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Abstract

Optical/UV Single-Photon Spectrometers using
Superconducting Tunnel Junctions

Christopher Mogan Wilson, Jr.
Yale University
2002

We report progress on the ongoing development of optical /UV single-photon,
spectrometers using superconducting tunnel junctions. Our devices utilize a
lateral trapping geometry. Photons are absorbed in a Ta thin film, creating
excess quasiparticles. Quasiparticles diffuse and are trapped by Al/AlOx/Al
tunnel junctions located on the sides of the absorber. The Ta/Al interface does
not overlap the junction area. Devices designed for imaging have tunnel
junctions on two opposite sides of the absorber. Position information is obtained
from the fraction of the total charge collected by each junction. Using devices
designed for large backtunneling gain, we have measured an energy resolution
of 0.4 eV at 4.89 eV. The resolution in these devices is limited by thermodynamic
fluctuations of the thermal quasiparticle number in the Al trapping layers. We
predict that this previously unconsidered noise source should be important in
any backtunneling device with "deep" traps. We also report preliminary
measurements of a second generation of detectors designed to eliminate this
noise and, consequently, backtunneling gain. These devices need small
junctions, of order 1 um?, for best noise performance. With currently available
amplifiers, the resolution of these devices should approach the intrinsic limits of
creation and trapping statistics, and exceed the resolution of devices with
backtunneling.
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Symbols and Abbreviations

Vectors and matrices indicated by bold characters in the text.

a, constants

Y average photon number

r rate constant

A superconducting energy gap

€ average energy required to break a Cooper pair
€p Fermi energy

®d(u) correlation function

A photon wavelength

® angular frequency

o’ variance

T time constant

AC alternating current (signal frequency)
A tunnel junction area

Al aluminum

a occupation vector

B second order Fokker-Planck moments
BNC bayonet N-connector

C capacitance

CCD charge coupled device

D(e;) two-spin density of states at the Fermi energy
DC direct current (low frequency)

E energy

E, phonon energy

E, photon energy

e- electron’s charge

ESA European Space Administration

eV electron volt

e? voltage-noise power spectral density
f fraction

f frequency

FET field-effect transistor

FFT fast Fourier transform

F Farad

F Fano factor

F effective Fano factor

F, phonon trapping factor

G(w) cross-power spectra matrix

g(IN) generation parameter

*He isotope of helium with atomic mass of 3



isotope helium with atomic mass of 4
Hertz

current

current-noise power spectral density
counting variables

Kelvin

Boltzmann'’s constant

absorber length

pixel size

linearized transition matrix
occupation number

steady-state occupation number
variation of occupation number
transition shot size

number of photon-excited quasiparticles
niobium

neutral density

oxygen

order of magnitude

probability function

two-level transition probability
photomultiplier tube

charge signal created by photon
effective charge

multilevel transition probability
resistance

normal-state resistance of a tunnel junction
responsivity

recombination constant

effective recombination constant
recombination parameter

silicon

superconducting tunnel junction detector
power spectral density

entropy

matrix of entropy second derivatives
temperature

tantalum

transition-edge sensor detector
ultraviolet

voltage

volume

intrinsic thermodynamic variable
impedance
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Chapter 1: Introduction

1.1 Motivation

Optical and ultraviolet (UV) photon detectors based on semiconductor
technologies have advanced significantly in recent years. Various types of
detectors can provide spectroscopy, imaging, single-photon sensitivity, photon
timing or high quantum efficiency. However, no single semiconductor detector
can provide all of these things. While many applications only need a detector
with one or two of the above characteristics, the next generation of applications
in many fields will demand detectors that combine many of them. No
semiconductor technology promises to combine all of these characteristics ina
single detector. However, a new class of cryogenic detectors based on
superconducting technology does promise such “all-in-one” detectors [Peacock
1996], [Cabrera 1998].

This dissertation presents research into one type of cryogenic detector, the
superconducting tunnel junction (ST]) detector. The basic operating principle is
similar to many semiconductor detectors: an incident photon deposits energy in
the detector that excites carriers which then produce a measurable electrical
signal. The major difference between a semiconductor and superconducting
detector is the minimum amount of energy required to produce a single
excitation, often called the energy gap. In most semiconductors, the energy gap
is of order 1 eV. In conventional superconductors, the energy gap is of order 1
meV. This implies that the same amount of energy absorbed in a superconductor
will produce approximately 1000 times the number of excitation asin a
semiconductor! This fact leads to a number of practical advantages. In
particular, it means that the energy resolution of ST] detectors can greatly exceed
that of semiconductor detectors. Typically, the resolving power of a detector

based on carrier excitation is proportional to the square root of the average



number of excitations created. (The resolving power, R, is the energy of the
absorbed photon divided by the uncertainty in the detected energy.) For
example, photons in the optical range have an energy between about 1.8 eV and
3 eV. Thus, an optical photon will produce about 1 excitation in a semiconductor
regardless of the energy of the photon. Therefore, the relative uncertainty in the
energy is large, of order the energy of the photon itself. On the other hand, the
same photon will produce thousands of excitations in an ST], and we will be able
to distinguish photons of different energies.

STJ detectors are not the only class of superconducting spectrometers.
Microcalorimeters are a broad class of detectors based on detecting the increase
in temperature of a small absorber caused by the absorption of a single photon.
The increase in the absorber’s temperature can be measured in a number of the
ways, but in the optical/UV energy range, a transition edge sensor (TES) is used.
A TES is a strip of superconducting metal held in its superconducting transition
by electrothermal feedback. In the transition region, the resistance of the TES is a
strong function of temperature, making the TES a very sensitive thermometer.

Intrinsic energy resolution across the optical/UV spectrum is the main
motivation for developing superconducting detectors. A number of applications
in astronomy and biology could benefit from a optical/UV detector that
combines energy resolution with other characteristics. One example from
astronomy would be the mapping of the universe in three dimensions (3D).
When a semiconductor detector, such as a charge coupled device (CCD), is
exposed to the sky it produces a 2D image. In general, the image contains no
independent information about how far away any object in the image is. If an
imaging array of STJ detectors were exposed to the same part of the sky, it would
not only record the image, but also an energy spectrum from each object. This
energy spectrum can be used to determine the red shift of each object [de Bruijne
2002], from which its distance from Earth can be inferred according to Hubble’s
Law. The astronomical image produced by the STJ is therefore a real 3D image of

the sky. The same information could be achieved by exposing the CCD many



times with different color filters, but this is not always practical. If the objects
being recorded are very faint, many exposure may require an unworkable
amount of observation time. For example, the famous Hubble Deep Field image
[Williams 1996] was produced by exposing its CCD three times with different
color filters (enough resolution to print the image in color). With each exposure
requiring an entire observation, extracting more spectra would have been too
expensive. An ST] camera, on the other hand, could produce the equivalent of
20-50 CCD exposures in a single observation.

Other astronomical applications include recording time-resolved spectra
of variable sources. Compact sources that vary rapidly in time, such as pulsars
and cataclysmic binaries, have recently begun to be studied with cryogenic
detectors[Verhoeve 2002], [Cabrera 2002]. For the first time, cryogenic detectors
have recorded time-resolved, broad-band spectra of these objects, providing new
information on their structure and dynamics. The introduction of
superconducting detectors with this ability is opening new areas of exploration
for this broad class of astronomical sources.

There are also a host of potential applications of cryogenic detectors in the
fields of single molecule physics and biology. In many of these applications,
fluorescent molecules are introduced into a system as probes. These probes often
have absorption and emission spectra that change in response to environmental
properties such as pH or the presence of certain ions. Many experiments done
now are essential static experiments or they look at changes only on second or
minute time scales. However, many physical time scales in the systems are much
faster. Processes such as diffusion of molecules or binding and unbinding can
take place on time scales of order 1 us or less. Any information related to these
fast dynamics is lost to conventional detectors. ST]J detectors promise to resolve
spectra on these short time scales, providing a wealth of new information about

the systems and the physics of the probes themselves.



