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Abstract

Kinetic Inductance Detectors for Dark Matter Searches
by
Miguel Demetrius Daal
Doctor of Philosophy in Physics
University of California, Berkeley

Professor Bernard Sadoulet, Chair

Decades of astrophysical observations suggest that 23% of the mass energy of the universe
is dark. Meanwhile, particle physics theories favor the existence of a stable and weakly
interacting particle, which has yet to be detected. These realities combine to formulate
a very well motivated particle dark matter candidate, which was produced in the early
universe and still lingers in abundance today. The expectation of a small weak interaction
cross-section enables the instrumentation of experiments designed to discover the nature of
the dark matter which continues to be an overarching question of cosmology. A detector for
this dark matter candidate senses energy from occasional collisions between the dark matter
and atomic nuclei; the more nuclei in the detector, the greater its sensitivity to dark matter.
The detectors of the Cryogenic Dark Matter Search (CDMS) measure phonons and charge
emanating from recoiling germanium nuclei. Its phonon sensors, though exquisitely sensitive,
are relatively complicated to fabricate and deploy. Responding to the scientific imperative
to increase dark matter sensitivity, we look for a simpler phonon sensor technology. Kinetic
inductance based phonon sensors (KIPS) are superconducting thin film microwave frequency
resonant circuits. Phonon energy impinging on the film alters its surface impedance, which
alters the characteristics of the resonance. KIPS can be made with relatively large, millimeter
sized features which makes them easier to fabricate and reduces variations between detectors.
This instrumentation focused thesis shows that KIPS can be used as a simple and sensitive
phonon sensor for the CDMS detector. KIPS design aspects, competitiveness to the current
transition edge phonon sensors, readout considerations and suggestions on how to instrument
them in future dark matter experiments will be presented. The broader applicability of KIPS
in nuclear non-proliferation and other physics investigations is also discussed.



To my mother



Contents

Contents

List of Figures

List of Tables

1 Cosmology

2

1.1 Theoretical Framework . . . . . . . .. ... ... ... .. ... . .. ...,

1.2 Contents of the Universe . . . . . . . . . . . . .. .. ... ...,

1.2.1 Radiation, £, . . . . . . . . e e

1.2.2  Matter, €2, . . . . . e

1.2.2.1  The Neutrino Density, €2, . . . ... .. ... ... .....

1.2.2.2  The Baryonic Matter Density, €2, . . .. ... .. ... ...

1.2.2.3  The Non-Baryonic Matter Density, 0, . . . . . . . . .. ..

1.2.3 Vacuum Energy, O . . . . . . oo

1.3 Evidence for Cosmic Dark Matter . . . . . . .. ... ... ... .......

1.3.1 Evidence at Different Scales . . . . . ... ... ... ... ......

1.3.2 Baryonic Dark Matter . . . . .. .. ... ... .. 0.

1.3.3 Non-Baryonic Dark Matter . . . . . .. ... ... .. ... ...,

1.3.4 Modified Theories of Gravity . . . . . . . . .. ... ... ... ....

1.4 Leading Dark Matter Candidates . . . . . . ... ... ... ... ......

1.4.1 Neutrinos . . . . . . . e

1.4.2 Axions . . . . . ... e e

1.4.3 Weakly Interacting Massive Particles . . . . .. ... ... ... ...
Dark Matter Detection

2.1 Detection of WIMP dark matter . . . . . . ... ... ... ... ... ...

2.1.1  Complementarity . . . . . . .. . ...

2.1.2 Indirect detection experiments . . . . . . . .. ... ... ... ..

2.1.3  Direct detection experiments . . . . . . . ... ... ... ... ...,

2.1.3.1 Eventrate. . .. ... ... ... ...

2.1.3.2  Detection experiments . . . . . . . ... ...

i

ii

viii

xii

S UL O s s = =

13
13
17
18
19
21
22
22
23



2.2

2.3

214

2.1.3.2.1  Silicon and germanium detectors . . .. ... ...
2.1.3.2.2  Oxide semiconductor . . . . . . ... .. ... ...
2.1.3.2.3  Crystal scintillators . . . . . . ... ... ... ...
2.1.3.2.4  Liquified nobles gases . . .. ... ... ... ...
2.1.3.2.5  Superheated liquids . . . . .. .. ... ... ....
2.1.3.2.6  Gas target materials . . . .. ... ... ... ...
Search status . . . . . ... L L oL

The CDMS experiment . . . . . . .. .. ... o

2.2.1

Technical challenges for large arrays . . . . . . .. ... .. ... ...

Detection of axion dark matter . . . . . . . . . . ... .

2.3.1

Axion search status . . . . . . . ..

3 Kinetic Inductance Phonon Sensors for Dark Matter Detection
Overview of kinetic inductance detectors . . . . . . . . . . . . . . ... ...

3.1

3.2

3.1.1
3.1.2
3.1.3
3.14
3.1.5

Kinetic inductance . . . . . . . . ... oo
Principle of operation . . . . . . .. ... oL 0L L
Attractive features of kinetic inductance detectors . . . . . . ... ..
Applicability to direct detection . . . . . . .. ... ... ... .. ..
Detector concept . . . . . . . . .. e

Material electrodynamics . . . . . . . . .. ... e

3.2.1

3.2.2

3.2.3

Theoretical frameworks . . . . . . . . .. ... L.
3.2.1.1 Maxwell’s equation . . . . ... ... ... L.
3.2.1.2 The two-fluid model and the london equations . . . . . . . .
3.2.1.3 BCS theory of superconductivity . . . ... ... ... ...
3.2.1.4  Calculation of the Density of states, Ny . . .. .. .. ...
3.2.1.5  Mattis bardeen theory of the anomalous skin effect . . . . .
Conceptual essentials . . . . . . . . . .. .. ... ...
3.2.2.1 Characteristic lengths . . . . . ... ... .. ... .....
3.2.2.2 Current-field relations . . . . .. .. ... ... ... ....
3.2.2.3  The complex conductivity . . . ... ... ... .. ... ..
3.2.2.4  The surface impedance . . . . . . ... ... ... L.
3.2.2.5 Surface scattering . . . . . . ... L
Example application: normal and superconductors in local limit . . .

3.3 Causes of nonlinear behavior . . . . . . . . . . ...

4 Analysis of Resonator
Linear Analysis of Shunt-Coupled Resonator . . . . . . .. ... ... ....

4.1

4.1.1
4.1.2
4.1.3
4.1.4
4.1.5

Review of transmission line theory . . . ... ... ... ... ....
Scattering matrix for the coupler, o;; . . . . . . ... ...
Scattering matrix for resonator, €; . . . ... ... .o 000
Scattering matrix for resonator coupled to feedline, S;; . . . . . ...
Voltage and current amplitudes inside a */2 resonator . . . . . . . ..

il

34
36
37
37
38
39
40
40
41
42
43

46
46
46
47
47
48
50
ol
o1
52
52
53
95
95
o7
o7
59
60
60
61
61
64



4.2

4.1.6
4.1.7
4.1.8
4.1.9

Computation of coupling quality factor, Q. . . . . . . . . . ... ...
Computation of termination quality factor, Qo - - - .« o o o o L L.
Computation of transmission line quality factor, @y . . . . . . . ..
Approximation of the resonance curve, So1(f) . . . . ... ... ...

4.1.10 Approximation of resonator internal power, Py, . . . . . ... . ...
4.1.11 Approximation of maximum resonator current, e - « . . « . . . . .

Nonlinear Analysis of Shunt-Coupled Resonator . . . . . ... ... .. ...

4.2.1
4.2.2
4.2.3
424

Approach: parameterize //f in terms of resonator current |I|?

Approach: resonator input amplitude, V5, parameterization . . . . .
Approach: quantum Input Output theory . . .. ... ... ... ..
Comparison of approaches . . . . . .. .. ... ... ... ......

Detector Design, Fabrication and Readout System
Mask design . . . . . . . . . e
Expected losses . . . . . . .

Expected kinetic inductance fraction, o . . . . . . ..ol
KIDs fabrication . . . . . . . .. .. L

5.1
5.2
5.3

=

5.4

5.8

5.4.1
5.4.2

Sensor Chip . . . . . . . . . . . . e
Ground plane chip . . . . . . . ... ... .
5.4.2.1 Hexagonal mesh ground plane . . . . .. .. ... ... ...
5.4.2.2 Ground plane porosity . . . . . .. ..o

Assembly of device in test box . . . . . ... L L e
Connection of test box to readout system . . . . . . ... .. ... .. ....
Readout system . . . . . . . .. L

5.7.1
5.7.2
2.7.3
5.7.4
5.7.5

“Device End” portion of readout system . . . . . . ... ... .....
“Digitizer End” ROACH board configuration . . . . . ... ... ...
“Digitizer End” NI digitizer configuration . . . . . . .. ... ... ..
“Digitizer End” network analyzer configuration . . . . . .. ... ...
System noise . ... Lo Lo e

Signal estimation . . . . . . ... L Lo

5.8.1

Relative sensitivity of trace and ground plane . . . ... ... .. ..

Detector Performance Data
Linear Data and Fitting . . . . . . . .. . ... .. Lo

6.1

6.2

6.1.1
6.1.2
6.1.3
6.1.4

Linear fitting . . . . . . . . . ... o
Stepwise fitting . . . . . ..o oL
Concurrent fitting . . . . . . . ... oL L
Data . . . . . o o
6.1.4.1 Probe power sweeps . . . . . . .. ..o L
6.1.4.2 Temperature sweeps . . . . . . . . ...

Nonlinear Data and Fitting . . . . ... .. ... ... ... .. .......

6.2.1

Least squares fit . . . . . . . . . . .. ...

v

76
7
7
77
79
80
80
81
82
83
92

94

94

97
100
103
103
108
109
111
113
116
120
120
124
125
125
126
127
130



6.3

6.2.2 Determining the resonator amplitude . . . . . .
Nonlinear Data . . . . . .. ... ... ... ... ...

6.3.0.1 Nonlinear Fit to power sweep . . . . .
6.3.0.2 Simulated Data . . . . ... ... ...

7 Cryogenic methods

7.1

7.2
7.3

Materials selection . . . . .. ... .. ... ... ...
7.1.1 Thermal conductivity . . . . .. ... ... ...
7.1.1.1 High temperatures . . . .. ... ...
7.1.1.2 Low temperatures . ... ... .. ..
7.1.1.2.1  Graphite-like materials . . . .

7.1.1.2.2 Kapton-like materials . . . .

7.1.1.2.3  Vespel-like materials . . . . .

7.1.1.2.4  Titanium alloys . . . . . . ..

7.1.2 Radiopurity. ... ... ... ... ... ...,
7.1.3 Mechanical properties . . . .. ... ... ...
7.1.4 Magnetic properties. . . . . .. ...
Thermomechanical tower design . . . . . ... ... ..
Cryogenic cabling . . . . . ... ... ... ..
7.3.1 Scientific requirements . . . . . ... ... ...
7.3.2 Materials selection . . . ... ... ...
7.3.3 Considerations for plating and joining . . . . . .
734 Plating. ... ... ... L0
7.3.4.1 Bulkparts. ... ............
7342 Thinfoils . ... ... ... ... ...
7.3.4.2.1 Electroless nickel . . . . . ..

7.3.4.2.2  Electrolytic nickel . . . . . ..

7.3.4.2.3  Electrolytic chromium . . . .

7.3.4.2.4  Electrolytic copper . . . . ..

7.3.4.2.5  Electrolytic gold . . . . . ..

7.3.4.2.6  Thermal evaporated copper and aluminum . . . . .

7.3.4.2.7  Ion vapor deposited aluminum
Direct electrolytic copper plate . . .
Zincate then electrolytic copper plate

Zincate, then nickel flash, then electrolytic copper plate

7.3.5 Joining . . . . . ..o Lo
7.3.5.1 Methods Considered . . .. ... ...
7.3.5.1.1 Laser Welding . . . . ... ..

7.3.5.1.2  Diffusion Bonding . . . . ..

7.3.5.1.3  Discharge Welding . . . . ..

7.3.5.1.4  Ultrasonic Welding . . . . . .

7.3.5.1.5  Activated Solder . . .. ...

152
155
155
157



7.3.6

Heat sinking . . . . . . . . . . ... .. .. .
7.3.6.1 Boundary resistance measurement . . . .. .. .. ... ..
7.3.6.2 Cable Temperature Profile . . . . .. ... ... ... ....
7.3.6.3 Cable power profile . . . . . ... ... ...
7.3.6.4 Sinking heat for electrical components . . . . ... ... ..

737 ThedKto300K cable . . . . . . . . . . . . ...

7.3.8

Cable Fabrication . . . . . . . . . . .

8 Technology Applications and Future Work
8.1 Conclusions with regard to the KIDs phonon sensors . . . . ... ... ...
8.2 Alternative flex cable fabrication process . . . . . . . ... ... ... ..
8.3 Compression interconnects . . . . . . . . ... 0L
8.4 Phonon-mediated gamma ray spectrometer for nuclear security applications .

8.4.1
8.4.2
8.4.3
8.4.4
8.4.5

Bibliography

Background . . . . ... ... .o
Detector design features . . . . . . .. . ... ... ... ... ...
Example Detector Implementation . . . .. ... ... ... .....
Development requirements . . . . . .. . ...
Conclusions . . . . . . . . .

A Quality Factor

B Phasors, Time Harmonic Fields and Power
B.1 Useful Identities . . . . . . . . . . . . e
B.2 Phasors . . . . . . . e e
B.3 Maxwell’s In Phasor Form . . . . . .. ... ... ... ... .........
B.4 Power Dissipation and Poynting’s Theorem . . . . . . . ... ... ... ...
B.5 Time-averaged quantities . . . . . . . . . . .. .. L o

C Thermal Conductivity Measurements

C.1 Setup

C.2 Thermal Conductivity Analysis Methods . . . . . . ... ... ... .....
C.2.1 Method 1 . .. . . . . . . e
C.2.2 Method 2 . . . . . . .
C.23 Method 3 . . . . . . . .
C.24 Errors . . . . . o e

C.3 Materials Measured . . . . . . . . . . . . . . e
C.3.1 Polyimide Base Materials . . . . .. ... ... ... ... ......

C.3.1.1 Composite Bonding Films . . . . . ... ... ... ... ..
C.3.1.1.1 Pyralux LF . .. .. ... . 00
C.3.1.1.2 Nikaflex CISV. . . . . . .. .. ... ... ..

vi

237
237
238
238
241
241
243
247
248
250

251

272

274
274
275
276
277
279



vil

C3.1.2 Cirlex . ... . 0 e 285

C.3.1.3 Vespel . . . . o o 286

C.3.1.3.1 SP-22 . ... .. 287

C.3.1.3.2 SCP-5000 . . . . . . ... 287

C.3.1.3.3 SCP-5050 . . . .. ... 288

C.3.2 Titanium Alloys . . . . . . . . .. o 289
C.3.2.1 Ti-15V-3Cr-3Sn-3Al Alloy . . . . .. ... ... ... .... 292

C321.1 Plate. . . ... .. . 292

C.3.2.1.2 Foil . .. .. 293

C.3.213 Rod ... ... . . 293

C.3.22 Ti2lSAlloy . . . . . . . i i e 295

C.3221 Plate. . . .. ... 296

C.3.2.3 NbATTi Alloy . . . . . . oo 296

C.3.23.1 Foil . .. .. 297

C.3.24 Nitinol Alloy . . . ... .. . L 297

C.3.24.1 Plate. . . .. .. ... 298

C.3.3 Graphites . . . . . . . . .. e 299
C.3.3.1 Mersen 2020 Graphite, I tograin. . . . .. ... ... ... 299

C.3.3.2 Mersen 2020 Graphite, || to grain . . . . . ... ... .. .. 300

C.3.4 Graphlite CFRP . . . . .. .. . o 301

C.4 Fit Parameters . . . . . . . . . . . e 303
Part Drawings 305
D.1 Thermal resistance test device . . . . . . . . . .. ... ... ... .. 306
D.2 Transition pad . . . . . . . . L 307
D.3 KIDstest box . . . . . . . . . e e 308
D.4 Tower standoffs . . . . . . . ... 311
D.5 Coaxial vacuum passthrough . . . . . ... .. .. ... ... . L. 315



List of Figures

1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9

2.1
2.2
2.3
24
2.5
2.6
2.7
2.8
2.9

3.1
3.2
3.3
3.4

4.1
4.2
4.3
4.4
4.5

5.1
5.2

Cosmological timeline . . . . . .. .. . L oL
Abundances of light element predicted by big bang nucleosynthesis . . . .. ..
Cosmic microwave background polarization and temperature anisotropy . . . . .
Cosmic microwave background temperature-temperature power spectrum . . . .
Gravitation lensing diagram. . . . . . . . . . .. ..o
Artist visualization of dark matter halo . . . . . . .. ... ... 00,
Bullet cluster in x-ray, weak lensing and visible signal channels . . . . . ... ..
Artist visualization of bullet cluster collision sequence . . . . . . .. ... .. ..
Boltzmann solution for WIMP decoupling . . . . .. ... ... ... ......

Complementarity in dark matter research . . . . . . . . .. .. ... 0L
Direct detection in a solid target material . . . . . ... ... ... ... ....
Underground direct detection experiment . . . . . . . ... .. ... L.
WIMPS passing through the Earth . . . . . .. ... ... .. ...
Ionization and phonon collection in a CDMS detector . . . . . . .. .. ... ..
Nucleation of bubbles in superheated liquid . . . . ... ... ... .......
Limit plot for current and future WIMP direct detection experiments . . . . . .
Fiducial volume and event discrimination . . . . . . . ... .. ... ...
Limit plot for current and future Axion direction detection experiments . . . . .

Separation of function . . . . . .. Lo L oL
An electromagnetic plane wave at normal incidence with conductor. [3] . . . . .
Visualization of superconducting grains . . . . . . . . .. ... ... ... .. ..
[llustration of bulk vortex penetration . . .. ... ... ... .. ........

Network diagram of A/2 resonator coupled to feedline. . . . .. ... ... ...
Lumped element model of transmission line . . . . ... ... ... .......
An N-port microwave network . . . . . . . . . ... ... . o
Reflected waves inside a A2 resonator . . . . . . . .. ..o
Network diagram of nonlinear A/2 resonator shunt-coupled to feedline . . . . . .

Mask pattern for asensor chip . . . . . . . . . ... o
Kinetic inductance fraction with trace and ground plane contributions . . . . . .

viil



9.3
5.4
9.5
5.6
5.7
5.7
0.8
9.9
5.10

6.1
6.2
6.3
6.4
6.5
6.6
6.7
6.8
6.9
6.10
6.11
6.12
6.13
6.14

7.1
7.2
7.3
7.4
7.5
7.6
7.7
7.8
7.9
7.10
7.11
7.12

7.13
7.14
7.15

1X

Kinetic inductance fractions for smaller gap and thinner films . . . . .. .. .. 102
Hexagonal mesh ground plane . . . . . . .. ... ... o0 110
SEM views of apparently porous ground planes . . . .. ... ... ... .... 112
Block diagram of device press . . . . . . . ..o 117
KIDs readout system configurations . . . . . . . . .. ... ... ... .. .. .. 121
KIDs readout system configurations . . . . . . ... ... ... .. .. ... ... 122
Insertion loss of readout system cabling . . . . .. ... ... ... 0 L. 123
Measured system noise at base temperature . . . ... ... ... ... ... .. 127
Relative response of microstrip trace and ground plane . . . . .. .. ... ... 131
Linear versus nonlinear resonator . . . . . . . . . . . .. ... ... .. ... .. 133
Flow chart of linear resonance fitting procedure . . . . . . .. .. .. ... ... 134
Geometry of the resonance loop . . . . . . . .. ... oL 137
Demonstration of Complete Fit . . . . . . .. ... ... ... ... ..., 139
Internal quality factor versus probe power . . .. . ... ... ... ....... 141
Internal quality factor versus current density and internal power . . . . . . . .. 143
Coupling quality factor versus probe power . . . . . . . . .. . . ... ...... 144
Fractional frequency shift versus probe power . . . . .. ... ... ... .... 146
Fractional frequency shift versus probe power and temperature . . . . . . .. .. 148
Internal quality factor versus probe power and temperature . . . . . . . ... .. 150
Full nonlinear solution for 64 pm resonator . . . . . ... ... ... ... .... 154
Nonlinear fit to power sweep of 64 pm resonator . . . . . . . ... ... ... .. 156
Linear fits to simulated nonlinear data . . . . . . . .. ... ... ... ..., 159
Linear fits to simulated nonlinear data . . . . . . . .. ... ... ... ..... 160
SuperCDMS SNOLAB Tower . . . . .. . . ... ... ... 163
Temperature material dependence of Lorenz number . . . . . .. ... ... .. 165
Thermal conductivity of graphite-like materials . . . . ... .. ... ... ... 166
Thermal conductivity of kapton-like materials . . . . . ... .. ... ... ... 168
Thermal conductivity of vespel-like materials . . . . . . .. ... ... ... ... 170
Thermal conductivity of selected titanium alloys . . . . . . . ... .. ... ... 171
Thermal conductivity normalized by Young’s modulus of selected materials . . . 178
Carbon fiber types grouped by mechanical properties . . . . . . .. .. ... .. 180
SQUID array modulation in presence of nickel . . . . . . ... ... ... .... 182
Structures considered for tower standoffs . . . . . .. ... 0o L. 184
Tower standoff test modules . . . . . . . ... ... .. ... ... . 188
Comparison of thermal and measured mechanical properties for all the tower

standoff designs studied . . . . . . . .. .. L 189
Loading conditions for the tower standofts . . . . . .. ... ... ... ... .. 190
SNOLAB tower flex cable design flowchart. . . . . . .. ... ... ... ..... 191
Thermal conductivity of cable materials . . . . . ... ... ... ... .. ... 193



7.17

7.16
7.18
7.19
7.20
7.21

7.22
7.23
7.24
7.25
7.26
7.27
7.28
7.29
7.30
7.31
7.32
7.33
7.34
7.35

8.1
8.2
8.3
8.4
8.5
8.6

C.1
C.2
C.3
C4
C.5
C.6
C.7

Gibbs free energies of metal oxide formation in kilojoule per mole of oxygen. Plot
quantifies how energetically favorable it is for various metals to form oxides at a
given temperature and at room pressure. Metals may also form oxides that are

not present on this plot. This plot is also known as a Ellingham diagram. . . . . 195
Adhesion between layers of different materials . . . . . ... ... 00, 197
Time temperature transformation diagram for Ti 15-3-3-3 based alloys . . . . . 198
Equilibrium phase diagrams for: Nb-Al, Ti-Al, Nb-Cu and Ti-Cu . . . . . ... 199
Nb-47Ti electroplated with copper . . . . . . .. .. ... . .. 202
Heat treatment process for electroplated copper on Ti 15-3-3-3. The furnace is

initially filled with argon gas. About five minutes prior to reaching 400 °C, the
argon is pumped out leaving a residual pressure of 1 - 107° torr for the remainder
of the process. After 10 min at 400 °C, heating is turned off and the furnace cools

at a rate of approximately —2°C/min. . . . . . . ... ... 203
Copper plated Ti 15-3-3-3 foil under several heat treatment conditions . . . . . 204
Nb-47Ti with thermal evaporated Aland Cu . . . . . ... .. ... ... .... 206
Nb-47Ti plated with Al and then Cu . . . . . .. . ... .. ... .. ...... 207
Nb-47Ti plated with Al and then Cu . . . . . . . .. ... .. ... ... .... 208
Ti 15-3-3-3 plated with Al and then Cu. . . . . . .. ... ... ... ...... 210
Ultrasonic spot weld of Ti 15-3-3-3 to copper foils . . . . . . ... .. ... ... 213
Activated Solder on Nb-47Ti. . . . . . . .. .. 213
Diagram of cable heat sink section . . . .. ... ... ... ... .. 216
Thermal resistance test device concept . . . . . . . . .. ... ... ... ... 218
Microscope view of thermal resistance test device . . . . . ... ... ... ... 219
Cable heat sink thermal resistance data . . . . . . . ... .. ... ... ... .. 220
Temperature profile of phonon cable, with heat sinks . . . . ... .. ... ... 221
Thermal power profile of phonon cable, with heat sinks . . . . . ... ... ... 224
Diagram of 4K to 300K cable . . . . . . .. .. oo 226
Alternative flex cable fabrication process . . . . . . . .. . ... .. .. .. ... 239
“Fuzz Button” Connectors . . . . . . . . . .. . . 240
NIST microcalorimeter resolution compared to HPGe . . . . . . .. ... .. .. 242
Cross section closeup of proposed KIDs radiation detector . . . . ... ... .. 244
Position sensitivity in KIDs radiation detector . . . . . . ... .. ... ... .. 245
Pulse from CDMS detector exhibiting reverberation . . . . . . .. .. ... ... 247
Thermal conductivity measurement setup . . . . . . .. ... ... ... .. 281
Pyralux LF thermal conductivity . . . . .. ... ... ... ... ... . 285
Nikaflex CISV thermal conductivity . . . . . . . . .. ... .. . ... 286
Cirlex thermal conductivity . . . . . . . . ... .. . oL 287
Vespel SP-22 thermal conductivity . . . . . .. ... .. 0 L. 288
Vespel SCP-5000 thermal conductivity . . . . .. ... ... ... ... ... .. 289

Vespel SCP-5050 thermal conductivity . . . . . . .. .. ... ... ... ... 290



x1

C.8 Vespel SCP-5050 thermal conductivity, extended temperature range . . . . . . . 291
C.9 Beta stabilization in titanium alloys . . . . . . . ... ... 292
C.10 Ti-15V-3Cr-3Sn-3Al plate thermal conductivity . . . . . .. ... ... .. ... 293
C.11 Ti-15V-3Cr-3Sn-3Al foil thermal conductivity . . . . . . .. ... ... ... .. 294
C.12 Ti-15V-3Cr-3Sn-3Al rod thermal conductivity . . . . . . ... ... ... .... 295
C.13 Ti 21s plate thermal conductivity . . . . . . .. .. .. ... oL 296
C.14 Nb-47Ti foil thermal conductivity . . . . . . .. .. ... .. . ... 297
C.15 Nitinol alloy plate thermal conductivity . . . . . . . ... ... ... ... ... 299
C.16 Mersen 2020 Graphite thermal conductivity, | to grain . . . . . . ... ... .. 300
C.17 Mersen 2020 Graphite thermal conductivity, || to grain . . . . . ... ... ... 301
C.18 Graphlite CFRP thermal conductivity . . . .. .. .. .. ... ... ..... 302
D.1 Thermal resistance sample fabrication drawing . . . . . . . . . .. ... ... .. 306
D.2 Microstrip to coplanar waveguide transition pad with dimensions . . . ... .. 307
D.3 KIDs test box top fabrication drawing . . . . . .. .. ... ... oL 308
D.4 KIDs test box bottom fabrication drawing . . . . . . .. .. ... ... ... .. 309
D.5 Fabricated KIDs test box . . . . . . . .. .o L o 310
D.6 Ti 15-3-3-3 X-frame fabrication drawing . . . . . . . .. ... ... .. ... .. 311
D.7 Ti 15-3-3-3 hexipod member fabrication drawing . . . . . . .. ... .. ... .. 312
D.8 Graphlite rod X-frame fabrication drawing and gluing fixture . . . . . . . . . .. 313
D.9 Graphlite rod hexipod member fabrication drawing . . . . . ... ... ... .. 314
D.10 Coaxial vacuum passthrough fabrication drawing . . . . . . . ... .. .. ... 315

D.11 Coaxial vacuum passthrough in preparation foruse. . . . . . . ... .. ... .. 316



xii

List of Tables

2.1 Evolution of CDMS experiment . . . . .. .. ... ... ... .. ........ 45
3.1 Approximate parameter values for the local dirty limit . . . ... ... .. ... 64
4.1 Relationships between nonlinear resonator parameters. . . . . . . . .. .. ... 93
5.1 Sensor chip parameters . . . . . . . . . . . ... e 97
5.2 Estimated and simulated microstrip losses . . . . . . ... .. ... ... .... 99
5.3 KIDs sensor chip fabrication procedure . . . . . .. ... ..o oL L. 107
5.4 Sensor chip wafer summary . . . . . . ..o 108
5.5 Ground plane wafer summary . . . . . . .. ..o 109
5.6 Mounting KIDs devicein test box . . . . . . .. .. ..o oL 116
5.7 Installation of test box into KIDs readout system . . . ... ... ... ..... 119
5.8 “S8” signal estimate parameter assumptions . . . . .. ... 129
5.9 “S87 signal estimates . . . . . ... Lo L 129
6.1 Example y? obtained using linear fitting algorithm . . . . . .. ... ... ... 138
6.2 Nonlinear fit parameters . . . . . . . . . .. Lo L 157
7.1 A few SuperCDMS SNOLAB cryogenic and electrical specifications . . . . . . . 161
7.2 Radioactivity of potential cryogenic materials . . . . .. ... ... ..o L. 174
7.2 Radioactivity of potential cryogenic materials . . . . .. ... ... ... 175
7.2 Radioactivity of potential cryogenic materials . . . . . . .. ... ... ... .. 176
7.3 Mechanical properties of selected materials . . . . . ... .. ... ... ..... 179
7.4 Mechanical properties of selected graphite grades . . . ... ... ... ..... 181
7.5 Tower mechanical specifications . . . . . . . .. ... oo L oL 183
7.6 Comparison of thermal and measured mechanical properties for all the tower
standoff designs studied. . . . . . .. ... L L 187
7.7 Plating methods tried for primary adhesion to Ti alloy foils. . . . . . . ... .. 201
7.8 Methods tried for joining Ti alloy foils with other foils . . . . .. ... .. ... 211
7.9 Effect of different stiffener assumptions on phonon cable heat sinking . . . . . . 223
7.10 Raise in temperature of phonon cable due to power dissipation of components . 225

7.11 Trace scenarios for 4K to 300K cable . . . . . . . . . . . . .. ... ... 228



7.12

8.1
8.2
8.3

C.1

Phonon cable fabrication procedure . . . . . . .. ... ... ... L. 235
Low temperature contact resistance of fuzz button. . . . . . .. ... ... ... 240
Radiation detector technology comparison . . . . .. .. .. .. .. ... .... 243
Design parameters for proposed KIDs radiation detector . . . ... ... .. .. 248
Thermal conductivity fit parameters . . . . . .. ... ... ... ... 304



X1v

Acknowledgments

[ want to thank my advisor for teaching and supporting me. I also want to thank my family
for kindling my interest in science and encouraging me to pursue it.



Preface

This document is very much a rough draft for potential future work.

XV



Chapter 1

Cosmology

We adopt the framework of Big Bang cosmology, which relies on Standard Model physics,
general relativity, and the assumption of an initial instant of rapid spatial inflation. Ob-
servations of the universe are consistent with this framework. They tell a story of a hot
early universe, which cooled and expanded; as the universe cooled all the known particles
precipitated out; they clumped together to form structures like stars, galaxies and clusters
of galaxies, Figure 1.1. The behavior of these structures suggests the abundant existence of
unknown particles and energy. Determining the nature of the unknown particles, which we
call dark matter, is the focus of this chapter and the guiding impetus for the rest of work
described in this thesis.

1.1 Theoretical Framework

Here we present the basic equations that describe the structure and evolution of the universe
[54, |. Astrophysical observations show that we live in an expanding universe. This means
that distances between objects such as galaxies and clusters of galaxies are increasing. Data
from Edwin Hubble showed us that for the not so distant universe at a given time, ¢, objects
with at a radius r(t) are receding away from us at a speed v(t) proportional to their distance,
r(t), according to what is now known as the Hubble Law,

u(t) = H(t) - r(1). (1.1)

H(t) is the Hubble constant its present day value is Hy = (67.6 + 0.6) kms~! Mpc™! = 100h
kms™! Mpc™! [145], that is kilometers per second per megaparsec'. Here and throughout
this chapter, the subscript 0 refers to value of a quantity today.

It is convenient to remove the effect of the Hubble recession when speaking about dis-
tances. The resulting stationary distance, co-moving with the expansion of the universe, is

!Though it varies over the course of a year, the approximate distance between the earth and the sun is
defined as one astronomical unit, which is roughly equal to 150 million kilometers. A parsec is the distance
at which one astronomical unit subtends an angle of one second of arc, approximately 3.26 light-years
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Figure 1.1: A summary of the major events that occurred between present time and the Big
Bang, presented in chronological order. We see that the dark matter, which our objective is
to detect and characterize, should have been around since very shortly after the big bang.

1l

known as the co-moving distance, x(t) = x and it is related to r(t) as,
r(t) =a(t) - x, (1.2)

where a(t) is a dimensionless scaling called the scale factor. a(t) describes the evolution of
the size of the universe. By convention we define a(t)|,_,,,, = @0 = 1.

Einstein’s theory of general relativity connects the geometry and time-evolution of the
universe with the distribution and type of its contents. The Einstein equations specify this
relationship,

1 8t
Gl“’ = R/“’ — §glu,jR = FT‘LW. (13)
The right side of the equation contains geometric terms including, the Ricci curvature tensor

R, the metric g,,, the Ricci scalar curvature R, c is the phase velocity of light, and G is
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Newton’s constant. The right side contains the energy momentum tensor 7),,, whose elements
are pressures and densities — quantities arising from the matter-energy constituents of the
universe. Both 1 and v index over the three spatial dimensions plus one time dimension in
which we live, so equation Equation 1.3 is actually 16 equations but only 10 of them are
independent because the tensors are symmetric.

A central assumption of cosmology is that at large enough distance scales, the distribution
of energy and matter throughout the universe are homogeneous and isotropic. This is known
as the cosmological principle and can be stated in many ways such as “the universe looks
the same in every direction no matter where you look or who is looking." Invocation of the
cosmological principle dramatically simplifies the 10 Einstein equations to two; one of which

is the Friedmann equation
N\ 2
a 87G ke
(a) R (14)

Here, a is the scale factor, p is a mass-energy density, « is the spatial curvature of the
universe. p is considered the sum of the density contributions from various types of matter
and energy in the universe p = ). p;. Usually these component densities are taken as:
the matter density (assumed non-relativistic including baryons, non-relativistic neutrinos,
electrons, etc.) p,,, the radiation density (assumed relativistic including photons, etc.) p,,
and the dark energy density pa, such that p = p,, + p, + pa”. However these components
may be split up further.

In a positively curved universe x > 0 initially parallel lines will ultimately intersect, like
on the surface of a sphere, a familiar positively curved object. Such a universe is called
closed and will ultimately collapse upon itself, in the absence of dark energy. In a negatively
curved universe k < 0 initially parallel lines will diverge, like on the surface of a saddle, a
familiar negatively curved object. Such a universe is called open and, in the absence of dark
energy, will accelerate in its expansion isolating its constituent structures by vast distances.
A flat universe has x = 0 and parallel lines remain parallel. In the absence of dark energy, a
flat universe expands at a constant rate forever. Mounting observational evidence suggests
our universe is spatially flat.

FEquation 1.1 and FEquation 1.2 imply that H = 4/a. The value of p = p(¢) which forces
r = 0 is called the critical critical density, p... Using Equation 1.4 with x = 0 we find that,

Per(t) = 355)'

(1.5)

This allows us to define the density parameter, €2, a convenient parameter for quantifying

2 2
2In the case where x # 0, one may define a density corresponding to curvature, p, = —385{0(5)2'25 1

which case we need an €, modifying equation 1.6 to be 1 = Q,,,(¢) + Q- (¢) + Qa (t) + Qs (t) = Q) + Qe (t). A
closed, open or flat universe is no longed implied by Q greater than, less then or equal to 1. It is determined
by Q,(t) greater than, less then or equal to 1
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the relative abundances of different types of matter and energy in the universe,

o) = - /f ZQ (1) + (1) + Qu(b). (1.6)

When 2 > 1 the universe is open, if {2 < 1 the universe is closed and if {2 = 1 the universe
is flat. Determination of the present day values, €2; o, currently receives great experimental
attention.

1.2 Contents of the Universe

We can determine the (2, by making various astrophysics measurements. In this section we
survey such measurements.

The expansion of the universe, the Cosmic Microwave Background (CMB) and the mea-
surement of the primordial abundance of light nuclear elements suggest that the universe
began with an initial singularity where the mass-energy density was unbounded. This is
known as the Big Bang®’. The environment of space in the early universe is described as
a primordial plasma where elementary particles were coupled and in equilibrium, until the
temperature and density dropped low enough for each particle species to decouple and allow
the species to coalesce into aggregate particles, annihilate or free stream forever.

1.2.1 Radiation, €,

At about 14 seconds after the Big Bang, protons had long since formed and the photon
temperature had dropped enough so that electron-positron pairs, the lightest of the stable
electromagnetically interacting particles, ceased to be produced. The positrons and elec-
trons annihilated away leaving a relatively tiny excess of electrons due to matter-antimatter
asymmetry. The photons remained in equilibrium with electrons and protons for until ap-
proximately 380,000 years after the Big Bang. At this time, two things happened. One, the
photon temperature dropped far below the ionization energy of hydrogen, 13.6 eV, creating
the energetically favorable condition for hydrogen atoms to form. And, two, the expansion
rate of the universe, H(t), begins to exceed the rate of photons Compton scattering off
electrons’. As a result, the photons are free to stream unobstructed. The energy spectrum
the photons had at that time was frozen into their population. We can see this spectrum,
redshifted” from the photons’ 14 billion year journey to our telescopes, today. Such photons

3Tt is tempting to think that the initial singularity occurred at one distinct point from which all the
universe as we know it issued forth. This is not correct. The initial singularity happened everywhere, rather,
in a vast yet smaller universe. If our universe is infinite, then this primordial space was also infinite.

4The two things are related. When hydrogen formed, the cross-section for photons to scatter off electrons,
now bound to protons, decreased. This reduced the scattering rate.

5Because of the expansion of the universe, the frequency of a photon emitted at some distance away from
Us, Vemit, 1S measure to be lower when it arrives at our detectors, v.ps, by a fraction related to that distance,
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comprise the CMB. The CMB is a red-shifted picture of the universe when it was approxi-
mately 380,000 years old or z = 1100 — an epoch in time known as Recombination or Last
Scattering.

As expected from big bang cosmology, the CMB has a thermal black body energy spec-
trum. This is because in the hot primordial plasma, the photons remained in equilibrium
with all other particles until that particle’s decoupling. The temperature, Tcyp o, of CMB
photons distribution is related to the energy density by

1 hw? w2 kK
.= dw = — b4, 1.7
Pr= s oRT _ 1 YT me (17)

The present day temperature of the CMB has been measured by numerous experiments to
be Tomp,o ~ 2.725K. Using the present day value of the critical density, we find that,

Q0= (48+£04)-107°. (1.8)

We see that, presently, radiation does not contribute significantly to the mass-energy of the
universe.

1.2.2 Matter, (),

The total matter density is considered to be the sum of baryonic’ non-baryonic and neutrino
contributions,

Qe =+ D + Q0. (1.9)

1.2.2.1 The Neutrino Density, (2,

At approximately one second ofter the big bang, neutrinos decoupled from the primordial
plasma. Since then, they have been free streaming and should be visible today, like the pho-
tons of the CMB. Unfortunately, these relic neutrinos have not yet been detected. Neutrino
annihilation and creation reactions occur through W and Z scattering and it can be com-
puted that they decouple’ from the primordial plasma around k,T =~ a few MeV — slightly
before the electron and positron decouple and annihilate.

At kT =~ a few MeV, we can safely assume that the neutrinos are massless. The temper-
ature of their Fermi-Dirac distribution would have been equal to the photon temperature at
the time of their decoupling. Since both temperatures scale as a~'(t), they would be equal

or scale factor at the time of emission. Redshift is often denoted by 2z, 1 + z = % = % = %, where A
is wavelength.

SBaryons are the bound state of three quark. Protons and neutrons and all atomic matter is considered
baryonic. Like neutrinos, electrons are leptons and not baryons. Ignoring this fact and we lump free electrons
and atoms into the baryon tally. Relativistic neutrinos are massless are sometimes included in €2, 9. Due to
the strong experimental evidence that neutrinos have mass and are non-relativictic, we count them in €, o.

"Reactions decouple when their rate, I, falls below the expansion rate of the universe, I' < H(t). I' = now,
where n is particle number density, o is cross-section and v is particle speed.
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today except that annihilation of electrons and positrons, shortly after neutrino decoupling,

warmed the photon temperature. Entropy scaling arguments yield that T, = (%) 13 T,. Q0
can then be calculated using 7', and the Fermi-Dirac distribution.

Observations that neutrinos oscillate between flavors strongly suggest that neutrinos have
mass. The above paragraph remains true for the early universe when neutrino mass was much
less than the ambient temperature. Once the universe cools to less than the neutrino masses,
provided those masses are in the range 5 x 107* eV and 1 MeV, the density parameter for
neutrinos is predicted to be,

Z my, c?
J

93eV
where the sum is over all neutrino mass eigenstates. This gives 0.0009 < Q, o < 0.0055 [135],
where the lower limit comes from neutrino oscillation experiments and the upper limit comes
from Planck CMB. As we will see, large scale structure places a much smaller upper on €2, ;.

Qu,0h2 = (110)

1.2.2.2 The Baryonic Matter Density, (),

The baryon density has been measured in several of ways.

CMB Anisotropy. The amplitudes of peaks and troughs in the CMB anisotropy spectrum are
sensitively dependent on the baryon density. This occurs because the massive baryons
increase the contraction and decrease the expansion of primordial plasma oscillations,
leading to a change of even and odd peaks in the power spectrum.

Big bang nucleosynthesis. Big bang nucleosynthesis (BBN) uses Standard Model physics is
to predict the abundances of light elements including D, *He, *He and "Li relative
to abundance of hydrogen. Other measurement provide the values of the light ele-
ment ratios. Knowledge of one of the light element ratios determines the value of the
baryon to photon number density ratio, n = "¢/n, (Figure 1.2). The number den-
sity of photons can be calculated at any any epoch from black body physics of the
CMB, n., ~ 0.244 (ksTems/re)®. For example in the light of certain distant quasars,
the Lyman-« absorption of D and H are distinct enough to enable a very accurate
measurement D/H; this gives Q,h% = 0.022 £ 0.001, which is in excellent agreement
with Planck.

These methods yield consistent results for €2,y whose best present day value is [119],

Q.0 = 0.0499 + 0.0022. (1.11)

At higher redshifts, before galaxy and cluster formation but after reionization®, the
baryon density can also be estimated by studying intergalactic gas clouds. At these times,

8 After the epoch of recombination, the baryonic matter was in cold atomic gas form throughout the
universe. It was not dense enough to form Hs except in newly formed galaxies. This lasted until z ~ 7
when it is observed that the gas was reionized. Cold neutral gas is difficult to detect because of its small
cross-section of interaction with light. It does not produce absorption lines unless excited.
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baryon density Q.h?
10-2 °

baryon—to—photon ratio 7,,

Figure 1.2: Abundances of D, *He, 3He and "Li relative to number density of hydrogen as
predicted by the BBN model. The x-axis is the baryon to photon number density fraction
(bottom), 1, and the corresponding value of €, (top). The yellow boxes indicate the exper-
imental detection of certain ratios at the 95% confidence level. The narrow vertical band
indicates the CMB concordance range, and the wider bar is the BBN concordance range.
We see the deuterium detection is consistent with the CMB concordance range and could
alone be used to predict an €2, from BBN. However we see that the lithium detection is
inconsistent with deuterium; this is the so called lithium problem. Image form [1410]

the baryons would not yet have been incorporated into structures and would more accu-
rately represent the actual baryon density in the universe. At more recent times however,
the intergalactic gas in clusters, does not account for €2,. This is the dark baryon problem.
It is suspected that at this time the baryons are in the form of warm filamentary gas located
outside of galaxies an clusters. Examples of techniques to determine €2, in this way include
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the following.

Intergalactic gas. Much of the baryonic matter is in the the form of intergalactic gas between
galaxies in clusters. The gas from numerous clusters can be measured in the x-ray
spectrum and turned into an estimate of €2,.

Lyman alpha forest. As discussed, at high redshift much of the baryonic matter has not col-
lapsed into galaxies. Here, the hydrogen Lyman alpha forest absorption lines in quasar
spectra, due to interspersed clouds of ionized hydrogen, provides a measure of hydro-
gen abundance. This closely approximates €2, because at these early times, hydrogen
consumption in stars had not converted the hydrogen into appreciable quantities of
heavier elements and the relative abundances of the light elements were still as pre-
dicted by big bang nucleosynthesis. Hence, knowing the hydrogen abundance reveals
the abundance of the other light elements.

1.2.2.3 The Non-Baryonic Matter Density, (2,

The non-baryonic matter density includes particles which may not interact via the elec-
tromagnetic force, e.g. light. Methods for determining this density generally rely on the
gravitational influence such matter has on luminous sources. Many of these methods yield
QQ—L or €, + Q, rather than ,,. These methods include include the following [51].

Big bang nucleosynthesis. Big bang nucleosynthesis accounts for essentially all the baryonic
matter in the universe. The low value of €2, in comparison to €2, suggests the existence
of a large quantity of non-baryonic matter in the universe.

Galaxy clusters. Clusters can be used to probe €2, +2,, 4+, in two ways. In one method, the
kinetic energy of the galaxies orbiting the cluster’s center of mass are used to determine
the gravitational potential of the cluster which effectively gives the total mass of the

cluster by the virial theorem

1
<EKz'netic> = _§<EPotential~> (112>

Then the mass due to baryons in the cluster, my cjyster, is estimated from measurements
of the cluster’s x-ray luminosity” or the effect on the CMB of hot electrons due to the

, ) . Q Qi+
Sunyaev-Zel’dovich effect. The ratio of the two measurements is b’Cng”l t"b “. An
,cluster

independently measured baryon density is then multiplied by this ratio and, assuming
Qp cluster = U, the resulting quantity is a lower limit on €2, since not all the baryons
in the cluster are hot and producing x-rays. The second method is to measure the
mass, M to light (bolometric luminosity in watts), L, ratio of clusters or superclusters
per spatial volume, V', in which the object resides.

M M dL
pm = (37 = ()
90nly the baryons would be responsible for the x-rays. Also this assumes that the cold baryon mass is
a negligible contribution to the cluster mass.

(1.13)
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The ratio converges to a value of €2, + €2,,, consistent with other methods as the spatial
volume of the object (or sum of objects) goes beyond the 1 Mpc scale.

Figure 1.3: Polarization and temperature anisotropy of the CMB. The color scale represents
temperature variations and the texture represents the polarization direction of the CMB
photons. The polarization pattern is characteristic of F-mode polarization. Image from the
European Space Agency’s Planck website, released April 2, 2015.

Cosmic microwave background. Here one measures the polarization and temperature fluctu-
ations 97/r(n) = d7(n) of cosmic microwave background photons at different points
n = (6,¢) in the sky, Figure 1.3. The temperature fluctuations are expressed as ex-
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pansions of spherical harmonics Y, (n)",

) y4
or(n) =) Y Y (n), (1.15)

l=1 m=—¢

whose coefficients ay,, Spatial correlation functions are then computed from the fluc-
tuation data. Of particular interest is the two point temperature correlation function,

o0

1
(6r(m)dr(n)) = — > (20 + 1)C,Py(cos ), (1.16)
47 —
where, cos(f) = n-n'. The power spectrum of the fluctuations, Cy, is is then,

¢

1
Cg = %—H Z <‘a€m|2>7 (117)

and the variance of the agy,, (Jag,|?) is a prediction of the cosmological model, which
specifies the €; among other things. The power spectrums (Figure 1.4)for the tem-
perature and polarization anisotropy are fit to a cosmological model which contains
specific values for numerous cosmological parameters. The parameters of the model
which best fits the power spectrum are taken to be the true cosmological parameters
of our universe. The bumps in the CMB power spectrum are called acoustic peaks and
they represent plasma oscillations, propagating at the speed of sound in the primordial
plasma of the early universe. The physics of the oscillations depend on the cosmolog-
ical parameters. For example varying €2, = €, + €0,,;, shifts the positions of acoustic
peaks in the anisotropy spectrum of the cosmic microwave background. Intuitively,
one can understand that the anisotropy power spectrum would depend on the matter
density in the universe by realizing that changing the matter density with respect to
the photon density would damp or drive plasma oscillations (e.g. change the speed of
sound). Peaks in the power spectrum correspond to favored scales of matter density
fluctuations. Fluctuations on these scales would have grown throughout the age of
the universe and determine the large scale structure of the universe (e.g. clusters and
super clusters of galaxies) we see today.

Large scale flows. One can construct a gravity field map using a catalog of measured dis-
tances and red shifts to galaxies and clusters. This map can be used to calculate the
expected velocities of the galaxies and clusters due to their gravitation interaction by,

r—r
) =Gp | &r'o,(r)—— 1.18
o) = G [ e et (118)
10The spherical harmonics are defined as
2+ 1(6—m) o
= e vm 1.14
Yom (n) = (ngm)!Pf (cosf)e'™?, (1.14)

where the P;* are Legendre polynomials.
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Figure 1.4: Temperature power spectrum of the CMB. Data is from the Planck Collaboration
as of February 2015 and is the most accurate measurement of the CMB as of the time of
this writing. Image from [118].

vg(r) = ﬁg(ﬂ (1.19)

The actual velocities of the galaxies and clusters can be independently measured using
the Tully-Fisher relation. Equation 1.19 provides a measure of €, + .
Using the methods above, €2,,;, can be constrained to be [119]

Qupo = 0.227 £ 0.015. (1.20)
We find that the total total mass-energy contribution to o due to matter is [11]

Qo = 0.3089 =+ 0.0062. (1.21)

1.2.3 Vacuum Energy, ()

Vacuum energy accelerates the rate of expansion of the universe. This has effects on structure

formation and the apparent luminosity and size of the distant objects. Methods to measure

the dark energy density include the following [658, 191].

Supernovae. Once their light curves have been corrected for rise time and width, type la
supernovae are all identical, within about 10%. For this reason they are considered



CHAPTER 1. COSMOLOGY 12

standard candles — once an event has been determined to be a type Ia supernova, one
knows its light output, or absolute luminosity. The distance to a supernova event can
then be measured by comparing its measured, or apparent, luminosity to its absolute
luminosity, since brightness will have faded according to the distance over which the
light has traveled to earth. This is the luminosity distance, dj(z) and its relation to
comoving distance, r(z) in a flat universe described in Fquation 1.22 At the same time,
the redshift of the supernovae is a measure of the expansion of the universe since the
light left the supernova. In the presence of dark energy, the supernova appears dimmer
than expected at a given redshift. A value for the dark energy density, and therefore
Q4, can be employed to account for the dimmer-than-expected apparent magnitude.
This method is useful over the range in which one can detect and measure supernovae
light curves z < 2.
4 dz/

dp(z) = (14 2)r(z) r(z) = ) (1.22)

Baryon acoustic oscillations. In the primordial universe, areas which happened to be over-
dense with respect to surrounding plasma were unstable. Radiation pressure in these
areas forced outward the coupled plasma of baryon and photon called the phonon-
baryon fluid. This fluid propagated outward from the over-dense region in an expanding
shell leaving behind the dark matter, which had decoupled from the fluid approximately
10 ns after the big bang. When the photons decouple from the baryons, at the epoch
of recombination, the expanding shell of baryons halts at a characteristic comoving
radius called the sound horizon at decoupling, r;. Over time the baryon shell partially
falls back toward the origin of the over-density by pull of the dark matter, leaving
a smaller density peak at r,. The dark matter and the baryon densities eventually
reach an equilibrium distribution featuring a larger peak at the origin of the original
density perturbation and a smaller peak at r,. Through out the subsequent evolution
of the universe the two peaks amplify structure formation at that comoving separation
scale. A bump in the spatial correlation function of galaxies|01] and the flux correlation
function of the Lyman alpha forest [52] is now visible and corresponds to a physical
distance 140 Mpc. Because r, is independent of time since recombination and location
of measurement in the universe, this absolute length scale due to baryon acoustic
oscillations is considered a cosmological standard ruler.

Growth of fluctuations. When the expansion of the universe is too rapid, density fluctua-
tions, including clusters, stop growing. This can be seen mathematically by considering
the evolutions of a small scale matter-density perturbation, d(x,t) = 9mGt) /5. In
the framework of general relativity, the Fourier modes of the perturbation ¢, evolve
according to

O + 2H by, — AnGpm6y, = 0. (1.23)

The Hubble damping term, 2H0y, is large when dark energy is dominant and can
arrest structure growth. A cluster redshift survey reveals the growth history of clusters.
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Such information can be obtained from x-ray astronomy, for nearby clusters. For more
distant clusters the distortion of the CMB by the Sunyaev-Zel’dovich effect'! can be
used to detect clusters. The epoch after which cluster growth stalls is the time at
which €2, began to dominate over €2,,. The Friedmann equation can be solved for €25
given the time at which cluster growth stalls and an independently determined (2,,.
All methods for determining Q5 produce a figure consistent with the present accepted
value,

Qpo = 0.74 £ 0.03. (1.24)

1.3 Evidence for Cosmic Dark Matter

Dark Matter is matter that does not emit light. One can add up all the mass from the
luminous sources, which includes stars, dust and warm to hot gas, and the cold gas (detected
by absorption spectra) to find the portion of €2, that is due to non-dark, €,,,. One finds
that [69],

Qum.,0 =~ 0.0033. (1.25)

Considering that €2, o >> (0 one becomes interested in nature of the cosmic dark matter.
Moreover, in order to understand the structures visible in the universe today, such as galaxies
clusters and superclusters of galaxies, one must know the physics of the dark matter.

1.3.1 Evidence at Different Scales

We will see that there is evidence of dark matter on a variety of scales, from the horizon'”

scale down to the galactic scale.

Galaxy rotation. The trajectories of bound objects in galaxies suggest the presence of dark
matter at the galactic scale. Special considerations for different types of galaxies must
be observed, to form correct conclusions [51]. All methods rely on the concept of mass
to light ratio to conclude that there is more mass creating galactic gravitation potential
than is represented by the light emitted from the galaxy.

Spiral Galaxies. Spiral galaxies have a flat disk of mainly younger stars rotating co-
herently about the galactic center; a central bulge of old stars with black hole at the
galactic center; a near spherical halo of stars including globular cluster out of the galac-
tic disk; and luminous spiral arms, density shockwaves which propagate through the

11CMB photons inverse-Compton scatter off of electrons from the hot cluster gas. The scattering alters
the intensity of the CMB spectrum in the direction of the cluster. For example in the direction of the cluster,
there are fewer low energy and more high energy photons than one would would observe in the quiescent
CMB radiation when one observes around 218 GHz. This effect, called the Sunyaev-Zel'dovich effect, is
independent of redshift in terms of its luminosity.

