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STELLINGEN

1

Het lokale hete plasma in het interstellaire medium bevindt zich in

hoofdzaak in nabije supernova restanten.

De uitgebreide galactische structuren in de röntgen- en radio-straling

dienen met een vergelijkbaar hoekscheidend vermogen van MO' in kaart

te worden gebracht.

Een gas scintillatie proportionele teller levert voldoende spectrale

resolutie en gevoeligheid om meerdere, geïsoleerd voorkomende, lijnen

in een zacht röntgenspectrum te kunnen waarnemen.

De door COS-B ontdekte puntvormige gamma-objecten, die een verscheidenheid

aan spectra en in sommige gevallen tijdsvariaties vertonen, leveren een

niet verwaarloosbare bijdrage aan de emissie van gamma-straling uit het

melkwegvlak, hetgeen een interpretatie met louter diffuse processen uitsluit.

In aanwezigheid van een elektrisch en magnetisch veld kan de viscositeit

van gassen beschreven worden met behulp van 25 onafhankelijke coëfficiënten.

Wanneer de velden loodrecht op elkaar staan óf wanneer het systeem inversie-

symmetrie bezit, reduceert dit aantal tot 15. Bij aanwezigheid van beide

genoemde symmetrieën is het aantal onafhankelijke coëfficiënten 9.

Het leefklimaat op aarde kan op ingrijpende wijze beïnvloed zijn door

supernova explosies in de omgeving van ons zonnestelsel.



De objectiviteit in de wetenschap is niet gediend met een sterke concurrentie.

8

De mogelijkheid om met Spacelab bemande ruimtevluchten te maken kan in de

toekomst van groter waarde blijken te zijn dan de opbrengst van wetenschap-^

pelijke experimenten.

De vorming van een Europees parlement sluit volledig aan bij de doelstellingen,

die de Europeese Ruimtevaart Organisatie ESA zich reeds bij de oprichting

in 1964 heeft gesteld.

10

Het verdient aanbeveling om de ondoorzichtige puntentelling bij het tennisspel

te vervangen door een eenvoudiger systeem.

J. Davelaar Leiden, 26 juni 1979.
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CHAPTER I

INTRODUCTION

In this thesis I describe observations of the diffuse soft X-ray background

and discuss their astrophysical interpretation.

The soft X-ray region is usually defined as the range of energies below

2 keV. Soft X-ray astronomy had to wait until 1968, six years after the first

observation of celestial X-radiation at medium energies from the source Sco X-l

(Giacconi et al. 1962). The soft X-ray range became accessible only when technical

difficulties in preparing transparent detector windows had been overcome.

The first observations of the soft X-ray sky revealed a large scale patchy

structure with no apparent discrete sources (Bowyer et al. 1968), This soft X-ray

background showed large intensity variations in striking contrast to the highly

isotropic background above 2 keV. Moreover, the intensity was about one order of

magntitude higher than would be expected from the extrapolation of the background

intensity above 2 keV. This again pointed to a different origin. It is now

generally accepted that the isotropic background above 2 keV is of extragalactic

origin, whereas the soft X-ray background is mainly galactic. Conclusive proof

came from the lack of absorption by the Small Magellanic Cloud (McCammon et al.

1971), since the soft X-ray intensity is expected to be strongly modulated by

photo-electric absorption by neutral gas.

The interstellar absorption in our galaxy strongly influences the intensity

pattern of the soft X-ray background. The optical depth for a 1 keV photon is
-3

'v 1 kpc in a medium of density ^ 1 atom cm . The initial impression that the

soft X-ray sky contained only few discrete sources seemed to confirm the

expectation that most sources in the galaxy would be rendered invisible by

interstellar absorption. This situation has now changed in two important ways.

First, with the advent of detectors with higher sensitivity individual

sources were observed (Palmieri et al. 1971; Bleeker et al. 1972). Especially

with the aid of focusing optics a variety of soft X-ray sources was discovered,

mostly from sateLlite observations e.g. ANS (Mewe et al. 1975), HEAO-1 and 2

(Garmire 1978; Giacconi et al. 1979).
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5 x 10 - 5 x 10 K) plasma is the only

Second, more detailed mapping revealed the existence of many extended soft

X-ray features such as the North Polar Spur and the Lupus enhancement. It was

gradually realized that these do not form a background but really ar.'.se mostly

from nearby galactic supernova remnants.

Thermal radiation from hot

plausible emission mechanism for the extended soft X-ray features. Large

temperature variations are observed over the sky. The regions of enhanced

intensity are at a temperature around ^ 3 x 10 K. In addition a lower temperature

component ^ 1 0 K is present over the entire sky. It is usually referred to as

foreground emission and is attributed to a local hot region, that surrounds the

solar system (Sanders et al. 1977; Hayakawa et al. 1978; Tanaka and Bleeker 1977).

The existence of hot plasma in the line of sight was also demonstrated with

the discovery of 0 VI absorption lines in the spectra of neary stars (Rogerson

et al. 1973). It is not of circumstellar origin, since no velocity correlation

between the 0 VI lines and other spectral features is noticed (Jenkins 1978).

Shapiro and Field (1976) have pointed out that the hot plasma regions responsible

for both the soft X-ray emission and 0 VI absorption have a pressure that largely
_3

exceeds the pressure of the cooler interstellar medium of ^ 2000 cm K (Field 1975)

A similar overpressure has been inferred by Tanaka and Bleeker (1977) for the local

hot region. Clearly, such pressure differences must have important dynamic

consequences.

Models of soft X-ray sources can be constructed on the basis of existing

knowledge. Calculations of the X-ray emissivity of a thin, hot plasma were

available particularly from solar physics (Landini and Fossi 1970; Mewe 1972).

Four stages can be recognized in the evolution of a supernova remnant (Woltjer 1972):

the early, adiabatic and radiative cooling stages, while at last the SNR merges

with the interstellar medium and can no longer be dinstinguished. The

accompanying shock wave sweeps up a vast amount of interstellar matter that is

compressed into a thin shell. The temperatures in this shell rise to over 10 K

and then gradually decrease as the remnant evolves. For the adiabatic expansion

stage of a supernova remnant in the interstellar medium Sedov (1959) had given a

derivation of the basic parameters based on similarity rules. The observed shock

radius, temperature and soft X-ray luminosity can be used to derive the age and

initial blast energy of the supernova and the density of the undisturbed medium

(Gorenstein and Tucker 1972). The X-ray structure and dynamical evolution are

given by later numerical MHD calculations by Chevalier (1974) and Mansfield and

Salpeter (1974).
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In summary, supernova remnants comprise a class of objects, whose broad

X-ray properties are now fairly well understood. The structure on a small

angular scale (̂  10') and the relation with radio and optical emission is still

to be examined.

The relevance to study these hot plasma regions in soft X-rays is two-fold:

(i) The cooling of supernova remnants by radiating soft X-rays provides an

opportunity to map the galactic neighbourhood with respect to density and

temperature; absorption by neutral matter gives inputs to the distribution

of neutral gas. The density distribution may be compared to available HI

maps (Heiles and Jenkins 1976), while Lya and 0 VI, absorption observations

will also have to be implemented.

(ii) Since cooling occurs at and behind the shockfront, the X-ray, radio and

optical emission will not originate on exactly the same locations in space

and a study of their detailed distribution can serve to check the inter-

pretation in terms of an evolving supernova remnant.

The observations described here are obtained from the last in the series of

Leinax rocket experiments, conducted by the Cosmic Ray Working Group (Leiden) and

the Space Physics Laboratory (Nagoya, Japan). In Leinax III and IV the Laboratory

for Space Research (Utrecht) joined in the design and calibration of the focusing

optics, which provides a much higher angular resolution (15'). Leinax I and II

comprised survey experiments with large area proportional counters on-board free

spinning rockets. Some of the publications based on these flights specifically refer

to the soft X-ray background (de Korte et al. 1974; Hayakawa et al. 1975; de Korte

et al. 1976). An attitude control system was incorporated in both Leinax III and

IV to provide a longer exposure to specific sky regions. The results of Leinax III

have been published by Zwijnenberg (1976).

The outline of this thesis is as follows. In chapter II I give a short

description of the Leinax IV instrumentation and its calibration. Chapter III

provides the flight data with emphasis on the attitude reconstitution. In chapter

IV the procedure of analysis of both the spectral and structural data is outlined.

Chapter V through VII contain the X-ray data and their astrophysical interpretation.

