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To my Mother and Father



Masters, I am to discuss wonders : but 
ask me not what; for if I tell you,
I am no true Athenian. I will tell you 
everything, right as it fell out.

Bottom, the Weaver 
in

A Midsummer - Nights Dream, Act IV, Scene II 
W. Shakespeare, ca. 159^
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ABSTRACT

Supernovae and supernova remnants (SNR) are probably 
important energy sources in the interstellar medium 
(ISM) and an understanding of the intermediate and 
advanced stages of SNR evolution are particularly 
essential.

This thesis describes, first a brief review of the 
current understanding of the ISM and later stages of 
SNR evolution, then a detailed review of observations 
of the Cygnus Loop SNR, a relatively old SNR. Details 
are given of the design and instrumentation of a 
rocket - borne experiment, which subsequently was 
utilized to obtain the first X-ray image of a SNR, 
the Cygnus Loop. The results of X-ray image and spectral 
analysis are presented, and discussed with respect to 
previous optical, radio and X-ray observations, and to 
current 'SNR blast wave and ISM models.
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Chapter 1. CONTEMPORY UNDERSTANDING OF ̂ ________________________________
ADVANCED SUPERNOVA REMNANT
EVOLUTION IN THE INTERSTELLAR

MEDIUM.

1. Introduction

Until recently, the interstellar medium (ISM) was mainly 
considered to consist of cool ( ^  100 K) clouds embedded

4in a substrate of warm ( '̂  10 K) intercloud medium of 
partially ionised HI and HII and that the main source of 
heating was ionisation by low energy cosmic rays, soft 
X-rays and extreme UV. However, recent OjH (Jenkins
and Meloy (1974), York (1974) ) and soft X-ray observations 
(Burstein et al. 1977) indicate the presence of hot (10^ K) 
coronal - type gas, possibly occupying most of the inter­
stellar volume, and in which the intercloud medium and cool 
clouds are embedded. Relatively high shocks ^  20 km/s
occur in the ISM, from optical, radio and UV observations, 
and may originate from winds from early OB type stars or 
from supernovae and supernova remnants (SNR) evolution, 
with overlapping SNR possibly giving rise to ISM shock 
structure, apparent in large regions of the (local) ISM.
The interiors of SNR consist of coronal gas, and as interiors 
overlap, interconnecting tunnel systems of coronal gas may 
be produced. The energy from shock waves in SNR is most 
likely responsible for the production and maintaining of 
coronal interstellar gas. The dominant cooling mechanism 
of the hot gas may be thermal conduction at the surfaces 
with the cooler regions, and possibly causing cloud evap­
oration effects.

The high velocity shocks characterising SNR evolution at 
intermediate (120 - 500 km/s) and advanced (20 - 100 km/s) 
stages have also recently been investigated observâtionally 
and theoretically, to account for the optical. X-ray and 
radio emission, and incorporating interactions with ISM



clouds, to account for the structure observed.

A brief review of the present description of the ISM 
is given below and then a somewhat more detailed review 
of the intermediate stage of SNR evolution in such an 
ISM, to enable some understanding of the soft X-ray 
image of the Cygnus Loop SNR, presented in Chapter 6.

1.2 Contempory description of the interstellar medium.

1.2.1 The discrete cloud model.

Due to the extreme inhomogeneity in the distribution 
of interstellar matter in the Galaxy, discernable on all 
scales ranging from globules ^  O (10^ AU) to complexes 
of clouds ^  0(10^ pc), a number of models have been 
adapted in discussing the ISM.

The discrete cloud model (Abartsumian and Gondeladse 
(193S), Abartsumian (1940), Agekyan (1955) ) invoked spherical 
clouds, randomly dispersed in space, moving with a Gaussian 
velocity distribution. Supportive evidence came from primarily 
HI studies (Miller (1957), Westerhout (1957) ) and multiple 
absorption lines of Na I, Ca II in the spectra of bright stars 
(Adams (19^9), Blaauw (1952), Munch (1957) )• Spitzer (1968) 
summarised the parameters of the ’standard' cloud. Table 1.1.

TABLE 1.1

Parameters for the standard cloud.

Radius 7 pc
Number density 5 X 10^ Kpc ^
Number in line of sight 8

Cloud filling factor 0 .0 7
Photographic extinction/cloud 0 .2"
Mass 400 ^ 0

HI density 10 cm“^
Cloud dispersion (1 - d) 8 km/s
Maxwellian temperature 80 K
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A correlation of decrease in cloud size and density with 
increased distance from the galactic plane was found by 
Agekyan (reported in Kaplan and Pikelner (1970) ), Table 1.2.

TABLE 1.2

b° Mean cloud -0"(pc) Absorption/cloud

13 110 - 16 0 .6  - 0 .0 7

3 2 .3 1 7 - 7 0 .2 3 i 0 .0 8

3 2 .5 4 .5  i 3-1 0 .1 2 i 0 .0 8

m.

1.2.2 Contempory observations and models.

Recent reviews of the ISM observations have been 
reported by Myers (1978) and McCray and Snow (1979).
Myers compiled over 200 observations, in seven spectral 
line surveys, of interstellar gas properties : coronal
and intercloud gas, diffuse clouds, dark clouds, Bok globules, 
molecular clouds associated with HII regions, and HII regions. 
Each survey enabled a determination of interstellar gas 
temperature and particle, density for each gas type (Myers 
(1978) and references therein), in the ranges ^  ̂ »
-3 ^ n 6 5" , Fig. 1.1 and Table 1.3* summarises Fig. 1.1.

In particular, Myers points out that for the coronal gas, 
intercloud gas and diffuse cloud gas, the decrease of 
temperature with particle density is very uncertain, since 
the filling factors and cloud sizes are not well known. In 
Table 1.3» it was assumed the cloud filling factor O'I ,
the intercloud factor f^ I and scale length L 'v 5* pc *

However, by assuming instead that the low pressure equilibrium, 
constraints were derived on fcj S*c , ^  and diffuse cloud
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MOCECUUMU)

Interstellar gas temperature, density, and pressure, based on seven galactic spectral line tn m ^ .C ir e U s ,  represenutiw  
points for coronal gas observed in 1032 A O vi line, based on filling fac to r /, -  0 .1 .0 .2 , and 0.4, and on tUT) j»wer-Uw exponent , 
n -  0.0, 0.5, and 1.0; semieireles poinUng down, intercloud gas observed in 21 cm H i line; s ^ ic ir e l ts  “f  ,
pointing down, diffuse clouds observed in 21 cm H I line; triangUt poiniiiv up, clouds o l^ rv e d  in 21 cm H I *’" * • •  
Ç o in t i i  le ft, dark clouds observed in 2.6 mm CO lines; diamonds, Bok globules observed in 2.6 mm CO lines; 
cJouds associated with nebulosity, observed in 2.6 mm CO lines; semieireles pointing left, H  II regions observed m 6 cm H109« 
line and 6 cm continuum.

Fig .  1.1 (Mÿtrs(ms))

IrmuTEiuiR Gas Ppopertiu

A(pc) «(cm"*) 7-(K) F lk(cm -* K ) Af/Af,
G as Type Ref. Points m • • • • N ote

Coronal (O vi)___ 48 . l J ( - 2 ) 8.3 ( - 3 ) 4 .4(3) 3.3(3) 1.1(4) 8.4(3) 1
Intercloud ( H i ) . . . d 12 3.6 ( - 1 ) 3.0 ( - 1 ) 4.3 (3) 3.8 (3) 1.0(3) 4 .4(2)
Diffuse cloud (H i) 28 5.0 0.0 3.3(1) 3.7(1) 1 J (2 ) 1.2(2) 3.1 (3) 2.9 (3) 7.1 (1) 7.7(1) 2
Diffuse cloud (H I) d 17 5.0 0.0 2.1 (1) 3.1 (1) 4.1 (2) 3.4(2) 3.2(3) 3.2(3) 4.3 (1) 6.3(1) 2
Dark cloud ( H i ) . .  
Dark cloud

f 14 2.9 4.8 3J(3> 2.3(3) 3 .2(1) 1.4(1) 8.9(4) 7.4(4) 1.1 (3) 2.8(3) 3

(‘>CO. " C O ) . . ,  
Molecular cloud

€ 14 4.2 3.6 2.7(3) 7.0(3) 1.0(1) 1.8(0) 3.0(4) 7.7(4) 1-^(3) 1 7 (3 ) 4

("C O . " C O ) . . .  
Bok globule 

("C O , " C O ) . . .

h -s 21 5.4 3 J 7.8(3) 1.4(4) 3 .2(1) 1.8(1) 4.8(3) 1.3(6) 4.0(4) 8.2(4) 5

t  ■ 11 0.87 0.93 6.8(3) 3.3(3) 1.3(1) 4.7(0) 8.8 (4) 4 .8(4) 4 .2(2) 1.2(3) 5
H n region (HI09a) 47 7.2 8.8 8.8 (2) 2.7 (3) 6.4(3) 1.6(3) 3.9(6) 2.0(7) 1.4(3) 3.4(3) 6

N o t e s .—(1) Means and standard deviations are based on the nine points resulting from combinations o f  r/ ** 0, 0.3, 1.0 and 
/ ,  w. 0 .1 ,0 .2 , 0.4. (2) i .  =  5.0 pc (Baker and Burton 1975). (3) H i temperature corrected for foreground emission: L  =• 1.3f.(dust). 
(4) L  »  l.S/J[dust). (3) L  based on ^^CO or ‘^CO map. (6) L  based on Gaussian diameter of continuum map.

R e f e r e n c e s .— (à) Jenkins and Meloy 1974. (6) Jenkins 1978o. (e) Jenkins 19786. (d) Davies and Cummings 1973. (e) Lazareff 
1973. ( / )  K napp 1974o. (g ) Dickman 1975. ih) Blairer of. 1978. (/) Elmegreen and Elmegreen 19786. (J) Elmegreen and Elme green 
1978a. (k) Elmegreen and Lada 1978. (/) Elmegreen, Dickinson, and Lada 1978. (m) Evans, Blair, and Beckwith 1977. (n) Lada 
1976. (o) Lada and Reid 1978. (p) Liszt et al. 1974. (a ) Loren 1976. ( r )  Loren 1977a. ( j)  Loren 19776. (/) M artin and Barrett 
1978. (ii) Reifensteio et al. 1970.



density. The value for the gas pressure ^  5700 K
for the coronal, intercloud gas and diffuse clouds was 
adapted (Jenkins (1978) )* Table 1.4 summarises the results 
of Myers (1978), for the three gas types.

TABLE 1.4

Low pressure gas parameters.

Gas type Pressure Filling Scale length Densit;
(cmT^ K) factor (pc) (cm“ )̂

Coronal 3700 0.55 - 0.25
Intercloud 3700 0.3 - 0.1
Diffuse 3700 0.2 5.7 - 5.5 - 27

In order to account for the observed ISM characteristics, 
summarised above particularly for the coronal intercloud 
gas and diffuse cloud properties, recent models of the ISM 
have been presented where the dynamics are dominated by 
SNR (and SNR evolution modified). Cox and Smith (1974) 
noted that galactic SN may occur at a rate to produce an 
interconnecting tunnel system of coronal gas. They considered 
a cavity formed at 'v 10^ K and 3 x 10 ^ cm approximately 
4 X 10^ years after the original SN event, with initial burst 
energy 4 x 10^^ erg, evolving in an ISM of density ^  1 cm
Since the cavity persists for so long (due to inefficient 
radiation loss) the possibility exists for nearby (young)
SNR to encounter the cavity, increasing the volume, and by 
repeated encounters, build up a chain of connected tunnels, 
surrounded by walls of cool, dense HI at ^ 10^ K and
>  10 cm"^. Essentially, the Cox and Smith ISM model



1 0

invokes a three phase medium ; coronal gas at 10 K,
-3 -33 X 10 cm with filling factor 0.5; cool, dense

tunnel phase ry 20 pc diameter; a surrounding, warm 
envelope 10^ K, 1 cm However, the model assumes 
initial SNR formation in an ISM of uniform density,
^  1 cm higher than observed values.

McKee and Ostriker (1977) further suggested that the 
volume fraction of hot gasmay be so great that the ISM 
consists of disconnected regions of HI and HII embedded 
in a substrate of low density coronal gas. McKee and 
Ostriker combined the SNR adiabatic blast wave formalism
(1.3) and theory of conductive surfaces (Cowie and McKee
(1977) ) within the framework of the Cox and Smith model, 
and proposed a model of which there are four phases (in 
pressure equilibrium). Table 1.5, regulated by SNR evolution
(1.3).

TABLE 1.5

Properties of McKee and Ostriker ISM model.

Gas type Filling factor Density, cm"^ Temperature. K.

Cool, neutral 0.03 40 80

Warm, neutral 0.2 0.25 8000

Warm, ionised 0.1 0.4 8000

Hot, ionised 0.7 3 X 10"3 5 X 10^



A SMALL CLOUD

4.5 «10* K
3 .5 x 1 0  *cm*

T.8.000 K
0 .2 7  cm-»

WIM 
8 .000 K 
0.25 cm-» 
0.68
CNM 

T -8 0  K 
n • 42  cm-» 

10‘* A CLOSE UP VIEW

Cross section of a characteristic small cloud. The crosshatched region shows the cold core, which gives the usual optical 
absorp tion  lines. Next is the warm  neutral m edium  (W N M ) with ionization produced by soft X -ray background. The outer layer 
(W IM ) is gas largely ionized by stellar UV background. Typical values of hydrogen density n. tem perature T, and ionization  
X -  n.ln  are shown for each com ponent, except that a higher than  average value o f the soft X-ray flux has been assum ed in order 
to  produce a significant am ount o f W NM  a t this pressure.

Small-scale structure o f the interstellar m edium . A cross section o f a representative region 30 pc % 40 pc in extent is show n, 
with the area o f the features being approxim ately proportional to  their filling factors. A supernova blast wave is expanding in to  the 
region from  the upper right. The radius o f the neutral cores o f the clouds (represented by crosshatching) ranges from  ab o u t 0.4 to 
1 pc in this small region; all the clouds with cores have warm  envelopes {dotirdregions) o f radius o ,  2.1 pc. A few clouds are too  
I mall to  have cores. The envelopes of clouds inside the SN R  are compressed and distorted.

A LARGE s c a l e  VIEW
Large-scale structure  o f the interstellar m edium . The scale here is 20 tim es greater than  in Fig the region is 6(X) x 

800 pc Only SN Rs with R < R , = 180 pc and clouds with a ,  > 7 pc are shown. Altogether about 9000 clouds, most with o .  ~  
2.1 pc, would occur in a region this size.

TfitiLE. l-k OITT)}
iN T E X s re L L A a  C to u o  P x o p E X T t t s  f O R  T y p i c a l  C o n d i t i o n s

Cold W arm  Ionized
Average Cloud Properties Cores C om ponent

Hydrogen density. « (c m '* ) ................. 42 0.25
Fractional ionization, x ......................... 0  68
Assum ed tem perature, T ( K ) ................ 80 8.000
Filling f a c to r . / . .................................... 0.024 0 23
Intercloud distance, 4 (p c ) .................... 88 12
Cloud radii (pc):

L arg est.................................................... 100 10.8
M ean*..................................................... 1.6 2.1
S m allest.................................................. 0.38 2.1

Colum n densities (1 0 "  c m '* ) :
L arg est................................................... 173 .22
M ean*..................................................... 27 .22
S m allest.................................................. 0 5 .22

• W eighted by cloud area.
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The model consists of cool clouds, embedded in a 
coronal envelope, occupying a large volume of the ISM.
The clouds are composed of cold (80 K) cores surrounded 
successively by a layer of warm (8OOO K) HI partially 
ionised and heated by soft X-rays and cosmic rays, and 
then by a layer of warm HII. By assuming a reasonable 
spectrum of cloud sizes, a mean interstellar density, 
a mean SN rate and blast energy, McKee and Ostriker 
can account for many ISM observations : cloud pressure 
and motions, galactic soft X-ray background, Q V7 
absorption line observations, ionization and heating of 
most of the ISM.

Derived properties of clouds are summarised in Table 1.6 
and Fig. 1.2. However, the inclusion of the morphology of 
clouds (maybe more like sheets) and the statistical distribution 
of SN, may have some perturbing quantitative effects.

These ISM models have incorporated SNR evolution. A review 
is given below, of SNR evolutionary models in a homogenous 
and an inhomogenous ISM, to account for the observed structure 
and emission from particularly the intermediate stages.
Briefly, SNR evolutionary models define several phases. Initially 
the supernova outburst occurs with most of the energy transformed 
to kinetic energy of the ejected mass. The first phase of 
SNR evolution is one of free expansion, with the dynamics being 
determined by the initial conditions. When the ejecta begins 
to interact strongly with the surrounding medium,a shell, 
proceeded by a shock will be formed. The energy is transferred 
to the ISM, resulting in an adiabatic blast wave. Initially, 
the shell is hot and pressure forces important, in this second 
phase, but later, radiative cooling becomes effective, with 
the resulting formation of a cool, dense shell, defining the 
third phase. Ultimately, the shell velocity becomes comparable 
to that of the random interstellar motion, and the shell 
dissipates. Recently, the phases, and phase transitions have 
been investigated in more detail, and are discussed below.
Detailed radio, optical or X-ray observations of individual 
SNR are not reviewed here. Reviews by Mills (197^)» Clark and 
Caswell (19 7 6), Goss (1978)^Milne (1979) on the radio properties
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and parameters; by Van den Burgh et al. (1971), Van den Burgh
(1978)on the optical properties and parameters; Gorenstein 
et al. (1 9 7 4), Clark and Culhane (1976), Culhane (1977), on 
the X-ray properties and parameters, have been compiled.

1 .3  Supernova remnant evolution in the interstellar medium.

1 .3 .1  Evolution in a homogenous medium.

In the ideal instance of an initially homogenous 
gaseous medium, the expansion of a single supernova can be 
successfully treated in spherically symmetry. During 
intermediate phases, the expansion is approximately described 
by the shock wave similarity solution for a point explosion 
(Sedov (1 9 5 9) ).

Several phases of SNR evolution were originally 
defined by Shklovsky (1968), Woltjer (1970) :-
(1) Phase I : After an instantaneous explosion, energy is

imparted to mass ^ 0 in a relatively cold ISM of 
density ^0 , with total energy €0 . If the shock
radius is R, then , the dynamics depend
on

(2 ) Phase II : /r)o« , J E. , the
SNR is now dominated by the swept up matter, radiative 
losses are negligable and energy is conserved.

In this phase, neglecting the effects of relativistic 
particles and magnetic fields, thermal conduction and 
ISM inhomogenieties, the Sedov (1959) solution for self - 
similar blast waves has been applied to describe SNR 
evolution. In these solutions, an amount of energy 
(zero mass) is instantaneously injected into a uniform, 
infinite medium, and a spherical shock propagates into 
the undisturbed medium, and the flow behind the shock 
is described. In these self - similar solutions, there 
are no external time or length scales; the flow quantities 
depend only on a single, dimentionless parameter involving 

b and the dimensionless constants of the problem, 
instead of R , t. independantly. Quantitatively, these 
similarity solutions yield good approximations, provided 
that a sufficiently large time has elapsed from the out-
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burst, so that the details of the initial conditions are no 
longer important and that they contain an adequate physical 
description, i.e. that energy loss and transport remain 
unimportant, that a one - fluid hydrodynamical flow is 
applicable, and that the shock is strong. (Strong, but, 
initially non - similar explosions appear to evolve eventually 
into a self - similar state, Chevalier (19?4), Falla (1975) )•

Using the Sedov formalism, the adiabatic shock wave radius

ft

where ^ 5"; - , ^4= ^/lO^
temperature 7^ and velocity

Ts = II ̂ nr/ K

The shock

Tf % i . «£ X lo*- k>»L
f t4 '

The density and velocity of the post - shocked material is 
0 -  4  ̂ respectively, for . Then,
for constant density within the expanding shell (of swept - up 
matter), the shell luminosity

where is the volume emissitivity for unit density of
plasma in a given energy interval, and = !/\% from
mass conservation.

As the shell slows down, radiative losses become important, 
and for a hot gas of solar abundances, bremsstrahlung radiation 
by H sind He dominates for 7* >  iO^ K , while at lower 
temperatures line emission from heavier elements is more 
important.

(3) Phase III : If i"rod is the time when
for t > » the radiative cooling time is short.
Pressure forces are weak and the resulting dense shell 
enters the momentum conserving phase, with velocities 
^  0 (100 km/s).
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(4) Phase IV ; The shell expansion velocity becomes
comparable to that of the random motions of the ISM,

10 km/s, and the shell dissipates.

Table 1.7 summarises SNR evolution based on the simplfied 
shock model. To give some feeling as to the SNR parameter
values for each phase transition, it has been assumed that
a (Type II) SN outburst occured, imparting a velocity 
of = 10^ km/s to mass * 1^0 with energy €o — 
in an ISM of density 0̂- = 0.5 cm"^.

TABLE 1.7

Simple shock model SNR! parameters.

Phase Time Shock Radius Shock Swept up
t w temperature 

Tj {K)
(ft) velocity 

ri (kmjs)
mass
fy)o

I - II* 250 
* * 4'

io9
5

2.5 41.3 X 10 1.4
II - III 5 X 10 5 X 10^ 20 200 200
I - IV 1.6 X 10^ 10^ 40 10 4000

Tj ̂  4/̂  ̂  krv̂js

Tx r K

t ^ ft/Vx jr.

(e.g. Woltjer (1972), 
Gorenstein (1974) ).

/ f t . ]
t /«« J

DC
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Recent numerical and analytical work on SNR evolution 
(in a uniform ISM) for the early, intermediate and late 
phases has been presented, incorporating mass ejecta - post 
shock gas interactions; magnetic field and relativistic 
particles ; thermal conduction effects; instabilities ; and 
calculations of shock spectra.

Gull (1 9 7 3, 1975) discussed the early phases of SNR evolution, 
when the SNR expands adiabatically, and considered the sudden 
creation of a sphere of hot gas in a colder, initially uniform 
ISM and followed the subsequent behavior numerically (including 
instabilities), to find that the flow relaxed to the Sedov 
solution. Both Gull and McKee (1974), who invoked a reverse 
shock process to account for soft X-ray flux from young SNR, 
assumed a smooth shell of ejecta, while Chavalier (l975b) 
considered evolution of fast moving knots of stellar material 
in a uniform ISM, together with thermal conduction effects.
After energy transfer to the ISM initiating the Sedov shock, 
the knots remain near the SNR centre. Rosenberg and Scheuer
(1973) considered the ejection of a thin, massive spherical 
piston into a uniform ISM, eventually leading to the Sedov 
solution. Depending on the explosion energy and ambient 
density, radiative cooling may become important before flow 
has relaxed to a blast wave. Chevalier (1974) and Falle (1975) 
discussed the intermediate - late SNR phases, with spherical 
symmetry models and a uniform ISM, using the Sedov formalism, 
and including magnetic fields and a range of initial conditions. 
Chevalier (1974) also included discussions on ionization and 
recombination of hydrogen and shock spectra. A (UV optically 
thick) dense, neutral shell was predicted to form and ultimately 
cool to IR temperatures, and that magnetic field did not affect 
the SNR dynsimics. Mansfield and Salpeter (1974) in considering 
the evolution of a spherically symmetric ejecta in a uniform 
ISM obtained similar results. Chevalier (1975b) considered
the effects of heat conduction during the Sedov phase, which 
may serve to smooth the large temperature gradients interior 
to SNR, and which may define a new SNR evolutionary phase.
Late phases of SNR evolution have been discussed by Straka
(1974) and Cox (1972 a,b,c), when radiative losses become
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important, and a thin dense shell forms. (Chevalier (1974) ).
Cox investigated in detail the transition stage to the 
radiative cooling shell, and discussed a model for the optical 
spectrum sind filaments of the Cygnus Loop.

For the early phase (I), emission from most observed, young 
SNR may be due to interactions of the SNR with the ISM. As the 
SN ejecta sweep up the ISM, shock waves may be driven both 
into the surrounding medium and back into the ejecta (McKee 
(1974), Gull (1975) ) where the reverse shock may be radiative 
(Chevalier and Klein (1978) ). Optical emission may originate 
from the reverse shock moving into the ejecta, which may be, 
inhomogenous through instabilities occurring early in the SNR 
expansion. (The fast moving knots of Cas A may be derived 
from this process). X-ray observations of Cas A and Tycho 
SNR (Davidson et al. (1976) ) may be interpretated on the 
reverse shock model - the softer X-ray flux being associated 
with the lower velocity reverse shock. Radio observations 
(non - thermal synchrotron radiation from relativistic electrons) 
of young SNR such as Cas A, exhibit large energies indicating 
recent particle acceleration, and apparent annular structure 
of the SNR suggests that acceleration arises in the outer 
parts. Gull (1973a, 1975) suggested that there is a turbulant 
acceleration mechanism associated with the interaction of the 
SN ejecta with the ISM. The reverse shock decelerating the 
SN ejecta may cause Rayleigh - Taylor instabilities at the 
interface between the dense shell and ISM. The instabilities 
may generate the turbulant motion.

(Young SNR such as the Crab and 3058 SNR eS& most likely 
dominated by a central pulsar that supplies energy for the 
nebulae, with the ISM interaction having only a small effect, 
although the ISM may confine the relativistic gas produced by 
the pulsar).

For the intermediate phase (II), thermal conduction effects 
have been investigated. Chevalier (1975&) showed that an 
electron conduction front (thermal wave) can move out from the 
hot gas generated by an SNR more rapidly than a shock wave. 
Solinger et al. (1975) pointed out that the large temperature
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gradients predicted by the adiabatic model may be inconsistent 
with the assumed neglect of heat flux, and investigated 
isothermal blast wave solutions (infinite conductivity) for 
SNR in a phase where thermal waves were important and before 
radiative cooling sets in. However, Solinger et al. showed 
that the basic SNR parameters (derived from X-ray and optical 
observations) are approximately the same for both adiabatic 
and isothermal models. Cowie (1977) assumed ion - electron 
equipartition at the shock front and no conductive flux through 
the shock. Thermal conduction kept the electron gas behind 
the shock isothermal while the ion temperature increased, as 
in the Sedov model, towards the centre. Through expansion, 
the gas cools and is then described by the isothermal models. 
Chevalier (1975b) found that the high interior temperature in 
the adiabatic models may give significant deviations from a 
single temperature bremsstrahlung spectrum on the assumption 
that the electrons and ions are in temperature equilibrium.
Two (hydrodynamic) fluid models to derive optical shock spectra, 
were investigated by Raymond (1976). He considered the ionization 
balance of the pre - shock gas rather than assuming ionization 
equilibrium at the post shock temperature, and considered the 
behavior of neutral and ionized particles in the SNR evolution, 
to account for differences in spectra taken in different parts 
of the Cygnus Loop. Partial ionization of the ISM through 
which a SNR may evolve, may arise through the initial SN out­
burst UV and X-ray radiation.

The interaction of ambient cosmic rays with the SNR shock 
wave, may play a role in the radio synchrotron emission observed 
in old SNR (e.g. Cygnus Loop, IC443). In SNR with cooling 
shock waves, the density can rise considerably behind the 
initial shock wave. Van der Laan (1962 discussed how the 
adiabatic compression of ambient magnetic fields and relativistic 
particles can lead to the observed emission strengths.

The observed soft X-ray emission of old SNR (e.g. Cygnus Loop, 
IC443, Vela X, Puppis A, W44, Lupus Loop) have been interpreted 
on the basis of the Sedov adiabatic model (Gorenstein et al.
(1974) ) to yield SNR X-ray parameters comparable with radio and 
optical values.
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Optical emission of old SNR was considered to be derived 
from the later phases of the adiabatic expansion, where radiative 
cooling was important. The optical emission from the Cygnus 
Loop was discussed by CoX (1972 a,b,c) and the irregular structure
(characteristic of old SNR), by McCray et al. (1975), for a
uniform ISM.