12The horizon is the greatest possible distance that is visible today, due to the finite speed of light and
age of the universe.
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disk. The velocity profiles (the rotational velocity at a radius, r, from the center of the
galaxy, v(r)) of spiral galaxies suggest that dark matter comprises more than an order
of magnitude of the galactic mass than the luminous matter. This conclusion comes
from measuring the rotation rate of bound gas clouds as a function of distance from
galactic center using the doppler shift of atomic hydrogen 21 cm electron spin flip line.
The gas rotation rate is assumed to be an accurate tracer of the velocity profile of the
galaxy. The rotation rate is found not to decrease with distance form the galactic cen-
ter, implying that the mass distribution of the galaxy cannot be concentrated toward
the galactic center in the way that the galaxy’s light distributions is. It is found that
most galaxies exhibit a rotation curve that remains relatively flat with distance from
the galactic center implying that the galactic mass enclosed, M (r), in that distance
must increase )

mv? = Gmr—]\j(r) = M(r) . (1.26)
A density profile which includes the luminous and dark matter can be reconstructed
from the velocity profile by using the velocity profile to solve for M (r).
Elliptical galaxies. Elliptical galaxies are characterized by their three-dimensional el-
lipsoidal shape; they have a nearly featureless brightness profile; old low-mass stars;
a sparse interstellar medium with little or no neutral gas; and incoherent rotation
of bound objects about the galactic center. The technique of using galactic rotation
curves to measure mass density profile is not effective for these galaxies. Viral veloci-
ties or velocity dispersion of kinematical tracers (such as individual stars and nebulae),
and gravitational lensing analyses can be used to determine elliptical galaxy mass dis-
tribution. Also at the galactic scale, one notices that the random velocities of objects
in elliptical galaxies is faster than would be expected if the gravitational potential is
due to the luminous matter, only.
Spheroidal galaxies. Are relatively small galaxies, with low luminosity, high velocity
dispersion of bound objects, old stellar populations, and low interstellar gas. For these
galaxies the high proportion of dark matter to luminous matter is deduced from the
velocity dispersion. To see how velocity dispersion relates to the mass density profile,
observe the Jeans equation,

1dlpoy) | ,Bor _ o

p dr r dr

(1.27)

where p = p(|r|) is the density profile, ¢ = ¢(|r|) is the gravitation potential, and
B =1 — 3D /o2(r)) is the dispersion anisotropy. One assumes a dispersion profile to
extract the mass density profile.

Velocity dispersion in clusters. Similar to the above, we find that the random velocities of
entire galaxies within clusters of galaxies is too large to be due to the gravitational
potential created by the luminous matter within the cluster.

Hot cluster gas. The bremsstrahlung of gas within a cluster is a measure of the depth of
gravitational potential of that cluster. The depth of potential provides a measure of
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the mass of the cluster. We find, from the bremsstrahlung spectrum, that the potential
depth is greater than what would be created by the luminous matter, alone.

Gravitation lensing. Gravitational lensing is the bending of light through a gravitational
field. It provides evidence for dark matter in a few different limits of mass and size
scale. In a gravitation lensing system, a mass or distribution of masses is interposed
between an observer, on Earth, and a distant source object. The effect of the inter-
posed gravitational field is to bend the light of the distant source so that the source
appears to the observer to be located in at a position different from its actual posi-
tion. For an extended source object, this means a shifted apparent angular position in
the sky, magnified light flux, or multiple or distorted images of the source (rings, arcs
and caustics). The lensing equation relates the actual and apparent angular position
coordinates'® of the source object to a lensing potential 1) [94]

B=0-Ve)(0)=0-a. (1.28)
1 is connected to the gravitational potential ®(x) = ®(Dy0, z) as

Dips

¥(0) = )

(D0, 2)dz. (1.29)

Here we have invoked the thin lens approximation to localize the integrated effect of
lensing the distance D;. We have also assumed that most of the deflection occurs at
closet approach to the cluster. and put all the Here it is apparent that the gravitational
field has been collapsed into a two-dimensional sheet at . Taking the Laplacian of the
lensing potential gives the convergence,

1 DD
x(0) = §v3¢(9) = }’; d/V2<I>dz. (1.30)
The Jacobian of 3 is a matrix, A, whose inverse is call the magnification tensor,
M=A"!
o8 |l—r—m —72
Ay =22 = , 1.31
00, [ —2 I—Kk—m ( )

where v, = ycos(2¢) and v = 7sin(2¢) are the shear components of an ellipse of
ellipticity 7 and rotation ¢. The magnification is related to A;;, as pp = |A|~!. We see
that 8, 71, 72, # and & all contain information about the interposed mass distribution.
Lensing preserves surface brightness (the luminosity per area of the source, which is
independent of distance), so the increased size of a magnified object is accompanied
by increased brightness.

Weak gravitation lensing. Here statistical correlations in the measured ellipticites,
€ = (€1,¢€), of distant background galaxies, are used to determine the gradient of a

13We define a two-dimension coordinate system on the sky. The origin can be the optical axis. The
position coordinates can be angles, #; and 5 for example. In these terms derivatives are %.
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Figure 1.5: Gravitation lensing diagram. The image plane is positioned between the observer,
and the source plane. The true source at [ is off set for the position of its image, 6, due to
the gravitational lensing effect. Image from [182]

foreground gravitational potential [94], ®. One assumes that averaged ellipticities of
the background galaxies at a certain location, § are equal to the shear components,
v = (71,7%2), (¢) = (7). Using this method, one can construct a map of the true
gravitational potential field in the vicinity of a cluster or super-cluster, up to a constant
of integration'*. This method can be employed can be employed on large angular field
surveys. Gravity fields reconstructed from weak lensing analyses suggest the presence
of dark matter. Weak lensing can also be used to measure the amplitude of the matter
fluctuation spectrum at low redshifts.

Strong gravitational lensing. Strong gravitational lensing is distinguished from weak
gravitation lensing by its ability to produce multiple images, arcs or Einstein rings
from lensed objects. The effect can be used to measure the mass of clusters. The light
from a background object such as a galaxy will be distorted due to the gravity of a
foreground cluster. The amount of distortion is a measure of the cluster’s mass and,
in many cases, has been found to be at least 400 times greater than mass from all the
luminous matter in the cluster. Because the mass densities required to produce strong
gravitational lensing are large, this technique is most useful for the study of relatively
compact lenses, such as a small cluster or galaxy.

Microlensing. Is focused on studying the brightness magnification of point sources do

14 This is the mass sheet degeneracy problem. For clusters, if information about the density profile of the
matter from N-body simulations is assumed, a mass can be derived that overcomes the mass sheet. This
come at the cost of assuming a specific density profile.
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to the action of an interposed compact lens. The technique is useful for detecting
massive compact halo objects (MACHOs) where the source is in our galaxy, a close
neighboring galaxy or globular cluster. Microlensing exploits the situation where the
source and the lens are, or nearly, collinear (e.g. f = 0). The alignment will result in
the source being lensed into an Finstein ring around the lens. The angular separation

will be
[AGM Dy
Op =\ ——— 1.32

the Einstein angle. Microlensing techniques are employed in the limit where the
ground-based telescope resolution (6,.s 1 arcsec) is much greater than the Einstein
angle (0 1073 arcsec for a source star at 50kpc and a lens at 10kpc) which is
much greater than the source angular diameter (for the star at 50kpc 6s  1079),
Ores > 0 > 05 [173]. Microlensing techniques have been successful in detecting
baryonic dark matter in the form of massive compact objects.

Galactic cluster velocity flows. Clusters of galaxies move according to the gravitational fields
they feel. As discussed before, we can measure the motion of clusters and compare it
to what we would expect if the gravitation field acting on them is due to the luminous
matter around them. Departures from the expected motion is due to the presence of
dark matter [19]. Indeed we find such departures.

Cosmic microwave background. As stated before, estimates of €2, and €2,, can be derived
from the CMB. The simple fact that these quantities are both much larger than €2,
is evidence of cosmic dark matter. This evidence coming from the CMB demonstrates
dark matter’s presence at the largest scale, the horizon scale.

Note that each distance scale implies a time scale. For example, evidence of dark matter
at the galactic scale implies that it has been present throughout the recent past (hundreds
of thousands of years) and is probably still present. Evidence of dark matter on the horizon
scale suggests that the dark matter was present well before the epoch of recombination. Note
also that the galactic rotation curves suggest the dark matter must be present in the vicinity
of Earth.

1.3.2 Baryonic Dark Matter

Our physical understanding of baryonic matter makes it easy to contemplate in what forms
the baryonic dark matter must be and how it must behave. Baryons do not emit light when
they are relatively cold, or when they are collapsed into a black hole'” (with low Hawking
radiation). Thus the baryonic dark matter in the universe can be put into two categories:
cold to warm gas and dust, and cold compact objects such as planets, brown dwarfs, faded
white dwarf and black holes.

15We lump black holes into baryonic dark matter because most were probably formed by collapsing
baryonic structures, such as stars.
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Cold to warm (e.g. a few 100eV) galactic gas and dust is difficult to detect because of
its very low spectral luminosity in comparison to other, foreground and background soft x-
rays. One might quantify the amount amount of this dark matter by looking at interstellar
extinction from luminous sources which are positioned on the far side of their containing
galaxies.

There was much study of massive compact halo objects (MACHOSs) throughout the 1990s.
Experiments aimed at detecting the abundance of machos monitored the light from stars in
a nearby galaxy for peaks in their luminosity. Such peaks would indicate the passage of a
MACHO crossing the line of sight to the star. The frequency and durations of such dips
in the data taken from numerous stars would produce an estimate of baryonic dark matter
that is due to MACHOs. It was found and corroborated by a couple of experiments that the
MACHOs (107°M, < M < 0.05Mg) comprise less then 10% of the galactic halo mass
[L74]. Objects in this range of mass were at one time considered candidates to comprise a
significant portion of the dark matter in the universe.

1.3.3 Non-Baryonic Dark Matter

Dark matter must be stable for a duration on the order of the life time of the universe, or
else we would not be observing evidence of it today — i.e. at the galactic scale. If the dark
matter decayed with shorter life times, we would also expect to see byproducts of the decay,
such as photons.

Considering all the particles we know of, electrons accounted for with the baryons and
neutrinos in their own category, there are no long lived candidates for the non-baryonic
dark matter. The dark matter must be something new. Moreover, it must be that all the
non-baryonic matter of our universe is dark. This means that 26% of the mass-energy of
the universe is non-baryonic dark matter. The problem, known as the dark matter problem,
is to determine the nature of the dark matter. Throughout the rest of this thesis, we focus
entirely on the non-baryonic dark matter and the overarching scientific goal to solve the dark
matter problem.

Beyond gravitational interaction, the galactic rotation curves and velocity dispersion data
suggest very slight interaction between the baryonic and non-baryonic dark matter. They
suggest the presence of dark matter halos which envelop the galaxies and clusters of galaxies
and extend far beyond the visible matter, Figure 1.6. To be consistent with that picture,
the dark matter must very rarely interact with the baryons. The dark matter in the halos
would lose potential energy and collapse to less extended sizes if interactions with baryons
and itself were too strong.

Non-baryonic dark matter in particle form is consistent with evidence for dark matter
presented in the foregoing. Assuming a particle form for the the non-baryonic dark matter,
the velocity of the particle dark matter is a very important attribute which has observable
consequences. Also, once one knows the energy of a particle at its time of decoupling, the
mass of the particle can be estimated given its velocity. Cold dark matter is dark matter
that is non-relativistic at the time of galaxy formation. Cold dark matter clumps and thus



CHAPTER 1. COSMOLOGY 19

Figure 1.6: An artist’s visualization of a dark matter halo. The purple dark matter halo
extends far beyond the luminous matter of the spiral galaxy it surrounds. [2]

structure formation. Warm dark matter would have been barely relativistic at the time
of galaxy formation. Hot dark matter would have been relativistic at the time of galaxy
formation and would have a number density roughly equal to that of the photons. Hot dark
matter would delay structure formation because relativistic particles erase fluctuations at
small scales. If dark matter of the universe were hot, we would observe the inverse of the
hierarch of structure we see now, i.e. more structure at large scales.

1.3.4 Modified Theories of Gravity

Alternative explanations for the evidence seemingly supporting the existence of dark matter
it that Einstein’s theory of gravity is not entirely correct. Proponents of modified gravity
argue that, in the absence of direct detection, it is no less speculative considering that the
Standard Model of particle physics does not predict candidate dark matter particles which
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the necessary properties [163]. There are different modified gravity theories. The modified
theory of Newtonian gravity (MOND) as been constructed so that the flat rotation curves,
and the relationship between luminosity and rotation rate (the Tully-Fisher relation) of
spiral galaxies are natural characteristics of the theory; it violates the strong equivalence
principle and is therefore not relativistic; it supposes the existence of a universal constance,
the Milgrom acceleration, which defines the scale below which gravitational acceleration is
enhanced as a feature of the theory. Modified gravity (MOG) theory, on the other hand
has been constructed to be a fully relativistic modification of general relativity; it does
not introduce new physical constants and comes in a few types including ‘f(7")" and ‘f(r)’
theories. f(r) theories use a spatially varying gravitational coupling with parameters that
increase in size according to the mass scale and distance scale of the physical system under
analysis [35, 36]. f(T) theories are constructed to provide an alternative to the dark energy
explanation for cosmic acceleration.
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Figure 1.7: Observations of 1E 0657-558 (z=0.296) the ‘bullet cluster’. On the left is cluster
observed in visible light. On the right is the cluster observed in x-ray light. The contour
lines overlaid on both images are map of the cluster’s gravitational potential obtain from a
weak gravitational lensing analysis. One can see the ram pressure shock wave of the colliding
cluster gas in the x-ray image. There is clear separation between the gravitational potential
well and the cluster gas. Image from [11]

There is dispute as to whether these theories are consistent with all observational ev-
idence. Perhaps the evidence most challenging to modified theories of gravity are galaxy
cluster collisions where the baryons and the inferred non-baryonic dark matter are spatially
segregated. Several such collisions have been observed including, for example MS 1054-03,
A520 and 1E 0657-558 — the ‘bullet cluster’. The bullet cluster is a collision of smaller
7 x 1013 M, sub-cluster with a larger 2 x 10 M, cluster. Hubble telescope observations
in visible light show the dissipationless stellar component of the clusters’ mass. Chandra
observations of x-ray light show the fluid-like x-ray emitting gas of the clusters’ mass at
the position of the shock. Ground and space-based far field observations have been used
construct a map of the gravitational potential (surface mass density) using a weak lensing
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analysis. Overlaying the three images (Figure 1.7), we see that the gravitational potential
does not trace distribution of gas, but follows the stars rather. Since the mass of the gas
is by far greater than the mass of the stars, we are led to conclude that the dark matter
is some third, independent, component of the cluster mass whose contribution to the total
mass is dominant. This is inconsistent with MOND arguably inconsistent with MOG |14,
argues consistency, 35, argues inconsistency].

Figure 1.8: An artist’s visualization of before, during an after the bullet cluster collision.
Telescope images of the bullet cluster is currently observed it the stage illustrated in the
right most comic strip view. In the left most view, the background light sources establish a
reference frame which has the smaller cluster on the left moving toward the larger cluster in
the center. The dark matter distribution is shown by weak lensing dark matter distribution
contours and purple haze. In the center view, white to orange coloring emphasizes strong
x-ray emission from colliding cluster gasses. In the view, we see the dark matter and compact
objects moving unimpeded by the collision while the gas, indicated by the x-ray emission,
lags behind due to substantial interactions in the collision. [2]

One can imagine the sequence of events that led to the images of the bullet cluster we
astrophysical observations, Figure 1.8. A smaller cluster approaching a larger one, colliding
with it, an exiting the other side as it components—the gas, compact light emitting objects and
dark matter—interact according to their physics. Conversely, observations of the bullet cluster
can be used to place limits on the self-interaction cross-section of non-baryonic (WIMP) dark
matter [154].

1.4 Leading Dark Matter Candidates

The cosmic dark matter could be comprised of any one or a combination for these leading
candidates [05]. It could also be something entirely different.
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1.4.1 Neutrinos

Light neutrinos have masses constrained by neutrino oscillation and tritium decay experi-
ments to be less then a few eV. Such neutrinos would be relativistic at the time of galaxy
formation and therefore hot dark matter, and could not comprise the majority of the non-
baryonic dark matter density because structure in the universe would have less fine scale
then it is observed to have.

Sterile neutrinos, are a light right-handed neutrinos that do not interact via any of the
fundamental standard model interactions apart from mixing a gravity [55]. They may have
larger masses and velocities much lower than light neutrinos. If they are &~ 10keV in mass,
they could be a warm dark matter candidate. These neutrinos may only interact only
gravitationally, making them extremely hard to detect in the cosmos, though consistent
with the expected properties of dark matter. It is also possible that the could decay into
photons and neutrinos on a time scale that is comparable to the age of the universe. The
phonon energies produced would be consistent with recent claims of a 3.5 keV x-ray line [34].

1.4.2 Axions

The quantum chromo dynamics Lagrangian has charge conjugation and parity (CP) sym-
metry violating terms which would lead, for instance, to an electric dipole moment of the
neutron, contradictory to experiment.

Peccei and Quinn (1977) [112, 113] suggested that an axion field coupled with the stan-
dard model fields could dynamically bring back the CP to invariance and would appear as a
light particle which couples to photons.

Non-Thermal Production. Axions are not naturally produced with correct relic density.
Axions produced with small enough momenta to be cold dark matter despite 1 peV < m, <
100 peV mass range.

Non-Thermal means of axion production include vacuum realignment and emission from
Cosmic Strings. In the case of vacuum realignment, a potential is generated for the axion field
at quark hadron transition. The axion field starts moving toward the potential minimum.
Oscillations about minimum correspond to axion production. In the case of emission from
cosmic strings, axions are emitted by decaying or wiggling cosmic strings.

If axions were produced thermally in the early universe, they would have relic density
~ 1/4Qpyy if they are to have a lifetime approximately the age of the universe. Such axions
would have m, resulting in HDM.

Direct detection exploits axion-photon coupling. It is possible to look for conversion of
dark matter axions into photons scattered off a background magnetic field. The photons
created are preserved in a resonant cavity long enough to be read out by a very sensitive
amplifier. The coupling term in the Peccei-Quinn Lagrangian is

E-B (1.33)



CHAPTER 1. COSMOLOGY 23

where g, is a model dependent coupling, apg is the fine structure constant, a(Z) is the
position dependent axion field, and f, is an axion decay constant.

1.4.3 Weakly Interacting Massive Particles

Attempts to calculate the physical mass of the Higgs boson within the standard model of par-
ticle physics fail due the quadratic divergence of an integral, fﬁv d'p/p? &~ A%, contributing
the loop-level radiative correction contribution to its mass,

m%[ = mlztl,bare + Amlztl (134&)
)\ 2
= m%],bare - | 8]7:'| A2UV + - (134b)

The integral is performed up to the energy scale, Ayy, at which the standard model is no
longer a valid description of nature [124]. This is known as the gauge hierarchy problem.

It is recognized that if the standard model breaks down at ~ 1 TeV, the integral would
yield the correct Higgs mass (and W and Z masses) and the hierarchy problem would be
averted. Such a cut-off would imply new physics at the weak energy scale, =~ 100GeV to
1TeV. At this scale, physicists imagine a possible supersymmetric extension to the standard
model, for instance, where all the standard model particles of one spin are paired with a
particle of half that spin (e.g. a spin 1/2 electron is paired with a spin 1 super partner) of
the same mass and internal quantum numbers. The Higgs would be accompanied by two
complex scalar particles with couplings, A; = |As|>. Loop corrections to the Higgs mass
from super partners would cancel those from standard model particles above the weak scale
energy,

167

and the physical Higgs mass could be obtained without fine tuning of other quantities.

Since these super partners are not observed at terrestrial energies, if supersymmetry
exists, it must be broken, allowing the super partners to have masses higher than their
standard model counterparts. Although supersymmetric scenarios vary, in most (which do
not violate R-parity) the lightest supersymmetric particle is stable, since it cannot decay into
something lighter. The lightest supersymmetric particle, called the neutralino, y, particle
would also have no electric charge or color. Thus, it would only interact with the weak
force and gravity. The mass and annihilation cross-section of the particle would also be
commensurate with weak scale values (50 GeV < m, < 1TeV).

It should be noted that a class of well motivated alternatives to supersymmetry and
the idea of new physics at the weak scale are universal extra dimension models. In these
models all particles propagate in compact extra dimensions of size 107 m or smaller.
Every standard model particle has an infinite number of partner particles called Kaluza-
Klein particles, who all have the same spin as the standard model particle. This theory

Al As
= W~ Ny +2 () 4 (1.35)
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could solve the gauge hierarchy problem and it does preserve an R-parity symmetry which
does result in a stable lightest Kaluza-Klein particle, which interacts weakly.

From the prospective of cosmology, a weakly interacting massive particle (WIMP) pos-
sesses properties consistent with those required of the cosmic dark matter. First, cosmology
requires that dark matter must stable on time scales that are on the order of the age of
the universe. Second, the annihilation cross-section, o4, most not be too large or the dark
matter would have annihilated away before it decoupled form the primordial plasma. On
the other hand, the annihilation cross-section must not be too small or its relic abundance
would be in excess of the €2, observed today (Figure 1.9).
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Figure 1.9: WIMP decoupling from the primordial plasma. The solution of the Boltzmann
equation gives the comoving number density of the WIMP as a function of temperature or
time since the big bang. As the universe cools, the WIMP number density decreases from a
constant value (not visible on the plot) as annihilation is more favorable than creation, until
the particle departs from thermal equilibrium with the plasma, i.e. ‘freezes out’. Freezes
out would have occurred when the expansion rate of the universe surpassed the WIMP
annihilation rate. The final value of the number density is determined by (o 4v). Assuming
a WIMP mass of 100 GeV, the dark line used the value of (64v) which yields the correct relic
density. The colors separate the relic densities obtained fact of ten changes in 4. Modified
image from [65]

WIMP decoupling is determined by the values of (o 4v), where the angle brackets denote
phase-space averaging and v is the relative velocity between two WIMPs. An estimation of
(o4v) was given by Lee and Weinberg [111]. They obtained an approximate solution to the
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Boltzmann equation for the neutralino, using the assumption (o4v) = a + bv?, that

1023 ¢!
2 = 210 emTs (1.36)
(0.av)

This implies that o4 must be on the order of the weak scale in order for the dark matter
to yield the correct relic abundance. Thirdly, cosmology puts constraints on the velocity, v,
of the dark matter to be consistent with observed large scale structure, i.e the dark matter
must be relatively cold. This velocity is largely set at the time of decoupling and the larger
the mass of the dark matter particle, the lower the velocity. Embedded in the Lee and
Weinberg estimation is the assumption of a mass on the weak scale. For these three reasons,
a weakly interacting massive particle, such as the neutralino, is a particularly strong dark
matter candidate.

Point number two of the above assumes that the WIMP is its own antiparticle. If it is
not, then the relic density reflects the asymmetry in the WIMP, anti-WIMP populations,
i.e. the one with the larger population survives annihilation.

Attributions

Results in this chapter come from literature sources. Illustrations from [2| are original work,
with her doing the drawing and both of us formulation how they should look.
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Chapter 2

Dark Matter Detection

2.1 Detection of WIMP dark matter

2.1.1 Complementarity

There are two approaches to dark matter detection. One is to detect byproducts of WIMP
annihilation in the cosmos or to observe its interaction with regular matter. and the other
is to build detectors that are sensitive to WIMP interactions with detector material. The
former is known as indirect detection and the latter is known as direct detection.

A third approach to detect dark matter is to produce it in collider experiments. Such
detection would reveal the physical properties of the dark matter, such as cross section
and mass, but would not specify the abundance in the universe of the dark matter detected.
Only the former two detection methods can provide cosmic abundance information. However,
the property information provided by collider detection would greatly aid in direct and in
direction detection; it would enable experiments to focus their search.
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Figure 2.1: Illustration of the complementarity between dark matter detection approaches
and simulations. Each of these activities benefit from the successes of the others and progress
in any contributes to our understanding of the universe. At the center of the illustration we
place the efforts to understand dark matter by computer simulation, though this is not meant
to imply they are any more important than the three detection approaches. We also indicate
how the interaction of dark matter (DM) particles with standard model (SM) particles is
associated with the detection approaches, for example collider detection entails production
of dark matter from standard model particles, while indirect detection, such as annihilation
entails dark matter particles producing standard model particles. The notable exception is
lensing, which depends on fundamental physics that are not yet sorted out. Image from [2].

Once the dark matter is detected, and its physical properties known, the question remains
of whether or not it is responsible for the observations that led us to believe in its existence
in the first place. This can be checked, in part, by simulations. Simulations which model the
evolution of the universe, and which include the correct properties of the dark matter should
accord with observations at every epoch, from the epoch of last scattering to the present
dawn of dark energy domination.
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The complementary ways in which detection approaches and simulation work toward
increasing our understanding of dark matter and the universe is acknowledged in the field
as the best way forward, Figure 2.1.

2.1.2 Indirect detection experiments

The dense central regions of planets, stars and galaxies will experience a relatively high rate
of WIMP scatters. Having lost their incident momentum, scattered WIMPs may become
trapped in the gravitational potential well of these regions. The resulting increased WIMP
density, due to the accumulation of trapped WIMPs, increases WIMP annihilation rate in
these regions. Annihilating WIMPs may produce standard model particle byproducts which
may be detected by detectors on earth or in orbit.

The long-lived particle byproducts of WIMP annihilations are high energy photons such
as x-rays, charged particles such as electrons and positrons, and neutral neutrinos. The
high energy photons and charged particles from extraterrestrial annihilation events do not
penetrate earth atmosphere, so they must be detected by orbiting observatories. The photons
and changed particles form annihilations occurring at the center of the earth do not make
it to ground-based detectors and are lost. Neutrinos from terrestrial and extra-terrestrial
annihilations would make it to ground-based neutrino observatories ands would be difficult
to detect.

Several generations of orbiting observatories possibly sensitive to WIMP annihilation
byproducts have been launched. For the case of high energy photons, Fermi gamma-ray
space telescope (formerly GLAST), launched in June of 2008 has the widest energy sensitivity
range, 10 keV to 300 GeV. Before Fermi was the Energetic Gamma-Ray Experiment Telescope
(EGRET) instrument on the Compton Gamma-Ray Observatory (CGRO), launched in 1991.
EGRET’s energy sensitivity range was 30 MeV - 10 GeV. The high energy photon detectors
for these instruments are either silicon ionization, ‘drift’, detectors or transition edge sensors.



CHAPTER 2. DARK MATTER DETECTION

000
6000

0X0,
000

Figure 2.2: Comic strip illustration of the principle of direct detection in a semiconductor
absorber. A WIMP of cosmic origin collides with an atomic nucleus in a semiconductor
absorber. In this case we have a germanium crystal in mind. The recoiling nucleus produces
phonons, in orange, and ionization in the form of electrons and holes, green dots. WIMP
interactions are so rare that it is exceedingly unlikely the same WIMP will interact twice
in the detector. However the recoiling nucleus may be ejected several atomic spaces and
interact with other atoms in the lattice as it recoils. The ionization is pulled to the surface
of the detector by an electric field. Holes and electrons travel with different trajectories with
respect to the field. The phonons eventually reach the surface too. Image from [2].

In the case of charged particle byproduct detection, the Alpha Magnetic Spectrometer
(AMS-02), launched in May 2011, is the first magnetic spectrometer in space. It has five
different instruments sensitive to changed particle radiation including positrons, anti-protons
and gamma-rays. Before AMS-02, the Payload for Antimatter Matter Exploration and Light-
nuclei Astrophysics (PAMELA), a space-borne magnetic calorimeter, and the Advanced
Thin Ionization Calorimeter (ATIC), a balloon-borne calorimeter, have measured excesses
in cosmic charged particles which could be from WIMP annihilation. There is much doubt
in the scientific community this is the case, however.

Neutrino Observatories such as IceCube in Antartica, the Sudbury Neutrino Observatory
in Canada, and Super-Kamiokande in Japan, may be sensitive enough to detect neutrinos
from WIMP annihilations if the signal is sufficiently above background sources, solar neutri-
nos for example.

As discussed, indirect detection experiments search for excesses of high energy particles.
The challenge for this approach is to show that a detected signal is from WIMP annihilation
and not something else.
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2.1.3 Direct detection experiments

The small weak interaction cross-section WIMPs are expected to have make it possible to
pursue the direct detection of WIMPs. In the case of direct detection, one aims to detect
energy from WIMP interactions with atomic nuclei. The picture here Figure 2.2 is of a WIMP
colliding with a nucleus and causing that nucleus to recoil. Depending on the nucleus, the
energy from the recoil will be released in the form of phonons, photons or ionization of nearby
atoms.
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Figure 2.3: Illustration of dark matter detector deployed in an underground laboratory. The
overburden of rock shields the detector from most cosmic radiation but WIMPs (in purple)
would have no problem reaching the detector. The illustration depicts the CDMS detector,
with its pattern of charge and phonon sensors visible, in the Soudan Underground Laboratory,
which is located in Northern Minnesota. Bats are frequent visitors to the experimental
chambers which are nearly a half mile underground. Image from [2].

Because WIMP detectors are very sensitive radiation detectors, much care must be taken
to distinguish WIMP events from other events that trigger the detector. Discrimination is
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enhanced by employing multiple detection channels, e.g. detectors sensitive to ionization and
phonons or phonons and photons. Also, shielding of detectors from large radiation fluxes
is crucial. Direct detection experiments are usually located in underground laboratories to
protect them from cosmic radiation, Figure 2.4. They are usually surrounded by coincident
vetos, as well as neutron moderating materials and contained within very low radioactivity
barriers. These redoubtable barriers should have little effect on the WIMPs, who can travel
through the Earth with little chance of interaction.

2.1.3.1 Event rate

The event rate for direct detection experiments is given by the following equation.

h mdv

Umin

dR _ 000 F2(Er)
dE,  2myp

(2.1)

The meaning of the terms can be organized thematically to emphasize the underlying. On
the measurement side, we have the event rate, R, and the nuclear recoil energy E,.. On the
particle physics side we have o, the interaction cross section at zero momentum transfer,
m, the WIMP mass, p1, the WIMP-nucleon reduced mass in the center-of-mass frame, and
F?(E,), the nuclear form factor. On the astrophysics side, we have py the local WIMP
density, and f(v) the WIMP velocity distribution relative to Earth. Lastly, on the detector
technology side we have v,;, the minimum velocity required to produce a recoil that is above
the detection threshold of the detector.

We see that the direct detection of WIMPs involves physics from many different areas.
We also see that we can increase our event rate in two straightforward ways. One, increase
the number of nucleons in the search mass. Thus, a large detector mass increases WIMP
detection sensitivity. Two, decrease the threshold of the detector. This can be accomplished
by decreasing noise sources and by design. For example, in a superconducting pair breaking
detector, such as a kinetic inductance detector or a transition edge sensor, the minimum
possible threshold is set by the energy required to break a pair. This much much lower than
the actual threshold, however.
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Figure 2.4: Most dark matter experiments exploit the fact that WIMPs (purple particle
tracks) interact so infrequently, they can pass through the Earth unimpeded. Underground
locations are chosen for these experiments so that other particles are stopped by the over-
burden of rock. Image from [2].

The interaction between WIMPs and standard model particles can be spin-dependent
or spin-independent. The choice of detector material determines an experiment’s sensitivity
to the spin-dependent or spin-independent interactions. Currently, there are tighter experi-
mental limits on spin-independent interactions.

2.1.3.2 Detection experiments

Currently, there are a great variety of direct detection experiments in operation and in design.
[165] offers a nice overview. For the most part, these experiments can be categorized in terms
of their detections channels — whether it is photons, phonons, ionization, or a combination
of two, and their target materials. We consider a few experiments.
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2.1.3.2.1 Silicon and germanium detectors These detectors are comprised of mono-
crystalline material, usually at very high purity. When operated at low temperature, phonon
produced by interaction events can travel distances large compared to the dimension of
the detector before they are scattered. These conditions also allow for charge created at
interaction events to drift to collection electrodes without being trapped by impurities and
escaping detection.



CHAPTER 2. DARK MATTER DETECTION 35

Figure 2.5: Illustration of ionization and phonon collection in a CDMS detector. Charge
collection electrodes interdigitated with phonon sensors, which serve as ground, create an
electric field (blue lines) that drags electrons and holes created in the particle interaction
event to the surface of the detector. As the charge (green dots) is dragged, it produces sec-
ondary, “Luke phonons” (red wave fronts), as it interacts with the lattice. Primary phonons
from the event (orange and yellow concentric circles) radiate from the interaction location
until they are absorbed at the surface by aluminum fins, which collect the phonon energy
and funnels it to the tungsten transition edge sensors. Image from [2].
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The Cryogenic Dark Matter Search (CDMS) CDMS utilizes single crystal germanium detec-
tors sensitive to ionization and athermal-phonons and cooled to an operation temper-
ature of approximately 20 mK, Figure 2.5. The detector has arrays of superconducting
transition edge sensors (TES) pattered onto the surface of a germanium absorber.
These arrays are comprised of thousands of individual tungsten TESs. An electric field
is set up across the absorber to drift electrons and holes created by particle interac-
tions to the surface of the absorber where they are collected and amplified. Interaction
events create pulses whose shapes are used to determine what type of particle caused
it. This is called pulse shape discrimination.

The Dark Matter In CCDs (DAMIC) DAMIC uses silicon charge coupled devices (CCDS)
as the target material. The devices are on 275 1um thick silicon wafers. The use of
off the shelf detector technology enables a straightforward route for scaling up the
experiment. These detectors have a considerable low threshold for detection. Due
to their pixelated format, the change sensors offer excellent spatial resolution. This
experiment is done at room temperature.

The CoGeNT Ezxperiment CoGeNT uses a point-contact germanium ionization detector op-
erated at the Soudan underground mine. (Of the two electrodes forming the drift
electric field, one is tiny in area and the other one is broad. This creates a field con-
centration effect.) It is a single channel experiment, but has a low energy threshold
due to the production of secondary ionization as the primary ionization produced by
the original event is dragged to the collection electrodes. This experiment published a
detection result which other experiments have not been able to confirm.

The China Dark Matter Experiment (CDEX) CDEX, in its first phase, is planned to deploy
one tonne of germanium target material in the Chinese Jin Ping laboratory, which has
an over burden of rock affording 7000 meters of water equivalent (m.w.e) equivalent of
shielding. This is another single channel point-contact detector, [95]. The experiment
is to have a liquid argon active veto.

The Edelweiss Experiment The third phase of the Edelweiss experiment is to focus on low
mass WIMPS (< 10GeV). Its interdigitated electrode germanium detectors have an
neutron transmutation-doped thermometer, allowing them to measure both position
sensitive change and equilibrium phonons. They are expected to have a 500 eV energy
resolution in ionization.

C-4 This is single channel experiment using an improved germanium p-type point-contact
design, which is supposed to offer higher energy resolution than the usual N-type point
contact detectors. The detectors are made by the Canberra corporation.

2.1.3.2.2 Oxide semiconductor

The CRESST Experiment CREEST stands for the Cryogenic Rare Event Search with Super-
conducting Thermometers. This experiment uses single crystal CaWQO, as the target
material. Events produce scintillation light and heat. The light is detected by a second
calorimeter mounted in the detector housing and the heat is measured by a transition
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edge sensor thermometer connected to the target crystal. CRESST operates at around
15 mK

2.1.3.2.3 Crystal scintillators The general theme of the scintillator experiments is to

check the annual modulation claim of DAMA. These single channel experiments are able to

rapidly deploy large quantities of detector material.

The DAMA Ezperiment The DAMA experiment uses a Nal scintillator target with photo-
multipliers to detect the light. This experiment has a long standing discovery claim
that other experiments have not been able to verify. Additionally it claims to see an
annual modulation WIMP signal, due to the earth’s motion with respect to the WIMPs
in the galactic halo. It is a single channel experiment deployed at Gran Sasso in Italy.

The KIMs Ezxperiment KIMs is another Nal experiment which has the goal of checking the
DAMA result. In addition to scintillators, KIMs deploys a phonon and light detector
based on the germanium target material.

The ANAIS Experiment ANAIS stands for annual modulation with Nal Scintillators. As
its name implies, the approach is to deploy a Nal scintillator (250 kg) for many years
in order to accumulate dark matter data, which they hope will feature an annual
modulation signal.

The DM-ICE Ezperiment The DM-ICE experiment positions Nal(T1) scintillators at both
the north and south poles. This separation is intended to help confirm the annual
modulation signal claimed by DAMA.

2.1.3.2.4 Liquified nobles gases Liquid experiments are more easily scaled up than

the solid detector experiments. They must be careful to ensure the radio-purity of the liquid

because significant concentrations of long lived isotopes of the noble gas are present in natural
sources. These experiments have the disadvantage of relatively high threshold.

The LZ FExperiment The LZ experiment is a conglomeration of the LUX and the Zeplin
liquid xenon experiments. In this experiment a large container of liquid xenon is sur-
rounded by another liquid scintillator veto. Particle interaction events in the xenon
produce ionization and primary scintillation light. The ionization is drifted to the lig-
uid surface where it produces a secondary scintillation signal as it is extracted from
the liquid. The light is measured by photomultipliers. Background rejection is accom-
plished by looking at the ratio of the two light signals. Position resolution of a fraction
of a millimeter is obtained in the horizontal direction, and of several millimeters in the
vertical (perpendicular to the liquid surface) direction. Vertical spatial resolution is ob-
tained from charge drift time information. The xenon vessel acts as at time projection
chamber (TPC). LZ plans to ultimately deploy 7 tons of liquid xenon.

The Xenon Ezxperiment The Xenon experiment, transitioning from a 100 kg phase to a one
tonne phase, is a competing liquid xenon experiment at Gran Sasso. It uses very similar
detector technology to LZ.
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The XMASS Experiment This is a single phase liquid xenon experiment. In a single phase
liquid experiment, the electrons are not extracted from the liquid producing a secondary
scintillation signal. XMASS aims to have 24 tonnes of liquid xenon deployed within
the next few years.

The DEAP/CLEAN Ezperiment This is a collaboration of the CLEAN single phase argon
experiment and the the DEAP liquid argon experiment.The DEAP experiment deploys
3.6 tonnes of liquid argon, and it plans to rapidly scale to 50, then 150 tonnes of
scintillating argon at SNOLAB. Argon admits pulse shape discrimination facilitated
by a large difference in the singlet and triplet excited states yielding “fast” and “slow”
light components. Additionally, argon can be instrumented as a single or dual phase
experiment.

The DarkSide FExperiment DarkSide is a two phase liquid argon experiment deploying 50 kg
of active detector mass surrounded by liquid scintillator veto, submerged in a large,
shielding tank of water.

The Darwin Ezperiment The Darwin experiment is envisioned to be the ultimate liquid
nobel experiment. It would have a 20 tonne liquid xenon target as well as a 50 tonne
liquid argon target, both surrounded by a water scintillator shield.

The list of liquid experiments past, present and future goes on, including ArDM, PandaX,

MAX, WARP...

2.1.3.2.5 Superheated liquids In this type of experiment, a chamber is filled with a
fluid that is heated above its boiling point. A small amount of energy, such as a dark matter
nuclear recoil is enough to nucleate the formation of an easily visible bubble. Fittingly, the
chamber is called a bubble chamber. The presence of fluorine in the target materials used,
makes these experiments particularly sensitive to spin-dependent dark matter interactions
[66]. A deployed detector will be monitored by cameras in a well shielded location.
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Figure 2.6: Nucleation of bubbles in the COUP experiment. Left, a cosmic ray event. Middle,
A neutron multiple scatter event. Right, A neutron single scatter. Image from [28].

The PICO Ezperiment The PICO experiment is a merger of two other superheated liquid
detector dark matter experiments, PICASSO an COUP, deployed at SNOLAB. COUP,
which stands for Chicagoland Observatory for Underground Particle Physics, experi-
ment has recently completed a run using 37 kg of CFsl, a fire-extinguisher agent, as its
target material. PICO is running separate chamber of 2.9 kg C3Fs.

The SIMPLE Ezxperiment SIMPLE stands for superheated instrument for massive particle
experiments [64]. It is transitioning from a CyCIF5 superheated droplet detector to
a bubble chamber with CyCIF5 and C3Fg. SIMPLE uses droplet size and location
information to accomplish event discrimination.

2.1.3.2.6 Gas target materials Such experiments use low pressure gas inside a grid of

wire electrodes to create a time projection chamber dark matter detector. Direction informa-

tion would increase the certainty of potential dark matter detection if it is accompanied by
adequate statistics. The use of a gaseous target makes it a challenge to attain large detector
masses.

The DRIFT Experiment DRIFT stands for directional recoil identification from tracks and
is deployed in the Boulby mine in the United Kingdom. It uses a partial pressure
mixture of CS,:CFy with a small addition of Oy as the target material. The chamber
is operated at about 100torr. This choice of target material enables sensitivity to

spin-dependent interactions.
MIMAC, NEWAGE and DMTCP are other gas based direct detection experiments.
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2.1.4 Search status

Progress in direct dark matter detection is made by excluding, through lack of detected
signal, the possibility for dark matter to exist in certain ranges of mass and cross section.
On axes of WIMP mass versus cross section, the excluded regions for each dark matter
experiment can be indicated and compared. Figure 2.7 is such a plot for spin-independent
detection. A similar plot can be made for spin-dependent detection.
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Figure 2.7: Areas of mass-cross section parameter space which lie above the curve drawn for
a given experiment are excluded by that experiment’s data. Closed curves indicate discover
claims at different confidence levels.

2.2 The CDMS experiment

Driven by the need to increase detector mass and to suppress backgrounds, the CDMS experi-
ment is embarking upon its fourth phase (Table 2.1) of operation, SuperCDMS at SNOLAB.
The deeper SNOLAB location offers improved shielding from cosmogenic backgrounds in
comparison to Soudan. The experiment is to feature larger detectors. This increases the
per detector fiducial volume and decreases the per kilogram labor and cost require to pro-
duce the detector. An increased number of phonon sensors will enable improved pulse shape
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discrimination of background events Figure 2.8. The SNOLAB phase will entail a minor in-
crease in dark matter sensitivity, at 60 GeV ¢y 2. This is because CDMS will direct its focus
toward the search for WIMPs with mass <10 GeV ¢y =2, low mass WIMPs, moving forward.
We are doing this by turning up the charge collection voltage. The higher voltage amplifies
the primary charge signal of the events by increasing the phonons created as the charge is
dragged by the field to the collection electrodes. These secondary phonon’s are called Luke
phonons and the project to enable this mode of low threshold detection is called CDMS Lite.

2.2.1 Technical challenges for large arrays

The challenge in instrumenting large dark matter detector arrays is to control background
radiation, to prevent confusion of a WIMP signal with the signal from something much less
interesting. Situating the detector deep underground is necessary to avoid cosmic rays which
produce neutrons which can be confused as WIMPs.

Another challenge to instrumenting large arrays is the production of detectors. This is
less of a challenge for the liquid detectors. But for the CDMS experiment, the challenge of
rapidly fabricating numerous identical detectors is significant. The micron-scale feature size
of sensors on the large CDMS detector crystals contribute to the difficulty. Also, for many
of the solid state detectors, the complexity of cryogenic signal wiring from the detector to
room temperature is a significant challenge. Hence, large arrays favor multiplexed detector
readout.

Other direct detection experiments encounter different difficulties in scaling up. As an
example, for the liquid noble detectors, instrumenting larger or numerous detectors carries
the difficulty of maintaining the radio-purity of the liquid. Also, in scaling up safety concerns
become critical when dealing with large volumes of cryogenic liquids in closed underground
caverns.
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Figure 2.8: Tllustration of the particle interactions in the CDMS detector. WIMPs (purple
particles and tracks) are expected to interact anywhere within the detector volume. Most
other particles, such as muons and phonons, have a greater chance of interacting close to the
surface of the detector due their higher electromagnetic and weak interaction cross sections
with standard model particles. A fiducial volume of the detector excludes the surface region
where interactions will most likely be due to non-WIMP particles. Event discrimination
involves fiducial volume cut to elimination event outside that volume, as well as a general
comparison of the phonon to charge signal strength. The increased number of phonon sensors,
as well as an improved sensor design will enhance background discrimination the SuperCDMS
SNOLAB detectors. Image from [2].

2.3 Detection of axion dark matter

The leading direct detection experiment for axion dark matter is Axion Dark Matter Ex-
periment (ADMX) [168]. This experiment sweeps the resonant frequency of a microwave
cavity which is permeated by a strong magnetic field. If the axion exists, it would resonantly
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convert to microwave photos at a certain frequency. The challenge is to find this expectedly
narrow band frequency and stay there there long enough for sensitive microwave amplifiers
to detect the photon signal. A discovery in this experiment would be a static everpresent
signal.

Recently it has also been suggested that, with a low enough threshold, a germanium
experiment such as CDMS or Edelweiss could sensitive to the low-energy electron recoils due
dark matter axion, [20].

2.3.1 Axion search status

Axions experiments also present their search progress in the form of a limit plot. However,
instead of plotting mass against cross-section, they plot the axion mass against the axion
coupling coefficient g,\», which was introduced in Equation 1.33.
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Figure 2.9: Areas of mass-coupling constant parameter space which lie within the colored
regions for a given experiment are excluded by that experiment’s data. Image from [171].
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Attributions

Results in this chapter come from literature sources. Illustrations from [2| are original work,
with her doing the drawing and both of us formulation how they should look.
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Chapter 3

Kinetic Inductance Phonon Sensors for
Dark Matter Detection

3.1 Overview of kinetic inductance detectors

3.1.1 Kinetic inductance

Below its superconducting transition, the resistance of a superconductor drops rapidly toward
zero. Its reactance, however, maintains a finite value below transition. This reactance is due
to two effects. First, any change in current in the superconductor generates a change in
magnetic field which the superconductor resists. Second, the collision-less motion of the
Cooper-pairs admits the storage of significant kinetic energy, or momentum, and it requires
work from the field to change the momentum. These effects describe a reactance that is
inductive. The effects occur at the surface of a superconductor within a thickness on the
order of the superconducting penetration depth where currents may flow. Thus, devices
designed to exploit these effects need only be films with thickness on this order. For films with
thickness much less than the penetration depth the kinetic inductance dominates providing
good reason to call this reactance, kinetic inductance.

Energy quanta impinging on the superconducting film may break Cooper-Pairs into quasi-
particles, out of equilibrium electrons, changing the situation described above in several ways.
One, quasi-particles are a dissipative contribution to the current, introducing a resistance.
Two, the penetration depth of the film increases since there are fewer Cooper pairs to sustain
eddy currents that expel magnetic fields. This results in an increase of film inductance. At
temperatures much lower than the superconducting transition temperature, the increase in
reactance per addition of quasi-particle is greater than the increase in resistance per addition
of quasi-particle. Three, the kinetic energy carried by the Cooper pairs decreases as their
number decreases. As a result the kinetic inductance increases.

Here we have a system sensitive to the energies on the order of that required to break
a Cooper-pair into quasi-particles, 2A a~ 0.55 mV (for aluminum). We can make a sensitive
detector out of this if we can find a way of transforming the resulting impedance changes to
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voltage changes we can detect with a low noise amplifier of reasonable input impedance.

3.1.2 Principle of operation

The kinetic inductance detectors (KIDs) considered in this thesis are all superconducting
thin film resonant circuits.

There are various formats in which these resonators can be implemented. One is to
connect narrow inductive trace elements to an interdigitated comb-like capacitive element,
to form a lumped element resonator. Another implementation is to construct transmission-
line resonant circuits, such as a stub feature on micro-strip line or coplanar waveguide. In
both cases, the resonant circuits are weakly coupled to a transmission-line, the “feed line”,
which supplies the power at the resonant frequency of the resonator. The coupling, usually
capacitive, is tuned to achieve a desired quality factor for a given resonance. Up stream of
the resonator the feed line is connected to a generator. Down stream of the resonator the
feed line is connected to an amplifier.

At resonance, the impedance to ground across the resonator vanishes, and from the point
of view of the feed line, the resonator is a short to ground at the resonant frequency. Power
at the resonate frequency (over some bandwidth) is reflected back to the generator and
amplifier sees a voltage minimum.

We couple the resonant circuit to the energy quanta we wish to sense. The energy
impinging in the superconducting film affects a change in the film’s surface impedance which
changes the resonant frequency and quality factor of the resonator. In consequence, the
voltage at the amplifier changes an we have detected the energy impinging on the resonator.

3.1.3 Attractive features of kinetic inductance detectors

The foregoing paragraphs describe a detector technology with several attractive features.
These include the following.
e KIDs can, in principle, be very sensitive to energies greater than Cooper-pair breaking
gap energy, 2A.
e Their operation well below the superconducting transition temperature suppresses
quasi-particle generation-recombination noise.
e Their operation well below the superconducting transition also avoids the necessity to
finely tuned transition temperatures.
e The weakly coupled resonant circuit implementation scheme naturally enables fre-
quency domain multiplexed readout of multiple detectors in a single feed line.
e The single feed-line multiplexed readout also avoids signal wiring complexity in the
cryostat.
e Independent of resonator format, the technology is applicable to detection of various
types of signals by optimization of resonator geometry, material and energy coupling
method.
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3.1.4 Applicability to direct detection

The detectors we currently fabricate to probe for WIMP dark matter utilize transition edge
sensors (TESs) to sense phonon energy created by interactions within the germanium ab-
sorber. Phonons from such interactions impinge on cm? scale regions of the absorber where
they break Cooper-pairs and affect a change in resistance.

Our goal to detect the WIMPs leads to the desire to increase the number of detectors
we deploy. This is because increasing the number of detectors increases the probability of
WIMP nuclear recoils. Technology improvements which support the deployment of numerous
detector are therefore aligned with our science objective.

A kinetic inductance phonon sensor would be applicable in our approach to direct de-
tection if the sensors were easier to fabricate than the TES phonon sensors; the sensors
had equal or better sensitivity than the TESs; the sensors offered improved uniformity in
performance between detectors; and if the sensors were compatible with ionization readout.

The versatility in resonator geometry afforded by KIDs would allow us to make resonators
as large as our signal area, ~cm?. The minimum feature sizes required for such large phonon
sensors would simplify fabrication. It would also decrease the effect of normal process vari-
ations on detector performance, increasing performance uniformity between detectors. On
paper, the sensitivity of kinetic inductance phonon sensors is competitive with TES sensitiv-
ity. Suitable choice of KID geometry could accommodate ionization readout. Due to their
promise and applicability to our science objective, we pursue a kinetic inductance phonon
sensor for our dark matter detectors.

These simple detectors are attractive to a number of other applications which require
high energy resolution and large detector area. For example, they can be used to detect
x-rays and gamma-rays as produced from astrophysical sources like active galactic nuclei
and WIMP annihilations in the cosmos, or man-made sources, such as for medical imaging
and nuclear non-proliferation, where they can be used to identify originating reactor of
radioactive materials. Another class of fundamental physics investigations in need of large,
sensitive detectors is neutrino coherent scattering experiments.
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3.1.5 Detector concept

‘=
5%

Figure 3.1: Our envisioned implementation of kinetic inductance phonon sensors for our
dark matter detectors has the sensor function separated from the absorber function. Sep-
arate, standard sized, sensor wafers are attached to both faces of the germanium absorber.
The sensor wafers carry the trace of a microstrip resonator, whose ground plane is directly
deposited into the surface of the absorber. When an event occurs, the phonons impinge
upon the ground plane and change its impedance. The change in impedance is detected as
a change in the resonance by room temperature electronics. Position sensitivity is achieved
by looking at the relative responses of all the sensors across the detector surface. The event
will have occurred closest to the sensor (resonator) exhibiting the greatest response.



CHAPTER 3. KINETIC INDUCTANCE PHONON SENSORS FOR DARK MATTER
DETECTION 51

Our envisioned implementation of kinetic inductance phonon sensors would separate the
sensor and absorber functions [17]. We would use a microstrip transmission line format
where the ground plane is deposited directly on the surface of the absorber and the trace is
patterned on a separate standard thickness wafer, the “sensor wafer”. We would attach the
sensor wafer to the absorber though a bonding process or, initially for development purposes,
a mechanical press. Micron-scale pillars would maintain a vacuum gap between the traces
and the ground plane, and keep them from shorting together. The lack of a material dielectric
avoids dielectric noise, too. We are attracted to the minimal level of fabrication needed to
produce these detectors and expect that it will reduce our costs.

A priori, would intend to use niobium as the microstrip trace material and aluminum as
the ground plane material. Aluminum is chosen for its low superconducting gap, and for
its good quasiparticle conversion efficiency. Niobium is chosen for its relatively high critical
current and gap, so that high currents can be driven through the trace and so that the trace
is insensitive to events occurring in the sensor wafer.

3.2 Material electrodynamics

In order to understand the behavior of a resonator, we first look at the response of the
superconductors in an electromagnetic field. Excellent comprehensive references on this
topic include [58, 57, 81, , 205]

3.2.1 Theoretical frameworks

The relevant electrodynamic theories governing the behavior of a superconductor in a field
start at Maxwell’s equations, include the macroscopic models described in the London equa-
tions, and are underpinned by the microscopic theory of superconductivity from Bardeen
Cooper Schriefer (BCS), which ultimately provides a formalism of how the superconductor
responds to the input of energy.
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3.2.1.1 Maxwell’s equation

Generally, Maxwell’s equations relate currents and the electric and magnetic fields in matter.
Inside a material, Maxwell’s equations are

V-D=p (3.1a)
V-B=0 (3.1b)
0B

E = - -1
V x T (3.1c)
D =e.eE (3.1d)
B = p,poH (3.1e)

oD

H= — Af
V x J+ T (3.1f)

Additionally, we have ey = ¢ 2, € = €.¢9 and we assume p, = 1 and p = 0 in the
conductor. We can define a vector potential, A such that,

0A
- 2
pr Vo (3.2a)
B=VxA (3.2b)
0=V-A. (3.2¢)

In the case of a superconductor, Maxwell’s equations alone do not provide a complete
electrodynamic description. They will need to be supplemented to accurately describe be-
havior of a superconductor.

