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ABSTRACT

Methods c¢f resolving the {iron lines, tre most corton X=ray
emissiorn lines in ooth galactic and extragalactic Xe-ray sources,
are hriefly reviewed, A self=fccussing crystal spectrometer {s
shown tc be the most suitscle irstrument, anrd the ootimgm crystal
aeometry {s spgherical (Scrrogpper and Taylcer 198¢), The
rrincirles of oferaticr ¢t such a sgherical crystal {miging
spectroreter (SCIS) are crietly reviewed, ard jits sensitivity 1is
shown to be two orcers of magnitude better than a focal plane
crystal scectrowveter on AXAF, A Sracelab version of this payload

would be very cost-effective,
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Introduction

The erphasts {n this cager will be o high=resoclution
spectroscopy (the Xx-ray astroromer’s defirition: ;é%%—> 10C¢) ot
the iron lines in the 6-7 keV ranqe, The ¢first, and generally
the stronqgest 1lines cdetccted {n rroportioral counter spectra of
both galactic and extracaléactic Xeray sources have been the 1{ron
lines in the 6-7 keV ranqge, 1The reason for this line strength in
optically thin plasrmas s twofold: a) the high relative
abundance of {ron; and t) tre ionization talarce of elerents at
the temperatures typicel c¢f Xeray sources, {.,e,, 107 -lof K.
Figure 1 {s pgplctted frce the tabulations of Rayrond 3nd Srith
(1978) and shows theoretical «calculationrs c¢f the relative
emissivities of the strongest {ror lines between 3.107'and 10‘ K
(not including satellite lines) and fllustrates the reason that
the Fe XXV/XXV1 cormplex is so dorinant iIn Xeray spectra = other
elements are larqely strigred cut at lower temperatures, In
particular, the eftective temperature of {ntraclu~ter gas {in
galaxy clusters, typically 8 x 1057K (see Muyshotzkv et al,
1978), 1is such that the {rcn cowplex forrs the mcst useful
diagnostic of cluster gparaneters,

The most common line ctserved in binary Xeray sources is the
tluorescent 1iron line, for reasors of hiogh flucrescence yield (a
factor of 10 hiqgher than 2ry ctrer element = see Tahle 1, taken

from Pravdo 1978), courled with the hiagh relative atundance,
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TABLE 1

FLUCRFSCENCE EMISSION

Rel,

Ecquliv,
felative Flucr, Kok, width

Element Arundance Yield Enerqgy (d"/ ~g-1)
s1 3, 107 c.c4 1,74 0,03
s 1.6 1077 C.C8 2,21 0,03
Ar 8, 10°¢ 0.13 2.96 0,03
Ca 2. 10-& 0.16 3,69 ¢.01
Fe 4. 10-3 0,35 6,40 1,00
Mg 2. 10°¢ 0.41 7.47 0.07
Tarle 1 Relative tluorescence emission-line strenatns (tron

fravdédo 1978)
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Misrersjve Versus NoneI'isrersive Scectroscoery

How can the iron lire erergy te reached tcr spectroscceny,
and how can the 1ircn 1lires && resolved fcr ressurerents of
terperature, abundance, dersity and jfonizaticn ralance?

Figure 2 fllustrates tne resclutior typical of
ererqgy~dispersive devices (dasred lines) ard trose of dispersive
devices (solid lines), Nor=cdisrersive devices have teen used
almost exclusively thus tfar {in the weasurerents of iron line
strengths at 6-~7 keV, ctut rave ({insufficiert rescliution to
serarate tne 1linres of Fe XXV from Fe XXVI, Gas grcporticnal
scincillation counters have twice the resclving power of the
conventional 9as rrororticral counters, tut this s still
insufticlent to clearly serarate fFe xxV fror XxVl, or t¢c resclve
the Fe XXV trirlet lines (rote trat lines of FE XXV, 1s%-1s20 and
1sf-1snp were recently resclved py a8 GPSC ir the spectrur of Cas
A « Andreser et al, 16981), Tre solid-state detectcr, ot the
kird flosn on HEAC=2, (Holt, 1976), does have the resolution to
separate Fe XXv trorm XXV1l, and so, ir princigle, does a
high=spatial resolution array of sclid-state devices, 1{.,e,, the
charqge-courled device, Corsicéerable progress has been made in
the developrert of a CCN with sufficiert degletion deptrh for the
6 keV range (Grittiths et al, 19¥1; Peckerar et al. 1981), but
solid=state perfornance ecuivalent to that tror a corventicnal
S1(Li) detector, has vet tc ke demnonstrated from 8 full CCL Array

