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ABSTRACT

Ionization yield measurements and low-energy background investigation using a

SuperCDMS-HVeV detector

Runze Ren

Dark matter (DM) is one of the most outstanding problems in physics and is a promising hint
for physics beyond the Standard Model. Many dark matter detection experiments have been
built, with weakly-interacting massive particles (WIMP) as a popular DM candidate. There are
also growing interest in light (keV-GeV) dark matter (LDM). The Super Cryogenic Dark Matter
Search (SupreCDMS) experiment, which is based on transition-edge sensor (TES), is designed
for low-mass WIMPs detection. In the meanwhile, SuperCDMS is using the same technology to
build more sensitive detectors to probe some LDM models.

In this thesis, I will introduce one of the SuperCDMS R&D programs called HVeV which
develops high-voltage detectors with eV-scale resolution. The outstanding performance of HVeV
detector enabled two topics that are important for DM research and related fields. First, ion-
ization yield is an essential parameter to calibrate the detector response for low-mass WIMP
but is not characterized in the target energy region. I used the HVeV detector to measure the
ionization yield in silicon down to 100 eV. Second, I studied the backgrounds in HVeV detectors

and identified one that dominates. The sensitivity of HVeV detectors can be increased by two



orders of magnitude if this background source can be eliminated. I also show a DM exclusion

limit with a half day of measurement from the HVeV detector.
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CHAPTER 1

Dark matter and direct detection

One of the current most outstanding problems in physics is that ordinary baryonic matter
could not explain a lot of observational phenomena. A new form of matter called \dark matter
(DM)" is hypothesised to account for approximately 85% of the matter in the universe. There
are many other alternative hypotheses, but they could explain only part of the observational
evidence since the evidence comes from many independent approaches. Dark matter remains
the simplest way to explain multiple pieces of evidence. Thus, the existence of dark matter is
generally accepted, even though no one has directly observed it.

No known particles can account for a signi cant part of the DM. This makes DM one of
the most evident hints for new physics beyond the Standard Model (SM). In this section, |
summarise some of the main evidence for DM at di erent scales and introduce one of the DM
detection experiments | the SupreCDMS experiment. | describe the motivations of this work
at the end of this section. There have been in-depth reviews of DMJ], 2, 3], so | will keep the

rst two sections in this chapter minimal.

1.1. Evidence for Dark Matter

This section provides a non-exhaustive list of the most intriguing evidence for dark matter.

For more information please refer to Ref. 1, 2].
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1.1.1. Galaxies

Galaxy rotation curves One of the earliest and probably most known evidences is the rotation
curve of spiral galaxies. The velocity of starsv at the distance R from the galactic centre is

given as

r

(1.1) vRry= CEM®)

R
in which M (R) is the total mass within a radius R. As the distance increases, the total mass
reaches constant and we expect the velocity to decrease asplﬁ. However, in most of spiral
galaxies the observed velocity far from the centre is approximately constant (see for example
Ref. [4]), which is called the at rotation curve. A at rotation curve leads to a M (R) propor-
tional to R. This distribution of M (R) extends beyond the visible disc, forming a invisible halo
which is considered to be composed of dark matter.

Velocity dispersion Stars in bound systems like elliptical galaxies or globular galaxy clus-
ters must obey the virial theorem. Together with the measured velocity distribution, one can
calculate the mass distribution of the system or vice versa. The observed velocity distribution

usually does not match the calculated velocity dispersion from the observed mass distribution.

1.1.2. Galaxy clusters

A Galaxy cluster is a structure that consists of many galaxies that are bound together by gravity,

which contains large quantities of gases in the intergalactic medium. Galaxy clusters are very
important for DM since their mass can be measured in multiple independent ways: the velocity
dispersion mentioned above, x-ray emission, and the gravitational lensing. The x-ray emission
measures only the visible (baryonic) mass, while gravitational lensing is based on gravitational

e ect only and does not depend on dynamics or electromagnetic radiation.
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Gravitational lensing The presence of mass between a distant source and an observer acts as
a lens to bend the light from this source, which is called gravitational lensing. The mass along
the path can be calculated by observing the lensing e ect and is therefore used to weigh the
galaxy clusters. Many studies are consistent with 10-20% of visible mass.

Gravitational lensing, together with x-ray emission, can be a paradigmatic evidence of DM.

The Bullet Cluster is one of the best known examples.

1.1.3. Cosmological scale

Dark matter also leaves imprints at the cosmological scale. Dark matter a ects the cosmic
microwave background (CMB) by its e ects on the density and velocity of baryonic matter,
which turns into small temperature anisotropies of CMB. Dark matter also provides a solution
to problems in structure formation, without which the density perturbations are unable to
grow into the current galaxies and clusters. Baryon acoustic oscillations (BAO), uctuation
in the density of the visible baryonic matter, is another evidence of dark matter. BAO can
be seen in CMB, but can also be measured independently from galaxy redshift surveys, which
in combination with CMB provide a precise estimate of the baryonic matter and dark matter

density in the Universe.

1.2. Dark matter candidates

Dark matter can have a mass of any value. Many candidates have been proposed based on

a list of properties from the multiple evidences:

(1) Electrically neutral. Otherwise they would scatter light and thus not be dark.
(2) Non-Baryonic. Result of CMB together with BBN shows that the majority of dark

matter must be non-baryonic.
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(3) Nonrelativistic. Study of structure formation shows that dark matter needs to be non-
relativistic to agree with observations.

(4) Long-lived, with lifetime on the order of the age of the Universe.

(5) Weak self-interaction. Dark matter's lack of deceleration in the bullet cluster limits the

upper bound of its self-interaction cross-section.

Most of the candidates assume that dark matter interacts with standard model particles not
purely through gravity. This includes popular models like classes of axions, Weekly Interacting
Massive Particle (WIMP), sterile neutrino, etc. WIMP is considered to be an important model
with theoretical and experimental motivations, especially for the rst two decades of searches
for dark matter. Light dark matter (LDM) has been gaining popularity in recent years. There
are also many other dark matter models, such as ultra-light dark matter, black holes, etc. In
this section, | will introduce WIMP and LDM, which are related to the current work. See

Ref [1, 2, 3] for in-depth review of dark matter.

1.2.1. WIMP dark matter

WIMP is a widely discussed and tested category of dark matter$]. \Weakly" means that their
interactions are only through the weak nuclear force and gravity or other possible interactions
no higher than the weak scale; \massive" means that they are massive enough (GeV scale)
compared to standard particles.

WIMP was rst proposed to solve a list of astrophysical and cosmological evidence related
to dark matter. The model is based on relic particles from the early Universe when all particles
were in a state of thermal equilibrium. A new unknown particle is assumed to be in equilibrium
with standard model particles in the early Universe. With this assumption, the velocity averaged
annihilation cross-section of dark matter h avi can be predicted. The predicted cross-sections

are around weak-scale interactions (  10%3cm?; m 20 400GeV=c?). On the other
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Figure 1.1. (Figure from Ref. [1]) Mass ranges for a subset of dark matter can-
didates. The ranges are only representative.

hand, in particle physics, WIMP-like particle interactions on weak-scale are predicted by several
extensions of Standard Model theories such as supersymmetry (SUSY), extra dimension (UED)
and little Higgs. This coincidence is referred to as the \WIMP miracle”.