3.2.1.2 The two-fluid model and the london equations

We can obtain a more accurate electrodynamic description with the addition of the Gorter-
Casimir two-fluid model [75] and the London equations [117] to Maxwell’s equations. These
models do not provide a microscopic quantum description of superconductivity but they
do provide a good enough description of the electrodynamics of the superconductor, again
assuming a local current field relationship. The two-fluid model assumes that the conduction
electrons in a superconductor are either in a superfluid, state which has no resistance, or
a normal state. The two states do not interact and the number density of electron in the
superfluid state, n,, varies from 0 at T'= 0K to 1 at T' = T, the superconducting transition

temperature, according to
4
Ng T
S = 3.3
n <TC) (33)
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The superfluid electrons have current, charge and mass, Jg, ¢ and m,, and these quantities
for the normal electrons are denoted J,,, ¢,, m, and n,. At all temperatures,

n=n,+ns (3.4a)
o =0, + 0, (3.4Db)
J=1J,+7. (3.4¢)

As we will see in Equation 3.36 and Equation 3.38, normal conductors exclude oscillating
fields from penetrating to their interior. Fields within the conductor are attenuated on a
length scale, A , that decreases with increasing conductivity and frequency‘’. Meissner and
Ochsenfeld [130] observe the same exclusion of fields in superconductors consistent with the
fact of their very large conductivity. They also observed that when a magnetic field was
present inside a superconductor in its normal state, T' > T., the magnetic field was expelled
from the superconductor when it was cooled below T,. This phenomenon is not described
by Maxwell’s equations. The London equations,

0J,
0=A(V xJ,)+B, (3.5b)
ms
= 2 (3.5¢)

describe both phenomena. A is the London constant. Here again, a local field current
relationship is assumed,
AJ =—-A. (3.6)

Note that arbitrary large currents (and therefore magnetic fields) have no effect on the
superconducting state according to Equation 3.5. This is a problem of the London equations.

3.2.1.3 BCS theory of superconductivity

BCS [24] theory provides a microscopic and quantum description of superconductivity. The
theory describes an electron pairing process leading to a Bose Einstein condensate. The
Cooper pairs', are of equal and opposite momentum and spin, and exchange of phonons
between them provides an attraction that overcomes the Coulomb repulsion. The system
of Cooper pairs comprises the coherent ground state of the quantum many body system
of electrons. Excitations from this ground state are called quasiparticles. But some low
temperature and all high temperature superconductors are not completely explained by the

'In the parlance of the two-fluid model, n, = 2ncp, where ngp is the number density of Cooper pairs.
However, n = n,, + n; fails for dirty superconductors, when T' < T,, due to quasiparticle phase coherence
effects, and in strong-coupling superconductors where the effective mass of quasiparticle is enhanced to
2m(1 4 Yeoupling) in excess of the the electron mass [$1, pp. 7, 26, 32]
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BCS theory. The theory is in excellent agreement with measurements of specific heat, pen-
etration depth and the Meissner effect in most low temperature and alloy superconductors.
We present a brief overview of the BCS theory, following [180, Chap 2, 81, §1.3.1].

Quasiparticle states are labeled by their wave vector, k, and spin, ¢ = {1,]}. Thus a
Cooper pair is (k T,—k |). The state has a plane-wave energy ("%)?/om = &. The ground
state forms Fermi surface that is a perfect sphere in k-space, with a Fermi energy is Ep.
At T = 0K, the density of states at the Fermi energy for electrons of one spin orientation
is Ny. Each Cooper Pair has a pairing potential V', which is assumed to be so small that
Yeoupling = NoV' < 1. This is the assumption of weak electron-phonon coupling upon which
BCS theory is considered to be valid.

The pairing hamiltonian is

H = Hy + Hinteraction = Z EkC o Cko T Z Vi1 1€ g Co1 01 (3.7)
k.o K1

where the ¢j ; are creation operators, Vi is the pairing potential due to Cooper,

(3.8)

=V if |ex| and || < hweutor
Vil = .
0 otherwise

where €, = & — Er, is the state energy relative to the Fermi level and Awcyior i some cutoff
energy. An order parameter Ay, interpreted as the superconducting energy gap, is defined
such that,

Ak = — Z Vk71u1v1 (39)
1

where v; and u; are the wave functions for occupation and non-occupation of a pair state. A
quasiparticle excitation has the energy, Fy

Ee=(A2+e)". (3.10)

The step function nature of the assumed Cooper pairing potential, in addition to the as-
sumption of a spherically symmetric k-space, in fact implies that Ay is independent of k. It
can be shown that,

A f Fento
Ay = { or Je] < Aeveutort (3.11)

0 for |€k| > hwcutoff.

Equation 3.10 is the energy of a quasiparticle excitation. It shows that the energy needed

to break a cooper pair into two quasi-particles is > 2A.

At temperatures,T’, above zero, where thermal fluctuations allow for the electrons to be
excited above the ground state, we would expect a Fermi-Dirac distribution in probably of
excitation,

J(Ex) = ——5- (3.12)
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Integrating this into the interaction Hamiltonian, one can find a temperature dependance to
the gap parameter Ay. It ranges from
Ao ™

= — =~ 1.764 3.13
kBTc ry ? ( )

,at T'~ 0K, where v = 1.7811 is Euler’s constant, to

AT) 1oy (1 _ Z)l/z’ (3.14)

Ao T,

around T ~ T.. A(T) can be used to give Equation 3.10 temperature dependence, Ey(T) =
Ex(Ax(T)).

The density of states, IV, at excitation energy, E, of the BCS superconductor can be
related to the density of states at the Fermi level Ny of the superconductor in it normal state
as,

N(E E
(E) = —. (3.15)
No (E? — A?) 2

3.2.1.4 Calculation of the Density of states, NV

For BCS superconductors the single-spin density of electron states at the Fermi surface is
Ny is related to the band structure density of states, N by

1+ Aoy

NOZN a3

: (3.16)

where a is the lattice parameter, and A, is the electron phonon coupling constant. Depending

on the lattice, a® can be approximated as,

3_ Ma
Gav P ’

a (3.17)

where m, is the atomic mass, g, is Avogadro’s number, and p is the density (at the relevant
temperature). [129] provides a useful, but old, tabulation of various N and A.,. More
recent values can be found in the literature. One can alternatively bypass the calculation all
together buy using a experimental measurement of specific heat to obtain Nj.

3.2.1.5 Mattis bardeen theory of the anomalous skin effect

Mattis and Bardeen [125] and independently Abrikosov, Gorkov and Khalatnikov [16] used
first order perturbation theory to extend the BCS theory of superconductivity [241] to for-
mulate an integral expression for the complex conductivity of isotropic normal and super-
conductors valid in the weak-coupling limit [150, p. 1306, , D- 5950].
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The kernel I(w, R, T) in Equation 3.32 may be adjusted for different assumptions about
the conductor

I(w,R,T) = /_OO /_00 {L(w,e,e’) _ e =1 X cos [a(e — &")] dede’, (3.18)

where

E+h(w—is) + 285 B p(w —is) + A
. X : . (3.19)
E' —[E + h(w —is))? E' —[F — h(w —is)]?

L(w,e,¢) = —%(1 —2f(E))

Here we have o = B/hwy; E) = 1/(£(0)2 4+ A2 is the excitation energy; f is the Fermi-Dirac;
and s is a small perturbation parameter to be set to zero in final expressions.

In superconductors, the extreme anomalous limit occurs when, simultaneously, the mean
free path is much greater than the penetration depth [ > A and the Pippard coherence
length (Equation 3.24) is much larger than the penetration depth &p > A. This occurs in
clean superconductors where Equation 3.27 implies [ > &;. These limits imply that we set
a=-2 = B _~0in Equation 3.18. This means I = I(w, R = 0,T) can taken out of the

O = gy = A |
integral Fquation 3.32 and is equal to

A E? 4+ A? + hwE
MHMQTﬂ:—w/ o
—A, Amhw VA2 — E2\/(E + hw)? — A2

N [ L= 2f(E + hw)][E* + A% 4 hwE]
\S[I(OJ,O,T)] —W/A_hw \/EQ—AQ\/(E+M)2_A2

[1—2f(E + hw)]dE  (3.20a)

o E) — f(E + hw)][E? + A% + hwE
s VB NE ) A
for the superconducting state and,
I(w,0,T.) = —inhw, (3.21)

for the normal state [151]. Recalling Equation 3.2a, the current is completely in phase with
the electric field.
Assuming normal incidence of the field on the conductor, the ratio of the current density
magnitude, J,, an be computed for extreme anomalous limit as,
JOO(CL)) [(CL),O,T) 01 —?;0'2

Jon@)  I@0.T) 0 (3.22)
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and the complex conductivities can be written as,

oiw) 1 [T [1=2f(E+ hw)][E* + A% 4+ hwE]

o0 hw Jalp \/Ez— A2\ /(B + hw)? — A? 4
f(E 4+ hw)][E? + A? + hwE)]
/ \/E2 N CETEY dE (3.23a)

__/A e, E? + A? — hwE
 hw

— A2 /A2 — (E — ) [1—2f(E+hw)|dE,  (3.23b)

On

[125]. The first term of Equation 3.23a does not appear unless fiw > 2A, in which case the
lower limit of Equation 3.23b is A in stead of A — Aw. While Equation 3.23 is only strictly
valid for | < &) or | < &, the expressions seem to contain qualitatively the main features
characteristic of all BCS superconductors.

3.2.2 Conceptual essentials

We begin by introducing key concepts involved in the material electrodynamics.

3.2.2.1 Characteristic lengths

The charge carriers of a normal conductor are within kg7 of the Fermi level and have a
mean free path [ that is related to the time between scattering (also called momentum
relaxation time), 7, and their velocity of motion, vy, the Fermi velocity by | = vo7?. When
the conductor is a superconductor, charge carriers (Cooper Pairs) have an effective size, &,
the coherence length. The coherence length can be expressed in terms of various material
and environmental properties (such as 7" and T,). different theoretical frameworks lead to
different expressions for £. In general, the coherence length, £, is empirically modeled as an
intrinsic material parameter, &;, which is reduced by defect scattering

11
e & |

, D. 261] cites ‘standard monovalent metal’ values to keep in mind.

(3.24)

il
Atomic volume = 10 cm ™3

Conduction electron density = 6 - 10*2 cm ™3

Fermi Velocity, vo = 1.4 - 10% cms ™!

Electrical conductivity with [ free path, o = {/em x 1.21 - 10* Q ltem™!
Fermi energy, Er = 5.57eV
7= 10714 gL20K
PT

Momentum relaxation time,

where p is the resistivity.
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When the conductor is in an oscillating field, the depth of penetration of the field into
the conductor is limited. The penetration of an oscillating magnetic field into a normal
conductor is attenuated by a factor of /e at a length of the skin depth, . The penetration of
a weak DC magnetic field into a superconductor is attenuated by a factor of 1/e at a length
of the penetration depth, .

In a normal metal, §, which describes the spatial variation of E, may be much greater than
[. In this case the current-field relationship is local and the normal skin effect is observed
in measurements of surface impedance. At low temperatures and/or high frequencies of
oscillation however, it is possible to have § < [. In this limit, charge carriers at one point
will have retained the momentum they acquired from the field at previous points, which will
have had different values. A nonlocal current field relationship (Equation 3.28) is necessary
to describe the current’. Measurements of surface impedance will indicate the anomalous
skin effect™”:°. Similar to the case of a normal conductor, the local current-field relationship
fails when ¢ is larger than the length over which the field varies appreciably, or when &
exceeds the penetration depth, A. In this limit the current is determined by a nonlocal
field relationship, FEquation 3.29, Equation 3.30. In §3.2.2.2, the local and nonlocal field
relationships are made explicit.

At T = 0K’, Londons’ equations can be used to derive a DC penetration depth, Ay,
called the London penetration depth and equal to

A m
A=) — =, ——, 3.26
t Ho HoMsqs 2 ( )

In the framework of the BCS theory, the penetration depth can be approximated as

AL T) ~ AL(T)y /1 + % (3.27)

3in the case of a nonlocal current field relationship, the attenuation of the field occurs on the order of
some other length scale depending on material parameters (e.g. the 5 parameter Mattis-Bardeen equation,

§ 3.2.1.5).
4Transmission of light through thin films is typically used to measure the surface impedance of both
normal and superconductors [73, ]. Evidently, is it possible for electromagnetic waves to travel through

superconductors so long as they are thin enough.
5In the extreme anomalous limit the conductivity becomes a tensorial quantity that depends on wavenum-

ber and frequency. The effect can be used to map out the Fermi surfaces in metals [90, p. 332] [145, p. 222]
[00, p. 332, 145, p. 222].

6In the extreme anomalous limit, the surface reactance and resistance should be in a ratio of v/3 rather
than unity as in the normal skin effect [147, p. 110].

"Note that the temperature dependence of n results in a temperature dependence on Az,

"
A(T) = ALlp—ok ll - <T>

(3.25)

AL (T) diverges at T > T..



CHAPTER 3. KINETIC INDUCTANCE PHONON SENSORS FOR DARK MATTER
DETECTION 59

[180, p. 67| which yields the correct scaling of A in the limits when [ is very small or very
large in the impure limit. Generally, A is larger in dirty superconductors than it is in clean
superconductors.

3.2.2.2 Current-field relations

Currents flow in conductors due to the influence of applied field. The relationship between
the current and the field depends on material properties and the frequency of oscillation of
the applied field, and may be either local or nonlocal. Superconductors and normal metals
may have local or nonlocal current-field relationships.

Ohms law,

J =0oE, (3.28)

describes a local field-current relationship and it is always valid unless conditions for a non-
local relationship emerge. In attempt to explain the Anomalous Skin effect in normal metals
[116] Chambers proposed an expression in which the current density at a point is given by
an integral of the electric field over a region surrounding the point,

—30 [ R[R E(')] IR g3

IO =10 — @

(3.29)

where R = |r—1’|, and in Gaussian units. Pippard realized that currents in a superconductor
could be described in an analogous way
_ -3 [ RR-A@)

J(r) e~ Mer g3y (3.30)

where R =r —r’. Bardeen et al |24, p. 1195, p. 1196 fig. 5| proposed

-3 R[R-A(r)]J(R,T)
—47T§0A \dd R4

J(r) d’r' (3.31)
to accord with their microscopic theory superconductivity in the weak electron-phonon cou-
pling limit, where low frequency is assumed (w =~ 0). J(R,T) is a non-specific, relatively
slowly varying function of temperature. The substitution of the exponential with the J(R, T)
term gives the correct temperature dependence to the current density. Finally, Mattis and
Bardeen, modify the J(R,T) term in the superconducting current density to allow for fre-

quency dependence accurate at microwave to infrared frequencies [125, p. 416, eq. 3.3]
- RR-A)] I(w,R,T) _
Jr) =) —x i e Mgy, (3.32)

where the sum is over the frequency components of the vector potential. When the field does

b} d

not vary appreciably over the distance £p or [, Equation 3.30 and Equation 3.31 reduce to
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Ohms Law (Equation 3.28). In both Equation 3.29 and Equation 3.30, the e™™/ accounts
for the effect of scattering.

Although it is not always possible to know a priori which current-field relationship is
appropriate for a given conductor and test condition (e.g. temperature and drive frequency),
we can list a few rules of thumb.

e Type I superconductors are usually nonlocal.

e Mean free path, [, typically dominates £ per Equation 3.24 and local current-field

relationships hold in impure or alloyed superconductors [21, p. 5.

e All known high temperature superconductors are local [167, p. 32].

e In the case of superconducting films, the ratio of the coherence length to the film
thickness determines the relationship between the current and the fields, and also the
surface impedance ([***Discussed in section ... ***]).

e Except at low temperatures and high frequencies, normal conductors are local.

3.2.2.3 The complex conductivity

To be consistent with the expectation of a principally imaginary super current conductivity
from the London equations [117] (Equation 3.5a), Tinkham |73, 179] introduced the complex
conductivity,

o=p =0, —ios. (3.33)

He measured the microwave and infrared transmission through superconducting thin films.
In such a measurement the transmission is directly proportional to the admittance per square,
and the conductive is directly proportional to the admittance because the film is thin enough
for the field to be treated at uniform with depth. The complex conductivity allows currents
to be both in phase and out of phase with the field. Assuming that for T' < T, the imaginary
part of the conductivity is dominant and for 7" > T,, the real part of the conductivity is
dominant, Tinkham used the Kramers-Kronig relations to map out o; and o as a function
of frequency for frequencies above and below the gap frequency.

3.2.2.4 The surface impedance

Since the currents induced by an oscillating field are expected to be confined to the surface

region of a conductor, and since determination of the current may be complicated by the

necessity to perform a potentially complicated integral (in the case of a non-local current-

field relationship, § 3.2.2.2), it is helpful to define define a surface impedance, Z;, to provide
a local relationship between currents, voltages and field values
E; Ey

Zs=R,+iX,= — = 3.34

Ht surface fO J(Z)dZ ( )

The surface impedance is the ratio of the tangential fields at the surface of the conductor and

can also be calculated from the current density. The surface reactance, Xj, is connected to the
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field penetration depth, A, and the kinetic inductance in both normal and superconductors.
It would appear that Z, has the units of resistance, Q°. But consideration of the current
density in the definition of Z, suggests a dependence on aspect ratio. So in fact Z, has the
units of sheet resistance, ohms per square /0.

In order to calculate Z, five material parameters are needed [150]: the zero-temperature
energy gap 2A, the critical temperature T, the London penetration depth, A\, at T'= 0K,
the Fermi velocity vy or the BCS coherence length &, and the mean free path [.

3.2.2.5 Surface scattering

The superconducting penetration depth and the surface impedance for a given material
depend on the boundary conditions for scattering of electrons at the surface [241, pp. 1196
1197]. There are two relevant scattering limits. Specular scattering, in which an electron
incident with the surface will come off at the same angle as its incident path. Or Diffuse
scattering (random scattering), in which the reflected electron path is scattered in a random
direction [184, p. 122].

Diffuse surface scattering reduces surface impedance, Z,, in comparison to specular scat-
tering [1415, p. 221]. Diffuse surface scattering increases penetration depth, A, in comparison
to specular scattering [24, p. 1196, and fig. 7 on p. 1197].

Pippard [145, p. 220] remarks ‘The assumption of specular reflection of electrons which hit
the surface appears from experiment to be unsound, and is indeed theoretically improbable,
for irregularities on an atomic scale are sufficient to cause large-angle diffraction of the
de Broglie waves.” Chambers [37], in fact found that diffuse scattering is present in bulk
copper, silver and tin (7' = 2 — —90K). In general experimental evidence indicates that
specular surface scattering seldom plays an important role in films, either in the normal or
the superconducting states [180, p. 86].

3.2.3 Example application: normal and superconductors in local
limit

We shall employ Maxwell’s equations (FEquation 3.1a), Ohms laws (Equation 3.28), London’s

Equations (Equation 3.5) and the two-fluid model to derive a macroscopic, local description of

the currents and the surface impedance of the conductor, which may be in its superconducting

or normal states.

Let us assume there is electromagnetic plane wave at normal incidence with a bulk
conductor, as depicted in Figure 3.2. The magnetic field of our wave is,

H(z,t) = jHye @t ke, (3.36)

Z, [0 = (3.35)
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The field is written is a form suggestive of the expectation that the its amplitude will be
attenuated as it penetrates into the conductor, in the length scale A\. Notice that the prop-
agation constant is,

T =ik + 1) (3.37)

3

x E., T.
o ;
L.

Figure 3.2: An electromagnetic plane wave at normal incidence with conductor. [3]

Immediately, we can use Fquation 3.1c¢ to write down the tangential electric field

E(z,t) = aﬁHokw_—/?/Ae’(mkz)ez/*. (3.38)

We now proceed to find equations for £ and A. Ampere’s Law, Equation 3.1f, relates
the magnetic field to the transport and displacement currents. The transport current is
taken as the sum of its superconducting and normal fluid constituents (Equation 3.4c). We
then related the transport currents to the electric field, utilizing the first Londons equation,
Equation 3.5a, for the case of J,, and Ohms law for the case of J,,,

oD
Y, B = J+ -
X Ho Mo ;

OE
= ,UOJs + ,U()Jn + Moﬁg (339)

1
= Lo <— + Un) E + iwppeE.
1Aw

Note we have used the time harmonic nature of the fields and currents to substitute 9/or = iw.
We can now take the curl of both sides of the equation and use Faraday’s Law, Equation 3.1c,
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to find a relation for the magnetic field only,

1
V x (VxB)=p (,—+an>VxE+iw,uoeV><E,
1Aw
1

V(V-B) - V’B = —y (K + iwan> B + w?jpeB, (3.40)

1 .
V’B = ()\—% + zw,uocrn) B — WQ[LOEB.
At this point, it is convenient to observe out that the displacement current term is negligibly
small. The ratio of the supercurrent term to the displacement current term is 1/32w2ue ~
/322, > 1 for typical A\, and w. The ratio of the normal current term to the displacement

current term is on/ew > 1 for a good conductor. After removing the displacement current
term and evaluation of the Laplacian, we have a relationship for A and k,

2
1k + 1 = L + WO
)\ >\% 0Yn
1 )
= )\—% + WleTR2 | + iWoT 1 (3.41)
= Wito (052 + Opa) + 1wl
= WO

where we have invoked the complex conductivity o = o, + 05 = (01 + 0s51) — i(On2 + 0s2)
and find o4 and o, by association,

1 1 ngg?

(%) (342&)

B A wpig T Aw MW
7y = 0, (3.42b)

Expressions for 0,,; and 0,5 can be found by considering the field acceleration and collision
dampening force on the normal electrons. The normal current density is,

Jn = npgn (v) (3.43)

where v is the average normal electron velocity. The normal electrons have a dampening
term, V)/r, in their equation of motion which accounts for scattering,

0E = m, {% + @} . (3.44)

7 is the momentum relaxation for electron scattering. Assuming a time harmonic field
incident on the conductor, its relationship with E,

n 2 n 2 1—1
Jy= () T g (et “T B =0,E. (3.45)
mn ) 1+iwt mn ) 1+ (wr)?
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Thus the normal fluid components of complex conductivity are,
2 .2
Ny QoW T
o = 3.46
72 L+ (@7)?) (3460
2
R —_L (3.46b)

M (14 (wr)?)’

For convenience, let us now collect terms and only speak about o; and oy. After expand-
ing and equating real and imaginary parts, Equation 3.41 yields

2 2 2
A2 = — Vo +JC272 02] (3.47a)
1
k= “OTwalA. (3.47h)

Lastly, we write down the expression for Z in the local limit, using its definition Equa-
tion 3.34, H (Equation 3.36), E (Equation 3.38), and Equation 3.41,
=T

Wy g
—ify
surface k //\ o

Zs (3.48)

In Table 3.1, A\, k,I' and Z, are approximated for the limits o; < o9 and o7 > o05.
Reference to the normal metal skin depth, ¢, is made.

‘ 01 > 09 01 K 09
A 0= wﬂim AL - wui)aa
k| il
ro| v [1 + 25‘7122}
Zo | 0 - 2] wpods [+

Table 3.1: Approximate values of A, k, I', and Z; in the local limit obtained from assuming

01 > 09 Or 01 K 09. A, is the London penetration depth and ¢ is the normal metal skin
depth.

The exponential suppression of the fields is due to dissipation in the case of normal
conductor and its due to screening currents in the case of a superconductor.

3.3 Causes of nonlinear behavior

Later we will look at the response of resonant circuits with then are driven at high power.
Here they exhibit a nonlinear response which motivates the question as to the origin of
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the nonlinearity. There are several possible origins cited in the literature, particularly for
nonlinearity in thin film superconductors [177, 74].

Figure 3.3: Visualization of superconducting grains, their linkages, two-level systems, and how
current and vortices interact with them. A superconductor with grains much larger than the
penetration depth (i.e. vortex diameter much smaller than grain size) is illustrated. Top views a
and b, emphasize the interconnections between grains. Dashed grain boundaries denote the weak
lines; dotted grain boundaries denote impurity contamination, e.g. hydrocarbon contamination.
b — larger penetration depths near the grain boundaries result in higher current densities there;
vortices may exist in the grains or tunnel through the grain boundaries. Cross section views ¢
and d, show two-level systems distributed across the surface of the film and the funnel-shaped
profile of a vortex. Illustration inspiration from [32], which discusses the coupled grain model.

4]

Current dependent o1 and A This is suggested by Dahm and Scalapino [15] to explain in-
termodulation in thin film high T, superconductors. The found a simple relationship
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between the current and the inductance and resistance,

L(I) = Lo + AL G)Q (3.49a)
R(I) = Ro + AR (11)2 | (3.49b)

Quasi-particle heating Readout power absorbed in the films causes heating of the quasi-
particle system and its temperature switches between well defined states. This leads
the resonance curve to exhibit hysteresis [50, 175].

Intrinsic nonlinearity There is intrinsic nonlinearity associated with the super current. This
can be described within the formalism of Ginzburg-Landau theory. The current corre-
sponding to the Ginzburg-Landau equations in the case of a thin film is

2
I = —Aen, (1 — ) Vs (3.50a)

where A is cross sectional area, n, and v, are the pair density in the absence of current
and carrier velocity. v, is a critical velocity. This equation can be used to obtain [12,

I

L(T,I) =1Ly ( 1 Ty 1+ 2 p (3.51a)
)T T, 072 o

Vortex penetration The current may become so large that the field accompanying it is enough
to create vortices Figure 3.4. The vortices may occur in the grain boundaries or in
the bulk grain. Nonlinearity arrises from the dependence of vortex concentration on
magnetic field and their motion due to viscous forces [74], .

Weakly coupled grins This model assumes a network of weak links with uniform current
flowing presumably at grain boundaries. The nonlinearity arrises from the nonlinear
inductance of weak links [71]. Another thing that can happen is that a weak link
becomes normal, diverts current, and causes surrounding links to become normal. The
result is an overall nonlinear current behavior.

Some of these nonlinearity mechanisms have consequences on the scaling laws of parameters

(e.g. magnetic field and resistance) that are measurable allowing them to be ruled out.

Considering the various possible origins of the nonlinearity brings to minds a complicated
picture of what is happening at the microscopic level of the superconductor. We have

illustrated this picture, Figure 3.3.

Attributions

Results in this chapter come primarily from literature sources. Illustrations from [3] are
original work, with him doing the drawing and both of us formulation how they should look.
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Figure 3.4: We illustrate three scenarios for bulk vortex penetration. On top, a vortex is
inside of a thick conductor.The normal metal core of an Abrikosov vortex is about two times
the coherence length in diameter. The decay from its critical value at the core of the current
density is set by the penetration depth. The situation where the vortex core is much larger
than, or about the same size as the grains is illustrated in the center and bottom views,
respectively. Illustration from [3]
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Chapter 4

Analysis of Resonator

4.1 Linear Analysis of Shunt-Coupled Resonator

We will model the case of a half-wave resonator coupled at one end to the feedline using
the parameters labeled in Figure 4.1. We begin with a review of transmission line theory, to
remind ourselves of the basic relations, definitions and quantities to be used in subsequent
analyses. When the wavelength of a voltage wave is about the size of its containing circuit or
smaller, then it is necessary to use transmission line theory and microwave network theory
to analyze the circuit. These formalism reduce to basic circuit theory in the opposite limit.

4.1.1 Review of transmission line theory

We imagine a transmission line as the series cascade of infinitesimal circuit elements con-
taining
= Series inductance per unit length, for both conductors in Hm™*

L
R = Series resistance per unit length, for both conductors in Qm™"

G = Shunt conductace per unit length, in Sm™"

C = Shunt capacitance per unit length, in Fm™!

configured as in Figure 4.2,
After applying Kirchhoft’s laws and taking the limit Az — 0, the following coupled
first-order differential equations are obtained:

0v(z,t) Di(z,1)

5 —Ri(z,t) — L 5 (4.1a)
di(z,t) _ =0v(z,1)
5 Gu(z,t) = C o (4.1b)

FEquation 4.1 are called the transmission line, or telegraphist’s, equations. In general, the
solutions are of the form v(z,t) = v(z) cos(wt + ¢), and similarly for i(z,t). We can alterna-
tively use cosine-based phasors for convenience v(z,t) = v(2)R[cos(wt + ¢) + i sin(wt + ¢)] =
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Vit~ Zi=2 P Zy=Zy V& e~

— 01— O

Vim e Vo o

+co | -
o G ]
z=0 S..
1]
Zr €ij
~
z=10 E
Ztrm F

I

Figure 4.1: Network diagram of A/2 resonator coupled to feedline. o;;, €;; are the scattering
matrices for the 3-port coupler and the 2-port ¢ = /2 resonator section, respectively. The
resonator termination, Z;,.,,, is represented as a reflection coefficient, I', and ideally it is a
perfect open, I' = 1. S ports one and two are the same as ¢ ports one and two. o port three
is € port 1 and € port 2 is the port of I'.

RV (2)e™?], where V(z) = v(2)e™ is complex, and the transmission line equations simplify
to

d‘;(z) = —(R+iwLl)I(2) = —ZI(2) (4.2a)
z
dl(z) = . = 7
o= —(G +iwCV(z) = —EV(Z). (4.2b)
Equation 4.2 can be combined to form second-order, uncoupled differential equations:
d*V (2
VI _ v (4.30)
z
d*I
R (C)] (4.30)

dz?
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RAz LAz

v(z + Azt) GAz —_— CAz v(z + Azt)

+ o+
i(z,t) i(z + Azt)

Figure 4.2: A transmission line is the series cascade of infinitesimal circuits whose elements
describe the line characteristics, i.e. wave impedance and phase velocity of propagation.

where,

y=a+10 = \/(sz + ZWE) (C_; + iwa)’ (4’4)

is the complex propagation constant'. The solutions to FEquation 4.2 and Equation 4.3
describe current and voltage waves traveling into, V. and I;7, and out of, V,~ and I, each
port, n, of an N-port network.

Vi(z) = Ve " 4V -eln? (4.5a)
v v
L(z)=ILte ™ + I e = 2—2677”2 — Z—Ze%z, (4.5b)

where,

G+ iwC

is the wave impedance °. The wave impedance is complex when the transmission line is lossy,
R,G > 0, and there may be dispersion, v, = f(w). When R = G = 0, the line is lossless and

'In the case of non-uniform lines, v and Z are not constant.
2For a discussion of the impedance concept, and how it evolved, see [164].
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| L

Z - =,
C Lossless Line (4.7)

w —_—

1
B8 VIO )
Junctions of one or more transmission lines are called microwave networks, Figure 4.3.
A network may have N ports, which are imagined as zero to finite length transmission
lines. Therefore, each port has its own wave impedance, Z, and propagation constants,
Vo = Qp + 15,

Vit~ Vi e
Z1, M Port 1 Port n +1| Znt1, Va1
‘/1_ & Vnii-l ~3

N-Port Network

Vi s Vi e
Ly Vn Port n Port N ZN, YN
V.~ e~ Vy ~—>

Figure 4.3: An N-port microwave network has a Z,, and -, at each port, which are imagined
as zero to finite length transmission lines.

The scattering matrix, S;;, relates voltage and current waves going into and out of each
of the network ports. It is defined as

VZi Vi
Sij = ﬁ# (4.8)
v ViF=0 for k#j
for 4,7 = 1,2,3. Observe that S;; is the voltage wave exiting port i, due to a voltage wave
entering port j. In general, S;; are complex numbers, S;; = |S;;| - €%4. The condition,
V+t =0 for n # j, is achieved when all ports except j are terminated with resistances equal
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to their wave impedance. Thus the scattering matrix for an N-port network is an N x N
matrix. The scattering matrix for a 1-port network, a single complex number, is the refection
coefficient, I', due to termination of the port transmission line with a impedance, Zy,,,,
o Ztrm - Zl
Ztrm + Zl ’

where Z; is the wave impedance of port 1.

(4.9)

4.1.2 Scattering matrix for the coupler, o;;

The coupler is the three-port network o0;;. To determine the nine o;;, we first observe some
network characteristics.
symmetric. The network is symmetric in ports 1 and 2. This implies

011 = 022, O12 = 021, 013 = 023 = 031 = O32.
reciprocal. The network is reciprocal since all its components are isotropic, i.e. wave propa-

gation is the same no matter the propagation direction.

Oi5 = O0j; l.e. O'T = 0.

lossless. The network is lossless and source free provided that R[Z.] = 0 and $[Z;] = 0.

ol o=1, (4.10)
where 1 is conjugate transpose, and [ is the identity matrix. This enforces conservation
of power, P = % VIF = i -VV* eg.

P =P+ Py + Py
L S L S L L

27, 27, 2z, T 27

1 = |o3|* + |oas|® + |oss|?

These condition on ¢;; reduce the number of independent indices in from nine to four.

011 012 013 011 O12 013
O = |0921 099 O93| = (012 011 013 (411)
031 032 033 013 013 033

The lossless condition, of - ¢ = I, implies that

1= Joul? + |owf* + |o1s]” (4.12a)
0= (07) - 012 + 0y - on1) + |os? (4.12b)
0 =07, 013+ 07, 013+ 073 033 (4.12c)
1= |ogs|? +2 - |ows* (4.12d)
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We can apply Kirchhoff’s current and voltage laws at point P in Figure 4.1 to obtain the
conditions,
VIn+ Vi =V Wy = Ve 4 Vg = 21 - 1) (4.13a)
VitV V=V ViV
Zl Z2 Z3

Fquation 4.13 and Equation 4.8 allow us to solve for each of the four independent o;;

—370 vV ZoZy

011 = 1 013 = 1
QZO+Zc+Zr 2Z0+Z0+Zr
Zc—'l_Zr %ZO—‘I_ZC_ZT

091 = 033 = .
v Zo+ 2, 7T Y+ 2.+ 7,

(F=I0)+ I =)+ (I —I;) =

=0 (4.13b)

(4.14)

The coupling impedance, Z, will be designed to be large in the frequency range of interest,
Z.> Zy and Z,. > Z,. Using this to expand Equation 4.14 to second order in Z !, we get

1 1
o1~ —ﬁ Z_Zg 013 A V2 Z, B \/ZOZT(§Z0 + ZT)
| 2% 3% |2 | 222+ 4 -
O21 < L — =~ o33~ 1 — .
21 7 72 33 7. 7

There are two notable coupler choices consistent with Figure 4.1 and the assumption of
losslessness, FEquation 4.10. These are inductive coupling, Z. = 1w/l and capacitive coupling
Z. = (iwC)~. One can check that Ecuation 4.15 obeys Equation 4.12d with correct attention
to expansion order and requiring £[Z.] = 0.

There are a few notable identities that can be extracted from Equation 4.14. These
include

091 =011+ 1 (416&)

[Z,

033 = 1-2 —013 (416b)
Zo
1 /Z

0921 = 1-— 5 72013 (4160)

4.1.3 Scattering matrix for resonator, ¢;;

Because the resonator is a section of transmission line, its scattering matrix simply describes
propagation of a voltage wave over its length, ¢,

€ € 0 e
€21 €22 e’ 0

consistent with Equation 4.5.
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4.1.4 Scattering matrix for resonator coupled to feedline, S;;

The symmetries of the network, Figure 4.1, provide that Sij; = So and Sip = Sop. If we
direct a voltage wave into S port one and terminate S port two with a resistor equal to
its wave impedance, the voltage wave leaving S port two, is composed of the signal coming
directly from o port one and the signal exiting the resonator via o port three,

Z. A
Vy :V1+\/72021+V3+\/72023- (4.18)
1 3

By the same logic, the voltage wave reflected off o port one is,

z
Vi =Vitou + V5 72013- (4.19)

The voltage wave entering the resonator is composed of the wave entering from ¢ port one
and the portion of the wave exiting the resonator which is reflected off o port three,

7
Vi =V /73031 + Vi o33 (4.20)
1

The voltage wave entering ¢ port three is the wave that started at e port one, reflected off
Zt7
Vit = Vi enlepa. (4.21)

These equations allow us to solve for elements of .S,

Vo ez, To?
Sop = —2- =09 + —2 18 4.22a
21 v 2t T & Tog ( )
Vi~ €2, Io?
Spi=— =0y +—22 B 4.22b
11 ‘/1+ 11 1 _ 6%1FO'33 ( )
where we have used only the unique elements of o and €. Assuming |I'| = 1 and v = if,

one can check for power conservation, STS =1 and > Vit = >on V. Note that we have
0'%3 and not |013|2 in the numerator. Recalling Fquation 4.16a, we see that Sj; = Sy — 1 as
should be the case for a shunt-coupled resonator.

4.1.5 Voltage and current amplitudes inside a */2 resonator

The approach of § 4.1.4 allows us to calculate the voltage and current wave amplitudes
evaluated at the various ports of interest. Here, we determine the voltage and current wave
amplitudes at any point, z, within the */2 resonator. We do this by summing all the reflected
wave contributions present at z. Figure 4.4 shows the infinite number of wave amplitude
contributions at z, assuming reflection coefficients I'; at the open end of the */2 resonator, I'y



CHAPTER 4. ANALYSIS OF RESONATOR )

z=0 2=/
Vo Voe 7* Voe 7t
[y Voe [y Voe™ (22 [y Voe*

[Ty Voe 7% [Ty Vye (3642) [Ty Voe 73
2Ty Voe 4 D20y Voe (42 20y Voe 73
3T Voe 4 I3T3Voe 74) 373 Voe 7
3Ty Ve 6t 30y Voe (66=2) 30y Voe 7%
33 Vpe 8¢ D303Vpe G+ L

Iy I'y

Figure 4.4: Inside the */2 resonator, the total voltage amplitude at any point z along the
length is the sum of contributions from reflected waves.

at the coupling end of the resonator and a propagation constant . The reference amplitude
Vo, is related to the in probe amplitude Vi* as Vo = V5~ = V" / Z20:.

The voltage amplitude V(z) can be determine from Figure 4.4. The current amplitude
can be determined from V'(z) using the transmission line equations, Fquation 4.2,

[e.e] o0

V(z) = Ve ™ 3 (Do) e 4 Vil e 3 (T4 7
n=0 n=0
e 7 4 I‘le—'y%e'yz
=V 4.23
O 1 —DyTpe2 (4.23a)
% e~V — Fle—"/QZevz
I(2) =~ 4.23b
(Z) Zg 1-— F1F26772E ( )
Presently, we shall assume that v = i3, 'y = 033 and I'y = 1. So,
—ifz —iB2¢ jifz
Vi =1t ¢
1— 0-336—1,3%
0B
= QVOW cos (B — Bz) (4.24a)
21V, et ,
I(z) = e T oo S0 (Bl — B2) (4.24D)
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4.1.6 Computation of coupling quality factor, Q).

Starting from the general definition of the resonate cavity quality factor’, we define the
coupling quality factor, @), of the resonator coupled to the feedline in terms of the power
lost through the coupler per oscillation, P,,;.

Qo= Total Energy Stored i'n C?Nity . Etotal. (4.25)

Power Lost per Oscillation P,

Using Equation 4.24a and Equation 4.50, we can compute the total time averaged energy
in the resonator, which is the sum of the electric and magnetic energies, Eiotqr = Emag + Feie,
where

o [t ) o e ibe 2t ,
Eele = —/ |V(Z)| dz = C|%| W A COS (BZ - ﬁf)dz (426&)
L|‘/0|2 e—iﬁé 2 l .
Ernag = / 11(2)|*dz 72 | T ope /o sin”(fBz — fl)dz. (4.26Db)
From Equation 4.7 we have Z2 = % and as always 1 = cos? x + sin®z. We get,

2 2

—iBe
c 0 (4.27)

1-— 0'336_i’32£

o—iBl

Eiotar = Emag + Eele = 5|V0|2 1 — Gase—iB2¢
— U33

14
/ 1dz = C|V|?
0

The power leaving the resonator at o port three is the difference between the power
entering o port three and power reflected from o port three,

1IVE12 11V 2 1 V2 Vit2 Va2 o—i82¢ 2
Pout _ ’ 3 ‘ | 3 | _ _‘ 3 | [1 . ’033’2} _ ’ 3 | ’013’2 _ | 0| — |013’2’
2 Zg 2 Z3 2 Zg Zg Zg 1-— 033€ B
(4.28)
where we have used Equation 4.12d, |os3]? = ‘“‘;%‘2 and picked out V" = Vb%ﬁfim from
FEquation 4.24a. Using 8 = 27/x = wV LC from Equation 4.7 we arrive at,
sy Bl pl
Qe = | = . 4.29
‘ ‘ |f713’2 |013|2 ( )

This expression for P,,; assumes that the voltage traveling wave is incident on ¢ port three
once per oscillation, as is the case for a */2 resonator (§ = 0). For a */4 resonator (6 = ),
P,.; would be doubled because the voltage traveling wave is incident on ¢ port three twice
per oscillation. Thus for the case of £ = /2,

Q= — (4.30)

|013’2'

3F ota1 and P,,; must both be time-averaged when performing this computation.
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4.1.7 Computation of termination quality factor, Q.

The method used to calculate ). in § 4.1.3 can also be used to calculate Q. For Qum,
we allow |I'| < 1, and we set |o33] = 1. Analogous to Equation 4.28, the power lost to the
termination is

LV >
P = =23 11 12 4.31
om = 5L 1= TP (4.31)
Thus, for a */2 resonator, Q. is
2T
=T 4.32
Qo = 120 (1.32)

The lost power described by @y, can be attributed, to radiation at the open end of the */2
resonator, which includes radiations and surface wave production, or to a loading element.

This result may not be entirely correct. We have not considered the situation of the
other open end of the resonator. A */2 open-ended microstrip resonator would radiate at
both ends, for example. If the microstrip is loaded equally on both end, such as the case of
radiation for an open ended resonator, the associated quality factor is [60, 92],

m(n+ 1)|T

Qt’/‘m - 1 _ |F|2

, (4.33)

where n is the order of the resonance, n = 0 for the fundamental.

4.1.8 Computation of transmission line quality factor, )y

When « > 0, the amplitude of a voltage or current wave will decrease as it travels down a
transmission line. The quality factor of that line can be defined as ) = 7+ N/, where Ny, is
the number of cycles the wave can propagate before its amplitude is attenuated by a factor

of 1e. V(2) = e**¢7"%  s0 the attenuation length is £, = 2. The number of wavelengths
bye _ Blye

per attenuation length is — 5L

Thus, the quality factor of the transmission line is

B
Qu = B (4.34)

We see that a lossless line has infinite quality factor. This quality factor general for any
transmission line, not necessarily a resonator.

4.1.9 Approximation of the resonance curve, Sy (f)

We would like to rewrite Equation 4.22a in a form more useful for measurement, analysis
of data and design of resonator. In this form, S5; will have explicit frequency and quality
factor dependence. S (f) will be valid for the linear regime, only.
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Recalling that ey; = e (Equation 4.17), Equation 4.22a can be written slightly differ-

ently as
2

o
So1 = 091 + ew—m (4.35)
T 033
Combining Equation 4.16a with Equation 4.12¢ gives a useful identity,

1 I 013 1 2%
1 = — [1 — e%id1s ) 4.36
091 2 - 0’1(30-33:| 2 |: e 0'33} ( )

Substituting Equation 4.36 into Equation 4.35 gives,

1 1— 225 1 it |1 — €25
So1 = 3 + 1 L L3 (4.37)

* e27¢ e2v¢
2073 | T 033 2 2 — 033

The exponent, 27/, can be expanded about the unloaded resonant frequency of the */2
transmission line, fip = vr/x = v» /2

+20y = £20 (a + i)
, —
= +i\3 (2Qtl + 1)
oy, fx/2+5f) ( i )
= & Fo <27T v 20, (4.38)

s f - f*/z —1

= +i27 (1 + F > <2Qtl + 1>

_ f=Fp L f=fp, 1 )
= ( f/\/z 2Qtl ! f*/z - 2Qtl )

where we have used Equation 4.34, and v, = «/s. Approximate expressions for each of the
variables in Equation 4.35 can be obtain by expanding each of them to comparable order,

200 a1 4ol Z PR T (4.39)
LY Qu
11, 1 » T
S R I 4.39h
F |P| 1— Q27|' Qtrm ( )

o33 = |03 = /1 = 2]o5[2e'% ~ 1 — QL + iP33. (4.39¢)

c

Substituting these approximations (Equation 4.39) in to Equation 4.37, we get

i2 1
S~ 1 — ei2¢13 N o 26
21 ~
Qc Qtrm Qu Frje 2 o (4 40>
1 — 2413 Q '
~ + Qc 12013
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Here we have defined the total or external quality factor of the resonator coupled to the
feedline as,

1 1 1 1
e~ Q" ot (441

quality factors for other additional loss mechanisms can be added in this way. Also we have
defined the loaded resonant frequency, fy, as that which makes the complex term in the
denominator of Equation 4.40 vanish,

e
Irp 2r 2w

Jo= frp (1+i+@>

0
(4.42)

2T 27

Lastly, since R[Z.] = 0, we see most clearly from the approximate form of oy3 (Fquation 4.15)
that 2¢13 ~ 7,
QQ
So~1— - (4.43)
1+ 2iQ (—f;OfO)

4.1.10 Approximation of resonator internal power, F,,,

We can calculate the time averaged power entering the resonator, P, = V5 °/2z5. Equa-
tion 4.20 and Equation 4.21 are used to solve for V;~,

V1+ A/ %031
V}f e —— (4.44)

1-— O'33P6_2€7 .
Expressions for o33, 013, and €?’* have been presented previously. I' can be approximated as
2T . T
e ~1—

Qtrm Qtrm

An approximate equation for P, is obtained by substitution of the above expressions into
Vs,

=l =,4/1

+ 6. (4.45)

Q2 Q2
— |V:3_|2 ~ |‘/1+|2 _c — PPT0b5 @ (4 46)
2y WAy (BRI T +2iQ (5P

Pint(f)

P, ope 1s the power on the feedline at the position of the resonator.
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4.1.11 Approximation of maximum resonator current, I,,,,

In § 4.1.5 we found that the current amplitude in the resonator is given by Equation 4.23b,
which we now rewrite with 'y = o33, Ty =T and Vy = Vi"\/%3/2,034,

2y

e —Vz __ ,V%
T € (&

013
&) =W77 4.47
( ) 1 21Z3 ezlje — O3 ( )
The maximum current occurs at the coordinate z,,,, for which d;(;) — 0, ie Ipuw =
I(zmam)- We ﬁnd that, max

) In(T
foar = 0= g = T (4.482)

27y 27y

1

b = 25" 7 ' (4.48b)

1
V ZIZB % — 033§

: L ) : +1
Equation 4.39¢ gives an approximate form for o33. Approximate forms for vI and e

are,

f - fk/2

Bl 17 gy 4.49
e Togn T (4.49)
+ 0
ﬁlzli%$2Qi . (4.49b)

Substituting these approximate expressions into Fquation 4.50, and using the definitions for
@ and fj given in § 4.1.9, we get

Q
Ve (4.50)

V21231 4 2iQ (M> |
fo

ele13

Ima:p ~ _21‘/1Jr

4.2 Nonlinear Analysis of Shunt-Coupled Resonator

For a variety of reasons Figure 3.3, superconducting films can exhibit nonlinear behavior
when high currents are driven through them. The nonlinear dependence of current on film
parameters can take a variety of different forms. We consider one such form in which the
inductance and the resistance obey,

I 2
L=Lo+AL ([—) (4.51a)
e

Our aim is to model the effect on the resonance transmission, Ss; that this nonlinearity
has. We expect that the resistive and inductive nonlinearity bring about nonlinearity in the
transmission line quality factor )y and in the fractional frequency shift 97/f, respectively.
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4.2.1 Approach: parameterize 9//; in terms of resonator current
I

This is the approach of Swenson et al. in [177] who focused on the inductive nonlinearity,
which they observe to be present before ‘the abrupt onset of additional dissipation in the
resonator’. The resonators in their case are made of TiN and are lumped element in format.
They observe a downward shift in resonant frequency with increasing probe power. as this
occurs, the transmission curve, Sy;(f), becomes up to triple valued and resembles a soft
spring Duffing oscillator curve. It is easy to see, upon study of Equation 4.43, that one way
to achieve a probe power dependent shift in resonant frequency, 9/ /r is parameterized in terms
of resonator ‘current’ (|7|*) which ought to increase with probe power. Although resonator
current is not a uniquely defined quantity since the current varies across the resonator,
the choice makes sense for the lumped element format where the wave impedance of the
resonator is not well defined. Omne could alternatively parameterize in terms of V5, the
voltage amplitude entering the resonator, and get the same results concerning nonlinearity.
The parameterization

f = fo f=f _f—f P

> K

Jo r Jo | 1|2
is made to Equation 4.43, now Say (f, |I|). Note that This parameterization can be interpreted
in several ways: as the fractional resonant frequency shift from the low power value, fy; as
the shift in the resonator inductance, L, as the current increases; as a measure of how the
energy in the resonator compares to a some sort of scaling energy E, which may be on the
order of the condensation energy of the superconductor,

> o0f, 16L E

_ 0 _ 1ok _ B 4.
"ILET f 2L E (4.53)

(4.52)

Note that f,. = fo + x(II?/|1.12) fo = fo — 0 f, Since power must be conserved in the resonator
system we have,

sz’ss == Pprobe[l - ’SH|2 - ‘S2l|2] (454>

where the power dissipated in the resonator is Py and the power from the generator on the
feedline exciting the resonator is Ppqpe. For a shunt-coupled resonator, we have Si; = Sy —1.
The transmission line quality factor, )y, is related to the dissipated power, resonator energy
E and resonance frequency (at least in the linear regime) by

= : (4.55)

After substituting Equation 4.43 into Equation 4.54 and using Equation 4.55 to eliminate
Pyiss, we have,

o 2Q2 1 Pprobe
= 3 .
Qc 1 + 4@2 <f;0f0 — K ‘I|2 ) 27Tfr

1.2

E (4.56)
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The fractional frequency shift at high probe power is then expressed as,

f=f f—f _ \IP __£%_2Q2 1 1127, (457)
Ir Jo |I |2 E, Qe | 4402 (%—/{” ) orf,. B2 ‘

This equation is a cubic polynomial relating |I|? to the generator power, Py.ope = 111221 /2,

L 2 L2 |IT]2Z
T+ 200 = i+ (3 + = 0 WP = g PP =0 ass)

Its real roots, |I(f, I;")|, can be used to determine the transmission

1

Sor (F1I(f, D)) ~ 1 — Q 4.59
21(f7| (f? 1 )|) l_i_QZ (f*fO B |I(f1+)|2> ( )
Q fo [1. ]2

This solution is a bit unsatisfying because the constant term of the cubic polynomial involves
k and f. = fo — & f.. This might go away if we take 27, = 2n f, E.x/|L,|?, but it is not clear
if that this would be a true assumption.

4.2.2 Approach: resonator input amplitude, V; , parameterization

In this straight forward approach, we begin with an expression for the amplitude, V;,
entering the resonator in terms of Q' and ¢//f. A perturbation proportional to |V, |?
is then added to those terms.

Equation 4.44 can be approximated as,

Z3 el¥s1
Vi o VY ”QC V (4.60)

I 1 1 f=fo’
g. tg; +2i5%

where we have used I' = 1, Equation 4.39a, Equation 4.39¢, and Equation 4.42. Next we
introduce the parameterization

1 1 Vi
Qtl _ On <1+ V30 ) (4.61a)
f—fo f vy |
P —— <1+5 W ) —1. (4.61b)

The parameterization results in a cubic equation for V;~,

o J Vs | Va +{2J£3 +%+z(f fo} fo,/wQ \/?‘I’“f’ﬂvf
(4.62)

Ui +0
2Qu|Viol*  [Vaol”
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To solve for V;- = Vi (f, Vi1), each side of the equation is multiplied by its complex conju-
gate,

(52 f2 +772 fg }l%‘ﬁ_i_z[a(f_fo)f_'_n fO (fO + f )] |sz) ‘4

Vaol* 7 4Q4(Vaol* Vaol? 72QulVaol* \2Q: — 2Qu
2
2 Jo Jo o Jo Jo Zs i pe
(F = o) *(2@6%@,)]'%' b A Ao
(4.63)

The real roots of the resultant cubic in ‘\/3’ !2 give the magnitude, ’!. The phase of V5~ is
determined by substituting the real roots back into Equation 4.62.

A nonlinear expression for Sy;(f) can be obtained from V;(f,V;t) (Equation 4.62) by
using network theory to convert it to V,~ or by direct substitution of the above parameteri-

zation into Fquation 4.43,

Z Vg (f,V*
Sor(f, Vs (f, V1)) = 001 + Ulsre_w\/ JLN (4.64a)
Zs W
~1-— Q
1 (fV ) . — fV )
ot an (1+ Vio )+2Z<fo ’ fo)
(4.64b)
4.2.3 Approach: quantum Input Output theory
We follow the formalism of the quantum network theory [204] and input output theory |71,
|. Assume we have a lossless transmission line extending from z = —oo to z = +oo. If
p(z,t) is the charge density per unit length, then it is related to the charge field Q(z,t) by
Q(z,t) = / dz'p(2',t). (4.65)

Q(z,t) is the total charge between z = 2’ and z = +0o The voltage across the transmission
line is

Viz)= L - 2% (4.66)

where C is the capacitance per unit length of the transmission line. The current on the
transmission line is
oQ

The Lagrangian density for the charge field is,

) -2 59 (169

(4.67)

7= J[Lr -0V =
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A wave equation for the charge field is obtained by setting .2 = 0. We see that the prop-

—1
agation velocity is, v, = VLC , as usual. The general solution to the wave equation is,

Qz,1) = QT (t —2/v) + Q" (t +2/us), (4.69)
where the + and — superscripts remind us of the propagation direction of each term, in this
case positive and negative going waves, respectively. A momentum field, ®(z,t), canonically
conjugate to the charge field is obtained by

— 0L
R TC

where £ = [ dz.Z is the Lagrangian. @ is the magnetic flux per unit length along the
transmission line. A canonical quantization proceed is performed wherein () and ® are
defined to satisfy commutation relations

[Q(z,1),Q(,t)] = [(T)(z,t),cf(z',t)} =0 (4.71a)
[Q(z, t), ®(7, t)} = ihd(z — 2'). (4.71b)

= LI(z,1), (4.70)

The operators QT and Q~ can be Fourier expanded

[h [=d , |
QT (t —#/u,) = 47T_Z/ \/—% [at (w)e ™) 4 gt (w)e /)] (4.72a)
0
ho[*d . |
Q (t+2/) =1\ / \/—“i [ (w)em ™) 4 g (w)ee(t/0)] (4.72b)
w7 J, w

where Z is the transmission line impedance. The a™ and a~ are annihilation operators single
quanta propagating in the positive and negative directions, respectively, satisfying

[a” (w),a”

[aV(w), a",T(w’)} = 50w — ). (4.73b)

(w’)} =0 (4.73a)

where v is + or —. Equation 4.66 and Equation 4.72 can be used to obtain an expression
for the voltage in terms of the operators a™ and a™.

hz > , .
VH(z,t) = —iy/ 4—/ VwdwaT (w)e @) _ g F T ()e =) (4.74a)
T Jo

hZ . .
i | St (e — at(t)e ) (4.74D)

= —1 2
- Wi (e @) gt () /)
V7(z,t) =1 - Vwdwla™ (w)e ) —a N (w)e or)] (4.74¢)
T Jo

hz : ;
=iy =5t am (e —a@)e . (4.74d)
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The Fourier from a(w) to a(t) has been performed here, with the assumption the physical
system of interest is narrow in band so that we can take fooo — f;o as well as \/w — /Wy
in the integrand. This is a Markov approximation.

