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Abstract

Low temperature detectors have grown in popularity over the years for a variety of
reasons. The reduced thermal noise that they offer and the associated reduction
in statistical fluctuations improve signal to noise. Novel material properties at low
temperature such as superconductivity can be exploited. And let us not forget easier
access to cryogenic techniques. For example industry made, and sold, refrigerators
eliminating the need for graduate students to make their own.

In this thesis I discuss the development of a novel phonon-mediated distributed
transition-edge-sensor X-ray detector which would be useful for astrophysical stud-
ies such as magnetic recombination in the solar corona, the warm-hot intergalactic
medium and surveys of clusters and groups of galaxies.

The detector uses a large semiconductor absorber and Transition-Edge-Sensors
(TESs) to readout the absorbed energy. Calorimetry is performed on individual
photons and a partitioning of the energy between various TESs allows for position
determination. Hence time varying astronomical sources can be spectroscopically
studied and imaged.

I will conclude with a discussion of the detector’s performance and propose a
next generation detector which could make significant improvements on the design

discussed in this thesis.
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Preface

It seems odd to me that in 2006 I should make such a warning...

Much of this thesis assumes that the reader will have a color version. I realize
that most department owned copiers and printers are black and white so I offer some
apology. Fortunately, most people own color printers at home...

If someone passed on a black and white version to you, feel free to email me
at swleman@yahoo.com. I keep this as a permanent address even if I check it only

occasionally. I will be happy to send the original, color version in pdf format.
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Chapter 1

Introduction

1.1 Types of Astrophysical Observations

For centuries, astrophysical objects have been
studied by observing visible light both with the
naked eye and through a telescope. Visible light
is now understood to be electromagnetic radia-
tion; electromagnetic radiation also includes other
wavelengths (or equivalently frequencies or ener-
gies): radio, infrared, optical, ultraviolet, X-ray
and gamma ray radiation. I will generically use

the term light to include all electromagnetic radi-

ation. Other types of radiation have been identi-

fied and studied in recent times.

Photos acknowledgments:
http://www.eurocosm.com/Application/images/telescopes/675-telescope-1g. jpg
http://wuw.physlink.com/News/Images/Super-Kamiokandel 1g. jpg
http://www.aldebaran.cz/bulletin/2005_16/auger_design. jpg
http://www.pparc.ac.uk/Nw/Md/Artcl/gravity. jpg



CHAPTER 1. INTRODUCTION

Neutrinos are a product of beta decay pro-
cesses, such as nuclear fusion which occurs in the
sun and can be studied at neutrino observatories
such as Sudbury Neutrino Observatory and Su-
per Kamiokande. Neutrinos interact with either
deuterium or pure water (in SNO and Super-K
respectively) or electrons. In both detectors, the
reactions produce high energy charged particles
which move faster than the speed of light of the
detector’s medium. Cherenkov radiation is pro-
duced as the high energy charged particles slow

down. This Cherenkov radiation is then absorbed
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in large photomultiplier tubes on the edge of the detector.

Cosmic rays are charged particles, such as pro-
tons and alpha particles, produced by astrophysi-
cal sources and are observed at observatories such
as Pierre Auger Cosmic Ray Observatory. High
energy cosmic rays interact with nuclei in the
earth’s upper atmosphere. There is a subsequent
cascade that produces billions of particles which
eventually fall on a large (up to ten square mile)
area of earth. These high energy particles can be
detected with a Cherenkov detector. Addition-
ally, the cosmic rays excite atmospheric nitrogen
which then fluoresces at ultraviolet energies and

can be detected.
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Gravitational radiation has been detected in-
directly through the slowing of binary pulsar ro-
tation. Future direct observation of gravitational
radiation will (hopefully) be performed on earth
by the Laser Interferometer Gravitational-Wave
Observatory (LIGO), and in space by the Laser
Interferometer Space Antenna (LISA). Both func-
tion by measuring the effect that a passing gravi-
tational wave has on local space-time. LIGO will

be able to measure a change of 107'® meters over

its 4 kilometer laser beam length. The discovery
will further validate Einstein’s general theory of

relativity.

1.2 Light Detector Technologies

Observations of light still dominate astrophysical studies. Light detection methods
have a long history and are becoming increasingly advanced as new technologies are
developed. I will briefly discuss a few light detecting technologies to lead into the

reasons for a new design discussed in this thesis.

Photos acknowledgments:
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http://www.watch.impress.co. jp/av/docs/20030729/ccd. jpg
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CHAPTER 1. INTRODUCTION

The most common light detector technology is
of course the eye. It has served man and woman
well with good spatial resolution and color reso-
lution ability. Unfortunately it is limited to the
optical band of the electromagnetic spectra, and
due to a low quantum efficiency of a few percent,
requires relatively high fluxes. As an astrophys-
ical tool, it receives a boost when the observer
makes a sketch of the observation with paper and
pen!

Photographic film is familiar light detection
technology although it is rapidly being replaced
by digital technologies. Film has excellent spatial
resolution and can be made in large sheets. It is
sensitive to infrared and higher energies. How-
ever, like the eye, it also has a poor quantum ef-
ficiency on order of a few percent, requiring it ei-
ther observe a high flux source of have long expo-
sure times. Long exposure times of course reduce
time resolution. Film has no intrinsic energy re-
solving capability and requires filtering to provide
color information further limiting its quantum ef-

ficiency.
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Electronic light detectors have a more recent
history. Photomultiplier Tubes (PMTs) have ex-
cellent time resolution on order of picoseconds.
However they also have no intrinsic energy resolv-
ing capability. Their large size, from as small as a
light ball to as large as a beach ball makes them
impractical as imaging devices. The larger sized
PMTs being used in experiments such as SNO and
Super-K and the Pierre Auger Observatory to de-
tect Cherenkov radiation.

Semiconductor devices such as the Charge-
Coupled Device (CCD) and Complementary
Metal Oxide Semiconductor (CMOS) based de-
tectors are common in today’s digital cameras and
have been used in numerous astronomy detectors.
They can be fabricated into imaging arrays with
tens of mega-pixels. Absorbed light must be at
or above semiconductor physics energy scales, on
order of an electron volt (infrared light); quan-

tum efficiency can be over 90% for high energy

photons. Unfortunately, both CCDs and CMOS devices also lack intrinsic energy

resolution. Also time resolution is generally limited to tens of microsecond. When

light is absorbed in a CCD, it produces at least one electron-hole pair. The charge

can be confined by electrodes during the exposure. Afterwards, it can be transported

to readout gates and processed.
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Superconducting devices are the newest types
of light detectors. Superconducting Tunneling
Junctions (STJs) are able to resolve individual
photons and have excellent energy resolution and
time resolution. They also can be fabricated into
arrays, but a uniform magnetic field is required

for their operation; researchers are working on in-

creasing array size. Their operation is similar to
that of a CCD. However, they benefit from the
reduced quantization energy of the superconduct-
ing gap, roughly three orders of magnitude lower than the semiconducting gap in
CCDs. This reduced quantization energy increases the number of charge carriers and
decreased the associated statistical fluctuations.
Transition Edge Sensors (TESs) are another
type of superconducting detector and are used in
the work described in this thesis. The also have
excellent energy and time resolution. Their ad-
vantage over STJs is that they are not as sensitive

to a magnetic field environment.

1.3 Scientific Motivation

Photos acknowledgments:
http://imagine.gsfc.nasa.gov/Images/news/chandra big.gif
http://imagine.gsfc.nasa.gov/Images/satellites/xmm. jpg
http://space.mit.edu/HETG/Reports/HETG_Report_Jul02_files/image002. jpg
http://www.spacedaily.com/images/galaxy-cluster-abell1689-desk-1280. jpg
http://map.gsfc.nasa.gov/m_ig/060913/CMB_ILC Map75. jpg

Scientific motivation acknowledgment:
“Cryogenic detectors for wide-field soft X-ray surveys” proposal submitted by Steven Deiker
22Apr2005.
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Astrophysical X-ray observations have already
begun with Chandra X-ray Observatory and
XMM-Newton Observatory. Both observatories
provide high spatial resolution, high statistics
images of supernova remnants, isolated galax-
ies and galaxy clusters. Also both have dis-
persive grating spectrometers to perform spec-
troscopy. Their insights guide current theoretical

astrophysics.

Unfortunately, a cryogenic leak led to the fail-
ure of Astro E-2’s XRS detector which would
have made it the first cryogenic X-ray observa-
tory in space. Astro E-2’s XRS detector had a
AFE/E = 6 eV at 6 keV and a 6 x 6 imaging
array allowing for simultaneous spectroscopy and
imaging. All three of these missions are ‘pointed’
X-ray observatories designed to observe individual

sources over some small angular extent.
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However, there are issues more suited to a
broader angle survey missions which still require
high spectral and position resolution. Studies
of the Warm Hot Intergalactic Medium (WHIM)
and a survey of galaxy clusters are two examples.
For these survey missions, the telescopes etendue

(A % where A is the detector’s area and €2 is the

telescopes field of view) is of importance. In this
thesis we will be developing a large area detector
suitable for such studies.

It is believed that on order of one half of
baryonic matter lies in a low density (~ 2 —
6 x 107% cm™?) intergalactic medium comprised
mostly of ionized hydrogen. Recent high resolu-
tion large-area simulations of galaxy formation [1]
and nuclear-synthesis theories of element produc-
tion [2] both however suggest its existence. The
electron temperature is believed to be ~ 2 — 4 x
10% K ensuring that the medium is ionized; be-

ing ionized, it will not absorb at its characteristic

lines. However, bremsstrahlung radiation is pro-

duced as the charged particles deflect off of one

another. Bremsstrahlung radiation has a continuous spectra but the WHIM is ex-
pected to have a peak around 0.1 keV; unfortunately, it will be quite faint.

The emission line from ionized oxygen could provide a solution due to its rela-
tively high population and the associated discrete line. A detector with high energy
resolution is required to distinguish the oxygen line from the diffuse foreground and
background. Redshifting would allow the WHIM mapping to be performed in three
dimensions; high spectral resolution is necessary to obtain fine resolution in the ra-
dial direction. Background rates from a diffuse background have been calculated and

predict a 0.59 A counts s~! keV~! count rate. Similarly, a count rate from the desired
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oxygen line is calculated to be 0.0024 A counts s~ keV~!. The signal to noise ratio
is roughly 5.6xv/AtAE where t is the observation time in units of 107 s and AE is
the energy bin width in units of eV. It is necessary to produce a detector with large
area A of roughly 10 cm?.

Recent observations of the cosmic mi-
crowave background by the Wilkinson Microwave
Anisotropy Probe (WMAP) have shown that
roughly 70% of the universe is comprised of dark
energy [3]. Numerous theories have been pre-

sented to explain this dark energy, yet observa-

tional astrophysics is not presently able to distin-
guish between them. Improved measurements of
H(a), where H is the Hubble constant and « is the universe scale factor, are necessary.

Growth of structure, particularly related to
clusters of galaxies, provide an excellent study of
H(a). This growth of structure correlates with
galaxy cluster mass which correlates with temper-
ature and luminosity. X-ray surveys are good at
measuring this temperature and luminosity. An
analysis similar to that shown in the previous
WHIM discussion shows that a large area detec-

tor would be able to provide good measurement

of the Fey, line features, which in turn, are good
measures of temperature. In fact the requirments
for a galaxy cluster survey are less restrictive than that for a WHIM mission. In the

rest of this thesis, I discuss work towards developing detectors for these missions.

1.4 Thesis Layout

This thesis starts in Chapter 2 by explaining basic detector principles. The concept

of calorimetry and the energy systems in the detector are laid out. TES operation
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and fundamental energy resolution is discussed.

Phonon and TES simulations are discussed in Chapters 2 and 3 respectively. They
are critical in discussions on energy resolution (see Chapter 8) and phase separation
(see Appendix B) respectively.

Experimental work begins with Chapter 5 and progresses through Chapters 6
and 7 as more sophisticated detectors are developed.

In Chapter 8 I discuss possible reasons for the degradation in the detector’s energy
resolution along with a simple solution.

In Chapter 9 I provide a sketch of a next generation detector. It could lead to
improved energy resolution even over that proposed in Chapter 8.

The variations in the refrigerator’s base stage temperature could lead to energy
resolution degradation and is discussed in Appendix A. The effect is quantified and
ultimately ruled out.

Another consideration for energy degradation is phase separation in the TES and
is discussed in Appendix B. Ultimately this was also ruled out but the study took
on a life of its own. The discussion does not fit naturally into the context of the
rest of the thesis and was put into the appendix. However the reader should not
consider this to lessen its importance. This phase-separation study was performed in
two dimensions while previous studies in our group were restricted to one dimension.
We notice that in two dimensions that phase separation is not suppressed along the
current flow direction. It is however avoided in the direction perpendicular to current
flow.

Appendix C contains software that I wrote for the National Instrument PCI-6115

data acquisition card.



Chapter 2

Basic Detector Design

Considerations

2.1 Calorimetry

The basic concept behind making energy measurements is simple. Many people read-
ing this thesis will have performed calorimetry experiments in high school.

Assuming that we have some energy source (F) that we want to measure, we just
need an absorber, with heat capacity (C'), to collect the energy and a thermometer to
read out the temperature change AT = E/C', where I have assumed the thermometer
has negligible heat capacity (see Figure 2.1).

For our detectors the concept is fundamentally similar but the difference is note-
worthy. Our detector has a silicon or germanium absorber. These are coupled to
tungsten Transition-Edge-Sensor (TES) thermometers. X-rays are absorbed in the
silicon or germanium absorber via the photoelectric effect and therefore produce a
photoelectron. This photoelectron is generally high energy and moving faster than
the crystal’s speed of sound. This electron then rapidly scatters off nearby electrons
producing a cascade of high energy electrons. This cascade process ceases when the
electrons have an energy characteristic of condensed matter processes on order of a
few electron volts. In silicon, the average energy required to produce an electron-hole

pair is 3.81 eV [4]. In a process analogous to Cherenkov radiation, the electron-hole

11
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pairs emit athermal phonons until their velocity is less than or equal to the speed
of sound [5] at which point their gap energy ~1.2 eV dominates. These athermal
phonons are then either absorbed into the TES or escape to the environment. Since
the phonons are athermal, the crystals heat capacity does not contribute to the en-
ergy resolution. Instead, the heat capacity of the TES is relevant. We can exploit

this effect and make large area absorbers despite their increased mass.

2.2 Negative Electrothermal-Feedback Transition-
Edge-Sensors

Superconductors exhibit the remarkable property of passing limited, non-varying elec-
tric current without any resistance [6, 7, 8]. The transition between the supercon-
ducting and ohmic states can be tuned during the fabrication process [9] and the
transition occurs over a few millikelvin temperature change. While the transition is
fairly sharp, it is continuous. Therefore, the transition can be used as a very sensitive
thermometer. Figure 2.2 shows a plot of resistance versus temperature for a tungsten
TES that we are presently using in our X-ray detector endeavor.

There are two issues of temperature regulation that must be addressed. The first
issue is keeping the TES stable in its superconducting to normal transition. Second,
after absorbing the X-ray energy, the TES must be cooled to relax the detector
in order to prepare it for the next event. Voltage biasing (see Figure 2.3) the TES
satisfies both of these requirements [10]. The P = V?/R Joule heating associated with
any resistive device provides a convenient electrothermal feedback (ETF) mechanism
that keeps the TES temperature stable. As energy is absorbed in the TES electron
system, the TES temperature increases and therefore the resistance increases. Since
the device is voltage biased, the increased resistance reduces the current and there is
a corresponding reduction in Joule heating.

Due to the phonon coupling between the substrate and the TES, there is an
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Figure 2.1: Basic Calorimetry involved an energy source (F), absorber with heat
capacity (C) and thermometer. The thermometer reads a temperature change AT =

E/C.
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associated phonon noise in the TES. In our devices, a/n > 1 and T > T, where

R, dT

is a unit-less measure of the steepness of the transition, 7T, is the superconducting
temperature of the TES, T} is the silicon substrate temperature, and n is an integer
related to the coupling between the TES electron and phonon systems, which signif-
icantly simplifies the formula that describes this noise (and is discussed shortly). We
operate in an electron-phonon decoupled regime [11], where n = 5. These statistical
variations in electron-phonon coupling lead to a fundamental noise source (a more
detailed analysis on the sources of this noise will be given in Section 5.3.1, but the fol-
lowing approximation is close enough for this discussion) which can be characterized

by the energy resolution whose energy full-width-half-maximum given by

AEFWHM = 2\/ 2In2 4kacEsat\/g [12], (21)

where kj, is the Boltzmann constant, and E,,, is the detector saturation energy. Un-
fortunately, even the best detectors are not quite able to reach this limit. Colleagues
in the field have been battling position dependence in absorbers and so called “excess
noise” in the TES itself [13, 14, 15, 16, 17, 18]. Given a T, ~90 mK and saturation
energy of ~6 keV we would expect AEpw gy ~1.3 eV.

While Equation 2.1 represents a fundamental noise source that afflicts any TES
based detector, it is not the dominant noise source in our detectors. It is important to

consider however, since it will help to motivate some aspects of our detector design.