A large part of the existing e ort in DM detection is motivated by the WIMP hypothesis.
The large-scale Xenon-based experiments have great sensitivity in the high-mass (10 GeV)
region, and the low-threshold Si/Ge experiments cover the low-mass region. SuperCDMS is one
of the low-threshold experiments designed for sub-10 GeV DM search. After years of searching,
the parameter space of WIMP models has shrunk but is still viable. WIMP searches remain of
great interest | both the large-scale experiments and low-threshold experiments keep improving.

There is a theoretical constraint on WIMP mass (the Lee-Weinberg bound) which limits
the energy to be roughly above 2 GeV §]. Below this limit, there will be an overabundance of

DM that does not match observations. This number is estimated with a large uncertainty |
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a 1-4 GeV range is quoted in Ref.§]. Thus, the exact 2 GeV should not be taken as a hard

constraint.

1.2.2. Light dark matter

Light dark matter shares a similar motivation as the WIMP: the starting point is the early history
of the Universe, and the coupling to ordinary matter generates the observed DM abundance.
The dierence is that LDM is assumed to not interact under Standard Model forces to avoid
the Lee-Weinberg bound. Instead, there needs to be a new mediator, which is sometimes called
a \dark sector" or \hidden sector." The most interesting subset of the models lies in the keV to
GeV range. See Ref.q, 8] for more details about LDM.

The low mass of the LDM makes them deposit very small energy in elastic scattering, based

on the simple two-body scattering kinematics:

4m
-m v¢ —— (whenm my);

1.2 E
( ) mv 2 mr

in which mt is the mass of target nucleus,m is the mass of dark matter particle and =
m my=(m + mry) is the reduced mass. Fortunately, inelastic scattering is not limited by this

kinematics. The maximum energy transfer is then

2

(1.3) E v %m vZ (whenm  my):

1
2
which is no longer suppressed by a factor oﬂ"—T. For a dark matter particle with the speed of

v?>  600km/s, and a mass of 5 MeV, the energy transfer is around 10 eV, which is enough to

create ionization in semiconductors with eV scale bandgap. This is the reason why the DM-SM

cross section is given in the electron-scattering cross-section for LDM, as opposed to the nucleon
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cross section for WIMPs. The single-charge sensitive detectors developed by SuperCDMS, which

will be introduced later in Chapter 2, is one near-term tool to detect LDM.

1.3. Searching for Dark Matter: SuperCDMS experiment

There are three main experiment types used to search for DM: direct detection, indirect
detection, and collider searches. At particle colliders, in particular the LHC, one can look for
the creation of DM, which have nal states with missing transverse energy. On the contrary,
indirect detection looks for the Standard Model product through DM annihilation or decay.
Finally, direct detection is hoping to directly measure the interaction of DM on ordinary matter,
which is the focus of the SuperCDMS SNOLAB experiment]. SuperCDMS SNOLAB mainly
searches for sub-10 GeV/€ WIMPs-like DM via spin-independent DM-nucleus elastic scattering.

SuperCDMS detectors are based on cryogenic phonon-mediated calorimeters, which employ
large target volumes coupled to smaller volume superconductors to channel energy into a small
heat capacity that can be read out at high signal-to-noise ratio. The detector consists of two
main parts: 1) a macroscopic substrate as the particle-sensing target (a Si or Ge crystal for
SuperCDMS), and 2) phonon sensors instrumented on the substrate. There is another family of
SuperCDMS detector with dedicated charge readout called iZip. In this thesis, | will focus on
the phonon-only detector.

The phonon-mediated detectors have two major bene ts. First, large masses can be achieved
while maintaining good energy resolution. Second, the phonon signal measures the full energy of
the interaction regardless of the recoil type, which makes it possible to achieve a lower threshold
on nuclear recoil than a traditional ionization-based detector. The SuperCDMS detectors also
have the additional feature of being able to measure the ionization signal, making them also

sensitive to LDM models.
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This section gives an introduction to the detector technology used by the SuperCDMS exper-
iment. First, | introduce the mechanism of Quasiparticle-trap-assisted Electrothermal-feedback
TESs (QETs) [10] phonon sensors. Then | describe the physical process of nuclear and electron
recoil in the substrate to clarify the total energy measured by the detector. Next, | discuss how
we measure the charge signal. In the end, | brie y introduce the charge trapping and impact ion-
ization processes that a ect the charge measurement. Detailed description of the SuperCDMS

SNOLAB experiment can be found in Ref. P].

1.3.1. QET phonon sensor

The phonon sensor in our design is a parallel array of QETs for each readout channel. As shown
in Fig. 1.2, a QET is made up of a superconducting thin Im as a phonon collector (the Al ns)
and a Transition-Edge Sensor (TES) 1] as a phonon detector.

On a microscopic level, phonon energy in the target from particle interactions is converted
to superconducting quasiparticles in the Al n phonon collectors. The Al ns employ their
superconducting gap energy ( 350 eV for Al) to separate athermal phonons from the residual
thermal phonons at low temperature ( 1 eV at 10 mK), thus providing a relatively fast sensor
response. The Al/W overlap region has a lower gap than the Al bulk, forming a quasiparticle
trap which funnels quasiparticles into the much smaller TES volume as they shed energy via the
emission of phonons.

The energy transport in QET is shown in 1.2. Athermal phonons generated by events in
the substrate propagate with high e ciency to the Al/substrate interface, where they are either
transmitted or re ected. The transmitted phonons break Cooper pairs in the Al, creating free,
athermal quasiparticles (QPs), which di use through the n from the initial event. When these
QPs encounter the lower-gap energy region of the Al/W quasipatrticle trap, they convert most

of the initial gap energy to phonons, heating the TES.
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Figure 1.2. Overview of QET energy transport (top) and design geometry (bot-
tom).

The TESs connected to these traps are operated in their superconducting transition with
a voltage bias, producing an electro-thermal feedback e ect I1]. They convert the phonon
energy into a current change which can be sensed using cryogenic ampli ers. The parallel array
of QET cells is spread out over the crystal surface, with the number of cells, coverage pattern,
and individual QET design all a ecting the performance of the device.

As detailed in Refs. [L1, 12, 13], the intrinsic energy resolution of a TES calorimeter can be
written in terms of the detector bandwidth (expressed as the time constant gw ), the e ciency
of phonon energy collection , the thermal conductanceG between the TES and the crystal (and

associated power-law constann), and the calorimeter operating temperature Tp as

19 ———
(1.4) ph = — 2Gkag BW »
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where ky, is the Boltzmann constant. For a TES with a narrow transition width, Ty can be
reasonably approximated by the critical temperature T, of the TES.
For these devices, theG is set by the volume of the TES and its electron-phonon coupling.

The thermal power between the TES and the crystal is described by the equation

VTES

T. "
™ 1 2

1.5 Py =
(1.5) 0 TES Te

such that, when linearized aroundT,, the thermal conductance is
\Y; nP
(1.6) G n ESTpt 0

where is the electron-phonon coupling constant for a W TES, tgs is the fraction of the
W volume contained in the TES length, vrgs is the total TES volume and n is the thermal
conductance power-law exponent for the power equation, nominally taken to ben 5 for
electron-phonon coupling L4]. Ty is the base temperature of the cryostat, also known as bath
temperature. Because there is a strong thermal conductance between the crystal and the bath
in our setup, we refer to the crystal temperature also asl, when the system is at equilibrium.

