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ABSTRACT. S p e c t r o s c o p y is t r a d i t i o n a l l y c h a r a c t e r i z e d by t h e s a c r i f i c e 
o f quan tum e f f i c i e n c y f o r high s p e c t r a l r e s o l u t i o n . Since X - r a y a s t r o 
nomy is a p h o t o n - l i m i t e d d i sc i p l i ne , t h e c h o i c e b e t w e e n h igh r e s o l u t i o n 
f o r v e r y f e w s o u r c e s v e r s u s much l ower r e s o l u t i o n f o r many m o r e has n o t 
a l w a y s b e e n an e a s y one. The d e v e l o p m e n t o f new t h e r m a l d e t e c t o r s 
o f f e r s t h e o p p o r t u n i t y t o "have o n e ' s c a k e and e a t i t , t o o . " 

CHARACTERISTICS OF AN "IDEAL" SPECTROMETER 

The m o s t i m p o r t a n t a t t r i b u t e s o f a s p e c t r o m e t e r depend upon t h e 
s p e c i f i c s c i e n t i f i c o b j e c t i v e s o f a p a r t i c u l a r i n v e s t i g a t i o n , b u t t h e r e 
a r e some which a r e so g e n e r a l l y u s e f u l t h a t t h e y can be s a f e l y assumed 
t o be c h a r a c t e r i s t i c o f an ideal s p e c t r o m e t e r . T h e s e a t t r i b u t e s include 
e n e r g y r e s o l u t i o n s u f f i c i e n t t o a d d r e s s t h e m o s t i m p o r t a n t s c i e n t i f i c 
o b j e c t i v e s f o r all c l a s s e s o f s o u r c e s , and s imu l taneous s e n s i t i v i t y o v e r 
a wide b a n d p a s s w i th n e a r - u n i t e f f i c i e n c y and negl ig ible b a c k g r o u n d . In 
p a r t i c u l a r , t h e f o l l o w i n g d i s c u s s i o n wil l c o n s i d e r s u c h a s p e c t r o m e t e r 
f o r t h e AXAF (Advanced X -Ray A s t r o p h y s i c s Fac i l i t y ) . 

T h e p r i m a r y c h a r a c t e r i s t i c o f any s p e c t r o m e t e r is i t s e n e r g y r e s o 
l u t i o n , o r . e q u i v a l e n t l y , i t s r e s o l v i n g p o w e r : 

R e s o l v i n g p o w e r : R(E) = E/FWHM(E) 

w h e r e FWHM(E) i s t h e f u l l - w i d t h - h a l f - m a x i m u m e n e r g y 
r e s o l u t i o n a t e n e r g y E, s o t h a t R(E) is t h e X - r a y e n e r g y 
m e a s u r e d in u n i t s o f t h e r e s o l u t i o n 

C l e a r l y , h i g h e r r e s o l v i n g p o w e r is " b e t t e r , " b u t i t is w o r t h examining 
w h e t h e r o r n o t a case can be made f o r a p r a c t i c a l u p p e r bound t o t h e 
r e s o l v i n g p o w e r b a s e d upon p u r e l y a s t r o p h y s i c a l c o n s i d e r a t i o n s . 

A g o o d s t a r t i n g p lace f o r t h e d e t e r m i n a t i o n o f t h e r e q u i r e d r e s o l 
v ing p o w e r d e r i v e s f r o m an examina t ion o f s t a n d a r d c o r o n a l equi l ibr ium 
s p e c t r a in t h e t e m p e r a t u r e r a n g e 1 0 6 - 8 K. F i g u r e 1 d i s p l a y s s u c h 
s p e c t r a f o r s o l a r abundances as v iewed b y a d e t e c t o r a t t h e f o c u s o f t h e 
AXAF t e l e x c o p e w i th p e r f e c t e f f i c i e n c y o v e r t h e e n t i r e bandpass . The 
t h r e e t r a c e s in each panel a r e f o r FWHM = 1, 10 o r 100 eV. 
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Figure 1. Coronal equilibrium spec t ra o f plasmas with solar 
abundances, as viewed with d e t e c t o r s having FWHM resolut ions o f 
1, 10 and 100 eV (upper, middle and lower t r a c e o f each panel). 
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In general, the identification and interpretat ion 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 1.2 keV. Note, however, 
tha t the "completely ionized" lower-Z elements exhibit s t rong 
recombination lines: H-like Si XIV (at 2.0 keV) and S XVI (at 2.6 keV), 
each with about 30 eV equivalent continuum widths, are barely 
discernible with FWHM 100 eV, but FWHM 10 eV can reveal O VIII at 0.65 
keV and even separate Ne X and Mg XII 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 fo r Z>IO), while 10 eV uncovers most of the detail 
that 1 eV can fully resolve. At 106 K, the equilibrium spectra are 
line-dominated; here O and Ne may be recognized with 100 eV, but FWHM 10 
eV is necessary to extract quantitative information. 