A possible interpretation for the local hot region is given in chapter V. In

chapter VI the Lupus enhancement is described, as observed with 15' angular

resolution and in the last chapter, which includes X-ray observations of the North

Polar Spur, I sketch a general picture of the hot plasma regions in our galactic

neighbourhood.
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Figure II.1 The Leinax IV payload with X-ray deteatovs and some subsystems.
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CHAPTER II

CHARACTERISTICS AND CALIBRATION OF THE DETECTION SYSTEMS

1. General concept

The soft X-ray instrument in the Leinax IV rocket experiment, launched May

28, 1976, incorporates a combination of two separate detection systems. An X-ray

focusing collector comprising a reflecting one-dimensional X-ray mirror with

two multi-cell proportional counters in the focal plane, occupies the central

part of the payload. Eight collitnated proportional counters of larger area are

mounted on four panels, which can be deployed on ground command during the

flight. In figure II.1 an overview of the Leinax IV payload is shown. The

structural and spectroscopic studies on extended and point-like soft X-ray

sources are accomplished by both the X-ray focusing collector (XFC) and the

large area counters (LACs).

The energy range of the X-ray instruments is 0.1 - 3.0 keV for the LACs,

while the XFC is sensitive to energies into the XUV region to ^ 60 eV, but with

a high energy cut-off at ^ 1.0 keV. The X-ray reflectivity of the mirror and the

X-ray absorption in the thin polypropylene entrance windows on the counters

mainly determines these energy ranges. The multi-cell detectors are equipped

with 0.5 ytn polypropylene, the large area counters with 1 pm (4 counters), 3 ym

(2 counters) and 1 ym with a boron coating (2 counters) respectively. The

different thickness of window film and the boron coating on the LACs are meant

to provide multi-colour spectroscopic information, since the energy resolution

of the proportional counters is rather limited.

All detectors possess slit-shaped apertures, which are mutually co-aligned.

The LACs have a field of view of 3 .0 x 10 .6 FWHM. The focusing capability of

the XFC provides enhanced angular resolution of 15' FWHM in one direction; the

total field of view (2°.O x 13° FWHM) is matched to the LACs.
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A UV filter can be inserted on telecommand over the entrance window of a

MCC to allow for an unambiguous interpretation of the low ( <̂  .2 keV) energy

data. A UV sensor with a field of view matched to the X-ray detectors is placed

on the field stop of the mirror system to monitor the passage of bright UV

sources. The counter entrance windows have coatings to suppress the contribution

of UV radiation to a negligible level.

An attitude control system is installed on-board the rocket for a suffi-

ciently long exposure on selected parts of the sky. A specific object can be

observed with slow scan speeds in the range 0 .2 - 5° sec . The attitude can be

reconstituted with the aid of sky photographs from a starearnera placed in a

watertight compartment (accuracy = 5 ' ) , the transit of bright UV sources in

the UV sensor and from the telemetered readings of the on-board inertial

reference system.

2. X-ray focusing collector

2.1 Mirror system

a. Concept.

The principle of X-ray reflection on (metallic) surfaces can be fruitfully

applied to instruments for X-ray astronomy» as was first recognized by Giacconi

and Rossi (1960). Focusing collectors are below <v 2 keV superior to mechanically

collimated detectors in angular resolution and sensitivity. One-dimensional

imaging systems were applied in rocket-borne structural investigations of

extended soft X-ray sources, e.g. the Cygnus Loop (Gorenstein et al. 1971,

Rappaport et al. 1974) and Vela X (Gorenstein et al. 1974). Because of the short

exposure in rocket-borne experiments they have only rarely been used for the

study of the large scale structures, which are part of the diffuse soft X-ray

background (Yentis et al. 1972, Levine et al. 1976).

The reflection characteristics depend in general on the angle of incidence,

the photon energy and the type of reflecting material. At X-ray energies total

reflection below a critical angle occurs at near-grazing incidence. The critical

angle is inversely proportional to the photon energy, which leads to only a small

field of view (£ 3°) in the soft X-ray energy range. The reflectivity is a

decreasing function of energy with discontinuities at the absorption edges.
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Nickel has been used as surface material, because of the high efficiency and

smooth reflection curve in the energy range 0.06-1.0 keV, except for the Ni L

absorption edge around 0.85 keV. Calibration curves of the reflection efficiency

are presented in a following section.

The focusing properties depend in first order approximation on the macro-

scopic shape of the reflecting surface. The microfinish determines the amount of

scattering of incoming X-rays on surface irregularities, which is an important

parameter for the obtained signal-to-noise ratio (contrast) in high resolution

( <\> 10") X-ray optics (cf de Korte and Laine 1977). For a resolution of 15'

X-ray scattering has a negligible effect.

The mirror system consists of a set of optical flat segments, which simulate

a parabolic curvature in one direction (parabolic cylinder). The field of view

is approximately 3 x 11 FWHM (3 in the focusing direction). Within the

constraints of the payload diameter the collecting power is increased, by

nesting nine pairs of confocal cylinders. A schematic side view of the X-ray

focusing collector, which shows both the mirror system and the multi-cell

detectors, is given below:

multi-cell detector

pl_ane_of symmetry

field stop —

1010 mm

For a parabolic cylinder a paraxial beam of radiation forms a perfect line

image in the focal plane. The following effects can be noticed for a parallel

beam entering the system under an angle a:

(i) the line image shifts over a distance y in the focal plane scale,

according to:

y = f.a, ( a in radians)

where f is the local length (1010 mm),

(ii) the line image spreads out, because of comatic aberration; the width 6

of the line image is given by:

6 = L .a , L is the length of the parabolic reflecting

surface.



I
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The approximation of the parabolic cylinder by means of flat segments puts

a constant bias of i> 3' (1 mm in focal plane) to the angular resolution, apart

from possible degradation due to misalignment. /

In the design phase ray-tracing calculations have been performed to study

the reflection and focusing characteristics of several systems ij.s a function of

X-ray energy, angle of incidence, number and dimensions of mirrprpairs and

baffles, focal length and coating material. The finally selected system has been

extensively described by Zwijnenberg (1976). Its main characteristics will be

briefly summarized. The flat segments of the mirror shells ar</j multilayer

constructions cf titanium, sheetglass and 0.1 um evaporated nickel. The titanium

backing was needed to improve the mechanical strength, which showed after

vibrationtests. The surface roughness of sheetglass is small enough to provide

good reflection qualities. On the back of each shell baffles in the form of

strips are placed to prevent unreflected rays from reaching the focal plane,

which would degrade the signal-to-noise ratio. For the same reason a central

diafragm was installed between the innermost mirrorpair. The complete housing

of the mirror system, diameter about 33 cm, was made of titanium because of its

mechanical and weight characteristics.

The calibration of the flight model included:

(i) reflectivity measurements at different X-ray energies,

(ii) imaging properties: measuring the line spread function at X-ray energies

and the half energy width in visible light.

b. Spectral response.

In the X-ray facility of the Laboratory for Space Research (Utrecht),

monochromatic X-rays were generated, which were collimated by means of a sieve
2

plate to a pencil beam of 31 x 0.6' FWHM over a total area of 4 cm . Several

lines in the soft X-ray region were available. Because of the small beam area

the mirror system was scanned perpendicular to the shells. In the reflectivity

test the integral width of the line image was measured with a single wire

proportional counter, having a large aperture (> 4 mm), in the focal plane. The

X-ray source could be rotated with respect to the optical axis of the mirror

system in order to determine the reflectivity and the imaging quality as a

function of the off-axis angle.

During the construction phase the reflectivity of some samples of the flat

segments was measured using B K (185 eV) and C K (280 eV) line radiation. The
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Figure II.2 The X-ray reflectivity of a flat mirror segment at two energies

as a function of angle of incidence (dots and crosses).

Measurements by Lukirskii (fully drawn) and by LRO (dashed)

are shown for reference.

results are shown in figure II.2. The fully drawn and the dotted curve represent

measurements by Lukirskii (1964) and the Laboratory for Space Research (van

Rooyen 1976, personal communication), which are used as references. The

reflectivity of the segments is in good agreement with the reference values.

The completely assembled mirror system has also undergone reflection tests

at C K (280 eV), 0 (525 eV), F Kfl (680 eV) and Cu Lfl (930 eV) line

radiation. In figure II.3 the reflectivity of the system is given as a function

of energy with the off-axis angle a as parameter. For reference the curves of

Lukirskii (1964) are drawn in. Especially at the 0 K and F K lines there is a

discrepancy between the measured and the reference values. The cross-section

for X-ray absorption at the 0 K and F K edge is high. The lower reflectivity

might therefore be due to absorption effects on a not perfectly clean and maybe
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Figure II. 3

100 • 200 300 400 500 600 700
* • Photon energy (eV)

800 900 1000

The X-ray reflectivity of the aomplete mirror system as a function

of energy with the off~axis angle as parameter. The i j j J J J

absorption edges of nickel are indicated; the fully drawn curve is

the Lukirskii reference.

oxidized surface. These problems have been reported before in X-ray astronomy

instruments (Gorenstein 1973), No absorption is noted at the Cu L line. Around

the Cu L absorption edge the reference values for the reflectivity are very

uncertain. From the measured values of figure II.3 a computer look-up table is

constructed, in which the reflectivity as a function of energy and off-axis angle

is given.

c. Angular response.

