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Abstract

Superconducting Single Photon Imaging X-ray Spectrometers

Stephan Friedrich
Yale University
1997

X-ray detectors based on superconductor-insulator-superconductor (SIS) tunnel junctions
combine potentially high energy resolution with high absorption efficiency and intrinsic
imaging capabilities. Photons absorbed in a superconductor generate excess charge carriers
that can be detected as an increase in the subgap current of an SIS tunnel junction. If a
single superconducting absorber is used with two detector junctions, one on either side,
two signals are produced providing information on both x-ray energy and absorption
location. We present the development of imaging x-ray spectrometers based on Nb-Ta-Al-
AlOx-Al thin film structures for x-ray astronomy applications. At present, these detectors
exhibit an energy resolution of 54 eV at 6 keV with a spatial resolution of 1 pm over a 30
um range. This exceeds the best energy resolution of conventional semiconductor based
devices by a factor of two, and provides effectively 30 pixels with just two channels of
readout. In addition, these detectors have been used to study non-equilibrium quasiparticle
dynamics in superconductors. A quantitative analysis of the device response is presented
and is used to outline future device designs. Scaling to larger areas and significant

improvements of the energy resolution appear possible.
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Chapter 1: Introduction

1.1. Motivation

Scientific discoveries have often been facilitated by improved detection techniques.
Many of these discoveries rely on the detection of photons or other single particles. In this
dissertation we describe the development of high resolution single photon x-ray detectors
with imaging capabilities for the energy range from 0.1 to 10 keV. These detectors are
based on superconductor thin film technology. They rely on the absorption of an x-ray in a
superconducting film and readout of the excess charge carriers with a superconductor-
insulator-superconductor (SIS) tunnel junction.

Our research is motivated by space based x-ray astronomy applications. Stellar x-
ray sources range from supernova remnants over active galactic nuclei and hot interstellar
plasmas to binary systems [Charles, 1995]. X-ray astronomy would profit greatly from
improved detector capabilities, as there are several interesting astrophysical questions that
can not be adequately addressed with present technology. As an example [Gijsbertsen,
1995] consider intergalactic plasmas with temperatures of several million degrees that emit
radiation in the soft x-ray band. Present day detectors with a resolution E/SE < 50 can
resolve characteristic lines to deduce the elemental composition of the plasmas and their
temperature. However, these results depend on assumptions about the processes that heat
and maintain the plasmas at million degrees of temperature. Detectors with an energy
resolution E/SE 2 200 could provide model-independent information about the elemental
abundances in hot plasmas. For an energy resolution E/SE 2 1000, line profiles can be
studied to examine the source velocity though measurements of the redshift.

Aside from higher energy resolution, it is highly desirable to have detectors with
spatial resolution for focal plane imaging. Imaging is important not only for the analysis of



spatially extended sources; it also allows scanning the sky more quickly in surveys.
Furthermore, the requirements on a detector are not only determined by astrophysical
considerations. Equally important constraints arise from the fact that the atmosphere is
opaque to x-rays and measurements have to be performed in a satellite or rocket where
observation time is very expensive and the number of channels that can be used for data
transmission is limited.

An ideal detector would combine the following characteristics. Most importantly it
would combine high energy resolution E/SE = 1000 with imaging capabilities. High
absorption efficiency is essential to image faint sources within the observation time
constraints. On the other hand, a fast readout is desirable to improve the dynamic range of
the detectors for imaging bright sources. The effective detector area should be large,
preferably at least 5 mm by 5 mm, to allow for drifts in the grazing-incidence mirrors of the
telescope.

Conventional detectors satisfy several of these requirements, but not all of them
simultaneously. Crystal grating spectrometers offer high energy resolution, but are
inefficient and can not be used to examine faint objects. They also provide only one
dimensional imaging. Detectors based on semiconductor technology like charge-coupled
devices (CCDs) have sufficiently high detection efficiencies and provide imaging over large
effective areas, but their energy resolution is limited to about 100 eV for 6 keV x-rays.

Superconducting x-ray detectors based on tunnel junction technology have the
potential to combine many of the desired features. Excitation energies in superconductors
are of order meV, as compared to eV excitation energies in semiconductors. X-rays
therefore generate 1000 times more free charge carriers in superconductors. This translates
into a theoretical energy resolution limit that is predicted to improve upon existing
semiconductor technology by more than an order of magnitude. At 6 keV the theoretical
energy resolution is around 3 eV full-width at half-maximum (FWHM). High resolution at



6 keV is of interest for astrophysicists because characteristic iron x-ray lines fall into this
energy range.

In addition, a single superconducting absorber can be used with two separate tunnel
junction detectors for readout. In this geometry, the device has intrinsic imaging
capabilities. ~Alternatively, one could of course use separate devices for imaging.
However, this would require separate channels of readout for each individual device. This
is impractical in space based applications. An essential advantage of the detectors
discussed in this dissertation is that they provide imaging with a limited number of readout
channels.

Other areas of research where improved photon/ particle spectrometers will provide
new insights include dark matter searches, neutrino physics and material analysis. Novel
applications in biophysics like for fluorescence spectra of metaloproteins are emerging. The
field of low temperature detectors has experienced a rapid expansion during the last decade.

It is likely to continue to grow with the continued need for higher sensitivity measurements.

1.2. Current State of Research

A variety of novel cryogenic detection schemes are presently being developed to
improve the energy resolution of single photon x-ray detectors. Conference proceedings
show the recent progress in this field [Brogiato, 1990; Booth, 1992; Labov, 1993; Girard,
1995; Ott, 1996]. Several approaches have yielded impressive results over the last decade.
The most important ones for the benchmark 6 keV x-rays are summarized below.

Microcalorimeters measure the temperature increase of a thermistor upon x-ray
absorption. Their performance is ultimately limited by thermodynamic fluctuations of the
temperature. The NASA/Wisconsin collaboration has obtained a very high energy



resolution of 7.3 eV at 6 keV using doped silicon thermistors with a HgCdTe absorber
[McCammon, 1991].

The same calorimetric principle can be used in superconducting transition edge
bolometers. In these devices, the resolution can be further improved with the use of
electrothermal feedback [Irwin, 1995a,b]. The group at NIST Boulder has measured 8 eV
resolution at 6 keV with an Al/Ag bilayer biased at its transition [Wollmann, 1997).

If x-rays are absorbed in a normal metal that forms one electrode of a
Superconducting-Insulator-Normal metal tunnel junctions (SIN), the excess subgap current
provides an alternative measure of the resulting increase in the electron temperature. 6 keV
x-rays have been detected with a 22 eV energy resolution at NIST using a Aw/Ag absorber
with an Al counterelectrode [Nahum, 1995].

Several other groups are pursuing the development of SIS junction detectors [e.g.
Ott, 1996]. The best energy resolution attained so far with SIS tunnel junction detectors is
29 eV at 6 keV by the group at Lawrence Livermore using Nb-Al-AlOx-Al-Nb structures
with a2 SQUID readout [Frank, 1996]. The same approach is being pursued by the
European Space Agency, with a best result of 48 eV [Verhoeve, 1994]. Alternative
materials systems that have been investigated at the Paul-Scherrer-Institute are Sn-SnOx-Sn
junctions, which have yielded 65 eV resolution [Twerenboldt, 1986). Experiments on Nb-
Ta-Al-AlOx-Al-Nb devices at the Naval Research Laboratory show 60 eV resolution
[Porter, 1996]. These devices, as well as all devices mentioned above, consist of a single
pixel and do not offer imaging capabilities.

