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ABSTRACT

The contributions of the Goddard group to the history of X-ray

astronomy are numerous and varied. One unique role that the group

has continued to play involves the pursuit of techniques for the

measurement and interpretation of the X-ray spectra of cosmic
sources. The latest development in this story has been the selection

of the new X-ray "microcalorimeter" for the AXAF study payload.

This technology is likely to revolutionize the study of cosmic X-

ray spectra.

1. INTRODUCTION

X-ray astronomy is currently more than 20 years old, as measured from the

first unambiguous discovery of extra-solar X-rays [Giacconi et al., 1962]. Ex-

perimental research during this first generation may be broadly classified into

four main types of measurement: timing, imaging, p01arimetry, and spec-

troscopy. This review is meant to concentrate primarily on the latter, with

specific attention paid to the contributions made by the group at GSFC which

was created and nurtured by Frank McDonald.

During the first decade of X-ray astronomy, timing measurements represented

the most important channel of investigation. Direct measurements of periodic

and Doppler-effected periodic variability signaled the very nature of the strong
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X-rayemittersin thegalaxyasaccretingneutronstarsin binarysystems[cf.
Schreieretal., 1972].Thevalueof timing measurementshasnot diminished,
asnewdiscoveriescontinueto bemadevia thetimingchannel[e.g.,"QPOs",
or quasi-periodicoscillations,from somebrightgalacticbulgesourcesbyVan
derKlisetal., 1985,usingEXOSATdata], andnewcapabilitiescontinueto
beplanned(e.g.,theJapanesemissionASTRO-CandtheExplorermission
XTE).

Theadventof substantialX-ray imagingcapabilitywith theEinsteinObser-
vatory(HEAO-2),launchedin 1978,allowedsensitivitiesfor pointsourceand
morphologicalstudiessufficientto makeimaginganimportantresearchtool
[Giacconiet al., 1979].This trendwill continuewith the cooperativeGer-
man/U.S,missionROSAT,andwill beconsiderablyexpandedwith thead-
ventof the major observatoryAXAF.

Polarimetryis extremelydifficult for X-ray astronomicalsources,andonly
asinglespace-borneinstrumenthasthusfar beenattempted.It achievedim-
portantconfirmatoryevidencefor thesynchrotronnatureof theX-rayemis-
sionfrom theCrabnebula[Weisskopfet al., 1978],but that first instrument
lackedthesensitivityto measuretherequiredfewpercent(orbetter)polariza-
tion inmuchweakersourcesnecessaryto allowpolarizationto becomeamore
generallyusefultool for X-ray astronomicalresearch.

Whileallfourchannelsofferimportantandcomplementaryinformation,spec-
troscopyhassteadilyachievedincreasingimportanceasX-rayastronomyhas
matured.Thisreview will concentrate on the "new" X-ray spectroscopy, i.e.,

that which has sufficient resolving power to be concerned with measurements
of discrete line features rather than just with continua.

2. INSTRUMENTAL CONSIDERATIONS

Virtually all pre-Einstein X-ray spectroscopy was performed with proportional

counters, which have a resolving power limited by the nature of the atomic
interactions in the counter gas (which follow the primary photoabsorption)

to R = E/tSEFwHM -- 3Ekev'/2. Early attempts by the GSFC group to search
for Fe emission with such counters [Holt, Boldt, and Serlemitsos, 1969] led

to the development of large multi-wire proportional chambers which were
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ultimatelyrewardedwithpositivedetectionsof thermalFeemissionfromsuper-
novaremnants[Serlemitsoset al., 1973]and fluorescentFe emissionfrom
coldmaterialsurroundingtheionizationsourceingalacticX-raybinarysources
[Serlemitsoset al., 1975].

Gasscintillation counters, which shortcut the atomic interactions subsequent

to primary photoionization, are limited to a resolving power which is higher

by a factor of two. Such detectors have successfully been flown on the Euro-
pean EXOSAT and Japanese "Tenma" missions.

