THERMAL DETECTORS FOR X-RAY ASTRONOMY
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ABSTRACT. Spectroscopy is traditionally characterized by the sacrifice
of quantum efficiency for high spectral resolution. Since X-ray astro-
nomy is a photon-limited discipline, the choice between high resolution
for very few sources versus much lower resolution for many more has not
always been an easy one. The development of new thermal detectors
offers the opportunity to "have one’s cake and eat it, too."

CHARACTERISITICS OF AN “IDEAL" SPECTROMETER

The most important attributes of a spectrometer depend upon the
specific scientific objectives of a particular investigation, but there
are some which are so generally useful that they can be safely assumed
to be characteristic of an ideal spectrometer. These attributes include
energy resolution sufficient to address the most important scientific
objectives for all classes of sources, and simultaneous sensitivity over
a wide bandpass with near-unit efficiency and negligible background. in
particular, the following discussion will consider such a spectrometer
for the AXAF (Advanced X-Ray Astrophysics Facility).

The primary characteristic of any spectrometer is its energy reso-
lution, or .equivalently, its resolving power:

Resolving power: R(E) = E/FWHM(E)

where FWHM(E) is the full-width-half-maximum energy
resolution at energy E, so that R(E) is the X-ray energy
measured in units of the resolution

Clearly, higher resolving power is "better," but it is worth examining
whether or not a case can be made for a practical upper bound to the
resolving power based upon purely astrophysical considerations.

A good starting place for the determination of the required rescl-
ving power derives from an examination of standard corconal equilibrium
spectra in the temperature range 106-8 k. Figure 1 displays such
spectra for solar abundances as viewed by a detector at the focus of the
AXAF telexcope with perfect efficiency over the entire bandpass. The
three traces in each panel are for FwWHM = { 10 or 100 eV.
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Figure 1. Coronal equilibrium spectra of plasmas with solar
abundances, as viewed with detectors having FWHM resolutions of
1, 10 and 100 eV (upper, middle and lower trace of each panel).
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In general, the identification and interpretation of features that
are superposed on the continuum requires increasingly better spectral
resolution as the features become weaker, or as they become confused
with other features from which they cannot be resolved. At temperatures
near 108 K, an equilibrium thermal spectrum is dominated by
bremsstrahlung continuum, and exhibits strong isolated Fe K-emission at
energies >6.6 keV, as well as Fe L-lines near {2 KevVv. Note, however,
that the "completely ionized" lower-Z elements exhibit strong
recombination lines: H-like Si XIV (at 2.0 KeV) and S XVI (at 2.6 KkeV),
each with aboyt 30 eV equivaient continuum widths, are barely
discernible with FWHM 100 eV, but FWHM 10 eV can treveal O Vil at 0.65
kKeV and even separate Ne X and Mg Xil from the Fe L-band emission. At
temperatures near 107 K, where the power emitted in the lines and
the continuum are comparable, FWHM 100 eV can separate the K-emission
complexes of the abundant elements (here dominated by He-like rather
than H-like analogs for Z>I0), while 10 eV uncovers most of the detail
that { eV can fully resoilve. At 108 K, the equilibrium spectra are
line-dominated; here O and Ne may be recognized with 100 eV, but FWHM {0
eV is necessary to extract quantitative information.

Atomic lines provide diagnostics for electron temperature, ioniza-
tion temperature, density, mass motion and elemental abundances. The
model-dependent interpretation of these diagnostics can aiso be used to
distinguish among thermalization, shock heating or photoionization, as
well as the extent to which the plasma is in the ionizing or recombining
phase, so that even its history may be gleaned from its current status.
The required minimum sensitivities depend, of c¢ourse, on the details of
the scientific problems which the observations are intended to address.
The utilization of these diagnostics can be found in many references
(e.g. Bahcall and Sarazin 1978; Pradhan and Shull, 1981).

For L-shell to K-shell transitions, which dominate the E > 13 KeV
spectrum of hot plasmas, the most important lines are those from:

o the fluorescence of cold (neutral) material,

0o the analog of Lya from hydrogen-like material, and

0o the resonance (r), forbidden (f) and intercombination (i)

transitions of helium-like material.