Double junction detectors for imaging have first been developed at the Technical
University in Munich [Kraus, 1989a,b]. In fact, the early results on devices with Sn
absorbers with Al-AlOx-Al readout junctions were largely responsible for exciting interest
in tunnel junction detectors. The Munich group obtained an energy resolution of 60 eV
with a simultaneous position resolution of 5 um over an effective length of 53 um. The

resolution could be improved to 52 eV if the effective area was reduced. However, tin is a



soft metal and the devices could not be thermally cycled without damaging their properties.
This is unacceptable for space based applications where extensive testing prior to launch is
essential. Our work is an attempt to improve upon the Munich results by switching to a
more stable all-refractory materials system.

This dissertation is organized as follows. Chapter 2 provides an overview of the
operating principle and the processes involved in the charge detection. Device design for
optimum detector performance and other experimental aspects of this work are discussed.
Chapter 3 is concerned with how to optimize the readout electronics for minimum noise and
waveform distortion. Chapter 4 follows with an analysis of the pulse waveforms to
experimentally determine the time scales of the charge dynamics in the device. Chapter 5
shows the present performance of the device, discusses the limiting factors and suggests

possible future experiments. Chapter 6 concludes with a summary of the results.



Chapter 2: Overview

2.1. Superconducting Tunnel Junctions

Superconductivity is the phenomenon of a vanishing electrical resistance in certain
materials below a material-specific characteristic temperature Tc. In conventional
superconductors, it occurs because of an attractive phonon mediated interaction between
electrons [Bardeen, 1957]. Electrons condense into bound states at the Fermi energy called
Cooper pairs. There is a finite binding energy associated with the Cooper pairs that
manifests itself as an energy gap A by which the lowest lying single particle excitations are
separated from the Cooper pairs. These excitations are called quasiparticles and their

density of states is given by

lEI
n =H(Ep)(————), 2.1.1.
P VEZ - A2

Here n(EF) is the density of states at the Fermi surface in the normal state and energies E
are measured relative to the Fermi energy. The quasiparticle density of states diverges at
the gap energy and is zero for lower energies. At finite temperature, some quasiparticles
are thermally excited above the gap.

Tunnel junctions consist of two metals separated by an insulator. If the insulator is
sufficiently thin, charges can traverse the barrier through quantum mechanical tunneling. A
finite tunneling current results whenever filled states on the one side of the barrier face
empty states on the other side. For normal metal electrodes the tunneling I(V)
characteristics is linear with a resistance Ryn. For metals in the superconducting state and

voltages below the gap voltage 2A/e, only thermally excited quasiparticles can tunnel and



contribute to the subgap current. Above that voitage, Cooper pairs can be broken resulting
in a sharp current increase due to the divergent density of states. At high voltage, the I(V)
characteristics asymptotically approaches the normal metal value.

In addition, there is a Cooper pair contribution to the dc current at zero voltage due
to the Josephson effect [Josephson, 1962]. The magnitude and the polarity of the dc
Josephson effect depends on the phase difference between the two superconductors on
either side of the barrier. The Josephson current has a maximum value of Ic and can be
suppressed with a magnetic field in direction parallel to the tunnel barrier. Suppressing Ic
is necessary in order to stably bias a junction in the subgap region with a circuit whose load
line resistance exceeds the normal state resistance RN of the junction. A schematic of a

typical I(V) characteristic is shown in figure 2.1.1.
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Figure 2.1.1.: (V) characteristic of a Superconductor-Insulator-
Superconductor (SIS) tunnel junction. In our system, the normal state
resistance is typically around 0.5 Q with a 6 Q dc load line

2.2. Operating Principle

X-rays absorbed in a superconductor relax their energy in a complex cascade

involving electron-electron scattering, electron-phonon scattering and pair-breaking. At the



end of the relaxation process, a certain fraction of the x-ray emergy is converted into
quasiparticles with energies just above the superconducting gap, and the remainder is lost
to subgap phonons whose energy is insufficient to break any further Cooper pairs. The
number Ng of quasiparticles is proportional to the x-ray energy Ex. The average number

and its standard deviation are given by

Here F is the Fano factor that characterizes the correlated nature of the quasiparticle
generation [Fano, 1947; see also section 4.1.], and € is the energy required to create a
single quasiparticle. If the superconducting absorber forms one electrode of a
superconductor-insulator-superconductor (SIS) tunnel junction, the quasiparticles can be
detected as an increase in its subgap current. The energy resolution of such a detector is
ultimately limited by the statistical fluctuations in the number of initially created
quasiparticles. Since € is of order the gap energy in superconductors and F=0.2
[Kurakado, 1982], these detectors can have an energy resolution of a few eV for x-rays in
the keV range. This is obtained if each quasiparticle is counted exactly once. The Fano limit
for a typical superconductor is roughly 30 times better than the limit for semiconductor
technology; this provides the principal motivation for our work.

The detectors need to fulfill two conflicting requirements. The absorber volume
should be large for high absorption efficiency and large area coverage. The tunnel electrode
volume should be small to ensure the quasiparticle tunnel before they recombine. This
problem can be addressed by quasiparticle trapping through superconductor bandgap
engineering [Booth, 1987]. A large superconducting absorber with high energy gap is
used in conjunction with a small lower gap tunnel junction. Quasiparticles in the absorber

that diffuse to the lower gap region scatter inelastically and are then confined close to the



tunnel barrier. Quasiparticle trapping separates absorber and detector functions and allows
optimizing each one individually. The same concept is applied to prevent quasiparticles
from diffusing from the absorber into the electrical contacts. A large gap superconducting
contact will reflect quasibarticles at the interface, provided that they have scattered below
the contact’s gap edge (figure 2.2.1.).

Contact Absorber Trap/Barrier/Counter-
electrode

N

N

Figure 2.2.1. Energy gap profile in trapping detector with bandgap engineering
To use such a trapping detector in an imaging configuration, two detector junctions are
connected to a single superconducting absorber, one on either side [Kraus, 1989a,b].

Quasiparticles created in the absorber by a single x-ray will split up diffusively and will be
trapped and produce signals in both junctions (figure 2.2.2.).

Junction #1 L Junction #2
eel| F re N

- . L

\
Counter-/Barrier/Trap Absorber Trap/Barrier/Counter-
electrode ' electrode

Figure 2.2.2.: Schematic of the energy gap profile and the basic processes
involved in a double junction x-ray detector



The sum of the signal charges is related to the x-ray energy, and their ratio provides
information about the absorption location. Plots of the two detected charges like the one
shown schematically in figure 2.2.3. then reveal both energy and location of the absorbed

photon. This way, position information can be obtained with just two channels of readout.

Lines of constant energy:
Ql }"Qz = constant (Solid)

L/ines of constant position:
/ Q;/Q, = constant (Dashed)

Figure 2.2.3.: Ideal charge output (no loss) from an imaging double
junction detector for irradiation with different energy x-rays.

