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Abstract

A Gram-Scale low-T, Low-Surface-Coverage Athermal-Phonon Sensitive Dark Matter
Detector

by
Caleb Wade Fink
Doctor of Philosophy in Physics
University of California, Berkeley

Assistant Professor Matt C. Pyle, Chair

In recent years, the dark matter direct detection community has become increasingly in-
terested in dark matter below the mass scale of the WIMP. Often called ‘low mass dark
matter’ or ‘light dark matter’, this refers to a collection of models for fermionic dark matter
with masses typically in the range eV — GeV. Due to the slow relative velocity of the dark
matter in the local halo, the dark matter is poorly kinematically matched to typical detector
targets, leaving a detectable amount of energy that is orders of magnitude below the current
state-of-the-art detector technology.

In this thesis, I will discuss the details of the athermal phonon sensor mediated detector
technology used by the SuperCDMS and SPICE/HeRALD collaborations. I will motivate
how this technology can be used to reach detector baseline energy thresholds of O(meV).
I then use these concepts in the design of the SPICE MELANGE detectors - the initial
prototype dark matter detectors for the SPICE /HeRALD collaboration, with baseline energy
resolutions expected to be sub-100meV. I present the characterization from the testing of
the initial fabrication on Si substrates. These Si versions are expected to be able to explore
nuclear recoil dark matter parameter space for masses of O(MeV—GeV). A future fabrication
on Sapphire is planned, which will extend this mass range down easily into the keV range.

A major hurdle in the realization of ultra-low noise detector technology is the fact that the
sensitivity to noise and backgrounds also increases. As such, much of this thesis is also
dedicated to the characterization of ultra-sensitive cryogenic calorimeters and analysis of
noise - from both intrinsic and environmental sources.
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Chapter 1

Dark Matter

“...Scientists, are you ready?
First question: dark matter
Oh, dark matter
Give me someone knows somethin’ about space
... All right, what is it? Where is it? Can we get some?”

- Randy Newman, The Great Debate

While a full understanding of of dark matter (DM) is much beyond the scope of this
thesis, this chapter hopefully serves to provide the reader with some of the more profound
evidence we have for its existence. For the reader more interested in cosmology, I refer you
to Appendix [A] in which I give an overview of the standard big bang cosmological model as
well as discuss the thermal history of the universe. In this chapter I will lay out the existing
evidence for dark matter, discuss what is known about it, and introduce some of the more
popular theories to describe it.

1.1 Very Brief Overview of ACDM Model

To better appreciate the evidence for dark matter, we need to have at least a basic under-
standing of the standard cosmological model, also known as the Lambda cold dark matter
model (ACDM). In this model, we live in an isotropic, homogeneous, expanding universe
which can be either geometrically open, closed, or flat. The expansion of the universe is
quantified by the ‘scale factor’ a(t), and the curvature can be related to the total present
day energy density 2y, in which 7 = 1 would imply a flat geometry. As shown in Ap-
pendix [A] we can nicely describe the evolution of the universe with a modified form of the
Friedmann equations with



CHAPTER 1. DARK MATTER 3

a\’ Q).m Qo 1= Qom — Qa — Doy
o = <—> = Hg( ;é + Qo+ aﬂ’ + 0. = S ) (1.1)

where (., €, and 2 are the present day relative energy densities of all matter,
radiation E|, and vacuum energy respectively, and Hj is the present day value of the Hubble
parameter.

Observationally these parameters can be constrained in many ways, but notably they have
been measured by looking at a distance type metric of type 1A Supernovae as a function
of cosmological redshift as shown in Fig. [1.1l From this, we see that Qy ~ 1 ( Qyp =
0.7,9Q0,m, = 0.3) and thus our universe is geometrically flat. At the time these results was
published in the early 90’s, the astronomy community was surprised to find out that our
universe is dominated not by matter, but vacuum energy (A). This means that not only is
the universe expanding, but at an accelerated rate! Understanding this vacuum energy, or
‘dark energy’, is one of the major unanswered questions in cosmology, the rest of this chapter
will detail the other major mystery.

5) (0,0
110
5-0.5) (2.0)

18- 7

& Calan/Tololo b
£ (Hamuy et al, =1
A.J. 1996) T

Z1o- _ J @ a0=
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&05 ! 2 s, 03
g 0] iu' )
= 6[ ]
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e i E
% ]
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- J b SO, . S ' SR
] | . RS
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Figure 1.1: Hubble diagram for type 1A Supernovae, from Ref.

Tt is worth noting that the radiation density has been measured to be g, ~ 10™* and is often ignored
in many calculations because of its low value.
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1.2 The Argument for Dark Matter

As we just learned above, we live in a geometrically flat universe that is expanding at an
accelerated rate, where the matter content only accounts for 30% of the total energy density.
This section now takes a deeper look into what makes up that 30%. What follows is not an
exhaustive list of all the evidence for DM, but provides hopefully enough evidence for the
reader to paint a fairly complete picture for what DM could be. I split the evidence up into
two categories, evidence from observations of the modern universe, and observations of the
early universe.

1.2.1 Observations of the Modern Universe
Mass-to-Light Ratio of Galaxy Clusters

A common metric astronomers use to study galaxies and clusters of galaxies is the mass-to-
light ratio (M/L), the ratio of the total mass of the astronomical object and the radiated
electromagnetic power. This ratio is measured in units of solar mass (M) to the luminosity
of the sun (Lg). So an astronomical object made of entirely sun-like stars would be expected
to have a ratio of M/L ~ 1.

The mass of many ‘non-irregular’ clusters can be estimated from the Virial theorem,
which states that the time averaged kinetic energy of a system of particles in equilibrium
can be related to the average potential energy as

2T +V = 0. (1.2)
For a galaxy cluster, the kinetic and potential terms can be written as

T = %M (v*) V= —%GMQ <%> : (1.3)

where (v?) in the mass weighted mean square velocity, <%> is the mean inverse separation
(both referenced to the center of mass of the cluster), and M is the total mass. This gives
a simple expression for the mass of the cluster:

2 (v?)

M = Gl (1.4)

The name dark matter is typically credited to Fritz Zwicky, who while studying the Coma
Cluster in 1933 estimated the mass of the cluster by measuring the velocities of 7 galaxies
at the edge of the cluster. When he compared this this to the luminosity of the cluster he
measured a mass-to-light ratio of several hundred. This led him to conclude that the cluster
must be made up of some ‘dark matter’ since the gravity of the visible matter alone could not
explain the velocities seen [2]. Many years later astronomers are still measuring the M /L for
larger clusters. More recently, a survey of 459 clusters resulted in M /L ~ 348 h M,/ L, |3].
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Galaxy Rotation Curves

Looking at the actual constituent stars and gas that make up galaxies, one can measure the
radial velocities of these object§? The Doppler shift of the light of the stars gives their radial
velocity, and the emission of the 21 c¢m line from neutral hydrogen gives the radial velocity
of the gas at larger radii.

From Kepler’s laws, the velocity v of a star, orbiting a mass M(r), enclosed by orbital
radius r is given by,

(1.5)

It is therefor reasonable to expect that for objects at some radius beyond that of the bulk
of the visible matter, the velocity would drop off as

v X % 7 > Riuminous (1.6)
as shown in the lower curve in Fig. (Left). However as first demonstrated by Rubin
and Ford, the velocity is approximately flat well beyond the visible matter [4]. For this to
make sense with Newtonian mechanics, it requires that the true mass of the galaxy scales as
M(r) o< r, or equivalently the density should scale as p(r) oc 1/r%. This same effect is almost
universally observed across all galaxies (see Fig. [1.2] (right) for example rotation curves.)
Typically, the radius and mass of a dark matter halo is ~ 10 times radius and mass of the
luminous matter [5].

V, kms™!

Observed rotation
curve

100

Rotation curve expected
without dark matter

10 R, kpe

Figure 1.2: (Left) Rotation curve of the M 33 galaxy, shown with expected rotation curve
without DM in dashed. Figure adapted from Ref. [6]. (Right) A sample of characteristic
spiral galaxy rotation curves, from Ref. [7]

2Where in this case, the radial velocity is with respect to the observer on earth.
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Gravitational Lensing

The mass of astronomical objects can be inferred by the gravitational bending and distortion
of light of distant objects, known as gravitational lensing. In simple terms, an object in the
foreground (galaxy, cluster, etc) acts as a lens that bends the light of a distant quasar or
galaxy. See Fig. (left) for a diagram of the lensing process, and Fig. (right) for
an image of a lensed galaxy. Gravitational lensing allows us to study mass distributions
at O(kpc) scales, which is crucial to understand the geometry and mass content of the
universe. Gravitational lensing is yet another technique that confirms that most of the mass
of astronomical objects is non-luminous [§].

Image plane e 2 Source plane

Dy Dgs

Figure 1.3: (Left) Schematic of gravitational lensing from [§]. (Right) Example image of
strong gravitation lensing from Ref. [9]

1.2.2 Early Universe

The previous section of observational evidence for dark matter gives plenty of justification
for it’s existence, however probes of the early universe give estimates for how much DM in
the universe there is.

To fully understand the following arguments, it is helpful to think a bit about the thermal
history of the early universe. The universe began in a very dense energetic state. As it
expands, the equilibrium temperature of the thermal radiation bath decreases. As this bath
temperature decreases, different particle species will drop out of thermal equilibrium. Said
another way, once the Hubble rate exceeds the particle interaction rate, that particle will no
longer be thermally produced. Only a few key moments will be discussed below, but again,
for a more complete explanation of the thermal history of the early universe, see Appendix[A]
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Big-Bang Nucleosynthesis

When the universe was about 3 min old, long after the thermal production of neutrons and
protons had stopped and the neutrinos had frozen out, the stable production of Deuterium
(or 2H) began at a temperature of roughly kT = 0.272 MeV. This started the formation of
the light elements (D, He, Li, Be) known as Big-Bang Nucleosynthesis or BBNJ|

After light element production froze out, their quantities remained relatively unchanged.
The relic abundances of these elements can be used to probe the BBN. In order to quantify
the light-element population, parts of the sky with little stellar production are needed. Since
there are no processes occurring after the big bang that are able to produce large quantities
of Deuterium, the relic Deuterium abundance provides the best metric to test the BBN.
Deuterium abundance can be measured by looking at its absorption signature of light from
distant quasars.

A common figure of merit is the “He mass fraction Y
4mpn4He

Y

1.7
o (1.7)
which quantifies the amount of Helium-4 relative to the total amount of baryons. Measures
of this give insight into the baryon content, and consequently the non-baryon content of the

universe. There are three important parameters that play a major role in the evolution of
the BBN:

1. The baryon-to-photon ratio

np
N N

Ny + Ny

(1.8)

Ui

Using statistical mechanics, one can show that the present day baryon density param-
eter can be related to n via,

Qo,Bh2 =np (1.9)
(1.10)

where (3 is a unit-less factor made up of fundamental constants and the measurable
CMB photon temperature and energy density (discussed later).

For a larger n, deuterium would be more stable, the deuterium bottleneck would end
sooner, and there would be a larger helium mass fraction.

2. Neutron lifetime. The lifetime of an unbound neutron (7,) is currently measured
to be 7, = 879.4 + 0.6 sec [10]. If 7,,, was larger, more neutrons would survive and be
converted into He and thus Y would increase.

3see Refs [10-12] for detailed reviews
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3. Number of neutrino species. If a fourth neutrino species were to be discovered,
this would increase the effective degrees of freedom ¢* in Eq. which would in turn

lead to a larger value for Y.

baryon density parameter Qgh?
102

o o ©
[\ no [ )
o (=2} ~
AN

4He mass fraction
o ¢
[\V]
=
e
/.

TLi/H

1071
1010 ' ' — 10

baryon-to-photon ratio n = ny/n,,

Figure 1.4: Predicted primordial abundances of the light elements as a function of baryon-
to-photon ratio. The yellow regions indicate the observed abundances. The vertical band
shows the baryon-to-phonon ratio as measured by the CMB. Figure adapted from Ref .

Using the measured free neutron lifetime and assuming the standard model (SM) physics
(three neutrino species), the light element abundances are modeled as a function of baryon-
to-photon ratio in Fig. Given the observed primordial abundances, the baryon-to-photon
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ratio is measured in Ref [13] to be
58 x 107 < <6.5x 1071 (95% CL). (1.11)
Using Eq. we can relate the measured values of 1 to the present day baryon density
0.021 < Qo ph* < 0.024 (95% CL). (1.12)

However, we already know from Ref [1] that Qo ,, ~ 0.3, meaning that {2y 5 accounts for
only approximately 4 — 5% of the total matter energy density{] We refer to the remaining
non-baryonic component of the matter as dark matter.

CMB

About 300,000 years later, the universe has cooled to the point that it becomes energetically
favorable for the electrons and nuclei to form neutral atoms. At this point, the Thomson
scattering rate decreases below the Hubble rate and the photons decouple from the thermal
bath. These photons have been red-shifted to a temperature of 2.7 K and essentially form
a snapshot of the universe at the time of photon decoupling. This is called the cosmic
microwave background, or CMB, and can be seen in Fig. [1.5

Figure 1.5: Picture of the CMB sky from [14] with data from [15 [16]. The color gradi-
ent represents temperature. No scale is given, this is simply to illustrate the temperature
anisotropies.

The cosmic microwave background is the most information rich cosmological probe we
have. From Fig. it is apparent that the temperature is not perfectly uniform. In fact,

4Assuming h = 0.7
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small temperature fluctuations exist E| on the order of 10 uK. There are observed anisotropies
in the CMB that arise from effects related to the modern universe, one due to the relative
motion of the earth to the CMB [17], and another from the CMB scattering off of electrons
within galaxy clusters known as the Sunyaev—Zel’dovich effect |18]. For the purpose of this
thesis, these effects can be ignored, as we are only discussing the physics of the early universe.
There is another set of anisotropies are caused by the state of the universe at the time the
CMB photons were released. These anisotropies are imprints of the small over-densities and
under-densities left over at the end of inflation.

Before recombination had finished, electrons, baryons, and photons were all in thermal
equilibrium, forming the ‘photon-baryon plasma’. Slight over-dense regions would begin
to collapse due to gravitational attraction, and this same region would be repelled by the
radiation pressure. This effect creates acoustic oscillations much like a driven harmonic
oscillator [5]. However, as the universe is expanding and neutral atoms are forming, the
mean free path of photons is increasing. Because of this, higher energy photons are able to
travel from hotter over-dense regions to cooler under-dense regions which results in damping
of these oscillations [19].

10° 1° 10 5' 3
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& - iy 7
a2 y
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Figure 1.6: CMB temperature anisotropy band-power estimates from the Planck [15],
WMAP [20], ACT [21], and SPT [22] experiments. The curve represents the best-fit Planck
ACDM model. Figure from Ref. [10].

Spolarization fluctuations also exist, but not shown.
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Cosmological parameters are extracted from observation by looking at the angular power
spectrum of the CMB, which is effectively the the 2-point correlation function of the sky, as
shown in Fig.[1.6] The dependence of the cosmological parameters in the theoretical models
is quite complex, but a rough intuition is as follows (see Fig. :

e Curvature: If you imagine the acoustic oscillations in the early universe as a standing
plane wave, the observed angular variation arises from the fact that we are viewing
light from far away parts of the universe that has taken longer to reach our viewing
point E] So a spatial homogeneity is mapped to a an angular one. The curvature of
the universe is highly related to how the oscillations would depend as a function of /.
It turns out that the observed ¢ of the first peak allows us to measure the curvature of
the universe.

e Baryonic Matter: We can think about the universe at the time of the CMB with a
smiple toy model of a mass hanging on a spring. The mass and the gravitational poten-
tial represent the over-dense baryon regioins, and the springs represent the radiation
pressure. If we take two such systems, but one with larger mass (i.e. more baryons)
and release them both from the same height, the larger mass system will stretch fur-
ther than the smaller mass, yet they both return to the same height. In the CMB
angular power spectrum, the odd numbered peaks correspond to point of maximum
compression, i.e. gravitation wells from over dense regions of baryons, and the even
numbered peaks correspond to the places of rarefaction, i.e. the springs returning the
mass to the starting point.

In this case, the addition of more baryonic matter into the universe would essentially
increase the magnitude of the odd numbered peaks relative to their neighboring even
peak.

e Cold Dark Matter: As discussed previously, the radiation-matter equality time
depends strongly on the matter content of the universe. If the matter content was
too low, then recombination would occur in the radiation dominated era which would
noticeably effect the power spectrum. In particular, small-scale anisotropies would
increase if the matter density was low.

6A great simplified animation of this can be seen
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Figure 1.7: Modeling how how the characteristic acoustic temperature spectrum changes
when varying the for main cosmological parameters. Figure adapted from Ref. .

The most recent results from Plank give Qo ph? = 0.02242 4+ 0.00014 and Qg camh?® =
0.11933 4+ 0.00091. Measurements of the CMB and BBN both support the dark matter
hypothesis, but what is most striking about this is that both of these measurable phenomenon
manifest from very different physics! These are truly two independent confirmations for the
existence of dark matter.

1.2.3 Structure Formation

So far, the big-bang model has a serious problem: how does a homogeneous universe form
the structure of the very ‘lumpy’ universe we live in today? I've already mentioned that
quantum fluctuations of energy density are left over at the end of inflation, however these
inhomogeneities observed at the time of the CMB are simply not large enough to grow into
the structures we see today.
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Dark matter solves this problem; since it is not effected by the radiation pressure, it can
begin gravitational collapse of over-dense regions much earlier than recombination. After
photon decoupling, the baryons can then fall into the gravitational wells made by the dark
matter. Modeling how such systems evolve into the modern universe is incredibly complex,
and left to large N-body simulations. See for a thorough review, but as a basic description
they work by considering small perturbations in the dark matter density

st

; (1.13)

where dp is the difference in the dark matter density and the average density of the universe
(p), and ¢ is a time dependent quantity. These perturbations are then evolved with the
collisionless Boltzmann equation coupled with the Poisson equation. The power spectrum of
the density perturbations from simulation can be compared with measurement to constrain
models. Visualizations of these simulations and resultant power spectra can be see in Figs.|[1.8
and These N-body simulations tell us lots of information about the rich inner structures
of dark matter halos and other astronomical objects.

10 b Mpc

Figure 1.8: Zooming in on a massive halo from the Millennium-II Simulation ||
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Figure 1.9: Linear dark matter power spectrum (dimensionless) in different dark matter mod-
els: Cold Dark Matter (CDM), Warm Dark matter (WDM), and Interacting Dark Matter
(DAOs). The black hashed area constrains the DM behaviour from the observed large-scale
distribution of galaxies and the Ly—a forest constraints on WDM to behave as CDM. Figure
adapted from Reg. [26]

1.2.4 Alternatives to Dark Matter

While I have presented much ‘evidence’ for dark matter in this section, what makes us so
sure that it is some new type of matter and not some other type of exotic effect? Indeed,
observations from the modern universe do not alone necessarily conclude the existence of
dark matter.

Many of the above arguments for DM can be explained by modifying Newtonian gravity,
with a general theory (and variations of) know as modified Newtonian gravity, or MOND [9].
The general idea is that Newton’s laws only apply to ‘high acceleration’ environments, and
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MOND proposes a modified law of

F = mu (E) . (1.14)

Qo

where p1(a/ap) is an unknown function, and ag is a new fundamental constant which sets
the scale for MOND vs regular Newtownian dynamics. To be consistent with observation,
it must have the limiting cases of

w— 1, for a>ay Newtonian Dynamics (1.15)
w— i, for a < a9 MOND (1.16)
@o

While this does a good explaining the observed galaxy rotation curves (among other phe-
nomena in the observed modern universe) MOND struggles to explain many phenomena of
the early universe. Also problematic is that MOND is a non-relativistic theory. A relativistic
version of the theory was formulated, called TeVeS [27]. However, for any MOND-like theory
to be able to explain all of the evidence for dark matter, it ends up requiring an incredible
amount of fine tuning. And while this does not in-and-of-itself make the theory wrong, the
main argument behind MOND originally was to have a simpler explanation for the universe
than the dark matter hypothesis. There are still proponents of MOND, but it is largely
disfavored by the astrophysics community compared to the ACDM model.

1.3 Dark Matter Candidates

There are a multitude of theories to explain the evidence for dark matter presented previ-
ously, however I will only focus on the most actively pursued theories, highlighting the ones
that pertain most to this thesis. When discussing dark matter as a particle, it is typically
represented by the symbol y, for example, the mass of a dark matter candidate would be
represented as m,,.

1.3.1 Properties of Dark Matter

So what do we actually know about dark matter? Spoiler alert, we haven’t found any direct
laboratory evidence for DM, all of our evidence is astronomical. The evidence provided in
the previous section does however allow us to constrain a few parameters about the DM.

e FElectric Charge

Implied by its name, dark matter is... dark. But how dark? From observations of the
modern universe, the dark matter could simply be ‘non-luminous’ baryonic matter such
as very faint starts or planets, etc. The BBN and CMB are what truly constrain the
electric charge of dark matter. If DM was charged, it would effect the baryon-photon
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fluid and alter the baryon acoustic oscillations at the time of recombination. Also, if
DM were charged, structure formation would be effected, as the density perturbations
would be sensitive to radiation pressure. Both of these effects would be present in
the CMB power spectrum. Upper limits of the allowed DM charge have been placed

by (see Fig. [1.10) to be

0.58

(1.17)

el < {3.5 x 1077 (2)™ my > 1GeV

4.0 x 1077 (g

Gev)0.35

m, < 1GeV.

Figure 1.10: Limits on the charge of DM from various data sources. Figure adapted from

Ref.

e Dark Matter Self Interactions

Cluster Collisions have been used to place limits on the self-interactions of DM. Perhaps
one of the most impressive illustrations of this is the ‘Bullet cluster’, which was formed
from the collision of two large galaxy clusters passing through each other, shown in
Fig. [.11] Using gravitational lensing techniques astronomers were able to reconstruct
the mass density of the cluster (shown via the contours in the image). Through the
observation of X-ray emissions, the hot baryonic gas content of the cluster could be
seen (shown in blue and red in the right image). The gas in each cluster was slowed
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by drag forces during collision creating shock waves. It is clear the bulk of the matter
of the two clusters passed right through each other with little interaction as compared
to the baryonic gas. This is completely consistent with the idea that majority of the
mass of a cluster is ‘dark’, however this now confirms that the dark matter itself is
‘collision-less’.

56
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-55'58"
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Figure 1.11: Left: Image of the bullet cluster shown with mass distributions shown in green
contours via weak gravitation lensing. Right: The mass distribution of the baryonic matter
via X-rays shown over the total mass contours from weak gravitation lensing. [29]

The current limits on self interaction from cluster collisions [30, 31] as well as from the
tri-axial shape of galactic DM halos [32] are

2

b
/Ty < 0.47 T 7 0.84 0
g

GeV'

(1.18)

o Dark Matter Mass Lower Limit

The lower limit of DM mass depends on if the particle is assumed to be bosonic
or fermionic. For fermionic DM, the Pauli exclusion principle places a strict (DM
model independent) lower limit on the mass, requiring that phase-space density of the
DM does not exceed that of the degenerate Fermi gas [33]. Consider a spherically
symmetric DM halo of total mass M at radius r, internal degrees of freedom ¢, with a

Fermi velocity of
O K3M \ 5 (L.16)
’U pr— —_— .
F 2¢ r3m§<

The escape velocity for this gravitationally bound system is thus,
,  2GM

esc —

v . (1.20)

r
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In order for this to be a stable system, we require that the Fermi velocity is less than
the gravitational escape velocity

> 9k’
= 4v2M g (rG)3/2.

A similar form of this argument is ofter referred to as the ‘Tremaine-Gunn bound’ [34].

VEp < Vepge —> (1.21)

Using dwarf galaxies, Ref. [35] bounds fermionic dark matter mass at
m, > 70eV  (fermionic DM - model independent). (1.22)

Using measurements of Lyman-« even tighter constraints can be achieved, although
these rely on assumptions about the DM thermal history [35]

m,, > 400eV  (fermionic DM - from Ly-a). (1.23)

From this, we can easily rule out neutrinos as the source of DM, as their mass has been
constrained to m, ~ O(eV) [36].

Bosonic DM does not face the issue of degenerate pressure, however it is physically
limited in mass by the size of its de-Broglie wavelength; too small of mass would result
in too large of a de-Broglie wavelength and wash out small scale structure. Constraints
from CMB [37], Ly-a observations [38], and observations of satellites in the milky
way [39] set the lower limit on bosonic DM mass to

m, >10"*?eV  (Bosonic DM). (1.24)

e Dark Matter Mass Upper Limait

Very massive DM would be in the form of large astronomical objects, typically referred
to as a massive astrophysical compact halo object or MACHO. The current strictest
limits on mass are found from the stability of the ultra-faint dwarf galaxy Eridanus II
in Ref. [40] and looking at tidal disruptions in halo binaries in Ref. [41]. If we assume
that all of the DM is comprised of point-like MACHOSs, these results combined bound
the MACHO mass to be

my < 5 M. (1.25)

o Stability of Dark Matter

We know that dark matter is crucial for structure formation, both for small scales in
the early universe, and complex structures in the late universe, therefor we know that
it must be stable from the time of decoupling. From Ref. [42] we can say that the
lifetime of DM is

7, > 200 Gyr, (1.26)

making it at least an order of magnitude longer than the age of the universe.
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o Dark Matter Interactions

Observationally, the only force that we know DM interacts with is gravity. There are
however many clues that suggest it might interact with other standard model forces.

Is that really all we know about dark mater!? Well, yes and no. These are the properties
of DM that we do understand, but there have been 30+ years of active searching that have
taught us a lot about what we know DM 14snt. Moving forward, we now move into the
hypothetical realm.

1.3.2 Dark Matter Origins

Before we talk too much about specific models, it is worth discussing different mechanisms
in which the relic DM density manifests.

o [reeze-Out Dark Matter

Perhaps one of the most popular explanations for the DM relic abundance is analogous
to the thermal production of the standard model particles. In the early universe, we
assume there was some abundance of dark matter and anti-dark matter (%) in thermal
equilibrium, with an self-annihilation rate I'y5 = n, (ov), where n, is the DM number
density and (ov) is the thermally-averaged pair-annihilation cross section times relative
velocity [43]. In the same fashion as discussed above, the annihilation of the DM will
‘freeze-out’ when I'yy; < H. Intuitively this can be understood as: when the universe
is small, the DM and anti-DM particles will eventually collide and destroy each other.
However as the universe expands beyond the mean-free-path of the DM, the DM and
anti-DM will no longer interact and the amount of DM will stay essentially fixed.
Since we can measure the relic DM abundance today, this allows us to predict the
temperature/time the DM froze out, as shown in Fig. .
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Figure 1.12: Co-moving number density of a WIMP in the early Universe. The dashed
curves are the actual abundance, and the solid curve is the equilibrium abundance

A full calculation of the relic DM abundance comes from solving the Boltzmann equa-
tion,
dn,,
dt

However for out purposes, more intuition can be gained from simplified models. What
follows is an example of two DM freeze-out models, as detailed in [45].

= —3Hn — <o'1)> (n2 — ngq) . (1.27)

X

For a given point in the thermal history of the universe, considering all the relativistic
particles contributing to the radiation energy density, we can write the radiation density
as

= _geffT4 (128)
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where gof is the effective degrees of freedom of the relativistic particles. For the radi-
ation dominated universe (see Fig.|A.5)) we can write the Hubble parameters as

&G T?
H?>~ —poq ~ —, 1.29
3 Prad My ( )
where Mp ~ 10" GeV is the Planck mass.
A particle’s interaction rate is given by
I' = nov (1.30)

where n is the number density, o is the cross-section, and v is the relative velocity.
When the interaction rate is roughly equal to the Hubble expansion rate, then the
particle interactions are highly suppressed and the particles are said have frozen out.
Let us now consider two limiting cases:

1. Hot Thermal Relics
When the temperature of freeze-out 7% is much greater than the mass of the
particle then the freeze-out happens when the particles are still highly relativistic,
these are referred to as hot thermal relics.

Consider as an example the question ‘could neutrinos make up the DM?” We begin
with the condition I'), = H,

n,ov = H. (1.31)

Since we know the neutrinos are relativistic, their relative velocity is v = 1[] and
from [46] the number density is n,, & T>. Since the interaction is mediated by the
weak force, we know

o~ GET2, (1.32)

where G ~ 1.17 x 107> GeV~? is the Fermi constant [47]. Combining this with
Eq. and solving for the temperature,

1
T~ —— ~1MeV. (1.33)
d (G2 Mp)'?

With this temperature we can now determine the relic abundance. We define the
co-moving number density (or Yield), Y = n/s, where s is the entropy density.
Due to the conservation of co-moving entropy density, we can equate

E/freeze out — Ypresent day - (134)

7

using natural units like a civilized person
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Thus,
Tl,,(Tf)
Nyo = So (135)
Sy(Tf)
nl,(Tf)
Q,0=m,———= 1.36
L (1.36)

Where everything on the RHS of the equation is either measured or is easily
calculated (except the mass). Evaluating this expression gives,

O, 0h? ~ —

~ ——. 1.
’ 93eV (1.37)

From cosmological surveys [48], we know that the sum of all 3 neutrinos favor
masses must be m, < 0.3eV. This means that at most, neutrinos can only
account for less that 3% of the DM mass. Furthermore, we know from the
Fermi-degenerate pressure limit that Fermionic DM mass must be greater than
~ O(100eV).

2. Cold Thermal Relics

We now consider the opposite limit, m, > T%. In this limit, the number density
is approx [46]

ny & (my, 1) e ™/ (1.38)

Applying the freeze-out condition, we have

T2
ov(m, T)* e /T i (1.39)
1
JreT N ———— 1.40
tre Mpo,,v’ ( )

where we have defined x; = m, /Ty, and the freeze-out temperature is determined
by solving this expression.

Let us now turn to the energy density of DM,

Px,0 _ Ty 0Mly
Q0= 20— (1.41)
X Pe Pe

We now want to express this in terms of the freeze-out number density and
temperature. Recall from above from the conservation of entropy density, that
Ny0/50 = Ny, f/Sy. Also note that s oc T', thus,

L

n ,0 n f
x NTL}’" (1.42)
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Using this expression and multiplying Eq. by T¢ /Ty we get

m, T3 n
Q0= X0 x] 1.43
X0 pc Tf3 ( )
Substituting in the definition of x; and ny j =~ T} /Mpoy,v,
T3 1
Qo= 0 : 1.44
o= (PCMP) OxxV ( )
Plugging in measured values this becomes
1078 GeV ™2
0 = S (e e , (1.45)
’ 100 Ty U

where a factor of 1/100 has been pulled out for reasons that will soon be clear.
From Fig. [1.12] we can see that the freeze-out temperature is determined as
the cross-section and mass that result in the measured DM energy density. If
the annihilation cross-section is too large, not enough DM remains today, and if
too small, then there is an over-abundance of DM. The 1078 GeV in the above
expression suggests that a cross section on the weak scale would be a reasonable
choice. And thus values of o,, ~ 1078 GeV~? with DM masses in the range
10 — 100 GeV (zy =~ 30) would give the correct DM abundance. Because of this
nice form, a particle of this type is known as a WIMP (Weakly Interacting Massive
Particle) [44]. There is a strict lower bound on the WIMP mass of m, > 2 GeV >
from the fact that a mass lower than this would result in a relic abundance of DM
that would close the universe (i.e. €2, > 1), this is knows as the Lee-Weinberg
bound [49]. The upper bound of the mass comes from the requirement of unitarity
of the scattering matrix, and results in m, < 120 TeV [50].

3. Warm Dark Matter

Ignoring any particle physics model dependencies, structure formation sets the
lower bound for thermal dark matter mass at myarmy, > 2keV.

o Freeze-In DM

While freeze-out dark matter is appealing since it is analogous to how most SM particles
manifest in the hot big-bang model, it is not necessary to explain the DM abundance.
We now turn to essentially the opposite case. Proposed by [51], the basic premise of
freeze-in is as follows: In the early universe assume there is a small abundance of a
long lived particle X that has interactions with the bath that are so small that these
particles are essentially thermally decoupled from the bath. This particle is knows as a
FIMP, or ‘Feebly-Interacting-Massive Particle’. Also assume that there is a set of SM
‘bath particles’ that are in thermal equilibrium with the bath. For large temperatures,
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X particles are produced from collisions or decays of bath particles. The production
of X is at its maximum when 7" &~ my, and at freeze-in the yeild is fixed and given by

Yir &~ N2 —, (1.46)
X
where A << 1 is the coupling. Contrasting with freeze-out, we can write the cross
section as o, v & A} /m?, and the freeze-out yeild is

1 m,

Yio A —

(1.47)

showing that freeze-in and freeze-out are effectively inverses of each other. A large
interaction rate for freeze-in results in an overabundance of DM, while it results in an
under-abundance in freeze-out, as is schematically shown in Fig. [1.1
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Figure 1.13: Comparison of freeze-out (solid colored) vs freeze-in v (dashed colored). Arrows
represent the effect of increasing coupling strength for the two processes. Figure from [51]

Freeze-in theories require two particles (as apposed to freeze-out DM requiring only
the WIMP), the FIMP, and the ‘lightest particle in the thermal bath that carries the
symmetry’ or LOSP. The relic DM abundance could then be explained via 4 different
scenarios as detailed in Fig. [1.14]
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Figure 1.14: Four possible scenarios of the freeze-in mechanism. Left-side figures show
the LOSP/FIMP spectrum. The circles represent cosmologically produced abundances.
Large/small circles represent the dominant/sub-dominant mechanism for producing the
dark matter abundance, the dotted/solid circles represent unstable/stable particles. The
filled /open circle corresponds to production by freeze-in/freeze-out.. Right side figures show
LOSP and FIMP abundances as a function of time. Figure from

o Asymmetric DM

In cosmological terms, the baryon density and dark matter density are quite close to
each other, at least within the same order of magnitude. The standard WIMP model
treats this as a coincidence, rather than a fundamental connection between the DM
and baryonic matter. There is a class of models that connect the baryonic matter
with the DM to explain the baryon matter/anti-matter asymmetry, called Asymmetric
Dark Matter, or ADM . The general class of models assumes that an asymmetry
is created in either the baryonic/leptonic sector and communicated to the DM sector
somehow, or vise versa. The process that communicates the asymmetry decouples at
some temperature, separately freezing in the asymmetry for each sector. Lastly, if the
DM was thermalized in the process of asymmetry generation, the excess symmetric
population must have a mechanism in which it can annihilate itself.

o Primordial Black Holes
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Primordial black holes (PBH) are the result of gravitational collapse of DM density
fluctuations in the early universe [53,54]. Since they are not made predominately from
baryonic matter, they are able to have masses much less than M. They are considered
part of the DM class of MACHOs.

e Number changing processes

The abundance of DM can deplete itself via an n — 2 number changing process, known
as ‘cannibalism’ [55]. If DM is in thermal contact with the thermal bath, then the relic
DM abundance can be driven by these n — 2 processes, as in the case of SIMPs
(strongly interacting massive particles) [56].

o Non-thermal Processes

There are also ways in which DM can be produced non-thermally, as will be discussed
with the case of the axion.

1.3.3 Dark Matter Phenomenology

As shown in Fig. there is a multitude of DM models across a vast mass range. Some of
these models have been mentioned or introduced in the previous section about mechanisms
describing their abundance. In this next section I will highlight a few of the more popular
models, focusing specifically on the models that are relevant to this thesis.

Dark Sector Candidates, Anomalies, and Search Techniques

zeV aeV feV peV neV peV meV eV keV MeV GeV TeV PeV  30Mg
| | | | | | | | IR U T T ST ST N | W
| | | I | I I L L L D D L T
>
QCD Axion WIMPs
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< n Ly " > <
Ultralight Dark Matter Hidden Sector Dark Matter Black Holes
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Post-Inflationary Axion Asymmetric DM
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Figure 1.15: Rough mass ranges for dark matter and mediator particle candidates, experi-
mental anomalies, and search techniques. Figure from Ref. [57].
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e WIMPs

Unrelated to cosmological arguments presented in the ‘freeze-out’ section, new physics
at the weak scale was predicted in supersymmetric extensions of the SM to solve
the hierarchy problem. For both these reasons, the WIMP was a tantalizing solution to
many open problems in physics. As noted above, the expected WIMP mass is roughly

10 GeV S mwiMPp S 10 Tev. (148)

While WIMPs have been the most popular DM particle candidate for about the
past 30 years, they are beginning to lose popularity after null results from both col-
lider /accelerator searches and direct detection experiments as shown in FigJ1.16]
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Figure 1.16: Current upper limits of the spin independent DM-nucleon cross section

e Axions and Axion-Like Particles (ALPs)

Originally proposed as a solution to the ‘strong CP problem’ [59] in QCD, it was soon
realized the resulting pseudo-Nambu-Goldstone boson would make a potential DM
candidate. Much like the WIMP, a particle that would solve the DM problem as well
as an open problem in particle physics makes for an attractive solution.

The axion should have a mass of

(1.49)

1 9
ma ~ 5.7 (O—M) meV,

A

where fa4 > 10° GeV is the coupling constant, and the typical expected mass range of
roughly 1072V to 10~%eV [10].
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ALPs are produced ‘non-thermally’ in the early universe. They are created as a non-
relativistic condensate via the misalignment mechanism [60]. The axion field coher-
ently oscillates around the minimum of the potential during the QCD phase transition

(160 MeV). In this way, they still behave as ‘cold” dark matter, despite their very low
mass.

Axions can be detected in a number of ways, but the primary searches rely on the
conversion of axions to photons in the presence of a strong magnetic field, known as
the Primakoff effect [61]. The two photon decay is given by

_ giwmi‘

P = g

(1.50)

where ga,, & /27 f4 is the axion two photon coupling constant. Current limits on
gayy and my are shown in Fig. |1.17]
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Figure 1.17: Current upper limits of the ALP to two photon coupling as a function of ALP
mass [10]

e Sterile Neutrinos

At first glance, neutrinos may present as a perfect DM candidate; long-lived, massive,
and are electrically neutral. From the arguments presented in the freeze-out mechanism
section, we know that SM neutrinos could only make up less than 1% of the DM density.
Furthermore, from the Tremaine-Gunn bound we know that the mass of fermionic DM
must be greater than a few hundred eV. A natural hypothetical DM candidate would
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be a neutrino of much larger mass O(keV), with even weaker interactions, known as
sterile neutrinos [62].

The most relevant (detectable) decay mode is a sterile neutrino into a nuetrino and a
photon, where the photon energy would be half the mass of the sterile neutrino. This
decay would provide a strong astrophysical signal from galactic clusters at 3.5keV as
observed by [63, |64]. However the validity of the excess of this signal is these analyses
is debated [65], as well as the absence of the signal in other galaxies [66-68] cast doubt
on the sterile neutrino hypothesis.

e Hidden Sector DM

The lack of any WIMP signal with SM forces in the expected mass range has pushed
the DM search community to explore other models. It is interesting to ask “is DM
charged under a new force?” With the addition of new force carriers, one can greatly
extend the ‘WIMP-like’ mass range down to roughly keV [57]. While this hidden sector
could be arbitrarily complex, I will focus on what the DM search community commonly
refers to as Light Dark Matter (LDM) or sub-GeV Dark Matter.

A popular model is the minimal kinetically mixed dark photon A’, where the dark
photon is either the DM itself, or is the mediator for the DM. We can think about this
model in multiple regimes, as detailed in [57]

1. Secluded freeze-out (m, > mu):

In this case, the mediator particles are lighter than the DM, so the DM annihilates
to mediator particles, which freeze out. These mediator particles

4
9D
<O'U> 0.8 m_i’ (151)

where gp is the DM-mediator coupling.

2. Direct freeze-out (m, < ma):
DM directly annihilates to SM particles via a heavy mediator with cross section

2 .2 m2
(ov) o IDIMTx (1.52)
m
MED

3. Freeze-in (ma < am,):
In this case, the coupling is so small the DM would not thermalize with the SM
particles. Rather, the DM abundance would be populated by rare SM particle
annihilations to DM until the temperature drops below the mass of the source
particle.
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1.4 Dark Matter Direct Detection

At this point, we have discussed astronomical evidence for dark matter, and discussed many
different hypothetical models for particle-like DM. It is now time to return to earth and talk
about how to actually detect dark matter. The focus of this section will be on the detection
of Light Dark Matter. There are three avenues that one can look to find dark matter.

1. Production: DM is produced from SM particles interacting, e.g. from collisions at
the LHC. The DM can be accounted for as ‘missing mass’ by keeping track of the
momentum and energy of all particles created in an interaction.

2. Indirect Detection: DM and anti-DM particles from astronomical sources can inter-
act and create SM particles in the form of high energy gamma rays. These gamma ray
signals can be measured as signatures of DM. These experiments are typically satellites
or ground based gamma ray observatories.

3. Direct Detection: DM interacts directly with SM particles. These experiments are
typically condensed matter systems underground looking for signals of DM from the
local DM halo. This type of detection is the only was to conclusively make a claim of
discovery.

I will focus on the method of direct detection, not because it is necessarily betterﬁ, but
because that is what pertains to this thesis. To put it in simple terms, direct detection
experiments are looking for kinetic energy deposited in a target material (detector) via
either an elastic or in-elastic scattering processes. Since the earth is conveniently located in
a DM halo, there is a constant flux of DM to use as the DM source. The local DM density
and velocity in our galaxy are well known [69] to be

py = nymy, = 0.3 —0.5GeV/cm?,  and v, ~ 107, (1.53)

Basic Nuclear Recoil Model

We first start with a very basic model to help with intuition. Considering the case of DM-
nuclear scattering, the expected DM scattering rate-per-nucleus is
A?a?
Ry =m0y N = Pty ——, (1.54)
LN
where A is the atomic mass number and ay = 0.03 is the coupling constant of the weak
nuclear force [10]. We can plug in a few numbers to start to get a feel for the requirements
of a DM detector. For a typical WIMP mass of m, = 100 GeV and the atomic mass number
for Xe of A &~ 130, the scatting rate is

R, ~10"*[s7!, m, = 100GeV. (1.55)

81 think it is...
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This is a very small number. To have any hope of detecting DM in a reasonable time scale,
lots of exposure is needed (target mass x time length of recorded data). This requires
either huge detector volumes, or incredibly dense targets, which is exactly the trend that
is happening with the Xe based experiments which are racing to design multi-ton Liquid
Xe targets. However note the dependence on m, in Eq. this offers a huge advantage
for experimental searchers for light dark matter. By searching for DM masses of say m, =
100keV once can get the same exposure as a experiment looking for WIMPs, but with 6
orders of magnitude less mass!

1.4.1 Kinematic Matching

As was seen in the previous section, the DM scattering rate for nuclear recoils depends on
the atomic mass number A. This can be thought of as, the DM is scattering of all of the
nucleons in the nucleus coherently. Thus from a scattering rate perspective, having a target
with larger nuclei is preferable. However, from an energy transfer perspective this is not
necessarily good. This can be understood by looking the maximum energy transfer from an
elastic collision

mimr

Eg(max) = 207 (1.56)

(my +mr)?’
where my is the target nuclear mass. A plot of this recoil energy can be seen as a function of
DM mass for some common detector materials in Fig. [[.18 Right away the problem should
be evident; for DM masses below O(100GeV) the recoil energy imparted in the detector
becomes vanishing small. For O(100keV) mass DM, the detectable energy becomes sub-eV.
Also evident in the plots, is the fact that the lines are truncated around 100 keV or so. This
is because the approximation of treating the nucleus as a free particle is no longer valid.
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102 103+ e
= 10k — e
% > 10t s
ﬁ 2 //f“‘
< 100¢ th o — si
W 1071} —mm Ge
10-1k /0 e Xe AT Xe
He
-3 1 1 I i
10 100 10! 102 103 104
m,y [keV]

Figure 1.18: Left: Recoil energy in detector after elastic DM-nuclear scattering as a function
of DM mass shown for Si, Ge, He, and Xe. Right: Same plot as left but zoomed in on lower
DM masses. Note the different units on the x-axis between the plots.
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1.4.2 DM Detection Channels

We can see that when searching for LDM, it will become exceedingly difficult to detect DM
down to keV masses with standard nuclear recoil channels, if not impossible. Luckily the
situation is not so grim, as we have other channels in which to detect DM. I will (briefly)
discuss two other channels: in-elastic electron scattering, and single-phonon scattering. Be-
fore talking about a specific channels, I will give a brief overview of the general framework
as detailed in Ref. [70]. This section is by no means comprehensive and is only meant to
give a short introduction into the DM signal modeling to better motivate the design of LDM
detectors. For a great summary of the concepts introduced here, see Ref. [71] or Ref. [70].
The DM event rate per target mass is given byﬂ

L py / 3
—— [ d’vf,(v)['(v), 1.57
o [ o) (1.57)

where f,(v) is the DM particle’s velocity distribution in the lab frame and I'(v) is the
event rate for a DM particle with velocity v. The material response from the target medium
can be accounted for in the scattering rate for spin-independent dark matter with the dy-
namic structure factor S(q,w). The event rate can be written as

o g
M) = 2% [ G Fha(@S(a.) (159
where q is the momentum transfer, and
e
=q-v— . 1.59
Wq q-v 2mx ( )
The mediator form factor F2_4(q) is given by
1 hea ediato
Froglg) =14, oo OO (1.60)
¢ /q° light mediator
And & is a reference cross section based on the particle level scattering matrix element
y —
On = %|Mxn(%)|2 qo=myuy DM - nucleon scattering
G- (1.61)

Oc = ”X |Mxe<q0)| w—am. DM - electron scattering

where p is the reduced mass for either the DM-nucleon or DM-electron interaction. Lastly
the dynamic structure factor can be calculated for an arbitrary material and interaction

S(q,w,) = Z| (fI Fr(q) [i)|* 2m8(Ey — E; — w), (1.62)

9Note that this is a generalized expression for the rate, where as what was done in the previous section
was an limiting case shown for intuition.
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where |7) and |f) are the initial and final states of the target, and Fr is the operator for the
DM coupling. By factoring the DM scatting rate in this way, the same general framework
can be used for all target material types and DM models.