We consider a */2 resonator shunt coupled to a feedline. Nonlinear and linear dissipation
are modeled by photon baths connected only to the resonator.
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ai" ~> Z1=Zo p  Z2=Zy ai' e~

out
aj

Tij
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Figure 4.5: Network diagram of nonlinear A/2 resonator shunt-coupled to feedline. The
coupler 7;;, is composed of a three-port junction of three transmission lines, Ti/j, and a two-
port coupling to the nonlinear resonator, T{J’ A is the resonator mode and the resonator
Hamiltonian includes a non-dissipative Kerr nonlinearity, K. The resonator is coupled to
bath modes a,., a; and a,; via coupling constants ~,, v; and ,,; allowing exchange of resonator
energy with the pump/detector, linear losses, and nonlinear (two-photon) losses, respectively.
Zyirm 18 the resonator termination. The a, are the same as the as except that their directions
are reversed. S ports one and two are the same as 7 ports one and two. 7/ port three is 7”

port 1 and 7”7 port 2 is 7 port 3.
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We would like to use the results presented in a 2006 paper by Yurke [203]. To do this,
we modify the coupler 0;;(Zy, Z., Z,) depicted in Figure 4.1, so that it has two parts, 7;;, as
depicted in Figure 4.5. One part is the three port intersection of three transmission lines,
7;;- The other part is a two port coupling to the nonlinear resonator 7;7. 7;; is obtained from
o;; by substituting,

Tij(Z(],anZr) = Oij<207Zc + ZO/Z’ ZT) (475)

Thus the normalized unique elements of 7 are

~17, N

N L+ Zo+Z, P Lo+ Ze+ 7, (4.76)
%ZO+Zc+ZT ZO+ZC_ZT .
T21 = T8 = > 5 | 5
Zo+ Z.+ Z, Zo+ Z.+ Z,
One concludes that 7/ has the same symmetries of 7,
T T2 Tis
= |1y T Ti3|- (4.77)

/ / /
T3 Ti3 733

Additionally, the impedance of 7/ port 3 is chosen so that there is no reflection off this port.
The normalized elements of 7’ are,

T, = —1/2 Tlo = 1/2 s =12  15=0. (4.78)
Lastly, one finds that the coupling to resonator 7”7 is symmetric and reciprocal from a straight-
forward two-port analysis
o
7 = A (479>
12 T

where

" Ze+ Zr — %ZU "o__ \/m
=7 1 T2 = T (4.80)
c+Zr+§ZO Zc+Zr+§ZO

In this nonlinear treatment, we assume that the resonator is pumped through 7”7. A
coupling k, describes the strength the of the coupling between the resonator and 7" port 3.
The linear and nonlinear dissipation baths are coupled to the resonator with couplings x; and
K1, respectively. In the terms of Fquation 4.51, the linear dissipation arising from R describes
the cavity’s internal quality factor, and the nonlinear coupling describes nonlinear dissipation
arising from AR(I/I.)%. The couplings are assumed to be independent of frequency, an
assumption called the first Markov approximation. They are related to dampening constants
v as Kk ﬁew and the dampening constants have units of s and quantify the associated
cavity ring-down time for the dissipation mechanism it they each refer. On the other hand,
the inductive nonlinearity arising from AL(I/1.)? is modeled as a Kerr coupling, K, between
two photons.




CHAPTER 4. ANALYSIS OF RESONATOR 88

The Hamiltonian of the system is

H=H +H, +H, +H,,+Hp, +Hp, + Hrp,,. (4.81)
The Hamiltonian of the nonlinear resonator is
H, = hwoATA + gKATATAA. (4.82)
The bath Hamiltonians are
Ho, = | dohwal@)a, () (4.830)
H, = / dw hwa (w)a;(w) (4.83b)
H,, = /dw hwa! (W) an (w). (4.83¢)

Notice, from inspection of Equation 4.82, that A and AT are unitless. However, inspection
-1
of Equation 4.83, that the a and a' have units of vVHz . The hopping Hamiltonians are

Hr, = h/dw [k, ATa, () + K}al (w)A] (4.84a)
Hp = h/dw [/flATal(w) + /f;“a;r(w)A] (4.84Db)
Hr, = h/dw [/@nlATanl(w) + “Zzajzz(w)A] : (4.84c¢)

The time dependence of A can be obtained using the Heisenberg equation of motion

do

h— = |0, H]. 4.85
i = [0, H] (4.85)
Using the boson commutation relation

[A, AT] = AAT — ATA =1, (4.86)

one obtains

% = —iwoA —iKATAA — ik, / dw a,(w)
(4.87)
—ml/dw a(w) — i2/<nl/dw Al (w).
Using the boson commutation relation for the bath modes
[ (@), @ (@)] = [ag(w), e (@)] = 658 - ) (4.882)

[alﬁ"(w) amf(w/)} - [awt(w),ao.“”w)} —0. (4.88b)

v} i J
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for 7, j € {r, I, nl}, one obtains the following equations for the bath modes,a,(w), a;(w),
anl(w)

da,(w)

o —iwa,(w) — ik A (4.89a)
d

aéi(tw) = —iwa(w) — ik A (4.89b)
day, : .
%(w) = —iway(w) — ik, AA. (4.89¢)

An equation of motion for the cavity mode, A, driven by the incoming bath mode, a®",
can be obtained from these relations using the methods of Gardiner and Collett,

dA
= —iwnA —iKATAA = (3, + ) A — Al AA

—in/ 27, Al (t) — in/27€ a]" () — 2y e’ aly(1).

Here we have reexpressed the x; in polar coordinates.

Ky = 1| el (4.91a)
m

P (4.91b)
T

ol = 1| %ew"l (4.91c)
The v; and ¢; are real and constant.

Gardiner and Collett can again be used to find the relationships between outgoing a?"*(t)
and incoming a!"(t) bath modes,

(4.90)

al™(t) — a'™(t) = —i\/27y,.e T A(t) (4.92a)
af™(t) — ai™(t) = —i\/2ye " A(t) (4.92Db)
Q% (E) — a(t) = —iy/Ae P A (). (4920

A Markov approximation (that the coupling constants are independent of frequency) on the
annihilation operators a/"(t) has been used to obtain the above. With this approximation,
the operators satisfy

(), (@)
(), (@)

Il
—
S
S o
IS
53
—~
~
~—

awtw)] = 5,,0(t — 1) (4.93a)

)

: j“”(t’)] —0, (4.93b)
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for i, 7 € {1,2, 3, r, 1, nl}.
Meanwhile, the incoming and outgoing radiation fields of the three port network 7/ are
related as,

ad"(w) T T2 Ti3 a(w)
as(w)| = |72 T Tis a%”(w) (4.94)
ag" (w) Tis Ti3 Tas az"(w)
Relevant to the current analysis, we have
out I in I in ro 0
a3 (w) = 130" (w) + T13a5" (W) + Taeai (W (4.95a)
a5" (w) = 57" (w) + 71105 (W) + 11305 (w) (4.95b)

The three port network is connected to the capacitively coupled resonator by defining,

ag"(w) = a™(w) (4.96a)
a5 () = a2 (), (4.96D)
or after Fourier transforming,
ag"(t) = a™(t) (4.97a)
ak(t) = a®(t). (4.97b)

Substituting this into Equation 4.90, we get

dA
E = —inA — ZKATAA - (7r + 'YI)A - ’anA]LAA

—in/27:e" [rgay" (8) + Tiaa3" (1)] — i/ 2ye " a)" () — i2y/Fue M (1),

and Equation 4.92a becomes

a2 (t) = [riaal" (8) + rlsa' (6] — iv/Zyee " A(t) (4.99)

Now we move from the quantum view of the system to a classical view. We assume that
the system is pumped with an intense sinusoidal field at port 1. Additionally we assume
that any other signals or noise from port 2, the linear dissipation bath and the nonlinear
dissipation bath are small compared to the pump,

(4.98)

ab*(t) =0 (4.100a)
al(t) =0 (4.100Db)
an(t) = 0. (4.100c)
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The incoming pump field, outgoing transmitted field, and cavity amplitudes are written
in polar coordinates as

alt = a'"(t) = bire (wpt+41) (4.101a)
agut _ agut(t) — bgute—l(wpt-i-wﬂ (4101}3)
A= A(t) — Be_i(wpt'i‘¢73)7 (41010)

where all the polar angles and magnitudes are real constants.
The driven cavity mode reduces to

A A .
Cfi_t = —jwoA —iKATAA — (v +m)A — Y ATAA — i\/2'yre’¢"7'{3a§"(t), (4.102)

or

—iy/27,7i5b" = [{ilwo — wp) + (3 + )} B+ {iK + y} B*] e rtonvn) (4.103)

The mode leaving 7" port 2 is determined by substituting Fquation 4.97b and Equa-
tion 4.100a into Equation 4.95b,

ag"' (t) = mpat" (t) + 307" (1) (4.104)

Equation 4.104 can be related to the cavity mode, A, using Equation 4.92a. This relation,
expressed in polar coordinates (Equation 4.101), is

byte " = (11, + Ti3) bite T — i, 27, Be~¢rte5), (4.105)

The ratio of the incoming complex pump amplitude to the complex amplitude leaving 7/
port 2 is the transmission term of the scattering matrix for the circuit,
agut(t> B bgute—ilpg
)~ be

521 = (4106&)

To determine B, we multiply each side of Equation 4.103 by its complex conjugate. The
resulting equation,

[Kz + %211] B +2 [(wo — wp) K + (9 + 7)) B*

in (4.107)
+ [(WO - wp)2 + (77" + 71)2} B — 2’77"(7—{3(71 )2 =0,

is a cubic in B2, so its root will be positive and real or complex. The equation will either have
three real roots, or one real and two complex roots. Only the real roots are physical. The case
of three real roots indicates bistability and only two will be stable. The ¢ are determined
by substituting each solution for B into Equation 4.103. b3* and v, are then determined by
substituting B and ¢p into FEquation 4.105. The Kerr constant, K, is computed assuming
the general case of position dependent L and R in the cavity.



CHAPTER 4. ANALYSIS OF RESONATOR 92

4.2.4 Comparison of approaches

We will express I, I, and I, the current in the inductor, of § 4.2.1 in terms of a®*, A, bi" and
B of § 4.2.3. Then, we will substitute these expressions for the current into Equation 4.58.
Comparison with Fquation 4.107 will reveal relationships between the other quantities in
these equations.

I (z,t) o< i @[agn(t)em/% +aM(t)e )
27,
+ hw in
I (2, )] E(b )2 (4.108a)
@ ho . 7T_Z —iwt T —iwt
1(z,1) o< = ’/Z,m ( - ) [A(t)et + At (t)e~1]
wih
—— I x 2 B? (4.108b)
Z,m3
— _@ h : 7T_20 —iwtg t —iwtg
L(z0,to) I, =x 7 sm( 7 ) [A(to)e + A'(tg)e "]
wih
—— |L(20,t0)|* x | L|* = 2= B3 (4.108¢)

Z,

We do the same for V", V5 and V5, the voltage at the input of the resonator, of § 4.2.2.
Expressions for the voltages in terms of a}*, A, b{* and B are substituted into Equation 4.63
and compared to Fquation 4.107.

Z o . |
‘/1-1- ([L’, t) X —1 h 21&)0[ zln(t)ewz/vp . azlnT (t)e — “*’Z/vp]
hZ
— W o =520 (4.1092)
3 - 0 hZT Tz —iwt T —iwt
Vo (z1) o ™V 7w <€>[A(t) — Al(t)e™]
- wihZ,
— Vi (2, 0)f o 5 B? (4.109D)
_ hZ T2 iwto T it
V(e fo) = Vg oc =14/ cos (%) [Alto)e ™™ — A(rg)e™]

2
Z,
“’Oh " B2 (4.109¢)

— [Vao(20, to)|* o [Vio|* =
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Input/Output Theory V;~ Parameterization 9//; Parameterization

e.g. ¢ wwihZ
K W (: 0 Ol )
B3 w3 Vg of?

0 e,
Vni 36,52

wo wo
’Y"’ ZQC QQC
ol _wo _wo

2Qu 2Qu

Table 4.1: Relationships between nonlinear resonator parameters in
§4.2.1,§4.2.2§ 4.2.3
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Chapter 5

Detector Design, Fabrication and
Readout System

In the chapter we describe the detector readout system in the 75uW fridge at UCB. We
present system performance information (including noise, signal return loss, calibrations),
testing cold hardware and its compatibility with CDMS cold hardware, and discuss readout
electronics and software.

In order to develop the separated function kinetic inductance phonon sensor, as described
in § 3.1.5, we design and construct simple test devices on standard sized wafers. A test device
will consist of a probe chip mated to a ground plane chip. The details are explained in the
chapter.

5.1 Mask design

Most of the KIDs data presented in this thesis comes from sensor chips defined in a single
lithography mask set. The goal of this mask is to parametrically study the current carrying
capability of the half-wave vacuum microstrip resonators, as a function of trace width. The
“current test mask” set contains resonators of different trace widths that are designed to
have the same resonant frequency and coupling quality factor. To avoid confusion between
resonators, each probe chip has only one resonator. Figure 5.1 is a probe chip on the mask.

A computer program was written, in python, to draw the mask. The program takes an
input file specifying, among other things, desired resonator widths, coupling quality factors
and resonant frequencies. The specifications are then used to define a series of Sonnet
simulations that are primarily intended to determine scattering parameters, S;;, between
the feedline and resonator as a function of resonator’s coupler length. Other important
electrical information, including the impedance and the effective dielectric constant of the
resonator, can also be extracted from the simulations.

These coupling simulations only include a small section of the resonator, the section that
comes close enough to the feedline to have a significant capacitance with it. This section if
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1)

Figure 5.1: Lithography mask pattern for sensor chip “S8”. Each of the three colors represents
a different mask layer. The pillars are in blue. The resonator is in green and the feedline is
in red. The pillars and the resonator are on one side of the wafer and the feeline is aligned
to them on the other side of the wafer. In interspersion of pillars within the meandered
area of the resonator is an important design feature which prevents the resonator trace from
shorting to the ground plane. When fabricated, the resonator and feedline traces are made
of niobium.

the resonator is called the coupler. The coupler and the feedline form a T-shaped three-port
network. The ports are all assumed to be 50 §2, which is close to the truth for the feedline since
its width is already chosen to give 50€2 given its position in the surrounding environment.
The resonators however are usually not 50 €2 in impedance which leads to a mismatch at the
simulation port and the mismatch affects the computed scattering parameters. The mask
program takes the simulation results, extracts the impedance and the effective dielectric
constant of each port, renormalizes the coupling scattering parameters using a transformation
described in [105] to the extracted port impedance for the resonator port, then performs an
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optimization to determine the length of the resonator coupler that achieves the desired
coupling quality factor. Equation 4.30 is used to relate the scattering parameter to the
coupling quality factor which we rewrite here,

™

~ Jos(fol?

. fo is the desired resonant frequency and o13(fy) = |o13(fo)]e?2(fo).
Now that the coupler dimensions have been determined, the program uses the extracted
effective dielectric constant, .4, to determine determine the phase change per unit length,

3, of the resonator trace by,
27Tf0\/ Eeff
b= — (5.2)

Qe (5.1)

The rest of the length of the resonator, [ is determined so that the */2 resonance condition
is met,

= b3(fo) + Sl (5.3)

Thus, the phase change contribution of the coupler is added to the length calculation. Al-
though the coupler may be no different in geometry than the rest of the resonator, it prox-
imity to the feedline gives it a slightly different phase change per unit length from the rest
of the line. A subroutine is then used to the meander the resonator and place the pillars all
around it, but no closer than a distance specified in the input file. The parameters of the
sensor chips on the mask are listed in Table 5.1.

This method of automatically drawing the mask, as currently implemented, has two
important shortcomings. It does not account for impedance variations due to bends in
the meander pattern of the resonator. The tighter the curve, the greater the impedance
disruption. There are analytical methods available for dealing with this [194], but a simple
attempt to avoid the issue was made on this mask by choosing the radius of the bends
to be much larger than the resonator width whenever possible. The other shortcoming is
that the method does not account for the accumulation of broadside couple between the
feedline and the resonator portions that come close to it. The resonator in Figure 5.1, S8,
is coupled to the feedline primarily by capacitance with the coupler, at the top if the die.
Smaller capacitive coupling exists between the meandered region of the resonator and the
feedline. The additional coupling will decrease the coupling quality factor and alter the
resonant frequency. Additionally, there is a small inductive coupling between the resonator
and the feedline which is also unaccounted for. Ideally what one should do it perform a full
simulation of the resonator from the method described above, and then tune coupler length
and resonator length to get as close as possible to quality factor and resonant frequency
objectives. However, a full simulation of these' resonators can take days to weeks depending
on the computational power at hand. Also, there were uncertainties in vacuum gap height

LComputational difficulty increases when different size scales are represented in the resonator. The
resonator in Figure 5.1 has a relatively uniform size scale. But if that 256 pm wide resonator were replaces
with a 2 pm wide that is meandered using the same large bend radius. This would be difficult to simulate.
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Sensor ID S1 S2 S3 S4 S5 S6 S7 S8
Resonator
Width [pm] 2 4 8 16 32 64 128 256
Fo [MHz| 700 700 700 700 700 700 700 700
Qe [103] 600 600 600 600 600 600 600 600
Impedance [Q] 85.78 67.83 50.18 33.82 21.25 1273  7.19 3.58
€off 4.20 3.81 3.25 2.62 2.09 1.70 1.45 1.28
Length [103 pm] 99.24 105.13 113.85 125.79 140.35 155.91 170.35 182.23
Trace Area [10°pm?|  0.20 0.42 0.91 2.01 4.49 9.98 21.81 46.65
Patch Area [10°pm?] 37.34 29.01 33.13 37.90 44.08 55.77 89.16 109.73
Feedline
Impedance [Q] 52.16  52.16 52.16 52.16 52.15 H2.14 52.14 52.06
€off 7.03 7.03 7.03 7.03 7.04 7.04 7.04 7.05
Qs [10_3] 23.9 17.8 13.8 12.1 114 11.2 10.7
ay [1073] 2.4 3.1 3.6 4.2 4.6 4.9 4.9

Table 5.1: Parameters for each sensor chip on the current test mask. Impedances and effective
dielectric constants are obtained from Sonnet simulations assuming that the temperature is
less than 1K, conductors are aluminum and niobium, that a vacuum gap is approximately
3pm between the trace and the ground plane, that the sensor wafer substrate is Sapphire
(birefringence is accounted for), and a layer of teflon (see Figure 5.6) is between the feedline
and a superconducting plate. Low temperature dielectric properties of sapphire and teflon are
obtained from [104, 39]. au,s and «a, are the kinetic inductance fractions for the microstrip
and ground plane respectively. They were calculated using Induct and the same assumptions
as Figure 5.2

and lithographic alignment of the feedline to the resonator that made perfecting the resonator
design a background issue. Nevertheless, full simulations of the resonators were performed
as a way of studying losses experienced by the resonator.

5.2 Expected losses

We would like to estimate the losses experienced by the microstrip resonator in terms of
quality factors. (See Appendix A for a background on quality factor.) Generally, these
include conductor losses, dielectric losses and radiation losses. Q4 of FEquation 4.34 can be
considered a component of the total conductor loss. If the conductor losses are taken only
as those arising from the residual quasiparticle population in the superconductor, one gets
a very high conductor loss quality factor, Qeond ~ 10%?, and this is what we had in mind
in describing Q). To get this number, we simply compute the complex conductivity of the
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aluminum and niobium metals, convert it to a resistance and then to an attenuation constant
and then to a quality factor. Alternatively, if one, additionally, includes dissipation in non-
superconducting metals electromagnetically coupled the resonator (e.g. the box walls), one
gets a much lower value for Q).,nq and this is beyond what we had in mind for Q)y;. We will
not consider these losses because all the metals around the resonator are superconductors”
for most of the data we acquired. Another potentially large conductor loss mechanism is
that which is due to vortices in the superconductor and we denote its associated quality
factor as @,.
The dielectric quality factor, Qq is given by [29],

Qu=— (1+1_q), (5.4)

" tano qeér

where tan is the dielectric loss tangent, €, is the dielectric constant, and filling factor is
given by
Ceoff — 1

q= (5.5)

6 —1°

is the isotropic filling due to Wheeler [195]. The formulation for the filling factor probably
overestimates the loss from the dielectric since it is meant for normal microstip with the
dielectric between the ground plane and the trace.

The radiation quality factor has been worked out by several researches and they get dif-
ferent answers in different limits. We have the most confidence in the James, Henderson
solution [92], which takes into account surface evanescent waves and is based on the varia-
tional technique. They find the radiation escaping from an open ended microstrip in terms
of a radiation conductance. The conductance can be transformed into quality factor,

2
Quag = 258 (ﬁ) : (5.6)

6407 \ h

where )q is the free space wavelength and A is the microstrip height. This equation is not
quite right for or our inverted microstrip resonators, because James, Henderson assumed
the dielectric to be between the strip and the group plane, however we think that at low
frequency, such as our own, the approximation should not be too bad. We have introduced
a factor of two in the formula to account for both ends of the microstrip. We imagine
the radiated power to be less than this figure because the microstrip is in a shielding box.
Radiated power can only be lost in dissipative materials inside the box or coupled out either
of the two box ports.

Lastly, we perform a full resonator simulation using the shielded domain method of
moments solver, Sonnet. The simulation treats the aluminum and niobium films as perfect

2As presented in chapter 6, resonator data from use of a non-superconducting box has markedly low
internal quality factor. This could be due to conductor losses or magnetic flux penetration in the films of
the resonator.
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conductors; it uses the the low temperature dielectric constants and loss tangents of teflon
(e, = 2.08, tand = 107°) and sapphire (¢, = 9.265 perpendicular to c-axis, €, = 11.34,
tand = 1078) from [104, 39]; Lossless top and bottom covers for the shield domain are used,
with the bottom cover being the microstrip ground plane; the ground plane to microstrip
trace gap is set to 3pm; the aluminum pillars were not included in the simulation; care
was taken to ensure that the trace had at least three simulation cells across its width. The
simulation computes the Sy; and we use our resonator fitting code (§ 6.1.1) to extract the
resonant frequency, coupling quality and internal quality factors. The coupling quality factor
should take into account all coupling between the resonator and the feedline, capacitive and
inductive, intended and parasitic. The internal quality factor should reflect losses in the
dielectrics including those from radiated power. Table 5.2 presents estimations of the quality
factor associated with the loss mechanism consider and the fitted quality factors from full
resonator simulations.
Table 5.2 presents the values obtained for the losses considered.

Sensor 1D S1 S2 S3 S4 S5 S6 S7 S8
Formulae

Qa [107] 525 542 578 647 T7.67 9.70 129 184
Qrad [107] 365 262 165 89.7 459 22.7 109 5.85
Sonnet

Q. [103] 419 447 504 532 506 552
Qi [107] 55 51 72 23 35 13
fo [MHz| 742 743 741 738 729 731
0] [deg] 0.13 —-0.31 0.02 0.21 0.72 -0.02

Table 5.2: Dielectric, (Qq, and radiative, ();.q, quality factors are estimated
for each sensor chip. Notice the anti-proportional relationship between (Qq
and (Q.q, which limits the total ). The results of fitting full resonator Son-
net simulations provide figures for the coupling quality factor, @)., internal
quality factor, ();, resonant frequency, fo, and loop rotation ¢. See § 6.1.1
for more on fitting. No simulations were performed for S1 and S2. Losses
due to quasiparticles are not listed here because they are negligibly low.

Note that the internal quality factor measured in real data will encompass all the dissi-
pation mechanisms considered here, and any other possibilities that exist. Mathematically,

LS SRS S S
Qi Qcond QU Qd Qrad

Thus, we underscore the distinction that (). is not a associated with a dissipation.

TR (5.7)
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5.3 Expected kinetic inductance fraction, «

We have calculated the kinetic inductance fraction for the sensors on the current test mask
using a numerical approach. As discussed before, and elsewhere [70], the total inductance,
Lo, of a superconducting transmission line, such as our microstrip resonators, is comprised
of a part due to the magnetic field in a vacuum, L,,q,, and a part due to the magnetic field
and the kinetic energy stored in the Cooper pairs, Ly, (measured in henry per meter),

Liot = Lin + Lmag' (58)

Ly, is called the kinetic inductance. The kinetic inductance fraction, «, is the fraction of
the total inductance that is kinetic inductance,

L kin

= 5.9
“ Lkm + Lmag ( )

The conductors in the transmission line have a surface inductance, Ly, (measured in
henry per square), which is specified by the electrodynamics governing that material and
depends on the material properties. Ly, is related to the Lj;, via a geometric conversion
factor, g (has no physical units but mathematically has the units of “squares”),

g is obtained by doing a contour integral that essentially finds the ratio between the field
qualities, i.e. the magnetic field parallel to the conductor H)j, and circuit quantities, e.g. the

current [,
[, Htdl
g= Cp“ _ (5.11)

For the case of the microstrip, there are two different conductors, so we can break the
kinetic inductance into two parts, one for each conductor

Lkin = Lkin,l + Lkin,Q == glLsurf,l + gQLsurf,Q- (512)

The contour integrals for g; and g are performed around the boundary of the conductor for
which is stands. The surface impedances Lgy,r1 and Lgyro are determined from material
properties according to the electrodynamics of the materials for which it stands. This multi-
component kinetic inductance opens up the possibility of defining partial kinetic inductance
fractions, which correspond to each metal in the transmission line, e.g.

Lkin,l Lkin,Q
Lkin + Lmag Lkzn + Lmag .

(5.13)

a=q)+ oy =

The concept of partial kinetic inductance fractions is useful for devices like the vacuum
microstrip, where energy can be deposited into one of the conductors, the other, or both.
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Figure 5.2: We use the procedure described in § 5.3 to calculate the kinetic inductance
fractions for the sensor chips on the current test mask, calling out the contributions from
the trace and the ground plane. We assume local and dirty electrodynamics; ground plane
thickness 300 nm; ground plane penetration depth 39 nm; trace thickness 200 nm; trace pen-
etration depth 16 nm; gap height 3000 nm. These values are also included in Table 5.1.

If we assume the superconductors of the vacuum microstrip are in the local and dirty
limit, then this choice of electrodynamics gives a formulation for the surface impedance [100],

t
Ly = poA coth (X) , (5.14)
where X is the penetration depth and ¢ is the film thickness. Since, coth z = 1/:+7%/3 —2° /a5 +
22° foa5 — - -+, we have Ly &~ poA when t/x > 1 and Ly ~ uo*’/t when t/x < 1. Thus, the

electrodynamics gives us a relationship between A and Lg, Ls(\).
We can now used the program “Induct” to calculate the geometric factors ¢g; and gs.
Induct is the implementation of an algorithm proposed by Chang [38] to calculate the in-
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Figure 5.3: We use the procedure described in § 5.3 to calculate the kinetic inductance
fractions for the sensor chips on the current test mask under two hypothetical conditions.
One — the microstrip gap is held at its true value and the thicknesses of the conductors are
reduced by a factor of ten. Two — the microstrip gap is reduced by a factor of ten and the
thicknesses of the conductors are held at their true values.

ductance (in henry per meter) of multi-conductor transmission line system. The program
takes as input the configuration of conductors in cross section and each of their penetration
depths. It subdivides the conductors into cells and assumes a trail current in each and then
computes the total kinetic and magnetostatic energy using a Green’s function. The energy is
varied using Lagrange multipliers to find the minimum, and the inductance is derived from
the current distribution that minimizes the energy.

Thus, the program outputs the total inductance, L;,, and takes as an input the conductor
geometry and the penetration depths, A, so the program is equivalent to a numerical function
Liot(N). Since we have Lg()\), we can use the program to construct L, (Ls) and then to
extract the geometric factors so we can compute the kinetic inductance fractions. Figure 5.2
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plots the kinetic inductance fractions we obtain using this procedure. We also looked at what
happens to the total kinetic inductance fraction when the thicknesses of each conductor are
decreased by a factor of ten, and when the microstrip gap is decreased by a factor of ten,
Figure 5.3.

5.4 KIDs fabrication

5.4.1 Sensor Chip

Sensor chip fabrication procedure

Step 1: The wafer is cleaned. If the mate-

rial is sapphire, then the wafer is first heated

to 85°C, to prevent shattering, and then pi-

= = ranha cleaned (10 min soak in 120°C HyO +

\/\ ” H,SO,), to remove organics. If the material is

\ silicon, the wafer is piranha cleaned and then

HF dipped (30s soak in 10:1 49%HF) to re-
move oxide. All wafers are 4inch diameter.

Step 2: Deposit niobium for resonators. Tar-
get thickness is 210nm.  Parameters for
DC magnetron sputter process are: 1-1078-
3-10"8torr base pressure, deposition rate
2nms~!, 7mtorr argon process pressure,
25Vem™! DC field strength, approximately

25 °C substrate temperature.

[

Step 3: Deposit niobium for feedlines. Target
thickness is 210nm. Flip wafer and use the
same process parameters and deposition tool
as above.
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Sensor chip fabrication procedure

Step 4: Apply photoresist to both sides of
wafer in preparation for resonator patterning.
Spray aerosol MicroChem MicroSpray positive
resist on feedline side; to remove bubbles, let
sit for 5min; hard bake for 20 min at 120 °C.
This is to protect it wile the wafer is handled in
the course of resonator patterning. Vapor de-
posit HMDS adhesion promoter on the wafer,
then spin on 1.2 pm OiR 906-12 i-line resist, no
bake. Pre-develop resist to make it less sticky,
using half the time of the standard full develop
recipe, 20s.

Step 5: Pattern photoresist on resonator
side. Use contact aligner to expose resist se-
lecting hard contact mode hard contact during
exposure. Promote cross-linking in resist with
post exposure bake, 2min at 120°C. Execute
a 60 s standard i-line develop. Hard bake wafer
for 40 min at 120 °C.

Step 6: Etch resonator pattern into niobium
and strip resist. Pump down wafer in reac-
tive ion etching chamber. Perform O, plasma
descum to remove excess photo resist; process
parameters set to 100 sccm Og, 1 min duration,
moderate power. After the descum, introduce
O, and CF, gasses into chamber setting flows
rates to 7.1sccm and 100 scem (chamber pres-
sure is approximately 150 mtorr), respectively,
and etch at moderately high power until spec-
trometer detects endpoint. Silicon substrates
are susceptible to over-etch and pitting due to
confusion of niobium and silicon etch signals.
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Sensor chip fabrication procedure

Step 7: Strip hard baked resist from etched
< | — L — wafer with 2-4h soak in 80°C PRS-3000.

Step 8: Apply photo resist to both sides of
wafer in preparation for feedline patterning.
Prime wafer with vapor deposited HMDS.
Spin 1.2 pm thick protective layer of i-line re-
sist onto resonator side of wafer; no bake; half
time pre-develop. Flip wafer and follow the
same procedure to apply resist on the feedline
side.

Step 9: Pattern photoresist on feedline side.
Use contact aligner and settings as were used
for resonator side. Perform a 2 min post expo-
sure bake followed by a standard i-line develop
followed by a hard bake. It is best practice to
check the mask for resist residue and clean it
if needed prior to every use.

Step 10: Etch feedline pattern into niobium
and strip resist. Execute the same etch proce-

A dure as was used for the resonators, including
the descum.
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Sensor chip fabrication procedure

Step 11: Strip hard baked resist from etched
wafer with 2-4h soak in 80 °C PRS-3000.

Step 12: Apply photo resist to resonator side
of wafer in preparation for pillar patterning.
The pillars, which are intended to be 3 pm tall,
will be fabricated by a lift off process, so total
of 6.5 um of resist will be deposited into the
wafer. The wafer is first primed with vapor
deposited HMDS. Spin on 5.3 pm of OCG 825
g-line resist using three separate applications;
no baking between them. On top of that, spin
on an additional 1.2 pm i-line resist; no bake.
Pre-develop with using i-line developer.

Step 13: Pattern photoresist for pillars. Use
contact aligner, but increase exposure time
(roughly 2x) to accommodate the thicker re-
sist. Develop the wafers twice using i-line de-
veloper, 60s each. Since the i-line developer
attacks even unexposed g-line resist, the pat-
U tered i-line resist is significantly undercut. Do

not hard bake resist. The i-line over hand
will prevent coverage of the resist sidewall with
aluminum when the pillars are deposited. De-
scum wafer Oy plasma; low power, 7.1 sccm.
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Sensor chip fabrication procedure
Step 14: Deposit material for pillars. Use

electron beam evaporator to deposit approxi-
mately 2.9 pm of aluminum, and then approx-
imately 0.1 um of Al,Og, starting from a base
pressure of less than 2-107%torr. To pre-
vent the photo resist from burning, deposit
the aluminum at a rate of 30-38 As~' and
deposit the Al,O; at a rate of 58 As™! us-
ing a beam sweep to prevent burning through
the crucible. The Al,Oj is intended as a bar-
rier to prevent quasi-particles and phonons
from absorber from entering the sensor chip.
Note that aluminum forms a nasty intermetal-
lic with carbon, so graphite crucibles should be
avoided or used for no more than 2 melts.

Step 15: Strip resist and dice wafer. Soak
wafers for 2-3d in 80°C SVC-14, a gentle
stripper that does not attack aluminum. If
photoresist residue remains, soak wafers in
PRS-3000 for several hours. This will at-
tack the aluminum pillars, but the damage
done by a several hour soak will not degrade
their functionality. The resonators are then in-
spected under the microscope to confirm their

F.“I"l‘-'l"‘ l""l""l"""r quality. The height of the pillars is sampled
| 1

I in six places across the wafers with a pro-
- - ~ " filometer. A final coat of HMDS plus 1-3 um
of i-line or g-line resist is applied to protect
the die from abrasive silicon particles created
during dicing. Position the wafer on dicing
tape. Dice the wafer using a rotary dicing
saw. While the silicon wafers are easily diced
using a diamond blade, dicing the sapphire
wafers requires a resin blade, high blade speed
(40000 rpm) and slow feed (0.3mms™'). Cut
the die 18 mm X 18 mm square

Table 5.3: Illustrated [3] step-by-step description of KIDs sensor chip fabrication pro-
cess.
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Sensor chips are fabricated on C and R plane sapphire and <100> silicon wafers.

ID Material Orientation Wafer Production Trace
Thickness [pm|  Method ~ Thickness [nm]
FHN1 Sapphire R plane 435-485 Kyropoulos 202
FHN2  Sapphire C plane 492-513 EFG 196
FSN3¢  Silicon <100> 520-530 Float Zone 281

@ This wafer is >10000 €2 cm, P-type, boron doped.

Table 5.4: Summary of probe wafer characteristics. The niobium trace metallization
thickness is as measured by profilometer at one point in the center of the wafer.
Metallization thickness for this deposition to typically falls off from the center to 5%
to 8% of the center thickness at the edge.

5.4.2 Ground plane chip

Fabrication of the ground planes proceeds as follows.

Step 1: Clean wafer substrate. 4inch silicon ground plane wafers are cleaned in pi-

ranha and then dipped in HF to remove surface oxides. 4 inch germanium ground plane

wafers are only cleaned in HF because piranha etches germanium.

Step 2: Deposit ground plane metal. This is done in a DC sputtering system with

a base pressure of less than 7- 1078 torr, 275-315V cm ™! DC field strength, 5-8 mtorr

process pressure. “Aluminum” ground planes are actually 98% aluminum and 2% silicon

by weight, because the aluminum target used in the sputterer has been presaturated

with silicon to prevent interdiffusion of the two in junction fabrication processes.

Step 3: (optional) Etch pattern into ground plane metal.
Step i: Apply photoresist vapor deposit HMDS adhesion promoter. Spin on
1.2 pm thick layer of i-line resist resist; no bake and pre-develop.
Step ii: Pattern resist. Use contact aligner set to make hard contact. Perform
a 2min post exposure bake followed by a standard i-line develop; no hard bake.
Note that TMAH in the developer attacks aluminum, but this is not an issue since
the aluminum exposed by the developer will be etched away in the next step.
Step iii: Etch ground plane metallization. The wafers are etched for 35-45s in
liquid etch containing H3PO, as the active ingredient heated to 40-50°C. The
wafers are dunked in several deionized water baths to thoroughly halt the etch.
Step iv: Strip photoresist. The wafers are soaked for 45—60 min in 80 °C bath of
SVC-14 and then in room temperature acetone for 2 min.

Step 4: Apply protective layer of photoresist for dicing. Vapor deposit HMDS adhe-

sion promoter and then spin on 1-3 pm of i-line or g-line resist.

Step 5: Dice wafers. Use the dicing saw and a diamond blade for silicon and germa-

nium ground plane substrates. Cut them 21 mm x 21 mm square.
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The actual thickness of the metallization is measured by a scanning electron microscope.
One chip from each wafer is mounted with its edge perpendicular to the focal plane of the
microscope and several thickness measurements are taken from points along the edge, and
averaged. The metal thickness across the wafer is expected to be uniform because the sputter
system target (about 12inch square) is much larger than the wafer and during deposition
the wafer is moved on a conveyor across the target, about 0.5inch below it.

ID Thickness [nm)| Substrate Run
DSATS3 348 Si Test Wafer? 44b, 48b
DSAT4 309 Si Test Wafer 45a, 49a
DSAT5 309 Si Test Wafer  46a, 47a, 48a
DSAT7 85 Si Test Wafer 44a, 45b
GSAT1 306 Si Test Wafer  5la, 51b, 52b
HSA2* 265 Si Prime Wafer® 52a

% The ground planes on this wafer are patterned with a hexagonal mesh.

b Silicon test wafers have low resistivity (1-50€2cm) and loose
geometrical tolerances.

¢ This prime wafer is float zone silicon, >10000 2 cm, P-type, boron
doped.

Table 5.5: Summary of ground plane wafer characteristics. The
metallization thickness is as measured by scanning electron mi-
croscope. The runs in which a ground plane from each wafer was
used are indicated. Ground plane chips are fabricated on <100>
silicon.

Although the target ground plane metallization thickness was 200 nm, we see in Table 5.5,
that thicknesses are closer to 300 nm in most cases. This is due to process drift. Use of the
85nm tick ground plane was a mistake, but taking the thickness into account, the data is
still meaningful.

5.4.2.1 Hexagonal mesh ground plane

Ground planes made of a hexagonal mesh of aluminum, Figure 5.4, were also studied and
fabricated. These ground planes are interesting for several reasons. One, in the vacuum
microstrip phonon sensor we envision, the reduced metal surface area that is obtained by
slotting in the ground plane would increase the quasiparticle density due to an event occurring
in the absorber wafer. Second, slotting the ground plane could be used to suppress any vortex
formation that may occur there. The result would be higher internal quality factors. Third,
slotting the ground plane can be used to change the metal surface area to volume ratio of the
ground plane, and this can be used to increase the kinetic inductance fraction, a. Fourth,
the geometry of the mesh can be used to tune the impedance and resonant frequency of the
microstrip resonator.
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Determination of the electrodynamic properties of metal mesh surfaces is an active area
of research and formulae exist for the impedance and effective dielectric constants of some
mesh patterns [181, 118, 119]°. Metal mesh surfaces are type of high impedance surface
and applications for their use range from, absorbers to phase shifters to frequency selective
surfaces.

Figure 5.4: Lithography mask pattern for a hexagonal mesh ground plane fabricated in a
vacuum microstrip KID. The red part is metal. The hexagon voids in this particular ground
plane are 292 pm inscribed diameter; the metal mesh is 16 pm wide; and the metal area
fraction is 5%.

Several different hexagonal mesh ground plan designs were fabricated, employing different

3This paper, and the book, present formulae for square grids. When asked about hexagonal grids,
Tretyakov remarks I recall there was a solution for rhomboidal grids, but do not remember seeing heragonal.
However, since the hexagonal mesh with small cells is pretty isotropic, I do not expect much difference with
the square cells. Inductance per unit cell will be a bit larger, simply due to longer strips, and the effect will
be very minor, I think.
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hexagon sizes and different metal to void are fractions, which covered the range 5-28 %.
These ground planes are used with resonators whose width is at least the size of the diameter
of the circle inscribed in the hexagonal void. A KIDs device using one of these ground planes
is found to have resonant frequency substantially lower than it would have with a solid ground
plane suggesting these ground planes are highly inductive. A potential remedy for this is
to make a mesh of the microstrip trace too, in order to decrease capacitance and increase
resonant frequency. Do so would suppress any vortex formation in the trace, as well. Perhaps
slotting the trace and the ground plane could be done to the point where the microstrip is
a frequency selective structure for phonon detection applications.

5.4.2.2 Ground plane porosity

The metal thickness of the ground planes was measured by dicing them into shape and then
inspecting the cut face with a scanning electron microscope. In the course of this measure-
ment, it was noticed that the most of the ground planes appear to be porous, Figure 5.5.
The degree of porosity, as measured by pore size and density, varies across the ground planes.
The cause of the porosity is unknown. One possible explanation is that it is due to corrosion.
The oldest cut faces are about five years old, and the youngest are about one year old. Maybe
during this time, exposure to air moister have caused a chemical reaction. To test this idea,
a fresh cut was made in one of the ground planes its face was inspected in the scanning
electron microscope two days later. Pores were observed in the fresh cut sample. Maybe the
pores are due to particles embedding in the soft aluminum during sawing. A cleaved sample
was prepared at the same time as the fresh cut sample and pores are somewhat visible in
it’. Another possible explanation for the pores is Kirkendal voiding, due to greatly different
diffusion rates of the two materials in to each other. The problem with this explanation is
that the films were not exposed to the high temperatures that would be expected for this
significant level of uniform voiding. Impurities, like chlorine, however can accelerate the
process. It is also possible that the pores are not really there and what we are seeing is
intensity variations due to an nonuniform surface.

It must be noted that although the ground planes were dices sometimes years in advance
of their use, they were stored during this time with a thick layer of photoresist protecting
their surface. It is not expected that the photoresist reacts with aluminum, and it should be
a non-permeable interface to air and moisture. The photoresist is dissolved minutes before
the device is mounted in the test box.

4(Cleaves of aluminum layers are tricky because the aluminum bend around the cleave face and would
compress the pores. Despite performing the cleave in liquid nitrogen there was still a bend. Pores were not
clearly seen.
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Figure 5.5: Scanning electron microscope views the saw cut surface of aluminum on silicon
wafer ground planes. (a) — ground plane DSAT5. (b) — ground plane DSATG6, not used in
the KIDs data presented. One notices a 46 nm interface layer perhaps suggesting diffusion
processes contribute to the pores.
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5.5 Assembly of device in test box

The test boxes used in the course of this research are made of copper, niobium, or Nb-55T1.
Drawings of these boxes are included in § D.3. The different materials are chosen to obtain
different test conditions, e.g. excellent device heat sinking (copper) or excellent magnetic
shielding (Nb-55Ti). Niobium is usually used to provide a compromise between the two
extremes. The boxes have SMA connectors on their exterior for connection coaxial readout
cables, although recently a switch from SMA to SMP was made. The SMP connectors have
the advantage of blind-mate engagement (no screwing), more compact size (though ultra-
miniature versions of the SMPs exist), and availability is brass or beryllium copper conductor
materials because the steel used in the SMAs can become magnetic at low temperatures.
The coaxial transmission line format of the exterior exterior connectors is then transitioned
to a microstrip transmission line format on the interior of the box using a small circuit
board. This board, designed by John Ward [189], is made of 6010 Rogers Duriod Microwave
Laminate and is glued to interior of the test box using silver epoxy. The center pin of the
SMA exterior connector is soldered to the microstrip trace on one end of the board; on
the other end the transmission line format is again transitioned, this time to a coplanar
waveguide (CPW) format, which makes the ground and the trace easily accessible from the
top, for wire bonding.

KIDs device mounting procedure

Step 1: Clean probe and ground plane chips.
The first time the chips are used they must
be extracted from their position on the diced
wafer and the protective layer of photo resist,
applied before dicing, must be removed. The
chips should also be cleaned before subsequent
uses to ensure removal of any dust or debris.
Sonicate chips, one at a time, first in ace-
tone, then in isopropyl, then methanol, then in
deionized water. Make sure the liquid does not
dry on the chip between each dip, this will de-
posit contaminants which cannot be removed.
Do not allow chips to sonicate for more than
45s in any liquid, particles which collect in the
liquids will scratch aluminum films. Upon re-
moval form the deionized water, immediately
blow dry chips.
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KIDs device mounting procedure

Step 2: Position ground plane in test box and
probe chip in teflon backing. Handle chips
with plastic tweezers to avoid scratching and
plastic gloves. It is best to handle this chips
in a cleanroom environment to prevent par-
ticles from landing on the films before they
are mated. Notice the Duriod transiton pads
in clear view; the microstrip ground of the
pads is brought to the top in a transition from
microstrip to CPW transmission line format,
which occurs very close to the KIDs ground
plane.

Step 3: Mate probe chip to ground plane
chip. First mate rigid backing plate to di-
electric backing plate, which is made of teflon.
Then mate the probe chip with backing stack
to the ground plane chip, centering the former
on the ground plane. The rigid backing plate,
made of either Ti-6Al-4V or alumina, will dis-
tribute mating force applied in the next step
by a screw uniformly over the probe chip.
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KIDs device mounting procedure

Step 4: Apply mating force to ground plane,
probe chip, backing plate stack — now called
the device. Attach cross bar to test box with
screws. It will locate so that a central screw
is aligned over a pocket in the rigid backing
plate. Apply 8inch oz of torque to this screw
using a torque guage. Do not allow the stack
rotate as it is torqued.

Step 5: Make wirebond connections between
transition pad and device. On each of the two
exposed sides of the device, make several wire-
bonds between the feeding and the transition
pad trace. Next make numerous wirebonds (at
least 10) between the text box metal, which is
electrical ground, and the ground plane chip.
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KIDs device mounting procedure

Step 6: Close the test box and perform elec-
trical continuity measurements. The test box
has coaxial connectors on both sides, which
are either SMP or SMA connectors. At this
point, either side can be regarded as the input
or output; signal propagation direction will be
chosen when the box is in install in the read-
out circuit. Measure DC resistance from the
center pic of one connector to the center pin of
the other connector. Measure feedline conduc-
tance to ground (e.g. center pin to ground).
Then measure RF transmission across the box.

Table 5.6: A pictorial step-by-step description of the procedure used for mounting a
KIDs device into a text box.

Figure 5.6 diagrams the layers of material that constitute the device in the press. Note
that the dielectric backing prevents the microstrip on the top side of the probe wafer (the feed
line) from being shorted by the rigid backing plate, which may be metallic. It also prevents
the plate from disrupting the impedance of this microstrip by putting some distance between
the microstrip and the plate. The effect on impedances that the presence of the dielectric
and rigid backing plates have are taken in to account in the design of the probe chips.

5.6 Connection of test box to readout system

It was necessary to design the KIDs readout system so that KIDs and CDMS detectors could
be measured in the same fridge cycle, though not necessarily at the same time. The 75 pW
helium dilution fridge we use is customized to accept a SuperCDMS Soudan tower, which
is the apparatus that supports the CDMS detectors and their associated cold electronics
and provides heat sinking for the signal wires that run between them. Adaptor hardware
was designed and fabricated to allow attachment of the KIDs test boxes to the tower, and
to exploit the heating sinking facilities of the tower for coaxes and the primary low noise
amplifier (LNA) used to read out the KIDs. Using the adaptor hardware, up to two KID
devices can be installed on the tower at a time.

Coaxial cabling was installed in the fridge to provide two channels of connectivity between
an external connector flange at 290 K and a 4.2 K liquid helium (LH) flange accessible within
the experimental space. These @ 0.085inch coaxes are have a stainless steel 304 outer jacket
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Dielectric Backing

Figure 5.6: Exploded block diagram of device in screw press. The view is in cross section.
The box top and bottom are either made of niobium, niobium titanium, or copper. The
dielectric backing is made of teflon and is 1524 um thick. The screw is usually brass, but
could also be aluminum or Ti 6Al-4V. The rigid backing plate and cross bar support are
made of Ti 6Al-4V. A rigid backing plate made of machined alumina is sometimes used as
well. Although not shown, the cross bar support is screwed to the box bottom. Ti 6Al-4V
becomes superconducting at 4.38 K [158]. The sensor chip is 500 pm thick
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and a beryllium copper central conductor. These materials are chosen to make it relatively
low thermal conductivity, as the cabling is one straight shot and heat sunk only at 290 K
connectors and the 4.2 K connectors.

Connection of the test box to the part of the readout system that is within the cryostat
is summarized in Table 5.7.

Installation of test box into KIDs readout system

e Each hexagonal face of the CDMS tower
provides signaling wires for a single CDMS
detector. These faces normally have a cop-
per face cover. The KIDs readout coaxes are
clamped into modified face covers and clamp-
ing effectively heat sinks the coaxes to the tem-
perature stage of the face. The coaxes that run
down the tower are @ 330 pm, Nb-Ti outer and
Stainless 304 inner conductor, from a Japanese
company named Coax Co., LTD. They have
exceptionally low thermal conductivity [106].
With the coaxes clamped to the tower faces,
the CDMS detectors are stacked into place.
The KID test box is bolted to the end of the
CDMS detector stack with a modified detector
end cap. Connection between the test box and

: P6 " the tower is typycally provided by @& 0.05inch
’/ conformable (silver plater copper clad steel in-
ner conductor, braided copper tin composite
outer conductor), or beryllium copper (inner

and outer) coaxes.

r -

A /CDMS Tower

;
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Installation of test box into KIDs readout system
e Transmission through the coaxes and de-

vice is then measured with the network ana-
lyzer as a final test of continuity before fridge
installation. The tower is then installed into
the fridge where numerous torqued bolted con-
nections how it in place and ensure thorough
heat sinking. The liquid helium (LH) level of
the tower is exposed providing SMA intercon-
nects for the KIDs signal path. Both the SMA
connectors on the fridge flange (P3 & P7) and
those on the tower (P4 & P6) are heat sunk
to liquid helium.

e Connections are then made between the
tower and the fridge flange. The photo shows
how the primary LNA is installed, but the
tower is not in place inside the fridge. The pri-
mary LNA, which dissipates 23mW, a 40 dB
attenuator, which heat sinks the center pin of
the coax, and a DC block (inner & outer con-
ductors blocked) which also helps to block heat
flowing down the fridge coaxes are installed.
See Figure 5.7 (a) for a schematic. The heat
sinking on both sides of these devices facili-
tates removal of all this heat.

Table 5.7: The installation of the KIDS device test box into the KIDs readout system
is described in words and in pictures.



CHAPTER 5. DETECTOR DESIGN, FABRICATION AND READOUT SYSTEM 120

Once the tower is installing in the fridge and all the KIDs readout connections have been
made, the primary and secondary amplifiers are turned on and transmission is measured with
a network analyzer. This is continuity check before sealing the fridge and cooling down.

A major disadvantage of integrating the KIDs readout hardware with the CDMS tower
infrastructure is that it forces the KIDs readout to be modular. This means many differ-
ent interchangeable components must be connected together for the test and disconnected
afterwards. This situation exposes devices in the readout circuit to the possibility of dam-
age from handling which may go unnoticed and negatively affect data. The large number
of connections also increases the likelihood that at least one in the chain is weak, and has
degraded transmission. This introduces an uncertainty in the power levels along the readout
circuit (particularly at the resonator) which also negatively affects data. These vulnerabili-
ties had to be tolerated since there is no alternative to tower infrastructure integration. Of
course, the room temperature continuity checks are good means of detecting failures while
components can still be accessed.

5.7 Readout system

The KIDs readout circuit is diagramed in Figure 5.7. It is a simple homodyne system where
a copy of the local oscillator (LO) is provided to the receiver for the purpose of down con-
version to a frequency within the base band which can be digitized. Three different readout
configurations are used to take data. The portion of the circuit that remains unchanged in
reach of these configurations, the “device end”, is diagramed in Figure 5.7 (a). The three
possibilities for the variable portion of the circuit, the “digitizer end”, are diagrammed in
Figure 5.7 (b), (¢) and (d).

For each configuration, fridge temperature control and readout is done by separate sys-
tem. The software the controls readout configurations (c¢) and (d) can also control the
temperature.

5.7.1 “Device End” portion of readout system

We point out a few characteristics of this portion of the readout system.

Cabling The low temperature and fridge cabling was discussed in § 5.6. At room temperature
low loss @ 0.310inch flexible coaxial cabling provides connectivity between the fridge
and points P1 and P9. Care is taken to use matching cabling on the input (P1 to P5)
and output (P5 to P9) sides of the device. This facilitates determination of the power
at the device because one can then assume that the total insertion loss due to cabling
on each side of the device is the same. Thus, one performs a calibration run where
the device is replaced by a through and no amplifiers, attenuators or DC blocks are
included in the circuit. One measures the insertion loss from P1 to P9, and divides
this number (in dB) by two to get the loss from P1 to P5. The insertion loss over other
segments of the cabling (e.g. P2 to P3 and P3 to P5) can be determined in a similar
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Figure 5.7: KIDs readout system configurations used to measure data. a — The “device end”
portion of the readout system that does not change. The cryostat is a customized Oxford
75 pW helium dilution fridge. The u-metal shield is a cylinder with one end open and one end
caped and it is on the exterior of the cryostat. Chassis ground symbol denote heat sinking
of the coax (ad test box) shell to the fridge chassis. Points of interest, 1 through P9 are
discussed elsewhere.
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Figure 5.7: KIDs readout system configurations used to measure data. The three “digitizer end”
configurations of the system are diagrammed. b — Readout system based around the ROACH
reconfigurable computing platform [159]. This is a work in progress and used infrequently. ¢ —
Readout system based based around an Agilent vector network analyzer. This configuration is
used to perform temperature and power sweeps. d — Readout system based around a National
Instruments 6120 digitizer. This configuration is mainly used to measure noise. Also splitters,
filters and mixers are passive components. The fﬁ and (ﬁ ports of a and connected to the IN

and OUf ports of b, ¢, and d to utilize any of those configurations. (continued from page 121)



CHAPTER 5. DETECTOR DESIGN, FABRICATION AND READOUT SYSTEM 123

fashion, but joining other symmetric sections of the circuit by throughs, as suggested
in Figure 5.8. The losses of the such cabling segments is needed to rigorous calculation
of noise, where knowledge of the temperature is the cabling is needed. Of course it
would be most accurate to determine these losses by direction measurements, but this
would require additional setup signal detection instruments which operate at cryogenic
temperatures. As a final note, the physical cable lengths are as follows: P1 - P2 is
324 inch, P2 - P3 is 90inch, P3 - P4 is 10inch, and P5 - P5 is 14-22inch.
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Figure 5.8: Measured round trip insertion loss of three portions of the readout system cabling.
P2, P3, P5, P7, P8 are indicated on Figure 5.7 (a). Assuming that the cabling is symmetric
in its loss characteristic on the inbound and outbound routes to the fridge, one way losses
can be determined by halving the measured quantities. The losses of cabling segments can be
determined by subtraction of the measured quantities. The fridge was at base temperature
for the measurement of curves “P3 connected to P7” and “Through at P5”.