Atomic lines provide diagnostics f o r electron temperature, ioniza
tion temperature, density, mass motion and elemental abundances. The 
model-dependent interpretation of these diagnostics can also 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 course, 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 > 1.3 keV 
spectrum of hot plasmas, the most important lines are those from: 

o the fluorescence of cold (neutral) material, 
o the analog of Lya f rom hydrogen-like material, and 
o 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 f o r 
which there is substantial population of this ionization state. Here 
the rat io ( i+f) / r can be a useful diagnostic f o r electron temperature, 
f o r example, while f / i and f/( i+r) are more sensitive to density. Table 
1 gives very simple analytic approximations (that are good to < 10Z) f o r 
the separation energies of these five lines f o r elements 7 < Z < 27. 
The energy of Lya is, of course, Z 2 times the 10.2 eV fo r hydrogen, 
so that demanding equivalent performance of a single spectrometer fo r 
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 fo r 
the lowest Z that is expected to be generally useful. 
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TABLE 1: L I NE SEPARATIONS 

Line pa i rs Approximate energy separation (eV) 

Lya - Resonance 10 Z 

Resonance - Intercombination Z 

Resonance - Forbidden 2 Z 

Resonance - Neutral 10 Z 

Table 1 demonstrates that while about 1 eV may be required to 
completely resolve all the lines of potential interest from all ele
ments, 10 eV is suff ic ient to separate the most important lines from 
oxygen, and can totally resolve them f o r 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 lines, although there is blending o f fainter companions. High 
velocity mass motion is easily discernible with 10 eV, e.g. the broaden
ing expected to match that f o r optical lines in AGN (active galactic 
nuclei) , which corresponds to velocities of about 5000 km s~\ is 
4 v 1 0 0 0 z 1 0 2 e V (v1000 i n uni ts o f 1000 km s~1)- The 
na tu ra l width o f a resonance line is about 1 0 _ 2 Z ^ Q 4 e V i 
however, so that resonance and even narrower forbidden lines have widths 
that cannot be measured even with 1 eV resolution. Thermal broadening at 
2(.TQZJQ3)*/2 eV would also r e q u i r e sub-eV r e s o l u t i o n . 

It then follows that most of the important K-shelt line diagnostics 
f rom O to Fe require no bet ter than 10 eV resolution. To obtain a 
general capability f o r 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 fo r 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(E) is the eff iciency with which photons 
of energy E incident on the detector surface are measured 
with resolving power R(E) 

Instantaneous bandpass: Ai n sE is the energy range over 
which the spectrometer can operate simultaneously 
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E f f e c t i v e overa l l bandpass: A-(-0^E is t he energy range ove r 
which the quantum e f f i c i e n c y e(E) is g r e a t e r than 
(say) \0'/. o f i t s maximum value — f o r a wel l -matched 
d e t e c t o r - t e l e s c o p e combination, th is would be the e f f e c 
t i ve b a n d - p a s s o f t h e t e l e s c o p e A t e l E 

More is b e t t e r f o r all t h r e e parameters , but a var ie ty o f subject ive 
arguments can be mustered t o j u s t i f y " requ i red" values. It is especial
ly i m p o r t a n t t o emphasize t h e s c i e n t i f i c value o f having b o t h 
A j n s E a n d A j o t E a p p r o a c h A -(• e | E in t e r m s o f 
discovery potent ia l . Any spectroscopic observat ion pe r fo rmed with such 
a spec t rome te r will not j u s t t e s t f o r a nar row spec t ra l f e a t u r e a t one 
energy t ha t might be pred ic ted by a model t h a t is cu r ren t l y fashionable; 
i t will simultaneously measure the s p e c t r u m th roughou t the e n t i r e 
te lescope bandpass. An addit ional advantage o f having maximally large 
A^-Q-^E is in measur ing t h e cont inuum: while t he sens i t i v i t i e s t o 
many s p e c t r a l f e a t u r e s will scale as t he square r o o t o f exposure 
parameters , the precision with which continuum slopes can be determined 
scales l inearly with the bandpass. 