1.4.3 Nuclear Recoil

For the case of DM scattering off of nucleons in a target, e.g. WIMPS, the dynamic structure
factor is given by

r /% 2 q°
S =2r——F ) — 1.63
(qawq) 7T my f2 ( ) 2mN W, ( )
where f,, and fy are the DM-neutron and DM-nucleon couplings, and F%(q) is the Helm
form factor

3 n
P2 (q) = D) -, (1.64)
qTn
where r,, ~ 1.1414,11/3 fm and s ~ 0.9 fm. It is worth noting that in the limit that ¢ — 0, this
form factor goes to unity.
Finally, the differential scattering rate for nuclear recoil DM is

dR _ py 0On
- = A F me min ) ]'
T | 2 A R R )

q?=2mpyw

where 7(vmin) is the velocity integral for an isotropic target. This expression is valid only
for for energies that are much grater than the phonon energies in the material, typically
w > wpp, & O(100meV).

Electronic Transitions

Electromagnetically interacting DM can excite an electron from the valence band of an
insulator or semiconductor across the gap to the conduction band. This dynamic structure
factor is written as

3 3
q7wq - 22/ d kld k227T5( Eiy ko — Ly ey _w>

11,12

x Y (2n 353(k2 — k1 + G — 1) firkr ikl (1.66)

where 4, k are the band index and wave vector, G' encapsulates the reciprocal primitive
vectors by, and f;,k, i.k.,q) 15 the crystal form factor. The full definitions of these terms are
well beyond the scope of this thesis, and I refer the reader to Ref. |71] for further explanation.
The total rate is then,
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2 p, T d3l€1d3/€2
R=—— / g q,w me )|fi1k1 ioks,G |2' (167)
pT mX Mie Z BZ Z d [ ’ ) }

11,72

where the momentum vector is given by q = ks — k1 + G and the energy w = Ej, g, —
E;, . Also note the g(g,w) function accounts for the fact that when considering electronic
transition, the material is no longer isotropic in general and the 7(vy;,) can not be used for
the velocity.

Single Phonon Excitations

As mentioned in the previous section on nuclear recoils, the rate equation presented is only
valid for energies well above the typical phonon energies of the system. This is because in
this limit, the nuclei are treated as independent. This can be treated more generally by
considering the the crystalline lattice of the target.

A three dimensional crystal has n ions (or atoms) in its primitive cell, each with 3 phonon
branches. There are dispersions w,,, with v = 1,...,3n. The most generalized dynamic
structure factor for this case is given by

S(q,w,) = =9 2(5 w— wy) Z e\/ﬁ iG] (Y€, (1.68)
j

Wy k -
J

where 2 is the volume of the primitive cell, €, ; are the phonon polarization vectors, j =
1,...,n goes over all ions in the primitive cell, with masses and equilibrium positions given
by m; and a:? respectively [70]. The variable Y'; is a DM model specific parameter that
contains the DM-ion couplings. W;(q) is the Debye-Waller factor, which suppresses the the
dynamic structure factor for larger values of ¢, which is why single phonon interaction can
be ignored in the larger mass nuclear recoil model presented previously. Plugging this into
the rate equation we get

e~Wil@)

1 p, 70 .
R=_—" CT (Y €,.)] - (1.69
mcellmxﬂ / 271'3 Ined Zg Wy, z]: \/m_] € ]< J 61/716,]) ( )

Where notice now that & was used rather than o, or g.. This is because this generalized
phonon excitation model can be applied to both the case of nuclear recoil, or electron recoil
DM models.

Recall that phonons are quantized lattice vibrations. In-phase oscillations of ions in
the same primitive cell are known as Acoustic phonons. There are 3 branches of acoustic
phonons, and their dispersion relationship is linear in the long wavelength limit, w, x o c4|k|.
The remaining phonon branches consist of out of phase oscillations called Optical phonons,
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of which there are 3(n—1) branches. In the case of polar materials (materials with oppositely
charged ions in the primitive cell), these optical phonons form an oscillating dipole.

The distinction between these two phonon branches becomes important when considering
the coupling to different DM models. for the kinetically mixed dark photon, there is a very
strong coupling to the dipole in polar materials, efficiently exciting optical phonons. For a
DM model in which the DM couples to nucleons via a scalar of vector mediator, acoustic
phonons can be excited from the DM coupling coherently to all the ions.

1.4.4 Projected Reach of LDM Detectors

The remaining work to be done at this step is to answer the question: “Given DM model
‘X’ from section [1.3.3] how does material ‘Y’ respond to it?” Many particle physics and
computational condensed matter theorists have worked very hard on answer this question.
Given certain assumptions about various background spectra, DM scattering cross section
sensitivity projections can be made for different materials. Fig. shows the current
expected limits from a variety of detector materials for dark photon models and hadrophilic
scalar mediated DM models in Fig. [1.20

We can see that when considering detection channels beyond that of the traditional
nuclear recoil model, vast amounts of unexplored DM parameters space opens up. For the
case of hadrophilic scalar mediated DM, traditional solid-state materials such as Si and
CVD diamond perform very well. However, to probe new parameter space using phonon
excitations for dark photon models, one needs to use a polar material. Probing this new
parameter space with polar materials is goal of the SPICE collaboration [72], of which much
of the work in this thesis is deadicated.
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Figure 1.19: Sensitivity projections for electronic transitions (solid) and single phonon excita-
tions (dashed) for the kinetically mixed dark photon DM model shown for various materials.
The detector threshold is assumed to be 1meV. Shown as shaded regions are the excluded

regions from existing experiments. An exposure of 1 kg yr was assumed in this plot. Figure
adapted from Ref. 73]
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exposure of 1 kg yr was assumed in this plot. Figure adapted from Ref.



CHAPTER 1. DARK MATTER 38

1.5 Chapter Conclusion and Looking Forward

In this chapter we have motivated the existence of dark matter, what we currently know
about it, and discussed methods of detection. We have highlighted the class of models
known as light dark matter, and discussed the most promising techniques for its detection
based on solid-state based detectors.

A crucial part of realizing these projected sensitivities is very low detector thresholds.
The current state of the art solid-state detectors currently have detector thresholds of
O(1 —10eV). Thus, to truly reach these goals, 3-4 orders of magnitude in detector baseline
energy sensitivity needs to be achieved. The remainder of this thesis is dedicated to the
development and testing of protype DM detectors working towards the goals of O(meV)
sensitivity. Specifically, chapters 2| and |3| detail the detector technology used in this thesis,
chapter [4] details the design of a set of R&D detectors I designed for the SPICE collabo-
ration, chapter [5| discusses analysis techniques in general for characterizing our detectors,
chapter [0] is a version of two papers I published on the characterization of TESs and an
athermal phonon mediated cryogenic photon detector, and finally chapter [7|discusses the (in
progress) performance of the SPICE MELANGE detectors designed in chapter .

Finally, T feel that our understanding of dark matter can be summarized best by the
great Randy Newman,

“... Let me get this straight: you don’t know what it is
You don’t know where it is, and we can’t get any?”

-Randy Newman



Part 11

Detector Design

39



40

Chapter 2

Micro-Calorimetry with
Transition-Edge Sensors

In this chapter I will give an overview of the ideal calorimeter model, introduce the transition-
edge sensor (TES), and derive the dynamics and noise properties of the electrothermal feed-
back (ETF) TES. Much of this chapter is based on previous works (e.g. [74H77]), however
various topics have been expanded upon. One potentially new result that the reader might
find interesting is the derivation of how the effective noise bandwidth time constant (7.)
depends on parasitic power in the TES. This chapter is mostly included for completeness,
as it provides much of the background for the rest of the thesis. However a reader with
a background in TESs could simply skip ahead to either the athermal phonon design in
chapters [3} [, or the experimental techniques and results in Chapters [5} [7}

2.1 Ideal Calorimetry Model

At the simplest level, all particle detectors work in the same fundamental way: an particle
interacts with a target, either via a scattering or absorbing process, an amount of energy is
transferred to the target in the form of an excitation, and this excitation is then measured
via some type of sensor. In the case of a low-temperature micro-calorimeter, the excitation
being absorbed is typically a phonon or a superconducting quasiparticle. The way in which
these devices operate varies by technology, but for now we will simply think of a micro-
calorimeter as a sensor which absorbs an energy of d F and leave the details to later chapters.
Within the community of low temperature detectors, there are two highly related sensors:
the calorimeter and the bolometer. In many cases, these can be physically quite similar and
differ only in thier mode of operation. A bolometer measures a radiative flux, where as a
calorimeter measures the total absorbed energy from an interaction. Said a different way,
bolometer measure power, and calorimeters measure energy.

The ideal calorimeter model, originally described by Mather [78] for bolometers and
McCammon [79] for calorimeters, consists of an absorber with heat capacity C, connected
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to a fixed thermal reservoir] at temperature T via a thermal conductance G as shown in
Fig. (left). In this ideal model, it is assumed that there is a perfect resistive thermometer
held at the temperature of the absorber. In a realistic calorimeter, the resistive sensor is
thermally connected to an absorber, which is thermally coupled to the bath. In most designs,
the thermal links can be designed such that the absorber is effectively at the temperature of
the bath, and thus the model on the right side of Fig. [2.1] can still be approximated as the
figure on the left. The design of the sensor/absorber/bath system will also depend on the
intended purpose of the calorimeter: if the sensor itself is also the detector target, or if there
is an absorber target, where a thermal or athermal excitation in the absorber is measured
with the sensor. This will be discussed in more detail in later sections.

Sensor

% Gsa

Absorber
G

GAB
T S
Thermal Bath

Figure 2.1: Left: Schematic for ideal calorimeter/bolometer model. Right: Realistic model
for calorimeter/bolometer where the sensor is thermally connected to an absorber that is
then connected to the thermal bath.

The resistance R(I,T) of a resistive thermometer, or thermistor, typically changes as a
function of temperature (7) and current (I), which are characterized by the dimensionless
parameters

_ TO aR [0 8R

= 07 = o 2.1
“=Reor|, "TRyoI|, (2.

where the ‘0’ subscript represents the equilibrium values. The characteristics of a and 3
will depend on the material properties of the thermistor used. As will be discussed in fol-

I Also referred to as the thermal bath, or simply the ‘bath’
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lowing the sections, the sign of the temperature sensitivity determines the optimal operation
scheme for the sensors. In particular, for & < 0 the thermistor should be operated with a
constant current bias, and for o > 0 with a constant voltage. A schematic for an example
biasing circuit is shown in Fig. (left), where a current bias I is applied across a parallel
combination of a shunt resistor Ry, and the resistor. If Ry, < R(I,T), the voltage across
R(I,T) is approximately constant, and thus the thermistor is considered voltage biased.
Conversely, if Ry, > R(I,T), this becomes a constant current bias.

For some very low impedance current sensitive thermistors, the current through the
resistor is typically read out via an input coil coupled to a SQUID array. In a realistic
circuit there are parasitic resistances on both legs of the bias circuit, accounted for as R,
on the thermistor side. The parasitic line resistance on the shunt side of the circuit has
been bundled into the definition of Ry,. Additionally, parasitic inductance in the sensor line
is lumped together with the inductance of the input coil and labeled L. It will be made
clear in later chapters that it is necessary to minimize the parasitics on the shunt side when
designing the TES circuit, see Appendix |D|for discussion of how this is done in practice. For
simplicity, a Thevinin equivalent circuit (see the right figure of Fig. is often used, where
the voltage bias is given by Vg = IgR,, and the ‘load resistance’ is Ry = Ry, + R,.

SR

Figure 2.2: Left: Actual bias circuit. Right: Thevenin equivalent circuit, where Vg = Ig R,
and Ry = R, + Rgp.

2.1.1 Equilibrium Characteristics

Before getting into the dynamics of the model, it is worth looking first at the characteristics
of the system in equilibrium. With no additional input from the environment, we have two
power sources to keep track of: the joule heating (P;) from the applied bias and the cooling
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power (Ppagn) from the heat flow to the thermal bath. In equilibrium these two powers are

equal to each other, and commonly represented as Fy. The joule heating is simply,
‘/02

R(I,T)

P;=Vol = I’R(I,T) = (2.2)

where Vj is the voltage across the thermistor. For the cooling power of the bath, a power
law is assumed as per [80]

Pgan = K(T" — Tj), (2.3)

where n is the thermal conductance exponent and K is a normalization factor, both of which
are determined by the geometry and material of the calorimeter. The prefactor K can be
re-written based on the definition of the thermal conductance,

aP n—1 _ G
G .. ... GT n
Paun = o1 = 1) = < (1= 7). (25)

In equilibrium, the cooling power to the bath is equal to the joule heating from the
applied bias plus any additional parasitic power incident on the calorimiter (Ppy;).

Prathy = Pjy + Ppar (2.6)

Since typically the resistance and bias voltage can be precisely known, in the limit of no
parasitic power, the joule power can be used to estimate the thermal conductance in the
case that the operating temperature can be known.

n TN\ !

G :f(PJo + Ppar) (1 - T_i) (27)
TLPJO

G Pou =0T < T (2.8)

where the second line is the limiting case that the thermal bath temperature is much less than
the operating temperatureﬂ and there is no parasitic power. As we will see in later sections,
it is difficult to disentangle the effect of the parasitic power, as it is often degenerate with the
measurement, of operating temperature T. Note that depending on the sensor technology
being used, T" may not necessarily be known. For the case of a Transition-Edge Sensor, it is
typically reasonable to approximate T" ~ T..

2Note that due to the exponential factor of n, T typically need not be that much less than T for this
to be true
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2.1.2 Micro-Calorimeter Dynamics

The derivations in the following section are largely based on Lindeman [74] and Irwin and
Hilton [81], reproduced here for completeness. We can describe the thermal and electrical
circuits in Fig. and Fig. with a set of coupled differential equations. For the time
being, we will ignore noise terms. For a given power signaly| P, the thermal equation is given
by

ar
CE:_PBath—i_PJ—i_P? (29)

which is basically saying, the change in energy per time in the calorimeter is equal to
the power flowing in minus the power flowing out to the bath. The electrical equation, with
current through the micro-calorimeter I, is given by
dl
L%:VB—IRZ—IR(I,T). (2.10)
To solve this system of equations, we take the ‘small-signal approximation’ and expand
about the equilibrium values Ty and Ry. Starting with the thermal equation first, from
Eq. 2.3l and Eq. [2.4] the cooling power from the bath can be written as

Pgath & Paawn, +nKT" 6T (2.11)
~ Poatng + GOT (2.12)

where Pgath, = Pjy + Bpar + Psignal,, and the parasitic power term is assumed to be zero
frequency. For simplicity, we can wrap the DC parasitic power term into the Joule power,
and simply ignore it for now.

To approximate the joule heating power, recall that P; = I*?R(I,T), thus we must first
expand R(I,T) about Iy and Tj.

OR

R

R(I,T)~ R — oI —| 0T 2.13
(1,T) o+ﬁa]TO T, (2.13)

R R
~ Ry + B—201 + a==0T. (2.14)

Iy Ty

Using this result, we can now write the joule heating term as
Py~ Py, +2IgRy01 + I3 5@51 + a@(ST (2.15)
IO TO
2R,
~ PJO + [OR()(Q + 5)51 + « T (ST (216)
0

3Note that P here is simply a placeholder for signal power, noise, parasitic power, etc.
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where the ‘loopgain’ has been defined as

Pa ]gRooz

£ = = . 2.18
GTy GTy (2.18)
The last term in Eq.[2.9]is the signal term and is simply
P = Psignat, + 6 P. (2.19)
Combining these into Eq. 2.9] it becomes
doT
O~ == Piy — Paiguat, — GOT (2.20)
+Pj, + IyRo(2 + B)0I + LG6T + Psignal, + 0P (2.21)
Combining terms and dividing by the heat capacity C' we get
doT  IgRo(2+ 5) (1-2) opP
= ol — 0T + — 2.22
dt C T * c’ (222)
where we also defined the natural thermal time constant
C
=—. 2.23
r=2 (2.23)
We now turn to the electrical equation. Going term by term,
IR[ ~ IoRg + Reé[, (225)
and
Ry Ry
0 0
ZG
0
Combing these expressions into Eq. [2.10, we get
dol ZG
LE =Vo— IgRy — InRy — (Rl + Ro(1 + f3)) 61 — 7 0T + oV. (2.28)
0

Simplifying we get that the linearized small signal thermal and electrical differential
equations

dST  LR(2+P) ., (1-2) 5P

= il 0T+ (2.29)
dSI R+ Ro(1+8) .. ZG %
= 7 5 = 0T+ - (2.30)

There are two limiting cases for Eq. and Eq. that are easily solved.
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1. Zero loopgain limit: . = 0. In this limit, Eq. no longer has 07 dependence.
It can be integrated to give a solution of a single exponential with a time constant
referred to as the electrical time constant given by

L
RE—FRO(l +6)

Tel = (231)
2. Hard current bias limit: 0/ = 0. Similarly, in this case, Eq. [2.29 no longer has §7
dependence and can be integrated to give a single exponential solution with the constant
current time constant given by
-
1-Z
We note in this case, that in order for this to be a stable mode of operation, the
loopgain must be less than 1, i.e. a < 0.

(2.32)

T =

We now can use these time constants to simplify the coupled ODE’s

doT  IgRo(2+ 5) 1 oP
= ol — —o0T + — 2.33
dt C TI + C ( )
dol 1 ZG %
— =——0 — —0T + —. 2.34
dt Tel LI * L (2:34)
The above equations can be more compactly written in matrix format,

1 ZG %

d ol Tel ]OL ol L
dt (5T> T LR2+B) 1 ((5T> Tlop | (2.35)

C Tr C

Eq. can either be solved in the Fourier basis or by diagonalizing the matrix and
finding the eigenvalues and eigenvectors in time domain. We will show both methods below,
starting with the time domain solution to give more intuition into the micro-calorimeter
dynamics.

We first consider only the homogeneous solution, setting 6 P and V' equal to zero. In
this case, the solutions will be of the form,

(g;) =Ae My + A e Mv, (2.36)

where Ai are the eigenvalues, vi are the eigenvectors, and A4 are the normalization con-
stants. The eigenvalues are found to be

NP +Lil\/(i_i) IR -

Tt 2T 211 2 Ty T L T
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Micro-Calorimeter Response to Delta-Function Impuse

For calorimeter applications in which a discrete amount of energy is deposited in the detector,
the most interesting solution to Eq. is the case of a delta-function impulse of energy
into the micro-calorimeter. We define the impulse of energy at t = 0 to be

§T(0) = E/C = AT. (2.38)

As derived in Ref. [82], the current of the TES to an impulse of energy is given by

SI(t) = (2 = 1) (1 - 1) ( L CAT T (ot gty (2.39)

Ty T_ 2+ 0) IpRom? 7— — 74

It is worth noting the current response to an energy impulse is of the form of a 2-pole
exponential with rise time 7, and fall time 7_.

Micro-Calorimeter Responsivity

For the case of a bolometer, in which a constant flux of power incident on the detector is
being read out, the power-to-current response of the sensor is the most important parameter.
We consider the case of a sinusoidal power input of 6P = Re (§Pye’™?). In this case Eq.
becomes

1 LG 0
d ol Tel ]OL ol o
dt <5T) ~ 7| LR(2+B 1 <5T) +|op | € (2.40)
C ™ C

Again, from Ref. [82], we find that the current and temperature responsivities 01 /OP (w)
and sp(w) respectively, are given by

ol B 1 1 (=7 /m)(L—=71_/7)
9P T TR A B (O iwrs) (1 +iwr)

(2.41)

Al (t/re T/ + L - 1 4wt
G T (14 dwry ) (1 + dwT_)

sr(w) (2.42)

We can also express 0I /0P (w) in terms of thermal and electrical parameters using the
definitions of 74 from Eq.

oI 1 L R, Lt /1 1 W2r L1t
P ) = — . I 9.43
op @) Io R {TBZRO.,% + ( Ro) TWE (T, + Tel) % Ro] (2.43)
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Complex Impedance

As will be clear in subsequent chapters, the complex impedance Z(w) of the micro-calorimeter
circuit can be a powerful tool in characterizing the device. This can most easily be calculated
in the Fourier basis. Taking the Fourier transform of Eq. we get

1 %6 v
i Tel IhL ol L
it (w) = 7| LR2+H) 1 (w) R (244)
C Tr C
1 + 1w & 5_V
Tel IhL ol L
ChR24B) 1 <5T> =P |- (2.45)
C Tr C

The matrix on the left is commonly written as M and the inverse is often called the
‘generalized responsivity matrix’ [83]. We simplify the expression by multiplying by the
generalized responsivity matrix.

o

51 | L
(5T) =M™ [ sp |- (2.46)
c

Before we can solve this, we must explicitly write out the generalized responsivity matrix

i-f-iw —ﬁ
- 1. L. ZLRo(1+8)1 ! I I,L
1 I . - 0 +
M= [(Tez +M> (TI +M) i L T] Lfo2+6) 1 .| (2.47)
C 7_—6l 1w

We can now solve for the complex impedance by considering only a voltage excitation,
ie. 0P =0.

1 1 Z Ro(2 117" /1 %
[(— + iw) (— + iw> + M—} (— + iw) — =0/ (2.48)
Tel TI L T TI L
Simplifying and recalling the definition of 7.;, we get
8V : LRo(2+p5) 1
Zw =YWw)]'=s == 1 L 2.49
(w) = [Y(w)] 5T Ry + Ro(1+ B) +iwL + 0-2) 1+iwn (2.49)
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where we have also defined Y as the complex admittance. It is worth noting that the power
to current responsivity can also easily be calculated in this same way, except you set 6V =0
rather than 0P. It is clear from the form of the generalized responsivity matrix that the
poles of the complex impedance will be the same as for the responsivity (the responsivity
simply adds a zero). This is a very powerful fact, as the responsivity of a micro-calorimeter
is often difficult to measure, where as measurement of the complex impedance is easy to
perform. Due to their shared poles, the responsivity can be nicely written in terms of the
complex impedance

g—]ﬂ(w)zfoiigjl (1—1—jw1_7$> Z(w). (2.50)

Plots of the inverse complex impedance and responsivity are plotted in Fig. using
experimental values from C. Fink and S. Watkins et al [84].

Normalized Complex Admittance Normalized Current Responsivity
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Figure 2.3: Left: Example of typical inverse complex impedance, or ‘complex admittance’.
Right: Example of typical current responsivity.

2.1.3 Electrothermal Feedback TES

Before going into more detail of the dynamics of Micro-Calorimeters, it is now worth focusing
on the negative Electrothermal Feedback (ETF) Transition Edge Sensor (TES). It is impor-
tant to mention that many of the following results still apply to many micro-calorimeters in
general, but the derivations will be done in a more specific context.

A TES is a thin superconducting (SC) film that is biased in-between its SC and normal
state regions. The details of the SC region will be discussed in more detail in later chapters,
but for now this definition is sufficient. The negative ETF arises from the voltage biased
condition: R, < Rrgg in the biasing circuit in Fig. 2.2l This method was first demonstrated
in [85] and is now the most common method of TES operation.

The negative ETF is necessary to stabilize the TES due to the fact that it has a positive
temperature sensitivity, a > 0. This stability of the ETF for o > 0 can be intuitively
understood as follows:
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Voltage Bias: (o > 0) Current Bias: (a > 0)
e Energy deposition raises temperature of e Energy deposition raises temperature of
TES TES

Resistance of TES increases Resistance of TES increases

Joule heating lowers

Joule heating increases

Temperature of TES is lowered e Temperature of TES raised

Return to equilibrium Thermal runaway

Thus it is clear that a voltage biased TES will remain stable, while a current bias will
result in a positive feedback loop. Analogous to how negative feedback is used with an
Op-amp or transistor, the negative electrothermal feedback in a TES serves to linearize the
system. In this way, the small signal dynamical equations derived above will be valid for a
TES, despite its intrinsic non-linear nature. The opposite would be true for a sensor with
a < 0 for say an NTD.

ETF TES Readout

The operating resistance of a TES is typically below 12, sometimes as low as 10’s of mS2,
therefor a SQUID{Y array must be used to measure the current through the TES. As shown
in Fig. [2.2] an inductor L is placed in series with the TES, which is coupled to the SQUID
array. The SQUID is then connected to a high impedance amplifier, and fed-back via a
feedback resistor Rpp and feedback inductor Lgg. Requiring a SQUID array introduces
many complexities into the use of TESs, however their energy performance is so great it
outweighs these difficulties.

The bandwidth of a modern SQUID array is typically much larger than that of the TES,
and thus the overall bandwidth of the system is typically limited by the electronic time
constant 7, typically denoted as ‘L/R pole’.

1 Ry, + Ry(1
Wread out <, — — @+ 0( +ﬁ) (251)
Tel L

For optimum signal-to-noise (discussed later) we want a small Ry, however this lowers
our effective bandwidth. This limitation from Ry can be ignored if a sufficiently low L can
be achieved. We note that this L is really the combination of the input coil inductance plus
any parasitic inductance in the TES biasing circuit. More about this will be discussed later
when talking about experimental design.

4Superconducting Quantum Interface Device
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ETF TES Dynamics

We now return to the time constants defined as the inverse eigenvalues in Eq. As
motivated above, we want the input inductance to be very small. In this limit, if 7, < 7_,
then

Ty — Tal (2.52)

g 1+B+R5/R0
14+ 8+ Ry/Ro+ (1 — Ry/Ry)Z

T—

= TETF (253)

Where we have now introduced the effective electrothermal time constant mgrp (which is
also sometimes called 7.7 in the literature). Further still, in the limit of large loop-gain, or
equivalently large a, Tgrr reduces to

TRTF ~ 7 (Z >1). (2.54)
When operated with negative electrothermal feedback, TESs are able to have .Z > 1
and remain in stable operation. Typical values for . in modern TESs is between 100’s and
1000’s, thus the effective thermal fall time of an ETF TES is multiple orders of magnitude
faster than the natural thermal time constant.
With this low inductance approximation, the responsivity becomes

. (9] 1 1 (1—7’,31/7']) (1_7—ETF/TI)
1 - _ . 2.
smlarlrllL oP (W) I()R() (2 + 5) (1 + ’iWTel) (1 + iWTETF) ( 55)

In this limit, 7, << 7grr and 7 << 77. Thus for frequencies below 1/7grF, the respon-
sivity can be approximated as

g(w)N_(l—TETF/T[) 1
oP ~ [0R0(2 + ﬁ) (1 + iWTETF) ’

(2.56)

We can see that for low frequencies, the responsivity is essentially flat with a single pole roll
off at 7 ETF-

Energy Removed From TES by ETF

In the strong ETF limit, for frequencies below 1/7gr the current responsivity in Eq.
simply reduces to

ol 1

o) = LR - Ry 20
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and low frequency power inputs are equal to the change in Joule heating
dP; = —1(Ro — Ry)dl. (2.58)

Recalling that Ry = Vg/I — R, this becomes

dP; = — (Vg — 2IR,)dI. (2.59)

For a current excitation A, we can calculate the the change in Joule heating AP by
integrating the above expression

IL+AT
APy = / (Vi — 2IR,)dI (2.60)
1

AP; = (Vg — 2I4R))AI — AI*Ry. (2.61)
Finally, we can calculate the energy removed from the TES from electrothermal feedback
by integrating the change in Joule heating
Egrr = /APJdt = / [(VB — 214 Ry)AI(t) — AIz(t)Rg] dt, (2.62)
0

Where [ is the baseline current, and AI(t) is the time dependent current pulse.

2.2 TES Stability and Thermal Phase Separation

Up to this point, the TES has been thought of as a lump element at temperature 7. However,
this assumption is not always valid. A TES can be thought of instead as a series of discrete
resistors. The resistors will remain in thermal equilibrium as long as the thermal conductance
between the elements is large compared to the conductance to the bath. For a rectangular
TES, this can be expressed quantitatively with the inequality condition from [81]

9 L()Tcn
Q

R, <m (2.63)

where L is the Lorenz number, which is the dimensionless number relating a metal’s tem-
perature, thermal conductivity, and electrical conductivity. This topic of phase separation
will be expanded upon in the following chapter.

2.3 TES Noise Sources

We can now turn our focus to the intrinsic noise sources of the TES and readout circuitry.
The noise can be thought of as intrinsic and extrinsic. The intrinsic noise can be broken into
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three noise sources: the Johnson—Nyquist noise from the parasitic and shunt resistances, the
Johnson—Nyquist noise from the TES itself, and the phonon shot noise across the thermal
connection from the TES to the bath. The extrinsic noise is any contribution from the SQUID
and electronics readout, and additional environmental noise sources, e.g. IR loading, EMI,
etc. In principle, the extrinsic noise can always be made negligible, though in practice this
is often a very challenging task.

In order to compare the effect of all the different noise sources, it is necessary to reference
them to a common point. Naturally, the most logical place to do this is the current through
the TES. However, since ultimately we are measuring a power source, referencing the noise
to the input power is the most physically meaningful. It is common to present noise at both
of these reference points.

2.3.1 Passive Johnson Noise

Recall that the voltage variance per frequency in a given bandwidth, or the one-sided power
spectral density (PSD), of a resistor is given by

We wish to quantify the noise contribution of the passive components in the TES bias
circuit. Referring to Fig. this would be the Johnson noise from R, or rather, Ry, and
R,. Note that in order to create the current source in the left diagram of Fig. there is a
sizable resistor Rp at room temperature. It turns out that the noise contribution from this
resistor is suppressed by multiple orders of magnitude at the TES since most of it is shunted
to the Ry, leg of the circuit and is thus negligible [76].

There is some subtlety in the calculation of the noise from the load resistance, since
physically the components of this resistance are at different thermal stages. In the Pyle
lab at UC Berkeley, the shunt resistor is thermalized at the 100 mK stage. The parasitic
resistance in the wiring is primarily due to the contact resistance of the connectors in the
wiring, one end at the 100 mK stage and the other on the mixing chamber plate (< 10 mK)E]
Since the exact temperature of these resistances is difficult to quantify, it is easiest to lump
all of the resistances together at an effective temperature 7, and define the noise as

Sy, (w) = 4k (TshRsh +>° TpiRpi> = 4kpT,R,. (2.65)

This effective temperature can be estimated experimentally from the superconducting state
noise, which is discussed in chapter [l To reference this to the TES input current, we can
scale by our current-to-voltage transfer function, or complex admittance.

5See Appendix @I for details of this design.
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S, (w) = 4kpTyR, [V (w)|? (2.66)

ZLR(2+p8) 1 |7
(1—.,2”) 1+in[

St,(w) = 4kgTyRy |Ry + Ro(1 + ) +iwL + (2.67)
It is hard to gain much intuition from looking at this expression. Recall that we know
the general form complex admittance from Fig. [2.3] so the passive Johnson noise is simply
the square of this, scaled by 4kgT,R,.
More relevant to us is this noise referenced to input power. This is found quite simply

by applying the current responsivity (Eq. [2.50]) to Eq. [2.67]

-2

ol
Sp, = 51, 9P (W)| (2.68)
_92 1 . T -2
Sp, = 4kgTyRy | Z(w)| " Lo | 1 — 57 14 W Z(w)| (2.69)
Simplifying, we get the nice compact form of
L —1)?
Sp, = 4kBT£R£]02(,,ZT)<1 + w?r?). (2.70)

2.3.2 TES Johnson Noise

The Johnson noise from the TES itself is slightly more complex due to the fact that the TES
is a non-linear element. The voltage noise can be written as

SVTES = 4kBTORO£<[O) (2.71)

where £(I) accounts for the non-linearity of the TES. Irwin and Hilton in [81] treated the
TES as a quadratic resistor and used a first order Taylor expansion to get (1) =~ (1 4+ 2/5).
However, for devices with large «, and devices operated very low in the superconducting
transition, this expression tents to greatly under predict the Johnson noise [86, 87]. Further
attempts to better model the TES Jonhson noise required an understanding of the I — V'
characteristics in the superconducting transition region. Two common models are discussed
in the literature, the resistively shunted junction (RSJ) model |88, [89], and the two-fluid
model [90, 91]. The models predict the correction factor to be

€)= {1+§5+§52 RSJ

2.72
1+28+p% Two-fluid (2.72)



CHAPTER 2. MICRO-CALORIMETRY WITH TRANSITION-EDGE SENSORS 55

For the time being, we will use the definition derived by Irwin and Hilton for the Johnson
noise, but give the others as reference for when measured excess Johnson noise is discussed
later. We thus write the TES voltage Johnson noise as

SVTES == 4]{ZBTOR0(1 + 26) (273)

To reference this to the TES current is not as simple as the case for the load resistance.
This is due to the fact that the voltage-to-current transfer function was derived for an
extrinsic source. We now need to re-derive the the transfer function for a noise source
originating from the TES. We again follow a similar derivation as done by Irwin. Recall that
the Joule power is given by P; = IVrgs. From Fig. [2.2] we can use Kirchhoft’s voltage law
to re-express this as

dI
Py = IVigs = I (vB — IR, — Lﬁ> . (2.74)

For the Johnson noise from the TES, let us consider a small perturbation to the current
such that I— — Iy + d1.

(2.75)

d(Io + 01
Py~ (I +61) (VB — (Iy+61)Ry — L%)

Note that since this d1 term is originating internally, the zero frequency bias voltage is
simply VB = ]o(Ro + Rg)

d(ly + oI
Py~ (I + 61) (IO(RO + Ry) — (Iy+ 61 Ry — L%) (2.76)
) o1
PJ =~ IORO + [O(RO - Rf)é[ — [OLE (277)

Plugging this back into the electrothermal ODE’s in Eq. and taking the Fourier
transform, we get that the inverse of the generalized responsivity matrix becomes

L +w ﬁ
o IyL
Minternal = el 1 1 ° . (278)
[Io(Rf — R()) + ZWLIQ) — — 4w
O TI

Following the same process of before, we can use this to calculate the internal complex
impedance. After some algebra, we get

_ ol 1 ,
Yinternal(w) = [Zinternal(w” f = _(9_]3 (W) [0§<1 + ZCUT)- (279)
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This differs from the external complex impedance derived before by a factor of (£ — 1)
oI Z -1

(W=
op W

We can now express Eq. in terms of current using Eq.

Yexternal(w) = [Zextemal(w)]_l = (14 dwrT). (2.80)

SITES = 4kBTOR0(1 + 25) |Y;nterna1(w>|2 (281)

I? ol
SITES = 4kBT0R0(1 + 26)§02<1 + w27_2) 8_P (w) (282)
Finally, referencing this to input power we get
I3 2_2
Sprps = 4kpToRo(1 + 25)@(1 + w*T?). (2.83)

2.3.3 Thermal Fluctuation Noise

Our last intrinsic noise source to consider arises from the phonon shot noise across the
thermal link between the TES and the thermal bath. This is sometimes also called ‘G’ noise
or thermal fluctuation noise (TFN). We can quickly calculate the power spectral density for
the shot noise with a simple back of the envelope estimate. We can write the power spectral

density for a shot noise of quantum charge ¢ and average current <Q> wit

J(w) = 2¢ <Q> . (2.84)

For the case of a micro-calorimeter connected to a thermal bath, the average thermal
energy of a phonon will be kg7, and there will be a power flow of P = GT from both the
bath to the calorimeter, and the calorimeter to the bath. Thus the power noise will be

J(W)phonon = 2kpT (GT + GT) = 4kpT*G. (2.85)

There is a key assumption in the above expression, which is that the TES and the thermal
bath are at the same temperature. In an ETF TES (as well as many other calorimeters) this
is not the case. The non-equilibrium nature of the thermal link connecting the TES to the
bath is dependent on the nature of the thermal transport, and is derived in [78], |80] to be

Ta T n+1 1
(Thatn/To)"" + Ballistic limit

F(Ty, Toamn) = (2.86)

2 In+1
n (Toatn/T0) —1

- Diffusive limit
2n + 1 (Tbath/TO) —1
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Figure 2.4: Plot of the factor F(Tp, Thatn) with n = 5, which accounts for the fact that the
TES and thermal bath are at different temperatures.

As will be discussed later, for our devices the thermal conductance is limited by electron-
phonon coupling and thus n = 5. As shown in Fig. 2.4] for both the ballistic and diffusive
limits, F/(Ty, Thatn) =~ 0.5 as long as Than is less than about 0.75 x Tp.

Combining this together we get that the TFN power spectrum is given by

Sprpw = 4kT3GF(To, Toam)- (2.87)
This can be also be referenced to TES current in the usual way,

SITFN = 4kBT()2GF(T07 Tbath) ’Y(W)’2 . (288)

2.3.4 Electronics Noise

The contributions to the total noise spectrum from the electronics will generally be dependent
on the experimental setup. For a well designed system, the noise of the SQUID itself will be
the limiting factor in the electronics noise, and thus the electronics noise is often just referred
to as the ‘SQUID noise’. The noise of a SQUID array can be modeled as the combination

of a white component (S§}ifp) and a 1/ f-like component. This is written as
white Weut-off | "SQUID 2
SISQUID - (SS(SIEID [1 + ( w ) }) ) (2.89)

6See Ref. |92] for more detail on the subject of shot noise
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Figure 2.5: Left: Input referred current noise. Right: Input referred power noise, or NEP.
Both plots generated using measured values from [84]

where weyt o 1S the ‘knee’” of the 1/f component, and ngquip is the power of the 1/f
noise and is less than one. As usual, this can be referenced to power space as

SPSQUID = SISQUID \Z(W)FQ . (2'90)

2.3.5 Total Noise Contribution

Summing all noise sources together we get the expression for the total power referred noise
spectrum

Ig 2 2 2(3 - 1)2 2.2 SISQUID
Sptot ((U) = SPTFN + SVTES@(l —+ woT ) —+ SVZIOT (1 +w TI) + m (291)
op

It is common to report noise as the square root of the PSD, which would have units of
current or power, per square root Hertz. In the case of power referred noise, this is known
as the noise equivalent power, or NEP. Plotted in Fig. are both current noise and NEP
showing the total noise as well as the individual noise components, using measured TES
parameters from [84].

2.4 TES based Micro-Calorimeter Energy Resolution

Given that we know the intrinsic noise sources of a TES and understand the dynamics, we
can estimate the expected energy resolution. For a known noise and pulse template shape,
the optimal resolution is achieved with the ‘matched filter’, also often called an ‘optimum
filter” (76, 93].
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The expected power pulse shape p(w) will depend on the type of detector. If the TES
is directly measuring a photon, than the pulse shape will simply be a dirac-delta impulse
of energy, with some efficiency factor for absorption. If operated as the sensor in a thermal
(athermal) calorimeter, the the pulse shape can be approximated by

c (2.92)

pw) = 14wy’
where ¢ is an efficiency factor accounting for energy losses, and 7,, is the time scale for
collecting the thermal (athermal) phonons. The nature of the excitation for our purpose will
be athermal phonons as will be discussed in later chapters, but the framework is the same
regardless of thermal or athermal excitations.

Using an Optimum Filter with known pulse shape, the theoretical resolution of a TES is
given by

27 SPtot ((.U)

o? = UOOO d—”M} i (2.93)

In appendix [B| I derive that the energy variance for a TES in the presence of a DC
parasitic power source is

1
o’ = gSptot (0) (Tpn + Tx) (2.94)

where we obtain an effective noise time constant we call ‘tau-star’ given by

",
SO ks )
Ty ~TETF TT Sh . (295)
0 TLF(T(), Tbath) |:1 —+ S&}
Prren
and the zero frequency noise power is given by where
i 2
SPtot (0) = SPTFN + SPpar + =3 (SVTES + SVe (g - 1) ) : (296)

&2

It is interesting the note that the addition of an excess TFN-like power noise will actually
slightly decrease the effective falltime (giving the appearance of an increased bandwidth).
However, this effect on the overall baseline energy variance will be much smaller than the
increase in Sp,,,(0) that an excess TFN-like power noise would add. This false increase in
bandwidth can also be used as a diagnostic tool when looking at excess noise.

For the time being, let us ignore 7,,, letting it go to zero. The effects of 7, will be
discussed in great detail in the next chapter. We wish to determine the resolution of energy
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absorbed directly by the TES. For this limit we will label the variance as o4 to specify that
we are not considering 7,,. Let us also make a few further simplifications: We take the large
loopgain limit, .Z > 1, assume the parasitic power is negligible, Ti.n < Ty, and Ry < Ry,
which also implies that the Johnson noise contribution from the load resistance is negligible.
Lastly, we assume that the low frequency noise (noise below 1/7g7r) is dominated by TFN.
This last point is not only a reasonable assumption, but it is a design criteria in order to
maximize the signal to noise for the TES.

In this limit, Eq. becomes
1
0-”2I‘ES =~ ?4/€BT02GTETF. (297)

The ETF time constant in this limit is approximately

C\n
N ——. 2.
TETF G o ( 98)

Combining these two expression, we get

NG

1

Recalling for a metal at cryogenic temperatures, the heat capacity scales as C' < VigsT
Thus the fundamental energy variance of a TES scales like

VigsT?
o ox 8¢ (2.100)
«

This suggests that optimum energy sensitivity is reached with small volume, low-7, TESs
with large a’s. We have only considered this resolution from a noise perspective. However,
ultimately it is the signal to noise ratio that is most important. We will discuss in the next
chapter how to optimize the design for both signal efficiency and noise performance.
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Chapter 3

Athermal-phonon Mediated Detector
Design

The general detector concepts in this chapter are based on SuperCDMS technology. Much of
this chapter can be thought of as an updated understanding of where Noah Kurinsky’s thesis
left off [77], which itself was a continuation of Matt Pyle’s thesis [76]. This chapter will cover
the differences between thermal and athermal calorimetry [3.1], quasiparticle trapping [3.2]
QET Design and optimizing the energy resolution of a QET based athermal phonon
sensor [3.4] Tt is in this latter section that the concept of ‘Bandwidth Matching’ is discussed.

3.1 Thermal vs Athermal Calorimetry

Now that we have an understanding of the TES calorimeter, we turn our focus towards the
design of a full detector using TES sensors. We concluded last chapter with the understand-
ing that the energy variance of an impulse of energy into a TES scales as 025 o< VrgsT?,
suggesting that optimal performance is a achieved with small volume TESs. However, the
exposure of a rare event search scales with the target volume, meaning a small TES on its
own makes a poor DM target.

3.1.1 Thermal Calorimeter

To increase the exposure of the TES calorimeter, it is common to connect the TES to a
much larger volume heat capacity, and read out the change in temperature of the absorber,
as shown in Fig. This significantly increases the overall detector volume, but now
presents new issues. If the the TES is reading out the change in equilibrium temperature
(thermal phonons), then the energy variance of the detector is actually going to scale as

Oiet X OabsorberTo2~ (31)

Where Cipsorber can often be larger than C'rgg. Despite this setback in resolution, excellent
performance can still be achieved due to the temperature dependence of C,psorber-
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Figure 3.1: Thermal circuit for a thermal or athermal calorimeter

There is still one remaining problem faced by TES based thermal detectors. In a typical
experimental setup, the absorber is thermally connected to the bath via an interface of a
bulk material. This thermal conductance Gap is referred to as a Kapitza boundary and
is described by the acoustic mismatch model , thus the thermal conductance scales as
Gap < T?. A TES is a thin metal film typically O(10 — 100) nm thick, often much less
than the wavelength of thermal phonons at mK temperatures. Consequently, phonons are
being exchanged between the TES and the substrate, and thus the heat transfer is due to
electron-phonon (ep) coupling . For a thermal conductance described by ep coupling,
the temperature dependence goes like Gga oc T#. The problem should now be immediately
clear: as the operating temperature is lowered to mK temperatures, the TES will begin to
thermally decouple from the absorber.

3.1.2 Athermal Calorimeter

One solution to this thermal decoupling problem is simply to design a sensor that is pri-
marily sensitive to the athermal phonons in the absorber before they thermalize. A cartoon
schematic of this can be seen in Fig[3.2l A helpful way to think about this is that now the
‘incident particle’ we are detecting is no longer the particle interaction in the absorber, but
rather the athermal phonon itself. The reason this is beneficial is that now the only heat
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capacity to consider is the contribution from the TES, reducing the overall heat capacity by
many orders of magnitude. Furthermore, the decrease in thermal conductance between the
sensor and the bath Gga with operating temperature is simply a non-issue as we are not
concerned with thermal phonons.

/
\
A ,( /
VA 4

P
Thermal Bath

Figure 3.2: Schematic for athermal phonon sensitive calorimeter. The squiggly line represents
some kind of incoming particle (photon, DM, etc) and the dashed line is an athermal phonon.

\
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3.2 Quasiparticle Trapping

We now turn to the design of the sensors used in an athermal calorimeter. While a TES can
be used, and indeed this is done, the heat capacity can be even further reduced through the
use of quasiparticle-trap-assisted electrothermal-feedback TESs, or QETs. A schematic of a
QET can be seen in Fig. 3.3l The general idea of quasiparticle (QP) trapping was originally
suggested by Normal Booth for use with superconducting tunnel junctions (STJ) [96], and
first implemented with TESs by the Cabrera group at Stanford [75, [97]. The process of QP
trapping works as follows (refer to Fig. :

e Two SC materials are placed in contact with each other: one with a larger SC bandgap
(Al in our case) and one with a smaller SC bandgap (W TES in our case).

e The large gap material is used to cover a large area of the surface of the absorber
substrate, and is electrically connected to the small gap material.
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e When an Athermal phonon in the absorber is incident on the large gap material, if
it has greater than twice the superconducting bandgap (2A), then a cooper-pair is
broken into two QPs.

e The QPs diffuse through the large gap material, down-converting into lower energy
QPs and phonons.

e If the down-converted phonons have energy greater than 2A, more cooper pairs are
broken, else they go back into the substrate.

e Eventually the QPs diffuse into the low-gap material, downconverting until they reach
the edge of new bandgap and are collected.

Despite the term ‘trap’ being in the name, for the remainder of this thesis we will reserve
the term ‘trap’ to refer to QPs that get trapped due to some impurity and are never measured,
and the term ‘collected’ to refer to QPs that get trapped in the W/Al overlap region and
are measured. As an aside, since we use Al for the high-T, SC and W for the low-T, SC
(TES), I will henceforth refer to them as Al and W, rather than high-T. and low-T. for the
remainder of this thesis.