at this energy, althouar the 1lowest CC(D roise levels are
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corparatle to or telow that cf the Si(Li) detector outprut, BRoth
the conventioral solid-state detector and tre CCC have to rely on
grazing=incidence optics fcr large collection areas, and in the
case of HEAU-2, this resulted ir nc collection area at the 6 KkeV
fron 1lines, For the rrorosed mirror desian for AXAF, the
effective collecting area at 6=7 keV will be atout 200
cn® (Zorbeck 1981).

To separate the Fe XXV triplet 1lines, the necessary
resolving power {s about 3C0, ard this can te provided ty crystal
spectroscopy, lithium ¢fluoride having a suitable 24 spacing
( 41c Bragq angle for the atcmic planes of LiF 220), 1r order to
achieve high sensitivity, the particle backgrcurd {in the Xeray
cdetector has to re eftectively eliminated, so that the
spectrometer 1is rhoton=l4irited for a larqge number of
aprlications, Previous satellite-torne crystal spectroreters, on
Ariel v, ANS, 0SO=8 have been limfted {in sensitivity by their
particle=induced backgrounrd levels, conccritant on the tlat
crystal panels employed in each case, For large <crystal areas
and small detector sizes, some form of Self=focussing {is
obviously required, and varicus geometries have been proposed,
and some instrumrents flown, In recent years, 7The conicalesegrent
spectromreter (Fig, 3a) was first prorosed by NWocdgate et
al, (1973), and needs tc be scanned over the required enerqy
range, The convex version cf tris, described by Perthelsdorf et
al. 1976 (Fio, 13r) is energy~dispersive alcng the detector axis,

and has been employed on the so'ar maximum rmissforn (Ragpley et



[T 54

ORICINAL PAGE 13
OF POOR QUALITY

CONICAL
CRYSTAL
PANEL

CONVEX
CRYSTAL
PANEL

SPHERICAL
CRYSTAL
PANE L

DETecToR T —

Figure 3 self=fcenssirg crystal srectrorcters: a) conical
specLYONELer; t) convex spectrereter;? and  ¢)

sprerical specticreter,
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al. 1977, Acton et al. 1981), The latter aqeoretry leads to
dearaded perforrance fer offt=-axls or extended sources, however,
and the optimum ceormetry is tre spherical case, tully describhed
ty Schnoprer anod Taylor (1981), and shown in fFigure 3¢, A briet
description c¢f the rerfcrrance of this srectroreter will be

repeated here,

Spherical Crystal Iraginq Spectrometer

The axis of the sgectrcreter, along which the Xe-ray detector
lies, 1is pointed at the target X=ray source, The operatior of
the instrument can be understco¢ by reference toc Fiqure 4, which
shows the rprincirle of oreraticn In mcre detajl, X=rays ot
enerqy E;, incident in a cylindrical sheet on the tor of the
crystal panel, are tocussed cnto the detector at the point 2,
and X-rays of energy E,, ircidert 1in a sirmilar sheet onh the
bottomx ot the panel, are fccussed on the other end of the
detector at Z&. For a srcrere radius of 2,5r, wusing 1litrium
fluoride tor the {iren 1lires, the dispersion along tre axis {s
about 0,4 mm rer eV, or 2,4 nm for a €& eV crystal-limited
resolution elenent, Positicn sensitivity of 0,5 mm Iin the
proportional detector is therefore sutficlient tor the
enerqy=-dispersive 1line tccus, The position=sersitive detector
reads out each Xeray event as it occurs, and the entire spectrum
is thus reccrdea In a rcarallel tashior, witn ro rechanical

scanning, The total energy rance covered by the srectrcreter is
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ONE RESOLUTION ELEMENT
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tiruyre 4 PBRasic operaticr cf the scherical srectrormeter,