Analytic Solutions

For a more general quantitative analysis of such a double junction detector consider
an absorber of length L with traps on either side at x=tL/2. An x-ray is absorbed at time
t=0 and position x=xg. The dynamics of the quasiparticle distribution n(x.t) inside the
absorber can be described by a standard diffusion equation including a term for
quasiparticle loss on a time scale of Tjoss to account for the finite quasiparticle lifetime.
Since the process of quasiparticle generation is fast on time scale of the diffusion inside the
absorber, the initial distribution can be assumed to be point-like. Quasiparticles at the
absorber-trap interfaces at +1./2 will diffuse into the trap over a characteristic length
Liap =/DTuap before scattering inelastically. Setting the diffusion current Dan/ox at the
interface equal to n(L/2)Lirap /tirap determines the boundary condition at the absorber-trap

interface. The resulting differential equation
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on(x,t) _ azn(x,t) n(x,t)

* o 222
n
with n(x,t =0) = Ng3(x-xq) and __lan .y
ox x=+1./2 Ltrap

can be solved analytically [Jochum, 1993]. The charges Q; and Q; collected in the two
detector junctions in the most general case of finite trapping time and finite quasiparticle life

time is found to be

sinh(a(1 /2 +xg)) +Bcosh(a(l/2 £ xg)) 293
(1+p?)sinh(a) + 2B cosh(cr) ’ o

Qi/2(x0) =Qp

where Qg=eNp is the total charge initially created by the absorption of the x-ray. The
parameter 0=V(TdifffTioss) With Tgi=L./D reflects competing mechanisms of quasiparticle
diffusion and loss in the absorber. Similarly, B=V(Tiap/Tioss) is a measure for the relative
time scales of trapping and loss. Figure 2.2.4. shows a plot of the charge output from

different events for uniform illumination of the absorber for a=1 and different trapping

times.
1.0 —
B=0 (t,=0)
0.8 ~ / B=0.5 (‘t =0. 251.'l
B=l (T,
0.6
g
© 0.4 -
0.2 =
0.0 | LB ) ]
0.0 02 0.4 0.6 0.8 1.0

Q/Q
Figure 2.2.4.: Charge output for different trapping times Tirap-
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For longer trapping times, i.e., increasing P, even quasiparticles created close to one end of
the absorber are not necessarily captured in the adjacent low gap region, but have a finite
probability to diffuse to the opposite junction and produce a signal there. Slow trapping
therefore manifests itself in a finite minimum charge and scatter plots not extending all the
way to the axes. Slow trapping reduces the position sensitivity and enhances the effects of
quasiparticle loss as the quasiparticles remain in the absorber longer before being detected.

A successful detector requires fast trapping for efficient charge collection and high
spatial resolution. This requires clean absorber-trap interfaces for high quasiparticle
transmission and fast inelastic scattering in the lower-gap trap region. In this limit (Tyap—
0) the boundary condition at the absorber-trap interfaces reduces to n(x=+L/2)=0 and the
charge output is given by [Kraus, 1989]

sinh(a(l/2£xq)) 294

Q1/2(x0)=Qp Sinh(c) . 2.

Figure 2.2.5. shows plots for three different values of o=V(Tgjff/Tioss)=L/V(DTioss). If the
quasiparticle lifetime is of the same order as the time T4i=L.%/D it takes the charges to
diffuse to the trap, quasiparticles created in the center of the absorber are more likely to
recombine before being detected. This produces a reduced charge output from the center of
the device and some curvature in the scatter plot. The curvature is used to determine o
experimentally.

Equation 2.2.4. for the measured charges Q; and Q; allows us to infer the initial
charge Qo and the absorption location xq even in the presence of quasiparticle loss in the

absorber. Solving for Qg and xg, one finds

Qo = VQ? + Q3 +2Q,Q, cosh(a)

L (Qle-aIZ +Q2eal2] 2.2.5.

X0 =—1In

12



1.0

=0 (5, =)
0.8 + a=1 (1, ~t;e
=2 (1, /P
0.6 -
g
< 0.4
0.2 -
0.0, T U T
00 02 04 06 08 1.0

Q/Q
Figure 2.2.5.: Charge output for different quasiparticle lifetimes Tjoss.

For negligible quasiparticle loss, i.e. =V(tdifffTioss)~>0, these equations reduce to

Qo =Q1+Q;
Xo _LQ-Q 2.2.6.
2Q+Q,

This corresponds to the ideal case shown already in figure 2.2.3. in which every
quasiparticle generated in the initial energy relaxation process is counted exactly once. The
average distance V(Dryoss) Over which quasiparticles diffuse before recombining must
ideally be much larger than the absorber dimension L. That requires absorber films of high
purity for large diffusivity D and operation at low temperatures such that thermal
recombination does not limit the quasiparticle lifetime. Quasiparticle loss not only reduces
the charge signal, but also introduces additional uncertainty GNjoss to the energy
measurement, because there are fluctuations in the number of quasiparticles lost in different

events.
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Fluctuations

There are other processes that can introduce noise. The first is related to the gap
difference between absorber and trap. If the gap in the absorber exceeds the gap in the trap
by at least a factor of 3, phonons emitted upon trapping can have an energy greater than
2A¢ap- This is sufficient to break pairs in the trap and create additional quasiparticles
[Booth, 1987]. Statistical fluctuations in this number will also introduce an additional
uncertainty ONrap to the x-ray energy measurement [Mears, 1993].

The second is due to a process called backtunneling or Gray effect [Gray, 1978]
and is illustrated in figure 2.2.6.. Quasiparticles in the counterelectrode that are scattered to
the gap edge can no longer reverse tunnel directly, as they face the energy gap on the other
side of the barrier. They can, however, break Cooper pairs in the trap to form another pair
in the counterelectrode. This process is called backtunneling as it transfers an unpaired
quasiparticle back into the trap, but transfers net charge in the same direction as the direct
forward tunneling process. Forward tunneling and backtunneling can continue to multiply
the detected charge until the quasiparticles either recombine or diffuse into the leads. Since
the individual tunneling events are uncorrelated, fluctuations in the number of
backtunneling events will be an additional source of noise [Goldie, 1994]. In the general
case where the probabilities P; and P; for tunneling from the two films are different, the

excess noise is given by

P; - P? +3P,P, + PP,

: 2.2.7
(Pl + PIP2)

Obacktunneling = VEExG with G =

The tunneling probability P = Ty, / (Tan, + Tiss) describes how likely a quasiparticle will
tunnel across the barrier at a rate tt“u[n compared to leaving the junction electrode by any
other process at a rate 1:|°°lss, be this due to recombination or outdiffusion. In the case
where the tunneling probabilities are identical one obtains G=1+Twn/Tioss, Where Tun/Tioss

is the average number each quasiparticle tunnels across the barrier.
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Figure 2.2.6.: Energy gap profile and quasiparticle propagation including
backtunneling (Gray effect) in a double junction detector

Aside from the statistical processes outlined above, the device resolution can further
be deteriorated by noise in the readout electronics or spatial variations of the detector

response. The ultimate device resolution

EFwiM = 2.355,/€E, (F +G) + Oirap + ORioss + Otectronics - 2.238.

will therefore only be Fano limited if all other sources of noise are sufficiently well

suppressed.

2.3. Device design

The design of a single photon imaging x-ray spectrometer is guided by the need for
high absorption efficiency, effective charge collection and device durability. Quasiparticle
lifetimes have to be long on a time scale set by diffusion and tunneling. Trapping out of the
absorber must be fast for high spatial resolution. Charge multiplication processes that add
statistical noise should be eliminated. Separating absorber and detector function by using
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quasiparticle trapping allows optimizing each of them individually. In this section we will
summarize materials choices and device geometry as well as sample fabrication and device
parameters. Details can be found in the dissertation of Mike Gaidis [Gaidis, 1994], who
fabricated the devices that were used in this work.

Materials
Tantalum emerges as the absorber material of choice. Its high atomic number

(Z=73) translates into the shortest absorption length of all superconducting materials with
convenient Tc. Characteristic time scales for inelastic scattering and pair-breaking in
tantalum predict a fast conversion of photon energy into excess quasiparticles. The
intermediate gap size (A1, = 700 peV) allows the use of a trapping configuration, and the
quasiparticle lifetime is expected to be long at typical operating temperatures below 0.3K.
Furthermore, unlike niobium, tantalum does not have metallic suboxides whose low energy
gap would provide unwanted trapping sites in the absorber [Halbritter, 1987]. Other
alternative absorber materials with short absorption lengths like lead or tin are not refractory
and degrade with thermal cycling [Kraus, 1989].