Amplifiers The primary LNA (A1) was obtained from Sander Weinreb [192, available at /]
and the secondary (A2) was obtained from a company named Microsemi.
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The primary LNA is operated at 4.2 K to obtain lowest noise an highest gain. In the
frequency range 0.7-1.0 GHz, it provides 45dB gain, has a nose temperature of 6 K
and has an input -1 dB compression power of —48dBm. Typical values for the small
multiplicative noise (gain fluctuation) component of these amplifiers is presented in
[193]. It is a two stage SiGe transistor design.

In the same frequency range, the secondary amplifier from Microsemi provides about
38dB gain, has a nominal phase noise of —140dBc/Hz at 1kHz offset, an ampli-
tude noise temperature of 420-390 K, and has an input -1 dB compression power of
—11dBm. It is a three stage GaAs amplifier.

Cold Attenuator The cold 40dB attenuator (R3) thoroughly heat sinks the inner conductor
of the coax, and significantly attenuates noise, in addition to the signal, from the
frequency source and other warm components. The heat sinking aspect comes from
the resistive connection between the coaxial outer conductor and the inner conductors,
which is thermally conductive. Care must be taken in the selection of a cold attenuator.
Many attenuators use resistive material that goes superconducting around 1 K.

DC' Block The DC block passes frequencies above 10 MHz. Thus it rejects noise and power
at low frequency, such as 60 Hz. It is a challenge to heat sink the coax on the output
side of the primary amplifier without losing gain, i.e. using an attenuator. The DC
block provides a compromised solution. Instead of heat sinking, the block acts as a
thermal impedance since it interrupts the metal path on both the inner and outer
conductors of the coaxial cable.

Magnetic Shield Our 75 W fridge has an external magnetic shield that resides a room tem-
perature. With this shield in place, the residual DC magnetic field due to the earth
at the position of the test device is estimated to be approximately 1.6 - 1073 G. This
number was obtained from room measurements using a 3-axis fluxgate magnetometer.

Vacuum Passthrough The adaptor that connects coaxial cabling from the laboratory envi-
ronment to the vacuum environment of the fridge uses a pin suspended in a cylindrical
glass bead to pass the center pin signal from one side to the other. The cylindrical
outer surface of the bead is gold plated and soldered to a flange. SMA connectors mate
on both sides to the pin and are used for cable connections. The flange carrying the
passthrough is attached to the fridge using an o-ring seal. This passthrough is reliable
and easy to make. Fabrication instructions as well as dimensions can be found in § D.5.

5.7.2 “Digitizer End” ROACH board configuration

We have implemented a two channel KIDs readout system using an field programmable gate
array (FPGA) based reconfigurable computing platform called the ROACH [159]. Greater
that two channels was not necessary because our KIDs sensor chips only have one resonator
on them. The system, diagramed in Figure 5.7 (d), has a 16 bit 500 MHz DAC for generating
the probe tones. The DAC produces IQ) signals that modulate an LO signal provided by a
synthesizer. It has a 12 bit ADC with a fixed input range of +1.1 V. Its control software is
capable of measuring noise and performing IQ frequency sweeps. The software is still buggy
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and under development. Unfortunately, the fixed input range of the digitizer and its modest
12 bit depth limits the system’s usefulness, since we don’t have an input buffer amplifier in
front of the digitizer. Thus our standard readout power sweep measurements quickly lose
resolution at low power. We have also implemented an ionization channel readout with a
second ROACH board. The digitizer was modified to operate between DC and a few hundred
kilohertz.

5.7.3 “Digitizer End” NI digitizer configuration

In this configuration the readout probe tone comes directly from a synthesizer. The signal
returning from the device is mixed with a copy of the the synthesizer output to produce low
frequency 1Q. A National Instruments (model 6120) 16 ADC digitizes the I and Q signals.
This digitizer has an input range of 40.2 V, which is much better matched to our signal level
than the ROACH ADC, a sampling rate of 800kS/s and a noise of 1.3 LSB,,,s. This leads
to an expected noise floor of

S{Q/Z’Xg]éec(f) — 2 . 0—‘2/ . F = 2 . (13 LSBrms Oomv)

. ~1.6-1071V2/H 5.15
916 800 kS/s /Hz,  (5.15)

where S‘S};Z%ec( f) is the single sided power spectrum and I is the sampling period. This figure
is well below anything else in the system. This configuration is primarily used to measure
noise.

The phase noise of the synthesizer is something to be concerned about. It is true that
noise from the synthesizer should be removed from the IF (I1Q signals) by the mixer. However
the phase noise, which can can dominate the amplitude noise, can be transferred into the IF
from the LO due to the mixer’s finite noise suppression capability. Double balanced mixers
have good noise suppression characteristics, but at the expense of conversion loss and the
need for greater LO power.

The conversion loss of the mixer in the frequency range 0.7-1.0 GHz is 8-10dB. The
same model, Miteq TR0502LCIQ), is also used in the ROACH board configuration.

5.7.4 “Digitizer End” network analyzer configuration

In this configuration, a network analyzer (Agilent model E5071B) is used to generate the
probe signal and digitize the return signal. The network analyzer specifies an input trace
noise of 1073 dB rms in amplitude and 0.007° rms in phase at an IF bandwidth of 3 kHz and
a source power of +10dBm, which is 1V for a 50 Ohm system, such as the present one. We
would like these is physics units, rather than engineering units. Recalling that

V =V, 10", (5.16)

we get

dV Inl10
— = ——ddB = 0.115ddB. 1
v 0 dd 0.115dd (5.17)
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So,
oy av 1 1072dB 6 V
=——==0115-V-ddB- —=0.115-1V: ———= =~ 2-10 5.18
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As for the phase noise,
1 1
% __ drad 1 (007 deg - 7124 ~22.100 98 (519
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The dynamic range of the network analyzer is 120 dBm at an IF bandwidth of 10 Hz.

E

5.7.5 System noise

We can check that the system is functioning as expected by measuring its noise. We will do
this for the NI Digitizer configuration. The noise contribution of the cabling will be included
for completeness.

The the noise temperature of the cabling can be computed by treating it as a fixed atten-
uator. When the cable has a temperature gradient, an integral over infinitesimal sections of
it at different temperatures is necessary to determine effective temperature of the cable. We
assume that the cable has a constant thermal conductivity k(7') = ko for this result. The
assumption in not realistic, but impact on the system noise is not significant, and we know
the proper way to compute it if it did have a significant influence [103, §7-2b, 85]. The cable

noise temperature is
1 T+ 15
TNeape = | =—1]) - , 5.20
= (1) (57) -

where Ty, T5 are the potentially different temperatures at the ends of the cable and G is the
gain of the cable, i.e. a magnitude less than 1.

The situation is remarkably similar for the IQ) mixer. The relationship between the
RF-to-IF gain, Grp.1r, and the noise temperature of the mixer is [120)]

RF-IF

1
TN,mixer = ( - 1) Td, (521)

where Ty is effective diode noise temperature which typically ranges between room temper-
ature and 500 K. It is approximately room temperature for the mixer used here.
Then the system noise referred to the input of Al is

TN pr-ps TN, A2 T'n.po-P10 TN

+ ~ 6.3 K.
Ga1 Ga1Gprps  Gai1GprpsGaz  Ga1GprpsGaaGrypio

(5.22)
Values called out in the previous section were used in this calculation. Cable gains are
determined from the data in Figure 5.8. To convert this to a voltage spectral density, we
take

Tnsys = Thnat

2

single o single —
Seinsle(f) = ﬁ = Gysdhy Ty sys R + SV’A%C(f) ~2.4-1078V?/Hz, (5.23)
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where we have used Ggsys = 71 dB, which is appropriate for 700 MHz. This number is found
to be in reasonably good agreement with the measured system noise, Figure 5.9. The noise
increases slightly with probe power, but not significantly enough to warrant concern. This
is most likely due to the multiplicative gain fluctuation.
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Figure 5.9: The noise of the readout system diagrammed in Figure 5.7 where (a) is connected
to (d), the NI Digitizer configuration, at the output of the digitizer. I and Q noise is measured
when the probe signal entering primary LNA is approximately —90dBm at a frequency of
690 MHz. The digitizer noise is measured with 50 {2 terminators in parallel to the digitizer
input (which has an impedance of 1 MQ). The noise is measured while the fridge is at base
temperature.

5.8 Signal estimation

It is informative to consider the signal expected if a test device is used as a detector. All
the formulae needed for this calculation can be found in the thesis of Jiansong Gao [70]. We
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assume that the sensor chip is mated to an aluminum ground plane that is deposited on a
sample of germanium thick enough to completely absorb radiation to which it is exposed.
Gao calculated the change in transmission to be,

QQ
0591 = oz|7|/<Q—5nqp (5.24)

where « is the kinetic inductance fraction; v depends on the electrodynamics of the film
—1/2 for Thick film, local limit

7| = ¢ —1/3 for Thick film, extreme anomalous limit (5.25)
—1  for Thin film, local limit

we shall assume v = —1/2; k is determined by the change in film conductivity due to the
creation of quasiparticles,

L2 1 20o
R WkBTAosmh(é)Ko(&)+22N0A0[1+ e I(€)], (5.26)

where ¢ = ™ orgr, and 1, K, are the nth order modified Bessel function of the first and sec-
ond kind, respectively; and dn,, is the excess quasiparticle density created by the absorption
of radiation,

E
6nqp = 2AOV (527)

where V' is the volume of metal through which the quasiparticles diffuse and E is the energy
of the radiation. Assuming the resonator is biased with a probe power corresponding to a
peak RF voltage of V), ope, the change in transmitted amplitude is V,ope - 521. Assuming no
excess noise (e.g. from two-level systems and fluctuations in quasiparticle population ) the
relevant noise on in the circuit is due to the LNA and it is integrated over the bandwidth of
the resonator, BW = fo/g. The magnitude of the RMS signal to noise ratio, SNR, is then

_ ’6521|V;)robe
VA4 kg T R-BW’

SNR (5.28)

where R = 50 (2 is the system impedance. Lastly, the RMS energy resolution at the radiation

energy, F, is given by s
0F = —. 5.29
SNR ( )

This can be considered the baseline resolution of the KIDs phonon sensor.
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Quantity ‘ Value Unit Description
Ters 6.3 K Readout system effective noise temperature
T 40 mK Temperature of device
E 100 keV Radiation energy
« 0.005 Kinetic inductance fraction
n 20 % Phonon-to-QP conversion efficiency
JAY) 182 peV Superconducting energy gap
%4 33 - 108 pm? QP diffusion volume
Q 33.3-10° Resonator total quality factor
Q. 40 - 103 Resonator coupling quality factor
fo 700 MHz Fundamental resonant frequency
Ny 1.72-101° | pm=3eV—! Single spin DOS at Fermi surface [129]

Table 5.8: Sensor “S8” is considered (see Table 5.1). 300nm thick ground plane assumed.
T¢ss is the noise of the readout system referred to the input of the primary low noise amplifier
(LNA). DOS — density of states. Ny, Ay are for aluminum. « is taken from Figure 5.2.

Table 5.8 summarizes parameter assumptions and gives signal estimations for the case of
using “S8” as a radiation detector. “S8” is chosen because it is approximately the resonator
size we envision for use in a dark matter detector with a KIDs phonon sensor. In the calcu-
lations we assume that the quasiparticles are only allowed to diffuse through the rectangular
area of aluminum directly under the resonator, the patch area for “S8” (see Table 5.1). This
will lead to an overestimate of the signal because an actual detector would have more metal
area for the quasiparticles to diffuse through. We also assume that the quasiparticle density
is uniform within this metal volume, hence we do not consider differences in sensitivity to
quasipartices due to the current distribution along the resonator.

Probe [dBm| SNR  SE [keV]

—20 360 0.28
-30 114 0.88
—40 36 2.8
—50 11 8.8
—60 4 27.7

Table 5.9: Estimated signal obtained from using “S8” as a radiation detector, including RMS
signal to noise ratio, SNR, and RMS baseline energy resolution 0 F at the radiation energy
given in Table 5.8, 100 keV. Parameters assumed are listed in Table 5.8. Figures for several
different resonator probe powers are presented.

As a basis for comparison, the CDMS II detector has a phonon resolution of approximately
200 eV RMS for a radiation energy of 100 keV. Thus, Table 5.9 suggests that if we can deliver
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enough power to the KIDs phonon sensors, then we can obtain energy resolutions that are
comparable to the TES phonon sensors. Additional optimizations, such as use of lower
noise amplifiers, ground plane meshing (see § 5.4.2.1), microstrip gap and film thickness
reductions (see Figure 5.3) and quasiparticle trapping, might also be of help in arriving at
energy resolutions equal to or better than the TES sensors.

5.8.1 Relative sensitivity of trace and ground plane

In view of the difference in kinetic inductance fraction for the microstrip trace and ground
plane, it is interesting to consider the relative response to the creation of quasiparticles in the
trace versus in the ground plane. Figure 5.10 shows this relative response assuming the trace
and patch areas given in Table 5.1, parameter values given in Table 5.8 (though many cancel
away), with the addition of Ny = 4.61 - 10 pm=3eV~! and Ay = 1395 eV for the niobium
trace. Figure 5.10 is equivalent to dividing the SNR for the ground plane (e.g. as calculated
above for “S8” above) to the SNR for the trace. The figure shows us that, especially for the
narrower widths, the trace can be considerably more sensitive than the ground plane.
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Figure 5.10: The response, |§.5s1], to quasiparticles in the microstrip trace relative to quasi-
particles in the ground plane using probe chips “S2” through “S8” as radiation detectors. We
also show the effect on the relative response which the use of a smaller gap and thinner metal
would have. Taking the dimensions called out for Figure 5.2 as a baseline, the smaller gap
is ten times smaller than baseline, and the thinner metal is ten times thinner than baseline.
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Chapter 6

Detector Performance Data

We present results obtained from tests of the vacuum microstrip kinetic inductance phonon
sensors. The techniques used to improve and control performance will be emphasized.
We look at resonators in the linear and non-linear regimes separately.

6.1 Linear Data and Fitting

In order to determine the seven parameters of the resonance, a parameter fit is performed
on the raw complex transmission data Sa;. A primary “stepwise” fit is first executed. In this
procedure, parameters related to the resonance are determined in a series of steps.

A secondary “concurrent” fit can then be performed on the raw data, where the seven
parameters are determined in one fit step simultaneously. To facilitate convergence of the
fit, which is a minimization of y?2, the seven parameter values determined in the stepwise
fit are used as the initial guess for the concurrent fit. The value of the minimized objective
function is the reduced x?, and to determine it, additional information from noise in the
data or from all the components in the readout system is used in the fit.

Overall, we notice that for both the stepwise and concurrent fitting of data, the goodness
of the fit degrades as the probe power to the loop is increased.

6.1.1 Linear fitting

The fitting model used for the linear fit is a more general form of FEquation 4.43, where we
additionally allow an arbitrary scaling, a = Re®, an electrical delay term, e ?™/7 and a
loop rotation term e’?,
Q s
S (f) =z = ae™>™7 |1 - Qe : (6.1)
1+2iQ (552)

The arbitrary scaling factor comes from system component gains and phase shifts. The
electrical delay comes from the finite signal propagation speed in the cables. It is not clear
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Figure 6.1: Transmission magnitude for a resonator that starts out linear and becomes
nonlinear. One first notices asymmetry in the dip, and then clipping on the low frequency
side. This trace is unnormalized, so the transmission level reflects the system amplification.
Data run, microstrip trace width (um) and probe power at the resonator are specified in
legend.

where the loop rotation comes from. It could be due to multiple sources. If, in equation
Equation 4.40, ¢13—7/2 = A¢y3 this would contribute the loop rotation. As explained in [99],
coupling the resonator to mismatched input and output transmission lines and non-negligible
transmission line series inductance can contribute to the rotation. And as described in [133,
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Figure 6.2: A flow chart of the procedure used to fit resonances that are in the linear regime.
The fit parameter outputs and inputs are indicated for each step. One sees that the output
of the circle fit is the circle center and radius, r = ¢/Q.. The concurrent fit uses parameter
values determined by the stepwise fit as its initial guess. It also, optionally, uses a reduced
data set, post-cuts, rendered in the phase fit. It is performed in two different ways. One
which looks at readout system component induced errors in the magnitude and phase of the
measured signal and another which derives an error from the noise in the measured scattering
parameter data. z. = |z.|e’® is the vector to the loop center.

, they use as similar microstrip in press technique|, direct transmission of the probe signal
from the input port to the output port of the test box (i.e. bypassing the resonator), can also
contribute to the rotation. The magnitude of Fquation 6.1 traces out a Lorentzian profile.
We shall refer to the Sy;(f) data points as the z; and the frequency points as the f;

6.1.2 Stepwise fitting

The stepwise fitting procedure, roughly outlined in Figure 6.2, we use here is essentially the
same as the one outlined by Gao, |70, Appendix E|. We outline it briefly here pointing out
differences with Gao.
Step 1: Remove Electrical delay. The delay is extracted from the raw data using
the minimum distance method. In this method, one minimizes the distance between
adjacent points min {_,;|z; — z;41|*} over an electrically large bandwidth.
Step 2: Remove Amplifier Gain Compression. We experience gain compression be-
cause we are interested in the high power behavior of the resonators. As a result, the
amplifiers may be driven into compression, but not quite to saturation. This requires
a output power versus input power calibration; output powers that are less than what
is expected assuming a linear gain are scaled to expectation.
Step 3: Remove out of band data points. Here we find the resonance by looking for
dips in the magnitude versus frequency data, min {|z;|} & zo, where z; is the amplitude
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at the resonant frequency fy. A bandwidth estimate is then derived from the width
of the dip. Then a cut on the data is performed to remove all points that are outside
of a few bandwidths of the dip. This step is only performed when there is excessive
off-resonance data. For example, if z; is 5000 points but only 50 of them are in the
resonance, performing the subsequence steps without removing the excess data will
throw off subsequent resonance parameter estimates.
Step 4: Fit resonance loop to circle, the “circle fit”. Gao uses a circle fit algorithm
called Pratt’s approximation to the gradient weighted algebraic fit method, described
by Chernov in [10, 11]. Algebraic methods use functions that are derived from the
geometric parameters (circle center and radius). They may have the disadvantage of
precision loss when the algebraic functions are converted back into the geometric pa-
rameters, and slow execution due to processing of complicated formulae arising from
the algebraic functions. In a more recent publication [15], Chernov proposes a faster,
more numerically stable fit algorithm, which converges from virtually any starting guess
for the center point. We use this method and highly recommend it. This algorithm
use Newton’s method with a Levenberg-Marquardt correction; an improved two phase
“acceptance rule” for objective function iterations that increases the accuracy of pa-
rameter estimates; and it treats large circles (e.g. very short or low curvature arcs)
different from small ones to increase stability. The circle fit determines the center of
the circle and 2 - r = 9/q., its radius.
Step 5: Fit speed at which points trace out loop, the “phase fit”. The phase fit step
is implemented as a least squares fit and uses the Powell minimization method. If
2. = |z.|e’ is the loop center, as determined in the previous step, we rotate the
coordinate system so that z. is aligned with the real axis then translate the loop to the
origin,

2= (2 — z.) e (6.2)
Now in the prime coordinate system, we fit the phase angle of 2/ = |z}|e=® to the
phase angle of a curve parameterized in the form of the fraction term of Equation 6.1,
which parameterization is called a linear fractional transformation in complex analysis.

We minimize,
2
min {Z {97; + 0 — arctan (—2@%)] } : (6.3)

Note, that () determines the speed at which the loop is traced out and fy corresponds to
the zero-crossing of the arctan. (See Appendix A for a background on quality factor.)
The angle offset, 6, can be used to determine the loop rotation angle ¢ and the overall
phase rotation a as depicted in Figure 6.3.

Additional, Sy;(f) data points may be removed during the phase fit for several reasons.
One, because another narrower bandwidth cut is rendered on the measured frequency
band. Two, for loops that are significantly distorted, Sy;(f) points that are closer to
or farther from the circle fit center point than some other arbitrary band (e.g. > 1.5r
or < 0.5r) are removed. Rendering the radius cut makes the fit favor the portions
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of the loop that are farthest from the resonant frequency, which are also those that
correspond to lower energy inside the resonator, so the radius cut is biased to a linear
resonator model.

6.1.3 Concurrent fitting

The concurrent fit uses the seven parameter values found by the stepwise fit as the initial
guess in Fquation 6.1. The fit uses the Powell method to minimize the reduced x? and it
does this in two different ways. The first way uses accuracy specifications of the components
in the readout system to determine variances in the phase, o3, and voltage magnitude, o?,
directions of the measured signal. As can be seen in the diagram of the readout system,
Figure 5.7 (a) connected to (c¢), components include cables, amplifiers and attenuators. x3,
is computed as,

N 2 ~ 2
& | (1Sl = 18214l) VP (162140 = 162041)

- 6.4
Xve N—7i o2 + o3 ’ (6.4a)
O‘szzaznngnzaf'gl'92'--~‘9M+0§'92'93'--"QM—i—---—I-crﬁ[gM, (6.4b)
- 5 2 9 2 U% 2 9 2 012\4 2
= g2 4+ 2 gi.gc.. ... I~ ,
(6.4c)

where the afn =4 -k Thoise - BW = 0‘2/ are the voltage noise variances of the components of
the readout chain, the g, are their gains or attenuations and Sy; = V» /v;* as measured at the
network analyzer. Here we have only considered the additive white noise of each component.
The bandwidth is taken to be the IF bandwidth of the network analyzer. T, for the
passive components is as defined in Equation 5.20. We have also assumed linearity in all
the components including the amplifiers so that oi = |2V "a4|?, where VT is the amplitude
entering the components. oy is measured in radians. The S’gu are the points on the fit curve.
In the second way we calculate x?, we assume that that the noise in Sy (f) is Gaussian
and extracts a variance from the distances between adjacent points, e.g. |S21.m — So1.m+1],

2

) 1 N |591, — SQl,i 65
1 M
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Figure 6.3: Angle and distance relationships for a resonance loop that has a rotation of
+¢ is diagrammed. Not that the ¢ rotation amounts to pivoting the loop at the point, P,
where an unrotated resonance loop would tangentially intersect the outer loop. As depicted,
the rotation can make a port of the resonance loop cross outside of the outer loop. This is
the reason why some resonances, when plotted in magnitude frequency space, can have an
upturn on one side of the dip.
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were the sum in 0% is carried out over the first M data points. This method was proposed
by Gao [70, Appendix E|, who pointed out the convenience of using the first M data points
as they are usually far away from the resonance.

As an example, Table 6.1 lists the y? obtained for the curves in Figure 6.1. Figure 6.4
compares the resonance loops traced out using the resonance parameters obtained by the
various fits to the original data. Notice the squashing of the loop and the increasingly large
jump in the data points as the power is increased.

Pprobe [dBIH] X%/G X%‘

M=50 M=100 M =150 M =200
—100 0.23 1.0515  0.964278 0.935469 1.00280
—72 46822 248196 233317 209739 203426
—70 103826 403093 369175 354493 351804
—66 204853 640971 635989 592700 610462

Table 6.1: x? obtained using the to concurrent fit methods described.
Fitted curves are from Run 45a. We notice that the goodness of the
fit decreases as the probe power is increased. These are the same
curves which are plotted in magnitude in Figure 6.1 and as complex
vectors in Figure 6.4.
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Figure 6.4: The Sy loops for the magnitude curves shown in Figure 6.1 are plotted along
with the results from the primary fit and the secondary fit. Upper left plot is P,ope —

—100 dBm, upper right is P,,oe = —72dBm, lower left is P05 = —70dBm, and lower right
is Pprope = —66 dBm.



CHAPTER 6. DETECTOR PERFORMANCE DATA 140

6.1.4 Data

In this section we present data obtained from various sensor chip and ground plane combi-
nations. The readout system is in configuration (a-c) as depicted in Figure 5.7, i.e. using
the network analyzer. Two types of data are presented. Power sweep data, where we look
at the change in resonance fit parameters as the probe power entering the device is swept
over several orders of magnitude. Temperature sweep data, where we look at the change
in resonance fit parameters as both temperature and power are swept. All data is for the
resonance at its fundamental frequency (fy) unless explicitly noted otherwise.

The principle question being explored in the data is as to the effect of resonator width
on the behavior the fit parameters.

6.1.4.1 Probe power sweeps

The range of power used is limited on the low side by signal to the noise of the readout
system, and on high side by the saturation of the amplifiers. The data typically goes down
to a readout power of about —100dBm, which is very much above the noise floor, but is
chosen as a compromise between integration time and fridge access time. Also, there is little
change in the parameter values at these low powers. Interestingly, no discernible change
in base temperature was observed at high readout powers, but there is a small impedance
between the thermometer and the device box due to several interposing interfaces. This
suggests that dissipation due to heating is not a significant issue.

First we look at the effect of probe power on the internal quality factor of the resonators,
Figure 6.5. We notice that the measured values of (); are at least two orders of magnitude
lower than the values obtained from simulation, Table 5.2, suggesting the existence of an
additional, significant loss mechanism. One is well positioned to speculate that this loss
mechanism is related to dissipation in the superconducting films, as in the case of weak links
and vortices. In support of the case for vortices, one notices that the (); measured when a
copper box is used to house the device, are lower than when the device is housed in a niobium
box, which provides a degree of superconducting shielding'. One additionally notices that
the highest internal quality factors are measured when the hexagonal mesh ground plane is
used. The narrow superconducting linkages in the mesh would discourage vortex formation,
[170].

As a note, the press in Run 45b was under-torqued. This occurred because the test box
from Run 44a was retested in 45b and the press was not re-torqued in between the runs.
We learned that re-torquing is necessary and that the decreased torque value can cause
microphonic noise and distortion of the resonance.

IThe niobium box would however admit flux lines.
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Figure 6.5: Internal quality factor versus probe power is plotted. Data run, microstrip
trace (pnm) and ground plane thickness (nm) are specified in legend. Abbreviations are: CB
— copper box (otherwise niobium box), TQ — under-torqued press, HX — hexagonal mesh

ground plane.

Puzzlingly, the internal quality factors of some devices increase with power and some
decrease with power. The simplest explanation for this phenomenon is that the linear fit
model is failing as the power is increased and sometimes the internal Q appears to increase in
the course of this failure while other times it appears to decrease. This idea will be explored
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further in § 6.3.0.2.

We also do not notice width dependence to the behavior of the quality factor in Figure 6.5.
One wonders if there is a hidden width dependence, which can be made apparent if the
probe power is transformed to some other measure of resonator excitation. In chapter 4,
we derived equations that map readout power to the internal power circulating through the
resonator, and the maximum current and current density in the resonator. The current
density takes into account the thickness of the superconducting films. We can use these
equations to transform the independent variable, P, ., into these quantities and look for
width dependence, as shown in Figure 6.6. Still no width dependence is observed.

A puzzling feature in the data is the departure of the coupling quality factor from a
constant value with increasing power, Figure 6.7. Again we find that the coupling quality
factors of some devices turn down with increasing power while others turn up, although most
turn up. According to equations Equation 4.14 and Equation 4.30, the coupling quality factor
depends only on capacitances and impedances, including the impedance of the resonator Z,.
Maybe the resonator impedance is changing, or maybe, again, the linear fit model is failing
and this time the failure manifests itself in an abrupt departure from a constant coupling
quality factor value.
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Figure 6.7: Internal quality factor probe power. The upturn in some curves at higher power
is not expected from linear resonator modeling. It is most likely due to fit failure. Data
run, microstrip trace (nm) and ground plane thickness (nm) are specified in the legend.
Abbreviations are: CB — copper box (otherwise niobium box), T(Q — under-torqued press,

HX — hexagonal mesh ground plane.
Another interesting feature of the power sweep data is that the fractional frequency

shift of some devices exhibits and initial increase at low probe power and then decreases,
Figure 6.8. This only occurs in a minority of the devices. Since it only occurs at low power,
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well within the linear regime of the devices (as judged by the behavior of other parameters
such as the coupling quality factor), it may be an indication that two-level systems are
present. Study of the power dependence of the on-resonance noise would confirm if two-level
systems are the cause. If one ignores Runs 44d and 41a, one can discern a slight width
dependent as the narrower resonators begin to turn downward first.
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Figure 6.8: Fractional frequency shift versus maximum ground plane current density. Top
plot is zoomed in to the area around ¢//f = 0 in the bottom plot. A slight width dependence
is apparent, with narrower widths turning down first. Data run, microstrip trace (pm) and
ground plane thickness (nm) are specified in the legend. Abbreviations are: CB — copper box
(otherwise niobium box), TQ — under-torqued press, HX — hexagonal mesh ground plane.
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6.1.4.2 Temperature sweeps

Temperature sweep data is collected by applying heat to the mixing chamber, waiting for
temperature equilibrium, then performing power sweeps. This sequence is repeated for ev-
ery temperature increment. Some data are collected by increasing the temperature at every
increment while others are collected by decreasing the temperature. The dilution fridge used
does not have a temperature control and regulation system, so it is in no danger of tempera-
ture oscillation during the measurement due to the controller. However, it is best practice to
take multiple temperature readings throughout each scan (e.g. at a given heat applied to the
mixing temperature, and probe power to the resonator) to ensure that temperature drifts
are not occurring. Unfortunately, the capability to do this was only available for Runs 51a,
51b and 52b. All the other data is taken by writing down temperature readings manually at
the beginning of the power sweep scans after heat is applied to the mixing chamber. There
is certainly an issue with temperature drifts during these measurements. Also, the uncer-
tainty in the manual temperature readings is increased by the limited temperature reading
averaging one can practically do with a pencil and paper. As such, the data for Runs 51a,
51b and 52b is noticeably cleaner. Depending on the IF bandwidth setting of the network
analyzer, and the number of temperature and power points, it takes between 24 and 36 hours
to complete a temperature sweep data set.

The following plots present parameter change data at both different probe powers and
different temperatures. The probe powers plotted are chosen to be power values used in all
the run data plotted.
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Figure 6.9: Fractional frequency shift versus probe power and temperature. Data run,

microstrip trace width (pm) and ground plane
breviations are: CB — copper box (otherwise niobium box), TQ — under-torqued press, HX

— hexagonal mesh ground plane.

thickness (nm) are specified in legend. Ab-

The fractional frequency shift data has a slight width dependence if one ignores the Run
49a (or 51b), one can discern a width dependence, where the narrower widths turn durn first,
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Figure 6.9. A width dependence is expected because the kinetic inductance fraction varies
monotonically according to width (and superconductor thickness), as we saw in chapter 5.
The abrupt change in slope in Run 46a at about 300 mK is most likely due to temperature
reading inaccuracy.
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Figure 6.10: Internal quality factor versus probe power and temperature. The parameter
generally decreases with temperature, as expected. Data run, microstrip trace width (pm)
and ground plane thickness (nm) are specified in legend. Abbreviations are: CB — copper box
(otherwise niobium box), TQ — under-torqued press, HX — hexagonal mesh ground plane.

The internal quality factor behaves as expected with increasing temperature, Figure 6.10.
It decreases as the conductor loss increases due to the increasing quasiparticle population.
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The large power dependence in 49a, and to a lesser extent 52b, correspond to the failure of
the linear fit at high powers, which we observed previously.

6.2 Nonlinear Data and Fitting

In order to extract the parameters that describe the nonlinear behavior of a resonator,
we acquire transmission data, So1(f, Pprope) for each resonator over a wide range of probe
powers, including low probe powers. As we saw in § 4.2, S5; depends on resonant frequency,
fo, and quality factors, e.g. Q. and )y, measured in the linear regime, at low power. At high
power, the distortions to Sy; arise from previously negligible terms which become appreciable.
Accordingly we take the approach to simultaneously fit transmission data from low and high
powers. The fy, Q., Qy extracted from the linear regime are used as an initial guess for
the values in the nonlinear fit, with the assumption that they will not turn out to be very
different.

6.2.1 Least squares fit

The measured data is fit to any of the nonlinear models in § 4.2 using a least squares fit. Just
as in the linear resonator case, the data is conditioned in several ways prior to fitting. One,
gain compression from the primary low noise amplifier and the room temperature amplifier
is removed. Two, the frequency dependent electrical delay is removed. Three, the loop is
normalized so that points far from the resonance lie on the unit circle. Four, points that
are several bandwidths away from the resonance dip or that are outliers with respect to
their nearest neighbors are removed. Five, the loops are rotated so that they are symmetric
about the positive real axis. Let us denote the conditioned data resulting from these steps as
S91(f, Pprove)- Analogously, So1( fin, P,) will denote the conditioned loop data at a frequency
point f,, and a probe power P,.

A model of nonlinearity is used to define a functional form for the transmission curve,
call it 5'21( fm, Pn). Variables are added to the functional form to give it the freedom to be
rotated and translated,

Szl(fm, Pn)ew + (CL —+ Zb) = g21 (fm, Pn>, (66)

where a, b and ¢ are now fit variables and §21 is the model curve used for fitting.

Due to nonlinear effects, certain tuples (f,,, P,) will result in multiple possible measure-
ment values of Sy;. Generally, not all possible values will be recorded. We assume that only
one of the possible values will be recorded in the data. Our approach will be to use a model
of nonlinearity to obtain the missing values Ss; based on the one value measured. Let us
call 5’21( fms Pn) the complete multi-valued transmission curve. 5’21 is related to Sa; by a
function, F', which comes from a model of non-linearity,

gzl(fma Pn) =F [521(fm7 Pn)] . (6’7>
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The fit is then performed as a minimization of the difference between the model curve,
So1, and the complete transmission curve, Soq, determined from the measured and processed

100p7 5217
min{ZZ‘SZI(fmapn) _S'Ql(fmapn)’Q} . (6-8)

The combination of model parameters in Ss; that accomplish the minimization also param-
eterize the original data, So;.

6.2.2 Determining the resonator amplitude

In order to construct complete a transmission curve, Ss;, one needs to know the amplitude
inside the resonator. Each model of nonlinearity presented in § 4.2 has an equation relating
the amplitude in the resonator, x, to the probe amplitude Pp,ope = lve’1? 2z, of the form,

z2lx*r + 201 = 23y (6.9)

where x, y and z, are complex numbers. To solve for the resonator amplitude, multiply each
side of the equation by its complex conjugate to obtain a cubic polynomial in |x|? = v with
real coefficients,

g(v) = |21 + 2R[2123]0* + | 2P0 — |23)|y|? (6.10a)
= (v —v)(v —v2)(v — v3) (6.10b)
= 0. (6.10c)

The v, are the roots of g(v). Either one root will be real and the other two complex or all
three will be real. Only the real roots correspond to physical resonator amplitudes, x,,.

One can solve for the roots of g(v) in several ways. One method is to use matrix analysis
techniques (e.g. constructing the companion matrix of the polynomial and diagonalizing,
[31, pp. 145-147]). Here, one may run into excessive computation times. A second method
is to use a cubic formula (e.g. compute the reduced polynomial of g(v) and the roots this
polynomial are functions of its coefficients and are connected to the roots of g(v) by a simple
transformation [160, pp. 44-47]). The formula involves high roots, and powers of multi-term
combinations of the coefficients of g(v), so lose of precision during the calculation is an issue.

Another method is to notice that measured transmission, Ssi, is linearly related to one
of the x,, by an equation that looks like

Yz3

T = \/’U_l = [521 + Za] Z_ (611)
b



CHAPTER 6. DETECTOR PERFORMANCE DATA 153

where z, and z, are readily obtained from the nonlinearity model”. Exactly which z, is
determined by the direction of frequency sweep used to acquire Sy;. If one takes this approach
to finding the amplitude, then one can find the other two amplitudes by using the quadratic
formula on the polynomial f(v),

g9(v)
V) = ——— 6.13a
o) = 2 (6.134)
= |z11%0® + (J21|*v1 + 2R[2125]))v + (|21]20% + 2R[2125]v1 + |22/?) (6.13b)
=0, (6.13¢)
and we get,
Vo = T1 + T2 (614&)
V3 = T1 - T2 (614b)
R[z125] v

T = — - — 6.14
1 BAE 5 ( c)
T, — Z,\/4S[zlz§]2 + 3|z21|\4v|fz—|— 4|21 |2R[21 250y (6.14d)

21

Again, these roots represent physical amplitudes when they are real.

On the other hand, if one takes the matrix approach or the approach of cubic formula,
then one gets all three solutions at once which is helpful but not necessary for the minimiza-
tion, Equation 6.8.

2For example, in the model of § 4.2.2, comparison of Equation 4.62 and Equation 4.64a gives,

— 62i¢13 -1 —1q / ZS /Qc
‘/:3 = |:SQl + 2:| e é13 Z ?V;’_ (612)
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Figure 6.11: The power sweep for Run 45a, a 64 pm resonator, is fit to extract the nonlinear
parameters, which are called out in the upper left plot. Additional electrical parameters are
obtained from Table 5.1. The nonlinear model equations, described in § 4.2.2, are solved for

Pprobe =

—54 dBm using the method described in the current section. Dotted and dashed

lines indicate the direction of the frequency sweep. The data presented throughout this
chapter uses an upward frequency sweep, unless explicitly stated otherwise.
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There have been other publications of nonlinear resonance fitting, which should be ac-
knowledged: [177, 33, , 186].

6.3 Nonlinear Data

Now we analyze the power sweep data presented in § 6.1.4.1 using the nonlinear fitting
procedure. In total there are six independent fit variables for the nonlinear fit: 7/v2,, 4/v2,,
031, fo, Qi, Q. and the geometrical transformation variables of Equation 6.6, a, b, ¢. This
excludes the cable delay 7, and the outer loop radius R and the resonance loop center vector
z. which were obtained from steps in the linear fit procedure and used to condition the raw
data for the nonlinear fitting.

Most of the power sweep data sets can be successfully fit using the nonlinear fitting
algorithm. The fit fails or performs poorly, however, on those sweeps in which the fractional
frequency shift (Figure 6.8) or the quality factor do not decrease monotonically. Runs 51b and
52b are examples of this. The nonlinear model only allows monotonicity in these parameters,
so it is no surprise that they do not fit well. Unfortunately, at the time of this writing,
attempts to implement a x? fit remain unsuccessful. The minimization will not converge
using the y? objective function.

6.3.0.1 Nonlinear Fit to power sweep

Run 45a serves as an example of a qualitatively good nonlinear fit, Figure 6.12. One notices
that the fit becomes less accurate as the resonator becomes increasingly nonlinear, especially
where there are flat sections of the loop. We claim this is less an indication of incorrect
model, and more an indication of the instability of the resonance in these areas. Repeated
scans of a nonlinear resonator at the same power would show considerable jitter in these
areas. The fits have a similar jitter in these areas.
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Figure 6.12: Fit to power sweep of Run 45a, a 64 pm resonator, as it becomes nonlinear. Dot-
ted lines indicate the fit and the legend calls out the probe powers. Transmission magnitude
(top), resonance loop (lower left) and the amplitude at the input of the resonator (right) are
plotted. This is the same run from which the data in Figure 6.1 came. 9/0/f, uses fy for the
lowest power resonator as fit with the stepwise procedure for linear resonators. The vertical
yellow dotted line is drawn at the resonant frequency determined by the nonlinear fit.
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The nonlinear fit parameters for other runs are presented in Table 6.2. No dependence on
width is obvious. Perhaps this suggests that the nonlinearity in these devices comes about
from something that is not controlled for in the experiment. Maybe it is the microstructure
of the superconducting films, or vortex formation. Since the nonlinear model accords a single
value for the resonant frequency, quality factors, and nonlinearity parameters n and 9, it is
convenient to compare them to simulated and estimated values. For example, we notice
that the coupling quality factor values obtained from the nonlinear fits are consistent with
those obtained at low power in the linear fit data, Figure 6.7, but are very different from
those obtained from simulation data, Table 5.2. Since the coupling quality factor is strongly
dependent on geometry, this suggests that geometries of the actual devices are different from
the intended and simulated geometries. There are probably misalignments in the lithography
and height variations in the pillars. This is also true for the resonant frequency and internal
quality factor, whose differences with the estimated and simulated values are well beyond
those expected due to superconductivity.

Lastly, we point out that runs for which the n parameter is negative are also those for
which the internal quality factor, as fit by the linear model, increases monotonically. We
have no explanation as to why 7 is negative, for these narrowest resonators.

Run Width fo Qi Q. ®31 V2, W2,

lum|  [MHz| [10°] [10°] [deg]  [10°] [107%]

49a 4 642 156 316 89.25 —0.998 444
48a 8 737 939 171 92.08 =754 503
51b 16 703 524 51.6 90.33 6.38 1090
ola 32 713 130 588 9045  7.60 394
45a 64 665 262 304 88.22 21.3 288
44a 128 663 86.6 162 90.89  10.6 370
46a® 256 689 922 292 89.71 204 234
46ab 256 689 115 304 90.13 504 186

¢ Low power data for Run 46a.
b High power data for Run 46a.

Table 6.2: Parameters extracted from nonlinear fitting. For
most fits, the data used has down sampled to between 15 and
30 powers. In some cases, highly nonlinear loops have been
excluded from the fit.

6.3.0.2 Simulated Data

As evidence for previous claims that certain linear parameter fit behavior with increasing
probe power might be due to the failure of the linear fit model, we have done the following.
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We have taken the nonlinear fit parameters for Runs 45a and 48a and plugged them into
the nonlinear model to generate false S5 data for same probe powers used to measure
these devices. We then fit the false data using the linear fitting models. Doing this, we
recover similar quality features in the linear fit parameter behavior with increasing power.
Figure 6.13 and Figure 6.14 plot internal and coupling quality factors against probe power.
Simulated data for Run 48a, chosen for its negative 7, reproduces the increasing quality
factor with probe power in the stepwise linear fit. Simulated data for Run 45a, chosen for its
positive n and its reoccurring use as an example in this chapter, reproduces the monotonic
decrease in internal quality factor with probe power. Simulated data for both runs reproduce
the upturn in coupling quality factor at high power preceded by a relatively constant value.

Attributions

The work presenting in this chapter was done by myself alone.
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Chapter 7

Cryogenic methods

In service to CDMS SNOLAB research and design efforts, I have contributed work toward
development of cold hardware including, tower, cabling, and interconnect design. In this
chapter we explain design constraints, methods and present data collected to aid in cold
hardware design. In order to improve their sensitivity to dark matter, the CDMS collabo-
ration is modifying its detectors and the infrastructure associated with their operation, as
well as changing the location of the experiment. The SNOLAB experiment also implements
improvements to the data acquisition, calibration, and radioactive background controls, but
this will not be our focus here. Detector modifications include better charge and phonon

System Per Phonon Cable/Detector

Stage T [K] Heat Load [W| Components Dissipation |W]

SH 50 137

LH 4-5 1 4 HEMT 400 - 1076°
500 MS2 feedback resistors

ST 1-0.7 6.7-1073 12 SQUID Arrays 1.2-1076
5k SQUID feedback resistors

CP 0.150-0.225 175-107° 12 5m ) TES Shunt resistors 85-107°

MC  0.015-0.040¢ 1.85-107° 1 detector
12 TES® 15.6 - 107°

¢ 40mK is max and 15-20 mK is optimal.
®100- 107 W per HEMT, down from 5- 1072 W per JFET.
¢ Transition Edge Sensor

Table 7.1: A few cryogenic and electrical specifications for the SuperCDMS SNOLAB ex-
periment. System wide figures assume a 48 tower payload, though the first iteration will
only have 8 towers. Per phonon cable/detector figures are of particular importance to this

presentation of phonon cable design and fabrication. Abbreviations are: SH — 50K heat
shield, LH — liquid helium, ST — still, CP — cold plate, and MC — Mixing chamber.
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sensor design, an increase in detector size, and an increase in the number of phonon chan-
nels. Noise on the phonon and charge readout circuits is reduced by use of an improved
Superconducting Quantum Interference Device (SQUID) array and 4 K High Electron Mo-
bility Transistor (HEMT) charge amplifier. A reduction in the base operation temperature of
the cryostat, enables larger phonon signals. The HEMTs also have lower power dissipation
in comparison to the Field Effect Transistor (FET)s they are replacing, facilitating cryo-
genic operations. To reduce background caused by cosmic ray strikes in the vicinity of the
detectors, the location is changed from the Soudan mine in Minnesota (2090 m.w.e) to the
considerably deeper SNOLAB facility in Sudbury, Canada (6010 m.w.e). Though the SNO-
LAB experiment is initially outfitted with 8 towers, the cryostat and the tower stationing
compartment, the SNOBOX, is built to accommodate up to 48 towers in both physical space
and cooling capacity. All these changes come together to necessitate a redesign of the CDMS
tower and its associated detector readout cabling. All materials used in the construction of
these components are required to have low radioactivity in order to achieve the background
target of the experiment. CDMS utilizes the Soudan Low Background Counting Facility
([5]) to measure radioactivity. Depending on the component, additional requirements are
placed on the materials such as, flexibility or rigidity, electrical and thermal conductivity.
The tower and the cabling each provide connectivity between different temperature stages of
the cryostat so the thermal conductivity of the materials used in their construction is great
importance. For this reason, we developed the capability to measure sub-Kelvin thermal con-
ductivities of various materials of interest in our UC Berkeley 75 nW dilution refrigerator.
What follows is a presentation of the relevant properties for materials that are potentially
useful in our CDMS experiment and other low background low temperature experiments.
Original measurements are presented as well as other data intended to aid in material selec-
tion for this and other experiments.
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Figure 7.1: The conceptual design of the SuperCDMS SNOLAB tower. On the left, we
have the full tower and detector stack assembly. Each tower holds six detectors, which are
enclosed on housing packages. One notices the vertical tower flex cables which carry the
signaling wires for the phonon channel, LEDs for detector neutralization, thermometry, and
several charge channel bias wires. The gate wires which carry the charge signals are routed
from the detectors to the HEMT Card through two (upper and lower) vacuum coaxes which
can be seen running parallel to the flex cable. On the right, we zoom on on the tower, after
removing four of the six phonon and charge cabling. The stiffened sections of the phonon
cable are reveled by removing their copper coverings. One see that cold plate (CP) stiffener
lies flat on the cold plat floor, making it difficult to see. Carbon fiber (CF) and Ti 15-3-3-3
X-frame standoffs separate the tower floors, which are abbreviated as ST — still, and MC —
mixing chamber. The tower’s axial and transverse directions are indicated.
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7.1 Materials selection

We choose a few major material property areas in which to present data for materials of
interest in low temperature, low background experiments.

7.1.1 Thermal conductivity
7.1.1.1 High temperatures

For temperatures above 4 K there is wealth of thermal conductivity data available in the
literature. It was not necessary for us to make original thermal conductivity measurements
in this range.

One lesson learned in dealing with thermal conductivities of metals in this temperature
range is that the Wiedemann-Franz-Lorenz law (1872, [67]) is not accurate. It is approxi-
mately correct for some metals in some temperature intervals, but accurate calculations of
thermal power flow should not be based on this law. Let us recall that the Wiedemann-
Franz-Lorenz law assumes that the conduction electrons of a metal are a free electron gas
obeying Maxwell-Boltzmann statistics. Whereas, in reality, the electrons have complicated
interactions with the (non-ideal) lattice and should obey Fermi-Dirac statistics. The law is
a relationship between the metals the temperature, T, the thermal conductivity x(7") and
the electrical resistivity, p(7T),

= (k) a0 wak? (7.1)
T — 0— 3 e — . . .

Ly is the Lorenz number and it is suppose to be the same for different metals and temper-
atures. In Figure 7.2, we plot the Lorenz number for a few common metals. For copper in
particular, the Lorenz number—just like the thermal conductivity—varies widely with tem-
perature between specimens of different purity and microstructure (e.g. grain size and work
condition). The type of impurity also impacts Ly and (7).

Unfortunately many times, the resistivity p(7) is usually least sensitive to purity and
microstructure variations between specimens. Perhaps consequently, p(7') can be easier to
find in the literature than x(7"). Our lesson learned is to make the effort to find the thermal
conductivity instead of using p(7") and Wiedemann-Franz-Lorenz when making heat transfer
calculations.

7.1.1.2 Low temperatures

Low temperature (<5K) thermal conductivity data for materials of potential use in the
SNOLARB experiment were obtained from extensive literature research and, when necessary,
original laboratory measurement. Appendix C presents the measurement techniques and
error analysis and thermal conductivity data for all materials we measured ourselves. Ad-
ditional material specific information is also provided and parameter fit coefficients. In this
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Figure 7.2: Temperature and material dependence of Lorenz number used in the Wiedemann-
Franz-Lorenz law. Ideally the number should be temperature and material independent. However
we observe significant temperature variation. This underscored the necessity to use measured
values of thermal conductivity when making heat conduction calculations. Copper is presented
by itself due to larger temperature variation in its Lorenz number. Data from [93]

section thermal conductivity data of similar materials is plotted to provide an understanding
of how the materials we measured compare to other, sometimes more familiar, materials.

7.1.1.2.1 Graphite-like materials The SuperCDMS Soudan tower utilized graphite,
Grade UF-4S from Mersen, tubes to provide low thermal conductivity rigid connections
between temperature stages. Graphite’s exceptionally low thermal expansion make it an
attractive choice for standoffs that maintain critical dimensions, another reason for its use
in the tower. We measured another Mersen graphite (grade 2020), as well as a carbon fiber
product (“graphlite”) and present thermal conductivity data in Figure 7.3.
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Figure 7.3: Thermal conductivity of graphite-like materials. Data source, additional sample
information and the direction of heat flow (when known) are as follows : a) original data [0],
|| to grain structure in bulk rod sample material manufactured by the Mersen Corporation;
b) original data [0, 97], L to grain structure in bulk rod sample material manufactured by
the Mersen Corporation; ¢) original data [0, 97], || parallel to the axis of rod sample, carbon
fibers aligned to this axis on average and made by Avia Sport Composites; d) from Runyan
et al. [162], || parallel to the axis of rod sample, carbon fibers aligned to this axis in average;
e) from Woodcraft at al [199], industrial grade petroleum coke based fine-grained isotropic
moulded graphite, graphitized at 2500 °C by the Poco Corporation, and f) from Leman at
al. [113] an unpublished CDMS internal report, || to axis of tubular sample from material
manufactured by the Mersen Corporation

7.1.1.2.2 Kapton-like materials Kapton is a polyimide based film developed and man-
ufactured by DuPont. It and cirlex, kapton in thick sheet format, were also used in the Su-
perCDMS Soudan experiment for in flexible cable, tower wiring heatsinks, detector crystal
clamps, cold hardware circuit boards. Polyimides are generally attractive for their thermal
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stability (including low coefficient of thermal expansion (CTE)), wear and chemical resis-
tance, and dielectric and mechanical strength. Our measurements are in good agreement
with others available in the literature. As a polymer, kapton contains long molecules. The
film manufacturing process imparts an orientation to these molecules both in the plane of
the film—DuPont distinguishes between the machine direction in the transverse direction—
and perpendicular to the plane of the film. We expect that, when the film products are the
same, differences in the conductivities measured here and elsewhere in the literature are due,
in part, to the molecular orientation of the samples measured with respect to the direction
of the heat flowing through them. In Figure 7.4, we present thermal conductivity data for
kapton-like materials indicating the direction of hear flow when that information is available.
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Figure 7.4: Thermal conductivity of polyimide “Kapton” laminates. Kapton is a sheet form
of polyimide polymer made by Dupont. These samples are thin sheets. When indicated,
1 means that heat was made to flow perpendicular to the face of sheet (usually a stack of
sheets) and || means that the heat was made to flow parallel to the face of the sheet. Data
sources and additional sample information (when known) are as follows : a) from Akerib
[18] an unpublished CDMS internal report, unspecified kapton type; b) from Akerib [18] an
unpublished CDMS internal report, unspecified kapton type; ¢) from Radebaugh et al. [152],
unspecified kapton type; d) from Wipf et al. [197], unspecified kapton type; e) from Rule
et al. [161]; f) from Yokoyama et al. [202]; g) from Lawrence et al. [I10]; h) from Rule et
al [161]; ¢) from Baudouy et al. [27]; j) from Barucci et al. [25]; k) original data [6, 97];
1) original data |7], and m) original data |7|

7.1.1.2.3 Vespel-like materials Vespel is also polyimide-based bulk material formed
by molding (e.g. isostatic or compression) for basic stock shapes (e.g. plates, rods, tubes) or
directly molded to custom shapes. Its shares the attractive properties named for Kapton, and
is in wide use in aerospace industry and for cryogenic applications. Grades are available with
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additives, such as graphite and lubricants for certain commercial applications, and we find
that the additives profoundly affect the thermal conductivity of those grades. Dupont has
developed a family of enhanced vespel products, the vespel SCP family, which improve upon
the thermal stability, chemical and wear resistance, and strength of its vespel descendants,
at lower specific gravity and higher stiffness. We find that the SCP products have lower
thermal conductivity and radioactivity than their SP counterparts. Unfortunately, all vespel
products are relatively expensive. Thermal conductivity data for vespel-like materials are
presented in Figure 7.5
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Figure 7.5: Thermal conductivity of vespel-like materials. Vespel is a bulk solid form of
polyimide polymer made by DuPont. Data source, additional sample information and the
direction of heat flow (when known) are as follows : a) original data [0, 97|, || parallel to
the axis of rod sample, unfilled polymer; b) original data [6, 97|, || parallel to the axis of rod
sample, proprietary filler composition; ¢) original data |6, 97], || parallel to the axis of rod
sample, 40 wt% graphite filler; d) data from Locatelli et al. [110], 40 wt% graphite filler;
e) from Runyan et al. [162], || parallel to the axis of rod sample, 40 wt% graphite filler;
f) data from Locatelli et al. |116], base polyimide resin, and g¢) from Runyan et al. [162], ||
parallel to the axis of rod sample, base polyimide resin

7.1.1.2.4 Titanium alloys Depending on the alloying ingredients, titanium alloys offer
the lowest thermal conductivities of metallic materials, superconductivity, the highest tensile
strength to mass density ratios available in commercial materials, superelasticity or shape
memory and relatively low radioactivity. The availability of these alloys is increasing due
to their usefulness in the defense and areospace industries—for the case of pate and strip
alloys such as Ti 6-4 and Ti 15-3-3-3; the medical imaging (e.g. MRIs) and big science (e.g.
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the LHC) industries—for the case of Nb-Ti; the medical device and eyewear industries—for
the case of Ni-Ti. When used as cryogenic support materials, attention must be given to
the crack tolerance of these alloys [157]. We present thermal conductivity data for titanium
alloys in Figure 7.6.
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Figure 7.6: Thermal conductivity of selected titanium alloys. Data source, additional sample
information and the direction of heat flow (when known) are as follows : a) original data [0,
97], || to face of foil sample,; b) original data [(], || to face of plate sample; ¢) original data [0],
|| parallel to the axis of rod sample, annealed condition, sourced from China; d) unpublished
data from Runyan and collaborators, annealed ingot manufactured in and sourced from
China; e) from Tuttle et al. [183], sample was wire EDM cut from a 1.6 mm thick plate of
TIMET manufactured material; f) original data [0], || to plate; g) original data [7], || to foil,
and h) from Woofcraft et al. [200]

One notices that the titanium alloys can have exceptionally low thermal conductivi-
ties. The alloys with the low thermal conductivity are usually superconducting and have
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a secondary phase precipitate in their solid solution. In searching for other low thermal
conductivity alloys, it is advisable to look for these characteristics.
Functional fits for all of our thermal conductivity measurements are given in Table C.1
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7.1.2 Radio purity

As a low background experiment, we must be certain that the materials we use in the
experiment have very low levels of radio activity themselves. We therefore measure the
radio activity of all the materials we consider using, and intend to use in the experiment.
It turned out that our work with the tower standoff design and tower flex cable design
required that numerous materials be counted, i.e. to determine their suitability for use in
these components. Table 7.2 lists the materials we had counted as well as a few others of
interest. Notice the activities of the tower standoff materials. Also notice the activities of
the polymer thermoplastic materials. We had these counted because we needed to select a
connector for connecting the phonon cable to the outside world. The vast majority of off
the shelf connector body materials are made of liquid crystal polymer with some sort of
filler material to provide strength and fracture toughness. It turns out these materials, in
particular the filler materials, are usually very radio active'. These results encouraged us to
pursue FuzzButton connectors (§ 8.3), which can be made of virtually any material of our
choosing.