For the case of the QET, the lower gap material is a TES which is biased at its su-
perconducting transition temperature. Recall from BCS theory [98] that the ground state
superconducting bandgap at zero temperature is

Ay = 1.76k5T.. (3.2)

For a SC at finite temperature, the bandgap has a temperature dependence that goes as

AA(? g f1— % (3.3)

which says that as the operating temperature approaches 7., the SC bandgap approaches
zero (see Fig. [3.4). This reduction in bandgap is due to the fact that at finite temperatures
there are thermally excited QPs present, which reduces the number of available states to
electron pairs for phonon exchange. In this case, the TES behaves similar to a normal
metal, since it will have many thermally excited states. Because of this, the ‘collected’” QPs
strongly interact with the electron system in the TES and thermalize. This makes the final
thermalization step in the TES very efficient compared to other technologies like the STJ.

Now that we understand the process of QP trapping, let us consider how this can improve
the energy resolution of a TES. Broadly speaking, in order to efficiently absorb an athermal
phonon signal from the absorber, a relatively large amount of the surface area of the absorber
needs to be instrumented. (Later in this chapter we will discuss in detail exactly how much
of the surface needs to be instrumented). From Eq. we know the energy resolution
depends on the total TES volume, therefor covering a large amount of surface area with
TESs is detrimental to the energy resolution. Switching instead to QETs allows for the
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Energy

Absorber

Ephonon > 2AAl

Figure 3.3: Schematic of a QET. The right side of the figure shows the top view (XY-plane)
of a QET, and the bottom left shows the side view. The top shows how the band-gaps
change for different parts of the QET. The yellow circles represent quasi-particles, while the
grouped yellow circles represent cooper-pairs. The QP down-conversion process is shown
by the arrows representing QP decay to lower energy and a wavy blue line as the phonon.
The left most interaction represents QP down-conversion to sub-gap phonons. The next
illustration shows the chain of QP down-conversions for a collected QP pair. Please note
that these diagrams are not to scale.

same amount of instrumented surface coverage, but with substantially less amount of TES
volume. The reason for this, is that since the high-T, SC’s bandgap is far above the average
energy of thermal phonons in the absorber, the high-T, material doesn’t contribute to the
overall heat capacity of the sensor. Thus, QETs keep the same sensor coverage, but make
the effective TESs orders of magnitude smaller in volume.

3.2.1 Signal Efficiency Losses in QETs

It is clear that there are large reductions in fundamental noise by lowering the TES volume
through the use of QETSs. However, the QP collection process does introduce some inherent
signal efficiency losses. It is now worth discussing the signal flow in a QET in more detail to
allocate these sources of signal loss. For this section, we are only considering the QET, not
the detector as a whole, i.e. we are starting from the step where a ballistic athermal phonon
with energy Epnonon > 2A41 has already broken a cooper-pair in the Al fin. From this point
on, the following loss mechanisms occur:
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Figure 3.4: Plot of the measured superconducting bandgap A as a function of operating
temperature T for various SC materials. Also shown is the prediction from BCS theory,
given by Eq. 3.3, Figure adapted from Ref. [99]

1. Phonon to QP population generation efficiency (¢qp): An athermal phonon
from the substrate enters the the SC fin with energy €2; > 2A,; and breaks cooper-
pairs, exciting QPs above the SC bandgap. These QPs then down-convert into lower
energy QPs by releasing athermal phonons |[100]. If this secondary phonon has energy
Q) > 2A ), another cooper-pair is broken, else the phonon is called a ‘sub-gap phonon’
and will go back into the substrate. This creates a QP cascade, until all the QPs have
relaxed back to the SC bandgap edge. The QP down-conversion process is dependent
on the energy of the incident pair-breaking particle (athermal phonon in our case).

An important parameter to keep track of is the fraction of incident energy that remains
in the QP system (rather than the phonon system) 7, as a function of ;. If the initial
athermal phonon has energy of €); = 2A,;, then 7, is approximately unity. This is
because the QP’s created are already roughly at the band edge and will not undergo
down-conversion. If the incident athermal phonon has energy 2A,; < Q; < 4Ap, 75
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decreases significantly. This happens because for this energy range, during the QP
relaxation, the phonon released will have to be sub-gap, and thus not contribute to
the QP population. For incident energies above this range, 7, tends to asymptote to
a fixed value, this value depends in part on QP lifetimes and above-gap phonon loss
mechanisms. A plot of 7y as a function of incident energy can be seen in Fig. [3.5]
Since it would be near impossible to design an experiment in which all the athermal
phonons were magically right at the SC band edge, we opt to design a detector in
which the average athermal phonon energy is greater than at least 10A,;, and thus
the down-conversion process limits this efficiency to eqp ~ 0.5 — 0.6. This process
has been modeled by a number of different authors, for more details on QP phonon
down-conversion see Refs. [100-107].

Ns

02 .

hvs /A

Figure 3.5: Simulated fraction of energy that remains in the QP system in a SC after the
down-conversion process is complete as a function of initial energy of incident particle (Shown
here as a photon of energy hv,). Simulated curves are shown for various values of 7,/77,
where rgf is the is the characteristic phonon lifetime and 7, is the characteristic phonon
loss lifetime. Increasing the ratio 7,/ 735 while keeping all other material parameters fixed is

equivalent to increasing SC film thickness. Figure taken from [102].

2. Efficiency of QP collection (F.): There is now a population of low energy QPs
in the Al which will propagate diffusively through the fin until becoming trapped or
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Table 3.1: Description of the tunable QET parameters.

Parameter Description

lrEs Length of TES

WTES Width of TES

hTES Thickness of TES
hin Thickness of the Al fin
lan Al fin length

CLoverlap Length of W/AI overlap
NTES Total number of TESs/QETS
NFin Number of fins in QET

collected. Ideally 100% of the QPs are collected at the W/AI overlap region, but a
fraction of the QPs are lost before this is possible by trapping at the surfaces of the
fin, QP recombining into cooper-pairs, or trapping in flux vertices. Estimations of
these mechanisms must be done with empirically driven semi-analytic models. The
precise model would need to depend on many aspects of a given film’s quality and
design, which would become exceedingly complex. This efficiency factor could really
be broken up into two factors. One for the Al only, and one for the diffusion in the
Al/W overlap. However no test devices have ever been fabricated to study this effect.
Since we expect that the mechanisms are largely the same, it is easier to just lump
them together for now.

3. Thermalization of collected QPs in TES (eqp.trs): Lastly, once the QPs are
collected in the W /Al overlap region, they must thermalize in the TES. This process is
currently not modeled and has only been back calculated from previous CDMS detector
testing.

3.3 QET Design

3.3.1 Anatomy of a QET

The QETSs designed for SuperCDMS and SPICE consists of long thin W TESs with an overall
elliptical or circular shape [84, |108|, divided into a number of fins. Rectangular QETs are
also used in the case of the SuperCDMS HVeV detectors [109-111]. A schematic of a typical
QET design from a SPICE detector can be seen in Fig. (left) and the labeling/description
of the various tunable parameters can be seen in Tab. 3.1} The thin purple line is the TES,
the black semi-circles are the W/Al overlap regions, and the small purple connectors joining
the W/AI overlap to the TES are called the ‘fin connectors’ (see the right schematic in

Fig. .
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Figure 3.6: Left: Schematic of a typical QET. Right: Dimensions of typical TES fin connector
region.

3.3.2 Heat Capacity Contributions of QET

Due to the overlapping W and Al regions of the QET, it is not clear a priori which parts
of the W contribute to the overall TES heat capacity. This is due to the proximity effect
from the nearby higher-T, Al effectively raising the bandgap of parts of the W. We expect
the TES to be far enough away that it should not be effected by the Al (see section for
more details on what sets this length). We also expect that the proximity effect on the fin
connector regions and the W/Al overlap regions to be different. We can split all these terms
up to quantify the total effective volume of the TES as

‘/eff - VTES + CW/AIVW/AI + Cconnector‘/connectora (34)

where Viy/a1 and Veonnector are the true volume of the overlap region and the fin connector,
and CGwy/ar and Ceonnector are efficiency factors to account for the proximity effect from the Al
We also introduce a unit-less volume parameter

Vres
CT - ) (3 5)
Vers

where smaller number indicates that the fin connector and overlap volumes contribute
significantly to the heat capacity, and a value of one indicates that only the TES itself
contributes.

2017 QP Mask to Study Volume Efficiency Factors

A detector set was designed to measure the efficiency factors (w/a1 and Ceonnector by former
UCB engineer Suhas Ganjam. The series of sensors consisted of an array of W TES lines,
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Figure 3.7: Photolithography mask for series of sensors designed to study the effective TES
volume for various geometric designs. The red represents W and the blue represents Al.
Zoomed in sections of each device are overlaid.

an array of W TES lines with fin connectors added but no Al, and an array of W TES lines
with fin connectors and a W/Al overlap region, shown in Fig. .

By measuring equilibrium bias power as a function of bath temperature, Eq. can be fit
to extract the thermal conductance normalization factor K. Since the thermal conductance
of these W films is dominated by electron-phonon coupling, K is given by

K =%3Vess (3.6)

where EXZ is the electron-phonon coupling constant. This is a material property (for example
it could change for different ratios of a-phase and S-phase W), and we would expect it to be
constant for all the devices studied in Fig. Measuring K for multiple devices, Eq.
can then be used to solve for Z;’X, Cwy/al and Ceonnector- The study found that

xy =0.25 x 10

Cconnector =0.9
Gw/a1 = 0.13.

= (3.7)

Cryogenic PhotoDetector (CPD) Measurement

The Cryogenic PhotoDetector (CPD) described in section was also used to bound the
effective volume factors. In order to make the detector design simulations match the achieved
performance, it was necessary to increase the effective volume factor for the overlap region
in the models from 0.13 to 0.45. Combining these two different measurements, we get that

gconnector =0.9 (310)
CW/AI =0.13 — 0.45. (3_11)
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Historically SuperCDMS did not separate these parameters, and treated thier effective
sum to be ¢ = 0.7 in their designs 76} 77]. It was not clear which part of the fin connector
and overlap contribute the most, but it was assumed that the fin connector had a larger
effect. However, this new measured non-zero value for (w/a1 means that we pay a sizable
heat capacity penalty for large W/Al overlap regions. In the next few subsections, the
quasiparticle signal path from Al into the TES, and examples of how design criteria effect
this signal flow, will be discussed.

3.3.3 Al Fin Design

The next important parameter to tune is the fin size. In the most simple terms, we will
think of this as the length of the fin and the thickness of the fin, we will then add in the
complexity of the overall shape of the fin and W /Al overlap region.

From the point of view of absorbing athermal phonons, larger fins make sense, as this
would allow for the efficient collection of more signal. However, SC films have a finite
diffusion length L, (average distance QPs travel before recombination) for reasons not well
understood. In order to maximize the signal efficiency in the Al fin, the QPs must be
collected before they have time to recombine. For a perfect QP absorbing W/Al interface,
this suggests that the characteristic length of the Al fins /g, should be roughly equal to the
diffusion length. We will see however that in practice this is not necessarily true.

1-D QP Dynamics Study

The diffusion length in Al QET fins was studied by Jeff Yen and the Cabrera group at
Stanford [112, [113] with a series of devices shown in Fig. [3.8] Measurements of these devices
showed that the diffusion length scaled linearly with the Al film thickness, as shown in
Fig. 3.9 The diffusion length was measured to be

Lg = 567 hgy,. (3.12)
From this, we see that as a first approximation we should design fins that are
lin < Lg < 567 hgy. (3.13)
We can think about the collection region, still in 1-D, with a simple diffusion equation
on(zx,t) *n(z,t)  n(x,t)
~~ =D - — - 0(x —x0)o(t —t 3.14
o) = Dt = L g6 — )i o), (3.14)

where Dja; and 7a; are the QP diffusivity and QP collection time, ¢d(x — x¢)d(t — to) is
a source term, and n(z,t) is the number density of QPs. Using the derivation by Robert
Moffatt (see appendix D of [114]), we get that the average collection fraction is given by

Fc = Ad )
Aa/Ad + coth (t)

(3.15)
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Figure 3.8: Image of device used to study QP transport and collection in W/Al QETs,
from [113]. (a) A QET test device with W TESs at the ends of an Al film in the center of a
ring of QETs used as a veto for substrate events. (b) SEM image of fabricated device. (c)
‘Standard’ device geometry. (d) ‘Inverted’ device geometry.

where
L
A= 2 (3.16)
gﬁn
L, D
A = — Al (3.17)

= )
gﬁn Vabsgﬁn

and s can be thought of as an effective QP velocity.
We can now express this in terms of QET parameters. Since the study in |112, [113]
showed that the diffusion length is limited by film thickness, we can write

hgin
Mg & 5672 (3.18)
gﬁn
We now need to express Da; and v, in terms of QET parameters. From the Einstein-
Smoluchowski equation, we can express the diffusivity as
1 \2 1

Dy = ——— =)\ 3.19
Al QTQP 5 vQp, ( )

where ) is the mean free path for a QP. For thickness limited films, the mean free path can
be determined from geometrical constraints. This is a good point to pause and motivate why
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Figure 3.9: Measurement of diffusion Length L, in Al films as a function of film thickness for
3 different fin lengths. The black dashed line is the linear fit to the data, with the intercept
kept fixed at zero. Figure adapted from [113].

we are discussing a 1D (and next 2D) diffusion model for a 3D QET fin. From Ref. [115] the
mean free path in a 3D box of length /g,, width wg,, and height hg, is given by

N4 Volume

"~ " Surface Area’ (3.20)

It turns out the the geometry in the XY plane is actually relatively unimportant for this
parameter in the limit that the dimensions in this plane are much larger than the thickness,
i.e. lan, wan > hgy. That is to say that the surface area of the faces of the QET fin are much
greater than the surface area of the sides of the fin. In this way, we can write

Surface Area = SAsides + 2SAsingle face ~ 2SAsingle face (gﬁny Whn > hﬁn)- (321)

Thus the mean free path is now

hﬁn SAsingle face

A4
QSAsingle face

~ 2hgn. (3.22)

Plugging in this mean free path we get that

DAl ~ hﬁnUQP. (323)
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Next we can characterize the effective QP absorption velocity as

goverla
Vaps = VQP hﬁ ppabsu (324)

where pgps is the probability of absorption happening at the overlap region once it is at the
collection site. This probability has been measured to be approximately pgps ~ 1.22 x 1074,
This is a very small number. This means that on average, a QP must interact with the
W/Al region ~ 10* times before it will be collected! Finally, we can combine these relations
to express A, as

DA1 . hﬁnUQp . 1 h%n

Ao = (3.25)

Vabsgﬁn B Vabsgﬁn B DPabs goverlapgﬁn‘
Lastly, the quantity A,/\g is

A 11 hg,
)\d B 267 Pabs goverlap.

(3.26)

Given the parameterization done in this section, the definitions of A\, and A4 also hold for
the 2D diffusion model used in the next section! Using this new factorization, the average
collection fraction in Eq. becomes

5672
F.= : (3.27)

1 1 hﬁn 1 gﬁn
coth | z= 7=
Pabs 567 Loverlap + (567 hen

A plot of this collection fraction as a function of fin length can be seen in Fig. [3.10| (left).
Before moving on, it is useful to examine some limiting cases to gain some intuition. Using
any reasonable design parameters for hg, and fg,, our definition of A; can be made much
larger than one. As such, we can Taylor expand the coth()\gl) term in Eq. [3.15] Doing so,
we get that

1 1
T 14 e ]

)‘3 zovelrlap 5672pabs

L Ag> L (3.28)

This simplification is plotted against Eq. for various fin thickness in Fig. In
the plot we can see that as long as we are in the thickness-limited QP diffusion limit, the the
collection fraction gets asymptotically close to the large Ay approximation. This implies, that
the limiting factor in the QP collection fraction is actually the QP absorption probability pups
at the W/Al interface. Increasing this value will be crucial in improving QET performance.
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3 1-D QP Diffusion
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Figure 3.10: Left: QP collection fraction for a 1-D QET model as a function of g, /Covertap
for various film thickness hg, (Eq. . Right: QP collection fraction for a 2-D QET model
as a function of lgy, /lovertap for various film thickness hg, (Eq. . Shown on both figures
in dashed blue, is hg, = 600 nm, the thickness commonly used on our current devices.
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= @

Figure 3.12: Left: Example of an old CDMSII era QET that can be described by a 1D
diffusion model. Figure from . (Blue is Al, pink is W). Right: A more modern elliptical
QET design from SPICE that is better modeled with a 2D diffusion model.(Green is Al,
purple/black is W)

2-D QP Diffusion

The previous model describes the devices in Fig. and Fig. (left) very well. However,
as can be seen by comparing the two QET’s in Fig. for a fixed TES length, the elliptical
design can effectively instrument more surface area of a detector. This can be seen by noting
that on the left and right edges of the CDMSII style QET, these fins will be very ineffective
as they are not maximizing the amount of Al the TESs could be connected to.

200

Figure 3.13: Transforming ‘elliptical’ QET design into two concentric circles to estimate QP
collection fraction for elliptical QET design.

To model the QP diffusion in a device like Fig. (right), we approximate the QET
as two concentric circles as shown in Fig. |3.13] The exact transformation depends on the
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details of the design of the QET, but to good approximation, we define the outer radius

circumference of ellipse

Ry = 3.29
2 27 ( )
14

Major Axis & —=5 4 /g (3.30)
Minor Axis & lgy,. (3.31)

The inner radius is more subtle, but for now, we approximate it as
R, ~ \/Area of overlap' (3.32)

T

Please note that this definitions of Ry and R, are only shown here for scaling purposes,
the actual definitions used in a real device are specific for each design.
As derived in [114], the average QP collection efficiency in a 2D annulus is given by

2p1 Li(p2) Ki(p1) — Li(p1) Ki(p2)

PP = : (3.33)
ps — pi 11(p2) [Ko(p1) + XAaK1(p1)] + K1(p2) [lo(p1) — Aali(p1)]
where
Ry
_ B 34
p1 L, (3.34)
_ R
p=1 (3.35)
L
A, = 2. .
=7 (3.36)

A plot of the 2D collection fraction as a function of QET fin length can be seen in
Fig. As is clear in the figure, the QP collection is worse for the 2D case. This is not
surprising, since in the 2D case there is less inner area to collect QP’s by a ratio of R;/Rs.
Then one might ask what is the point of going from a 1D design to a 2D design? The answer
to this question can be understood by considering that the important design parameter is not
the length of the fins, but the total area of the instrumented QET, Aqgr (or equivalently the
area of an individual fin). When the collection fraction for the 1D and 2D cases are plotted
as a function of QET area in Fig. [3.14] we can see that the 2D QET design is actually more
efficient.

Trapped Magnetic Flux

Although Al is a type 1 superconductor, thin Al films have been shown to transition to
an intermediate type superconductor for characteristic sizes of roughly 40 um [107]. This
means that even though a type 1 SC should not allow magnetic flux, an intermediate type
SC is able to develop magnetic flux vortices [98], which would act as a QP trap. This is not
something that has been rigorously studied in SuperCDMS, but it is a hypothesis to explain
measurements of lower than expected collection efficiencies. As a precaution, holes in the
fins have been placed to try to break any continuous regions of the fin to be less than 40 pym.
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Figure 3.14: QP collection fractions for simplified 1d (solid) and 2d (dashed) QET designs
as a function of QET area for various values of {oyerlap, using frgs = 100 pm. The 1D area is
estimated as ~ 20g,f1Es, and the 2D QET area is estimated as ~ mlg, (b1rs/2 4 lgn)-

QP Recombination Time

There is one final check we must do regarding the length of the Al fins. In order to efficiently
capture the QP’s from the initial athermal phonon event, we need to wait for the prompt
signal to create the QP cascade of low energy QP’s at the band edge. This process typically
takes about O(1)ns [106]. Next, we need to make sure the QP’s are collected in the W/Al
overlap before we begin losing signal efficiency due to quasiparticle recombination. This
recombination time in SC Al films has been measured to be O(.1 — 1) ms [116} [117]. We can
estimate the time it takes for the QP’s to be collected by saying the average time it takes a
QP to diffuse a distance fg, can be calculated as

2
gﬁn

rap = . 3.37
T P 2DA1 ( )

We know from the QP diffusion studies described above that the the diffusion of the Al
films we use are limited by thickness, thus the diffusivity can be estimated with

Al
UQP hﬁn

T (3.38)

DA]%
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where from BCS theory the QP velocity can be estimated as [11§]

A~ ol 1 — A : 3.39
for = UE A+kpT) " (3:39)

where vl = 2.02 x 10°m/s is the Fermi velocity of Al [119]. Using a fin thickness of
hg, = 600nm and a fin length of /g, = 100 um, we get that the QP collection should be
Ta1 & O(100ns). Thus we are nowhere near the timescales of QP recombination. Also, since
the this timescale is many orders of magnitude faster than the ETF-TES time constants that
we are concerned with, for the time being we can ignore the QP collection time and simply
consider the time between athermal phonon absorption to collected QPs to be instantaneous.

3.3.4 W/AI Overlap Design

In the previous section it was determined that for a given QET area, an elliptical or circular
design was most efficient. We now turn to the question of the W/Al overlap design. As a
reminder of the optimization trade-off we are trying to solve - we want to have the largest
QP collection area possible with only adding minimal heat capacity. In older CDMSII era
designs (see Fig. left), the amount of overlapping and non-overlapping W was equal. In
more modern designs, as seen in QET of the CPDv1 in Fig. left, it was found that the
important parameter was only the overlapping area. The reason for this is the QP absorption
probability at the W/Al interface of p ~ 10~%. Since the QP’s will have to interact with
the interface 10* times on average before absorption, the shape of this region is largely
unimportant.

The overlap design used in the CPDv1 can be further optimized, as in the case of the
SPICE MELANGE QETs in Fig. (middle). These designs have pushed the W overlap
further into the QET such that almost all of the W area is within the Al fin. Furthermore,
as a second-order optimization the ‘rectangular’ shape of the overlap has shifted to a ‘semi-
circular’ shape. This was done in an attempt to ensure that all trapped QP’s had an equal
path of travel into the TES, shown by the red arrows in the right side of the figure.

While this design criteria has not yet been systematically studied, the most efficient
athermal phonon sensors designed by SuperCDMS have used a design similar to the one in
Fig. (right) with the HVeV devices [110, |111] achieving total efficiencies of 2 29%. This
measured efficiency is the total athermal phonon collection efficiency, so it is not conclusive
that the efficiency gains are due to the overlap region, but it at least suggests the intuition
in the design is correct.

Another change that has been implemented in the last few years is the addition of a 2 um
gap between the bottom of the W/Al overlap, and the edge of the Al fin (see right schematic
in Fig. [3.15]). This is done to account for alignment errors between the different layers in
the photolithography processes. With our current fabrication at Texas A&M (TAMU), the
alignment of the layers has a 1 — 2 ym uncertainty. This added 2 ym buffer in the design
ensures that the overlap will be fully covered by Al. This helps guarantee equal QP collection
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efficiency across all fins, but more importantly, if part of the overlap was not covered by Al
it would contribute much more substantially to the overall heat capacity.

Figure 3.15: Comparison of CPD V1 QET Design (Left) from with SPICE MELANGE
4% QET (Middle). The red arrows on the zoomed in portion of these two QETS points to
‘excess” W on the CPD that will only serve to add more W volume to the system without
gains in QP collection. Right: Zoomed in version of W/Al overlap of SPICE QET showing
QP path to TES (red arrows). For the left figure, light blue is Al, dark blue is W. For middle
and right figures, green is Al and back/purple is W.

3.3.5 Design of TES Fin Connector

With the QP’s now collected in the W/Al overlap, they need to be efficiently transported
into the the TES. Intuitively it would seem like the most efficient transport to the TES would
be to have a wide fin connector, as shown in Fig. m (left). However, the heat capacity
from even a single fin connector of this size would be larger than that of the whole TES. The
next idea would be to ‘funnel’ the QP’s into the TES with a design like Fig. [3.16] (middle).
However, this design also adds a sizable amount of heat capacity. From historical CDMS
QET R&D designs, it turns out that a fin connector of the same width of the TES, 2.5 um
is able to efficiently transport QP’s while adding the least amount of heat capacity. This
concept has been adopted in the design of Fig. |3.16| (right), where the majority of the fin
connector is made the same width as the TES, but there has also been a gradual narrowing
in two steps.

Another factor in the design of the fin connector is the overall length, separating the fin
and the TES. Due to the presence of the high-7,. Al fin, the T, of the W will be altered
at some length scale due to the Longitudinal proximity effect (LoPE) , in much the
same way that the bandgap of the collection region in the W /Al overlap region is in-between
that of of Aw and AAﬂ We want to ensure that no part of the TES is proximitized
as this will create inhomogeneities in the TES, potentially leading to poor performance and

'For a good summary of the proximity effect, see chapter 6 of Paul Brink’s thesis |\
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Figure 3.16: Schematic showing conceptual fin connector designs (the purple region con-
necting the black overlap region to the purple TES). Left: most efficient from QP transport
perspective, but poor noise performance. Middle: Idea to ‘funnel’ QPs to TES, while re-
ducing the W volume of the design on the left. Right: Actual fin connector design from a
SPICE QET, where the bulk of the fin connector has been made as narrow as possible, but
the funneling concept of the middle idea has been incorporated into the W /Al area part of
the connector.

instabilities. The characteristic length scale at which the proximity effect becomes important
is the temperature dependent coherence length &(7T).

A an important parameter for a SC is the ratio of the electron mean-free-path [ and the
zero temperature coherence length of a pure sample of the material &, classified as

fio >1 — ‘Clean Limit’ (3.40)
fl_o <1 — ‘Dirty Limit’. (3.41)
We can calculate the electron mean-free-path for W from [121]
[= T (3.42)
Nefre€”Pw

Where m, is the electron mass, v}y is the Fermi velocity of electrons in W, e is the

electron charge, n.rs is the effective density of electrons in W, and pw is the resistivity of
our W films, the values for which can be found in Tab. The zero temperature coherence

length is given by

hUF
kpT.

£~ 0.18 (3.43)

Assuming a T, ~ 40 mK, we get that [ ~ 10 nm and &, ~ 24 um, thus our films are clearly
in the dirty limit. The relevant parameter to us is the temperature dependent coherence
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length. In the dirty limit, for temperatures close to T, this is given by [122, |123]

E(T)r—r, = 0.854 ol (3.44)

T
T.—T|

A plot of this temperature dependent coherence length can be seen in Fig. [3.17] Since
the operating temperature is typically 0.5 — 1 mK of the transition temperature, this puts
the coherence length at about £ ~ 3 — 4 uym. This means that to ensure that the TES is not
proximitized by the Al fin, the fin connectors should be at least 4 ym long. Accounting for up
to 2 um alignment errors, we choose to be conservative in the design, and use a fin connector
length of lconnector = 6 pm. A measurement of this parameter can be seen in chapter

Coherence Length for W
with T, =40mK

-
-
-
-
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——————
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/T,

Figure 3.17: Plot of the temperature dependent coherence length near T~ T, (Eq. [3.44)) for
a SC W film with 7, = 40 mK.

3.3.6 Number of QET Fins

The reader might have noticed that in almost every QET diagram shown thus far, there
have been multiple Al Fins and collection areas leading into the TES. There are a number
of reasons for doing this. The most simple of which is that in order to apply a voltage across
the TES, there needs to be at least two fins. A more precise reasoning to set the number of
fins is as follows: At this stage in the signal path, the the QP’s have traveled down the fin
connector, and need to thermalize in the TES. There are two potential problems here:
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Table 3.2: Values for various physical constants there were used in calculations in this
chapter.

Symbol Description Value

PW Tungsten Resistivity 9.6 x 1078 [Qm]
Ly Lorenz number 2.44 x 1078 [Vg—?}
ZZZ Electron-Phonon Coupling Constant 0.22 x 10° [%]
cw Specific Heat for Tungsten 108 [ﬁ}
vy Fermi velocity of electrons in W 1.35 x 10° [m/s]
vl Fermi velocity of electrons in Al 2.02 x 10° [m/s]
Neff effective density of electrons in W 5.49 x 10*? cm ™3
(Cs)gi Average sound speed in Si 6546 [m/s]
S-Al | Phonon absorption probability for Si/Al interface 0.9

1. If all the heat transfers into the TES at a single section of the TES, there runs the risk
of exceeding the critical current of a small section of the TES, while the remainder of
the TES stays in transition. This can cause the TES to become highly non-linear, and
degrade performance.

2. There is also the issue that it takes a finite amount of time to thermalize in the TES.
We can estimate this time in a similar fashion to the QP absorption time estimate. We
already calculated the mean free path of electrons in W to be [ ~ 10 nm, and thus the
diffusivity for our W films is Dy ~ v}¥1/3 ~ 0.002m?/s. This means the average time
for QP to diffuse across a TES of length f1gs = 300 pm is Tipermalize = E?FES /(2Dw) ~
20 us. As will be seen in the chapter [0 this is similar to the ETF time constant of
the TES. This would significantly degrade performance by causing saturation effects
at lower energy scales.

Both of these problems can be minimized in the QET design through the use of multiple
fins/fin connectors. As can be seen in most of the QET diagrams in this chapter (e.g.
Fig. , the fins are broken up into equal area segments, and the fin connectors are equally
distributed across the length of the TES. This limits the possibility of creating ‘hot spots’
in the TES, and also vastly reduces the thermalization time constant Tipermalize- AS & rule of
thumb, we set the number of fins such that the length of TES between QP injection points
is 25 — 50 pum, which corresponds to Tinermalize = 0.1 — 0.5 ps, meaning this time constant can
effectively be ignored.

There is one final benefit to subdividing the elliptical QET into wedges. The thinner
the slices, the more ‘one-dimensional’ the QP diffusion behaves in the fin. As we saw in
Fig. [3.10] all else being equal, for a given fin length, the 1-D diffusion is more efficient.

It is also worth noting that there are downsides to adding more fins. For example, for
every ‘slice’ the QET is divided into, empty area is introduced by separating the Al. This
means that QETs with more fins have less active sensor area than equivalent footprint QET's
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with less fins. Also, each fin requires a W/Al overlap region as well as a fin connector. Both of
these increase the heat capacity of the TES which can limit the baseline energy performance.
This implies that smaller QETs will actually benefit from having less fins.

3.3.7 TES Dimensions

After the long journey from athermal phonon to QP’s in the Al fin, through the collection
region, down the fin connector, we can finally consider the TES! It is now time to decide
on the total number of QETSs (nrgs). There are a number of design criteria that go into
this decision, but for now we will simply look at how this parameter depends on the TES
properties. For a W TES film, the normal state resistance is given by

U1Es

Rsingle = Ppw (345)

)
wresNTES

Where py is the resistivity for Tungsten. As will soon become clear, we need more than a
single TES/QET instrumenting the detector. We connect nrgs TESs in parallel, such that
the normal state resistance of the full sensor array is given by

Ry = 2wt (3.46)
nTEs WrEsATES
We learned in the previous chapter that the energy resolution of a TES is improved as
volume is decreased, thus we want to minimize the quantity Vrgs = lrgswreshtes. From a
signal efficiency perspective, for a fixed TES volume, a long-thin TES is much more efficient
than a short-stubby TES. A long-thin TES allows for more Al fin area in contact with the
TES for a given volume. As such, wrgs and hrgs are set to the smallest values that we
can consistently fabricate, which are currently wrgs = 2.5 um and hrgs = 40nm, for a
photolithography process. Therefor the number of TESs is determined by

Pw l1Rs

NTEs = (347)

wrpshres Ry’
Where it is really only the ¢Tgs and Ry parameters that are practically tunable.
Additionally, the normal state resistance has the following constraints:

e ETF criteria: Recall from chapter |2 that for the TESs to be in the extreme negative
electrothermal feedback regime, we need . > 1 and Ry > R,. The loopgain tends to
be highest very low in the transition, so we want to operate the TES as low as possible.
However, to meet the second requirement, we need to have the operating resistance
be much larger than R,. This ETF condition would suggest large resistances operated
very low in their transition are best.

e SQUID Amp Bandwidth: As discussed earlier, the bandwidth of our SQUID feedback
amplifier is limited by the ‘L/R’ time constant. Thus the effective bandwidth of the
SQUID amplifier can be increased with a larger Ry.
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e TES Johnson Noise: As discussed in section the input-power-referred noise PSD
of the TES Johnson noise scales as Ry, thus from a noise perspective we want the
resistance to be as small as possible.

As will be seen in chapter [ the optimum TES operating resistance is typically in the
range Ry ~ 0.2 — 0.5 Ry. This means that 0.2Ry > Ry, which for the SPICE and Su-
perCDMS electronics, R, is about 7 — 15mf). On the high side, we want to maximize the
signal to noise of the readout system, which means we want as low an operating resistance
as possible. We will find in the next section on low-surface coverage designs that this upper
bound can become problematic for designs with very few TESs. Combining all of these cri-
teria together, we find that the optimum normal resistance for our system should be roughly
around R,, ~ 300 — 400 m{2.

The length of the TES has an upper bound set by thermal phase separation. This was
introduced in the previous chapter with Eq.[2.63] In light of the QET parameters introduced
in this chapter, we can re-express this in more useful terms. As derived in [76], this can be
written as

72 LoCr
nSW T2y [% (1 - —T;fa,gh) - 1} ’

(3.48)

gmax =

Interestingly, this tells us that as we lower T,, phase separation becomes less of a concern.

3.3.8 QET Summary

Perhaps the most powerful implication of the results of the past few sections, is that since
all the QP dynamics are orders of magnitude faster than the characteristic time scales of the
ETF-TES, the dynamics of the QET are effectively just that of the bare TES. This is huge,
as it allows us to separate the R&D into multiple parallel paths

1. TES dynamics - Sets the bandwidth and and fundamental noise resolution

2. QP dynamics - Controls the signal efficiency

3.4 Optimization of QET based detector

In the last section, we discussed the factors that go into the design of a QET from the
perspective of optimizing QP collection within the QET itself. We now discuss the design
considerations for a QET based athermal detector as a whole. A schematic of the detection
process can be seen in Fig. In the previous sections we discussed in detail what
happens when an athermal phonon interacts with our QET sensor. We will take a step back
and discuss what happens to the phonons in a target after a particle has deposited some
energy in it.
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Figure 3.18: Left: Dark matter scattering event in solid state crystal creating an athermal
phonon (red arrow) The different decay modes and energy loss mechanisms are shown. Right:
Schematic of the phonon distribution as a function of phonon energy. Figure from Ref. |124].

3.4.1 Phonon Lifecycle in Substrate

When an incident particle (DM, photons, etc.) hits the absorber (e.g. Si wafer), depending
on the mediating force of the particle, either optical phonons or energetic acoustic phonons
are created. These optical phonons quickly decay into the acoustic branch on the order
of 10 — 100 ps [124], which creates a high energy population of acoustic athermal phonons.
These phonons propagate quasidiffusively due to their very short mean free path. During
this time the phonons are down-converting to lower energy states. As the energy of the
phonons lowers, the mean free path increases. Eventually the mean free path of the phonons
will be on the order of the size of the detector target, at which point the phonons are
considered ballistic, as they will bounce around the detector much like pool balls. These
processes continue until the phonons are collected by the instrumented area. There are a
few fundamental phonon scattering mechanisms to consider [125]:

1. Isotopic scattering: a phonon will scatter when it encounters an impurity in the
lattice. This is common even in single species crystals from the different isotopes
present. Even relatively pure Si will still contain 28Si, 2*Si, and 3°Si. This scattering
rate is energy dependent,

I'; = R, (3.49)

where v is the phonon frequency, and R; is material dependent decay rate constant.
For Si, this value has been calculated in terms of the second and third order elastic
constants in the isotropic model to be 2.43 x 1072 [126]. Note that no energy is lost
in this process, only the direction of the phonon is changed.
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2. Anharmonic decay: A phonon will decay into multiple lower energy phonons due to
nonlinear terms in the elastic coupling between adjacent lattice ions. This interaction
scales as

FA == RAVS, (350)

where R, is again a material dependent decay rate constant, equal to 7.41 x 107°¢ for
Si [127].

3. Surface Effects: Once the phonons have decayed to low enough energies that isotopic
scattering and anharmonic decay rates are negligible, the phonons are fully ballistic
and bouncing back and forth from the surfaces of the detector. In an ideal scenario,
these surfaces would be perfectly reflective, but in reality this can become a significant
loss of energy.

The phonon lifetimes due to each of these processes has been simulated in [124] for
GaAs and Si, shown in Fig. 3.19] Note that these simulations represent a lower bound for
the lifetimes due to surface scattering, as they treat surface anharmonic decay and diffusive
scattering as the same. In reality, only the surface anharmonic decay would result in a loss of
phonon signal. We can see in the simulation that even for relatively pure targets, at optical
phonon energies the phonon scattering is completely dominated by bulk effects (isotopic and
anharmonic processes). It is not until the phonons are below 20meV for Si, that the surface
scattering begins to be the limiting process. However, from Ref. [12§], the inelastic scattering
probability at the edges for Si was measured (see Fig. to be roughly 1073, For a 1cm
cube Si crystal this corresponds to inelastic scattering lifetimes of approximately O(10ms).

The phonons that we are interested in measuring must be ballistic, and above twice the
Al superconducting bandgap. We can however still technically detect these subgap phonons
by direct absorption into the W TES (as it essentially has a no gap when biased at T¢).
However, due to the incredibly low amount of TES-only coverage on the detectors, this
timescale will be very long, and thus it is highly unlikely to be able to efficiently collect all
this subgap energy. We can estimate how much of the energy will be ballistic and above 2A 5
with a back of the envelope calculation done by Matt Pyle [76], and will call this efficiency
factor epanistic- Ignoring effects from surfaces, we get

(2AA1)*
El '

ballistic

(3.51)

Eballistic ~ 1-—

Ehvanistic is the ballistic energy cutoff, which is approximately 3meV for Si [|129], meaning
that for Si epanistic = 99% of the ballistic phonons will be above gap.

One thing worth nothing, once the phonons have gone ballistic, essentially all position
information from the original event will be lost. For past SuperCDMS devices, position
reconstruction was important to them. For us, we are primarily concerned with energy

sensitivity and thus losing position information is fine.
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Figure 3.19: Simulations of Isotopic, Anharmonic, and Surface scattering for 1 cm cubic GaAs
(left) and Si (right) crystals. The isotopic makeup of the substrates for the simulation was
(92.2% 28Si, 4.7% *Si, 3.1% 3°Si, and 60.1% °Ga, 39.9% " Ga). Note that these simulations
represent a lower bound for the lifetimes due to surface scattering, as they treat surface
anharmonic decay and diffusive scattering as the same. Figure from [124].

3.4.2 Athermal Phonon Absorption

Once the phonons are fully ballistic in the target, we need to absorb them in an instrumented
part of the detector (active). Unfortunately there are surfaces on the detector that can also
absorb phonons that are not able to measure the energy (passive) e.g. bias rails, wirebonding
pads, etc. This efficiency penalty is easily calculated as

Aactive
) 3.52
Aactive + Apassive ( )

Epassive —

where Auctive and Apassive are the areas of the QET fins and area of all non-instrumented
phonon absorptive surfaces in contact with the substrate.

Athermal Phonon Collection Time

To get an estimate of the characteristic timescale that athermal phonons are collected by
our sensors, we can use similar logic to sound waves in a large room. We can use a simple
derivation first done by W. Sabine to understand reverberation times in lecture halls [130]
. At the core of Sabine’s model is the diffuse field approximation, which assumes that
the sound energy density is spatially uniform and there is isotropic distribution of its flow
in all directions. We can ask how valid is this for our phonon model? For even a low energy
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Figure 3.20: Measurement of inelastic scattering probability at Si crystal surfaces for various
surface treatments. Figure from Ref. [128].

event that excites an optical-phonon in Si, this will downconvert within pico-seconds to
O(10 — 100) of acoustic phonons that will travel isotropically in the crystal. By the time
these acoustic phonons have bounced off the edges of the detector a few times, their energy
can be approximated as uniform throughout the volume.

Let us assume that this energy density U, is uniform in a volume V' with a total surface
area of S. From conservation of energy, we can write

2/ Uadv+/f-ﬁdS:P (3.53)
ot J, s

where P is the power of the localized source, I is the intensity, and 77 is the normal vector
from surface S. At some arbitrary time, we let P = 0, and since U, is spatially uniform, the
equation becomes
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ou, -
=— | I-7 b4
oy 1% /s ndS (3.54)
Oay _ —/ |I| cos(0)dS (3.55)
ot S
Way, _ —/UacS cos(0)dS (3.56)
ot s
(3.57)

where ¢, is the speed of sound, and 6 is the angle between the normal vector n and the
surface S. Averaging the intensity integral over the full solid angle 47

U ,Cs 2
U,cs cos(6)dS = d¢ cos(0) sin(60)do (3.58)
S

U ,Cs sin?
3.59
oy S| 0 (3.59)

UaCS
= 3.60
. (3.60)
Plugging this back into Eq. |3.57, we get
oU,(t) U, (t)cs
V =— 3.61
ot 4 ( )
This is a separable ODE with the solution

Ua(t) = Uie™7a (3.62)

where 7, = 4V/Se¢,. In a physical room, only a certain fraction of the surfaces will absorb
sound. S must be replaced by the total area of absorptive surfaces, A.psorn,. In the field of
acoustics, this is quantified as Aapsor, = ), @ A;, where «; is the coefficient of absorption of
a material 7, and A; is the corresponding area. In our model of athermal phonon absorption,
we assume that all bare surfaces are perfectly reflective and only the W and Al surfaces
absorb phonons. Our absorptive area is thus

Aabsorb - fjblsAAl + favl\;]sAW7 (363)

where f;s accounts for the probability of reflection due to the acoustic mismatch between
the Al (or W) and the substrate [132]. Putting this all together, we get that the characteristic
timescale for athermal phonon absorption is

4‘/;1bsorber ~ 4Vabsorber

< > (fabsAAl + f ) - <CS> fabsAAl

(3.64)

Teollect =
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where we now use (cg) rather than ¢, because the the sound speed in crystal will be di-
rectional, unlike in air. We also note that since Aj; > Aw, we can largely ignore this
term.

It is also worth noting that in this derivation, we assumed that all the energy in the
diffuse field was above twice the Al SC bandgap. There however will be some component of
the energy that is below this bandgap, yet still above the W bandgap (which is effectively
zero since it is biased at T,). A more accurate solution to Eq. would be

Ua(t) = Uie ™7 + U8 Taibgap (3.65)

where Tqub-gap 15 the time-scale of absorption of only the acoustic energy below that of
Anpr.

4‘/21bsorbcr

Tsub-gap = m. (366)

This second time constant is sometimes seen in our detectors, specifically in the CPDv1,
which is discussed in section [6.2.5] However since typically such little amounts of energy are
in this population of phonons, for design purposes we consider only the primary athermal
phonon collection time constant given by Eq. [3.64]

The above derivation assumes that the boundaries of the crystal are perfectly reflective
and the crystals are pure. However, this neglects the fact that the ballistic phonon lifetime
due to bare-surface down-conversion (7gg) is finite. The true phonon collection time is thus

1 1 1
= 4 (3.67)

Tph TBS Teollect

In the limit that the lifetime of the ballistic phonons was much shorter than the designed
collection time (due to surface losses), there should also be a decrease in the signal strength.
This efficiency factor can be estimated as the ratio of the ballistic phonon lifetime vs the
combined lifetime and collection time

frhoven — __TBS___ (3.68)
BS + Teollect
In the limit that the phonon lifetime is infinitely long lived, then we collect all the phonons
in 7Teonect and the collection fraction is 1.
Finally, considering the phonon pulse in the frequency domain, the normalized athermal
phonon signal can be approximated as

1

= —\ 3.69
1 -+ inph ( )

p(w)

As will be discussed in the next chapter, by designing multiple detectors with varying
Teollect S, ONE Can measure Tgs.



CHAPTER 3. ATHERMAL-PHONON MEDIATED DETECTOR DESIGN 92

Table 3.3: Description of the various efficiency losses in a QET based athermal sensitive
particle detector.

Symbol Description Definition/Value

Eballistic Population of ballistic phonons with energy | Eq. l@l
above 2A 4

fphonon Fraction of ballistic phonons collected before | Eq. [3.68
ballistic phonon lifetime

Epassive Fraction of phonons absorbed by active instru- | Eq. |3.52
mented surfaces

EqQP Percentage of athermal energy in Al fins that | ~ 62%
remains in the low-energy QP system

F, Fraction of QP’s in the Al fin collected at the | Eq. |3.33
W /Al overlap

EQP-TES Percentage of collected QP’s thermalized in | ~ 60%
the TES

€ Absolute athermal phonon collection efficiency | Eq. Iﬁ'

3.4.3 Total Athermal phonon Collection Efficiency

All of these energy loss terms described in the last few section are combined into a single
efficiency factor, referred to as the absolute athermal phonon collection efficiency

honon
€ = Ebpallistic X fcp X Epassive X €QP X Fc X EQP-TES- (370)

A summary of all the efficiency factors can be found in Tab. [3.3] As discussed in the
relevant above sections, some of these individual efficiencies can be measured with specific
R&D sensors, however for a full DM detector, only the total absolute athermal phonon
collection efficiency is measurable. This efficiency is trivially measured by calculating the
energy removed by the TESs via ETF with Eq. for events with a known energy (e.g.
from a radioactive calibration source), and dividing this by the known energy of the events.
See section for an example of this.

3.4.4 QET Layout

In general, in order to minimize the effects of local QET saturation and positional depen-
dence, the QETs are laid out homogeneously on either one or two surfaces of the substrate
as shown in Fig. [3.21] In an effort to reduce some of the passive Al that this layout scheme
adds, different layouts are explored in chapter [4]
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Figure 3.21: Left: Schematic of division of surface of detector of dimension f.psorper DY
Wabsorber 1Nt0 cells. Right: Zoom in on QET unit cell of dimension .y by weenn, showing the
major and minor bias rails.

3.4.5 Bandwidth Matching

With and understanding of how the TES and QET parameters correspond to physical design
parameters, we can now return to Eq. to understand how the energy resolution of a
full athermal phonon detector scales. This section will be making approximations for the
reader to gain intuition. Note that none of these approximations are made in the design of
the detectors in the next chapter.

Low Frequency Noise

We first consider the low frequency noise in the absence of parasitic power noise.