Aluminum is chosen as a junction material, because its low energy gap (Aa) = 170
ueV) allows effective trapping at the absorber-trap interface. That does, however, make
operating temperatures below 0.4 K necessary to ensure sufficiently long quasiparticle
lifetimes in the trapping regions [Gray, 1971]. Aluminum also forms a robust insulating
oxide needed to create a high quality tunnel barrier. It has a low atomic number (Z=13) and
consequently few x-rays will be absorbed in the junction area directly. |

To make electrical contact to the absorber, we use a thin strip of niobium, whose
high energy gap (ANp = 1500 peV) prevents quasiparticles from diffusing out into the
leads. Possible trapping sites at metallic suboxides are only of concern if these oxides form

right at the tantalum-niobium interface.
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All materials are refractory and are not expected to degrade with time and thermal
cycling. We did not observe any changes in the device's I(V) characteristics with time and
repeated thermal cycling over a three year period.

Device Geometry
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Figure 2.3.1.: Device geometry: The device provides imaging in x-direction.
The z-direction is perpendicular to the plane of the device.

Figure 2.3.1. shows a picture of the device geometry. The absorber dimensions of
200 pm x 100 um reflect a compromise between a desirably large area of at least 1 mm?2
and the concern that some unexpected effect might reduce the quasiparticle lifetime below
the time it takes the charges to diffuse to the trap region. At the time of the device design,
the lifetimes had never been measured in tantalum. In niobium, the lifetimes were found to
be much lower than predicted from theory.

The niobium contact is small to reduce the number of absorption events in it. The
large niobium gap prevents quasiparticles from diffusing out of the absorber and

quasiparticles from absorption events in the Al leads from entering the absorber.
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The aluminum traps overlap the tantalum absorber by 10 um so that the large area
of overlap ensures good quasiparticle transmission in case parts of the absorber surface are
dirty or oxidized. In the overlap region, the aluminum gap is increased above its bulk value
due to the proximity effect [de Gennes, 1964]. Depending on the exact gap profile and the
location and of the scattering event that traps the quasiparticle, the emitted phonon can have
an energy above 2AA and add fluctuations to the number of quasiparticles by breaking
pairs in the aluminum. This concern did not outweigh the advantages aluminum has to offer
as a junction material for the design of the device.

When designing the device there was a lot of concern about trapping flux in it. That
creates regions of reduced gap and limits the quasiparticle lifetime. The performance of the
best devices at that time was affected by trapped flux [Kraus, 1989b]. It was caused by the
magnetic field used to suppress the dc Josephson current, which had a small component
perpendicular to the detector. One can affect the required magnetic field using non-standard
Jjunction geometries, because the total critical current is an integral of the current density
over both dimensions of the junction area [Broom, 1980]. For minimum required field, the
junction shape in our detectors follows an approximation to a fourth order polynomial
[Peterson, 1991]. For the same reason the junction is stretched out in the direction
perpendicular to the magnetic field. The junction is symmetric about the center of the
absorber and its shape s(y) (with y in units of the junction length Lijct) can be parametrized

as
s(y) =19(1 - 4y +4y> —y*). 23.1.

Figure 2.3.2. shows by how much the critical current at a given magnetic field is
suppressed compared to the value expected for a rectangular junction of the same cross
sectional area in direction perpendicular to the magnetic field. The suppression is effective,

although not quite as effective as predicted because of small deviations from the ideal shape
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Figure 2.3.2.: Measured critical current for a shaped junction with RNN =
0.6Q compared to the Isin(x)/x! pattern expected for a rectangular junction

introduced in the fabrication process and by the finite width of the junction at the edges.
Also, shaped junctions exhibit wider minima of Ic(B) compared to rectangular junctions,
facilitating suppressing the critical current in both junctions simultaneously.

Choosing the junction length to Lj; = 200 pm turned out to be somewhat
problematic, because it also lowered the voltage for the first Fiske mode to 110 pV. Fiske
modes are resonances that occur whenever the ac Josephson effect excites signals at a
frequency of the eigenmodes of the cavity formed between the two junction electrodes
[Fiske, 1964]. They manifest themselves as peaks in the junction's I(V) characteristics.
They increase the subgap current and cause excess noise when biasing in their vicinity (cf.
figure 3.1.1.). In rectangular junctions, Fiske mode resonances occur at equidistant

voltages [Eck, 1964]

V=0 with E=c\[ doxide 23.2.
2eLjc (24 A1 +doxide)
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Here Lj; is the junction dimension in direction perpendicular to the magnetic field
and the effective speed of light T inside the junction is reduced by more than factor of 10
compared to its free space value [Swihart, 1961]. In shaped junctions, the peak voltages
are no longer evenly spaced, but the voltage for the lowest resonance can still be estimated
from the above formula for n = 1. In our devices, a resonance voltage of 110 puVvV
corresponds to an oxide thickness doxide = 18A. That is a reasonable value for tunneling
diodes.

The wiring layer is made out of aluminum designed to ensure fast diffusion of
quasiparticles away from the trap to prevent an increase in noise due to backtunneling. A
silicon monoxide insulator separates the wiring layer from the trap and the absorber to

avoid shorting the junction.

Fabrication

Tantalum films 6000 A thick are deposited by dc magnetron sputtering at a rate of
40 A/s with the substrate held at a temperature of 700 °C. This yields bcc tantalum films
with a transition temperature above 4.2 K, a resistivity of 14.5+1.5 uQcm, somewhat
above the bulk value of 12.330.2 uQcm, and a residual resistance ratio R3gok/R ok = 30.
The absorber pattern is defined by wet etch in a 3:1 solution of FeCls/HCI and HF that
ensures sloped edges for good edge coverage even if the aluminum trap is significantly
thinner than the absorber.

One should keep in mind that despite the short x-ray absorption length in Ta, even a
6000 A film will only absorb about 25% of all incoming photons at 6 keV, where the iron
emission lines are. This is sufficient for test devices, but for practical usage a higher
absorption efficiency would be desirable. That would require either 2 um thick films or the
use of a tantalum crystal as absorber [Netel, 1996]. Of course, for lower energy x-rays the

absorption efficiency is much higher.
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The aluminum trap is thermally evaporated at 200 A/s for a thickness of 1500 A.
The films have a normal state resistance of 2.940.3 uQdcm and a residual resistance ratio of
13. They are thermally oxidized at room temperature for 3 hours in 600 mTorr of oxygen.

Figure 2.3.3.: Optical photograph of ical devices:
1) 10 um overlap between aluminum trap and tantalum absorber
2) aluminum trap overlaps entire tantalum absorber

21



The counterelectrode is thermally evaporated at a much lower rate of 15 A/s to prevent the
impinging atoms from damaging the barrier. This process yields tunnel junctions with a
normal state resistance of RNN = 0.5 Q corresponding to a current density of 30 A/cm2. In
zero magnetic field, they exhibit the full zero voltage current of 500 pA according to
I.LRNN=1/4-(2AA)/e) and their low voltage subgap current decreases with decreasing
temperature down to our dewar's base temperature of 0.235K.

We have investigated two types of devices, located on the same chip. In the first
device, the aluminum traps overlap the Ta absorber by only 10 um. In the second device,
shown in figure 2.3.4., the aluminum trap overlaps the entire tantalum absorber. X-ray
photons will be absorbed almost exclusively in the tantalum film because of its high atomic
number. However, the quasiparticles will immediately scatter into the lower gap aluminum
film and will diffuse in it toward the junctions. There will still be a certain degree of
trapping between the proximity enhanced aluminum film on top of the absorber and bulk
aluminum of the junction, but it will be comparably weak because the quasiparticles are
injected into the junction area at a lower energy where the inelastic scattering time is longer.
This device was initially designed to avoid quasiparticle propagation in tantalum, whose
properties in regard to quasiparticle diffusion and lifetime had never been experimentally
investigated. It also allows us to study non-equilibrium quasiparticle dynamics in

aluminum films.