2.2.1 TES resistance measurements and SQUIDS

Since the TES is voltage biased, we only need to measure the current through the
TES to determine its resistance. Furthermore, ETF not only provides temperature
regulations, but the reduction in Joule heating can be integrated over time to give

the total energy E that was absorbed in the TES electron system, without any free
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Figure 2.2: TES superconducting transition. The main graph shows the sharpness
of the transition. The inset shows a close up of the transition. This measurement
was performed on a TES biased with high current density. See reference [19] for a
description of this scheme.
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parameters [10] :

E = /APETth = me/Aldt .

In practice we never need to make an actual measurement on the TES’s temperature
or resistance. We do, however, need to know the biasing voltage and quiescent current
through the TES. We use Superconducting QUantum Interference Device (SQUID)
amplifiers as low-noise, low-impedance preamplifiers to measure the current through
the TES. We inductively couple each TES to a SQUID array [20], and operate the
SQUID array in a flux-locked loop (see Figure 2.3).When current biased, the SQUID
has a periodic response to the magnetic flux which passes through it. The op-amp
detects any voltage change across the SQUID (due to the changing magnetic flux) and
adjusts the current through the feedback coil to eliminate the current change. This
changing current can be measured as a voltage change across the feedback resistor;
the absolute value of current cannot however be measured. This SQUID feedback
circuit linearizes the SQUID response. In our setup the SQUIDs, fabricated at the
National Institute of Standards and Technology at Boulder, are operated at 1.4 K.
Finally, like all amplifiers, the SQUID amplifier system has an associated band-
width. Our SQUID amplifier system has roughly a 1 MHz bandwidth which is more
than sufficient to track the pulse decay time (~ 10— 100us) of the X-ray events in our
detectors. It should be noted however that the time constant 7 = L/Rrgg given by
the SQUID input coil inductance (L = 250 nH) and the TES resistance (Rrgs ~ 1 Q).
The ~ 1 ps time constant imposed by both the SQUID electronics and L/R time con-
stant are both similar in magnitude and limits our ability to accurately determine

the pulse rise time.

2.3 Detector Design

X-rays are absorbed in a silicon absorber, generating a photoelectron. This photo-
electron cascades, producing a shower of electron-hole pairs. These electron-hole
pairs rapidly shed phonons until their velocity is less than the speed of sound in

the crystal. Then the electron-hole pairs diffuse until they either recombine or are
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Figure 2.3: TES with SQUID amplifier and SQUID feedback circuit. The bias voltage
source and bias resistor effectively produce a current supply as the bias resistor is
much larger than either the shunt resistor or TES resistance. The shunt resistor
is much smaller than the TES operating resistance which voltage biases the TES.
When current biased, the SQUID has a periodic response to the magnetic flux which
passes through it. The op-amp detects any voltage change across the SQUID (due
to the changing magnetic flux) and adjusts the current through the feedback coil to
eliminate the current change. This changing current can be measured as a voltage
change across the feedback resistor; the absolute value of current cannot however be
measured. This SQUID feedback circuit linearizes the SQUID response. Red elements
are at room temperature whereas blue elements are at cryogenic temperatures.
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trapped on impurities. As they recombine then they will release their gap energy as
phonons. If however, they are trapped on impurities then the energy is effectively
lost [21, 22, 23|. Statistical variations in this lost energy can have quite a detrimental
effect on energy resolution. Either way, phonons are generated and propagate quasi-
diffusively throughout the crystal. There is some probability of phonons transmitting
through the silicon-tungsten interface and being absorbed in the W electron system.
Phonons that fail to be absorbed into the W electron system on their first attempt will
either be absorbed on a subsequent attempt or eventually escape to the environment.

When absorbed, the temperature of the TES increases.

2.4 Position Measurements

2.4.1 1-d Position Measurements

Measuring where the X-ray initially was absorbed in the crystal can be made by
placing more than one TES on the crystal surface and analyzing how the detected
energy is partitioned between the TESs.

Figure 2.4 shows a simplest case, in which we place two TESs on the surface and
can resolve the incident X-ray position in one dimension.

Figure 2.5 shows a slightly more complicated extension of the previous design,
in which the blue (yellow) TESs are wired in parallel and hence function as a single
TES. This scheme allows the detector’s position response to be linearized. Also, by
spreading the TESs across the surface, they more readily absorb phonon energy, thus
decreasing the energy that escapes to the environment and reducing the dead-time in
the detector.

2.4.2 1-d Position Measurement Linearization

It is important that the detector’s position response is single valued if it is to be used
for imaging. Fortunately, the detector’s position measurement can be linearized, or at
least made close to linear. To demonstrate this effect, I used some simple simulations

in which the phonons are generated and bounce around in a box that was 1 mm deep,
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Silicon Substrate *

Figure 2.4: 1-d resolving detector. The position of the absorbed X-ray can be deter-
mined by analyzing how the detected energy is partitioned between the left and right
TESs.

1 [ 1 [ [

Figure 2.5: 1-d resolving detector. The position of the absorbed X-ray can be de-
termined by analyzing how the detected energy is partitioned between the left and
right TESs. The TES sizes can be adjusted to linearize the detector’s position re-
sponse. Additionally, spreading the TES across the surface improves the phonon-TES
coupling.
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4 mm wide and 0.2 mm tall. The phonons start on the bottom surface of the box,
but their z and y position is randomized. The top surface of the box has 25% TES
coverage and 9.25% aluminum wire coverage. The probability of being absorbed into
a TES is Py_rgs = 0.3. The probability of being absorbed into the aluminum wire
is Py_a = 0.3 and represents an energy loss mechanism. Phonons that were not
absorbed either reflected off of the metal-deposited surface or scattered isotropically
off of non-metal surfaces. For each X-ray event, 3000 phonons are generated at some
random (z,, y,); where n refers to the particular X-ray event. Each of these phonons
is given an initial, random, isotropically distributed wave vector ?2 They then
propagate as described above. Both the initial X-ray position and the position of the
phonons absorbed in the TESs are recorded. Two thousand initial X-ray positions
(@, yn) are used.

The metal surface is parsed into four sections: the left-outer (green), left-inner
(yellow), right-inner (blue) and right-outer section (red) (see Figure 2.6). Position
can be determined by subtracting the energy collected in the left outer section from
that collected in the right outer section (see Figure 2.7). Alternatively, the inner
sections could be used (see Figure 2.8).

The position response can be linearized in a least-squares sense by a relatively
simple process. We let d;, be the outer-difference values (see Figure 2.7) and ds,,
be the inner-difference values (see Figure 2.8). x,, is the horizontal component of the
start position as stated before. It is trivial to set up Equation 2.2 and solve for the

a; (the a; are defined indirectly through Equations 2.3 and 2.4).

d1,1 d2,1 Ty
d1,2 d2,2 T2
o
diz dags ( ! > = T3 (2.2)
. . Qo .
din don TN

The «; are then normalized so that

061:1
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(which represents the outer cell). Next, the TESs in a cell are given area ratios of
areaef; = (a; +1)/2 (2.3)

and
areyight; = (a; —1)/2. (2.4)

The reader will notice that we are computing area ratios for four cells, yet in Equa-
tion 2.2 we only solve for two a’s and hence in Equations 2.3 and 2.4 only supply
two left/right cell ratios. These two cell ratios can be considered appropriate for the
two left most cells; the two rightmost cells are then mirror images of the two leftmost
cells like shown in Figure 2.4.

Using this method for determining the relative TES sizes in each cell, a position
response can be determined for this 1 x 4 detector (see Figure 2.9). The position
response is simply the energy detected in the left cells subtracted from the energy
detected in the right cells.

The linearization can be improved dramatically by increasing the number of cells
from four to eight. In this simulation I used a box that was 8 mm wide, 8 mm deep
and 0.15 mm tall. The surface coverage and absorbtion probabilities were the same
as before. Again I used 2000 randomly generated initial positions, but increased the
amount of phonons to 10,000 for each start event. Solving for the relative sizes of the

TESs in each cell, Equation 2.2 is trivially modified to Equation 2.5.

d1,1 d2,1 d3,1 d4,1 Ty
&3]
dl,z d272 d3,2 d4,2 T2
Qo
dig das dzz dag = | x3 (2.5)
. . . . a3 .
Qy
dl,N dz,N d37N d4,N TN

The process to convert from the «; to the relative TES sizes is the same as de-
scribed after Equation 2.2. The linearization is obviously much improved (see Fig-
ure 2.10). The detector’s position response remains poor however in the outer half

cells. The response can be improved by masking this region and recalculating the
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Figure 2.6: Cartoon of detector geometry used in a simple simulation to show that the
detector’s position response can be linearized. The metal surface is parsed into four
sections: the left-outer (green), left-inner (yellow), right-inner (blue) and right-outer
section (red).

TES size ratios (see Figure 2.11).

2.4.3 2-d Position Measurements

The extension to two dimensions follows naturally. When distributed properly, only
four TESs are required to linearize the detector’s position response in the x and
y direction (see Figure 2.12). As discussed before (see Section 2.4.2) the position
response in the outer half cells is difficult to linearize. This effect is unfortunately
also seen in the 2-d case, but again a mask can be used to block off this region of the

detector.

2.5 Absorber

An absorber is necessary because photons cannot be effectively absorbed into the

tungsten TES. The optical depth scales like

T~ ZP[EZY (24,



CHAPTER 2. BASIC DETECTOR DESIGN CONSIDERATIONS

0.3

0.2}

0.1

0.1}
0.2}

03f

Difference of energies collected in two outer TESs

045 25 3 35 4

05 i is o I
X position of xray event

Figure 2.7: Difference in energy collected between the right-outer and left-outer
TESs.
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Figure 2.8: Difference in energy collected between the right-inner and left-inner
TESs.
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Xray "X" position signal vs. actual xray "X" starting position
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Figure 2.9: Linearized position response using the right-outer, right-inner, left-inner
and left-outer TESs.

where Z is the atomic number and E, is the photon energy. While the high Z suggests
that it would be effective, it is deposited as a thin ~40 nm films and only ~2.5% of
X-rays would be absorbed.

Instead, a thick (~300um) silicon or germanium crystal can be used. X-rays
of energy 2-10 keV are 99% stopped (5 ‘e’ foldings) by 90-700 pum of silicon (see
Figure 2.13). X-rays of the same energy are stopped by 3.6-200 pum of germanium
(see Figure 2.14). The shorter attenuation in germanium should have advantages in
reducing the detector’s position dependence in the direction of absorption.

Bismuth is a popular absorber material. It is generally sandwiched with layers of
high conducting metals such as copper [25]. This setup allows the absorber to rapidly
thermalize before the energy is absorbed and readout by the TESs. For bismuth and
other materials, the absorber’s heat capacity is generally an important consideration.

The lattice heat capacity per volume is given by

T 3
Cu,lattice = 234 (@_> le'b
D
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Xray "X" position signal vs. actual xray "X" starting position
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Figure 2.10: Linearized position response using eight cells.

Xray "X" position signal vs. actual xray "X" starting position
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Figure 2.11: Linearized position response using eight cells but ignoring events in
the outer half cells.
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Figure 2.12: Cartoon of a four-distributed-TES detector. The correct distribution
of TESs will result in a linearized position response. However, linearization is not
possible for events in the outer half cell. The dashed line represents a mask that
would block X-ray events from occurring in the outer half cell.
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Figure 2.13: X-ray attenuation length in silicon. X-rays of energy 2-10 keV are 99%
stopped (5 ‘e’ foldings) by 90-700 um of silicon. The dip at 1.7 eV is due to the
silicon K, and Kz photoelectric K-edge.
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Figure 2.14: X-ray attenuation length in germanium. X-rays of energy 2-10 keV are
99% stopped (5 ‘e’ foldings) by 3.6-200 pm of germanium. The dips at 1.2 eV is due
to the germanium L, and Lg photoelectric K-edge.
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where T' is the temperature, ©p is the Debye temperature, n is the number of atoms
per volume and kj is the Boltzmann constant [7]. T calculate the heat capacity for
silicon, germanium since these are materials that we can fabricate in CIS along with
bismuth. Bismuth, being a metal, also has an electronic heat capacity of
2
Cy,electron = %gnk‘zﬁ

where €7 is the Fermi energy. Quartz is another CIS compatible substrate, but it’s
8.4 eV bandgap makes it less appealing than either silicon or germanium. For two
reasons silicon and germanium are preferable to bismuth. First, as stated before, the
phonons are athermal and therefore its heat capacity is unimportant. While bismuth
is an effective absorber, its large heat capacity makes it impractical for our large

absorber design.

Material Density | Atomic Mass | ©p Cu lattice Cu,electron
(40 mK, (40 mK,

1 mm?) 1 mm?)

g cm ™3 gmol™ | K |keVmK™! | keV mK™!

Silicon 2.33 28.1 | 625 0.26 n/a
Germanium 5.32 72.6 | 360 1.2 n/a
Bismuth 9.8 209 | 120 21 3800

2.6 Energy Systems

The X-rays are absorbed directly into the crystal via the photoelectric effect (see
Figure 2.16). This primary photoelectron’s kinetic energy dominates and is on order
of thousands of electron-volts. This hot electron then scatters off of nearby electrons
producing a cascade of additional electrons. This process proceeds until the electrons’
energies approach that of condensed matter physics which is on order of a few electron-
volts. In this regime it is now appropriate to think of electron-hole pairs. Next,
in a process analogous to Cherenkov radiation, the electrons scatter off of phonons,

shedding phonons which are at or near the Debye frequency. This process is completed
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when the electron-hole pairs have a velocity at or below the velocity of sound in
the crystal, at which point the gap energy dominates. At this point, these gap
energy electron-hole pairs either are trapped on shallow impurity traps or recombine
on surfaces. They generally do not directly recombine since silicon and germanium
are indirect gap semiconductors, making it difficult to satisfy conservation of energy
and momentum in a direct recombination. As the electron-hole pairs recombine on
surfaces, their gap energy is released as phonons. The resulting phonons propagate
quasidiffusively through the crystal due to their high frequency. Eventually they will
either be absorbed by the TES’s electron system or escape to the environment.

Having some of the initial electron-hole energy trapped by charge impurities would
degrade the detector’s energy resolution (see Section 8.1). Fortunately, this effect has
been previously investigated and the traps can be filled by radiation exposure or
LED flashing [21, 26, 27]. These researchers have seen mode-shifts in their detector’s
operation. The so called mode-1 (see Figures 2.17 and 2.18) exists immediately after
cool down. In this mode there are a large number of impurity traps in the crystal.
These traps energies are close to the conduction / valence bands. Therefore energy
is effectively lost when the electron-hole pairs are trapped. Mode-2 exists after some
period of radiation exposure. After some period, the traps are filled by the electron-
hole pairs and unable to further trap charge carriers. It should be noted that the
modes are distinct: as the population of mode-1 decreases, the population of mode-2
increases.

Dougherty noticed that a 4 mmx2 mmx300 pm silicon detector took ~15 hours
to shift from mode-1 to mode-2. Using an 2! Am source he exposed his detector to a
10 s71 event rate. Furthermore, the source was mounted externally to the refrigerator
allowing it to be placed and removed as he liked. Going through the numbers, we
require ~ 20 eV pum~3 exposure to neutralize the detector.

I have a much smaller detector of dimension 500 pmx500 pmx350 pm which will
help neutralization to occur quickly. However I am using a ®Fe source that exposes
the detector to 5.9 keV gamma rays. The two factors (reduced size and reduced
power) conspire to largely cancel out. We would expect a detector made from the

same materials as Dougherty’s but with size and exposure like ours to neutralize in
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roughly half the time ~7-8 hours, if it contained the same amount of impurities. My
setup is slightly different and the source is mounted to the detector for the duration
of the run. Generally speaking, I allow the refrigerator to cool and stabilize overnight.
Therefore, we might expect the detector to be neutralized before we ever operate it.
Additionally, before we fully understood Dougherty’s work, we used an LED flashing
scheme (see Figure 2.15) that applied several orders of magnitude more energy on the
detector and never saw a conclusive mode shift.

Unfortunately, the crystal that Dougherty and I used are not the same. We
used test wafers from CIS that had a resistance of ~10 €2 cm while Dougherty used
higher resistance ~8 k{2 cm crystals. Conductance in a semiconductor is caused by
the motion of free electrons (in n-type crystals) or holes (in p-type crystals). An
increased amount of dopants (or impurities) increases the number of electrons or
holes. Assuming there is no compensation, in which both types of impurities are

increased to reduce the resistance, the Drude model the conductance is given by

where, n is the charge carrier density,

e is the charge quanta,

7 is an effective scattering time and,

m is the charge carrier’s effective mass, which is not necessarily its mass when iso-
lated [6].

While the Drude model is generally not applicable to a semiconductor due to the tem-
perature dependence of charge carriers, we note the effect that charge carrier density
has on conductivity.