1.2 Operating Principle

The basic element of an ST]J detector is the superconducting tunnel
junction, comprised of two superconducting electrodes separated by a very thin
insulting barrier. In our detectors, the electrodes are made from aluminum (Al)
and the insulating layer is native Al-oxide (ALQ,). By applyinga magnetic field
in the plane of the barrier, we can suppress the critical current of the junction to
nearly zero. (The critical current is the maximum Cooper pair current that can
flow before a finite voltage develops across the barrier.) We can then bias the
junction at a finite voltage. At zero temperature, all electrons in the system
would be condensed as Cooper pairs and there would be no current in the
subgap region, i.e., for bias voltages less then the gap voltage of 2A/e- (where A
is the superconducting energy gap of the electrodes and e- is the electron’s
charge). When a single photon is absorbed in one of the electrodes it breaks
Cooper pairs, creating excess quasiparticles. These quasiparticles can then tunnel
across the barrier, producing a pulse of excess subgap current. We measure this
pulse and then integrate it to obtain the total tunneled charge, which tells us how
many excess quasiparticles were created. The average number of quasiparticles
created, N, and therefore the charge collected at high bias voltage, Q, is related
to energy of the incident photon, E,, by the relation
EY

_9_
N’_-eT— £

(1.1)

where ¢ is the average energy required to create a single quasiparticle. Monte
Carlo simulations of the absorption process predict that € = 1.7A [Rando 1992].
The constant ¢ is larger than A because some of the photon’s energy escapes the
electrodes as phonons with an energy too small to break Cooper pairs.

If we repeat the energy measurement on many photons of identical
energy, we will find a distribution of collected charges. The full width at half

maximum (FWHM) of this distribution determines the resolution of our energy



measurement. Many things can contribute to the width of the distribution, but
the width is fundamentally limited by the processes that create quasiparticles
after the absorption of the incident photon. These processes, such as phonon
emission by energetic quasiparticles, are all random. This leads to an intrinsic
variation in the number of quasiparticles created. The minimum energy

resolution dictated by this variation is

AN
AE;y,=E,—~*= 2.355,[F¢E, (1.2)
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where F is the Fano factor and the factor of 2.355 converts from one standard
deviation of noise to FWHM. This intrinsic limit is often called the Fano limit.
The Fano factor accounts for correlations in the creation processes and is
calculated to be F = 0.2 [Kurakado 1982].

We fabricate the electrodes of our junctions from Al because Al-oxide
naturally forms a very high quality tunnel barrier. However, Al is a poor photon
absorber: in the optical/UV range it is highly reflective and in the X-ray range it
has a small absorption cross section. Also, we typically want the volume of the
ST] electrodes to be small so that quasiparticles tunnel quickly before they are
lost. On the other hand, we want the detector itself to have a large volume, so
that it collects more photons. Our solution to these engineering conflicts is to use
an absorber that is distinct from the tunnel junction, but in good metallic contact
with it. We make absorbers from tantalum (Ta) which has a large absorption
cross section in both the optical/UV [Verhoeve 1997] and X-ray range [Henke
1993]. Using a Ta absorber also solves the volume “problem” through a process
known as quasiparticle trapping. The energy gap of Tais A;, = 700 peV, about
four times larger than the energy gap of Al, A, = 180 ueV. This means that the
minimum energy (above the Fermi energy) at which a quasiparticle can exist in
the Al is much less than the minimum energy in Ta. Thus, when excess
quasiparticles are created in the Ta absorber, they can diffuse freely until they
enter the Al electrode. When they enter the Al, they are at a relatively high
energy and they typically scatter inelastically very quickly, emitting phonons and
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Figure 1.1 Schematic of an imaging STJ detector (upper) and a energy band diagram showing
one side of the device (lower). Not shown is an insulating SiO layer between the trap and
wiring, which has a via (hole) for contact between the two layers. The T a plugs interupting the
Al wiring are omitted for devices designed without backtunneling. Physical processes illus-
trated in the band diagram are: 1) quasiparticle creation, 2) diffusion, 3) trapping and 4) tunnel-
ing.

losing energy until they approach A, (see Fig. 1.1). Once the quasiparticles have
scattered to an energy less than A_, they cannot diffuse back into the Ta absorber
because there are no allowed states. Once the quasiparticles are “trappedO in the
Al electrode (which we call the trap) they can tunnel across the barrier in a
relatively short time (a few microseconds) compared to the loss time (a few
hundred microseconds). This process of quasiparticle trapping allows us to
make an STJ detector with a large absorber, good for photon collection, coupled
to a small tunnel junction, good for fast, efficient quasiparticle readout.



Taking advantage of quasiparticle trapping, we can also make imaging ST]
detectors based on charge division. To make a detector with one dimensional
imaging, we start with a single Ta strip. We contact two opposite sides of the
absorber with a pair of tunnel junctions (Fig 1.1). When a photon is absorbed in
the strip, the created quasiparticles diffuse until they reach the two Al traps. The
quasiparticles scatter down in each trap. They then tunnel and produce an
excess current in each junction, allowing us to collect two charges, Q, and Q,.
The sum of the charges is again Q, which is proportional to the photon energy.
In addition, the ratio of the charges tells us where the photon landed along the
absorber. If the photon lands in the middle of the absorber, the charge divides
equally between the two junctions on average. If the photon lands close to one
junction, almost all of the charge will be trapped in the nearby junction and very
little will be collected by the far junction. In an ideal detector, the charge
collected in each junction varies linearly with the absorption location [Krauss
1989].

The division of the charge between the two junctions is a statistical
process, with each quasiparticle following a random walk. Thus, repeated
measurements will produce a distribution of absorption locations, even if all the
photons land in exactly the same place. The width of the distribution, AL,
defines the spatial resolution of our detector. Besides the statistics of diffusion,
AL can also be increased by additive noise in the tunnel junction and the
electronic readout. If we interpret AL as the effective pixel size of the detector, we

can then define the number of pixels as:

L
pixels = AL
where L is the length of the absorber. In general, N, will be of the same order

N (1.3)

as the energy resolving power, R.

There is an intrinsic process in superconducting tunnel junctions, known
as backtunneling, that we can exploit to give the junction charge gain. We do this
by adding a Ta “plug” interrupting the wiring on the counter electrode side of



Figure 1.2 Energy band diagram of one junction of a backtunneling device in a modified excita-
tion representation. Quasiparticles are shown as gray circles, suggesting their mixed electron-
hole character. Tunneling is shown as diagonal transitions across the barrier, indicating that
quasiparticles gain (lose) energy as they are accelerated (decelerated) by the bias voltage. Elec-
tron tunneling is indicated by black arrows. Hole tunneling is indicated by white arrows. Quasi-
particles are confined in both Al electrodes by high gap Ta. At high bias voltage, only electron
tunnel is allowed from left to right and only hole tunneling is allowed from right to left. This
hole process is known as backtunneling. The two processes allow a single quasiparticles to
circulate, tunneling multiple times. This gives the junction charge gain because both processes
transfer a charge in the same direction.

the barrier (refer to Fig. 1.1). Fig. 1.2is energy band diagram of one junctionin a
modified excitation representation. We see that the high gaps of the Ta absorber
and plug confine excited quasiparticles near the tunnel barrier. Each
quasiparticle is a coherent superposition of electron and hole, but it must tunnel
as either a pure electron or pure hole. At sufficiently high bias voltages, a
quasiparticle can only tunnel from left to right as an electron, gaining energy eV.
A quasiparticle cannot tunnel from left to right as a hole, because it would lose
energy eV and tunnel into the gap on the right side. After tunneling to the
counter electrode, the quasiparticle can only backtunnel from right to left as a
hole. Keeping both processes in mind, we see that a confined quasiparticle can
circulate, first tunneling and then backtunneling. This cycle continues until the
quasiparticle is lost to recombination. Because both tunneling and
backtunneling transfer a charge in the same direction, this effect gives the

junction a charge gain, p, equal to the average number of times a quasiparticle



tunnels. Thus, we measure an integrated charge many times greater than the
number of quasiparticles initially created.

Backtunneling gives the junction charge, but it also adds noise. Both
tunneling and backtunneling are random processes, S0 the number of times
different quasiparticles tunnel randomly varies. Thus, the gain associated with
backtunneling varies from photon to photon, broadening the resolution. For a
symmetric tunnel junction, the energy width due to backtunneling is

AE,. ., =2.355 /i 1+ 1 I;Er (1.4)
p

where p is average number of times a quasiparticle tunnels [Goldie 1994]. This
noise is minimized in the limit of a large gain. Still, even in the best case it

contributes a width more than a factor of 2 greater than the Fano limit.