24.C enics

The use of aluminum detector junctions requires operating temperatures below
04K for long quasiparticle lifetimes. Furthermore, low temperatures decrease the

junction’s thermal dark current and increase its dynamic resistance, thereby lowering the

electronic noise. For our junctions with a normal state resistance RNN = 0.5 Q operating
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temperatures not above 0.25 K were desirable to increase the dynamic resistance above 10
k€ such that the amplifier's voltage noise did not dominate the resolution.

All experiments were performed in a two stage 3He cryostat fabricated by Infrared
Systems [Pernic, 1995]. Its cold stage attains a base temperature of 0.235 K by lowering
the vapor pressure above the liquid 3He with a charcoal absorption pump. The purpose of
the second 3He stage is to cool the pumping line of the cold stage to 0.3K and thereby
reduce the heat load into the cold stage. Figure 2.4.1. shows a cross section of the two 3He
stages (usually referred to as the 0.3K and the 0.2K stage) and their suspension inside a
toroidal 4He tank. For successful condensation of 3He good heat sinking of the
condensing blocks and a small heat leak into the 0.3K stage from the higher temperature
portions of the dewar are essential. This required the use of Bellville® washers and
Apiezon N® thermal grease to ensure good thermal contact between the condensing blocks
and the aluminum cylinder and between the copper braids and the 4He tank even at low
temperatures. We have also reduced the heat load into the 0.3K stage by encasing the
charcoal pumps in a solid aluminum shield bolted to the 4He stage.

We have estimated the heat flow in this cryostat to characterize its performance and
to estimate base temperature and power levels required for experiments at elevated
temperatures. The base temperature of a dewar is determined through the condition that the

cooling power Pcooling be equal to the total heat leak Pj, into the cold stage, such that

aT
P =Pijp — Peooling =CV‘5;=O- 24.1.

The main contributions to the heat leak Pj, into the 0.2K stage held at Tg 2k are due
to heat flow through the pumping lines and the wiring connections and radiation from the
4He stage. Heat transfer through residual gases is neglected, since they are frozen out at

cryogenic temperatures. The pumping line between the 0.2 K stage and the 0.3 K stage (1"
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Figure 2.4.1.: Cross section of the 3He stages in our cryostat. Thin-walled
G-10 cylinders center the two cold stages inside the Al cylinder
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length 1/4" diameter 321 stainless steel flex tubing with 0.006" wall thickness) has a
thermal conductivity of 0.15 T [W/Km] [Lounaasma, 1974)] and causes a heat load of
8.8uW (T3x2-To2x2)- There are also 16 superconducting NbTi wires to the cold stage
(0.005" diameter, 4" length) with a constant thermal conductivity of 0.2 [W/Km] [Dubeck,
1968]. They are heat sunk at the 0.3K stage and add a heat load of 0.4 uW(Tq sk - To2x)-
For a cold stage surface area of 116 cm? and the 4He stage held at 1.5 K, radiation adds

constant 3.3 nW to the parasitic heat.
The cooling power Pcooling depends on how fast heat can be extracted from the 3He

liquid by evaporative cooling. It is given by the product of latent heat of the liquid-gas
transition of 3He, gas density and pumping speed. The cooling power decreases rapidly
with temperature, because the 3He vapor pressure which determines the gas density
follows a roughly exponential temperature dependence. Values for the latent heat can be
found in the literature [Roberts, 1964]. The ideal gas equation gives an appropriate
approximation to the gas density [Keller, 1955]. The geometry of the pumping line sets an
upper limit of 0.1 I/s to the pumping speed at 1 K [White, 1989]. However, diffusion and
absorption processes inside the charcoal pump usually limit the pumping speed to much
lower value [Pemic, 1995].

With the above expressions determining the heat flow, it is most convenient to
solve equation 2.4.1. graphically. Figure 2.4.2. shows the both the heat leak into the cold
stage and cooling power as a function of Tgk for constant Tg3g = 0.3K. The base
temperature corresponds to the temperature where both curves intersect. Under the
assumption that the pumping speed and thus the cooling power is limited by the dimensions
of the pump line (dashed line), the predicted base temperature is well below the observed
value of 0.235K. For an experimental estimate of the cooling power we have added 10 uW
to the heat load, much more than all other sources of heat, through a 100 k2 resistor. The
increase in base temperature to 0.298 K shows that the above discrepancy is in fact due to

an overestimate of the cooling power (rather than an underestimate of the heat leak). The
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Figure 2.4.2.: Heat flow in our cryostat as a function of cold stage
temperature. The dashed line is the predicted cooling power if the pumping
speed were limited by the dimensions of the pumping line. It is adjusted
(solid line) to match the experimental value of 10 uW at 0.298K. At the
base temperature, the cooling power matches the input power P,

cooling power was then reduced by a constant factor to match the input power of 10 pW at
0.298 K (solid line). There remains a small discrepancy between the new predicted base
temperature of 0.225 K and the observed value of 0.235 K. However, the power level of
0.5 uW required to explain this discrepancy is well within the experimental uncertainties in
the estimate of the dominant heat leak of the pumping line.

The cold stage temperature is inferred from a Lakeshore germanium resistance
thermometer (model GR-200A-50). The resistance is read out with a Keithley 195A digital
multimeter at a dc sensor current of 200 nA to avoid self-heating. Despite averaging over

ten measurements, the internal resolution of the multimeter limits the temperature resolution
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Figure 2.4.3: Temperature variations of the subgap current for a 0.5 Q
junction and a bias voltage of 70 uV.

to #0.5 mK. We therefore use the fluctuations of the quasiparticle contribution to the

subgap current

14
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as a measure of temperature stability [van Duzer, 1981]. Since we use a dc voltage bias

(see chapter 3), we can infer the temperature stability of our setup directly by differentiating
equation 2.4.3. For voltages around 70 uV, dI/dT is not a strong function of bias.We do
not use any temperature stabilization in our dewar. We measure a drift in the subgap current
of order 0.2 nA at the base temperature of our dewar over a time scale of a typical half hour
run. This corresponds to a temperature stability of 0.1 mK

27



2.5. Data Acquisition

The device is cooled to the desired operating temperature, typically around 0.24 K,
and irradiated uniformly with a 100 uCi radioactive 55Fe source. The source material
decays into manganese by electron-capture and emits x-rays, 88% of which are Mn Ko
photons with an energy of 5.89 keV and 12% of which are Mn Kg photons with an energy
of 6.49 keV. The source is mounted on a rotating arm and can be turned away to confirm
that all events are in fact x-ray induced. Itis located at a distance of about 1" from the
detector resulting in a count rate of about 1 event per second in the Ta absorber.

The x-ray induced signals are amplified with a current sensitive preamplifier that
will be described in detail in chapter 3. The preamplifier bandwidth is sufficient to ensure
that pulse height and rise time even for the fastest pulses are not distorted by more than 5%.
The unfiltered current waveforms are captured with an HP54510A digital oscilloscope.
This oscilloscope features an 8-bit A/D converter with a sampling frequency of 1 GHz.
However, if data are taken at a lower sampling rate, the oscilloscope in the raw data mode
performs a moving average and reports data with 10 bit precision. The entire set of current
waveforms -typically we capture between 500 and 2000 events- is then saved on disk using
LabVIEW programs and a Macintosh IIci. This procedure allows us to extract physical
information from the unfiltered current pulses and later integrate them numerically and
apply digital filters for best device resolution.