The combining " g r a s p " pa rame te r ty is meant t o be the most 
use fu l possible de f in i t ion o f the average e f f i c i ency . It can also be 
cons idered a measure o f the "speed" o f t he spec t r ome te r . 4> is a 
f unc t i on o f t he source spect rum and m i r ro r response as well as the 
d e t e c t o r , i.e. i f a sou rce spec t rum i n t e g r a t e d over the t o ta l AXAF 
bandpass (here t a k e n t o be 0.1-10 keV) is S ( cm" 2 s - 1 ) . then the 
r a t e a t which photons can be de tec ted with a p e r f e c t de tec to r at the 
f ocus o f the telescope is the convolution o f the telescope area as a 
f unc t i on o f energy A(E)dE (cm2) with t he source spec t rum over the 
te lescope bandpass: 

C (s~ 1 ) = J S(E ' ) A (E ' ) dE' 

AtelE 

We d e f i n e * as t h e a v e r a g e quan tum e f f i c i e n c y t a k e n 
simultaneously over the en t i r e te lescope bandpass: 

* - <e> 
1 

— f e ( E ' ) S (E ' ) A (E ' ) dE' 
C A t e | E 

in o r d e r t h a t i t be c lear ly distinguishable f r o m the average ins tanta
neous e f f i c i ency <e(E)> o f a s p e c t r o m e t e r over a limited bandpass 

*ms E about E. f o r such a s p e c t r o m e t e r : 

<e(E)> 

AinsE 

Helfc 
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General requirements f o r the spec t roscopy o f a large number o f 
sou rces requ i r e t he abil i ty t o invest igate a reasonable por t ion o f the 
te lescope bandpass with a respec tab le level o f sensit ivity. Simulations 
can be used to demonst ra te t ha t a minumum o f 1 0 3 - 4 de tec ted photons 
a re general ly r equ i red f o r deta i led s p e c t r a l analysis. Figure 2 dis
plays the " logN-logS" re lat ion f o r ex t raga lac t ic sources with slope -1.5 
(e.g. Maccacaro e t al. 1982) in AXAF units, i.e., the source intensi ty 
is given in uni ts o f C s _ 1 as de f i ned in t he previous paragraph f o r 
a d e t e c t o r with PHI=1 at the focus o f the AXAF telescope. The f l a t t e r 
t r a c e (with slope -0.7) is t h a t f o r s o u r c e s in the galaxy, including 
binary a c c r e t o r s and supernova remnants. 

The "weak source" limit o f a s p e c t r o m e t e r will be determined by the 
d e t e c t o r background B(E) in addi t ion t o <l>. As a p rac t i ca l m a t t e r , 
t he acceptab le background is a f unc t i on o f 4>; i f the t o ta l d e t e c t o r 
background is a small f r a c t i o n o f the expected source counts, then i t is 
e f f e c t i v e l y t r i v ia l . Fo r a d e t e c t o r with 4> approaching unity, f o r 
example, t h e r e will be thousands o f s o u r c e s f o r which C > 1 c t s~1, 
so t h a t B(E) as high as 10" 2 might be acceptab le . 

10J r"—' • ' • '— """J 

10* 

10* 

o 

Z 101 

10' 

10° 
.1 1 10 100 1000 10000 

C (Counts/s) 

Figure 2. The number o f observable sources as a funct ion o f the 
count r a t e o f a p e r f e c t d e t e c t o r in the foca l plane of AXAF. 
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Galactic Sources 
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A total ly objective (albeit incomplete) measure of the capability 
of a spectrometer is i ts 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 f o r any spectrometer: 