For the late phase III, shock spectra and the formation of 
the dense shell, with radiative transfer and magnetic field 
effects have been investigated by Cox (1972 a,b,c). The 
evolution to the dense shell for an old SNR was quantitatively 
examined by Cox. The times when (1) the temperature distribution 
begins to deviate from an adiabatic model, (2) the dynamics 
begin to be affected by cooling, and (3) rapid cooling and shell 
formation are complete were presented. The equivalent shock 
radius were given by Cox for each of the three phases, and for 
complete cooling

! , . 3  n
For the example of the hypothetical SN case above, ks ̂  ft* .
Cox proposed that the Cygnus Loop, was in the cooling phase,
that the shock velocity was equal to the optical filament 
expansion (2.2.3) ^  0(100 km/s), implying that the optical 
emission originated in the cooling regions behind the shock, 
with pre - shock density ^  6 cm ^ ISM ambient density. Cox 
thus allowed for density inhomogenieties but did not include 
the corresponding variations in shock velocity. Subsequent 
observations have confirmed Cox's analysis of the optical 
emission spectrum (Miller (1974) ) but have tended to rule out 
his model for X-ray emission. Tucker (1971) had originally 
proposed that from X-ray observations and spectral analysis 
of the Loop (Gorenstein et al. (1971) ) the X-ray shock velocity 
was 0(400 km/s) and that the X-rays originated from an
ambient density of /v* 0.2 cm Tucker suggested that for 
some unspecified reason, the filaments were moving slower than 
the actual shock wave. Also, X-ray maps (Rappaport et al.
(1974) ) showed a high correlation of X-rays with the optical 
filaments, indicating, along with spectral temperatures of 
/V 0(10^ K), that the Cygnus Loop was still in the adiabatic 

phase.
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Particularly for SNR in the intermediate phase, the basic 
SNR parameters such as age, initial energy release and ambient 
ISM density, as computed for the Sedov shock model for X-ray 
emission, are in good agreement with independent determinations 
of these quantities. The shock wave model explains gross 
features of the X-ray emission of SNR older than ^  0(10^ yr) 
and provides an overall evolutionary scenario. However, 
the inhomogenous nature of the ISM and its profound effect 
on SNR evolution, has been the subject of most recent studies, 
reviewed briefly below.

1 .3 .2  Supernova evolution in an inhomogenous medium.

The models of SNR briefly reviewed in (1.3*1) generally 
emphasised those properties of SNR that can be understood with 
the assumption of a homogenous medium. However, some features 
of the SNR e.g. the irregular structure of the optical filaments, 
provide direct evidence for significant ISM inhomogeneities, 
which must be considered if the SNR features are to be understood. 
In the case of Cas A, Van den Burg (1971) proposed that the low 
velocity optical nebulosity was composed of circumstellar clouds, 
while Cox (1972a) developed a late stage evolutionary model for 
the Cygnus Loop, in which the optical emission originates in the 
cooling gas behind a shock wave, with a pre - shock density of 
^  6 cmT^, more characteristic of an interstellar cloud than 

the intercloud medium.

Recent models (Sgro (1975), McKee and Cowie (1975), McKee and 
Ostriker (1977), McKee et al. (1978) ) of SNR blast wave - cloud 
interactions have been presented, to account for optical and 
X-ray features observed in SNR (e.g. Cas A, Cygnus Loop).

Sgro (1 9 7 5) discussed a model of a shock wave - interstellar 
(circumstellar) cloud collision where a shock enveloped a cloud, 
a shock was transmitted through the cloud, and a shock was 
reflected from the cloud. Depending on a critical cloud density, 
the post - transmitted shock either cooled rapidly to emit optical 
line emission or the cloud remained hot for several thousand 
years and becomes a source of X - radiation, at temperatures 
less than the intercloud gas. After the transmitted shock passes.
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the cloud pressure is greater than the surrounding gas pressure, 
causing the cloud to expand and the emission to decrease from
its value just after the collision. Sgro could account for the
optical and X-ray observations of Cas A in the following way : 
prior to the outburst, the presupernova was surrounded by a 
gas of density ^ in which clouds of various densities 
were embedded. The shock from the outburst collided with 
these clouds, causing the denser ones to become cold clouds 
(creating quasi - stationary flocculi) and the less dense ones 
to become hot clouds (sources of soft X-ray radiation). Sgro
gave expressions for the cloud post - transmitted shock
temperature, assuming a plane parallel shock, having velocity 
'V- km/s, colliding with a cloud of thickness d fC

where the ratio of the post - transmitted shock pressure to 
the post - incident shock pressure is The critical
density was given by .

nc'/n rc

and for a cold cloud for a hot cloud. For
a hot cloud, the cooling time was

ITW = V A  ÿf f-n io‘k )
McKee and Cowie (1975) also presented a model for a shock 
wave - cloud interaction. They derived the cloud shock as 
a function of cloud density and discussed the effects of thermal 
conduction between the blast wave and the shocked cloud. They 
argued that the optically observed filament of old SNR represent 
shocked interstellar clouds, with a significantly lower velocity 
than the shock wave propagated in the intercloud medium. The 
X-ray emission then would arise from the intercloud medium 
and the intercloud shock would accelerate clouds to a fraction 
of its velocity. The optical emission would arise in the 
cooling regions behind the cloud shock (Cox (1972a) ). However, 
McKee and Cowie point out that the intercloud medium itself 
may be non - uniform in density, due to either pre - existing 
density inhomogeneities, prior to the passage of the shock 
wave, or to cloud evaporation behind the shock wave. The 
Cygnus Loop X-ray map of Rappaport et al. (1974) did reveal 
a rather closer correlation between optical and X-ray emission.
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In the model of McKee and Ostriker (1977) (1.2.2), SNR 
propagate in a very low density medium ( ax 1Q  ̂cm )̂ in 
which there are large numbers of small clouds (average radii 
^  0.2 pc). Once the clouds have been immersed in the hot 
gas of the SNR, they are evaporated by thermal conduction.
The clouds have a small filling factor so that the blast wave 
propagation is determined by the density of the hot medium.
The evaporation of clouds increases the density inside SNR 
compared to the ambient ISM. However, the rate of evaporation 
increases rapidly with temperature so that the mean density 
in the SNR drops with time. Table 1.8 compares the character­
istics of the standard (Sedov) model, and the evaporative 
model.

TABLE 1.8

Sedov Evaporative

Ambient density 0 .2 - 0 .3  cm“^ 0 .0 0 3 cra"^
Shock radius \ Us oc t'/f

Cooling radius ^  3 0 — 4 0 fc fc

SNR density

Because SNR expand in such a low density medium in the model 
of McKee and Cowie, they do not enter the cooling phase of 
evolution until they have reached a radius of l80 pc, 
close to the radius at which SNR may overlap.

McKee and Ostriker claim that the density of hot gas in 
SNR derived from X-ray observations (Gorenstein and Tucker 
(1976) ) tends to decrease as predicted on the evaporative 
model, with SNR radius. However, mean values of ax 0.2 - 0.3 
cm ^ are actually found, but most of the X-ray luminous SNR 
have radii ^  50 pc, where the evaporative evolution may not
apply , because the conduction is saturated for SNR with radii 
<  30 pc. (Mckee and Ostriker (1977) ).
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The two models, standard and evaporative, predict very- 
different radii at which radiative cooling becomes important. 
Several SNR (e.g. S14?) may be in the radiative phase with 
radii 30 - 40 pc, with optical emission over all the 
perimeters. Other SNR show filamentary structure over only 
part of their area (e.g. Cygnus Loop) and are probably inter­
acting with clouds, with the clouds large, comparable in size 
to the SNR radii, indicating no evidence for many small cloud 
interactions.

The acceleration of the clouds by shock waves was investigated 
by McKee et al. (1978), who defined two phases : the propagation 
of the shock wave through the cloud, followed by a phase of 
smooth acceleration by the ram pressure of the low density 
medium. McKee et al. applied their model to the Cygnus Loop 
to account for the high velocity gas observed (2 .2 .3 ) and 
predicted that fast clouds of HI should be observable, but 
recent HI observations (2.3*3) were negative.

At the present time, the observations relevant to SNR 
evolution appear to be more consistent with the standard model 
rather than the evaporative model, together with the recent 
work on shock wave - cloud models (Sgro (1975), McKee and Cowie 
(1975) )*

1.4 Summary.

An overview of contempory observations and models of the 
ISM, and SNR evolution, has been presented. The standard cloud 
model for the ISM, together with the standard adiabatic blast 
wave model of SNR evolution, which both describe gross properties, 
have recently been adapted to account for detailed SNR evolution 
and its effects on the ISM. The intermediate stages of SNR 
evolution have been described in more detail, together with shock 
wave - cloud interactions, to yield a description of the features 
of old SNR, to facilitate interpretation of an X-ray image of the 
Cygnus Loop, presented in Chapter 6.
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Chapter 2. A REVIEW OF SIGNIFICANT

ASTROPHYSICAL OBSERVATIONS OF

THE CYGNUS LOOP SNR.

2.1 Introduction.

The expanding, optically visible (/lJ^v/7 ) nebulae, 
composed of intense, sharp filaments and diffuse wisps 
found in the constellation Cygnus and called variously, the 
Cygnus Loop or the Veil Nebula, is a Type II supernova 
remnant (SNR). The Cygnus Loop exhibits a non-thermal, 
shell-like radio source with mean spectral index o( ^  0.3.
It has a collisionally excited optical spectrum with intense 
forbidden lines. The expanding filamentary shell comprising 
high electron densities, is not associated with a central 
ionizing star. Most recently, the Loop has been found to be 
an extended soft X-ray source. From the kinematics of the 
optical expanding shell and estimates of the local interstellar 
particle density, together with the fact that the remnant 
lies near the galactic plane, indicates that the Cygnus Loop 
is most probably the remnant of a Type II supernova, occurring 
some 20,000 - 5 0 ,0 0 0 years ago.

The Cygnus Loop SNR, one of the brightest Type II radio 
sources, has been studied in some detail at optical, radio 
and X-ray wavelengths. These observations, which are 
important for developing an understanding of how SNR evolve 
in the interstellar medium, are reviewed here.

2.2 Optical Astronomy.

2.2.1 Position.

Fig. 2.1 gives the region of the sky containing the 
Cygnus Loop. From direct observations, Minkowski (1938) 
estimated the centre to be located at 06(1950),
(T (1950) = 20*) 30'̂ , + 30° 48^5 ; /  ̂

= 72°.6 , - 8°.2 while van den Burgh (1973) gave 
a centroid position of 20 ̂  4-9 30 , + 30° 43 ;
4: a  , = 74°, - 8°.
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Fig. 2.1 The Cygnus Loop a/ 40 pc in diameter (for /v 77O pc 
distance) is at a position Z = 100 pc below the 
galactic plane (- - - ). Assuming a plane stratified 
ISM density described by a barometric equation, the 
value of 2* is equivalent to one scale height.
The actual environment local to the SNR has been 
found, from HI and optical studies, to contain a 
number of diffuse clouds and dark nebulae, 
particularly to the West, North and North - West 
regions.

Other X-ray, radio and optical sources are not shown.
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2.2.2 Structure.

Plates 2.1 - 2.5 are red Palomar Sky Survey points 
of the Cygnus Loop (minimum detectable brightness 
^  4 X 10“^ (Peimbert et al.(1975) )•
Most of the observed filaments, each of thickness 
$ 1 - 2 and length a^(1 0  ̂), appear to form an 
incomplete shell with radius ^  80 centred at 
20 49 .5 » + 30^.7 - In the southern part of the
Loop, filaments extend A/150/. There is no hot, 
ionizing star associated with the Loop. The shell 
structure has been observed to be expanding ( 2.2.3).
The brighter parts of the shell most probably indicate 
the sites of interaction with the local interstellar 
inhomogenieties. A decrease in star density to the 
west of NGC 6960 (Plate 2 .4*) was observed by Wolf (1923), 
indicating the presence of a dark cloud with total 
absorption of o at a distance of ^  6OO po •

2 .2 .3  Distance.

The kinematics of the Cygnus Loop were first investigated 
by Hubble (1937) and Minkowski (1938) and then 
Doroshenko (1970). The expansion of the dense 
filament edges of NGC 696O and 6992 indicated a 
proper motion of O.O3 (Hubble 1937). This
would give an upper limit in SNR age of 150,000 years, 
for uniform expansion. Minkowski (1938) obtained 
slit spectra for covering both the diffuse
features and edges (NGC 6960/6992) of the Loop, 
enabling a distribution of radial velocities to be 
determined. From a plot of radial velocities against 
radial distance from the Loop centre, it was found that 
nearly all the velocities were in the range + 65 — >
- 65 km/s, between 40^ and 8 0  ̂, in the local standard 
of rest, with one value near the centre of 85 km/s. 
From the difference between the centre and edge 
velocities, Minkowski concluded that the Loop was 
expanding at a/ II6 km/s, away from the centre, with
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the centre moving 35 km/s relative to the local standard 
of rest. Doroshenko (1970) used an imaging Fabry - Perot 
interferometer to measure the Hci radial velocity and 
line width at the edges of the Loop. Velocities in the 
range + 135 — > - 15 km/s were observed, indicating 
confirmation of Minkowski's result. Hence, the expansion 
velocity of 1l6 km/s for NGC 6960/6992 was combined 
with the proper motion of 0.03 to give a distance 
determination of 770 pc « and radius of 19 fC . More 
recent radial velocity measurements have been reported 
by Kirshner and Taylor (1976), revealing high velocity, 
low surface brightness regions. Using a Fabry - Perot 
monochromator providing accurate radial velocities of low 
surface brightness Ho( emission (the diffuse features), 
values in the range + 200 — ^ - 300 km/s were observed.
The radial velocities were found to increase towards the 
Loop centre with maximum value ^  300 km/s relative to
the local standard rest frame velocity + 35 km/s.

Thus, the Cygnus Loop distance estimate of 770 pc may 
be in error by a factor 3* The interpretation of the 
correlation of the higher radial velocities with the 
low surface brightness filaments, and the lower radial 
velocities with the high surface brightness filaments 
is discussed in Chapters 1 and 6.

2.2.4 Optical spectrum.

The optical spectrum from the Cygnus Loop has been 
studied in detail, particularly the spectra of the 
brightest filaments NGC 696O, 6992-5 (Chamberlain (1955), 
Pikelner (1954), Minkowski (1958), Osterbrock (1958),
Harris (1962), Parker (1964a, b, 196 7) and Miller (1972, 
19 7 4) ) . Primarily, the forbidden lines ujJpiJ ̂ Jx]

and Balraer lines were studied, to reveal large variations 
in electron temperatures and densities throughout the 
filaments, and even for each observed filament. Photo­
electric measurements of line and continuum intensities 
in three bright regions, with 3 slits, were made by
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Miller (1974) and temperatures were derived from [̂ ÏÏSlJ 
line intensities in the range 5*9 - 4.9 x 10 K, while 
[(fixj ^  f line intensities indicated 0.84 - 1.7 X
Electron densities derived from fluxes were
100 - 275 and from £  X z j  , 520 - 1500 .
Both Parker (1964a) and Miller found that there were no 
large differences in the general features of the spectra 
of different regions. From considerations of the shapes 
of the optical filaments, small observed thicknesses 
with high surface brightnesses with relatively high 
associated electron densities, prompted Poveda (1 9 6 5) 
and Parker (1 9 6 7) to suggest that the filaments were planar 
shock fronts seen edge-on. Unless the interstellar gas ^ 
outside the filaimentary shell had a temperature above 10 K, 
or was moving with the expanding filaments, the observed 
radial velocities were supersonic (c;f. 0(10 km/s) for
cool interstellar gas steady state motion). Parker (1964a) 
and Miller (1974) estimated the depth of radiating material 
in a filament to be several times its width., a factor of 
^  10 or more, 0.01 - 0.1 pç . A summary of the optical 

properties of the Cygnus Loop is shown in Table 2.1.
Information on element abundances was deduced as follows.
The strong 0,N,S forbidden lines required a higher abundance 
of these elements relative to C , 'Ŝ compared to the 
Allen (19 7 3) cosmic abundances. The strong [̂ -t H j  line
indicated that the abundances of relative to 0 was
twice the cosmic abundance. Also, the S lines implied 
an over abundance of S  by a factor 2, while thé cosmic
N  to 0 abundance ratio was as expected. Raymond (1976)

has argued that the above may be explained by a partial 
condensation of heavy elements onto grains.

Models for the optical filament formation (McKee and 
Cowie (19 7 5) ) and optical spectrum (Cox (1972a,b,c),
Chevalier (1974a), Falle (1975), Raymond (1976) ) are discussed 
in Chapter 1.

Finally, the optical coronal lines, the green )oj X
and red have been detected to verify the
presence of hot 0 ( 1 0  ̂ K), optically thin X-ray emitting



TABLE 2.1

Optical properties of the Cygnus Loop SNR.

Approximate centre (1950) 20̂ 49'̂ 5, 30° 48'.5 (74°.3,- 8°.49)
Angular disuneter

Filament proper motion ?

Filsiment radial velocity ~ 100 km/s (bright filaments) 
300 krrxjs (

Distance ^  800 pc (300 - 3000 pc ) ?

z 'V 100 fC
Radius •V 20 pc (8 - 8o pc ) ?

Filament electron density ~/80 - 400 Cim"̂  ( C  0 Jt"] )

Filament electron temperature 4 X 1 0 K ( [o  sr] )

Volume 10*'

HI density at lOO fc 0.1 - 1

Swept up mass 10* -10* fy) 0

Average filament mass 2 X 10"* /V) 0

Total mass of all
visible filaments O.t /Y]q



plasma in the Cygnus Loop, (Shcheglov (1968), Woodgate et al 
(1974, 1 9 7 5) ). in the regions coincident with intense X-ray 
emission and optical filaments. These data are discussed 
below (2 .4 .3 ).

2 .3  Radio Astronomy.

2 .3 .1  Radio survey observations.

The Cygnus Loop has been observed at radio frequencies 
with total flux density measurements made between 38 - 4940 /hH% 
(Costain (196O), Baldwin (1950), Costain and Lish (i960),
Eaton and Krans (1959), Kenderline (1965), Westerhout (1958), 
Kundu and Becker (1972) ) with a non - thermal spectral index 
of ^  = 0.4 (38 - 960 «^Hi), d  = 0 .6 2 (960 - 4940 )
and total flux density of 280 - 50 0̂  (200 ) (Kundu
and Velusamy (19&7) ). Essentially, the Cygnus Loop exhibits 
a simple power law spectrum at high frequencies although there 
are some indications of a high frequency steepening at ) 6 #%. 
observed by Kundu and Becker (1972), who explained this in 
terms of a break in the cosmic ray background spectrum. Since 
the break in the galactic radio spectrum occurs at ^ 0 .2  Sffz 
(Bridle 1967), then the change in frequency to the 1 GrHx 
turnover was taken as a measure of the local magnetic field 
amplification caused by the pajssage of the shock wave through 
the interstellar medium (Van der Laan (19 6 2) ) and a typical 
value of H 1 0 ~ ^  deduced in the Cygnus Loop radio
shell.

From Clark and Caswell (1976), using 3.6 x 10
the distance to the Cygnus Loop was determined as 0.8 Kpc and 
also from Milne (1979), with the additional Z - dependant

S  = 2.88 X  icT^^Dp^  ̂ ^ Kfc

p̂c = 41.3 pc - 117 pc •

2 .3 .2  High resolution radio maps.

The Cygnus Loop has been mapped at 4o8 through 10 
with increasing angular resolution
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Frequency 

(MHiz. )

430
195
41

750
1400

2700

1420

408

3000

2700
10700

610

1420
1420
1420

Resolution, HPBW 

(sire rain.)

17
35

136

1 8 .3
11

11

3 .3  X 4.7
3 X 10
6

4.8
1 .2 3

10
10
1.4 X 2.8 
5 .6

Kumdu and 
Velusamy (19 6 7)

Hogg (19 6 9)

Kundu (1 9 6 9)

Moffat (1 9 7 1)
Colla et al. (1971) 
Kundu and Becker (1972) 

Keen et al. (1973)

DeNoyer (1974)

DeNoyer (1975)
Geiss (1 9 7 8)
Giovanelli and 
Haynes (1979)

The radio surface brightness and polarisation maps of the 
Loop, relative to the optical remnant will be discussed here.
The 1420 MH-%. observations are discussed in (2.3*3), with respect 
to the HI shell, interior to the optical filament, for SNR in 
the radiative phase (Cox (1972 b), Masefield and Salpeter (1973), 
Falle (1975), Straka (1974), Chevalier (1974) and the search 
for the predicted, accelerated HI clouds within the Loop 
(McKee and Cowie (1975), McKee, Cowie and Ostriker (1978) ).

(i) Structure.

The radio surface brightness of the Cygnus Loop has been 
shown to bear a similar, but not exact resemblance to the 
optical image, and to be a typical non - thermal radio shell 
source. The correlation of the optical and radio features 
of SNR was first noted by Rishbeth (1956) for IC443 and was 
explained by the optical and radio emission resulting from 
interaction with the interstellar medium - collisional 
heating leading to optical emission and compression of matter
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and magnetic fields, leading to strong non - thermal 
emission (Minkowski (1958) )• The radio spectrum of the 
Loop, discussed below, has been determined to be essentially 
non - thermal without flattening out at high frequencies, 
expected if a large part of the radiation were thermal.
The early Loop radio maps revealed structure of more 
than six discrete sources, most of them associated with 
the optical nebulosities, shells and filaments. Bright, 
narrow radio ridges were found to coincide with the 
optical filaments NGC 6992 - 5 and NGC 696O, with a third 
bridge running along the entire SW and SE boundary, where 
there is a faint optical emission. In Fig. 2.2 the high 
resolution map of Keen et al. (1975), is shown, together 
with data on associated, unresolved source (Colla et al.
(1970), Colla et al. (1972), Moffat (1971) ). Besides 
increased detail observed in Fig. 2.2 over earlier maps, 
direct observation of regions corresponding to strong 
optical filaments, having radio contours steepening 
towards the outside of the source was made. A secondary 
ring of radio emission, deviating from the overall 
circular symmetry was seen in the south. In the regions 
NGC 6 9 9 2, ^  correlation between radio and optical
features was found.

Two small, intense point sources were observed, CL4 
and CL2 (Fig. 2.2). CL2 wais found to be possibly extra - 
galactic, CL4, 20* from the Loop centre, was found 
to undergo flux variations with the Loop, suggested by 
an observation of 2.7 emission connecting CL4 with
the main northern filamentary structure. Webster and 
Ryle (1 9 7 6) measured the position and flux density of 
CL4 at 5 GHz, 1.4 GHz and 4o8 MHz. A position of 
2 0  ̂48*^4 7 .̂5 8, 51° 16 ̂ 1 0 ^ .9 5 was found and a 17^  stellar 
object on POSS found to be ̂  2 RA of CL4. Argue et al. 
(1978) carefully measured the position of the 17*^ object 
to have a 2 .4 from the 5 GHz position, large compared
with the mean error ^  0?1 and suggested that the offset 
was a physically meaningful parameter. Observations at 
15 GHz placed an upper limit on the angular diameter of ̂
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From the low HI absorption measurements, CL4 was deduced 
to be galactic. Attempted measurements of the proper
motion and parallax by Webster and Ryle gave a lower
distance limit of 8o . Geldzahler (1978)
carried out VLBI observations at 810 GHz and 1071 GHz 
with < 0 CoOl angular resolution of CL4. A size

< 0 ̂ Cooi was found, equivalent to 1 AU for a 770 pc
distsince.

The current data on CL4 and other similar sources 
(Caswell (1977) ) has led Ryle et al. to postulate a 
new class of radio sources, possibly associated with 
stellar remnants of SNR.

(ii) Polarization.

Polarization studies have been carried out in detail 
by Kundu (1969), Moffat (1971) and Kundu and Becker (1972).
An irregular distribution of linear polarization over the 
Loop was observed, with the polarization strongest at 
higher frequencies. Kundu (19&9) reported 15 - 25% in the 
southern region of the Loop, with a magnetic field 
distribution tangential to the southern boundary of the 
source. No significant polarization was observed in the 
northern regions ^  at 11 cm. Moffat (1972)
found ^  35% polarization in the southern region
(including NGC 6974) with average values of 25%, indicating 
a well - ordered magnetic field. For S < 29  ̂25  ̂ ,
the transverse component of the magnetic field was found 
to align roughly parallel to the ridges of radio emission, 
and hence to the general alignment of the optical filaments, 
particularly in the SW, and implying that the field derived 
from local compression of the interstellar magnetic field.
In the northern regions, and NGC 6992 - 5, Moffat (1972) 
again found a non - thermal spectrum, but with <  k% 
polarization. Moffat explained this fact by inciting a 
higher local interstellar electron density giving rise to 
a higher compressed field and hence a higher Faraday de - 
polarization. Indeed, Moffat deduced that local interstellar 
medium density variations, up to ^  5 CryT^ , gave rise
to many of the intensity and polarization features observed.



Kundu and Becker (1972) confirmed Moffat's results at 
6 cm., with significant polarization around NGC 6992 - 5» 
Both Moffat and Kundu emd Becker, on applying the shell 
compression model of Van der Laan (1962), a compression 
of ^  9 for the magnetic field was found. Taking
the average of the observed radio parameters of the 
Cygnus Loop, - the shell radius, shell thickness, spectral 
index and angle between the magnetic field and expansion 
velocity ( ^  90°), the expected total non - thermal 
flux from a Van der Laan shell was approximately that 
observed.

(iii) Spectrum,

Kundu and Velusamy (1967) first investigated the 
variation of relative spectral index at different regions 
of the Loop, to find a significant softening towards the 
NE, SE directions, away from the galactic plane. In 
the region NGC 6992 - 95, Kundu and Becker (1972) found 
for frequencies between 178 - 96O MHz, o( ^  0.25 and

0 .5 3 for higher frequencies. However, both Moffat
(1971) and Keen et al. (1973) found no significant 
differences in spectral index in NGC 6992 - 5, from the 
rest of the Loop, with no flattening of the spectrum at 
higher frequencies.

The overall radio emission can be described as 
originating from a shell with ot ^  0.4 (38 MHz - 1 GHz) 
and mainly from the synchrotron process.

2 .2 .3  HI investigations.

Detailed HI studies near the Cygnus Loop have been 
performed by DeNoyer (1975), Geiss (1978) and Giovanelli and 
Haynes (1979). Both DeNoyer and Geiss were searching for the 
cool, massive, thin HI shell, interior to the optical filaments 
of the SNR, predicted by SNR evolutionary models (Cox (1972b), 
Straka (1974), Mansfield and Salpeter (1974), Chevalier (1974) ), 
which equate the present shock velocity with the low optical 
expansion velocity ^  0 (100 ) with respect to the
LSR, for SNR in the radiative phase (Woltjer (1972).
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DeNoyer (1975) found no evidence for the presence of an HI 
shell associated with any region of the Cygnus Loop, with an 
upper limit density about 20 times higher than that predicted 
for a 10 K shell. However, a correlation between the low 
velocity HI clouds 0 - 10 and optical filaments was found
and even with an absorption lane west of NGC 696O, which 
DeNoyer suggested may be an H-j. clound being ionised by
X or UV radiation from the shock wave, expanding into the
cloud. The HI density was estimated /v 5 - 10 .
Scoville et al. (1977) have observed CO features exterior to 
NGC 6960 coinciding with the region of optical extinction, and 
with an LSR velocity of 12 km/s, comparable with the mean
10 km/s of the local HI.

DeNoyer also observed a complex of negative velocity HI clouds 
possibly associated with the Cygnus Loop, with a filamentary 
structure resembling the optical, and showing emission features 
possibly indicating sites of SNR shock wave - cloud interactions 
(Sgro (1972)) near NGC 6990/6979» Geiss, with higher angular 
resolution, observed NGC 6960/6974, and also found no evidence 
for the SNR HI shell, and also suggested that the negative 
velocity hydrogen observed, had no real spatial connection with 
the Loop, but was a projection effect with a more likely association 
with the Orion arm. After further HI surveys of HB21 and CTB1 
SNR, Geiss suggested that none of the SNR with optical filaments, 
and diameters between 30 - 100 pc have reached the radiative 
phase, but that their filaments represent the distribution of 
dense interstellar matter, local to the SNR, and undergoing 
interactions with the SNR shock wave.

Finally, Giovanelli and Haynes have recently searched for 
the presence of high velocity HI ( (O ^  ) interior
to the Cygnus Loop, predicted by McKee et al. (1978), who 
discussed the mechanism of acceleration of interstellar clouds 
encountered by a SNR shock wave. Evidence for the presence of 
high velocity gas within the Loop was possibly presented by 
earlier fjoi observations by Kirshner and Taylor (1976).
However, when Giovanelli and Haynes observed areas of the 
SNR including those of Kirshner and Taylor, they found no 
evidence for low column density, high velocity clouds embedded 
in the SNR.



Table 2.2 summarises relevant radio parameters for the 
Cygnus Loop.