To measure the electronic noise we inject current pulses from an HP33120A
arbitrary waveform generator through a 1 MQ resistor into the amplifier input with the
Junction connected. We can download model pulses from our simulation (see chapter 2.7.)
into the waveform generator to have as close a match between the pulse shape of the
injected and the x-ray induced pulses as possible. This also allows us to estimate the
distortion the amplifier introduces to the detected waveforms. However, there remains a

certain difference between injected and x-ray induced pulses. X-rays temporarily change
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Figure 2.5.1.: The change in bias during an x-ray pulse occurs along the

load line (straight solid line); during an injected pulse it occurs along the dc

I(V) characteristics. The slope of the load line drawn is exaggerated (400 Q)

for illustration.
the I(V) characteristic in the device causing an excursion of the bias point along the fixed
load line of the circuit. Injected pulses effectively change the load line temporarily such that
the excursion occurs along the fixed I(V) characteristic (figure 2.5.1.). Different dynamic
resistances affect the amplifier response, because the finite open loop gain of the amplifier
introduces a low frequency correction factor 1/(1+Re/AgLRgyn) to the amplifier gain. This
difference is not expected to be large as the amplifier used in our experiments has an input
resistance Ry/Aqp of only 200 Q even at maximum signal frequencies of 300 kHz, still
much lower than the device resistance during a pulse.

We can Fourier transform the baseline noise of the dark current measured with the
oscilloscope using standard LabVIEW routines. This allows us to measure the spectral
noise density immediately after taking x-ray data without changing the setup. We have
taken great care to eliminate pickup and interference from external sources. All events we
measure are x-ray induced. The electronics, including the magnet power supply, is battery
operated and enclosed in a single shield, which includes the dewar and whose only ground
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connection is at the oscilloscope through the outer braids of the coax cables carrying the
pulse outputs. The responses of the two detector junctions is taken out of different ports
from the dewar, with the two amplifier boards enclosed in separate cases to effectively
eliminate crosstalk between the channels.

2.6. Time Scales

The performance of imaging tunnel junction detectors depends on the dynamical
processes inside the detector. We will address the individual processes briefly and discuss
their expected relative time scales as set by the device geometry and the materials choices.
All of these processes will be discussed in more detail in chapter 4 with experimental data
to quantify them. It tuns out that many of the time scales are comparable and of order

microseconds.

Diffusion

A rough estimate of the average time a quasiparticle spends in the absorber in a
trapping geometry is given by T4if=(1/2)%/D, where L is the absorber length and D the
quasiparticle diffusion constant in the absorbing film (figure 2.6.1.). Trapping acts like a
quasiparticle sink that accelerates the flow of charge out of the absorber. We had initially
expected diffusion constants of 500 cm?/s for our Ta films. Experiments showed a
diffusion constant almost two orders of magnitude lower.

Diffusion out of the counterelectrode can be estimated similarly. Since there is no
trapping involved, it will take significantly longer for quasiparticles to diffuse out of the

counterelectrode volume.
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Figure 2.6.1.: Approximate time scales for quasiparticle diffusion over length
scales of order 200 um

Trapping
Inelastic scattering with phonon emission causes the quasiparticles to be trapped.
The expression for the scattering rate can be derived from Fermi's Golden Rule. For an

electron with energy E in the limit of zero temperature it is given by [Kaplan, 1976]

7! =15 (kgT )‘3-5}?15312:1(5-9) 1-A—2 2.6.1
s 0 \RB1C 5 EE-Q) .6.1.

Here 10 is a material dependent characteristic time scale that depends on the strength of the
electron-phonon coupling and Q is the energy of the phonon being emitted. The factor of
Q2 arises from the phonon density of states, n(E-Q) is the density of final electron states
and the integral is taken over all possible phonon states. The factor in parentheses is a
coherence factor that describes the nature of the electron-electron interaction in the
superconducting state. The integral can be solved analytically [Kaplan, 1976] and has a

functional form
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This is plotted in figure 2.6.2 for aluminum. For energies well above the gap energy, the

scattering rate varies as (E/A)3 because of the total number of phonon states available. For

energies near the gap edge, the phase space for phonon emission and the coherence factor

decrease and scattering slows down. Scattering occurs preferentially into states close to the
gap where the electron density of states diverges.

For quasiparticle injection into the trap at energy AT, (figure 2.6.2.) inelastic

scattering in aluminum is expected to be fast (=10 ns) compared to all other time scales that

affect the detector response. It will be slower for quasiparticle injection into aluminum

whose gap is increased by the proximity effect. The exact value depends on the particular

increase in a given device.
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Figure 2.6.2.: Inelastic scattering times in aluminum. Quasiparticles injected
into the trap at energy Ar, scatter much faster than those injected into the
counterelectrode at or slightly above eVy;,s [Kaplan, 1976].
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Inelastic scattering also determines the quasiparticle energy distribution in the
junction electrodes. The energy distribution around eVy;,s determines which tunneling
processes can occur and at what rate, as discussed in the next section. At that energy,
scattering times are of order microseconds, comparable to characteristic tunneling times and

-as it turns out- comparable to time scales for outdiffusion.

Tunneling
The expression for the tunneling current across a barrier can be derived from

Fermi's Golden rule. Consider a junction where the energy levels E; of the left electrode are

raised relative to the right electrode E; by a bias eV. The net current is given by:

I= 2e3£-‘- [dE\n(E;) [dE, n (E )f(E|) - £(E,)ITR 8(E; +eV-E,).  2.63.
0 0

Here f(E) is the Fermi distribution function, nj and n; are the densities of states in
the two electrodes, Ty is the tunneling matrix element and the delta function ensures energy
conservation. For low bias voltages, the tunneling matrix element is constant [Bardeen,
1961] and the densities of states are equal to their value at the Fermi surface. At low
temperatures, the Fermi functions can be approximated by stepfunctions. For both metals

in the normal state, the tunneling current then varies linearly in voltage with a magnitude

1=2e2% n(Ep) AT ReV = —— 2.64.
h RNN

One can now define a tunnel time through the relation I = eN/ty,,, where N = n(Eg)eV-dA
is the total number of quasiparticles that can tunnel. This way, Ty, can be expressed in
terms of the measurable quantities RN and the electrode volume dA. If both electrodes are
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in the superconducting state, the only modification arises from the change in the density of

states. The tunnel time can thus be expressed as [deKorte, 1992]

V(A+eVin)? — A2
A+ eVbias

2.6.5.

Tun =2¢2n(Ep)dARNN

The factor of 2 enters because only quasiparticles from the electron-like branch of the
dispersion curve can tunnel. The tunneling time decreases at lower bias voltage with
increasing density of states in the opposing electrode. Figure 2.6.3. shows typical values
for our junctions with RNN = 0.5 Q and (Adyrap = 700 pm3 and (Ad)cg = 2800 pum3.
Tunneling from the counterelectrode is slower by a factor (Ad)cE/(Ad hrap = 4-

p ik
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Figure 2.6.3.: Times for tunneling from the trap (Twn,trap) and from the
counterelectrode (T CE) in our devices

Recombination

Quasiparticle lifetimes must be long on the time scales of all other processes. An
upper limit is set by its thermal equilibrium value, as shown in figure 2.6.4. in the case of
aluminum according to [Kaplan, 1976]
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Here 1p is a material dependent characteristic time constant that scales with the strength of
electron-phonon coupling. The probability of recombination decreases exponentially with
temperature, because the density of thermal quasiparticles ng, = n(Eg) V(2RAKgT) e-&/kT,
which are excited above the gap and available to recombine, follows an exponential

temperature dependence. Lifetime measurements in aluminum agree closely with theory

[Gray, 1971].
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Figure 2.6.4.: Low temperature thermal quasiparticle lifetime in aluminum
[Kaplan, 1976]

When the number of excess quasiparticles Ny produced by x-ray absorption
exceeds the thermal background, recombination among those excess quasiparticles adds
another loss mechanism. One can estimate the strength of this so-called self-recombination

by defining a recombination rate per unit density R. Since there are N2 ways to form a pair

35



from N quasiparticles, the total rate at which quasiparticles recombine is given by [deKorte.