12 I?
SPtot (O) = SPTFN + EOQSVTES + Sveé (g - 1)2 + SPSQUID' (371)

For good performance, we require a device with large temperature sensitivity, or equiv-
alently a large loopgain. This large loopgain will serve to suppress the low frequency TES
Johnson noise. The Johnson noise from the load resistance can be neglected because in
practice R, can always be designed to be much less than Ry. The shunt resistance and the
TES side parasitic resistance can be made incredibly small (~ a few m(2 each) and be cooled
to temperatures of ~ Tj if needed. Lastly, we can neglect the SQUID noise, because again,
in practice, a modern SQUID amplifier can be made to have a lower input noise than our
TES arrays. Combining all of these assumptions, we are left with the low frequency noise of
an ideal device being limited only by the TFN,
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Sp.. (0) = Sppn = 4kpTEGF(Ty, Thatn)- (3.72)

From here on out, let us simply write F(Tp, Than) as F' to save space. We can re-write
the thermal conductance in Eq. [2.4] using the fact that this conductance will be limited by
electron-phonon coupling as

_ n—1 __ W otalmn—1
G =nKT"" = sl vyt (3.73)

e

Where Vetj?}al is the total effective volume for TESs on the detector. Inserting this into our

noise expression, we get

SPu(0) & Ankp FENVIZRT (3.74)

e

Combining Eq. with the knowledge gained in the last few sections, the volume of the
TES can be written as

V:})}al - nTES‘/eff - nTEShTES [gTESwTES + Nin (CW/AIAW/Al + CconnectorAconnector)] ) (375)

where Aw/a /Aconnector 18 Teferring to the surface area of a single overlap/fin connector.
Finally, the NEP for a TFN limited TES based detector is

SPo(0) = ndFkpnres S8 T hrgs [(reswres + nan (CwyatAw,al + Coonnector Aconnector) ] -
(3.76)

Active and Passive Aluminum

Lets now turn to the time constant 7,,. For the sake of argument, let us assume that we are
using a target in which the phonon ballistic lifetime 7gg is infinite, or at least large compared
with Teonect and thus 7,5 = Teopecs. In theory, this condition can be made true with a pure
crystal, well polished or cleaved edges [133-135], and a decreased characteristic sizeﬂ From

Eq. 3.64]

T o 4‘/;1bsorber
ph ~ lcollect — 7\ 1 r -
<Cs> AAlfabs

(3.77)

We now need to quantify the area of phonon absorbing surfaces Ax;. For simplicity we will
approximate the area a single QET as

¢
Aqer ~ Tl (éﬁn + T2ES> . (3.78)

2We will discuss the practical validity of this assumption in the next chapter.
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This is a slight overestimate of the QET area, as we are not subtracting out the empty
spaces in the QET. To estimate the area of the passive Al, let us assume that the instrumented
face of the absorber is a square with wapsorber = Labsorber- We also assume that we are only
instrumenting a single face. Then divide the area of the instrumented face into nrgg cells,
which we will call the ‘QET unit cell’ with area A given by

2
Acell _ gabsorberwabsorber _ gabsorber’ (379)
NTES NTES
and the length is
Labsorb
loell = Weell = \/ Acell = ———= (3.80)

v V'TES '

Each one of these unit cells is connected with a grid of bias rails. We define the inter-cell
bias rails to be of thickness wgias-major, and the intra-cell rails that connect the QET to the
major bias rails to be of thickness wg;as-minor-

The area of Al due to the major rail is

ABais—major = WBais-major Weell "rows T columns (381>
= WBais-major Wecel N TES (382)
= wBais—majoréabsorber VNTES- (383)

Noting the fact that n.ows = Ncolumns = /NTES-
The Al area from the minor rails is given by

ABais—minor = WBais-minor [gcell - (2‘€ﬁn + gTES)] NrowsTcolumns (384>
= WBais-minor [gcell - (2€ﬁn + gTES)] NTES (385)
ga sorber
= WBais-minor \/bwl};s - (2€ﬁn + gTES) nNTES (386)
= WRBais-minor [gabsorber V nNTES — (zgﬁn + gTES)nTES] . (387)

There are also contributions to the passive aluminum from the wirebonding pads, and
phonon loss from physically holding the detector in place in the housing, but these effects
can be made significantly small and thus we can neglect them for now. Combining all the
areas, we have

AAI - AActive + APassive (388)
where
Anctive = nTESAQET (3.89)

0
. (eﬁn + TTES) , (3.90)
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APassive = ABais—major + ABais—minor (391)

APassive - eabsorber vV VTES (wBias—major + wBias—minor) — WBjas-minor (2€ﬁn + ETES) NTES (392)

ga sorber V1
= NTES oeorb WBias-major + WBias-minor 1- (2€ﬁn + KTES) hes (393)
\/N'TES gabsorber

14 bsorber
AA = NTES |: 2 WBias-major T WBias-minor) — WBias-minor 2gﬁn + 14 S
1 TE ’—nTES ( B j B ) B ( TE )
12
+rrEsTlin <€ﬁn + TTES) : (3.94)

We can see in this form, that the total aluminum area depends on the number of TESSs,
the area of a single QET, plus an additional component of passive Al per QET. Since the
area of the QET depends much more strongly on the fin length than the TES length, lets
make the assumption that fg, > ¢rgs, making the area of a single QET ~ 7/2 | and the
total aluminum area becomes

A & nres (704, + Afagive) (3.95)
where we have defined
Cabsorb
AceH. = 2 ias-major ias-minor) ias-minor 20 n ¢ . 3.96
passive = " (WBias-major + Wn ) — ws (2660 + Lris) (3.96)

Finally, we can express the phonon collection time as

4Vvabsorber

nrps (70, + A ) (Cs) fabs

(3.97)

Tph ~

To give an idea of the effects of these passive contributions, Fig.[3.22| (left) shows a plot of
the fraction of phonons absorbed by the active aluminum given by Eq. for frgs = 100 um
and fg, = 150 pm. In Fig. 3.22| (right), the athermal phonon collection time is shown.

We can see that as the number of QETs gets small, the relative amount of passive
Al becomes quite large compared to the active area, and the signal efficiency will drop
dramatically. Inherent in this calculation of the passive area was the assumption that the
QETs would be homogeneously distributed on the surface of the detector. For positional
dependence reasons this is advantageous, but for detectors that rely on long phonon collection
times (i.e. the phonons are bouncing around the detector many many times) this criteria
becomes less important. We will see in the next chapter that when the number of TESs is
reduced, this passive aluminum penalty can be negated by packing the QETSs together in a
smaller region of the detector surface.
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Figure 3.22: Left: Fraction of athermal phonon energy absorbed by active instrumented
Aluminum in the QET vs total phonon absorbing surface area. Right: Athermal phonon

collection time from the calculation in Eq.[3.97. The major bias rail thickness was 6 um and
the minor was 4 um for this calculation.

Effective Sensor Bandwidth

The last part to consider is the effective sensor bandwidth 7, derived in section 2.4, We copy
Eq. here for convenience

n (0-%)
T« ~TETF ITZ 0 Sh . (398)
0 TLF(T(), Tbath) |:1 + Spi}
TFN
where TgTr is given by Eq.
C 1+ 8+ Re/Ro

TETF

- G1+B+Ry/Ro+ (1—Re/Ry)Z" (3:99)

We make the usual assumptions that £ > 1, 3, Ry/Ry < 1. We also make the assump-

tion that the bath temperature is sufficiently low, Ty < Tp/2 and that Ty ~ Tp. In this
limit, we get,

cC 1
~N— 3.100
G #\/nF ( )

The heat capacity for a superconducting W film in transition is given by [98]
C = foew VST, (3.101)

where f,. is a correction factor accounting for the additional energy required to break cooper
pairs, which ranges from 1 — 2.4 depending on where in the transition the film is biased, cy/

Tx
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is the specific heat of W. Using this definition for C' and our previous definition of G from
Eq. [3.73] 7. becomes

— fscCW ‘/;t})}alTO 1
nSYVERFTY T 2V F

(3.102)

T

In the limit that Tham < To/2, the loop gain is simply £ ~ «/n, we finally arrive at

fscCW 1

T~ — (3.103)
YWV olg 2

Worth noting is the the absence of the total TES volume. Since almost all of the pa-
rameters in the expression are simply material properties, the sensor bandwidth is largely
set by the superconducting transition temperature. Obviously this assumes that a has no
dependence on 7., which may or may not be true. Both o and T, have complex dependencies
on film morphology, but in principle, there is no fundamental reason why « must decrease
with T,.

Energy Resolution

Finally, we can combine all three components of the energy resolution estimate,

1
op = = 5Pun (0) (Tpn + 72) (3.104)
1 4V, feew 1
2 _ AFk EWTrH-l‘/e absorber sc
(o) 62” BNTES ep Ir NTES (Wf%n + AIC)eal;sive) <Cs> fabs EXX\/ nk O[T(;Z—Q
(3.105)

To gain intuition on the above expression, we re-write it in terms of constants:

1
Kl - 4anBZXXhTES |:wTES + E_nﬁn (CW/AIAW/AI + CconnectorAconnector):| (3106)
TES
4
K2 = Acell X (3107>
<7T + %) <Cs> fabs
fscCW

Ky=—"—— . 3.108
’ &EXZ\/nF ( )

The resolution then gets a little more digestible,
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1 4Vibsorber K
0‘% = gKlnTESgTESTCn—H (ﬁ}(& + Tn—g2) . (3109)
n 0

From this form, we can see that the resolution has strong dependence on T, and nrgs.
From Fig. m (left) we can see that the optimum resolution is achieved by lowering both of
these parameters together. Also noticeable is the fact that the energy resolution improves
faster with T, for fewer numbers of QETSs, this is the ideal scenario to be in. The point
at which this occurs is when the two time constants are 7,, ~ 27,. This condition will
henceforth be referred to as Bandwidth Matched (BW)ﬂ It is important to note that
since the QP collection efficiency is strongly correlated with the length of the Al fins, the
total instrumented Al area of a sensor is dependent on the number of TESs. As such, surface
coverage is essentially synonymous with ntgs. The BW matching condition implicitly has
the assumption built in that fg, is effectively constant. In a world where we could make
arbitrarily large collection fins without QP loss, the optimum resolution would always tend
towards a bigger collection fin. Thus, the BW matching argument can be thought of as the
fastest improvement in enerqgy resolution with T, for a roughly fized size QE'T.

This BW matching can be seen in the above equation by noting that when the second
and third terms are equal, the energy variance will scale to leading order in 7T as

1 lrEs n
O'%v = ;KlKQE%bsorberTc +1 + O (Tg) (Tph ~ 7'*> . (3110)

This can be said more quantitatively as

N5 VN EadVopsorber
ez;[ o >b > T"2  [BW matching condition]. (3.111)
scJabs \Cs) CW

In the limit that the passive aluminum can be made negligible (as we will see later, this
condition can almost always be met), we can write this as

nres (AQer + Altaive) = 2

SUVNEF a4V bsorber Tn—2
p beorb c (3.112)

fscfabs <Cs> Cw ’/Tgﬁn (gﬁn + gTES/z) .

We thus now have an expression for determining the optimum number of QETs for a
given T, and QET size. This suggests that the best energy performance can be achieved by
designing a detector with low-T, and low overall instrumented surface coverage, or nrgs.

Eq. is plotted in Fig. for a variety of QET dimensions. As can be seen in the
figure, as we lower the 7T, we must also decrease the length of the fins and the TES in order
to maintain a reasonable number of QETSs, where the number of QETs needed is determined

nTEs ~ 2

3The term bandwidth matched is a bit of a misnomer. It is not the matching of the time constants that
improves the resolution, but rather the lowering of the number of TESs.
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Figure 3.23: Plot of energy resolution as a function of 7T, and nrtgs for frgs = 25 um and
lgn = 70 pm from Eq. [3.108] Left: Assuming no sources of athermal phonon loss, i.e. € = 1.
Right: The effect of phonon loss due to passive aluminum is considered, i.e. € = €passive-

somewhat by the required R,. Thus, to get the full advantage of very low T, designs (sub
20mK), the QET designs must deviate substantially from the designs previously shown in
this chapter.

Number of TESs vs T,
For BW matched Device

104}
103 3 E
i

= 102 ? ?
10! 7 === Lin=70um, fies =25um |
— Ilfin =150um, fites =100um
...... Liin = 250 um, fies =200 um ]
100 E 1 L . y —
20 40 60 80 100

Tc [mK]

Figure 3.24: Number of TESs as a function of superconducting transition temperature for a
bandwidth matched device, shown for multiple values of frrg and fg,,.

Thus far in this discussion on energy resolution, we have neglected the total phonon
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collection efficiency €. Since we are talking about the overall detector, we can assume that
all QET parameters are equivalent, and we are only tuning the number of TESs. In this case,
most of the efficiency factors will be the same for all cases, and so it is fine to ignore them
when comparing relative performance. There is however one factor we must consider, and
that is the effect of the passive aluminum, €passive. As the total number of QETSs decreases,
the relative percentage of passive Al becomes substantial, and the energy resolution begins to
suffer, as shown in Fig. (right). This limitation can be overcome with design techniques
that will be discussed in the next section.

3.5 Chapter Summary

In this chapter, we have discussed the benefits of athermal calorimetry, how the energy
resolution of a TES based detector can be enhanced through the use of quasiparticle trapping,
and the considerations that go into the design of a QET. This chapter also discussed at length
how all of the tunable parameters of a QET factor into the overall design of an athermal
detector, and most notably, showed how this energy resolution depends strongly on the
superconducting transition temperature at the bandwidth matched point. The following
chapter will take all of the design guidelines laid out in this chapter, and use them to
discuss the design of the initial prototype dark matter detectors for the SPICE/HeRALD
collaboration.
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Chapter 4

Design of SPICE MELANGE and
DEATH Detectors

The previous chapters detailed the considerations that go into the design of a QET and the
overall principles of an athermal phonon sensor mediated particle detector. We will now
apply these principles to a real detector, specifically the initial set of detectors I designed for
the SPICE/HeRALD collaboration. I derived in the previous section that for a bandwidth
matched device, the energy variance scales linearly with the number of QETs and 7!
(Eq. . This suggests that the best energy sensitivity can be achieved with few QETSs
and low-T,. However, to remain in the bandwidth matched limit (7,, &~ 27,), the number
of QETs must decrease rapidly with T, as shown in Eq. 3.112] From the definition of 7,
in Eq. this means that for a bandwidth matched low-T, device, the phonon collection
times will get exceedingly slow. Said another way, the lower limit of the T, of the TESs on a
optimized detector will be determined by the ballistic phonon lifetime in the substrate for the
detector target. Of course, there can still be improvements in energy sensitivity by lowering
T, beyond this threshold, but the gains will be less dramatic than in the BW matched case.

For small detector substrates with characteristic sizes of ~ 1cm or less, the low energy
ballistic phonon lifetimes are limited by surface effects for sufficiently pure detector grate
materials (Ge, Si, GaAs, Sapphire, etc). From Semi-analytic models for surface effects and
measurements, we expect that the rough scale for or ballistic phonon lifetimes in Si, and
GaAs is O(.1 — 10ms) for a 1 cm cube crystal [124], 128, 136]. The properties of surfaces are
much too complex to accurately model, and ultimately the ballistic phonon lifetimes must
be measured. We can however use the simulations as a rule of thumb in our designs.

The codes written for the following optimizations in this chapter were packaged into the
open source python package DarkOpt| to make QET based phonon sensor development by
future grad students more streamlined!


https://github.com/ucbpylegroup/DarkOpt
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4.1 Detector Goals and Overview

As motivated in previous chapters of this thesis, the overall goal of our group is to design
detectors with O(meV) energy resolutions. The bulk of the previous chapter(s) laid out
how this can be achieved through low-T, low-surface coverage QET based athermal phonon
sensor mediated designs. In chapter [6] the characterization of low-T, TESs will be discussed.
There is thus the remaining question of ‘how low in surface coverage can you go?’.

This set of detectors was designed to study this question with a series of detectors with
varying total Al surface coverages. The devices were designed to be 1 cm x 1 em fabricated on
a 4mm thick wafer, with total instrumented surface coverages of 4%, 1%, and 0.25%. These
devices are named the SPICE MELANGE detectors (Milli Electronvolt sensor with Low
AlumiNum coveraGE). These values were chosen such that there would be at least an order
of magnitude difference in the expected phonon collection times between the range of surface
covereages, making it easy to study the phonon down-conversion probabilities at the surfaces.

There was an additional device designed and fabricated as a high surface coverage device
to optimize for fast collection times for use with the HeRALD group, named the DEATH
detector (Dark matter Excitation generated Athermal phonons for TESs in Helium).

4.2 Optimizing for Ry and nrgs

The overall amount of instrumented surface area was pre-determined for the reasons laid
out in the previous section. However the overall design of each detector is still free to be
chosen. As described in previous chapters, the number of TESs, length of the TESs, and
the normal state resistance are all connected. Additionally, as shown for the BW matching
condition in Eq.[3.111} the number of TESs and the length of the fins are also a function of 7,
but these parameters are somewhat less intertwined. Due to this complexity, an analytical
optimization is not practical and a numerical technique must be used.

In the numerical optimization all noise sources in Eq.[2.91] were considered. As will be seen
in later chapters, excess noise is often observed. However it is thought to be environmental
in nature, so it was left out of the optimization under the assumptionE] that it can always be
mitigated. In order to keep the total surface coverage fixed at a certain value, the following
loss function was minimized

* duw 4 27!
L= [52/0 w 4p(w)] ] [1+SA — SAcurgec] . (4.1)

% SPtot (w)

where € is the the total athermal collection efficiency defined in Eq. and is a function of
Nfin, {TES, Loverlap, a0d lgy. The noise S(w) is a function of nrrs, nan, fres, and loyerap. Lhe
pulse shape is given by Eq. and is a function of nrgs, frEs, and fg,. SA is the percent

'hope
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active and passive surface area and is a function of nrgs, {rrs, and la,. SAgareer is the target
percent surface area e.g 4%, 1%, 0.025%.

Note, while there is obviously strong dependence on T, this is not considered an opti-
mization parameter. Since the energy resolution has monotonic dependence on T, the choice
of T, in the actual optimization is simply a scale factor. As such, each detector is optimized
for it’s bandwidth matched T, as given by Eq. Ultimately this detector set will be
fabricated at a variety of T,.’s to study the T, dependence for BW matched devices.

Recall from Eq. [3.47 the relation between nrgs, fTrs, and Ry. Since Ry is the parameter
that is constrained by the ETF condition, we instead express nrgs in terms of Ry. Since
nrrs and ng, are discrete variables, and the rest are continuous, the optimization is done in
two steps. For each surface coverage design, the following steps are done:

1. Fix ng, and Ry
2. Minimize loss function in Eq. by varying lrgs, fan, and Coverlap-
3. Repeat grid search over ng, and Ry.

Once this process is done, the Ry and ng, corresponding to the minimum energy res-
olution are chosen. After this step, a second optimization is done. From section [3.3.2] we
learned that the the W/AI overlap region contributes 13 — 45% of its volume to the total
heat capacity of the system. To account for this, a finer binned grid search in a small win-
dow around the optiumum Ry is performed, with a now fixed ng,. This is done once using
Cwyal = 0.13 and once using (w/a1 = 0.45. The average of all the optimum parameters is
then used for the final design.

4.3 Design of 4% Surface Coverage Device

For the 4% total coverage device, from Fig. it can be seen that there is little difference in
resolution between R,, = 300 — 350 m{2 for most fin values. As such, a normal resistance of
Ry = 325 m{2 was chosen. It is also clear that the best resolution comes from a 3-fin device,
however from Fig. (right) we see that this would require an overlap length of greater
than 18 ymP} Since at the time of this design, SuperCDMS or SPICE has not fabricated
overlaps of this length, the conservative choice was made to choose overlaps of less than
17 um. With this limitation, the QET design was chosen to have 5 fins. A plot of how the
various free parameters effect the energy resolution at the BW matched T, of ~ 67mK is

shown in Fig. [1.2]

4.3.1 Design of Elliptical QET

This optimization sets the general design parameters for the number of QETs and the overall
dimensions, which now must be translated into a QET design. As discussed in section [3.3.3],

2Note that 18 um was set as the upper limit in the optimization.
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Figure 4.1: Optimum energy resolution (left) and corresponding lovernap (right) as a function
of Ry for 2-6 fin QETSs for 4% coverage device. Note that {rgs, lhn, loverlap are all allowed to

float in the optimization.
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Figure 4.2: Energy resolution as a function of oyerap and gy, (left) and frgg and fg, (right).
This plot was generated assuming 7. = 67 mK, and (w/a1 = 0.29, which is the average of the
two measured values. Note that the devices are not at the exact minimum, which is mainly
due in part by the fact that the optimum parameters were chosen from an average of two
different optimizations with different values of (w1
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Table 4.1: General parameters of the SPICE MELANGE and HeRALD DEATH detectors.
The detectors are 1c¢m x 1cm in size. The total surface coverage is calculated assuming a
wafer height of 4 mm.

Device Name
Death Melange
Parameter 27% 4% 1% 0.25%
Total Al Coverage [%] 27 4.06 1.006 0.253
Single Face Al Coverage [%] 97.2 14 3.6 0.9
Active Al [%] > 27.5 3.705 0.956 0.239
Passive Al [%) <5 0.356 0.049 0.014
Ry mQ)] 230 325 320 450.0
nres (single channel) N/A 293 177 51
nres (two channels) 254/215 147/146 53/124 25/26
(inner/outer) | (inner/outer) | (inner/outer) | (left/right)
Nfin 6 5 2 2
QET Type Rectangular Elliptical Circular Circular
wrps [1m] 2.5 2.5 2.5 2.5
Lovertap [1m)] 17 16.7 16.6 14.4
lgin [ppm] 185 105 69 70
hgy [nm] 600 600 600 600
Au pad size [pm X pm] 350 x 455 300 x 300 150 x 150 75 x 65
Creto TES (1101 N/A 30 30 30
Weeto TES £ N/A 295 295 215
T, [mK] BW Matched N/A 67 43 33
T [us] N/A 790 3000 6645
TETF 18] N/A 11 44 97
Toh [148] <3 24 97 385
Homogeneous Coverage Yes Yes No No
F. 0.58 0.58 0.49
€ passive 0.91 0.95 0.94
€ 0.24 0.25 0.21
Geonnector 0.9 0.9 0.9 0.9
Cw/Al 0.29 0.29 0.29 0.29
OE 850 222 100
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a 2D fin design offers a higher QP collection fraction per area than a 1D design. From
Tab. we can see that for the 4% device, the TES is roughly the same size as the fin
length, thus an elliptical shape is a logical choice for the overall QET design. The QET was
designed by creating an ellipse with dimensions

0

Rmajor = Eﬁn + Wempty + TTES (42)
w

Rminor = gﬁn + Wempty + ;Esv (43)

where Wempty is the empty space between the the Al fin and the W TES as shown in Fig. |3.6]
The ellipse was segmented into 5 equal area sections, and connected to the TES is a staggered
fashion such that the length of TES between fin connectors was ~ 25 um. A schematic of
this QET design can be seen in Fig. H (B). Additionally, 5 holes were placed in each fin,
of size 5 ym x 5 um, to mitigate trapped flux as described in section |3.3.3

A) B) Q) D)

Figure 4.3: Comparison of DEATH (A) QET and MELANGE QETs: 4% (B), 1% (C),
0.25% (D). All QETs are to scale.

4.3.2 QET and Channel Layout

The 293 QETs were evenly distributed across one face of the 1cm detector, with a 100 pm
curb on each side, all connected in parallel. A single channel and two channel device were
designed, as shown in Fig. [£.4] The two channel device consisted of an ‘outer’ and ‘inner’
channel, each with equal QET density and number. The two channel devices were designed
to allow for more discrimination power during the analysis. Having multiple channels allows
one to understand the positional dependence of where the event occurred in the detectors,
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discrimination against signal-like events, and events originating in the TESs/QETSs them-
selves (ie W film stress events). Lastly, having two channels allows for the measurement of
the thermal conductance between the substrate and the thermal bath, as will be described
in later chapters.

Figure 4.4: 4% total coverage device QET layout. Left: single channel device. Right: two
channel device, with ‘inner’ and ‘outer’ channel with the inner channel Aluminum colored
in blue. Note, this color change was made to highlight the channel location and is only for
visual purposes, some of the connections were altered while making this diagram. This was
not the actual final design file.

4.4 Design of Ultra-Low Coverage Devices

The same process as above was repeated for the lower coverage devices (i.e. the 1% and 0.25%
coverage devices). However it was quickly noticed that for a homogeneous QET layout, the
relative amount of passive aluminum began to dominate the total aluminum budget. This
in turn drove the number of QETSs down in the optimization (equivalently drove the normal
resistance up), consequently degrading the energy resolution as shown in Fig. 4.5 This
degradation in resolution is due mostly to the decrease in signal efficiency from epassive from
Eq. 352

To reduce the percentage of passive aluminum, the QETSs were placed in close contact
with each other in a small region of the detector surface in what I will refer to as a ‘close
packed’ design. An example of a close packed design can be seen for the 1% device layout in
Fig. and the 0.25% device in Fig. By no longer having a homogeneous QET layout,
there is a possibility of positional dependence: where events that occur further away from
densely populated QET regions will have a different signal shape than events occurring closer
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Figure 4.5: Optimum energy resolution as a function of Ry for 2-5 fin QETs for the 1%
coverage device (left) and 0.25% coverage device (right) for both an equally spaced design
(solid) and and tightly packed QET layout (dashed). Notice that for the 0.25% device, for
the equally spaced layout, values are not shown below Ry =~ 12, this is because it was not
possible to make a design within the given constraints that met the surface area requirement.

as the time to collect the phonon energy will differ. The spiral design attempts to mitigate
this effect by placing QETSs in roughly all quadrants of the surface of the device.

—t
| |

------------

---------------------------------

Figure 4.6: QET Layouts for the 1 percent device. The two channel version (left) is divided
into an inner and outer channel, of equal QET density, which necessitated an unequal number
distribution of QETSs for the two channels. The single channel version (middle) was laid out
in a spiral in order to minimize positional dependence. A zoomed in version of the QET
spacing is shown on the right.
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Figure 4.7: QET Layouts for the 0.25 percent device. The two channel version (left) is
divided into a left and right channel. The single channel version (right) was laid out in a
line to minimize positional dependence.

4.4.1 Design of ‘Peanut’ QET

From Fig. [4.5] the lowest energy resolution can be achieved with 2 fin devices. Only having
two fins, with relatively short TESs (25 — 50 pm) allows for more flex ability in the fin design
itself. The design of the 1% and 0.25% QETSs can be seen in Fig. and have the slight
resemblance of a peanut, hence the name ‘peanut QET’. For this design, each fin and overlap
combination were designed as full circles and then the divided apart to have two distinct
fins. Tt is hoped that this design of the W/Al overlapping region allows for more efficient
QP collection than for the more classic elliptical QET design.

4.5 DEATH Detector

For posterity, I'll include the rational for the deign of the high coverage device. The primary
design driver for this device was fast athermal phonon collection time. Since the numerical
optimization described in the previous sections was written with energy resolution in mind,
the optimization for this device was more hand-tuned. For a fixed overlap length, the
athermal phonon collection time and energy resolution were simulated as a function of TES
length and Al fin length as shown in Fig. [£.8] As can be seen in the figure, these two
parameters are somewhat at odds with each other. The optimum TES length and fin length
were chosen to be a compromise of these two metrics.

4.5.1 Rectangular QET Design

To minimize the thermalization time for the chosen TES length of {rgg = 120, the QET
was divided into 6 find’] It was also realized that a ‘rectangular’ shaped QET would offer a
substantial boost in surface coverage over the elliptical or circular QET designs used in the
other devices. Similar QETs have been used with great success in the SuperCDMS HVeV

3See section for reasoning behind the choice of number of subdividing fins.
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Figure 4.8: Athermal phonon collection time (left) and energy resolution (right) as a function
of TES length and fin length. The black hatched area corresponds to the parameters that
will physically fit on a single face of the detector. The black represents the chosen design

parameters.

program [109-111]. For the choice of overlap, I chose the maximum conservative value of
loverlap = 17 pm. The final QET can be seen in comparison to the other QETSs in the detector

set in Fig.

4.5.2 QET Layout

Unlike for the previous devices, the number of QETs and fin dimensions were chosen based
on the physical constraints of the overall layout. The optimization was answering the ques-
tion ‘what combination of /g, and ntrs maximally cover an area of 1cm??” Rather than
connecting devices with bias rails, the fins themselves were used to join neighboring QETSs.
Similar to the 4% device, the QETSs were divided into and ‘inner’ and ‘outer’ channel, each
with equal QET number and density. A graphic of the photolithography mask design, as
well photo of the fabricated detector can be seen in Fig. 4.9
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Figure 4.9: Left: Layout of QETs on the DEATH detector. The ‘inner’ channel is shown in
blue and ‘outer’ channel is shown in green. Again, please note that this graphic is only to
help aid in visualization. Right: Image of section of DEATH detector after fabrication.

4.6 Mask Layout and Fabrication

The MELANGE and DEATH devices were positioned together into a mask that could be
fabricated on either a standard 3 inch or 4 inch wafer. The detectors were fabricated by
Mark Platt at Texas A&M in an ‘inverted style’, fabricating the W below the Al layers. An
amorphous Si etch mask was also made for future fabrication on non-Si substrates, to be
used as well for post fabrication cleaning and etching. There was an additional Au mask
designed for thermalization pads, which will be discussed in the following subsections. After
fabrication, the wafer was diced into 57 1cm? squares. The photolithography masks, full
fabricated wafer, and example of single detector after dicing can be seen in Fig. [4.10
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Figure 4.10: a) Photolithography masks for MELANGE and DEATH detector mask for
fabrication on 4 inch wafer. clockwise from upper left: Tungsten, Aluminum, Inverted Gold,
Amorphous Si. b) Image of the detectors fabricated on a 4 inch Si wafer before dicing. c)
Image of single channel 4% MELANGE detector after dicing.

4.6.1 Wafer Characterization Device

Since the fabrication of low-T, W films is more of a dark art than it is a science, a chip
containing a set of test structures was included on this mask in order to characterize the
W film. The device consisted of two sets of simple TES rectangles varying in size from
200 pm x 800 pm x 40nm down to 25 pm X 25 pm x 40 nm. For simplicity, this chip will be
referred to as the TESTR device: TES Test Rectangles. These types of TES devices have
been immensely helpful in understanding fundamental TES dynamics, as well as diagnosing
EMI noise sources, as discussed in detail in chapter [f] (or equivalently see Ref. [137]). Mea-
surements of these particular devices and how they allow us to understand basic properties
of the W films will be discussed in chapter [} Also included was a slightly modified version
of the set of X-ray QET devices used in the Stanford QP dynamics study in Refs. , .
An image of the photolithography mask can be seen in Fig.
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- 80,2000

Figure 4.11: TESTR device (right) and zoomed in section of TES rectangles (left). Green
is aluminum and purple is tungsten.

4.7 Mounting and Thermalization of Detectors

For any calorimeter, thermalization is important, but for the very low coverage MELANGE
detectors this becomes a technical challenge. Historically in CDMS, detectors are securely
held in place and thermalized by cirlex clamps on the edges of the detector. There are three
reasons that we don’t want to go this route for the MELANGE detectors:

1. Cirlex and FR-4 materials have been connected to an excess of low energy events in
DM detectors via Cherenkov radiation [13§].

2. CDMS has also had problems with the cirlex clamps getting stuck at temperatures
above Tiath-

3. For the low coverage devices to realize their full potential we require long ballistic
athermal phonon lifetimes. We therefor need a thermalization technique that minimizes
the amount of passive phonon loss.

To solve problems one and two, we elected to get rid of the clamping scheme all together
and minimize any insulating materials inside the optical cavity holding the detectoxﬂ To
solve problem three, we decided to fabricate a gold pad on each device and connect that
to the copper housing with a gold wirebond. The heat is removed via the electron-phonon
coupling in the Au pad. As a back of the envelope calculation, we require than the ther-
mal conductance from the substrate to bath Gap be roughly x50 the thermal conductance

4This doesn’t actually count as a solution, because we still aren’t actually thermalizing anything yet...
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between the TESs and the substrate Gra. The electron phonon-coupling for Au has been
measured to be ~ 1[W/m?3/K5|, which is roughly a factor 10 greater than for W [139,
140]. Recall from Eq. , the thermal conductance for an electron-phonon limited thermal
impedance is given by

G =nX,VT" (4.4)
where n equals 5 or 6 [139]. The ratio of thermal conductances for the Au and W films is

Gap S5 A Pau

= : 4.5
Gra XY Ares hres (4.5)
If we assume that we can reliable fabricate 800 nm thick Au film, then we get that
GAB AAu
= 200 . 4.6
Gra Atgs (4.6)
Thus we see that to get out desired ratio of 50, we require that
A
Apg ~ 8 (4.7)

4

Using values from Tab. [4.1] this means the Au pad is approximately 0.1% of the Al
surface area, or said another way: The Au pads should be negligible as a source of athermal
phonon loss. A close up view of a Au pad fabricated on a detector can be seen in Fig. [4.12]

4.7.1 Detector Mounting

While this is not the focus of this chapter, it is necessary to briefly discuss the planned
detector mounting schemes as it pertains to the detector design. There are two proposed
ideas:

1. ‘Resting’ - The detectors simply rest on a copper plate in little indents. They are
clamped down during electrical and thermal bonding, but left free-floating during op-

eration (see Figid.12| middle).

2. ‘Hanging’ - The detectors would be suspended by three 3 mil wirebonds. These would
also have the same electrical and thermal bonds as the resting device as well.

Both of these ideas would effectively thermalize the detectors, while also minimizing any
amount of insulating materials and sources of passive phonon loss. While the ‘resting’ idea
is much simpler to implement, it will require some form of vibration isolation in order to
achieve its optimum performance. The subject of passive vibration isolation will be discussed
at length in Sam Watkins thesis.
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The ‘Hanging’ concept will potentially alleviate the need to fully mechanically decouple
the detector housing from the mixing chapter, at least in the short term. However implement-
ing this plan does present some serious technical difficulties. The design and installation of
the corresponding detector holder for this idea was done by our engineer Siddhant Mehrotra
and fellow grad student Roger Romani. As far as the design of the detectors in concerned,
three additional 300 pm x 300 um Al bonding pads were placed in a triangular pattern on the
detector, as can be seen Fig. A subset of all detectors was designed with and without
this set of hanging bonding pads.

Figure 4.12: Left: Close up view of Gold pad on 4% MELANGE detector, wirbonded to
copper housing. Middle: Two MELANGE detectors (4% and 0.25% left to right) in a resting
configuration. Right: A two channel 1% MELANGE detector in the hanging configuration.
The structural hanging bonds can be seen on the left, right, and far side of the image. The
electrical readout bonds are in the front, and the gold thermalization bond is shown on the
left.
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Figure 4.13: Schematic of 4% device with labels showing the electrical readout bonding
pads, the gold thermalization bonding pads, and the structural bonding pads for hanging
the device from.

4.8 Expected Performance

Finally we can simulate the performance of these detectors. In Fig. we can see the
expected energy resolution for the 0.25%, 1%, and 4% MELANGE devices as a function of
T.. Note that this energy resolution estimate assumes only intrinsic noise sources. As will
be seen in the following chapters, these values are likely too low by a factor of 1.25 — 2. We
had a high-T, version made at T, ~ 55 mK and a low-T, version at T, ~ 19mK, shown by
two dashed lines in the figure. We can see the effect of the bandwidth matching as described
in section Above the higher T, line 7grr is much faster than 7,,, to the point that
the noise gains from reducing the number of QETS is cancelled by the decrease in effective
bandwidth. In this limit, the expected energy resolution of all 3 designs is roughly the same.
Looking at the lower T, region around 19 mK we are now in the regime where the two time
constants are roughly the same, and we get very large benefits by decreasing the the number
of QETS (decrease surface coverage). Even the high-T, version of these detectors should
achieve roughly half eV resolution, while the lowest coverage low-T, devices should achieve
sub-50 eV baseline energy resolution!
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Figure 4.14: Simulated baseline energy resolution for the 0.25%, 1%, and 4% MELANGE
devices as a function of T,.. The two dashed lines correspond to the expected T.’s from the
first two fabrication runs of the mask.

We can now use these energy resolutions to get an idea of the DM reach that these detec-
tors will have. In a previous dilution refrigerator in our lab with a lead shield placed around
the detectors, we have observed a flat background rate above O(100 eV) of 10* events/keV /kg/day.
In our new lab, we are currently working on a system to surround our detector package with
this same lead shield, so we are confident we will achieve this same background rate. If we
make the optimistic assumption that this background will remain flat down to our detector
threshold, we can simulate the detectors sensitivity to Nuclear recoil DM in Fig. We
can see that even the high-T, devices should be able to probe new NR DM parameter space.
Clearly the there are many assumptions that go into this flat background model, namely
the fact that many existing DM experiments have observed unexplained elevated low-energy
excess background rates. The details of this are beyond the scope of this thesis, but fellow
graduate student Samuel Watkins has a whole chapter on what we think these backgrounds
might be, and how we can minimize them with our detectors.
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Figure 4.15: Nuclear recoil DM sensitivity projections for the 0.25%, 1%, and 4% MELANGE
devices at T, = 19mK (blue) and 7, = 55mK (red) assuming a flat background of
10* events/keV /kg/day. Shown in grey are the current NR DM limits from existing ex-
periments.

4.9 Chapter Conclusion

This chapter presented an overview of the design of a full set of athermal phonon sensitive
dark matter detectors. This chapter serves as a reference for both the optimization process,
as well as a home for all the design parameters for initial prototype SPICE/HeRALD detector
set. In the following chapters, we will switch gears to the study of detector performance.
Chapter [5] will discuss the general techniques we used to study our detectors. Chapter [0 will
detail the characterization of an older set of TES rectangles and the characterization of a
photon detector used by SuperCDMS in a LDM search. Chapter [7] will discuss the initial
performance of the SPICE MELANGE detector described in this chapter.
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Chapter 5

Experimental Techniques

After spending many chapters on detector design, the remainder of this thesis will focus on
experimental techniques and results. This chapter is relatively short and mostly serves as an
introduction to some of the analysis tools used in our group to characterize athermal phonon
sensors. Most of the following analysis techniques and corresponding code were developed
in collaboration with fellow grad student Samuel Watkins.

5.1 Overview of Experimental Setup

At the heart of our UCB lab is the CryoConcept 200 uW Ultra Quiet Dilution Refrigerator
capable of achieving base temperatures of ~ 6 mK. The detectors are placed on the mixing
chamber plate (MC) at base temp in an EMI tight copper housing. The current through
the TESs is read out by repurposed CDMSII SQUIDs which are housed on the cold plate
(CP) at ~ 100mK. A picture of the various stages in the fridge can be seen in Fig.
and a wiring diagram of the cryogenic electronics can be see in Fig. 5.2 More details of the
cryogenic electronics I played a large roll in designing can be found in Appendix [D}
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SQUID FB Resistors at 4K

SQUIDs at ~100 mK

Detectors at ~10 mK

Figure 5.1: Picture of the dilution refrigerator used in the UCB Pyle Group lab with key
electronics and detector stages highlighted.
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Figure 5.2: Schematic model of the cryogenic side wiring. This diagram represents a single
channel of readout. Not pictures are ground lines and LED lines.

For the room temperature electronics outside the cryostat, the CDMSII front end boards
(FEB) and RFT boards are used for the amplifiers and filters. After pre-amplification a
National Instruments analog-to-Digital Converter is used to digitize the signal. For more
details of the SQUID amp and FEBs in general, see any pre-SuperCDMS era CDMS thesis,
specifically Appendix I of Kyle Sundqvist’s thesis [141]. The DAQ system used in our lab
is custom built, but essentially records a continuous data-stream at a digitization rate of
1.25 MHz. A schematic of this signal flow can be seen in Fig. [5.3
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Figure 5.3: Schematic model of the detector readout chain.

5.2 Experimental Techniques

Before getting into the analysis of the detectors, I will talk in general about some of the
techniques used by our group to characterize a device. As discussed in chapter [ since
the time scales of most physical processes of interest in a QET are much shorter than the
relevant times scales of the TES, in most cases a QET based device can be treated as if it
were simply made of TESs, with a penalty factor from the phonon collection efficiency.

It is helpful to define the goal of the analysis: measure the fundamental TES properties
such that we can understand how to improve the baseline energy sensitivity. The details
of the measurements are described in the following sections, but for now a list of the basic
measurable parameters is shown in table Additionally there are parameters that can
be derived from these, with the addition of prior constraints. How these are derived and fit
will be described next. In table [5.3 we can see typical electronic values for our experimental
setup.

5.2.1 Ipls-Complex Admittance Sweeps

Perhaps one of the most common measurements of electronics components is a DC IV’
sweep; how does the output current change as a function of applied voltage. In CDMS,
we typically refer to this as an Iglg measurementﬂ but I will switch between both names
throughout this chapter.

At every bais point in the IV sweep, two types of data are taken:

1. Noise Data: this is simply a few min of randomly sampled traces.

I for applied QET bias and I for sensor current.
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Table 5.1: List of basic measurable TES parameters

Parameter Data type used to measure
Ry, Specified by manufacture (assumed 10% error)
R, Iglg
Ry Iglg
P Iglg

L Bounded by SC dIdV data
I6] dIdV

TI dIdV

Ty dIdV

T dIdV
GTA 1 BI S VS TB

n I B[ s VS TB

Tc IB]S VS TB

Ty SC noise data
nsQ Normal noise data
fso Normal noise data

Table 5.2: List of derived TES parameters

Parameter Required knowledge
T high T dIdV
Z Needs good measure of 7 and Ry
Q@ <, Py, and n
C 7 and Gra

Table 5.3: List of typical values used in our electronics.

Parameter Typical Value
Ry, Specified by manufacture (assumed 10% error)
R, 2.5 m
L 250 — 450nH

15 65 — 75 mK
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Figure 5.4: Iglg or ‘IV’ curves before (left) and after (right) correction of SQUID and bias
offsets.

2. dIdV Data: a small square wave is applied down the bias line when the data is taken.
A derivation of the time-domain response of a TES to a small square wave excitation

can be found in appendix [C]

The first data type is typically what we refer to as the ‘IV’ data. Since the current
through the TES is readout with a DC SQUID array, only a measurement of the relative
current is possible. When we measure an IV sweep, we apply a bias of

T2 = Igs + IgRs (5.1)
and get a current response of
Alrgs = 115§ + IS0 (5.2)

Ultimately we wish to understand IT5¥ as a function of Ig°. The two offsets can be
corrected for in the IV sweep so long as the SQUID stays locked in the same point throughout
the duration of the sweep. From the left plot in Fig. [5.4] it is clear that there are two points
in which the system behaves like simple resistors. Recall from the circuit in Fig. [2.2] when
the TES is normal the IV characteristics should be that of a resistor of R = Ry + Ry, and
when the TES is superconducting, the system will look like a resistor of R = R,. By fitting
the slopes and intercepts of these two regimes, the offsets can be corrected by the fact that
we know the two lines must intersect each other at (0,0). The corrected IV curve, and fits
of the SC and N regimes can be see in the right plot of Fig. [5.4]

Once the true bias and TES currents are known, they can be used to calculate the TES
resistance (see left plot in Fig. . With the TES resistance now know, the bias power can
be calculated (see right plot in Fig. . Notice how the plot of the bias power has again
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Figure 5.5: TES resistance (left) and Bias Power (right) as a function of TES bias voltage.
Shown on the right is also the expected power from a pure resistor of resistance Ry .

two regions that match what would be expected from a normal resistor, shown as a dashed
blue line. The region where the TES is in transition is the area where the power is constant,
this is due to the fact that in the electrothermal feedback regime, the joule heating is in
equilibrium with the cooling power of the bath.

5.2.2 Complex Admittance
Superconducting and Normal

With the complex admittance data taken at every bias point, the dynamic information of
the TES can be extracted as a function of QET bias. For the regions where the TES is
either superconducting or normal, the data can be fit to the complex admittance of the bias
circuit given by

Z(w) = 08_‘; = Ry + jwL (superconducting) (5.3)
oV
Z(w) = v R;+ Ry + jwL (normal). (5.4)

We can see that these fits also give a cross check for the values of R, and Ry found from
the IV analysis, although their uncertainties are typically much larger than those found from
the IV. The most valuable parameter obtained from these fits however is a robust measure of
the TES inductance L from the SC data (the SQUID feedback amplifier typically limits one
from seeing the inductance while in the normal state). Typical fits of both superconducting
and normal state complex admittance data are shown in Figs. [5.6] and [5.7]
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Figure 5.6: Left: Typical fit of superconducting complex admittance data shown in time
domain. Right: zoomed in version of fit.

3
2-
'::‘ —
2 E 1f
Q [
= =
5 £
2 )
g g -1}
< < ‘
-2
- 0 10000 20000 30000 40000 50000 60000 _9%00 9900 10000 10100 10200 10300
Time [ps] Time [ps]

Figure 5.7: Left: Typical fit of normal state complex admittance data shown in time domain.
Right: zoomed in version of fit.
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Transition State

Recall from chapter 2 the complex impedance contains all the relevant information about
the TES. The complex impedance is parameterized by

ZRy(2+p) 1

Z(w) = R+ Rp(1 jwl 5.5
(W) ¢+ 0( +5)+ZW + (1_3) 1—{—7:&}7'[’ ( )
where again the loopgain is defined as
Pbatha (8% TgL th
£ = =—(1—--=222). 5.6
GT n ( T (5.6)

We can see that Eq.[5.5]has many degeneracy’s, thus the function must be re-parameterized
before it can be fit. We re-define the equation to be

B
Z(w) = A(l +j(.d7'el) -+ m, (57)
where

A=Ri+ Ro(1+ ) (5.8)

Ry.%
B:1_$(2+ﬂ) (5.9)

L

Tel = Re+ Ro(1 1 B) (5.10)
=" (5.11)

1-Z

The fit for these parameters can be done without any user input. With Ry and R,
previously known from the IV data, the small signal TES parameters can then be calculated
from

A— Ry

— 5.12
B
= (5.13)
A+ B+ Ry — Ry
A
L="— (5.14)
Tel
A _
T o — Ry (5.15)

" AYB+Ry—R,

Note that although we have an good estimate of L from the superconducting complex
admittance data, the L is this case is actually an effective L due to the fact that this
inductance does change slightly throughout the transition as a consequence of the mutual
inductance between the input and feedback coils in the SQUID [142].
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Table 5.4: Parameters used for generation of fake TES complex impedance data.

