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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