2.4 X-ray Astronomy.

2.4.1 X-ray survey observations.

The Cygnus Loop SNR was first definitely detected 
as an extended source of X-rays (0.2 - 1 keV) by Grader et al. 
(197 0), using a rocket - borne proportional counter, and had 
previounsly predicted to be so, by Schklovsky (1968). Due 
to a high charged particle background. X-ray spectral in­
formation was degraded. Further, Bleach et al. (1972), gave 
an upper limit for the X-ray intensity from the Loop above 
2 keV. The X-ray spectrum of the entire Loop has been observed 
mainly with rocket - borne, collimated, soft X-ray gas 
proportional counters, with .

Best fit 
electron

Energy Fitted
range (keV) spectral

type

0 .2  - 1 .0 0 T + L 4 .3
0 .1 6 - 6 .7 0 T + G 2 .3 -
0 .1 5 - 1 .0 0 T 4.1 i
0 .2 0 - 1 .5 0 T + L 2 .8 i
0 .1 5 - 1 .8 0 T + G + L 2.9 ;
0 .1 5 - 1 .5 0 T + G 2 .1 -
0 .1 6 - 0 .2 8 4 T 2 .1 -

temperature (lO^K)

Gorenstein (1971)
2 .9  Bleeker (1972)
1 .7 Borken (1972)
0.2 Stevens (1973)
1 .5  Rappaport (1974)
0.6 Charles (1976)
0.8 Gronenschild (1976)

* See text below.

All the observations above were analysed using model fits, 
to pulse height data, of the simplified expression for thermal 
bremsstrahlung radiation from a hot, optically thin plasma 
(T) : _£ 

—  kr
dE = C e c « r V L v -/

where C is the normalising constant in ph/cm^/s, ^  the 
apparant plasma electron temperature in K, ^ the X-ray 
energy in keV and ^  the energy dependant interstellar
medium soft X-ray transmission
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TABLI 2.2

Radio properties of the Cygnus Loop SNR.

Angular diameter
Flux density at 1 GHz

Spectral index at 1 GHz

Surface brightness at 1 GHz

Distance
Diameter

Galactic height
HI column density 
between Sun and Loop

Magnetic field in shell source
Polarization
HI cloud density 
local to Loop

l8c/
200 ^
- 0.45 

0.93 X 10“^̂  
0.8 kpc

41.3 pc

- 117 pc

7 - 15 X IcfO cm“  ̂

10  ̂gauss

5 - 10 cm-3
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where is the columnar density of neutral hydrogen
in atom/cm^ and is the photo - electric absorption
cross - section per hydrogen atom in cm . (Brown and 
Gould (1970) ). The parameters %  are the undetermined 
fitting parameters. Approximations, for low Z plasmas, to 
the energy dependant Gaunt factor (Gorenstein et al. (1968) ) 
were used (G). Also, calculations for the intensities of 
soft X-ray line emission from coronal - type plasmas with 
solar/cosmic abundances, were used (Tucker and Keren (1971) ) 
(L).

Gorenstein et al. (1971) and Stevens et al. (1973) 
reported evidence for X-ray line emission from âV}H

ions (implying T  2 * / * *  K ) for 10 - 20% of the total 
X-ray flux, while Charles et al. (1973) and Gronenschild 
(1 9 7 6), found no strong evidence, from long satillite 
observations (albeit of smaller field of view and of selected 
pointings, compared with the earlier rocket - borne large 
area counters).

Thus, from the broad band survey observations above, 
the effective (best fit) thermal plasma electron temperature

n"Ta/ 2 - 4 X lO^K and column density A/y^ 5 x 10^^ C/̂ vT̂  ,
and for a distance of 770 pc, an X-ray luminosity Lx ^  10' 
"Crj /s (0.2 - 1 .3 keV). Even though the Tucker and Keren 
emission spectrum could be equally as well be fitted, the 
existence of X-ray lines could not be directly confirmed.

Gorenstein et al. (1971) first produced a one - dimensional 
X-ray emission survey scan (0.2 - 1.0 keV) of the Loop, with 
angular extent approximately that of the outermost optical 
filaments, and suggestive of a shell - like structure with 
X-ray emission falling sharply (within the 0.5° resolution) 
at the optical filament boundaries. Borken et al. (1972) 
also produced a one - dimensional X-ray scan in a direction 
so as to resolve more clearly, the optical filaments, and 
which indeed showed strong correlation with the optical 
filaments.
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2.4.2 X-ray emission morphological studies.

Stevens et al. (1973), Rappaport et al. (1973, 1974) 
first produced two - dimensional X-ray maps of the Cygnus 
Loop, using mechanically collimated detectors (Stevens) 
and one - dimensional reflectors (Rappaport), both 30^ 
angular resolution. The technique involved multiple scans 
with rocket - borne, large area detectors, across the SNR, 
with the smaller field of view parallel to the scan path 
direction. Then to deduce two - dimensional X-ray surface 
brightness maps, the instrument point response function 
was de - convolved from the data, using an algebraic 
reconstruction technique (Stevens and Garmire (1973),
Moore (1973) )•

These X-ray maps were examined by Copernicus (Charles et al. 
(1973), Snyder et al. (1973) ) and ANS (Gronenschild et al. 
(1976) ). Gronenschild et al. also produced a two - dimensional 
X-ray map.

Energy band(keV) FWHIT f.o.v (degree)

0.2 - 1 .3 0 .3 X 0 .3 Stevens (1973)

0 .1 5 — 1.8 0.3 X 9 Rappaport (1973)

0 .3 - 1 .3 0.2 X 0.2 Charles (1973)

0 .1 6 0.284 0 .6 X 0 .6 Gronenschild (1976)

The maps produced by Stevens and Garmire (1973) showed strong 
limb brightening, implying a shell - like structure, with 
several regions of enhanced emission (Fig. 2.3), including 
an area nesir the Loop centre. The overall X-ray brightness 
correlated well with the optical filaments (N, NW regions) 
but not as well as the radio/optical correlation.

Rappaport et. al. (1974) produced a two - dimensional 
map of higher statistical precision and uniformity of 
exposure. Fig. 2.4, enhancing even more the deviations from



circular symmetry in the X-ray emission, with emission 
much greater to the north than the south. Earlier,
Ràppaport et al. (1974) had reported the existence of 
a centrally located (20^ 49*̂  , 30* 43 ) point source of 
X-ray emission (0.4 - 0.85 keV) with frequency component 
62 ms. Later observations by Weisskopf et al. (1974), 
and with Copernicus (Snyder et al. (1975) ) yielded only 
upper limits to the flux above background, with no observable 
periodicity, and with the conclusions that either the source 
was strongly time - dependant or was at another location 
within the Loop. In Chapter 6, it is explained that the 
source was more likely the artifact of the ART algorithm 
used. Also, there appears to be no known radio pulsar 
associated with the Loop. (The anomalous behavior of the 
radio source CL4 was discussed in 2.3-2).

Stevens (1973) showed that the X-ray source distribution 
was quantitatively consistant with that expected from an 
expanding shock wave interacting with the interstellar 
medium, with the strength of such an interaction non - 
uniformly distributed around the expanding surface, to 
explain the observed intensity variations. For thermal 
radiation from a fully ionised plasma (65% H, 35% He) with 
electron temperature 7“̂  2.8 x 10^ K, for the SNR in the
adiabatic phase, the corresponding shock velocity 'Vj- = O .3 X 

= 0 . 3  (0.8 T  ) ^̂  km/s —  450 km/s. Thus, the
velocity, behind the shock front, of material, U = 2'^s/^+1 
—  340 km/s for }T = ÿ/3- To explain the discrepancy

between the observed optical filament velocities of ^  120 km/s 
(2 .2 .3 ) and the X-ray shock velocity, Stevens invoked an 
inhomogenous model of the interstellar medium, having a local 
density inhomogeneity of the form ^  • To model
the correlation of X-ray/radio emission in the N, NW regions, 
and to achieve shock velocities of ^  0 (500  ̂ 10 -
Although such an unlikely local density gradient would not 
exist, Stevens (1973) had applied and adapted the Sedov 
adiabatic shock wave model to try to explain how the high 
X-ray surface brightness regions of the Cygnus Loop originate 
in regions of high local densities and lower shock velocities.
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^'5- 2-3. The X -ray intensity of the Cygnus Loop superposed on a sketch of the H a emission. 

Each bar represents approximately 10— 1 0  ergs (cm2 g 0.25 d eg2)‘- t ,  and tw o bars equal 1 <r above 
the mean background. NGC 6992-5 is the lower part of the bright arch on the eastern boundary, 
NGC 6960 is on the western edge and NGC 6995 is just above NGC 6992.
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An ART map of the Cygnus Loop ,at energies below 1 keV, 
(Rappaport et al (1974)).
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Rappaport et al. (1974) applied the Sedov equations for 
a homogenous medium, to derive values for SNR age, initial 
blast energy and ambient density, for an observed value of 
electron temperature averaged over the X-ray map. It was 
shown that the values were consistent with the Loop being 
in the adiabatic phase and that the age, as determined by

if ifthe X-ray shock velocity, was ^  2 x 10 yr <  5 x 10 yr
as determined by the optical filament proper motions, and 
hence capable of harbouring an active stellar remnant 
(Rappaport et al. (1973) ) similar to the situation for 
Vela X. No discussion was included concerning the optical/
X-ray velocity problem.

From the X-ray maps of Stevens and Garmire and Rappaport 
et al., spectral variations would be expected to be observable, 
due to the large intensity variations existing around the 
surface of the Loop. Charles et al. (1975) examined small 
regions of the Loop to estimate the accuracy of the earlier 
maps, and to investigate more closely the X-ray/radio 
correlation, and to perform broad band spectral observations.
The regions included the bright radio/X-ray regions NGC 6992 - 5» 
NGC 6979 and CL4. Temperature estimates for the NGC regions 
were found to be the same to within errors, but lower than the 
previous overall Loop temperature estimates. However, the 
Copernicus results confirmed the existence of the bright X-ray 
emitting regions in the N, NE regions and that the minima in 
X-ray emission in NGC 6992 - 5 was highly correlated with 
the radio structure weaker in the N region. Again, no 
significant flux was detected in X-rays, from CL4.

Gronenschild (1976) reported ANS (27 x 34 ) results of 
150 pointings uniformly distributed over the whole of the 
optical region of the Loop, and presented a two - dimensional 
map together with spectral fits (exponential spectra) from 
areas, including the N and E filaments and central regions. 
Keeping the value of N\\ , found by analysing the data
integrated over the entire Loop, constant, it was demonstrated 
that there were significant temperature variations (Jé-0 .1 6 - 
0.284 keV energy range) of 2 - 4 x 10^ K, with higher 
temperatures occurring in the SE region. Comparison with
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to a level o f  about 15 sigma. The actual resolution of the X-ray 
m ap is better than about 10' x 12' or about 2 x 2  cells. The isolated 
“sources” along the north and east (left-hand) edge may be not 
real but artifacts due to the Algebraic Reconstruction Technique 
(ART) used to obtain the map
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Stevens and Garmire (1973) and Rappaport et al. (1974) 
revealed higher values of X-ray intensity were obtained 
from the N and E filaments, Oi 33% the total X-ray flux 
from the Loop. The result of 4% total Cygnus Loop flux 
from the central regions, was in good agreement with 
Rappaport et al. (1974).

Using ART to deconvolve the ANS instrument response, 
Gronenschild (1978, 1979) has presented detailed X-ray 
surface brightness maps in the energy ranges 0.16 - 0.284 keV, 
0 .3 2 - 0.46 keV and 1 - 2.5 keV, binned in cells of 5 x 6 .7 . 
From the reconstruction of a point source, the soft X-rayt tband was found to have a resolution ^  10 x 12 , witht tthe other energy bands having resolutions of 25 x 50 

and 35 x 75 respectively. The O.I6 - 0.284 keV map (Fig.2.5) 
shows good correlation with optical and radio maps, part­
icularly for the outer radio contours of NGC 6992-5, 6990, 
with coinciding X-ray/radio maxima and minima between the 
brighter optical filaments. There is again no X-ray/radio 
correlation in the South, NGC 6974 (Keen et al. (1973) ), 
containing the faint nebulosity. Comparing with the radio 
maps of Keen et al. and DeNoyer (1974), the X-ray emissionIextends ^  1 0 - 1 5  outside the radio boundaries near
NGC 6992-5 , 6 9 9 0. X-ray flux was possibly detected from 
CL6, CL7 (Keen et al.) which may be associated with the 
SNR.

The X-ray maps in the higher energy maps, were limited 
by low resolutions, but X-ray emission was observed to 
dominate in the Northern region, NGC 6992-5» No enhsinced 
X-ray emission was observed near the centre of the Loop.

Gronenschild (1979) binned the ART maps in 3 0' x 40* 
cells and presented results of spectral fits to the pulse 
height data from each cell (O.1 6 - 0.284 keV), using 
exponential (thermal continuum approximation) and line 
emission calculations (Mewe (1972), (1975), Gronenschild 
and Mewe (1979) ), although to within the errors, the 
results were the same. Apparent electron temperatures 
were found to vary between 1.5 - 5 x lO^K and the value 
of columnar density O .5 - 100 x 10^^ cm It must be
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noted that the goodness of fits was specified only with 
a with zero degrees of freedom, for the relatively
narrow energy range O.I6 - 0.284 keV, which must have been 
dominated by the energy cut - off, due to absorption, 
euid represented by A\/̂ . The estimated distribution of 
temperatures and columnar densities presented by Gronenschild 
(1979) will be discussed in more detail in Chapter 6,, to­
gether with results from pulse height analysis of the X-ray 
image (O.I5 - 1.12 keV, 10 resolution) of the Cygnus Loop.
Also, detailed comparison between the ANS X-ray map 
(0 .1 6 - 0.284 keV) and the soft X-ray image, will be discussed, 
together with detailed correlation between the optical and 
radio maps.

2 .4 .3  High spectral resolution observations.

Direct measurements establishing the thermal nature 
of the X-ray emission process had first been reported by 
Shcheglov (1 9 6 8), who detected the Jc] \ 6374 in
the region NGC 696O, indicating 1 - 2 x 10^ K (Kurtz et al. 
(1972), Mason (1975) )• Shklovsky (19&7) had first suggested 
that those SNR which emit thermal X-rays from (optically thin) 
hot plasmas at ^  0(10^ K) will also emit optical coronal 
lines. Woodgate et al. (1974) first detected X 5305
from regions exhibiting high X-ray flux in the X-ray map of
Borken et al. (1972). Using an interference filter photometer 
(1° FOV) with 6 ^  pass band (to allow for line broadening 
through mass motions caused by the shock waves), fields en­
compassing NGC 6992 - 5, 6979 and the central regions of the 
Loop, were observed. Estimating the ratio of /"ft coronal
line flux to X-ray flux (Stevens and Garmire (1973) ) in a 
field, yielded a value for the effective electron temperature 
(Kurtz et al. (1972) ), assuming a thermal origin for the 
X-ray flux, and normal iron abundance (or which may be variable) 
From all regions observed, from the V/V J /X-ray flux
ratio, temperatures of 2 - 3 x 10^ K were derived, in agreement 
with the broad band X-ray observations.

Further, the 5303 <? line broadening was <  8 /? ,
expected if a shock velocity 450 km/s were fully converted 
into mass motions, hence again indicating that the X-ray
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emission be produced immediately behind the present shock, 
and not fossil radiation. Thus, Minkowski's (1958) 
measurement of filament radial velocity was not a measure­
ment of shock velocity and so comparison with proper motion 
becomes confused. (2.2.3).

Measurements of the one - dimensional radial distribution 
of emission across NGC 6992-5 were reported by
Woodgate et al. (1977), with the observed emission extendingI^  5 outside the optical filaments and being coincident
with the filaments. Fitting the Sedov model to the calculated
f surface brightness, yielded a (poor fit) shock 

velocity of 250 - 300 km/s, although the assumption of
a homogenous sphere gave the poor fit. Derived SNR parameters 
were in agreement with X-ray spectral values. Woodgate et al. 
revealed the close correlation between £^30/] and soft 
X-ray emission. Chapter 6 contains further discussion with 
respect to the X-ray image. No small fields of view (high 
spatial resolution) ] measurements have yet been
reported on the Loop, to discover whether the evaporative 
cloud model (McKee and Ostriker (1977) ) explains the 
/soft X-ray association, as has been suggested for regions 
of Puppis A SNR (Clark et al. (1979) )•

Following the reports of the detection of - 0 yj}}
X-ray lines at ^  19 , composing ÙC 10 - 30% total
X-ray flux from the Loop (0.2 - 1.5 keV) as reported by 
Gorenstein et al. (1971) and Stevens and Garmire (1973),
Stark and Culhane (1978) carried out a narrow band 
(21.6, 21.8, 22.1 ^ ) search, using a rocket - borne,
large area Bragg crystal spectrometer (5°*5 FWHM). No 
significant flux was observed and a upper limit to
the line flux of 6% total Loop X-ray flux (0.17 - 1.5 keV) 
from the X-ray map of Rappaport et al. (1974). Using the 
adiabatic and isothermal blast wave models (Sedov (1959), 
Solinger et al. (1975) ), a range of temperatures of the 
post - shocked regions were assumed and the state of 
ionization equilibrium of oxygen ions investigated. From 
the isothermal model and the observed upper limit OVJĴ  flux, 
the effective electron (shock) temperature was constrained
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such that "T ̂  0.9 x 10^ K and T" •> 4.2 x 10^ K with
the SNR in non - equilibrium ionization. Alternatively, 
from the adiabatic model (homogenous medium) the shock 
temperature was constrained such that ^ 3 x 10^ K
and Ts >  3-7 x 10^ K (electron temperature 9 x 10^ ,
T “ >  3*2 X  10^ K, using the conversion of Tj — ► 7* from 
Stark and Culhane). Since the lower temperature implied 
ages of the Cygnus Loop indicative of the radiative phase 
(Cox (19 7 2) ), Stark and Culhane concluded that the effective 
electron temperatures of the Loop must be higher than previous 
values. Alternatively Stark and Culheine suggested that the 
oxygen abundance was low - factor 4 (isothermal), factor 10 
(adiabatic, homogenous case). However, Raymond (1979) does 
not support any low 0 abundance from observations of filament 
optical spectra.

The high (and multiple) temperature scenario has recently 
been given some support. Recent rocket experiments (0.1 - 8 keV) 
employing the gas scintillation proportional counter (with 
more than twice the inherent proportional counter energy 
resolution, but retaining the same overall sensitivity) have 
been reported by Inoye et al. (1979), who observed (10° x 20°F0V) 
the entire Loop. Inoye et al. were unable to fit the pulse 
height data with a single temperature, but instead required 
initially two, 1.3 x 10^ K and 4 x 10^ K. A better fit was 
obtained, assuming the emission measure had a power law 
form of temperature, and using the Kato (1977) coronal 
spectrum, over the temperature range 0.4 - 10 x 10^ K in 
2 X 10^ K temperature increments (15 components). Also,
Inoye et al. found that the emission measure increased with 
higher temperature more rapidly than the Sedov adiabatic 
emission measure function would give, and they invoked the 
HI dense cloud evaporation and heating mechanism (McKee and 
Ostriker (1977) ) as dominating the X-ray emission process 
from the Cygnus Loop.

Finally, Table 2.3 summarises parameters derived from 
recent soft X-ray observations of the Cygnus Loop SNR.
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TABLE 2.3

X-ray properties of the Cygnus Loop SNR.

X-ray radius /V 19 d* pc

X-ray temperature 1 - 10 X 10^ K

X-ray luminosity (0.15 - 1.5 keV) <v 2 X 10^^ d*^ erg/s

Columnar density /V 5 X 10-20 cm-2

X-ray shell thickness <v 2 - 5  pc

Ambient interstellar density /V 0.2 - 0.5 cm ^

Mass of X-ray shell 4 ^(9

pc



TABLE 2.4

Blast wave parameters of the Cygnus Loop.

X-ray radius 19 d* pc
X-ray temperature 2.5 X 10^ K
Shock temperature A/ 2 X 10^ K
Shock velocity A/ 350 km/s
Explosion energy A/ 1.1 X 10^1 d* "̂̂ 2 erg

Age A/ 20,000 yr

= ci /"77 0 pc



4?

2.5 Summary.

Observations of the Cygnus Loop SNR at optical, radio 
and X-ray wavelengths have revealed details of how a 
(Type II) SNR may be evolving in the interstellar medium 
local to the SNR, and how the large and small scale 
properties of the interstellar medium may effect such 
an evolution.

The optical, radio and X-ray maps are very similar in 
parts, and suggest a situation where the gross properties 
of the SNR evolution may be described by the Sedov adiabatic 
blast wave equations, but also, there are clear correlations 
of SNR emission intensity with interstellar medium in­
homogeneities (clouds).

The Cygnus Loop is a non - thermal radio source, being 
described as a whole by the shell compression model. There 
is no evidence for the presence of a massive HI shell, 
associated with SNR in the radiative phase. • The origin of 
the thermal soft X-rays is described in general by the 
Sedov blast wave model. The close correlation that most 
likely exists between the emission and soft
X-rays may be explained by the cloud - shock wave interaction 
and cloud evaporation models.

X-ray imaging, with the advantage of uniform exposure 
and low background, with moderate angular resolution may 
further investigate :

( 1 ) more detailed optical filament and /soft
X-ray emission correlations.

(2) more detailed radio (knots)/soft X-ray emission correlations

(3) X-ray spectral variations over an energy band with 
dynamic range 10:1.

(4) the presence of any associated active stellar remnant 
(cf. sensitivities of an imaging telescope. Table 3-5)•



References.

Allen, C., 1973- Astrophysics! Ounatities. UL, Athlone Press. 
Argue, A., Clements, E., Harvey, G., and Elsmore, B., 1978.

Obs. 9 8 , 1 60.
Baldwin, J., 1950. MNRAS, 115, 69O.
Bleach, R., Boldt, E., Holt, S., Schwartz, D. and Serlemitsos, P.,

1 97 2. Ap. J., 1 7 1, 5 1 . 
Bleeker, J., Deerenberg, A., Yamashita, K., Hayakawa, S. and

Tanaka, Y., 1972. Ap. J., I7 8 , 377. 
Borken, R., Doxsey, R. and Rappaport, S., 1972. Ap. J., 1?8, 1115.
Bridle, A., 1967. MNRAS, 1 3 6, 319.
Burginyon, G., Hill, R. and Seward, F., 1975. Ap. J., 200, 1 6 3. 
Burginyon, G., Hill, R., Palraieri, T., Scudder, J., Seward, F., 

Stoering, J. and Toor A., 1973. Ap. J., 179, 6 1 5. 
Caswell, J., MNRAS, 18I , 7 8 9.
Chamberlain, J., 1953. Ap. J., 117, 399.
Charles, P., Culhane, J. and Zarnecki, J., 1975. Ap. J., 19 6 . L19* 
Clarke, D. and Caswell, J., 1976. MNRAS, 1?4, 2 6 7.
Clarke, D., Murdin, P., Zarnecki, J. and Culhane, J.,

1979. MNRAS, 1 8 8, 11?. 
Chevalier, R., 1974. Ap. J., 1 8 8, 501.
Colla, G., Fanti, C., Fanti, R., Ficarra, A., Farmiggini, L.,

Gandolfi, E., Lari, C., Marano, B., Padrielli, L., 
Salter, C., Setti, G., and Tomasi, P., 1971. Astron. J.,

7 6 , 9 5 6.
Costain, P. and Lish, P., I96O. MNRAS, 120, 72.
Cox, D., 1972 a. Ap. J., 1 7 8, 143.
Cox, D., 1972 b. Ap. J., 1 7 8, 1 5 9.
Cox, D., 1972 c. Ap. J., 1 78, 1 6 9.
DeNoyer, L., 1974, Astron. J., 79, 1253.
DeNoyer, L., 1975, Ap. J., 1 96, 479.
Doroshenko, V., 1970, Sov. Astr. - AJ, 24, 237.
Eaton, J. and Krans, J., 1959. Ap. J., 129, 282.
Falle, S., 1 975, MNRAS, 172, 55.
Geiss, S., 1 97 8, Thesis, Cambridge.
Geldzahler, B., 1978, Memorie Soc. Astr. ital., 49, 577.
Giovanelli, R. and Haynes, M., 1979, Ap. J., 230, 4o4.

G o u l d  , i?. _ t V c  . r i y



50

Grader, R., Hill, R. and Stoering, J., 1970, Ap. J., l6l, l 45. 
Groneschild, E., Mewe, R., Heise, J., Brinkman, J., Boggende, A.

and Shrijver, H., 1976, Astron, Ap., 49, 153 
Gronenschild, E., 1973. Memorie Soc. astr. ital., 49, 553.
Gronenschild, E., 1979, Utrecht preprint.
Gronenschild, E., and Mewe, R., 1978, Astr. Ap., Suppl. 2 8 3.
Gorenstein, P., Harris, B., Gursky, H., Giacconi, R., Novick, R.

and Van den Bout, P., 1971, Science, 172, 3 6 9.
Harris, D., 1962. Ap. J., 135, 6 6 1.
Hogg, D., 1 968, Nebulae and Interstellar Matter ad. B. Middlehurst 

and L. Aller, U. Chicago Press.
Hubble, E., 1937, Carnegie Yb., 36^  189.
Inoye, H., Koyama, K., Matsuoka, M., Ohashi, T., Tanaka, Y . and 

Tsunemi, H., 1979. ISAS preprint.
Kato, T., 1976, Ap. J., Suppl. 397.
Keen, N., Wilson, W. , Haslam, C ., Graham, D. and Thomasson, P.,

1 97 3. Astron. Ap., 28, 197.
Kenderline, S., 1973, MNRAS, 126, 55-
Kirshner, R. and Taylor, K., 1976, Ap. J., 208, L8 3.
Kundu, M., 1 97 0, Ap. J., l62, 17.
Kundu, M. and Velusamy, J., 1 96 7, Ann. d'Ap., 230, 723.
Kundu, M. and Becker, R., 1972, Astron. J., 77, 459.
Kurtz, D., Van den Bout, P. and Angel, J., 1972, Ap. J., 178, 701.
McKee, C. and Cowie, L., 1975, Ap. J., 195, 715.
McKee, C., Cowie, L. and Ostriker, J., 1978, Ap. J., 219, L23.
McKee, C. and Ostriker, J., 1977, Ap. J., 2l8, l48.
Mason, H. , 1975, MNRAS, 170, 65I.
Mansfield, V. and Salpete?, E., 1974, Ap. J., 190, 305.
Matheuson, D., Large, M. and Haslam, C., i960, MNRAS.
Mewe, R . , 1972, Sol. Phys. 22, 459.
Mewe, R., 1975, Sol. Phys. 44, 3 8 3 .
Miller, J. and Mathews, W., 1972, Ap. J., 172, 593.
Miller, J., 1974, Ap. J., I8 9 , 239.
Milne, D., 1979, Austr. J. Phys. 8 3.
Minkowski, R., 1958, Rev. Mod, Phys. 30, 1048.
Minkowski, R., 1959, Paris Syrap. Radio Astr., ed. R. Bracewell,

Stanford, U.P.
Moffat, P., 1 971, MNRAS, 153, 401.



Moore, W., 1975, Thesis, C.I.T.
Oort, J., 1946, MNRAS, 10^, 159.
Osterbrock, D., PASP, 70, l80.
Parker, R. , 1964a. Ap. j., 139, 493.
Parker, R., 1964b. Ap. J., 139, 208.
Parker, R. , 1967, Ap. J., l49, 3&3.
Piembert, M., Rayo, J. and Torres - Piembert, S., 1975,

Rev. Mex. Astr. Astroph. 2» 289. 
Pikelner, S., 1954, Izvest. Crimean Ap. Obs. 12, 93*
Rappaport, S., Cash, W., Doxsey, R., Moore, G. and Borken, R.,

1973, Ap. J. 1 8 6, L113. 
Rappaport, S., Doxsey, R., Solinger, A. and Borken, R.,

1974, Ap. J., 194, 329. 
Raymond, J., 1976, Thesis, University of Wisconsin.
Raymond, J., 1979, Ap. J., Suppl., 39, 1.
Rishbeth, H. , 1956, Aust. J. Phys. 9, 494.
Scoville, N., Irvine, W ., Wannier, P. and Predmore, C.,

1977, Ap. J. 216, 320.
Sedov, L., 1959, Similarity and Dimensional Methods in Mechanics,

Academic P. (NY)
Shklovsky, 1., 1967, Sov. Astr. - AJ, 10, 594.
Shklovsky, 1., 1968, ,Supernovae, Wiley, London.
Shcheglov, P., 1968, Sov. Astr. - AJ, 11, 3 6 7 .
Snyder, W., Henry, R., Charles, P., Culhane, J.,Sanford, P., 

Bleach, R. and Drake, J., 1975, Ap. J., 1 86, L1T5.
Solinger, A., Rappaport, S. and Buff, J., 1975, Ap. J., 201, 3 8 1.
Stevens, J. and Garmire, G., 1973, Ap. J., 18O, LI9 .
Stevens, J., Riegler, G. and Garmire, G., 1973, Ap. J., 1 8 3, 6 1.
Stevens, J., 1973, Thesis, C.I.T.
Straka, W., 1974, Ap. J., 1 9 0, 59.
Van der Laan, H., 1962, MNRAS, 124, 125.
Webster, A. and Ryle, M., 1976, MNRAS, 175, 95.
Weisskopf, M., Helava, H. and Wolff, R., 1974, Ap. J. 194, L71. 
Westerhout, G., 1958, BAN, 14» 215.
Wolf, M., 1 923, A.N., 2 2 3, 109.
Woltjer, L., 1972, Ann. Rev. Astron. Ap., 10, 129.
Woodgate, B., Stockman, H., Angel, J. and Kirshner, R.,

1 9 7 4, Ap. J., 1 8 8, 179.
Woodgate, B., Kirshner, R. and Balon, R., 1977, Ap. J., 218 , 1129.