Parameter Data type used to measure

Rsh 5 m¢

R, 5mS)

Ry 100 — 250 mS2,
L 200nH

15} 0.1
T 1.7ms

< 100

Combining these with our definition of loopgain in Eq. 5.6, we can calculate the logarith-
mic temperature sensitivity . Unfortunately, measuring « in practice is quite challenging.
The way that the loopgain manifests in the complex impedance is non-linear and also causes
A, B, and 77 to be highly correlated. This causes the uncertainties in 7 and .Z to be very
large. To illustrate this, we can take a small aside to look at some fake complex impedance
data. We generate fake complex admittance data with the parameters from table 5.4l Noise
is added to this from a PSD generated from the same parameters. A plot of the average
trace, as well as the TES response for the true parameters (TES response before addition of
noise) can be seen in Fig. |5.8]
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Complex Impedance Priors Fit: Complex Impedance
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Figure 5.9: Left: correlation matrix for best fit parameters. Right: correlation matrix for
the same data-set, but fit using prior constraints on the 7 parameter.
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Figure 5.8: Fake complex impedance data

We fit the fake data-set generated over a range of Ry values and convert the best fit
parameters to the small signal TES parameters. The correlation matrix for a typical fit can
be seen in Fig. [5.9| (left) which shows how most of the parameter are strongly correlated.
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Improved Fitting with Priors

We can improve the situation if we have any prior knowledge of some of the calculated small
signal parameters in the previous section. We can re-do the fit, but using a log-likelihood
technique in which priors are included on all ‘known’ parameters. In this case, Eq. is
fit directly, where all parameters are considered ‘free’, including Rj,. This fit will only give
sensible results when strong priors on the degenerate terms are given. The two parameters
that are often the most difficult to disentangle are 7 and %, where the reason for this can
easily be seen in the definition of 7;.

In our fake dataset, let us repeat the fit from before, but using the ‘priors fit” with only
a strong prior on 7. Best fit values for 7 and .Z before and after the ‘priors fit’ can be seen
in Fig. [5.10| and Fig. [5.11] respectively. Unsurprisingly, the errors on 7 are very small when
given a prior constraint on 7. More importantly though, notice that the fitted values for .Z
are much closer to the true value, and the errors have shrunken substantially. Finally, the
correlation matrix for the priors fit can be seen in Fig. [5.9 where we can see that the off
diagonal terms have been substantially reduced.

2000 T T T 2000 — T T
1900 --- True Value
1800 1 ¢ Prior constraint on t
1600} 1800+
1700 0—9-9-6-9-90-9-9-0-0-0-0-0-9-0-0 000
1400 1
L ~ 1600
12001 1
15001
10001 1400}
800 L
--- True Value 1300
L i s L s L L L
600 500 550 600 650 1200 500 550 600 650
RolmQ] RolmQ]

Figure 5.10: Left: Fits of 7 for various simulated complex admittance data-sets. Right: Fits
of 7 for the same simulated data, but with a prior constraint placed on 7.
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Figure 5.11: Left: Fits of .Z for various simulated complex admittance data-sets. Right:
Fits of & for the same simulated data, but with a prior constraint placed on 7.

The question now becomes, how do we get the prior value of 7 in the first place? Recall
the from of the loopgain in Eq. that there is a strong dependence on bias power, or rather
Tg. The loopgain can be made arbitrarily small when the bath temperature approaches T..
Thus fitting complex admittance data at Ts ~ T, can allow for more robust measurements
of 7. Recall 7 = C'/G, where the C' and G are determined at the operating temperature 7.
This operating temperature is the same regardless of Tz, thus a measure of 7 for high Ty
should be invariant of temperature. This can now be used as a strong prior on 7 for lower
bath temperature IV sweeps to get better fits for .Z. In practice however this sometimes
proves to be challenging.

An alternative method that should be robust, but would require the modification of
existing code, would be to chose complex admitance data from the same point in transition
for a variety of bath temperatures. Then construct a loss function in which all of these data
were fit simultaneously to Eq. with the constraint that 7 must be constant for all the
fits. By doing this, the degeneracy between 7 and .Z is broken.

For completeness, a typical fit to real complex admittance data is shown in Fig. [5.12]

5.2.3 Noise Modeling
Estimation of SQUID Noise Model

After the basic DC parameters are extracted from the IV data and the complex admittance
is fit, we can begin to analyze the noise. Our system is designed such that when the TES is in
its normal state, the Johnson noise from the TES and the load resistance will be subdominant
to the SQUID and readout electronics noise. We can therefor fit the normal state noise PSD
to the function

SINormal ~ SN + SSQUID, (516)

ITESs
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Figure 5.12: Left: Fit of transition state complex admittance data shown in time domain.
Right: zoomed in version of fit.

where
1 2
Sy =4kpTyR 5.17
ITES BLO4UN RZ+RN+jCUL ( )
and Ssqump is given by Eq. which is repeated below for convenience:
white Weut-off \ "SQUID 2
SISQUID = (SS(SIEID [1 + (Tt> }) . (5.18)

In this fit, only the SQUID parameters Sg”é‘i[}‘fD, Weut-off, and ngquimp are free. We can
neglect the contribution from the load resistance at this point, as it will be significantly less
than the Johnson noise from the TES. An example of this fit can be seen in Fig.

Estimation of Load Resistance Temperature

Now that we have a handle on the SQUID plus any downstream electronics noise, we can use
the superconducting state noise to estimate the temperature of the load resistance. When
SC, the noise of the load resistance is no longer being heavily suppressed by Ry like it was
when the TES was normal,

1

S5C = dkpTyRy | ————
L B R, 4wl

(5.19)

Thus when the TES is SC, the load resistance is by far the dominant noise source, and
we can fit the PSD to
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Figure 5.13: Left: Normal state noise referenced to TES current, shown with the best fit
noise model parameters. Right: SC state noise referenced to TES current, shown with the
best fit noise model parameters.

stc = SI%C + SSQUID, (5.20)

where the SQUID noise is now fixed and we can extract T;. An example fit is shown in
Fig. From table [5.3] typical values for 7, can be seen. We can check this value
against our expectation. From Fig. [5.2] we know that Ry, is held at the temperature of the
CP, which is typically 60 — 100 mK, and we have ~ 1 mS) of parasitic resistance from the
contact resistance in the connector at the SQUID card and ~ 1 m{2 at the MC detector card.
Summing up all these contributions, a fitted value of 60 — 75 mK seems right in line with
expectations.

Estimation of Thermal Conductance

At this point, the SQUID/electronics noise has been measured, load resistance temperature
measured, and dynamic TES characteristics measured from the complex admittance data.
Before the noise in transition can be modeled?, we need to first estimate the thermal con-
ductance between the TES and the absorber Ga. This can be done in two different ways.
From Eq. [2.4] in the limit that we have no parasitic power and that T < Ty, then the
thermal conductance can be simply estimated as

nP()

2described in section
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Figure 5.14: Left: Transition state noise model and data referenced to TES current. Right:
Transition state noise model and data referenced to TES power.

The other, more robust, method is to fit Eq.[2.3]directly as a function of bath temperature.
This can by done by taking multiple IV sweeps at various bath temperatures, selecting a
point of constant Ry across all temperatures, and fitting the corresponding bias powers as
a function of Ts. See chapter [7] for an example of this. This method offers the advantage
that it also gives you T, and n as part of the fit. This method however is still not able
to disentangle the issue of parasitic power, as this power would be removed with the same
temperature scaling as the bias power. Since we are typically able to operate in the limit
where Tz < T,, we often use the former approximation, and assume n = 5.

With the thermal conductance in hand, we can now compare the modeled noise compo-
nents with the measured noise power, example shown in Fig. [5.14] (left). The real figure of
merit of a bolometer or calorimeter is the noise equivalent power (NEP). This is measured
by referencing the current-noise PSD to TES power with the power-to-current-responsivity
from Eq. using measured values from the complex admittance data,

ol —2

NEP? = S, (w) = S;(w) P (w)

(5.22)

An example NEP plot can be seen in Fig. (right).

The final step in the analysis chain is to integrate the signal-to-noise ratio in power space
using this NEP to calculate the expected energy resolution from Eq. [B.2] This is done for
all bias points in transition. If the athermal phonon collection efficiency has already been
measured (see next section), this value should be included in this step.
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5.3 Estimating Logarithmic Temperature Sensitivity

The above analysis tools are all packaged into an integrated suite in which multiple types
of data are stitched together to estimate most of the TES parameters in an automated way.
As was discussed, the estimate of . and thus a can be quite troublesome. Below is an
alternative method to estimate this parameter from the same types of data.

While o can be somewhat measured from the complex admittance data, it is highly
degenerate with other parameters, eg .2 and 7. We can however estimate it using a measured
value for EXZ (see section for a discussion of this measurement) and a measure of TgTF.
Note that Terr is a parameter that we can measure quite well. Recall from Eq. [2.53] the
electrothermal time constant is given by

. _ 1+ 5+ Re/Ry (5.23)
P 4 B+ Ry/Ro+ (1 — Ry/Ry) & ‘
From Eq. |3.101| we know the heat capacity is given by
C = foecw V7T (5.24)
And as before, we know
Wy totaln—1
G =nEX ViR, (5.25)
Thus the natural time constant in the ETF time constant is
C fscCW
— = _JseW 5.26
TG T (5.26)
Finally, recall the definition of the loopgain from Eq. [2.18],
PJ (0%
L= =" 5.27
aT. (5.27)

From Egs. 5.23] [5.26] [5.27 we can see that we have everything measured (using the
literature value for the W specific heat from table except a. We can thus tune the value
of o to match the measured electrothermal time constant. Note that in this estimate, there
will be a systematic on the T, due to any parasitic power.

5.4 Phonon Collection Efficiency

The total athermal phonon collection efficiency (¢) is one of the simplest measurements we
do, and is somewhat a stand-alone measurement from the previous sections. It requires a
calibration source with known energy, commonly an X-ray/gamma source, or in the future
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a fiber optic setup. Recall from section that the energy removed by the TES from
electrothermal feedback can be written as

Egrr = / AP;dt = / h (Vs — 2I0R,)AI(t) — AI*(t)R,] dt. (5.28)

Where Ij is the true baseline current, and AI(t) is the baseline subtracted TES current as
a function of time.

To estimate €, one selects a pulse (or preferably an average of pulses) with the known
energy from the calibration source, numerically evaluates Eq. for the pulse, and divides
this energy by the known true energy of the pulse. It is as simple as that! For an example of
how this is done in practice for the CPDv1 detector using an **Fe source, see section [6.2.5]

5.5 Future Updates to Characterization Analysis

The existing analysis suite described in this section allows for the characterization of a
TES/QET sensor to be done in simply a few clicks of a mouse. As with any codebase, it can
always be improved. There are a few specific improvements which should be implemented
by future students.

Dynamic dV Excitation

In the current way the data is taken, a fixed square wave amplitude is used for all complex
admittance data throughout the full IV sweep. Since this resistance of the TES is changing,
the relative amplitude seen by the TES is changing as a function of bias point. This means
that at some places in the transition the excitation is too large, and some places smaller than
it needs to be. Ideally the excitation amplitude should be at a roughly constant relative level
to the TES bias current.

Integration of High-T},,, Data

While we have discussed how the . parameter can be more precisely fit if prior knowledge
of 7 is known, it is a bit of a challenge to integrate this into the existing code. The tools
are all in existance, but finding the correct high-Ti,.;, dataset to use to get the priors and
then plugged back into the base temperature IV sweep analysis must be done somewhat by
hand. Figuring out a more automated way of first taking this high-T},., data set and then
integrating the results would be a huge improvement.

Estimation of Uncorrelated Noise Power

As will be discussed in the following chapters, one can use the time series data of multiple
simultaneous channels to estimate the non-correlated components of the noise power for
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each channel. While this is an analysis we commonly do, this is currently not automatically
integrated into the IV sweep analysis.

This has by no means been an extensive list of everything done to characterize an athermal
phonon detector, but hopefully provided enough of an overview to give a feel for the basic
techniques used. The following chapters will take a deeper dive into the characterization of
specific sensors and detectors.
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Chapter 6

Characterization of TES and QET
Based Detectors

The following chapter consists of two separate papers detailing the characterization of devices
our group has designed and studied. The first section focuses on the characterization of low-T,
single TES test structures [137]. This paper is a direct application of the models introduced
in the chapter [2| to simple TESs and describes the process of extracting TES parameters
from data. The second section covers the characterization of a QET instrumented athermal
phonon sensitive large area photon detector [84]. This section shows how the same models
that describe single TESs can be applied to an aggregated array of TESs integrated with a
larger detector target. Both of these devices were studied in the SuperCDMS test facility
at the SLAC National Accelerator Laboratory. This data was collected during the period in
time when our lab at UCB was not yet operational. The results of each of these papers were
world leading at the time of publication (and possibly still so!)

6.1 Characterizing TES Power Noise for Future
Single Optical-Phonon and Infrared-Photon
Detectors

A version of this section was originally published as an Editor’s Pick in AIP Advances as
Ref. |137].

6.1.1 Abstract

In this letter, we present the performance of a 100 um x 400 yum x 40nm W Transition-
Edge Sensor (TES) with a critical temperature of 40 mK. This device has a noise equivalent
power of 1.5 x 1018 W/ VHz, in a bandwidth of 2.6kHz, indicating a resolution for Dirac
delta energy depositions of 40 +5meV (rms). The performance demonstrated by this device
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is a critical step towards developing a O(100) meV threshold athermal phonon detector for
low-mass dark matter searches.

6.1.2 Introduction

As dark matter (DM) direct detection experiments probe lower masses, there is an increas-
ing demand for sensors with excellent energy sensitivity. Several athermal phonon sensitive
detector designs have been proposed using superconductors|143] or novel polar crystals|144-
147| as the detection medium. Additionally, experiments that use single infrared (IR) sensi-
tive photonic sensors to read out low band gap scintillators or multi-layer optical haloscopes
for both axion and dark photon DM have also been proposed [148].

Each of these designs would ultimately require sensitivity to single optical-phonons or
IR-photons, corresponding to energy thresholds of O(100) meV [143-145, |148]. Coherent
neutrino scattering experiments have made recent progress using DM detector technology and
are also interested in cryogenic detectors with very low thresholds [149]. Transition-Edge Sen-
sor (TES) based detector concepts have been successfully applied in DM searches [150-152],
as well as IR and optical photon sensors [153]. The same concepts can also be used in these
new applications, as the necessary energy sensitivities can theoretically be achieved [143]
144].

The energy resolution of a calorimeter can be estimated with an optimum filter (OF) [76,

93] from
op = [52‘ /OOO %%]-1’ (6.1)

where Sp(w) is the total (one-sided) power-referred noise spectrum, ¢ is the total phonon
collection efficiency, and p(w) is power-referred pulse shape defined as p(w) = 1/(1 + jwy),
with 7,;, the athermal phonon collection time of the detector. The resolution for a TES-based
calorimeter is minimized when the noise is dominated by the intrinsic thermal fluctuation
noise (TFN) between the TES and the bath [81]. This noise can be written as

Sp(w) ~ dkpT?GF(T., Tp)(1 + W*Tirp), (6.2)

where kp is the Boltzmann constant, T, is the superconducting (SC) critical temperature,
Tp is the temperature of the bath, G is the dominant thermal conductivity between the
TES and the bath, and F(T.,T5) ~ 1/2 is a scale factor accounting for the nonequilibrium
nature of the thermal conductance. The effective time constantl]in the strong electrothermal
feedback zero inductance limit (also neglecting small effects from the resistance terms and the
current sensitivity) can be approximated as 7. ~ C'v/2n/(Ga), where « is the dimensionless
temperature sensitivity, C' is the heat capacity, and n is the thermal conduction power law

IThis is also commonly referred to as 7. ff
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exponent. Under this scenario, the integral in Eq. (6.1)) becomes
1

2

O &

E
g2

AkpT2GF (T, T)(Tpn + TeTF)- (6.3)
Note, as was derived in the previous chapter, this expression should actually have a 7,
instead of 7grr. However, in the limits this device is operating 7, and 7grr differ only by
O(1) factors but contain the same fundamental scaling with volume and 7, which is the
only part important to the following arguments.
If the energy of an incident particle is absorbed directly by the TES, that is, 7,;, = 0 and
e = 1, then the energy variance in Eq. becomes

C
0L~ kBng\/g : (6.4)

For a metal in the low-temperature regime, the heat capacity scales with the volume of the
TES (Vrgs) and the temperature as C(T') o« VrgsT', suggesting

op < Vs T?. (6.5)

However, if operated as an athermal phonon sensor, specifically a Quasiparticle-trap-
assisted Electrothermal-feedback Transition-edge sensor (QET) [97], the energy sensitivity
dependence on T, becomes even more important. The energy resolution is minimized when
athermal phonons bounce in the crystal for times long compared to the characteristic time
scale of the TES sensor (i.e. Tprr < 7p) (76, 143| 154], as long as the surface athermal
phonon down-conversion rate is negligible [155]. In this case, the thermal conductance term
is not cancelled from Eq. . For low-T, W films, the thermal conductance is dominated
by electron-phonon decoupling, thus scaling as G oc Vpps7"~! with n = 5, as confirmed by
measurement described later in this letter. This implies that the baseline energy variance of
the detector will scale with critical temperature as 0% o T9, suggesting that a low-T, device
is ideal for single optical-phonon sensitivity.

6.1.3 Experimental Setup and Data

A set of 4 W TESs was fabricated on a 525 um thick 1cm x 1cm Si substrate (“chip”).
The smallest of the TESs was 25 yum x 100 um x 40 nm. Each subsequent TES increased in
area by a factor of four, keeping an aspect ratio of 1:4 (width:length), which implies all the
TESs have the same normal resistance (Ry). The TES mask design can be seen in left panel
Fig. [6.1] Two sets of these chips were made, one with TESs of 7, = 40 mK and the other
with TESs of T, = 68 mK. This letter focuses on the measurement and characterization of
the low-T, 100 pm x 400 pm x 40nm TES (hereby referred to as simply “the TES”), but
will also present characterization data from these other devices to elucidate scalings with 7,
and volume. The utility of such devices for applications of photon detectors and athermal
phonon sensors will also be discussed.
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Figure 6.1: Left: TES mask design. The W is shown in red, while the blue represents Al bias
rails. The Al connects to the left and right sides of the TES. Middle: Thermal model for
experimental setup. For simplicity, only two TESs are shown in the model. Right: Electrical
circuit. Ry, is a shunt resistor which turns the current source (Ip;,s) into a voltage bias. Any
parasitic resistance on the shunt side of the bias circuit is absorbed into the value used for
Ry, in this analysis. [z, is the parasitic resistance on the TES side of the bias circuit. L is
the inductance in the TES line. Rrgg is the TES resistance, which takes on a value of Ry
when in transition and takes on a value of Ry when its temperature is above T..

The voltage-biased TES was studied at the SLAC National Accelerator Laboratory in a
dilution refrigerator at a bath temperature of 15 mK. The Si chip was mounted to a copper
plate with GE varnish. The current through the TES was measured with a custom DC
Superconducting Quantum Interference Device (SQUID) array system with a noise floor of
~4 pA/ V/Hz, fabricated for the SuperCDMS experiment, with a measured lower bound on
the bandwidth of greater than 250kHz. The SQUID array was read out by an amplifier
similar to the one in Ref. [156].

Multiple measures were put in place to mitigate electromagnetic interference (EMI). Pi-
filters with a cutoff frequency of 10 MHz were placed on all input and output lines to the
refrigerator. Ferrite cable-chokes were placed around the signal readout cabling at 300 K, and
the 4K and 1K cans were filled with broadband microwave-absorptive foam to suppress radio
frequency (RF) radiation onto TESs. The outer vacuum chamber of the dilution refrigerator
was surrounded by a high-permeability metal shield to suppress magnetic fields. These mea-
sures were the result of a systematic search of the system’s susceptibility to environmental
noise, and they lowered the measured electrical noise by roughly an order of magnitude. De-
spite these efforts, an unknown parasitic noise source remained, which inhibited the smallest
two low-T,. TESs from going through their SC transition.

To characterize the TES, IV sweeps were taken at various bath temperatures by measur-
ing TES quiescent current (Ip) as a function of bias current (Ipias ), with complex admittance

2We use the term “IV” even though we are applying a bias current, as the voltage and current are related
by the shunt resistor: Vpijas = IBiasRsh
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Table 6.1: Various calculated parameters of the TES.

Rsh Rp RN P 0 GAB GTA Tc TB TZ
(mQ)] (mQ)] mQ] | W] | pW/K] | [pW/K] | [mK] | mK] | [mK]
50£05|58+£06|640+65 |31 £2|1.6+£01|40+£0440+1|15+£1|37%+2

data taken at each point in the IV curve |76, [77]. Data were also taken simultaneously with
the largest low-T,. TES (TES2) on the same Si chip, biased at an operating resistance (Ry) of
approximately 40% Ry, in order to attempt to quantify the amount of remaining excess noise
that coupled coherently to both TES channels. From the IV sweep at each temperature,
both the DC offset from the SQUID and any systematic offset in Ig;,s were corrected for
using the normal and SC regions of the data. After this correction, the parasitic resistance in
the TES circuit (R,), the normal state resistance, the TES resistance in transition, and the
quiescent bias power (Fy) were calculated (see the right panel of Fig. 6.1 for circuit diagram).

Since the Si chip contained multiple TESs, the thermal conductance between the chip and
the bath (G 45) was measured by using one as a heater and one as a thermometer. Knowledge
of Gap allowed us to infer the temperature of the Si chip (T4) from a measurement of Tg.
See the middle panel of Fig. for a thermal diagram of the setup. Measuring F, as a
function of temperature from the IV sweeps, the thermal conductance between the TES
and the Si substrate (Gra), Te, and n were fit to a power law [157], confirming our n = 5
assumption. We measured that G sp was roughly 3 orders of magnitude larger than G,
meaning that Ty was effectively equal to T, and the system could be modeled as a single
thermal conductance between the TES and the bath. The characteristics of the TES system
from the IV data are shown in Table 6.5

6.1.4 Parameter Estimation

For each point in transition, a maximum likelihood fit of the complex admittance was done,
using the standard small-signal current response of a TES [81]:

Z(w) = Rsh + Rp + jCL)L + ZTEs(CU),

Zres(w) = Ro(14 B) + Ry 24p

1 - 21+ jury

(6.6)

In this fit, L, Ry, R,, Rshﬂ B, 7, and .Z are all free parameters. L is the inductance
in the TES bias circuit, £ is the dimensionless current sensitivity, 7 is the natural thermal
time constant, and .Z is the loop gain. We include the estimates from the IV data of
Ry, R,, and Ry, as priors in the fit. Additionally, we include a prior on L, measured from
SC complex admittance data. The TES response times can also be measured from the

3Rsn, is a free parameter in the fit because we do not have a good measurement of it at cryogenic
temperatures.
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Figure 6.2: Fitted values for § (purple dots) and effective electrothermal TES response time
7_ (black crosses) as a function of TES resistance.

complex admittance data, defined as the rise and fall times of the TES response from a delta
function impulse (74 and 7_, respectively) [81]. Best fit values of 8 and 7_ are shown in
Fig. [6.2], while a typical complex impedance curve can be seen in Fig. [6.3]

6.1.5 Noise Modeling and Energy Resolution

The normal-state noise was used to estimate the SQUID and amplifier noise, once the John-
son noise component of the TES at Ry was subtracted out. The effective load resistance
temperaturd’] was estimated from the SC noise spectrum, resulting in 7, ~ 37 mK, which
was used to estimate the Johnson noise from R, and R,. The TFN and TES Johnson
noise components of the system were calculated as defined in the standard small-signal noise
model [81], using the complex admittance fit parameters. The measured power spectral
density (PSD), referenced to TES current, of the device in transition was converted into the
noise equivalent power (NEP) with the power-to-current transfer function [81]

Bo-ol-2)(mtg)e] e

4The load resistance is Ry = Rsp, + R,. When the TES is SC, the noise spectrum is dominated by the

Johnson noise of the Ry, Sj, = 4kpTyRy |1/(R; + jwL)|*. With R, and L known, the measured noise can be
used to estimate Tj.
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Figure 6.3: A typical complex impedance curve for the TES in transition for Ry ~ 15%Ry.
The measured magnitude and phase of the complex impedance are shown in black and blue,
respectively. In cyan, the complex impedance derived from the maximum likelihood fitting
routine is shown.

where Z(w) is defined in Eq. (6.6). A comparison of the noise model to the derived NEP for
a typical operating point in transition is shown in Fig. [6.4]

From the derived NEP, the energy resolution of a Dirac delta impulse of energy directly
into the TES was estimated using Eq. , with € = 1 and 7,, = 0. It can be seen in the
upper panel of Fig. that when the TES is operated at less than ~15% Ry, the estimated
resolution of the collected energy is o = 40 £ 5meV. At this point in the transition, the
sensor has an NEP of 1.5x10"® W /+/Hz in a bandwidth of 2.6 kHz. This resolution represents
the lower limit of the performance of this sensor given the measured noise, operated as either
a photon or athermal phonon sensor. In the case of the athermal phonon sensor, there would
be an additional efficiency factor based on the design of the detector.

It is evident from Fig. that the NEP is elevated from the theoretical expectation
across the full frequency spectrum. We split the excess noise into two categories. Noise that
scales with the complex admittance and is present when the TES is biased in its normal or
SC state, we call “voltage-coupled”, e.g. inductively coupled EMF. Noise that is only seen
when the TES is in transition is referred to as “power-coupled”, e.g. IR photons radiating
onto device. The excess voltage-coupled noise (Sgc+) can be modeled by scaling the SC
power spectral density (PSD) by the complex admittance transfer function when the TES is
in transition via Eq. (6.8]). This modeled noise can then be subtracted from the transition
state PSD in quadrature.

2], |*

Sscr (W) = Sso(w) Tl
sr{i) = e >H2<w>]Rﬁo\

(6.8)
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Figure 6.4: Modeled noise components: TES Johnson noise (orange solid), load resistor
Johnson noise (red dashed), electronics noise (yellow dashed), thermal fluctuation noise
(purple alternating dashes and dots), and total modeled noise (purple dots) compared with
the derived NEP (black solid). The noise model and NEP are shown for Ry ~ 15%Ry. The
shaded regions represent the 95% confidence intervals.

We expect power-coupled noise from an environmental origin to couple coherently to each
TES on the same Si chip, though we have seen evidence of power-coupled noise generated by
the Ethernet chip on our warm electronics to have significantly different couplings to different
electronics channels. Because we acquired data simultaneously on TES2, we can determine
the correlated and uncorrelated components of the noise by using the cross spectral density
(CSD) |77, [158]. The scaled SC noise PSD and correlated part of the CSD are plotted with
the measured PSD in Fig. for Ry ~ 15%Ry. The two noise sources can explain the
peaks in the noise spectrum, but cannot explain the overall elevated noise level.

To investigate the hypothesis of the excess noise being explained by IR photons radiating
onto the TES structure, we modeled this system by multiplying the TFN by a scalar in order
to make the total noise model match the NEP. This scale factor is shown in the lower panel
of Fig. [6.5] The fact that this scale factor is monotonically increasing with Ry implies that
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Figure 6.5: Upper: Estimated energy resolution (from data) throughout the SC transition.
Lower: Scale factor needed to increase Sypy to make the noise model match the measured
PSD.

this mechanism is not a dominant source of excess noise, as it should be independent of the
TES operational bias point.

We ruled out the possibility of the excess noise being due to multiple thermal poles [159]
160], as none of these models were able to explain the observed noise spectra. This is also
evident by noting the lack of additional poles in the complex impedance in Fig. [6.3]

The fact that the two smallest low-7. TESs (the most sensitive to parasitic power noise)
were not able to go through their SC transition, suggests that a nonnegligible amount of the
excess noise is environmental in origin. However, given the previous discussion, this leaves
open the possibility that some of this excess noise is intrinsic to the TESs.

We compare the estimated energy resolution of the TES to the high-T, TESs, using the
same analysis techniques, in Table The high-T, TESs also observed a similar amount of
excess noise. Despite the elevated noise seen on both sets of TESs, the resolution scaling with
volume and 7T, from Eq. still approximately holds. We note that we do not compare the
energy resolutions using the expected scaling relation for athermal phonon sensors because
of its dependence on both substrate material and QET geometry.

With an estimated energy resolution of 40 £ 5meV (rms), this device has comparable
energy sensitivity to world leading optical and near-IR TESs, but with a volume that is
much larger, due to its low-T, (see Table . It has immediate use as a photon detector in
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Figure 6.6: Measured noise (black solid), modeled voltage-coupled noise (purple solid), corre-
lated noise (yellow dashed), measured noise with voltage-coupled and correlated components
subtracted (orange solid), and theoretical noise model (purple dots) shown for Ry ~ 15%Ry.
The environmental noise model explains the peaks in the measured spectrum, but there is
still a discrepancy between the environmental-noise-corrected data and the noise model.

Table 6.2: Energy resolution estimates for 68 mK 7, TESs compared to the 40 mK 7, TES
described in this work.

T. | TES Dimensions 0B opt
mK] | [pm x pm X nm] [meV] [meV]
Estimated Predicted
using Eq. @D
40 100 x 400 x 40 40+ 5 N/A
68 50 x 200 x 40 44 +5 4445
68 100 x 400 x 40 104 + 10 89+ 11
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Table 6.3: Performance of state-of-the-art TES single photon calorimeters/bolometers.

TES Tc VTES (o8 5) % Method

k] | [pm?] | mev] | |25

W|161] 125 | 21.88 | 120 25.7 measured

Ti[162] 50 0.13 47 128.2 | measured
MoCu|163] | 110.6 | 2000 | 295.4 6.6 estimated?
TiAu[l64] | 106 90 48 16 measured
TiAu[I65] | 90 | 2025 | ~23 | 1.6 | estimated?

W (this) 40 1600 40 1 estimated

optical haloscope applications [148]. Furthermore, its large volume suggests that significant
improvements in sensitivity can be made in short order; a 20 um x 20 ym x 40 nm TES made
from the same W film would be expected to have 4 meV (rms) sensitivity, provided that we
can reduce observed excess noise and the volume scaling in Eq. continues to hold.

6.1.6 Discussion

For athermal phonon sensor applications [143-147], the expected resolution is also impacted
by the athermal phonon collection efficiency, which is typically > 20% in modern de-
signs [166]. Thus, small-volume crystal detectors (~1cm?) should be able to achieve sub-eV
triggered energy thresholds. Though such devices could not achieve the ultimate goal of sin-
gle optical-phonon sensitivity, they could achieve the intermediate goal of sensitivity to single
ionization excitations in semiconductors without E-field amplification mechanisms [151, [167],
which have historically correlated with spurious dark counts. A decrease in TES volume and
T., along with concomitant improvements in environmental noise mitigation and the use
of crystals with very low athermal phonon surface down-conversion, would additionally be
necessary to achieve optical phonon sensitivity. As we expect the energy variance to go as
T® in this application, the benefit of lower T, should be significant.
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6.2 Performance of a Large Area Photon Detector for
Rare Event Search Applications

A version of this section was originally published in Applied Physics Letters as Ref. [84]. The
detector described in this paper was later used for a dark matter search in collaboration with
SuperCMDS. That DM search was led by fellow UCB graduate student Sam Watkins, setting
the most competitive limits of a cryogenic based detector for DM masses of 93—140 MeV [16§]

6.2.1 Abstract

We present the design and characterization of a large-area Cryogenic PhotoDetector (CPD)
designed for active particle identification in rare event searches, such as neutrinoless double
beta decay and dark matter experiments. The detector consists of a 45.6 cm? surface area by
I-mm-thick 10.6 g Si wafer. It is instrumented with a distributed network of Quasiparticle-
trap-assisted Electrothermal feedback Transition-edge sensors (QETS) with superconducting
critical temperature T, = 41.5mK to measure athermal phonons released from interactions
with photons. The detector is characterized and calibrated with a collimated °Fe X-ray
source incident on the center of the detector. The noise equivalent power is measured to be
1 x 107" W/v/Hz in a bandwidth of 2.7 kHz. The baseline energy resolution is measured to
be op = 3.86 £ 0.04 (stat.)Th50 (syst.) eV (RMS). The detector also has an expected timing
resolution of o; = 2.3 us for 5o events.

6.2.2 Introduction

In rare event searches, experimental sensitivity is often limited by background signals [169-
178]. Developing precision detectors to veto background and noise signals has been a high
priority in these fields. Much interest in low temperature cryogenic detector technology
has been shown by groups carrying out searches for neutrinoless double beta decay [179)
(OvBpB), such as the CUORE [169, [170], CUPID [180], and AMoRE [181] experiments. In
these low-temperature calorimeters, the dominant source of background events consists of «
decays from the surrounding environment [169, 170} [182]. It has been shown that Cherenkov
emission or scintillation light can be used to positively identify the signal fs, allowing for
background discrimination [183]. In order for these experiments to achieve a high level of
rejection for these o backgrounds, photon detectors with large surface areas and baseline
energy resolutions below 20 eV (RMS) for Cherenkov signals [184], or of O(100) eV for scin-
tillation signals [180], are required. To reject the pileup background from multiple ordinary
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(two neutrino) double beta decay (2v33) events, experiments need timing resolutions down
to 10 us (for the Mo isotope) [180].

There has also been theoretical and experimental motivation to search for dark matter
(DM) in the mass range of keV/c? to GeV/c? [185/188]. However, current experiments have
been limited by unknown background signals in the energy range of O(1-100)eV [172-178|,
189]. If the source of such backgrounds are high energy photons that deposit only an ex-
tremely small fraction of their energy in the target [190|, then a nearly 47 active shield
composed of high-Z scintillating crystals read out by these large area photon detectors could
be highly efficient at suppressing these backgrounds. Additionally, a sensitive large area cryo-
genic detector could be useful for discriminating small energy depositions due to radiogenic
surface backgrounds. Other potential DM applications for this detector technology include
searches for inelastic electronic recoils off scintillating crystals and searches for interactions
with superfluid He [191}{193].

We present the characterization of a large area Cryogenic PhotoDetector (CPD) with a
measured baseline energy resolution of 3.86 4= 0.04 (stat.) 009 (syst.) eV (RMS) and a timing
resolution of 2.3 us for 20 eV events that meets or exceeds the technical requirements for the
currently proposed Ovf3( experiments and DM searches. This is the first demonstration of
the capabilities of such detectors, and further development may open opportunities for more
novel applications.

6.2.3 Experimental Setup and Data Acquisition

The (100)-oriented substrate of the CPD is a 10.6 g Si wafer of thickness 1 mm and a surface
area of 45.6 cm?. A parallel network of 1031 Quasiparticle-trap-assisted Electrothermal feed-
back Transition-edge sensors (QETSs) [82, 97| with 7. = 41.5 mK was deposited on one side
of the wafer. The QETs are uniformly distributed over the wafer’s surface and connected to
a single readout channel. The uniform and distributed nature of the channel allows for the
fast collection of athermal phonons with minimal positional dependence, reducing efficiency
penalties from effects such as athermal phonon down-conversion [128| |194]. The opposite
side of the Si wafer is unpolished and noninstrumented. The detector and QET mask design
can be seen in Fig.[6.7] In Table[6.4] the QET design specifications for the CPD are listed.

The detector was studied at the SLAC National Accelerator Laboratory in a cryogen-
free dilution refrigerator at a bath temperature (75) of 8mK. The detector was placed in
a copper housing and was held mechanically with the use of six cirlex clamps. The cirlex
clamps also provided the thermal link between the detector and the copper housing. The
QET arrays were voltage biased and the current through the TES was measured with a DC
superconducting quantum interference device (SQUID) array with a measured noise floor of
~4 pA/ VHz.

A collimated ®°Fe X-ray source was placed inside the cryostat and was incident upon the
noninstrumented side of the CPD in the center of the detector. A layer of Al foil was placed
inside the collimator to provide a calibration line from fluorescence at 1.5keV [195] [196].
The collimator was tuned such that there was ~5 Hz of the **Fe K,, and Kz decays incident
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Table 6.4: QET design specifications for the CPD describing the W TESs and the Al fins
that each QET consists of. The active surface area refers to the amount of substrate that
is covered by the Al fins of the QETSs, while the passive surface area is that which is not
covered by the Al fins, but by the Al bias rails, bonding pads, and other structures that
absorb athermal phonons, but do not add to the signal.

Specification Value
TES Length [pm] 140
TES Thickness [nm] 40
TES Width [pm] 3.5
Number of Al Fins 6
Al Fin Length [pm)] 200
Al Fin Thickness [nm] 600
Al-W Overlap [pm] 10
Number of QETSs 1031
Active Surface Area [%) 1.9
Passive Surface Area [%] 0.2

Figure 6.7: Left: A picture of the CPD installed in a copper housing. The instrumented side
is shown facing up. Right: The design of the QETs used for the detector. (Blue: Al fins,
Purple: W TES.)
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Table 6.5: Fitted and calculated parameters of the TES from [V curves and complex
impedance data. The complex impedance data are given for the bias point of Ry =~ 35% Ry
(see Ref. [197] for definitions of parameters). The systematic errors on G4 and T, represent
the upper bounds on these values, using the hypothesis that the observed excess noise in the
sensor bandwidth is entirely due to parasitic bias power.

Parameter Value

Rgp, [m€)] 5+0.5

R, [mQ)] 8.7£0.8

Ry [m€] 88 £ 10

Py [pW] 3.85 £ 0.45

GraMW/K] 0.48 4 0.04 (stat.) 359 (syst.)
T, [mK] 41.5 £ 1.0 (stat.) 3" (syst.)
Ry [m€?] 31£3

o [ps] 1700 £ 200

L [nH] 190 + 10

B 1.1+0.1

Z 80 £ 15

on the detector. The detector was held at a bath temperature Ts < T, for approximately
two weeks to allow any parasitic heat added by the cirlex clamps to dissipate. During this
time, we attempted to neutralize potential charged impurities within the Si wafer as much as
possible with ionization produced by a 9.13 uCi ¥"Cs source placed outside of the cryostat.

6.2.4 Detector Characterization

To characterize the QETs, I'V sweeps were taken at various bath temperatures by measuring
TES quiescent current as a function of bias Curreniﬂ, with superimposed small square pulses
providing complex admittance [82] at each point in the IV curve [76, (77}, 197]. Since all the
QETs are connected in parallel in a single channel, the channel was treated as if it were a
single QET, describing the average characteristics of the total array. The I'V data allowed for
the estimation of the parasitic resistance in the TES line (R,), the normal state resistance
(Ry), and the nominal bias power (Fp). The effective thermal conductance between the
QETs to the Si wafer (Gra) and T, were measured by fitting a power law to the measured
bias power as a function of bath temperature [197]. This measurement is a lower bound
of these values, as it assumes no parasitic bias power in the system. We summarize these
characteristics of the detector in Table [6.5]

®Although we are applying a bias current, we use the term “IV” because the voltage and current are
related by the shunt resistor: Vyias = IpiasRsh
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Figure 6.8: The magnitude and phase of the measured complex impedance are shown as the
black and blue markers, respectively. The modeled complex impedance is shown as the cyan
solid line. The black dotted line denotes the corresponding bandwidth of 2.7kHz for the
thermal time constant 7_ = 58 us.

The complex admittance data allows us to estimate the dynamic properties of the sensors.
Throughout the superconducting transition, primary and secondary thermal fall times were
observed, e.g. 58 us and 370 us, respectively, at Ry ~ 35% Ry. The origin of this additional
time constant is under investigation. Its appearance suggests that we have a more complex
thermal or electrical system, e.g. phase separation [76, |198] or an extra heat capacity con-
nected to the TES heat capacity [199]. A characteristic plot of complex impedance of the
TES circuit can be seen in Fig.

Knowledge of the TES parameters, given in Table [6.5] allowed for the calculation of
the power-to-current responsivity, which was used to convert the measured current-referred
power spectral density (PSD) to the noise equivalent power (NEP). These parameters were
used to predict the expected noise spectrum using the single-heat-capacity thermal model [82].
A comparison of the NEP to the model at Ry ~ 35%Rx can be seen in Fig The excess
noise spikes above approximately 500 Hz have been experimentally confirmed to be largely
caused by vibrations from the operation of the pulse tube cryocooler. The observed noise is
also elevated above our model at frequencies in the effective sensor bandwidth interval (ap-
proximately the inverse of the thermal time constant 7_ [82]) by a factor of ~2, as compared
to the prediction. This “in-band” excess noise is consistent with two different hypotheses:
a white power noise spectrum incident on the detector of 8 x 107 W/v/Hz (e.g. a light
leak) or a parasitic DC power in the bias circuit of approximately 6 pW. If we assume the
latter is the source, this allows us to calculate the upper bounds on our estimates of G4 and
T., as reported in Table [6.5| There remains bias-dependent excess noise above the sensor
bandwidth. We parameterize the excess TES Johnson—like noise with the commonly used
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Figure 6.9: Modeled noise components: TES Johnson noise (blue solid), load resistor Johnson
noise (blue dots), electronics noise (purple dashed), thermal fluctuation noise (TFN) between
the TES and the bath (yellow solid), and total modeled noise (green solid) compared with
the measured NEP (black solid) for Ry ~ 35%Ry. We additionally show the total noise
model (green alternating dashes and dots), which includes a hypothetical environmental
noise source of 8 x 10~ W/v/Hz and excess TES Johnson noise with M = 1.8. The light-
purple line in upper portion of the figure denotes the power-pulse shape (arbitrarily scaled),
which consists of a single pole at the observed rise time of 1/ (277,,) = 8 kHz.

M factor 82, |86]. Using values of M up to 1.8, depending on bias point, can account for
the discrepancy between observation and prediction at these frequencies. We note that this
“excess” noise could possibly also be explained with a more complex thermal model.

The lowest integrated NEP was achieved at an optimum bias point of Ry = 31 m€) ~ 35%Rx.
In addition to the characterization data, approximately 500,000 threshold triggered events
and 80,000 randomly triggered events were recorded at this bias.

For the measured phonon-pulse shape, there are multiple characteristic time constants.
The pulse rise time was measured as 7,, = 20 us, which is the expected characteristic time
scale for athermal phonons being absorbed by the Al collection fins of the QETs for this
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design. The dominant pulse fall time is consistent with the expectation from the complex
impedance as we approach zero-energy, where we confirmed the expected thermal time con-
stant 7_ = 58 us via a fit of the rise and fall times of the pulses. The secondary time constant
from the complex impedance of 370 us was also seen in these low-energy pulses. The sec-
ondary time constant from the complex impedance of 370 us was also seen in these low-energy
pulses, with an amplitude ratio of less than 2% to the dominant decay exponential.

We observed an additional long-lived behavior in the pulses, which can be estimated as a
low-amplitude ~ 3 ms exponential tail whose magnitude scales linearly with the event energy.
As this tail is not seen in the complex impedance data, it might be due to direct absorption
of phonons with energy smaller than the Al superconducting band gap into the TES [97].

For energies above 300eV, we observed a local saturation effect that manifests as the
dominant fall time lengthening with increased energy. In Fig.[6.10, we show averaged pulses
for various event amplitudes, showing the dependence of the pulse fall time on energy. We
associate this effect with high-energy, single-particle events pushing nearby QETs into the
normal resistance regime, slowing down the response of the total single-channel device. We
also note that there is a position-dependent effect for a subset of high-energy events, notable
by a varying fall time for events with the same amplitude. Our hypothesis for this phe-
nomenon is that events close to the edge of the detector have less solid angle to deposit the
energy, which leads to longer recovery times as opposed to events in the center of the detector
(e.g. the calibration events). These effects are specific to the single-particle nature of the
measured events. For scintillation events, the isotropic nature of the photons would spread
out the event energy across the entire detector channel, avoiding these local saturation and
position-dependent effects.

6.2.5 Energy Calibration and Resolution

To reconstruct event energies, two energy estimators were used in this analysis: the opti-
mum filter (OF) amplitude [93] 200] and the energy removed by electrothermal feedback
(Egrr) [82]. For the OF, we used an offline algorithm to reconstruct energies. A single noise
spectrum was used, which was computed from the randomly triggered events. The phonon-
pulse template used was an analytic template that matches the measured low-energy pulse
shape, neglecting the 3ms low-amplitude tail. Because we could not directly measure the
low-energy phonon-pulse shape with high statistics, we used a template without the long-
lived behavior.

The integral estimator Egrrp was calculated for each triggered event by measuring the
decrease in Joule heating via

e — / "1V — 21 R)AI() — A1 RY] dt, (6.9)

where T' is the time at which the integral is truncated, AI(t) is the baseline-subtracted
pulse in current, Iy is the quiescent current through the TES, R, is the load resistance, and
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Figure 6.10: We show averaged pulse shapes (green solid) normalized by the peak current,
for which the shade of green lightens with increased OF amplitude. For reference, 0.1 uA
corresponds to about 0.1keV, 1.1 uA corresponds to about 1.5keV, and 2.0 yA corresponds
to about 3.4keV. Each averaged pulse consists of about 100 events averaged in 0.04 pA
bin-widths. The lengthened fall time of the averaged pulse with increased OF amplitude
(an energy estimator) is evident. The phonon-pulse template used in this analysis (black
dashed) shows good agreement with the low energy (dark green) pulses. We also show an
analytic phonon-pulse with only the first sensor fall time (gray dashed). Comparing to the
phonon-pulse template, we see that the second sensor fall time has a small effect in this
limited time interval.
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V, is the voltage bias of the TES circuit [82]. In comparison to the OF amplitude, this
integral estimator was less sensitive to saturation effects, but had a worse baseline energy
resolution. When characterizing this device, we used the integral truncation of 7'~ 77_ for
Egrr. This was done to preserve good baseline energy sensitivity in this integral estimator
when calibrating the OF amplitude energy estimator at low energies.

For pulse-shape saturation at high energies, we use the following empirical model:

E
Egrr =a (1 — exp (— 2“)) : (6.10)

This functional form has the expected behavior: it intercepts zero, approaches an asymptotic
value at high energies, and becomes linear for small values of Ei.,. In Fig. the fitted
saturation model, as well as the calibrated and uncalibrated Egrp spectra, are shown, as
compared to the energies of various spectral peaks in both energy scales. For the event
spectra, we observed an unknown background at low energies. As other surface experiments
have seen excess backgrounds at similar energies [172 [173], we do not expect this to be
detector-dependent. We are actively studying this detector at an underground facility, for
which the results will be published in a future work.