This allows us to substitute G in the resolution scaling, giving

r

3

(1.7) o oon VTESK (e )
TES

where the bandwidth has been broken into phonon collection time ,, and e ective TES response
time (see e.g. Ref]5])). This result for athermal phonon detectors shows that the energy
resolution scales asT when phonon dynamics limit the integration time and the TES is limited
by its own thermal uctuations.

An additional consideration in detector design which becomes relevant for more general

purpose TES detectors is dynamic range, and the related quantity, saturation energy. The
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resolution model described above applies strictly in the small-signal limit; away from this limit,
the TES response becomes non-linear, and for large enough events, enough energy is supplied to
drive the TES into the normal state, which is referred to as the saturation energy. For transition

width T, and speci c heat cy we nd a saturation energy Egy; Of

1 1 V
(1.8) Esat -C( To)= —ow—=2
TES

Te( To):

We thus see that many of the design drivers that minimize resolution (e.g. reducing TES volume
and bias power) also reduce saturation energy. The total pulse integral is still a singular function
of event energy above this point, but the saturation energy sets a rough scale where the TES
goes from the linear to non-linear regime, and the resolution becomes energy dependent. The
linear dynamic range is thus roughly the ratio of saturation energy to resolution, which scales

as roughly

(1.9) DR

and we see that, for xed T, smaller TES volume decreases overall dynamic range. The subject
of this paper is largely how to balance the typical TES resolution model, summarized above,
with the dynamic range model we present for the rst time in this paper. We also compare the

model predictions with the measured detector response. We make the model in this paragraph
more precise by including the TES response model; a reader interested in that modeling can

jump to Appendix A.1 before proceeding to the next section for more detail.

1.3.2. Detector response to nuclear and electron recoil

The detector substrate senses a particle by nuclear or electron recoil between the particle and

the substrate, which leaves recoil energye; in the substrate. Although all of E, will end up as
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phonon energy eventually, the actually measured phonon energ§,, can be dierent from E;
for various reasons. It is necessary to understand some physics of the nuclear and electron recaoll
in the substrate to discuss the energy scale of the detector.

We rst need to take a big step to simplify the physics process of collective many-body
scattering into a cascade of two-body scattering problems. A particle interacts with an electron
or nucleus in the substrate crystal, resulting in a primary recoiling electron or nucleus. The
recoiling electron or nucleus continues to scatter by ionization and by phonon emission, producing
a cascade of electron-hole pairs (¢h*) and phonons. At the end of the cascade that comes
almost immediately after the primary recaoil, the recoil energy distributes between phonons and

electron-hole pairs:

where Epno is the phonon energy immediately after the cascade that we call \prompt phonon”,
Eg is the bandgap energy andne, is the number of e /h ™ produced by the event.

Eventually, all of e /h* will recombine and release the bandgap energy by emitting phonons.
If this happens within the normal time scale of an event, the total phonon energyE,, equals

the recoil energy

(2.112) Eph = Er = Epho + Egnen:

However, there is the possibility that the recombination happens at a much longer time scale or
at traps with a depth less than the bandgap energy. In these cases, the total phonon energy is

less than the recoil energy, with a lower bound of
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when none of the bandgap energy of generated ¢h ™ is released. | assume this is an extreme
case and will be using Equation 1.11 in this thesis. In Chapter 5 | will discuss the e ect on
detector calibration if charges do not recombine timely.

The number of e /h* produced is a function of the recoil energy and is very di erent for
electron and nuclear recoil.

For electron recoil, the number of e /h* in an ideal crystal is described as

Er |
" (Er)’

(21.13) Neh =

where " (E,) is the average energy per e/h™. At low energy below the bandgap Ey, no
ionization is possible. For energies betweeky and 2E g, only one electron-hole pair is allowed by
energy conservation. At the high energy limitE,  Eg, the statistical nature of this ionization
process leads to asymptotic value for'.; which shows good agreement between model and
measurement for multiple materials. The region between Ey and where the asymptotic is a

good approximation is still not well studied. To summarize the behaviour of" (E;):
8
1 Er<Eyg

E, Eg<E[ < 2Eq
(1.14) " (Er) =

§ "imp (Er) 2Eg <E r

where"imp (Er) is the unknown function. This relation will not always hold for real crystal with
impurities and defects. For example, we know that infrared photons with sub-bandgap energy
can also generate e/h *.

Recent measurements ofinmp (Ef) and " ;1 in Siis summarized in [L6, 17]. Reference 17]

also reproduced a model of (E;) rstintroduced by Ref. [ 16]. The exact number of"imp (Er)
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depends on temperature because of the temperature dependence of bandgap, which makes the
choice of this value di erent among experiments. In this dissertation, we use'.; = 3:8 eV,
which is a choice of SuperCDMS collaboration.

For nuclear recoil, the number of e /h* generated is usually less than an electron recoil
of the same energy. Since the ionization of electron recoil is more well studied, people usually
describe thengy, of nuclear recoil relatively to the electron recoil and call the ratio Y \quenching

factor" or \ionization yield":

Er

(1.15) Nen = Y (Er)

Y is a function of recoil energy and is smaller than one for nuclear recoil in general. Equation
1.13 can be treated as a special case where the yieM = 1. Moreover, the value of mean

energy-per-pair" (E;) is taken to be its high energy asymptotic value for" . ;1 in this de nition.

1.3.3. Measuring charge with phonons

The SuperCDMS detectors are also able to measure ionization signal through the Neganov-
Tro mov-Luke (NTL) eect [ 18, 19] by applying a voltage across the substrate. Under the
electrical eld, the initial electron-hole pairs are accelerated and drift across the crystal, resulting
in an ampli ed phonon signal. The total phonon energy, Ep, is now the initial energy deposition

E: plus what is produced by the NTL e ect, which is the potential energy of all e /h*:

(1.16) Eph = Er + Nen € VnTL

wheree is the elementary charge nep, is the number of electron-hole pairs producedyVyt. is the

bias applied across the detector. If we take the previously de nedhen, from Egn. 1.15, we can
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organize the equation into:

(1.17) Eph=Er 1+ e\/,;m_ Y(E;) =E; GnT1L;

The signal is e ectively ampli ed by a factor of Gyt . When the voltage is high enough, the

signal can be ampli ed to the point that the detector is sensitive to a single electron-hole pair.
We can invert Eq. 1.17 to obtain the charge resolution (4) as a function of the phonon

energy resolution ( p) when the NTL ampli cation is signi cantly larger than the initial energy

deposition:

1.18 _ P
( ) 9 e Wi

In this thesis, we talk a lot about energy depositions. From now on, we follow the convention
that we'll use keVn=eVyr as the unit for energy transfer in nuclear recoil in silicon and liquid
scintillator, keV ¢¢=eVee as the unit for electron-equivalent energy, which is the recoil energy
times the ionization yield E, Y (E,) with the convention that Y =1 for electron recoil, and
keVi=eV; to denote total phonon energy in a silicon detector, which is the sum of the initial
recoil energy (nuclear recoil or electron recoil) plus the phonon energy induced by NTL e ect.
Also, we refer to the mode without the voltage on the substrate as the \OV mode", and the

mode with voltage as the \HV mode".