1992]

Ny =%-(Nx(t)+Vn,h)2 2.6.7.

Trec,self

The strength of this so called self-recombination depends on the square of the
excess quasiparticle density as they spread out diffusively and manifests itself in a non-
linear response in the charge output vs. x-ray energy. The numerical value for R can be
obtained from the thermal equilibrium relation 1/tec=Rny, as

3
R=|-2A L 2.6.8.
kT, ) 20(Ep)Aty

R has the value of 11.1 um%/s in aluminum and 300 um3/s in tantalum. For 6 keV x-rays,
at the time the currents peak there are at most 3 million quasiparticles in the trap volume of
700 um3. This would correspond to self-recombination times of tens of microseconds if
the quasiparticle density remained this high throughout the pulse. However, since the
quasiparticle density and consequently self-recombination decreases on a microsecond time
scale set by the tunneling time, self-recombination is not expected to affect the performance
of our devices.

In many circumstances the low temperature quasiparticle lifetime is reduced
significantly below the value predicted by thermal and self-recombination. The most
common cause are areas of reduced energy gap that serve as trapping sites inside the
absorber. They can arise from magnetic flux trapped inside the film that drives certain
areas into the normal state with zero energy gap [Kraus, 1989b). They can also arise from
damage to the film, particularly at the edges, introduced in the fabrication process. They

also occur at grain boundaries and in areas of high impurity concentration [Verhoeve,
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1996]. Observed quasiparticle lifetimes are sometimes as fow as a few microseconds, even

at temperatures below 100 mK [Kraus, 1989b; Mears, 1996].

Phonon Trapping
When two quasiparticles recombine, they emit a phonon with energy 2A. Unless

these phonons escape into the substrate or decay anharmonically, they can be reabsorbed
by the Cooper pair condensate thereby re-creating two quasiparticles. This effect is called
phonon trapping. It can lead to a significant enhancement of the quasiparticle lifetime, if
the characteristic time scales for pair-breaking Tpp is short compared to typical phonon
escape times Tesc. In terms of these time scales, the enhancement of the intrinsic

quasiparticle lifetime Ty is given by the phonon trapping factor [Rothwarf, 1967]

T
_receff _ 1+ IC_SC_ 2.6.9.

The pair breaking time in our devices is 23 ps in tantalum and 240 ps in aluminum
(Kaplan, 1976]. The escape time into the substrate can be estimated from the phonon
velocity cph , the film thickness d and the phonon transmission coefficient into the substrate
a according to Tesc = 4d/ocph [Gray, 1971]. The transmission coefficients into the oxidized
silicon substrate depend on the acoustic mismatch and are at,.sio2= 0.25 for phonons
from a tantalum film and azj-sj02 = 0.7 for aluminum films [Kaplan, 1979]. The phonon
trapping factor in tantalum (Cph,Ta = 2.5°105 cm/s) then has a value of about 170, and in
aluminum (cph, A1 = 4-10° c/s) we expect only an enhancement by a factor 1.9. Phonon
trapping enhances the quasiparticle lifetime much more strongly in tantalum, where the
stronger electron-phonon coupling leads to faster pair-breaking. In fact, the phonon
trapping factor in aluminum is an upper limit, because the above equation is strictly valid
only in the limit where the film thickness exceeds the mean free path cpnTpb against pair
breaking.
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Anharmonic decay, which could provide an alternative mechanism for phonon loss,
is slow compared to phonon escape and only provides a small correction to the escape time
[Gaitskell, 1993]. Some uncertainty in the estimate of the phonon trapping factor arises
from the fact that phonons created by recombination in regions of reduced gap will not have
enough energy to break a pair once they have traveled to a region where the gap assumes its
bulk value. This might reduce the phonon trapping factor in tantalum. It will not
substantially affect the quasiparticle lifetime in aluminum where phonon trapping effects are

weak.
2.7. Current Pulse Simulations

The difficulty in interpreting the observed current pulse shapes arises from the fact
that the time scales of the various processes are comparable and separating the contributions
of the individual effects is challenging. To aid our understanding we have written
computer simulations based on the processes outlined above that determine the quasiparticle
dynamics. These simulations have evolved over time as the experiments either turned out to
justify the underlying assumptions or made the inclusion of new effects necessary. They
are likely to change in the future as our understanding of the devices improves. All
simulations were written by Ken Segall in Turbopascal and will be briefly summarized

here.

Current pulses

At any moment, the x-ray induced current pulse is given by the net charge
transferred across the tunneling barrier. There are four processes that contribute to the total
current (Figure 2.7.1). All quasiparticles in the trap can directly tunnel into the
counterelectrode, and all quasiparticles in the counterelectrode can backtunnel via the Gray
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Figure 2.7.1.: Tunneling processes

effect by breaking a pair in the trap. Only for quasiparticles above eVpiss, the inverse
processes are also possible. Quasiparticles can reverse tunnel from the counterelectrode
into the trap and high energy quasiparticle in the trap can "directly backtunnel” into the
counterelectrode. Both direct tunneling and backtunneling contribute to the charge flow in
forward direction, while reverse tunneling and direct backtunneling cause a current in the
opposite direction. The net current therefore depends on the number of quasiparticles Nirap
in the trap and Ncg in the counterelectrode and their energy distribution. Tunneling times
depend on the thickness of the electrode from which the quasiparticies tunnel, and are
different for trap and counterelectrode. They also depend on the density of states at the
final quasiparticle energy, which increases towards the gap edge. That makes the tunneling
time energy dependent and, for quasiparticles at a given energy, different for direct and
backtunneling.

Simulation inside Absorber

For numerical simulation of the charge density profile in the absorber we use the
Crank-Nicholson formalism [e.g. Press, 1989]. It represents the diffusion equation as a
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difference equation in such a fashion that the iterations are both stable for arbitrary time
steps At and second order accurate in both time and space. That combines the advantages of

large time steps for short computation time and minimal rounding error. For a particle
density n(}vci,tj )= n{ the difference equation is given by

: : Rl j Jond
it _ i (nJ"’ -n* +nlt +(n- -n-+n-_)
n; n; =D i+~ M i-1 8 B S B | - 271

At 2 (Ax)>

Solving for the distribution at time t*1 in terms of the distribution at time ti leads to

a matrix equation
A-n(X tH) =B n@&,v) 2.7.2.

where A and B are tridiagonal matrices with elements (1+AtD/(Ax)?) in the diagonals
and FAtD/2(Ax)? in the off-diagonals. Quasiparticle loss can be incorporated by
subtracting 1/Tioss form the diagonal elements of B. It is also possible to simulate the
effects of localized loss centers by adding a loss term only to certain diagonal elements.
The boundary condition dn/dxlx—+ 2 =n/Lrap translates into a difference equation at

the last two grid points x| and xg in the alzsorber

n(xy) —n(xg) _ n(xg) _ _n(xg) 2.7.3.