7 u c k ^ , i / v  ayvd ( Al ̂ , IJlL  , 1(3



52
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Chapter 3* DESCRIPTION OF A ROCKET-BORNE SOFT
X-RAY TELESCOPE.

3*1 Introduction.

The design and operation of an X-ray telescope, to be 
integrated aboard a sounding rocket, is discussed. This work 
evolved from a proposal put forward to NASA by the MIT and 
Leicester X-ray astronomy groups (Rappaport et. al., 1974) 
for an all sky soft X-ray (0.15 - 1.5 keV) survey to be 
carried out with an X-ray telescope facility of large area 
( 330 cm^ effective area at 0.25 keV) and modest angular
resolution (2* - 10*) over a large field of view ( «^ 2° x 2°). 
The experimental payload would comprise four sets of nested 
paraboloid/hyperboloid imaging X-ray mirrors with thin window 
imaging proportional counters at the confocal plane. In the 
spring of 1975 development of a prototype, low-cost telescope 
began at MIT and Leicester, to be integrated into a sounding 
rocket payload to perform astronomical X-ray imaging observations 
in the pre - HBAO-B era, and to demonstrate the feasibility 
of low cost imaging systems.

Imaging X-ray astronomy of extra-solar objects has just 
recently begun, as a result of the work of the SAG group 
(Harnden et al., 1977, Gorenstein et al., 1977, Gorenstein 
et al., 1978) who were primarily concerned with studying extra- 
galactic objects (Virgo and Perseus clusters of galaxies).
The dedicated beginning of galactic imaging X-ray astronomy 
became the prime concern of the MIT - UL collaboration.

3 .2 Principles of cosmic X-ray image formation and recording in space

Fig. 3 .1 outlines the general principles for soft X-ray 
(0.1 - 2 keV) imaging astronomical objects. Clearly, there 
are several processes involved, but there exist three important 
stages of development :
(1) The astronomical object, whether extended or point-like 

(or a composition of the two) may exhibit both spatial 
and temporal variation in X-ray surface brightness. The



Typical X-ray 
instrumentation 
aboard a rocket 
or satellite

Grazing incidence 
X-ray mirror 
system, with flux 
collecting area 
set by vehicle size
Imaging proportional 
counter or micro- 
channel plate 
detector

Telemetry unit

X-ray imaging process

Point and/or extended X-ray 
source with surface brightness 
convolved with line of eight 
interstellar absorption
Flux collector which forms 
focussed images, in energy 
band J C , with image blurring 
added due to surface imper­
fections
X-ray event/electric charge conv' 
by confocal, small area, linear 
image recorder with background 
rejection-further image 
blurring added due to inherent 
point response
Linear, digital readout of 
position (time and energy) of 
each X-ray event-the associated 
word length (number of bits) 
determines first stage of image 
binning

Computer tape

Large core 
computer and 
high level 
language

Digital image storage with 
X-ray co-ordinates labelled 
with time energy
Rebinning of image in sky 
co-ordinates by correcting for 
any motion relative to the 
source-for extended sources 
exposure correction made
Image display and analysis- 
further image processing, image 
deblurring (global smoothing, 
local feature enhancement 
through point response 
deconvolution)-energy selection, 
localised spectral analysis

Fig. 3./. Principles of imaging X-ray astronomy.
For a high quantum efficiency, imaging 
detector a diffraction grating or 
crystal may be added after the mirror 
to perform narrow band imaging.
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source characteristics may be modified by the material 
constitution of the interstellar medium, between the 
Sun and the source, depending on source galactic 
longitude and lattitude co-ordinates. All in all, what 
is imaged is a convolution of the soft X-ray emission 
from the source, and the line of sight absorption of the 
interstellar medium. The subsequent final presentation 
of the source X-ray image and comparison with emission 
and absorption data at other wavelengths, only then 
provides some astrophysical insight.

(2) The space-borne X-ray telescope intercepts the parallel 
X-ray flux from the astronomical object. Focussing
and imaging occur followed by image readout. Practical 
systems utilise the principle of externally reflecting 
( 2.*̂ ) times, grazing incident X-rays ( ^  2 keV)
at highly polished, metallic surfaces, which, shaped as 
conical sections of revolution, focus the X-ray image.
In the confocal plane, a position sensitive radiation 
transducer, the practical forms of which utilise the 
photo - electric effect in a gas or solid, records the 
focussed X-ray image. Practical image readout techniques 
consist of encoding each analogue electronic signal 
from each X-ray event with subsequent digital decoding 
and transmission.

(3) Image processing where the image is presented in sky 
co-ordinates and may be subjected to noise suppression 
(for a photon count limited case) and possible feature 
enhancement through deconvolution of the (non - linear) 
telescope response from the initial image.

The above demarcation of X-ray image formation will be 
discussed in more detail, enabling a clearer understanding of 
the design feature of the MIT -UL X-ray telescope and of the 
subsequent results obtained. In particular, the stage (2) is 
presently discussed, with discussion of stages (1) and (3) 
being reserved for Chapters 5 and 6 together.
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3*3 A rocket-borne X-ray telescope.

3 .3.1  Design and characteristics of the focussing, imaging 
X-ray mirror system.

X-rays in vacuo or air undergo total specular reflection 
from polished surfaces of materials such as metal or glass, 
for glancing incidence angles (Compton 1923, Compton and 
Allison 1963). This reflection takes place because the real 
peirt of the complex refractive index, for X-rays, is less than 
1 for all materials. The physics of X-ray reflection is 
summarised in Fig. 3.2. The actual functional form of the 
reflecting curve as a function of grazing angle can be evaluated 
from the Fresnel equations (Fig. 3.2). The essential elements 
of X-ray reflectivity are :
(1) Up to some critical angle, the reflectivity is very high.

(2) The critical angle is smaller with increasing X-ray energy.
(3 ) High H  (i.e high electron density) material should be 

used as the reflecting surface.
(4) The reflectivity, because of the existence of X-ray 

absorption edges in the surface material, is a complicated 
function of X-ray energy.

The fact that X-rays will undergo specular reflection with 
high efficiency allows for the construction of focussing X-ray 
mirrors. The basic line element producing focussing of parallel 
radiation, is a parabola.

Giacconi and Rossi (196O) first realised the potential 
usefulness of X-ray reflection for X-ray astronomy stnd proposed 
various focussing systems. Giacconi et al., (1969), Gursky 
and Schwartz (1974) and Underwood (1975) have reviewed several 
features of X-ray image forming, focussing mirrors, particularly 
those of the two surface, confocal, conic sections of revolution 
types, first studied by Wolter (1952a, 1952b). In general, 
grazing incidence imaging systems must have a number of reflecting 
surfaces in multiples of two, to overcome comatic aberration.
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Fig. 3.2.( After Underwood 1975 )
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Kirkpatrick and Baez (1948) have also shown that real images 
can also be formed by successive reflection from perpendicular 
parabolic mirrors.

The X-ray imaging optics of Wolter (1952) and the 
properties of typical reflecting materials utilised are 
summarised in Fig. 3*3* The Wolter I system hajs been most 
thoroughly investigated, with regard to its use in solar 
imaging X-ray astronomy (Underwood et al., 1977)• Both 
reflections take place on the internal surfaces thus 
maximising the reflection efficiency for a system of given 
focal length. There are also structural advantages in that 
the two surfaces may be joined. The mirrors may also be 
nested easily to increase the total collecting area.

The design of the MIT Wolter I mirror system, of two 
nested mirrors was based on work by Halpern (1978), who 
extended the work of Magnus and Underwood (1969) and 
Van Speybroeck and Chase (1962), by computing the properties 
of wide field of view (2° x 2°), short focal length Wolter I 
systems. The principal design features were :

(1) The paraboloid and hyperboloid grazing angles were
equal ( oc.fi c. ^»/ ) (Fig. 3«3) to maximise the
collecting area for a given total mirror length and 
because of the well - defined high energy cutoff for 
reflection at grazing angles, maximise the short wave­
length range of the telescope. With a choice of K  
the values for smd determined the effective
area and angular resolution of the system. was
constrained such that a parallel ray striking the front 
edge of the paraboloid also strike the rear edge of 
the hyperboloid.

(2) For a given value of oC and projected frontal area ^
to maximise the angular resolution, the outer diameter 
of the front paraboloid,  ̂ , was made as large as
possible. The actual size was constrained by the
17” diameter Astrobee rocket payload configuration. The
overall effective area was increased by nesting a 
smaller paraboloidal - hyperboloidal system, inside the
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Wolter I system, Fig, 3-3» with a diameter just small 
enough to pass all axial rays which strike the next 
larger surface, both systems being confocal.
The design details of the MIT Wolter I system are 

presented in Fig. 3.4 and Fig. 3*5 (Boughan 1977)• With the 
calculated total reflection efficiency from two surfaces 
(Fig. 3*6), the results of ray-tracing presented by Halpern (1976 
are reproduced in Fig, 3*7, for several baffle configurations.
The constructed MIT mirror system is shown in Plate 3*1 * The 
nested X-ray telescopes were machined with a numerically 
controlled lathe (Ober Tool and Die Co., Mass.) out of blocks 
of forged aluminium. The inside surface of each of the four 
pieces, (Fig. 3*4), was polished, coated with electroless 
(90/̂  + 105̂  P) and repolished.

The performance of the telescopes was measured in the 
the 213* X-ray facility at A.S and E. (Boston) (Rappaport,
Levine and Petre, 1977)* X-ray energies of 0.23 keV and 1.3 keV 
were used to determine both the effective surea and angular 
resolution. A narrow slit (0.012") in front of the mirror 
system was used to map the shape of the on-axis focussed 
X-ray beam (incident on a monitor proportional counter). The 
results of the slit scan across the focussed X-ray beam are 
reproduced in Fig. 3*8. Superimposed on the data points is the 
fitted response from a slit detector that was translated across 
the image of the point source. The empirical resolution 
function, on-emcis, was of the form (Rappaport 1977) :

'T ̂
F ('̂) - c .  <• {3.1)

•r*

where is the radial intensity per unit area and the
rms value is given by :

-  f ÏTT'T cU-

J  Flf), iTT't-. ckf



Plate 3*1 The Wolter I two-nested mirror system.
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Fig. 3. Results of MIT Wolter I system
angular resolution measurements.
( Rappaport, Levine and Petre 1977 )
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eT 50
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IN C ID E N T  ANGLE (d e g )
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Fig. 3.1. Measured MIT Wolter I system 
performance.

(a) ' The overall effective area. The
values are convolved with a 1 yu 
proportional counter window 
efficiency 70% at .28 keV )•

(b) The overall angular resolution 
with the 3* limit being set by 
errors of surface figure, 
leading to zonal aberrations.
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In Fig. 3*9, the overall mirror system performance from the 
A.S and E. measurements, is summarised. The deduced overall 
reflective efficiences were 36% and 31% of the theoretical 
curve (Fig. 3*6) at 0.28 keV and 0.7 keV, respectively. The 
modified efficiency curve has also been plotted in Fig. 3*6.

The overall MIT Wolter I mirror parameters are summarised 
below, in Table 3*1 «

TABLE 3 .1

Summary of Wolter I system parameters.

Reflecting surface material "i
Focal length 1l4.3 cm
Focal plane dispersion 3*/mm
Total projected frontal area 350 cm^
Effective area (0.28 keV) 2

90 cm
Maximum glancing angle 2̂
Beam convergence 9°
Useable field of view 1.5° X 1.5®
Angular resolution (0.28 keV, on-axis) ^  3* (RMS)

3*3*2 Design and characteristics of the imaging proportional 
counter (IPC) and associated systems.

The closely approximating aplanatic images, formed by the 
Wolter I system within a frame size of 6 cm. x 6 cm., were 
recorded by a two - dimensional, position - sensitive, 
gas - filled, proportional counter. The advantages on utilising 
an imaging proportional counter for the envisioned X-ray 
astronomy experiment would be (Parkes 1974, Gorenstein et al.
1975) :
(1) A high gas gain (10^ - 10^) leading to output charges

nof 10 electrons ( />/ 1 pC) per photon.
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(2) Adaptability, in that the size and shape were variable; 
and that a large number of anodes and cathodes could be 
incorporated.

(3) Provided electrical tracking or breaikdown were avoided
by use of moderate fields, the operation would be noiseless 
apart from the ambient background radiation. The low 
capacitance ( ^  10 - 30 pF) between anode euid cathode 
would enable particular use with linear, charge - 
sensitive preamplifiers at minimum noise characteristics.

(4) An operational lifetime of /v 10^^ integrated pulses.

(5) Moderate energy resolution ( 45 - 50% FWHM at 0.93 keV)
providing some identification of the photon spectrum,
when imaging.

(6) Good quantum detection efficiency ( 70% at 0.28 keV
for a /v-' 1yix. polypropylene entrance window).

(7) Count rate capability of ^  10 pulses /s. over 
1 mm of the anode.

(8) Negligable power consumption.
(9) Good detection area / weight ratio.

Considerations of the main disadvantages would have to 
include :

(1) The active gas depth and considerations of the track
length for the primary photoelectron (perhaps negligable, 
i.e a 1.5 keV photoelectron has an effective track 
length of ^  1 5 0 in argon at STP) and diffusion
of secondaries (the jitter of the centroid of the 
electron cloud, becomes important for X-ray energies,

^  0 .5 keV) may indicate increased positional
uncertainty.

(2) The output charge per photon is proportional to the
incident photon energy. A counter operating over an 
order of magnitude in energy ( 0.1 - 1 keV) would
give 1/10 the charge at the lower end of the
range than it does at the upper end. Thus, the positional 
resolution may also vary by 10. The counter design
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would have to be biased towards the lower energies.
A proportional counter relies for its operation on the 

localised multiplication of the primary ionization released 
by the photon to be detected. Different methods for determining 
the position of the avalanche, in one dimension, were in­
vestigated :

(1) By using an electrode (anode) of high resistivity in
the detector and observing the amplitude (Kuhlmann et al., 
1966, Miller et.al., 1971) or pulse risetime (Borkowski 
and Kopp 1968).

(2) By using a multi-wire anode in the counter with a 
separate electronic channel connected to each wire 
(ChEu?pa"k et. al., 1968, Charpak et. al., 1970).

For the developments of one - dimensional position 
sensitive detectors for X-ray astronomy, the pulse risetime 
sensing method has been particularly utilised, (Smith 1977) 
but the less flexible pulse amplitude sensing method (charge 
division) has also been used (Desai and Holt 1972).

Multi - wire proportional chambers (MWPC) were first 
developed at GERM (Charpak 1970 and references therein) and 
two - dimensional position sensitive MWPC have since been 
developed (primarily for particles) (Charpak 1974, Charpak 
et al., 1978). Borkowski and Kopp (1970, 1972, 1975) first 
reported the development of a two - dimensional, position 
sensitive, hard X-ray ( -^ 1 - 15O keV) MWPC. The basic
elements comprising the imaging proportional counter, are 
shown in Fig. 3*10. The avalanche centroid position (Borkowski 
and Kopp I9 6 8) on one anode wire wae detected by the positively 
induced pulses (Chsirpak et. al., 1970) formed on the orthogonal 
cathode wire grids above, and below, and capacitively coupled 
to, the anode grid. The total resistance between each cathode 
output was R and the total capacitance between each anode 
and cathode, C • For the signe I flow, the cathodes 
behaved as two, lumped element lines. The RC line
termination impedances were rational fraction approx­
imations of the characteristic impedemce of the cathode RC 
lines. The cathode RC lines performed independently and the
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In fhe following discussion fhe posifion-signol flow is de­
scribed for a single photon detected at a point with coordinates 
X and /. In the detection process a localized electron avalanche 
is produced in the vicinity of the anode wire closest to y. The 
positive ions produced in the avalanche move toward the cathode 
planes a Ad induce a displocement current in each cathode.

In each cathode the displacement currents divide into 
two equal parts and flow through portions of the cathode RC 
lines and through the termination networks to ground. The 
shapes of the currents in the termination networks and, therefore, 
the shapes of the voltages V^l, V^2/ Vy], and Vy2 are functions 
of the length of RC line between the point of induction and cath­
ode output. Therefore, if L is the total length of the cathode 
RC lines, the shapes of and V^2 o'”® proportional to x and 
L - X ,  respectively; and the shapes of Vy] and Vy2 ore propor- . 
tional to y and L - y, respectively. The shapes of these volt­
ages are measured by crossover timing.

F i g - 3 . / O.  Electrode configuration for the imaging 
proportional counter of Borkowski and 
Kopp ( 1972 )•
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two signals from each cathode were processed by the pulse 
risetime position sensing method consisting of pulse shaping 
and consequent time - difference measurements (Borkowski and 
Kopp 1970), Fig- 3-11* The signals from each cathode were 
electrostatically shielded from the other cathode by the 
anode grid. The output signals from the upper cathode 
determined the X  co-ordinate of (S-m and the output 
signals of the lower cathode determined the y co-ordinate 
of (R IK) •

To determine the position of the avalanche centroid to 
better than the anode wire spacing, a linear drift field was 
incorporated in the region above the upper cathode, of Fig- 3*10» 
to produce large electron clouds of effective diajneters 
extending over several anode wires. In this way, charge 
sharing between anode wires occurred and enabled displacements 
of the avalanche centroid, smaller than the anode pitch, to 
be detected-

The requirements for a space - qualifiable IPC were 
largely satisfied by the advantages offered by the Borkowski and 
Kopp stacked electrode grid configuration ;

(1) Support of the anode and cathode wire planes by three 
independent frames (of rigid structure) enable simple 
constructional procedure.

(2 ) The frame size would be a variable parameter ensuring 
removal of any edge distortion in the required image 
area (6 cm. x 6 cm.)

(3 ) The distance between the anode euid cathode planes would 
be easily adjustable (using spacers)-

(4) The wire spacing of the anode smd cathodes could be 
determined accurately with reference pins-

(3) Only one connection to the anode grid and two electrical
connections to each cathode grid would be required (for 
the timing method).

(6) Assembly / re-assembly time would be short.
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Since the output terminals of the two cathode grids 
would be interconnected such that the ^  co-ordinate 
signals were independent of the y co-ordinate signals 
then discussion on RC position encoding in an IPC may be 
reduced to a discussion of two, independent, orthogonal, 
linear, one - dimensional position sensitive proportional 
detectors. The one - dimensional, position sensing per­
formance of a capacitively terminated RC line of the form 
shown in Fig. 3.12 has been studied by Mathieson et. al., 
(1971» 197^1 1975a, 1975b), in several limiting cases. The 
results assumed that the electronic noise in the line was 
the only cause of position uncertainty and that the position 
decoding networks were limited to RC differentiators and 
integrators. The effects on position resolution of random 
processes in the detector (i.e random charge collection time 
or random electron diffusion) were not considered and hence 
optimised position decoding filters could not be determined 
(Nowlin 1976). However, the work of Mathieson et. al., 
has enabled close optimisation of the encoder RC transmission 
lines suitable for the required IPC design. In Fig. 3«12, 
the essential features of the risetime mode system are shown. 
The line, total resistance R and total capacitance C is 
terminated at each end with capacitance Cci t used to shunt 
charge sensitive preamplifiers. The filter systems produce 
the zero - crossing bipolar pulse. The special case where 
Sf T" is of special interest, for which the filter
circuit has been optimised in signal / noise.

Since electronic noise contributes to the position 
resolution of such a system, in practise, to obtain acceptable 
linearity, it is necessary to measure the difference in 
cross - over times between filter outputs at each end of the 
line.

For charge ^ 0  injected at a position X ̂  I along 
the line, t(x) is the zero - cross time, expressed in units 
of , of the filter output waveform, (Fig. 3*12).
The difference zero - cross time is :

T(TC.) =  (t Ctl) - (r(l-x) (̂.i)
and the positional sensitivity :

s ( - h)  =  f L j - M
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(a) Transmission line, total resistance R and total capa­
citance C. symmetrically terminated in capacitance C j. used as 
input elements to shunt feedback amplifiers, feedback value 
Co. (b) The filter configuration used

For  a un iform  line o f  total resistance R  and total 
capacitance  C  the line p ro p a g a t io n  c o n s ta n t  y and  
characteristic  im p ed a n ce  Z q are g iven  by:

and:

y =

Z q =  R/n^s,

w here  J is the c o m p lex  frequency (w ith  time norm alised  
to units o f  RCjn^).

C on sider  the line to  be term inated at both ends in 
capac itance  Cj,  and  su p p o se  that a current im pulse  
qoô{t) is injected at fractional d is tan ce  % from  o n e  end.  
T h e  vo ltage  w a veform  d ev e lo p ed  across the near­
terminating capac itan ce  C<, is am plif ied  by an a m o u n t  

say, and shaped  with passive,  non-interacting,  
integrating, and d o u b ly  d ifferentiating circuits o f  
(norm alised)  t im e constan ts  T, 5 , ,  and  S 2, respectively.  
T h e  outp ut  signal from  this sys tem  is then given by:

p c o s  ;ra,( l  — .x) —a„sin ;rQf„(l - x )  

a„ ( 1 -t- p;r) si n ;ro£„ +  [ i 7T (ot„̂  -  p^) -  p ]  cos /ra,

X  5 , 5 ; e x p [ - g ; f ] / ( a „ ^  _
(Si-l/a,̂ )(S2-l/a„̂ )(T-l/0

_ ^ ^0 y  sinrrSf ~(1 — x) — p5/^ cos;r5 ,~^ (l-.x) 
1=1 Si) s\n — 2 p S f  cos

X F , e x p [ - / / 5 J ,

where:

S,S

(5i-6’2)(S,-D

( S , - S , ) ( S 3 - T )

( S , - T ) ( S 2 - T ) ’

S 3 =  T,

p  =  CJnC^ and or, are the roots  o f  the subsidiary 
equation:

tan na -  2 / (a /p  -  p/a).
F i g .  3 . \%
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Parameters defining the system performance include 
the rms non - linearity i n ^ ( ^ ) , and , the rms
positional uncertainty due to system noise, with the subscript 
/y indicating a mean value taken over a central 85% portion 
of the line. The position resolution may be determined as 
follows • The rms voltage fluctuation in the output
waveform due to the noise in the system results in
uncertainty in the cross - over times

(3.5-)

where 3(^J is the negative scope at cross - over. Neglecting 
correlation between the two noise outputs (which may have a 
non - negligable effect - the correlation coefficient is at 
present being investigated, Evans 1978) the mean square 
fluctuation in difference cross - over time, " 7 * is

j -1—  -h M

The rms uncertainty in position determination due to electronic 
noise is then

I 1

At̂ )  = I g Y y  3'̂(i-7c) (i>7)
J’ f x)

Referring the system noise to the line termination, if 
is the voltage step which, when applied to the line 

termination yields an output pulse of height equal to the 
rms noise, then

à '^ o  -  0-231 %  (3,s)

C d

where is the voltage gain of the system and the factor
^•2 3 / is the amplitude response to a unit step function of 
a passive CR - RC - CR filter. Since Vc (à) and hence J  ('̂ ) 
can be expressed with Av^tfCd as a factor, then from (3-7) 
it follows that id %  normalised with respect to signal / noise 
ratio can be calculated from the form for 1 without
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reference to the specific origin of system noise*

5 t> {'k . t , Ujc) {3.J)

£ Ü / Î J _  + _i_
The quantity 0 ® \ jV*) is a

dimensionless resolution parameter (of general application
to linear imaging systems). 5 is the
mean value over a central portion of the line and is a
function of "T and ^ ̂ /c only. For small values of

snd when bnn'^^fc i® plotted against T~ ,
a minimum occurs for 2* (Mathieson et. al., 1975)«

The total system noise is the resultant of the two 
(uncorrelated) components, (line noise) and
(amplifier noise) :

The formal expression for ^ss been given
(Mathieson 1971i Mathieson et. al., 1975) :

%  = c t  ^  /'t, Cw/e) {3.»)

where ytX is a dimensionless line noise parameter and 
The form for ax is :

X

where

f('HjU')= -I- 3d ^
2 C-etJt y  ■+ ( 3 d +  fink V '

“  F c d / c  3 r r / T i y

and for a double differintiating, singly integrating filter 
of time constants equal to T  the filter response is :

/

3 1 +  ( w ' T / y

to'=
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Then the rms position resolution is given by ;

ày. ^ I '

and the mean uncertainty over 85% of the line is :

(}.n)
*Vd ^

The limiting cases considered by Mathieson et. al.,
(1974, 1975a» 1975b) for C  finite, non - zero, involved 
the short - circuit case, Cgf ^ oO , the open - circuit case,

— » Q , together with the charge equilibrium case, C d  
finite, non - zero and C ”* > 0  • In all cases, for near - 
coincident minima in non - linearity Soc and position 
uncertainty /— %  . The open circuit and charge
equilibrium cases produce the smallest values of <Tx- (^  0.1%) 
and ^  0.1% RMS of the line length) with a reduced
degradation in towards the ends of the line.

In practise, the design of the IPG RC line was influenced 
by prior, preliminary investigations of the case CaI C , in 
the context of the above discussion, indicating further reduction 
in and  ̂with "7“'v* / , for the respective minima.
For the IPG position processing electronics, a filter centre 
frequency corresponding toTJ^s 2yifX was chosen, thus 
determining the position sensitivity of the cathode RG lines.
Each cathode grid resistance A  was chosen to be « S^OK/L» 
With the TTt and I? values set, the values of Ccf and 
hence the RG line performance parameters ^ »
(fx and could be determined, once the distributed line
capacitance was measured.

The cathode RG lines and anode grids constructed for the 
IPG are shown in Plate 3*2. Each cathode grid contained 90 
wires, separated 1mm (the non - accumulated error was 89 - 0.1mm] 
and each, 10 cm in length. A thick film resistance strip, 
deposited on ceramic cards (EMI, Hayes Middlesex) and in 
contact with the electro - deposited finger strips upon which 
the wires were soldered, provided a wire resistivity of 
3 .6 \ZL /mm. The ceramic (96% alumina ceramic) cards were 
epoxyed onto fibre - glass (G10 fibre - glass, epoxy laminated)



Plate 3*2 The IPC anode grid ( top ) and the 
cathode RC transmission line, one 
of two used for position sensing 
the centroid of each avalanche 
occurring in the anode plane*
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Fig. 3 .1 3 Electric field configuration of the
anode grid. The decrease in field 
strength towards the edge due to 
successively larger diameter wires 
is shown.
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frame. The resist strip cards were produced having values 
50 i 0.7 KJT, . The cathode Cu-Be wires (Goodfellow Metals Ltd, 
Cambridge) were 123ytt in diameter and connected through the 
resist strip at one end.

The anode grid contained 43 wires, separated by 2 mm, 
each 10 cm. long. The wires were shorted on one ceramic 
card. The high voltage plane consisted of 37 % 13yC-t diameter 
Au-plated tungsten wires (Lumas, Vic Steels, London) with 
successively larger diameter wires moderating the electric 
field around the anode grid edge, (Fig. 3*13)•

All the sets of wire grids were z-wound on a wire 
winding rig which could accommodate both 1 mm. and 2 mm. pitch 
planes, over 20 cm. in width. Tension was applied to each 
wire uniformly through gas pressurised pistons to which 
reference pins at one end were connected. For mechanical 
stability against electrostatic forces, and hence for spark- 
free operation, the anode wire tensile force had to satisfy 
the relation (Trippe 1969) :

%

hlxiO~^ (3.,*)

where is the wire length, L  the anode - cathode
spacing and V the anode voltage. For V = 4 KV, X  =10 cm. 
and I» = 0.4 cm, T  3 grm. wt.