1.3.4. Charge trapping and impact ionization

In HV mode, the detector response is dominated by the number of e/h * produced. We've al-
ready discussed the number of e/lh * generated fep) for electron and nuclear recoil in Sec. 1.3.3
for ideal crystal. Each e /h* needs to travel across the crystal to the surface to have full NTL

gain. However, in a real crystal with defects and impurities, the charge carrier may be trapped



28

or generate new charge carriers before they reach the surface, which is named as charge trapping
(CT) and impact ionization (II) process. These two process a ects the expected total phonon
energy.

We incorporate the model for charge trapping and impact ionization process described in
Ref. [20]. The model describes charge trapping and impact ionization with two parametersfcr
and f|, , which are the probability a charge carrier to undergo CT and II, respectively. This
model treats the electrons and holes with the saméct and f; , since measurements have found
similar values for electrons and holes. We assume that CT and Il happen uniformly across the
crystal, which means if a charge is trapped, on average, it still creates phonon energy equal to

0.5*¢h. The average total phonon energy can then be calculated as

@ WIL v(E) (1 0S5fer +05f)

(1.19) Epn=Er 1+
A more complicated model of [ICT can be found in M.Wilson's thesis P1].

1.4. Motivation and outline of this work

This dissertation is arranged as the following. Chapter 1 (the current chapter) lays out
the background of dark matter search and the detector physics of the SuperCDMS experiment.
Chapter 2 is about the design, characterization and performance of the SuperCDMS-HVeV
detector. Chapter 3 summarizes the experiment of nuclear-recoil ionization yield measurement

and chapter 4 is the study of background events in HVeV detector.

1.4.1. The need of nuclear-recoil calibration

Experiments searching for WIMP dark matter and coherent neutrino-nucleus scattering (CE NS)
often rely on detecting nuclear recoil events in the target material. Many detectors operate based

on the ionization signal of the nuclear recoil. It is vital to understand the material's ionization
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response to nuclear recoil, which is characterized as nuclear recoil ionization yield function
Y (Ey).

One can calibrate the nuclear recoil response of their detector with a neutron source in
principle. However, a neutron source is far less convenient than a photon source, making it
harder to do a direct neutron calibration for each individual detector. SinceY (E;) is believed
to be a material intrinsic property, many experiments choose to calibrate the detector with a
photon source and apply a previously measured (E;) to get the nuclear recoil response.

Silicon is a commonly used target material. TheY (E;) in silicon has been measured by
multiple experiments in the energy range above 1 ke);. With the development of detectors, the
energy threshold has been lowering, and there are growing interest in detecting sub-1 GeV WIMP
and measuring CE NS. A sub-1 GeV WIMP produces nuclear recoil less than 1 ke}. The only
measurement ofY (E;) in this region deviates from a model which has been quite successful in
the high-energy region. Moreover, there are new models which predict an ionization threshold
at O(100 eV), which adds the uncertainty of the ionization yield and changes the expected reach
of the DM-search experiments.

In order to better understand the response of nuclear recoils, SuperCDMS initiated an ion-
ization yield measurement program called lonization Measurement with Phonons At Cryogenic
Temperatures (IMPACT). Multiple measurements are foreseen, including di erent material tar-
gets (silicon and germanium) and di erent neutron energies (including but not limited to neu-
trons produced with a DD neutron generator at Fermilab or a proton beam at Triangle Uni-
versities Nuclear Laboratory (TUNL)). In Chapter 3 | report the result of the rst campaign
of IMPACT, which investigated the ionization yield for a silicon detector by using a 56-keV

neutron beam produced at TUNL.
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1.4.2. Unexplained excess of events

Low-mass (sub-GeV/c?) dark matter searches have bene ted from the detector developments
with low energy threshold and low readout noise. Despite this progress, their reach has been
challenged by unexpected, excess event rates. These include reports from experiments using cryo-
genic calorimeters instrumented for readout of phonon signals, such as EDELWEIS22, 23],
CRESST [24], NuCLEUS [25, 26], and SuperCDMS-CPD R7]. Unexpected events are also
present in detectors instrumented for charge readout, such as the CCD-based experiments
SENSEI [28] and DAMIC [ 29], as well as the phonon-based measurement of ionization sig-
nals [30, 31].

The excess of events is a great obstacle to the DM-searh and the CES community. We also
saw a similar excess in the SuperCDMS-HVeV detector. In Chapter 4 | studied and identi ed
one dominating origin of the excessive events in the HVeV detector. Although other experiments
may not be seeing the exact same mechanism, the result of Chapter 4 can still be helpful in

guiding a good design for low-background detectors.
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CHAPTER 2

SuperCDMS HVeV detector design and characterization

This chapter has been published on Physics Review D as ReB2]. Printed with permission of
the co-authors and American Physical Society (APS). Copyright© 2020 by American Physical
Society.

SuperCDMS high-voltage eV-scale (HVeV) detectors are a family of detector that is designed
based on the theory of the previous chapter. The development of HVeV aims for good resolution
in both phonon detection and phonon-assisted charge detection. These detectors have demon-
strated eV-scale resolution and single-e/h * sensitivity in recent years. The good performance
of HVeV detectors enabled multiple research projects such as ionization yield measurement, dark
matter search, and the investigation of background events.

The HVeV detectors have iterated over three generations. The rst generation proved the
concept of single-charge resolution. The second generation is optimized based on the measure-
ment of the rst. It is used in this work and is also the focus of this chapter. Section 2.1 outlines
the design and optimization of the second-generation HVeV detectors. Section 2.2 describes the
experimental setup and data processing algorithm. Section 2.3 compares the tested sensor per-
formance to the model. Section 2.4 and 2.5 discusses the performance for events near threshold

and at high energy.

2.1. Detector optimization

The detector described in this paper (referred to as NF-C, one of the Gen-2 HVeV) was de-

signed for ionization yield measurements in a neutron beam at the Triangle Universities Nuclear
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Laboratory (TUNL) [ 33]. This application required a device that could measure large energy de-
positions (100 keV) while maintaining excellent baseline resolution. NF-C is a re-optimization
of the detector mask from Ref. B4] (referred to as QP.4, a Gen-1 HVeV), which attained the
desired energy resolution (3 eV), but not the dynamic range. We apply the modeling framework

described in Ref. L3] to map out the response of detectors as we varied design parameters.

Figure 2.1. Detector energy resolution (top left), saturation energy (top right),
energy e ciency (bottom left) and Al coverage fraction (bottom right) as a func-
tion of the Al n and TES lengths. The model predictions for detectors QP.4
(triangle) and NF-C (circle) are also shown.

This detector response scan can be done independently of readout considerations by Xxing
the QET channel's overall normal resistanceR,. We also x all TES properties (including T,
width and thickness of the W) except for TES length (Ites) and Al n length ( I, ) to those

measured from QP.4 B4]. The number of QETs (Nget) in a channel is set to be a function of
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TES length such that R, is kept constant, with

Rres: I
2.1) R, = “TESIQET _ TEs ITES

NoeT wres tres Noer'

where tgs is the W resistivity (which is T. dependent), wres and tygs are the width and
thickness of the TES, respectively, andRyes:qet is the normal resistance of each QET cell. In

this limit, the volume of TES per channel (vrgs.ch) Scales as

(2.2) VTEs:ch = NQET VTES;QET = %iS@ES;
where vres:qeT is the volume of the TES per QET cell.