Another generally radio active class of material is stainless steel. However, the XENON100
dark matter experiment has found that alloy 316Ti has relatively low radioactivity [19]. Pre-
nuclear steel, manufactured prior to the 1950s, is also of generally low activity.

'Reasons include: one, the industrial requirements for the chemical purity of polymers are not nearly
as stringent as the radio purity requirements of a low background experiment; two, polymer synthesis may
include inorganic (potassium) salts or metal catalysts which are radio active; three, borosilicate glass, known
to be radio active, is a standard filler material. To get around the contamination of fillers, it is possible to use
custom made fillers, for example low activity alumina. There are specialty companies, called compounders,
that process custom materials for use as fillers.
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Material Contamination [mBq/kg|

238U 232Th 40K 137CS
2020 Gr. (p) 3.89 £ 0.60 79.63 £4.97 4.10 £1.65 <0.20
AXM-5Q Gr. (u-p) 117.71 £47.41 217.13 £ 138.62 3.59 £ 3.28 <1.25
AXM-5Q Gr. (p) 0.93 +0.26 4.93 £0.70 0.96 = 1.16 <0.28
ZXF-5Q Gr. (u-p) 159.731 £4.374 218.112 £ 5.256
ZXF-5Q Gr. (p) <1.880 3.05+£0.75 <1.761 <0.159
ACF-10Q Gr. (u-p) 406.771 4+ 6.508 286.649 +5.731 35.900 £ 8.021
UF-48 Gr. (old) 1.328 4+ 2.176
UF-4S Gr. (new, p) 52.03 £ 3.11
Vespel SP-1 <16.77 5.39 £ 4.80 <13.09 <2.04
Vespel SP-22 48.38 +£4.83 211.10 £ 8.99 7.82£6.09 <247
Vespel SCP-5050 7.72 £ 0.88 9.95 +2.01 726 £2.18 0.48+£0.26
Vespel SCP-5000* <2.12 <4.03 <2.19 <0.15
Kapton HN? 14.0£1.0 1.4+£0.7 <54
Cuflon® <0.84 <0.19 48.0 £ 15.0
Cirlex® 6.33 £ 1.23 <2.24 <1.55 <0.01
260Co <0.13mBq/kg
b From [134]. Cuflon is a microwave circuit board material that is made of PTFE dielectric with copper

cladding electroplated directly to it. A sodium etch process is used to condition bare PTFE film so the
copper adhesion can occur; plated through holes are also possible. Unfortunately, Cuflon is limited to
a maximum panel size of 16inch x 22inch. The use of the PTFE dielectric results in a very low loss
tangent. Cuflon can withstand temperatures up to 225 °C for short durations. Kapton HN is as
discussed previously.

¢ Manufactured by the fralock corporation, cirlex is a polyimide laminate made from 100% DuPont
Kapton HN. The lamination of the kapton sheets uses on adhesive. Specimens measured are 0.031 inch
thick panels. %°Co <0.01 mBq/kg

Table 7.2: Activity of listed isotope for each sample. Missing figures are indication of low
contamination levels which were either undetermined in the analysis or below detector sen-
sitivity. Unless otherwise noted, counting occurred at the Soudan low background counting
facility 5] and contamination levels were determined by GEANT4 Monte Carlo simulations.
For graphite, (u-p) refers to unpurified samples, while (p) refers to samples which underwent
the purification described in this section. Numbers preceded by < are upper limits, and are
calculated at 90% CL. %°Co contamination is noted when available. Notice the drastic effect
purification has on radioactive contaminants in graphite as shown by AXM-5Q Gr. (p) and
(u-p). Judging from their porosity, Poco ZXF-5Q and ACF-10Q graphites are potentially
lower thermal conductivity alternatives to AXM-5Q), and are stronger than UF-4S, but UF-
4S has lower CTE. The old UF-4S was purchased in 2000 and the new UF-4S was purchased
2011.
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Material Contamination [mBq/kg|

23817 232, 10K 1870
Ti 15-3-3-3 foil 2040£333 797179 3.26%£2.14 <0.30
Phosphor-Bronze? 0.97+0.67 147+043 522+1.51 <0.18
BeCu® 11936 £ 2383 980 + 196
Graphlite CFRP/ 2.79£0.89 <276 23.95+£4.96 <0.62

Multi-ply CFRPY  0.815£0.621 2.93+1.60 8.21 +2.36

¢ Phosphor-Bronze wire coil from MWS Industries. Alloy UNS C51000, is 94.8 wt% Cu, 5.0 wt% Sn 0.2
mt% P. ©°Co <0.34 mBqkg™".

¢ Internal data from the Edelweiss Collaboration obtain from ICPMS technique. Specimen is the press
fit contact of a Mill-Max connector. Mill-Max uses alloy UNS C17200 per ASTM B 194, 98.1 wt% Cu
and 1.9 wt% Be.

f We assume 67% carbon fiber and 33% bisphenol f epoxy.

9 The Multi-ply CFRP is from a vendor named Dragonplate. It is in quasi-isotropic plate, 1 mm thick
and has four layers of carbon fiber. We assume a 50-50 carbon fiber and epoxy fill. Dragonplate is the
manufactures of this product.

Table 7.2: Contamination of metals and CFPR. (continued from page 174)
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Material Contamination [mBq/kg|
2387] 232} 10K 137 g
LCP + Glass” 8234 +97 10990 £ 1574 1647 £98 0.079 +0.011

LCP + Mica’ 380.70 £ 15.66  73.790 £ 8.634 99 150 £ 2950
LCP + Tal/.  2788.00 +20.53 29.380 +7.323  13.170 £ 3.680

Nylon* <1.34 1.644£0473 1.513 £1.377 <0.2528
PEEKY 20.530 £ 0.763 11.85+0.78 10.90 £ 1.49 <0.13
PES! 1.208 £0.360  1.141 £ 0.447 1000.00 £ 30.43 <0.45
PCTFE" 2.6 1.2 <2.3 <30

" Sumika E6007LHF-MRZ liquid crystal polymer filled with 35 wt% Owens Corning E-glass fiber for
strength, and fracture toughness in particular. Specimen is in pellet form for use in injection molded
parts. Tensile strength 157 MPa. %°Co (4.954 & 2.709) mBq kg .

¢ Sumika SZ6505HF liquid crystal polymer filled with 25 wt% mica for strength, and fracture toughness
in particular. Specimen is in pellet form for use in injection molded parts. Tensile strength 130 MPa.

7 Sumika E6807 T/SCZ liquid crystal polymer filled with 35 wt% talc for strength, and fracture
toughness in particular. Specimen is in pellet form for use in injection molded parts. °Co
contamination is (0.532 + 0.289) mBq/kg. Tensile strength 106 MPa.

¥ DuPont Zytel 101 NCO010 is a general purpose polyamide 66 resin for injection molding and extrusion.
Specimen is in plate form. No filler material. Tensile strength 82 MPa. %°Co <0.1974 mBq/kg.

' High performance Victrex 450G903B thermoplastic material is unreinforced semi-crystalline
Polyetheretherketone (PEEK). Specimen is in pellet form for use in extrusion/injection molded parts.
Lubricants cleaned from pellets prior to counting. Tensile strength 100 MPa. 9Co <0.11 mBq/kg.

™ SUMIKAEXCEL Polyethersulfone (PES) 3600G is a transparent thermoplastic with a slightly amber
color. It is considered a performance plastic because of its such as heat resistance (high softening
temperature), creep resistance, dimensional stability, flame resistance and hot water resistance.
Specimen is in pellet form. Tensile strength 84 MPa. °Co <0.42mBq/kg.

" From [114]. Diakin specializes manufacturing chemically resistant polymers for applications that
require high purity. Diakin Neoflon PCTFE (Kel-F) M-400H, raw material. Can be injection molded
so long as spaces are not too narrow, such as those encountered in miniature connector bodies. Diakin
PFA, specifically AP-201SH or AP-211SH, are potential high purity alternatives for molds with
narrow spaces. Equipment used to process fluoropolymers must be corrosion resistant at all points of
contact with the polymer. °Co contamination is <0.58 mBq/kg.

Table 7.2: Contamination of polymers. These materials are of particular interest for injection
molded parts, such as connector bodies. (continued from page 175)
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7.1.3 Mechanical properties

Materials with low thermal expansion and either higher rigidity or flexibility are desired for
low temperature instrumentation as cryogenic supports and for use in flexible circuitry.

In the course of our studies, we have determined that the combination of stiffness (rather
than strength) and thermal conductivity are the most important material parameters for
cryogenic standoff design, at least for our application, provided that the radio activity con-
straints are satisfied. We find it most helpful in the selection of structural material to plot
the quotient of thermal conductivity and Young’s modulus versus temperature, Figure 7.7.
The materials with the lowest value of the quotient over the temperature range of their use
are the most well suited for the job. These ideas are explained in greater detail in our paper

[102].
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Figure 7.7: A selection of useful materials with their thermal conductivity normalized by
their room temperature Young’s modulus. Lower values are desirable as support materials.
Thermal conductivity references: Vespel SP-1, Vespel SP-22, Graphlite CFRP, and Torlon
4301 from Runyan [162]; Vespel SCP-5000, Vespel SCP-5050, and Ti 15-3-3-3 from our
original data [97]; AXM-5Q, G-10CR, and Macor from Woodecraft[199, 200]; Kevlar 49 from
Ventura [187]; Stainless Steel 316LN from Barucci[26]. Young’s moduli from Table 7.3

When it comes to carbon fiber containing materials we would like to point out that there
are different grades, which have vasty different mechanical properties, Figure 7.8.

10
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Material p |gem™3 v oy [MPa] o.|MPa] TM |[GPa] CM |GPa]
AXM-5Q Gr. 1.73 0.27 48Y 124V 10.5

Ti 15-3-3-3 4.78 0.36 766" 810Y 82.0 90.0
Stainless 316LN 7.99 0.29 690Y 200.0

Vespel SP-1 1.43 041 86 133" 2.5t 2.4
Vespel SCP-5000 1.46 163 230" 4.0 9.1
Vespel SP-22 1.65 52 1127 2.5 3.3
Vespel SCP-5050 1.76  0.22 72 1727 8.9 3.0
Torlon 4301 1.46 113Y 166Y 6.8 5.3
G-10CR 1.90 0.18 429Y 374Y 27.9 15.0
Graphlite CFRP 1.55 2340 1900 134.0 131.0
Kevlar 49 Fibers 1.44 0.36 3000V 112.4

Macor 2.52 0.29 90Y 345Y 66.9 64.0

U Ultimate strength

Y Yield strength

* Compressive load at %10 strain

T Tensile modulus estimated from manufacturer’s stress-strain plot

Table 7.3: Some room temperature physical and mechanical properties of candidate
materials. v is the Poisson’s ratio for the material, while o; and o. are the tensile
and compressive strengths for the material, respectively. Unmarked numbers have
unknown failure conditions. TM and CM are the tensile and compressive elastic moduli
respectively. A blank indicates that the specified property could not be found in the
literature for a given material. Data comes largely from manufacturer’s literature;
where values were missing from manufacturer literature, outside references were used;
references as well as relevant notes about the material properties are as follows: POCO
AXM-5Q — v from [175]; Ti 15-3-3-3 — v, 0y, 0., CM from [108, 172, 135]. All properties
were for solution-treated material; SS316LN — v from [166]. Other data are from
SS316LN data sheet for cold worked material (www.finetubes.com); Vespel — TM for
SP-1 from [56]. All data were for isostatically formed parts. G-10CR — all data from
96, |. Properties taken in the warp direction; Graphlite CFRP — properties along
the fiber axis; Kevlar 49 — all data are for unfilled fibers; Macor — o, and CM from

[123, 5],
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Carbon Fibers- Product types by Hechanical
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Figure 7.8: Carbon fiber can have a wide range of mechanical properties, which can be can
be selected for the usage application. Image from [9].

The mechanical properties of graphite also vary depending on the grade. The mechanical
properties are best understood in the context of the graphite manufacturing process and
material structure, which we now discuss.

Graphite can be made from natural graphites, cokes and recycled graphite precursors.
Cokes are carbon-rich solids extracted from fossile fuels, such as petroleum coke and pitch
coke”. Different manufacturers use their own, different, blends of precursors. The precursors
are ground and sieved. Different grades of graphite use different sized precursor separated
in the sieving process. The precursor is then either extruded at high pressure or pressed
(e.g. isostatic or uniaxial molded) to from rod or billet bulk material, for example. The
bulk material is then heat treated. Graphite is primarily composed of planes of hexagonally
linked carbon atoms (“graphene”) that are stacked upon each other. During heat treatment,
the bulk material microstructure transorms from small, randomly oriented, particles con-
taining the graphene stacks (called the mesophase of graphite) to much larger crystallite
grains for graphite. The grains will be randomly oriented with respect to each other in
the pressed graphite and will be roughly aligned in the extruded graphite. This gives rise
to anisotropic thermomechanical properties in the extruded graphites. Graphitization heat
treatment occurs between 1100-3300 K.

2Cokes, themselves can be used as an energy source. These are called fuel-grade cokes. Other cokes can
be used as anodes, for example in the aluminum smelting process.
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As a consequence of the manufacturing process, bulk manufactured graphites are porous.
Porosity is typically quoted in terms of open and total porosity. Open porosity is the porosity
that is linked to the surface. Total porosity includes both open and closed (isolated) porosity.

The graphene planes are held together by weak van der Waals forces. Consequently,
graphite is strong in compression, weak in tension, has lubricating properties (i.e. due
to planes sliping past each other), and has the tendency to form interstitial compounds.
Mechanical properties of a few graphite grades are presented in Table 7.4 .

Grade UF-4S 2020 ZXF-5Q  ACF-10Q AXM-5Q
Manufacturer Mersen Mersen POCO POCO POCO
Method Extruded Pressed Pressed Pressed Pressed
Density [g/cm? 1.76 1.77 1.74
Tensile Strength [MPa| 13 29 79 69 48
Compressive Strength [MPa| 61 98 175 186 124
Tensile Modulus [GPa] 7.2 9.2f 14.5 11 10.5%
Total Porosity [% Volume| 20 21 23
Open Porosity |% of Total] 24 9 80 75 90
Pore Size [pm] 0.3 0.8 0.8
CTE [1075 /°C] 1.8l 2.9+ 43 8.1 7.6 7.8
Grain Size [pm] <203 15 1 5 5

I'Parallel to grain direction.

L Perpendicular to grain direction.

*[175] finds the Youngs modulus to be 12.2 GPa and density 1.738 g/cm?.

 Ultrasonically the Young’s modulus of 2020 is, on average, 11 GPa, the shear modulus, on average, is
4.7 GPa and the Possion Ratio is, on average, 0.17

Table 7.4: Summary of mechanical properties of selected graphite grades. Each grade is a
different graphite product, as distinguished by its material properties. These properties are
as quoted by the manufacturer. Poco tensile strengths are estimated at 70% flexural strength.
Mersen quotes breaking strength. CTE stands for coefficient of thermal expansion.

7.1.4 Magnetic properties

Whenever a superconducting quantum device, such as a Transition Edge Sensor (TES),
SQUID, for Kinetic Inductance Detector (KID) are in use, it is important to control the
surrounding magnetic field environment. Magnetic fields can produce vortices in super-
conductors which introduce reactance and dissipation in the films and which may lead to
substantially degraded device performance. This is relatively common knowledge, but what
is forgotten are the sources of magnetic fields.

In the SuperCDMS SNOLAB experiment, SQUID arrays used to amplify the phonon
signal are mounted on stiffened portions of the phonon cable. The metal traces in the imme-
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Figure 7.9: The modulation of a SuperCDMS SNOLAB SQUID array in the presence of nickel.
View a shows the V' — & curve of a SQUID array without nickel; the modulation depth is 4mV.
View b shows the V' —® curve of a SQUID array but this time it is mounted on time of a 0.0014 inch
thick copper foil that is plated with 0.000 05inch of nickel. View ¢ is a fine scale view of b. All
measurements are done inside a magnetic shield — two-nested cryoperm cans around SQUID. Data
from [10]

diate vicinity of the phonon cable require copper plating in order to form interconnections
between circuit layers. Standard copper plating processes often use a thin, e.g. 0.000 05 inch,
layer of nickel plating to facilitate copper adhesion. Figure 7.9 shows what happens to the
modulation of a SQUID array when it is mounted on top of copper which has a thin plating
of nickel. The use of nickel is therefore avoided in the vicinity of the SQUIDs. Chromium
is a potential substitute for nickel. It remains paramagnetic at cryogenic temperatures and
we have verified that our SQUIDs performance is not degraded when they are mounted on
copper with a 0.000 05inch plating of chromium.

Stainless steels can be another ferromagnetic magnetic source. They are attractive for
use at low temperature because of their high strength and low thermal conductivity. Their
corrosion resistance and inexpensive availability underpins their widespread use in connector
contacts. Their high stiffness makes them a standard option for spring material. The desir-
able mechanical characteristics of steel are qualities of its Austenitic crystal phase which is
obtained by thermal processing. Unfortunately the Austenite phase of steel can transform
into the Martensite phase when it sustains mechanical stress including machining, forming,
temperature cycling. The Martensite phase can be ferromagnetic. Thus as a consequence
of working steel or cooling it to cryogenic temperatures it may become ferromagnetic. As a
rule of thumb, steels most likely to become ferromagnetic include 316, 304, 321, 310. Those
unlikely to become ferromagnetic include 316L, 316N, 336LN, and 304N, [190, 70, |. Ttis
pointed out in the literature that inhomogeneities in the composition Austenitic steel may
be a source of magnetism, even in those unlikely to become ferromagnetic.
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7.2 Thermomechanical tower design

The tower, Figure 7.1, is the apparatus that provides mechanical support for sets of six CDMS
detectors and their associated cold electronics including readout wiring. It is composed of
four copper “floors” which are heat sunk to different temperature stages of the cryostat. Each
floor provides heat sinking attachment surfaces for all signal wiring that travels between 4 K
to the coldest stage at 15-30 mK where the detectors. The floors are separated by standoffs
which are designed have very low thermal conductivity, but sufficiently high rigidity and
strength to meet certain mechanical specifications.

Stiffness [N mm™?] Strength [N]
Axial Vertical Axial Vertical
LH-ST  36.8 35.8 84 87
ST-CP  622.6 564.8 198 183
CP-MC 1048.2 35.8 261 264

Table 7.5: Summary of Tower mechanical specifications. Accelerations, loading conditions,
and displacement limits have been translated into strength and stiffness specifications for
the tower stages. Abbreviations are: LH — liquid helium, ST — still, CP — cold plate, and MC
— Mixing chamber. Figures include a safety factor of 3. We apply the vertical specifications
to the mechanical performance of standoff test modules in the condition of compression and
transverse specifications in the condition of bending.

The mechanical specifications arise from various considerations. The tower body must
support its own weight and the weight of the copper “lids” that provide thermal connection
between its floors and the temperature stages of the cryostat, and serve as heat shields from
the blackbody radiation and other stray light from higher temperatures.

The tower must withstand the accelerations encountered during handling, shipment, in-
sertion and extractions of connectors, and seismic events without structural failure. We
estimate the maximum acceleration to be 3 g and tack on a safety factor of three in our de-
sign specification. Additionally, the tower must be rigid enough to limit flexure under these
loading conditions, to avoid damage to interconnections (e.g. wirebonds, and the vacuum di-
electric coaxial cable the connects the HEMTS gate wires to the detector housing.) Table 7.5
summarizes the mechanical specifications on the strength and stiffness of the tower.
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Figure 7.10: Structures considered for tower standoffs. All structures would be fastened by
screws to the tower floors, except the tubes which would be glued. The standoffs are: a —
tubes, made of either vespel, graphite or Ti 15-3-3-3; b (and ¢) — Ti 15-3-3-3 hexipod truss
member 0.04 inch thick by 0.04 inch (0.06 inch) wide; d (and e) — graphlite rod hexipod truss
member @0.08inch (20.04inch); f (and g) — carbon fiber reinforced epoxy (Ti 15-3-3-3)
X-frame member 0.04 inch thick by 0.083 inch; and h — graphlite X-frame using @0.062 inch
rods

The towers of SuperCDMS Soudan and before used graphite tubes as the standoffs.
These tubes were very rigid, dimensionally stable under cooling, strong. They were however
made out of a non-optimal graphite, Mersen UF-4S, which is higher thermal conductivity
and lower strength than others we have studies, e.g. Poco AXM-5Q. These tubes were
epoxied into the tower floors and as a result, those towers could not be disassembled. The
stiffness and strength specification for SNOLAB tower have been substantially relaxed, in
favor of disassemblability and minimizing heat conduction®’. As a result, alternate structures
were considered, including hexipod truss structures and X-shaped frame type structures,
Figure 7.10. A few variations of each type, using different dimensions and different mate-

3The tube design can be made disassemblable and heat conduction can be substantially lowered, but the
aesthetic of the designers did not favor tubes, so alternate standoff structures were pursued.
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rials, were investigated in effort to optimize mechanical mechanical performance. Selected
fabrication drawings in § .4,

An Instron 5965 tension and compression tester with a 500N load cell was used to
measure the strength and stiffness of tower standoft prototypes. The machine applies force
vertically in either the up or down direction, and it provide connection points for custom
fixturing hardware on the force axis. In order to measure bending strength and stiffness,
a symmetric arrangement of two tower standoff modules would need to be held in place
so that the compression ram could push down on both simultaneously. If only one tower
module were used in the measurement, then the cantilever deflection would introduce a force
that is perpendicular to the motion of the ram and would result in an error in the load cell
reading or damage to the load cell. A steel frame, thick enough to contribute no additional
deflection to the measurement, was designed and built to hold tower standoff modules in
this arrangement. The same issue is present for compression testing, where perpendicular
force shows up as the standoff fails and buckles to one side. An additional steel frame, with
a compression plate constrained to vertical motion by dowel pins, was built for compression
testing. Aluminum adaptor flanges were made to connect the standoff structures and the
testing frame. The assembly made by fastening the standoff structures to the aluminum
flanges is what we call the tower standoff module Figure 7.11. Tubes standoffs were glued
to the their flanges in a 0.02inch groove; metal hexipods were fastened to their flanges
using shoulder screws; the graphlite carbon fiber hexipods with brass end caps and all the
X-shaped frames were fastened to their flanges using machine screws.

The measurements are destructive. The data obtained is a stream of force applied and
displacement imparted tuples, which we interpret as stress and strain figures, respectively.
Typical ram speeds used are 1-2mmmin~!. There is a settling period at the beginning of
each measurement when data suggests slippage in the test assembly. This is to be expected
when screw fasteners are used to attach the standoffs to the flanges, and the flanges to the test
frames. Ideally, one would want to do numerous measurements, each time pushing pristine
standoff to failure. This ways, one accumulates statistics which can be used to remove the
effect of manufacturing, material, and testing variations. Limited time and money prevented
us from doing this. So in most cases we only have data from one or two modules per standoff
variety. We did however, measure the elasticity of a graphlite rod X-frame, where ram force
was cycled from zero to a maximum below the predetermined failure load. After settling,
the rod X-frame performed repeatedly elastically.

Initially our approach was to calculate, analytically, what the strength and stiffness
of various standoff structures would be. This works moderately well for very simple and
symmetric structures [79]. We developed solid predictions for the stiffness and strength of
tubes, where the diameter is approximately equal to the length as is our case |98, Chap 4].
The buckling and material failure where found to be the principle failure modes of concern
or our vespel and graphite tubes. We were advised, however, by structural engineering
faculty member, Sanjay Govindjee, that in reality, especially with asymmetrical standoffs like
our X-frame, it is best to perform repeated tests to determine mechanical properties. The
tests identify faults which limit the theoretical performance of structures as well as intrinsic
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mechanical performance. For example, we found that our graphlite rod hexipod truss has
strength limited by twisting of the brass end caps about the shoulder screw fasteners. The
failure due to twisting is a mix of material and mechanical failure. In general, end conditions,
such as pinned versus clamped, can have on the order of a factor 4 influence on strength.
We also found that materials non-uniformities in the carbon fiber reinforced epoxy limited
the performance of X-frames made from this material. Material failure occurred at places
with visually obvious defects. Both on axis and off axis compression was measures. Point
up and point down bending measurements were made for the X-frame structures since the
asymmetry could have an effect on the mechanical properties Figure 7.13. The data we
collected from our mechanical testing is presented in Table 7.6. Figure 7.12 presents this
data in graphically. Vertical lines indicate strength and stiffness specifications in relation
to values measured from test modules. Also presented is the predicted amount of heat the
structure would transfer between various temperature stages. Note that we measured the
performance of both mill cut and water jet cut X-frames. This was to allay concerns that
process of mill cutting may inflict internal damage to the carbon fibers.

Based on our thermomechanical performance data of the tower standoffs, in addition to
ease of fabrication considerations, the Ti 15-3-3-3 X-frames were chosen to be the standoff
for the mixing chamber to cold plate stage and the cold plate to still stage. The graphlite
carbon fiber rod X-frame was chosen as the standoff for the still to liquid helium stage.
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Figure 7.11: Tower standoff test modules. Strength and stiffness measurements
of the standoff structures considered were done when the standoff structures
installed in aluminum adaptor flanges. The assembly of the structures installed
in the flanges are what we call test modules. the orientation positioning of the
standoff structures are exactly as it would be if the structures were installed
on towers. View a is a Ti 15-3-3-3 X-frame; b is a graphlite X-frame; ¢ is a Ti
15-3-3-3 hexipod; and d is graphite tube. The rods in b have about 0.018 inch
of clearance at the crossing point.
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Figure 7.13: Loading conditions for the tower standoff mechanical testing. a — on axis
compression, b — off axis compression, ¢ — bending point up, d — bending point down. Ad-
justments are made to the data to correct for the weight of the press, in the case of the
compression test frame, and the factor two multiplier from the symmetric module arrange-
ment, in the case of the bending test frame.
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7.3 Cryogenic cabling

Vertical Tower Flex Circuit
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Figure 7.14: A flow chart representing the considerations and steps involved in designing the
tower flex cable for the SuperCDMS SNOLAB experiment.

As mentioned above, we need to make a cable that runs down the tower to provide electrical
connectivity between the detectors at base temperature, and components that are located
at other temperatures, including the readout electronics at room temperature. Figure 7.14
diagrams the design process and considerations for this cable.
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7.3.1 Scientific requirements

There are various design constrains placed in the cable that come from other aspects of the
experiments. These constraints include limitations on its thermal conductivity, limitations
on its radio activity, specifications on its size and shape, and specifications on its electrical
properties. The total cooling powers for the SNOLAB cryostat are listed in Table 7.1. Those
figures determine a total allowance for the heat dissipation of each stage of the cryostat so
the heat dissipation of the cable is traded off with other heat contributes at each stage.
Radio activity constrains are satisfied by using materials with known low radioactivity. As
for the electrical properties, the phonon traces will need to be superconducting and also
have a low inductance to match the impedance of the SQUIDS and TESs. We can use the
data collected from our thermal conductivity studies to select appropriate conductor and
insulator materials for the cable given the design constraints.

7.3.2 Materials selection

In Figure 7.15 we present thermal conductivity data for materials of potential use in the
our cable, including both dielectric and conductor materials. The superconducting titanium
alloys offer the lowest thermal conductivities. Fabrication capabilities limit our choice of
dielectric materials. Though teflon would be a better choice (even for its lower radio activity),
we choose kapton because it is a standard flex cable material. Upilex is another polyimide
base material; it is not available in the United States.
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Figure 7.15: Thermal conductivities of materials useful for low temperature flexible circuits
and cables. Data sources are : a) from Blake [32]; b) original data [7], || to sheet; ¢) from
Barucci et al. [25], || to sheet; d) from Kushino et al. [107], || axis of tubular sample;
e) from Berman [31], alloy containing 2 wt% beryllium was held at 300°C for 2h and the
resulting hardness was 41 Rockwell units and the electrical resistivity was 8.25 - 107 Q cm at
room temp, 6.2 - 1076 Qcm at 77K, and 5.5- 107 Qcm at 4.2K; f) from Barucci et at. [20],
Stainless steel 316LN is an austenitic SS with 18 wt% Cr and 8 wt% Ni and the addition
of 2-3 wt% of molybdenum assures good corrosion resistance; g) from NIST, [11]; h) from
Blake [32]; 4) from Kushino et al. [107], || axis of tubular sample; j) original data [7], ||
to foil; k) from Dyachkov et al. [59], wire sample; [) from Olson et al. [I11], wire sample;
m,) original data [0, 97|, || to foil face; n) from Tuttle et al. [183], sample was wire EDM cut
from a 1.6 mm thick plate of TIMET manufactured material; o) original data [6], || to plate;
p) from Reiche et al. [156]; ¢) from Mendelssohn et al. [131], polycrystalline rod of Johnson
Matthey material (JM 4526) of 99.99% purity; r) from Woodcraft at al. [1958], commercially
pure wrought aluminum 99 wt% minimum, and s) from NIST, [11]
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7.3.3 Considerations for plating and joining

In view of the goal of plating the titanium alloy foil, we posit a few overarching considerations.

Firstly, it is helpful to have a mental picture of what could be happening at the interface
between the base material and the plated material. Figure 7.16 illustrates some possibilities.
Perhaps the best adhesion is obtained in scenarios (¢) and (b), compound interface and
diffusion interface. Heat treatment can enhance inter-diffusion and compound formation.
When the two materials are sharing atoms, it can become” difficult to separate the to layers,
which is what it means to have good adhesion. In most real situations mechanical anchoring
is an aid to adhesion. Roughening the surface can enhance the role of mechanical anchoring in
adhesion. Also, in most real situations there is an interfacial layer between the base material
and the plating material. If the base material was cleaned properly, the interface will be
free of organic contaminants and debris, which would certainly inhibit adhesion. A layer
of oxygen (or even nitrogen) chemically bonded to the base material will remain, and may
have a thickness of several nanometers. It is usually the central plating challenge to remove
this oxide layer and keep it at bay for long enough to plate the base material. Sometimes
interfacial materials are intentionally added to assist with adhesion. Such materials are
reactive themselves and will bond with both the plating material and the base material.
Examples include aluminum, titanium, chromium and nickel.

We suspect that the presence of surface oxidation on the titanium alloy degrades the
adhesion of plated layers. If this is the case, then one would like to somehow remove the
surface oxidation. Oxidation removal, or disruption”, can be accomplished mechanically, for
example by bead blasting or scraping the surface, but these processes may damage a thin
foil. It can be accomplished chemically, for example by using reducing acids like HCI or HF,
but the foil may be laminated to something which cannot withstand acid treatment, or the
fabrication facility may not have access to these acid treatments. Additionally, the surface
oxidation will begin to reform immediately upon exposure of the foil to atmosphere and
even to the plating solution, which usually has oxidizing chemicals in it. Another oxidation
removal method is plasma etch. Here the oxidation layer is sputtered away or disrupted, but
will begin to reform when vacuum is broken. Finally, another approach at oxidation removal
which we suggest as an unusual technique is first to do whatever is practically possible to
remove the oxide, working with whatever constraints are at hand, then deposit a seed layer of
a material with which it is more energetically favorable to form an oxide than to oxidize the
titanium alloy. In this approach, the surface oxide will either serve as an interfacial material
promoting adhesion or the deposited material will pull oxygen away from the interface making
room for metallic bonds between the deposited material and the titanium base material. We
suggest that the the Gibbs free energy of metal oxide formation can be used as a guide to
choose the deposition material, Figure 7.17 — it should have an oxidation free energy lower
than any of the constituents of the titanium alloy; it should be chemically compatible with

4An important exception occurs when the compound created at the interface is mechanically weak and
splits apart. We discuss this later.
5In a disrupted oxidation layer, the base material is exposed through cracks and gaps in the oxide.
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the titanium alloy base material and not form undesired compounds; and it should be, itself,
readily plated.
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Figure 7.17: Gibbs free energies of metal oxide formation in kilojoule per mole of oxygen.
Plot quantifies how energetically favorable it is for various metals to form oxides at a given
temperature and at room pressure. Metals may also form oxides that are not present on this
plot. This plot is also known as a Ellingham diagram.

Precipitation of the alpha phase increases the strength and stiffness of the base titanium
alloy material (see § (.3.2). The transformation may have an impact on the transition
temperature of the titanium alloy (if it is a superconductor) and, it may have an impact on
the thermal conductivity of the alloy since, for instance the titanium rich alpha precipitate



CHAPTER 7. CRYOGENIC METHODS 196

would probably have a thermal conductivity closer to that of pure titanium, and higher than
the desired [-phase conductivity. For applications requiring minimal thermal conductivity
the transformation is worrisome.

If Ti 21S foil were chosen instead of Ti 15-3-3-3, the heat treatment process would also be
designed to avoid the alpha boundary on the Ti 21S time temperature transformation dia-
gram (which can be found in [39]) and equilibrium threshold temperatures for the formation
of intermetallics.

It is important to choose plating materials and design plating processes so as to avoid the
formation of undesired intermetallic compounds between the base material and the material
that is being plated onto it. One way to go about this is to consult the equilibrium phase
diagrams Figure 7.19 for the metals involved. Narrow vertical lines are an indication of
intermetallic compound formation. If the lines form within the operating temperature range
of the plated part, formation of those intermetallics will certainly be an issue.

It should be noted, that although copper connections (e.g. wire bonds) and plating layers
on aluminum are metallurgically stable, gold connections or plating layers to aluminum are
unstable, and form interface voids and an intermetallic compound whose purple color has
earned it the title “purple plague”. The voids undermine adhesion and cause high electrical
conductivity.
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Figure 7.16: The five images depict different types of interfaces involved
in the adhesion between different materials. (a) — an abrupt interface
where the first material transitions to the second in the length if a few
atomic separations. Adhesion would be weak in this case. (b) — The
two materials attach to a common third material interfacial layer, such
as oxygen or a reactive metal. Adhesion has the potential to be excellent
here because the third material can be chosen to be very reactive with the
other two. (¢) — the two materials form a chemical compound (e.g. an
intermetallic) at the interface. The adhesion can be good if the compound
has good mechanical properties. (d) — the two materials diffuse in to each
other. Adhesion can be great if the two materials are mutually soluble and
if the materials have similar mobilities into the other. Kirkendall voiding
can occur if the mobilities are not similar. (e) — mechanical interlocking
of the two materials at the interface enhances adhesion generate adhesion.
Roughening of the surfaces can thus be used to enhance adhesion through
this mechanism. Mechanical interlocking is important for the adhesion of
vacuum metallized and electroplated layers. Interfaces (b), (¢), (d) can
be influenced by heat treatment. Illustration by [3] and inspired by [137,
Figure 12-22|.
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Figure 7.18: Time temperature transformation diagram for alloys very close to Ti 15-3-3-3.
We will use the (top) diagram as a stand in for Ti 15-3-3-3. Material began in solution treated
condition. Lines show increase in Vickers hardness with aging. o, e — alpha precipitation
observed and not observed through optical microscope, respectively; solid line — alpha phase
detected through x-ray diffraction; dashed line — equal hardness increase with aging from
solution treated condition. Numbers beside lines indicate the amount of hardness increase.
The red dot indicates our plating heat treatment. The middle and bottom panels underscore
the sensitivity of the transition behavior to variations in the alloy composition; consider this
vis-a-vis the allowed tolerance of 14-16 wt% V and 2.5-3.5wt% Cr, Sn, and Al for the Ti
15-3-3-3 alloy. From [185]
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Figure 7.19: Equilibrium binary phase diagrams for: Nb-Al (1990 Kattner U.R.; exp.), Ti-
Al (2006 Schuster J.C.; exp.), Nb-Cu (1984 Terekhov G.I.; exp.) and Ti-Cu (1996 Kumar
K.C.H.; calc) from [I|. Diagrams are either calculated (calc.) or experimentally deter-
mined (exp.). We immediately notice the at Nb-Cu are immiscible. Ti-Cu forms several
intermetallic compounds, while Ti-Al and Nb-Al form solid solutions.



CHAPTER 7. CRYOGENIC METHODS 200

7.3.4 Plating

In this section we describe method of making electrical connections to the titanium foils.
We have to be able to make electrical connections to foil if we are to use it as the conductor
material in our flex circuits.

In summary, we find that we can obtain good adhesion to the titanium alloy foils using
an electrolytic copper plate process followed by a heat treatment; or by first plasma cleaning
the foils then vapor depositing aluminum onto them. Copper can be readily electroplated
to the aluminum, and the aluminum helps with the electroplating process by increasing the
conductivity of the base material. Scanning electron microscope inspection of the interface
supports the conclusion that good adhesion is obtained, as do results from tape tests’. We
speculate that the electrolytic copper plus heat treatment process works by fist by attaining
low quality adhesion to the titanium surface oxide and also via mechanical anchoring. The
heat treatment then facilitates inter-diffusion and the adhesion is improved. The obvious
plating methods we have not tried are electroless copper and sputtering. Sputtering is
especially interesting because it can be used as a roll to roll titanium alloy foil plating process,
which would be needed for the practical fabrication of long flex circuits. At this point of
process development, all of our plating results have to be taken as preliminary because we do
not yet have long term plating performance data. It is possible, for example, that adhesion
could degrade over time due to thermal cycling or to the formation of intermetallics.

Joining was less successful than plating. We were able use an activated solder to make a
mechanical bond, which peels off when aggressive force is used. At the limited of destroying
the foil, ultrasonic welding worked too. We expect that electric discharge welding will be a
successful joining method, but our attempt with it was unsuccessful.

7.3.4.1 Bulk parts

The plating of bulk titanium alloy parts, is a standardized” but relatively specialty process.
Though processes vary, they usually involve a bead blast step, to disrupt the oxide on the
titanium alloy surface, and/or they use a nickel adhesion layer. We have tried both these
things. As to be discussed in the next section, nickel plating is somewhat successful, but we
would like to avoid using nickel close to our SQUIDs. The bead blast process crinkles the
foils, but we think this can be avoided with better fixturing. We are somewhat concerned
about the use of glass beads leaving radioactive residues on our foils however.

6In the tape test, scotch tape is applied to the plated surface and then rapidly ripped away. If no
plating has been removed, then the sample has passed the tape test. Unfortunately, there is not much in
the way of control specs for electroless copper. However, using the parameters for electroless nickel and or
electrodeposition of copper AMS 2418 may be a more effective test than the tape test.

"The standard is ASTM designation B481-68,“Standard Practice for Preparation of Titanium and Tita-
nium Alloys for Electroplating”.
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7.3.4.2 Thin foils

To accommodate the plated through holes in the flex cable, a plating copper plating thickness
of 0.001inch is targeted. In this section we review various attempts, some successful and
some not, for achieving this plating.

There are several ways we assess the quality of our plated layers. The tape test is the
minimum challenge of plating quality and is usually tried first. Our plating thickness is large
enough to allow us to attempt using a razor blade to peel it away from the foil, as a second
plating quality challenge. A further challenge, is repeated dunking the plated specimen
liquid helium or nitrogen. It is a test against adhesion failure due to differential thermal
expansion, or CTE mismatch. The toughest challenge of plating adhesion we perform is to
solder a heavy gauge wire to the plated layer and measure the force needed to rip away the
plating under the solder.

Electroless Electrolytic Thermal Evap Ion Vapor

Nickel Nickel Chromium Copper Gold Al+Cu Aluminum
Ti 15-3-3-3 @ ® S) 53] 53] S S
Nb-47Ti ® ® ® @ S) 52 &)

Table 7.7: Methods of plating attempted on thin Ti 15-3-3-3 and Nb-47Ti foils. The
table emphasizes degree of success for establishing adhesion between the Ti alloy
and the plated material. If successful, the primary adhesion layer is followed by sec-
ondary adhesions layers, which enable and include the application of a 300-500 pinch
(7.62-12.7um) thick copper layer. Table symbols have the following meanings: & —
successful, © — failure, ® — not tried, ® — inconclusive or mixed results.

7.3.4.2.1 Electroless nickel We had success obtaining adhesion to Ti 15-3-3-3 with
electroless nickel (per AMS 2404 with mid (6%-9%) phosphorous content). This was per-
formed by Titanium Finishing Company (who sold their process to Alexandria Metal Finish-
ers) and Alexandria Metal Finishers. The plate passed the tape test and also liquid helium
dunk test, but had some issues with bubbles under the plated metal.

7.3.4.2.2 Electrolytic nickel Here we tried a nickel strike followed by a nickel plate
with and without an abrasive blast step. Additionally, in attempt to activate the surface, a
duration of reverse bias plating (i.e corrosive etch) was attempted prior to commencement
of nickel plating. The plating was performed by the Stanford Linear Accelerator Laboratory
(SLAC) plating shop and by Omni Metal Finishing, who immediately attempted to plate
copper on top of the nickel. These attempts had mixed results. The copper plate sometimes
passed the tape test, always passed the liquid helium dunk test, but could be ripped off by
yanking on a wire soldered to the copper surface. The copper surface was rough and blotchy.
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7.3.4.2.3 Electrolytic chromium We were unsuccessful in obtaining adhesion of chromium
on Ti 15-3-3-3 foil. The test was performed by UC Chrome whose process includes a blast
step, a reverse bias etch, a Woods nickel strike, and finally the chromium plate-up. The
process is performed under liquid at all times, to avoid excessive oxidation.

Copper Plated by PNNL

-
2

._\ S

— 10pm 7/2/2015 —
15.0kV LABE SEM WD 10 . 6mm| 15.0kV LEI

Figure 7.20: SEM micrographs of Nb-47Ti foil electroplated on both sides with copper.
The bare Nb-47Ti foils is approximately 0.003 inch thick. The plated samples are epoxied
between two glass slides and then the stack is sanded and etched. The effect of heat
treatment can be seen in the two views. a — No heat treatment. Noticeable voids are
present between the copper and the Nb-47Ti. d — Heat treatment using the 400 °C recipe
described in Figure 7.21.

7.3.4.2.4 Electrolytic copper A successful process for electroplating copper onto Ti
15-3-3-3 foil was developed by the Pacific Northwest National Laboratory (PNNL) [12]. The
process is capable of plating 10-20 pm of copper on foils that are 14.5inch x 29inch large,
which is clipped on a rack and dangled into solution with the clipped end not submerged.
The first step is to condition the surface: hand wipe with Micro-90 cleaning solution, then
ethanol, then acetone, then CgHg and finally etch for 30 min in 9% HyO5+ 1% H,SO,4 which
creates limited bubbles and strong yellow color liquid. Copper plating is then initiated at a
potential of —0.68 V with some current-voltage modulation in an aqueous solution of 1.0 mel/,
CuSOy + 0.6 mol/t, HySOy; this is an acid copper plating solution. The plating duration is split
into three sessions, with pauses between them, in part, so that, the foil can be flipped and
rotated on its racking. The copper on the plated foil, can be forcibly peeled away from the
titanium surface. To prevent this, a heat treatment process was developed, where the plated
exposed to a peak temperature of 400°C for 10 min in a 107° torr vacuum atmosphere, as
diagramed in Figure 7.21. We arrived at this process after trying several others, Figure 7.22.



CHAPTER 7. CRYOGENIC METHODS 203

Heat Treatment for Plating

— 4 A
S) 00
o .
o 2o
8 300 + Pump Out O; O/’?z/}
- = !
= )
<200 S
<b] )
QE, 100 A =
= ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! F
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380

Time [min]

Figure 7.21: Heat treatment process for electroplated copper on Ti 15-3-3-3. The furnace
is initially filled with argon gas. About five minutes prior to reaching 400 °C, the argon
is pumped out leaving a residual pressure of 1-107°torr for the remainder of the process.

After 10 min at 400 °C, heating is turned off and the furnace cools at a rate of approximately
—2°C/ min.

Initial results for using the same plating and heat treatment process on Nb-47Ti foils are
also positive, but only small foils (several inches square) have been plated so far, Figure 7.20.

It should be mentioned that at temperatures above 400°C, brittle intermetallic com-
pounds of titanium and copper form and will most likely degrade electrical conductivity
through the copper titanium interface as well as degrade adhesion. One potential remedy is
to use electroplated silver as a interface layer, [112, , , , Pp- 339-343 by Shinyaev
and Bondarev|. In particular, Shinyaev and Bondarev find that strong soldered or brazed
joints can be made to the titanium alloy they studied by first electroplating® it with silver,
rhenium or rhodium and then making the joint at a temperature and time chosen to impart
a desirable microstructure.

7.3.4.2.5 Electrolytic gold An attempt to use gold as an adhesion layer was successful
on Ti 15-3-3-3, but not on Nb-47Ti. In this process approximately 0.25 pm gold was electro-
deposited on the foil an then heat treated, 400°C for 10 min with 45min ramp up and
down in argon atmosphere. Copper was electroplate to finished thickness following the heat
treatment. Other than some cosmetic discoloration due to a final weak acid clean, the plated
foil was of high quality; it survived the tape test and pulling a wire soldered to the plated
foil does not peel up the plating . Prodigy Surface Tech did this plating work.

8Their surface preparation process for the electroplate is degrease in benzine, then acid pickle, then
bright dip, and finally pickle in sulfuric acid to obtain a hydride film or zincate layer.
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Copper Plated by PNNL
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Figure 7.22: SEM micrographs of Ti 15-3-3-3 foil electroplated on both sides with copper
viewed in cross section. In all images, the Ti 15-3-3-3 foil is approximately 0.0008 inch
thick. The plated samples are epoxied between two glass slides and then then stack is
polished to expose the metal layers. The heat treatment occurs in a vacuum atmosphere,
10~? torr, which is initially back filled with argon to remove the air. The peak temperature
and time at this temperature for each heat treatment process is indicated on the images.
Dark voids between the Ti 15-3-3-3 and the copper can be seen in images a, b, ¢ and d
indicated lack of adhesion. Image f has full adhesion, but the duration and temperature
of the heat treatment resulted in a transformation of the Ti 15-3-3-3 microstructure; a-
titanium precipitate is visible. Image e has full adhesion and no discernible transformation;
this heat treatment process is successful.

7.3.4.2.6 Thermal evaporated copper and aluminum Two independent attempts
were made to obtain primary adhesion via thermal evaporation. One attempt was performed
at the UC Berkeley Nanolab by a collaborator [13] and the following process was used to
deposit aluminum and then copper onto Nb-47Ti. First the Nb-47Ti surface is wiped with
isopropyl alcohol. Next the foil was plasma conditioned. It was placed in an moderately
high power argon plasma for 20 min. It is then taken out of the plasma and transferred to an
electron beam evaporation system. Care is taken to limit the foil’s exposure to atmosphere
to less than two minutes. A 0.5 pm layer of aluminum is deposited onto the film, immediately
followed (without breaking vacuum) by a 2 pm layer of copper. Both depositions were done
at a rate of 10As™1. Good adhesion is obtained using this process. We find it possible to
solder to the copper.
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The other attempt was made by PF Technologies Inc. in a large evaporation system
with a base pressure of 7.5- 107 torr. Ti 15-3-3-3 and Nb-47Ti samples were first cleaned
with alcohols. At base pressure, a 2min Ny and Oy plasma clean was performed to remove
organic contaminants, and then a 3min CF4 and O, plasma clean was performed to lightly
etch the foil surface. Four combinations of materials were deposited: aluminum and then
copper on Ti 15-3-3-3, copper only on Ti 15-3-3-3, aluminum and then copper on Nb-47Ti,
and copper only on Nb-47Ti. The aluminum and copper bi-layer was deposited without
breaking vacuum. Plating thickness was sacrificed in order to try all four combinations at
low cost; as a result the plated material thickness for the Nb-47Ti was 1.6 pm and about
4.8 um for the Ti 15-3-3-3. Both plating combinations on the Ti 15-3-3-3 initially failed the
tape test, although the aluminum and copper treatment had much better adhesion than
the copper only treatment. However, when the test test was performed one year later on
the same samples, after storage in room air for that long, they both passed. Both plating
combinations on the Nb-47Ti passed the tape test, though two things should be pointed
out. One, the Nb-47Ti foil surface is much rougher than the Ti 15-3-3-3 foil surface which
would help establish mechanical anchoring of the deposited layers. Two, CF, and Oy only
etches niobium efficiently, so the Ti 15-3-3-3 foil probably did not benefit from this surface
activation measure.

Unfortunately, subsequent attempts by Prodigy Surface Tech to plate up copper on
the two PF Technologies deposition combinations involving Nb-47Ti failed. According to
Prodigy, the failure mechanism was insufficient copper (or aluminum and copper) thickness,
which was rapidly etched in the course of their plating procedures. SEM micrographs of the
Nb-47Ti samples confirm there is very little seed material to work with, but also suggest that
the seed material is well adhered to the Nb-47Ti, Figure 7.23. A future attempt depositing
a thicker seed a layer is well justifies by existing results.

7.3.4.2.7 Ion vapor deposited aluminum Ion vapor deposition (IVD) of aluminum
was originally developed by McDonnell Douglas Corp. as a replacement for the corrosion
resistant cadmium plating on steel. It is effective at depositing aluminum on nearly any
metal and has the added advantage of producing no hazardous waste products and being
generally safe for the environment.

The Titanium Finishing Company applied a 0.0007-0.001 inch thick coating of IVD alu-
minum on our Nb-47Ti and Ti 15-3-3-3 foils. We choose this (excessive) thickness to avoid
any subsequent copper adhesion issue due to inadvertent loss of the aluminum layer, e.g.
from a scratch or surface preparation treatments for the the copper plate. The aluminum
deposition process begins by wiping the parts with isopropyl alcohol; the parts are then
positioned in a large (120 inch x 60inch) vacuum chamber; after the chamber is pumped to
base pressure, 8 - 1075 torr, a 15min argon plasma clean is performed at 6 - 1073 torr, then
the deposition of aluminum begins. 99.99% aluminum is vaporized by an ion beam from and
extendable wire source. The parts receiving the aluminum coating do not exceed 120°C.
The quality of the aluminum coating, including adhesion, conforms to MIL-DTL-83488D
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Evaporated Layers by PF Technologies Inc.
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Figure 7.23: SEM micrographs of Nb-47Ti foil with aluminum and copper evaporated onto
plated on both sides. Two samples are shown. The first, views a and b, is copper plated
only with a target thickness of about 1.6 pym. The second, views ¢ through f, is plated
with 0.8 pm aluminum, then 0.8 pm copper. For both samples the platings are not clearly
evident. Perhaps this is because the layers are so thin, or because adhesion may not be
good. The is likely a combination of both. The plated samples are epoxied between two
glass slides and then the stack is polished to expose the metal layers. No heat treatment
on the plated sample was used. Views increase in magnification from a to d, and from ¢
to f, which a and ¢ the lowest magnification.

Class 1 Type L

Use of the IVD aluminum process transforms that delicate, non-standard job of plating
titanium alloy foils with copper to the industry standard job of plating aluminum with
copper. Several independent processes were used to plate copper onto the aluminum plated
foils provided by The Titanium Finishing company.

Direct electrolytic copper plate Uyemura International Corp. manufactures and
sells plating solutions as opposed to providing the plating surface itself. Their “CL-NC-
alkaline copper” process is a cyanide free, semi-bright alkaline copper plating process which
does not require a zincate step, allowing copper to be plated directly onto most aluminum
alloys. The part is pretreated with a degreasing agent, then soaked in a mix of HySO,4 and
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HNO3. The cleaned part is then placed in the Uyemura copper electroplate solution with less
than 30s exposure to air. Uyemura performed a successful test plate for us on an aluminum

plated Nb-47Ti foil, Figure 7.24.

Copper Plated by Uyemura International Corp.
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Figure 7.24: SEM micrographs of Nb-47Ti foil plated on both sides with aluminum via ion
vapor deposition, and then electroplated copper. The bare Nb-47Ti foils is approximately
0.003inch thick. The plated samples are epoxied between two glass slides and then the
stack is polished to expose the metal layers. No heat treatment on the plated sample was
used. Views increase in magnification from a, to d.

Zincate then electrolytic copper plate Zincation is a standard processing step for
adhesion promotion in plating processes, aluminum and magnesium plating processes in
particular. It is an electroless process that deposits a layer of zinc, a few atoms thick, that
prevents oxidation of the base metal surface before and during the plating process. The zinc
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layer is supposed to be etched away by the plating solution, but this may depend on the
particular plating solution.