Even higher resolving powers in photoelectric detectors can be achieved by
using semiconductors instead of gas as the detection medium. The most suc-

cessful such instrument for X-ray astronomy has been the SSS (solid-state

spectrometer), a cryogenically cooled silicon chip with resolving power R -

6Ekev provided by the GSFC group to the Einstein Observatory (HEAO-2).
Like other charge collecting proportional devices, Si(Li) can have detection

efficiency approaching unity over its entire bandpass simultaneously. Dispersive

devices, such as the Einstein FPCS (focal plane crystal spectrometer, with

R - 100) and the OGS (objective grating spectrometer, with R - 30), have

already demonstrated great analytic power with observations of a few of the

brighter sources. Such instruments can be designed to have R > 1000, but

will require very large collecting areas to be generally useful for a large number

of sources because of their low effective photon detection efficiencies. Next

generation FPCS and OGS systems have been conditionally selected for the

initial complement of AXAF instruments.

Similarly selected is a novel new X-ray spectrometer currently under develop-

ment at GSFC which is capable, in principle, of combining the high efficiency

and bandwidth of the photoelectric devices with the high resolving power of

the dispersive devices. The "microcalorimeter" consists of a supercooled chip

in which an X-ray is photoelectrically detected and its energy is totally ther-
malized, with the resultant - 10-16 joules measured via the rise in tempera-

ture of the chip. The system is expected to exhibit a resolving power R > 1000
for Fe- K lines.

The problem of translating from photons detected in a spectrometer to a source

spectrum is not trivial, and it is important to recognize that the interpreta-

tion of an observation can depend upon the analysis procedure employed.
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Therawdataareaconvolutionof theactualinput photonspectrumwith the
responsefunctionof thespectrometer,but their inversionto a derivedinput
spectrumis not unique.

Theconventionalinversionisa model-dependentprocedurethatrequiresthe
observerto havesomeapriori knowledgeof theactualspectralform, sothat
it canbecharacterizedbyalimitednumberof adjustableparameters.Typical
fitting parametersareamplitudeandshapeof continuum(e.g., powerlaw
indexwith exponentialhighenergycutoff), strengths(andpossiblyenergies)
of emissionlinesandphotoelectricabsorptionedges,andlowenergyphotoab-
sorptionby interveningcoldmatter.Simulateddetectorcountspectraarecom-
putedfromtheassumedspectralforms,andthemodelparametersarevaried
to achievethebestfit to theactualdetectorcounts.With thisprocedure,spec-
tral featuresblurredby thedetectorresponsecanbeenhancedfor display,
asillustratedin Figure1. Itshazardis thatunanticipatedfeaturesareforced
to berepresentedbytheassumedparameterssothat, for example,an intrin-
sicallybroadlinemightemergeasadoubletif only sharplinesareassumed.
If thelinesaretotally resolved,however,muchof thisambiguitydisappears.

3. X-RAY SPECTRALCATEGORIZATION

Thevarietyof X-ray sourcespresenta varietyof observationalmanifesta-
tions;in somecases,X-rayspectraprovideuniqueopportunitiesto gaincrucial
insightinto the natureof sources.

Since line emissionceasesto be the dominant cooling mechanismof
astrophysicalplasmasfor temperaturesexceeding- 1keV,X-rayspectraare
primarily characterizedby their continua.Thesimplest(at leastspectrally)
of thesearethefeaturelesspowerlawsproducedby theinteractionof power
law distributionsof cosmicray electronswith ambientmagneticfields.The
Crabnebula,for example,isthearchetypeof suchapuresynchrotronsource,
in whichweobservethesingleinteractionof astrophysicalparticlesandfields.

Almost assimple,in the sensethat it is alsoa single-parametercontinuum,
is the blackbodyspectrumwhichcharacterizesthe otherextreme,i.e., the

382



>
OlD

!

I.xJ

I

t'M

¢..0
Z
0
I--.--
0
"r-
Q_

I0°

i0-I _

to-2 _

io-3_

Io-4_

io-5_

Io-6

PERSEUS CLUSTER HEAO-A2
I I I I I I i I I I

-..-_.
",,",._

%,,
o%.

-...".

%

%

%.._.%

%

¢.