1.3 Previous and Concurrent Work

As we can see, there are a number of physical processes involved in the
operation of an ST] detector. In this introduction, we have discussed the
idealized aspects of these processes. The rest of this dissertation is largely
concerned with answering the question, “How close does a real ST] come to this
ideal behavior?” Many aspects of this question have been answered in previous
work, much of it done by prior students here at Yale. The present work on ST]
detectors for optical/UV application grew out of work to develop STJ detectors
for X-ray astronomy.

Michael Gaidis [Gaidis 1994] began the work at Yale. He developed the
geometry and basic theory of operation. He developed the successful fabrication
process, including basic material science, that we use today. In fact, actual
devices made by Gaidis were tested repeatedly through 1999 and they still
worked when we stopped testing them. Gaidis made the first successful

measurements of single junction ST] detectors at Yale. His thesis reports an



energy resolution of 190 eV FWHM for 6 keV X-rays. (We can useasa bench
mark for energy resolution 160 eV at 6 keV achieved by a standard high-
performance, commerial semiconductor detector, the Amptek XR-100CR.)
Stephan Friedrich continued the development of X-ray detectors [Friedrich
1997a]. He made the first measurements of double junction imaging detectors.
He also developed the active voltage bias amplifier that we still use. His work
improved the energy resolution of the detectors to 54 eV at 6 keV. The improved
electronic readout developed by Friedrich opened the door to understanding
much of the underlying physics of the devices. Kenneth Segall continued the
work on X-ray detectors. Most of his work was done on the same physical
devices as Friedrich, but further refinements of the electronics and measurement
setup improved the energy resolution to 26 eV at 6 keV. He also developed a
detailed microscopic model of the detectors, including extensive computer
simulations. He used those models to complete much of our physical
understanding of the device operation. In particular, he concluded that non-
equilibrium processes in the detectors were limiting the energy resolution. With
this understanding, he was able to quantitatively explain the energy resolution of
the detectors and make predictions about how design changes could improve the
resolution.

The development of optical/UV detectors started concurrent with Segall’s
work. The basic operational principle is the same as in the X-ray energy range.
We modified and scaled device designs appropriately for lower incident energy.
We developed an optical test system and fabricated new devices. We used the
same basic electronics for the optical/ UV measurements, although we improved
the noise performance. We have also put much work into improving the
repeatability and efficiency of the measurements system by refining the
grounding and shielding of the system and the basic measurement protocol.

Development of X-ray detectors has also continued here at Yale. This
work has been carried out by Liqun Li, Luigi Frunzio and the author. Recently

fabricated X-ray devices have achieved an energy resolution of 13 eV at 6 keV, as
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good as any STJ detector in the world [Li ‘2001]. A next generation of devices
have been designed and fabricated based on the predictions of Segall. Tests of
these latest devices are ongoing.

Two other groups have made successful optical/UV single photon
spectrometers. A group at the European Space Administration (ESA) produced
the first results with any type of cryogenic detector [Peacock 1996]. They use
STJs with a vertical geometry, meaning that the Ta layers and the Al junction
electrodes are stacked on top of each other. (By contrast, we refer to our device
geometry as a lateral geometry.) In the laboratory, they have measured an energy
resolution of 0.25 eV at 5 eV [Verhoeve 1997] for a fiber-coupled ST]. In addition,
they have also made several measurements using a lens-coupled 36 pixel array of
STJs at the Walter-Hershel Telescope in the Canary islands [Verhoeve 2002]. The
resolution of the lens coupled array is significantly degraded by the flux of
infrared photons from the warm lenses. A group at Stanford University has also
made optical/ UV spectrometers based on TESs. In the laboratory, they have
achieved an energy resolution of 0.15 eV at 5 eV for a fiber-coupled TES [Cabrera
1998]. They have also made astronomical measurements using a fiber-coupled

TES [Cabrera 2002].
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Chapter 2: Experimental Apparatus and Conditions

2.1 Device Fabrication

All of the devices discussed in this thesis were fabricated in the Yale
Microelectronics Fabrication Center. Devices are fabricated in a six layer process
in a high vacuum chamber with a typical base pressure of 1.5 x 107 Torr. The
chamber is pumped by a pair of 8”cryopumps. We start with a thermally
oxidized 2" silicon wafer. The wafer is cleaned and then baked overnight in the
vacuum chamber using a quartz lamp at a temperature of 350° C. The first
deposition is the Ta layer. Immediately before deposition, the bare wafer is
cleaned with an in-situ ion-beam gun to help ensure good film adhesion. The Ta
is dc-sputtered at 960 W with an argon pressure of 6 mTorr . During the
deposition the substrate is heated to 750° C with the quartz lamp. The Ta must be
deposited hot so that it nucleates in the desired crystal phase [Face 1987]. The
typical Ta thickness is 600 nm. For device runs OPS-F99 and OPS-EQ0, we
sputtered titanium (Ti) into the vacuum chamber for approximately 30 minutes
before the Ta deposition to reduce the background pressure. The typical pressure
after sputtering Ti was 8 x 10® Torr. The Ta film is patterned using a positive
photoresist process and wet chemical etching.

The second layer is the Nb contact. The Nb is patterned using a lift-off
process, so an invertible photoresist is spun over the patterned Ta. The resist is
patterned with a negative image and then the wafer is inserted into the vacuum
chamber. Immediately before depositing the Nb, the Ta is cleaned with the ion-
beam gun through the photoresist mask. This ion-beam cleaning removes any
Ta-oxide or other contamination from the exposed Ta ensuring a good metallic
interface between the Ta and Nb. The Nb is dc-sputtered at 330 W with an argon
pressure of 11 mTorr. The typical film thickness is 200 nm. The wafer is then

removed from the vacuum chamber and the film is lifted off in acetone.
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The next deposition step is the Al trilayer. The wafer with the patterned
Ta and Nb layers is cleaned and inserted into the vacuum chamber. For samples
OPS-F99 and OPS-E00, we again sputtered Ti to lower the base pressure. While
the Al evaporation source is preheated, the sample is ion-beam cleaned, again to
ensure a good metal-metal interface between the Ta and Al trap. This is by far
the most important interface. The Al trap layer is thermally evaporated at the
high rate of about 20 nm/s. We evaporate at a high rate to reduce the exposure
of the film to background gas and to promote the nucleation of large Al grains.
The typical trap film thickness is 200 nm. The Al is evaporated from a pair of
tungsten coils wrapped with Al wire. The parallel coils form an extended source
that helps ensure a uniform deposition across the wafer despite the short
working distance needed to achieve such a high deposition rate. After the
deposition, we allow the sample to cool for a few minutes before isolating the
chamber from the cryopumps and filling it with ultra-high purity oxygen gas to a
pressure of 500 mTorr. We allow the Al film to oxidize for 120 minutes. At this
point, we remove the oxygen by directly opening the cryopump valves. We then
thermally evaporate the counter electrode Al film at a rate of 2 nm/s. We use a
much lower deposition rate for the counter electrode film to avoid damaging the
Al-oxide barrier. The typical counter electrode thickness is 75 nm.

The Al/Al-oxide/ Al trilayer is patterned in a two-step, wet-etch process.
First, we pattern positive photoresist in the shape of the trap layer and the entire
trilayer is chemically etched in this shape. We then clean off the photoresist, and
pattern a new layer of positive photoresist in the shape of the counter electrode,
which is given a 2 um separation from the edge of the trap. We thendoa timed
etch to define the counter electrode without etching the trap layer any further.

The next layer is an insulating layer with a via (a hole) that allows for
contact to the counter electrode. We use SiO as an insulator and pattern it using
a lift-off process. To do this, we spin invertible resist over the sample and pattern
it. We place the wafer in the vacuum chamber and thermally evaporate Si0 at a

rate of 2 nm/s. The typical thickness is 250-300 nm, enough to ensure step
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coverage over the entire trilayer. The sample is removed and the SiO is lifted off
in acetone, leaving the via through the insulator to the counter electrode. The
insulating layer does not cover the absorber in the optical/UV devices.

The final step is to deposit Al wiring. The Al wiring includes macroscopic
pads for Pogo Pin contact to the samples and it contacts both the Nb ground lead
and Al counter electrode. We spin invertible resist over the wafer and pattern it.
The wafer is inserted into the vacuum chamber. The sample is ion-beam cleaned
and Al is thermally evaporated at a rate of 2 nm/s. The total thickness is
typically 250-300 nm, enough to ensure step coverage of the insulator. The
sample is removed and the Al wiring is lifted off. At this point, the process is

complete and the wafer is diced into individual samples.