507
ORIGINAL PAGE IS
OF POOR QUALITY

deterrined by the ranqe ctf Eraag anales tor Xe-rays ircident at
the extrere enrds of the sgrerjical section,

A real, fmperfect crystal consists ot a wrosaic ot {ndividual
perfect crystal blocks, on 8 microscopic scale, with a resultant
increase In {nteqrated reflectivity (James 1948), For the
spherical srectroreter, the rocking curve width of tre scanned
flat crystal panel beccores 8 corresponding crystalelimited
resolution element alonqg the pcsition-sensitive detector., For a
Bragg anqgle of 45°, the ererqgy resoluticn iIn the spherical
spectroreter case Is the sare as that for the scanned flat
crystal panel, For Eragq angles much less trar 45°. there 1is
sore qain {in the effective enerqy resoluticn w»ith the spherical
geometry, but the eftective area of the crystal panel is reduced
and the geometry does not use the avallable vclumre as efficiently
as the 45° case.

An extended X=ray source, cr 2> <pa2cecraft attitude error for
a point source, will result |In some slight deqradation in
performance, tut It can easily te shown that the effects are
almrost neqligible In terrs of spectroscoric resoluticn, These
etfects are mecst easily vunrderstood bty ccnsiderino spacecraft
attitude errors and a roint xe-ray source. It is obvious that, as
the spacecraft and spectroreter rotate slightly arocurd the center
of the srhere, the spherical symretry qQual .ntees that the Xerays
will still be focussed on the line Jjoinirg the certer to the
X=ray source, with a snall change {n tre ererqy rarge of the

reflarted Yaravg, The d-tec*tar ({1Y nn 1anger te exactly onh this
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line tocus, bhowever. It {s most instructive to segarate the
pointing error into two cerfpcrerts, one ortregoral to the plane
of dispersior (Fig, Sk) énd one in the disrersion plane, For
the orthoqonal pointing error, @ stigmatic tocus {s forred on the
detector, alora an arc atcut the center of the sphere, where this
arc i{s displaced i{n the nanner shoxn (< 1 cr tor a 0% pointinrg
error),

A pointina error in the rlane of disrersion (Fig, Sa)
results in a line focus 1lying slightly atove or below the
detector anode, and the irage at any particular enerqy is ¢tormed
in a hvperbclic arc on the detector, where the curvature of the
arc causes an insigniticart 1lcss of enerqy resolution, The
post=facto spacecraft or irstrument aspect solution can be used
to correct ter the {nstantaneous size and rpositior of the
hyperbolic arc, so trat the resulting spectrur §s not
significantly degraded, Tre pointing requirerents for the
spherical spectrometer are thus minimal, of the order of iﬁ?l.

The imaging of an extendedi source can test be considered {n
terms of point source cofrorents, where each off~axis point
source is imaged into a shert, hyperbolic arc, as described
above, The enerqy resoluti~r ot the spectrcreter Iin the tlane of
dispersion is slightly deqraded by source extent, but tris ettect
brecores {mportant only for scurces qreater thar oﬂz in diameter,
usin? 1ithium tluoride panels, In the plane >rthogonal to the
dispersion plare, the arqular resolutior s limited by the

crystal rockirg curve width cf abtout % arc minutes,
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Projected SCIS Ferformance

The cor:iration of spectral and sgatial resolution s
fllustrated {in Fiqure 6, which shows an idealized {mage ¢t a
source about 0?5 in extent, enmittinrg lines fromr hydroger-like and
heliur=like {rcn, Fcr this extreme source size (eq., the Virgo
cluster), the heliumelike t-iplet is sliightly blended Fkut still
usefuylly resclved, The resolution elerent for a rcint Xe=ray
source emittinrg narrow lines {s also <chown In Fiqure 6 for
comparison purposes, and ir this case the helium=like triplet {s
fully resolved,

The iron spectral f{eatures which can bte covered by a
4° range 1in Pragq angle usirg litrhium €luoride are sumrarized in
Table 2, and extend fror tre neutral Fel absorption edge at 7,1
keV throuqh the Fe XXV anc XXVI transitions to a 10% red=shitted
Fe XXVl line, The energy resclution of the LiF crystals is 6 eV,