The focusing properties of the mirror system are determined in visible

light after assembly as a relatively easy check on the manufacturing specifi-

cations. This does not yield information on small angle X-ray scattering

properties, however this can be neglected for a resolution of 15*. Using a

Foucault knife method the energy, which contributes to the line image at a given

displacement, can be measured. The FWHM of the line spread function is found by
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the differentation of this curve. The results of the optical measurements,

recorded as a function of the off-axis angle a, are indicated as crosses in

figure II.4. Results for a ray-tracing (fully drawn curve) are also indicated,

as well as for X-rays, which will be referred to hereafter. The line spread

function for X-rays is measured in the Utrecht facility, using a 0.5 mm slit in

front of the detector, which is displaced in steps across the line image. In

figure II.4 the FWHM of the line spread function is given as a function of the

off-axis angle, in the focal plane scale (left) and the corresponding angular

scale (right). The finite angular resolution at P = 0 is caused by the

approximation of the parabolic cylinders by means of flat segments. The ray-tracing

curves and the X-ray results are valid for half the system (9 cylinders), while

the optical tests were performed on the complete system. The consistency of

the optical measurements (whole system) and X-ray measurements (half system)

proves that the imaging quality of the system is very uniform. Both agree within

the uncertainty with the ray-tracing result, indicating that the alignment of the

individual flat segments is very good. The manufacturing specifications demanded

that over a field of view of + 1 the FWHM of the line spread function remained

smaller than 4 mm, which is the linear resolution of the detector in the focal

plane. From figure II.4 it is clear that these conditions are met.

In the non-focusing direction the angular response is determined by the

dimension of the mirror support structure (20 cm). Figure II.3 shows the response

E 7

1 6

•p

V
3 3

! •
0

FWHM:

1 1 1

Theory.
(930eV)

i

X-rays
(930 eV)

•—
r~^

Optical
(2500-6000AI

X

i

-

i

-0.9 -0.6 -0.3 0.0 *0.3
Off-axis angle a (degrees)

•0.6 • 0.9

- 0.4

0.3 f

Figure IT. 4 Imaging properties of the mirror system for a parallel beam under

an off-axis angle a. The FWHM of the line spread function is given

in millimeters (left scale) and in degrees (right scale).
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Figure II. S Angular response of the mirror system in the non-focusing direction

as a function of the angle of incidence S. The contribution of

each detector in the focal plane (11 .7 FWHMJ and also the total

response (13 FWHM)- is indicated.

as a function of the angle of incidence 6 as obtained from a ray-tracing

calculation. The FWHM of the angular profile amounts to 13°. The individual

response (FWHM 11 .7) of each detector in the focal plane is also indicated.
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2.2 Multi-cell detectors

a. Concept

The imaging qualities of the focusing mirror should be matched with the

linear resolution of a position sensitive detector in the focal plane. A

proportional counter in a multi-cell configuration has been chosen, because of

the high quantum efficiency and the reasonably good linear resolution that can

be achieved (4 mm). With a focal length of the mirror system of 1010 mm, this

provides an angular resolution of 15 armin. A 0.5 pm polypropylene window was

used to obtain response down to a photon energy of ̂  60 eV, without an excessive

risk of mechanical failure. The window is supported on the outer side with an

etched nickel mesh. Two identical multi-cell counters (MCCs) are included in the

focal plane for redunancy reasons. An exploded view of one MCC is given in

figure II.6. The detection volume (10 mm deep) contains 15 individual detection

cells. Each cell is functioning as a proportional counter, and is defined by

the counting wire (0 15 ym) as anode and two adjacent cathode wires ($ 50 ym).

The anode wire is held on a positive high voltage (1400 V) with respect to the

cathode wires. To further define the electric field configuration a wire plane

on ground potential is placed at the bottom of the detection cell and the inner

side of the window is held at ground potential by a conductive layer of 20 yg cm

colloidal carbon. An integral linearity of the pulse height as a function

of energy of better than 5% is achieved over the dynamic range 0.06-1.0 keV. For

the reduction of the cosmic ray induced background, which consists mainly of

minimum ionizing particles leaving extended trails of ionization in the gasvolume,

a guard counter is incorporated (see also figure II.6). The guard counter is

switched in anti-coicidence with all counting wires. The spurious detector back-

ground is minimized by carefully choosing isolating construction materials to

avoid noise from high voltage leakage and breakdown. The on-board gas system

supplies P-10 gas, a mixture of 90% argon and 10% methane, at atmospheric

pressure.

-2

b. Detection efficiency.

The detection efficiency of a gas proportional counter is governed by the

absorption coefficients JJ (E) and thicknesses d of the gas and the various beam

interceptors (window, window coating and filters). The efficiency e (E) can be

.
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Figure 11.6 Exploded view of the Le-inax IV multi-cell detector.
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written as:

e (E) = (1 - e " { l i ( E ) d } gas) i ( E ) dj } interceptors.

This formula does not yet take into account the transmission of the window

support mesh. The dominant absorption process at low energies (^80 keV) is the

photo-electric effect for which the cross-section is proportional to Z . Optimum

efficiency requires low Z interceptor materials and a high Z counting gas. The

flight window configuration, averaged over the two multi-cell detectors in the

focal plane, is summarized in table II.1.

Table II.1 Flight configuration of the MCC windows

Beam interceptor Material
-2

Thickness (pg cm )

Window

Window coating

ibid

polypropylene 48.3

carbon 18.3

Lexan/Formvar 12.5

The P-10 gas thickness ensures an absorption efficiency in excess of 95% in

the energy range 0.06-1.0 keV. In figure II.7 the resultant overall efficiency

curve for the flight counters is given.

0.05 05 10
-Photon energy (keVI

Figure II.7 Detection efficiency of a flight multi-cell counter. The

absorption of the window support mesh is not included.
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c. Energy resolution.

Mono-energetic radiation incident on a proportional counter will give rise

to an approximately Gaussian pulse height distribution due to statistical

fluctuations in the primary ionization and the secondary multiplication process.

The standard deviation a(E) can be approximated by:

cr(E) - CjE* + c2E

c. depends only on the Fano factor and the number of ion pairs per unit energy

and is a constant for a given gas, c2 can usually be neglected. For practical

purposes the energy resolution R(E) is often expressed in the FWHM of the

distribution divided by the energy, which is related to CT(E) by:

R(E) 2.355a(E)
E

The energy resolution over various detection cells of the MCC, measured preflight

with 5.9 keV Mn K radiation, is shown in figure II.8. It is nearly constant,

except for the outer cells, where the electric field configuration is different.

The overall resolution for all cells is 17% at 5.9 keV and the energy dependence

is given by the constants c. = 0.18 and c_ = 0.

Figure II.8 Energy resolution at 6 keV of the MCC detection cells.
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2.3 Integral characteristics of X-ray focusing collector

The effective area of the X-ray focusing collector (XFC), the combination

of mirror system and multi-cell detector, for point-source radiation can be

obtained by combining the mirrorreflectivity (fig. II.3) and the multi-cell

detector efficiency (fig. II.7). An integration over the various reflection angles

of the mirror segments is necessary, as well as a multiplication by the

geometrical area at a = 0 (225 cm ) and by the transmission of the window

support mesh (58%). The fully drawn curve, shown in figure II.9, is calculated

100 500 600
Energy leV)

800 900 1000

Figure II.9 On-axis effective area of the mirror system as a function of energy.

All efficiencies are included.

on the basis of the reference reflectivity values of Lukirskii (1964). The

resultant effective area for the measured X-ray energies at off-axis angle a = 0

is also indicated. In deriving the total effective area we have assumed that the

mirror system has uniform properties in agreement with the reflectivity measured

for half the system. The discrepancy at 523 eV (0 K line) and especially at

680 eV (F K line) has been discussed in section 2.1. The dependence of the
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Figure 11.10 Effective area as a function of the off-axis angle.

effective area as a function of off-axis angle a is illustrated in figure 11.10

for an energy of 280 eV. Both experimental results and a reference curve

(Lukirskii) are indicated.