_w

%

4"

I I t i t IIII

3 5 I0

ENERGY (keY)

i0°

_ 16I

_ 1o-2

tO-3
50

>

oO
I--
Z
_)
0

"1"-
0,.

Figure 1. Data from an exposure to the Perseus cluster of galaxies taken with

the Goddard HEA 0-1 A2 proportional counter experiment. The lower points,

for which the right-hand scale is appropriate, are the raw data in energy-

equivalent pulse-height channels. The higher points, for which the left-hand

scale is appropriate, represent the most probable input spectrum consistent

with the assumption ofan equilibrium thermal spectrum. Note, in particular,
that the Ka and Kl3 Fe emission lines at 6. 7 ke V and 7.9 ke V can be enhanced

for display by this model-dependent spectral inversion process.
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manifestationof sufficientinteractionsbetweenparticlesandphotonsthat
completethermalizationhasoccurred.X-ray "bursts" arisingfrom nuclear
burningepisodeson thesurfacesof neutronstars,for example,appearto ex-
hibit theseclassicspectra.

Thepreponderanceof X-raysourcestypicallyexhibitintermediatecontinua
in thesensethatelectronscatteringplaysarolein theformationof theobserved
spectra.This is true for themodifiedbremsstrahlungof thegalacticbinary
systemswhichcontainwhite dwarfs,neutronstars,or black holes,aswell
asfor theactivegalacticnucleiwhichusuallydisplaya characteristicpower
lawspectrawith indext_ - 0.7. Of particular relevance to this paper are the
fluorescent line features which have been observed from both types.

Finally, the optically thin "thermal" spectra at "X-ray temperatures" of a

variety of astrophysical system types provide the richest line spectra available

to the next generation of instruments for X-ray spectroscopy. Optically thin

plasmas offer a well studied starting point for comparison with actual X-ray

source spectra. Although equilibrium and isothermality over the whole source

volume may be a simpler situation than can be expected to obtain in general,
less ideal sources can be modeled as a distribution of gases which exhibit ther-

mal characteristics. The gas may be in local collisional equilibrium, so that

the electrons will have local Maxwellian distributions with kinetic temperature

T, while ions of charge Z may have the population fraction they would have

in collisional equilibrium at a different temperature. The gas can have bulk

motion, and parts of the source can be moving relative to one another. In

complex sources, a nonthermal continuum may need to be taken into account,
as well.

4. OPTICALLY THIN THERMAL SOURCES

In many astrophysical contexts, an X-ray-emitting plasma is sufficiently

transparent that the emergent spectrum faithfully represents the microscopic

processes occurring in the plasma. At temperatures T > l0 s K, almost all
abundant elements are fully ionized, and the X-ray emission is dominated

by bremsstrahlung from hydrogen and helium. At lower temperatures,
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however,traceelementsretaina fewatomicelectrons,and their contribution

to the emissivity of the plasma cannot be ignored. Because cross-sections for

electron impact excitation of such ions far exceed those for bremsstrahlung

or radiative recombination, line emission from Z > 7 constituents actually

dominates the cooling from a plasma with 104 < T < 10 7 K, even though
these trace elements represent only - 10 -t of the plasma composition by
number.

A theoretical model is needed to infer physical parameters such as temperature,

element composition, and density from the observed spectrum of an optically

thin plasma. To construct such a model requires knowledge of the ionization

state of each element, which is controlled by electron impact ionization and

radiative and dielectronic recombination. If the plasma is maintained at con-

stant temperature and density for a long time compared to the timescales for
these microscopic processes, the ionization of trace elements relaxes to a sta-

tionary state that depends primarily on electron temperature and weakly on

density. This stationary ionization balance assumption was first employed to

interpret the solar corona, and many such "coronal models" have been

calculated. An exemplary model spectrum is shown in Figure 2.