The absolute phonon collection efficiency (g,y) of the detector was estimated by measuring
Egrr at the lowest energy calibration line (Al fluorescence) and dividing by the known energy
of that line. Because of the long-lived behavior in the phonon-pulse shapes, the measured
collection efficiency of this detector depends on the integration truncation time 7. If it is
chosen to only include energy collected by the first sensor fall time 7_ (e.g. 7'~ 77_), then
we find that €,;, = 13 £ 1%. Alternatively, if we integrate to effectively infinity, this includes
the low-amplitude long-lived behavior of the phonon pulses. In this case, the collection
efficiency increases to e, = 17 & 1%, which implies that about 30% of the collected energy
for a given event is associated with the low-amplitude tail of the phonon-pulse shape (about
8% and 22% from the 370 us and 3 ms components, respectively).

To calibrate the OF amplitude to units of energy, we fit the relationship between the
calibrated Egrr and the OF amplitude to a linear slope at low energies (below approximately
300eV). This method does not provide a calibration of the OF amplitude at high energies,
but allows for the calculation of the baseline energy resolution.

For the calibration method used, the main source of systematic error is the saturation
model in Eq. . Since it is empirical, its use introduces uncertainty in its applicability.
We can estimate the upper bound of the effect of this systematic on the baseline energy
resolution as the value that would be reached if we instead calibrated Egrg linearly using
the Al fluorescence line. In this case, this worsens the baseline energy resolution, as we are
not taking into account the expected response (see Fig. [6.11)).

The baseline energy resolution was calculated as the RMS of 46,000 randomly triggered
events, after removing data contaminated by pileup events, electronic glitches, or thermal
tails. This gave a resolution of op = 3.86 + 0.04 (stat.) 550 (syst.) eV (RMS) for the OF
energy estimator, where these data are consistent with a normal distribution. This is in
agreement with our estimation from the observed NEP and the power-referred phonon-pulse
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Figure 6.11: Upper: The calibrated Egrrr (which estimates Fi.,.) spectrum for the CPD
(solid black) grouped in bins of width 70eV. Right: The energy spectrum in Fgrp (solid
black) grouped in bins of width 7.4eV. Lower left: The fitted saturation model using
Eq. (solid black). In each of these panels, we have shown, for both the calibrated and
uncalibrated Egrr energy scales, the location of the K, Kg, and Al fluorescence calibration
peaks (pink dashed, blue dotted, and cyan alternating dashes and dots, respectively). In the
lower left panel, the intersections of the lines corresponding to each spectral peak represent
the points used for calibration of Egrr via Eq. (6.10). The unmarked peaks at 4.2keV and
4.8%keV in calibrated Egrr are the Si escape peaks [201].
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shape (a single-exponential with fall time 7,, and collection efficiency ¢,;,), which gave an
expected baseline energy resolution of o = 3.9 4 0.4eV (RMS), as was similarly done in
Ref. |197].

Using the OF formalism, we can also calculate the expected timing resolution [200] of
the CPD, which provides an estimate of the minimum resolving time for two pileup events.
For a 50 event, the corresponding timing resolution of this detector is 2.3 us. For many
OvfBf experiments, the minimum resolving time requirement to make pileup of multiple
2v3[3 events a negligible background is on the order of 1ms |154} 202-204]. For the CUPID
and CUPID-1T experiments, this requirement is about 300 us and 10 us, respectively [180].
An initial study of pileup events was carried out by adding two simulated 100 eV pulses of
randomized time separation to the in-run randomly triggered events from the CPD dataset.
In this simulation, we observed that minimum resolving times below 10 us are achievable
with an OF-based pileup detection algorithm. In the future, we will study the minimum
resolving time with a more detailed simulation based on the expected 2v/5( spectrum for
100Mo. Given these initial studies, we expect the CPD to fulfill these requirements.

When comparing the baseline energy resolution of the CPD to the requirements of the
CUPID experiment, the value surpasses the requirement of less than 20 eV (RMS) by a factor
of five. While the CPD is a TES-based detector, it has been shown that Microwave Kinetic
Inductance Detectors (MKIDs) and Neutron-Transmutation-Doped (NTD) Ge detectors are
also promising avenues for achieving the sub-20 eV baseline goal. In Table we report this
result alongside those of other detectors for this application. In comparison to the devices
that have met or exceeded the requirement, the CPD does not require Neganov-Trofimov-
Luke (NTL) amplification [205, 206] (which often results in excess dark counts) and has the
best baseline energy sensitivity for its size.

6.2.6 Discussion

The measured baseline energy resolution of 3.86 + 0.04 (stat.) 550 (syst.) eV and the expected

timing resolution of 2.3 us (at 5og), combined with its large surface area, makes this detec-
tor an excellent candidate for background rejection in both OrgS and DM experiments.
Because of the energy sensitivity, this device can be used as a dark matter detector itself,
as we have done in collaboration with SuperCDMS to set limits on spin-independent dark
matter-nucleon interactions for sub-GeV/c?* dark matter particle masses [215]. Similarly,
this gram-scale device could be applied to coherent elastic neutrino-nucleus scattering ex-
periments [149]. The performance of the CPD can be further optimized through adjustment
of characteristics such as the AI-W overlap and overall Al coverage. From these considera-
tions, we anticipate up to a factor of two improvement in baseline energy resolution for a
future iteration of the CPD, which is currently being designed.
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Table 6.6: Comparison of this work to various state-of-the-art devices for degraded « rejection
in Ovfp experiments. The table is sorted by decreasing —2£=, a common figure-of-merit of
devices for this application. The column labeled “NTL?” denotes whether or not each
detector relies on NTL amplification to achieve the corresponding result.

Device Area [cm?] op [eV] \/L/Tx—fﬁ [S—Xl] NTL?
MKID [207] 4.0 26 13 No
W-TES [208] 12.6 23 6.5 No
Ge-NTD [209] 15.6 20 5.1 No
Ge-NTD [210] 19.6 19 4.3 Yes
IrAu-TES [211] 4.0 7.8 3.9 Yes
Ge-NTD |[38] 4.9 7.6 3.5 Yes
Ge-NTD [212] 15.2 10 2.6 Yes
Ge-NTD [213] 15.2 8 2.1 Yes
W-TES [214] 12.6 4.1 1.2 No
W-TES (this) 45.6 3.9 0.6 No
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Chapter 7
SPICE MELANGE Performance

This chapter details the characterization of the first set of fabricated detectors from the
SPICE MELANGE photolithography mask described in chapter 4 At the time of this
writing, our lab did not have a low energy calibration source, making it impossible to measure
the total phonon collection efficiency. As such, this chapter represents a work in progress.
It is hoped that the analysis of the detector characterization is at least helpful to new
researchers doing similar studies.

7.1 Description of Devices

For the first fabrication run of the MELANGE detector set, two different versions were
made. Both versions were fabricated on standard 4 inch, 1 mm thick Si wafers with the
follow processes:

1. Wafer 1 (W1)

e Used a Xe etching process for TES deposition
e Had a target T, of 28mK = measured to be ~ 19 mK

2. Wafer 2 (W2)

e Used a Ar etching process for TES deposition
e Had a target T, of 45 mK = measured to be ~ 55 mK

After dicing of both wafers, a subset of the devices from each wafer were put through an
electro-chemical etching process, set aside for edge polishing, or left un-altered.

7.2 Description of Data Sets

Since our readout electronics currently only have 4 channels, only 2-4 devices could be studied
at a time. Below is an overview of which devices have been studied:
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7.2.1 Run 11

This was the first run with the MELANGE devices, and was primarily used to study the
qualities of the W films. One TESTR chip from each wafer was glued with rubber cement
onto a copper plate for thermalization, and two TESs from each chip were wirebonded to
the DIB. Both devices were placed in the same housing, as seen in Fig.

Devices Used:

e TESTR chip W1:

— 100 pm x 400 pm TES
— 200 pm x 800 pm TES

e TESTR chip W2:

— 100 pm x 400 pum TES
— 200 pm x 800 pm TES

= - 800,200UN
= 498,100UM

200.50UM

2525UM

Figure 7.1: Upper Left: picture of detectors in their housing in Run 11. Lower Left: zoomed
in view of TESs on the TES rectangles chip. Right: zoomed in section of TESs on the mask
of the TESTR chip.
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7.2.2 Run 14

This was the first run using the actual MELANGE athermal phonon detectors. A 0.25%
and 4% single channel were each run in a resting configuration in one housing, and a 1%
two channel device was run in a hanging configuration in a separate housing, all devices
from the W2 wafer. The devices used a Au wirebond from the Au pad to the Cu plate for
thermalization. See Fig. for an image of the setup.

Devices Used:

e W2 Melange 4% Single channel, resting
e W2 Melange 0.25% Single channel, resting
e W2 Melange 1% Two channel, hanging

Figure 7.2: Left: Left to right, single channel 4% coverage MELANGE detector and single
channel 0.25% coverage MELANGE detector in the resting configuration. Right: Two chan-
nel 1% coverage MELANGE detector in the hanging configuration.

7.2.3 Run 15

This run took a deeper dive into the study of excess phonon/photon noise by studying the
the 4% ‘no fin’ vs regular fin devices side by side (see Fig. [7.3]). Both devices were again
from W2, in the resting position, and thermalized with Au wirebonds. Each device also had
the EMI veto TES channel, which was readout on both detectors.

Devices Used:

e W2 Melange 4% Single channel, resting
— QET channel
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— 40 pm x 295 pm TES
e W2 Melange 4% NO FIN Single channel, resting

— QET channel
— 40 pm x 295 ym TES (channel open after cooldown)

ke
-

S~

Figure 7.3: Run 15 setup, showing both 4% MELANGE devices, one standard, and one
with ‘no fins’. The design masks of the corresponding QETs are shown on the right. Each
detector also had an additional single TES channel, highlighted with the orange circle.

7.2.4 Run 16

This run used the exact same setup and devices as Run 15, but using chips from W1.
(Unfortunately add devices were unable to go superconducting after cooldown.)
Devices Used:

e W1 Melange 4% Single channel, resting
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— QET channel
— 40 pm x 295 ym TES

e W1 Melange 4% NO FIN Single channel, resting

— QET channel
— 40 pm x 295 pm TES

7.3 Measurement of Basic Film Properties

An IV sweep analysis, as described in chapter [6] was performed on all TESTR devices in
Run 11. The relevant IV and complex admittance characteristics from the analysis are
shown in table [7.1] One huge advantage of the TES rectangles on this chip is that they are
incredibly simple. This allows us to disentangle many of the parameters that are convoluted
in a full QET. As such, we can use the measurements in table to infer more fundamental
properties of the W film itself.

7.3.1 Resistivity
Recall from chapter |3 that the normal resistance of a TES is given by

lrEs

Ry = Pw (71)

wreshTes

We have a very robust measure of hrgs using Atomic Force Microscopy (AFM) after
fabrication. While there are uncertainties in /tgg and wrgs, these are on the order of
< 1 pum. Since these TES rectangles are very long, these uncertainties are all sub 1%. This
means that using the normal resistance measurement for these rectangles provides a robust
measure of the resistivity of the W film. One does need to be careful in this calculation to
account for the proximitation of the W from the Al bias rails (see Fig. [7.1)). We thus need
to subtract off the coherence length ¢ from the TES length when calculating the resistivity
as this section of W will still be SC,

wreshTEs
_— 7.2
lrps — 2€ (7.2)

Unfortunately this coherence length correction breaks the aspect ratio symmetry across
the series of TES rectangles. However, looking at the asymmetry of multiple devices allows
us to tune the value of the coherence length as well as the resistivity since the Ry’s across
all the devices should all be slightly different. Recall from Eq. [3.44] the coherence length
near T, in W is roughly £ ~ 4 um. We find that reducing the effective length of the TES
rectangles by approximately 8 yum is able to explain the differences in Ry in table 7.1

pw = Ry
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Table 7.1: Table of basic measured parameters from the Run 11 TES chip study. The
100 x 400 W1 device never went superconducting, so it’s parasitic resistance was assumed
based on past measurements of that channel. It also has no measured bias power for the
same reason. The first row contains the unmeasured shunt resistance, the second section
of parameters (R, through 7prr) are measured parameters, and the last 4 rows below the
dividing line parameters calculated using the above measurements.

Device [pm x pm] | 100x400 W2 | 200x800 W2 | 100x400 W1 | 200x800 W1
Ry, [mQ] 5+0.5 5+0.5 5+0.5 5+0.5
R, [(mQ)] 24+£0.2 26£0.2 24+£0.2 24+£0.2
Ry [m€] 873 £ 45 913 £ 45 1150 £ 120 1216 £ 65
hres [nm] 45.849 45.849 42.984 42.984
Py [fW] 103 +8 388 + 20 Not Measured | 3.9+0.2
T. [mK] 56.5£1 56+ 1 19+1 19+1
TETF | 18] 28 +£5 3045 Not Measured | 1300 £ 150
15} ~ 3 ~ 10 Not Measured 0.5

€ [ppm] 4+1 4+1 4+1 4+1

o 430 £ 50 430 £ 50 Not Measured 125 4+ 20
pw [Qm] 1.745 x 1077 | 1.745 x 1077 | 2.155 x 1077 | 2.155 x 1077
Y [x1085] | 1.0254+0.125 | 1.025 +0.125 | Not Measured | 2.5+0.2

7.3.2 Electron-Phonon Coupling

With the resistivity now calculated, we can shift to the measurement of bias power. Recall
from Eq. [2.3] that the bias power is given by

Poatn = K (17" — Tf), (7.3)
where from Eq.
K = EV (7.49)
Thus,
P = S (1 - %) . (7.5)

This cooling power is equal to the joule heating applied from the biasing circuit, as well

as any zero frequency parasitic power coupling into the TES,
Poatn = Po + Ppar. (7.6)

In the limit that that the bath temperature is much less that the sensor temperature
(which by design it is), we can drop the temperature ratio term. The effective volume of the
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TES is known well, as per the same arguments in the previous section.

PO+Ppar

VR (7.7)

WN
Yep R

What is needed now is a measure of the true bias power Py and the superconducting crit-
ical temperature 7,. Typically in this situation, we make the claim that £y > P,,, and thus
Pcasurea = Fy. We additionally can measure the superconducting transition temperature by
manually sweeping the bath temperature until the TES goes through transition.

However, interestingly the systematic from P, on our estimate of F shows up in exactly
the same way as for our measurement for 7. this means that we can get a very systematically
robust estimate of EXX from two measurements that themselves are both very sensitive to
parasitic power! And thus we can use the following to calculate the coupling, regardless of
the magnitude of P,

P
W measured
Eep ~ ‘/et;)}al(Téneasured>n' (78)

7.3.3 Estimating Logarithmic Temperature Sensitivity «

Using the method described in section [5.3] we estimate the o parameter for these devices,
the results are shown in table [7.2]

7.3.4 Effective Volume of W/AI Overlap

Looking now at data from the QET based devices in Run 14, we can use the resistivity
measured from the TES rectangles to cross check that other devices scale as expected. we can
see in table that the measured and predicted Ry values agree with each other, requiring
only small tweaks to the designed TES line width (well within the expected fabrication
uncertainty).

The prediction of bias power becomes more convoluted since we now have to worry
about the contribution of the partially proximitized fin connectors and W /Al overlap regions.
Recall from Eq. [3.4] the total effective volume of the QET is given by

‘/;ff = VTES + CW/AIVW/AI + Cconnector‘/connector. (79)

However, since we measured EXZ from the TES rectangles, we can use the measured
bias powers of the QETs as a measure of (w/a1 and Ceonnector- Unfortunately there was an
issue with the fridge during Run 14 that caused an early warm up and we did not get a T,
measurement. We did however re-run the same 4% devices in Run 15 and at least measured
T, for that device.
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Table 7.2: Table of basic measured parameters from the Run 14 devices. Due to a problem
with the fridge, this run ended early and the T, was not measured. The T, of the 4% device
was measured when the device was run again in Run 15. The x on the 0.25% predicted
parameters comes from the assumption that the 7. of this devices is the same as the 4%
device. This is a reasonable assumption since the fall times between the two devices are the

salme.

Device 4% Single channel | 0.25% Single channel | 1% Inner channel
Ry, [m$2] 5405 540.5 540.5
Measurements

R, mQ)] 4.4+04 4.3+04 294+0.3

Ry [m€] 465 + 45 492 £+ 45 1227 £+ 100

hrgs [nm] 45.849 45.849 45.849

Py [fW] 350 £ 20 11£2 95+1

T. [mK] 53+ 1 - -

TETF 18] 34+5 3545 59 + 10
Predicted using Run 11 TES measurements

Ry [mQ] 467 + 50 493 + 50 1300 £ 150

TETF [1s] 40£5 36* -

Py [fW] 350 £ 20 12* -

Cconnector 0.9 0.9 -

Cw/Al 0.1 0.1 -

Using the 4% devices with fins and without fins from Run 14 and Run 15, we find that the
W /Al overlap regions only contribute ~ 10% of their volume to the heat capacity, compared
to the 45% value that was assumed in the design. This implies that for a version 2 design
of the MELANGE detectors, the W /Al overlaps could be significantly enlarged - potentially
resulting in a large QP collection efficiency with minimal noise increase. It is however unclear
if making them too long would result in QP efficiency loss from QPs in the W /Al overlap
down-converting before being thermalized in the TES. This would need to be systematically
studied in further R&D devices. See tables and for the other parameter comparisons.

7.3.5 T, Gradient Across Wafer

From the devices on the wafer that have had the 7, measured, there is seemingly a T,
gradient of at least AT, = 5mK. The wafer location of the devices studied so far can be

seen in Fig. [7.4]
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Table 7.3: Table of basic measured parameters from the Run 15 devices. The measured values
are on the top, and the predicted values based on Run 11 measurements is below, assuming
€connector ad €w /a1 of 0.9 and 0.1 respectively. Highlighted in red are the values that are in

disagreement with the measurement.

Device 4% Single channel | 4% Single channel No Fins | TES on No Fin Device
Ry, [mQ] 5405 54 0.5 5405
Measurements
R, [mQ] 25+0.2 25+0.2 2.6+0.2
Ry [m€] 459 £+ 50 375 £ 50 344 £ 50
hrgs [nm] 45.849 45.849 45.849
Py [fW] 355 £+ 20 247+ 15 11.3+1
T. [mK] 531 495+ 1 495+ 1
TETF 18] 35+ 10 55 + 10 194 4+ 10
Predicted using Run 11 TES measurements
Ry [mQ] 467 £+ 50 467 £+ 50 385 4+ 50
TETF 18] 40 £5 535 50
Py [fW] 350 £ 20 250 £ 20 13£3
WTES [mﬂ] 2.8 2.8 -
Cconnector 0.9 0.9 -
Cw/Al 0.1 0.1 -

7.3.6 Measurements of Thermal Conductances

The last fundamental film parameter of interest is the thermal conductance of the W to Si
substrate Gra, and the conductance from the substrate to the bath Gag. While in the above
section, we simply estimated Ga under the assumption of Ty < T, for completeness we
also performed a more robust measure. This was done in Run 11 by 9 IV sweeps of the
100x400 W2 device as a function of bath temperature, varying from base to expected T, as
shown in Fig. (left). A point of constant Ry is selected, and the bias power calculated
at this Ry value at each bath temperature (middle plot of Fig. [7.5)). Finally, this bias power
vs bath temperature can be fit directly to Eq. while keeping the thermal conductance
exponent fixed to n = 5.

Gra

This fit gives Gpa = 9.26 pW /K for the 100x400 W2 TES. Converting this to the volume
invariant electron phonon coupling we get

W
W __ 8
Zep =1.1 x 10 m, (710)
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Figure 7.4: Wafer location of studied devices. The red squares represent the location of
devices where the T, was measured (7. shown in white text in mK). The blue squares show
devices that we've studied, but were unable to get a T, measurement. E2: TESTR, E3: 4%,
B5: 0.25%, A4: 4% No Fin, C2: 1%.

which is in perfect agreement with the value needed to make the bias powers for the TES
and MELANGE devices match the measured values.

7 120 . . . . . S T
— Tp=45 ® Ro=100mQ 100 e ""‘\‘\
6r — T3=53 ] 100} — d ~
5| —— Tg=55 ] b 80 \.
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Figure 7.5: Calculation of the thermal conductance from TES to bath for the 100 x 400-W2
TES. Left: IV sweeps for various bath temperatures, the black dots represent the data points
selected to calculate the bias power. Middle: IV curves from the left plot converted to bias
power. Right: Bias power at Ry = 100mf) as a function of bath temperature. The blue
dashed line shows the fit to Eq.
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Thermal Conductance of Au pad

Measuring the thermal conductance to bath requires two channels on the same device. One
channel acts and a ‘heater’ and the other a ‘thermometer’. The heater applies a power to
the substrate, warming it up enough that in equilibrium the thermometer TES is put into
transition. This process is repeated as a function of bath temperature, adjusting the heater
power at each point such that the thermometer remains at the same point in transition
throughout the whole process. The power of the heater as a function of Ty is then fit to
Eq. in the same way that was done above.

This was done in Run 15 with the 4% no fin devices, using the single TES channel as
the heater, and the QET array as the thermometer. The fit was done was done for both the
case of letting n be a free fit parameter, as well as keeping it fixed at n = 5. The fits can be
seen in Fig. and the corresponding results are shown in table [7.4] Interestingly, when n
is left free, the fit tends towards n = 6. Indeed, this is theoretically predicted for disordered
normal metals such as Au and Cu, and this T scaling has previously been observed for Au
films [140].

Comparing this to the measured electron-phonon coupling for the W film in table [7.1],
we see that the electron-phonon coupling for the Au is roughly 5-70 times larger. Using
the effective volume of the 4% device and the measured ZXZ to estimate its Gra, we find
that Gap is exactly 50 times larger! So these pads were sized perfectly (at least for the 4%
device).

Thermal Conductance from Absorber to MC
from e-p Coupling via Au Pad

et T --- Floating n
I ‘~:::+1 --- Fixed n=5
\\

*\
W
*\\

—
<) (=}
T

TES Heater Power [pW]
(=]

0 10 20 30 10 50
MC Temperature [mK]

Figure 7.6: Fit of the heater power vs Ty to Eq. . The fit is done both with keeping the
thermal conductance exponent fixed at n = 5 (black) or letting n be a free parameter in the
fit. When n is left free the best fit tents towards n = 6.
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Table 7.4: Results of the thermal conductance measurement of the Au pad. Results are
shown for both the case of fixing n in the fit to n = 5, and letting n be a free fit parameter.
Notice the different units for the electron-phonon coupling constant between the two different
cases

Fit Parameter | Fixed n =5 Free n
n n=> n = 5.95
T, 48.1mK 48.1mK
Gas 1.04 2% 1.16 2
e 9.34 x 10° o | 0.58 x 10” 5

7.4 Noise Analysis

It is now beneficial to take a slight aside to discuss unwanted excess noise sources. For
the following discussion, the term noise is typically referring to unwanted excess above the
fundamental intrinsic noise. Also, as a note to the reader, pay attention to the units used
in various noise plots. Noise will often be presented as referenced to input current, or input
power (NEP). The NEP is ultimately the most relevant, but for simplicity, sometimes the
current noise is used as it requires no conversion with TESs parameters.

It is easiest to break the noise into three different categories:

1. Structure: theoretically we would expect the NEP to be a nice smooth curve, like
the green line in Fig. We see lots of peaks at various frequencies, as well as 1/ f
noise, that we refer to as ‘structure’.

2. Excess TFN-like noise: White noise that is in our signal band, ~ 27 /7gTF, above
the level of the TFN.

3. Excess Johnson-like noise: Excess noise that is above the ETF pole and resembles
the TES Johnson noise.

4. Out of band noise: Any excess noise that is well above our sensor bandwidth. For
example, all the excess above 100 kHz.

For the most part, it is the first two categories that we care about about most, specifically
the second. The energy resolution of the detector is limited by the TFN-like component of
the noise. Depending on the severity of the 1/f, extra noise peaks, and excess Johnson-like
noise, these will degrade the performance, but these are higher order effects. The out of
band noise is typically inconsequential, unless it is of a large magnitude and is aliasing into
our signal band somehow and becoming TFN-like.
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7.4.1 Noise Coupling Sources

The first thing that should be checked when looking at excess noise structure, is to track
down where it is coupling in. By putting the system in different states and seeing how the
noise changes can give insights into its origin. One powerful tool we have at our disposal
is the fact that we can drastically change the total resistance of the TES, changing the
inductive properties of the TES circuit loop.

Voltage Noise in the TES Loop

As an example, for an unknown voltage noise source (Uy4isc) coupling into the TES bias loop,
from Fig. the current noise on the TES goes like

~ i}noise
Z.n ise — - . 7.11
e Re + RTES + ]wL ( )
For frequencies below the L/R pole, when the TES is normal this voltage noise source
should be suppressed by roughly a factor of 1/Ry relative to when the TES is supercon-
ducting. Thus if the magnitude of the excess noise peaks scales with Rrgs and is dominant
when SC, then it is likely that the excess noise is coupling into the TES bias circuit.

Ry

Unoise /\/\’ (S L

— Rrgs

Figure 7.7: Thevenin equivalent circuit for the TES biasing circuit with added unknown
voltage noise source Uppise-

Current Noise in the Readout Electronics

An alternative scenario is the case of some current or voltage noise source coupling into either
the SQUID or electronics in the amplifier/readout chain. In this case, changing the TES
resistance should have no effect on the magnitude of the noise coupling. For our purposes
here, this is the end of this story. However, these noise sources are typically quite ‘easy’ to
find and ‘solve’. You can typically vary all the different gain settings in the amplifiers and
change the SQUID bias point to see which setting effected the input referenced noise. This
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usually tells you unambiguously where in the readout chain the noise is coupling in and can
typically be filtered e.g. if the noise occurs at a particular op-amp, some simple RC filtering
on the bias rails can often solve this. For an example of diagnosing excess noise sources in
a room temperature amplifier, see appendix [Ef for a study I did for the SuperCDMS DCRC
electronics.

Power Coupled Noise

So far, if noise occurs in all three states (SC, T, and N), then the noise source is one of the two
options above. However, as is often the case, there are many unwanted noise sources that only
couple into the system when the TES is in transition. Since TESs are ultimately sensitive
to power fluctuations, we refer to any noise source in this category as ‘power coupled’. The
origins of these noise sources can be vast and exotic in nature, and these are by far the most
difficult problems to remedy. Some of the more well known power coupled noise sources are:

1. Vibrations:

e TESs vibrating in B-field: The TES resistance can also have a dependence on a
changing magnetic field. If the TES is sitting in a static B-field, the vibrating TES
will see this as an oscillating B-field which can induce noise. This is not something
that we currently model in our TESs. Building a set of coils to create variable
B-fields around the TES would be a very useful project to further optimize our
TESs.

e Phonon noise from frictional rubbing: Almost any type of holding mechanism
relies on some form of frictional contact between the detector and the hous-
ing. When the housing is vibrating, this frictional rubbing will release athermal
phonons. Methods for reducing this have been discussed in the previous chapters,
and well as later in this chapter.

2. Photon shot noise: Shot noise is the irreducible Poissonian noise which is a conse-
quences of the discrete nature of the particle in question, in this case a photon. For
cryogenic experiments, photons from black body radiation from higher temperature
stages in the cryostat, or from electronic components, can manifest as shot noise on
the detector.

3. Out of band EMI: EMI sources well above the bandwidth of our sensors will effec-
tively be aliased down into the signal band, or show up as a DC power source.

7.4.2 TESTR Devices in Run 11

With a fairly good understanding of the fundamental properties of the W films, and a crash
course in noise analysis out of the way, we can now turn to modeling the noise. Just as
the simple nature of the TES rectangles allowed us to study basic film properties without
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unnecessary complications of the Al fins, they are also a powerful diagnostic tool in diagnosing
noise problems. Thus we will start the analysis first with the TESTR devices from Run 11.
We plot the NEPs for the three TESs in Fig. along with the estimated noise model. From
these plots, it is immediately obvious that the noise model differs from the measured NEP.
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Figure 7.8: Noise Equivalent power for the three TES devices from Run 11 at Ry ~ 10%Ry.

In Fig. we plot the normal, SC, and transition state noise. There are features at
10Hz and 60 Hz and a few lines above 5kHz that all have constant magnitude in all three
states, suggesting this is due to downstream electronics. Additionally there is maybe one or
two peaks that are largest in the SC state, suggesting these is a voltage noise coupling into
the TES loop. However, there is quite a bit of structure that is only seen in transition.
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Figure 7.9: Comparison of superconducting, normal, and transition state at Ry =~ 10% Ry
for the Run 11 devices.

Since the TESTR chip that these TESs are on is covered with more than 95% of the
instrumented surface with passive W, there should be effectively no phonon signal readout
by the TES. Thus excess power coupled noise for the TESs should be a source that interacts
with the TESs directly. We can look into the power coupled noise further to test the idea of
excess vibration noise by temporarily turning off the pulse tube cryocooler (PT) in the DR,
which is known to cause significant low frequency vibrations. A plot of the noise for PT on
vs PT off for all Run 11 devices can be seen in Fig. [7.10] There is no significant difference in
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the noise with the PT-off, suggesting any excess PT-on noise seen on other devices (which
we will get to soon) is indeed caused by vibrations from the PT (as opposed to EMI from
from the PT itself).
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Figure 7.10: Comparison to the current reference TES noise with pulse tube on vs pulse
pulse off for the three TESs in Run 11.

We will get more into the noise shortly when discussing other devices, but for now we
can ask one more question about the excess noise: is the noise seen on different channels the
same? This can be answered by looking at the cross spectral density between the channels,
and specifically by inverting this matrix one can estimate the ‘correlated” and ‘un-correlated’
components of the noiseE|. What is the utility in doing this? At the end of the day we wish to
have an understanding of the the fundamental noise limitations of our devices. By definition,
intrinsic noise should be random. The presence of noise correlated across devices suggests
that its origin must be environmental in nature. The estimate of the un-correlated noise
gives a better idea of what the intrinsic noise is for each device. From Fig. [7.11f we can see
that almost all of the structure in the noise is correlated between the different devices and
the resulting un-correlated PSDs are relatively flat as we would expect.
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Figure 7.11: Estimation of the correlated and non-correlated components of the noise be-
tween the three TESs in Run 11.

'For a detailed derivation of why this is true, see section 5.3.5 of Noah Kurinsky’s thesis |77]
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It is clear that the total noise level of the excess noise spikes below ~ 1kHz is well
above the un-correlated component of the noise for each channel. This implies that the
magnitude of the noise of these spikes of the total noise is a good proxy for the correlated
component throughout the transition?] In Fig.[7.12]we plot the magnitude of the noise peaks
at approximately 150 Hz, 360 Hz, 720 Hz, and 900 Hz as a function of Rrgs throughout the
transition region. We can see that this noise is roughly flat as we change the TES bias point.
This is indicative of a purely power coupled noise source - there is no sensitivity to Ry, only
power.
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Figure 7.12: NEP of the 4 most prominent excess noise ‘spikes’ as a function of TES resistance

Lastly, it is interesting to look at the excess Johnson noise component. We can see
from Fig. that the Johnson noise model comes much closer to matching the measured
NEP for the W1 TES than for the other TESs. This can also be seen in Fig. [7.13] with
the v/1 + m? factor, which is roughly the ratio of excess Johnson noise to expected Johnson

2Since we only took this correlation data at one bias point, we were not able to measure the corre-
lated /uncorrelated components throughout the full IV sweep.
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noise. Although we cannot explain the excess noise using any known model of TES Johnson
noise, we note that the trends seen in Fig. do closely match the the way that 3 scales
for these devices throughout the transition, as shown in Fig. [7.14
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Figure 7.13: Measure of the excess white broad-band noise sources as a function of Rygs.
The lower plot shows the square root of the ratio of the measured NEP to the expected
TFEFN to quantify the excess ‘in-band’ noise. The top plot quantifies the ratio of excess TES
Johnson-like noise with the m factor.
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Figure 7.14: Logarithmic current sensitivity g as a function of Ry for the TESTR devices
from Runll.

Energy Resolution of TESTR TESs

Finally, we can use the measured noise to estimate the expected energy resolution to a Dirac
delta impulse of energy. The reason that we are interested in this metric, is this is the
minimum resolvable energy that could be delivered to the TES by a QET fin (after the
efficiency losses in the phonon collection are already accounted for). This is an important
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distinction from saying that this TESs would be sensitive to say a direct absorption of a
photon of that energy. The photon case is more complex as there are many loss mechanisms,
specifically phonon down conversion into the substrate.

We calculate the resolution using Eq. [B.2] shown again below

o’ = Uoood—ww]_l (7.12)

27 Sptot (UJ)

with p(w) = 1. The resolutions estimates can be seen in table [7.5] Even though the
un-correlated noise has a much cleaner spectrum, there is not actually very much energy
contained in spikes when the noise power is integrated. Removal of the correlated components
only gives a roughly 10% improvement in expected energy resolution, where we are really
hoping for factors of more than x2 improvement in noise power. It is still the in-band
TFN-like excess noise that is degrading the sensor performance the most.

It is worth checking if these results are consistent with our past devices. Recall that the
energy resolution of a TES should scale as

Using the devices in table[6.2] we can confirm that the W2 TESTR TESs perform exactly
as expected. However, the W1 device with a T, of 19 mK should have performed about 6
times better than we measured. This should come as no surprise from the incredibly large
deviation from the expected NEP in Fig. [7.8 In the next sections we will investigate the
excess noise story further.

Table 7.5: Expected energy resolution of a Dirac delta impulse of energy into the TES.
*the bias point of the 200x800 W2 that was used for the correlation study was not the
optimum. The energy resolution was calculated with the NEP from a different data set, the
‘un-correlated’ resolution was estimated by scaling the ratio of the full PSD vs un-correlated
PSD to get the percent change.

Device op [meV] op [meV]
(total noise) | (un-correlated noise)
100x400 W2 75 65
200x800 W2 145 125*
200x800 W1 174 145

7.4.3 Athermal Phonon Devices

We now add back in the complexity of the athermal phonon sensors with the MELANGE
detectors. We can introduce the fins in a controlled way by studying the 4% single channel
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MELANGE device, and the exact same device but with nearly all of the fin area decoupled,
as was done in Run 15 (see Fig. [7.3] We learned in the last section that the the TES
rectangles have practical zero sensitivity to vibration noise from the pulse tube, suggesting
that PT induced noise is vibrational in nature. Under this hypothesis we would expect that
the 4% melange device should be significantly more sensitive to vibrations than it’s twin
with the fins mostly removed. As shown in Fig. [7.I5] this is exactly what we see. The low
frequency noise of the regular 4% device is incredibly elevated compared with the the no fin
device with the PT on, and the two devices have almost equivalent noise with the PT off.
This now fully proves that the PT related noise is indeed phonon related and not due to any
kind of electromagnetic coupling.
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Figure 7.15: Comparison of the regular W2 4% devices and the W2 4% no fin device NEP
with the PT on (left) and the PT off (right) from Run 15.

We do still notice that there is some unwanted structure to this noise: the 1/f and 60 Hz
spike that is related to the readout electronics, and the spikes centered around 150 Hz and
360 Hz that were seen on the Run 11 TESTR devices. Since we learned before that this
is all correlated, we can go look at the uncorrelated component of the PT off data for the
most accurate estimate of the true intrinsic noise, which is plotted in Fig. for the fin
and no fin device. We notice that in this scenario, for the in-band NEP, we measure roughly
twice what is predicted from the model. However there is very little TES Johnson-like excess
noise. Interestingly the noise model of the single TES channel on the 4% no fin device comes
quite close to the measured NEP spectrum. Looking at the values for £ for this device, we
see that it has a similar trend to that of the 200x800 W1 devices from Run 11 shown in

Fig. [7.14]

7.4.4 Estimated Energy Resolution for MELANGE Devices

Lastly, we can use the measured NEPs to estimate the expected energy resolution for the
SPICE MELANGE devices. We do this for for the both the case of dirac delta impulses of
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Figure 7.16: Un-correlated component of the NEP with the Pulse Tube turned off for all
devices in Run 15. The figure on the right is the single TES channel that was on the 4% no
fin device.

energy into the TESs, and using the expected athermal phonon collection times and total
athermal phonon collection efficiencies from table 4.1 The energy resolutions are calculated
for the devices ran in Run 14 and Run 15 in table [Z.6l

Table 7.6: Expected energy resolution of a Dirac delta impulse of energy into the TES, as
well as including the expected athermal phonon time constants and efficiencies for some of
the MELANGE devices.

Device Setup Data Type o [meV] o [meV]
(Including 7, and ¢) (0)
4% W2 Run 14, Resting PT Off 513 110
4% W2 Run 15, Resting | PT Off, De-correlated 495 105
0.25% W2 Run 14, Resting PT Off 460 22
1% W2 Run 14, Hanging PT Off 610 30
(Inner Channel)

7.4.5 Infra-Red Loading

DC Parasitic Power Loading

We've established that the pulse tube adds lots of noise, why not just run without it? Well
besides the obvious answer that the fridge will start warming up after about 20 min without
the PT, there is a more surprising answer. With the PT off, the MC begins to cool slightly,
however the temperature of the 4K stage begins to rise. We actually see this rise when
measuring the shift in bias power and TES resistance as a function of time since the PT
was turned off in Fig. [7.171 We see that the TES resistance increases and the bias power
decreases as the 4K plate temperature increases. This seems to suggest that some amount
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of bias power is being supplied via black-body radiation from the 4K plate. We see a similar
effect when we change the temperature of the still stage as shown in Fig. [7.18]
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Figure 7.17: Change is relative TES resistance (left) and total shift in bias power (right) as
a function of time since turning the pulse tube off. Since the 4K plate is warming up while
the PT is off, the time axis is a qualitative proxy for the change in temperature.
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Figure 7.18: Change is relative TES resistance (left) and total shift in bias power (right) as
a function the temperature of the still stage.

Recall from Wien’s displacement law, the peak wavelength from a black-body (BB) at
temperature 7' is given by

2.8977 x 103K

)\peak = T (714)
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Thus for the 4K plate and Still temperature sweep we would expect the BB spectrum to
peak around 1700 eV and 350 peV respectively. These energy scales give us a clue into the
coupling mechanism. Since these are all well below the Si electronic bandgap, we know they
are not coupling in via the Si absorber. These are both above the 2A threshold to break
cooper-pairs in the Al fins, and certainly the W.

Since for most of these devices, the Al surface area is 50-100 times larger than the W only
area, we would expect that the dominant source of coupling would be into the Al fins. At
first glance, the results Fig. and Fig. in are quite non-intuitive. The two 4% devices
have the exact same W and W/Al overlap areas, the same amount of Al area, but with the
important distinction that the ‘no fin’ device has over 90% of the Al electrically disconnected.
Why then do the devices see the same shift in bias power in these two scenarios? This could
imply that the dominant IR coupling is into the W or W/AIl overlap. This was a very
surprising result to our group! We were so confident that the IR was coupling into the Al
fins, that we almost didn’t do this study!

IR Shot Noise

The previous section hypothesized a DC heat loading from IR. One would also think that
the presence of IR could contribute shot noise to the system. This was studied in a similar
way to the DC heat loading, by looking at the NEP as a function of time while the 4K plate
warmed up with the PT off. From Fig. we see that there is no noticeable difference
in the NEPs between any of the Run 15 devices across the full period of time with the
PT off. This is again surprising, as we naively would have expected the ‘with-fins’ device
to be orders of magnitude more susceptible to IR shot noise than its ‘no fin’ counterpart.
However, upon second look, there is another explanation. From Fig. [7.16], we saw that for
these devices, with the PT off, they were already operating near their intrinsic noise limit.
This means that IR shot noise might very well be a problem, but it is at a level that is
below the sensitivity of the sensors. To attempt test this hypothesis, we repeated the ‘fins
vs no fins’ test with the lower 7, wafer (W1) in Run 16. Unfortunately neither detector was
able to go through its super conducting transition. Scaling from the 200x800 W1 TESTR
devices, we would have expected a bias power of about 4 pW for these detectors. The fact
that they remained normal could be due to a T, gradient on the wafer, resulting in a much
lower T, than expected, or simply a worse noise environment this run.

7.4.6 Getting Rid of Pulse Tube Noise

Since we’ve now discovered that the operating point of the TESs is highly variable when
the PT is off, we need another method to get rid of the vibrational noise it induces. As a
long term solution, much effort by Sam Watkins has been put into the design of a two stage
passive vibration isolation system which will essentially mechanically decouple the mixing
chamber plate from the rest of the fridge. This however is still in the design phase at the
time of this writing, see his thesis for details.
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Figure 7.19: Variation of NEP across a 10 min period of the PT off. Lighter yellow colors
indicate earlier times and darker colors indicate later times.

As a short term solution, we have studied the idea of mechanically decoupling detectors
from the housing itself by suspending them from wirebonds as discussed in section [4.7.1] In
Run 14 (see Fig. we ran two devices in the ‘resting’ configuration and one device in the
‘hanging’ configuration. Looking at the NEP with the pulse tube on vs off in Fig. [7.20, we
notice a large improvement in the NEP at low frequencies with the PT off for the resting
devices, while there is essentially no change for the hanging device. It is also necessary to
point out that we observe no elevated low frequency noise for the hanging device like we do
for the two resting devices for PT on, suggesting that hanging the detector from wirebonds
is seemingly incredibly effective at reducing vibration noise.

0.25% Single Channel (Resting) 4% Single Channel (Resting) 1% Inner Channel (Hanging)
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Figure 7.20: NEP for PT on and PT off for the 0.25% single channel device in the resting
configuration (left), the 4% single channel device in the resting configuration (middle), and
the inner channel of the 1% two channel device in the hanging configuration (right) from
Run 14. Notice how the PT on vs off NEP for the device that is hanging is virtually the
same, while there is a large different in low frequency NEP for both resting devices. Figure
made by Samuel Watkins.
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7.5 Future Studies

7.5.1 Ballistic Athermal Phonon Lifetime Study

A major goal of the design of the SPICE MELANGE detector set was to measure the
ballistic athermal phonon lifetime for various detector materials to understand how far we
could push the ‘low coverage’ design philosophy. In principle, this study should not be
difficult, In practice, it turns out to be so.

Recall from Eq. that the athermal phonon power pulse shape is approximated by

1

= — 7.15
pp(w) 1+ iwTp ( )

However, what we measure is actually the convolution of this pulse shape with the TES
power-to-current response function given by Eq. [2.50l In the case where 7,, and Tgrr are

well separated from each other and both much larger than 7, the resulting measured current
pulse is of the form

ITEs<w>=A(( v ) (7.16)

14wjits)  (1+wjm)

where the rise time (fall time) 7, (77) is whichever is the faster (slower) of 7,;, and a1y,
and A is simply an amplitude scale factor. In this case, using a non-linear fitting routine
(described in Appendix to fit the rise and fall times easily gives you 7,, and mgrp. In
the case that the time constants are not well separated, comparable to 7, or if the transfer
function given by Eq. is too simplistic for the thermal setup (e.g. if you have extra
thermal bodies), this method fails.

However all is not lost. We have learned in this thesis that the components that go
into the current-to-power responsivity are very well known from our measurements of the
complex admittance (see chapters [2[ and @ These values can be used to remove the TES
dynamics from the fitting itself. Since we know the responsivity, we can deconvolve the TES
response from measured pulses and recover the original power pulse (with sizable amounts
of noise added). This method I developed is described in detail Appendix[F] and an example
fit to fake data is shown in Fig. [7.21]
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Figure 7.21: Example of pulse fitting routine using fake data. Left: Fit to the deconvolved
signal plus noise in power done in the frequency domain. Right: the best fit parameters from
the frequency domain fit shown in time domain with the low pass filtered noisy signal.

Finally, once a measurement of 7,, has been made, we can use it as a measure of the
ballistic athermal phonon lifetime. Recall that the the phonon time constant being measured
is actually a combination of the lifetime and the estimated collection time based on the
geometry of the device,

1 1 1

— = + . (7.17)
Tph Tife Teollect
Thus, for a measured phonon collection time we can make the statement,
Tiife 2 Tph- (7.18)

Saturation vs Positional Dependence

Unfortunately for the case of the MELANGE devices studied so far, we have been unable
to get clean data-sets to make this measurement. The pulse fitting algorithm has worked
quite well, but the variation seen in pulse shapes cannot be explained with out limited
data. For the 0.25% and 4% devices, we only have data with the devices in the resting
configuration, which means they are dominated by low frequency vibration noise up to 10+
o. This is potentially into the regime where events will begin to saturate some of the QETS.
As shown in appendix [F] this manifests as a lengthening of 7grr, which when deconvolved
from the measured pulse, will falsely lengthen 7,,. However, we are also worried about an
energy independent positional dependence due to the fact that the ultra-low coverage devices
(0.25% and 1%) didn’t have homogeneous QET coverage of the detector surface. This type
of positional dependence would show up as events occurring far from the QETs having longer
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time constants than events originating closer to the QETSs, and should be invariant to event
energy. The latter of these two effects is a real change in 7, where as the former is artificial.
Thus by only having relatively high energy events to fit, we are not able to disentangle these
two effects.

For the 1% we were able to take data with it hanging to limit the vibrational noise, but
unfortunately one of the channels had an ‘open’ electrical connection after the fridge cooled
down. This also makes the positional dependence problem difficult to answer, as 60% of the
phonon absorbing surfaces are not being read out.

Ideally, this study needs to be done with either single channel devices, or two functioning
channels, mounted in the hanging configuration. By the time this thesis is published that
will likely be the case, but as of the time of this writing that data has yet to be taken.

7.5.2 Relative Energy Calibration

As has been discussed at length in this thesis, one of the primary figures of merit of a low-
temperature micro-calorimeter is its energy resolution. And while I have discussed many
ways this can be estimated from the noise and complex admittance measurements, a direct
energy calibration is needed in order to fully understand the detector.

A standard method of calibration is to place a source of events with a well known energy
incident on your detector. This calibration ‘line’ is then used to scale your energy estimator
for all the events relative to this value. With the energy of this line now known, one can
look at the ratio of the energy removed from the TES via electro-thermal feedback, given
by Eq. with the known source energy to calculate the total athermal phonon collection
efficiency.