The plasra diaanostics which can be rpertormed with this
ener3y range and rescluticrn are incicated i{r Tartle 3, a iist of
necessary sensitivities and resclving powers for the iron lines,
taken from the work of Pahcall and Sarazin (1978), These include
the dielectronic satellite lines of heliumelike iron, which may
be at comparatle fluxes to lires of the more usual transitions,
Gererally, Lt can be seen tror the table that the resolvina power
¢t the crystal spectroreter descrited here is necessary for these

plasma dlagnostics.
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TAPLF 2

IKCKh SFECTRAL FFATURES

I K ars, edce Tel3 keV
1 k3 7.095
XXV1 ts=2p 6.93
XXV 1s ~1s2¢p L

1s -lsZp’PC b.6h

1s -1s2s3s b.64
1 XX, .39
XX/1 10% redshiftec 6.30

1rcr srectral features in the b=7 keV range



DETECTABLE LINE STRENGTH:

ORiGilwaL PAGE 15

51
OF POOR QUALITY 3
|03 T T T T T T Ty
—~ - CAS A 3
2 o (NARROW LINE) :
<:1 - NGC6'5' @ HER X-I .
€ @ nNGC 6441 -
d 2 OCEN A
€ [0) E’ =
- - coma A @ CYG X-1 3
- - CAS A .
b C (BROAD LINE) ]
S
I 10%s
— , 3
§ HER X~1
(MODEL)
0 -
2 F E
W E :
a1 - ]
2 = —
3 |
(¥1]
| -10
2 10
10 - 3
= i CAS A .me'cvcx ' z
- n (NARROW LINE) g h
(") | ]
by i
) NGC 6441 o
§ 7 CAR &
£ 03k CENAQO _
~~ F O
q C PERSEUS »
- - TYCHO & O o
< cas a & o 'e
~ B (BROAD LINE) HER X-1 €
E a NGC 4151 0 (MODEL ) o
q N
€10 e
3190 EL
- VIRGO 3
€ - 3
-~ - .
w —
Qa - i
lL_‘ - —
-5 -3
10 "L it gzl L1 aaanld 1ol b1 a1l lo
10" ol 1072 10”' l

CONTINUUM FLUX PER SPATIAL RESOLUTION ELEMENT:

Fe 8¥m /2y, (ph em 2 s kev™!)

Ficure 7 +*riri{rur Ccetectstle eaquivalent wioths and lire

strenqths,



514

ORIGINAL PAGE IS
OF POOR QUALITY

The s»rerical crystsl 1iraginc srectrcreter achieves riaqh
sensitivity bty erploying & ldrce crystal aorea and a4 larae
concentration factor irtc a low bpackqrcund detector (tne
concentratior factor is akcut 10v, relative tc the flat crystal
case), The rminirur cetectablce enujvalert widths and line
strenytts, fcr an {ipstrusnent witn 0,4 7% projecteod area, are
showr ir tiqure 7, whicr cercrstrates that trhese senstivities are
@ finction ¢t continuum flux for the strcncer sources, hut the
spectrometer {s ghoton-linjited, 11.,e., lisited by 1line count
statistics, for most scurces of {rterest {r orservation times of
510"5. sith longer otservatior tires, 'loss or longer, the
instrutent sensitivity Eteccres limnited by detector backqground,
Fiayre 7 also indicates scte ¢f tne line strepatnrs and equjivalent
vidths ot frton 1line teatures already detected by prcrcorticnal
counters or rccket ard satellite experirents, In thcse cases
~here the scurce {s extenceo, the obscrved strengths are srown
rer sratial-spectral resclution element ot the rropcsea
instrurenrt ( S arc mir® x 6 eV), It canh te readily seen from
tnese sensitivity curves trat tre jnstrurert is sensitive to any
ot the ¢rlotted sources in an observation time of 1075' and for
some, an cobservation tire ct orly 10%s  is necessary, AsS an
exanple, the f{nstrurent {s sensitive, in a lc”s otservation of
the Perseus cluster, to teatures with 30 eV ecuyivalent wicth, {n
each resolution elemenrt, Such sensitivity s svutticient to
reasure tre rasic plasrda rdorameters ot tenperature, relative

avyndance tor irer, anrd fonfzatior talance on 3
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spatfally=-resclved scale c¢cf S arc nin over the extenced cluster
erission, 1re virco cluster 1line erissicn can sirilarly pe
detectea in each 5 x 5 arc rir spatial resclution elerent {n
loqs, ara tre corvbined &ata from the whecle cluster woula have a3
sicriticance ¢t dgcout 15¢,