Such spectra are rich in emission lines and offer the opportunity to deduce

many properties of the emitting gas when sufficient resolving power and sen-

sitivity are available. The main emission complexes from Kt_ transitions of

helium-like and hydrogenic ions of abundant elements such as O, Ne, Mg,
Si, S, Ar, Ca, and Fe, become distinct with resolving power R > 10. A

temperature may be inferred from the relative strengths of the helium-like

and hydrogenic lines from a given element, but its validity depends on that

of the stationary ionization balance assumption. A measure of temperature

that is independent of that model assumption may be obtained from the ratio

of I_ to Kct transitions of a single ion if there is sufficient sensitivity to separate

the weaker Kfl from Ka. With R > 100 a variety of more powerful temperature

and density diagnostics become available. Satellite lines resulting from dielec-

tronic recombination may be used as temperature diagnostics, and the Ks

complexes of helium-like ions can be resolved into their resonance (21p), in-

tercombination (2ap), and forbidden (23S) components, where the relative

strengths can be used to infer electron temperature and density.
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Figure 2. A comparison of the actual raw data from Tycho's SNR taken with

the Goddard HEA 0-2 solid-state spectrometer experiment and an idealized

input spectrum. The data can befit equally well with Sedov-blast-wave and

two-temperature-equilibrium modeling, provided that the abundances of the
even-Z elements are treated as free parameters. The idealized input spectrum

represents the dominant k T = 0.5 keV component of the two-temperature

fit to the data (the higher temperature component has kT - 4 keV), but with
the abundances fixed at solar proportions. The shaded area represents the

contribution from Fe L-blend emission at this temperature, and the blackened

area represents the contribution form Si K-emission components. To facilitate

comparison with the raw data (where the abscissa shouM properly be energy-

equivalent pulse-heighO, the idealized input spectrum is viewed through a col-
umn density of 2 × 10 21 atoms cm -2. Both the data and the model are

displayed in 46 e V bins, with the latter smeared to an effective resolution with
FWHM - bin width (i.e. - 3 times better than the actual SSS FWHM resolu-

tion). The Ka and KI3 transitions of helium-like ions of Mg, Si, S, Ar, and

Ca indicated on the model spectrum are clearly evident in the data. Since most

of the K-emission arises from the lower temperature component of the two-
temperature fit, it is clear that consistency with this model requires marked

overabundances in the line-emitting species.
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Without resolvingpowersufficientto determinea temperaturedistribution
unambiguously,thisdistributionandtheelementalabundancesin theplasma
mustbenon-uniquelydeterminedfrom comparisonwiththe dataexpected
from a grid of models.For radiativelyionizedor nonequilibriumplasmas,
themodelresultsareonly asgoodastherealityof themodelspectra.If a
trueequilibriumtemperaturedistributioncanbeinferred,however,abundances
canbedeterminedbythecomparisonof linesof oneelementto thoseof other
elementsor to thecontinuum.Suchabundancedeterminationsarerelatively
straightforwardfor equilibriumplasmas,becauseeachelementalconstituent
is presentin just a few ionizationstates.

Informationfrom lessidealizedsituationscanbegleanedwith sufficientin-
sightevenwhentheopticallythin equilibriumscenariois untenable.In the
opticallythincase,for example,inconsistencyof theelectronandionization
temperaturescanbeusedto determinetheextentto whichtheplasmaisrecom-
biningor ionizingin a nonequilibriumsituation.Coldermaterialaroundor
alongthelineof sightto theprimary ionizationcanyieldfluorescentlines,
andopticallythickplasmascanyieldlinesthatarebroadenedbyelectronscat-
tering.With sufficientresolvingpower,it mayevenbepossibleto measure
the naturalwidth of emissionlines.

Manyof thelikely possibilities for X-ray spectra from astronomical objects,
and the important information that the spectra might therefore reveal, can

be found in reviews such as Holt and McCray [1982], from which much of

the above introductory discussion has been taken.

5. REQUIRED RESOLVING POWER

A crucial consideration for any investigation is the sensitivity required to carry

it out. For the X-ray spectroscopy of cosmic sources, a variety of parameters

contribute to this sensitivity: the quantum efficiency of the detectors, the detec-

tor background, the detector bandpass, and the resolving power. If an "ideal"

spectrometer with virtual unit efficiency, trivial background, and wide band-

pass can be developed, then the only parameter which requires discussion is

the resolving power.
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Atomicphysicsprescribestheresolvingpowernecessaryto utilizevariouscom-
binationsof spectrallinesfor scientificstudy.For eachelement,wecanap-
proximatethe resolvingpowerrequiredto separatea numberof important
ones.Forn = (2to 1)transitions,for example,themostimportantlinesare
thosefromthefluorescenceof neutralmaterial,theanalogof Lymanu from
hydrogen-likematerial,andtheresonance,forbidden,andintercombination
linesof helium-likematerial.Theenergyof Lymanu is, of course,Z2times
the 10.2eVfor hydrogen.Table1givestheseparationenergiesof thesefive
linesfor elements(8_<Z _<26)whicharelikely to beof interestfor AXAF.