2.2 Cryogenics

Our devices are tested in a custom-made, two-stage *He dewar. The
dewar is comprised of a vacuum container, many layers of NASA super
insulation, a liquid N, tank and shield, a liquid *He tank and shield, and two
closed cycle *He pots. The stages are nested, with the ‘He stage inside the N,
stage, and the two *He pots inside the ‘He stage. The second *He stage is not
inside the first *He stage, but all supports and pumping lines for the second stage
go through the first 3He stage. The gaseous *He is stored in an attached tank at
room temperature. Each *He pot has an individual charcoal pump contained
inside the ‘He stage. The dewar is relatively compact compared to standard top-
loading dewars. To gain access to the sample stage, the dewar is inverted onto a
stand. The vacuum container, super insulation, N, shield and ‘He shield are
removed in sequence. The sample space is large and has a copper cold finger
that extends from the second *He pot.

The minimum time to reach the base temperature of 210 mK from room
temperature is about 8 hours, although we usually run the cooling procedure

overnight. We start by pumping out the vacuum container using a diffusion
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pump with a liquid N, cold trap. After pumping the dewar, we fill both the N,
and *He tanks with liquid N, to pre-cool the dewar. The maximum pressure
allowed before starting to pre-cool the dewar is 2 x 10~ Torr. At this point, we
usually let the dewar pre-cool overnight while continuing to pump, although the
cooling process only takes about 2 hours. In the morning, we valve off the
vacuum container once the pressure drops below the maximum allowed value of
2x 10° Torr. At this point, we remove the liquid N, from the ‘He tank and we
transfer liquid *He into the tank. The tank holds approximately five liters of ‘He.
After allowing the *He stage to cool to 4 K, we top off the liquid *He and begin to
pump on the bath. The entire bath is pumped using a Roots blower backed by a
rotary pump. The maximum pumping speed of the Roots blower is 300 liters/s.
The Roots blower is left on for the rest of the cryogenic run. Once the ‘He bath
reaches its base temperature of 1.5 K, we begin condensing *He into the two pots
by opening valves connecting the room temperature *He cylinder to the pots.
After condensing for about an hour, we begin pumping on both *He pots by
opening thermal switches connecting the pots to the *He bath and closing
switches connecting the two charcoal pumps. After about two hours of pumping
on the *He pots, the first pot reaches a temperature of 0.3 K and the second pot
reaches the base temperature of 0.21 K. Often we refer to the two pots as the

0.3 K and 0.2 K stages. The *He bath typically limits the hold time of the dewar.
The ‘He bath typically lasts for twelve hours after topping it off, which implies 8-

9 hours of experimental time at base temperature.

2.3 Optics and Light Sources

We have developed an optical system for testing the devices. We start
with two different light sources at room temperature. One light source is a
mercury arc lamp, designed for calibrating spectrometers. The lamp’s output
spectrum contains a number of narrow spectral lines corresponding to the atomic

transitions of the mercury vapor. The lines span the entire optical energy range
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and extend into the UV. The lamp has a total output of less than 5 mW, spread
across the various lines. We use this lamp to provide single photons at varying
energies. The second light source is a pulsed N, laser. It emits extremely bright
pulses of UV light (A = 337 nm, E = 3.68 eV), lasting about 4 ns. This source can
simulate high energy photons by illuminating the device with multiple UV
photons that are absorbed on a timescale short compared to the device readout.
Both of these light sources are fiber coupled. We can only use one source ata
time, although it is straightforward to switch between the two.

The light from each source is collected by a fiber-optic patchcord and
brought to a small optical bench. We use fused silica fibers that transmit light of
wavelength down to 200 nm. At the entrance of the optical bench, the end of the
fiber is placed at the focus of a miniature collimating lens that launches the light
radiating from the fiber onto the optical bench. The optical bench has two types
of filters. Metallic neutral density (ND) filters are the first type. These filters
attenuate light uniformly across a broad spectrum, specifically from 200 nm -
2000 nm. We use them to adjust the intensity of the light that reaches the devices.
The filters are made of fused silica, so that they transmit UV light, and they
attenuate the light using varying thicknesses of a reflective metallic coating. The
filters are characterized by a neutral density value, ND, which is the logarithm
(base 10) of the attenuation. We have twelve ND filters placed in two filter
wheels. The filter wheels allow us to rotate different filters into and out of the
beam line without having to realign the optics. One wheel has filters with
neutral density values of ND = {0.03,0.5, 1.0, 1.5, 2.0, 2.5}. The other wheel has
values of ND = {0.03, 0.1, 0.2, 0.3, 0.4, 0.5}. The two wheels are placed in series
and together they allow us to vary the attenuation over 3 orders of magnitude in
logarithmic steps of 0.1. We use a third filter wheel to hold two filters with
values of ND = (1.5, 3.0} that allow us to further increase the attenuation. We use
these ND filters to adjust the intensity of both the laser light and the light from
the mercury lamp. The output of the laser is also attenuated by a high-power,
fiber-coupled filter with a value of ND=4.0 before reaching the optical bench.
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Interference filters are the second type of filter. These are narrow
bandpass filters, with a typical FWHM of only 10 nm. The filters have two
highly reflective metal surfaces, separated by a precise distance. The two
surfaces reflect all wavelengths strongly, attenuating the light. However, they
also create a resonant cavity, defining the center wavelength of the filter. Light of
the resonant wavelength builds in the cavity to a relatively high intensity, such
that despite the fact that most of it is reflected by the far surface, the total
transmission is of order unity at the center wavelength. We have four
interference filters, each with a center wavelength matched to one of the spectral
lines of the mercury lamp. These filters are placed in a filter wheel that allows us
to easily change which mercury line is shone on the device. We have filters that
select the 254 nm (4.89 eV) UV line, the 436 nm (2.85 eV) violet line, the 546 nm
(2.27 eV) green line, and the 690 nm (1.80 eV) red line. The peak transmission
varies such that the intensities of the all lines are the same after the filters.
(Actually, the red filter is not exactly matched to the red mercury line. Itisa
generic filter with a center wavelength close to the red line.) These filters are not
used with the laser, which naturally emits a single wavelength.

After being conditioned by the various filters on the optical bench, the
light is collected by a second, identical collimating lens that refocuses the light
back into a fiber splitter. The light collected by the input fiber of the splitter is
equally split between two output fibers. One of the output fibers goes to the
dewar. The other one goes to a room temperature photomultiplier tube (PMT)
that is used to monitor the intensity of the light sent into the dewar. The PMT is
housed in a custom-made metal case that shields it from stray light. The fiber is
connected to a coupler that screws directly into the PMT case.

The optical bench was designed with a collimating lens on both ends to
minimize the amount of stray light focused into the fiber splitter. The second
lens only focuses light into the splitter that is moving parallel to the optical axis
of the bench. Thus, the solid angle from which the lens collects light is relatively

small. In fact, if we cover the optical bench with an ordinary cardboard box with
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slits cut for the fibers to enter and exit, the amount of stray light entering the
fiber is undetectable by the PMT, even with the room lights on. By undetectable,
we mean that the PMT current generated by the stray light is negligible
compared to the thermal dark current of the PMT, which is 10 nA. The typical
intensities we use to test STJs correspond to PMT currents of 1-3 pA. Thus, the
ratio of source light intensity to stray light intensity is ~10° or better.

One end of the fiber splitter brings the light to the dewar. The light is
coupled through the bulkhead of an rf-shielded enclosure (which we will discuss
later) using a fiber coupler. Inside the shielded enclosure, a final fiber patch cord
brings the light to a custom made vacuum fiber feedthrough mounted to the
dewar. This feedthrough was made starting with commercial Quick Connect
parts. Quick Connect parts are designed to bring tubes or conduits into a
vacuum system. They have a stem that accepts a tube and a collar that can be
screwed down to compress an o-ring against the sides of the tube. We welded a
stem onto a custom flange made to fit the dewar. We then machined a brass
Quick Connect blank cap to make the feedthrough. The blank cap is designed to
plug the stem when it is not being used. We show a schematic of the modified
cap in Fig. 2.1. We first dimpled the top of the cap. We then drilled a large hole
down the axis of the cap from the bottom leaving only a small thickness of brass.
We then drilled a short, 600 um diameter hole connecting the top and bottom.
We then fed an Al-coated UV fiber, with a total diameter of about 500 um,
through the hole. Finally, the gap between the fiber and the cap was sealed by
adding a small amount of Crazy glue to the dimple on the top of the cap. We
have successfully tested the feedthrough down to a vacuum pressure of 5 x 10°
Torr, which is the limit of our diffusion pump system.