The complete design of the IPG is presented in Fig. 3*14 
and Fig. 3*13, and comprised the following features :

(1) For significant soft X-ray flux, the IPG window was 1 ^  
polypropylene, facilitating the use of a replenishing
gas supply to overcome the gas effusion through the 
window. The IPG was positioned over a gas pack enabling 
gas flow (A) at a constant rate.

(2) The linear drift region (B) was directly below the 
entrance window. The drift depth was chosen to be 2.3 cm. 
by optimising the effective absorption depth for high 
detection efficiency for Ey K 1 keV and length required 
to drift secondary electron clouds to form effective
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Fig. j. M. Mechanical design of the IPC
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Fig. J./y. Detail of high voltage filter circuits 
and low voltage signal circuits.



66

diameters of several mm. (for negligable charge 
centroid jitter). For X-ray, 0.5 keV
converging at 9° off the mirror, the 1/e depth in 
argon would give a laterad spread ^  0.1 mm. The
effective diameter of the consequent electron cloud, 
after drifting |v in time t is given by
(Huxley and Compton 1974, Palladino and Sadoulet 1975) :

=  6 . ^ ^ 6 J  (S.If)

assuming a Maxwellian distribution of electron velocities, 
0 is the electron lateral diffusion coefficient and 

if /ŷ  is the characteristic energy

A  =  à i
y U  ' ■€

where is Boltzmann*s constant, 7" is the gas
temperature and yi4 is the electron mobility. For a 
linear field £ , the electron drift velocity UJT is :

Thus, ^ 's //) f^T] —  and & = ^  then

UJ

=

[ h ]  is cm. and /where
presented an approximate method for calculating ̂  ^

for A/CH^ gas mixtures (I0?o - CH^) using the electron
diffusion data of Cochran and Forrester (1962), Cottrell 
and Walker (1965) and English and Hanna (1955)« Direct 
measurements were made on OJ - ̂  for propane by
Cottrell and Walker (1967). From a series of gas physics 
studiejÿ in drift chambers, the gas mix A/CHĵ  : 25% / 75% 
was chosen for the I PC to maximise both (hence
position determination of the avalanche centroid) and
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X-ray energy resolution ( 5 0 %  FWHM (0.93 keV) for 
A/CH^ ; 25% / 75% compared with 86% FWHM (0.93 keV)
for A/CH^ : 90% / 10%) for constant h = 2.5 cm. For
A/CH|̂  : 25% / 75% 1 for £ ^  76 V/cra - 3OO V/cm,

Ay 2.2 - 5 .5 giving 3 .6  - 2 .7 mm.
The jitter of the centroid of the diffusing cloud 

would ultimately limit the IPG position resolution. The 
statistical uncertainty in the mean position of the 
cloud centroid is given by :

er^ = ‘ rs.'/J

where with K// , the mean energy per ion pair,
and generally, »0 35-45 e /keV. Hence, for

Ey 4  0 .2 8 keV, ^  200y U  .

(3 ) The stacked grids were positioned as shown in Fig. 3*15, 
region (C). Each fibre-glass frame was 4 mm. thick,
for the anode and cathodes, giving L  = 4 mm. An
anode of pitch 9 mm. was placed below (C) to act as a 
counter in geometrical anti-coincidence with the first 
anode.

Electrical connections from the anode and cathodes 
ran through the pressure shell via glass-to-raetal seals, 
to (D), the potting trough, containing the high voltage 
filters and preamplifier inputs. In this way the pre­
amplifier leads were as short as possible to reduce 
stray capacitance (i.e a load impedance tending to 
increase the signal processing time). Fig. 3*15 shows 
the complete wiring configuration. With the anodes 
and cathodes positioned as shown, the cathode distributed 
capacitance C was measured in situ (with the anode 
grid earthed), and a value C 30 pF found. Hence,
T  = A C = 13*2 and a preferred value of
O d = 68 pF was used, to limit the maximum difference 

in cross-over times to ^  3/4 8. The relatively large
value of T* ensured that any further shaping within 
the preamplifiers or cables would have no effect on each 
RC line resolution, since ̂ o n l y  slowly varies with
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increasing "T* , away from the minima near "T"' ^ 1 - 2 .
The predicted behavior of each cathode RC position 
sensing line is summarised in Fig. 3*16 (Fraser 1978), 
which graphs the zero-cross times t^'X) « difference
zero-cross time , the gradient at zero-cross
and sensitivity , for a central 85% (0.0725^x40.925).
Over the central 6 cm. of the line (0.2 < x < 0.8), the 
rms non-linearity ^ 0.1% and = 4 = 6l ns/mm.
A comparable value of positional sensitivity of 4l ns/mm 
had been previously measured for each cathode line. 
Measurements of for the preamplifiers enabled a
value for to be calculated below.

(4) The window section (E), Fig. 3*14, of the IPC comprised
an evacuated cone (with vacuum line (F)) with a spring
loaded lid (G). Prior to launch of the experiment, the
cone section (E) would be evacuated and when sufficient
altitude had been reached, the lid (G) would open to
admit X-rays to the IPC. The section (E) would serve
to protect the fragile window during launch. Directly
before launch. X-ray calibration of the IPC would be

210observed using a Po AL-K X-ray (1.49 keV) fluorescent
source at (H). The source geometry is shown in Fig. 3*17*
The window support (J) consisted of 1 cm. ribbed sections,
spaced 11.3 mm. apart. Directly below was a fine woven
tungsten mesh 80 lines / inch (Buckby Hears Co., U.S)
having optical transparency ^  86%. Mounted on the
same frame was a ^  lyx polypropylene window (Hayakawa
et. al., 1970), (C^H^)^ (no 0-K edge), which had been
biaxially stretched from ^  25yt/ unorientated sheet
(to give a maximum thickness variations of ^  20% over
an area ^  3OO cm^), then coated, using a dipping
technique (Backmann 1977), with carbon solution (Dag 154
+ Isopropanol, 1 : 10 PBW). Consistent thicknesses of 

2l4 yig/cm could be produced, giving consequent reduced 
UV (1216 A) transmission ^  0.002 (with ^  13*5%
transmission for white light).
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(5) The charge sensitive preamplifiers were connected as 
shown in Fig. 3*18 and a circuit diagram, based on a 
design by Blalock (1963) is shown in Fig. 3«19« The 
preamplifier risetime was 30ns , fall-time ^  100^^ s 
with recovery time 1.3ms. Input capacitance was 

^  20 pF, output impedance 100 %/!. . With the
series resistor and two shunt diodes connected for 
protection against high voltage transient, the equivalent 
noise charge wets measured to be ^  350 electrons, on
average.

Except for input pulse polarity, the same pre­
amplifiers were used with the negative pulses from the 
anode and anti-coincidence anode and the positive pulses 
from the cathodes. The preamplifiers were trimmed to 
give charge conversion gains of IV/pC (Fig. 3#20).
Plate 3«3 shows detail of the linear drift field electrode 
system, which had an internal area 7 cm. x 7 cm, so 
that electric field irregularities around the edges, 
extending to ^ 1  mm. inwards, were outside the image 
frame of 6 cm. x 6 cm. Also shown is the stacked grid 
electrode configuration. The upper cathode was orthogonal 
to both the anode and cathode grids. The ceramic in­
sulators and spacers are clearly seen at each corner. 
Connections were made as shown, from the ceramic strip 
edge fingers, through the glass-to-metal seals to the 
preamplifier inputs. Plate 3*^ shown the layout of the 
high voltage (6KV) seals and filters, in the IPC potting 
troughs. A comparison has been given between the cathode 
seals ( 2KV) and the anode seals (-̂  6KV) with increased
surface area against tracking. Plate 3*3 shows the 
method of mounting the preamplifiers around the potting 
troughs, to shorten the signal cable length. The pre­
amplifiers were easily demountable. Table 3*2 summarises 
the constructional details of the IPC. The IPC was 
internally coated with to further reduce UV flux.
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Fig. 3.2d Linearity of preamplifier conversion gains.



Plate 5»5 The drift field electrode configuration
(top) used in the IPC.
The configuration of the cathode and anode 
wire grids within the IPC (bottom). The 
upper cathode RC line was orthogonal to 
the anode and lower cathode RC line.





Plate 3»^ Detail of the high voltage filter layout
within the potting troughs of the IPC (top).
Comparison between the glass-to-metal seals 
uesd for the cathode (left) and anode (right) 
signals.





Plate 3»5 Detail of the method used to mount the 
IPC preamplifiers.





TABLE 3.2

7 0

IPC parameters.

Sensitive area 6 cm X 6 cm.
Counter window 1 ̂  polypropylene +

14 ̂ g/cm^ carbon
Counter gas mixture A/CH^ : 23% / 13%
Counter gas pressure 1 atm.
Active gas volume 0 .2 5 1.
Depth of drift region 2 .3 cm.
Anode wire grid pitch 2 mm.
Anode wires 37 X 13 grm.wt
Cathode wire grid pitch 1 mm.
Cathode wires 90 X  123^^(Tjwi5 grm.wt).
Anti-co. anode grid pitch 9 mm.
Anti-co. anode wires 8 X  13^^(Tj^15 grm.wt).
Anode - cathode spacing 4 mm.
Cathode SC line ;

Line length 100 mm.
S 30 K/L
C 30 pF

68 pF
2^s.

The performance of the IPC was evaluated with the timing 
analysis electronics and image display system shown in 
Fig. 3.21 using :

(1) A 300 cm. long, 20 cm. diameter vacuum line with a
vacuum tube Al/K X-ray source (1.49 keV) (20^^ Century 
Electronics Ltd., Croydon), for linearity and resolution
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tests. A series of test masks were placed directly in 
front of the IPC window and the resulting image recorded 
together with the two one-dimensional line scans. The 
overall IPC linear response to the test mask of Fig. 3*22 
is shown in Fig. 3*23* Samples of the recorded image 
and line scans are presented in Plates 3*6 - 3*S for 
varying anode gain, hence . The effect of uneven
illumination is evident. The maximum deviation from 
lineeurity was ^  Z% on comparing the image and mask.

With a narrow slit mask, the drift field was varied
to maximise electron transmission through the upper
cathode grid (Bunemann et.al., 1949) and to minimise
the effect of anode wire binning (the modulation due to
the anode wire spacing) for constant anode voltage. The
observed minimum modulation was 10̂ , the expected
result for charge sharing between anode wires by a
Gaussian electron cloud of 4 mm. diameter, together
with a Gaussian - shaped IPC point spread function of
FWHM ^  1 mm. An approximate description of the anode
charge sharing process has been given by Mathieson (1976).
For a Gaussian cloud undergoing lateral diffusion in a
linear drift field, suid having rms width cC , the detected
position of the centroid in a direction orthogonal to the
anode wires, of pitch ^ , is given by

N

A'S.O
where is the fraction of the total electron cloud
collected on the #1̂  ̂anode wire and

The recorded positional error  ̂y — y  ̂ is zero at 
and at j = 0 and a maximum at j = . Since each
event would be systematically recorded in an incorrect 
position, the output pattern exhibits intensity modulation
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Plate 3.7
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Plate 3.8
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where for mean value intensity

w , . I. (

(ij) 3= %-
Including the effect of finite IPC resolution 
where the IPC line spread function may be closely 
approximated by : ^ 2

I ^  Z f *

yltvrir
where 0^ is the line spread rms width. The Fourier 
transform is ^

Ffk.) = -€~ ’■

where V5 the spatial frequency. The ratio of
the observed modulation to the intrinsic modulation is 
then : ç.'

(i.ii)

For a value of » (X » ^  may be found, and
(•3 *2 0) solved to find ^  .

For each one - dimensional line scan of Plates 3*6 - 
3 .8 , a measure of the position uncertainty, for variable

, was made as follows. Each line spread function 
was the result of a convolution with the mask of Fig. 3*22, 
of finite slit width IV = 0.3 mm, and the IPC point 
spread function, which to a good approximation, was 
Gaussian shaped. Hence, the image produced by
an object 0 by an instrument with point spread
function is :

13}
For a long, narrow slit

X  ('k ) = j  o(x^) S dot'

For 'b

VZTT a-*'
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fullwidth at half-maximum divided by the width o f  the 
slit, assuming a G aussian point spread function.
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%

The solution is graphed in Fig. 3.24 (Kellogg et. al., 1976).
By measuring the FWHM of each slit image, in each direction, 
the width of the IPC point spread function could be found.
Fig. 3.25.

(2) A vacuum rig 15" in diameter auid 15" deep with a
tunable X-ray source, enabling measurements of the IPC 
point spread width at C - K (0.28 keV) and Cu - L 
(0.95 keV) as a function of anode charge. Using an 
opaque mask containing two slits 1 mm. and 30yC4 wide, 
separated by 3 mm, the IPC point response was fitted 
with a Gaussian curve of variable width. The observed 
widths are plotted in Fig. 3.26. Also plotted is the 
calculated cathode RC line noise limited position resolution. 
From (3.15)

n I J

where the factor A represents the fraction of charge 
contained in the anode avalanche, induced on the upper 
and lower cathodes. For the upper cathode and
the lower cathode /)v0»33 • For

ÇùO * line length 10 cm. and C.
then (Fraser 1978)

For anode charge = 2 pC, the IPC point spread
width for 0.95 keV was ^  0.5 mm. (RMS) in both axes
with a corresponding value for 0.28 keV of ^  0.6 mm.
(RMS). For ^  1.5 pC, ^  and the overall
IPC point response function was well represented by
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jr* 
—  /*-»

F ( r )  *  c. •ft'

where F(f') is the radial intensity per unit area.
The anode charge was estimated using the pulse 

matching method (Hendricks 1973)*

Details of the IPC rocket payload pulse position 
sensing electronics (Boughan 1977) are shown in Fig. 3.27 - 
Fig. 3 *3 0* For the anode / anti-coincidence anode measurement 
chain, the lower level threshold of each peak stretcher was 
trimmed to 300 raV = 120 eV using an Al-K source. The correspond­
ing levels for the upper and lower cathodes were 3OO mV = 80 eV 
and 300 mV = kO eV respectively, taking into account the fraction 
of anode charge induced on each cathode. Similar measurements 
were performed on the IPC, as discussed above, trimming the 
flight electronics to give near identical results. All the 
measurements were performed using the IPC gas supply system,
Fig. 3*3 1• The gas pack principally comprised two 300 crâ  
stainless steel gas tanks which could accommodate A/CĤ  ̂up to 
1500 p s i . From the reservoirs the gas flowed through a 

filter into a two stage mechanical pressure regulator 
then into the IPC. A flow restrictor on the gas exhaust 
provided a steady flow of gas through the counter during 
flight. Since the leak rate through the 1 polypropylene 
window was ^  O.5 psi/hr, over ^  40 cm , the flow rate
was set at ^  10 cm^/hr., for the IPC volume of 0.31.
An additional flow valve enabled an external gas supply to be 
used for purging the IPC over long periods. A pressure relief 
valve located between the gas system and IPC prevented the 
counter pressure from exceeding 22 psi. A pressure transducer 
continuously monitored the IPC gas pressure. A pressure 
change of V/o effected a change of the IPC anode gain of 
^  3%. Plate 3 .9 shows the IPC after space enviroment testing
(vacuum and vibration tests). Detail of the IPC / gas pack
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Fig*3.%A Schematic diagram of the gas pack 
configuration.



Plate 3*9 The IPC (top) and detail of the
IPC/gas pack integration (bottom).
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integration is also shown. The three Velonex high voltage 
power supplies are seen positioned around the IPC,

A summary of the IPC operational characteristics is 
presented in Table 5«3«

TABLE 3.3

Summary of IPC system parameters.

Anode EHT 3.6 KV
Anode charge conversion gain IpC/keV
Drift field HT 400 V
Anti-co. anode EHT 2,7 KV
Anti-co, anode charge conversion gain 1 pC/keV
Photon detection efficiency (0,28 keV) 76%

X-ray energy resolution (1,49 keV) 43% (FWHM)
Maximum positional non-linearity 2%

Positional resolution (0,93 keV) 0,3 mm. (RMS)

The X-ray energy resolution ,gain curve and proportionality 
are illustrated in Fig, 3*32. For measurements 0.1 keV ^  ^
6 keV, the IPC X-ray energy resolution was well represented by

where

e
- O f

ex*
1 3 *

The IPC system parameters pertaining to X-ray image and 
energy information directly before and during the X-ray 
astronomy observation (of the Cygnus Loop) are presented in 
Tables 4.6 and 4,7*
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5*5«3* Overall X-ray telescope parameters 
and payload configuration.

The integrated X-ray telescope rocket payload is 
shown in Fig. 3*33« The overall payload length was ^  7*5*
by 17" wide. A star field camera, a l6 mm. movie camera,
(57^ field of view. Multidata, Giannini Sci. Co.) and a 
star sensor (GSFC - Ball Brothers) were mounted in the front 
baffle of the Wolter I mirror system (Plate 4.1). The final 
alignment between the centre of the field of view of the 
star field camera and the centre of the IPC window (mirror axis) 
was measured to be ~ 3*» using an optical flat placed
near the star field camera. To compensate for possible changes 
in the alignment during flight, a fiducial light system, 
placed in the star field camera field of view, was used to 
mark the position of a fixed point in the focal plane, relative 
to the mirror axis. Thus, with a subsequent star sensor 
alignment, with the centre of the star field camera field of 
view, of <. 1’, the final X-ray images produced by the X-ray
telescope would contain a maximum positional error of - 3* 
on the sky, for any relative motion between the telescope 
and the source. Also, the maximum non-linearity (3.3*2) 
present in the images would amount to 2% = 1.2 mm. 4*
~ Besides the limiting pointing accuracy and non-linearity 

contained in subsequent X-ray images, image blurring would 
occur through the finite telescope angular resolution. 
Contributions to the overall telescope resolution limit of 
/vx 6* (RMS) are summarised in Table 3*4.
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system

Rocket b a s e ­
plate

Fig. 3.39. X-ray telescope configuration.



TABLE 3.4

X-ray telescope component point spread functions.
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Origin Radial intensity 
per unit area

Typical
value

X-ray mirror, 
on-axis scattering

iirr

IPC,
X-ray attenuation r  / \
in the drift region 3 '
(gas spreading) 2 r r t '

IPC,
avalanche location 
(wire response) F . M -

(o-likv)

Convolution of 
above

The sensitivity of the X-ray telescope may be defined 
as the flux in photons / cmf.s in a given energy interval 
that gives rise to a fluctuation of three standard deviations 
in the background counting rate. The limiting sensitivity of 
the telescope to discrete sources, due to the cosmic ray and 
diffuse soft X-ray background is :

oC I f f
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where Acff, is the telescope effective area for J£ and (T* 
is the telescope angular resolution in units of solid angle. 
If ^ is the telescope geometric area, the overall
telescope efficiency (the product of the mirror and detector 
efficiencies) in ^  the IPC wall area, ^  the
background reduction factor, the particle count rate
and 2^^ the diffuse X-ray flux, then for discrete sources,

For the diffuse soft X-ray component

Davidsen et. al., (1972) give a thermal Bremsstrahlung, 
with unit Gaunt factor, fit to the diffuse soft X-ray back­
ground, < 1 keV ;

^ X

^ ^ s ,Sr, \u\f

fx
—8 2giving an integrated flux of ^  3 x 10 erg / cm .s. sr 

(0.1 - 1.0 keV) i.e 20 ph / cm^.s. sr. For 0.2 ^ Ey <
2.0 keV, Cg ^  0.01 counts / cm^.s. keV (Ricketts 1973). 
For the MIT-UL telescope, = 350 cmf, ^  = l60 cmf,
y  = 0.8, ^  ^  0.05 (0.1 - 0.8 keV) 3 x 10“^ sr

(0.1 - 0.8 keV). Table 3*5 gives the approximate X-ray 
telescope sensitivity for an observation time t = 200 s, 
a typical time for a rocket observation.
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TABLE 3.5

Sensitivity for Sensitivity for the
discrete sources diffuse, soft X-ray
(0.1 - 0.8 keV) component
ph / cmf.s (0.1 - 0.8 keV)

ph / cm .s sr

3.7 X 10"2 1.2 X 10^

In conclusion, the design and operating characteristics 
of the MIT-UL X-ray telescope may be compared with two other 
existing, space qualified. X-ray imaging telescopes. In 
Fig. 3*34, a summary of the details of the SAG rocket payload 
(Gorenstein et. ai., 1975) is shown. The mirror configuration 
utilised, has a larger geometric area but reduced field of 
view. The angular resolution of each telescope is comparable. 
The imaging properties of the SAO telescope have been clearly 
demonstrated with the observation of the point source, Algol 
(Earnden et. al., 1977). From a background pointing position 
during an observation of the Virgo cluster of galaxies, a 
uniform background distribution of counts equivalent to only 
0.3 counts / 4* X 4* in a 120 s observation time, was detected.

The HEAO-B observatory, due for launch in late 1978 and 
designed to operate for 6-12 months, has been described by 
Schreier (1977). Fig. 3.35 and Fig. 3.36 summarise the design 
parameters. The telescope consists of a four nested set of 
Wolter I mirrors with confocal length 3460 mm, with a plate 
scale of 1 * / mm. The imaging detectors comprise the small 
angle, high resolution ('̂  2") micro-channel plate array 
(l6yt/i diameter tubes) (Kellogg et. al., 1976) and the wide 
angle, low resolution { ^  2*) IPC (Humphrey et. al., 1978).



t'hnractcrlstlcs of Large Area Focuaing Collector 

For A oroboe 350

Focal Lcngtli 

Number of Plates

Total Geometric 
Area

Effective Area of 
Assembly

Detector Efficiency

Net Effective Area

Field of View 

Angular Resolution

180 cm
25 Front (10" x 20" x 0,1")
18 Rear (14.5" x 20" x 0.1")

16" X 10" ~ 1000 cm^
185 cmj ( 0 = 0, X = 10^)
204 cm2 (8 = 0, X=44A)
.65 (X = 10i?)
. 55 ( X = 44 A)
120 cm^ (8=0, X =  10^)
145 cm2 (8=0, X = 44 A)
40 ARC MINUTES, RADIUS, FWHM

3 arc min x 3 arc min

Small angle reflection by two orthogonal curved surfaces 
(Kirkpatrick and Baez ). If surfaces have tlie proper curvature, e, g, 
parabolas of translation, a parallel beam of ra^aiiun is  focused to 
a point. '

Fig. Summary of the characteristics of the 
SAO X-ray imaging rocket payload 
(Gorenstein et al. 1975)



HEAO-3 EXPERIMENT CONFIGURATION

HIGH RESOLUTION
IHAGI'.'G DETECTOR

SCLATION

e x p e r i m e n t
SUNSHADE

ASPECT
SENSOR
SUNSHADE

OPTICAL
3ENCH

H EA O -B IN ST R U M E N T PARA ALE TE BS SUM M ARY
E n ergy

In stru m en t F ie ld  o f V iew
S patia l

R eso lu tio n
E ffe c t iv e

A r e a
R e so lu tio n  (E /A E )  

(R anee)
T im e

R eso lu tio n Background

High
R e so lu tio n
Im a g er

25' D la m .
^ 2" w ith in  5' o f  a x is  

(d e te r m in e d  b y  
m ir r o r  r e sp o n s e )  j

2  ̂ J20 cm ^  at 4 k e \j  
—  13 cm ^  at 1 keV  

S cm ^  at 2 k e \i
j

I
1 3 c o lo r  w /B D F S *  
1 5 0 -1 0  w/O G S**
1 ( 0 .1 5 - 3 .0  keV)

8 pusec

1

S x  10-3  c t s /  
a r c m in ^ s e c

L n aglng
P ro p o rtio n a l
C ou nter

7 5 ’ X  75' 1' 1

1

'—  100 cm ^
0 .7  a t ^ k e V  
3 -4  a t 1 .5 - 4  keV  
( 0 .1 5 - 4 .0  k e \')

1

63 p se c
3 X 10 -3  
a r c m in ^ -se c

S o lid
S tate  1 
S p e c tr o m e te r  j

! 6' D la m .
I

1

200 cm ^ 3 -2 5
( 0 .4 - 4 .0  keV)

2 p s e c  -  
5 m se c

I Q -^ c ts /s e c

F o c a l P la n e  ! 
C rj’s ta l  • 
S p e c tr o m e te r

I 6 ’ D la m .  
1 l ’ x 2 0 '
! V X 20'
1 3 ’ X 30'*

1 cm ^  at  
E <  .2 3  keV  

0 . 1 -1  cm ^  a t  
E >  . 23 keV

i

5 0 -1 0 0 ,
E < 0 .4  keV  

1 0 0 -1 0 0 0 ,
E >  0 .4  koV

8 p e e c

1

5 X 10"3 
c ia / s e c

M on ito r
P r o p o r t io n a l
C ou n ter

1 .5 '’ X  1 .5 ° ' FNVFM C oU im ated 6 0 0  cm ^
5 a t G keV  
( 1 .5 - 2 0  keV)

1
1 jisec fo r  
A t <  64 fisec 

A t /1 0 0  fo r  
A t  > 6 4 psec

10 c t e / s c c

•  B D F S »  B ro a d -B a n d  F ilt e r  S p e c tro m e ter  

C C S -  O b jec tiv e  C ra tin g  S p e c tr o m e te r

Fig.3,3f, Summary of the characteristics of the X-ray
imaging satellite payload, HEAO-B (Schreier 1977).



IPC Efficiency P a ra m e te rs

(a) E n tr a n c e  w in d o w

(b) Absorbing gas

77% transm issive mesh 

0 .2  carbon dag
2 jun polypropylene, det. A 
0.4 p.m lexan, det. A

3 pm  m ylar, det. B 

800 to r r ,  STP

4 cm deep 

Composition

Argon 84 %

Xenon 6 %

CO„ 10%

(c) Active area 7.62 X 7 .62 cm, total window 

3 .3  X 3.8  cm , unobstructed area

(d) Sensitivity 1 count scc~3^ per UF'U o r

-1  - H  -2  -1I count sec per 4 x 10 e rg  cm  sec

(0.1 -  4 kcV, Crab spectrum)

(c) Non-X-ray background —3 —2 —1
1 .5 x 1 0  counts mm sec , 0 .  l -L 5 k e V

1.5 X 10 ^ counts mm ^sec 1 .5—1 kcV

IPC Performance Param eters

(a) Spatial resolution*; 1 arcm in, 1.5 keV and above

2 arcm in, 0.28 keV 

10 bits per coordinate

(b) Energy resolution 

(32 channel PHA)
5 50% FMrTiM, 1.5 keV and above 

140% FWHM, 0.28 keV

(c) Temporal resolution 63 p seconds

(d) Count ra te  capacity

(e) Background rejection

125 per second, telem etry lim it 

background counter provides anticoincidence 

veto signal

3r of an assumed Gaussian point-spread functioo.

The resolution becomes limited by the m irro r perform ance at the edges of the 
field of view

Fig. 3.34, Summary of the HEAO-B I P C  characteristics
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It is clear that both the SAO and MIT-UL X-ray imaging 
rocket payloads, each of moderate angular resolution, and 
low background sensitivity, are able to provide, in the 
pre - HEAO-B era, highly significant astronomical X-ray 
images, to provide deeper insight into high energy astrophysical 
processes and to contribute to enabling a detailed observing 
programme for HEAO-B to be assembled, along with associated 
computer image processing packages.

3*4 Summary

Details of the design and operating characteristics 
of a wide angle (2^ x 2®), moderate resolution (6* (RMS)) 
imaging X-ray telescope have been given. The nominal 
operational wavelength band is (0.1 - 1.8 keV) and the 
limiting sensitivity for discrete source detection is 
approximately 3 x 10"^^ erg / cm^.s (0.2 - 0.8 keV).

The X-ray telescope was subsequently integrated aboard 
an Astrobee sounding rocket and an observation of the Cygnus 
Loop §NR was performed, together with am observation of the 
stellar source, Sco. X-1. The telescope flight and performance 
parameters are reported in Chapter 4.
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Chapter 4. FLIGHT AND PERFORMANCE OF THE X-RAY TELESCOPE.

