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ABSTRACT

Superconducting Tunnel Junctions as
Single Photon X-Ray Detectors

Michael Christopher Gaidis
Yale University
1994

Compared with existing semiconducting p-n junction x-ray detectors,
superconducting tunnel junctions offer superior energy resolution in the
detection of single photons. Such superconducting detectors are desirable for x-
ray astronomy applications, where the photon flux is low and high energy
resolution is required. Progress is reported on the development of Nb-Ta-Al-
AlOx-Al tunnel junction structures for the observation of celestial x-ray sources.
These devices use superconductor "bandgap engineering" for quasiparticle
trapping to enhance performance. Experimental results at 0.3 K are presented,
showing energy resolution better than 200 eV full-width-half-maximum for 6
keV x-rays. The absorption efficiency of these devices is better than 25%, with
active areas of = 100 pm x 100 pum. The devices are designed to easily scale to
larger areas and absorption efficiencies. Significant improvement in the device
energy resolution appears possible with only minor modifications.
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1. Introduction & Motivation

Many areas of research in physics rely on the detection of single particles or
photons. The introduction of improved detectors frequently leads to exciting
discoveries. This thesis describes one of a new breed of low temperature detectors.
These new detectors rely on the collection of either phonons or superconducting
quasiparticles produced by incident particles. Because of the very small excitation
energies possible in the phonon and quasiparticle systems, great sensitivities can be
achieved.

Improvement of existing single particle detectors will have immediate
application in the fields of astrophysics, nuclear physics, and particle physics. Long
term development could lead to profitable applications in industry or biomedical
imaging.[Sadoulet, 88; Fiorini, 91] Table 1 provides a sampling of the vast global
effort in developing such improved detectors. A large number of related conference
proceedings is available, describing many of these, and other projects as
well.[Barone, 88; Waysand, 89; Barone, 90; Brogiato, 90; Booth, 92; Labov, 93]
Note that most of the work in this field has been performed within the last ten years;
this is truly a fresh, exciting area of research.

The focus of the present work is the fabrication of x-ray detectors for
astronomy in the 100 eV to 10 keV range, with quantum (single-photon) efficiencies
and with energy resolution AEx/Ey of better than 1%. Such improved detectors could
be useful to x-ray astronomers for several reasons:

+ Abundant elements emit K-shell x-rays from 100 eV to 10 keV

+ Hot plasmas (106 -107 K) emit x-rays with information on the

temperature, density, and elemental abundance in the gas

« High energy resolution allows determination of source velocity structure

« High efficiency allows observation of faint celestial sources.

Existing "conventional" x-ray detectors either have insufficient energy resolution
(e.g., semiconductor p-» junctions), or are impractical for use with low particle flux
(e.g., dispersive detectors). X-ray astronomy, as well as each of the applications
covered in Table 1, requires two qualities in a detector: single particle efficiency, and
exceptional energy resolution.



Application Institution Reference
Astrophysics
0.1-10 keV X-Ray Detection NASA GSFC, Wisc. | Moseley, 83
TUM Kraus, 89a
Livermore Mears, 93
ESA Rando, 92
SRON, Twente le Grand, 93
NRL Zacher, 93
Dark Matter or WIMPS LBL, UCB Sadoulet, 88
Oxford Gaitskell, 93
MPI Seidel, 93
Solar Neutrinos, Standard TUM — MPI Kraus. 89a
Solar Model i
Oxford Booth, 89
Particle Physics
Coherent Neutrino Scattering Stanford Young, 91
Neutrinoless Double Beta Decay | Zaragoza Larrea, 89
Milano Alessandrello, 93

Neutrino Mass Measurements

Swiss Inst. of Tech.

Twerenbold, 86

Compton Scattering in Solids Stanford Stahle, 91
Applied Uses

Materials Analysis Grumman Lesyna, 93

Steel Industry, Materials Nippon Steel Kurakado, 92

Table 1: Some representative physics applications for improved particle detectors.




The largest class of x-ray detectors consists of ionized—particle detectors.
These measure the ionization produced by an x-ray in the absorbing medium. In such
detectors, quantum efficiency is readily achievable, but good energy resolution is not.
The mean number of ionized charges produced in a detector is commonly written as
Nx = Ex/e , where Ey is the deposited x-ray energy, and € is the minimal ionizing
energy required to release a single charge. Ionization detectors use Ny as a measure
of incident particle energy. Fluctuations of Nyx obey a Poisson distribution, thus
imposing a fundamental limit on the ultimate energy resolution of such
detectors.[Klein, 68] A useful measure of energy resolution is EFwpn, the full
width at half maximum of a pulseheight spectrum line, given approximately by

Erwam =2.35+4/E4 Fe .

Here, the Fano factor F is a measure of the degree of anticorrelation among ionizing
events (0 < F < 1),[Fano, 47] and has been estimated as = 0.2 in superconducting x-
ray detectors.[Kurakado, 82]

Our approach to x-ray detection involves counting the number of
quasiparticles produced in a superconductor by an absorbed x-ray. Figure 1 outlines
the basic detection process with a schematic of our device. An incoming x-ray is
absorbed by a thick layer of tantalum. A large fraction of the x-ray energy is
converted into quasiparticles, which then pass into an aluminum quasiparticle trap,
and eventually tunnel through a thin aluminum oxide barrier. It is these quasiparticles
that are collected by our preamplifier to give a measure of the incident x-ray energy.
The various processes involved are discussed in detail in Chapters 2, 3, and 4.
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Figure 1: X-ray detection with our superconducting tunnel junction device.




Equation 1 reveals the benefit offered by superconducting tunnel junction
(STJ) detectors over semiconducting p-n junction detectors. The minimal ionizing
energy € is of order 1 eV in semiconductors (from electron—hole pair breaking), but is
of order 1 meV in conventional low temperature superconductors (from Cooper pair
breaking). With adequate charge collection and low noise amplifiers, this translates
directly to a factor of = 30 better energy resolution. A 1 keV x-ray could be detected
with = 3 eV resolution in a STJ instead of = 90 eV resolution presented by the best p-
n junction detectors. This potential for improved energy resolution with single
photon efficiency was the stimulus for the work described in this thesis. The
utilization of superconducting particle detectors is in its infancy, and therefore
presents some difficult challenges. This work necessarily encompassed all aspects of
successful detector demonstration: theory and design of the detector, design of bias
and amplifier electronics, device fabrication, and cryogenic testing. These topics are
presented below, in this order.