For the CPDv1 detector described in section [6.2], the energy scale was barely high enough
that a low energy nuclear source could be used for a calibration line, albeit with some
saturation. For the SPICE MELANGE detectors, nuclear sources are simply too energetic
and a fiber optic photon source is needed. At the time of this writing, a design for this
calibration system has been finalized and parts ordered, but it will be some time before it is
commissioned in the fridge.

7.6 Conclusions

While T had originally hoped for this thesis to include more results, it has still shown the
indented goal that the energy resolution improves rapidly with 7. and TES Volume. I
think some very interesting results from this chapter are the fact that the effective volume
contributions to the TES heat capacity from the W /Al overlap are much smaller than we
had originally assumed based on past measurements. This suggests that we could increase
the size of the overlap region to hopefully improve QP collection efficiency, without paying
much of a penalty in the NEP of the TES. This result will greatly influence the next iteration
of SPICE detectors.
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Another important take away from this work is the benefit of including the TES rectangle
devices in every detector mask set (when making lots of devices on a single wafer). By
studying those devices on this wafer first, I was able to show that there was a decent about
of variability across the film in terms of resistivity and 7,.. It was also only possible to
calculate the effective volume contributions of the overlap regions by first studying the TES
rectangles without the complications of the Al overlap.

Lastly, the ‘IR test’ device with the fins cut off was instrumental in breaking the degen-
eracy between Infra-Red and EMI backgrounds in the fridge. While it is not evident after
the fact, the results of Run 15 were completely against everyone in our lab’s intuition at the
time.
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Chapter 8

Conclusions and Looking Forward

After finishing this thesis, the detector physics minded reader might have noticed an asym-
metry between the amount of spaced dedicated the theory and measurement of noise, vs
the theory and measurement of athermal phonon/QP collection efficiency. Understanding
the phonon dynamics is something that is being pursued by many condensed matter theory
groups, with measurements that will follow using the devices designed in this thesis (as well
as other groups). However, the effort to understand and improve, the quasiparticle collec-
tion process in the QETs has somewhat stagnated. This is not from sheer laziness, this
is an incredibly challenging problem that requires an entire dedicated R&D work program.
However in order to reach the stretch goals of the SPICE/HeRALD project, there is no way
around the fact that athermal phonon collection efficiencies must be increased.

8.1 Increasing Athermal Phonon Collection Efficiency

A major focus of the designs in this thesis has been pushing down the intrinsic noise of the
sensors, both by lowering the TES T, and the total TES volume. While this is an absolutely
necessary path to go down, the ultimate goals for O(1 meV) detector thresholds cannot
be realized without also increasing the signal efficiency. As discussed in section current
designs have measured athermal phonon collection efficiencies of € ~ 15—25%. Theoretically
this could be increased to roughly 50 — 60%, limited primarily by the down-conversion to
sub-gap phonons in the Al film. While a gain in signal efficiency of say 3-5 doesn’t sound
that impressive, the implications for the design could be substantial.

Increased QET Fin Thickness

As previously discussed, the diffusion length of QPs in the Al fins used in our QETSs is
limited by the thickness of the film used. This has been measured for up to 900 nm thick
films. Fabricating thicker Al fins wouldn’t necessarily increase the QP collection efficiency,
but would allow us to make longer fins with the same efficiency. The benefit of doing this is
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that it would allow you to reduce the total number of TESs while keeping the surface area
fixed - ie reduce the intrinsic noise while keeping the signal efficiency the same.
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Figure 8.1: QP Collection fraction in 2D Al fin model as a function of (g, /lovertap fOr hayn =
600nm (black) and hg, = 2500 nm (orange). The blue dotted line shows a line of constant
QP collection fraction.

To get an idea for the improvement we could get, we can go through the following example.
In Fig. the QP collection fraction is shown for hg, = 600nm and hg, = 2500nm as a
function of fin length using typical values from the devices in this thesis. We can see that for
a collection fraction of about 50% (roughly what is expected for the MELANGE designs),
by increasing the fin thickness up to 2500 nm would allow us to increase the fin length by
~ 33% with the same overlap size. Let us make the assumption that the fin length is much
larger than the TES length, and thus

Aqer ~ mly,, Ly > lrps. (8.1)
In this case, the new QETs would be

m o (4) qooum
A (3) A (52)

Assuming all the surface coverage is active (only counting the area of the QETSs), we can
calculate the reduction in number of QETs needed for the same amount of surface coverage.

_ 2.5 um 42.5pum 0.9um 40.9 um
SA = Nigg AQE% = Nrgs AQE% (8.3)
4\ 2
2.5 pm 0.9 pm 0.9um 40.9 um
NTESI; (g) AQE/{‘ = NTEg AQEI% (8-4)

w_ (3 poom
mim = (3) mase 85)
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we can can reduce the total number of QETs by almost 50%. Finally, recall that the
baseline energy resolution scales with the square-root of the total number of TESs, thus

N2.5 pm
0_2.5 pm TES 0.9 pm (8 6)
N0.9 pm .
TES
2.5 pm 3 0.9 pm
o S . (8.7)

By increasing the fin thickness from 600 nm to 2.5 ym, we can get a 25% improvement in
baseline energy sensitivity with the same phonon collection efficiency! While making thicker
Al films is not on it own a difficult task, it will begin to put constraints on the complexity
of the 2D geometries of the QET designs. The thicker the film, the more problems you get
with over/under etching. This would require a bit of fabrication R&D to understand how
problematic this would be, but in terms of R&D costs, this should be minimal.

Increased W /Al Overlap

To maximize the Al QP collection fraction, the design should have short fins and large overlap
regions. We’ve now discussed a way in which the Al fins could be lengthened without penalty
of the QP collection. As I've shown from the results of the SPICE MELANGE detectors in
chapter [7] the contribution of the overlapping region volume to the total TES heat capacity
is seemingly sub-10%. This means that we can increase the overlapping region and improve
the collected QP collection fraction with minimal noise costs.

From and R&D perspective, this should be incredibly easy to study. One needs to design
a mask set of detectors all of the same design, but with systematically increasing overlaps.
As we also learned, there can be lots of variation in the film properties across a full wafer,
so care should be taken when doing the layout of the devices to ensure that devices to be
compared are physically close to each other on the wafer.

Increase W/Al QP Transmission Probability

As was discussed in section [3.3.3] the limiting factor in the QP collection efficiency of the
QET is the transmission probability at the W/Al interface pyps. While the above two changes
could allow us to further optimize our designs, the low value of p,;s is fundamentally limiting
our current performance.

This area of the QET is not well understood. It has been shown that this transmis-
sion probability depends greatly on the fabrication process, eg oxidation formation between
W and Al depositions, or poor connectivity between the two layers, will reduce pgps [216].
Switching to a fabrication process where the W is deposited before the Al has greatly in-
creased the reliability of this transmission probability.

At the end of the day, there will always be some probability of reflection of the QP at
the interface due to the impedance mismatch between the two materials. This naturally
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suggests that other materials should be studied for either the TES or fins, or both. Some
of these studies are indeed being done by the group at Argonne National Laboratory using
IrPt TESs.

Multi-Step QP Trapping

As a final thought on improving the QP collection, this idea is much more of a conceptual
musing than a finalized design. I feel that it is perhaps more effort than it might be worth,
and T am not 100% sure the concept would work. I feel that it is at least an interesting
thought and is possibly worth consideration by a future student interested in a gaining a
deeper understanding of SC QP dynamics.

As a somewhat stand alone idea for improving the QP collection fraction, one could
re-imagine how the QP collection process is used in the QET. The current designs use a
‘two-stage’ QP trap. We could instead use a continually varying trapping region, or ‘multi-
step’ trap. This could be implemented by radially varying the T, of the fin during fabrication.
Practically this could be achieved with a series of photolithography masks of consecutively
smaller dimension, depositing either additional Al to increase total thickness in a region, or
another metal to create bi-layer fins. Both of these methods would alter the 7T, which in
turn changes the superconducting bandgap. A schematic of how this might look is shown in

Fig.[8.2]
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Figure 8.2: Schematic toy model of a multi-step QP trap QET design.

The natural question is now: why would we want to do this? The idea would be that this
acts as a QP guide to funnel the QPs to the TES. As a QP down-converts to the band-edge
in a lower gap section of the fin, it is now ‘stuck’ in the parts of the fin with even lower
bandgaps. Thus, for each down-conversion, the effective fin size seen by the QP is smaller.
The hope would be, that the majority of QPs interacting with the W part of the trap would
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be limited to a quite small area of fin, and thus the low probability of transmission between
the Al and W of pgps ~ 1.2 x 10~* becomes less important.

In terms of R&D costs, this would be quite challenging. The fabrication of such a device
could be very difficult and costly. Also, there are many subtleties in the assumptions of how
such a device would work. One would need to do further study to figure out the ideal AT,
size for the fins. One could imagine that the wrong choice of step could result in a larger
population of subgap phonons at each step. Someone would need to work out the ideal
design such that the maximum population of QPs relaxed at the band edge in each step.

8.2 Final Thoughts

As is likely the case for many PhD theses, I had originally hoped to get more results from
the detectors I spend so long designing. While I was not able to use them for a dark matter
search, this body of work as a whole has still shown the intended goal: that incredible en-
ergy sensitivities from low-temperature athermal phonon based calorimeters can be achieved
through the use of Low-T, low-surface coverage TES based sensors. While I hope to remain
connected to this work in some respect in the future, I am incredibly excited to see where
future grad students in this group take it, good luck!
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Appendix A

Big-Bang Cosmology

In order to fully understand the ‘dark matter problem’, we first need a basic understanding
of cosmology. What follows is a brief introduction to the standard big-bang model, closely
following the summary in [10].

A.1 Intro to the ACDM Cosmological Model

The cosmological principle states that on very large scales, roughly 100 Mpc, the universe is
homogeneous and isotropic. From this principle, the geometry of space-time can be described
by the Robertson-Walker metric (setting ¢ = 1):

dr?

1 — kr?

ds* = dt* — a*(t) + r?(d6* + sin® 0dp*) | | (A1)
where r is the radial comoving distance, ¢ and 6 are the angular coordinates, and £ is
the curvature constant. k = +1,0, —1 correspond to closed, flat, or open geometries. The
expansion of space-time is accounted for with the dimensionless ‘scale factor’ a(t), which is
equal to a(tg) = 1 for present time ty. The evolution of this scale factor with time is of great
importance in cosmology. The scale factor is related to the cosmological redshift z as
Qo
14+ 2=—, A2
To understand how the Robertson-Walker metric evolves, we turn to the Einstein field
equations,

1
R,uz/ - §Rg;w + Ag,uu - 87TG7:LV7 (A?))

where R, R are the Ricci curvature tensor and scalar, 7,, is the stress-energy tensor,
G is the gravitational constant, A is the cosmological constant, and g, is the metric tensor.
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Eq. can be used to relate the scale factor a(t) to the energy density of the universe
by describing the cosmological matter as a perfect fluid for the stress-energy tensor 7,
and using Eq. to calculate R,,, R and g,,. In doing so, we get what is known as the
Friedmann equations,

N 2
8m kA
w=(2) =g, - L2 A4
(a) 3 Gp a? * 3 (8.4)
G 4 A
o7 — A.

where p is the energy density in the universeEL p is the pressure, and we have defined the
Hubble parameter H. We will see later that the age of the universe is the inverse of the
Hubble parameter.

Equations and can be combined to make the following useful relation (which is
also simply a direct consequence of the first law of thermodynamics)

p=-3H(p+p). (A.6)
The density and pressure are related for a perfect fluid with the equation of state,
p=wp, (A7)

where the factor w changes depending on content. For non-relativistic matter, the pressure
is negligible, thus w = 0. For radiation (relativistic matter and photons) w = 1/3. For the
energy of the vacuum (A), w = —1, since the pressure stays constant with the expanding
universe.

The growth of the scale factor as a function of time can be determined by solving the
Friedmann equations in the limit the energy density is dominated by a single source,

a oc t1/2 Radiation-dominated (A.8)

a o t2/3 Matter-dominated (A.9)

a o eV A-dominated (A.10)
(A.11)

The Friedmann equations can be refactored into a more useful form with the introduction
of a few definitions. We first define the ‘critical density’ p. which, ignoring the cosmological
constant (Dark Energy), is the energy density that would be the inflection point between a

I'Note, when no subscript is used, the total energy density is implied.
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contracting and expanding universe. This can be determined from Eq.[A.4] by setting k£ = 0
and A =0,

, 8

H* = 3 Gpe (A.12)
3H?
pe = 1.05 x 107°h* GeV em™® (A.14)

where h, the scaled Hubble parameter is defined by H = 100h kms~! Mpc ™', and is measured
to be roughly h ~ 0.7. This means that the critical density is approximately a few hydrogen
atoms per cubic meter. With this parameter, we can now define the density parameter

o=~ (A.15)

which is the ratio of the total measured energy density to the critical density. Furthermore,
we can now relate the curvature parameter k to measurable quantities, Hy and €y (where
the 0 subscript denotes present day values)

k= H(Q—1). (A.16)

We can now understand the curvature of the universe in terms of energy density. It is worth
pausing for a moment to interpret what we have so far. From the form of Equation [A.4]
ignoring the cosmological constant term, in a flat or open universe (29 = 1, < 1), the universe
will expand forever, and in a closed universe (£2y > 1) it will collapse on itself, as shown in

figure
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Scale Factor Evolution with Proper Time
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Figure A.1: Plot of scale Factor a(t) vs proper time ¢ for an open, flat, and closed universe
(ignoring dark energy). Each model has been adjusted such that the present day time tq is
at t = 0. The time of the maximum «a(¢) and “Big Crunch” are shown on the plot assuming
the present day time is zero.

From Equation we can now see how the curvature depends on the total mass density
of the universe. Using the above relations, we can write the Hubble parameter in terms of
the present day densities of the individual energy constituents of the universe,

Qo,m
H§< O 1 Qo + )

a3

where g, Qo,, and 2y are the present day relative energy densities of all matter,
radiation, and vacuum energy respectively. Observationally these parameters can be con-
strained in many ways, but most notably they have been measured by looking at a distance
type metric of type 1A Supernovae as a function of cosmological redshift as shown in Fig.[A.2]
From this, we see that {0y =~ 1 and we live in a flat universe. Most surprising to astronomers
at the time however, is the universe is dominated not by matter, but vacuum energy (A).
This says that not only is the universe expanding, but at an accelerated rate! This is one of
the major unanswered questions in cosmology, the next section will detail the other one. It
is worth noting that the radiation density has been measured to be €, ~ 10~ and is often
ignored in many calculations because of its low value.

QOT‘
at +

I QO,m - QO,A - QO,T‘
a2

(A.17)
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Figure A.2: Hubble diagram for type 1A Supernovae, from

A.2 Thermal History of the Universe

We now step back in time to the very early universe to paint a picture of how the current
universe came to be. After the big bang, the universe expanded and thus the equilibrium
temperature decreased. The notable time frames of the early universe expansion are deter-
mined by which components of the universe are in thermal equilibrium. For example, for an
interaction rate of a given particle species I';, if
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I'h’>H = Particles are in thermal equilibrium
(many interactions per Hubble time)
'« H = Particles have decoupled (‘Feeze-out’)

The process of freeze-out is also known as chemical decoupling. In short times after the
big bang, the energy density of the universe was radiation dominated. In cosmological terms,
‘radiation’ includes any relativistic particles. For the radiation dominated era, temperature
and time can be related with simple statistical mechanics techniques, with the result

kT =

0.86 MeV (10§> i e

\tsec g*

The parameter g* is the number of effective degrees of freedom for the radiation given by

9= Y 98 <;B)4+£ > gr (;CF)4 (A.19)

e . [
bosons q fermions q

where gp(r) and Tg(r) are the degrees of freedom and temperatures for the Bosons (Fermions),
and Ty, is the equilibrium temperature. A similar quantity that is of use later on is the num-
ber of entropic relativistic degrees of freedom,

G = > s (§B>3+g > gr <£F)3 (A.20)

e - e
bosons q fermions q

As a handy rule of thumb, for our purposes we can approximate

100 T > 300 MeV
Ox X Gss = ¢ 10 300MeV > T > 1MeV (A.21)
3 T <1MeV

What follows is often referred to as The First Three Minutes. Throughout the fol-
lowing timeline, the reader should refer to figure for a helpful visual aid. The following
times are considered from the beginning of the big-bang.
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Figure A.3: Not to scale diagram of the history of the hot big bang expansion model from
the BICEP2 Collaboration [217].

o t~ 1073 — 107325

Experimentally little is known about this time period of the universe. However, the
fairly well accepted theory of cosmic inflation states that during this time the uni-
verse expanded by a factor of 10%0 [218]. After this period, the universe is left in
a flat, isotropic, and largely homogeneous state. There are however, slight areas of
over-densities and under-densities left by inflation.

et =10% = T~10"K = kT =8.6MeV

Quarks and gluons combined to form baryons and anti-baryons, primarily protons and
neutrons and their anti-counterparts. At some time before this, a hypothetical process
known as baryogenesis violated conservation of baryon number which resulted in a
very small excess of quarks and leptons to anti-quarks and anti-leptons [219]. Once the
universe cooled slightly, no new baryons were produced. The baryons and anti-baryons
all annihilated, leaving no anti-baryons.

et =00ls = T=10"°K = kT =2.72MeV

The mass of the proton is much larger than kgT', thus the protons and neutrons have
decoupled from the thermal bath. The photons, neutrinos, and electrons/positrons are
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all in thermal equilibrium. The main reactions happening in this frame are

n+ve<—>p+e
n+et «—p+7.

Due to the slightly lower mass of the proton than the neutron, the creation of protons
was more energetically favorable, thus

N, My — My
o S CO—— I A.22
exp ( T ) 0.86 ( )

et=1s = T~10°K = kT = 0.86 MeV

The temperature has now dropped below the proton-neutron mass difference, and the
ratio is frozen out at n,/n, ~ 0.24. Even though thermally this ratio is fixed, the
number of neutrons still continues to change via neutron decay,

n—p+e +7.

The interaction rate of the weak scale is now less than the Hubble expansion rate,
[Nweax < H, so the neutrinos have decoupled from the thermal bath. These neutrinos
are now free streaming with a present day red-shifted temperature of 7, ~ 1.9 K and
are know as the cosmic neutrino background [220|. A number of experiments have
been proposed to detect these neutrinos [221, 222].

ot =14s = T=~10°K = kT = 0.272MeV

Electrons and positrons have now become non-relativistic, thus annihilation is favored
over pair production. The neutron/proton ratio continues to drop to n,/n, = 0.2. The
neutron decay is slowed down by the combination of free protons and neutrons into 2H
(Deuterium).

p+n<—D+7vy

However, the photon created in this reaction is more energetic than the binding energy
of Deuterium (Ap = 2.23MeV), and thus the Deuterium decays immediately. This is
knows as the ‘Deuterium Bottleneck’.

o t ~3min = T~ 10°K = kT = 0.086 MeV

Most of the electrons and positrons have now disappeared. Free neutron decay has
lowered the neutron to proton ration to m,/n, ~ 0.16. The temperature has now
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dropped enough such that the number of photons per baryon above the deuterium
binding energy,

™ e <_&) | (A.23)

ng T

is less than one. The deuterium has now become stable and the production of heav-
ier elements begin. This process is known as big-bang nucleosynthesis or BBN
(see |L0H12| for a more detailed review). At this stage, the following reactions occur

p+n—D+7y
p+D —3He+~
D+D —3%He+n
D+D—3H+p
SHe+D — ‘He +p
*H+D — “He+n

and less abundant reactions of
He +°H — "Li+ v

The production of these light elements occurs for a short time at which point the
temperature is of the universe is too cold for nuclear fusion to happen. The amount of
light elements stays relatively fixed except for radioactive decay of *H and 7Li as seen

in figure [A.4]
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Figure A.4: Time and temperature evolution of all standard big bang nucleosynthesis
(SBBN)- relevant nuclear abundances. The vertical arrow indicates the moment at T9 =
0.85 at which most of the helium nuclei are synthesized. The gray vertical bands indicate
main BBN stages. From left to right: neutrino decoupling, electron-positron annihilation
and n/p freeze-out, D bottleneck, and freeze-out of all nuclear reactions. Protons (H) and
neutrons (N) are given relative to nb whereas Yp denotes the 4He mass fraction [223]

This provides a very interesting cosmological probe to measure. The abundance of
these elements in the universe today sets the bound on the amount of baryonic matter

in the universe.

o t ~ 47000 years = z ~ 3600 = kpT = O(eV)

The Universe has cooled to the point that it has transitioned from being dominated by
radiation energy to being matter dominated as shown in Fig. This means that the
gravitational potential between small over-densities is now greater than the thermal

radiation pressure and baryonic structure formation is able to begin.
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Figure A.5: Density parameters €,,, ,..4, and 2, as a function of scale factor a.

The time at which this structure formation takes place is largely dependent on the
total matter density of the universe, defined as the point at which Q,,(zeq) = Q(2¢q) +
QA (2eq). If we only consider the baryonic component of the matter energy density, then
baryonic structure formation would begin much too late to account for the complex
structures we observe today. So there is clearly already a strong dependence on the
remaining non-baryonic component of the matter density, There is also a much larger
dependence on structure formation from this DM component that we will discuss later.

t ~ 288,000 years = z ~ 1320

As the universe cools, it becomes energetically favorable for charged light element
nuclei created in the BBN to form neutral atoms with free electrons. The process has
been happening for some time, but peaks at about this time [10] (see Fig. [A.6). Said
more quantitatively, the free electron fraction x. defined as

Te

(A.24)

Te = ——
Ny +ng

where n, is the number density of free electrons, nyg is the number density of atomic
hydrogen and n,, is the number density of ionized hydrogen, drops from unity to roughly
z. ~ 0.1, and this epoch is know as recombination [224]. Once the free electron
fraction dropped, the optical depth of the universe greatly increases as photons were
no longer constantly Thompson scattering off of free electrons.
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Figure A.6: Ionization history of the Universe (solid black curve) and the origin of different
CMB signals (dashed lines and inlays). The observed temperature anisotropies in the CMB
temperature are created close to the maximum of the Thomson visibility function around
z &2 1089, whereas the direct information carried by the photons in the cosmological hydrogen
recombination spectrum is from slightly earlier times. The photons associated with the two
recombinations of helium were released at even higher redshifts. Finding the traces of these
signals in the cosmological recombination spectrum will therefore allow us to learn about the
state of the Universe at =~ 130, 000 yrs and ~ 18, 000 yrs after the big bang. Furthermore,
the cosmological recombination radiation may offer a way to tell if something unexpected

(e.g. energy release due to annihilating dark matter particles) occurred before the end of
cosmological recombination, from [224]

When these early neutral atoms formed, the electrons were bound to excited states.
These electrons eventually dropped to the ground state and became decoupled from the
bath. The feasibility of detecting the photons released from the Helium and Hydrogen
recombination process, which would allow for a cosmological probe at an incredibly

high redshift, is currently being explored [225].
e ¢~ 370,000 years =—> z ~ 1100
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The process of recombination drastically increases the mean free path of photons, how-
ever the universe has not yet become ‘transparent’. This happens when the Thomson
scattering rate I'y, is less than the Hubble expansion. During the matter dominated
era, the Hubble parameter can be written as

3
T\ 2
H == HO\/QO,m TO 5 <A25>

and the Thomson scattering rate is

8ra? 2

8ma
Lip =ne—— = xenp
Me 3me,

(A.26)

where « is the fine structure constant [10], and we can see that the scattering rate
depends on the free electron fraction. Equating these two expressions, one finds that
the temperature of the photon decoupling is Ty.. ~ 3000 K. These free-streaming
photons have been red-shifted to ~ 2.7K and is known as the cosmic microwave
background or (CMB). This epoch is also referred to as last scattering. These
photons are the closest approximation to a perfect black body ever measured, with
temperature anisotropies at the 107> level. An image of the CMB sky can be seen in
Fig.[A.7] The observations of the CMB is rich with information, and the measurements
will be discussed in a later section.

Figure A.7: Picture of the CMB sky from [14] with data from [15, |16]. The color gradi-
ent represents temperature. No scale is given, this is simply to illustrate the temperature

anisotropies.

e ¢t~ 370,000 years — t ~ 100 million years
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The only light sources at this time were the relic CMB photons and small amounts of
light released by neutral hydrogen, known as the 21 centimeter line. This period is
known as the Dark Ages

e t ~ 100 million years — ¢ ~ 1 billion years

Large structures (stars, galaxies, clusters) begin to form from gravitational collapse.

e t ~ 10 billion years

The energy density in the universe due to matter has now dropped below that of dark
energy (see Fig.[A.5]), and consequently the universe is now expanding at an accelerated
rate (see Fig.|A.3).

This ends the thermal history of the universe, as it pertains to this thesis. We have
learned that we live in a nearly flat universe (€ ~ 1) and that the energy density is
dominated by dark energy (24 ~ 0.7), with a matter content of ,, ~ 0.3. Most important
for the remainder of this thesis, is that the of the measured matter density, only ~ 5% of it
is understood. The rest of this chapter is dedicated to what we do know about the missing
dark matter.
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Appendix B

TES Energy Resolution Derivation

Given that we know the intrinsic noise sources of a TES and understand the dynamics, we
can estimate the expected energy resolution. For a known noise and pulse template shape,
the optimal resolution is achieved with the ‘matched filter’, also often called an ‘optimum
filter’” [76, 93].

The expected power pulse shape p(w) in will depend on the type of detector. If the TES
is directly measuring a photon, than the pulse shape will simply be a dirac-delta impulse
of energy, with some efficiency factor for absorption. If operated as the sensor in a thermal
(athermal) calorimeter, the the pulse shape can be approximated by

c (B.1)

pw) = 14wy’
where € is an efficiency factor accounting for energy losses, and 7,, is the time scale for
collecting the thermal (athermal) phonons. The nature of the excitation for our purpose will
be athermal phonons as will be discussed in later chapters, but the framework is the same
regardless of thermal or athermal excitations.

Using an Optimum Filter with known pulse shape, the theoretical resolution of a TES is

given by

52 l/” dw 4lp(w>|2]'1 (B.2)

% SPtot (w)

previously, we derived the total input power referred noise spectrum in Eq. with
constituent components of

SVTES = 4kBTORO(1 + 25) (BB)
Sy, = 4kpTi R, .
Sprey = 4kBT5 GF(To, Toam) (B.5)
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In principle, in a well designed experiment the SQUID noise can be made negligible
and we can thus ignore the Sy, term. Also, to make the result more general, we can
include a ‘power-like’ parasitic source Sp, that presents like excess TFN. We can thus
change the expression to Sp,.y = SPrenae = SPrey + 5P, Lastly, we assume the value of
the inductance is small, and we thus ignore L. We insert these changes and re-arrange the
expression into pole-zero form

I3 2_2 2 2_2 1
St (W) = Sprex + o5 | Svips(1+w°77) + 5y (L = 1)7 [ 1+ w'r AL (B.6)
b3
We next simplify the second term in the expression labeled ‘B’ above.
1
_ 2 2_2
= Sy, (£ -1 +w’r?) (B.8)
= Sy, (£ -22 +1+w’r7) (B.9)
= 2 (Z -2)+ Sy, (1+w’r?) (B.10)
Combing back with Eq. we get
I3 22
SPtot (w> - SPTFN-like + ? [(SVTES + SV@)(I +w'T ) + SVZ"% ("E’ﬂ - 2)] (B'll)
£ -2 I?
SPtot (w) = SPTFN-likc + SVZL%? + (SVTES + SW)yog(l + w27_2) <B12)
X A
SPtot (w) = SPTFN-like + X + A(l + WQTZ) (Bls)

SProt (@) = SPrpyane + X + A+ w?T?A (B.14)
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A

SPro: (W) = (SPrepnane + X + A) (1 + w?r?

We now calculate X + A,

L -2 I?
X+A= SVZI(?T + (SVTES + SVe)j
i
Iz
Plugging this back into Eq. [B.15]

— (SVTES —+ SVZ (g — 1)2)

SPTFN-like + X+ A

SPtot (w) =

SPtot (w) =

12
|:SPTFN-1ikc + ?02 (SVTES + SVZ (g - 1)2)}

2
(SVTES + SV@)%

X |1+ w?r?

12
SPTFN—like + yog (SVTES + SVe (g - 1>2)

J/

-~

Sp,,; (w=0)

SVTES + SV@

X |14 w? 72 5 2
%SPTFN»like + SVTES + SVe ("g - 1)

'
2

SPtot (w> = SPtot (w = 0) (1 + w27—*2)

SPTFN-like + ,;782 (SVTES + SVz (g - 1)2)

(. J

)

|
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(B.15)

(B.16)

(B.17)

(B.18)

(B.19)

(B.20)

We can now consider how this impacts our energy resolution in Eq. [B.2] Using the power

pulse from Eq. and the noise PSD in Eq. [B.20] Eq. becomes

(B.21)
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1
o = ?SPtot (0) (Tph + T*)

We note the introduction of a new time constant 7., which we will now simplify.

7_2 2 SVTES + SVe
x 2
%SPTFN-Iike + SVTES + SVZ("% - 1)2
, Ak TyRo(1 + 2B) + 4k TR,
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(B.22)

(B.23)

LAk TRGF (T, Toan) (1+ 522 ) + Ak Ty Ro(1 +28) + dkpTyRe( & —

) (1+208) + L&
S ar
AEToGF (T, Toun) (1 n sf—N) +(L+28) + Ll 1y

=T

We use the fact that

T,
ZGT, 1=t
BRy=P =20 a2 = < T)
G_

[0
( Tbath )

:>P0

Substituting this into the above equation we get

Ty R
., 1+28+ 2 &

Ty =T

*

0

Let us factor out the Ty/Tj term and define

Oé TO Tl;nth SP
Y= ——F(Ty, Ty, 1] — 220 ) |14 =—2 |,
n TZ ( 0,4b th) < Tém + SPTFN
Our definition of 7, becomes,
1428+ &

2 2
T*N .
Y+1+2ﬁ+RL’(.$ 1)2

~T

% F(Th, Toan) (1= S ) [1+ oo ] 41426 + Bz — 1)

)2
(B.24)

(B.25)

(B.26)

(B.27)

(B.28)

(B.29)

(B.30)

This can be expressed in terms of 3pp. Squaring Eq. and dropping second order
terms in § and Ry/ Ry, (since these are both ideally quite small, however in practice this is
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not always the case) and keeping only higher order terms in £ (since loopgain should be
large), we can write

1+25+2§—§+O<52,%2>

2 2
Torp =T 5 (B.31)
R R R
128+ 28 4 (1-20) 22+ 0 (82, 57
Pulling out a factor of TgTr, we can write 7, as
2.2 1
T« ~TETF Y+.22 (B-32)
R R + 1
1+2ﬁ+2?§+<1*2ﬁ§)32
1+28+25 + (1-25) 22
72 ~rie . . (B.33)

Y+ 22
Assuming the loopgain is large (£ > 1), and beta is small 8, R,/ Ry < 1, this becomes

2
’7'*2 %TE%TFW' (B34)

a? (1 _ h)Q

9 9 n? Ty

Ty RThTR 5 p—i (B.35)

o2 (1 _ loawn

v+ (1-Te)
Plugging back in our definition for Y, this becomes
1
72 AT - - A (B.36)
B F (T, Tom) [1+ o] (1 T )™ 41
T”L

W (%)

AT e (B.37)
0 nF(To, Tbath) [1 —+ Spi]
TFN
TTL

(%)

Ty ~TETF j—f at Sh . <B38)
0 TLF(T(), Tbath) [1 + ﬁ]

Combining this back to the energy variance result in Eq. [B.22] we finally arrive at
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1 T, (1- )
(72 = _QSPtot (0) Tph + TETF Tg 0 S , <B39)
e 0 TLF(T(], Tbath) [1 —+ Spi]
Prrn
where
I2 9
SPtot = SPTFN + SPpar + ? (SVTES + SVz ("E/ﬂ - 1) ) : <B40)

It is interesting the note that the addition of an excess TFN-like power noise will actually
slightly decrease the effective falltime. However, this effect on the overall baseline energy
variance will be much smaller than the increase in Sp, ,(0) that an excess TFN-like power
noise would add. This false increase in bandwidth can also be used as a diagnostic tool when
looking at excess noise.
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Appendix C

TES Response to Square Wave
Impulse

In this appendix, the TES response to a small amplitude square wave voltage source is
derived. Note, this was written my first summer as a grad student, so the some of the
explanations may be a bit basic. Recall that the complex impedance of a TES in the low
inductance limit can be written as

Olrgs
MV

Z(W)tor = (W)™ ' =Ry +iwLl + Z(w)rEs, (C.1)

where Z(w)rgs is defined as

R.Z (2+P)
, o _ C.2
(W)rps = ol +ﬁ)+1_$1+iwﬁ “

To understand how the TES responds to a test input, we can place a small voltage
excitation (6V;) down the QET bias line and measure the change in current though the TES
(0Irgs). We thus arrive at,

0I(w)rEs _ O0lrgs
6Vi(w) oV,

(w), (C.3)

which can be rearranged to

Olrgs

(SI(W)TES = a‘/b

(W)oVy(w), (C4)

where alaT—st(w) is defined as the inverse of Eq. ?7.

A square wave is used for the voltage excitation, . If the period is much larger than the
fall time of the TES, then dV}(w) can be modeled as a step function H(t — t,) multiplied by



APPENDIX C. TES RESPONSE TO SQUARE WAVE IMPULSE 239

an amplitude factor dV},,. This step function must be transformed into Fourier space to be
used in Eq. . To do this, recall that the Fourier transform of a Dirac delta function is

Flo(t —to)] = /OO e WS (t — to)dt = e ™", (C.5)

—00

We know that a step function is defined as such

H(t—to):/t o(t" — to)dt’. (C.6)

We can substitute in the inverse Fourier transform of the result of Eq. into the delta
function in Eq.

’H(t—to):/_t ]—"1[(5(t’—to)]dt’:’H(t—to):/t [/_Oo dweiw“’to)}dt’. (C.7)

Simplifying,
*dw _; b *dw _, T .0 ® dw et
H(t —ty) = _ezwto/ et gt — / ZL piwto |:._€’Lwt:| _ / — BWt,
( 0) /_OO 2T oo oo 2m w —o0 oo 2T W
(C.8)
where e goes to zero in the limit that ¢’ goes to negative infinity, as it is periodic and

averages to zero. In doing the contour integral, it is clear that the the iw pole will be directly
on the integration loop. We must therefore shift the pole by amount e such that the pole is
in the loop. Eq. then becomes

Mt — 1) =1y [ ;l—j; W% = 7| lim ﬁ] (C.9)
Thus,
e~ who
H(w) = FH(t —ty)] = 113(1) o i (C.10)
For the case where t5 = 0, the voltage jitter becomes,
Vp(w) = lim - ! OVopp (C.11)

e—0 z[w — iE]

The next step in determining the impulse response of the TES is to put M(u}) in

oV,
pole-zero form.
dlrps 1 . ReZ  (24+5) 7!
=—=|(R L+ Ry(1 C.12
oV, @) Z(w)rEes ( LWk Bol +ﬁ)+1—$1+z’wL> ( )

G(1—-2)
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Multiplying top and bottom by (1 + iwg aa g)) we get

8ITES( ) L +w (103 (C.13)
w) = . .
WV, (Ri + RBy(1 + 8) +iwL)(1 + iwggZey) + 1252+ )
Expanding and multiplying the top and bottom by 1 ”g) we get,
Jlrps D

(w) — LC L

oV,

(c.14)

Factoring the numerator we get,

Olrgs —i(w +%)

w? = (G2 4 LR+ Ro(1+ ) )i — (S R+ Ro(L+ 9) + 2552+ 5))

(w) = e
v w? — (DD 4 L(Ry + Ro(1 + 8)) )i — (95
(C.15)

It is now clear that ‘(ﬂaTTfs(w) will have one zero and two poles and can thus be expressed
in the general form

Olrgs
oV,

a(w — 2)
(w—P)(w—P)

(w) =

(C.16)

The constant a, the zero, and two poles can be determined from Eq. [C.15 The zero and a
can simply be read off and completing the square of the denominator gives the poles,

G(1-2)
Lc
For simplicity, the time domain analysis will be continued from Eq. where the

poles can be found simply by using the quadratic formula. Eq. and Eq. can be
substituted into Eq. and it can be inverse Fourier transformed,

z =

(C.18)

* dw oI )
ST(t) s — / o S () H{w)e (C.19)

a(w— z) 1

-1 iwt 9
OI(t)rps 1m/ 27r (w—P)(w— P)ilw— 25]6 (C.20)

(1+8) + 452+ 8))



APPENDIX C. TES RESPONSE TO SQUARE WAVE IMPULSE 241

where o' = adV,,. From the residue theorem, we know that the solution to Eq. will be
5I(t)rms = 2mi [ 3 R(Pn)] . (C.21)

.1 a(ie — z)elt®? 1 —az
Rie = lim — ; = —
e=0 27i (ie — Py)(ie — Py)  2mi PPy

(C.22)

1 a(P, — z)etht

_ 2
! 21 Pl(Pl—PQ) (C 3)
1 _ i Pot
= Ll —2)e™ (C.24)
271 PQ(PQ—Pl)
Thus, we arrive at
Z (P —=2)  ips (P2 —2)  ipy
ol(t :a< + et —————¢'"? ) C.25
()res PP P(P—P) Py(Py— P)) (C.25)
Applying the boundary condition that for ¢ <0, 61(t)rgs = 0, we get
P — P, —
AR5 Sk )R € k) (C.26)
PP, P(P—PB) P(P,—P)
Plugging this back into Eq. results in
(P —2) iPrt (P —2) i Pat
oIt =a| ————("" =1 — (" =1 2
Ores =a(pp—py " D+ g™ -D) (€21

We can see that since our poles P; and P, are imaginary, Eq. will be a sum of two
exponential functions. When one pole is much larger than the other, this means that one of
time time constants of the exponentials will be very large, and the other time constant will
be very small. This means that the function §1(t)rgs will look like a step function decrease
(very small time constant) and a slow exponential rise.

It is of interest to look at limiting cases of this expression. Taking the limit when ¢ goes
to infinity will give us the zero frequency signal level of the TES. For P, > P,

Jim 010y = —af

(P, —2) (P, — 2) az
)) - (C.28)

P(P,—P)  P(P,—P)) PP

To understand the effect of the short time constant, which in turn will tell us about 3, we
need to look at the case of 7~ <t < £, resulting in

i i a(Py — 2)
ol | —<t< — = — C.29
(Pl P2)TES Py(Py — Py) (C.29)
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0.4

0lrps (1)

—  Re(8lgg) L= 2
—  Re(8lypg) L= 3
| —  Re(8l) £L=4|]
—  Re(8lyz) £L=5

-0.2

0.000 0.002 0.004 0.006 0.008 0.010

t seconds

Figure C.1: Plot of 0I(t)rgs for various values of loop gain

Taking the absolute value of the ratio of Eq. to Eq. gives us the ratio of initial
response peak to signal peak. Doing so results in the following,

a(Py—z)
P2(P§_Pl) — P]-(P2 - Z) (030)
P?§32 Z(P2 — Pl)

In the limit that P, >> P; and P, >> z, this becomes
Py

z

(C.31)

From this point on, let us refer to P, as P, and P, as P.yy. We note that the justification
for P, >> P,y is for the limit of the inductor L being very small. In the limit of Small L,

P.¢¢ becomes:
A plot 61 as a function of Loop gain £, using standard TES parameters from this thesis,

can is shown in Fig.
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Appendix D

Design of Cryogenic Electronics

For all electronics going into the fridge, there are two important factors to consider: the noise
contributions and the power dissipated. There are of course second order design factors like
parasitic resistance/inductance, and cross-talk, but these can be designed away.

The cooling powers of all stages of the DR are given in Table |D.1]

‘ 4K ‘ Still ‘ Cold Plate ‘ Mixing Chamber
15W | 1 mW 10 pW 1 W

P, cool

T 4K | 850 mK | 150 mK 10 mK

Table D.1: New fridge cooling power

D.1 Noise Modeling

The CDMS II FEB’s have been used for decades at this point, and their noise performance
is discussed in numerous papers [141]. The noise floor of the SQUIDs is limited to roughly
2.5pA/v/Hz (when referenced to the TES), which sets the lower limit on noise performance
of our system. To ensure that this limit is reached, we need to choose the temperature stage
to place the SQUID feedback amplifier’s feedback resistor and the shunt resistor such that
their Johnson noise is less than the SQUID noise.

D.1.1 SQUID Feedback Resistor

We model the the CDMS II FEB SQUID amplifier as a standard feedback network (see
Fig. [D.1), where Aoy, is the combination of all the amplifiers in the FB loop, and £ is the
ratio of signal feed back into the system, § = Zpp/Rpp. For the trans-impedance of the
SQUIDS we use the following values, Zrgg = 800 2 and Zpg = 80 €.
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iTES V’ Vout
- ZTES + A OL

Vrpp

Figure D.1: Simplified model of SQUID feedback loop.

We now consider a noise source 0Vg,.,, after the 5 component, which is simply the Johnson
noise of the feedback resistor at temperature Trp

§Vi,. . = A4kyr RppTrp. (D.1)

We now propagate the noise source §Vg,.,, through the FB loop.

‘/;mt - V,AOL + 5VRFB

Vot = Viepy (1+ BA D.2
V' = Vi, }:> +=Vars(1+ for) (D-2)

We can now reference this to the equivalent input current using the total gain of the FB
loop,

Aot

=7 D.3
1+ BAOL TES ( )

GFB

&»TES _ ‘/out _ (1 "‘BAOL)Q
Rrs = Gpp AorZres

Vit (D.4)

The open loop gain of the FEB, Ap;, ranges between 226 — 5658. We can model the noise
of the feedback resistor for various values of Rpp as a function of temperature for across the
two limits of the FEB open-loop feedback gain. A plot of this model is shown in Fig.
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Expected Noise from Rgg in FEB SQUID Amplifier Expected Noise from Rgg in FEB SQUID Amplifier

with Ao, = 226 with Ao, = 5658
oL

71
o
o

o
MMz,

1.09648 x 10710 =

nt Noise [nA/

Curres
A
o

Input Equivalent Current Noise [pA/vHz]

R [kQ] R [kQ]

Figure D.2: Input reference current noise of the Johnson noise of the feedback resistor as
a function of Rpp and temperature for the minimum/maximum values of Aoy (left/right).
Shown is the current value of the feedback resistor of 1.25 k() as well as the available tem-
perature stages. Also shown is the the contour corresponding to 2.5 pA/v/Hz.

For the nominal value of Rrpp = 1.25k(2, we can see that when the amplifier is operated
with the maximum open-loop gain, then the feedback resistor must be placed on the cold
plate (~ 100mK) in order to meet the noise requirements. However, for lower feedback
gains, we could easily get away with placing the feedback resistor on the 4K plate.

D.1.2 TES Shunt Resistor

The noise contribution from the shunt resistor was modeled in chapter 2 As long as the
parasitic resistances 2, are kept low, this noise term can be made negligible as long as it
sufficiently cold.

D.2 Heat Loads
D.2.1 SQUID Feedback Resistor

To estimate the power through the feedback resistor, we first relate the current through Rprp
to the input current in the TES. Recall that the output voltage of the FB loop in Fig.
is,
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Aot
V;)u = Z I D.5
= T Ay, JTES rEs (D.5)

Z
SpiiLyy f (D.6)
B

Z

25 Rep Irps (D.7)
FB

— 1ORFB ITES (DS)

Thus the current through the feedback resistor is simply 10 times the current through
the TES. For the MELANGE devices, we would expect a TES current of roughly a few pA

Pr.p ~ (10irps)*Rrp ~ .5 uW (D.9)

For 12 channels, this would be ~ 6 uW. Similarly, for 12 CPD-like detectors, we would
have about 150uW of power loading.

From a power loading perspective, placing the feedback resistors on the CP would be
problematic. We thus made the compromise to place the feedback resistor on the 4K plate.

D.2.2 TES Shunt Resistor

Given the Joule heating of the TES, we can calculate the power dissipated by the shunt
resistance via,

V2
Prps =
PregsR
RTEg — P, = TESITES (D.10)
P o V Rshunt
shunt — Rshunt

Plugging in approximate values for the MALANGE and CPD-like devices, this gives any-
where from 2 — 50 pW per detector. Compared to the cooling powers of the DR, placing
these on any stage should be fine.

D.2.3 SQUID Arrays

Lastly, we consider the power load from the biasing of the SQUID arrays. We have the
following properties for the each CDMSII SQUID array

Rshunt \ Nsquip \ Vsouip
2Q | 100 | 50 puV

Table D.2: SQUID array parameters
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This gives a heat load per SQUID array of

2
VSQUID

P = Nsquip = 0.125 pW. (D.11)

shunt
To operate 12 channels at a time, this gives 1.5 pW of power dissipated by the SQUID
arrays. Like the shunt resistors, this power is negligible compared with the cooling power
of the fridge. However, when zapping the SQUIDs, or if a SQUID lost lock and went into a
possitive feedback loop, this could cause significant warming of the fridge if they were put
on the mixing chamber.

D.3 Wiring Layout

From noise considerations and power loading, we have learned the following:
e The SQUID feedback resistor must go on the 4K plate.
e Shunt resistors should be placed on CP or MC.
e SQUID arrays can be placed on CP or Still.

Since placing the SQUIDs on a colder temperature stage would have the best noise
performance, we chose to place them on the CP. And due to difficulty in logistically placing
the shunt resistors on the MC with the detectors, it was decided to place the shunt resistors
on the same PCB as the SQUIDs.