Inside the dewar, the Al-coated fiber is first wrapped around the liquid N,
can and then wrapped around the liquid ‘He can before entering the sample
space. A length of about 1 meter of the fiber is fixed to each can with Al tape.
This is done to progressively cool the fiber. The fused silica fiber we use is not

treated to remove water and so, water impurities in the fiber absorb infrared
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Figure 2.1 Schematic of fiber feedthrough made from Quick Connect blank cap. Measurements
are in inches, unless otherwise noted.

radiation. Thus, the progressively cooled fiber acts as an infrared filter, each
cooled section absorbing blackbody radiation from the previous, warmer section.

We use an Al-coated fiber for a number of reasons. First, it allows for a
good vacuum seal at the feedthrough. Second, it improves the transmission of
the fiber in the deep UV range. The Al coating does this by reflecting light that
escapes the dielectric back into the fiber. The coating also greatly improves the
mechanical strength of the fiber, allowing it to survive many thermal cycles.
Finally, the Al coating may improve the thermal contact of the fiber with the
dewar.

At the sample stage, the fiber is suspended from the liquid *He stage and
the end of the fiber is brought within a few millimeters of the device on the 02K
cold finger. The fiber does not physically touch the 0.2 K stage anywhere. The
fiber is roughly aligned by eye to the device. To do this, a piece of lens paper is
placed on top of the device. A laser pointer is then shone into the fiber at the

vacuum feedthrough. The laser light coming through the fiber produces a spot
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about one millimeter in diameter that is aligned to the device. The lens paper is
thin enough to allow us to see the wiring of the devices underneath but opaque
enough to make the laser spot visible. We estimate that only about one part in
10* of the light exiting the fiber lands on the device. While this inefficient
coupling would clearly be inadequate for a real spectroscopy system, it is
adequate for testing the devices.

Besides using the optical fiber to test the devices, we can also use it to
warm the detector tunnel junctions above their transition temperatures fora
short period of time during a cryogenic run. While this was not a design goal of
the optical system, it has proven to be an extremely valuable addition to the
experimental setup. (In fact, when testing X-ray devices, we still position the
optical fiber to allow the junctions to be heated.) A variety of problems,
including the presence of stray magnetic fields during cool down or an
oscillating amplifier, can lead to fluxons becoming trapped in the electrodes of
the detector tunnel junction. The presence of this trapped flux can degrade the
performance of the detector in a number of ways, from instability in the bias to
decreased dynamic resistance. Itis very difficult to remove the fluxons as long as
the junctions remain superconducting and, in the past, trapped flux ended many
cryogenic runs. The only reliable way to remove the trapped flux is to warm the
junctions above their transition temperature. Warming the entire cold stage
above the transition temperature of Al (~ 1.3 K) is impractical. In addition, trying
to locally heat the immediate surroundings of the device electrically is difficult
because the copper cold stage conducts heat well. With the optical fiber,
however, we can illuminate just the junctions and the surrounding surface of the
substrate with an intense burst of light (from a laser pointer) and warm them
above the transition temperature for a few seconds without warming the rest of
the cold stage. We see no substantial decrease in run time due to this process.
This laser cycling works reliably and has greatly improved the efficiency with

which we can test detectors.
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2.4 Electronics

The electronics used to read out the signal from our detectors has been
discussed extensively in previous dissertations [Segall 2000], [Friedrich 1997a]. I
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Figure 2.2 Simplified schematic of the signal preamplifier.

will only provide a general description, emphasizing changes that have been
made. We start with a commercial amplifier, the Amptek A250. One unique
property of the A250 is that we can couple it to a discrete input FET, chosen to
best match the characteristics of our detectors. We use the 25K146 FET, which is
two 25K147 FETs packaged together in one metal can. We use the amplifier in a
transimpedance configuration with a resistor providing feedback from the
output of the A250 to the gate of the 25K146. The total amplifier has a low input
impedance (~ 100 Q) and draws current from the detector across the feedback
resistor producing a voltage at the output. We typically usea 1 MQ feedback

resistor.
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The A250 was designed to be used as an AC coupled amplifier. We add
extra circuitry in parallel with the input FET that provides an active DC voltage
bias for our detectors. The extra circuitry consists of an OP97 op-amp configured
as a voltage follower connected to an OP77 op-amp configured as an integrator.
Referring to Fig. 2.2, we see that the input of the OP97 is connected to the device
(along with the gate of the input 25K146) and monitors the voltage across the
device. The OP77 compares that voltage to a reference voltage and injects
current (through a resistor) into the input of the A250. The OP77 is configured as
an integrator so that it provides a large gain at DC, but contributes little noise (or
gain) at signal frequencies. Both the OP97 and OP77 are precision op-amps with
small voltage offsets and drifts.

The most significant improvement made to the electronics was to cool the
feedback resistor. For X-ray measurements, the Johnson current noise of the
1 MQ feedback resistor, 130 fA/VHz, dominates the electronic noise of the
measurement setup. However, the electronic noise only contributed a small
amount of broadening to the total energy width. Since the signals are much
smaller in the optical/UV energy range, however, the electronic noise needed to
be reduced. This was done by moving the feedback resistor from room
temperature to the ‘He stage, so that its temperature is 1.5 K during
measurements. This should reduce the Johnson noise of the feedback resistor
from 130 fA/VHz to 9 fA/VHz. Along with connecting the amplifier to the cold
feedback resistor, we needed to provide a room temperature feedback path so
that we could turn on and test the amplifier without having it connected to the
detector. At first we tried putting a warm 100 MQ feedback resistor in parallel
with the cold resistor. The warm 100 MQ resistor provided a feedback path
while not contributing a significant amount of Johnson noise. However, when
we would first connect the cold 1 MQ resistor in parallel, the sudden change in
the feedback condition of the amplifier produced a large transient response that
tended to trap flux in the detector tunnel junction. In the end, the solution we

found was to use two room temperature switches, labeled S1 and S2 in Fig. 2.3.
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Figure 2.3 Simplified schematic of AC electronic circuit, showing switches S, and S, that allow us
to switch between the warm and cold feedback resistor.

These switches allow us to first bias the junction with a warm feedback resistor
(S1 open, S2 closed), then connect the cold feedback resistor in parallel using S1,
and finally disconnect the warm resistor using S2.

We acquire data using a digitizing oscilloscope, the Nicolet Integra 40. The
oscilloscope has four differential input channels. It digitizes the input to each
channel with 12 bit precision and a maximum sampling frequency of 20 MHz.
Each channel of the oscilloscope has a one million sample memory. When the
oscilloscope memory is full, data is downloaded over a GPIB bus to a personal
computer. We use the oscilloscope to acquire both photon-induced current
pulses and noise traces for diagnostics. When we acquire current pulses, many
pulses are saved in the oscilloscope memory before being downloaded. When
acquiring noise traces, the memory is typically filled with a single long trace.
Once downloaded, the noise traces are fast Fourier transformed to produce noise
spectra. Then a number of spectra (typically 100) are averaged, and the average
spectrum is saved to disk. The current pulses are saved to disk as is.

2.5 Grounding, Shielding and Filtering

The smaller signals associated with optical/ UV photons necessitated
reducing electronic noise in the measurement system, including contributions

from electromagnetic interference. Thus, a large amount of work has gone into
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improving the grounding, shielding and filtering in the measurement system.
While the development of the present configuration has been guided by some
general principles of grounding and shielding, much has also been decided
through trial and error.

When designing or analyzing a design for grounding and shielding a
measurement system, it is important to distinguish between the earth ground of
the shield and the electrical ground of the measurement circuit. The earth
ground of the shield literally connects the shield to the Earth, which is usually
the zero potential of power systems and radio transmission. In general, no
currents associated with the signal to be measured should flow to earth ground
and conversely, currents flowing to earth ground should not be detected by the
measurement circuit. The electrical ground of the measurement circuit is the
node defined to be zero potential in the circuit. Although this node is generally
treated as special, it is just another set of conductors. Currents or voltages
induced in the electrical ground by interference will in general be detected by the
measurement circuit, becoming noise. We generally do connect the electrical
ground of the circuit to the shield and earth ground at one or more points.
However, this forces them to be at the same potential only at DC. The potential
on the grounds can vary spatially on size scales down to the wavelength of the
electromagnetic interference. This implies that radio frequency interference can
create different potentials in the grounds even if they are connected together. In
addition, when designing a system for low-frequency shielding, against 60 Hz
interference for instance, it is important to consider the path of currents
generated by an induced electromotive force (EMF). A successful design forces
induced currents to flow in the conductors of the shield and not the electrical
ground, where the currents become a source of noise.