We parametrize the geometry of a QET cell in the 2-dimensional space ofl{es, lfin )-
Becauseltgs determines the number of QETs in a channel, the overall Al coverage fraction (a
key parameter in the e ciency ) is also set by these two parameters. With these design rules
we can parametrize the detector energy resolution, saturation energy, energy e ciency, and Al
coverage fraction in the 2-dimensional space ofl{gs, lsin ). The results of this modeling are
shown in Fig. 2.1, along with the design points for QP.4 and NF-C. The e ciency model from
Ref. [13] is qualitatively described in Appendix A.2.

As stated above, the NF-C design goal was to retain the QP.4 energy resolution while
increasing the dynamic range, which is a function of the saturation energy. The dynamic range
can be extended by increasing the volume of the TES (see Appendix A.1). Atthe same time, from
Eqg. 1.7 we see that we can avoid degrading the energy resolution by simultaneously increasing
the collection e ciency such that we keep the ratio p@/ approximately constant. The
chosen parameters for NF-C increase the e ciency projection from around 20% to 27% as the

TES length increases from 100 to 150 m, maintaining a relatively constant ratio of TES length
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to energy e ciency; as a result, the overall energy resolution is largely constant. The model

predicts the dynamic range is increased by 50% relative to the QP.4 detector.

2.2. Experimental setup and Event reconstruction

The fundamental need for operating the detector is a cryogenic refrigerator to cool the
detector around the critical temperature. In this case, we use a VeriCold Adiabatic Demagne-
tization Refrigerator (ADR), which is cooled to 50 mK and can maintain the temperature for

10 hours.

The detector is clamped between two printed circuit boards (PCBs) for thermal sinking and
to facilitate electrical connections. The PCBs are later found to be scintillating, which is a
dominating source of the background in HVeV detector, see chapter 4. The QETs on the top
side of the detector and the aluminum grid on the back side are connected via wirebonds to
traces on the PCB's top surface. A light-tight copper box surrounds the detector and the PCB
clamps. Traces on PCB are connected to the SQUID readout system and outside of the fridge.
The SQUID readout system is crucial to convert the small current change in the detector into
an easy-to-digitize voltage signal. The details of the SQUID readout can be found in Sec. 2.2.1.

The output of the SQUID readout system is logged down with a continuous streaming data
acquisition (DAQ) system based on a NI PCle-6374 card with a sampling frequency of 1.51
MHz. O ine software phonon triggering and further data processing are described in Sec. 2.2.2.

In order to calibrate the detector, we employ two photon feedthrough systems for optical
photons and soft X-rays. First, a plastic optical ber with a core diameter of 1 mm was fed
through the detector box, with the gap between the ber and the box lled with Eccosorb
epoxy [35]. The plastic optical ber was coupled to a single-mode optical ber [36] through
two pieces of KG-3 glass at 1.4 K. The single-mode ber and the KG-3 glass lter were chosen

to attenuate infrared photons from ambient and black body radiation from higher temperature



35

Figure 2.2. A side view of the detector box mounted inside the ADR with the
outer shielding removed. The inset picture shows the schematics of the detector
used, together with the optical ber and its eld of illumination. The cartoon
shows the detector and laser from the side; the detailed diagram of the two
phonon channels is a top-down view.

stages. The other end of the single mode ber was connected to a vacuum feed-through at room
temperature, then to a laser diode with a wavelength of 635 nm (corresponding to 1.95 eV per
photon)[37]. For the second feedthrough system for soft X-rays, a 1 cfsquare opening was cut
on the copper box lid and re-sealed with a piece of aluminum foil 0.17 mm thick. The opening
aligned with a Beryllium window installed on the ADR, serving as an X-ray input port. Multiple
layers of Aluminized mylar sheets were placed between the opening and the Beryllium window
at di erent thermal stages to block black body radiation from higher temperature stages while

presenting minimal X-ray attenuation.

2.2.1. SQUID readout system

The signal of a HVeV detector is the current change in the TES. We use a SQUIDJ8] as a

transimpedance ampli er to convert the tiny current from the TES into a voltage signal that
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can be easily read out with a data acquisition card. The SQUID current ampli er consists of a
SQUID array coupled to the input and feedback coil. Any current in the coils generates magnetic
eld, which is then turned into a voltage signal via the SQUID array. See Ref. B8] for more
details. The SQUID ampli er is installed at 1 K temperature in the ADR.

The entire SQUID readout system also contains room-temperature circuits. The wires from
room temperature are connected to the SQUID array to provide a bias current, measure the
voltage across the SQUID, and provide a feedback ux to the SQUID to linearize its output
[39]. Figure 2.3 shows the scheme of the SQUID readout system. The dashed box indicates
the components present on the SQUID chip. The parasitic resistance on the TES branch is
represented byRp, and parasitic resistance on the shunt branch is included in the total shunt
resistanceRgh. Lin and Ly, are the self-inductance of the input coil and the feedback coil in the
SQUID array, respectively. The SQUID array is run in a closed feedback loop, with the warm
feedback electronics represented by a single ampli er block in Fig. 2.3 and with the feedback
voltage converted to a current via the cold feedback resistoRs,. This resistor is run at 1 K
to ensure that it does not contribute additional Johnson current noise to the SQUID feedback
coil. Finally, the current bias for the TES is provided by a warm voltage source across a cold
bias resistorRy, with similar noise considerations taken as forR¢, to ensure that excess voltage
and current noise do not couple into the TES circuit via the bias lines. While not shown in this
gure, there are additional Itering stages on the warm electronics to minimize ground loops
and coupling of EMI back into the cryostat. The output voltage of the room-temperature circuit
is proportional to the current in the input coil:

Rfp Lin

(2.3) Voutput = linput L
fb



37

The main reason for not using a traditional transistor-based transimpedance ampli er is the
requirement of low noise, low input impedance, MHz bandwidth, and low power consump-
tion. It is still possible to design a transistor-based transimpedance ampli er with good enough

speci cations, but using SQUID is a much more straightforward solution.

Figure 2.3. Scheme of the readout circuit for one TES channel represented by
Rtes. The dashed box indicates the components present on the SQUID chip.
The parasitic resistance on the TES branch is represented byRp, and parasitic
resistance on the shunt branch is included in the total shunt resistancéRgy. Lin
and L¢, are the self-inductance of the input coil and the feedback coil in the
SQUID array respectively. The SQUID array is run in a closed feedback loop,
with the warm feedback electronics represented by a single ampli er block in
the gure above, and with the feedback voltage converted to a current via the
cold feedback resistorRs,. This resistor is run at 1 K to ensure that it does not
contribute additional Johnson current noise to the SQUID feedback coil. Finally,
the current bias for the TES is provided by a warm voltage source across a cold
bias resistorRy, with similar noise considerations taken as forR¢, to ensure that
excess voltage and current noise do not couple into the TES circuit via the bias
lines. While not shown in this gure, there are additional Itering stages on the
warm electronics to minimize ground loops and coupling of EMI back into the
cryostat.
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2.2.2. Trigger and lter

There is a lot of freedom in event triggering thanks to the continuously sampled timestream of
the current owing through each QET detector channel. One can tune the trigger algorithm for
di erent purposes.

We apply a threshold trigger to the summation of all channels from one detector after Itering
the summation with a nite impulse response (FIR) Iter. The Itering process is to calculate
the convolution between the timestream with the Iter kernel. We mainly use two types of Iter
kernels: optimum Iter (OF) for a lower threshold or Gaussian derivative Iter (GF) for less
artifact.