For diffuse radiation the geometrical factor G per detection cell of the

MCC is given by:

G = A(a,e,E)fi(a)

where A is the effective area and fi(ot) the field of view of one detection cell

as a function of off-axis angle. In first order approximation fi(a) is constant

(0.26 FW x 13 FWHM), determined by the width of a resolution cell of the multi-

cell detector. At a = 0° and E = 280 eV the geometry factor for the X-ray

focusing collector, derived from the experimentally determined effective area,
2

is 0.096 ± 0.004 cm sr. The additional contribution of direct rays, which is

negligible for a point source, amounts to 0.013 t 0.002 cm sr.
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3. Large area detection system

3.1 Concept

On four deployable panels, indicated in figure II.1, eight large area

proportional counters (LACs) are mounted in the payload. A schematic drawing of

one counter unit is given in figure II.]]. The upper section consists of a

stacked mesh collimator limiting the field of view to 3 x 10 .6. The area of the

sky viewed by the LACs coincides with that of the X-ray focusing collector. Three

types of windows are chosen, 1 ytn and 3 ym polypropylene and 1 ym polypropylene
-2

coated with 200 ygcm boron. The 3 ym and 1 ym + boron windows are added to

obtain more spectroscopic information, which is otherwise very limited by the

intrinsic energy resolution of the proportional counter. In a trade-off between

the effective area and the risk of window rupture, which depends stronglv on

the thickness, four LACs were equipped with 1 ym windows, two with 3 ym and two

with 1 ym and boron. Two anode wires (0 50 ym), screened by cathode wires 0 lOOym,

produce a uniform response over the entrance window. The inner side of the
-2

window is coated with a conductive layer of about 20 ygcm colloidal carbon.

The counter is operated at a high voltage of 2050V, which is still in the

proportional region. The integral linearity is better than 5% over the dynamic

range 0.1-3.0 keV. The depth of the counter (2.3 cm) amounts to an equivalent
-3 ~2

gas thickness of 3.86 x 10 gem P-10. Thin polypropylene windows suffer from
3 —1 -2

a considerable gas permeability (̂  0.1 Torr cm s cm for a 1 ym window), which

increases linearly with window area. A pressure change causes a gain change in a

LAC according to: -g- = -(6.5 + 0.5) — (Zwijnenberg 1976). A gas regulation-g- = -(6.5 + 0.5) —

system is therefore incorporated because in a counter, that is closed off at

launch, this depressurization results in a considerable gain change, even over

the ^ 7 min. period of a rocket flight, which is corrected for after the flight

(Deerenberg 1973; de Korte 1975). The gain stabilization is controlled through

a gain monitor, which is attached to each LAC. These gain monitors share their

gas volume with the LAC, equal gas gain is ensured by proper selection of the

monitor high voltage. The gain reference is obtained from a Fe-55 calibration

source, installed in each gain monitor.
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Figure 11.11 Large area counter and gain monitor in side view (top) and

cross view (bottom).
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3.2 Spectral response

a. Detection efficiency and effective area.
-3 -2

The absorption of 3.86 x 10 g cm P-10 gas is nearly 100% in the energy

range 0.1-3.0 keV. Hence, the detection efficiency depends mainly on the trans-

mission of the window and coatings. The specification of the three types of flight

windows is given in table II.2. The efficiency curves for the three window types

is given in figure 11.12.

Table II.2 Flight configuration of the LAC windows

= — = = =: = =:==: — — = =:=:= — ==

Beam interceptor Material
-2

Thickness (ygr cm )

Window

Window coating

ibid

ibid

polypropylene

carbon

Lexan/Formvar

64% boron

29% carbon

7% oxygen

1

92

18

13

-

-

-

ytn

.4

.1

. 7

3

306

19

13

-

-

-

ym

.6

.4

.2

1 ym + boron

80.0

20.0

-

128.0

57.0

15.0

The composition of the boron coating is not unique, because the measured

transmissions at four X-ray energies (0.185, 0.28, 0.525, 0.93 keV) indicate the

'presence of an additional percentage (by weight) of 29% carbon and 7% oxygen. The
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Figure 11.12 Detection efficiency of the LACs. The absorption of the

window support mesh and collimator is not taken into account.
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Figure 11.13 The absolute transmission as a function of the B K^/C K^

ratio for several weight percentages of the boron coating.

The straight line is a best fit to the data points.

quality of the filter is determined by the absolute transmission at B Ka (0.185

keV) and the filtering power, which is expressed as the transmission ratio

between the B K and C K (0.28 keV) radiation. In figure 11.13 the preflight

measurements are shown, where the various crosses indicate a different thickness

of the coating (Huizenga 1976). The flight coating has the following

characteristics: 39 + 6% transmission at B K and a transmission ratio between

B K and C K of 54 + 7. No Lexan/Formvar coating is applied on the 1 pm + boron
a a -

windows, because the coating already greatly reduces the UV sensitivity.

The effective area as a function of energy is obtained by combining the

detection efficiency with the geometrical area. Table II.3 shows the factors

involved in the determination of the net geometrical area.

Table II.3 Geometrical area for on-axis radiation

Projected entrance area

Transmission of collimators

Transmission of window support mesh

Geometrical area

296 cm

69.4 + 1.7%

80.0 + 2.0%
?

164 + 8 cm
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b. Energy resolution.

The energy resolution of a proportional counter with large area may be

degraded by: (i) an ill-defined electric field over the entrance window, which

depends on the conductivity of the carbon coating,(ii) gas gain variations through

inuniformities in the anode and cathode wire diameters. The measured energy

resolutions over the complete entrance area, averaged over counters with the same

window type, are:

counters (c o)

1

3

1

urn
um

um + boron

0

0

0

.23 +

.18 +

.20 +

0

0

0

.01

.01

.01

R (5.9 keV) (%)

22.1 + 1.0

17.3 + 1.0

19.2 + 1.0

where c. and c_ are defined in section 2.2.

c. Energy calibration.

Energy calibration measurements on the LAC were performed at the characte-

ristic X-ray line energies B Ka (.18 keV), C K^ (.28 keV), F Ka (.67 keV), Cu L Q

(.93 keV), Si K (1.76 keV), Sr L (1.82 keV), Mn Ka (5.9 keV) with the applied

high tension as free parameter. For the flight setting of 2050 V the data points

and the best fit calibration curve are shown in figure 11.14. The C K point has

05 1.0 20
-»• Photon energy (keV)

Figure II.14 Energy calibration curve for a LAC, measured at several X-ray

energies. The best fit curve (solid) and extrapolated

proportionality curve (dashed) are indicated.
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a systematic deviation due to trapping of primary electrons in the detector

window, probably because the optical depth of photons just above the Ar L^ edge

of the P-10 counting gas is very small (Emonds 1971). This effect has not been

taken into account. Consequently the calibration curve is assumed to be strictly

linear over the dynamic range of the LAC (0.1-3.0 keV). A slight deviation

occurs above 3 keV. A useful parameter to express deviation from linearity is

the pulse height ratio of Mn K (5.9 keV)/Mn escape peak (2.95 keV). The

experimental value for the LAC at 2050V is 1.94 + 0.02, whereas strict linearity

would give a ratio of 2.0. The calibration curves of the LAC and gain monitors are'

identical, so that the gain of the LAC can be monitored directly in-flight by the

calibration signal from the gain monitor.

3.3 Collimators and geometrical factor

The same sky area (angular dimensions 3 xlO .6 FWHM) is viewed by all the

LAC's. All collimators are constructed as a stack of 15 identical stainless steel

meshes, since the use of slat collimators can introduce a number of undesirable

side effects. X-ray reflection on (slat) collimators will give rise to an energy

dependent effective area (de Korte 1975), while low energy electrons, scattering

from the collimator at small angles, can deposite an amount of energy within

the dynamic range of soft X-ray instruments (Seward et al. 1974). The long axis of the

field of view is perpendicular to the scan path. Because of the positioning of the

four panels, carrying the counters, in a symmetrical pattern (fig. II.1), two

types of collimators with different orientations with respect to the long

direction of the panel are needed.
2

The geometrical factor for diffuse radistion amounts to 1.59 + 0.08 cm sr

for the LAC.