If we further assume that the number of charge carriers increases linearly with
the number of dopants then we conclude that the resistance scales like the number
of impurities. An 8 k{2 cm crystal has roughly 10'2 traps cm ™3 trap density and our
10 © cm crystal contains a much higher 10'® traps cm™3 trap density [28]. We are
forced to conclude that the crystal is not neutralized during cool down. Unfortunately,

the details here were not fully understood until recently and it was incorrectly believed
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that the detector was neutralizing during cool down. I did use an LED flashing scheme

to try to neutralize the crystal Its setup and effects will be discussed later.
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Figure 2.15: Single TES detector with LED flashing. This scheme can apply several
orders of magnitude more photon energy than then X-ray source alone. However, the
illumination is inefficient as much of the light is incident on the TES which does not
create electron-hole pairs. When the light is absorbed properly, it must first diffuse
through the bridges into the active part of the detector, slowly neutralizing layers
that approach the thin ~30um region where the X-rays are absorbed.
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Figure 2.16: X-rays are absorbed via the photoelectric effect into the crystals electron
system. They eventually emit phonons which propagate quasidiffusively through
the crystal and are either absorbed by the TES’s electron system or escape to the
environment.
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Figure 2.17: Comparison of mode-shifted-spectra for a silicon phonon detector.
Shown is the spectra obtained initially after cool-down when the detector is in mode-
1. After some sufficient radiation exposure, charge traps are neutralized and the
detector operates in the so called mode-2. Once the traps are filled, the electron-hole
pairs recombine and release their gap energy as phonons, enhancing the detector’s
phonon signal. Figure adapted from references [21] and [26].
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Figure 2.18: Spectra mode shift in time. Shown is the change in the detector’s
phonon signal as a function of ?!Am exposure. The detector shifts from mode-1
(empty traps) to mode-2 (filled traps). The exposure fills charge traps which then
allows electron-hole pairs to recombine releasing their gap energy as phonons. Figure
adapted from references [21] and [26].
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Phonon Simulations

3.1 Introduction

Phonon simulations provide perhaps the most valuable tool for modeling this detector.
Most importantly, the simulations will allow us to determine the effect that phonons
escaping to the environment will have on the energy resolution (see Section 8.2).
They would also allow us to set up a position-linearization scheme as described in
Section 2.4.2.

Originally, the simulations started very simply, essentially modeling billiard balls
bouncing around a box. Soon, they included three different propagation modes (lon-
gitudinal, slow transverse and fast transverse), anisotropic group velocities, isotope
scattering, an isotropic approximation to anharmonic decay, more complex physical
modeling of the detector, frequency dependent absorption into the TES and, electron-
hole diffusion before the actual phonon propagation. I will now provide an explanation
of each component. Numerical constants for the simulation are not listed individually,

but rather are given in Table 3.1.

3.2 Simple Modeling

Initial modeling was quite simple and was previously discussed in Section 2.4.2. An-

other version of modeling included sides of the boxes representing the environment,

37



CHAPTER 3. PHONON SIMULATIONS 38

Figure 3.1: Cartoon of detector geometry used in a simple simulation. The metal
surface (the top face) is colored red.

where phonons can be lost with some probability Py_.environment ~ 0.1. Phonons
that were not absorbed were either reflected off of the metal surface or scattered

isotropically off of non-metal surfaces.

3.3 Electron-Hole Diffusion

The simulation starts by spatially distributing the initial X-ray energy, which is done
through a computational trick. I model the initial electron-hole energy as phonons
of appropriate (large) energy. In one simulation version, they diffuse isotropically ~
200 pm [21] with ~ 10 pm step sizes. In another version, they ballistically propagate
isotropically until they are stopped by a wall. After this process, the simulation
starts with very high energy phonons. To ensure they down convert below the Debye
frequency before being absorbed in the TESs (as some of the charge carriers would
have stopped on the metal surfaces), the TES absorption probability is set to zero
above the Debye frequency (see Figure 3.10). I refer to this technique as a “trick” since
the nature of the energy carriers is really the same in the simulation, I just change
their isotope scattering and decay times to infinity and the propagation dynamics
are isotropic. Nowhere in the simulation do I consider electrical interactions. The

parameters are changed when the energy carriers are switched to phonons as discussed
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before.

3.4 Slowness Surfaces / Phase Velocities and Po-

larization Vectors

The so called slowness surfaces represent the direction dependent phonon phase ve-

locity 4, = v;,(0, ¢) . In general they are given by the eigenvalue Equation 3.1.

pw2eu = Z (Z c,wwkoknu> €r, (3.1)

T \ov
where p is the crystal’s mass density,
w is the phonon frequency,
€, is a component of the polarization vector e,
Cuovr 1s the elastic constant tensor and,
k, is a component of the phase velocity vector k [6].
In a cubic crystal the elastic constants are reduced to Cg = caaps Which simplifies

Equation 3.1 significantly [6]. We are left solving matrix 3.2 for its eigenvectors and

eigenvalues.
Ciikoky + Cua(kyky + koK) (Cia + Cua)kyky
(012 + C44)k$]€y C’44(k3$]€z + kzkz) + Ollkyky
(Cha + Cug)kik, (Cha + Cua)kyk,
(012 + 044)kxkz
(012 + C44)kykz (32>

Cua(kyky + kyky) + Crik k.

The eigenvectors represent the three polarization vector directions and the three
eigenvalues equal pw? for the longitudinal, slow-transverse and fast-transverse modes.
The anisotropy in the cubic silicon crystal leads to the slowness surfaces being non-

spherical (see Figure 3.2). The slowness surfaces are used to determine both the group
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velocities (Section 3.5) and also the isotope scattering rates.

3.5 Group Velocities

Phonon group velocities are found by solving

ow(0,
5,(0,6) = %

The slight lack of sphericity in the slowness surfaces (see Figure 3.2) has a very
dramatic effect on the transverse phonon group velocities [29, 30, 31, 32] (see Fig-
ure 3.3). The longitudinal phonon’s group velocity is only mildly affected. Energy
is focused in the direction of heavy banding and leads to the term “phonon focus-
ing”. The distance from the origin represents the speed that phonon energy is carried
through the crystal.

The point density in the plots is misleading as the three modes are shown to be
equally populated. Isotope scattering (see Section 3.6) leads to the phonon modes
being populated as follows: slow-transverse (55%), fast-transverse (35%) and longi-
tudinal (10%).

3.6 Anisotropic Isotope Scattering

Phonons scatter off mass defects in the crystal (see Figure 3.4). Additionally, they

can change modes. The bulk scattering rate is given by
I'; = Bv[s?],

where v is the phonon frequency and B is a scattering rate constant [30, 32, 33, 34, 35]

(see Section 3.1). The scattering rate for individual phonons is given by
e’
vy

)
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Figure 3.2: Slowness surfaces in silicon. These are found by solving for the eigenvalues
in Equation 3.1. The distance from the origin represents the phase velocity speed (in
m/s). Silicon’s cubic crystal geometry leads to them being non-spherical. The first
three plots are views from the north pole. The fourth view containing all three
surfaces is offset from the north pole. In the plots all modes are equally populated,
which does not reflect the actual mode populations.
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Slow transverse (~55%) phonon focusing. Fast transverse (~35%) phonon focusing.
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Figure 3.3: Group velocities in silicon. The slight lack of sphericity in the slowness
surfaces (see Sigure 3.2) has a very dramatic effect on the transverse phonon group
velocities. The longitudinal phonon group velocity is only mildly impacted. Energy
is focused in the direction of heavy banding and leads to the term “phonon focusing”.
The distance from the origin represents the speed that phonon energy is carried
through the crystal (in m/s). In the plots all modes are equally populated, which
does not reflect the actual mode populations.
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Figure 3.4: Phonons isotope scatter off mass defects in the crystal. Equation 3.6 gives
the individual phonon scatter rates. vy is the group velocity and € is the polarization
vector.

where v is the phonon frequency in Hz, € is the polarization vector, A\ represents the
initial phonon and X' represents the outgoing phonon [32, 35]. It is the dot product
in Equation 3.6 which allows mode mixing and the denominator which ensures the
correct populations in the ratios slow-transverse (55%), fast-transverse (35%) and
longitudinal (10%). After the initial anharmonic decay has settled down, isotope
scattering dominates.

This process is unfortunately computationally expensive. In the future, if sim-
ulations need to be sped up, one could consider isotropic scattering for individual

phonons.

3.7 Anharmonic Decay

3.7.1 General Case

Nonlinear terms in the elastic coupling constants cause a longitudinal phonon to down
convert to two lower energy phonons (see Figure 3.5). The bulk decay rate is given
by

[y = AV[sY,

where v is the phonon frequency and A is a decay rate constant [32, 33, 34, 35| (see
Section 3.1). The decay rate for transverse phonons is negligible [36]. The three body
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Figure 3.5: Longitudinal phonons decay due to nonlinear terms in the elastic coupling
constants. vy is the group velocity and € is the polarization vector.

problem requires that both energy and momentum are conserved. These conditions

make an exact solution computationally prohibitive for large amounts of phonons.

3.7.2 Isotropic Approximation

To allow computations to proceed in a finite time, an exact solution to anharmonic
decay was abandoned and an isotropic approximation is used. The energy distribution
calculations are still difficult but fortunately have already been carried out [37, 38].
Once the energies have been determined, calculating the resultant scattering angles
based on energy and momentum conservation is fairly straight forward. The L —

L' + T’ energy distribution is given by

PL—»L’—}—T’ ~ % (1 — 1'2)2 [(1 + 37)2 - 52(1 — ZL')Q} [1 + .’L’Q — 52(1 — I’)2}2,
where © = F, /Ep,
0 = and,

6—1
m<$<1.
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This approximation results in the outgoing phonons having an angular displace-

ment from the initial phonon given by

1+ 22 —6%(1—x)?
21 ’

cos(0p/) =

1— 2%+ %1 — x)?
26(1 —x)

cos(Or/) =

The L — T' + T energy distribution is given

_ 52 2
rbqﬁg«wA+w%x—Bﬁf+.cﬂa_xy__ﬁz(x_g_l 5)],

Eqy
EL >’

where . = §

—_—

vy
6—1 6+1
ol cp <l

A=3(1=3)B+ X+ (1+) (v +p),
B =034+ X+20*(y + u),
C=0+A+2(y+ p) and,
D= (1-06%)(28+4y+ X+ 3u).
This approximation results in the outgoing phonons having an angular displace-

ment from the initial phonon given by Equations 3.3 and 3.4.

1— 6%(1 — 2)% + %2

552 , (3.3)

cos(0g) =

1— 0%z + 6%(1 — x)?

20(1 —x) (3:4)

cos(Ogy) =

Where I make the trivial substitution £ — 1 — x for the second phonon.
With these closed-form energy densities and scattering angles, plots can be gen-

erated to aid understanding of these events (see Figures 3.6, 3.7, 3.8 and 3.9).
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Figure 3.6: Resultant energies in longitudinal phonon decay in silicon. The two
branches L. — L+ T and L — T + T are shown.
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Figure 3.7: Resultant angles in longitudinal phonon decay in silicon. The two
branches L. — L+ T and L — T+ T are shown.



CHAPTER 3. PHONON SIMULATIONS

1.4 .
—Lo>L+T
1.2+ 8
L>L+T
= 1r —L->T+TH
7]
c
8 0.8} 1
i
S 0.6} .
o]
S
o 0.4r .
0.2} 8
0 1 I 1 1
0 0.2 0.4 0.6 0.8 1
E TE. ..
final initial

Figure 3.8: Resultant energies in longitudinal phonon decay in germanium. The
two branches . — L +T and L — T + T are shown.
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Figure 3.9: Resultant angles in longitudinal phonon decay in germanium. The
two branches . — L +T and L — T +T" are shown.
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3.8 TES Absorption Probability

Absorption of silicon phonons into the tungsten electron system is a two step process
first involving transmission of phonons through the silicon-tungsten interface and then

absorption of tungsten phonons into the tungsten electron system.

3.8.1 Tungsten Phonon to Tungsten Electron Transmission

Calculating the probability of phonons being absorbed in the tungsten electron system
(C gy —e—) is aided by knowledge of the bulk energy transport

Pe*—>substrat6 = E( gectron - s%bstrate)’ (35>

where 3 and n are constants. We operate in an electron-phonon decoupled regime [11],
where n = 5.

In Equation 3.5 we consider the second term which goes like Tg . We know that
individual phonons have energy Ey = Cy(T)T, where Cy(T) ~ Tj. The power then
goes like energy per phonon (E,) times a rate (I'y_.-). This scaling will satisfy the
macroscopic power if the rate goes like I'y .- ~ Ty (see Figure 3.10).

As an exercise, we can consider the first term, which represents energy transport
from the electron system to the phonon system. In this case, Co-(T) ~ T.-. It is
simple enough to see that I'.-_,, ~ Te3,. The rates are then balanced when Ty = T, -.
These results can also be found in the literature [39)].

Furthermore, the distance that the phonon travels in the tungsten d ~ 1/ cos() is
also considered as phonons that spend more time in the TES should have an increased
likelihood of being absorbed.

3.8.2 Silicon Phonon to Tungsten Phonon Transmission

Transmission of phonons between the silicon-tungsten interface is complicated by
acoustic mismatch of the two mediums. A decent approximation could be made

by including a linearly decreasing absorption probability. This approximation would
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Figure 3.10: TES absorption probability density Py_,.- for phonons that are normally
incident on the TES. There is a linearly increasing probability density at low frequen-
cies, which represents the rate of transmitting tungsten phonons into the tungsten
electron system. I approximate acoustic mismatch by the maximum allowed proba-
bility (here shown to be 0.7). Also, the probability is zero above the Debye frequency
as these phonons shouldn’t even exist.

include two free parameters. To simplify fitting, I introduced only one free parameter,

a maximum value for the absorption probability P,,.. (see Figure 3.10).

3.8.3 Absorbtion Fits

In addition to the TES absorption slope and TES absorption maximum (see Fig-
ure 3.10), I introduced a frequency independent absorption into the walls. It is physi-
cally motivated by possible down conversion at the walls; the subsequent lower energy
phonons would be less likely to absorb into the TESs, and more likely to escape into
the environment. So, this loss is a shortcut step. I will allow this probability to go
to zero if that fit is better.

I will try to fit these three parameters using three different detector geometries.

Two of the geometries are a single-pixels (see Figure 3.13) detector with 220 and
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315 pm deep trenches, the third is a four-pixel detector (see Figure 3.14) with 220 pm
deep trenches. For all detectors, the crystal is 350 pum thick. For the single-pixel
devices there is a single 500 x 500 pm metal surface. For the four-pixel devices
there are four 300 x 300 pum metal surfaces. The four pixels are separated by 50 um
trenches.

With the single-pixel devices, we can consider energy partitioning between the
left and right TESs as X-rays are incident at various spots across the crystal surface.
Partitioning is defined as E,ign/(Eiest + Erigne) for X-ray events incident as far to
the right on the detector before wrapping occurs (see Figure 5.17 to see this effect).
Alternatively we could have defined partitioning for X-rays incident on the left side
of the detector.

For the four-pixel devices we can consider the total energy absorbed when the
X-ray is absorbed in the central trench region between all four of the pixels. Also we
can consider energy partitioning and total energy collection when the X-ray hits one
of the pixels.

Found from experiment, the 220 um single-pixel partitioning and total energy are
Pyog =0.65 and Eayg =49%. The 315 pm single-pixel partitioning and total energy
are P35 =0.84 and E315 =73%.

The four-pixel absorption when the events are absorbed in the center of the cross
is 1 keV (see Figure 3.11) in one of the four pixels. When absorbed in a one of the
four pixels the energies are partitioned 2280, 490 and 235 eV (see Figure 3.12) in the
TES above the absorption pixel, each of the TESs adjacent to the absorption pixel
and diagonal to the absorption pixel.

The fit parameters would be adjusted by hand and simulation rerun. I satisfied
enough to stop when Psyq =0.72, Eyg =51%, P15 =0.79, E315 =80%, the four-pixel
center absorption was 710 eV per pixel and the four-pixel, pixel hit absorptions were
2263, 411 and 185 eV.

The simulation parameters that produced these results follow. The TES absorp-
tion probability was P,_rgs = 10.0 x v/ cos(¢), where v is the phonon frequency in
THz and ¢ is the phonon incident angle. The maximum absorption probability was

P,... = 1.0 and the wall loss was P,,.s = 0.01. This fit is sufficient to understand the
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Figure 3.11: 4 pixel energy partitioning for center hits. Shown is the energy absorbed
in each pixel as seen in experiment.

effects of phonon fluctuations on energy resolution.

3.9 Detector (Geometry

During the course of this thesis, the detector geometry used in the simulation has
evolved beyond the simple geometry discussed in Section 3.2. The detector can now
be represented by any number of surfaces that are aligned parallel to the z —y, y — 2
or, z — z planes (see Figures 3.13 and 3.14). While any surface can have a variety
a characteristics the following are generally true: 1) The outer (front, back, left and
right) walls represent the environment where phonons can be lost. 2) Other green
walls represent the crystal boundary where phonons are scattered according to Lam-
bert’s rule P ~ cos(f). 3) The red surfaces represent TESs into which phonons are
absorbed or reflect with angle 0fina = initiar- Modeling the detector geometry with
even a modest amount of surfaces (~ 50) is computationally expensive. If simula-

tions need to be sped up, one could consider a simpler geometry with macroscopic
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Figure 3.12: 4 pixel energy partitioning for pixel hits. Shown is the energy absorbed
in each pixel as seen in experiment.

parameters controlling absorption into and scattering off of the connecting bridges.