The starting point of our design is a commerial shielded enclosure made
by Lindgren RF-Enclosures, Inc.. The shielded enclosure is a cube, 4 feet on a
side. Each side is made from two 1/4" steel plates separated by a couple inches

of plywood. There are two doors, one on the side and one on the top, that allow

24



‘01 jo ured adejjoa e sey LAV Y1 pue SOLIVNI 3 jo yoeg ‘spunoid pue sarjddns A1apeq ajeredas omy
aAey x0q 3511y 943 ut 0L VNI Pue 0SgV 24l ‘1omod aur sasn yorym adoossojjoso ayy 3daoxa ‘Ajddns L1ayyeq
ajeaedas e sey saxoq sa1u01193[3 3Y) Jo yoeg "uSisap Surppaiys pue Jurpunoi ayy Jo dyewdydg FZ NI

punoar) ypaey >

QO

(XX

2L

%
&
&

XOg] S5IU0IIIIF PUB JEMI(]

A AAARANRRRRNSNANNNNANNNNNNNNNNNNNN

Z
Z
Z
Z
Z
\
7
Z
Z
Z

A\

i

ansoppuy pIPINYS

7/



access to the inside of the enclosure including inserting and removing the dewar.
The doors close tightly with a set of copper “fingers” welded to each of the
doors’ steel plates. There is a 1” tube in one wall that allows us to pump on the
dewar while it is inside the enclosure. The tube is filled with cooper wool to
allow gas flow while preventing electromagnetic radiation from entering. The
enclosure also has a power line filter that allows filtered, AC power to be brought
into the enclosure, although we have not used AC power in the enclosure to date.
There is a 1/2” diameter brass screw threaded through one side of the enclosure.
The screw contacts both the inner and outer steel plates, electrically connecting
them at one point. We connect this screw to a copper cold-water pipe using a 1”
thick braided grounding strap. This point serves as the earth ground of the
shield. Connecting a DC ohmmeter between the shielded enclosure and the third
prong of an electrical outlet, we measure a resistance of about 1 Q. (Earthing the
enclosure is also an electrical safety issue.)

Inside the enclosure, the dewar is connected by a grounding strap to the
brass screw, earthing the dewar. The electronics are enclosed in a metal box
which is connected to the dewar using a military connector. The dewar and
electronics box form a continuous metal shield. All of the electronics inside the
enclosure are battery powered. The detector, contained inside the dewar, is
connected to room temperature differentially using a twisted pair of wires. The
negative signal wire, or electrical ground, is connected to a ground plane and
then to the metal box at one point, physically close to the source of the AC
amplifier’s input FET. The electrical circuit itself has two distinct grounds: an
input ground and an output ground. The input ground includes the negative
signal wire coming from the detector to room temperature. The output ground is
isolated from the input ground by a set of INA110 instrumentation amplifiers
that prevent noise from coupling back to the input. There are separate battery
supplies for electronics connected to the input ground and the output ground. In
practice, the input and output grounds are connected by a 1 MQ resistor, that

prevents the two grounds from developing different electrostatic potentials. This
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reduces the isolation to some degree, but any induced EMF should drop across
this resistor and not create signals in the two grounds. The output of the
instrumentation amplifier and the output electrical ground are brought out of the
box on a triax cable. The triax cable has three coaxial conductors: the center
conductor, the inner ground and the outer shield in order from inside to outside.
The output of the instrumentation amplifier is connected to the center conductor
and the output ground is connected to the inner ground. The outer shield of the
cable contacts the electronics box. The triax cable runs to the wall of the
enclosure where a triax feedthrough brings the center conductor and inner
ground outside of the box. The feedthrough goes through a metal plate screwed
to the outer wall of the enclosure. There is hole in the inner wall behind the
plate.

Outside of the enclosure, a short triax cable brings the center conductor
and inner ground to another battery-powered electronics box. The outer shield
of the triax connects the outer wall of the enclosure to the metal case of the
electronics box. Inside the metal case, the center conductor and the inner ground
are connected differentially to another instrumentation amplifier. This
instrumentation amplifier amplifies the signal coming out of the enclosure with a
gain of 10. The output of the amplifier is connected to the center conductor of a
standard coax connector. The output ground of the amplifier is connected to the
outer conductor of the coax, which is also connected to the metal case of the
electronics box. The instrumentation amplifier provides a high degree of
isolation between the electronic ground coming out of the enclosure and the
shield, preventing noise from coupling back. At this point, our signal is carried
by a standard coax cable for a few feet. This is the only place that a signal wire
(in this case, the ground) is unshielded by another conductor. We go over from a
triax cable to a coax cable to facilitate connecting other components and
amplifiers. It does not compromise the shielding too much at this point because
the signal is amplified enough by the last instrumentation amplifier that the level

of interference is not significant.

27



The signal is now brought by the coax cable to a Princeton Applied
Research (PAR) 113 amplifier, which is battery powered. The signal is amplified
another factor of 10 and is also filtered to remove noise. The output of the
PAR113 is then connected to the input of the digitizing oscilloscope, which
records the signal. For many of the measurements in this dissertation, the
PAR113 and oscilloscope were connected with a standard coax. This
configuration connects the electronic ground of the amplifiers outside of the
enclosure to the case of the oscilloscope, which is in turn connected to the earth
ground of the power outlet. The electronic ground of the outside circuit is also
connected to the outer wall of the shielded enclosure, which is earthed. Thus,
this configuration creates a large ground loop that is completed by the two earth
connections. However, by the time the signal reaches this point, it has been
amplified by a factor of 1000. Consequently, in early measurements, the 60 Hz
interference coupled by this ground loop was unimportant when referred to the
input.

In later measurements, when the electronic noise had been reduced, 60 Hz
interference dominated the low-frequency noise. The solution we found was to
connect the output of the PAR113 to the oscilloscope differentially. The
oscilloscope that we use can measure a differential signal by connecting the plus
and minus signal wires as the center conductors of two standard coax cables. In
our setup, the signal is carried from the PAR113 on a triax cable. At the
oscilloscope an adaptor connects the center conductor and inner ground of the
triax to the center pins of two coax connectors. The outer shield of the triax
connects to the outer conductors of the coax connectors, which connect to case of
the oscilloscope. In this configuration, there is still a short section of the electrical
ground (between the second INA110 and the PAR113) that is part of the shield.
However, we do not observe any 60 Hz interference, due to the high signal level
at this point.

So far, we have described the AC signal path. There are also electronics
that read out the DC bias voltage and current of the detector. The bias voltage
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and current are read differentially by a pair on INA110 instrumentation
amplifiers. The outputs of the instrumentation amplifiers are then connected to a
pair of optical isolation amplifiers that provide a very high degree of input-
output isolation. The outputs of the isolation amplifiers and their output
grounds are carried to the wall of the enclosure by standard coax cables. Outside
of the enclosure, the pair of coax runs to the two inputs of an analog X-Y
recorder. The bias current and bias voltage signals are read differentially by the
X-Y recorder. The differential inputs of the X-Y recorder are very well isolated
from the recorders case, which is connected to earth ground. We have never seen
any 60 Hz or other interference in the AC signal related to the DC circuit being
connected to the X-Y recorder.