Ax Lirap 1/D’ttrap ]

It is implemented by setting the first elements in the top row of the matrix A to (Ax/Lirap-1)
and +1. The same the boundary condition holds on the other side of the absorber and leads
to the same matrix elements in the bottom row. The initial distribution is assumed to be
Gaussian, centered at the position of x-ray absorption with a width of 5 um and normalized
to the total number N of initial quasiparticles. The matrix equation 2.7.2. can then be
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solved iteratively to obtain the time evolution of the particle density in the absorber. We
typically use a spatial grid size Ax = | pm and time steps At = 50 ns.

Adjustable parameters are the initial charge Q,= eN,, the diffusion constant D in the
absorber, an effective quasiparticle lifetime to account for uniform non-thermal losses and
the trapping time at the absorber-trap interface. Qy is initially kept variable because of the
uncertainty in the number of initial charges due to phonon escape into the substrate and in
the uncertainty in quasiparticle multiplication upon trapping. We will constrain Q, later
through numerical simulations of both processes (chapter 4.1. and 4.2.). We obtain an

expression for the diffusion current Don/dxlx—+1 7 across the two interfaces that is used as

an input to the rate equations in the junction area.

Simulation in Junction Electrodes

Quasiparticles enter the trap initially by diffusion from the absorber at AT,, but later
on also through tunneling from the counterelectrode. They leave the trap either by
tunneling or by recombination. Quasiparticles enter the counterelectrode by tunneling from
the trap and then continue the tunneling processes until they either diffuse out into the leads
or recombine. Inelastic phonon scattering determines the quasiparticle energy distribution.
Tunneling times depend on the thickness of the film from which the quasiparticles tunnel,
and are therefore different for trap and counterelectrode. We neglect spatial effects in the
trap and the counterelectrode, as their small volume ensures that the quasiparticles are
distributed uniformly on a time scale set by the tunneling time (cf. chapter 4.2.).

There are two versions of the simulations: A simpler, faster simulation neglects the
quasiparticle energy distribution in the electrode. All quasiparticles are assumed to have
scattered close to the gap edge such that reverse tunneling and direct backtunneling can be
neglected. Tunneling times are given by their value at the gap voltage. This simulation is
valid only for high bias voltages, because it assumes fast scattering in the counterelectrode
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(Ts(€Vbias)<twn(€Vbias)). The rate equations to determine the quasiparticle populations in

the trap and the counterelectrode are then given by:

aNCE N trap |
=<4 - NCE + 1 <+ 1
2.74.

The effective quasiparticle lifetime includes both thermal and self-recombination.
The tunneling times (Trun,trap = 1.7 WS and Twun,CE = 6.8 ps for Vipias = 70 uV) are set by
the normal state resistance of the junction and the volume of the junction electrodes. The
only adjustable parameter is the outdiffusion time Toy, that describes how long the
quasiparticle linger in the junction area before diffusing into the leads. One expects Toy to
be of order (Ljct/2)2/Daj = 1 ps. It allows us to neglect the spatial distribution of the charge
in the junction area and to describe the detector with a one-dimensional model, simplifying
the simulation significantly. Future modeling of the current pulse will involve two-
dimensional simulations of the charge distribution.

The second program version of the quasiparticle dynamics in the junction area is
used to examine current pulses at low bias voltage and retains the explicit energy
dependence of the quasiparticle distribution in the trap and the counterelectrode. The energy
is divided into bins of width Aoy/10 and the rate equations for quasiparticles in the i-th bin

now includes energy dependent rates for inelastic scattering and tunneling:
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2.7.5.

Here 1/tup!™) is the tunneling rate for quasiparticles from the trap with initial
energy E; into final energies E;. Energies are measured relative to the gap in the respective
electrode and all tunneling processes conserve energy. Final energies are different for
direct tunneling and pair mediated tunneling via the Gray effect (figure 2.7.1.). The last
four terms of equation 2.7.5. correspond to processes A, D, B and C in figure 2.7.1..
respectively. The terms for quasiparticle loss and outdiffusion remain unchanged and are
omitted for clarity. There are two contributions to the current in positive direction (direct
tunneling and backtunneling) and the two contributions in opposite direction (reverse
tunneling and direct backtunneling). The net current (to the right in figure 2.7.1.) is given

by the difference between them:

eN{ CE _ eNy trap eNEE
I(t) Z tln‘l—)l;:pv t:?léév tl._.)l-ev Tl_"_.ev 2.5.3.
n n

Figure 2.5.5. shows a typical set of current pulses in response to an x-ray photon
and their fits from the simulation. Except for a small discrepancy at the falling end of the
current, where outdiffusion dominates and the one-dimensional simulation may no longer
appropriately approximate the detector geometry, the ﬁmulation matches the observed

waveforms well.
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Figure 2.7.2.: Set of coincident pulses and their model fits

Of course, since we capture waveforms for uniform illumination of the device, we
have to ensure that we can fit both peak currents and total charge and rise and fall times for
events over the entire absorber with a few adjustable parameters. Each of these parameters
(D, Qo, Tiosss Ttraps Tout) is determined from a different measurement. This severely
constrains the range of acceptable fitting parameters and makes these simulations a
powerful tool to investigate non-equilibrium quasiparticle dynamics in superconducting

double junction detectors.



Chapter_ 3: Electronics

Any detector requires an electronic readout whose noise contribution does not
exceed the intrinsic fluctuations of the device response. Noise considerations alone do
not dictate whether to use a voltage, current, or charge sensitive preamplifier. The charge
output of a detector gives the most direct measure of the energy of the incident radiation.
However, since the signal current is proportional to the number of quasiparticles in the
junction electrodes, current measurements are more closely related to the time-dependent
processes inside a detector and therefore provide additional information for the analysis
of their performance. A current sensitive preamplifier with large signal bandwidth for
minimum pulse distortion is therefore our amplifier of choice. The signal charge can still
be obtained in a later integration step. In this chapter, we will discuss the design and per-

formance of a low noise, large bandwidth current preamplifier used for our experiments.

3.1. DC Voltage Bias vs. DC Current Bias

One additional issue in superconducting tunnel junction detectors arises from their
highly non-linear I(V) characteristics and its sensitive dependence on temperature and
magnetic field. Whenever the junction is embedded in a circuit whose load line intersects
the I(V) characteristics at more than one point, the bias is unstable and can switch
between intersections. These instabilities manifest themselves as small randomly spaced
pulses at the preamplifier output whose magnitude and frequency depends sensitively on
bias voltage and magnetic field. They add uncertainty to the measurement of an x-ray
induced pulse if they overlap in time. In a single junction device, the magnetic field can

always be chosen such that the zero voltage current is well suppressed below the thermal
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dark current. However, small dissimilarities between the two junctions is a double
junction device geometry render complete suppression of the zero voltage current in both
junctions at the same magnetic field difficult.

Figure 3.1.1. shows the I(V) characteristics of one detector junction at a magnetic
field that completely suppresses the dc Josephson current in the other junction. One can
see two Fiske modes at 115 and 145 uV and indications of a small residual DC Josephson
current at low voltage. The DC Josephson current peaks around V = 10 puV, rather than
V =0, because of noise fluctuations. They cause the current to temporarily exceed the
critical value Ic and thus cause the bias to switch to a finite voltage even if the average
current is less than Ic. Switching occurs more often as the average current approaches Ic
and makes the dc Josephson current appear as a peak at finite voltage. At higher
temperatures, a dc current bias is acceptable because even a 1 MQQ load line intersects the
I(V) characteristics only once. However, if the temperature is lowered for lower noise,

dc current biasing leads to several intersections and thus bias instabilities.
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Figure 3.1.1.: Device I(V) characteristics at 0.27K and 0.24K showing
Fiske modes at 110 gV and 140 uV and incomplete suppression of Ic.

Noise fluctuations cause the "zero voltage current” I¢ to appear as a peak
at 10 uV (10/23/96).

46