3.10 Time Steps

It would be grossly inefficient to run all phonons with the same time step. Therefore
we generate scattering times according to the distributions in Sections 3.6 and 3.7.
Since the scattering and decay probabilities go like P ~ exp(—t/7). We can follow the
procedure y(x) = F~1(x) where x is a uniform distributed random number and F~*
is the inverse of F' = [ P(t)dt [40]. The result is the randomly generated scattering
time and is given by

scatter = —ln(x)/f‘.

Of course this scattering time has to be compared with the time that the phonon will
take to interact with a surface and the event that occurs soonest will be chosen for

each individual phonon. If it is determined to be a scattering or decay then it must
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Figure 3.13: Single-pixel simulated detector geometry. The axes are not equal; this
view in which the z-axis is stretched is an aid in seeing the detector features. The
green walls scatter phonons. The outer walls represent the environment into which
phonons are lost. The red surfaces represent TESs into which phonons are either
absorbed or reflect. Absorption position is recorded and in analysis the red surface
can be parsed into however many individual TESs that we desire (usually four in this
case). Notice also the trenches which help to confine phonons to an area where they
can be absorbed by the TESs.
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Figure 3.14: Four-pixel simulated detector geometry. The axes are not equal; this
view in which the z-axis is stretched is an aid in seeing the detector features. The
green walls scatter phonons. The outer walls represent the environment into which
phonons are lost. The red surfaces represent TESs into which phonons are either
absorbed or reflect. Absorption position is recorded and in analysis the red surface
can be parsed into however many individual TESs that we desire (usually one in this
case). Notice also the trenches which help to confine phonons to an area where they
can be absorbed by the TESs.
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Table 3.1: Numerical Constants for Phonon Simulations

Parameter Descrip- | Symbol | Units Silicon Germanium | Reference
tion
Isotope Scatter Rate | (B) s3] | 243 x 107 | 3.67 x 10~ 37]
Anharmonic  Decay | (A) s?] 741 x 107°° | 6.43 x 107 [37]
Rate
Longitudinal (vr) [m/s] 9000 5310 [37]
Velocity
Transverse Velocity (vy) [m/s] 5400 3250 [37]
Decay Rate Constant (8) -0.429 -0.732 [37]
Decay Rate Constant () -0.945 -0.708 [37]
Decay Rate Constant (A) 0.524 0.376 [37]
Decay Rate Constant (v) 0.680 0.561 [37]
Density (p) | [g/cm?] 2.33 5.32 37]
Decaying Ratio 0.204 0.260 [37]
L—L+T
All Longitudinal Decays
Lattice Constant (Ch1) 1.66 1.29 7]
Lattice Constant (Ch2) 0.64 0.48 7]
Lattice Constant (Cua) 0.80 0.67 7]
Debye Frequency (vp) [1/s] 1.5 x 10" | 0.864 x 10" 7]
Electron-Hole [eV] 1.17 0.75 7]
Energy
Mean Electron-Hole [eV] 3.81 2.96 4]
Creation Energy

be determined which event occurs based on their relative, frequency dependent rates.

3.11 Numerical Constants for Phonon Simulations

Table 3.11 lists numerous constants that are used in the phonon simulations. They
define the propagation dynamics, scattering and decay rates and energy carrier statis-

tics.
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Transition Edge Sensor Simulations

4.1 Introduction

Compared to the phonon simulations, the TES simulations are a bit simpler; most
of the physical processes that make up the simulation are likely to be more obvious
to the reader. There are, however, tricky numerical issues in solving for the TES
voltages. A description of the process follows, and a flowchart (see Figure 4.1) helps
in understanding it.

First, the biasing conditions have to be determined. When the TES is run as
an X-ray detector the bias voltage is held constant. However, so called Ibls (bias
current vs. sensor current) characterization plots are often studied in which the
bias current is swept through a range of values. The biasing circuitry and TES
resistance R = R(T, I), where T is temperature and [ is current across some physical
extent are modeled. The TES electron temperature is affected by three processes: 1)
Joule heating warms the TES; 2) Conduction into the substrate cools it; 3) Diffusion
through the TES spreads heat. It is of course the goal to run the simulation quickly

and accurately.

26
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N

Determine bias
voltage

N

Find TES voltage
assuming Vpjgs = 1

Find current through
TES and all other
circuit elements

Correct TES voltage
bias and find voltage
and currents

I=(Im+ In1)/ 2}—

Determine net power
and temperature

Simulation
done

Rn = ((&-1)Rn-1 + R(T)]) ) / E}—

Figure 4.1: TES simulation flowchart.
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4.2 Electrical Circuit Modeling

Modeling of the TES and biasing circuitry (see Figure 4.2) is complicated by our
desire to be able to create so called Ibls curves in which the bias voltage (Vi) is
swept from zero to some large value and back to zero again. This difficulty comes
about from the resistance’s current dependence and also due to the sharp change in
current that occurs during the transition from superconducting to ohmic states.
The TES itself is modeled using a finite element approximation (see Figure 4.3).
Generally, the TES is modeled with a few hundred nodes; that is, the TES is broken
up into a few hundred individual resistors. The functional form of the resistance at

each node is given by

Rimaz — Roni T, =T (11"  Rumas + R
—_ max min t h ,] C ,] max min
e [ (1) e

where R,,,, is the TES’s resistance in the normal state,

Rnin is the superconducting resistance (numerically it is best to not set Ry, to zero
but rather some small value ~ 1078Q),

T, is the midpoint temperature of the superconducting transition,

T, is the temperature width of the superconducting transition,

I, is a current-weight,

and ng. ~ 2/3 is motivated by [8, 41].

To first determine the TES resistance at step n we let

(C - 1)Rn—1 + R(Tv ])

R, =
G

where ( is a stabilization constant whose value ~ 5 is found by trial and error. Picking
a large value makes current transitions numerically stable, but requires slower step
sizes dt to retain accuracy.

Next, we solve for the voltages at each TES node (to be discussed below) and
determine the resulting voltages and currents. We also model the inductor as dis-
cussed below. It is likely that the currents that we solve for differ from those that

we originally used to compute R = R(T,I). I keep evaluating R,,(T, I,,), V and [
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letting
[mfl + [m72

I, =
2

until
|[m - m71| < n[mfl

where 77 ~ 1073 is satisfied for all nodes, ensuring a self consistent answer. I have
enumerated the individual steps m here to prevent confusing them with the steps n

that involve simulation time steps dt (again, see Figure 4.1).
The rest of the circuit, including the inductor, is modeled by finding the macro-

scopic current through the TES [I,,. A simple circuit analysis reveals that it is given

by
%iasRshunt LIn—l
] _ Rbias+Rshunt dt
™ RpiasRshu L
Rbf;::- R:;L::n + Ripue + Rparasitic + at

4.2.1 TES Voltage Modeling

In the simulation, temperature, and therefore resistance, is modeled at each node.
However for the purpose of modeling the electrical circuit the interconnects need to
have a resistance which is given by averaging the resistance of the two nodes that
they connect.

We will now set up the system of equations GV = B where G is a sparse, square
matrix of size mn. 1 will explain the process for creating the matrix G and the vector
B. We then solve for V.

Nodes either are voltage biased / grounded or are not. Those that are not biased
or grounded impose current conservation requirements. In general, from Kirchhoft’s

current law, the equation to be satisfied for nodes that have four adjacent nodes is

‘/Zeft_v_i_M"ight_v_{_‘/top_v_i_‘/bottom_v

= 0.
Rleft Rright Rtop Rbottom

Nodes without four adjacent nodes will result in the appropriate terms being removed,
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for example a node with a top, left and right neighbors is given by

0.

Vieft_v_i_‘/right_v_i_%op_v _
Rleft Rright Rtop

The result on the G matrix is straightforward. The diagonal elements are given by

1 1 1 1
Rleft

Gii = - - .
Rri ght Rtop Rbottom

The non-diagonal elements that couple adjacent nodes are given by

1

Gterms which couple adjacent nodes — R .
adjacent

Nodes that have their voltage fixed either through voltage biasing or grounding
satisfy the equation V' = Vj;,s. They are given the coupling terms

the other terms in the row are

where j # 1.
By now it is should be obvious how to set up B and complete Kirchhoff’s current

law. For the rows in G that describe current conservation,
B; =0.
Whereas the rows in G that describe voltage biasing,
Bi = Vhias-

We can then solve

V =G !B,

to find the voltages at all TES nodes.
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SQUID
Input
Coil
Bias
Resistor Shunt
Resistor -
Parasitic
. Resistance
Bias
Voltage
TES

iR

Figure 4.2: TES simulation biasing circuitry. Modeling accurately reflects the real
biasing circuitry shown in Figure 2.3.

Figure 4.3: TES resistor interconnects as modeled using a finite element approxima-
tion.
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4.3 Thermal Processes

After determining the voltages at each node, Joule heating is calculated by
V2

PJ - E

Power into the substrate is given by

PS =—X (TYCLES - Tststrate) :

Thermal diffusion is a little more complicated to implement numerically but its

physical process is given by

oT
o= DAT,
where -
ANT =V - VT = — + —
V.-V 92 + B

and D is given by K/Cy where K is the thermal conductivity and Cy is the heat
capacity per unit volume [6].
For non-boundary nodes, AT can be approximated by considering the midpoint

and two adjoining points. To see this let us first consider just one dimension, specif-

2 . . . .
9T First we compute 2L. In the discrete approximation we can
ox oz

consider some point T; and either its right neighbor or left neighbor T;,, or T;_ 4,

ically the term

where ¢ represents the position of some node in the = direction. We obtain either

T To — T
R— H —_—
ox ox

right

or
or I —Tiy

o

left
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where — denotes the move from continuous to discrete space. Next we compute

or 9T

o0 0T Bz |right Ox2
_——
Oxr Ox ox

left

i 2T+ T

o (4.1)

Boundary nodes are computed differently. To conserve energy we impose the

Neumann boundary condition
VT|bounda'ry =0.
Making the discrete approximation is simple, we compute
T,—T, =0 (4.2)

for boundary nodes.

T will be the temperature matrix of size n x m where n and m represents the nodes
in the y and x directions respectively. It would be nice to convert the following pro-
cedures for computing AT into a matrix operation which considering Equations 4.1
and 4.2 is fortunately is quite simple. The matrices A, and Ay (see Equation 4.3),

of sizes m x m and n x n respectively, allow finite calculations of AT. Specifically,

T  TA,

—_— =

0z?  (dz)?
and .

0*T AT
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where Am and Ay both have the form

-1 1 0 0 0
1 -2 0
0 1 -2 1 0
(4.3)
0 0 0 1 -2 1
0 0 1 -1

The reader is encouraged to verify that this is equivalent to Equations 4.1 and 4.2
and that the signs are correct for the boundary nodes to ensure heat moves from hot
to cold nodes.

The diffusion algorithm is then given by

022 " (by)?

Typ =Ty + D ot (TA” AyT)

The algorithm should be stable as long as

(0x)?
ot < 5D

is satisfied [42] but I find in practice that a slightly smaller value of dt guarantees
convergence. The reader is again advised to experiment a little and ensure that the

convergence is accurate.
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1-d Detector

5.1 Introduction

Experimental work on this project began with a simple detector that could resolve
position in one direction. This setup allowed simple position cuts to be performed.
All devices were run in a commercially available dilution refrigerator, a Kelvinox-
15 (KO-15) made by Oxford Instruments. The KO-15’s ~37 mK base temperature
can be held stable for ~2-3 weeks with the help of an Linear Resistance LR-130
temperature controller.

The detector is mounted as usual on a G-10 board with a collimator and an **Fe
gamma source (see Figure 5.1). This setup is then connected to the KO-15’s mixing
chamber and the LED is added (see Figure 5.2). The pictures shown are for a 2-d

device, but the setup is similar to that used for the 1-d device.

5.2 Corner Biased Detector

The first detector that I (ever) ran was in pretty bad shape as the biasing leads were
broken. So, I ran wirebonds to the corners of the TES in order to bias the device
(see Figure 5.3). This biasing method has the ill effect of causing inherent phase
separation in the device as huge current densities are located near the wirebonds

causing this region to be hot. Further away, the current densities are lower and the
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Figure 5.1: 2x2 TES detector picture. The four TESs are barely resolvable (but not
distinguishable) half way between the wirebonds and crystal edge. Also shown are
gold “fingers” to improve thermal coupling to the mixing chamber. And finally the
%Fe source is the circular, bright object protruding from behind the detector.
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Figure 5.2: 2x2 TES detector on mixing chamber sample stage picture. The mixing
chamber is shown on the left. The detector’s G-10 mounting frame is in the center.
The X-ray source is the object stamped with “117” on the right. Also shown (but
likely not obvious to the reader) is the LED which is grounded by the screw on the
left side of the mixing chamber. It is grounded by the screw in the left side of the
mixing chamber. Also shown is wire wrapping around the mixing chamber and source
to improve thermal coupling.
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Figure 5.3: Corner biased TES. The photolithographically patterned leads were bro-
ken so I wire-bonded directly to the device to bias it. The random white dots are
dust that rained down when new air conditioning ducts were installed in the lab.

device is superconducting. The device still had a narrow 1 mK transition width at
78 mK (see Figure 5.4). The narrow width conveys that the TESs are “healthy”;
perhaps current is quickly making its way along the aluminum (which superconduct
at 1 K) biasing rails and spread more uniformly than I just suggested. Regardless, it
would have been better to run devices that were not so badly damaged.

As bad as this detector sounds it is almost amazing that we obtained modest
results. The total energy is partitioned between the two TESs (see Figure 5.5). The
TES gains are adjusted so that the lines are on a 45° line. The events are then binned
according to energy and a histogram is produced. The K, and Kz lines are resolvable
and a ~300 eV at 5.9 keV is determined (see Figure 5.6).
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TES Resistance vs. Temperature
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Figure 5.4: Corner biased TES resistance vs. temperature shown for one of the TESs
in the device. The temperature is varied by changing the current density. The device
shows a nice 1 mK transition width at 78 mK.
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Figure 5.5: Energy partitioning plot. The total collected energy is partitioned between
the two TESs. The TES gains are adjusted so that the lines are on a 45° line. However,
the overall 49% energy collection is not adjusted in this plot. Here the K, and Kz
lines are clearly resolvable.
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Figure 5.6: Energy histogram. The events are binned according to energy. The K,
and Kjg lines are resolvable and a ~300 eV FWHM at 5.9 keV is determined.
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Aluminum electrical leads
Tungsten TESs and bonding pads

i

f
SN/
Silicon substrate Phonon containing cuts

Figure 5.7: 1x2 TES cartoon. X-rays are absorbed on the “backside” of the detector
via the photoelectric effect. These either recombine producing phonons which prop-
agate to the TESs or are absorbed on the crystal surface. The trenches keep the
phonons in a region where they can be absorbed by the TESs. The two TESs allow
position cuts and corrections to be made in the resolvable direction.

5.3 Regularly Biased Detector

The next step is obviously to make detectors that can be biased along uniform rails
on opposite sides of the TES. Additionally, we can include trenches in the backside of
the detector which will help confine phonons to a region where they can be absorbed
by the TESs. The TES in this detector each have dimensions 250 pmx500 pym and
are ~40 nm thick. The backside has ~50 pm wide and ~220 pum deep trenches
surrounding the active TES region, and the crystal is ~350 pm thick.
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Figure 5.8: 1x2 TES picture. Shown are the two TESs and biasing leads. The wire-
bonding pads are not shown. The TESs have dimension 250 pmx500 um and are
~40 nm thick. The silicon crystal is ~250 pm thick.
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Figure 5.9: 1x2 TES backside trenches. The trenches are ~50 pm wide and ~220 pym
deep. They help to confine the phonons to a region where they will interact with
the TESs. The diamond shapes where the horizontal and vertical trenches intersect
results from a few micron increase in etching in this region.
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5.3.1 Actual Noise

A Noise Equivalent Current (NEC) spectrum can be determined by triggering the
DAQ with a function generator and removing any X-ray events that slip in (see
Figures 5.10 and 5.11). We find, like other groups, that there is excess noise that
is identifiable as increased Johnson noise (see Figures 5.12 and 5.13) [16]. There is
still however a bump at ~180 kHz and ~110 kHz that is not explained by the model.
Recent work in the CDMS collaboration has attributed this bump to a resonance in
the SQUID [43, 44]. The NEC can then be integrated I,se = [ NEC?df to find
a characteristic value of current noise that spoils X-ray traces. Given knowledge of
the TES’s resistance, it is then trivial to determine the uncertainty in the FWHM.
The individual channel contributions are ~22 eV and ~35 eV. A total contribution
between the two channels of ~42 eV to the FWHM is estimated.

The traces used to produce the noise spectrum can be analyzed just like X-ray
pulses can and we can directly find this static-noise contribution to the FWHM (see
Figure 5.14). An ~42 eV contribution is found. This contribution is slightly different
than the previous analysis. In the previous analysis, the entire noise pulse is used
for baseline subtraction, hence the zero-frequency Fourier component is set to zero.
Obviously this technique is not reasonable when analyzing X-ray pulses. Instead, the
DAQ pretrigger is set such that the first ~18% of trace is before the X-ray event.
Also, in the first method the frequency components are considered to be independent
both within each channel and between channels. Of course, this assumption is not
necessarily justified and certain frequencies could be canceling out between the two

channels.

5.3.2 Theoretical Noise

The theoretical noise spectrum in the extreme electrothermal feedback limit is given
by [22].