4.1 Flight preparation.

4.1.1 Attitude control system (ACS)

A nominal ACS pointing accuracy of - 20' for the 
Cygnus Loop observation (together with - 30’ for the 
Sco. X-1 observation) was required to ensure a successful 
X-ray imaging astronomy experiment, taking into account the 
characteristics of the X-ray telescope (3-3)• Pointing to 
- 1° would give a marginally successful result. A satisfactory 
pointing system was the NASA - GSFC STRAP IV ACS. The STRAP IV 
unit (stellar Tracking Rocket Attitude Positioning) is a 
3-axis stabilised, cold gas reaction jet system, with a star 
sensor and auxiliary low-thrust jet system, capable of

r dachieving a limit-cycle performance of 30” for 3
magnitude objects. The worst case pointing alignment on a 
first target is - 3° in all three axes (pitch, yaw and roll) 
and 1% of the manoeuvres to each additional target. The 
star sensor updates the two control axes to a few arc rain.
The worst case pointing mis-alignment (in the third axis) 
then is d.sin , where S is the angle from the update 
star to the target, and . To update the third axis,
the STRAP IV unit manoeuvres to a second star by one of the 
update axes, and measures the miss-angle in the second 
updated axis. This angle is then transferred to the third 
axis. The worst case third axis alignment becomes ^  1.5° 
if a pitch manoeuvre is used between the two stars, and 
47* if a yaw manoeuvre is used. The target miss-angle,

6 sCf\ 0,) where 6 is the third axis
mis-alignment angle and (X is the angle between the last 
update star and the target (Lau 1977) Hence, for small third 
axis mis-alignment and small update star - target angle, 
the miss-angle is also small.

The actual STRAP IV unit used for the X-ray telescope 
rocket payload had previously been flown successfully three 
times before (Lau 1977).
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The update stars chosen, in view of the ACS constraints
above, were £ Cyg. for the first target (Cygnus Loop SNR)
and 'S Oph. for the second target (Sco. X-1). Details
of these update stars are given in Table 4.1# £. Cyg. is
3 .1° away from the Cygnus Loop centre (RA(1950) ^  20^49^.5,
Dec. (1950) ^  30°.7) and 'S Oph. is 7° away from

rdSco. X-1, and are the only ^  3 magnitude stars within
the search areas for each teurget.

TABLE 4.1

£ Cyg. (Gienar)

Epoch (19 0 0)

r d (pc)

20’̂k2®10® +33*3 6' 23

a
m

2.5

B-V Sp

+1 .0 3 KOIII

^  Oph.

Epoch (1 9 0 0) 

oC S'

16^31^39® -10°22'

b b bd be c
d (pc) m^ B-V Njj Rg Sp

190 2 .5 7  +0.02 4.2 0.8 09.5Ve

Allen (1 9 7 3)
b

Jenkins (1970)
c

Conti and Leep (1974)

Units of 10 cm"
® —3Units of cm"

The first update star, £ Cyg., is a cool gismt. ^  Oph. 
is an 0-B runaway (Blaauw 1961), singly rotating, early-type



Plate 4.1 View of the star field camera
(top centre), alignment mirror 
(left) and star tracker (red), 
positioned in the front baffle 
of the nested mirror system.
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TABLE 4.2

Summary of experiment data TM channel designations.

Programme designation Experiment data

2 - 0 - 0 IPC Ax TAC ( X position)
3 - 0 - 0 IPC X

4 - 0 - 0 IPC 1 - X

5 - 0 - 0 IPC Antico. rate.
6 - 0 - 0 Gns pack Pressure transducer.
7 - 0 - 0 IPC Anode pulse height.
8 - 0 - 0 IPC A x  TAC ( T position)
9 - 0 - 0 IPC Y
10 - 0 - 0 IPC 1 - Y
11 - 0 - 0 Aspect Camera Camera and sync, pulse.

The PCM unit encoded the IPC X and I, 0 - digital 
position pulses into 512 levels. Each level was equivalent 
to 9.5 mV. From laboratory calibrations (5.3.2), the average 
position voltage conversion gain of the X and Y axes, was 
50 mV / mm, hence each PCM level corresponded to 0.2 mm,
a factor of /v 5 np on the measured linear resolution of 
the IPC at Cu - L^ - (0.93 keV), ^  1 mm (FWHM).

4,1.3 Rocket payload configuration.

The complete rocket payload is shown in Fig. 4. 1 (a) 
and (b). A final determination of the mass properties of the 
payload enabled the ACS yaw and pitch regulators to be set 
to perform, in timed sequences according to the flight plan. 
For the first time for an Astrobee experiment, a three fin 
configuration (instead of the usual four) was to be used.
This entailed placing extra weights in the nose cone. Due to 
the proximity of the X-ray optics, these weights were made 
of brass (low out - gassing characteristics). Fig. 4.2 (a) 
and (b) show the relative orientation of the IPC X and Y axes
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FI g. 4 %. (a) Relative orientation of the IPC 
X and Y axes with respect to the 
ACS control axes; view down the 
payload towards the ground.

180

270 90

(b)

Fig. f.%. (b ) Relative orientation of the IPC 
X and Y axes with respect to the 
ACS control axes; view up the 
payload towards the sky.
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with respect to the ACS control axes. Plate 4.2 presents 
a view of the IPC, gas pack and electronic boards. The 
head and motor have been integrated in the launch tower and 
in the period before launch the IPC was continiously evacuated 
with the gas pack used in external mode (3»3*2). An envelope 
of polythene around the head (experiment section including 
the nose cone) was continiously filled with dry to protect 
the X-ray optics from condensing particle - laden water vapour.

4.1.4 Pre - launch experiment calibrations.

Fig. 4.3 shows the IPC energy and line responses, in 
two - dimensions, to the centrally located A1 - K flourescence 
source (3*3#2), at ^  37 c/s, immediately prior to launch, 
with the experiment powered by the flight batteries and gas 
pack in internal mode. Table 4.3 shows the IPC characteristics 
directly before launch.

TABLE 4.3

Pre - launch IPC characteristics.

IPC anode charge conversion gain
IPC X-ray energy resolution at 1.49 keV
IPC gas mix
IPC X position voltage conversion gain 
IPC Y position voltage conversion gain 
IPC average background count rate 
IPC average antico. rejection efficiency

0.6 pc/keV 
43.1%

23.1%A + 76.9%CH^
40.3 - 3 mV/mm
6 3 .3 - 5 mV/mm 

4 c/s
75%

The quoted limits for the X and Y position voltage gain values 
were derived from the estimated systematic error in the 
measurement procedure.

IPC linear resolution in each axis could not be directly 
determined by the method adopted for pre-launch X-ray 
calibration, but the X and Y position voltage conversion 
gain values could be monitored. The Al-K flourescent X-ray 
source appeared as a local line source in front of the IPC



Plate 4.2 View through the payload access door
of the IPC, gas pack and electronic 
boards. The rocket is standing in 
the launch tower at White Sands 
Missile Range.
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window with the X-rays contained in a disc size, incident 
on the window, of ^  21.4 mm (3.3.2 for source geometry).
For X and Y position voltage conversion gains of 40 mV/mm 
and ^  60 mV/mm, respectively, the expected X and Y position 
spectra would have base widths ^  900 mV and 1300 mV 
respectively. Since the IPC window support cross-section 
spacing was 11.3 mm, the position spectra were expected to 
show a shadowing effect due to one support in each IPC axis. 
These voltage widths and shadowing effects were observed 
in the pre-launch position spectra.

4.2 Flight details.

4.2.1 ACS and experiment programme.

The primary target, the Cygnus Loop SNR is an optically 
diffuse, extended object of ^  3° angular diameter, 
comparable with the maximum field of view of the telescope.
Since the r m s width of the telescope point response was 

^  20* for off-axis angles ^  1.3^\ two parallel scan 
manoeuvres for the rocket payload were required for the SNR 
observation, to produce an X-ray image of 10* resolution.
The planned scan paths (for the telescope axis) ran southward 
through 4.7°, at a rate of 0 .03°/s, across the eastern half 
of the SNR, passing within 1° of the apparent centre, and 
northward, across the western half, ^  2° away from, and 
parallel to, the first scan path and at the same scan rate.
Each scan manoeuvre would take 94 s to complete. These scan 
manoeuvres would erase the IPC window support response and 
wire binning effects (3*3*2) from the X-ray image, together 
with effectively correcting for the overall telescope non­
linear response (3*3) and ensuring a more uniform exposure 
across the extended SNR.

Following the Cygnus Loop observation the telescope 
would image Sco. X-1 to perform an in-flight point response 
calibration.

The launch window for July was calculated (A. Levine 1977) 
taking into account the ACS launch constraints (4.1.1) and 
the following constraints imposed by considerations of telescope
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X-ray sensitivity ;

(1) Sun - zenith angle ^  130°
for negligable flux
of scattered solar
X-rays in the upper
atmosphere (Hayakawa et al* 1971)

(2) Cygnus Loop - zenith angle ^  30°
for short ACS acquisition
time.

(3) Sco. X-1 - zenith angle ^ 70°
for negligable soft
X-ray absorption in ^
the upper atmosphere
(i.e < 3% at edge)

In practise, after several days of severe magnetic storms 
(a no-go situation for the ACS) the telescope was launched 
aboard the Astrobee F sounding rocket designated NASA 
R25.021 ÜHX, (Plate 4.3), on July 27*^ 1977 at HT
from the White Sands Missile Range, New Mexico. Details of 
the launch site parameters and solar, lunar and target 
positions, at launch, are given in Table 4.4.



Plate 4,3 Launch of X-ray telescope,
July 1977,
05^ 35” 00® ÜT.





TABLE 4 .4
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Launch site parameters.

Local siderial time 18^ 48“ '
*A* tower : longitude 7^ 05“ :

lattitude + 32.418°
Yaw azimuth 315°

Sun, moon and target zenith angles.

Sun - zenith angle 121.5°
Moon - zenith angle 71.7°
£ Cyg. - zenith angle 24.3°
£ Cyg. - moon angle 71.9°
Cygnus Loop - zenith angle 25.7°
5 Oph. - zenith angle 58.5°
S Oph. - moon angle 13.1°
Sco. X-1 - zenith angle 60.1°

22® W

The payload flight operations and experiment programmes 
are shown in Fig. 4.4 and the ACS times for manoeuvres in 
Table 4.5. A peak altitude of 18?.2 km was achieved, 24o s 
into the flight. The payload was successfully recovered 
after the flight.
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TABLE 4.5

ACS manoeuvre Time into flight (s)

Update on £ Cyg. 93*0
Intermediate mode on t Cyg. 96.0
Fine mode on 6 Cyg. 100.0
Begin Cygnus Loop scan 102.6
(along positive pitch axis)
Fine mode on first scan IO5.O
Move to second scan start position 196.6
(along negative yaw axis)
Begin second Cygnus Loop scan 199-3
(along negative pitch axis)
Fine mode 204.0
End Cygnus Loop scan 293*3
Update on 6 Cyg. 294.8 - 302.2
Yaw to ^  Oph. 319.0
Intermediate mode on 'S Oph. 322.0
Yaw to Sco. X-1 344.0
Arrive within 1.2° of Sco. X-1 346.2
Pitch to Sco. X-1 348.9
Rig capture 349*3
On Sco. X-1 331*0
Fine mode 352.0 - 372.0

The 16mm film from the aspect camera revealed the 
locus of the fiducial light image (hence roll axis) moving 
in the star fields photographed throughout the flight. TH 
data, recorded in time on UV paper chart, yielded the timing 
information of the film exposures (2 per second) together 
with the light marker clutch pulse (every I6 exposures), for 
synchronizing the time and exposure number. With templates 
containing stau? positions (SAO - 4 Star Catelogue) overlaid 
on the magnified film exposures, the RA and Dec. of the 
fiducial light image as a function of time was determined,
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telescope field of view ( FOV ) and 
orientation of the IPG axes. The IPG 
axes are at i 45® with respect to the 
scan paths, which are parallel and at 
1.07® from due North-South. The scan 
rate was 3*/s throu^*\/5®.
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to within 1* and hence the telescope optical sixis pointing, 
in time, was determined with a limiting accuracy of ow 3 » due 
to the pre-flight procedures (3.4).

For the Cygnus Loop observations, the equation of motion 
of the telescope axis (for each scan) was transformed off 
the celestial sphere onto a tangent plane at the Cygnus Loop
centre, with the projections of the great circle of the yaw
axis with the roll axis, and the projection of the great 
circle of the pitch axis with the roll axis, defining the 
rectangular co-ordinate system. The linear least squares 
fit of the telescope axis motion is shown in Fig, 4.5»
together with the planned ACS manoeuvres, plotted in RA and Dec.,
in the region of the Cygnus Loop. The flight scan paths 
were psirallel to one another and separated by 1.75° in the 
east-west direction. The orientation of the IPC X and Y axis 
are shown, positioned at - 43° with respect to the scan 
paths. The equations of motion of the telescope axis, in sky 
co-ordinates, for each scan manoeuvre enabled a transformation 
of X-ray events in the IPC co-ordinates, to sky co-ordinates, 
to form an image matrix of the Cygnus Loop, with the bin size 
an adjustable parameter (3*2).

For the Sco. X-1 observation, a stationary pointing 
position, 34* away from Sco. X-1 for 20s, forming an
X-ray image and revealing the telescope in-flight off-axis 
point response for X-ray energies in the bandwidth of the 
telescope.

The analogue magnetic tape of the telescope TM digitised 
at GSFC, was converted, on tape, to event blocks of times 
X and Y pulse heights and positions, anode pulse heights and 
anti-co. binary flags at MIT (A. Levine 1977)» by conventional 
computational techniques. Tape was also formatted to be read 
by the CDC Cyber 72 at Leicester. The initial criteria for 
selecting pulses for further analysis were as follows :

(1) There must be an X and Y pulse height greater than
the lower level discriminator values for the X and Y 
axis electronics, for each X and Y position pulse 
height.
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(2) The X and Y pulses must occur within 1 ms.

(3) The X and Y position pulses must be above the lower 
level electronic thresholds.

(4) There must be ein anode pulse height above the lower 
level electronic threshold, to within 1 ms, for each 
X and Y position pulse.

(5) There must be no gmtico. count for the anode and
X and Y pulses.

The counting rate data for the entire flight over the 
maximum field of view and telescope bandwidth, is shown in 
Fig. 4.5 (a) for the anti-coincidence inactive amd (b) for 
the anti-coincidence active. In Fig. 4.5 (b), the Cygnus Loop 
observation produced I6OOO counts and Sco. X-1 2500
counts.

4.2.2 Preliminary results of Cygnus Loop observation.

The anode pulse height distribution for the 
Cygnus Loop observation (lOOs - 300s after launch) is shown
in Fig. 4.6 (a), plotted in 0.01V bins, with lower and upper
thresholds of O.O3V and 5.00V respectively. Detailed X-ray 
spectral analysis of parts of the Cygnus Loop, is reserved 
for Chapter 6 . For the present, it is remarked that earlier 
(Gorenstein et al. 1971, Borken et el. 1972, Sleeker et al. 
19 7 2, Stevens et at. 1973, Rappaport et al. 1974, Gronenschild 
et al. 197 6) have convolved X-ray source emission models 
(continuum and line emission from hot, isothermal, optically 
thin plasmas) with their respective instrument energy responses, 
to hield a range of values for the plasma parameters describing 
the emission from the entire SNR. The convolved X-ray spectrum 
(Fig. 4.6 (a)) is similar to these earlier results, but it is 
shown in Chapter 6 that there is evidence for significant 
plasma parameter variations over the SNR region.

In Fig. 4.6 (b) and (c), the X and Y position pulse 
height distributions (100s - 300s after launch) are shown 
(0.01V bin) and subject to the constraints that the anode 
pulse heights are between O.O3V and 5.00V and that each of 
the position pulse heights are between 0.05V and 5.00V. The
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spectra exhibit the expected responses to the effective area 
roll-off of the X-ray optics, and to the IPC window support 
as the telescope moved across the extended X-ray source.
However, a malfunction in the on-board position processing 
electronics affected X-ray events occuring in a localised 
region at the IPC centre, particularly in the Y-axis electronics. 
This fault was subsequently investigated in order to prepare 
the payload for a re-flight (to image Puppis A and IC443 SNR) 
and was explained as follows :

Each X and Y axis position processing electronics had 
common earth lines. For the Y-axis, the fault was most marked, 
the effect increasing for decreasing X-ray energy. Transients 
on the fast, front edge of the (1-Y) delay pulse (3-2.2) 
caused distortion of the Y bipolar pulse falling edge, occuring 
near or at the cross-over point, for low energy X-ray events 
localised aroung the Y-axis centre. In a direction away from 
the centre (to the right in Fig. 4.6 (c)) the Y bipolar pulse 
distortion triggered the Y zero - crossing sensing comparator, 
prematurely (at exactly the same time as the (1-Y) bipolar 
pulse cross-over time), placing Y X-ray event near the centre.
This state of affairs persisted until Y X-ray events, sufficiently 
far away from the Y-axis centre, under-went no further 
significant bipolar pulse distortion, effecting the action 
of the comparators. Since the distortion was caused by the 
front edge of the (1-Y) delay, X-ray events to the left of 
centre (Fig. 4.6 (c)) were not effected, since the Y bipolar 
pulse cross-over point occurred before the (1-Y) bipolar 
pulse cross-over point. Higher energy X-ray events ( ^  0.3 keV)
remained un-effected by this cross-talk, the bipolar pulse 
cross-over times remaining undistorted (any pulse distortions 
occurred high up on the bipolar falling edge).

The cross-talk was, for the most part, removed from the 
Y-eocis by re-earthing the Y and (1-Y) channels separately.
(Smith 1978).

For the Cygnus Loop observation, Y position pulse heights 
in the range 1.00 - 2.20V and 2.75V - 3-7oV were accepted 
for further X-ray image analysis (Chapter 3)-
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For the X-axis, the cross-talk was much less marked 
probably because of a slightly different layout. The 
X-axis cross-talk was subsequently reduced in a similar manner 
as for the Y-axis. For the Cygnus Loop observation X position 
pulse heights in the range I.6 0 - 1.90V and 2.23V - 3 .7OV 
were accepted for further X-ray image analysis.

Post-flight calibrations and one-dimensional simulations 
of the Cygnus Loop data, in the form shown in Fig. 4.6 (b) 
and (c), including the effects of the effective area roll-off 
the X-ray optics and IPC linear resolution (from laboratory 
measurements) yielded values for the X and Y position voltage 
conversion gains of 43-3 - 1 .8 mV/mra and 34.6 - 0.6 mV/mm 
respectively, with centre co-ordinates for the X and Y axis of 
2 .6 3 - 0.02 V and 2.33 - 0.03 V respectively (Rappaport 1978).
4 .2 .3  Preliminary results of Sco. X-1 observations.

The Einode pulse height distributions for Sco. X-1 
observation (356s - 365s after launch) is shown in Fig. 4.7 (a), 
in 0.01V bins with upper and lower thresholds as for Fig. 4.6 (a) 
In Fig. 4 .7  (b) and (c) the X and Y position pulse height 
distributions (356s - 365s after launch) are shown (0.01V bins), 
subject to the same constraints as Fig. 4.6 (b) and (c). With 
the pointing of Sco. X-1 ^  -J® away from the IPC centre, 
the Sco. X-1 X and Y position spectra were not affected by the 
position processing electronic cross-ralk (4.2.2) and enabled 
an in-flight telescope point response calibration to be made.
From (4.2.2), for the X-axis position voltage conversion gain 
of 4 3 .3 mV/mm, together with the X-ray optics angular dispersion 
of 3'/mm, the X-axis line response from Sco. X-1 yielded a . 
width of 200 mV = 13.8 * (FWHM) while for the Y - axis, the 
Sco. X-1 time response width 240 raV = 13.2', over the telescope
X-ray energy range.

Analysis of the Sco. X-1 point response is
reported in Chapter 3.

4 .3  Conclusions on telescope performance.

4 .3 .1  IPC performance.

The in-flight performance of the IPC was stable, at the 
pre-launch measured characteristics (4.1.4). Analysis of
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the pressure transducer TM data gave the result that the gas 
pack operated as expected with no significant ( <  %̂') gas
pressure variations. (IPC gain constant to within y/o for 
pressure dependence from section 3*2.2. Together with the 
absence of spark or corona discharge, voltage variations and 
the fact that there was no significant temperature change of 
the payload, it is inferred that the IPC in-flight anode 
charge conversion gain remained constant at the pre-launch 
value of 0.6 pc/keV, to within 3%* No direct in-flight 
observation of the IPC X-ray energy resolution was performed 
but again it is inferred from the stability of the pressure 
transducer data, that the X-ray energy resolution did not 
change significantly during flight.

In section 4.3.3, the result of utilising the IPC (and 
mirror) in-flight parameters, to convolve with previously 
reported Sco. X-1 X-ray energy spectra, supports the above 
discussion and that of section 4.3.2 below.

4.3*2 Mirror performance.

The pre-launch precautions taken to prevent contamination 
of the mirror surfaces (4.1.3) were effective. Post-flight 
optical calibrations showed the mirror axis to have maintained 
its pre-launch alignment in flight. There was no evidence 
for significant leakage of X-ray flux, undergoing reflection 
at one surface only, for events less thsm 2° off-axis, consistant 
with previous ray-tracing results (3*3*1)* For the Cygnus Loop 
observations. X-ray events ^  1.3° off-axis were accepted 
for further X-ray image analysis of /v/ 10* resolution.

4 .3 .3  Overall telescope performance.

Application of the IPC and mirror constraints for 
acceptance of X-ray events, yielded a total of 7000 events,
which were selected for further X-ray image analysis 
(Chapter 3)* From sections 4.2.2 and 4.2.3 and 3*3* Table 
4.6 summarises the telescope in-flight parameters required 
for X-ray image analysis. Table 4.7 summarises the telescope 
in-flight parameters required for X-ray energy spectral 
analysis. The measured IPC flight window efficiency is shown 
in Fig. 4.8.
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TABLE 4.6

Summary of telescope parameters for X-ray event position analysis.

Focal plane angular dispersion 3*/mm
IPC X-axis centre 2.65 - 0.02V
IPC X-axis position voltage conversion gain 14.5 - 0.6mV/>
IPC Y-axis centre 2*33 i 0.05V
IPC Y-axis position voltage conversion gain 18.2 - 0.2mV/'

TABLE 4.7

Summary of telescope parameters for X-ray spectral analysis.

IPC X-ray energy/TM channel conversion 1 keV = 2.799 V
IPC X-ray energy resolution RMS function (T = 0.21
IPC flight window X-ray transmission : 2 42

0.15 ^  ^  0.28 keV yM/f = 0.095
0.28 «  Sj, «  1.49 keV yCl/^ = 2.029f

The mirror efficiency for on-axis X-rays (Fig. 3*3) wais 
convolved with the IPC window efficiency and the IPC energy 
resolution function (3*3.2) and Table 4.7) to produce the 
overall telescope quantum efficiency curve (for on-axis X-rays), 
Fig. 4.9. This curve is essentially the non-linear telescope 
spectral response (for unit mirror geometric collecting area) 
to an incident, uniform X-ray photon spectrum.

The stability of the telescope parameters during the 
Cygnus Loop and Sco. X-1 observations may be inferred from 
detailed considerations of the Sco. X-1 pulse height spectrum 
observed.
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The on-board digital TM system had a limited capacity 
of 500 c/s, which was not sufficient to cover counting rates 
due to an observation of very bright X-ray sources such as 
Sco. X-1 (i.e 2000 c/s (1-6 keV) Canizares et al. 1973).
Thus, only a fraction of the observed photons was telemetered 
during the Sco. X-1 observation, and consequently used for 
spectral analysis. Since the dead time per telemetered event 
was independant of the pulse height (or energy) of the 
observed photons, the spectral shape was not affected by 
system saturation.

The physical properties of the X-ray, optical and radio 
emission from Sco. X-1 have been reviewed recently (Miyamoto 
and Matsuoka 1977). Table 4.8 lists optical and X-ray details 
of Sco. X-1 taken from Miyamoto and Matsuoka (1977) and 
references therein. /

Sco. X-1 hats the following general features attributed 
to compact X-ray sources :
(1) The compact X-ray source accompanies a high temperature 

plasma responsible for X-ray emission and whose energy 
source is considered to be derived from the gravitational 
energy imparted to gas accreting onto a compact star.
Sco. X-1 is associated with such a high temperature 
plasma.

(2) Sco. X-1 is a close binary system with a period of 
0 .7 8 7 days. In an X-ray emitting close binary system, 
the primary star supplies the gravitational material 
for accretion onto the compact star. However, the 
amplitude of the binary period of Sco. X-1 is only 
0.22 mag. (optical) and there is no indication of the 
periodic variation in the X-ray region, due probably 
to a pole-on position, or a small inclination of the 
orbital plane of the binary system.

(3 ) Sco. X-1, like some compact X-ray sources, emits weak 
and variable non-thermal radio flux, and simultaneous 
radio, optical and X-ray observations reveal complicated 
features of their variations.
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The soft X-ray spectrum ( -< 2 keV) from Sco, X-1
may be approximately described by considering thermal 
bremsstrahlung radiation from a hot, sperical, isothermal, 
optically thin hydrogenic plasma cloud (Kitamura et al, 1971, 
White et. al. 1976). For radius , distance cL , with
electron/ion temperature T  and electron density ft , the 
X-ray spectral shape is (Karzas and Latter 1961, Allen 1973) :

er

fk ./o ,U k .V . (4.0 
e(kT)*

Where the temperature averaged Gaunt factor is approximated 
by (Karzas and Latter 196I, Tucker 1975) :

kTl')
{4.0

Temperature uniformity gives : '

i
T ( i )  -. 3-ox r

( kr)'̂ s ■ >4tt«( £

C = 3 .0 Y to C

4/rd*
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where and [uj are cm., cmT^* and the photon
energy ^ , plasma temperature are keV. Variability
in both JîT and C (emission measure) have been observed. 
Fig. 4.10 (a) and (b), along with hydrogen column density.
The spectral form of (4.1) was convolved with absorption 
in the interstellar medium in the form }
where 6) is the energy dependent absorption cross-section 
(Brown and Gould 1970). The values of the Sco. X-1 parameter 
from Matsuoka et. al. (1974) for the flaring and non-flaring 
states, were folded through the telescope response (Fig. 4.9) 
to yield the results in Table 4.9, compared with the observed 
spectrum (for 356 s - 365 s), in 0.25 keV bands.

TABLE 4 .9

Comparison of predicted and observed Sco. X-1 X-ray spectra.

X-ray energy Observed 
band spectrum

(counts/s.bin)

Predicted
spectrum
non-flaring mode 
(counts/s.bin)

Predicted  ̂
spectrum 
flaring mode 
(counts/s.bin)

0.25-0.50 5.5 - 2.3 3.3 27.3
0.50-0.75 19.9 i 4.5 5.9 23.4
0.75-1.00 31.9 - 5.6 24.3 23.2
1.00-1.25 30.0 t 5 .5 28.7 16.6
1.25-1.50 21.4 — 4.6 25.5 11.5

* Normalised to the total count of the observed spectrum.

a = 4.5 X 10^^ cm~^, A/i. = 6.0 x 10^^ cmT^* ^

b >1*V = 3.3 X 10’’̂  cm"^, N = 2.2 x cm"^, ĵr = 6.2 keV
4TTd*
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The values for were approximated
(to within A/ 10/0 by :

<r(i) = i ’ O X I o ^ ^  Y  j  £< 0-!̂  k iV  (4a )

o-{€) = 2-ox 16^^ j ± y ^
Cw. « -5 H  f  ^  f  i«V.

Given the poor statistics, the Sco. X-1 spectral 
shape for the non-flaring mode is consistent (in peak response) 
with the observed spectral shape. The uncertainties in the 
above values for the Sco. X-1 spectra (Matsuoka et al. 1974) 
were not included in Table 4.9•

No single temperature, thin plasma model could be made 
to fit the integrated pulse height spectrum of the Cygnus Loop. 
The consequences of this fact are discussed in Chapter 6.

4.4 Summary

Details of an imaging X-ray observation of the Cygnus 
Loop SNR have been discussed, with particular reference to 
the flight operation of the X-ray telescope. The pertinent 
telescope parameters for subsequent X-ray image analysis, 
together with X-ray spectral analysis, have been presented 
and their stability during the observation discussed.

The Sco. X-1 in-flight point response was a / 15* (FWHM) 
(0.15 - 1.8c keV). The Cygnus Loop observation produced 
A/ 7000 photons (for off-axis angles ^  90*) during

the observation times 122s - 194s and 202s - 273s into the 
flight, valid for the telescope axis equations of motions. 
Detailed analysis of the X-ray image of the Cygnus Loop is 
discussed in Chapter 5 and detailed analysis of the partitioned 
image pulse height spectra in Chapter 6.
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Chapter 5- PRODUCTION OF THE X-RAY IMAGES OF

THE CYGNUS LOOP SNR.

5.1 Introduction.

Following the discussion of details of an X-ray telescope, 
and a subsequent X-ray observation aboard a sounding rocket, 
on returning to Fig.5#1 it is seen that the next stage in the 
X-ray imaging process is that of the actual two-dimensional 
remapping in sky co-ordinates. Subsequent smoothing, re­
construction and final presentation in different forms of 
display enable direct comparison with optical and radio maps.