Table1demonstrates that while - 1 eV may be required to completely resolve

all the lines of potential interest from all elements, - 10 eV is sufficient to

separate the most important lines from oxygen, and can totally resolve them
for iron.

TABLE 1: LINE SEPARATIONS

Line pairs

Lyman _ -- Resonance

Resonance -- Intercombination

Resonance -- Forbidden

Resonance -- Neutral

Approximate energy separation (eV)

10Z = 100Z10

0.32 Z 4/3 - Z

0.77 Z 4/3 -- 2 Z

2.3 Z 3/2 - IOZ

There is a similar - 10 eV requirement commensurate with possible sources

of line broadening. The natural width of a resonance line is - 10-2Zlo 4 eV,

so that resonance and even narrower forbidden lines have widths that are not

measurable with - 1 eV. Thermal broadening at - 2(TsZ103) w eV would

similarly require sub-eV resolution to measure, even for the heaviest elements

at the highest temperatures. Broadening associated with mass motion is easily

discernible in many astrophysical contexts with 10 eV, however, as the broaden-

ing for this case is - 4Vl0ooZlo2eV (vl0o0 in units of 1000 km s-1).
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It wouldappear,therefore,that thefew-eVresolutionrequiredfor thestudy
of allthediagnosticsinTable1iswellmatchedto thatrequiredfor themotion-
broadeningin activegalacticnuclei(AGN),youngsupernovaremnants(SNR),
andthestrongstellarwindsof earlytypestars.Theresolvingpowerrequired
to measurethermalor naturalbroadeningwouldbeordersof magnitudebet-
ter, however.

6. AN "IDEAL" SPECTROMETER

Themost 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 the "ideal" spectrometer for AXAF. These attributes include energy resolu-
tion sufficient to address the most important scientific objectives for all classes

of sources and sensitivity to the entire AXAF bandpass simultaneously with

both near-unit efficiency and trivial background.

The X-ray calorimeter (see Figure 3) which has been selected as part of the

AXAF study payload promises these attributes. It consists of an X-ray ab-

sorber of heat capacity C loosely connected to a heat sink of temperature T

by a thermal link with conductivity G. When a photon of energy Q is ab-

sorbed, it is degraded into quanta (phonons) characteristic of T. The

temperature of the absorber rises by an amount _T = Q/C and then decays
back to its equilibrium temperature with a time constant r -- C/G. The

temperature increase is detected by a thermistor attached to the absorber, and

the incoming photon energy can be deduced by the magnitude of _T.

The small heat deposition is measurable to a precision which is determined
by the random exchange of energy between the detector and its heat bath

through the thermal link. An oversimplified "explanation" of the situation

is that the effective number of phonon modes contributing to the heat capacity

and to the fluctuations is N = C/k, each with effective mean energy kT. If

the typical quantum occupation number in each mode is unity, the rms fluc-
tuation in that number is also unity. Therefore, the total energy fluctuation

in the system is/_E - kT(N '/2) - (kT2C) '_.
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Figure 3. Schematic of an X-ray calorimeter. The essential elements are an

X-ray absorber, a temperature transducer, and a thermal link to a heat bath
which is loose enough to ensure that the rise in temperature accurately reflects

the deposited energy (i.e., that the timescale for total thermalization of the
X-ray energy is short compared with the characteristic time constant of the

thermal link).

Because the number of phonons involved in the final steps of degradation

of phonon energy to heat is large, the statistical fluctuations which fundamen-

tally limit the resolution of charge collecting detectors (such as Si(Li) or pro-
portional counters) do not significantly affect the temperature increase pro-

duced by a single photon; this means that the limiting FWHM resolution of

the device will be uniform over the whole bandpass.