o the source s t rength, 
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(E) 
is the mean efficiency to the feature over the entire energy range that 
must be scanned during the exposure time. Additionally, the e f fec t 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 f o r astronomical spectroscopy are associated with 
angular sizes: the total instantaneous field-of-view FOV and the d i f fe r 
ential pixel size dO within FOV. For maximum generality, it would 
be nice to have FOV as large as the 30 arc min that characterizes the 
AXAF telescope, i tsel f , and dO similarly matched to the AXAF sub-arc 
second spatial resolution. For purposes of estimating minimum require
ments, however, the great majority of the sources in Figure 2 are point 
sources (i.e. not resolved by the telescope at a level < 1 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 radii of bright clusters of 
galaxies have typical 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 f o r FOV of order 1 arc minute at 104 s, even fo r a detector 
with <J>-1. The important issue f o r dQ is, there fore , 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 ef fec ts 
inside the blast wave in the former. Since the timescales fo r variabil
ity in these objects are longer than the lifetime of AXAF, spectral-
spatial mapping with a " fas t " detector could be performed in a raster 
mode, but the observatory would be utilized more eff iciently if the 
whole spectal-spatial correlation was performed in a single exposure. 
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A p r a c t i c a l limit f o r dO can be obta ined f r o m the source c a t a 
log i t s e l f . Fo r a given dO and FOV, we can est imate how s t r o n g an 
extended source would have t o be in o r d e r t o meet the two conditions 
t ha t t h e r e were enough counts accumulated in each pixel f o r independent 
spec t roscopy , and tha t the accumulation time was s h o r t enough t o allow 
many d i f f e r e n t such exposures in t h e observ ing timeline. For dQ o f 
about an a r c sec over an a rc min FOV, f o r example, i t would take a 
sou rce as in tense as the Crab nebula t o allow a p e r f e c t foca l plane 
d e t e c t o r t o accumulate 103 c o u n t s p e r p ixe l in 104 s. This 

means t h a t t h e r e are very few areas o f extended X - r a y emission f o r 
which a dQ as small as 1 a r c sec can be j u s t i f i e d with the AXAF 
t e l e s c o p e . 

CHARACTERISTICS OF AN X-RAY CALORIMETER 

An X - ray calor imeter works by conver t ing the energy o f a single X -
ray photon ent i re ly into heat. For i t t o func t ion as a spec t romete r f o r 
individual X - r a y s , t he e f f e c t i v e noise in t he tempera tu re measurement 
must be small compared t o t ha t tempera tu re r ise . 

A pract ica l device consists o f an X - r a y absorber and a thermometer 
mounted on a s u b s t r a t e with small heat capaci ty C0 , connected by a 
weak therma l link o f conductance G 0 t o a heat sink at tempera ture 
T 0 (see Figure 3). When an X - r a y o f ene rgy E is absorbed, the 
t e m p e r a t u r e o f the s u b s t r a t e is inc reased by an amount AT = E /C 0 

in a t ime s h o r t compared t o t h e t ime c o n s t a n t T = C 0 / G 0 

associated with recovery o f the s u b s t r a t e back t o the bath tempera tu re 
T 0 . The random t r a n s f e r o f energy between the subs t ra te and heat 
sink produces f luctuat ions in the energy con ten t o f the subs t ra te . 

Bonding Pads 
Implanted Thermistor 

X-Ray Converter 

Figure 3. Schematic o f an X-Ray Calor imeter. 

Heat Sink 
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An elementary s ta t is t ica l calculation gives the mean square magnitude of 
t hese f l uc tua t i ons as: 

<AE> r m s (FWHM) = 2 . 3 5 [ k T 0
2 C 0 ] 1 / 2 

where k is Boltzmann's cons tan t . Note t h a t th is is independent o f 
G 0 and any detai ls o f t he therma l link. These f l uc tua t i ons can be 
thought o f as squa re - roo t N variat ions in the number o f phonons con
ta ined in the s u b s t r a t e , and r e p r e s e n t t h e background noise level 
against which the increase in energy due t o an absorbed signal event 
must be measured. The advantages o f low tempera tu re operat ion are 
obvious, pa r t i cu la r l y when cons idera t ion is given t o the f a c t t h a t 
CQ scales as T 0

3 with the p r o p e r choice o f mater ia ls . As an 
example, a piece o f sil icon 0.5 mm on a side and 25 u,m th ick with 
heat capac i ty 4 x 10~15 J K~' a t 100 mK would have a l imiting 
f l u c t u a t i o n noise o f about A E r m s = 0.2 eV. 