4. Precautions against UV-contamination.

4.1 Integral efficiency

Far ultraviolet (X < 2500 A) photons, possessing energies that exceed the

workpotential of the material of the inner side of the counter body and window

(4.8 eV), are able to release one electron in the counter gas volume. The

statistical variations in the charge multiplication process give rise to a tail
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in the single electron distribution, which can extend to a 200 eV X-ray photon

equivalent. These events cannot be distinguished from X-ray events and concribute

to the background at low energies. The quantum efficiency (Q.E.) for UV-radiation

is defined as the number of simulated X-ray events above a certain threshold

energy per incoming UV photon. To minimize this so-called "UV-sensitivity" the

windows of all counters arc provided with a coating of about 13 vig cm ,

consisting of a combination of Lexan and Formvar. Lexan is a good absorber for

UV radiation below 2400 8 (Williamson and Maxon 1975) and Formvar is added for

an easier manufacturing of the film. The carbon coating on the inner side of the

window also absorbs part of the UV radiation. The workpotential of the aluminium

counter body (̂ 3.8 eV) is increased by coating the MCCs with gold (4.8 eV) and

the inner wall area of the LACs with colloidal carbon (4.8 eV).

In figure 11.15 the integral efficiency for a flight space MCC and LAC counter
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Figure 11.15 The integral UV efficiency for a 0.5 vm MCC and 1 y.m LAC,
both with and without Lexan/Formvar coating.
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is given for a threshold energy of 50 eV and 100 eV respectively. The 1 urn and

3 urn LACs have an identical efficiency, because of an equal thickness of the

window coatings and the same wall area of the counter body. For the 1 urn + boron
-2

counters the Q.E. is negligible compared to the other LACs (factor 10 ) through
_o

the absorption in the thick boron coating (-200 pg cm ). Because of a larger

window and inner side counter area the LAC is about one order of magnitude more

sensitive to UV radiation than the MCC.

4.2 UV filter

The remaining UV-sensitivity can be assessed in-flight by inserting a

lithium-fluoride UV filter on telecommand over the entrance window of one MCC.

Figure 11.16 shows the transmission curve of the filter, as derived from

extinction measurements between 1150-2500 8. Although the UV transmission of

the MCC window has a sharp cut-off below 1600 A, it remains finite (M0 ) to

below 1200 A*. A large flux of HLya (1216 A*) in the UV radiation field at

rocket altitudes (Henry et al. 1978), which is largely due to terrestrial

airglow, can therefore still contribute to the Q.E. The transmission of the

UV filter is consequently secured to be > 50% at this wavelength.

2500

Wavelength I A)

2000 1800 1600 WOO 1200

7 8
Energy (eV)

11 12

Figure II.IS Transmission of the UV filter as a function of wavelength

(upper scale) and energy (lower scaleJ.
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Figure 11.17 The quantum efficiency of the UV sensor around ^ 2300 A.

4.3 UV sensor

A UV sensor, inserted in the central field stop of the mirror system, is

incorporated in the payload as an in-flight monitor of the passage of bright UV

sources. The UV sensor data serves a two-fold purpose: (i) the observation of

the strong UV source aVir provides an in-flight check on the UV sensitivity, when

compared to the observed MCC counts in the UV filter mode, (ii) several bright

UV sources render additional position information for refining the attitude

solution.

The UV sensor consists of a small photo-multiplier tube (65 x 0 14.3 mm), with

a fused quartz window and Cs/Te photocathode material. A mechanical collimator

defines a 2.8 x 11 FWHM field of view, while the viewing direction is equivalent

to the XFC and the LACs. The quantum efficiency as a function of wavelength is

given in figure 11,17; the experimental results were obtained by Yamashita (1976>

personal communication).
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5. Data handling and transmission.

5.1 Onboard data processing

The pulse height information from the radiation detectors is processed

onboard to digital data suitable for transmission. A flow diagram of the data

handling system for a MCC and two LACs with a gain monitor is given in figure

11.18. The data of the other MCC and LACs are treated in a similar manner.

a. Event qualification

After an analog amplification, the pulse height event is subjected to a

number of qualification conditions. The SLLD represents a threshold, by tele-

command selectable "low" and "high", in case excessive noise in the lowest pulse

height channels occurs. The lower and upper level of the energy range is defined

by the discriminators LLD and ULD. The LLD is governed by the transmission

characteristics of the entrance window, the ULD is determined by reflectivity

(MCC) or useful soft X-ray range. The settings in energy equivalent values of the

SLLD, LLD and ULD are given in table II.ft. The guardcounter is switched in anti-

coincidence (resolving time ^ 2 ys) with every detection cell. The qualification

conditions can be combined into the logical expressions LLD.ULD.AC". Two coincident

events (within 0.8 ys) from adjacent cells generate a CC signal, which is used as

a flag-bit.

Table II.4 Energy range settings

Threshold level (eV)

SLLD "low"

"high"

LLD

ULD

MCC

50

100

60

100

LAC

100

150

1000

3000

b. Dead time and overload protection

The total counting rate of all X-ray detectors during the passage of a strong

source may approach the telemetry saturation of 7000 events s . For the assessment
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- 32 -

Deadtime
Data handling system

No buffer
1 Buffer

Fixed period
X LEINAX

0.01
0.01

Normalized pulse height event rate

Figure 11.19 Relation between true and observed event rates for several

data handling systems. Both scales are normalized to a

maximum of 7000 events s .

of the desJ time three counting rate meters (CRM), one for each MCC and one for the

total LAC-counts, bcale the "true" counting rate 8 times per second. The dead time,

as measured preflight for a MCC data handling system, is illustrated in figure

11.19. The Leinax IV data handling system is consistent vith the dashed curve,

calculated for a system with one output buffer.

In the case of a counter malfunctioning, excessive count rates may occur. The

data handling system is protected for overload by means of rate dividers, which

scale the accepted event rate by |, | or 0, dependent on the count rate, integrated

over a time period T , . (K 4 seconds). The integral count rate of each MCC is

monitored by a single rate divider, each LAC is monitored individually. The accepted

event rate as a function of counting rate for a LAC is shown in figure 11.20. The

LAC rate dividers scale by i at 2048 counts. The rate dividers for the MCCs have a

similar characteristic and are set to scale by i at = 400 counts. The status of the
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rate dividers is contained in the housekeeping data to permit a correction for the

measured event rate after the flight.

c. Digital conversion and transmission

The pulse height events are converted in three ADCs (2 for the MCCs, 1 for the

LACs) in a 7-bit digital word. A counter identification is added in a 6-bit code. If

a photon enters the MCC at a cell boundary, the event will be registered in two

adjacent cells. However the pulse heights are erroneous and both events are identi-

fied as errors.

The CRM data is labelled with two identification bits. The mode multiplexer

governs the division between the pulse height and CRM events. The complete 17-bits

digital word for both the pulse height and CRM data is constructed as follows:

bit no. 1 2

ADC start

3 4 5 6 7

pulse height

CRM CRM content

9 10 11 12 13 14

counter identification

CRM id.

15 16 17

mode cc parity

A 17-bits shift register transfers the data in the PCM code (bi-phase-level)

to the transmitter at a rate of 120 kbit s

o 2048

RATE DIVIDER
LAC

Counter
Switched Off

2048 4096
Eventfrequency .xcioci< (Counts)

8192

Figure II. 20 Typical switching points of a LAC rate divider.
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5.2 Telemetry and RF interference prevention

The Leinax IV telemetry system consists of two separate transmitting

channels. For the digital data from the X-ray detectors two PCM/FM modulated

transmitters are used. The carrier frequencies are 248.6 MHz and 259.7 MHz with

a power of 2.3 W and 1.8 W respectively. The bandwidths of both transmitters

extend over 500 kHz between 1.5 dB points.

The transmitter for analog data (frequency 239.5 MHz, power 3.2 W) is

FM/FM modulated with the output of fourteen VCOs (voltage controlled oscillators),

which occupy standard IRIG channels. The subcarrier assignments and the trans-

mitted data of each channel are listed in table II.5. The channel 13 VCO is fed

with the output from a 32-channel PAM commutator, which samples various house-

keeping signals (temperature, high and low voltages, deploy, gas pressures) at a

frequency of 200 Hz.

The four antennas are placed symmetrically around the telemetry cilinder

case (fig. II.1). The PCM/FM transmitter signals are connected with two opposite

antennas, the other two are used for the FM/FM transmitter.

Table II.5 IRIG assignments for analog data

IRIG channel Center frequency (kHz) Data

5 1.3 Star camera transport

6-10 1.7, 2.3, 3.0, 3.9, 5.4 A.C.S.

11 7.35 Mode monitor

12 10.5 Rate divider

13 14.5 PAM commutator

14-17 22.0, 30.0, 40.0, 52.5 A.C.S.

18 70.0 UV sensor

Great precautions must be taken to prevent interference of radio frequent

signals from the on-board telemetry onto the detector systems. This effect has

caused the loss of the XFC data in the Leinax III experiment (Zwijnenberg 1976).