All of the AC and DC lines coming out of the shield enclosure are filtered.
The filters are custom-made T-filters that filter the signal coming out the
enclosure, but also filter any interference or radiation coupling back into the
enclosure. The filters are constructed in a way the prevents radio or microwave
signals from coupling radiatively around the lumped elements that form the
filters. To make the filters, we start with a metal box with BNC connectors on
either end. A thick Al plate is inserted into the box, dividing the two sides. The
inside surface of the box is prepared to ensure good electrical contact between
the walls of the box and the divider. The edges of the divider are tapped with
holes that allow screws to press the walls of the box firmly against the divider. A
hole is also tapped through the divider along the axis of the BNC connectors. A
commercial feedthrough capacitor is bolted into the hole. (We actually use a
commercial LC pi filter, but the inductance is negligible at signal frequencies.
Still, it may help suppress high-frequency interference. The feedthrough filter is
made by Spectrum Control, Inc. and is part number 1250-003.) Finally, a resistor
is soldered on each side, connecting the center conductor of each BNC connector
to the center pin of the feedthrough capacitor. The filters on the AC lines have a
cut-off frequency of 150 kHz. The filters on the DC lines have a cut-off frequency
of 1 kHz.
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Chapter 3
Physical Noise Processes: Thermodynamic Fluctuations

3.1 Introduction

There are myriad physical processes that add noise to our devices,
meaning they increase the uncertainty in the energy of the incoming photon. In
this chapter, we will discuss thermodynamic fluctuations of the number of
steady-state quasiparticles in the Al electrodes of the ST] [Wilson 2001b]. We
will show that these fluctuations lead to excess current noise in the tunnel
junctions, which imposes an important limit on the resolution of backtunneling
ST]s.

Statistical mechanics elucidates the microscopic origin of the laws of
thermodynamics. It connects the thermodynamic variables of a system to the
ensemble averages of microscopic quantities. Despite the fact that it is only a
theory of average quantities, thermodynamics is very successful at describing the
behavior of macroscopic system. This fact can be understood if we consider the
fluctuations of thermodynamic variables predicted by statistical mechanics. For
example, consider a small container filled with a gas that can exchange energy
and particles with a reservoir. This type of system is described by the grand
canonical ensemble. In equilibrium, the chemical potential and the temperature
of the gas in the container equal those of the reservoir and are fixed. However,
the energy and number of particles in the gas are variables and can fluctuate. For
instance, if the container holds an ideal gas with N° particles on average, the
grand canonical ensemble tells us that the fluctuations are exactly (N°)/* [Pathria
1972]. If N is macroscopic (of order Avogadro’s number) then the relative
fluctuations will be very small, of order one part in several trillion. The same is
true for the fluctuations in the energy of the gas. The diminutive scale of these
fluctuations implies that a macroscopic gas is described very well by its average,

thermodynamic variables.
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On the other hand, the same analysis suggests that fluctuations of
thermodynamic quantities can be important in “small” systems. For instance, if
the average number of particles in the gas is only about 10* then the relative
fluctuations will be 1%. In this case, it is not clear that the average,
thermodynamic variables can describe the system adequately. In any case,
fluctuations with this relative size can have important, measurable consequences.
To appreciate these consequences, it is crucial to understand not only the
magnitude of the fluctuations but also the dynamics of equilibrium. When the
gas is in equilibrium with the reservoir, the average flow of particles entering the
gas from the reservoir cancels the average flow of particles leaving the gas.
However, the flow of particles into and out of the gas is a random process, so that
the two flows do not exactly cancel at all times. This causes the number of
particles to fluctuate in time. Furthermore, if the characteristic time thata
particle spends in the gas before returning to the reservoir is 7, then we expect
the frequency spectrum of the fluctuations to be spread over a bandwidth 1/7.

The thermal quasiparticles in the Al electrodes of an ST] detector form a
Fermi gas. This quasiparticle gas is coupled to a particle and energy reservoir
formed by the Cooper pair and phonon systems. In backtunneling devices, the
quasiparticle gas in the Al electrodes is isolated by the high-gap Ta on both sides
of the junction. In effect, the electrodes form an Al box confining the
quasiparticle gas. In typical devices, the box has a volume, Vol =100 pm?.
Particles flow into and out of the gas only through the processes of quasiparticle
generation and recombination. Thermal quasiparticles in the Al cannot diffuse
into the Ta because the difference between the superconducting energy gap of Ta
(A= 700 peV) and the energy gap of Al (A, =180 ueV) is much greater than
k,T ~ 20-40 peV. There are no thermal quasiparticles in the Ta at our base
temperatures. Based on our general discussion above, we expect that the
number of quasiparticles in the Al will fluctuate on the time scale of quasiparticle

recombination.
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We can calculate the quasiparticle number in thermal equilibrium by
integrating the BCS density of states. Assuming that the quasiparticles obey a
Fermi distribution and that k;T << A, we find

N(T) = D(¢; Wol|27A .k, T exp{- Bu J (3.1.1)

kyT

where D(g,) is the two-spin electron density of states at the Fermi energy. In our
measurements k.T << A,,, so the Fermi gas is nondegenerate. Its density is less

than 107 that of excitations in normal-state Al at this temperature.

3.2 Theory: One-Variable Master Equation

We now develop a model that connects the frequency dependence of the
fluctuations to the dynamics of quasiparticle generation and recombination. To
treat fluctuations in the system, we construct a master equation similar to the
Fokker-Planck equation. This differential equation describes the probability
distribution of the occupancies of various subsystems (levels). We follow the
treatment by van Vliet of generation-recombination noise in semiconductors [van
Vliet 1965], except that we generalize the description to allow for transitions that
involve an arbitrary number of particles, e.g., two quasiparticles recombining.
The Al box is well described by the three level system of Rothwarf and Taylor
[Rothwarf 1967]. The occupants of the levels are quasiparticles in the box,
phonons with energy E_ > 2A in the box, and phonons with energy E, > 2A in the
bath. We can in fact predict the fluctuation of an arbitrary number of levels.
However, the development is not particularly illuminating. We will instead
present a detailed derivation for a simplified two-level system, and quote results
for a multilevel system later.

We can consider one level of our system to be quasiparticles. The second
level could be Cooper pairs or quasiparticles in traps or something else,
depending on the exact nature of the system that we are trying to model.

Regardless of exactly what the second level is, it is not in general independent of

32



the first level because the total number of excitations in the two levels is
constrained. For instance, the number of quasiparticles plus Cooper pairs is
constrained by the total number of electrons, due to overall charge neutrality.
Furthermore the creation of two quasiparticles implies the loss of one pair, and
vica versa. Therefore, we only need to count the number of quasiparticles, N,
and can describe our system with a one variable master equation:

WO _ ~[g(N)+ r(N)]- PN, }k,0) + g(N —&N) - P(N - 8N, t}k,0)

5 (3.2.1)
+ r(N +8N)- P(N + 8N, t|k,0)

where P(N,k,0)is the probability that there are N quasiparticles at time t given
there were k quasiparticles at t=0. The function g(N) is the probability per unit
time that there will be a generation event in the box when there are N
quasiparticles. In other words, g(N)dt is the probability of a generation event in
the time interval dt. Similarly, the function r(N) describes the probability per
unit time of recombination. The parameter 3N is the number of quasiparticles
added (removed) by a generation (recombination) event. We can understand the
structure of the master equation quite simply. It describes the rate of change of
the probability that there are N quasiparticles in the system. The rate of decrease
in the probability equals the probability that there are N quasiparticles times the
probability per unit time that there will be a generation or recombination event.
This is what the first term in the master equation represents. The rate of increase
in the probability is equal to the probability that the system is one generation
event away from having N quasiparticles times the probability per unit time that
there will be a generation event plus a similar term for recombination.

The master equation is an countably infinite set of coupled differential
equations. Luckily, we do not need to solve the master equation for it to be
useful. We can instead use the master equation to construct much simpler
equations for quantities like the variance and correlation function of the

fluctuations.
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We begin by calculating the variance of the fluctuations. The variance is
an equilibrium property, so we can set the left side of the master equation to zero.
If we then multiply the equation by N, and sum over all possible N, we get the
simple relationship:

(g(\))=(r(N)) (3.22)
where the angle brackets mean the expectation value over all N. If we expand
both g(N) and r(N) in a Taylor expansion around the equilibrium value N°, we
get

g(N®)+ L g (N AN ) = r(NV®) + 1 F"(N°)(AN?) (32.3)
where the primes indicate the derivative with respect to N and AN =N~ N° The
first order terms vanish because (AN) =0 in equilibrium. In addition, in most

cases g(N),r(N) ~ N?and (AN 2> ~ N, so we can neglect the second order terms

and simplify to
g(N°) = r(N®). (3.2.4)
This is the reasonable statement that the generation and recombination rates
must balance in equilibrium.
If we again set the left-hand side of the master equation (3.2.1) to zero,

multiply by N? and sum over all N, we get the relationship

o)) o

If we again expand g(N) and r(N) around N° and use (3.2.3) to simplify, we can
find the following expression for the variance of the fluctuations

r(N%
FIN®) =g (N*)

(aN?) = (3.2.6)

where we have again neglected second order terms in the final expression.