The most important additional noise sources are those which might 
ar ise f r o m the conversion o f X - r a y energy t o heat (e.g. i f some energy 
is t r apped in s t a t e s tha t are long-lived compared t o the r ise time o f 
the heat, pulse), and f r om the measurement o f the temperature . Conver
sion noise may be made a rb i t ra r i l y small, but the Johnson noise in ion-
implanted t h e r m i s t o r s prov ides an unavoidable increase in the minimum 
system noise achievable f o r this thermomet ry technique, as demonstrated 
in the seminal work o f Moseley, Mather and McCammon (1984) on th is 
s u b j e c t , based on analyses o f noise s o u r c e s in i n f r a - r e d bolometers 
(Mather, 1982; Mather, 1984). These a u t h o r s demonst ra te tha t in the 
case where only Johnson noise is an impor tant addition, the expression 
f o r achievable noise can be approx imated with a mult ipl icative f a c t o r 
e, (with a value o f about 2 f o r well-chosen thermis to r parameters) to 
t h a t f o r the basic f luctuat ions: 

A E r m s (FWHM) = a ^ S s C k T o ^ o l 1 7 2 

An equivalent c i rcu i t f o r the ca lo r ime te r cons is t s o f a vol tage 
sou rce V b i a s in ser ies with b o t h a f i x e d load r e s i s t o r RL and a 
the rm is to r R (across which the signal equivalent t o the heat depos i t ion 
Q is measured) , so t h a t VR=Vbja sR/(R+R|_). The t e m p e r a t u r e 
dependence o f t he t h e r m i s t o r is given by a a=-d( logR)/d( logT), which 
has a typ ica l value o f 6. From t h e de f in i t ions o f a and CQ: 

dR -adT -adQ dV aVb j a sRRL 

R T C0T dQ C 0 T(R+R L ) 2 

The respons iv i t y S ( vo l t s /wa t t ) , essential ly dV/dQ multipled by the 
e f f e c t i v e r e c o v e r y t ime T , shou ld i n c r e a s e l inear ly wi th Vbias1 

but is found ins tead t o reach a maximum value and then decrease. 
One reason f o r th is l imitation is t he s e l f - h e a t i n g o f the thermis to r 
increasing i ts heat capacity, but t h e r e are a var ie ty o f o ther non-ideal 
e f f e c t s t h a t limit the achievable respons iv i t y . 
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In o r d e r t o k e e p t h e h e a t c a p a c i t y down, espec ia l l y when c o n s i d e r 
ing t h e add i t i ona l c o m p o n e n t s a r i s i ng f r o m t h e X - r a y a b s o r b e r and t h e 
e l e c t i c a l c o n n e c t i o n s t o t h e t h e r m i s t o r , t h e d e t e c t o r s i zes are l imi ted 
t o < 1 m m 2 . F o r r e a s o n s o r i g i n a l l y a s s o c i a t e d w i t h a priori 
p o i n t i n g l im i ta t ions t h a t p r e v e n t e d AXAF f r o m g u a r a n t e e i n g t h a t a po in t 
s o u r c e image cou ld be l o c a t e d on such a smal l d e t e c t o r , we have b a s e -
l ined a 6x6 a r r a y o f c a l o r i m e t e r s in t h e f o c a l p lane t h a t each o p e r a t e 
as i n d e p e n d e n t s p e c t r o m e t e r s . In a d d i t i o n t o e n l a r g i n g i t s FOV, t h i s 
a r r a n g m e n t a l so p r o v i d e s some imaging capab i l i t y t o t h e s p e c t r o m e t e r . 

T h e smal l d e t e c t o r vo l umes a s s u r e t h a t even w i t h o u t ac t i ve a n t i 
c o i n c i d e n c e t h e n o n - X - r a y b a c k g r o u n d will b e smal l . Sca l ing by t h e 
r e l a t i v e vo lumes f r o m so l id s t a t e d e t e c t o r s t h a t have been f l o w n b e f o r e , 
t h e b a c k g o u n d summed o v e r t h e e n t i r e a r r a y o f d e t e c t o r shou ld be o f 
o r d e r 1 0 " ^ s~ 1 o v e r t h e e n t i r e 10 k e V b a n d p a s s . Reca l l ing f r o m 
F i g u r e 2 t h a t t h e r e a r e t h o u s a n d s o f s o u r c e s t h a t will p r o v i d e c o u n t 
r a t e s in e x c e s s o f 1 s - 1 f o r a d e t e c t o r a s e f f i c i e n t as a c a l o r i 
m e t e r , t h i s b a c k g r o u n d s h o u l d be negl ig ib le. 