Fluorescence and Lya-analog recombination are clearly the low and high
temperature limiting cases, and the helium-analog lines are important
because there is a wide range of plasma conditions and temperatures for
which there is substantial population of this ionization state. Here
the ratio (i+f)/r can be a useful diagnostic for electron temperature,
for example, while f/i and f/(i+r) are more sensitive to density. Table
{ gives very simple analytic approximations (that are good to < 10Y) for
the separation energies of these five lines for elements 7 < Z < 27.
The energy of Llya is, of course, Z2 times the 10.2 eV for hydrogen,
so that demanding equivalent performance of a single spectrometer for
all Z would require its resolution FWHM(E) to scale the same way. For a
spectrometer with constant FWHM, the required value would be that for
the lowest Z that s expected to be generally useful
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TABLE 1: LINE SEPARATIONS

Line pairs Approximate energy separation (eV)
Lya - Resonance 10 Z
Resonance - intercombination z
Resonance - Forbidden ez
Resonance - Neutral 10 Z

Table 1 demonstrates that while about t eV may be required to
completely resolve all the lines of potential interest from all ele-
ments, 10 eV is sufficient to separate the most important lines from
oxygen, and can totally resolve them for iron. The strong dielectronic
satellite lines that solar studies have identified as useful diagnostics
are also typically somewhat more than 10 eV apart from the Fe XXVI and
Fe XXV tlines, although there is blending of fainter companions. High
velocity mass motion is easily discernible with 10 eV, e.g. the broaden-

ing expected to match that for optical lines in AGN (active galactic
1

nuclei) , which corresponds to velocities of about 5000 kKm s~ is
4vi000Z10° eV (vippoo in units of 1000 km s71). The
natural width of a resonance line is about 10“32104 ev,

however, so that resonance and even narrower forbidden lines have widths
that cannot be measured even with 1 eV resolution. Thermal broadening at
«‘2(T82103)1/2 eV  would also require sub-eV resolution.

it then follews that most of the important K-shell line diagnostics
from O to Fe require no better than 10 eV resolution. To obtain a
general capability for the measurement of thermal or natural broadening,
the resolution would have to be improved by orders of magnitude. All of
the above would suggest, therefore, that about 10 KeV represents an
important threshold for an X-ray spectrometer.

There are at least three "efficiency" parameters that each deserve
separate consideration in a detailed study of scientific objectives, but
which can be combined into a single parameter that has general utility.

Quantum efficiency: €(E) is the efficiency with which photons
of energy E incident on the detector surface are measured
with resolving power R(E)

Instantaneous bandpass: AnsE is the energy range over
which the spectrometer can operate simultaneously
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Effective overall bandpass: ApntE is the energy range over
which the quantum efficiency €(E) is greater than
{(say) 10/ of its maximum value -- for a well-matched
detector-telescope combination, this would be the effec-
tive band-pass of the telescope Atk

More is better for all three parameters, but a variety of subjective
arguments can be mustered to justify "required" values. It is especial-
ly important to emphasize the scientific value of having both
AingE and AtotE approach AteE in terms of
discovery potential. Any spectroscopic observation performed with such
a spectrometer will not just test for a narrow spectral feature at one
energy that might be predicted by a model that is currently fashionable;
it will simultaneously measure the spectrum throughout the entire
telescope bandpass. An additional advantage of having maximally large
AtotE is in measuring the continuum: while the sensitivities to
many spectral features will scale as the square root of exposure
parameters, the precision with which continuum slopes can be determined
scales linearly with the bandpass.