(AL (W)[*) = (|ALm(@)[*) + (| ALan(w)[*)
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where the thermal noise is given by

Py (w)? 1
2
Vz2 1+ wQTeff

([ALn(W)]*) =

and the detector noise is given by,

2
TG 2.2
Vin(w)? <—apj) Wy

Aly, 2\ —
<| an ()| > (R+wlL)? 1+w27'3ff

The effective recovery time constant is

TG
Teff = To—0-
If aP
The non-ETF recovery time constant is
7, = C/G,

where C' is the TES’s heat capacity.

The steepness of the transition is characterized by the dimensionless quantity

 TdR
T RaT

The thermal conductivity between the TES’s electron and phonon systems is

G=KnT" .
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(5.1)

(5.2)

The TESs resistance is known along with the shunt resistor and bias current

values, from which we can solve for the voltage drop across the TES,

RrEs
VTES = IbiasRshunt-
RTES + Rshunt

The Joule power is
Rres



CHAPTER 5.

1-D DETECTOR

Table 5.1: Numerical Constants for 1x2 TES Noise

Noise Fit Parameters

Fixed Variables

Tpias [pAmps] 152 150
Rshunt [mQ] 5 5
Ly [nH] 250 250
Adjustable Variables

Heat capacity [J/K] || 1.4 x 10713 | 1.4 x 10713
Conductivity [W/K] | 1.2 x 1071 | 1.2 x 10710
a 530 530
Resistance [Q] 0.19 0.24
Tbath [mK] 60 60
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The Joule power also allows us to solve for K
]Dj = K(Tgectron - T;honon>'
The voltage across the TES is

V = /PR

The thermal noise power is given by

Ptn = \/2kb<Te2lectron + T;?homm)G‘
The TES’s voltage noise (Johnson noise) is given by

Vin = V4R R.

If using SI units, the result ({|ALy(w)[2))"? will be given in A Hz~1/2,

The actual noise is fit to theory with the fixed and adjustable variables shown in

Table 5.1.
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Figure 5.10: 1x2 TES, channel 1 noise. Noise (dots) shows poor agreement with

model (solid line), including sensor phonon and Johnson noises, SQUID noise and
bias current noise
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Figure 5.11: 1x2 TES, channel 2 noise. Noise (dots) shows poor agreement with

model (solid line), including sensor phonon and Johnson noises, SQUID noise and
bias current noise
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Figure 5.12: 1x2 TES, channel 1 noise with excess Johnson noise. There is better
agreement when a 5xJohnson noise term is used. The bump at ~180 kHz is believed

to be due to resonances in the SQUID. Re-biasing the SQUID could eliminate or
reduce this feature, but was not done.
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Figure 5.13: 1x2 TES, channel 2 noise with excess Johnson noise. There is better
agreement when a 5xJohnson noise term is used. The bump at ~110 kHz is believed

to be due to resonances in the SQUID. Re-biasing the SQUID could eliminate or
reduce this feature, but was not done.
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Figure 5.14: 1x2 TES noise partitioning. The noise traces are analyzed like X-ray
pulses with the first ~18% of the trace used for baseline subtraction. The baseline
noise contributes a ~42 eV effect towards the FWHM.
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5.3.3 X-ray Pulses and Spectra

Sample pulses are shown in Figures 5.15 and 5.16. Since it is the sum of energy from
channel 1 and 2 that is a constant for the K, and Kz bands, we do not expect the
pulses to be exactly uniform. However, visually we can see that the rise and fall
time-constants are (visually) the same for all events. We see that there are two fall
time constants, short and long, which are constant in all the pulses. The transition
is perhaps due to phase-separation in the detector (see Appendix B). The energy
difference is likely due to position effects in the detector. We also note that 2 x the
half-width-half-maximum (HWHM) is ~100 eV at 5.9 keV. We expect this value to
be less dependent on position effect pathologies and thus be a better gauge of detector
performance capability.

Generally, the first plot (see Figure 5.17) made shows how energy is partitioned
between the two TESs for each X-ray event. The total energy absorbed in the two
TESs is ~49% of the incident energy. The wrapping in the lower right part of the
plot is due to events which occur close to the detector edge, allowing more energy
to escape through the connecting bridges. A slight misalignment of the collimator
allows this wrapping to happen on only one side of the detector. The darkened points
in the partition plot will be used for determining a spectrum since these events occur
near the center of the detector. The gain between the two channels has been adjusted
so that the selected points lie on a 45° line. It is then a trivial matter to rotate the
previous plot to create a position vs. energy plot (see Figure 5.18) and obtain our
ultimate goal: creating an energy spectrum (see Figure 5.19). The improvement in
this detector is easily seen. The K, and Kp lines are clearly distinguishable and a
152 eV FWHM at 5.9 keV is determined.

It is noticed in the energy histogram that the high energy side is noticeably sharper
than the low energy side (see Figure 5.19). To be clear, the fitting is not affected
by the low energy tail as the low event rates do not make much of a contribution to
x2. It is believed that the broadening of the low energy side is due to our inability
to resolve the other direction and apply cuts. Benefit should be found by making a

detector in which we can resolve both directions.
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Figure 5.15: 1x2 TES X-ray traces. Since it is the sum of energy from channel 1
and 2 is a constant for the K, and Kz bands, we do not expect the pulses to be

exactly uniform. However, visually we can see that the rise and fall time-constants
are (visually) the same for all events.
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Figure 5.16: 1x2 TES K, traces. Again, the sum of energy from channel 1 and 2
that is a constant for the K, and Kg bands, we do not expect the pulses to be
exactly uniform. However, visually we can see that the rise and fall time-constants
are (visually) the same for all events.
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Two sensor energy partioning
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Figure 5.17: 1x2 TES energy partitioning plot. The wrapping in the lower right part
of the plot is due to misalignment of the collimator with the device which causes
x-rays to be incident on the trench walls and floor. The darkened points will be used
for determining a spectrum. The gain between the two channels has been adjusted so
that the selected points lie on a 45° line. The K, and Kp lines are clearly resolvable
and well separated.
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Figure 5.18: 1x2 TES position vs. energy plot. The position is given in arbitrary
units. This view helps us to ensure that the relative TES gains are adjusted correctly
as can be seen by the line’s vertical orientation. Also, the overall gain has been
calibrated such that K, is at 5.9 keV.
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Figure 5.19: 1x2 TES energy histogram plot. The K, and Kg lines are resolvable
and a 152 eV FWHM at 5.9 keV is determined.
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2-d Detector

6.1 Introduction

Based on the successes seen in the previous 1-d resolving detectors we are encouraged
to continue developing 2-d resolving detectors. The design is almost identical, each
TES is simply split in half (see Figure 6.1). Fortunately these were fabricated along
with the 1-d detector that was just discussed. A benefit of producing these on the
same wafer is that the trenching and other fabrication issues will be the same (or
as similar as possible), allowing a proper side-by-side comparison of the two designs
which can rule out fabrication details if any improvement (or worse, degradation)
is seen. The detector is mounted as usual on a G-10 board with a collimator and
Fe source (see Figure 5.1). This setup is then connected to the KO-15s mixing
chamber and the LED is added (see Figure 5.2). Like the 1-d detector analysis, we
acquire noise traces by randomly triggering the DAQ 6.2. The baseline noise provides
a 37 eV effect in this case. This noise is again quite large and we have wondered if
the spontaneous emptying of charge-traps, which would generate phonon and couple
to our TESs, could be contributing.

The data analysis procedure is similar to the 1-d detector. A total of 2.92 keV
from the K, band is absorbed into the TESs. This value represents 49.5% of the
initial energy, which agrees well with the 49% absorbed in the trenched 1-d detector.

One notable difference between the two detectors is seen when looking at the X-ray
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traces (see Figure 6.3). The traces shown are the sum of the four channels and the
events are from a relatively small region in the center of the detector. What is notable
about these is their single decay time. Compared to the 1-d detector, the TESs were
split such that current travels only 1/2 the distance, reducing the opportunity for
phase separation.

Partition plots are again created (not shown) to aid in initially adjusting the four
channels’ gains. Position corrections are then applied. Since we are working in two
dimensions, a trial and error method for adjusting gains (like that used for the 1-
d detector) is too inefficient. To apply the corrections, first a total energy E; and

position (x;,y;) for each event is determined:

E; = FErgs, i + Eres,i + Eresyi + ETes, i

(Ergs, i + Eres,i) — (Ergssi + ETes,.i)
Ergs i+ Eres,; + Eres,i + Eres,.i

i

and
(Ergs,i + Ergsyi) — (ETgs,i + Eres,.i)

Erps, i+ Eres,i + Eressi + Eres,.i

Y; =

The corrections can be made to any order; 0 would result in no correction, 1 in
a linear correction, 2 in a quadratic correction, etc... I have generally favored even
ordered corrections and an order greater than four seems to be unhelpful. For a

second order correction we setup the matrix

1 22wy v omow

1 23 @y Y3 To Yo

A= . :

1 x%z TpYn yrzz Tn Yn

where there are a total of n X-ray events to be analyzed.
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Next, we setup the array

The position correction parameters T are then found, in a least squares sense, by
solving the equation

AT =b+e,

where € represents an error vector. An algebraic solution is given by & = (AT A)~tATb,
where AT is the transpose of A.
The “fitted energy” (not to be confused with the corrected energy; what we are

ultimately solving for) Ey; is given in vector form
By = AZ.
The corrected energy E.prrectea is then given by
Eecorrectedi = Ei/ Epiri X T1,

where 7, contains the average energy of the analyzed events.

A position plot (see Figure 6.4) is then created. For this plot we make a bold
leap and try to estimate the position of the X-ray events in real units (um). To make
this determination, we first have to make a reasonable guess about the portion of
the detector that is being illuminated. We are using a ~250 pum diameter collimator
however, it is spaced slightly off of the detector. With the resulting solid angle
leakage, we expect that we are exposing almost all of the detector surface. From
there we assume that in a 200 gm x 200 pum region of the 500 pm x 500 um detector
that we should see (200/500)* = 0.16% of the total events. The K, and Kz bands
are well separated and quite sharp.

Finally we can produce our desired energy histogram (see Figure 6.5). There is

obviously a large advantage in using the 2-d detector, with its ability to make position
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Figure 6.1: 2x2 TES cartoon. X-rays are absorbed on the “backside” of the detector
via the photoelectric effect. These either recombine producing phonons which prop-
agate to the TESs or are absorbed on the crystal surface. The trenches keep the
phonons in a region where they can be absorbed by the TESs. The four TESs allow
position cuts and corrections to be made in the two resolvable directions.

cuts and corrections in both directions, as the energy resolution (FWHM = 80 eV
at 5.9 keV) is improved by over a factor of two. The next step will be in limiting
energy losses in the detector with the assumption that if there are less losses then

there should be less statistical fluctuation in those losses between X-ray events.



CHAPTER 6. 2-D DETECTOR 93

150 . . :

FWHM contribution
= 36.5861 eV

—

o

o
L

n
o

]
o
o

-100} : |

Sum of Left TES Energies [eV]
o

-15 : ' :
-?50 -100 -50 0 50 100 150
Sum of Right TES Energies [eV]

Figure 6.2: 2x2 TES noise partitioning. The noise traces are analyzed like X-ray
pulses with the first ~18% of the trace used for baseline subtraction. The baseline
noise contributes a ~37 eV effect towards the FWHM.
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Figure 6.3: 2x2 TES detector K,, traces. The traces show good uniformity but there
are obviously different energies hitting the detector. From simulations we expect
the energy is absorbed into the TESs in ~1 pusec. These combined suggest that it
is position effects and not (visually obvious) long-lived phonon sources that effect
energy resolution.
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Figure 6.4: 2x2 TES detector position plot. An attempt is made to give the position
in real units of um. The scale was made by considering the spatial distribution
of events. This view helps us to ensure that the relative TES gains are adjusted
correctly, as can be seen by the line’s vertical orientation. Also, the overall gain has
been calibrated such that K, is at 5.9 keV.
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Figure 6.5: 2x2 TES detector histogram. The K, and Kz lines are resolvable and an
80 eV FWHM at 5.9 keV is determined.



Chapter 7

2-d Detector With Deep Trenches

7.1 Introduction

The search continues for understanding the energy line width and improving the
energy resolution. At least two loss mechanisms are obvious. The first is that some
loss is occurring in the bulk, most likely due to electron-hole pair losses. Another
possibility involves losses through the trenches, either phonons or electron-hole pairs
that diffuse out of the active part of the detector before recombining.

Simulation and simple numerics suggest that the loss is in the bulk, but losses due
to the trenches are easier to reduce.

Effects that we interpreted to be phase separation were seen in the previous detec-
tor. Since the length scale that phase-separation occurs at scales like [ ~ T;B/ 2, we
can make the TESs shorter to prevent phase-separation. One method of effectively
shortening the current path length is “splitting” the TESs (see Figures 7.1 and 7.2).
Unfortunately, the T, in our new detectors was ~125 mK, compared to ~87.5 mK. If
the new TESs had a length ~0.59 of the previous one then we would not expect any
benefit. These TESs have a length 1/2 of the previous one so we only expect a small
improvement.

Other notable differences are the wide transition ~10 mK compared to ~1 mK
in the previous detector (it is not known whether this wide width will effect energy

resolution). And also, the lack of gold deposition on the inactive area of the detector,
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which was done on the previous detector to improve thermal contact with the mixing
chamber. It was considered unimportant and avoided in this detector, but may in
fact be an important process (as discussed later).

The summed traces are not ideal (see Figure 7.3) as the K, and Kz bands are
not well separated through out the pulse recovery. If the four TES’s pulse shapes
vary then upon adding them, we could see variations such as these. The pulse-peaks
can be fit to polynomials and cuts and corrections can be applied. Cuts are applied
uniformly with respect to the initial X-ray position. Therefore it is unlikely that
variations in pulse shape are causing this effect.

If we ignore these flaws, and perform the analysis as similarly as possible to that
in Chapter 6 then we are left with a 103 eV FWHM (see Figure 7.4), compared to
80 eV in the previous case. This detector performs significantly worse! If however, we
do perform cuts and corrections on the pulse shape then the line width is improved
to a 72 eV FWHM (see Figures 7.5 and 7.6).

A total of 4.10 keV from the K, band is absorbed into the TESs. This value
represents 69.6% of the initial energy. It must be stressed in this analysis though
that the four TES responses had some variation. During the analysis, gains of 1,
1, 1.19 and, 1.88 else were applied to the four TESs. Part of this variation can be
explained by using SQUIDs 1, 2, 4 and, 5. The first three have shunt resistors of
value Rgpune = 20 m€2 while for the last, Rgpun: = 5 m€). The small deviation in the
third channel’s gain is likely due to a feedback resistor that was repaired. So, we
assume the non-one gain values are legitimately correcting for known effects and the
total absorbed energy is accurate.

At any rate, we can take the percentage of energy deposited in this detector
and the 220 pum deep trenched detector and linearly extrapolate to determine that
75.6% of energy would be absorbed in a detector that was completely trenched. This
discrepancy might suggest that the detector is incorrectly calibrated and in fact, we
are absorbing more energy into the TESs than we think we are which could be possible
for example if the shunt resistor values were not well known. Or it could suggest some
loss mechanism elsewhere in the detector. At this point however, it is simply easiest

(and most honest) to acknowledge that the linear extrapolation is not necessarily
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Figure 7.1: A “split” TES where the TES is biased from both the left and right side
and the ground line runs down the center of the TES. This scheme results in a TES
more stable against superconducting-normal phase-separation.

justified.

7.2 Fluorescence

We have also invoked a fluorescence scheme which will allow us to shine lower energy
X-rays onto the detector. When an X-ray is absorbed photoelectrically in a material,
it does so by kicking out an electron. This electron is then replaced by another
electron which fills the vacancy, releasing energy. As the electron orbitals have discrete
energies associated with them, a discrete X-ray line is produced. Auger effects also
occur, so not all absorbed X-rays produce fluorescence. The fluorescence yield is given
by w; = Z/(A; + Z*) where A; is ~ 10% and ~ 108 for K shell and L shell X-rays
respectively [45]. Obviously we are more interested in K-shell X-rays due to their
larger abundance. The K-shell fluorescence yields for calcium, potassium, chlorine,
phosphorous and aluminum are 0.163, 0.140, 0.097, 0.063 and 0.039 respectively [46].

The lower energy X-rays are beneficial since they have a shorter attenuation length
and are absorbed more closely to the crystal surface (see Figure 7.7). This shorter
attenuation length would naturally reduce the dependence on the “irresolvable” di-
mension on energy resolution. The major drawback with this scheme is that X-rays
are not directly incident on the detector (see Figure 7.8) and therefore their count
rate is significantly reduced. This problem of course can be remedied by using a
stronger source.