T h e d e t e c t o r e f f i c i e n c y is l imi ted a t low e n e r g i e s by t h e windows 
t h a t m u s t b e p l aced b e t w e e n t h e co ld d e t e c t o r and t h e t h e r m a l no ise t h a t 
d i r e c t r a d i a t i o n f r o m w a r m e r s u r r o u n d i n g s would p r o d u c e . The c u r r e n t 
AXAF d e s i g n , b a s e d upon windows t h a t have a l r e a d y been t e s t e d u n d e r 
launch c o n d i t i o n s , r e s u l t s in e f f i c i e n c y t h a t r i s e s r a p i d l y above a b o u t 
10Z a t 0 .3 k e V t o a va lue t h a t is p r e v e n t e d f r o m r e a c h i n g u n i t y i f 
meshes a r e r e q u i r e d t o mainta in t h e i n t e g r i t y o f t h e windows. 

SUMMARY 

The X - r a y c a l o r i m e t e r f o r AXAF is s t i l l u n d e r deve lopmen t , b u t t e s t 
r e s u l t s s u g g e s t a s y m p t o t i c va lues f o r r e l e v a n t s p e c t r o s c o p i c p a r a m e t e r s . 
R e c e n t d e v e l o p m e n t w o r k , i nc lud ing p r a c t i c a l l i m i t a t i o n s o f t h e r m i s t o r -
i m p l a n t e d X - r a y c a l o r i m e t e r s and a s s o c i a t e d c r y o g e n i c s y s t e m s , can be 
f o u n d in McCammon e t al (1987), Moseley, e t al (1988) and Kel ley e t al . 
(1988), and will n o t be d i s c u s s e d h e r e . With r e s p e c t t o e n e r g y r e s o l u 
t i o n , t h e c u r r e n t " b e s t " value o b t a i n e d in a s ingle t e s t is 17 eV FWHM 
a t 100 rriK, b u t t h e va lues f o r each o f t h e c o n t r i b u t i n g no ise c o m p o n e n t s 
have e a c h been s e p a r a t e l y m e a s u r e d in o t h e r t e s t s t o be l ess t h a n 10 eV 
- - t h i s s u g g e s t s t h a t t h e l imi t ing va lue f o r AXAF will c e r t a i n l y be 
b e t t e r t h a n 10 eV. 

TABLE 2 : SUMMARY OF EXPECTED 

FWHM 

"max 
A t o t E 
A i n s E 

4>=<e(E)> 
B a c k g r o u n d 

FOV 
dQ 

AXAF CALORIMETEF 

< 10 eV 
10 3 

0 . 3 - 1 0 keV 
0 . 3 - 1 0 keV 

> .6 
e f f e c t i v e l y z e r o 

1 a r c min 
10 arc sec 
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A rough comparison o f the expected AXAF calor imeter values f o r two 
o f t hese p a r a m e t e r s (R m a x

 a n c l • ) with t hose f r o m s p e c t r o m e t e r s 
t ha t were f lown onboard the Einstein obse rva to ry is displayed in Figure 
4. Note tha t the e f f e c t s o f the larger area and increased bandpass o f 
the AXAF telescope are not rep resen ted in th is f igure — one tha t could 
p roper l y include them would make this comparison even more s t r ik ing. 
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Figure 4. Comparison o f maximum resolving power and grasp of the 
Einstem Observa tory spec t rome te rs with the AXAF calorimeter (XRS). 

Observ ing a point source with milli-Crab intensity and an AGN-type 
s p e c t r u m ~ ( a l p h a = 0 .7 , N H = 10 2 1 H - a t o m s / c m 2 ) f o r 104 s, t h e 
calor imeter described here can de tec t f e a t u r e s at " in te res t ing" energies 
with the fol lowing equivalent continuum widths (EW) at 997. confidence: 

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

= 0.6 keV 
2 
7 

Oxygen 
Silicon 
Iron 

EW = 0.5 eV 
2 
21 

Because t he scaling laws go like the square r o o t s o f parameters, the 
f o r m a l sens i t iv i t ies a re not all t h a t much b e t t e r f o r s l ight ly b e t t e r 
e(E) or FHWM; it is only in comparison with d ispers ive s p e c t r o m e t e r ; 
t h a t the sens i t iv i ty d i f f e rences are t ru l y dramatic. 
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