The combining "grasp" parameter ¢ is meant to be the most
useful possible definition of the average efficiency. It can also be
considered a measure of the "speed" of the spectrometer. $ is a
function of the soutrce spectrum and mirror response as well as the
detector, i.e. if a source spectrum integrated over the total AXAF
bandpass (here taken to be 0.1-10 KeV) is S (cm'as'1), then the
rate at which photons can be detected with a perfect detector at the
focus of the telescope is the convolution of the telescope area as a
function of energy A(E)dE (cma) with the source spectrum over the
telescope bandpass:

c (s™h) = [ S(E') A(E’) dE’
AtelE

we define $ as the average quantum efficiency taken
simultaneously over the entire telescope bandpass:

1
4 = <€> = --- [ e(E') S(E’) A(E’) dE’
C AgeE

in order that it be clearly distinguishable from the average instanta-
neous efficiency <e(E)> of a spectrometer over a Ilimited bandpass

AingE about E. for such a spectrometer:
Ainsk
¢ = <e(E)> ~—-——-——-
Atell
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General requirements for the spectroscopy of a large number of
sour-ces require the ability to investigate a reasonable portion of the
telescope bandpass with a respectable level of sensitivity. Simulations
can be used to demonstrate that a minumum of 103-4 detected photons
are generally required for detailed spectral analysis. Figure 2 dis-
plays the "logN-logS" relation for extragalactic sources with slope -15
{e.g. Maccacaro et al 1982) in AXAF units, i.e., the source intensity
is given in units of C s~! as defined in the previous paragraph for
a detector with PHIz{ at the focus of the AXAF telescope. The flatter
trace (with slope -0.7) is that for sources in the galaxy, including
binary accretors and supernova remnants.

The "weak source" limit of a spectrometer will be determined by the
detector background B(E) in addition to ¢. As a practical matter,
the acceptable background is a function of ¢; if the total detector
background is a small fraction of the expected source counts, then it is
effectively trivial Forr a detector with ¢ approaching unity, for
example, there will be thousands of sources for which C > 1 ct s",
so that B(E) as high as 10-2 might be acceptable.

10’ 3 i | u T R
10 F Extragalactic Sources 3
10° 1
2 1
z 10? ] Galactic Sources
lol :' -~
loo L r) Wi AL
.1 1 10 100 1000 10000

C (Counts/s)

Figure 2. The number of observable sources as a function of the
count rate of a perfect detector in the focal plane of AXAF.
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A totally objective (albeit incompiete) measure of the capability
of a spectrometer is its sensitivity to the equivalent continuum width
(EW) of a single narrow spectral feature. If the feature is narrower
than FWHM(E), the detectable EW will scale as the inverse square root of
the following parameters for any spectrometer:

o the source strength,

o the exposure time, and

o the detector parameters e(E) and R(E).

For a scanning spectrometer, the same formalism may be used if €(E)
is the mean efficiency to the feature over the entire energy range that
must be scanned during the exposure time. Additionally, the effect of
background (either non-X-ray or X-rays multiplexed from other energies)
on the detectable EW can be approximated with a multiplicative factor
containing the ratio of the background counts B’ to the source counts S’
recorded within FWHM: (1 + B’/s)1/2

Two other parameters that can be important in determining the
utility of instruments for astronomical spectroscopy are associated with
angular sizes: the total instantaneous field-of-view FOV and the differ-
ential pixel size dQ within FOV. For maximum generality, it would
be nice to have FOV as large as the 30 arc min that characterizes the
AXAF telescope, itself, and dQ similarly matched to the AXAF sub-arc
second spatial resolution. For purposes of estimating minimum reguire-
ments, however, the great majority of the sources in Figure 2 are point
sources (i.e. not resolved by the telescope at a level < { arc sec), but
there are important exceptions. Both supernova remnants (SNR)} and
clusters of galaxies are extended sources. Young SNR in our galaxy have
typical sizes of arc minutes, and those in nearby galaxies are (of
course) even smaller. Similarly, the core radi of bright clusters of
galaxies have 1typical values of the order of an arc minute. It is
clear, therefore, that about 1 arc minute is the minimum FOV necessary
to obtain exposures that simultaneously cover large portions of the
extended areas of X-ray emission in most SNR. and clusters of galaxies.