Line erission fror sufFerrova remnants is generally expected
to te broadenecd vy tre excansiocr velocity rrcecfile, whicrt has teen
ncasurec in schre cases fer ortical flloments, Etut not directly
for the expancding Xe=ray stell. For CasA, the expansion may bpe
estimated as ~4CO kms-'Fnh“, anc¢ tris exransicn 15 expected To be
ocservarle as a troadened ircn lire covering atout 15 rescluticn
elemenrts, xith on average signiticance <c¢f atout 60 in each
element, The sensitivity in trhe (unrealistic) rcn-excarsion case
and for the case of an exrenrcinc srell source are koth shosn in
Fiaure 7,

In the ortically=thick scattering plasra cof accretion disks
arcund compact obtjects, the narrcw line erission is severely
recuced trom the opticallyetrir case (Felten and kees 1972;
Griftitns 1972), Poss et al, (1978) rave nmcdellec the line
emissior fror Her X-i1, and the narrow lire ccre rredicted by
their nmodel {s plotted ir FiqQure 8, {,e,, the residual line core
sheuld pe detectacle in a 1o”s ohservation, with sufficlent
sensitivity to measure tre relative strengtns cf the resonance,
interconhinatior arao torcicder lines ot Fe XXV, qivinra a reasure
ct nensity In tre source, 1rese residual l1ine cores are an order

of magnitunde weaxer thar ir tre ootically=-ttrir case, Scme ot tne
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tlueorescerce fror 1lires in rilrary Xe-ray scurces arc expectec to
be an order ot ragnituce strcrger than these residyal Fe XXV
1ires ir Her X=1i,

It 1s noteworthy that tre sensitivity cf ar AXAF fccal plane
crystal spectrometer (i.e,, the LIF crystal) woulé re aktout
1072 ph er® s~ at the trer lines (Schnopper ard Taylor 1981),
two orders of magnitude wcrse thar the instrument rroresed here,
The reason for this difference is simply one of area, with the
realization that suckh srectrcreters are photon-limited, The
etfective area of AXAF at 6,7 keV is betweer 100 and 200 cm&,
vhereas the projected aresa cf the crystal ganels in the propcsed
SCIS is of the order ot 107 cne, Considering hich=resolution
crystal spectroscopy alore, the use of grazing-incidence optics
is clearly inefficient, 17rhe sare argument rerains valid, but to
9 lesser extert, at lower energies, where tre AXAF effective area
of "1000 cma can still be surcradassed by a crystal canel with tre
aprpropriate atoric spacing for Bragg reflection and concentration

of the silicon or sulphur lires, for example,

SCISs = Provosed Payload

The SC1S payvload, as rrogosed for 3 Spacelab missicn by SAC
in collaroraticn with tre Saclay qgroup (Schncrrer et al, 1978;
Schnopper and Taylor 1980), is shown {n a cute=away drawing |in
Filqure 9, The larqe crystal canels are relatively cheafr to
fahricate, and a total paylcao cost has beer estimated at arcund

$2 million,
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The larqe central area is shown here filled with & monitor
proportional counter ¢tor reasurerent of the overall sgectrurm ot
X=ray sources, A gas scirtillation proportional counter wculd
have twlce the enerqgy rescluticn and would better cotplement the
crystal spectrometer, ldeally, the central area would te filled
ry an efficlient gqrazing incidence collecter, covering at least
the "1-8 keV ranqe, with ar array of solide~state devices 1in the

focal plapne,

Conclusions

The most efficlent, ard bty far the most econonical way of
performing high~resoluticn srectroscopy of the 6=7 keV iron lines
is by means of & spherical crystal imaging sprectrometer, Such an
instrument, of Spacelakerallet proportions, would have a
sensitivity two orders c¢f magnitude ©better than an AXAF
focal=plane crystal spectrcreter, and would be sersitive {n
observation times of 1045 cr less, to all of the iron 1lines

detected thus far by prorportional counters,
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