
15COMSOL, Inc., https://www.comsol.com
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whose thermal conductivity is significantly higher than Al6061. A summary of our
predicted gradients and the LATR performance during validation tests can be found
in Section 3.2.

During the lab testing phase, we performed additional simulations in conjunction
with our cryogenic validation. For these simulations, we would mimic a given
validation test setup, including whichever components were installed and using the
measured cryocooler load-curves. We would then compare the gradients observed in
the simulations to those observed in our validation testing. One major difficulty in
the thermal validation of our cryostat at all temperature stages was that we were
only able to put a limited number of thermometers on each stage, making it difficult
for us to identify the source of un-accounted-for loading. This combined with the
very long turn around time of our cryostat meant that we risked spending upwards of
a month tracking down heat leaks. Given a proposed load, we would add that load in
the simulation and compare the resulting temperature gradients to those observed.
While the result of the simulation is not precise, missing among other things contact
resistance, it is accurate enough to provide a sanity check. An example simulation is

shown in Figure 2.20.
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Figure 2.20: A thermal simulation of the 80K stage. This simulation uses the
individually-calibrated PT90 load curves. It was performed to emulate a dark thermal
validation run with the windows closed, hence there is no optical load applied. The
conductive load through the G10 tabs was included, as is radiative heating from the
300K stage. The color map shows the distribution of the thermal gradient with the
lowest temperature around the two PT90 thermal straps and the highest temperature
at the bottom of the plate. This is one example of the thermal simulations we
conducted for all the temperature stages. The simulation as shown indicated that
the 80 K stage would have ~10 K gradient if the total loading meets the estimations.
The temperature gradient and loading at the 80 K stage measured during cryogenic
validation test is discussed in Section 3.2.

2.3.3 Cooldown Calculation and Heat Switches

With a cryostat the size of the LATR, the main challenge for a relatively fast

cooldown is distributing the available cooling power and minimizing the gradients
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during the cooldown. At room temperature, the PT420s each provide up to 450 W of
cooling power for the first stage and 225 W for the second stage. If all of the cryogenic
material in the LATR were isothermal to the pulse tube heads, the cooldown time
would be 5.3 days. However, gradients across the temperature stages reduce the pulse
tube heads temperatures, and hence their cooling power, so that a realistic simulation

is required to estimate the true cooldown time.
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Figure 2.21: Simulated cooldown curve for a fully populated LATR with 13 optics
tubes, showing each temperature stage. The solid lines show the result with mechanical
heat switches connecting the 4 K stage with the 1 K and 100 mK stages while the
dashed lines show the result without heat switches. The heat switches significantly
reduce expected cooling time.

We developed a code based on a finite difference method as described in Coppi
et al. [17]. The results for the LATR with 13 optics tubes are presented in Figure 2.21.

The warmer stages — 80 K, 40 K and the 4 K — cool relatively quickly, in less than

19 days. However, initial simulations showed that it could take up to 28 days for
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the coldest stages — 1 K stage and 100 mK stage — to reach 4 K. After reaching 4 K,
mixture condensation, the process in which the DR reaches its base temperature of
100 mK only takes a few hours. A detailed cooldown time measurement with 1 optics
tube and 3 filter sets is presented in Section 3.2.

To reduce cooldown time, we installed a nitrogen heat pipe and two mechanical
heat switches. We studied multiple options for accelerating the cooldown process,
such as using an external cooler to force cold gas circulation in an internal vacuum
chamber [8], liquid nitrogen flow through a plumbing system [52], nitrogen heat
pipes connecting 4 K stage to the colder stages [25], and the use of mechanical heat
switches from 4 K stage to the colder stages. The first two options were discarded
due to mechanical design complications and the risk of developing large temperature
gradients in the cryostat that would induce thermal stresses on critical components
such as lenses and filters. Moreover, as stated above, the LATR has sufficient cooling
power, but requires optimization of its distribution. We chose to apply the remaining
two options because they are relatively easy to implement from a mechanical design
point of view. Nitrogen heat pipes are intrinsically passive elements with high
thermal conductivity between 63 K and 110 K and close to zero outside this range. A
nitrogen heat pipe was custom installed on the DR by Bluefors (shown in Figure 2.22).
Mechanical heat switches have very high thermal conductivity when closed and
zero when open, but require some activation mechanism. Mechanical heat switches
manufactured by Entropy!® were chosen for the LATR. These heat switches have a
nominal conductance of 0.5 W/K at 4 K when closed. Figure 2.23 shows a photo of