From Figure 2, it is clear that there is no point source confusion
problem for FOV of order { arc minute at 104 s, even for a detector
with &=t The mportant issue for dQ is, therefore, the extent
to which gradients can be measured across the same extended sources
discussed in the last paragraph. There is important differential spec-
tral-spatial information to be obtained from both SNR and clusters, e.g.
cooling flows near the center in the latter, and non-equilibrium effects
inside the blast wave in the former. Since the timescales for variabil-
ity in these objects are longer than the lifetime of AXAF, spectrai-
spatial mapping with a "fast" detector could be performed in a raster
mode, but  the observatory would be utilized more efficiently if the
whole spectal-spatial correlation was performed in a single exposure.
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A practical limit for dQ can be obtained from the source cata-
log itself. For a given dQ and FOV, we can estimate how strong an
extended soutrce would have to be in order to meet the two conditions
that there were enough counts accumulated in each pixel for independent
spectroscopy, and that the accumulation time was short enough to allow
many different such exposures in the observing timeline. For dQ of
about an arc sec over an arc min FOV, for example, it would take a
source as intense as the Crab nebula to allow a perfect focal plane
detector to accumulate 103 counts per pixel in 104 s, This
means that there are very few areas of extended X-ray emission for
which a dQ as small as { arc sec can be Justified with the AXAF
telescope.

CHARACTERISTICS OF AN X-RAY CALORIMETER

An X-ray calorimeter works by converting the energy of a single X-
ray photon entirely into heat. For it to function as a spectrometer for
individual X-rays, the effective noise in the temperature measurement
must be small compared to that temperature rise.

A practical device consists of an X-ray absorber and a thermometer
mounted on a substrate with small heat capacity Cqg, connected by a
weak thermal link of conductance Gg to a heat sink at temperature
To (see Figure 3). when an X-ray of energy E is absorbed, the
temperature of the substrate is increased by an amount AT = E/Co
in a time short compared to the time constant T = Co/Go
associated with recovery of the substrate back to the bath temperature
To. The random transfer of energy between the substrate and heat
sinK produces fluctuations in the energy content of the substrate.
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Figure 3. Schematic of an X-Ray Calorimeter-.
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An elementary statistical calculation gives the mean square magnitude of
these fluctuations as:

<AE>pms (FWHM) = 2.35[kTocCol172

where K is Boltzmann’s constant. Note that this is independent of
Gp and any details of the thermal link. These fluctuations can be
thought of as square-root N variations in the number of phonons con-
tained in the substrate, and represent the background noise level
against which the increase in energy due to an absorbed signal event
must be measured. The advantages of low temperature operation are
obvious, particularly when consideration is given to the fact that
Co scales as T03 with the proper choice of materiais. As an
example, a piece of silicon 0.5 mm on a side and 25 um thick with
heat capacity 4 x {10-1® 4 k-1 at 100 mK would have a limiting
fluctuation noise of about AE,;5 = 0.2 eVv.

The most mmportant additional noise sources are those which might
arise from the conversion of X-ray energy to heat (e.g. if some energy
is trapped in states that are long-lived compared to the rise time of
the heat pulse), and from the measurement of the temperature. Conver-
sion noise may be made arbitrarily small, but the Johnson noise in ion-
implanted thermistors provides an unavoidable increase in the minimum
system noise achievable for this thermometry technique, as demonstrated
in the seminal work of Moseley, Mather and McCammon (1984) on this
subject, based on analyses of noise sources in infra-red bolometers
(Mather, 1982; Mather, 1984). These authors demonstrate that in the
case where only Johnson noise is an important addition, the expression
for achievable noise can be approximated with a multiplicative factor
g (with a value of about 2 for well-chosen thermistor parameters) to
that for the basic fiuctuations:

AEprms (FWHM) = 2.35[KkTgeCo11/2

An equivalent circuit for the calorimeter consists of a voltage
source Vypiag in series with both a fixed load resistor R_ and a
thermistor R (across which the signal equivalent to the heat depostition