Copper Plated by Klein Plating Works

Metallic Compound

Metallic Compound

Figure 7.25: SEM micrographs of Nb-47Ti foil plated on both sides with aluminum via ion
vapor deposition, and then electroplated copper. The aluminum surface was lightly etched
and then zincated to promote the subsequent adhesion of copper. There should only be a
few atomic layers of zinc. The bare Nb-47Ti foil is approximately 0.003 inch thick. The
plated samples are epoxied between two glass slides and then the stack is polished to expose
the metal layers. No heat treatment on the plated sample was used. View magnification
increases from left to right with view a and d being the lowest magnification and ¢ and f
being the highest. The aluminum surface activation, zincate and copper electroplate have
been performed by two different companies. The similarity in the plating microstructure
between of the two companies speaks to the reproducibility of this process approach.

Prodigy Surface Tech had no problem plating copper onto an aluminum plated Nb-47Ti
foil, Figure 7.25. They told us they conditioned the foil with a neutral base clean, then
a weak acid etch, then a zincate and then, they used a cyanide copper plating solution to
build up the desired copper thickness. Another company, Klein Plating Works, also had no
problem plating copper onto an aluminum plated Nb-47Ti foil. Their process was essentially
the same as Prodigy’s.
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Zincate, then nickel flash, then electrolytic copper plate Omni Metal Finishing
Inc. had no problem plating copper onto an aluminum plated Ti 15-3-3-3 foil. Their process
involved a zincate step, then a Nickel flash, and finally copper copper electroplate to finished
thickness. The microstructure of the plated foil cross section suggests excellent adhesion,
Figure 7.26.

7.3.5 Joining

Whereas plating is the atomic deposition of material onto a bulk material, joining is con-
necting two bulk materials together. We explored joining as an alternative to plating.

The desire here is to join foils that are easy to plate, to the difficult to plate titanium
alloy foils. Then plated through holes will can be made in the easy to plate material. The
through hole locations correspond to the ends of the foil, in the long dimension, so we would
like to attach a foil with a joint all along the width of the titanium alloy at each end”’. Such
a joint is called a seam weld in the terminology of that industry. Several methods of making
the joint were considered, Table 7.8.

9 Another approach is to make individual spot welds to titanium alloy traces, joining them to a material
where the inter-layer connections are made.
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Copper Plated by Omni Metal Finishing Inc.
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Figure 7.26: SEM micrographs of Ti 15-3-3-3 foil plated on both sides with aluminum via ion
vapor deposition, and then electroplated copper. In order to promote copper adhesion, the
aluminum surface was lightly etched, then zincated, then a thin layer of electroless nickel was
applied. There should only be a few atomic layers of zinc, so it should not be visible in the
micrographs. The bare Ti 15-3-3-3 foil is approximately 0.000 84 inch thick. The plated samples
are epoxied between two glass slides and then the stack is polished to expose the metal layers.

No heat treatment on the plated sample was used. View magnification increases from view a to
d.
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Laser Diffusion Discharge Ultrasonic Soldering
Welding Bonding  Welding Welding

Ti 15-3-3-3 ® ® S S ©
Nb-47Ti ® ® 02y 02y ©

Table 7.8: Method, attempted or contemplated, of joining easily
plated foils to Ti 15-3-3-3 and Nb-47Ti foils. The table summa-
rizes the degree of success for each method. In many cases, the
method was not attempted because a clear reason for which it
would fail was known. Table symbols have the following meet-
ings: @ — successful, © — failure, ® — not tried, ® — inconclusive
or mixed results.



CHAPTER 7. CRYOGENIC METHODS 212

7.3.5.1 Methods Considered

7.3.5.1.1 Laser Welding We consulted with a company named Laser Services, who
told us that our seam weld application was a very non-standard application for laser welding
technique, especially with respect to the foil thickness involved. They thought it could be
done, but it would require potentially extensive modification of their equipment. We did not
pursue this option further.

7.3.5.1.2 Diffusion Bonding In this technique, two parts are joined by pressing them
together at high pressure and temperature in an inert atmosphere. Under these conditions,
the atoms of one part diffuse into the other resulting in a chemical bond. We consulted with
a company named Vacco Industries about bonding a nickel or copper foil to a Ti 15-3-3-
3 foil. We were told that the two materials being bonded had to have very similar anneal
temperatures, and ours were mismatched by 100-200 °C. The temperature at which diffusion
bonding is performed is close to the anneal temperature. Additionally, there was a concern
that thermal expansion missmatch between the two materials would cause our thin foils to
crinkle, after they are bonded.

It should be noted that diffusion bonded bulk copper to bulk titanium joints have been
demonstrated using bonding temperatures in the range 875-900°C [22].

7.3.5.1.3 Discharge Welding In this technique a DC, AC or Pulsed current is passed
through the parts to be joined. A combination of high temperature from the resistive contact
and the migration of atomic species accomplish a bond. The use of this technique to make
a seam weld between two foils has been done before, mainly on stainless steel. A rolling
spot weld tool head, which looks a lot like a pizza cutter, is used to make the joint. A
company named Sunstone Engineering attempted to seam weld Ti 15-3-3-3 and Nb-47Ti
foils to aluminum and copper and was unsuccessful. They told us that for best results, the
conductivities of the materials to be joined need to very similar. Using nickel, manganin or
stainless steel instead of aluminum and copper, might yield better results.
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Figure 7.27: An attempt to join a copper foil to a Ti 13-3-3-3 foil by ultrasonic welding. The
tool head is waffle patterned for focused ultrasonic contact. Weld attempts using fine pat-
terned ultrasonic tool heads were unsuccessful. Process parameters, including the coarseness
of the tool head, were dialed up until a successful weld was made. The welded foil, however,
is unusable due to the deep waffle pattern imparted by the weld.

7.3.5.1.4 Ultrasonic Welding In an ultrasonic weld, two foils are pinched together
between an ultrasonic “horn” and “anvil”, which have a knurled pattern on them. The weld is
created when ultrasonic energy is focused down the horn making the foils under it vigorously
rub together. In this action, surface oxides and contaminates are presumably rubbed away
alloy the two materials to form a metallurgical bond. Ultrasonic seam welding of foils is
relatively standard and used commonly in the fabrication of batteries and solar panels. We
had a company named Stapla Ultrasonics Corp. attempt a ultrasonic seam weld between Ti
15-3-3-3 foil and aluminum, copper, nickel and stainless steel foils. They were not successful
at making a smooth continuous seam we wanted. But failing that, they increased process
parameters (time, force and knurl coarseness) until they were successful at ultrasonic spot
welding the Ti 15-3-3-3 foil to a copper foil, Figure 7.27. With these results, they advised us
that ultrasonic seam welding works best when joining materials of similar hardness, ideally
the two material would be the same.

S-Bond 220 Activated Solder.

NbTi

2 ¢~ i) ot (T TR S Y e

Figure 7.28: SEM micrographs of activated solder on Nb-47Ti foil. The solder was applied
using and ultrasonic soldering iron only to the bottom side of the foil, which is approximately
0.003 inch thick.
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7.3.5.1.5 Activated Solder Activated solders incorporate small quantities of elements
that are highly reactive, such as titanium. The goal is for the active ingredient, dissolved
in the liquid solder, to react with the base material and form metallic compounds at its
surface that stay there enabling wetting and serving as the foundation of a sound joint.
The base material does not even have to be a metal; for example, active solders can join
to ceramics, glasses, silicon, diamond and graphites. In the absence of other adjustments,
the addition of the reactive ingredients increase the melting point of the solder, even up to
brazing temperatures'’. Fortunately, it has been found that process temperatures around
250°C can be obtained in silver-tin solder activated with approximately 4 wt% titanium,
with the addition of trace amounts, less than 1 wt%, of gallium and lanthanide elements
(e.g. cerium). Such a solder is sold by a company named S-Bond Technologies, S-Bond 220.
Beside lowering the melting point, the trace additions are thought to protect the titanium
dissolved in the liquid solder from oxidation and other reactions useless to joining before it
reacts with the base metal by doing two things: one, by encapsulating the titanium; and two,
by enhancing the formation of surface oxide on the liquid solder. The titanium and other
additions also increase the strength of the bulk solder and enhance resistance to corrosion
caused by aqueous chlorides. This solder requires mechanical activation order to break the
oxide skin and free the titanium from encapsulation, so that wetting of the base material can
occur and spread. Although this solder requires no flux and no special atmospheres, best
results are obtained using an ultrasonic soldering iron, or some other source of agitation,
and pressure, when applying it. [37, 91, .

S-Bond technologies successfully wetted samples of Ti 15-3-3-3 and Nb-47Ti foil we pro-
vided them. The microstructure, Figure 7.28 of the bond suggests intimate contact with
the base material but intermittent contact. This could probably be improved by using a
more specialized application technique. They applied the 220 (lead free) solder, with an
ultrasonic soldering iron. For future work with the solder, they advised us not to exceed
an application temperature of 280°C (the quoted joining temperature is 240-260°C); not
to exceed 30-60 min liquid working time and to be aggressive when rubbing the solder onto
the base metal, especially if it has texture. They advised us to clean off excess oxidation as
dross if necessary.

S-Bond advised us that there are two bonding mechanisms involved in joints formed
with activated solder. The solder can adhesively bond to the base material, wherein the
solder adheres, not necessarily chemically, to oxides on the base material surface, similar to

10As a slight digression, let us observe the differences between soldering a brazing [37, §1.1.6]. Most simply
and although exceptions apply, solders have lower working temperatures than brazes; 450 °C is a convenient
line of demarcation, with brazes seldom having working temperatures higher than 1200 °C. Whereas solders
dissolve up to a few microns of the base material, brazes often dissolve 10s of microns. Whereas, solder
usually react with the surface of the base material to form intermetallic phases, brazes from solid solutions,
i.e. alloys, with the atoms within their depth of penetration. Solders are generally eutectics and soft in
comparison to brazes. Solders are used at temperatures that are 50-90 % of their melting point and up to
10% strain; as a result they are metallurgically unstable. Typically brazes are used at temperatures lower
than half their melting point.
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Figure 7.16b. Or, the solder can form a metallurgical bond with the base material, wherein
the solder and the base material inter-diffuse, similar to Figure 7.16d. Of course mechanical
interlocking of the two materials would also produce adhesion (Figure 7.16¢€), but this is
arguably a bond. Adhesive bonding is not as strong as metallurgical bonding.

We conducted inhouse tests using the S-Bond 220 solder as well as an activated lead-
free solder from Cerasolzer on the Ti 15-3-3-3 and Nb-47Ti foils. We tried both standard
and ultrasonic soldering irons. In general, we found it easier to wet the foils with the
solder using the ultrasonic iron. However, wetting can be achieved by rubbing the tip of
a standard soldering iron with against the foil. We found that additionally working on a
hotplate helps with bonding because it maintains the target solder temperature everywhere
while one rubs the foil surface with the soldering iron tip. In liquid helium, we measured a
superconducting contact resistance of (0.1 £ 0.1) m{2 when the S-Bond 220 solder is used join
two copper wire leads on each end of a Nb-47Ti foil trace, 10inch x 0.06 inch x 0.002 inch,
to form a four wire measurement. This contact resistance was limited by the noise floor of
the measurement circuit. In all tests, either solder could be peeled or pried off the titanium
alloy base material using concerted force. Contrast this to the bond formed between and
standard lead-tin solder and copper, where it is not possible to peel or pry the two appart.
Thus we conclude that the bond between the activated solder and the titanium alloy base
material is primarily an adhesive bond, and that a superconducting connection is achievable.
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7.3.6 Heat sinking

The cable must be adequately heat sunk in order to control the heat load reaching the layers
of the tower and ultimately the detectors. Stiffened sections of the cable are designed to
support electronic components and serve as heat sinking areas. It behooves us to check that
these sections are effective at heat sinking every layer of the cable (including the metallic
traces and dielectric layers) as well as the power dissipated from the components. What
we need to check is that the temperature of the cable emerging from the cold side of the
heat sink, Figure 7.29, is the same temperature as the heat sink, Tcoa = THeat Sink- L his
calculation requires knowledge the thermal conductivities of each material in the cable and
heat sink, their dimensions, and the power dissipation from the components. Additionally,
it requires knowledge of the thermal boundary resistance [77, Chap 1, 176] of the interfaces
between the materials. This boundary resistance increases as temperature decreases and is
best measured experimentally.

Component

Thot 11% — A Tcold
Warm€nd o W | Cold End
. }Stiffener‘ o
\ v N
( >
- Heat Sink Attachment Surface )
AT ¢ —/]——— - . @
| —— Heat Sink % ® Width, z
<
= G
Length, x
Tower{

Figure 7.29: A diagram of a heat sink section of the vertical phonon cable. The base of the
heatsink, the stiffener, attaches to the heat sink attachment surface of the tower. In addition
to the heat coming from the warm end, power dissipation from electrical components (e.g.
HEMTs, SQUIDs, shunt resistors) also add to the heat load.

7.3.6.1 Boundary resistance measurement
We use the same methods described in Appendix C to measure the thermal boundary resis-

tance. We simply make the substitution,

(7.2)

in Equation C.1 through Equation C.7, and solve for R(T) or, more accurately, R(T"). For
the present situation of the heat sink, the [ variable in Equation C.1 through Equation C.7
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and FEquation 7.2 is the layer thickness, ¢, of any cable material layer. If we assume that the
thermal resistance, R(7T), is roughly constant over the range [Thot, Tcola], then it is given in
the y-direction by the formula

t.
R:;H—i+§j:Rj, (7.3)

where ¢; and k; are the respective thicknesses and thermal conductivities of each layer of
the cable. The R;s are the boundary resistances between adjacent layers. We expect R be
a small quantity, so we design a measurement sample that maximizes our signal to noise.
This is accomplished by stacking up multiple copies of the cable layering and forcing heat
through the stack. Additionally, we can tack on a multiplicative enhancement to the R we
measure by constructing a serpentine path for the heat to travel, as depicted in Figure 7.30
and dimensioned in § D.1.

The device was fabricated by laminating together three copper plates with the copies of
the phonon cable layering in between them. The serpentine pattern was then milled out of
the composite laminated structure, making sure to completely mill through the last cable
layer. On total, our device passes heat through the equivalent to 36 copies of the vertical
phonon cable. The heat also passes through thick layers of copper, which provides structural
support for the device. Since the thermal resistance of copper is so low (i.e. high thermal
conductivity), it has a negligible effect on our measurement. Figure 7.31 is a close up of a
rung in the serpentine structure, and one observes that each rung has three copies of the
cable layering.

Our results, corrected for the factor 36 enhancement, are shown in Figure 7.32. Also
plotted is the expected value of the resistance considering only the resistances of the material
layers and ignoring the boundary resistances. At lower temperatures, the boundary resistance
dominates. At 50 mK the difference is about a factor of 10. At 500 mK the difference is about
a factor of 3. These results underscore the importance of accounting for boundary resistance
in cable heat sinking at low temperatures.

The fitting parameters derived form method 3 in Appendix C are found to be a; =
[—1.3878, —1.366, 0.5969, —0.0259| for the function,

log,o (R(T)) = 23: a; - log,o(T)]" T € [0.0473K, 1.8K] . (7.4)

=0

7.3.6.2 Cable Temperature Profile

In the course of studying the problem of adequate cable heat sinking, we have developed a
formalism and computer code for computing the temperature profile of the cable that has
heat sources, sinks at specified locations along its length. Our formalism [207, | accounts
for the effect of boundary resistances at the heat sink. It reduces the heat flow problem to
one dimension — the length dimension, and calculates the temperature at each point. This
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Figure 7.30: Design concept for the test device used to measured the thermal boundary
resistance of the vertical phonon cable. The vertical orange line represent copies of the cable
layering, which is annotated with thicknesses. The titanium alloy layers were not etched into
the trace patterns planned for the cable. The thick vertical dark red bars represent thick
layers of copper, whose thermal resistance is so small that these layers can be ignored in the
measurement. Slots are milled into the stack to create a serpentine path for heat to travel,
as illustrated by the meandered red arrow.

is much faster (and cheaper) than modeling the cable and solving for the three dimensional
temperature field, which can be done when the application requires that level of detail. In
the present application, we want to determine if the heat sink is large enough, given the
materials in and geometry of our cable, to completely remove the heat from the higher
temperature stages and our formalism is well suited for that calculation.

We approximate the heat traveling down the non-heat sunk parts of the cable as the sum
of the heat traveling though each of its constituent materials as if they were thermally isolated
from one another but sharing the same thermal boundary conditions at the beginning of the
cable, throughout the heat sink, and at the end of the cable. Thus the total power flowing
through the insulated portion of the cable is given by,

p:Zg:Z%/dTm(T), (7.5)
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Figure 7.31: A view of a rung on the thermal resistance test device under 20x magnification.
Layers appear to be reasonably well separated even after the trauma of milling the slots.

where the index runs over the material constituents of the cable. We call the thermal
conductivity extracted form this type of parallel power flow the aggregate conductivity. The
heat sink is assumed to have uniform (i.e. spatially constant) thermal resistance to the entire
portion of the cable that is heat sunk (e.g. a flat, constant width cable on a flat heat sink,
or a round cable penetrating an annular heat sink of constant length). The thermal material
and boundary resistances of the cable layers are also assumed to be constant'', which is
a good approximation when the temperature gradient in the thickness direction is a small
fraction of the heat sink temperature. Also, the heat flowing in the in the thickness direction
(the y-direction, toward the heat sink attachment surface) is assumed to be much larger than
the heat flowing in the length direction (z-direction). Equivalently, the aggregate thermal
resistance across the cable in its thickness direction is much smaller than the aggregate
thermal resistance of the cable along its length.

Using the above assumptions, one arrives at the following non-linear second order differ-
ential equation,

Wwidth )
t; [T($) — THeat Sink] ) if heat sunk
=~ (A T S B R
0, otherwise
(7.6)

where P is the power flowing through the position z, and the sums are carried out over
the interface layers between the cable surface and the heat sink attachment surface. For
example, in Figure 7.29, a stiffener is glued to the bottom side of the cable and to the heat
sink attachment surface. The sum would include three thicknesses (the first glue layer, the

"This assumption can be discarded at the expense of complexity in Equation 7.6, which would then
involve integrals.
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Figure 7.32: The measured total thermal resistance of the vertical cable heat sink compared
to the expected total thermal resistance if no boundary resistances are present. The shaded
region represents the measurement uncertainty at the 60% confidence level. We use the three
different analyses described Appendix C to obtain the data point, except that we solve for

R(T) = ﬁ, where the thickness ¢ takes the place of length /.

stiffener and the second glue layer) and four boundary resistances (cable-glue, glue-stiffener,
stiffener-glue, glue-heat sink). Notice that, due to the assumption of constant material
and boundary thermal resistances, the order in which the heat encounters the boundary
resistances as it flows into the heat sink does not matter.

Equation 7.6 can be solved perturbatively and analytically [122], by matching boundary
conditions. However, we find it more straightforward to solve it using a finite difference
method. In this method, a mesh of N points with optionally nonuniform spacing is laid along
the length of the cable, the z-axis; the differential equation is discretized using the center
different approximation for the derivative; N — 2 nonlinear equations emerge, one for each
non-boundary mesh point, relating the temperatures at that point and its adjacent points;
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the temperatures at the boundary points are given; the system of equations is minimized
and Newton-Raphson is used to find N — 2 roots. Figure 7.33 shows the temperature profile
calculated using our formalism, assuming a 0.06inch thick cirlex stiffener, but assuming a
perfect interface between the cirlex and the heat sink attachment surface'”.
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Figure 7.33: The temperature profile of the vertical phonon cable including the effect heat
sinking but not the effect of added electronic component heat dissipation. The heatsinks
include the total thermal resistance plotted in Figure 7.32. Length = 0cm is the cryocooler
stage of the tower whose temperature is estimated to be around 4.5 K due to the low altitude
of the SNOLAB facility. The cable extends considerably beyond the 40 mK heat sink to
reach the detector, but we truncate to plot at this heat sink. This plot assumes a 0.06 inch
thick cirlex stiffener is located between the cable and heat sink attachment surface, which
represents the worst case heat sinking efficiency. Even in this scenario, the cable is rapidly
brought to the heat sink temperature.

12The thickness of the cirlex and whether or not it would be used had not been decided at the time of
the design of the thermal resistance test device
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One may be concerned that the assumption of an aggregate thermal conductivity would
lead to a large temperature gradient across the thickness of the cable, at the heat sink. If so,
then the gradient would be largest at the Thy location because the largest amount of power
is flowing through that location. Having measured the boundary resistance, we are able to
estimate the temperature gradient. From Equation 7.5, we calculate the P; corresponding
to the top material layer of the cable. Then we use our computer program to calculate the
temperature at Txo, assuming that the cable is, one, made of only that top material; two,
has P; flowing through it (i.e. a boundary condition in power rather than temperature);
and three, that the thermal resistance from the top material to the stiffener is the quantity
we measured minus the resistance of the top material. Performing this calculation will give
Thot, Top- We can find the temperature of the bottom of the cable, Thot, Btm, just about the
stiffener, using our program to run a similar calculation. In this calculation, we assume
the complete composition of the cable so that the total power, P = ). P, is flowing in the
x-direction into the heatsink, but then we set the thermal resistance between the cable and
the heat sink equal to just one factor of the boundary resistance, i.e. just R; of Equation 7.3.
Thus we have scaled the boundary resistance we measured to extract the relevant portion
involved in the heat flow form the top and bottom layers of the cable. We have done the
calculation assuming three different stiffener thicknesses and find the temperature gradient,
ATtot = Thot, Top — LHot, Btm, to be comfortably small, Table 7.9. This calculation of ATy
neglects the raise in temperature of T, em due to heat flowing from the top layer which
would decrease the temperature difference; it also neglects the stiffener-related boundary
resistances.

7.3.6.3 Cable power profile

As mentioned, the formalism can be used the compute the power flow at any given point
along the one-dimensional cable. It is interesting to look at the power flow as a function of
position for our cable Figure 7.34. One observes that the thermal power from the warm end
of the cable is rapidly shunted into the heat sink, which is precisely the desire. As a measure
of the adequacy of the heat sink, we can calculate the distance from warm end edge of the
heatsink that the un-shunted power in the cable is 1% of the value at the warm edge of the
heat sink, Table 7.9; call this distance l;%,. One also observes that power is drawn out of
the heat sink and into the cable at the cold end of each heat sink. Thus, the total heat load
on the heat sink is properly calculated as the difference between the power flowing into the
heat sink at its warm end, and the power flowing out of the heat sink at its cold end. This
Ap is given per heat sink'® in Table 7.9 for three stiffener scenarios.

With such short ;9 lengths, it may seem like we are needlessly worrying about adequate
heat sinking. For this case, it is not such an issue. However for other cases, usually involving
large thermal resistances to the heat sink in comparison to the thermal resistance of the
cable, it can be an issue.

B There are six phonon cables per tower, so 6-Ap would be the per tower heat at the respective temperature
stage.
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ATyet [mK] Ap [W] Lo [mm]
700 mK
0 mil 19 22.0-1076
30mil 10 21.9-10°6
60mil 7.3 21.8-1076 3.9
150 mK
0mil 14 467 - 1079
30mil 7.8 453 - 1079
60mil 5.5 447 - 1079 2.4
40 mK
0 mil 0.88 716 - 10712
30mil  0.73 71310712
60mil  0.60 71210712 1.6

Table 7.9: Effect of different stiffener assumptions on phonon cable
heat sinking. ATy, is the temperature difference between the top
and bottom (above the stiffener) layers of the cable at the warm end
of the heat sink. Ap is the net thermal power absorber by the heat
sink; at its warm end power flows into the heat sink; and at its cold
end power flows out of the heat sink. The total load on the heat
sinks for the 48 tower maximum payload would be 48 - 6 - Ap. [y is
the distance from the edge of the heat there only 1% of the incoming
thermal power remains in the cable. Stiffener thickness given in milli-
inches, mil.

7.3.6.4 Sinking heat for electrical components

Now that it is clear that our heat sinks are adequate and in fact quickly remove heat from
the cable, we can ask ourselves if there will be any issue removing the heat dissipated by the
electrical components on the stiffened portion of the cable.

The length of the heat sink attachment surface is designed to be as large as the stiffener,
and the stiffener supplies rigid support for the circuity and electrical components located on
the cable directly above. The components constrain the size of the stiffened cable portions
to be rather large. So it is no surprise that the heat sinks are much larger than necessary
to accomplish the task of removing the heat coming from the warm end of the cable. We
can safely assume that each component is mounted on cable that would be the same tem-
perature as the heat sink and we can ask how hot the component should get, based on its
power dissipation and the thermal resistances between it and the reservoir sustaining the
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Figure 7.34: The thermal power profile of phonon cable. The power flow is constant in the
insulated portions of the cable, but drops rapidly to toward zero in the heat sunk portions
of the cable. Power flows out of the heat sinks and into the cable at the cold end of each
heat sink.

temperature of the heat sink. The temperature difference is given by

RTotal
Aijomponents = PComponentA ) (77)
Component

where Pcomponent 15 the power dissipation of the components, Rroa is thermal resistance
of the cable plus the stiffener and Acomponent 1S the area of the component. Equation 7.7
represents a, “hot spot”, scenario because we spread the contact area of the component, and
not over a larger portion of the heat sink area.

We see that the temperature rinse due to power dissipation from the components is not
going to be a problem. We also see that the component power dissipation Table 7.1 is smaller
than the heat transfer load from the warm end of the cable Figure 7.34, implying that the
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AT1C0mponents [mK]

700 mK

Omil 0.8516
30 mil 1.865
60 mil 2.878
150 mK

0 mil 1.167
30 mil 1.917
60 mil 2.666

Table 7.10: The raise in temperature of phonon cable due to power
dissipation of components. Figures represent the situation where the
componnts on each heat sink are grouped together on the heat sink
and their total heat is heat radiated over its contact area with the
heat sink only. Component power dissipation, per phonon cable, are
as given in Table 7.1 and contact areas are 2.38-10~*m? for the
SQUIDs and 1.12-10"*m? for the shunt resistors. In this table,
ATcomponents = LTop — THeat sink 1S the temperature difference from
the top of the cable in comparison to the heat sink temperature.
Stiffener thickness given in milli-inches, mil.

heat from the component will be removed by the heat sink in a similarly short distance
around the components.
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7.3.7 The 4K to 300K cable

Electrical connectivity between room temperature and the warm end of the towers is accom-
plished by a twisted pair ribbon cable'’. The signaling needs of each detector require that
it be read out by roughly 50 pairs (100 traces). The minimum length of the cable is set by
the layout of the SNOLAB experiment and, given the trace material and size, the minimum
length sets the minimum cable resistance heat load on the towers. The detector readout sys-
tem will impose constraints on the round trip resistance, inductance and capacitance of the
cable. The cooling power the cryogenic system at its heat sink locations impose constraints
on the heat load due to the cable. The minimum aperture diameter in the route the cables
must travel from the tower to their connection point at 300 K limits the width of the cables
to be no larger than 2inch, implying a 0.02 inch maximum wire diameter.

For a variety of reasons, including heat load control, durability, and electrical grounding,
the cable will have four sections, Figure 7.35. Section two is heat sunk to a 50 K cryocooler.
It is a circuit board with one side copper traces and the other side copper ground plane or
copper traces sandwiched between two circuitboard layers with copper ground plane exposed
on both sides. The ground plane(s) are connected to the cryocooler. Section four is a copper
twisted pair ribbon cable that reaches between a 4 K heat sink and a tower. For the maximum
tower payload of 48 towers, a heat load of approximately 150 W is allotted for the 50 K heat
sink and 2.7 W is allotted for the 4 K heat sink, for the task of heat sinking the cables.

11 12 13 14
/*_4_/\444,\ /kggggAnggﬁ\ /ﬁ;;;JAnggﬁ\ N

Sec 1 Sec 2 Sec 3 Sec 4
L ]
50 K Heat 4 K Heat
Sink Sink
300 K 50 K 50 K 4 K

Figure 7.35: Block diagram of 4 K to 300 K cable. Section one and three are a low thermal
conductivity trace material; sections two and four are copper. Section two is a circuit board
that is heat sunk on its top and bottom faces. There is a heat sink in section four, but its
dimensions are not determined. Approximate lengths are as follows: [y = 20-25inch, [, =
3.5-10inch, I3 = 255-283 inch, and [, = 12-36inch.

1Such cables are typically woven together with an inert polymer like nomex and, at the time of this
writing, can be obtained from vendors such as Tekdata and CMR-Direct.
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To choose the trace material and size, we consider the resistances and thermal conductiv-
ities of standard low temperature wire materials, including copper brass beryllium copper,
phosphor bronze and manganin. Constantan, evanohm, bronze and cupro-nickel are also
an options, but not considered. The electrical and thermal conductivities for these materi-
als were pulled from the literature and an exact relation between these quantities and the
resistance and area per trace was derived,

300K 50K
k(T)p(T)dT k(T)p(T)dT
R-A= ll 50K300K( )P( ) + lg . pCu(5O K) + l3 4K50K( )p( ) + l4 : pCu(4 K), (78)
sox K(1)dT Wk ()T

where R and A are the one-way resistance and cross-sectional area of the trace. Notice
that Equation 7.8 accounts for the copper sections of the cable. Using this formula we
can calculate the cross sectional areas necessary to achieve different target resistances with
different trace materials. Then we can use those areas to calculate the heat loads Ap, onto
the 50 K and 4 K heat sinks. These figures are presented in Table 7.11.

For the electronics of the SNOLAB experiment, we focus on using signaling wires with
10-100 €2 resistance, and analog grouns wires with 0.1-1 € resistance. Additional discussion
and a derivation of Equation 7.8 can be found in [208].
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Area [mil?| Diameter|mil] Apsox [mW] Apsx [mW]

10Q

Brass 38.5 7.0 85.8 0.283
BeCu 63.6 9.0 196 0.448
Phr. Brz. 97.9 11.2 167 0.527
330

Brass 11.7 3.85 26.1 0.0859
BeCu 19.3 4.96 59.6 0.136
Phr. Brz. 29.7 6.15 50.8 0.160
100Q2

Brass 3.85 2.21 8.58 0.0283
BeCu 6.63 2.85 19.6 0.0448
Phr. Brz. 9.79 3.53 16.7 0.0527
10

Brass 21.73 5.26 5.80

BeCu 35.68 6.74 13.0

Cu 0.000 06 0.009 0.979

Phr. Brz. 54.24 8.31 10.9

0.1Q

Brass 216.94 16.62 57.6

BeCu 356.32 21.30 130

Cu 5.94 2.75 9.9

Phr. Brz. 542.43 26.28 109

Table 7.11: Table of dimension and heat load figures for different 4 K to
300 K cable trace resistance and material scenarios. Trace alternatives
for 4 K to 300 K cable. The total load on the heat sinks for the 48 tower
maximum payload would be 48-6-Ap. Dimensions given in milli-inches,
mil.
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7.3.8 Cable Fabrication

We describe the fabrication process for the phonon flex cable. This process is a considerable
departure from the standard copper kapton flex fabrication process used in industry because
it involves etch of and plated through hole connections to titanium alloy foils. We emphasize
innovations on the standard process, which we have had to develop. We believe this process
is generally useful for making titanium flex circuits for other applications apart from our
own.

In § 8.2 we propose an alternative fabrication process to the one proposed here.

Phonon cable fabrication process

Step 1: Acquire titanium alloy foil. Chosen
for their superconducting transition tempera-
tures and low thermal conductivities, the Su-
perCDMS SNOLAB vertical cable will use ei-
ther Ti 15-3-3-3 or Nb-47Ti foil as the conduc-
tor trace material. Foil thickness in the range
0.0005-0.001 inch offers a good combination of
thickness and durability for handling. One
wants to limit foil thickness to limit heat con-
duction and to attain good etching resolution.
Poor etching resolution limits the minimum
trace width and separation. One also prefers
the foil to be in roll form, so that whomever is
fabricating the cable can cut it into sheets at
their preferred length. 12inch width is good
choice for compatibility with standard pro-
cessing equipment. Narrower than 8 inch may
result in increased fabrication labor costs.
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Phonon cable fabrication process

Step 2: Plate the foil.  Standard plated
through hole (PTH) interconnect processing
relies on the ability to plate a tiny annular ex-
posed portion of the foil with copper. Since
titanium alloys are difficult to plate, the stan-
dard PTH process is doomed to failure if done
without innovation. As such, we pre-plate the
foil (either on a roll-to-roll or sheet-by-sheet
basis) on both sides with copper. Methods
getting the copper to stick on the foil have
been discussed before; sometimes an interme-
diate adhesion layer (e.g. aluminum) is used,
as depicted. Target copper thickness is 300-
500 pinch, which is on the thicker side to en-
sure the layer is not inadvertently etched away
during cable fabrication.

Step 3: Remove copper from low thermal
conductivity regions. The copper, and any
adhesion layer used, should be removed from
places where it is not needed for the PTHs or
else it will be the source of significant heat con-
duction. The copper must be removed prior to
laminating the foil to dielectric layers, because
after lamination access is lost to the copper
surface. Bands of copper are depicted at the
ends of the foil because in the vertical cable
design, these correspond to sections of the ca-
ble that are heat sinks, so the copper is desired
in these locations.
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Phonon cable fabrication process

Step 4: Choose the dielectric layers. There
are several choices of standard dielectric-
adhesive composite laminates. When the ad-
hesive is on only one side of the dielectric, the
composite is called a coverlay and when its
on both sides the composite is called a bond-
ply. There are adhesive-less options as well
(e.g. adhesive-less kapton), which are typi-
cally thermal plastics and become sticky when
heated. We have looked at kapton dielec-
tric coverlay options having either epoxy or
acrylic adhesives. Dielectric thickness between
0.0005-0.005inch and adhesive thickness be-
tween 0.0005-0.003 inch are standard. Lower
loss tangent fluorinated polymer composite
options also exist.  Controlled impedance
circuitry is also achievable with appropriate
choice of composite. In general, one might
base their choice on thermal conductivity, di-
electric constant, loss tangent, and processing
temperature of the composite. The vertical
cable will most likely use Pyralux.

Step 5: Laminate foil to dielectric composite.
Lamination is performed under vacuum (ap-
proximately 1atm), at temperatures between
190-315°C depending on the composite, at el-
evated mechanical pressure (250 psi), for a cer-
tain duration of time (e.g. 30 min). The lam-
inated foil obtained will become one layer of
the flex circuit.
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Phonon cable fabrication process

Step 6: Etch trace pattern into laminated
foil. This step is made difficult by the tita-
nium alloy. Chemicals that are nonstandard to
the copper flex cable industry are require for
etching titanium. Moreover, these chemicals
attack standard processing equipment, so spe-
cialized inert (fluoropolymer) infrastructure is
necessary. Fortunately, etchants for the met-
als, including titanium etchants, do not ag-
gressively attack the dielectric composite.

Step 7: Etch trace patterns into remaining
laminated foil panels. Sufficient material must
be available to provide for not just the layers
of the flex circuit, but also for failed etch at-
tempts and other process step failures. This is
what we have learned from other titanium flex
circuit prototypes. The nonstandard aspect of
the precess results in an imperfect process step
success rate. The exposed copper is cleaned
with a phosphoric acid-based solution.
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Phonon cable fabrication process

Step 8: Align laminated foil layers and stiff-
eners. The party fabricating the circuit will
have included alignment features on each layer
to help with this step. Layer-to-layer registra-
tion is typically on the order of £0.001inch
and greater. Layers of bondply are used to
adhere adjacent laminated foil layers. Also,
stiffeners are included in the stack, according
to the circuit design plan. In order to avoid
curling due to stresses in the circuit, it is a
good idea to design symmetry in the stack.
For example a simple flex circuit with just one
layer of patterned metal on a dielectric com-
posite will curl. Curling will be reduced if an
additional cover layer of dielectric composite
is use on top of the metal.

Step 9: Laminate all layers together. This,
again, requires vacuum, heat and mechanical
pressure for a duration of time. The adhesive
layers conform to the patterns in the metal
layers. That is, if the metal foil is thick com-
pared to the adhesive thickness used to bond
together layers, the patterns in the covered
layer will make noticeable imprints in the cov-
ering layers.
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Phonon cable fabrication process

Step 10: Drill through stack for PTHs. The
disk shaped metal areas through which the
drill penetrates are enough larger than the
drill diameter that an annulus of metal is left
around the hole.

Step 11: Etch and apply copper seed layer to
PTH surface. It is standard in flex circuit
manufacturing to etch organic materials (in-
cluding oils, debris, and the dielectric-adhesive
composite) back from the inner edge of the
metal annuli formed by the drill step. The
‘etch back’ is accomplished using an oxygen
plasma and typically about 0.001-0.003 inch of
metal rim is exposed. The result is a cleaned
through-hole with the top, bottom and the
cylindrical edges of the metal layers exposed.
After some additional cleaning, the wall of the
through hole is sensitized to accept the adher-
ence of a thin electroless copper seed layer, as
depicted in the right illustration.
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Phonon cable fabrication process

©

Step 12: Electroplate through holes with
copper. The electroless copper seed layer en-
ables subsequent electrolytic copper plating.
The plated copper thickness is typically at
least 0.0014 inch. The copper connects all lay-
ers, including the pad visible on top of the
stack. However, the copper is not expected to
adhere to the cylindrical edges of titanium by
the drill cut. Fortunately, it will adhere to the
pre-plated copper annuli left on the top and
bottom of the titanium foils after drilling to
ensure sound electrical connection to the tita-
nium alloy base metal.

Step 13: Cut out individual circuits from
panel. A routing tool is used to release the
individual circuits form the panel, which may
have contained several circuits side-by-side.

Step 14: Inspect and test each circuit. The
fabricating party can be expected to perform
quality assurance testing at room temperature
and maybe some testing slightly below 0 °C. It
is necessary for the end user to perform testing
at base operating temperature. The concern
is that cooling induced stresses could result in
open circuits.

Table 7.12: Illustrated [3] step-by-step description of phonon cable fabrication process.
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Chapter 8

Technology Applications and Future
Work

8.1 Conclusions with regard to the KIDs phonon sensors

The goal of the work on KIDs phonon sensors was to explore to feasibility of using this
technology as a future replacement to the TES phonon sensors on the CDMS detector. To
be a viable replacement, KIDs phonon sensors would need to have comparable sensitivity to
the TESs. Potential advantages of the KIDs phonon sensor scheme considered here include
simplified fabrication, due to separation of sensor and absorber functions (§ 3.1.4); simplified
readout, due to frequency domain multiplexing of each sensor; increased uniformity in the
performance of the phonon sensors, due to the simplification of their design; and increased
scalability of the dark matter experiment due to the relative ease of KIDs phonon sensor
fabrication. Over the course of research, we determined that in order to use an unpatterned
ground plane, which is desired for its simplicity, with sensitivity anywhere near the TES
sensitivity, separated function microstrip resonators would have to be driven at high probe
power, due to relatively low ground plane kinetic inductance fraction. It was quickly found
that nonlinear resonances resulted from the level of probe power required. Consequently,
research was directed toward understanding the nonlinearity and, in particular, finding a
way to design the resonators so that they could tolerate high probe power without becoming
nonlinear. At the time of this writing, such a design has not been found, and data from
experiments does not satisfactorily confirm the hypothesis that wider resonators can tolerate
higher probe powers. Data from experiments also shows that the resonant frequencies and
internal and coupling quality factors for test devices varied from run to run, for a given
device, and for device to device, with respect to simulated values. Possible contributing
factors to this variation include the presence of vortices, as suggested by data from the use
of a hexagonal mesh ground plane; imperfect control of the microstrip gap; and lithographic
misalignment between the resonator coupler and the feedline. The nonlinearity and the
variations in resonator parameters represent challenges to the goals of obtaining comparable
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sensitivity to the TES phonon sensors and the goal of improving upon the uniformity of the
TES sensors. It may be possible to overcome these challenges with further work.

8.2 Alternative flex cable fabrication process

The good adhesion of aluminum to titanium alloys makes it possible to propose an alternate
fabrication route for the flex cable described in . This route is probably simpler than the
one described previously. Its disadvantage is that it is nonstandard and may make the party
doing the fabricating uncomfortable for this reason.

Instead of plating copper onto both sides of the titanium alloy foil, we deposit IVD (ion-
vapor deposition) aluminum onto only one side (a) of it. Then the titanium alloy side is
laminated to the coverlay (b and c¢). Next, we pattern and etch the aluminum away from
all places except the plated through hole contact areas (d). Then we pattern and etch the
traces into the titanium foil (e). This is done for all layers of the cable (f). The layers are
then aligned, and laminated together (g). Finally the holes for the plated through holes
are drilled in the appropriate locations. Cleaning, “etch back”, and lastly copper plating are
done.

This process relies on two details presented earlier. One, that it is easy to achieve good
adhesion of aluminum to titanium foils; and two, that aluminum can be readily plated
with copper. The Uyemura copper plating solution, which requires no zincation or other
pre-plated layer, is particularly attractive. One could use their usual electroless seed layer
process to plate the inner surface of the through hole, then plate up the through hole with
the Uyemura solution, for example. Adhesion and electrical connection would be attained
between the copper and the aluminum, and then the aluminum will provide electrical con-
nection to the titanium alloy.

8.3 Compression interconnects

As we saw in chapter 7 typical connector body dielectric materials, such as liquid crystal
polymer, are usually very radioactive (Table 7.2) and unsuitable for use in a low background
experiment. Moreover, contact materials, like beryllium copper, can also be radioactive.
Even the contact plating, which usually involves a surface hardening nickel under plate that
also acts as a diffusion barrier between gold and copper, can be problematic when components
sensitive to magnetic fields are close by. Lastly, the high density and compact connectors
usually needed in a space constrained cryogenic experiment are typically expensive as well.

As a remedy to all these issues, we suggest the use of compression “Fuzz Button” con-
nectors. These connectors are sections of wire that have been randomly compressed into a
cylindrical shape Figure 8.2. They are positioned into an “interposer” which holds them in
place using a pinch point. Mating boards, with contacts patterned onto them, are aligned
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Figure 8.1: An alternative flex cable fabrication route is depicted. This route does not
involve copper plating of the titanium foil and plates it with aluminum on only one side.

and pressed against the interposer so that the fuzz buttons bridge an electrical connection
between corresponding contacts.

The advantages of these connectors are many. They can be made out of custom mate-
rials, which may have been counted prior to use in the fuzz buttons, and which may also
be superconducting or superelastic to prevent plastic deformation. The interposer can be
fabricated by molding or machining processes, out of a variety of materials. They have, in
fact, been made of cirlex, single crystal sapphire as well as the usual circuit board mate-
rials. The buttons have been made in a variety of sizes (e.g. @0.01inch by 0.04inch) to
accommodate contact resistance and contact density requirements. Positioning of the con-
tacts has been used to approximate transmission line structures, such as a coaxial cable,
and low loss/reflection transmission at up to 50 GHz has been demonstrated. A possible
disadvantage of these connectors is that one must take care that the contact is not under
plastic deformation stress when engaged.

These connections, available at the time of this writing from companies named Cinch
and Custom Interconnects, currently fly on fighter jets, orbit Earth in satellites and are used
at milli-Kelvin temperatures by groups working on quantum computers [15, 121]. There
are similar connector products on the market which use tiny metal springs embedded (i.e.
not removable) dielectric sheets, instead of compressed wire. These products, which can be
found by searching for ‘interposer’, ‘array’, ‘board to board’, are more widely used than the
fuzz buttons and perhaps more reliable.

Collaborators at SLAC [11] recently measured the low temperature contact resistance of
the 12 fuzz buttons in series Table 8.1. The data was analyzed and a resistance value per
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Figure 8.2: Fuzz button connectors are highly customizable. Custom materials can be used
to make the. Those depicted in figure (a) are made of a molybdenum alloy. As seen in
(b) they are instrumented in an interposer, which can be machined or molded a out of any
dielectric material. Traces on the mating boards are aligned and mated together, usually with
a screwable fastener simultaneously accomplishing both functions, such that the fuzz button
is compressed and forms an electrical connection.

fuzz button extracted.

Rogox  Roox Rsox  Rsk

Gold Plated Nickel [m)] 15.66 11.51 8.27 6.65
Gold Plated Moly Alloy [mQ| 7.33 331 1.56 1.02

Table 8.1: The measurement was made with 12 fuzz buttons
placed in series, connected by a copper trace. The resistance
of the copper trace alone was measured as well. These results
were used to obtain a contact resistance per fuzz button for its
connection to copper pads on both ends. Both fuzz buttons
are @0.021inch by 0.08 inch long and have gold plating. One is
made of nickel and the other is made of a molybdenum alloy.
The interposer used is 0.062 inch thick.
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8.4 Phonon-mediated gamma ray spectrometer for
nuclear security applications

The kinetic inductance athermal phonon sensor technology can be useful for other radiation
detection applications besides that of dark matter detection. Additionally, each aspect of the
sensors, e.g. phonon collection fin, resonator, amplifier, film materials, can be optimized for
the application at hand and generally improved upon to obtain maximum overall detector
performance.

8.4.1 Background

The world is increasingly relying on nuclear materials for peaceful purposes including medicine,
food and agriculture, basic science and energy. Meticulous accounting and access control

are essential in preventing their use for non-peaceful purposes. Precision gamma ray spec-

troscopy is a powerful tool for the control of nuclear materials. With a suitable detector,

one can determine the composition, intended purpose, origin and processing history of a

nuclear specimen, without destroying it. Possessing such analysis capability both assists in

the advancement of the peaceful nuclear material applications, and is a critical component

of our national nuclear security as a deterrent for non-peaceful nuclear activities and as a

threat investigation tool.

Forensic analysis, also called ‘fingerprinting’, of nuclear specimens uses precision gamma
ray spectroscopy to measure the presence and relative intensities of gamma ray emission lines
emitted from decaying isotopes. For example, the age of a specimen since it was last processed
can be determined by the ratio of parent to daughter nuclides which is ascertained by their
respective gamma ray fluxes. The ratio of certain target isotopes tell us if the material was
intended for weapons (e.g. high concentration of fissile 2°Pu, #*°U, etc) or energy (e.g. high
240Py /29Pu). The composition of Uranium (U) and Plutonium (Pu) isotopes hint at the
type of reactor where the material was utilized, due in part to the neutron energies that must
have been necessary to produce them, and the presence of certain U isotopes suggest if the
material is from reprocessed or virgin stocks. The ability to distinguish background gamma
ray emission from the above also speaks to the necessity for high resolution detection. For
example, distinguishing naturally occurring Ra at 186.211keV from 23°U at 185.715keV,
requires an gamma ray energy resolution of much better than 0.3% [1411]. The ability to
rapidly and accurately resolve densely spaced lines in the 100-300keV range (Figure 8.3) is
a design requirement for the spectrometer.

With the assistance of complementary characterization methods, the geolocation of the
facility and mine from where the material originated can be estimated. For example, O to
160 ratios vary with temperature, latitude and distance from the sea, the ratio of anionic
impurities suggest what uranium mining and milling processes were used and are different
in different parts of the world [155]. The Nuclear Energy Institute reports that there were
435 nuclear power plants in operation across the world and another 70 on the way in 2012.
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Figure 8.3: Gamma ray spectrum of ~ 0.4 g of 2Pu + 21°Pu from 40 keV to 220keV (inset)
as measured by the microcalorimeter array developed by [30] (blue) and a leading edge HPGe
detector (red). Data is magnified in the the 100 keV region. The proposed detector would
produce an spectrum competitive with the microcalorimeter array. Image taken from [30].

Using high resolution gamma ray spectroscopy, for example, it is conceivable to identify
nuclear materials confiscated from hostile interests as spent material diverted from any of
these plants or at least their broader geographical location, and ascribe an estimated date
that the material must have become unaccounted for and/or last processed.

Here we envision and describe a high resolution gamma ray spectrometer capable of
performing the type of analyses described above. As of the present, there are two leading
spectrometer options setting the bar for the performance of the proposed instrument. Op-
erated at 77 K, high purity germanium (HPGe) ionization detectors are currently the most
commonly used gamma ray spectrometer. They are commercially available and relatively low
cost. Although they have an energy resolution of about 400eV at 100keV, 0.4% (Table 8.2),
HPGe detector crystals can be made rather large and thick (10s of cm®). The detector
thickness improves gamma ray absorption efficiency, which enables swift analysis. Large
detection area expedites the analysis of faint sources. Even better resolution is obtained by
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low temperature detectors. The current state of the art is National Institute of Standards
and Technology (NIST) and Los Alamos National Laboratory (LANL) microcalorimeter |30]
which have an energy resolution of better then 100eV at 100 keV. These detectors have
approximately 5cm? area arrays of tin absorbers, each 0.038 cm thick, epoxied to the TES
and are operated at approximately 100 mK and their factor 4 resolution advantage allows
them to resolve spectral lines unseen by the HPGe.

Technology ~ Temp AE/E AE(E) Absorber  Transmission  Cts/Sec
Planar HPGe 77K  3:1073-5-10"% \/Frano - €gap - B Sn 23%, 5mm 40103
NIST-LANL  0.1K 4.1074 TVkg - C Ge 63%, 0.38mm  2.5-10°

Proposed 0.1K ~ 1074 /Ty~ 0ation 1 Nb 107%%, 5mm 40 10°

Table 8.2: Comparison of technology between the NIST-LANL microcalorimeter and HPGe
ionization detector, representing the most sensitive and most used gamma-ray detectors
respectively. C' is the combined heat capacity of the TES and the absorber, Fyqp, is the
Fano factor and other parameters are as defined in Table 8.3. The transmission column is
the percentage of incident 100 keV gammas that make it through the absorber. Figures listed
for the proposed detector represent performance objective achievable on paper.

The envisioned detector would have (a) greater sensitivity and gamma ray stopping
power in comparison to the microcalorimeters, due to the use of a large, 50-100 cm?, high-Z
absorber. This detector would have (b) similar energy resolution to the microcalorimeters
when operated near 100 mK, or be adapted to higher temperature operation, e.g. near 2 K,
at the expense of energy resolution. In comparison to the NIST-LANL microcalorimeters
(c) fabrication would be simpler using only 1 to 3 lithography layers. And, (d) the detector
could resolve the position of the event within the detector, enabling identification of radiation
type -— neutron, gamma, alpha or beta. With sensitivity to neutrons, the exciting prospect
of nuclear material detection at > 100 m standoff distance may be achievable in later design
iterations of this detector concept. At baseline, the proposed detector would have energy
resolution comparable to the NIST-LANL microcalorimeters and simplicity of design and
efficiency comparable to the HPGe detectors.

8.4.2 Detector design features

In the envisioned detector, gamma rays would deposit their energy into a voluminous (75 mm
diameter, 5-25 mm thick) high-Z absorber and produce out of equilibrium (athermal, £ >
k- Tyan) phonons that would travel through the absorber until they impinge upon its surfaces
Figure 8.4, an approach of several dark matter direct detection experiments including the
CDMS experiment. Kinetic Inductance Detectors (KIDs) [206] fabricated on the surfaces
of the detector would be used to sense the arriving phonons. Arrays of numerous KIDs
phonon sensors could be fabricated directly on the absorber surface to achieve position
resolved detection and more complete energy collection Figure 8.5. Whereas the NIST-LANL



CHAPTER 8. TECHNOLOGY APPLICATIONS AND FUTURE WORK 244

Microstrip
Resonator - w =Y
Sensor Cooper Pair, Quasi Particle | > d
Patch '

J
A L T B

. o ) - ) I..I'l. [’ I:- t
High-Z ' \
Absngrber 5 Phonons—( ( ( ( C < B

Figure 8.4: Magnified cross section of detector concept utilizing vacuum gap microstrip res-
onators to sense phonons. A patch of low gap superconductor (e.g. Al or TiN) is located
beneath each resonator. Phonons impinging on the patch emanating from within the super-
conductor absorber break Cooper pairs and change its surface impedance which alters the
resonance. Likely dimensions are w = 200 pm; ¢t = 200 nm; d = 3 pm.

microcalorimeters are equilibrium phonon detectors, the concept proposed here detects out of
equilibrium phonons, which are of greater energy and are therefore of high contrast against
the background of thermal phonons — suggesting the opportunity for higher temperature
operation. Also, athermal phonon detection avoids count rate slowed by C'/G time constants
of absorber-coupled thermal phonon detection. The challenge overshadowing this research
is to demonstrate that one can achieve the % ~ 4-107* and at least 40 - 10° count rates
with position sensitivity using a simple athermal phonon detection approach.

The Phonon Sensor. NIST has strong expertise in the design and fabrication of KIDs
which will benefit the project. This technology is based on measuring the change in complex
surface impedance of superconducting films due to incident energy. The incident energy
breaks Cooper pairs into quasiparticles (QPs, energetic electrons) which increases both its
surface inductance and resistance. These changes in surface impedance are detected by
patterning the superconductor into a high quality factor () resonant circuit. The circuit’s
resonant frequency fp and QQ change due to impedance changes, which can be read out
by room temperature and cold electronics. The resonant circuit sensor format lends itself
to a natural frequency domain multiplexing scheme where numerous individual spatially
separated sensors, all sharing a single readout transmission line, are addressed by a unique
resonant frequency encoded by engineered geometrical differences between each resonator.
For example, [1206] demonstrated simultaneous readout of a 2024 KID array. The format
of the resonator can be determined later based on capability with the absorber, ease of
fabrication and responsivity to signal. A microstrip resonator format described in is the
preferred for the phonon sensor, but Lumped element, disk, coplanar waveguide will also be
considered. The preferred resonator materials are non-stoichiometric titanium nitride (TiN)
or proximitized TiN/Ti |56, , | for its especially large kinetic inductance and ability
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Figure 8.5: The idea of a KIDs phonon sensor array fabricated on a large absorber is depicted.
Gamma rays deposit energy in the absorber. The energy is radiated away from the interaction
location by phonons. The phonons arrive at the surface of the detector where they create
quasi-particles in patches of low gap superconductor there are patterned onto it. The patches
are part of the ground plane of a superconducting resonant circuit and the quasi-particles
affect a change in quality factor and resonant frequency for of the resonant circuit, which
is detected by room temperature electronics. The interaction location can be reconstructed
from analysis of the responses of all the resonators. E.g the resonator that is closet to the
interaction location will have the greatest response.
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to yield high @ resonators, and aluminum (Al) for its well-understood response to QPs and
phonons [201].