In extensive tests at NLR (National Aeronautics and Space Laboratory) the

critical parameters for the prevention of RF interference were assessed. Two
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actions are consequently taken to minimize the susceptibility: (i) the modulation

index is kept as low as compatible with signal-to-noise considerations (40 KHz

and 90 KHz for the PCM/FM and FM/FM transmitters respectively) (ii) a copper

shielding is applied to the preamplier housing and both low and high voltage

wirings are shielded by an earth mantle (see also figure II.6). The suscepti-

bility level, expressed in power, is kept in this way a factor 3.2 above the

radiated power from the telemetry.

6. Aspect systems

6.1 Attitude control system

The Leinax IV attitude control system (ACS) comprises a type MARS/CARP

stable platform, which constitutes an inertial reference for pointings towards

desired sky positions. Between two positions scans can be performed at a given

rate (0.2-5 degrees per sec.) controlled by a 3-axis body fixed rate gyro.

The reference frame for manoeuvring is defined by the pitch, yaw and

roll (= body-z) axes. Position acquisition manoeuvres are performed over all

three axes simultaneously. Acquisition rates are set to 4?5 s for pitch and

yaw, and approximately 10 s for roll. Seven sky positions, selectable by

radio command, are preprogrammed in the ACS electronics. Scans are performed

in body pitch, holding the body roll and yaw rates to zero, at three prepro-

grammed scan speeds (0.32, 0.64 and 5 s ) , having a dead band of 0.04 s . In

this way the body-z axis (= central viewing direction of the detectors) describes

a great circle on the sky. The best angular resolution is obtained in the scan

direction, since the long axis of the field of view is kept perpendicular to the

scanpath. The absolute pointing accuracy of the ACS is determined by the drift

of the stable platform and amounts to approximately 3 .

The ACS is operated by fifteen ground initiated RF commands from a 408 MHz

transmitter with a power of 1 kW. Some experiment functions (filter movements,

discriminator "low" and "high") are telemetered by the same transmitter. The

pneumatics to perform manoeuvres consists of pitch, yaw and roll thrusters

located near the aft end of the payload, operated with nitrogen gas at two

selectable pressures (low thrust: 2 atm, high thrust: 9 atm).
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The stable platform is uncaged 90 seconds before launch in the following

position: elevation body-z axis 90 and azimuth body-y axis 315 . The launcher

elevation was set at 86°.

6. 2 Staroamera and alignment procedure

A short description of the on-board starearnera (STC) and the subsequent

alignment procedure will be given below. A more extensive description is given

in Zwijnenberg (1976). The STC, which is installed in the watertight compartment,

is motordriven with an exposure time of 0.6 s and a transport time of 0.2 s.

A f/1.2 lens is employed with a focal length of 40 mm. Kodak 2484 panchromatic

film provides a 800 ASA sensitivity when developed in D76 for 10 minutes at 68 F

(gamma 0.7). Preflight tests proved that stars to the 6th apparent visual

magnitude could be observed. The film transport is checked by means of 2 LEDs,

switched as binary counters, while 4 LEDs provide fiducial marks for position

measurement on the film.

The alignment procedure can be divided into:

(i) adjusting orientation and distance of the mirror system with respect to

the MCC

(ii) matching the central viewing direction of the XFC and the LACs

(iii) determining the angle between the central viewing direction of the XFC

and the STC.

The orientation and position of the mirror system can be adjusted by means

of spacer plates located between the mirror system and the payload structure. In

an optical alignment test, using a He-Ne laser (X = 6328 A), the line focus was

placed in the middle of the MCC (wire 8), while the focal plane coincided with

the entrance window of the MCC. A reference mirror on the front mirror structure

defined the optical axis with an accuracy of approximately 3 arcmin. A similar

reference mirror, placed on a LAC collimator, permits the relative alignment

with the XFC to be checked. The state of deployment of the LACs is preflight

influenced by the gravitational force giving a <\< 2 deviation from the flight

condition. The relative alignment is therefore calibrated accurately in-flight

by noting the transit of the strong source Sco X-l (see also section III.3). The

orientation of the starcamera with respect to the central viewing direction of

the XFC is close to 90 and is determined to within 5 arcmin.
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CHAPTER III

FLIGHT DATA AND INSTRUMENT PERFORMANCE

1. Launch

The Leinax IV experiment was launched by a Terrier-Sandhawk rocket combi-

nation from Kauai (Hawaii) on May 28, 1976 at 1lh49m30s local time (May 29,

09h49m30s UT). The geographic longitude and latitude are 159°.7 and 22°.0.

The flight trajectory, as obtained from groundbased radar tracking data, is

given in figure III.1. The transmission through the residual atmosphere (zenith

angle 0°) in the soft X-ray range 0.1-0.4 keV is indicated on the right hand

scale. Above approximately 150 km the absorption is negligible (̂  5%). An apogee

altitude of 271.5 km is reached, about 8% less than the prediction (294.9 km) for

a payload mass of 218.8 kg. The launch direction is north-west (over sea), with

an impact dispersion radius of 70 km (3a), determined by the burning time of the

second stage. The detailed flight record is given in table III.l. The stowing of

the LAC panels halted at FT = 441.1 s about 15 from the proper stow position.

This partly open configuration caused a far too high descent velocity, consequently

the payload probably disintegrated during descent and could not be recovered.

2. Observation program

2.1 Objectives

In the Leinax IV observation program several soft X-ray targets are

incorporated viz:

• Sco X-l, in-flight performance check.

The strong X-ray source Sco X-l is included for an in-flight calibration of

the angular resolution of the XFC and the relative alignment with the LACs

(sections III.3.2 and III.3.3). A rough stability check on the energy scale

can also be obtained (section III.3.4). Two scans across Sco X-l, at the

beginning and end of the flight, are performed.
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Figure III.l Altitude of the payload I left scale) as a function of flight

time. The right saale gives the soft X-ray transmission

above that altitude.

The North Polar Spur.

The North Polar Spur is a giant non-thermal radio loop (Loop I), extending

from the galactic pole region to the galactic plane near b = 3 0 (Berk-

huysen 1971). The existence of associated X-ray emission (Bunner et al. 1972;

de Korte et al. 1974) strongly favours a supernova origin. Soft X-ray

experiments with coarse angular resolution (= 3 ) indicated correlations with
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Table III.I Record of characteristic flight events

ACS uncage stable platform

Launch

Burnout 1st stage

Ignition 2nd stage

Burnout 2nd stage

Payload separation & ACS activation

Despin initiation & experiment enable

Nose cone ejection

Deploy LACs started

Deploy LACs completed

UV+B filter out

Start scan 1A

Apogee

UV filter in

UV filter out

Stop scan 8

Stow LACs started

Stow LACs halted

Experiment disable & ACS deactivated

Drogue chute deploy

Main chute deploy

Loss telemetry signal

Flighttime (s)

- 90.0

0.0

4.6

12.8

27.4

58.3

59.2

70.3

72.3

95.3

103.1

108.2

260.8

277.6

297.4

425.0

427.1

441.1

472.4

497.8

498.1

594.4

Altitude (km)

0

0

1.7

6.8

27.0

86.0

87.8

107.6

111.0

148.2

159.7

166.9

271.5

270.1

265.1

148.1

144.8

122.7

66.9

-V18.7

M8.6

^ 4.6

the radio structure (Cruddace et al. 1976; Borken and De Ann 1977; Hayakawa

et al. 1977). For a detailed comparison on a comparable resolution scale

(0°.25) with the radio maps two crossings over the North Polar Spur at b =

25° and b 1 1 75 are included (chapter VII).

HZ 43.

The ultra-soft X-ray spectrum of HZ 43, the first non-solar EUV source

(Margon et al. 1976), is examined in a cross-scan (Bleeker et al. 1978).
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• The Lupus hot spot.

The Lupus soft X-ray enhancement is found to be extended over = 15 (Palmieri

et al. 1972). No fine structure is observed due to the angular resolution of

the experiment (= 7 ). Non-thermal radio emission shows the presence of two

distinct objects: the supernova remnants SN 1006 and the Lupus Loop (Milne

1970; Milne 1971). The total soft X-ray extent can however not be explained

by the radio sizes of these sources (4.5 for the Lupus Loop, 0 .4 for

SN 1006). Two cross-scans are incorporated to unravel the soft X-ray

structure on a scale of ^ 0°.25 (chapter VI).