Q is measured), so that VpzVpiasR/(R+R). The temperature
dependence of the thermistor is given by a a=-d(logR)/d(logT), which
has a typical value of 6. From the definitions of a and Cq:
dR -adT -adQ dv AaVpiggRRL
- T mm-—— T mmemrm————— SO - T mmmmmm e

T CoT da CoT (R+R )&

The responsivity S (volts/watt), essentially dvV/dQ multipled by the
effective recovery time T, should increase linearly with Vyiaq,
but is found instead to reach a maximum value and then decrease.
One reason for this limitation is the self-heating of the thermistor
ncreasing its heat capacity, but there are a variety of other non-ideal
effects that hmit the achievable responsivity.
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In order to keep the heat capacity down, especially when consider-
ing the additional components arising from the X-ray absorber and the
electical connections to the thermistor, the dJdetector sizes are limited
to < 1 mme., For reasons originally associated with a8 prioris
pointing limitations that prevented AXAF from guaranteeing that a point
source image could be located on such a small detector, we have base-
lined a 6x6 array of calorimeters in the focal plane that each operate
as independent spectrometers. In addition to enilarging its FOV, this
arrangment also provides some imagng capability to the spectrometer.

The small detector volumes assure that even without active anti-
coincidence the non-X-ray background will be small Scaling by the
relative volumes from solid state detectors that have been flown before,
the backgound summed over the entire array of detector should be of
order 1073 s-! over the entire 10 KeV bandpass. Recalling from
Figure 2 that there are thousands of sources that will provide count
rates in excess of 1 s~! for a detector as efficient as a calori-
meter, this background should be negligible.

The detector efficiency is limited at low energes by the windows
that must be placed between the cold detector and the thermal noise that
direct radiation from warmer surroundings would produce. The current
AXAF design, based upon windows that have already been tested under
launch conditions, results in efficiency that rises rapidly above about
104 at 0.3 KeV to a value that is prevented from reaching unity if
meshes are required to maintain the integrity of the windows.

SUMMARY

The X-ray calorimeter for AXAF is still under deveiopment, but test
results suggest asymptotic values for relevant spectroscopic parameters.
Recent development work, including practical limitations of thermistor-
implanted X-ray calorimeters and associated cryogenic systems, can be
found in McCammon et al (1987), Moseley, et al (1988) and Kelley et al
(1988), and will not be discussed here. with respect to energy resolu-
tion, the current "best" value obtained in a single test is 17 eV FWHM
at 100 mK, but the values for each of the contributing noise components
have each been separately measured in other tests to be less than 10 eV
-- this suggests that the Ilimiting value for AXAF will certainly be
better than 10 eV.

TABLE 2: SUMMARY OF EXPECTED AXAF CALORIMETER PARAMETERS

FWHM < 10 ev
Rmax 103

AtOtE 0.3-10 KeV
AjngE 0.3-10 KeV
db=<e(E ) > .6

Background effectively zero

Fov 1 arc min
do 10 arc sec
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A rough comparison of the expected AXAF calorimeter values for two
of these parameters (Rpgx and ¢) with those from spectrometers
that were flown onboard the Einstein observatory is displayed in Figure
4. Note that the effects of the larger area and increased bandpass of

the AXAF telescope are not represented in this figure -- one that could
properly include them would make this comparison even more striking.
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Figure 4. Comparison of maximum resolving power and grasp of the
Finstein Observatory spectrometers with the AXAF calorimeter (XRS).

Observing a point source with milli-Crab intensity and an AGN-type
spectrum  (alpha=z0.7, Ny=102! H-atoms/cm@) for 104 s, . the
calorimeter described here can detect features at "interesting" energies
with the following equivalent continuum widths (EW) at 997 confidence:

TABLE 3: LINE DETECTABILITY IN 104 S FOR A MILLICRAB SOURCE

E = 0.6 KeV Oxygen EW = 0.5 eV
2 Silicon 2
7 ron 21

Because the scaling laws go like the square roots of parameters, the
formal sensitivities are not all that much better for silightly better
€(E) or FHWM; it is only in comparison with dispersive spectrometers
that the sensitivity differences are truly dramatic.
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