5.2 Preliminary image formation.

5.2.1 Sky co-ordinate images.

For the Cygnus Loop observation, using the telescope 
axis equations of motion in celestial co-ordinates (4.2.1) 
and the measured IPC characteristics from Table 4.7 enabled 
a transformation from the IPC co-ordinate system (in volts) 
to sky co-ordinates (in degrees) for each X-ray event. The 
event set was then binned to form an image matrix. The bin 
size, 4* X  4*, that was utilised provided adequate sampling 
across the telescope point response, ^  15* (FWHM), given
in-flight by the Sco. X-1 observation (4.2.3). Analysis of 
the Sco. X-1 point response in the X-ray energy bands (0.36-0.72keV 
(1.08-1.44 keV) and (0.18-1.80 keV), displayed in Fig. 5.1,
Fig. 5.2 and Fig. 5.3 respectively in 4» bins and normalised 
to the X-ray count in each energy band, yielded the result 
that the telescope response was only weakly dependent on 
X-ray energy. The exact shape of the overall telescope response 
was not a Gaussian profile (3.3, 3.4). Deconvolution of the 
telescope response from the initial Cygnus image matrix 
assumed a Gaussian profile (3.3 and 5.2.3.1).

After applying the criteria discussed in section 4.2.2
together with constraint that all X-ray events within 90* radius
from the telescope axis, the Cygnus Loop image matrix consisted
of 6741 counts (0 .15-1 .1 2 keV). Fig. 5.4 through Fig. 5 .6

show the unfolded Cygnus image matrix in the energy bands
(0 .15-0 .5 6 keV), (0 .56-1.12 keV) and (0.15-1.12 keV), contained 
in 64 X 64 arrays of 4» x 4* pixels (image elements) with the
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pixel (33»33) - origin bottom left hand corner - defining 
the centre of the SNR at (RA, Dec.) = (312.4^, 30*7°)• In 
Fig. 3.6, discrete, intense features are clearly observable, 
particularly in the North (NGC 6996) and West (NGC 6990) 
along with a clearly distinguishable, incomplete, limb- 
brightening. There is no strong indication of a X-ray 
emitting stellar remnant in any of the images.

The maximum event count per pixel is 19 (0.13-1.12 keV) 
but on average there are 1.6 event counts / pixel. The images 
in Fig. 3.4 - Fig. 3.6 are not corrected for :

a
(1) Variation in exposure (cm.s) received per pixel due to 

the telescope effective area profile (Fig. 3.9) together 
with the telescope axis scan rate. To correct for apparent 
surface brightness variations caused by the exposure time, 
the exposure of each pixel was calculated (3.2.). Since 
the telescope effective area profile was only slightly 
energy dependent, individual pixel exposure weis ultimately 
dependent upon one area function (the 0.28 keV curve of 
Fig. 3.9) and each equation of motion of the telescope 
axis.

(2) Image degradation (blurring) by the non-linear telescope
(the overall point response was spatially variant). However, 
addition of data from the North-South and South-North scans 
effectively removed the non-linearity across the images, 
to enable a single blur (instrument point response) matrix 
to sufficiently describe the global image blurring.

Systematic errors present in the images of Fig. 3.4 - Fig. 3*6 
include :
(1) - 3* absolute uncertainty in event position through 

laboratory measurements of the alignment of the star 
field csuaera and telescope axis (3.4).

(2) i 4* non-linearity across the images due to the overall 
estimate derived from the IPC laboratory and in-flight 
linearity measurements (4.2.2).

Taking the non-Xray background rejection efficiency as 73%
(Table 4.3) gives an estimated residual background of 428 events 
present in the image of Fig. 3.6 which amounts to ^  0.1
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O ra *4 *4 *4 *4 *4AJ ,4^ 44ANNsf'TNN *4N .f liMf AĴ  lO. Aj • < . 4 *4fO O *4Ai AJ AjKi Aj *40 4 *40 4̂*40 OO *3 *40 Oc» O o ̂ OO

ca raooc »OC*rjAJ*4 PlAtAA »r OfA 4 AJ 4 4 if Ajf'»4 *4*< 4 rorj .>AJ*4 4 4 *4 3*4AJ*<* *0 *404 *4*<*40f JOC:»»3«.>''iCTOO«J

■0*40 *4 0*4*4*̂  ’̂ fO*4 4 AJIA AJ4 »TlAlf K» vT AJ *4 AJ AJ 4 *4 If 4 4 AJlf *4"0 *4 If AJ *4 «4 AJ O 4 *4K)*4 4 *40AJ00*4 *40 OOOOOOO

r^oOw *40f0 r4f0 4f-NN O'AiNlf .£> iVU“. t f  4 4 4 4 AJ 4 UV»44 4 CJK-4*4iNj 4 4 Ai *44 O *4 Mô J. »0 .̂ «4*4 *4 00 *4wf 0->wOC»0 
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Fig. 5“.̂ . Gy gnu 8 Loop X-ray image ( .I5-.56 keV 
plotted in sky coordinates. 4461 
X-ray events were used to form the 
image. 3ach pixel of the 64x64 array 
is 4*x4' in size. The number of 
photons detected per pixel is printed 
out. The image is unsmoothed and is 
not corrected for exposure variations.



Fig# 5^4 Gy gnus Loop X-ray image ( 0.15-0.56 keV ) 
plotted in sky ooordinates. Approximately 
4500 X-ray events were used to form the 
image* The pixel size is 4*x4*. Each 
orosB represents one photon* The image 
is unsmoothed and is not corrected for 
exposure variations*
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Fig. 5*.r CygnuB Loop X-ray image ( .56-1.12 keV ) 
plotted in sky coordinates. 2321 
X-ray events were used to form the 
image. Each pixel of the 64x64 array 
is 4*x4* in size. The number of 
photons per pixel is printed out. The 
image is unsmoothed and is not 
corrected for exposure variations.



Fig. y.Sr CygnuB Loop X»ray image (0.56-1.12 keV ) 
plotted in sky coordinates. Approximately 
2300 X-ray events were used to form the 
image. The pixel size is 4'x4*. Each 
cross represents one photon. The image 
is unsmoothed and is not corrected for 
exposure variations.
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OOOOO00 0 0 0*40*400 «4*40*4*4 ÔJ>̂ UNO*0^0 ̂ rÔ*4̂ fVjK)*4fOr>*4(SiCSi*4*40 0 00*400OOOOOOOOoOOOOO 

o  *400 ̂ 0*400 *4 0*4 *400 «H *4 *4rvi*4 00%T(\J ̂  KtT «0̂0 KUM/MT» *4 r>jOrjO OOOOO *400 0 0 OOOOOOO

0 000(NJO^O*40 ̂ vJO *4*4orVJO 0*4 ^  Jir *4ir\Oli>«̂ *4>i)̂ »f\J ̂  rvj*4rvj *4*4 *4 0 o *4 0sJ OOOOOOO *400 000
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F i g . C y g n u s  Loop X-ray image ( ,15-1.12 keV ) 
plotted in sky coordinates. 6741 
X-ray events were used to form the 
image. Bach pixel of the 64x64 array 
is 4*x4* in size. The number of 
photons detected per pixel is printed 
out. The image is unsmoothed and is 
not corrected for exposure variations.



Il g* 5'*6. Cygnus Loop X-ray image (0« 15-1.12 keV ) 
plotted in sky coordinates* Approximately 
7000 X-ray events were used to form the 
image. The pixel size is 4*x4*. Each 
cross represents one photon. The image 
is unsmoothed and is not corrected for 
exposure variations.
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events / pixel. From an observation of the Vela SNR region,
Smith (1 9 7 8) detected a background event count rate of ^
1$/s/keV with a one-dimensional imaging detector of surface
area 166 cmf. If the background event count rate is proportional
to counter surface area, then the IPC would detect / 3

15 X (156/1 6 6) = l4/s/keV. In the image plane, 6 x 6 cmf=
4 23.24 X 10 arc min , and the expected background event luminosity 

would be 4 .3  X 10 ^/s. keV arc rain̂  in the energy range 
(O.3-O.8  keV). Hence, the background luminosity detected by
the X-ray telescope during the Cygnus Loop SNR is of comparable

—4 2value, /s/ 0.1 events / pixel = 3.0 x 10 /s. keV arc min
in the energy band (0.13 - 1.12 keV), for l43s observation time.

Hence, the images of Fig. 3.4 - 3.6 are totally source 
count limited, directly described by Poisson statistics. A 
pixel count of only 3 events gives a 1 or signficance above
ambient background.
3 .2 .2  Image smoothing.

With an average pixel X-ray event count of 1.6 for 
Fig. 3*6, the inherent signed to noise ratio (S/N) of the 
image is low ( ^  1.3). Noise in an image generally has
a higher spatial frequency spectrum than the normal image 
components because of its spatial decorrelatedness. Hence, 
simple low pass spatial filtering can be effective for noise 
smoothing. Simple noise suppression can be achieved by 
correlation of adjacent pixels in an image by
convolution with a regular function with sufficient width, 
and the most straightforward function to use was a top hat 
function, T^j , where

T = /  ^  f'jr/)
3- 0- 2 3,

T  - 0 o&heĴ u/ŝ

The discrete convolution is :

^  j-y M

Normalising, 2  = /
In (3 .2 ) above, conserving the total count,

Z  ^  - ^  (S-i)
‘j: 1  ^
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For the unsmoothed image

and since the convolution of (3.2) is linear :

= I  <  j-j
Before convolution with the S/N of is :

2  ^*a . ,■ s ,
Sind after convolution the S/N of is :   J

r v « ) . ^  I  ^  ''■‘3

"  ̂ * z nv
‘j <j _

Then the improvement in the S/N after convolution with • Cj •

I r ; .
(9-1)

Thus, as 7̂ *j increases in width the obvious result is that 
the noise suppression increases* However, along with an 
increase in noise suppression, there is a corresponding 
degradation in resolution, apparent from the top hat modulation 
transfer function profile, discussed below.

The Cygnus Loop images of Fig. 3*4 - Fig. 5*6 were 
smoothed with a 3 x 3 pixel wide top hat filter (i.e 12* x 12*), 
approximating the telescope point response, and the results are 
shown in Fig. 3*7 - Fig. 3*9• The noise suppression is clearly 
evident and effective but the resolution has been degraded. The 
Sco. X-1 response was similarly smoothed and Fig. 3*10 shows 
the overall effect of the top hat filter. The modulation 
transfer function profile of the 12* x 12* top hat function.
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Fig. f.y Cygnus Loop X-ray image ( .15-. 56 keV 
plotted in sky coordinates.

The image has been smoothed with a 
top hat function, 3x3 pixels in size, 
to reduce statistical fluctuations. 
Each cross represents one X-ray event,



Fig* f.7 Cygnus Loop X-ray image ( 0.15-0* 56 keV ) 
plotted in sky coordinates* The pixel 
size is 4*x4*. Each cross represents 
one X-ray event* The image has been 
smoothed with a top hat function, 3x3 
pixels in width, to reduce statistical 
fluctuations* There is no correction for 
exposure variations*
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Fig.f>3. Cygnus Loop X-ray image ( ,56-1.12 keV ) 
plotted in sky coordinates.

The image has been smoothed with a 
top hat function, 3x3 pixels in width, 
to reduce statistical fluctuations.
Each cross represents one X-ray event.



Ilg. f.8* CygnuB Loop X-ray Image ( 0.56-1*12 keV ) 
plotted In sky coordinates. The pixel 
size is 4*x4*. Each cross represents 
one X-ray event. The image has been 
smoothed with a top hat function, 3x3 
pixels in width, to reduce statistical 
fluctuations. There is no correction for 
exposure variations*
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‘3 30 3 3 3 30 3 330 3 300  3 03  30 3-4 W«4 •4*H»\JfOCJ  ̂fO ÔO'O-'O O fO'O'VJ "M <M'NJ O 3 3-4 30 3 30 3 33 3 3 3  300 3 30

0-3 3 % 3 y% # 33 3 3 3 % 9 3 3 %» *<4-4«-t<M\|\i\Jj03JN0lAU'N33 '̂ *0'Si-4 4 33 9 l 03 3 3 C93 3 3 3 3 30*0 3
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Pig. Cygnus Loop X-ray image ( .15-1.12 keV )
plotted in sky coordinates.

The image has been smoothed with a 
top hat function, 3x3 pixels in width, 
to reduce statistical fluctuations.
Each cross represents one X-ray event.
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îlg. CygnuB Loop X-ray image (0.I5-I.I2 keV )
plotted in sky coordinates* The pixel 
size is 4*x4*. Each cross represents 
one X-ray event. The image has been 
smoothed with a top hat function, 3x3 
pixels in width, to reduce statistical 
fluctuations. There is no correction for 
exposure variations.
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Fig. 5.11, illustrates the noise suppression region together 
with the higher spatial frequency lobe which prevents good 
feature extraction of I-HJ •

Following the image smoothing, the images of Fig. 5*7 - 
Fig. 5*9 were exposure corrected. The effective area matrix, 
in the IPC co-ordinate system. Fig, 5.12^ was constructed 
from Fig. 3» (0.28 keV data) and including the X-ray position 
analysis criteria of section 4.2.2. The smooth exposure 
matrix created by integrating Fig. 5.12 along the two scan 
paths for the Cygnus observation (Fig. 4.4 ) is shown in 
Fig. 5*13» which gives a record of the exposure received 
for each pixel. To correct for exposure variations euround 
the edges, particularly the Southern regions, the event count 
per pixel per image was inversly weighted by the pixel exposure, 
and the result normalised to the total event count in the 
unsmoothed image (to achieve the least mean square difference 
between the unexposure corrected, unsmoothed image and the 
exposure corrected, smoothed image). To prevent regions of 
each image, which experienced low exposure and hence, after 
exposure correction, being assigned relatively high flux, 
the exposure matrix only included values above one quarter ofp
the mean exposure (834.6 cm .s (0.15 - 0.5& keV) ). The 
images in Fig. 5.14 - Fig. 5.1& have been exposure corrected 
in the above manner. Each cross in a pixel of Fig. 5#l6 
represents 1.2 X-ray events detected in the unsmoothed image 
(Fig. 5.6).

5.2.3 Image reconstruction with feature extraction.

The initial image matrix 1%^ representing the source 
brightness distribution, contains the effects of blurring 
(through finite instrument angular resolution), noise (source 
associated and non-source associated) and digitisation (of the 
image field and event energy). The Cygnus Loop X-ray images 
represent severely degraded (astronomical) pictures and the 
philosophy of picture processing as a whole may be adopted to 
these imaging X-ray astronomy results. Picture processing 
techniques may model the above effects inherent in Fig. 5.4 - 
Fig. 5.6 to produce final images which are relatively free 
from errors created by these effects. Willingale (1979) will
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Fig. 5.13 The exposure matrix created by using the
telescope axis equation of motion to scan 
the telescope area matrix over the Cygnus 
region.



Fig. 5.l4 Exposure corrected image
(0.12 - 0 .5 6 keV)





Fig. 5 .1 5 Exposure corrected image
(0 .5 6 - 1.12 keV)
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Fig. 5 .1 6 Exposure corrected image
(0.12 - 1.12 keV)
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report in detail several techniques of processing X-ray 
astronomy images. The results of two techniques used to 
process the Cygnus Loop images, enabling feature extraction 
and noise suppression are presented below, produced by the 
linear, non-iterative Wiener filter and the non-linear, 
iterative maximum entropy reconstruction methods.

5 .2 .3 .1 Discrete filtering - The Wiener filter.

Discrete filtering usually operates on space 
invariant systems, and is performed in the discrete Fourier 
transform domain, where a product of a blur matrix, representing 
the spatially invariant, overall instrument response, and the 
initial image matrix is performed. Discrete filtering is 
essentially global. The Wiener filter (Pratt 1972, 1975) 
wais adapted by Willingale (1978) in a first attempt at 
processing the Cygnus images. Improved reconstruction quality 
is possible with Wiener filtering techniques, which 
incorporates apriori statistical knowledge of the image 
noise field. The application of the Cygnus images first 
assumed that the noise was white noise with a flat Fourier 
spectrum (the noise in each pixel being uncorrelated with 
others). The effectiveness of the Wiener filter is dependent 
on the ratio of the signal power spectral density to the 
noise power spectral density.

The Wiener filter minimises the least mean square error 
between the input raw image matrix and the estimated image 
matrix based on model blur and noise matrices. That is, in 
continuous image Wiener filtering systems, the impulse 
response of the restoration filter is chosen to minimise 
the mean square restoration error :

and the transfer function of the optimum restoration 
filter is :

VJ = ‘J

•V»,.
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A
where I  is the reconstructed image of I  and given 
by :

Ĉ\ ' [ ® + ̂Cj ® {f.l»)

where means * convolved with'. The transfer function
of the instrumental blur matrix is where C and j
are the spatial frequencies of X and J) , and for 
the X-ray telescope, consisted of contributions from the 
mirror ( 0^ = 6*), the IPC gas spreading ( 0^ = 1') and 
the IPC wires ( 0^ =3*) giving an overall response with 
(T = 6.7'.

The process above is illustrated in Fig. 5.17. A full 
description of the Wiener filtering of the Cygnus data 
(Fig. 5.6) will be given by Willingale (1979). The Wiener 
filtered, exposure corrected Cygnus images are discussed 
below (5 .5 .1 ).

However, the Wiener filter with additive noise in the 
above discussion, the white noise filter, had a global nature 
of suppressing regions of good S/N and enhancing regions of 
low S/N, giving optimistic feature extraction and poor low 
frequency band pass (5.5.1). Willingale (1978) included 
the low spatial frequency correlation of noise with signal, 
present in the Cygnus images, due to the fact that the image 
noise was mainly correlated with the source - the non-rejected 
background (5.2.1) was negligable per pixel - and the roll-off 
at higher frequencies ( <v 1/15') being the effect of the 
instrument transfer function. The modified Wiener filter was 
a more optimum filter for moderate restoration at low frequencies 
and noise suppression at higher frequencies ( ^  I/1 8*), 
utilising an overall instrument response of 20* (FWHM).

5 .2.3 .2 Algebraic methods - The maximum entropy reconstruction.

Albebraic methods, involving iterative procedures 
are, in general, more adaptable to picture processing.

The principles of the maximum entropy image 
restoration have been clearly explained by Kikuchi and Soffer 
(1977) and references therein, who were concerned with the 
statistics of image formation in determining the optimum



Figfiy Principle of image reconstruction using a 
Wiener filter with additive white noise* 
The instrument point response components 
are listed in Table 3*4* The image bin 
size is •

Gaussian white noise 
uncorrelated with the 
ideal image

Additive

Spatial
image
degradation

Inverse filter

The reconstructed image is given by :

where the instrument point response matrix is :

and where

i»Cj =
)/2

Gc;j =
2ir(r

(r

V
27r-d-^

%cr

or =r
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reconstructed image. For source local brightness B , the 
entropy expression appropiate to an X-ray image (and an 
optical image) where the number of degrees of freedom of 
the field is much greater than the number of photons is 
(Kikuchi and Soffer 1977, Frieden 1972, 1975) :

5 = - 6 Coj 8 (̂ -")

In more detail, ̂  (ê.') is defined to be minus the information 
content of the numbers B j (intensity in pixel i ) :

S ( i )  = -  2i ty (t.ix)
i

where / S  is the proportion of the total
intensity in pixel I . J gives a measure of uncertainty
for the distribution of a given photon intensity among the 
pixels, given that the pixels produce photons at a rate of ,
and so measures the uncertainty in predicting where the next
photon will come from. Maximum entropy means maximum 
uncertainty, corresponding to spreading the intensity among 
pixels in as smooth a manner as possible, in a way consistent 
with the initial image matrix. Maximum entropy is a smoothness 
condition. Thus, any feature existing in the processed image 
are caused by structure existing in the original image.

On application of the maximum entropy technique, S
is maximised subject to some particular statistic such as ,
taking some value such as the total number of photons detected.
In practise, \ T X . is maximised, where \ is a Lagrange
multiplier effecting the constraint. The change in 5 ,

Ü  Ly 6̂ — ^  ka (s-.n)

gives a steady increeise towards uniformity.
The formulation for the (configurational) entropy 

expression set down by Kikuchi and Soffer, was adapted by 
Willingale (1978) to perform two-dimensional image reconstruction 
and smoothing of the Cygnus Loop data (Fig. $.4 - Fig. 5.6), 
and the processed image is discussed in sections 5.3*1 and 5*3*2.
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5#5 Final image presentation.

5 .3 .1  Line density plots in celestial co-ordinates.

In Fig. 5*17 the smoothed (O.I5 - 1.12 keV) Cygnus 
Loop image has been plotted in HÂ and Dec. Each cross 
represents 1.2 X-ray events detected in the unsmoothed image. 
Poisson statistics no longer describe accurately the statistics 
of the exposure corrected image, but since the exposure 
matrix (5*2.2) was relatively smooth, then the uncertainty in 
intensity for any given pixel of Fig. 5*17 may be estimated 
by the square root of the number of crosses displayed. The 
only exceptions occur in regions where 29^ 3 0 *, ot ^
20 4l̂  ̂and ^ 20 4?^ where exposure corrections
were greater than a factor of 2.

The similarly smoothed Sco. X-1 image is plotted in 
the inset, with a grey level of one cross 2 X-ray
events.

There are several prominent features apparent in the 
image of Fig. 5*17, which has undergone no restoration (in 
fact, further blurring - 5*2.2) but significant noise suppression, 
The image of Fig. 5*17 is discussed in sections 6 .3  and 6.4, 
as are the images presented below.

In Fig. 5 *1 8, the Wiener filtered (0.15 - O .5 6 keV),
(0 .5 6 - 1.12 keV) and (O.1 5 - 1.12 keV) images are displayed 
in BA and Dec. The above discussion for Fig. 5*17 also applies 
to Fig. 5 *1 8. The discrete features observed in Fig. 5*17 have 
been further enhanced in Fig. 5*18 along with regions of initial 
low surface brightness (5*2.3*1)* The instrument point 
response in Fig. 5*l8 has 15* (FWHM).

In Fig. 5 *1 9, the maximum entropy reconstruction 
(0 .1 5 - 1.12 keV) Cygnus image is displayed in RA and Dec. The 
inherent point response is 20* (FWHM). A smoother image with 
high noise suppression has been formed. All features observed 
in Fig. 5*17 and Fig. 5*18 are silso reproduced in Fig. 5*19*

All three sets of images show consistent, discrete 
structure in the X-ray emission from the Cygnus Loop SNR,



Fig. S'. 17 density plot of the top hat
filtered, exposure corrected 
Cygnus Loop image ( 0.15-1.12 keV )•
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Fig. Sm s  Line density plot of the Wiener 
filtered, exposure corrected 
Cygnus Loop image ( 0*15-0.56 keV ).
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Line density plot of the Wiener 
filtered, exposure corrected 
Cygnus Loop image ( 0*56-1*12 keV ).
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Fig* S. 18 Line density plot of the Wiener 
filtered, exposure corrected 
Cygnus Loop image ( 0.15-1*12 keV ).
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Fig.Ç^W Line density plot of the maximum entropy 
reconstruction, exposure corrected 
Cygnus Loop image ( 0*15-1*12 keV )•
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which have been slightly suppressed (Fig. 5»17) enhanced 
(Fig. 5 .1 8) and smoothed (Fig. 5.19).

5*3*2 Contour plots in celestial co-ordinates.

Contour plots may give a clearer impression of the 
intensity and localisation of the discrete features observed 
in section 5*3*1* In Fig. 5*20, a contour plot of Fig. 5*17 is
displayed, with a contour level of 1 event / pixel of Fig. 5*17

2 2( ^  0 .0 6 photons / cm * s. keV arc. min .) In Fig. 5*21,
a contour plot of Fig. 5*19 is displayed, again with a contour
level of 1 event / pixel. Clearer feature extraction again
is observed in the maximum entropy image, with the features
of Fig. 5*17 being smoothed.

The two contour maps are discussed in detail in 
sections 6 .3  and 6.4.

5*4 Summary.

■ The final stage of the X-ray image formation of the 
Cygnus Loop SNR has been briefly discussed. Post processing 
of the image using three techniques has resulted in localising, 
consistently, discrete structure in the X-ray emission of the 
SNR, which has the overall, appearance of a broken, limb - 
brightened, assymmetrical, thick shell. The image processing 
techniques, as have been applied to the problem of a corrupted 
X-ray image, are still being investigated (Willingale 1978). 
However, the maximum entropy image perhaps gives the best 
estimate of the true image, consistent with the initial image 
and the known telescope parameters, by performing a global 
smoothing and reconstruction, of the initial image.



Fig. r, 10 Contour plot of the top hat 
filtered, exposure’corrected 
Cygnus Loop image ( 0.15-1.12 keV )



o
IT)o>
OlUQ

0
3 2

0
31

30®

0
2 9

R A  ( 1 9 5 0 )



Fig.5IZ| Contour plot of the maximum entropy 
reconstruction, exposure corrected 
Cygnus Loop image ( 0 .1 5 - 1 * 1 2  keV )



oir>
o
LU
Q

_ o .0
3 2

0
31

30®

0
29

R A (1950)



1 18

References.

Frieden, B., 1972. J. Opt. Soc. Am., $11

Frieden, B., 1975* Picture processing and digital filtering,
ed. T. Huang., Springer - Verlag.

Kikuchi, R. and B. Soffer, 1977* J* Opt. Soc. Am., l6$6.

Pratt, W., 1972. IEEE Trans. Comp., C-21, 636 

Pratt, W., 1975* Computer Image Processing, PCL
Advanced Technology Series.

Smith, A., 1978. Private Communication, University of Leicester.

Willingale, R., 1978. Private Communication, University of Leicester
Willingale, R., 1979• Thesis, University of Leicester.



1 19

Chapter 6. ANALYSIS AND INTERPRETATION

OF THE X-RAY IMAGE OF THE

CYGNUS LOOP SNR.

6.1 Introduction.

6.2 X-ray spectral analysis.
6.2.1 Spectral hardness maps.
6.2.2 Maximum Entropy spectral deconvolution.
6.2.3 Estimates of X-ray spectral parameters.

6.3 X-ray image discussion.
6.3.1 General X-ray image features.
6.3.2 X-ray/optical comparisons.
6 .3 .3  X-ray/radio comparisons.

6.4 Summary and conclusions.

References.



120

Chapter 6. ANALYSIS AND INTERPRETATION

OF THE X-RAY IMAGE OF THE

CYGNUS LOOP SNR.

6.1 Introduction.

The features of the Cygnus Loop images presented in 
Fig# 5. l4 - 19i are discussed and comparison made with 
earlier X-ray maps and with optical and radio features. 
Variation of X-ray spectral parameters in the X-ray image 
are investigated and discussed.

6.2 X-ray spectral analysis.

6.2.1 Spectral hardness map.

From section 4.3* from the Sco X - 1 observation 
towards the end of the rocket flight, the inferred per­
formance of the X-ray telescope, was that the in - flight 
parameters remained steady, at the pre - launch calibration 
values. The Cygnus Loop images. Fig. $. 17, l8, 19 were
examined for gross spectral variations. The unfolded image'
matrices in the energy bands 0.1$ - 0.$6 keV and 0.$6 - 1.12 keVI Iwere binned in 12 x 12 arrays of 32 x 32 pixels, for in­
creased statistical significance per pixel (cf. Fig. 5,4,5) 
and the ratio of the upper and lower energy matrices, formed. 
Fig. 6.1 shows the spatial variation of the hardness values 
were obtained and plotted in celestrial coordinates. Only 
highly significant , values for each pixel were
plotted, lower values set to zero. The value of per
pixel was derived from the Poissonian statistic describing 
the images. If and are the high and low energy
image intensities per pixel, respectively, then the hardness 
ratio :

rci = j _L _L



Fig. 6*1 X-ray spectral hardness map.
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An overlay of the hardness map on a POSS point of the 
Loop is shown in Fig. 6.2. Significant spectral variations

I •are observed, in regions 32 x ,3 2 in size (7 pc for the
approximate 770 pc distance).