the heat switches installed on the 4 K plate. One switch connects the 4K and 1K

6 Entropy GmbH, http://www.entropy-cryogenics.com/

5



stages while the other connects the 4K and 100 mK stages. With these heat switches,
a fully-equipped LATR (with 13 optics tubes) would cool in around 18 days according
to our simulations. For contingency, there is enough space on the 4 K plate to include
another set of mechanical heat switch assembly, but it does not appear necessary for
the 7 optics tube configuration. The actual cooldown times with one optics tube and

seven optics tube are discussed in Section 3.2.2.

Nitrogen
Heat Pipe

' "‘"_-;—;Q. W\ Gas-gap Heat
AN Switches

Figure 2.22: A picture showing the heat pipe custom installed in the LATR DR. The
Heat pipe starts from 40 K stage, go through 4 K stage, and arrive at 1 K stage to
help reduce the temperature gradient during cooldown. Also shown are four gas-gap
heat switches custom installed between 1 K and 100 mK stages.
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Figure 2.23: A picture showing the heat switch assembly. The mechanical motor and
clamps are bolted to the 4 K plate. On top of the clamp structure, two OFHC bars
are bolted to 1 K and 100 mK thermal BUSes.

2.4 Readout Interface Design

The LATR needs to read out > 62,000 detectors, > 120 thermometers, 12 heaters,
and two heat switches, which all require cables running from the room temperature
to cryogenic temperatures. The design requires them to be routed across different
temperature stages in an efficient and organized manner. There are five ports on the
side of the LATR, penetrating through the 300 K, 40 K, and 4 K stages. Four of the
ports are used for detector readout cables while the fifth is used for housekeeping

cables (thermometers, heaters, and heat switches).
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2.4.1 Cold Detector Readout Interface

In the LATR, 13 optics tubes require 156 coaxial cables and 2,400 DC wires to be
routed without introducing unacceptable thermal loading. To address this, the SO
developed the modularized universal readout harness (URH) [85] for both the LATR
and the SAT [9]. One URH contains 48 coaxial cables penetrating three temperature
stages from 300 K to 4 K. A small portion of the coax cables can be seen in Figure 2.24.
In addition, each URH carries 600 DC cryogenic wires to bias detectors and amplifiers
, and convey flux ramps. The LATR requires four URHs to operate and read out all

the detectors in 13 optics tubes.

e = | URH 40 K Stage

— _ |
e _—ﬁ;=rf:f‘_~—¢—,r__'.__ﬁ_-* with MLI Blankets
: S N <=

Figure 2.24: This picture shows the URH with the coax cables installed. The MLI
blankets at 40 K and 4 K stage are also shown in the image.

Given the complexity of the cable harness and the number of cables bridging
different temperature stages, uncontrolled thermal loading is a major concern. MLI

blankets were tailored with minimal openings for all the cables on 40K and 4K
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plates. Since simulations on the thermal performance of the MLI sheets with many
penetrations is unreliable, the URH thermal simulation only includes the thermal
conductivity from the cables. The simulated thermal loading is 3W (from conductive
load) at the 40 K stage and 0.3 W at the 4 K stage. Measurement in another cryostat
shows loading at the 40 K stage is ~ 7 W while the loading at the 4 K stage is ~0.15 W.
This result demonstrates the success of the MLI design at the 40 K stage, implying
only ~4W of radiative load. Meanwhile, the measured 4 K stage thermal loading is

only half of the value predicted by simulations.