2.2 Programmed trajectories

Eight pre-programmed scans are performed over the celestial sphere in order

to carry out the objectives listed above. In figure III.2 the trajectories are

shown as dashed curves on a map in galactic coordinates. The positions of the

observed X-ray objects are also indicated. The reconstituted trajectories (fully

drawn curves) and the indicated UV sources are. discussed in section III.2.3.

The scanspeeds are determined from a preflight estimation of the expected

statistical significance for the proposed targets. Consequently three scanspeeds

of 0?32, O?64 and V> are selected. In figure III.3 the body pitch rate during

the scans (= scanspeed) and also during manoeuvring is given as a function of

flighttime.

2.3 Attitude reeonstitution

The attitude information could not be obtained from the starcamera film data

(accuracy =5') due to the loss of the payload. The gyro data is therefore

employed to render a first order attitude solution, which is accurate to within

3°. With the aid of the transit times of strong celestial UV sources in the UV

sensor (see also figures III.2 and III.U) and Sco X-1/HZ43 in the XFC, the

attitude is refined to an accuracy of 0.5 along the scanpath and 2 absolute

pointing accuracy. In table III.2 the starting and end points of the executed scans

are given together with the observed sources. The scan trajectories are drawn as

fully drawn curves in figure III.2. The attitude control system performed more poorly

than expected, giving deviations from the programmed trajectories (section 2.2)

up to 5°. Some specific deficiencies in the scanning program can be noted:

(i) scan 1 is terminated too soon, i.e. before reaching the radio ridge of the

North Polar Spur.
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(ii) scan 6 and 7 across the Lupus enhancement are displaced by approximately

5°.
(iii) scan 7 was cut short in order to leave time for the important scan 8.

(iv) scan 8 is displaced by more than 5 .

3. Behaviour of the instruments during flight

3.1 Overview

The data from two 1 vim and two 1 um + boron counters had to be rejected

because of malfunctioning. The 1 um + boron counters possibly suffered from a

ruptured window, while the housekeeping data indicated that high voltage breakdown

occurred on the panel with the 1 pm counters. Two 1 pm counters, hereafter denoted

by LAC 1 and 2, and the 3 pm counters (LAC 3 and 4) performed flawlessly, so that

a two color spectral analysis was still possible.

The XFC with the two 0.5 urn counters renders structural data on the observed
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Figure III.3 The angular speed of the payload during scans (1 through 8)

and manoeuvres as a function of flight time.
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Table III.2 Executed and pre-programmed scan trajectories

scan begin end source

1A

IB

2

3

4

5

6

7

8

b 1

23.3

24.4

29.9

75.5

77.4

59.9

26.5

18.5

29.8

(22.4)

(25.5)

(30.0)

(78.0)

(81.5)

(55.4)

(25.0)

(17.5)

(22.4)

I1

358.9

7.5

56.7

64.9

94.0

317.5

331.8

323.5

358.5

\o)

(354.3)

( 3.8)

( 53.0)

( 53.0)

( 86.0)

(316.9)

(330.0)

(322.0)

(354.3)

b 1

24.4

25.8

56.6

86.9

60.6

50.7

12.7

16.6

30.4

X(o)

(25.5)

(30.5)

(78.0)

(90.0)

(55.4)

(46.0)

(10.0)

(17.5)

(25.5)

1]

7.5

31.3

61.1

67.4

316.9

312.9

327.7

333.3

12.6

C 3.8)

( 38.0)

( 53.0)

( 53.0)

(316.9)

(314.5)

(330.0)

(338.0)

( 3.8)

Sco X-l

North Polar
Spur

Outside North
Polar Spur

HZ43

HZ43 + North
Polar Spur

aVir
(UV filter in)

Lupus

Lupus

Sco X-l

targets. No spectral analysis of the XFC data is performed on the diffuse X-ray

background, due to a lower statistical weight because of enhanced counter back-

ground and an apparent iiHE light deviation from the expected mirror reflectivity

above 0.8 keV (see section III.3.4 and III.4.3).

3.2 Angular resolution XFC

The angular response of the XFC to a point source is calibrated in-flight on

the X-ray source Sco X-l. The observation in the beginning of the flight (scan 1A)

is best suited, because the payload scans progressively faster (acceleration

1.27 s ). During scan 8 the payload is in a complex manoeuver, when crossing

Sco X-l. The LACs, with the exception of LAC3, are switched off by the ratedividers

from FT = 85.1s to FT = 113.5s, because Sco X-l had been in the field of view since

FT = 85s, due to an off-set of the attitude control system (ACS). The ratedividers

of MCC2, switched to the position \, have also been taken into account.



- 46 -

50

40

c

5 30

•£
3

o 2 0

t -
n
U

100

80

c

2 60
(A

"c
3

O 4 0

I-
0

MCC 1

-

c
-

1

MCC 2

1

J

•

i
Angular profile

XFC

Sco X-1
0.4-1.0 keV

I
I

I\-Sir] p-| n

r l

n

\ 7'n—Li-r—i-T,
0.5 1.0 1.5 2.0

• Scan angle Idegrees)
2.5

Figure III.4 In-flight cheak of the XFC angular resolution on Sao X-1.

The dashed curve represents the pve-flight calibration.

The raw counting rate profiles across Sco X-1 in the energy interval 0.4 -

1.0 keV are shown in figure III.4 for MCC] and MCC2. The factor 2 intensity

difference again arises from the ACS off-set of ̂  2 in the direction perpendicular

to the programmed scan path. The ratio between MCC1 and MCC2 can be derived from

the angular response in the non-focusing direction, as given in figure II.5. The

central 5 cells of each MCC are selected for an optimum signal-to-noise ratio and

are synchronized to the central cell by the method described in chapter IV. The
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theoretical profile, drawn in as a dotted curve, is calculated by a convolution of

the linespread function of the XFC as a function of off-axis angle (figure II.4),

and the approximately rectangular response function of the MCC cells. The in-flight

angular resolution of the XFC amounts to O°.25 FWHM and agrees with the preflight

conditions.

3.3 Relative detector alignment

The transit times of Sco X-l during scan 1A (XFC, LAC3) and scan 8 (MCC1,

LAC1, 2, 3, 4) can be employed to determine the relative alignment. Sco X-l is not

observed in MCC2 during scan 8 because of an off-set in attitude from the program-

med scan path. In figure III.5 the transit times are plotted against an arbitrary

scan angle. The misalignment of LAC1, 2 and LAC3, 4 relative to the XFC is - 0°.4

+ 0°.l and + l°,0 + 0°.l respectively. Correction for this misalignment is applied

in the presentation of the data on brightness profiles.

1.0 F

0.5

2 0.0

-0.5 -

LAC3IScan1A)-

ILAC 3/41 —LAC 3 IScanS)

LAC 4 (Scan8)

LAC 2
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0.0 1.0 2.0
Scan angle (degrees)

3.0

Figure III.5 The relative transit time of the XFC and LACs as a function

of an arbitrary scan angle3 as derived from scan 1A and 8

across Sco X-l.



3.4 Calibration of the energy scale

a. Fe-55 calibrations.

The energy scale is monitored in-flight in seven calibration periods, each of

5 seconds, initiated by ground command. Fe-55 sources (intensity 200 counts s )

are permanently positioned over the outer wire of the MCC and in the gain monitors

and provide a Hi K X-ray calibration signal of 5.9 keV. Figures III.6a and b show

the position of the Fe-55 peak as a funtion of flight time for MCC1 and 2 and LAC1,

2, 3 and 4. The in-flight gain of the MCGs is lower and of the LACs higher by

about 10% compared to the preflight adjustment. However for both systems the gain

remained constant within the statistical errors throughout the flight. In table

III.3 the in-flight values for the lower and upper level discriminators and the

channel width are given for each counter system.

Table III.3 In-flight energy settings.

Counter system

MCC1

MCC2

LAC1

LAC2} l m

LAC3

LAC4}3 m

Lower level
discriminator (eV)

66

67

92

91

94

94

Upper level
discriminator (eV)

1129

1151

2770

2732

2844

2838

Channel width
ADC (eV)

9.4

9.6

23.0

22.7

23.6

23.6

b. Sco X-l spectrum.

The Sco X-l spectrum in scan 1A and 8 is investigated as part of the in-flight

functional check. Sco X-l is the strongest known X-ray source, and statistical

significance was assured even when observing at the high scan speed of ^5 s .

In contrast to the verification of the angular resolution and alignment, the value

of Sco X-l for a stability check of the energy scale in the soft X-ray region is

rather limited, because a wide range of reported source temperatures (=3-16 keV)
21 -2

and column densities (=0.5 - 6 x 10 atoms cm ) indicate an intrinsic spectral

variability with time. (Miyamoto and Matsuoka 1977).