The OF is a minimum variance estimator of the amplitude of a pulse, with a known shape,
in the presence of stationary noise, as described in Refs4(, 41]. We use the OF in order to
trigger with the lowest achievable threshold similar to Ref. 42].

The OF kernel is calculated with a pulse shape template and a noise power spectrum density
(PSD). Several laser data sets|approximately equally distributed in time over operations|were
used to construct the pulse template. Pulses coincident with the laser signal were collected by
triggering on a digital signal from the laser driver. These events were averaged to produce the
pulse template. The length of the template was optimized empirically to get the best energy
resolution on the laser data and set to 16384 samples (10.8 ms). The noise PSD was evaluated by
collecting noise traces of the same length, using a random trigger, and applying a pulse rejection
algorithm to select pulse-free traces. This algorithm makes an iterative rejection of outlier events
based on the mean, range, slope, and skewness of the traces. The outlier rejection procedure
iteratively removes events furthest from the median of the distribution until the skewness of the

distribution is less than 0.05.
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After constructing both the noise PSD and the pulse template, a data stream was Itered,
and a threshold trigger was applied to the Itered trace. A peak search window was de ned,
spanning 8192 samples after the crossing point for each threshold crossing occurrence. The
trigger point was then adjusted to the point where the ltered trace reached its maximum value
within the peak search window. A snippet of the raw trace within 8192 samples around the
adjusted trigger point de nes a triggered event which then undergoes further processing, where
various event parameters are being evaluated, such as the template t chi-square, the integral of
the trace, the mean value of the pre-pulse region. An example of the trigger algorithm applied
to a pulse can be seen in Fig. 2.4. A raw trace is shown in blue, while the optimum ltered trace
is shown in orange. The dashed line is the trigger threshold. The green vertical bands show
the trace regions selected by the triggering algorithms as events. The inset of Fig 2.4 shows a
zoomed-in piece of the trace around a small pulse. The ltered trace reaches its maximum value
at the pulse onset.

Although the OF has the best signal-to-noise (SNR) ratio | which means the lowest trigger
threshold | under the assumption of known shape and stationary noise, it can have bad spurious
responses in cases where the noise PSD has peaked. The spurious responses will create false
triggers when an event isn't actually happening. This kind of trigger artifact can be removed
during analysis but with the downside of making the analysis unnecessarily complicated. For
analysis where the lowest threshold is not needed, we switch to the GF to avoid the artifacts.

The GF is a kind of Iter using a kernel of the derivative of a Gaussian function. The GF
is derived based on a di erent set of criteria and assumptions than OF, see Canny 19863].

It does not assume a known pulse shape and requires minimum spurious responses that OF
lacks. The of the Gaussian derivative kernel is tuned empirically to balance the SNR and the

separation between events.
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Figure 2.4. lllustration of the triggering algorithm. A raw trace is shown in blue,
while the optimum Itered trace is shown in orange. The dashed line is the
trigger threshold. The green vertical bands show the trace regions selected by
the triggering algorithms as events. Inset: a zoomed in piece of the trace around
a small pulse. The ltered trace reaches its maximum value at the pulse onset.

2.2.3. Integral-based energy estimator: \Matched Filter (MF) integral"

At energies below 1 keV, the amplitude provided by the OF is used as an energy estimator to
get the best possible resolution. However, TES saturation e ects at higher energies distort the
pulse shape, producing a large non-linear response and eventually saturating the OF estimator
itself.

A hybrid of a pulse integral and a template t was used to increase the dynamic range for
high-energy analyses. The goal was to get the best estimation of the area of the pulse with a
direct integral for the part where the pulse amplitude is high but distorted by saturation e ects
while using a t to a pulse template to estimate the area where the detector behaves linearly
but the signal to noise is low. We integrated the region where the pulse is above 2A. The rest

of the pulse was t to a pulse template and then integrated from the 2 A crossing to the end of
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Figure 2.5. lllustration of the matched- Iter-based energy estimator, MF inte-
gral, used to enlarge the energy range of the detector. The primary event is
shown around 0.7 ms. The area highlighted in violet corresponds to the part
integrated using the pulse itself. The area highlighted in yellow is integrated as
the area below the red template, which is t to the pulse tail in the yellow range.
The pileup of the \leakage" pulse is identi ed through a threshold trigger and
excluded from the tail t to minimize its impact on the energy estimate of the
primary pulse.

the pulse window. A 2.7-ms-length window was used, where the pre-pulse corresponds to 0.7 ms.
The choice of a shorter trace with respect to the OF was dictated by a looser requirement for the
energy resolution, which was in any case limited by the integral-based energy estimator. The
2 A threshold was chosen as the level where the signal level is much higher than the noise level
before the onset of heavy saturation.

The resulting estimator is functionally a hybrid of pure integration and a matched Iter
(MF), integrating the high signal to the noise region of the pulse directly and using the MF
to estimate the contribution of the tail to the total pulse energy to reduce integrated noise.

In addition, if there is a pileup pulse present between the 2 A crossing and the end of the
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trace, the pileup-pulse region is excluded from the t. This exclusion region is de ned as 10 s
before the pileup-pulse trigger to 130 s after it, which is e ective for preventing the dominant
source of pileup pulses (single-electron-hole-pair leakage) from signi cantly a ecting the t. This
energy estimator is referred to as theMF integral in the rest of the paper. Figure 2.5 illustrates
the described procedure. The primary event is shown around 0.7 ms. The area highlighted in
violet corresponds to the part integrated using the pulse itself. The area highlighted in yellow is
integrated as the area below the red template, which is t to the pulse tail in the yellow range.
The pileup of the \leakage" pulse is identi ed through a threshold trigger and excluded from

the tail t to minimize its impact on the energy estimate of the primary pulse.

2.3. QET characterization

To validate the detector model, we measured various QET array properties such as bias
power, energy e ciency and power noise. These measurements are key to understanding any
di erences between estimated and measured energy resolution. The measurements presented
in this section are in good agreement with those predicted by our detector model, as shown in

Table 2.1.

2.3.1. Resistance and Bias Power

Basic TES parameters can be evaluated by scanning through values of the TES bias voltage,
Vb, and measuring the DC current response from the QET channel. In the rst row of Fig. 2.6
(left) we show the variation of signal current |5 with bias voltage for both channels of NF-C.
In the second row, we have calculated the inferred channel resistanc&]], R, and in the nal
row the Joule power produced,P = I2R. We note that these scans were performed on the two