Universal
Harness (U

Dilution
Refrigerator
Highway

Street

Optics Tube

DC Ribbon Cables

/
Heat 1 K Thermal 100 mK Thermal *
Switeh BUS BUS &

Figure 2.25: 4K cavity and coaxial cables. The photo on the left shows the overview
of the 4 K cavity, with the 1 K/100 mK Thermal BUS, DR, and heat switches installed
on the 4 K plate. The major components are labeled along with 1 m scale. A zoom-in
on the top right shows the design of the coaxial highway and street system for one
optics tube. Other isothermal 4 K coaxial cable runs and the DR have been hidden for
clarity. The highway is in blue, the ramp in green, and the street in orange. Note the
relatively short, simple runs of the ramps. The connection to the URH as installed is
not as angular as in this rendering. The bottom right photo shows another zoom-in
of the installed 4 K isothermal coaxial cables in the LATR.
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All the coaxial cables and the DC wires need to leave the cryostat through the four
URHs. Care was taken in the routing of the coaxial cables to satisfy space constraints
while minimizing the obstruction of the 4 K working space by the coax. Additionally,
we wanted to reduce the amount of coax that would need to be removed /installed for
an optics tube removal /installation, as well as reduce the complexity of those segments
to minimize the amount of time spent removing and installing coax. Therefore, instead
of directly routing individual cables for the shortest run, we ran the majority of the
cables along the inside of the 4 K shell, minimizing the interference with the optics
tubes. Analogous to a road system, our isothermal 4 K coax are designed in three
parts: highways, ramps, and streets (Figure 2.25). The highways run along the inside
of the 4 K shell from the URH to a set of permanently installed bulkheads, each
located along the interior of the shell as close as possible to its corresponding optics
tube. The highways are supported along their length, and constitute most of the
length of the 4 K isothermal run (up to 1.5m). Each optics tube has an individual
set of matching bulkheads on the back of the 4 K shell. The streets are permanently
installed sections that run from those bulkheads to penetrations in the magnetic
shielding, connecting to other cables deeper in the optics tube. This arrangement
allows most of the complex routing to be permanently installed. Connecting the
street bulkheads and the highway bulkheads are the ramp sections: short (~ 20 cm)
pieces of hand formed coax. These are the only part of the isothermal 4 K run that
are not permanently installed, and hence are the only pieces that have to be added
or removed when installing or removing an optics tube. The DC cables run along the
isothermal 4 K coax, and are tied down to the coaxial highways, ramps, and streets.

See Figure 2.25 for an example of one optics tube’s isothermal 4 K run.
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2.4.2 Warm Detector Readout Interface

Cryocard Crate

Cryocard x12

Coax Bulkhead
X 48

URH Vacuum Plate

Figure 2.26: This is a rendering of the cryocard crate on top of the URH assembly.
The physical crate is supported by a pair of L-brackets, and can contain up to 12
cryocards.

In order to route the warm coax cable in an organized manner, we design a crate
assembly to collect all the coax cables in one place. The assembly has an adjustable
support for the amplifiers installed on the URH plate, and acts as a weight relieve
suspension to protect the vacuum seal coax connectors in case anyone accidentally

bumps into the cables. It also provides housing for the cryocards that are part of
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the SMuRF readout systems (see [41] for more details on the SMuRF system). The
design confines the components within the foot print of the URH vacuum plate, so

that they will not interfere with other components on the cryostat.

2.4.3 Housekeeping Readout Interface
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Figure 2.27: Thermometer plan for LATR. In total, 128 thermometers were planed for
LATR, capable of supporting full 13 optics tube during normal operation. However,
during cryogenic validation testing, we often wish we can support more thermometers
than planned to measure temperature gradient for excess loading diagnoses.

The