The IPC anode pulse height distributions were analysed in 
regions delineated as in Fig. 6.2. Generally, the response 
to an emission function ^ (€) , including absorption, of a
counter system is given by

' J J S (i') Ĉ t
» ti

where is the number of counts per pulse height interval
and ^ { V is the detector response, including the combined 
effects of X-ray mirror efficiency collimator responses, 
counter window transmission, gas absorption, gas X-ray 
fluorescence effects, counter energy resolution and gas gain 
variations. However, the Fredholra integral transform above 
may not be solved for '^(^0 since the highly non - linear 
form of ^ prohibits a unique deconvolution. The
best fit, using an appropiately weighted statistic,
to a set of observational data, is obtained by assuming a 
model source spectrum for with variable characteristic
parameters (Gorenstein et al. (1968), Gruddace et al. (1972) ), 
Statistical problems on the qualification of models and 
parameter estimation have been discussed by Lampton et al. 
(1976). This convolution procedure however, combines the 
results of modelling the instrument and source emission 
models. The influence of each stage of the modelling process 
is then difficult to determine.

A method that has been developed for spectral analysis 
problems, of a nature discussed above, is that of an iterative 
maximum entropy solution.
6.2.2.1 Maximum entropy spectral analysis. (M.E.M)

The maximum entropy method provides a conservative 
estimate for , using no priori assumption about the
form of and utilising the form for ,



Fig. 6.2 Overlay of hardness map onto POSS print
of the Cygnus Loop.
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describing the limitation of the overall instrument per­
formance. Abies (197 )̂ has presented a detailed discussion 
of the MEM. If is the correlation (instrument)
function in a finite number of intervals = n ,
then if is the spectral representation of an incident
signal over the frequency range 0^ ̂   ̂ ; n)ht =
the relative entropy change is given by (in terms of J 
alone - for a uniform spectral density (white) signal passing 
through a linear filter with power gain function )

AH  ̂ J sh) «(1)

Then AH is maximised subject to the constraints

J 0/1) z • X=

for observed spectrum X 0 ~ — by iteration.
The MEM in the above form was adapted for application to 

the IPC anode pulse height data, by Willingale (1978). The 
best estimate of the number of counts received per energy bin 
dil was evaluated with the associated statistical weight 

taken approximately as the value of the Poissonian statistic. 
In the iteration procedure, the count spectrum was corrected 
for the overall instrument efficiency (Table obtain the
estimated photon spectrum with associated errors, and the 
statistic

indicating the goodness of fit to the observed spectrum X® 
of the estimated (  ̂ **• was minimised, and so
that the reduced J • The stability of the solutions
X to statistical fluctuations in an observed pulse height 

distribution was tested by perturbing each data set many times, 
using a random number generator and re - using the HEM algorithm 
on each independently perturbed data set. Mean and variance 
values could therefore be assigned to each X value. It 
was found that the variance was well approximated by the estimated
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count and in some cases the variance was considerably
less than • The perturbations resulted in slight
changes in the X solutions, but these were small 
compared to the gross differences observed between different 
regions of the hardness map.

The result of MEM for a simulated, uniform photon spectrum 
incident on the X-ray telescope, are shown in Fig. 6.3» The 
IPC pulse height interval was set at O.O5 keV, enabling a 
fine enough spacing to resolve all of the detail in the MEM 
solution. The small values of indicated accurate
modelling of the telescope spectral response. The MEM was 
applied to the observed IPC anode pulse height data in
regions delineated as shown in Fig. 6.4 and Fig. 6.5 show
the reconstructed incident photon spectra, with error bars 
representing the rms fluctuations derived from 12 independant 
perturbations, from three separate regions. Most of the 
solutions were smooth curves with a single peak which shifted 
to higher energy in the harder regions. However, one region, 
W, exhibited a large secondary peak at 0.9 keV. Adjustment 
of the energy calibration and efficiency parameters within 
reasonable limits had very little effect on this peak. 
Furthermore, the perturbation studies indicated that this 
peak had a significance of 5*2<T. This discrete feature
was due to an excess of ^  40 counts between 0.8 - 1.0 keV

2which corresponds to a flux of /V 5 ph./cm /s.
6.2.3 Estimates of X-ray spectral parameters.

With the confirmation of the previous X-ray survey 
results and XIV] observations (2.4.3) that the X-ray
emission from the Cygnus Loop originates from hot, optically 
thin plasma of near cosmic abundances, the photon spectra of 
Fig. 6.5 were fitted with thermal X-ray spectra, in order to 
provide a simple understanding of Fig. 6.2. A thermal 
bremsstrahlung model, to yield an estimate of effective 
electron temperature and columnar density for each region 
was used. A more sophisticated emission line model was not 
justified since the data were severely photon limited and 
only a calibration of the hardness map was required. The
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estimated count was used as the statistical weight for 
fitting. This did not represent the true weight of X
(6.2.2) but served as a reasonable (although pessimistic) 
approximation as borne out by the perturbation studies
(6.2.2).

The thermal bremsstrahlung function used was of the form 
(Culhane (1969), Culhane and Acton (1970) )

S ( k r y ^
where S is the X-ray energy in keV and the effective
electron temperature of the plasma. Since the absolute detection 
efficiency of the telescope was unknown to a factor 2, the 
emission measure was not included as a free parameter, and the 
model spectra were then normalised to the photon count X in 
each case. The Gaunt factor used was that derived from the 
Born approximation for free - free collisions in a thermal 
plasma (Greene (1959) )•

In the interstellar absorption term, a/\ represents the 
number of equivalent hydrogen atoms in the line of sight 
(Ryter et al. (1975) ) and is the effective absorption
cross - section per hydrogen atom. The following fit for 
based on the calculations of Fireman (1974) was used :

= cy X /,T : f <» S) Uv

The results are shown in Table 6.1. The two limiting, single 
parameter models, constant column density and constant 
temperature, were both used to try to explain the simple 
form of the hardness map.

Fixing the column density at 6 x 10^^ cm  ̂gave a reduced 9̂  
for the NW, SE regions and produced a temperature range of
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3 - 8 x 1 O^K, from NW to SE. These values are in reasonable
agreement with previous results, for example Rappaport et al.
(1974) reported a density of 3»5 - 3 x 10^^ cm^ and temperature
of 2.9 - 0.8 X 10^ K. On the other hand, a high temperature
of 3 X 10^ K was required for an isothermal model, although
a good fit was still obtainable in both the NW and SE yielding

20 2a column density range of 3 - 10 x 10 cm , NW - SE. This 
range of densities is high compared to previous X-ray measure­
ments and interstellar reddening (Ryter et al. (1975) ), 
assuming the 770 pc distance.

There is no evidence to corroborate a smooth gradient of 
column density (Charles et al. (1975)» Geiss (1978) ) as 
suggested by an isothermal model and the preferred explanation 
of the hardness map of Fig. 6.2 must be that it represents a 
systematic change in temperature across the Loop. Since, for 
an adiabatic, strong shock

Ts *  f'T ^10 Ĉoyy ttaŷ r
'Oo/ "̂0

Lx = o< / l /  (conrU r> t

/} z ^  Oo
Thus, the X-ray temperature gradient reflects a local density 
/)q gradient at the Loop, particularly in a direction 

perpendicular to the galactic plane (Fig. 6.1) where the 
more dense regions reach a lower temperature. From Fig. 5« l4-19, 
the X-ray surface brightness distribution also imply a local 
density gradient normal to the plane.

The highly significant discrete peak (Fig. 6.5) present in 
the spectrum from the W region may be direct evidence for X-ray 
line emission. The IPC energy resolution was insufficient 
to accurately identify the feature. A possible explanation 
would be an increase in the abundance of Ne of Fe by an order 
of magnitude, to sufficiently increase NtjĴ  or Ft XVH — XV/H 
emission to account for the excess in the range 0.8 - 1.0 keV.
The anomalous nature of the western limb may be expected, since 
the Loop appears to be encountering a prominent dust lane and
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HI cloud (2.2.2 and 2.2.3) running north - south, just west 
of NGC 6960. Independent measurements of 1 (2.4.3)
indicate an electron temperature of 1 - 2 x 10^ K, which 
supports the belief for a low temperature enviroraent giving 
rise to or fg )(V/i — XVIH emission.

Evidence for the multiple temperature nature of the Loop 
X-ray emission was discussed in (2.4.3), where Gronenschild 
(1979) demonstrated that apparent electron temperatures had 
values 1 - 3 X 10^ K and Inoye et al. (1979) obtained values 
of 1 - 10 X 10^ K. The values obtained above, 3 - 8 x 10^ K 
are therefore consistent. Gronenschild (1978) has presented 
results of estimates of X-ray spectral fits in the energy 
range O.16 - 0.284 keV in 30 x 40 cells. Overall, the ANS 
and present spectral results are in fair agreement : the
spectral temperature appears to increase in the NW - SE direction, 
where the ANS pixel containing the maximum temperature of 
3 X 10^ K is adjacent to the image (hardness map) pixel having 
apparent temperature 8 x 10^ K; in the SW regions of the ANS 
map and present hardness map, the temperatures are lower, withg
consistent values of ^  2 x 10 K.

Disagreements arise from : the ANS values for the columnar
density varied between 1 - 100 cm (with the claim that the 
values may be associated with local HI filaments near the SNR)
- the validity of these values was discussed in (2.3*3) euid 
also, above; the ANS observations in the energy band 0.16 - 
0.284 keV did not therefore detect any anomalous discrete 
X-ray emission 0.8 - 1.0 keV in the W limb, but a
temperature estimate of 1 x 10^ K with columnar density 6 x 10^^ 
cm is consistent, as discussed above.

To summarise so far, the spectral analysis of the soft X-ray 
image essentially yields effective electron temperature values 
between 3 - 8 x 10^ K for the reasonable assumption of constant 
columnar density, with a fairly smooth temperature gradient 
existing NW - SE across the Loop. Anomalous discrete X-ray 
emission 0.8 - 1.0 keV (possibly fVe /V  ̂ XW/ ~ feXVIil flux 
at 1 - 2 X 10^ K) may be associated with the W limb, p o s s i b l e  
the site of interaction between the SNR blast wave, and dense 
cloud. Even though the ANS spectral results were derived 
through rather ill - fitting conditions ( with zero degrees
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of freedom; the relatively small energy band where >̂4 is 
the dominant parameter), in comparison with the image analysis 
results, there is an overall agreement in temperature range 
and distribution (except in the NW region). However there 
is no evidence to support the gross changes invoked
by the AMS results.

6.3 X-ray image discussion.

6.3.1 General X-ray image features.

Images of the Cygnus Loop were presented in Fig. 5* l4-1?. 
(smoothed with a top hat filter 12 x 12 ), in Fig. 5- I8 
(feature enhancement with a Weiner filter using an instrument 
response of 15 FWHM) and Fig. 5- 19 (smoothing and reconstruction 
with the MEM, with 20 FWHM instrument response). For each 
image, detailed comparison may be made with the optical 
image, fft ^ J  J observations (2.4.3) together with
high resolution, aperture synthesis radio maps and HI observations 
(2.3.2 and 2.3.3). The features of the Loop images are first 
discussed below then comparison made with the recent X-ray 
maps (2.4.2).

(1) The images Fig. 5- l4 - 19 exhibit an incomplete, 
assymmetrical, thick ( ^ 0 % — O'̂  ) shell containing
discrete, small scale ( ^ 15 » compared with the shock 
wave radius of 90 ) X-ray emitting regions.

(2) From Fig. 5. l4 - 15» 5. I8 the Cygnus images in the 
energy ranges O.I5 - 0.5 keV and O.56 - 1.12 keV contain 
the same features with no indication of decreasing X-ray 
shell radius with increasing X-ray energy, to within 4 . 
However, the Cygnus images have a limited spectral dynamic 
range of 10 : 1 and contain the systematic errors discussed 
in (3.3.3 and 5-2.1).

(3) From Fig. 5- l4 - 5- 19» the estimated fraction of the 
total X-ray flux from each of the regions containing
NGC 6990, 6992 - 5» and the northern regions, was /v 10%.
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(4) The images reveal no significant evidence (upper limit 
^  total X-ray flux) for an X-ray emitting stellar 

remnant.
Table 6.2 summarises details of the Cygnus Loop images.

TABLE 6.2

Summary of the Cygnus Loop X-ray image characteristics (0.15 - 1.12 keV)

Parameter Symbol Value

X-ray centre

Mean outer X-ray radius 
Mean inner X-ray radius

0((1950) 
^ (1950)

^Xo

20^ 49, 
30° 53
1.3
0.9'

0.2'

Discrete features Position
«((1950) f(l950)

Diameter

20^ 45® 30° 44’ 0.53° + 0.1°

20^ 48.4"" 31" 56* 0.67° + 0.1°

20^ 50™ 32° 00* 0.60° + 0.1°

20^ 52.4"" 30° 56* 0.53° 0.1°
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Previous X-ray maps were reviewed in (2.4.2). Comparing 
with Fig. 5. 14 - 19» the images confirm the general limb 
brightened nature of the soft X-ray emission. The images 
contain the same gross features associated with the limbs 
but the inherent increased sensitivity (a factor ^  4 over
the most sensitive ANS map) produce a more complete, filled 
shell with more feature definition overall. The reported 
discovery of the X-ray central source (2.4.2) may now be 
explained. About 5% total X-ray flux is contained within 

^  diameter circle near the centre, e.g. Fig. 5. 17.
This central region is partially surrounded by regions of 
somewhat lower intensity which were apparently exaggerated 
in the ART map (2.4.2) so as to enhance the discrete appearance 
of the central radiation. With the advantage of uniformity 
of exposure, the X-ray images reveal more distributed X-ray 
emission between the E, W, and N regions, each region containing 

A/ 10% total flux, compared with the ANS result of A/ 55% 
total flux from the N, NW regions. In the images, the significance 
of the feature near NGC 6990 is higher than the ANS result. More 
structure is observed in the image around NGC 6992 - 95» and the 
X-ray minimum in this region confirms the ANS result.

To summarise so far, the soft X-ray images contain the same 
gross structure as presented in the X-ray maps (2.4.2), but 
through higher sensitivity and uniformity of exposure, more 
feature definition. Particularly, the features associated withtthe X-ray limbs are 15 » equivalent to ^  5 pc in
size, at the Loop, likely indications of inhomogeneities in 
the local interstellar medium. The X-ray images support the 
view that the SNR may be described, on the large scale, by the 
Sedov adiabatic blast wave model, but also show that small scaleI I(1 - 10 ) correlations in particular regions, with observations
at optical and radio wavelengths, must take account of the effects 
of non - uniform expansion of the blast wave through the local 
medium inhomogeneities.
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6.3.2 X-ray/optical comparisions.

The contour plots of Fig. 3. 20 - 21 are superimposed 
on an 14oc POSS image of the Cygnus Loop, Fig. 6. 6 - 7 .
The X-ray contours reveal more clearly the close association 
between X-ray intensity and optical density of the filaments 
particularly for NGC 6992 - 5 and 6990. The X-ray emission 
is seen to fall off sharply (within 10 response) at the 
optical boundaries in these regions. However, in the northern 
regions there appears to be a weaker association and particularly 
so for the larger triangular shaped nebulosity to the NW. To 
the south (where the overall X-ray/optical emission is comparable 
with the central regions) again there is a close association 
with optical nebulosity.

The contours of X-ray emission at ~ 
exhibit extremely close correlation with the apparent curvature 
of the upper part of NGC 6990. Observations have been re­
viewed (2.2.2., 2.3.3) that indicate the presence in the region, 
of a dense cloud possibly undergoing interaction with the SNR 
blast wave. Assuming a 770 pc distance SNR distsince, the size 
of the X-ray emitting region, from Table 6.2, is a' 7 pc. 
McKee and Cowie (1975)» in investigating the interaction of an 
adiabatic shock wave with a spherical cloud (to explain 
quantitatively the optical/X-ray velocity problem) noted that, 
although the size of the Loop filaments were consistent with 
representing a thin cooling layer behind a shock penetrating 
a (Spitzer (1968) ) standard cloud of ^  7 pc, their shape
was not. Filaments associated with large, spherical clouds
would be curved inward, since the cloud shock would lag behind 
the blast wave. In order for the cloud shock to keep up with
the blast wave, the clouds must have at least one small dimension,

Sgro (1975) considered models of soft X-ray emission from 
shock wave/cloud collisions. The X-ray temperature in NGC 6990 
has an apparent value 7i 2 x /ô^ K  (6.2.3) and hence the
plane parallel shock velocity ar'*'»T ///*3 where the post 
incident shock temperature T'̂  h i X » y ̂  Ù • 3 1\
from Rappaport et al. (1974). From (2.5) the preshock medium 
density r1 i ̂  0*25 CrvT̂ and the (HI) cloud density near



Fig» 6»6 Overlay of X-ray contour plot (MEM)
onto POSS print.
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Fig. 6.7 Overlay of X-ray contour plot
(top hat filter).
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-3NGC 6990, f-/0 OK) (2.3.3). Then, from Sgro (1975),
for A, Ÿ0; where p is the ratio of post
transmitted shock pressure through the cloud and the post 
incident shock temperature. Then, for soft X-ray emission from 
a 'hot* cloud,

where cf is the effective cloud dimension perpendicular to 
the shock. Rearranging and evaluating, an upper limit for 
is found, d < . Thus, possibly the X-ray emission
from a region near NGC 6990 may be derived from heated clouds 
in the form of sheets with dimensions comparable to observed 
filament dimensions of CgC 4 pc x 4 x 10~^ pc (2.2.2).
Such a 'hot* cloud may be observed as a source of soft X-rays 
(and possibly coronal lines) for an estimated time (Sgro 1975) )

 ̂ , comparable with the SNR age.
(Table 2.4) That the fact the clouds appear distributed over 
the X-ray shell, may be explained, to a first approximation, 
by the standard cloud model (Chapter 1). For a cloud density 
of 5 X 10^ Kpc”  ̂and Loop volume 10^^ cm^, standard
radius 7 pc, the probability of one or more clouds being en­
countered by the Loop is CY 1.

Little comment can be made with respect to the cloud 
evaporation and evaporation models (McKee et al. (1977, 78) ) 
for SNR evolution in a cloudy medium. In particular, the close 
correlation between the /"fe XIV^  ̂ and soft X-rays
may be explainable by these models (2.4.3). However, from thetX-ray images, no finer correlation than 10 with the soft X-ray 
emission and the regions observed in Xivj/ (2.4.3)
may be made. Also, no values of X-ray emission measure, directly 
comparable from the models, may be reasonably estimated. No 
evidence has been found (from HI studies (2.3.3) ) to support 
the (smooth) cloud acceleration mechanism as applied to the 
Loop, by McKee et al. (1978), to explain the high 
velocities. It is suggested that X I 1^') observations
be made near NGC 6990, in a similar way as reported by Clarke 
et al. (1979), to establish the validity of the cloud 
evaporation model, together with high resolution X-ray imaging 
(Sce^U < t * 'E 0-% fC )•
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It should be noted here however, that the models of 
McKee et al. (1977, 1978) assume SNR evolution in a medium 
of ^  0.003 cm and that the evaporation effects become
important for SNR radii 30 pc. From the review of
Cygnus Loop SNR observations, the evaporation model may not 
be applicable.

The current X-ray images of the Loop compared with the 
optical morphology, may perhaps be best described adequately 
on the basis of the standard cloud model of the local inter­
stellar medium, and by the blast wave/cloud models of Sgro
(1975) and McKee and Cowie (1975).

Finally, from the demonstration above, that the NGC 6990 
cloud may be described as a sheet of material seen edge on may 
indicate that the observed filament proper motions (2.2.3) 
represent the velocity of fronts rather than cloud material, 
and thus the distance determination of the Loop, 770 pc, 
would be an underestimate.
6.3.3 X-ray/radio comparison.

Fig. 6.8 shows the overlay of the X-ray image of 
Fig. 3. 19 onto reduced isophotes of the radio map of Keen 
et al. (1973) and (2.3.2).

To within the X-ray image 10' resolution, there is 
close correlation of X-ray maxima with radio maxima in the 
regions NGC 6992 - 95, 6990, as expected from the shell 
compression models based on HI studies (2.3.3), with the 
separation (2.4.3) clearly visible in NGC 6992 - 95. There 
is weak correlation between X-ray features and radio emission 
in the northern regions and no correlation in the southern 
regions, where the interstellar medium density is perhaps 
very much more homogenous. The X-ray emission originates 
almost entirely within the radio contours.

There is no significant flux from the discrete radio
sources CL6 and CL7 (2.3.2) or from the variable source CL4

—  10 2(with an upper limit flux of IO" erg/cm /s).

In summary, the X-ray image emission features near 
NGC 6992 - 95, 6990 correlate (to within 10 response) with



Fig. 6.8 Overlay of X-ray map (MEM) onto
radio map.
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radio knots of emission, described by the local magnetic 
field compression model involving dense clouds, with densities 
of 5 cm ^ (2 .3 .3 ), of the order of the values of theIstandard cloud densities. The 1 resolution radio map tends 
to indicate that the (shocked) clouds tend to form thin sheets, 
or that they originally had dimensions much less than the 
current SNR shock radius.

6.4 Summary and conclusions.

The soft X-ray (0.15 - 1.12 keV) images (10 resolutions) 
of the Cygnus Loop SNR, Fig. 5 . l4 - 19, have been discussed.

Using the MEM analysis (6.2.2.1) in regions delineated as 
in Fig. 6.1 (32 X 32 ), applying a simple thermal bremsstrahlung 
model revealed significant differences in apparent electron 
temperature, 3 - 8 x 10^ K for a columnar density, 6 x 10^^ 
cm This range of temperature is in agreement with the
estimated range of temperatures reported by Gronenschild (1978) 
and Inoye et al. (1979). However, it is argued that there is 
insufficient evidence for gross columnar density changes across 
the Loop (6 .2 .3 ). A smooth variation of temperatures was 
found to exist across the Cygnus Loop image, with the temperature 
increasing NW to SE, possibly indicating a local interstellar 
medium density gradient perpendicular to the galactic plane. 
Anomalous, discrete X-ray emission, 0.8 - 1.0 keV, possibly

V-e.[Xj fk̂KV)l~' flux at 1 - 2 X  10^ K, may be associated
with the W limb, near NGC 6990, possibly the site of SNR blast 
wave - cloud interaction.

General features (6 .3 .I) of the X-ray images, Fig. 5. l4 - 19 
generally contained the gross features of recent X-ray maps.
Fig. 2. 4 - 2 .3 , but more feature definition, through the 
imaging advantages of increased sensitivity and uniformity of 
exposure. The images revealed an incomplete, assymmetrical, 
thick shell of X-ray emission with several discrete, small 
scale X-ray regions, possibly sites of blast wave - cloud 
interactions (Table 6.2). No X-ray central source of the SNR 
was detected. Regions of low X-ray intensity, particularly 
in the SW, were generally associated with the higher X-ray 
temperatures.
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X-ray/optical comparisons (6.3.2) revealed that particularly 
in the region NGC 6992 - 95, 6990, the X-ray and optical 
structure was highly (10 ) correlated. An application of the 
shock wave/cloud interaction models of Sgro (1975) to the
X-ray paramters, near NGC 6990, demonstrated that, on thetscale ^  10 , X-ray emitting clouds most likely form
sheets of material, of sizes comparable to the optical 
filaments. Mckee and Cowie (1975) quantitatively explained 
the differences in X-ray/optical shock velocities. The optical 
emission and properties of a shocked cloud has been discussed 
by Cox (1972) and Sgro (1975). In order to quatitatively 
explain the close association of the X-ray/optical emission, 
particularly in the region NGC 6992 - 95$ 6990, Fig. 6. 6 - 7, 
a multiple phase interstellar medium must be invoked, consisting
of an intercloud medium, a (Sgro) cold dense cloud core,
surrounded by a warmer envelope (which may then become the 
Sgro hot cloud). SNR evolution in ar. extremely inhomogenous 
cloudy, medium, where the dynamics are dominated by interactions 
between the remnant and interstellar clouds, has been studied 
in detail by McKee and Ostriker (1977) in presenting their 
theory of the interstellar medium. They presented an analysis 
of SNR evolution in a multi - component medium, including 
evaporation of cloud material. McKee and Ostriker deduced the 
existence of interstellar clouds consisting of two components : 
cold ( ^  80 K), high density ( 40 cm )̂, cores of radii

0.1 - 10 pc and separated by '"W 90 pc, embedded in a 
warm ( ^  8OOO K) ionised, low density ( ^  0.2 cm )̂ 
component 2 - 10 pc in radius, with intercloud distances of 
10 pc. X-ray emission would be produced only in the low 
density region, and the optical/radio emission would originate 
from the high density regions.

However, with the limiting 10 resolution ( ^  7 pc), no 
comment may be made on the close X-ray/optical correlation.

ftX-ray imaging with 0.1 pc ( 10 ) is clearly needed.
X-ray/radio comparisons (6.3*3) again revealed, particularly 

in regions NGC 6992 - 95, 6990, the close correlation. However, 
as stated above, both X-ray and radio (including HI) surveys

IIwith 10 resolution are required in these regions, to
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investigate fully the shock wave - cloud interactions, and 
to seairch for HI cool cloud cores.

In conclusion, the results derived from the Cygnus X-ray 
images, and from comparisons with recent X-ray maps, optical 
structure and radio survey and HI observation may be presented 
as follows :

(1) The images contain the ssune gross features as the 
recent X-ray maps, but due to the higher sensitivity, 
several discrete features are clearly associated with 
the X-ray shell, coincident (to 10 ) with bright 
optical and radio features, possibly sites of SNR 
blast wave/cloud collisions.

(2) The gross structure of the images may be adequately
described by the Sedov blast wave model, but the small 
scale ( -̂  10 ) structure requires a quantitative
description of shock wave/cloud interactions. Down to 
the present image resolutions. X-ray emission from the 
discrete features associated with the X-ray shell (e.g.
NGC 6990) appear to be described by Sgro hot clouds, 
forming sheets of the order of sizes of the optical 
filaments. The apparent close correlation of optical/radio 
(from cold clouds) and X-ray emission features would seem 
to require the existence of a multi - phase medium, of the 
nature described by McKee and Ostriker (1977).

(3) The broad band images with O? 10:1 dynaimic energy 
range enabled estimates of X-ray spectral parameters int t32 X 32 regions of the images. Subsequent X-ray 
spectral analysis yielded apparent temperatures 3 - 8 x lO^K, 
with a smooth temperature gradient. Both the temperature 
and X-ray intensity distributions are consistent with 
local medium density changes and for the existence of a 
density gradient perpendicular to the galactic plane.

(4) The anomalous, discrete X-ray emission (0.8 - 1.0 keV),
possibly Ne XWf — XV/// , associated with the
W limb, near NGC 6990, may indicate an overabundance of 
Ne or Fe by an order of magnitude.
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Results from the above analysis and discussion have 
been published or submitted for publication (Rappaport et al. 
1979, Kayat et al. 1979).

Future observations of the Cygnus Loop SNR must be made 
at radio, X-ray and optical wavelengths, at high angular

^  I*resolution ( 10 ), possibly near the more intense regions
in the X-ray images, to further elucidate the SNR evolution 
in the interstellar medium. Detailed study of the SNR blast 
wave/cloud interaction are important to validating recent 
models. In particular :

(1) High resolution X-ray imaging (10 ) must be made, in the 
regions of discrete emission in the X-ray images, to be 
able to make detailed optical/radio (knot) comparisons.

(2) High resolution X-ray spectral observations, in the 
lower temperature regions (e.g. NGC 6990) would give 
accurate data on plasma temperatures, densities and 
state of ionization equilibrium.

(3) High resolution would 
complement X-ray spectral observations and possibly 
give greater insight into the detailed X-ray/optical 
correlation, and compare with cloud emission models.

(4) High resolution HI observations of the discrete X-ray 
features may yield evidence for cool, dense clouds, 
within the X-ray emitting envelopes of clouds.

(3) Finally, since the optical filament proper motions and
radial velocities, currently available, may yield an 
underestimate for the SNR distance, if the filaments 
represent shock fronts. Since SNR parameter estimates 
depend on the distance ct , critically i €  ̂oC cl on 
the Sedov model) important for the understanding of SNR 
dynamics, simultaneous measurements of proper motions 
and radial velocities on individual filaments are 
required.
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ABSTRACT

Supernovae and supernova remnants (SNR) are probably 
important energy sources in the interstellar medium 
(ISM) and an understanding of the intermediate and 
advanced stages of SNR evolution are particularly 
essential.

This thesis describes, first a brief review of the 
current understanding of the ISM and later stages of 
SNR evolution, then a detailed review of observations 
of the Cygnus Loop SNR, a relatively old SNR. Details 
are given of the design and instrumentation of a 
rocket - borne experiment, which subsequently was 
utilized to obtain the first X-ray image of a SNR, 
the Cygnus Loop. The results of X-ray image and spectral 
analysis are presented, and discussed with respect to 
previous optical, radio and X-ray observations, and to 
current SNR blast wave and ISM models.