channels simultaneously.
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Parameter Description Unit QP.4 [ 34] NF-C
Th Bath Temperature mK 50 50 [ 10
Design/Cryostat ADR Design I ADR | Design [ NEXUS
A det Detector Area cm? 1
Te TES Critical Temperature mK 65 60 { 65
Detector Thickness mm 1 4
m get Detector Mass g 0.24 0.96
N Qet QETs per Channel - 170/300 504/536
ltes TES length m 100 150
VTES TES Volume (Per Channel) m3 1360/2400 7:39  10°
TES Fraction of W in TES - 0.5 0.5
Veft E ective W Volume m? 2720/4800 1:48 10*
lfin Al Fin Length m 125 60
= TEs Resistivity/Thickness Ratio 2.88 2.88 30 03 2.88 30 03
R Normal Resistance (Inner) m 400 350 332 { 396 350 332 { 396
n Normal Resistance (Outer) 700 350 311 { 371 350 311 { 371
Pchan Bias Power (Channel) pwW 1.2/2 46 {84 40 06 75{115 6{75
Pres Bias Power (Per TES) w 7 8.8 { 16.0 76 1 14.3{21.9 13 2
Gchan Thermal Conductance (Channel) pW/K 120/200 640 { 880 350 { 650 640 { 880 460 { 625
Gres Thermal Conductance (Per TES) fW/K 225/375 1220 { 1680 660 { 1250 1220 { 1680 880 { 1190
eph TES Electron-Phonon Coupling Constant GW/I(K ° m?) 0.47 0.47 0.27 { 0.67 0.47 0.35 { 0.65
BW Pulse Fall time S 100 70 { 160 80 55 { 100 30
Energy E ciency - & 22% 27% & 29% 27% -
Resolution e 3.0 05 23{24 2.65 0.02 1.8{21 29 eV
Sp NEP (Channel) aw/ . Hz 5.3 11 {14 - 11 { 14 10
Sp NEP (Per TES) ZW/  Hz 0.23 0.5{06 - 05{06 0.4

Table 2.1. Detector design parameters for the QP.4 prototype device (Ref.34])
and the NF-C device described in this paper. Numbers for QP.4 are measured
values from the previous reference, while numbers for NF-C are model predic-
tions based on changes in the detector mask design. Both detectors have two
channels, an inner grid of QETs surrounded by an outer frame of QETs. The
outer channel in the QP.4 device had fewer QETs than the inner channel. Where
multiple numbers are presented, the rst/second number in the column is for the
outer/inner channel on that device. The NEXUS analysis has not yet been ex-
tended to measure energy e ciency, as we are trying to improve the precision of
the measurement, but the resolution implies it will be comparable to the e ciency
found in the ADR. Similarly, we were unable to measure complex impedance in
the ADR, so a precise estimation of NEP was not possible.

The bias power is a ected by other heating e ects like operating both channels simultane-

ously or changing the bath temperature. The reciprocal over-heating of the two channels lowers

the required joule heating to stay in transition. Also, a higher bath temperature lowers the bias

power needed to stay in transition. We note that the bias power is lower than was predicted

by the NF-C model in the ADR measurement. For this reason, we repeated the measurement

at NEX

US operating only one channel and at a lower bath temperature in Fig. 2.6 (left). The

contribution of reciprocal heating was observed to be 1 to 2 pW at NEXUS. The bias power

measured at NEXUS is then used in Sec. 2.3.3 for the noise modeling.
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Figure 2.6. Left panel: TES signal current, resistance and power curves as a
function of bias voltage V, = I,Rgn for the two channels of NF-C operated at
50 mK in the Vericold ADR. In addition, the same variables are measured with a
single channel operated at 10 mK in the NEXUS cryostat. The thickness of all the
curves represents the associated systematic uncertainty band. The band is larger
in the NEXUS data because of its lower value of shunt resistorRs, 10 m) and
associated larger systematics uncertainty compared to the 50 m shunt resistor
used in the ADR. The detector was operated at 45% of the normal resistance
value when operated in the ADR, and at 30% of the normal resistance during
the measurements at NEXUS. Right panel: Reconstructed energy e ciency for
di erent numbers of electron-hole pairs, see the text for details on the circuit
parameter used.

2.3.2. Energy E ciency

For a TES in strong feedback [L1], the phonon energy absorbed by a TES can be inferred from

the change in signal current and circuit parameters as

z

R Ry | s(t)dt

Eabs 1 Zm

(2.4) Z

+ R 1 2(t)dt
where R- = Rgpy + Ry is the total resistance (shunt and parasitic) in the TES bias loop [L1]
apart from the TES, Rg is the TES operating resistance, andl, = V,=Rg, is the TES bias

current. Here we have dened | 4(t) = I Is(t) > 0 as the change in signal current during a
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phonon pulse relative to the quiescent value) . This absorbed energy can be compared to the
calibrated total phonon energy to de ne the detector's energy e ciency, = Eaps=Eph.

The e ciency was evaluated using a laser calibration dataset with a mean number of photons
per pulse 0:3, the detector operated atVyr. = 100 V, and the cryostat temperature stable
at 50:00 0:01 mK. Data selection criteria were applied to select pulses which were coincident
with the laser trigger signal, had energy above the noise threshold, and had a stable baseline
signal before the pulse.

Figure 2.6 (right) shows the energy collection e ciency that was calculated for individual
phonon pulses using a particular set of circuit parameters. For this gure, we selected the most
conservative set of assumptions to obtain a lower estimate of the energy collection e ciency
of & 29%. As reported in Table 2.1 and detailed in Appendix A.2, this is compatible with
design expectations. The current measurement is dominated by the systematic uncertainties
in TES circuit parameters (e.g. R, and Rp); future measurements will include more precise

characterization of these components to place tighter constraints on this value.

2.3.3. Noise Modeling

The resolution model for a QET described in Section 2.1 relies on the assumption that the QET
noise is dominated only by thermal uctuations across the thermal conductanceG between the
TES and the crystal. In reality, the bias circuit has its own intrinsic noise from both passive
components and the SQUID current ampli er. Optimization of the detector normal resistance
takes these expected contributions into account to ensure that the TES is dominated by its own
guantum noise. Modeling the current noise, and converting to Noise Equivalent Power (NEP),
allows us to compare the intrinsic power noise of the QET to that expected by the resolution

model. The NEP for a generic thermal detector with thermal conductanceG at temperature
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T = Teis [11]
P
(2.5) NEP = 4k,T2G

and thus we can compare the noise power inferred from the current noise to the expectation
from the measured bias power and transition temperature, which predicts the magnitude of
the thermal uctuation noise and is expected to be at in NEP. The NEP expected for these
detectors is summarized in Table 2.1.

In order to validate this noise model and demonstrate that this detector achieved near
guantum-limited noise, we employed the TES bias circuit noise model described in past work
(see e.g. Refs.15, 13, 12, 11]). Due to the less constrained input inductance and parasitic
resistance parameters on the ADR electronics circuit, we carried out a dedicated measurement
at NEXUS. We characterized the noise inherent to the SQUID bias circuit using a SQUID with
the TES coil disconnected. We then t the contribution of passive noise to the total transition
noise by adjusting the e ective noise temperature of the t to jointly match the noise in the
normal and superconducting states. We also measured the complex impedance of the TES both
with a square wave impulse and swept sine wave measurements to characterize the TES thermal
poles, with results summarized in Table 2.2. The superconducting noise combined with complex
impedance measurements constrained the inductance in the loop. In addition, we were able to
extract estimates of TES response characteristics in Table 2.2 (similar to the method used in
Ref. [15]) to constrain the TES power to current response. The measurements of bias power
in the lower temperature environment in NEXUS allows us to bound thermal conductance and
better constrain the parameters in Table 2.1.