When all necessary noise contributions (such as load resistor Johnson noise

and realistic filter techniques) are taken into account, the limiting resolution

of a practical detector is tSE (FWHM) - 4(kT2C) v2 [Moseley, Mather, and

McCammon, 1984], which can be as low as 1 eV for a detector with total

heat capacity < 10-14 J/K operating at 0.1 K. Such detectors can be designed
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for AXAF, but it remains to demonstrate that the theoretically predicted per-
formance can actually be obtained.

7. RECENT PROGRESS IN DETECTOR DEVELOPMENT

There are two general types of noise source which can potentially prevent the

achievement of the theoretical performance discussed above. The first might

be called "conversion" noise, as it arises from the imperfect conversion of

X-ray energy to phonons, e.g., energy which goes into electric charge or which
is trapped in states with long lifetimes. The second might be called "readout"

noise, as it arises from imperfect transduction of the temperature increase

into interpretation as an energy deposition.

The latter potential noise source may be ultimately limiting in attempting to

attain 1 eV, but it has already been experimentally demonstrated to be < 10

eV via the observation of fluctuations in the sampling of the baseline of a

test detector with heat capacity higher than the value required for 1 eV [Moseley
et al., 1985]. Since we could not simultaneously demonstrate similarly low

conversion noise, our efforts during the past year have been aimed at

understanding and reducing this component. We have recently succeeded in

achieving that level of conversion noise via the comparison of X-ray resolu-
tion with conversion-independent baseline fluctuations.

Figure 4 demonstrates the performance of a nonoptimized composite detec-

tor with baseline fluctuations of - 30 eV FWHM. An overnight run was per-

formed with an Fe 55source, yielding a total additional noise contribution (in-

cluding conversion noise) of < 10 eV in the K-capture lines and in fluorescence

from an Mg target. It is interesting to note that the Kc_ line is better modeled

with its two components (KoL1 and Ka2) than with a single line, and that their
separation of - 10 eV is at about the current level at which we can demonstrate

the contribution from either conversion or readout sources (although the lat-

ter contribution in this particular detector is three times larger).

There still remain subtle problems with the production of 1 eV detectors, but

we have now demonstrated that 10 eV detectors can be made. Our goal is
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Figure 4. Raw data from an Fe 55 X-ray source taken with a composite

calorimeter consisting of a HgCdTe X-ray absorber on a Si substrate with

an ion-implanted thermistor. The K{3 line is - 600 eV higher in energy than

Ks, and an order of magnitude less prominent. The Ks line has two major

components separated by - 10 eV, with the higher energy component ap-

proximately twice as prominent. These two Ks components are required for

an acceptable fit to the data, but cannot be resolved by the current - 30 eV
detector. The AXAF detector shouM be capable of completely resolving them.
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to producedetectorsfor AXAF for whichKal and Kc_2from Fe55will be
completelyresolved.Notethat thespatialresolutionof theAXAF telescope
(< 1arc-sec- 0.05mm)isrequiredinorderto reachthisgoal,asthenecessary
valueof C cannotbeattainedwithout a sub-mmsizeddetector.

8. SUMMARY

TheAXAF microcalorimeterprovidesa totally newcapabilityfor X-ray
astronomicalspectroscopy.Thecombinationof resolvingpowerof order103
with quantumefficiencyof orderunity (withvirtually insignificantdetector
background)simultaneouslyovertheentireAXAF bandpassallowsfor the
applicationof X-rayspectroscopyto muchmoreambitiousscientificstudies
than previouslypossible.

TheX-ray astronomygroupat Goddardhasmadenumerouscontributions
to astrophysics,andnosubjectrepresentsits experimentalmotivationmore
than doesX-ray spectroscopy.It is particularlyfitting for the purposesof
this volumethat themicrocalorimeter,the latestmanifestationof this ex-
perimentalresearchprogram,hasarisenoutof a truecollaborationbetween
theGoddardX-ray andinfraredgroups,both of whichowetheir existence
to the foresightof FrankMcDonald.
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