D.3.1 Wiring

In order to push to lower energy thresholds, it is necessary to operate at much lower TES
resistances. To remain in the strong ETF limit, this requires small load resistances. All of
this necessitates having minimal parasitic resistances on the TES bias lines. All wiring used
in the fridge is in the form of NbTi PhBr weaves, such that all wiring is superconducting
below 4K. The remaining source of parasitic resistance is from the connection points. We
decided on using Micro-D style connectors, which typically have about 1 — 2m{2 of contact
resistance per pin. To reduce this contact resistance further, we deiced to double up pins for
the TES lines, reducing the contact resistance in half. In order to reduce cross-talk, ground
lines were placed between channels in the wiring weave. The channel mapping at the face of

the micro-D connector can be see in Fig. [D.3]
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TES1 TES 2 TES3 TES 4
O | Ot ) Do)
¥ 37T 3B 39 40 41 4 43| 4 4 47 48 49 5 5

® ® 2y ® P ¢
0/ 0f 0 2f 5] ufs ) wfiaf w6 0fnf2fs]u]%
® o ® ® ; ® @
1 2\ 3 4 5 6 7 8 9] 10, 1 12

Y_} 13 14 15 16 17 |18
SQUID Bias 1-4 4 Wire pairs

SQUID FB 1-4

LED 1-2

248

4 Wire pairs
SQUID Bias
TES Bias
SQUID FB
LED

Ground

Figure D.3: Channel layout in the cryogenic wiring weaves.

D.4 PCB Designs

In total the wiring design required 4 PCB to be designed. One set of PCBs and wiring allow
4 TES channels to be operated. Additionally, optional wiring was included to perform 4-wire
measurements of the TES shunt resistors. A schematic of location of the PCBs and wiring

can be seen in Fig. [D.4]
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SQUID Rtn  TES Bias FB Rtn
®
.TES Rtn | SQUID Bias FB

Detector Card

Mixing Chamber

r-—-—r T - - -1 -1T 1= -- - - = — = A
| 300K OVC |
I I
I I
I I
| 4K Card |
| 4K Plate |
I I
I I
| Still |
I I
I I
I I
| SQUID Card |
: SQUID Chip :
: Cold Plate :
I I
I I
I I
I I
I I

Figure D.4: Schematic model of wiring in fridge showing the various cryogenic electronic
components and the corresponding PCB cards.

e 300K Card

— 50 pin DSUB connector to 51 pin Micro-D
— Maps the CDMSII FEB channel to UCB Cryo wiring
— Optional routing to be compatible with the SuperCDMS DCRC

— Located inside directly inside e-stem.

e 4K Card
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Figure D.5: Image of the design of the 300K PCB.

— 51 pin Micro-D to 51 pin Micro-D
— Holds the SQUID amp feedback resistors
— Located on 4K plate

e SQUID Card

— 51 pin Micro-D to 25 pin Micro-D
— Holds the CDMSII SQUIDs and the TES shunt resistors
— Located on the cold plate

e Detector Card (DIB)

— 25 pin Micro-D
— 4 TES channels, 2 LED channels
— Located on Mixing Chamber

D.4.1 300K Card

The primary function of the 300K card is to route the channel mapping from the FEB
or SuperCDMS DCRC to the channel mapping we used inside the UCB fridge. The LED
return/grounding scheme changed between the FEB and DCRC, so there are optional jumper
on the 300K card that can be moved depending on which readout is being used. Additionally
if a 4-wire measurement of the TES shunt resistors is to be done, there are more jumpers
that can be placed on this card to change from standard readout, to 4-wire readout. An
image of the can can be seen in Fig. [D.5
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1.665”

Back °

Figure D.6: Image of the design of the 300K PCB.

D.4.2 4K Card

The 4K card is the simplest of the PCBs in the fridge. It’s only purpose is to help thermalize
the wiring, and holds the SQUID amp feedback resistors. It consists of a 6 layer board, with
full copper ground planes on the outer layers. All twisted pairs in the cabling are kept as
close pairs on the PCB, and sensitive lines are separated by internal ground planes. An
image of the PCB can be seen in Fig. In order to thermalize the PCB, it was placed in
a copper housing and securely bolted to the 4K plate. @ add pic @

D.4.3 SQUID Card

The SQUID card consists of a 4 layer board with SQUID Bias and TES lines separated by
the SQUID FB lines via and internal ground plane. To reduce the parasitics on the SQUID
Bias and TES lines, they were left as exposed Cu, and were later coated in solder to make the
superconducting. A diagram of the PCB can be seen in Fig.[D.7 To help with thermalization
the board was gold-plated with a nickel-less process to ensure there were no stray magnetic
fields near the SQUIDs. To thermalize the board and SQUID arrays the board was mounted
vertically in a Cu housing. To Shield the SQUIDs from stray magnetic fields, an Aluminum
box was fabricated that can be slid over the SQUID arrays. The Housing, Al shield, and
close up of the mounted SQUIDs can be seen in Fig.
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Figure D.7: Image of the front (left) and back (right) of the SQUID PCB.

The SQUIDs were mounted to the board in the following manner:

1. the Micro-D connectors are soldered to the board (note: it is important that this
step be done BEFORE the SQUIDs are placed on the board so as not to heat up the
SQUIDs too much and degrade thier performance)

2. a piece of superconducting Nb foil was epoxied to the PCB
3. Four SQUIDs were then epoxied with single dot of epoxy to the Nb foil

4. the SQUIDs were wire-bonded to pads on the PCB

D.4.4 Detector Card (DIB)

For the detector housing, we re-purposed CMDSII Cu ‘hex’ style housings. We created a
new opening and silver epoxied a straight angle 25-pin micro-D connector into the opening,
making the housing a Faraday cage. The PCB is screwed vertically to the housing for
thermalization and soldered to the micro-D pins. Since the DIB is mounted perpendicular
to the detector holders, castellated holeq'| are used for the bond pads. Similar to the SQUID
card, the DIB was plated with a nickle-less gold, and the signal lines were left exposed so
that they could be solder coated. A picture of the DIB, a schematic of the housing, and a
picture of a DIB mounted in a housing are shown in Fig. [D.9

@ show thermal wiring diagram

@ talk about different PCBs

!Castellated holes are essentially plated through holes on the edge of the PCB that have been cut in
half.
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EaENEEMN

Figure D.8: Clockwise from top: Close up of SQUID arrays epoxied onto Nb foil on SQUID
PCB, Cu housing for SQUID PCB, SQUID card mounted to Cu housing with SC Al SQUID
shield in place, Side view of SQUID card mounted to Cu housing with SC Al SQUID shield
in place.
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Figure D.9: Clockwise from top: Schematic of housing, DIB mounted in housing with micro-
D in place, back side of DIB, front side of DIB.
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Appendix E

Noise studies of DCRC rev D.O at
SLAC

This appendix is a slightly modified version of a presentation detailing the noise diagnostics
that I performed for the SuperCDMS DCRC warm electronics at SLAC during my first
summer in grad school. The presentation was aimed at an internal CDMS audience, so it
will be somewhat specific to CDMS. This work was crucial to helping SuperCDMS reach
their warm electronics noise goals at the time. The actual results of this study are irrelevant
at this point in time, but the reader should find this as a useful general guide to tracking
down problematic noise sources in a multi-stage amplifier. All noise studies here were done
with the TES biased in the normal state, so as only to study the noise in the SQUID and
downstream electronics.

E.1 Closed Loop Noise Model

A block diagram for the DCRC phonon amplifier circuit can be seen in Fig. We will
first construct a model for this amplifier in the closed loop mode, using standard feedback
control theory. This amplifier is operating in closed loop when the switch at the input of the
Opamp labeled ‘PGA’ in Fig. is connected to the lower node, as it currently is in the
schematic. For this noise analysis, we include a potential noise source at the input of each
amplifier. Each noise term is used as a general representation for either the intrinsic input
noise of the amplifier, or some environmental noise that is coupling in at that point in the
circuit. A schematic of this closed loop model with noise sources included can be seen in
Fig. [E.2

In the closed loop model in Fig. [E.2] we introduce the following gain factors from the
SQUID input and feedback coils, as well as the amplifier feedback factor 8. Note that this
has nothing to do with the logarithmic current sensitivity of the TES which we have used
throughout this whole thesis.

oV

rps’ Responsivity with respect to input coil

o Grps =
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Figure E.1: Block Diagram for DCRC revD.0

Figure E.2: Closed loop model for the DCRC revD.0 with noise sources included.

e Grp = %, Responsivity with respect to feedback coil
e 3=Grp/Zrn
The noise sources we consider in this analysis are listed below:

e 0Irpg : Current noise down TES line

0Vieer = Voltage noise at input of preamplifier

OVEBamp © Voltage noise at input of feedback amplifier

e 0V : Unknown noise source inside the loop between FB amp and driver amp
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e 0Vp : Voltage noise at input of driver amplifier
e 0Vapc : Voltage noise at input of digitizer
e 0Vrp : Johnson noise from feedback resistor

e §V;, : Voltage noise at squid (Dependence on SQUID parameters not fully understood)

E.1.1 Calculation of Noise/Signal Transfer Function

Let us first write the transfer function relating the input current to the voltage at node V;

in Fig. [E.2

OVEBam
[MTESGTES + Vioer + Vg + % + 6VppS — m} ApeApg +6Vo =V, (E1)
pre

% am,
|:5ITESGTES + 5‘/Zock + 5V9q + —IBamp + 5VFBB:| ApreAFB + 6‘/7 - ‘/1 (]- + BApreAFB>

Apre
(E.2)
A reAFB 5VFBam 5‘/7
Vi=—2""2  \§IrpsG + WViper + Vg + ——22 L 5V, +—_
Ol A, A [ 1EsGTES lock q A, 7Bl T+ Ay Ars
(E.3)
Referencing this to the output voltage V,,; this becomes
Vour = ViAp + 8VpAp + Vapc] Aapc (E.4)
A reAFBADAADC 5VFBam 5‘/7
Vour = — 0I75sGrEs + Vieek + Vig + —=2 4 5V 4+ ———
t 1+ Ay Ars TESGTES lock q A B3 Ao AFB]
+0VpApAapc + 0VapcAapc
(E.5)

Finally, we reference this to the input current at the TES. We do this using the transfer
function below.

1 + A T‘EAFB/B )
0Ly, = Vo P E.6
' (AADCADApreAFBGTES ( )
Plugging in our definition of V,,; with the noise terms included we get
OVFEBam oV;
01, =0I1Es + G;}ES |f5%06k + (5‘/5(] + 0Vepp + FBamp + ! :|
Apre ApreAFB
1+ Ay Argf ( 5VAD0>
oVp + E.7
ApcApsGres \ © ' Ap (E1)
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E.2 Identifying Dominant Noise Sources

With an understanding of how different noise sources couple into the circuit, we can now
turn to trying to determine which ones are the largest. The general idea for this is as follows:

1. Measure noise PSD and reference to units of the input (TES current in our case)
2. Increase the gain for a single amplifier in the signal chain

e If input referred noise stays the same — the noise at the input of this amplifier
is sub-dominant

e If input referred noise decreases — the noise at the input of this amplifier is
dominant

The above logic can be slightly confusing when first doing these types of studies. I
encourage the reader to work this out with a simplified version of this circuit to convince
themselves that it is true. The following will go through all of the amplifiers that we have
control over and discuss what information we can learn from it.

E.2.1 Vary Driver Gain (Ap) in Closed Loop

We can see from Eq. that by varying the driver gain, we can study §Vapc (this is the
only term that depends on driver gain). As shown in Fig. , there is virtually no difference

between the noise with the minimum and maximum values for the driver gain. This tells us
that the ADC Noise Is Sub-Dominant.

E.2.2 Vary Feedback Gain (App) in Closed Loop

Let’s plot V,,; for various Appg.

From Fig. and Eq. [E.5] we see that for sufficiently large feedback gain, 617 becomes
sub-dominant, as evidenced by the fact that the noise for Apg = 5 is the same as for
App = 10. This should be a non issue for D.1 since the lowest feedback gain is 800 (40x20x1)
vs 100 (100x1) for the D.0

At this point, we have learned most of what we can from the closed loop data, we just
don’t have anymore knobs to turn.

E.3 Open Loop Model

We now look at the amplifier in ‘open loop’ mode. This amplifier is operating in open loop
when the switch at the input of the Opamp labeled ‘PGA’ in Fig. is connected to the
upper node, the opposite as it currently is in the schematic. We write out a gain diagram
for the amplifier in open loop shown in Fig. [77]
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Figure E.3: Input referenced current noise as a function of driver gain
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Figure E.4: Output voltage noise as a function of feedback gain
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S e

In the open loop mode, we do not have any new noise sources. We have the same noise
sources except we no longer have the Johnson noise from the feedback resistor (0Vpg), the
noise source at the input of the feedback amplifier (6Vrpamp), and the unknown noise source
oVa.

E.3.1 Open Loop Transfer Function

Same as for before, we can work out how the noise sources will be measured as V,,;, as well
as how they will appear when referenced to the TES input current.

Vout = {[(61rEsG1rES + Vieek + 0Vsq) Apre + VD] Ap + Vapc} Aapc (E.8)

Referencing to input current,

% %
0L = 0lrms + GThs |6Vioek + 0Vag + o + S (E.9)
Apre ADApTe

E.3.2 Closed loop vs Open loop noise

Since we previously showed that 0V4p¢ is sub-dominant always and dV» is sub-dominant for
App = 10, let’s ignore these term in the closed loop Equation (Eq. |[E.7). Comparing closed
vs open loop we find

e Closed loop noise

5VFBamp + 1+ ApreAFB/g
Apre ApreAFB

5Im =~ 5ITES +

|f5V206k + 5V5q + 0VepfB + (5VD}

(E.10)

TES

e Open loop noise

1

Gres

|:5Wock + 0V, + %} (E.11)
Apre

5[m = 5ITES +
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E.3.3 Closed loop vs Open loop noise: 6Vp

Let us look now at the noise at the input of the driver gain amplifier. From the equations
above, we can see that we have

1+ ApreAFBB 1
oVp =~ —0V, losed 1 E.12
Aoy VPR 50V, closed loop (E.12)
) 1
A‘:: ~ méVD, open loop. (E.13)

Thus we can see how the 6Vp is suppressed for the two cases. We now plot the noise
in open loop vs closed loop in Fig. [E.5] From this plot we see that the closed loop noise is
approximately x1.5 higher than for open loop at low frequency. dVgpg is the Johnson noise
of the feedback resistor, and it is scaled by [, so this term should be small. This suggests
that we are dominated by either 6Vppam, or 6Vp.

10° SLAC revD.0 Normal Noise, Driver Gain = 8(x2), |_sqBias=27uA
—  Open Loop, 22 —610.59, I,,,;—535uA4
— Closed Loop, G_FB=10
N
B 10-10 | i
=<
2
[=]
=
z
g
5
[ @]
S 10t 1
o
£
10'12 I I

| |
10? 10° 10* 10°
Frequency [Hz]

Figure E.5: Open loop noise vs Closed loop noise for FB gain of 10
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E.3.4 Varying Squid Bias (Grgs) In Open Loop: Is Flux Coupled
Noise Dominant?

The responsivity of the squid is varied by changing the squid bias. This keeps d ITgs constant
between all the trials.

It’s easiest to see this effect when referencing to output. After simplifications,

‘/out = [(5[TESGTES + 5‘/lock + 6‘/sq) Ap're + 5VD] ADAADC (E14)

10 SLAC revD.0 Normal (Open Loop) Noise, Varying SQ Bias Driver Gain = 8(x2), | QET=535uA

Wog ~
e =610.5Q, Iy, = 27uA

Wy
i =280 I pip, = 15u4

Wy
e =19.80, I, = 3944

v,
T =544.50, I,,p,. = 23.504

[
o
-

Squid Voltage Noise [V/rtHz]

[
o
&

AM, i W
Mu*‘l"ﬂ’ HMWWM% 1"""“.(5 \'-l' Iy

MY, e

107

10° 10° 104 10°
Frequency [Hz]

Figure E.6: DCRC input referenced voltage noise as a function of Grgs (Open Loop)

We can now look at the the open loop noise, referenced to SQUID input voltage, as a
function of Grgg in Fig. to see if flux coupled noise is dominant. From looking at the
plot, we would say no - the red and blue have vastly different Grgg, but have identical noise
when referenced to output. All noise that is flux coupled to the SQUID is sub-dominant.

0Vsqurp must be a function of something other than agﬁ#. Perhaps lyius? Zsquip 7
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E.4 Conclusions

This work was the first of a few deeper dives into understanding how excess noise was
coupling into the DCRC, and resulted in a re-design with better shielding/filtering. This
also prompted the study of understanding how the SQUID parameters should be optimized
for the best noise performance. These were all studies that I was a major part of, but I
only include this section of the noise analysis for educational purposes on how to track down
problematic sources.
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Appendix F

Estimation of Phonon Collection
Time Constant

In this appendix, I describe a general algorithm I developed to extract the phonon collection
time constant(s) from measured QET event pulses.

F.1 Athermal Phonon Signal

In a given particle interaction in the substrate, a large number of acoustic phonons will
be generated. Since we measure the phonon interaction with all the QETs in parallel, the
amount of phonons hitting any of the QETs is governed by a Poissonian processes. As
such, the time intervals between arriving phonons will be exponential, and the normalized
athermal phonon signal will be a single pole exponential approximated by

1

= — (F.1)
1+ 1wy

pp(w)

where the ‘P’ subscript denotes that we are in units of power and 7,, is the characteristic
phonon collection time. For a perfectly long lived ballistic phonons, this collection time
should be given by

- o Aabsorberhabsorber o Vabsorber (F 2)
llect — = . .
comee <Cs> AAlfabs <Cs> AAl.fabs

See section for more details about considerations that go into these phonon time
constants. For the purpose of this appendix, we take Eq. at face value.

F.2 QET Signal

The phonon signal can be thought of in two equivalent ways: the phonons are delta function
impulses of energy into the QET's at exponentially distributed times, or that the phonon pulse
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from Eq. hits a single ‘effective’ QET at a single time. The two are mathematically
equivalent, but I prefer the latter. This phonon signal now gets convolved with the TES
power-to-current resonsivity transfer function into the current signal that is read out by our

DAQ,

oI

Prrgs (w) = pP(w)é)_P(w) (FB)

where the ‘TES’ subscript is to show that we are now in units of current referenced to the
TES. Finally, taking the inverse Fourier transform, we get the time domain phonon pulse
convolved with the TES transfer function

(F.4)

Iyps(t) = F7! [pp<w> ol } ,

a—P(W)

which is what we measure. In a perfect world we could simply undo all the steps we just
applied to return to the idea phonon power pulse and measure 7,,. Unfortunately things are
never that simple, what we actually measure is Itgs(?) in addition to fundamental noise

]%Egsured@) = ITES(t) +Nnoise(t)- (F5)

Now, when we deconvolve this signal, we effectively boost the white noise above the ETF
pole making the signal almost unrecognizable by eye. The saving grace is that we understand
the noise, because we measure it!

F.3 Toy Model

We can now construct a toy model from fake data to test an algorithm from extracting 7.
Using the measured TES parameters from the CPDv1 detector in table 6.5, we can generate
the TES power-to-current transfer function, as well as the current reference PSD. The PSD
can then be used to generate fake time domain noise data.

We generate the fake data in the following steps:

1. choose value for 7,

2. create time domain phonon pulse from

p(t) = A(1 — e7/mon)eto (F.6)

3. Take Fourier transform of power pulse to put in form of Eq. [F.1]
4. Calculate current-to-power transfer function given by Eq. from values in table [6.5]

5. convolve power pulse and current-to-power transfer function
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Figure F.1: Left: The ideal power pulse convolved with the TES response is shown in black,
the simulated noise in purple, and the combined signal and noise is shown in turquoise. Note
the offset between the nosie and the signal added for clarity. Right: In black the ideal power
pulse is shown, and in turquoise the fully deconvolved signal 4+ noise is shown

6. take inverse Fourier transform of convolved pulse to reference to TES current in time
domain

7. Calculate noise PSD from values in table [6.5]

8. Use noise PSD to generate random noise trace in time domain

9. Sum noise trance with convolved TES current pulse

The fake data can be seen in the left plot of Fig. [F.1l Now that we have the fake data
generated, we do the following steps to ‘process’ and fit the data:

1. Take Fourier transform of fake TES + noise pulse.
2. divide by the current-to-power transfer function.
3. take inverse Fourier transform to return to time domain power pulse.

4. use non-linear pulse fitting method (described below) to fit athermal phonon time
constant.

The noise fake data that has been de-convolved back to the phonon power pulse can be
seen in the right plot of Fig. [F.1]
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F.3.1 Pulse Fitting

This non-linear pulse fitting method uses the same optimal filtering setup as described in
almost every CDMS thesis appendix, so I will not re-describe it here. For the best reference,
see Sunil’s thesis [226]. The basic motivation is that since the time domain noise is highly
correlated, the optimization becomes much more straight forward by working in the frequency
domain. Thus, we wish to minimize

o [ e
) 2w
where ygq1, is the measured data, p(w) is the functional form of the pulse, and J(f) in this

case is the squared NEP.
In time domain, we define the pulse function

(F.7)

p(t)=A (e_t/TPh — et/”) e'. (F.8)

Note that a ‘rise’ time is added to this function to account for the fact that due to
finite sampling rate (and other physical limitations) we can never truly have a single pole
exponential function. We simply set this rise time to be very short in the fit (sub us).

Switching to frequency domain, this becomes

Alry — 1)

p(w) = —wto F.9
P) = A o) + i) (£-9)
We define a residual R
p — Wdata = P(w)) (F.10)
Oin
where 0, = \/J(f). The real and imaginary parts of this residual are numerically minimized

via scipy.optimize.least_squares(), letting the amplitude A, 7, and the time offset 7,
be free parameters. All of these functions can be found in the python package QETpy [227]
written by myself and fellow grad student Samuel Watkins.

F.3.2 Results

After the creation of fake data, and the processing and fiting as defined in the previous
section, we find that we are able to recover the original power signal quite well. For a
generated athermal phonon collection time of 7,, = 100 us, we get a reconstructed value of
T;ZCOHStr“Cted = 99.8 £ 0.2 us. The frequency space fit can be seen in the left plot of Fig. [F.2
and the best fit parameters plotted in time domain shown with a low pass filtered signal are

shown in the right plot of the same figure.
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Figure F.2: Left: Fit to the deconvolved signal plus noise in power done in the frequency
domain. Right: the best fit parameters from the frequency domain fit shown in time domain
with the low pass filtered noisy signal.

F.3.3 Accounting For TES Saturation

One problem that we often face with highly sensitive detectors, is that they easily locally
saturate which manifests as a longer effective electrothermal time constant (see section [6.2)).
We wish to simulate this to understand how it will effect our estimation of 7,,. This can
be done by simulating data and using a variety of Tgrr time constants when convolving the
power pulse to current via Eq. [F.3] Then using the true m7grr when de-convolving the noise
signal back to units of power before fitting. This matches reality in that the local saturation
will take the power phonon pulse and add a longer mgr to it, then we will de-convolve with
the measured 01/0P with the ideal Tgr time constant.

We do this simulation for a range of saturated effective mgrp’s both above and below
the true m7grr, and put each simulated trace through the same fitting routine. The results
are shown in Fig. [F.3] We see that for saturated 7prp’s that are longer than the true
TeTF, the reconstructed phonon collection times are also longer, scaling roughly linearly.
This simulation implies that even when only saturated pulses are available to analyze, this
method still allows one to set an upper bound on 7,,. Additionally one could extrapolate
down to the true Tgrr as measured from the dIdV.

There is an caveat though, in that for many detectors, measuring the variation in 7grp
is a difficult task. For the CPDv1 it was possible because the ideal Tgrr value was decently
larger than the expected 7. In this scenario, the measured current pulse will have a rise time
given by 7,, and a fall time given by mgrp. In this case, this deconvolution isn’t necessary
and one can then simply fit this fall time as a function of energy to see how it varies for
large energy deposits that begin to locally saturate the detector. From Fig. [F.4 we can see
that the Tgr fall time varies roughly linearly with the energy of the event (above the energy
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threshold at which saturation begins). Thus, in some sense we can use event energy as a
proxy for pulse saturation for higher energies. We will see in most of the ‘low coverage’
devices, we will be in the opposite limit
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Figure F.3: Plot of the reconstructed 7,, as a function of the 7grp used in the 0I/0P
deconvolution. The True Tgrr and 7,, are also shown.
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10°
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Figure F.4: Plot of the reconstructed 7,, as a function of the 7grp used in the 0I/0P
deconvolution. The True mgrr and 7,, are also shown.
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Appendix G

Event Reconstruction with a
Variational Autoencoder

This contents of this appendix were originally a project for a machine learning course I took.
As such, the material as it pertains to dark matter detectors is written for a very general
audience. However, the machine learning tools discussed might be of use as a jumping off
point for future students interested in new ideas in event reconstruction, so I've decided to
include this project ‘as is’ as an appendix.

In this project, a Variational Autoencoder was built and used to extract features from
Dark Matter (DM) search data. The data consist of single channel traces of recorded detector
voltage as a function of time. The VAE was trained to learn interesting features within the
traces and map a 32500 dimensional space to a 30 dimensional space. It is shown that
variables within this latent space are strongly correlated with known physical quantities of
interest. A regression model will be built (in progress, but not finished in time for this
project) to fit the latent variables of the 30 dim space to the known energy of each event for
the data that the energies are know.

G.1 Introduction

The Cryogenic Dark Matter Search (CDMS) project is a high precision experiment searching
for low mass dark matter (sub eV-GeV mass range). The experiment uses Transition Edge
sensors [81] operated at 20mK to measure athermal phonons produced by the interaction of
cosmogenic particles with the nucleons of Si and Ge detector targets.

Rare event searches require (among many other things) a good understanding of the
energy of each event detected, and the location in the detector where the event occurred. The
current method for energy reconstruction is to use a frequency domain matched filter with a
known signal shape, which is calculated based on the physics of the detector. When the shape
of detector energy transfer function is constant and only the amplitude is allowed to change,
this method works well and is computationally efficient. However, as the detectors get more
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complicated, understanding the detector response becomes prohibitively challenging. In the
next generation of DM detectors, the pulse shape of an event changes in non-trivial ways with
both the energy deposited, and the location of the event in the detector. This is illustrated

in Fig. [G.]]

Low Energy Events Mid Energy Events High Energy Events Very High Energy Events
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Figure G.1: Examples of raw events at various energy ranges, from 100’s of eV (left) to
10+ keV (right). Each colored trace in the subplots represents a different triggered event
occurring at different a time.

This motivates the search for new methods to classify events. This problem can be
simplified to two key parts: What features of an event are necessary to correctly classify
it? How do you then relate those features to true physical quantities (ie. Energy, position,
particle type, etc). This project will attempt to tackle the former of these parts, with the
intention of continuing the latter part after the completion of this class.

G.2 Method

A big challenge with this problem is the lack of a robust Detector Monte Carlo simulation,
or abundant well calibrated data. We do have lots of data, some of it previously calibrated
from a recent dark matter search. This suggests at using a semi-supervised method. Using
unsupervised learning to perform feature extraction, and then using a supervised process
to calibrate those features. The natural choice for this first step is to use a self-supervised
generative model, such as a Variational Autoencoder, which is described in detail in section

G211

G.2.1 Variational Autoencoder

I will now take a small aside to introduce the Variational Autoencoder (VAE). A VAE is
a self-supervised method used for dimentionality reduction and feature extraction. Unlike
popular methods like PCA, t-SNE, etc, autoencoders typically use neural networks to learn
‘interesting’ features of the data. The basic idea of a general autoencoder is the following:
It takes in a input vector, passes it through an ‘encoder’ that maps input variables to
latent space (typically much smaller than the number of input variables), then ‘decodes’ the
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latent variables back into an output the same shape of the input. The input vector is then
compared with the output and a loss function is constructed based on the difference between
the output and input, this is usually the Mean Squared Error. The model is then trained by
tuning the weights of the encoder and decoder until the input and output match as closely
as possible. For more details on the use of autoencoders, see the seminal paper by Hinton
and Salakhutdinov [22§].

As it stands, an autoencoder can easily over-fit the data since the loss function is en-
couraging an exact reconstruction of the original data. Many alternatives have since been
introduced, but the Variational autoencoder proposed by Kingma and Welling in [229] has
perhaps been the most popular. The VAE rephrases the original problem into a probabilistic
one. We assume that the latent variables z come from a prior probability distribution pa(z)
which is a function of weights §. We then assume that there is a probability distribution
po(z|x) that given an input vector z, describes latent variable z, and a py(z|z) that given
a z, describes x. The goal of the VAE is to learn py(z) by using pg(z|z), which we also
don’t know. To overcome this problem, Variational Inference is used to model py(z|z) as a
Gaussian g4(z|z). This is done by stating the above as an optimization problem. py(z|x)
can be inferred by g4(z|z) by minimizing the Kullback-Leibler divergence [230], which is a
measure of how two probability distributions differ from each other. For completeness, and
for my own benefit, I will re-derive the objective function and explain how it relates to the
autoencoder.

Starting with the definition of Dy,

D (g (1) = 3 as(o4) o G (G1)
= Z% 2|z) [log gy (z]) — log p(2|x)] (G2)
= By o2 ao(212) — log o=l (G3)

Using Bayes theorem, we can write p(z|x) = %,
Dt ((46(#12) 1po(#12))) = Eq ey 108 a6(212) — log %} (G4)
~ Byt o8 as(ele) ~ log P2 (5)
= By g o8 4, (<12) — ogpo(al2) —~logp(2) + log ()] (G0
~ Byt | B2 tog pu(al)] + oo (@)
~ o pu(e) = By o mn(al2)] + B [SEEEE)] Gy

= log po(z) — Eqg, (212) [log po(z]2)] + Dxu ((gs(2|2)||pe(2)))  (G.9)
(G.10)
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Re-arranging,

logpo() = Dxr. (a4 (2|2)[[po(2]2))) + Eq, 1) log po(]2)] — Dt ((g5(2]2)llpo(2))) - (G.11)

-~

L(0,¢,z)

where L£(0,¢,x) is called the variational lower bound because logpy(x) > L(0, ¢, z) since
Dy, is always a positive quantity. So the optimization problem now becomes

Find the # and ¢ that maximizes:

log pp(x|2), and minimizes Dxr, ((¢4(2|2)|po(2)))| (G.12)

We assert that z ~ N (0, 1) and approximate g4(z|z) as a multivariate normal distribution
with a diagonal covariance matrix, g, (z|z) = N (z; p(x), [o*(z)). By doing this, we can easily
work out the KL divergence term.

D, ((g4(2|2)1pa(2))) = Egy a1 [log N (25 (), Io* () — 1og N'(0,1)]  (G.13)

1
= 5Bl |~ log H o = (v =)o (x — p) + 2" Tx| (G.14)

== Zloga Gy | Tr | 072 (z — E (g4 (]2) [Tr (z"2)] (G.15)

2+0-2)

:%Z (17 + 07 —logo? —1]. (G.16)

Arriving at the loss function for the VAE:

1
Lvap(0,¢,x) = Eq¢(z\x) [log po(z|2)] + B Z [1 + log 02'2 - M? - Uﬂ (G.17)

i

To train this model, you take an input z, encode the input down to a mean p and variance o2,
use these variables to generate at Gaussian RV z, then decode this z back into z, evaluate the
loss function and repeat. There is however one problem with the above method. In generating
the RV z after the encoding step, back propagation will not work. This leads to what is
called the ‘reparameterization trick’. Rather than randomly sample from a distribution with
p and o2, generate values of z from

z=pu+ox*e, where e~ N(0,1). (G.18)

(where * is element-wise multiplication.) By doing this, the random sampling takes place at
a step outside of the network, so backpropagation will still work. A cartoon diagram of a
VAE can been seen in Fig. [G.2]
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Figure G.2: Diagram of a Variational Autoencoder, taken from [231]

Lastly, a further modification to the VAE can be made. In the loss function in Eq. [G.17]
the Dy, term can be thought of as a regularization term. Higgins et al. [232] proposed
introducing a hyperparameter § to this term, where a value of § > 1 encourages the latent
variables to become disentangled from each other, and perhaps more human interpretable
(at the potential trade off of decreasing the model’s ability to better reproduce its original
input). This is commonly referred to as the 5—VAE or the disentangled VAE, with loss
function,

1
»CBVAE<07 ¢> *I) = EQ¢(Z|I) [1ng9($|z)] + §ﬂ Z [1 + log 012 - p’? - 012] (Glg)

G.2.2 Data Processing

For this project, a data set from my research group’s recent Dark Matter search was used.
The data were taken with a single channel R&D detector. In total, there are 482743 threshold
triggered events and 79458 randomly triggered events in this data. Each event has 32500
time domain data points (52ms tracelength with 625kHz sampling rate). The first processing
step was to ‘clean’ the data so that only good events remained. Only races that had a single
event and were not contaminated with non-stationary environmental noise were included. A
few examples of the types of traces that were removed can be seen in Fig. |G.3] The details
of how these events were removed is beyond the scope of this paper, but is standard practice
in these types of astrophysical analyses.
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Figure G.3: A variety of rejected events from the data set. The left three figures show events
that were rejected due to multiple pulse pileup, where as the figure on the right is rejected
due to environmental noise.

The data set had an Feb5 X-ray source with Al foil for fluorescence, incident on the
detector to be used for energy calibration. Due to the high energies (relative to the dynamic
range of the detector) the K« and K3 lines saturated the sensors of the detector to a large
degree. This energy is well above the energy range that we are interested in for the DM
search, so for these reasons It decided to first optimize a VAE model that did not include
these events. The calibrated spectrum and region of data used for training can be seen in
Fig. [G.4l To be clear, the dataset used for the project consists of the triggered events in the
blue shaded region, which is about 7000 good events. This was then divided up into 80%
training data and 20% validation data. For the current task of this model, further dividing
into a test set did not make sense, as there is more data that can be used for testing later
on.

Energy Spectrum of Events After Quality Cuts

105 ---- Ka

-- KB

-- Al-Fluorescence

104 [ Data passing 1st cut
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!
10!

0 1 2 3 4 5 6 7
Calibrated Energy [keV]

Number of Events

Figure G.4: Known energy spectrum of events after bad events are removed. The shaded
region showns the events used for training the model.

After the good events were selected, each trace then went through a normalization pro-
cess. Many different schemes were tried, but the final normalization used was the following:
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1. Subtract the pre-pulse baseline from the whole trace to center the event at zero Volts.
2. Truncate the traces to be 1624 bins long, centered about the triggered event.

3. Low-pass filter all the traces with a single pole filter at 50kHz (well above the signal
bandwidth of the detector).

4. Divide every trace by a factor of ~1.25 times the maximum of the largest event in the
training dataset.

5. Add an offset of 0.25, so that the range of all the data is roughly between 0.25 and
0.85

An example visualization of a raw and processed trace can be seen in Fig. [G.5]

Raw Trace Trace Processed for Training
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Figure G.5: Visualization of an event before (left) and after pre-processing step (right).

G.2.3 Design of Model

The Encoder model consisted of a Neural Network with four one dimensional convolutional
layers, each with kernels of size 3 and stride 2. These were then followed by two fully
connected layers. ReLU activation functions were used after every layer, as well as batch
normalization and (optional) dropout layers. The last layer was connected to two separate
fully connected layers, one for u and one for o2 from section . The ‘reparameterization
trick’ was then applied before the decoding model. The Decoder essentially copied the
Encoder, but in reverse, using transposed convolutional layers to ‘undo’ the convolution
layers. There was one additional transposed convolutional layer in the decoder in order to
make the output shapes match the original input. A summary of the encoder and decoder
can be in Fig

A module was written in python to handle data processing, plotting, io, and training. The
package uses PyTorch for model development and training. The module can be downloaded
and installed from the project GitHub page: link. Python scripts for training models, and a
template Jupyter notebook for evaluating models are also included in the repository.


https://github.com/emanuelemichielin/VAE
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Layer (type) Output Shape Param #
Convld-1 [-1, 16, 812] 64
BatchNormld-2 [-1, 16, 812] 32
Convld-3 [-1, 16, 485] 784
BatchNormld-4 [-1, 16, 485] 32
Convld-5 [-1, 32, 202] 1,568
BatchNormld-6 -1, 32, 282) 64
Convld-7 [-1, 32, 100] 3,104
BatchNormld-8 [-1, 32, 18] 64
Linear-9 [-1, &4] 204,864
BatchNorm1d-18 [-1, 64) 128
Linear-11 [-1, 18] 1,048
Linear-12 [-1, 30) 518
Linear-13 [-1, 30] 510

Total params: 212,764
Trainable params: 212,764
Non-trainable params: @

Input size (MB): 0.01
Forward/backward pass size (MB): 8.45
Params size (MB): 8.81

Estimated Total Size (MB): 1.26

(a) Summary of VAE Encoder model.

Layer (typel) Output Shape Param #
Linear-1 [-1, 1, 3200) 99,200
ConvTransposeld-2 [-1, 32, 201] 3,104
BatchNormld-3 [-1, 32, 201] 64
ConvTransposeld—4 [-1, 32, 403] 3,104
BatchNormld-5 [-1, 32, 483] 64
ConvTransposeld-6 [-1, 16, 8087] 1,552
BatchNormld-7 [-1, 16, 8071 32
ConvTransposeld-8 [-1, 16, 1615] 784
BatchNormld-9 [-1, 16, 1615] 32
ConvTransposeld-18 [-1, 1, 1624] 161

Total params: 108,097

Trainable params: 108,097

Non-trainable params: @

Input size (MB): 0.00

Forward/backward pass size (MB): 8.92

Params size (MB): 0.41

Estimated Total Size (MB): 1.34

(b) Summary of VAE Decoder model.

277

Figure G.6: Summaries of the VAE Encoder and Decoder models implemented in PyTorch.

G.3 Training

In order to confirm the model was working correctly, it was first tested by training on a
single batch of 16 events with a 30 dim latent space and 3 set to zero so the Dgp, term was
ignored. Training was continued for ~ 4500 epochs, enough to show the model was working
correctly, but judging from the loss function in Fig. [G.7], it looks like the fit would have kept
improving. A few of the reconstructed pulses from the model can be seen in Fig.

Figure G.7:

Training loss for single

Loss vs Number of Training Steps
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Figure G.8: Various reconstructed pulses when ‘overfitting’ on single batch and setting 5 =0
in the loss function to check that model is working.

The above test was then repeated, but now with 3 included. It was found that if 5 =~ 1,
it was seemingly impossible to overfit the data, at least for the time I was able to put into
training. This makes sense, as the VAE is introducing a random sampling step that would
make it incredibly difficult for a model to memorize the input. This means that 5 needs to
be tuned such that the model can reconstruct the relevant features (pulse shape/height type
parameters) reliably, but not overfit the noise. This however is a difficult thing to define.

When training the model on the training set described in section I used the fol-
lowing method to tune 5. If g was too large, then the model would have a difficult time
reconstructing the input and the training loss would oscillate. If g was too small, the loss
function for the training data would decrease rapidly, but the validation loss would oscillate
wildly. A small f means that the model will just start memorizing the input and will not
generalize well. The final value of § was chosen such that the loss function for both the
training data and validation data decreased monotonically at similar rates. Then a final
visual check is done to make sure the traces are being reconstructed well. The loss function
and hyperparameters for the final model can be seen in Fig. and the Table below.

Model Hyperparameters
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Figure G.9: Training and Validation loss
during training of 315 epochs
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G.4 Results

Using the trained model, traces from both the training set and validation set can be compared
against their reconstructed versions. The training and testing events can be seen in Fig.
and Fig. respectively.
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Figure G.10: Various reconstructed pulses from training data after model training.
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Figure G.11: Various reconstructed pulses from validation data after model training.

It is now interesting to see if the features (latent variables) found by the VAE model will
be of any use for quantifying physical quantities. In order to visualize the 30 dimensional
latent space, PCA was used to project down to a 2 dimensional spacdﬂ, where color is used
to indicate the known energy value of every event in the training/validation data. It is
clear from the results in Fig. that there is a continuous monotonic distribution of the
energy in this latent space. This strongly implies that these features found by the VAE will
be able to fit to true physical quantities. The fact that the results are still so clear after
reducing the 30 latent dimensions down to 2, suggests that some of these 30 dimensions may
be degenerate/unnecessary and can be further reduced in future models.

IThe t-SNE algorithm was tried as well, but the conclusions of the results were similar to PCA so plots
of those projections are not included
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(a) Latent space of training data. (b) Latent space of validation data.

Figure G.12: Two dimensional visualization of the 30 dimensional latent space of the training
and testing data. The color of the data corresponds to the True energy of each event.

Finally, various latent variables can be plotted against known quantities. For example,
it can be seen in Fig. that certain latent variables are highly correlated with the pulse
energy, the starting time of the pulse within the trace, and the fall time of the pulse.
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Figure G.13: Selected latent variables plotted against some of the know physical quantities
for the training data.

G.5 Conclusion and Future Work

It has been shown that this Variational Autoencoder model has great potential as a method
for feature extraction. Certain latent variables correlate strongly with physically meaningful
quantities. Also, when visualising the latent variables in a 2 dimensional space, the structure
of the data suggests that it is possible to fit the latent variables to the true energy of the
events.

The next step in this analysis are to further develop the VAE model by expanding the
types of events that are included in the training/testing. I would like to allow purely noise
traces, highly saturated events, and multi-pulse pileups. Additionally, a regression model to
fit the latent variables to physical quantities needs to be implemented.



	Contents
	Introduction
	Dark Matter
	Very Brief Overview of CDM Model
	The Argument for Dark Matter
	Observations of the Modern Universe
	Early Universe
	Structure Formation
	Alternatives to Dark Matter

	Dark Matter Candidates
	Properties of Dark Matter
	Dark Matter Origins
	Dark Matter Phenomenology

	Dark Matter Direct Detection
	Kinematic Matching
	DM Detection Channels
	Nuclear Recoil
	Projected Reach of LDM Detectors

	Chapter Conclusion and Looking Forward


	Detector Design
	Micro-Calorimetry with Transition-Edge Sensors
	Ideal Calorimetry Model
	Equilibrium Characteristics
	Micro-Calorimeter Dynamics
	Electrothermal Feedback TES

	TES Stability and Thermal Phase Separation
	TES Noise Sources
	Passive Johnson Noise
	TES Johnson Noise
	Thermal Fluctuation Noise
	Electronics Noise
	Total Noise Contribution

	TES based Micro-Calorimeter Energy Resolution

	Athermal-phonon Mediated Detector Design
	Thermal vs Athermal Calorimetry
	Thermal Calorimeter
	Athermal Calorimeter

	Quasiparticle Trapping
	Signal Efficiency Losses in QETs

	QET Design
	Anatomy of a QET
	Heat Capacity Contributions of QET
	Al Fin Design
	W/Al Overlap Design
	Design of TES Fin Connector
	Number of QET Fins
	TES Dimensions
	QET Summary

	Optimization of QET based detector
	Phonon Lifecycle in Substrate
	Athermal Phonon Absorption
	Total Athermal phonon Collection Efficiency
	QET Layout
	Bandwidth Matching

	Chapter Summary

	Design of SPICE MELANGE and DEATH Detectors
	Detector Goals and Overview
	Optimizing for RN and nTES
	Design of 4% Surface Coverage Device
	Design of Elliptical QET
	QET and Channel Layout

	Design of Ultra-Low Coverage Devices
	Design of `Peanut' QET

	DEATH Detector
	Rectangular QET Design
	QET Layout

	Mask Layout and Fabrication
	Wafer Characterization Device

	Mounting and Thermalization of Detectors
	Detector Mounting

	Expected Performance
	Chapter Conclusion


	 Detector Testing
	Experimental Techniques
	Overview of Experimental Setup
	Experimental Techniques
	IBIS-Complex Admittance Sweeps
	Complex Admittance
	Noise Modeling

	Estimating Logarithmic Temperature Sensitivity
	Phonon Collection Efficiency
	Future Updates to Characterization Analysis

	Characterization of TES and QET Based Detectors
	Characterizing TES Power Noise for Future Single Optical-Phonon and Infrared-Photon Detectors
	Abstract
	Introduction
	Experimental Setup and Data
	Parameter Estimation
	Noise Modeling and Energy Resolution
	Discussion
	Acknowledgements

	Performance of a Large Area Photon Detector for Rare Event Search Applications
	Abstract
	Introduction
	Experimental Setup and Data Acquisition
	Detector Characterization
	Energy Calibration and Resolution
	Discussion
	Acknowledgments
	Data Availability


	SPICE MELANGE Performance
	Description of Devices
	Description of Data Sets
	Run 11
	Run 14
	Run 15
	Run 16

	Measurement of Basic Film Properties
	Resistivity
	Electron-Phonon Coupling
	Estimating Logarithmic Temperature Sensitivity 
	Effective Volume of W/Al Overlap
	Tc Gradient Across Wafer
	Measurements of Thermal Conductances

	Noise Analysis
	Noise Coupling Sources
	TESTR Devices in Run 11
	Athermal Phonon Devices
	Estimated Energy Resolution for MELANGE Devices
	Infra-Red Loading
	Getting Rid of Pulse Tube Noise

	Future Studies
	Ballistic Athermal Phonon Lifetime Study
	Relative Energy Calibration

	Conclusions

	Conclusions and Looking Forward
	Increasing Athermal Phonon Collection Efficiency
	Final Thoughts

	Bibliography
	Big-Bang Cosmology
	Intro to the CDM Cosmological Model
	Thermal History of the Universe

	TES Energy Resolution Derivation
	TES Response to Square Wave Impulse
	Design of Cryogenic Electronics
	Noise Modeling
	SQUID Feedback Resistor
	TES Shunt Resistor

	Heat Loads
	SQUID Feedback Resistor
	TES Shunt Resistor
	SQUID Arrays

	Wiring Layout
	Wiring

	PCB Designs
	300K Card
	4K Card
	SQUID Card
	Detector Card (DIB)


	Noise studies of DCRC rev D.0 at SLAC
	Closed Loop Noise Model
	Calculation of Noise/Signal Transfer Function

	Identifying Dominant Noise Sources
	Vary Driver Gain (AD) in Closed Loop
	Vary Feedback Gain (AFB) in Closed Loop

	Open Loop Model
	Open Loop Transfer Function
	Closed loop vs Open loop noise
	Closed loop vs Open loop noise: VD
	Varying Squid Bias (GTES) In Open Loop: Is Flux Coupled Noise Dominant?

	Conclusions

	Estimation of Phonon Collection Time Constant
	Athermal Phonon Signal
	QET Signal
	Toy Model
	Pulse Fitting
	Results
	Accounting For TES Saturation


	Event Reconstruction with a Variational Autoencoder
	Introduction
	Method
	Variational Autoencoder
	Data Processing
	Design of Model

	Training
	Results
	Conclusion and Future Work