We can also use the master equation to calculate the power spectrum of
the fluctuations. To do this, we first calculate the autocorrelation function of the
fluctuations and then compute its Fourier transform. The autocorrelation

function at lag u is defined as:



®(u) = (NON W)= X, k- j - P(k.0:j,u) (3.2.7)

ko
where P(k,0; ju) is the joint probability that there are k quasiparticles at t=0 and
that there are j quasiparticles at t=u. (By lag we mean the amount of time that
one signal is shifted with respect to the other). We can simplify this expression
by factoring the joint probability distribution into P(k.0;j.u)= P(j.ulk,0)- P(k,0)
giving

d(u) = gk - P(k,0)Y, j - P(j,uk.0) = ;k (N, - P(k,0) (3.2.8)

i

where P(j.u|k,0) is the conditional probability of having j quasiparticles at t=u
given that there were k at t=0 and (N ), is the expectation value of N given that
there were k quasiparticles at t=0.

To further simplify this expression, we start by deriving a differential
equation for (N), using the master equation. In this case, we need to use the full
master equation (3.2.1) without setting the time derivative equal to zero. If we
multiply both sides by N and sum over all N, we get the equation

%(Nh =8N ((g(N)) - (r(N))). (329)

We cannot solve this equation explicitly, because we do not know the expectation
values on the right-hand side. However, we can find an approximate solution by
again expanding g(N) and r(N) around N°. We find the simple result

d (AN), o 1 1
— (AN o = (kN : = e—_
du( )"'” T 4 SN r'(N°)-g'(N°)

where T appears as the effective relaxation time of the fluctuations. This equation

(3.2.10)

has the simple solution
(AN, =(k=N °)exp(—%). (3.2.11)

Inserting this solution into (3.2.8) we find the autocorrelation function of the

fluctuations to be

AD(u) = (AN(0)AN(w)) = (AN Z)exr{—;J (3.2.12)
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r(N)
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Probability per unit time

Number of Quasiparticles

Figure 3.1 Sketch of the generation and recombination parameters, g(N) and r(N). The intersec-
tion of the curves yields the steady-state number of quasiparticles.

where (AN 2) is the variance of the fluctuations. We can then directly compute
the power spectrum, G(w), of the fluctuations as the Fourier transform of the

autocorrelation function. We find

(3.2.13)

We now have general expressions for the variance and power spectrum of
the fluctuations in our two-level system. Before we specialize the equations
more, we can make some general comments. First, if we combine (3.2.6) with
(3.2.10), we find the much simpler expression for the variance of the fluctuations:

(AN?)=(8N)* r(N®) . (3.2.14)
This says that the variance of the fluctuations is of order the number of particles
that recombine in one correlation time. Now, looking at (3.2.10), we see that T is

inversely proportional to 8N. This says the more quasiparticles that are lost
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(created) by a single recombination (generation) event, the faster the fluctuations.
Also, looking at (3.2.10) we see that the time scale of fluctuations is inversely
proportional the sum of the derivatives of the generation and recombination
rates. This has a simple physical interpretation. In Fig. 3.1 we sketch the
recombination parameter, r(N), and generation parameter, g(N), as a function of
N. First, we note that the value of N where the curves intersect is the equilibrium
value N°. Next, we notice that for a stable system the derivative of r(N) will
always be positive and the derivative of g(N) will always be negative. This is
what maintains equilibrium. For example, if N fluctuates greater than N°, then
the recombination rate increases and the generation rate decreases. Both of these
changes drive the system back to equilibrium. Even more, the steeper the change
in the rates around equilibrium, the faster the system is driven back to
equilibrium. This is why the time constants depend on the derivatives of r(N)
and g(N) and why their contributions sum together.

To be able to apply the formulas derived above we must know what r(N)
and g(N) are for our system. Luckily, if we already understand the dynamics of
the system, it is general easy to deduce r(N) and g(N). In general, the rate

equation of our system will be of the form
dN '
== SN(g(N) - r(NV)). (3.2.15)

If we can derive or know an appropriate rate equation for our system, we can
then read off g(N) and r(N).

We can consider, as an example, the case of simple generation and
recombination of quasiparticles. By simple, we mean that quasiparticles are only
lost to recombination with other quasiparticles and we ignore the effects of
phonon trapping (which we will return to later). In this case, the two levels of
our system are quasiparticles and Cooper pairs, with the total number of
electrons constrained to be the normal state value. We will further assume that
we are working at low temperatures and that the number of quasiparticles is

small compared to the number of Cooper pairs. In general, we would expect
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g(N) to depend on the number of Cooper pairs. However, since the relative size
of the fluctuations will be small compared to the number of Cooper pairs, we will
assume g(N) is constant and equal to the equilibrium recombination rate. With

that we can write the rate equation for our simple system as

dN 1 R
e FG—EV_oINz] (3.2.16)

where [, is the constant generation rate, Vol is the volume of the system, and R
is the recombination constant. The recombination constant is basically a constant
of proportionality between the recombination rate and the number of ways to
combine N quasiparticles, which is N*/2.

From this rate equation, we can read off the parameters of our model:

1 R ,,
gN)=T;, ; riN)=-—N" ; N=2, (3.2.17)
2 Vol

We can then easily put these parameters into the equation above to find a
familiar result for the variance of the fluctuations, (AN*)=N°. We can also easily
write down the power spectrum of the fluctuations
Clr= 117;; FEE 22%o '
We see that the spectrum has a simple Lorentzian form with a bandwidth given

by 1/1.

(3.2.18)

3.3 Theory: Multivariable Master Equation

The simple one-variable master equation derived above is illustrative, but
it is not sufficient to describe generation and recombination in a physical
superconductor. In a thin-film superconductor, the phonon emitted when a pair
of quasiparticles recombines can break another pair before the phonon escapes
the film into the bath. This process, known as phonon trapping, extends the
effective lifetime of a quasiparticle. We must therefore account for this process if

we want to describe quasiparticle fluctuations in a physical superconductor. To
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() ————— N,

Figure 3.2 Schematic representation of our three level system. From top to bottom, the levels are
quasiparticles, phonons in the electrodes, and phonons in the bath.

do this, we model our junction as a three level system, shown schematically in
Fig. 3.2. The population in the three levels will be labeled by N, N, and N_
which are the number of quasiparticles in the electrodes, the number of phonons
with energy E_> 2A in the electrodes, and the number of phonons with E_ >2A in
the bath respectively. We only keep track of phonons with E, > 24 because they
are the only phonons that can generate new quasiparticles.

In the previous section, we thought of two quasiparticles recombining to
form a Cooper pair, instead of quasiparticles recombining to form a phonon. In
the end, however, N_ is a more natural variable than the number of Cooper pairs
for several reasons. From a statistical point of view, we can account for the
recombination of two quasiparticles equally well as a transition toa Cooper pair
or a transition to a phonon. From a dynamical point of view, however, keeping

track of phonons is much more important then keeping track of Cooper pairs. As
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we will see shortly, the presence of phonons created by recombination can
significantly change the effective recombination rate measured in experiments.
On the other hand, the rate I’y at which phonons break pairs and generate
quasiparticles is proportional to the number of Cooper pairs, but as long as the
number of pairs is much greater than the number of quasiparticles, then I’y is
approximately constant. Thus, we see that N_ is a better choice.

We can describe the dynamics of the levels with the following system of

three coupled differential equations:

dN 1 RN?
7;:2{—5—70—1—+ FBNw} (331)
dN_ 1 RN?
dtw = 5707 b rBNw - FESNGJ + rKNm,B (3‘3'2)
dN
dat,.a =[N, -TN,, (3.3.3)

where I is the rate at which phonons escape from the electrode to the bath and
I, is the rate at which phonons enter the electrode. The factor of 2 in the first
equation comes from the fact that quasiparticles are generated and recombine in
pairs. We have neglected the anharmonic decay of phonons as a loss process
because it happens on a time scale much longer than phonon escape at these
energies.

We can simplify these equations with the approximation that N, is
constant, which is justified because the exchange of phonons with the junction is
a very small perturbation to the bath. This simplification reduces (3.3.3) to the
equality I,N = [N, ;°, where the superscripts indicate equilibrium values. We
can then rewrite (3.3.2) as:

dN, L RN®
w - " [N, -T(N,~-N, 3.2

We then see that (3.3.1) and (3.3.2") are the well known Rothwarf-Taylor
equations [Rothwarf 1967].
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