The first detector that I ran with this setup was slightly different, the width and
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Figure 7.2: A 2x2 “split”-TES detector. The TESs are more stable against
superconducting-normal phase-separation.
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Figure 7.3: 2x2 “split”-TES X-ray pulses. The K, and Kz bands are not well sepa-
rated through out the pulse recovery.
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Figure 7.4: 2x2 “split”-TES histogram. Pulse shape cuts and corrections have not
been applied.
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Figure 7.5: 2x2 “split”-TES histogram. Pulse shape cuts and corrections have been
applied.
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Figure 7.6: 2x2 “split”-TES X-ray position. The inset shows the data before cuts

and corrections are applied and the silicon escape peak is clearly evident.
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Figure 7.7: X-ray attenuation length in silicon for fluorescing materials. Shown is
the general curve and selected points for those lines in our fluorescence scheme. The
jump at 1.74 keV corresponds with the silicon K-edge.

height were only 250 pum (compared to the 350 pm height. This aspect ratio of
course will make position determination less precise and position corrections will be
less helpful. While the energy resolution left something to be desired, we were able
to perform stoichiometry on a vitamin supplement (see Figure 7.9). The potassium
and chlorine ratios are correct within ~ 10%. A base component of the pill, calcium
phosphate seems to have the stoichiometry CasP. Amusingly, this supplement is sold
as potassium chloride; the calcium phosphate seems to be more dominant.

We see that we are in a good position to continue on with this fluorescence scheme.
A wider detector has been *°Fet implanted to reduce phase separation and will be

run soo1l.
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Figure 7.8: Fluorescing scheme setup. X-rays are incident on fluorescing material
which produces lower energy lines. The increased distances from the source to the
detector along with the low probability of fluorescing necessitates a stronger source
to maintain count rate.
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Figure 7.9: Fluoresce stoichiometry for a potassium chloride vitamin supplement.
The potassium and chlorine ratios are correct within ~ 10%. A base component of
the pill, calcium phosphate seems to have the stoichiometry CasP.



Chapter 8
Discussion of Energy Resolution

I conclude this thesis with a discussion of energy resolution and propose a next gen-

eration detector that might perform better.

8.1 Electron-Hole Contribution

As a review, when X-rays are absorbed, electron-hole pairs are produced (this de-
scription is incredibly abbreviated and skips many of the fundamental processes, see
Section 2.6 for a more detailed discussion). They require on average 3.81 eV [4] of
energy for their production. Their fluctuation however is not Poisson, but modified

by the Fano factor [47] and is given by

g = \/FE/E(),

where FE is the absorbed energy, ¢ is the quantization energy and F' is the Fano
factor. These electron-hole pairs shed phonons until they reach the velocity of sound
in the crystal and their gap energy ~1.2 eV dominates. The associated fluctuation

in energy is

o= 1.2[eV]\/FE/¢.

For the detectors that have 220 pym deep trenches there is a ~ factor 2 calibration
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correction in the detector and a factor of 24/2 X log2 = 2.355 to convert to FWHM.

The final variation that we expect to see in the electron-hole system is

AEFWHM =2.355 X 2 X 1.2[6\/]\/ FE/G().

Given a Fano factor of F'=0.116 [48], and an incident energy of E=5.9 keV we obtain

AFEpwmy = 2.355 x 2 x 1.2[eV]1/0.116 x 5900[eV]/3.81[eV] = 75.8[eV].

Obviously this value is very close to what we have seen in the 2-d detector discussed
in Section 6. In fact if we consider adding the baseline noise in quadrature with this

electron-hole pair statistical variations then we expect

AFEpwiy = /(75.8 eV)2 + (36.6 V)2 = 84.1 €V,

higher than the measured variation AEpw gy = 80 eV. There are three reasons
that could lead to a lower value being seen in practice. First, the work that we
performed could be giving a more accurate, lower value for the Fano factor. The
correction would be quite small and value of F' = 0.103 would be sufficient. A second
explanation could come about from reduced phonon noise as the detector’s resistance
increases (see Section 5.3.2). A reduction of the detector’s noise contribution from
36.6 eV to 26 eV would also explain the reduced noise that we see. The third reason

is closely related to the second. The excess noise discussed in Section 5.3.2 increases
T dR
RdT>
exact reason for seeing a better energy resolution than expected, the two values are

with a = which decreases at higher operating resistances. Regardless of the
in close agreement. The assumption in this model is that none of the electron-hole
pairs recombine during the pulse acquisition time. There is some additional evidence
to support this idea.

The 220 pm and 330 pum trenched detectors have TES absorption ratios of 49%
and 69% respectively. If we extrapolated this absorption ratio to a detector that was
completely trenched then we would expect 76% of the energy to be read out by the
TESs. This value is close to the 68% that is initially released into the phonon system.
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Therefore, the implication is that charges are trapped and not releasing their energy
into the phonon system. This is consistent with the charge trap density discussions
in Section 2.6. If correct, then it is necessary to recover the electron-hole energy. The

simplest solution as suggested in Section 2.6 is to use a purer crystal.

8.2 Phonon Contribution

To be complete, I show the contribution that phonons would provide to the energy
resolution. The assumption here is that all the initial X-ray energy is released into
phonons within the detector’s acquisition time. Our detectors have been made on
350 pm thick silicon crystals. Most of the energy is carried in the transverse acoustic
phonon modes which have a velocity of 5900 m/s and take ~ 5.9 x 107® seconds
to propagate across the crystal. If we let T' = (5.9 x 1078[s])~! and solve for the
frequencies T'y = Avy and T'; = Bv} (see Chapter 3) we find vy = 3 THz and vy =
1.6 THz. From simulation, we expect ~1 THz to be a more characteristic answer, but
this approximation will not greatly effect the result. For these purposes we pick the
larger quantization energy. Converting to energy E, = hv where h = 4.1x1071% eV s
is Planck’s constant we find a characteristic energy £, = 0.012 eV. This time the
phonon losses would be due to losses to the environment and independent of each

other*. The expected energy fluctuation is

AEFWHM = 2.355 X 24/ EZOSSE().

Plugging in the numbers Ej ., = 3 keV and ¢y = 0.012 eV we get AEpwgy = 14 eV
(this value would of course be improved in a detector that had deeper trenches and
less phonons escaping to the environment). If we went with the 1 Thz quantization
energy this value would be slightly smaller. These rough calculations are in close agree

with simulation which shows a ~9 eV effect. The difference due to a more precise

*The assertion of independence is not necessarily correct. If the losses were dominated by a few
higher energy phonons then the statistics would change. In this case, a factor analogous to the Fano
factor would be introduced into the energy full-width-half-maximum formula. Precise studies like
this are complicated however, and are not performed here.
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and correct spread in phonon energies. Obviously when considered in quadrature
with another noise source, 9 eV is a very small component of the 70-80 eV FWHM
that we are seeing. Therefore, it is unlikely that a phonon contribution is the source

of the degraded energy resolution.



Chapter 9
Next Generation Detector

Here I propose a next generation detector which could be useful for numerous reasons.

As discussed in Section 8.1, the detector’s performance is likely degraded due to
electron-hole pairs being trapped and not releasing their gap energy to the phonon
system. It is expected that using purer silicon crystals will be a quick and simple way
to avoid this loss.

We might, however, find that there are residual position dependent charge and
phonon losses in the detector’s z direction. We could resolve the X-ray’s position in
all three dimensions by creating a detector with TESs on both sides of the detector
(see Figure 9.1). This scheme would allow position corrections and cuts in all three
dimensions. This scheme would become more important if this detector concept were
applied to the detection of high energy X-rays. High energy X-rays have a longer
attenuation length and are not absorbed in the crystal’s surface layer as are low
energy X-ray’s. Therefore, it will be necessary to make position corrections in all

three dimensions.
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Figure 9.1: A proposed next-generation detector. An electric field could be set up
between the top and bottom TESs to sweep charges into the TESs. This detector
would also be able to resolve the incident X-ray’s position in all three dimensions.



Appendix A

Substrate Temperature

Fluctuation Noise

A.1 Introduction

Variations in the substrate temperature while acquiring X-ray data can lead to broad-
ening in line spectra. Of course, the best method for avoiding this degradation is a
stable refrigerator. Generally however, I have preferred to run the KO-15 without the
use of temperature controlling heaters simply because I do not want them to provide
a source of noise during the acquisition. Therefore, as a first step, it is required that
the refrigerator is allowed several hours (generally overnight) to settle into its base
temperature. Next, it is advisable to limit data acquisition periods to avoid long time
period (few hours) fluctuations. In general, neither of these constraints are difficult

to satisty.

A.2 Noise Theory

[ haven’t seen in a thesis yet where someone derived the theoretical noise contribution
from a time varying substrate temperature. The case where the TES is in thermal

equilibrium with the substrate is fairly simple... We note the thermodynamic equation
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V2 dE
CR(T)  dt

— k(T}ps — T

substrate) ’

where K is a thermal coupling constant. In thermal equilibrium, the relationship
between substrate temperature variations and the induced variations in the TES

electron system are found by differentiating

V2
R(T) =k (TIQES - Ts@bstrate) )
to obtain V21T dR
T Y dT, = Ty —— ) dT.
(knT7?) dT, (lm +RTRdT)d

L4k and also k = fo (T™ —T7) to obtain

nTn1 nTm 1 a
s ) dl, = —————— + = | dT.
(T”—Ts") (T”—T;L +T)

This equation can now be rearranged into a more useful form

T n—1
ar = [ =
(7)

That was step one, next we need to find how power varies with substrate temper-

We now make the typical substitution a =

1
R

dTs.

ature variations by differentiating

P =k (Tjys - T

substrate) )

to obtain

dP = kn (Tppedl — T00 L 0odTs) .

substrate

We can now use the previous result relating d7" and d7 in addition to making the

. . _ P .
substitution k = T to obtain
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And last but not least, we substitute % = %.

A.3 Simulation

The equation above can be verified with a quick simulation. A time varying substrate
temperature is randomly generated. The physical model is a substrate coupled to a
fixed temperature bath with some conductance Gg. The substrate temperature is
then randomly kicked (in both positive and negative directions). The magnitude
of the kick determines the deviation in substrate temperature, while the C'/G time
constant determines how rapidly the substrate return to the bath temperature. In
practice, the substrate temperature kick is found by trial and error such that the
standard deviation in 7 is what is desired.

The output of a sample run at 20 mK is shown (see Figure A.1). The plot is not
very insightful but if we find random, non-overlapping intervals to perform integration
over power, we can calculate both the mean and variance in the detector’s Joule
energy. We can vary the substrate temperature and repeat the process to see that
the theory and simulation agree (see Figure A.2). The simulation and theory used
a 1 mK variation in the substrate temperature. There is good agreement between
the two except at higher substrate temperatures. This disagreement is due to the
TES saturating and therefore its resistance does not vary with the varying substrate
temperature. Also, a constant « (determined at Ty =35 mK) was assumed in the
theory, which is not true at higher temperatures.

One may wonder if the noise contribution is due to the temperature fluctuations
during the energy integration or due to variations in the current baseline. These two
effects are easy to separate in simulation (see Figures A.3 and A.4). We can tell
by comparing simulation against theory that in fact the noise is due to the varying
baseline. This observation of course is to be expected since the variation in substrate

temperature is relatively small during the integration window.
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Figure A.1: Time varying substrate temperature with 20 mK baseline. The substrate
temperature has a standard deviation of 1 mK. Shown are the TES’s temperature, re-
sistance and current along with the substrate temperature. The TES’s time constants
are short compared to the substrate temperature’s long time constant.
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Figure A.2: Substrate temperature fluctuation contribution to thermal equilibrium
TES noise. The simulation and theory used a 1 mK variation in the substrate temper-
ature. There is good agreement between the two except at higher substrate temper-
atures. This disagreement is due to the TES saturating and therefore its resistance
does not vary with the varying substrate temperature. Also, a constant o (determined
at Ty =35 mK) was assumed in the theory, which is not true at higher temperatures.
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Figure A.3: Substrate temperature fluctuation contribution to thermal equilibrium
TES noise. The substrate temperature was held fixed during the integration window.
This restriction ensured that only the current baseline could vary. The agreement
between simulation and theory is good showing that the baseline variation is what
contributes to the noise.
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Figure A.4: Substrate temperature fluctuation contribution to thermal equilibrium
TES noise. In the simulation, the substrate temperature is returned to the mixing
chamber temperature well before the integration window. The substrate temperature
is then allowed to vary during the integration window. This restriction allows the
substrate temperature to vary only slightly between different integration windows.
The poor agreement between simulation and theory confirms our assumption that
this effect is not the dominant source or noise.
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Figure A.5: 2 x 2 TES four-channel summed energy vs. time plot. This is the same
data that produced Figure 6.5. We see can clearly distinguish the K, and Kg lines.
The line-width and mean energy do not vary with time.

A.4 Data

Finally, we can see that in practice this effect does not contribute significantly to our
detector setup. Shown in Figure A.5 is the four-channel-sum collected energy versus

time for the 2 x 2 detector discussed in Chapter 6.



Appendix B

Phase Separation

B.1 Introduction

Some X-ray and heat pulses show kinks or wiggles during pulse recovery that cannot
be explained with a mean field approximation for the TES temperature and resistance.
The studies in this section were motivated by trying to understand if these features
could explain the energy degradation in the detector but we quickly decided that
this explanation was unlikely. However, I continued the study this out of personal
interest. Regardless of the reason, I present this work in hope that it will be of value
to a reader who is trying to understand such features in their traces.

We start by running the X-ray detector. By changing bias conditions, electrother-
mal oscillations can be ruled out. Inter-pixel cross talk and other electronics ringing
are also quickly ruled out. The wiggle intensity seems to be correlated with substrate
temperature. To solve this mystery, simulations are run and partial phase separation
could provide an explanation for this effect.

This phase-separation study was performed in two dimensions while previous stud-
ies in our group were restricted to one dimension. We will see that phase separation
is not suppressed along the current flow direction for a two dimensional TES. It is

however avoided in the direction perpendicular to current flow.
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B.2 Methodology

The data shown here are for two TESs contained in an X-ray detector like that
shown in Chapter 6. The other two TESs did not show interesting features and are
not included in this discussion. In general these wiggles can be seen in both X-ray
pulses and heat pulses. Also, they are observed in all four SQUIDs during different
runs. Here I focus on traces created by heatpulses which can be repeated and varied
in a controllable fashion. These heatpulses are sent directly through the TES bias

line, increasing its temperature and operating resistance.

B.2.1 Pulse Duration Dependence

First we show traces at a constant mixing chamber temperature and constant bias
voltage and vary only the duration of the heatpulse. The first thing that we notice is
the change in TES recovery time which is likely due to heating the substrate during
the longer duration pulses. We notice that the wiggles occur at roughly 100 us after
the TES leaves the saturated state (see Figures B.1 and B.2). Due to the varying
amount of energy injected into the TES, there is a varying amount of time that the
TES is in the saturated state. Hence, we can safely rule out a ringing in the generator
as a cause of the wiggles. If the generator was ringing and caused the wiggles then we
would expect to see it occur at a constant time after the function generator’s pulse,
not at a constant time in the recovery. By the same explanation, we can rule out any
oscillations in the bias or readout circuit due to the sharp leading edge of the traces.

Additionally, we see a combination of both a kink and wiggle in the some of
the traces. However we never see a combined total of two of these features. This
observation is discussed in Section B.5.

We also observe that crosstalk induced wiggles are unlikely as the time delay
between the channel 4 and channel 3 wiggles are delayed by ~50 us. More evidence
suggesting that the wiggles are not a crosstalk effect is presented in Section B.2.2.

Another very interesting observation is that the wiggle does not occur at the same
current in the recovery. This observation rules out any effects that exist purely in

the bias and readout circuit. Already it seems unlikely that electrical effects are
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responsible, which leaves thermal effects.

B.2.2 Pulse Duration Dependence / Reduced Amplitude

Next, we reduce the pulse amplitude compared to the Section B.2.1 data set (see
Figures B.3 and B.4). We still notice the increased recovery time that corresponds
with longer pulse times. Otherwise, we go through the same procedure of varying the
pulse duration while holding the substrate temperature and bias voltage constant. We
notice that the wiggles still occur at the roughly the same time in the trace recovery.

The briefly pulsed 900 kHz wiggle in channel 4 is definitely suppressed though.
In the previous set (see Section B.2.1), the peak was 95% of saturation and phase
separation was evident. With the reduced pulse amplitude, the peak value is only
90% of saturation and the wiggle has been replaced by a less dramatic kink (I am
comparing the 900 kHz traces seen in Figures B.2 and B.4). This observation suggests
that wiggles and kinks share some fundamental connection and that pulses have to
become close to saturation for them to wiggle.

Furthermore, comparison of the data in this section and Section B.2.1 suggests
that the wiggles are not due to a crosstalk issue. Consider again the 900 kHz traces in
this section and the previous section (see Figures B.1 and B.2) data set. The channel 3
traces look very similar while the channel 4 traces show much (no) wiggling for the
large (small) amplitude pulses. If we believed that the channel 4 wiggles were caused
by crosstalk, induced by channel 3 then we would expect the wiggle in channel 4 to

remain constant, which it does not.

B.2.3 Refrigerator problems

Unfortunately at this point the refrigerator crashed and I was forced to warm up and
rerun the devices.