The Absorber. The ideal is to use a material that converts all the energy of the particle
interaction into athermal phonons which have sufficiently long lifetime before they are down
converted to energies not detectable by the sensor. Also, the material must be highly uniform
with respect to athermal phonon transmission because non-uniformities would degrade event
energy and position resolution. Finally, the material should be relatively high-Z to maximize
the gamma ray absorption efficiency of the detector. The preferred absorber materials for the
proposed detector are mono-crystalline superconductors. In these materials, absorbed energy
from gamma ray interactions produces phonons at the interaction location. The phonons
created will either be of energy less than the superconducting gap energy, E,, < 2-A, and
propagate ballistically until they scatter off an obstacle, or they will be of energy greater than
the superconducting gap, E,;, > 2-A, and will decay into QPs in the absorber which will then
decay into sub-gap phonons who travel ballistically until they scatter off an obstacle (i.e.
quasi-ballistically). The quasi-ballistic phonons will arrive to the surface of the absorber
where they may be detected if they impinge upon a phonon sensor, or they may scatter
off the surface and continue their travel until they expire. They may also scatter within
the absorber, off defects in the crystal or thermal QPs. These unwanted scattering modes
can be controlled by using crystals of high perfection and purity, and by working at low
temperatures.

Since we want the quasi-ballistic phonons to create QPs in the phonon sensors, we need
Agpsorber > Dsensors OF Lo absorber > Tt sensor, using 2+ A =3.5- kg - T, from BCS theory. The
lower gap of the sensor traps the QPs created there, enabling their measurement. Moreover,
the operation temperature Ty, of the proposed detector is constrained by the desire to
suppress the thermal QP population and to optimize the responsivity of the KID, Ty, ~
T sensor/10; this comes to 100-200 mK. Absorber materials satisfying all these characteristics
include niobium (Nb, 7. = 9.3K ) and tantalum (Ta, 7, = 4.5K). As an example, Hauser
[30] measured ballistic phonon transport via laser induced heat pulse techniques in a mono-
crystalline Nb sample 1.8mm long and @ 10mm. The measurements were performed at
1.56 K and 2.09 K. Calculations presented in [30] suggest phonon lifetimes,7,,, greater than
tens to hundreds of microseconds are achievable for our T}, and ballistic transport velocities
in the range of 2-5 mm ps™!.

The Primary Amplifier. Provided that the phonons are designed to minimize two-level
system noise, the noise of the primary amplifier for the phonon sensors limits the energy
resolution of the detector. The proposed detector will use either a high HEMT amplifier
or a parametric amplifier [33]. NIST and the NASA Jet Propulsion Laboratory (JPL) are
developing such parametric amplifiers which currently have better than 10 dB gain in the 10
GHz region and are almost quantum noise limited. The latter is preferred for its lower noise,
but the maturity of this new technology may not be sufficient for use in this application. It
would be great to take advantage of NIST’s expertise to fabricate these amplifiers.
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Figure 8.6: Pulse from CDMS detector exhibiting quasi-ballistic and reverberating phonon

contributions.

8.4.3 Example Detector Implementation

A possible implementation of this detector concept is to use vacuum microstrip resonators
Figure 8.4 as the phonon sensors and Nb at the absorber. The common ground plane of
an array of microstrip KID phonon sensors would be the surface of the superconducting
absorber, except that a patches of low gap superconductor (e.g. TiN or Al) would be aligned
with the most sensitive (highest current) portion of the resonators. The patch would col-
lect energy from athermal phonons, which have traveled quasi-ballistically from the event,
and reverberation athermal phonons which have reflected off surfaces several times before
arriving at the sensor. The reverberation phonons will have lost memory of the initial event
position and therefore be position independent. The pulse duration and therefore the max-
imum count rate of the detector would be limited by, the ring-down time of the resonator,
the QP recombination time, 50 ps for TiN and 50-500 ps for Al, and the (reverberation)
phonon lifetime, 7,,, whichever is longest. Fortunately each of these things can be engi-
neered, the first with the resonator coupling to the feedline (Q., the coupling quality factor),



CHAPTER 8. TECHNOLOGY APPLICATIONS AND FUTURE WORK 248

Quantity ‘ Value ‘ Unit ‘ Description
Tomp 5) K HEMT noise temp
Neensors 40 Number of phonon sensors per detector
Virobe 1 mV | Resonator probe power in 50 (2 system
E 100 keV Gamma ray energy
« 0.025 % Kinetic inductance fraction
n 20 % phonon-to-QP conversion efficiency
A 180 neV Superconducting energy gap
l-w-t 8-10° | pm? QP diffusion (patch) volume
Tres 100 ns Resonator 1/e decay time

Table 8.3: Design parameters used in the calculation of detector performance where a KID
+ HEMT phonon sensor scheme is utilized. Al is assumed to be the sensor patch on the
absorber surface.

the second with film type and composition, the third with sensor patch size, absorber vol-
ume and the possibility of trenching — which also controls the proportion of reverberation
phonons. The pulses acquired from this detector would feature an initial ballistic phonon
generated peak, which would carry event position information, and a position independent
reverberation phonon tail Figure 8.6, whose duration and magnitude would assist in event
energy estimation. Such pulses are typical in the CDMS detector.

While the NIST-LANL spectrometer demonstrates that the TES + SQUID phonon sensor
solution has the baseline resolution to produce ~5 -10~% energy resolution, on paper, the
case of the KID + HEMT phonon sensor also has promising performance. The fractional
energy resolution of the sensor array is limited by the HEMT voltage noise integrated over
the Nsensor57 6V7

oV = \/4 ' kB : Tamp -BW - ZO : Nsensors; (81)

and signal voltage amplitude Vy due to the creation of N,, = ;E_—X QPs from an event of
energy F,

a-Q*- N,
=K -V, ope - v "9 2
R 52
[127], where BW = % = 2_%1%5, K =2-107"Vpum™ is a constant, V.. is the voltage

amplitude of the readout power. We assume that 7., sets the pulse time. Aiming for a
count rate of 40 - 103, one gets a fractional energy resolution of % = % ~ 10~* with the
parameters shown in Table 8.3.

8.4.4 Development requirements

Development of this detector technology will require certain specialized equipment, facilities
and further technology review. In the case of technology review, the availability of large single
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crystal high-gap superconductors needs to be established. This includes the available purity,
and crystalline perfection after shaping a polishing. Also, taking Hauser’s [30] measurements
as a data point at RRR = 1-10%, it must be established, preferably from literature data as
opposed to in-house measurement, the minimum acceptable purity and crystalline perfection
required for the energy resolution goals of this detector.

Detector development will require the use of a cryostat capable of sustained <100 mK
operation temperature, equipped with high frequency readout cabling connecting 300 K to
the detector location. The cryostat will need a low-Z aperture for ambient nuclear specimen
placement. Microwave test equipment including, amplifiers, mixers, attenuators, frequency
synthesizers and network and spectrum analyzers will be necessary to provide system tun-
ing and troubleshooting support. Generation of the probe signals for and digitization pulse
signals from the sensor array would be most easily accomplished using the ROACH recon-
figurable computing platform [159] as in the 2024 sensor ARCONSs system [126]. Here, one
can take advantage of existing control software.

Cold hardware to house the detector which permits transmission of radiation from nuclear
specimens to the detector and mounts it to the cryostat is required. The housing should
have large enough thermal impedance to the cryostat to prevent the phonon signal from
being lost, but small enough so that the crystal can expeditiously cool down and cool down
between events.

Micro-fabrication facilities capable of accommodating the large absorber crystal and pro-
ducing the materials (e.g. TiN) used in the detector will be needed. One should expect
several fabrication runs to try alternate absorber crystals, and implement design enhance-
ment to the detector, in order to attain optimal performance. One should also expect to have
numerous fridge runs to test these detectors. Access to radiation sources will be necessary
for these runs. Ultimately, one should benchmark the performance of the detector against
the Pu isotopic standards (PIDIE and CBNM') at LANL. This establishes the usefulness of
the detector for Pu nuclear material fingerprinting.

The basic questions that testing and characterization will answer are: what is the energy
resolution of the detector; what is its efficiency to stop gammas and detect them; what is
the event energy range over which the detector exhibits useful sensitivity; how stable and
reproducible are the results. The entire development process discussed here should also
emphasize manufacturability of the proposed detector so that a successful detector design
has an obvious and unchallenging path to field deployment. For example the availability of
the absorber crystal, and cost of the readout system (including the primary amplifier) and
ease of fabrication must be optimized.

!These sources are mixtures of different Pu isotopes covering a range of relative concentrations. They are
good at testing the detector’s ability to sense trace isotopic abundances in the presence of a large background
constituent.



CHAPTER 8. TECHNOLOGY APPLICATIONS AND FUTURE WORK 250

8.4.5 Conclusions

The detector concept described here engages the issue of nuclear security, offering powerful
tool for nuclear material identification and accountancy. The nation’s lack of preparedness in
this area has been underscored most recently in a January 2014 Defense Science Board report
[21]. This gamma ray spectrometer is enhanced by the use of a large absorber, which should
have the effect of increasing sensitivity to gamma rays and even neutrons, including gamma
rays which existing spectrometers struggle to detect due to their smaller absorber size. It is
also of a much simpler design than its high-resolution peer, the NIST-LANL spectrometer,
which will ultimately have cost and availability implications. Also, with available cooling
technology, this detector could be adapted, probably at the expense of performance, to be
field deployable. Sensitivity to high energy gamma rays and neutrons opens up the possibility
of future application to nuclear material detection at >100m standoff distance as called for
in the January 2014 report.

The key technology components of the detector include the phonon sensors, the absorber
and the primary amplifier. On paper, one can get the desired energy resolution and efficiency
using the performance demonstrated in the literature of the component choices suggested in
this description. Fortunately, all the technology pieces needed for the detector are available
at a constellation of research institutions, NIST, JPL, LANL, etc. Development of this
detection approach will also be benefitted by the experience of CDMS collaboration, who have
demonstrated success at the detection of athermal phonons by sensors directly fabricated
onto the absorber.

Attributions

With the exception of the fuzz button contact resistant measurement the working presented
in this chapter was done by myself alone.
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Appendix A

Quality Factor

The dimensionless quality factor is useful for comparing the loss of a circuit at different
frequencies. The standard definition of the quality factor is,

0 Total Energy Stored in Cavity Total Energy Stored in Cavity
= W - —= .

Power Lost per Oscillation m Energy Lost per Oscillation (A1)
In using these definitions, one gets to choose whether the numerator and denominator are
both instantaneous quantities or whether they are both time-averaged. If one is time-
averaged and one is instantaneous, quality factor obtained will be incorrect — probably off
by a factor of two.

The power dissipated within a circuit is typically expressed separately from the power
dissipated outside of the circuit. The power dissipated inside the circuit is the unloaded

quality factor
Total Energy Stored in Cavity

Qu:w

If the circuit is connected to external loads or has addition loss or dissipation modes, n, the
power dissipated in each may be expressed as an external quality factor,

. A2
Power Lost per Oscillation in the Circuit (4.2)

Total Energy Stored in Cavity

ex,n — W . . . . A3
Qer, “ Power Lost per Oscillation in n (A-3)
Quality factors add as resistors in parallel,
1 1 1 1
=—+ =+ +—. A4
Qtotal Ql QZ Qn ( )

Other definitions of quality factor include the following.
In terms of power, Q is associated with full width half max (FWHM) bandwidth of the
resonance dip or peak in magnitude (as opposed to log magnitude or decibels),

Q: Wo fO (A5)

Aw| ey Aflpwim '
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In terms of wave amplitude (e.g. voltage, current, electric field and magnetic field), we use
the full width at 1/v2 times the dip or peak magnitude value instead of 1/2.
When @ is the phase angle of the voltage wave,

do

dw

_Wo
Q_2

(A.6)

w=wq

Also, we can define () in terms of the number of oscillations it takes for the signal
amplitude to decay by a factor of /e

Q= Ny.. (A7)

Alternatively, as decay time, 7, can be used.

7'1/‘3

T

(,«1'7'1/‘3

Q) = 7 - (Number of cycles in a decay time) = 7 - 5

=7 f-Ty = (A.8)

There are two greatly different ways of measuring Q. One is to measure the decay of
an excitation. The other is to measure the bandwidth of the response of a system to an
excitation.
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Appendix B

Phasors, Time Harmonic Fields and
Power

B.1 Useful Identities

For a complex number, 2z, we have

z = R[z] + iS[7] 2* = R[z] —iS[Z] B
R[] = %(erz*) S = QiZ,(z—z*). |

Magnitudes and phases are related as,

|z] = VR[22 + S22z =z
, 3 B.2)
_ 74¢z _ \S[Z] (
z = |z|e , = arctan (| ——= | .
B . (3
Composition rules for complex conjugation include,
* * * * * % < i Z*
(21 +22)" = 2] + 23 (2122)" = 2123 (_1) = (B.3)
Eulers formula is '
e = cos(z) + isin(z). (B.4)
For trigonometric and hyperbolic functions it follows that
( ) eiz + e—iz ) ( ) eiz _ e—iz
cos(z) = —— sin(z) = ———
2 2i
cosh(z) = ¢ +26 sinh(z) = c _26 (B.5)

cosh(z) = cos(iz) sinh(z) = —isin(iz).
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B.2 Phasors

Time-harmonic fields vary sinusoidally in time. A time-harmonic scalar function, A(x,t),
can be written

Alx, t) |A(x)[ cos(wt + ¢a)
R A(x)[ere™]

[ (x)e"] (B.6)
[<wM+Aw>ﬂﬂ.

A(x) is called the complex amplitude or cosine-based phasor of the function A(x,t). Alter-
natively, one could use sine-based phasors,
A(x, 1) = [A(x)] sin(wt + ¢)
= R[|A(x)]] cos(wt) — S[|A(x)[] sin(wt)
S{A(x)[e" e
= S[A(x)e™] (B.7)
= R[|A(x)|] cos(wt) — I[|A(x)|] sin(wt)
1
= _[A(x zwt — A*(x —zwt
where ¢4 = ¢y + 7/2. Some authors use cosine-based phasors; some authors use sine-based
phasors; some authors multiply by e ™ instead of €' to obtain physical field. These
variations result in sign changes but do not effect the physical field.
Analogously, a time-harmonic vector function, A = A(x,t), can be written
Ax,t) = 2A(x,t) + 9A,(x,t) + 2A.(x, 1)
= 2| A, (x)] cos(wt + ¢a,) + JlAy(x)| cos(wt 4+ Pa,) + 2| A.(x)| cos(wt + P a_)
=R {[2A4,(x) + g4, (x) + 2A4.(x)]e™"}
— %[ ( ) zwt} .

A (x) is called a vector phasor. The instantaneous vector A(x,t) is,

A(x,t) = R [A(x)e™"]
= R{(R[A(x)] + iS[A(x)]) - (cos(wt) + isin(wt))} (B.9)
= R[A(x)] cos(wt) — S[A(x)] sin(wt).

(B.8)

When the components of A(x) all have the same phase, A(x) = fi4|A(x)]e!®A, we recover
the previous expression for scalar fields,

A(x,t) = R[A(x)] cos(wt) — S[A(x)] sin(wt)
= Ni4|A(x)|[cos(¢a) cos(wt) — sin(pa ) sin(wt)] (B.10)
= N4l A(X)| cos(wt + Pa)
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B.3 Maxwell’s In Phasor Form

For time harmonic fields, the Maxwell equations can be written in terms of vector phasors,

oB

VXSZ—E — VX E=—wB
oD :
VX’HZE—FJ — VxH=iwD+J (B.11)
V- D=y - V:-D=p
V-B=0 - V-B=0.
Here we have used
a a W . w
E.A(X, t)="R [A(x)ae t} = R [A(x)iwe™"] (B.12)
to make the transformation. Additionally the following constitutive relations apply
D=¢E+P H—Mﬂ—i—M, (B.13)
0

where P is the polarization vector and M is the magnetization vector. In vacuum, P = 0
and M = 0. Unless otherwise noted, we assume matter is nondispersive, linear, isotropic
P = epx.€ and M = €\, H, also known as simple media. In special cases, we allow for
matter to be dispersive, linear and isotropic; here, D and B depend on time derivatives if
all orders of £ and ‘H. In summary,

Vacuum D = ¢,&€ B=uyH
Simple D = eo(1+ xe)€ = €, € B = po(1 4 xm)H = popH

. . o0& 0*E OH O*H
Dispersive ’D:Gc‘,'—l—ela—l—ezﬁ-l—--- B:M%_’_MlE“FMQW"‘"’.

(B.14)

For each medium the phasor relations
D =¢E B = uH, (B.15)

are true, except that € and p have different forms

Vacuum €= € = o
Simple e=c(l+xe)=¢+ie"  p=po(l+xm) = +ip" (B.16)
Dispersive e =¢€(w)+ie"(w) e = p'(w) +ip"(w) '

In the case of complex € and p, we quantify the loss of the material by the electric and

magnetic loss tangents;
/

tandy = —,

we' +o

tandp = (B.17)

w€//

where o is the electrical conductivity of the medium. e and u are tensors for anisotropic
media; they are real for lossless media.
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B.4 Power Dissipation and Poynting’s Theorem

Let us consider the volume density of conducting dissipation, J(x,t) - £(x,t). In terms of
phasors, this product is

T (x,1) - E(x,1) = i (e + I (x)e” ) (E(x)e™! + E*(x)e™")]
= 5 |5 960 BOO 16 BTl ) 4 (07 Elo) + I B )
= %3‘% [J(x) - E(x)e”™" + J*(x) - E(x)] .

(B.18)
The time-average conducting power dissipation or Joule power loss is

P eom),
/U/ Tt Xt)dx}d (B.19)
= 32| []] 3709 Bax

where, the period T' = 27/u. The term J(x) - E(x)e?™! conveniently vanishes in the time
average. The complex time-average power dissipation, /2 fv J* - Edx, additionally includes
power stored in the fields and is also of interest for certain applications. If, we are concerned
with a two terminal, linear, passive electromagnetic system, then J*(x)dx = I *{d¢ and the
time-average power is

- —§R [1/ ) E(E)dﬁ} — %S‘E[I*V]. (B.20)

Note that P = "V /2 (that is, without the R) is the complex time-average power. It includes
reactive power terms.

The quantity, S(x,t) = E(x,t) x H(x,t) is defined at the Poynting vector. It is an
instantaneous power density with units of W m™2 and it describes the magnitude and direc-
tion of the power flow per unit area at any point in space. Its relationship with the power
dissipation, FEquation B.19, and energy stored in the field can be illustrated by considering
the vector identity,

V- (E(xt) x Hix, 1)) = H(x, 1) - (V x E(x,1)) — E(x, 1) - (V x H(x, 1))
= —H(x,t) (aB((;, t>> _E(x.1) (apgg By 7 t))
0 H(x,t) - B(x,t) 0 E(x,t) D(x,t)

== 5 ~ 5 5 —E(x,t) - T(x,t).
(B.21)
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Here we have used Faraday’s law and Ampere’s law to eliminate the curls. We have assumed
that the medium is linear, non-dissipative (e.g. constant e, u € C*>*3) and either isotropic or
anisotropic so that,

9E-D 10
oz ot M€
1. 0(u-€) 10€
_ 1, 0w-€) 10€ B.22
ST R CALD) (B-22)
oD OE
_eg. 2 _p. 2=
£ 5 ot

and similarly for H and B This allows us the pull out the volume energy densities,
1 1
W,, = 57—[ B W,, = 58 -D. (B.23)

Finally we can use Stoke’s theorem to present Equation B.21 in terms of the Poynting
theorem,

2 0 H(x,t)-B(x,t) 9 E(x,t) D(x,t)
~dp et xrinda = [[f e g |5 HEL D, ZERD

— ///v E(x,t) - T(x, 1) + PWin(x, 1) + We(x, )] d*z

d>x

(B.24)
The first line of Equation B.24 is generally true because it makes no assumptions about
the medium. The second line assumes a linear and non-dissipative medium. On the left
hand side, the Poynting vector describes the instantaneous power radiated through 0V, the
bounding surface of the volume V. On the right hand side, we have the instantaneous time
rate of change of the energy stored in the electric and magnetic fields and the power dissipa-
tion related to the current, which may have conduction, bound and convection components.
The quantities in Equation B.24 have not yet been time-averaged.
In terms of phasors, the complex Poynting vector is defined as $S(x) = E(x) x H*(x).
Just as before, this is already a time-average quantity. In analog to FEquation B.21, the
vector identity for phasors is

V- (E(x) x H'(x)) = H'(x) - (V x E(x)) = E(x) - (V x H"(x))
= —iwH"(x) - B(x) — E(x) - (—iwD*(x) + J*(x))
— i EE(X) D (x) — }LH*(X) Bx)| B I )
= —i2w [We(x) — We(x)] — E(x) - J*(x).

Here we assumed a linear and non-dissipative medium which allows us to substitute in the
time-average electric and magnetic energy densities,
1 1

W,= H-B W,= E.D" (B.26)
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Thus, in terms of phasors, Poynting’s theorem is,

- g;év E(x) x H*(x)d%: = ///V E(x) - J* (%) + [W(x) — W.(x)] d*z. (B.27)

Depending on the properties of media the surface dV, each of the terms in Equation B.27
may have real and complex components. The real part of Equation B.27 is the time-average
rate of doing work on the sources in V. If we allowed two terminals to protrude from oV,
then

B.5 Time-averaged quantities

For energies and powers where voltages and currents are squared, we can talk about time-
averaged or instantaneous quantities. Instantaneous power is

P =i(z,t) - v(z,t) = RV (2)I*(2)e*=01Tv] = RV (2)*(2)] cos(2wt — ¢; + dv), (B.28)

and it is real. The complex conjugate of the current comes from the using the Poynt-
ing vector, S = E X H*, to define the power flow. For time-average power we have
P = RV (2)I*(z)] (cos(2wt — ¢ + ¢v)) = sR[V(2)I*(z)]. We can also speak about time-
average complex power, P = 1V/(z)I*(z). Energies may also be time-averaged. For ex-
ample the instantaneous energy stored in a distributed capacitor is £ = %C [v3(z,t)dz =
3C [1V (2)]? cos®(wt)dz. And the time average energy has an extra factor 3,

o %c / V(2)[? (cos?(wt)) dz = ic / IV (2)2d=. (B.29)
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Appendix C

Thermal Conductivity Measurements

In this appendix, the experimental setup, analysis methods and post-analysis thermal con-
ductivity results are presented for various materials. The setup, analysis methods and ther-
mal conductivity data measured are presented in this appendix. These measurements are
presented in greater detail by Kellaris and Zobrist |97, | who worked with me on this
research activity [0, 7]. Selected details about the materials measured are also given and
parameter fit coefficients are given in the last section.

C.1 Setup

We carried out our experiments in a 75 pW helium dilution refrigerator. Figure C.1 shows an

example set up for our thermal conductivity measurements. Ty, is thermally connected to

the mixing chamber of the fridge via copper interfaces and is assumed to be roughly constant
throughout the experiment. The other end of the sample is thermally isolated in the fridge.

Thus, any heat produced by the sample heater will low directly through the sample toward

the mixing chamber.

Heater We used a metal-film 20 k) resistor for the heater. While one end of the sample is
assumed to be thermally insulated, the wiring to the heater provides a small parasitic
heat load on the sample." This heat load can be approximated after the experiment
by computing the heat flowing through the sample with no heater voltage applied.
To correct the thermal conductivity, we use the uncorrected thermal conductivity and
the thermometer temperature difference to compute P,qrqsitic. We then can compute
a corrected thermal conductivity. In the case of this setup, we typically measured the
parasitic heat load to be less than 1 nW.

Thermometers The two sample temperatures were read out by Germanium thermistors and
the base temperature was read out by a Ruthenium Oxide thermistor. All thermome-
ter resistances were recorded using four wire measurements to minimize readout errors.

'In addition to the heater wiring, the thermometer wiring and, potentially, infrared radiation from
warmer parts of the fridge also contribute to Pygrasitic-
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Heater

Sample mounts

L Ly

Thermometer mounts Lair
— Ldi

Thermal link to fridge /

Figure C.1: This is a typical set up for our thermal conductivity measurement. This appa-
ratus is placed inside of a 75 nW helium dilution refrigerator.

The resistances were then transformed into temperatures via a calibration curve pro-
vided by Lakeshore.

Thermometer Mounts The thermometer mounts are made of OFHC copper and attache to
the sample by means of screw fasteners. They are designed to contact the sample
over a narrow interval of temperature to avoid shorting out the heat flow. The are
separated from the sample mounts, which add and remove heat from the sample, to
avoid boundary resistance errors.

Sample Mounts The sample mounts are made of OFHC copper and are designed to spread
the heat from the sample and the heater evenly over the surface of the thermal link
to fridge and the warm end of the sample, respectively. The warm and cold end of
the sample are glued into the sample mounts using Hardman Double-Bubble Orange
(high viscosity, MFG P/N# 04007) or Stycast 1266 (low viscosity) epoxy, depending
on the level of viscosity desired. The sample mounts ensures a uniform temperature
boundary condition, and provide attachment points to the cryostat and the heater.

Sample Cleaning After machining the materials into the desired sample shapes, they are
clean to remove grease and free particles (especially for the case of graphite). The
materials are first sonicated in a dilute mix of water and Branson ultrasonic cleaning
solution. Then they are sonicated in acetone, then isopropanol, then methanol and
finally in deionized water. The epoxies used in the samples can be softened or attacked
by the alcohols and should not come into contact with them.
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C.2 Thermal Conductivity Analysis Methods

Three distinct analysis techniques were used to ensure the errors caused by the approxima-
tions were small. Each technique has different benefits in different temperature ranges. We
will be using both the differential and integral definition of thermal conductivity for linear
heat flow given below.

dT
P = Pheate'r + Pparasitic =-A. K(T)%

A Thigh (Cl>
=— k(T)dT.
L,
Parasitic is the heat flowing through the sample not due to the heater. It is usually small
but at low heater powers it can be important.

C.2.1 Method 1

This method approximates Fquation C.1 by replacing % with % and T with T = M
Equation C.1 then gives the approximate expression
_ P L

K(T) = : (C.2)

A<Thigh — ,—Tlow) .

Hust shows that this method insensitive to the size of AT when the thermal conductivity
is linear [3%|. For higher order thermal conductivities, however, care must be taken to achieve
a small temperature gradient. This method works well as long as x(7T") does not vary sharply
with temperature. Additionally, at low temperatures and powers, Py qsitic can not be ignored
and can lead to large errors.

C.2.2 Method 2

This method is adapted from Didschuns [53] and is intended to eliminate Py gsitic from
the equation defining x(7"). We use two different heater powers with two corresponding
equilibrium temperatures to find the thermal conductivity. We also must assume that the
base temperature of the fridge is constant between two measurements. Considering the
cooling power of our fridge, we did not have this problem.

Subtracting the two powers and using the integral definition of steady state heat flow,

A ([T A [T
P2 - Pl - ( / K(T)dT - Pparasitic) - ( / R(T)dT - Pparasitic) (03>

Ld’Lff Thase Ldlff Thase

A (T
AP = / K(T)dT (C.4)
Laigs J1,
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Again, assuming (T is roughly constant around 7', we can integrate and solve for x(T").

_ AP - Ly
K(T) = — 4L
A(Ty, —TY)
This method has the advantage of eliminating the need to know P4, qsitic. Additionally, it
is much easier to create small temperature gradients over different powers than it is across the

sample itself. However, boundary resistances between the sample and the base temperature
can cause errors, so it is important to secure a good thermal link to the fridge.

(C.5)

C.2.3 Method 3

The parameter fit method is essentially a x? fit to the data. We choose a parameterized func-
tional form of k(7") and vary those parameters until the following expression is minimized.

N 2
A _ Z (]Dtotali - Pfltz) (06)

op.
i=1 P

2

This computation is done with N data points where P01, = Pheater; + Pparasitic; 1 the heat
flowing through the sample on each data point. op, is the measurement uncertainty and

A Thigh,
Py, = / k(T)dT. (C.7)
LSt Tlowi

op, is determined from measurement of noise in our voltage readout and current sourcing
electronics, as well as thermometer calibration uncertainties and estimates of the uncertain-
ties our measurement of Lg;rr and L.

Because we parameterized x(T"), Py, can be calculated for each choice of parameters.
After minimization, the result is a best fit functional form for the thermal conductivity.
This method has the advantage of not being sensitive to the temperature gradient of each
measurement. However, for small applied powers, P,qrqsitic must still be taken into account.
A full discussion of the errors in this method is discussed by Hust [88]. See Table C.1 for
parameter fit coefficients.

C.2.4 Errors

All errors in the thermal conductivities obtained are between 6 and 15%, for all but the
lowest temp data points, which have errors up to 20%. The conductivity plots have the 60%
confidence level shaded.
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C.3 DMaterials Measured

C.3.1 Polyimide Base Materials

Polyimides are generally inert to a broad range of chemical and environmental conditions.
They are susceptible to alkaline attack, however. They exhibit relatively low moisture up-
take and relatively low outgassing. Polyimides, are not considered thermoplastics, have high
softening temperatures, but do not melt or burn, which makes them attractive for applica-
tions at high temperature. They are formed in a condensation reaction an are available in
uncured resin and solution forms.

C.3.1.1 Composite Bonding Films

Developed by Dupont, kapton is the trade name for polypyromellitimide film, which is a
polyimide polymer. The film can be coated with temperature activated adhesives. The
primary use for these kapton adhesive composite films is in the fabrication of flexible circuits
where the kapton is used as the flexible dielectric substrate. In the terminology of the
industry, a coverlay is a composite film that has a layer of dielectric and a layer of adhesive. A
bondply is a layer of adhesive, then a layer of dielectric, then another layer of adhesive. Sheet
adhesives, with no dielectric are also available. The materials we present data on are kapton
coverlay composites with acrylic adhesive (Pyralux LF) and epoxy adhesive (Nikaflex CISV).
It should be noted that DuPont also makes a bondply with fluoropolymer adhesive called
Pyralux TK, which has lower dielectric loss for high frequency and controlled impedance
applications.

C.3.1.1.1 Pyralux LF DuPont Pyralux LF coverlay composites consists of a Dupont
kapton polyimide film coated on one side with a proprietary B-stage acrylic adhesive. It is
used to encapsulate etched layers of flexible and rigid flexible multilayer constructions for
environmental and electrical insulation. The Pyralux measured is 0.001 inch thick adhesive
on 0.001 inch thick kapton HN, product code LF0110. Two sheets of LF0110 were laminated
together such that the acrylic adhesive of one sheet was adhered to the acrylic adhesive of the
other (i.e. the stack-up is 0.001" kapton, then 0.001" adhesive, then 0.001" adhesive, then
0.001" kapton.) As recommended by Dupont, the lamination requires heating the part to
182-199 °C, applying pressure 200—400 psi for 1-2h. The laminated construction was folded
upon itself. The ends of the resulting fan were potted in epoxy in copper end caps, as shown
in the inset of Figure C.2.

C.3.1.1.2 Nikaflex CISV Nikkan Industries’ Nikaflex CISV-2525 is a 0.002inch thick
Kapton-epoxy coverlay used in making flexible circuits. The epoxy component of the coverlay
is a 0.001 inch thick epoxy bonding sheet—from Hanwhaflex (product code HFB-E250YG) in
cured condition for this measurement. The Kapton component of the coverlay is a 0.001 inch
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Figure C.2: Pyralux LF thermal conductivity.

thick sheet of Dupont Kapton 100V. The data presented in Figure C.3 is measured parallel
to the face the coverlay.

C.3.1.2 Cirlex

Cirlex, is a thick composite material made entirely of polyimide kapton. It is used in a
variety of applications dues to its temperature stability, chemical inertness, wear resistance,
and good dielectric properties. It is of interest to our research as a relatively low radioactivity
circuit board, flexible circuit stiffer, and thermal standoff material (e.g. its use as a detector
crystal clamp material for the CDMS). Cirlex is a trademark of DuPont and used under
license by Fralock who is the sole manufacturer of the material. The thermal conductivity
data presented in Figure C.4 was acquired from 0.030 inch thick material purchased a decade
ago from a company named TK Composites (product code 3000CL-HN). Fralock acquired
the license from TK composites and says they have improved the material, so the thermal
conductivity of Fralock cirlex may be different.
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Figure C.3: Nikaflex CISV thermal conductivity.

C.3.1.3 Vespel

Vespel is a bulk polyimide based polymer useful its of thermal stability (e.g. low thermal
expansion), chemical and environmental inertness, creep resistance, strength and stiffness, ra-
diation resistance and low outgasing. Although other plastics surpass vespel in some of these
areas, the combination of good performance in each area is the main advantage of vespel.
Vespel is made in a sintering process (direct forming, hot compression molding, isostatic
pressing) from polyimide powder. Filling agents, such as graphite, teflon and molybdenum
disulfide may be added to the powder to obtain increased performance in certain application
areas. Unfortunately, Vespel remains a relatively expensive performance plastic and its cost
many times limits its use.

Four types of DuPont vespel polyimide were tested: SP-1, SP-22. SCP-5000, and SCP-
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Figure C.4: Cirlex thermal conductivity

5050. Data is presented for three of them. All were purchased from Curbell Plastics, certified
as authentic DuPont vespel, and @0.5inch rods.

C.3.1.3.1 SP-22 The vespel SP product family was developed prior to the SCP family.
SP-1 is the base, unfilled polyimide, product. SP-22, is the polyimide base (SP-1) filled
with 40% graphite by weight. The SP-family has found wide use in low temperature instru-
mentation and the literature contains numerous measurements of its properties including its
thermal conductivity. Our measurement of SP-22, Figure (.5, is meant to be a calibration
benchmark for our thermal conductivity measurement and data analysis techniques. We
obtain excellent agreement with literature values as can be seen in Figure 7.5.

C.3.1.3.2 SCP-5000 According to data from DuPont, the SCP family have superior
mechanical properties over the SP series, especially in extreme temperature environments.
SCP-5000 is unfilled material and marketed as better performing replacement for SP-1.
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Figure C.5: Vespel SP-22 thermal conductivity.

Methods 1 and 3 thermal conductivity result are presented in Figure C.6. Method 2 data
was discrepant, probably due to bad thermal connection to the fridge.

C.3.1.3.3 SCP-5050 SCP-5050 has a proprietary filling. It is marketed as a higher
performing alternative to SP-22, to which it is visually identical. It can be reasonably
assumed that SCP-5050 contains a similar amount of graphite to SP-22. Results presented
in Figure C.7

Two different samples, different thermometers, and different thermometer mounts were
used in the two different SCP-5050 datasets. The data set for Figure C.8 used a shorter sam-
ple and thermometer mounts with narrower contact area to the sample than was used in the
the data set of Figure C.7. The excellent agreement between the two sets is encouragement
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Figure C.6: Vespel SCP-5000 thermal conductivity.

that our techniques are robust.

C.3.2 Titanium Alloys

At standard temperature and pressure, titanium crystallizes into hexagonal-close-packed
structure, but above a certain temperature it transforms to a body-centered-cubic structure.
Titanium alloys in the body-centered-cubic structure, called S-phase alloys, offer the highest
strength-to-weight ratio of all commercial titanium alloys, and high engineering ductility
necessary for the fabrication of complex parts [17]. Unfortunately the titanium S-phase is
naturally in equilibrium at temperatures much higher than room temperature. The tem-
perature above which the [-phase is in equilibrium is called the beta transus. Below this
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Figure C.7: Vespel SCP-5050 thermal conductivity.

temperature or upon cooling the -phase decomposes to other phases. Titanium alloys in the
hexagonal-close-packed, a-phase, structure are mechanically harder and stiffer than § alloys,
which is usually an attractive quality for finished parts, but poses challenges for machining
those parts or producing wrought stock material (e.g. ducting, and paneling for aircrafts).
The addition of certain elemental alloying constituents called beta-stabilizers can reduce the
beta transus, Figure C.9. Molybdenum, niobium, vanadium, nickel and silicon are a few
examples of beta stabilizers. With a sufficient concentration of the correct beta stabilizer,
B, a titanium alloy can be made so that the g-phase is in equilibrium at room temperature.
While this may be desirable for some applications, others would benefit from the presence of
some a-phase to increase strength, and from larger strength-to-mass-density ratio afforded
by a smaller beta stabilizer concentration [17]. Between zero and fs, there is a critical beta



APPENDIX C. THERMAL CONDUCTIVITY MEASUREMENTS 293

z
— 1074
[
=l
i
-
Y
-
=
. —
o 107
=
o
=
o
L
—
£
4
= 10 7+
[
5
-5
1077 ® Method 1
] : ; : : . B Alethod 2
— Methd 3
| |

107" 10°
Temperature [K]

Figure C.8: Vespel SCP-5050 thermal conductivity. A second data set with extended tem-
perature range.

stabilizer concentration [. where the alloy can be cooled (either by water quench or air cool)
from above to below the beta transus and retain 100% [(-phase structure, in a region where
[-phase and other phases are in equilibrium. Such alloys are called metastable [ alloys.
These alloys will precipitate a second phase, a-phase, when they are subjects to elevated
temperatures (below the beta transus) for various durations of time, which is called aging.
a-phase can also precipitate due to mechanical stress. The a-phase precipitates around the
grain boundaries, and it strengthens and hardens the material. Thus the process of aging is
used to obtain certain mechanical properties and one can speak about age hardening parts.
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Figure C.9: The addition of beta stabilizing constituents suppress the beta transus of tita-
nium alloys. For concentrations of beta stabilizing constituents, within a certain range, the
alloys is metastable. Image from [23].

C.3.2.1 Ti-15V-3Cr-3Sn-3Al Alloy

Titanium 15-3-3-3 is a strip-producible, cold formable, age hardenable and weldable metastable-
[ alloy. The vanadium is the chief beta stabilizing constituent for this alloy, and the alu-
minum suppresses the formation of an unwanted brittle w-phase. The alloy was developed
in the 1970s by Lockheed and the Titanium Metals Corporation (TIMET) on a Air Force
contract to lower the processing and fabrication costs associated with titanium sheet metal
parts. TIMET continues to manufacture and sell this material primarily in strip form 0.016—
0.094 inch thick; substantially thicker gauges are not available. Its high strength to weight
ratio, due to its f-titanium structure and its relatively light alloying constituents, make it
an attractive material for aerospace applications. Titanium 15-3-3-3 is heat treatable to ulti-
mate tensile strengths of 130-190 kpsi (896-1310 MPa) and suitable for use at temperatures
up to 288°C [135, 62]. The g transus of Titanium 15-3-3-3 is 750-770°C. The material is
typically supplied in solution treated condition where it has been heated to 788-843 °C for
3-30min and allowed to air cool. Age hardening is typically performed 480-620°C for 4-
16 h. Another attractive property of this material is that it becomes superconducting below
(3.89 £0.01) K [196]. The data presented here shows that Titanium 15-3-3-3 has very low
thermal conductivity in the sub-kelvin temperature range. These facts, in addition to the
alloy’s high modulus suggest low temperature mechanical support and electrical signal trace
applications.

C.3.2.1.1 Plate The sample was manufactured by TIMET and it was in solution treated
condition (i.e. 3-20min in 790 °C solution, air cool) at the time of the thermal conductivity
measurement. Thermal conductivity results presented in Figure C.10.
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Figure C.10: Ti-15V-3Cr-3Sn-3Al plate thermal conductivity

C.3.2.1.2 Foil The material was manufactured by TIMET and sold to Arnold Magnetic
Technologies solution treated conduction (i.e., 3-20min in 790 °C solution, air cool) in the
form of 0.025inch thick strip. Arnold Magnetic Technologies cold rolled the strip to a final
thickness of 0.0008inch, applying intermediate anneals as needed. The sample measured
was last anneal at a thickness of 0.001inch, i.e. 20% cold reduction. In this condition it
was measured to have a yield strength 151.5 kpsi at 2.9% elongation, and an ultimate tensile
strength of 154.2kpsi. Thermal conductivity results presented in Figure C.11.

C.3.2.1.3 Rod The sample was manufactured by ReTi Metal Company in China and it
was supplied in full annealed, condition. The rod obtained was approximately @2inch. It
was EDM cut to a smaller diameter rod for the measurement and had a radial slit cut in it.
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Figure C.11: Ti-15V-3Cr-3Sn-3Al foil thermal conductivity.

We believe that either a poor thermal connection between the fridge and the sample or
insufficient cooling power of the fridge is the reason for the systematically lower than data
points in Method 2 when compared to the other two methods. Either of these problems will
result in the temperature of the cold end of the sample raising appreciable as we apply heat.
Method two assumes that the temperature of the cold end of the sample does not change
as different amounts of heat are applied. If the cold end temperature rose as a result of
increasing heat, then the thermal conductivity calculated would come out to be lower than
the true value. Method 2 failed for this measurement in the same way it failed for SCP-5000
method. Ti 15-3-3-3 rod thermal conductivity results presented in Figure C.12
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Figure C.12: Ti-15V-3Cr-3Sn-3Al rod thermal conductivity.

C.3.2.2 Ti 21S Alloy

The composition of Ti 21S is nominally Ti-15Mo-3Al-2.5Nb-0.25Si. Ti 21S is another strip
producible metastable S-titanium alloy with excellent cold formability (e.g. machining and
bending), and age hardenability. Molybdenum, instead of vanadium is chosen as the [ stabi-
lizer to give the alloy improved oxidation resistance. Alloy 21S was specifically designed for
improved oxidation resistance, elevated temperature strength, creep resistance, and thermal
stability [63, 135]. It can attain an ultimate tensile strength of 210kpsi (1470 MPa) with
better than 2% elongation and is suitable for use at temperatures up to 593°C. Not sur-
prisingly, its primary application is in the plug-and-nozzle assembly of jet engines where it
is exposed to hot exhaust gas.
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Figure C.13: Ti 21S plate thermal conductivity

C.3.2.2.1 Plate The sample was manufactured by TIMET and it was in solution treated
and pickled condition at the time of the thermal conductivity measurement. The plate
thickness was 0.09 inch. Thermal conductivity results presented in Figure C.13.

C.3.2.3 Nb-47Ti Alloy

Niobium-titanium alloy is useful for its high upper and lower critical fields and relatively high
superconducting transition temperature. The material can be readily be rolled or drawn in
to fine wire due to its high ductility. Choice of the alloying percentage, mechanical work,
and application of heat treatment are used to tune the critical fields, transition temperatures
and mechanical properties. It is thought that mechanical work and heat treatment create
crystal defects and precipitates, like a-phase titanium, which provide flux pinning sites that



APPENDIX C. THERMAL CONDUCTIVITY MEASUREMENTS 299

stabilize the transport current against vortex drift and thereby enhance the critical fields
[16]. Typical heat treatment for the purpose of precipitation occurs in the range of 300
500 °C for 1-400 h. At higher temperatures precipitates are redissolve into the solid solution
and defects disappear; the material is annealed.
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Figure C.14: Nb-47Ti foil thermal conductivity.

C.3.2.3.1 Foil The thermal conductivity data, Figure C.14, was measured from Nb-47Ti
foil, approximately 0.0025inch in thickness, manufactured by ATT Wah Chang Corporation.
The foil was last annealed at a thickness of 0.01inch at 800°C for 30 min. Hence, the
measurement specimen was at 76% cold roll. Based on its alloy composition, the foil should
have a superconducting transition temperature of approximately 8. 2K and a density of
6.02gcm=3.

C.3.2.4 Nitinol Alloy

Nitinol stands for nickel titanium, Navel Ordinance Laboratory where the shape memory
properties of the alloy were discovered in 1962. Below a certain phase transition range



APPENDIX C. THERMAL CONDUCTIVITY MEASUREMENTS 300

the material is an weak Martensite phase and exhibits shape memory. Above the phase
transformation range the material is in a stronger Austenite phase and exhibits superelastic
characteristics. When materials in the shape memory Martensite phase are formed, they
retain that shape until the material is heated to the Austenite phase where the shape reverts
to the shape at its last anneal. Attempts to form the material in the superelastic Austen-
ite phase are unsuccessful as the material immediately reverts to its shape at last anneal.
There are several temperatures associated with the Martensite- Austenite phase transforma-
tion which occurs over an temperature interval. Roughly, there is a start, finish and middle
phase transformation temperature for the interval. The transformation interval is typically
40-70°C wide. Furthermore, there is hysteresis between the Austenite to Martensite trans-
formation that occurs upon cooling, and the Martensite to Austenite transformation that
occurs upon warming. The middle temperature for each interval can vary from 20-50 °C de-
pending on the alloy and the heat and mechanical treatment it has received. The hysteresis
can be decreased by doping the alloy composition. The transformation upon cooling occurs
lower than the transition upon warming.

Nitinol alloys are approximately 50% - 51% atomic (55% - 56% weight) nickel, with the
balance being titanium, and may be doped with other metals like chromium and niobium to
tune transformation temperatures. Because the transition temperatures are very sensitive
to the alloy composition and other conditioning, the transformation temperatures in the
material’s final thermomechanical condition are called out. For example, the transformation
temperatures of the ingot material are different from those of the final worked and heat
treated stock.

Another series of shape memory and superelastic alloys consisting of 68-80wt% copper
and 32-20wt% zinc and aluminum are reported to be cheaper to produce, machine and
fabricate than Nitinol [132]. However, these alloys are not biocompatible like nitinol.

C.3.2.4.1 Plate The thermal conductivity data presented here are from a flat annealed
nitinol plate sample manufactured by Johnson Matthey Inc., 55.7Ni-43.89Ti in composition
by weight. The material is certified to have an active Austenite finish temperature, Ay,
of 6.8°C (the transformation finish temperature for the warming direction), and an ingot
Austenite mid-transformation temperature, A,, of —8°C (the transformation point temper-
ature for the warming direction). It has an ultimate tensile strength of 198 kpsi. Based on
the above, we can assume that the nitinol is in the Martensite phase during the thermal con-
ductivity measurement and in the Austenite phase at room temperature. Generally, nitinol
alloys are superelastic at temperatures up to about 50 °C above Ay. So the material studied
is superelastic at room temperature. One can imagine cryogenic applications for this mate-
rial that take advantage of its shape memory properties at low temperature, starting either
from the shape memory or superelastic state at room temperature. Thermal conductivity
results presented in Figure C.15
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Figure C.15: Thermal conductivity of Nitinol alloy. Specimen in plate form and superelastic
at room temperature.

C.3.3 Graphites
C.3.3.1 Mersen 2020 Graphite, | to grain

This is an anisotropic nuclear grade graphite with a porosity of 9%. In Figure C.16 we
present the thermal conductivity perpendicular to the grain structure. The grains are about
151m in size. We find that the thermal conductivity is about the same as POCO AXM-5Q
graphite and comparable to nuclear grade graphites [97, 199]. It is possible to have have
this (and other types of) graphite purified. Purification involves placing the graphite in an
atmosphere of chlorine gas pressurized above 15 psi and heated to approximately 2000 °C.
The chlorine permeates the graphite and forms volatiles with impurities, allowing them to
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Figure C.16: Mersen 2020 Graphite thermal conductivity. Heat is directed perpendicular to
grain.

be pumped away. This process works even with bulk samples, e.g. impurities in our graphite
were reduced from 1000 ppm to <1.4 ppm for 4inch cube samples by this process.

C.3.3.2 Mersen 2020 Graphite, || to grain

In Figure C.17, we present the thermal conductivity parallel to the grain structure. This
sample and the sample measured in Figure C.16 come from the same billet and were cut and
aligned so that heat would flow parallel and perpendicular to the grains, respectively.
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Figure C.17: Mersen 2020 Graphite thermal conductivity. Heat is directed parallel to grain.

C.3.4 Graphlite CFRP

Most of the carbon fiber in the world comes from two companies, Toho Tenax and Toray.
The manufacturing process uses a specialized grade of acrylic fiber, called PAN (PolyAcry-
loNitrile), as the precursor material to make the carbon fiber. This is a variety of the acrylic
one encounters in garments and processing using traditional technologies acrylic textile fiber
manufacturing. Another type of carbon fiber is made from petroleum pitch or coal pitch in
stead of PAN. Either process involves a carbonization step where the fibers are exposed to
high heat (somewhere around 1800 °C), and this is followed by a graphization process at even
higher temperature (somewhere around 3000 °C) for certain fiber grades. Bundles ranging
from 1000 to 30000 carbon fibers called “tow” are sold on spools for use in CFPR products.
Different grades of carbon fiber are available having tensile elastic modulus up to 1000 GPa
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and tensile strength 1-7 GPa. The mechanical properties of the carbon fiber can be choose
to achieve mechanical properties desired for the CFRP products in which they are used.
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Figure C.18: Graphlite CFRP thermal conductivity.

Graphlite is a very low cost, pultruded carbon-fiber composite made by Avia Sport
Composites. Short carbon fibers are suspended in bisphenol-based epoxy and oriented ap-
proximately parallel to the pultrusion direction. Thermal conductivity was measured for a
0.156 inch diameter rod of “standard” modulus material, parallel to the axis of the rod which
is also the pultrusion axis. The material has 67% fiber fill volume. The thermal conductivity
measured here, Figure (.18, is comparable to that measured in [162] for a similar pultruded
carbon fiber reinforced polymer.
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C.4 Fit Parameters
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Material Shape® Model & parameter fit values Range [K]
“logyg (K(T) [rg]) = 2 ai - [logye(T))'
Qo aq a9 as
Nb-47Ti F —1.801784 1.727441 —-0.307130 —0.033778 0.056-1.60
Nikaflex P —2.19 1.01 —0.348 0.06-0.8
Pyralux F —1.907570 1.261380 0.115360 0.350719  0.0635-1.65
Cirlex F —2.326051 0.544251 —-0.435886 0.075411 0.0518-1.41

K(T) =] =a-T"

m-K

a b
Graphite 2020 [|° R 8.77-107* 1.02 0.05-0.35
Graphite 2020 L¢ R 7.88-1074 1.00 0.075-0.5
Graphlite CFRP R 1.60-1072 1.54 0.06-0.4
Vespel SCP5000 R 1.380 - 1073 1.113 0.08-0.6
Vespel SCP5050 R 1.11-1073 1.98 0.09-0.45
Vespel SCP5050¢ R 1.16 - 1073 1.98 0.14-5.2
Vespel SP22 R 248107 2.24 0.12-0.3
Ti 15333 F 1.3112-1072  2.101 0.06-1.25
Ti 15333 P 1.570 - 102 1.97 0.06-1.1
Ti 15333 R 1.884 - 1072 1.82 0.07-0.250
Ti 218 P 1.639 - 102 1.96 0.06-0.8

K(T) [ig) =T

a B Y

Ni-Ti P 4.179-1072  —0.0013  —2.5336 0.05-1.0

@ Abbreviations are:“P” - plate; “F” - foil, film or sheet; “R” - rod or round.

b Thermal conductivity for heat flowing parallel to grain structure.

¢ Thermal conductivity for heat flowing perpendicular to grain structure.

4 Data set for second run of Vespel SCP-5050. This run uses narrower thermometer mount contact interval,
shorter sample length, and different thermometers. We obtain good agreement with other SCP-5050 run
suggesting a robust measurement technique.

¢ This equation is a logarithmic polynomial in both variables. We found this model to be effective since
changes in thermal conductivity are often on log scales. It also allows us to confidently extrapolate past the
range of validity without having to worry too much about the polynomial quickly going to positive or
negative infinity.

Table C.1: Best fit parameters values for thermal conductivity data measured in our 75pW
dilution cryostat. Values were determined using method 3 in § C.2. All data points used in the
fit are within a 60% confidence interval.
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Appendix D

Part Drawings
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D.1 Thermal resistance test device
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Figure D.1: Thermal resistance sample fabrication drawing. Dimensions are in inches.
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D.2 Transition pad
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Figure D.2: Microstrip to coplanar waveguide transition pad with selected dimensions, in
inches. Material is Rogers duroid 6010LM, 0.010" thick, 1/2 oz. copper backing. Top and
bottom metal plated with 40 pinch nickel, then 100 pinch min gold per MIL-G-45204 C, Type
III - 99.9%, Grade A - Knoop hardness 90 Max, Class 2. Line tolerance is #0.001 inch. Red
arrow points to plated through hole, or which there are four. The pads are cut somewhere
in the microstrip section and the end is glued or soldered in to place.
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D.3 KIDs test box
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Figure D.3: KIDs test box top fabrication drawing. Dimensions are in inches.
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Figure D.4: KIDs test box bottom fabrication drawing. Dimensions are in inches except for
the panel peircing instructions in the lower right, which are in millimeters. These instructions
are taken from Rosenberger drawing MB 227A and are for their bulkhead SMP plug limited
detent 195105-500L5 connector.
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Figure D.5: View if a fabricated KIDs test box, made of copper plated with gold, no nickel
diffusion barrier plate. (a) — One sees the SMP blind mate connector. (b) — The titanium cross
bar for the press and the transition pads are in place.
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D.4 Tower standoffs
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Figure D.6: Ti 15-3-3-3 X-frame fabrication drawing.Dimensions are in inches.
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Figure D.7: Ti 15-3-3-3 hexipod member fabrication drawing. Dimensions are in inches.
The dimension X is either 0.06inch or 0.04 inch
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Figure D.8: Graphlite rod X-frame fabrication drawing and gluing fixture. Dimensions are in
inches. The rods are cut to 2.221 inch long by @0.02inch (nominal stock diameter). Stycast
1266 epoxy is applied into holes using a syringe. X-frame base is made of copper (in the
SNOLAB experiment) or brass.
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Figure D.9: Graphlite hexipod member fabrication drawing. Dimensions are in inches.
Notice that the rod is not aligned with a line connecting the attachment hole centers. This
leads to twisting and is a bad design. End caps made of brass. Graphlite rod epoxied into
caps using gluing fixture and Stycast 1266.
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D.5 Coaxial vacuum passthrough
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Figure D.10: Coaxial vacuum passthrough fabrication drawing. Dimensions are in inches.
Design is from Dr. Peter Day at the NASA Jet Propulsion Laboratory. Material is brass.
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Figure D.11: Coaxial vacuum passthrough in preparation for use. (a) — positioning fixtures for
the bead are screwed into place. Solder is loaded in to hole that intersects bead. The assembly is
then placed on a hotplate and heated until solder melts, then quickly removed from heat. () —
the bead is now soldered into place. (¢) — SMA “spark plug” connectors are torqued to 16 inchlb.
The o-ring fits over the nipple of the passthrough. A glass bead is displayed, and one can see the
gold plating of its cylindrical surface, as well the the center pin. (b) —a mating flange is displayed
with the passthrough. In this case, the seal is formed with a triangular gland. A standard axial
gland is also a choice. These same passthroughs can also be used at cryogenic temperatures. In
this case, an indium seal is used and no mating gland is needed.

Last Edited 12/7/17
By M. Daal
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