The measured current noise for a single QET channel at the operating bias point dRo=R, =
0:43 is shown in Fig. 2.7 (left), along with the model incorporating systematic uncertainties,

demonstrating that the TES response is dominated by the quantum (thermal uctuation) noise.
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Figure 2.7. Left panel: Current noise for NF-C run in NEXUS (black) compared
to the best-t model informed by complex impedance measurements taken in
the same facility, highlighting the dominance of thermal uctuation noise (TFN)
assumed for the detector modeling. The pulse shape found by averaging pulses
near threshold is also shown. The pulse shape is scaled arbitrarily relative to
noise to better visualize atop the noise. Right panel: Power noise inferred from
noise modeling, computed by dividing the current noise by the power to current
transfer function derived from the complex impedance measurementlp]. The
total QET channel power noise, as well as the noise per individual QET cell are
shown in black, compared to the pulse shape (blue) in power space. In both cases,
the closed-loop SQUID gain begins to drop around 50 kHz, where the phonon
pulse is cuto . This also arti cially broadens the electrothermal oscillation peak

at 25 kHz.

At high frequency, the signal to noise was degraded by electrothermal oscillation due to the
high inductance of the readout system ( 800 nH), which impacts both the QET pulse and
the noise. Dividing out the electrical response of the TES bias loop using complex impedance
measurements gives the estimates for noise equivalent power in Fig. 2.7 (right). With around
525 QETs/channel, we obtain a total power noise of 10 aW/pE, which is equivalent to
500 zW/p Hz per individual QET cell. This is consistent with the NEP used to estimate TES
resolution in Eq. 1.4.

The large error bands in the noise model come from the same source of systematic uncer-

tainty as for energy e ciency, hamely the uncertainty in overall resistance scale. This becomes
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Table 2.2. TES bias circuit parameters measured at NEXUS, which were ex-
tracted from complex impedance measurements used to t TES noise in Fig. 2.7
(parameters refer to the de nitions employed in Ref. [15]). Fall time and feed-
back gain in electrothermal feedback (ETF) parameterize the e ect of the voltage
bias feedback on the TES response. The reported uncertainties are dominated
by the systematic uncertainty on the shunt resistor and a ected by the limited
bandwidth of the readout circuit. Distortions in the driving signal above 10 kHz
required a correction for nite bandwidth in the bias circuit. Higher precision
measurements will better constrain these parameters as a function of bias point
and base temperature in future work.

Parameter Description Value
L Inductance 850 50 nH
Rsh Shunt Resistance 8 1m
Rp Parasitic Resistance| 19 2 m
Ro=Rn Bias Point 0.43 0.01
Ro TES Resistance | 125 25'm
j ETE] ETF Fall time 7{8 s
0 Thermal Fall time 200 50 s
L ETF Gain 30 5
Current Response 0.2-0.3

a systematic uncertainty on bias power, leading to a large range in the measurement fa@,
but is also degenerate with measurements of inductance. In addition, some uncertainty comes
from the limited bandwidth of the measurement technique used for the data taken in this run.
Future measurements will further constrain QET properties by carefully calibrating out these
uncertainties and by improving the precision of the complex impedance characterization. In
particular, four-wire measurements of the detectorR,, will reduce the large systematic uncer-
tainties on the resistance scale, which dominates the uncertainty of all measurements described

in this paper.

2.4. Detector performance: small signal response

The results of the Section 2.3 suggest that the parameters that feed into the energy resolution

estimate match expectation, and thus we should nd the energy resolution to be close to the
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design expectation. In this section, we report a measured baseline resolutibmomparable to the
design value|2.65(2) eV compared to 2:3 2:4 eV expectation|and explore the small signal
response.

Calibration of the low-energy region (below 1 keV) is performed with laser data sets as
described previously. The single-charge resolution leads to discrete peaks in the spectrum cor-
responding to quantized charge excitation. This produces a set of well de ned lines of known

energy that can be used for calibration.

Figure 2.8. Laser distribution acquired with 100 V NTL bias. The data are
triggered with the digital laser signal (TTL signal) and with the OF trigger. An
energy resolution = 3.25(4) eV was measured at the rst electron-hole pair
peak. Inset: Zoom of the green histogram, which represents the random triggers
used to estimate the baseline resolution. A baseline resolution = 2.65(2) eV
was measured from random triggers. The Gaussian t is shown with a black line.
The discrepancy between the baseline and peak resolution is due to additional
variance from absorption of photons in the QETs B4].

Figure 2.8 shows the energy distribution of a laser calibration dataset in which the average

number of photons absorbed in the Si substrate is of order 1 ( 1). The statistics of the

Iwe refer to baseline resolution as the detector energy resolution when no pulses are recorded.
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Figure 2.9. Trigger e ciency, measured by injecting the pulse template into ran-
domly triggered noise traces. The dashed line shows the 9.2 eV threshold set on
the trigger energy estimator. Uncertainties on the data points are included in
the gure, but are not visible at this scale due to the high statistics of the laser
data used to determine the trigger e ciency.

dataset shown is large enough to extend the calibration to the fourth electron-hole pair peak,
corresponding to a maximum energy of 400 eV.

The ll-in between the laser peaks can be explained via both charge trapping and impact
ionization as charges propagate across the crystal{]. In the former case, a charge is trapped in
the crystal lattice, reducing the amount of phonon energy produced by shortening the drift length
through the crystal. In the latter case, a charge kicks 0 a second loosely-bound unpaired charge
increasing the total amount of energy collected. The charge trapping and impact ionization
probabilities were evaluated for this detector by tting the laser data with the model described
in Ref. [20]. From these ts, we obtain a charge trapping of 12.7% and an impact ionization of
0.6% with the data acquired at TUNL.

We employed the OF estimator described in Section 2.2.2 to evaluate the detector perfor-
mance in the linear regime of the detector. We obtained a phonon energy resolution at the rst
electron-hole pair peak (corresponding to 101.95 eV for a NTL bias of 100 V) of 3.25(4) eV,

which corresponds to a charge resolution at the level of 3% at 100 V bias. The measured
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phonon energy resolution was observed to be independent with respect to the applied NTL volt-
age below the point at which charge leakage begins to increase exponentially, as discussed in
Refs. @4, 45].

The baseline energy resolution was evaluated from a set of pseudo-random triggers on 0 V
data. The amplitude was evaluated at the random trigger position with an optimum lter-based
estimator without allowing the algorithm to search for the maximum. A Gaussian t results in
a reconstructed energy resolution of =2:65(2) eV, which is very closed to the value predicted
in Sec. 2.1. We see a discrepancy between the baseline resolution and the resolution at the rst
electron-hole-pair peak, implying an additional source of energy smearing in the latter. This is
likely due to surface absorption in the QETs [34].

The QET direct absorption is a known e ect, and both the o set and variance of the laser
peaks have been shown to correlate with the laser intensity34]. For 100 V laser data with

1, the expected energy shift is of the order of 0.9 eV, which corresponds to less than a 1%
e ect on the position of the rst electron-hole-pair peak. This e ect is taken into account during
the calibration using laser data and thus will not impact reconstruction of events caused by a
single bulk energy deposition.

The trigger e ciency was studied by injecting pulses into randomly triggered noise traces.
The OF pulse template, which is the averaged laser pulse, was used as the shape of the injected
pulses. A trigger time cut around the expected position of the injected pulse (3 of the timing
resolution which is equal to = 440 ns for 15 eV events) ensures the correspondence between
the injected pulse and the triggered one. The e ciency was calculated as the fraction of injected
pulses that were triggered by the OF trigger algorithm. We achieved a threshold of 9.2 eV,
which corresponds to 3.5 of the baseline resolution, while maintaining the trigger rate as low

as 20 Hz. The resulting e ciency curve is shown in Fig. 2.9.
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