The interesting channels have now switched from channels 3 and 4 to channels 2
and 4. Later I hypothesize a reason for the effect varying on different runs. Let us

continue and see what other parameters we can vary and hence learn from.
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Figure B.1: Pulse duration dependence, channel 2.
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Figure B.2: Pulse duration dependence, channel 4. The wiggles are more dra-
matic in this TES. The longer decay times for the longer pulse duration is a
recurring theme and suggest the substrate has been heated by the longer pulse
times. Also, many of the traces show a combination of two kinks / wiggles.
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Figure B.3: Pulse duration dependence, reduced bias voltage, channel 3.
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Figure B.4: Pulse duration dependence, reduced bias voltage, channel 4. The
same themes are seen here as in Figures B.1 and B.2. It is noticeable that the
lower energy (900 kHz) pulse does not show as dramatic an effect as in Figure B.2
which is consistent with the observation that there is a minimum threshold energy
required to observe the wiggle / kink effect.
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B.2.4 Reversed Polarity

Perhaps one of the most important tests is to reverse both the bias and pulse polarities
to see if electrical oscillation is an obvious cause (see Figures B.5 and B.6). Again, the
different time constants and wiggles are evident. If the pulse recovery is flipped, but
the wiggle direction remains the same, then we would conclude that electrical effects
brought about the wiggles. As this effect is not seen, we continue to investigate

thermal effects as a source of the wiggles.

B.2.5 Substrate temperature dependence

Next we plot channel 2 and 4 traces while incrementally warming the mixing cham-
ber. The temperatures 39.2, 42.8, 47.0, 52.0, 58.0, 65.4, and 74.6 mK allow a broad
range in substrate temperatures. The plots are grouped by heat pulse frequency (see
Figures B.7, B.8 (900 kHz), B.9, B.10 (100 kHz), B.11, B.12 (10 kHz), B.13,
B.14 (1 kHz), B.15, B.16 (100 Hz), B.17, B.18 (10 Hz) and B.19, B.20 (1 Hz)).
The injected heat dependence, at constant temperature, is similar to that shown in
Sections B.2.1 and B.2.2 and is not shown for this data set.

The channel 4 traces show very obvious wiggles. However, at 900 kHz (see Fig-
ure B.7), the wiggles are not evident. Again it seems that some minimum threshold
of energy must be injected before the wiggles are evident. Perhaps it is necessary to
raise the resistance beyond some threshold value.

At 100 kHz (see Figure B.9) the injected energy is sufficient to produce wiggles
in the low temperature traces. However, we notice that the wiggles are almost sup-
pressed at 65.4 mK and are fully suppressed at 74.6 mK. At 10 kHz (see Figure B.11)
we notice that the wiggles start becoming suppressed at 58.0 mK and are fully sup-
pressed at 74.6 mK. At 1 kHz (see Figure B.13) we notice that the wiggles are fully
suppressed at 65.4 mK, a trend that continues through to 1 Hz.

The channel 2 traces however do not show these wiggle features. Instead they
show kinks which are shown in Section B.3.1 to be related to the wiggles. At lower
pulse energies of 900 kHz, 100 kHz and 10 kHz (see Figures B.8, B.10 and B.12)

no kinks are evident; the TESs have a single decay-time-constant. This channel
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Figure B.5: Reversed polarity, channel 2.
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Figure B.6: Reversed polarity, channel 4. The bias and pulse polarities have been
reversed to consider electrical effects. The longer decay times are still evident
at higher pulse energies. The wiggles are also clearly evident in channel 4. If
the wiggles went the opposite direction then an electrical effects would be very
suspect.
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evidently has a higher threshold energy before wiggles are seen. At higher pulse
energies (1 kHz, 100 Hz, 10 Hz and 1 Hz) however there are noticeable kinks in the
traces (see Figures B.14, B.16, B.18 and B.20) that are obvious in all traces except
possibly those at highest substrate temperature where they are suppressed. The
threshold energy required for both the wiggle and kink feature onset along with the
change in decay time constants that the wiggles and kinks produce strongly suggests
that the effects are very closely related and probably manifestations of the same

physical phenomenon.

B.2.6 Bias Voltage Dependence

Next, we explore how the bias voltage changes the wiggle (see Figures B.21 and B.22).
We notice the wiggles are suppressed at <-560 mV (biases in the previous data sets
were at -430 and -320 mV and a lower bias results in more power being applied at
the quiescent mode). Perhaps the suppression is due to the higher bias conditions

heating the substrate.

B.2.7 Amplitude Dependence

Now we hold the bias voltage constant and vary the pulse amplitude (see Figures B.23
and B.24). Again, the TES has to have some minimum amount of energy injected
before wiggles are evident. There is however some optimal amount of energy for

maximizing the wiggles. Beyond that they decrease but are not suppressed.

B.2.8 Use Channel 2 to Heat Substrate

We can keep the bias and injected heat on channel 4 constant and vary the bias of
channel 2 to vary the substrate temperature (see Figures B.25 and B.26). No heat
pulses are injected into channel 2. Again we see that at high substrate temperatures
the wiggle is suppressed. Furthermore, since there was no effect seen in the channel 2
trace that was associated in time with the wiggles in channel 4, it is unlikely that the

wiggles are due to an electrical crosstalk issue.
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Figure B.7: Substrate temperature dependence, 900 kHz, channel 2.
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Figure B.8: Substrate temperature dependence, 900 kHz, channel 4. The pulse
energy has not surpassed some minimum threshold value. Kinks or wiggle are
not evident and there seemingly is one decay time.
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Figure B.9: Substrate temperature dependence, 100 kHz, channel 2.
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Figure B.10: Substrate temperature dependence, 100 kHz, channel 4. The wiggles

become evident in channel 4.



APPENDIX B. PHASE SEPARATION 132

Current [Arb. Units]

—74.6 mK

_3 L 1 1 1 1
100 150 200 250 300 350 400
Time [usec]

Figure B.11: Substrate temperature dependence, 10 kHz, channel 2.
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Figure B.12: Substrate temperature dependence, 10 kHz, channel 4. There is no
noticeable change from the 100 kHz data.
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Figure B.13: Substrate temperature dependence, 1 kHz, channel 2. By eye we
can see that we now have (at least) two time constants. Hence, a kink at 23 psec.
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Figure B.14: Substrate temperature dependence, 1 kHz, channel 4. There seems

to be a kink ~50 usec before the wiggle.
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Figure B.15: Substrate temperature dependence, 100 Hz, channel 2.
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Figure B.16: Substrate temperature dependence, 100 Hz, channel 4. There is no
noticeable change since the 1 kHz data set.
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Figure B.17: Substrate temperature dependence, 10 Hz, channel 2.
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Figure B.18: Substrate temperature dependence, 10 Hz, channel 4. There is no
noticeable change since the 1 kHz data set.
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Figure B.19: Substrate temperature dependence, 1 Hz, channel 2.
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Figure B.20: Substrate temperature dependence, 1 Hz, channel 4. There is no
noticeable change since the 1 kHz data set.
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Figure B.21: Bias voltage dependence, channel 2, using 10 kHz heatpulses. The
legend indicates the bias voltage. There is no obvious kink or wiggle seen.
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Figure B.22: Bias voltage dependence, channel 4, using 10 kHz heatpulses. The
legend indicates the bias voltage. Kinks are seen at the lower bias voltages, but
suppressed at the higher voltages.
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Figure B.23: Pulse amplitude dependence, channel 2, using 10 kHz heatpulses.
The legend indicates the pulse voltage amplitude.
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Figure B.24: Pulse amplitude dependence, channel 4, using 10 kHz heatpulses.
The legend indicates the pulse voltage amplitude. This channel shows most
clearly that a minimum heat pulse energy is necessary to observe the wiggles and
that at higher energies they are suppressed. The longer decay time at higher
energies again suggests that the substrate is being heated.
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Figure B.25: Channel 2 was used to heat the substrate as its bias voltage was
varied. The legend indicates the channel 2 bias voltage. Spikes can be seen when
the heatpulse applied to channel 4 was turned on and off. Otherwise, no effect is
seen.
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Figure B.26: Wiggles on are seen on channel 4. The legend indicates the channel 2
bias voltage. They are suppressed however when channel 2 is biased at large
values.
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B.2.9 Use Channel 2 to Heat Substrate. Vary Channel 4
Bias to Maximize Wiggle Height

We again vary the bias of channel 2 to vary the substrate temperature however,
this time we also vary the bias on channel 4 to maximize the wiggle as described in
Section B.6 (see Figures B.27 and B.28). No heat pulses were injected into channel 2.
It is likely that the increase in substrate temperature from channel 2 is canceled out
by the reduction in substrate temperature when the channel 4 bias is reduced. This

conclusion is motivated by simulation which is discussed in Section B.3.4.

B.2.10 Data Conclusion

Purely electrical effects, either circuit resonances or crosstalk seem to be ruled out.
We notice that high substrate temperature suppresses the wiggle and also that
more injected energy (seemingly also due to increased substrate temperature as dis-
cussed in Section B.2.1). So, we seek out some effect that can cause a wiggle or
kink in traces and is suppressed at higher substrate temperature. One possibility is
phase-separation in the TES. In some of the data, a combination of two kinks and
or wiggles are seen, likely due to phase separation happening along both of the bias

lines.

B.3 Simulations

The TES simulations discussed in Chapter 4 are invaluable in showing that phase-
separation could be causing the wiggle / kink features seen in the X-ray and heatpulse
data. Movies of the simulation can of course be created” and a picture of the ending

state will be shown. In all of the 3-d plots, the x and y axis represent the physical

*For some time movies can easily be added to pdf files such as the electronic version of this
thesis. Stanford University however requires that theses are submitted in paper format and with the
exception of a flipbook, a movie would not be viewable. Why the technological constraints I don’t
know, perhaps I should just count my blessings that I don’t have to inscribe my thesis into stone
tablets before submitting.
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Figure B.27: Channel 2 was used to heat the substrate as its bias voltage was
varied. The legend indicates the channel 2 bias voltage. Spikes can be seen when
the heatpulse applied to channel 4 was turned on and off. Otherwise, no effect is
seen.
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Figure B.28: Channel 4 bias varied to maximize wiggles. The legend indicates
the channel 2 bias voltage. The channel 4 bias is however adjusted to maximize
the wiggles. They are all recoverable.
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extent of the TES. The z axis is then used to represent the resistance at a particular

node.

B.3.1 Wiggle / Kink Equivalence

I have suggested before that the wiggle and kink features are manifestations of the
same phase separation phenomenon. Indeed, both features show a transition between
two decay times in the detector and both appear at a similar point in the trace’s
recovery.

To demonstrate this equivalence in simulation I setup a simulation where the
TES is initially heated non-uniformly such that three strips adjacent to and parallel
to the left bias line are slightly hotter than the remaining nodes. Their increase in
temperature will be given by 7, and will increase by one order of magnitude from
T, = 1072 to 10 mK (see Figures B.29, B.30, B.31, B.32 and B.33). If the initial
non-uniformity is small then phase separation will occur at a later time in the pulse
recovery. Generally then, the transition from the two modes will be more dramatic
and the wiggles more pronounced. In fact, it is very obvious that there are two
different quiescent baseline currents for the two different modes. With larger non-
uniformity, the TES quickly enters the phase-separated mode and a less dramatic
wiggle is seen (see Figure B.33).

This section shows a connection between kinks and wiggles, but I certainly would
not want to suggest that such strong non-uniformities are introduced into a real TES
when it is heated. In fact, quite the opposite, heat pulses should heat the TES very
uniformly. Instead, I would hypothesize that there are fabrication non-uniformities
in the transition temperature, transition width and / or heat capacity that lead to

regions that more weakly or strongly favor phase-separation.

B.3.2 Substrate Temperature Dependence

One of the nicest things about simulation is that the substrate temperature can be
well known and held constant. When running experiments, heat injected into the TES

can warm the substrate. In this section, I show simulations where the bias voltage
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Figure B.29: The smallest non-uniformity 7', = 107% K is shown in this trace. The
normal to phase-separated transition is quite dramatic as the TES is very cold before

the transition. In fact, it is obvious that in the two different modes that there are
two distinct baseline currents.
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Figure B.30: The temperature non-uniformity is increased to T, = 107° K. The
normal to phase-separated transition is still quite dramatic.
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Figure B.31: The temperature non-uniformity is increased to 7, = 10~* K. The
normal to phase-separated transition is still quite dramatic.
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Figure B.32: The temperature non-uniformity is increased to T, = 1072 K. The

normal to phase-separated transition now appears similar to that seen in the heatpulse
traces.
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Figure B.33: The temperature non-uniformity is increased to 7, = 1072 K. Very
quickly in the recovery the TES is phase separated and a dramatic transition is
suppressed. The normal to phase-separated transition now appears as a kink instead
of a wiggle as seen in some of the heatpulse traces.

is held constant but the substrate temperature is increased towards 7, = 87.5 mK. I
again apply a temperature non-uniformity such that nodes adjacent to one of the bias
lines has an increased temperature 7', = 1 mK which promotes phase-separation.
We notice that at high temperature (see Figure B.36) we suppress phase-separation
in agreement with the results shown in Sections B.2.5 and B.2.8. The phase-separation

is of course suppressed at even higher temperatures.

B.3.3 Bias Voltage Dependence

The data section shows a correlation between bias voltage dependence and the onset
and suppression of wiggles / kinks. It is not clear however if this suppression is
due to a change in the TES operating parameters such as a or a change in the
substrate temperature Ty,,. I am not sure that simulation is more revealing (see
Figures B.37, B.38 and B.39). High bias voltage seem to mask the effects of phase

separation and even high bias voltage can suppress the effect.
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70 mK.

Figure B.34: Substrate Temperature Dependence. Ty,

80 mK.

Figure B.35: Substrate Temperature Dependence. Ty,

Figure B.36: Substrate Temperature Dependence. Ty, = 81 mK.
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Figure B.37: Bias voltage dependence, Vj;,s = 480 mV. Phase separation is obvious
at this biasing condition.
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Figure B.38: Bias voltage dependence, Vj;,s = 960 mV. Phase separation occurs as is
obvious in the resistance plot. However, the effect may not be obvious when looking
at the pulse trace.
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Figure B.39: Bias voltage dependence, Vj;,s = 1440 mV. Phase separation is only
suppressed at the highest of bias conditions.

B.3.4 Raised Substrate Temperature, Vary Bias Voltage

Finally, raise the substrate temperature Ty,;, to 82 mK, quite near the 87.5 mK T,
and vary the bias voltage to try to recover wiggles as was done in Section B.2.9.
Contrary to the results shown in that section, we are not able to recover the wiggles
(see Figures B.40, B.41 and B.42). This observation suggests that our ability to
recover the wiggles was due to effects on the substrate temperature. In Section B.2.9,
lowering channel 4’s bias voltage likely lowered the substrate temperature allowing

phase separation to occur.

B.4 Theory

The relative strength of two competing thermodynamic effects determine if phase-
separation occur in a TES. Thermal diffusion along the current flowing direction
helps to keep both sides of the TES at the same temperature limiting the likelihood
of phase-separation. On the other hand, Joule heating across the TES always tries
to pull the TES into a phase separated state. To understand this effect, consider
a square TES such that current moves from the left to right. The TES has some
macroscopic resistance which leads to a constant current traveling across the TES.

The Joule heating condition in this case is P; = I?R in which the phase-uniform
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Figure B.40: Bias voltage dependence, Vj;,s = 120 mV. Phase separation is only
suppressed at the highest of bias conditions.
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Figure B.41: Bias voltage dependence, V};,s = 60 mV. Phase separation is only sup-
pressed at the highest of bias conditions.
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Figure B.42: Bias voltage dependence, Vj;,s = 30 mV. Phase separation is only sup-
pressed at the highest of bias conditions.

state is thermodynamically unstable since the resistance R increases with 7. This
competition between thermal diffusion and Joule heating can be quantified and we
find that for TESs longer than

2
l2 m lLor

= ——— (23, 49 B.1
bar = g (23, 49) (B.1)

(where, I1,, is a material dependent constant and in tungsten lr,, = 25 nWQ/K?,
« is defined in Equation 5.1,
Y} is defined in Equation 3.5,
T, is of course the critical temperature and
pn is the normal state resistivity)
phase separation is favored. One nice aspect of Equation B.1 is that material proper-
ties such as Iy, and X are used instead of operating conditions like the bias current,
temperature and resistance.

Finally, we need to explain the suppression of phase-separation at high temper-
ature. One cooling mechanism that I neglected to describe earlier is cooling from

> T then

phonon

the electron to phonon system (see Equation 3.5). When 77,.,...
the cooling is described by Equation 5.2. However, at high substrate temperature,
the substrate effectively warms the cold part of the TES reducing the likelihood of

it collapsing into the superconducting state. With this effective heating, the phase
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uniform state is more stable. Obviously this is not a normal operating regime, but it

does explain the data shown in this chapter.

B.5 Conclusion

Simulation suggests that the wiggles and kinks are manifestations of the same phase-
separation phenomenon. In some of the data, a combination of two kinks and or
wiggles are seen. This could perhaps be due to phase-separation occurring near each
of the bias lines. It is likely that phase separation enhanced by microscopic variations
in the critical temperature 7,.. Furthermore, phase-separation seems to come and go
from channels after the refrigerator is warmed and re-cooled. I suspect this change is
due to cryo-deposits leading to a variation in heat capacity across the TES surface.
This phase-separation study was performed in two dimensions while previous stud-
ies in our group were restricted to one dimension. We notice that in two dimensions
that phase separation is not suppressed along the current flow direction. It is how-
ever avoided in the direction perpendicular to current flow as current flows around

localized hot spots in this case.

B.6 Data particulars

This section provides information on various bias voltages, pulse amplitudes, pulse
durations and mixing chamber temperatures for the various heatpulse plots that were

shown in this chapter.
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Heatpulses on channel 3 and 4, varying pulse duration.

Temperature
mK

Bias
mV

Heat pulse
v

Burst size
Hz

39.2

-430

-2.48

900,000
100,000
10,000
1,000
100

10

Heatpulses on channel 3 and 4, varying pulse duration.

Temperature
mK

Bias
mV

Heat pulse
v

Burst size
Hz

39.2

-430

-2.3

900,000
100,000
10,000
1,000
100

10
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Heatpulses on channel, reversed bias and pulse polarity.

Temperature
mK

Bias
mV

Heat pulse
v

Burst size
Hz

39.2

380

2.22

900,000
100,000
10,000
1,000
100

10

1

Heatpulses on channel 3 and 4, 900 kHz pulse burst,
varying substrate temperature (the same acquisitions
are then repeated with 100 kHz, 10 kHz, 1 kHz, 100 Hz,
10Hz and 1 Hz burst widths).

Temperature
mK

Bias
mV

Heat pulse
v

Burst size
Hz

39.2
42.8
47
52
58
65.4
74.6

-320

-2.3

900,000

153
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Heatpulses on channel 2 and 4, varying bias voltage.
Temperature | Bias | Heat pulse | Burst size
mK mV |V Hz
39.2 -420 | -2.28 10,000

-480 | -2.31

-520 | -2.34

-560 | -2.41

-600 | -2.44

-650 | -2.49

-700 | -2.54

-800 | -2.64

-900 | -2.74

-1000 | -2.83

-1100 | -2.93

-1200 | -3.05

Heatpulses on channel 2 and 4, varying pulse amplitude.

Temperature
mK

Bias

mV

Heat pulse
\Y%

Burst size
Hz

39.2

-360

-4.86
-4
-3.14
-2.6
-2.16
-1.74
-1.5
-1.08
-0.95
-0.74

10,000
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Heatpulses on channel 4, vary bias on channel 2 to heat substrate.

Temperature

mK

Bias
Ch 4
v

Heat pulse
Ch 4
\Y

Bias
Ch 2
mV

Burst
size
Hz

39.2

-400

-2.25

-13.2
-11.2
-9.1
-8.1
-7.1
-6.1
-5.1
-4.1
-3.1
-2.1
-1.1

10,000

Heatpulses on channel 4, vary bias on channel 2 to heat substrate,

then re-bias channel 2 to retrieve and maximize the wiggle.

Temperature | Bias | Heat pulse | Bias | Burst

Ch4|Ch4 Ch 2 | size
mK A% \Y% mV | Hz
39.2 -340 | -2.2 -10.2 | 10,000

-360 | -2.2 -8.1

-390 | -2.2 -6.1

-400 | -2.2 -4.1

-410 | -2.3 -3.1

-420 | -2.3 -2.1

-420 | -2.3 -1.1

-420 | -2.3 0
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NI PCI-6115 DAQ Code

This code is for use in MATLAB. It requires that the NI PCI-6115 drivers are installed
along with MATLAB’s Data Acquisition Toolbox.

C.1 Trace Acquisition Manager

0001
0002
0003
0004
0005
0006
0007
0008
0009
0010
0011
0012
0013
0014
0015

b

% TraceAcgMan.m

b

% Trace Acquisition Manager for NI PCI-6115

% by Steve Leman

b

% I allow a nice shutdown of the DAQ in case if it hangs up.

% Run me from MATLAB’s command prompt.
b

try
TraceAcq
catch
disp(’DAQ CONTROLLER FAILED ABNORMALLY!!!’)

1stErrr = lasterror;
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0016 disp(1lstErrr.message)

0017 disp(lstErrr.identifier)
0018 disp(1lstErrr.stack)

0019 disp(’Shutting down objects’)
0020 disp(’ )

0021 stop(plotTimer)

0022 disp(’Plot timer stopped’)
0023 stop(ai)

0024 disp(’DAQ stopped’)

0025 delete(ai)

0026 disp(’DAQ pointer deleted’)
0027 disp(’ )

0028 disp(’Shutdown complete’)

0029 end
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C.2 Trace Acquisition

0001 %

0002 % TraceAcq.m

0003 %

0004 7 Trace Acquisition Routine for NI PCI-6115

0005 7% by Steve Leman

0006 %

0007 % Saves data first in .bin format then converts to .mat after
0008 7 acquisition is complete. This speeds acquisition rate.
0009 %

0010 % This should be run from TraceAcgMan.m

0011 %

0012

0013 clear

0014 tic

0015

0016 7 Set traces start number and number of traces to acquire
1;

0018 eventTotal 1000;

0019 eventPerFile = 100;

0020 fileTemp = ’f:\06-06-15\RawData\06-06-27";

0021 fileFinal = ’f:\06-06-15\TraceData\06-06-27";

0022

0023 % Device operating parameters are stored in the

0017 startEvent

0024 7, acquisition files.

0025 biasResistor = [7000 7000 7000 7000];

0026 currentBias = -2/7000 * [1 1 1 4];

0027 currentTESBaseline = [-3.7E-6 -3.7E-6 -3.7E-6 -3.7E-6];
0028 feedResistor = [1000 1000 1100 1000];

0029 inductance = [250E-9 250E-9 250E-9 250E-9];
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0030 preTrigX = -preTrigger;

0031 sRS = [100 100 100 100];

0032 secPerPoint = 1/sampleRate;

0033 shuntResistor =[0.02 0.02 0.02 0.005];

0034

0035

0036 % First test for existing files to prevent overwritting.
0037 disp(’Testing for existing files.’);

0038

0039 overwriteFlag = 0==1;

0040 for fileTestNum = startEvent:eventPerFile:startEvent+eventTotal

0041 try

0042 load([fileFinal, ’_’, num2str(startEvent)]);
0043 overwriteFlag = 1==1;

0044 break

0045 catch

0046 end

0047 end

0048 if overwriteFlag

0049 beep

0050 disp(’ *);

0051 disp(’A file exists and will be OVERWRITTEN!!!’)
0052 disp(’Do you want to continue? Type "yes" to continue.’)
0053 disp(’Any other entry will terminate the program.’)
0054 overwriteTest = input(’’,’s’);

0055 if “strcemp(’yes’, overwriteTest)

0056 disp(’ )

0057 break

0058 end

0059 end

0060 disp(’ ?)
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0061

0062 % Input ranges available

0063 % -50 to +50 V

0064 % -20 to +20 V

0065 % -10 to +10 V

0066 % -5 to +5 V

0067 % -2 to +2 V

0068 % -1 to +1 V

0069 7% -500 to +500 mV

0070 % -200 to +200 mV

0071 inRange = 5*%[-1 1];

0072

0073 % Voltage at which hardware triggers

0074 hardTrig = -1;

0075

0076 7% Summed traces are used to cut small (or large) energy events
0077 softTrigHigh = -100; % a large negative # allows many events
0078 softTriglow = 100; % a large positive # allows many events
0079

0080 % Set the number of points in the pretrigger

0081 preTrigger = -2000;

0082

0083 % Set the channels to acquire from 0 - 3

0084 chanln [0:3];

0085 traces length(chanIn);

0086

0087 7% Set the trigger channel

0088 trigChan = 1;

0089

0090 % Number of points in the acquisition.

0091 samplelLength = 1E4;
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0092

0093 7 Acquisition time in seconds.

0094 windowTime = 1E-3;

0095

0096 % Sampling rate in 1/sec. DAQ limited to 1e7 Hz.
0097 sampleRate = min(sampleLength / windowTime,1E7);

0098

0099 % Pass operating parameters to NI PCI-6115
0100 ai = analoginput(’nidaq’);

0101 ch = addchannel(ai,chanln);

0102 set(ai,’SampleRate’,sampleRate)

0103 set(ai,’SamplesPerTrigger’,samplelLength)
0104 set(ai,’TriggerChannel’,ch(trigChan))
0105 set(ai,’TriggerType’,’Software’)

0106 set(ai,’TriggerCondition’,’Falling’)
0107 set(ai,’TriggerDelayUnits’,’Samples’)
0108 set(ai,’TriggerDelay’, preTrigger)

0109 set(ai,’TriggerConditionValue’,hardTrig)
0110 set(ai,’TriggerRepeat’,eventPerFile)
0111 set(ai,’Timeout’,1)

0112 set(ai.Channel,’InputRange’, inRange)
0113 set(ai,’DataMissedFcn’,@DoNothing)

0114 set(ai,’RuntimeErrorFcn’,@DoNothing)
0115

0116 dagStatus = get(ai);

0117

0118 7 Start DAQ before allocating memory
0119 start(ai)

0120

0121 % Allocate MATLAB memory

0122 data = zeros(eventPerFile,samplelLength,traces);
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0123
0124
0125
0126
0127
0128
0129
0130
0131
0132
0133
0134
0135
0136
0137
0138
0139
0140
0141
0142
0143
0144
0145
0146
0147
0148
0149
0150
0151
0152
0153

timeRelTrig = zeros(eventPerFile,1);

timeTrig = zeros(eventPerFile,6);

dataTemp = zeros(eventPerFile,sampleLength,traces);

timeRelTrigTemp = zeros(eventPerFile,sampleLength);

timeTrigTemp = zeros(eventPerFile,6);

% Set up and start plot timer which regularly updates display

event = 0;

eventsRec = 1;

plotHandle = figure(1);

plotTimer = timer (’TimerFcn’,@DataAcqgPlot, ’ExecutionMode’,...
’fixedSpacing’, ’Period’, 3.0, ’UserData’,...
{squeeze(data(eventsRec,:,:)), event, inRange, plotHandle});

start(plotTimer) ;

b

% Acquire data

b

totalFiles = ceil(eventTotal / eventPerFile);

bufferedDataFlag = 0;
for fileNum = 1:totalFiles
eventsRec = 0;
while eventsRec < eventPerFile
if bufferedDataFlag == O;
wait(ai,10);
trigExec = get(ai,’TriggersExecuted’);
for eventInTrig = 1:trigExec
wait(ai,10);
try
[dataTemp(eventInTrig,:,:),...

timeRelTrigTemp(eventInTrig,:),. ..
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0154 timeTrigTemp(eventInTrig,:)] =...
0155 getdata(ai);

0156 catch

0157 trigExec = trigExec - 1;

0158 end

0159 end

0160 wait(ai,10);

0161 start(ai)

0162 else

0163 trigExec = samplesSaved;

0164 bufferedDataFlag = 0;

0165 end

0166

0167 % Sum traces and apply cuts

0168 for eventInTrig = 1:trigExec

0169 if eventsRec<eventPerFile

0170 [yMin, xMin] =...

0171 min(squeeze (dataTemp(eventInTrig,:,:)));
0172 avgX = round(mean(xMin)) ;

0173 avgMin = sum(dataTemp(eventInTrig,avgX,:));
0174 if avgMin >= softTrigHigh & avgMin <=...
0175 softTriglow

0176 eventsRec = eventsRec + 1;

0177 data(eventsRec,:,:) = ...

0178 squeeze (dataTemp (eventInTrig,:,:));
0179 timeRelTrig(eventsRec) = ...

0180 timeRelTrigTemp (eventInTrig,1);
0181 timeTrig(eventsRec,:) = ...

0182 timeTrigTemp(eventInTrig,:);

0183 end

0184 else
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0185
0186
0187
0188
0189
0190
0191
0192
0193
0194
0195
0196
0197
0198
0199
0200
0201
0202
0203
0204
0205
0206
0207
0208
0209
0210
0211
0212
0213
0214
0215

samplesSaved = trigExec - eventInTrig + 1;

dataTemp([1:samplesSaved],:,:) = ...
dataTemp([eventInTrig:trigExec],:,:);

timeRelTrigTemp([1:samplesSaved],:) = ...
timeRelTrigTemp([eventInTrig:trigExec],:);

timeTrigTemp([1:samplesSaved],:) = ...
timeTrigTemp([eventInTrig:trigExec],:);

bufferedDataFlag = 1;

break

end

end

event = (fileNum-1)*eventPerFile + eventsRec;
if event >= 1 & eventsRec>=1
set(plotTimer, ’UserData’, ...
{squeeze(data(eventsRec,:,:)), event, ...
inRange, plotHandle});
end
end
% Save data in .bin format

fileName = [fileTemp, ’_’,

num2str ((fileNum-1) *eventPerFile+startEvent)];
fid = fopen([fileName,’.bin’],’wb’);
furite(fid,data,’float32’);
furite(fid,timeRelTrig, ’float32’);
fwrite(fid,timeTrig, ’float32’);
fclose(fid);

disp([’Saved file... ’,fileName, ’.bin at time ’, ...

num?2str (toc)])
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0216
0217
0218
0219
0220
0221
0222
0223
0224
0225
0226
0227
0228
0229
0230
0231
0232
0233
0234
0235
0236
0237
0238
0239
0240
0241
0242
0243
0244
0245
0246

end

% Acquisition complete. Shutdown DAQ and notify user.
stop(plotTimer)

stop(ai)

delete(ai)

b

disp(’Stopped DAQ.’)

disp(’Stopped plot timer.’)

setpref (’ Internet’,’SMTP Server’,’smtp.stanford.edu’);
setpref (’Internet’,’Email’,’Data@Acq’);

mailMessage = [’Data Acquisition Complete ’, ...

num2str(startEvent), ’ - 7,

num2str (startEvent + eventTotal)];
sendmail (’swleman@stanford.edu’,mailMessage,mailMessage)
sendmail (’6503845209@mmode . com’ ,mailMessage,mailMessage)
disp(’Sent "DAQ Complete" email.’)
A
wavData = 100*wavread(’ringout’)’;
wavplay (wavData, 11025)
wavplay(wavData, 2 * 11025)
wavplay(wavData, 11025 / 2)
wavplay(wavData, 11025)
wavplay (wavData, 2 * 11025)
wavplay(wavData, 11025 / 2)
wavplay(wavData, 11025)
wavplay(wavData, 2 * 11025)
wavplay(wavData, 11025 / 2)

% Convert files to .mat format and delete old .bin files

disp(’Begin converting file types.’)
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0247 for fileNum = 1:totalFiles

0248
0249
0250
0251
0252
0253
0254
0255
0256
0257
0258
0259
0260
0261
0262
0263
0264
0265
0266
0267
0268
0269
0270
0271
0272
0273
0274
0275
0276
0277

end

fileNameLoad = [fileTemp, ’_’,

num2str ((fileNum-1) *eventPerFile+startEvent)];
fid = fopen([fileNameLoad,’.bin’],’rb’);
[dataMatrix,count] = ...
fread(fid,traces*sampleLength*eventPerFile, ’float32’);
timeRelTrig = fread(fid,eventPerFile,’float32’);
timeTrig = fread(fid,6*eventPerFile,’float32’);
fclose(fid);

data = ...
reshape(dataMatrix, [eventPerFile,sampleLength,traces]);

timeTrig = reshape(timeTrig, [eventPerFile,6]);

fileNameSave = [fileFinal, ’_’,

num2str ((fileNum-1) *eventPerFile+startEvent)];

save(fileNameSave, ’data’, ’timeRelTrig’, ’timeTrig’, ...
’biasResistor’, ’currentBias’, ’currentTESBaselLine’,...
’feedResistor’, ’inductance’, ’preTrigX’, ’sRS’,...
’secPerPoint’, ’shuntResistor’);

system([’del ’, fileNameLoad, ’.bin’]);

disp([’Saved file... ’,fileNameSave, ’ at time ’,

num?2str (toc)])

% Notify user that all is good and well.

setpref (’Internet’,’SMTP Server’,’smtp.stanford.edu’);

setpref (’Internet’,’E mail’,’Data@Acq’);

mailMessage = [’File Conversion Complete 7,

num2str(startEvent), ’> - 7,
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0278
0279
0280
0281
0282
0283
0284
0285

num2str(startEvent + eventTotal)];
sendmail (’swleman@stanford.edu’ ,mailMessage,mailMessage)
sendmail (’6503845209@mmode . com’ ,mailMessage,mailMessage)
disp(’Sent "File Conversion Complete" email.’)
disp(’Done. )
wavplay(wavData, 11025)
wavplay(wavData, 2 * 11025)
wavplay(wavData, 11025 / 2)
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C.3 Do Nothing Function

Yes, this really is necessary.

0001 function [] = DoNothing(varargin)

0002

0003 %

0004 7 DoNothing.m

0005 %

0006 % A dummy function for for NI PCI-6115
0007 % by Steve Leman

0008 %
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C.4 Data Acquisition Figure Updater

0001
0002
0003
0004
0005
0006
0007
0008
0009
0010
0011
0012
0013
0014
0015
0016
0017
0018
0019
0020

function DataAcqPlot(varargin);

h

% DataAcqPlot.m

h

% Data Acquisition Plotter for NI PCI-6115
% by Steve Leman

h

% Updates MATLAB figure

h

sentData = varargin{1}.UserData;

plotHandle = sentData{4};

set (0, ’CurrentFigure’, plotHandle)

plot(sentData{1})
ylim(sentData{3})
title([’Event ’, num2str(sentData{2})]);

drawnow
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