The spectrum of Sco X-l, as registered by LAC3 (3 pm) during scan 1A, is

shown in figure III.7. A 90 percent confidence region as a function of N,, and kT
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Figure III.7 The observed Sao X-1 spectrum (crosses) in LAC3 with a well

fitting model spectrum superposed. The inset shows the

acceptable combinations of the neutral hydrogen column

density and source temperature.

is indicated, using a fit with a simple exponential spectrum. Only a lower limit

to the temperature >3.5 keV can be found due to the limited dynamic range of the

instrument. The measured column density is one of the lowest found so far for

Sco X-1, though not incompatible with a Leinax I observation in 1971 of N =
+1 20 -2
6 „ x 10 atoms cm , using similar detectors equipped with 1 ym and 5 urn

windows (Deerenberg 1973).

The measured Sco X-1 spectrum in MCC1 and MCC2 during scan 1A is shown in

figure III.8. Because of the statistical limitations in the MCC spectrum no

accurate determination of the spectral parameters is possible. Comparing the

data with the best fit LAC3 spectrum, as indicated in the figure, an appreciable

deviation above 0.8 keV is apparent. This can partly be explained by an uncertainty
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of a factor ̂  2 in the theoretical mirror reflectivity around the Ni L edge, as

was also mentioned in section II.2.1.

In scan 8 Sco X-l has undergone a significant spectral change, as observed

consistently in all X-ray detectors. Because of this varying spectral behaviour

no detailed analysis of the Sco X-l spectrum in scan 8 is made, however an

interesting feature deserves some attention, i.e. the source is clearly observed

below 0.4 keV with significance 13a, 18a and 14a in the XFC, 1 um and 3 ym data,

respectively. The spectrum does now not seem compatible anymore with a still

lower column density. In scan 1A Sco X-l is observed below 0.4 keV with approxim-

ately 5a significance. The data above 0.4 keV indicate that the source temperature

is approximately the same for the observations in scan 1A and 8. This spectral

behaviour may be an indication for very soft X-ray emission, which is also observed

in the binary sources Her X-l and AM Her (Shulman et al. 1975; Catura and Acton

1975; Tuohy et al. 1978). This very soft X-ray emission could originate in an

accretion disk of the X-ray source (Thome and Price 1975; McCray and Lamb 1976;

Arons and Lea 1976). A suggestion for soft X-ray emission in Sco X-l was also

made by Miyamoto and Matsuoka (1977) to account for the low reported column

densities.

10 0
; -» • Energy IkeVI

Figure III.8 Sco X-l spectrum as observed in MCC1 and MCC2. The drawn curve

is a modelspectrvm for kT = 5 keV and Nu = 5 x 10
20 atoms am'2.

tt
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4. Background components

4,1 CRIB and inherent detector background

The cosmic ray induced and inherent detector background is registered when

the nose cone still covers the payload during FT = 6O-7Os (MCC2, LACs) or the UV

filter covers MCC1 (FT = 282-297s). The latter procedure is valid, because the

UV contamination turns out to be negligible (section III.5). The CRIB spectrum

measured for the XFC and LAC is shown in the figures III.9 a and b. The countrate
2

is normalized to the frontal detector area, which amounts to 67 cm for a MCC and

296 cm2 for a LAC. The individual MCC and LAC spectra are fully compatible. The

MCCs exhibit a factor «•> 20 higher background intensity, which is partly explained

by the MCC geometry and by spurious counts through high voltage leakage. The

intensity ratio of the MCCs and the LAC is iirflight within a factor 2 consistent

with preflight measurements. Above 0.5 keV the LAC spectrum is essentially flat.

The absolute LAC intensity is comparable to values measured in previous Leinax

experiments with similar types of detectors (de Korte 1975; Zwijnenberg, 1976).
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Figure III.9a (left) The cosmic ray induced and inherent detector background

spectrum in MCC1 and MCC2.

9b (right) The same for the sum of LAC1 and 2 (1 vm) and LAC3

and 4 (3 \m).
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The solenoid valves, used for the gas regulation system, may give rise to

some microfonic noise especially in the lowest channels of the spectrum. These

valves are operated in a sequential manner for each LAC, MCC 1 and 2, each allotted

a 37.5 ms time interval with a duty cycle of 3 operations per second. The operation

of the solenoid valve for a LAC is subject to an out of limit check for the Fe-55

calibration signal. The microphonic disturbances in the LACs are concentrated in

very short time periods (*> 4 ms). For the XFC the disturbance lasts for a longer

time period (̂  50 ms) starting at the valve operating period. A computer routine

removes the time interval from the data analysis in a straight forward manner,

the fraction of discarded data is approximately 4% for the LACs and 16% for the

XFC.

4.2 Low energy electrons

Low energy (i* 5-10 keV) electrons, which can be present below the lower

radiation belt, can penetrate thin polypropylene windows, causing a severe back-

ground in rocket-borne soft X-ray observations (Hill et al. 1970). The spatial

electron distribution can be represented by a two component model (Kohno 1973;

Seward 1973):

(i) quasi-trapped electrons, moving perpendicular to the local magnetic field

line, which show a strong intensity increase with altitude,

(ii) precipitating electrons, coming down to altitudes of <v 150 km parallel to

the magnetic field line with a fairly isotropic distribution, with almost

no altitude dependence.

The spatial distribution and altitude dependence permit a check on electron

contamination in soft X-ray experiments. The absolute flux of precipitated

electrons varies strongly with the geomagnetic cut-off value of the observation

site and consequently the launchsite was chosen at low geographic latitude (22 .0).

The sunspot activity, which also influences the electron density at rocket

altitudes, was low (Kp "* 1.5) at the time of launch.

The protection of soft X-ray instruments against sensitivity for low energy

electrons can be optimized. Effective rejection of an electron component in the

Leinax IV experiment is of course obtained with the aid of the focusing collector,

which transmits a negligible number of direct electrons to the focal plane, while

rubber shields at four sides of the payload obstruct the direct path to the MCCs.

Large area counters with mechanical collimators have been employed with both mag-

netic and electrostatic deflectors (Seward et al. 1974). The efficiency of the latter

is probably overestimated, as is shown in laboratory calibrations (Kohno 1973;
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Seward 1973). No deflectors are incorporated for the LACs in Leinax IV. Stacked

mesh collimators are employed in our experiment, because slat collimators have a

disadvantage in the small angle scattering of electrons and soft X-ray reflection.

The X-ray data of the LACs can be checked on electron contamination by a

method, which is based on the difference in transmission ratio between the 1 ym

and 3 ym counters for X-rays and electrons (de Korte 1975). Above 2 keV the

procedure is most sensitive, because the remaining X-ray flux almost solely

consists of a relatively small diffuse extragalactic component. The energy
-1 4

spectrum is well represented by a power law 11 E (Bunner et al. 1971). The

fraction C, to which the 1 ym counters are contaminated, is given by:

R R
C = (1 - — ) / (1 -fp- )

o e

where R is the observed flux ratio in the 1 ym and 3 ym counters, R and R the

calculated 1 ym/3 ym ratios for X-rays and for electrons. In the energy range

2.0 - 3.0 keV R is approximately unity. Following the Monte Carlo calculation of
X

Hayakawa et al. (1973) and using similarity rules for the 1 ym and 3 ym counters

(Kanter 1961) R is found to be 6 between 2 and 3 keV. For Leinax IV we consequently

find, that C = 12.9 + 2.3% in the energy range 2.0 - 2.8 keV, while for the 3 ym

counters the contribution amounts to 2.2 + 0.5%. The contribution at lower energies

depends on the assumed shape of the electron spectrum and the X-ray intensity. If

a flat electron spectrum is taken (Hayakawa 1973; Seward 1973) the 1 ym contribution

at 0.28 and 1.0 keV amounts to 0.6 + 0.2% and 5.5 + 2.0% for a representative X-ray

intensity (Lupus region). At these energies the 3 ym counters can be considered

free from contamination.

4.3 XFC enhanced background

The observed XFC countrate, after correction for the CRIB and diffuse extra-

galactic X-rays, is higher by a factor ^ 3 than the estimated intensity of the

diffuse soft X-ray background, derived from the 1 ym and 3 ym counters in our

experiment. Two possible contributions may be envisaged:

(i) low energy electrons

(ii) direct (non-reflected) X-rays.

The contribution of low energy electrons has been discussed in section III.4.2.

Direct X-rays can only be observed, if a direct light path (not through the mirror

system) is present. This light path is obstructed by flexible rubber shields
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Figure III.10 The observed response of the MCC detection cells to an isotropic

radiation field (upper graph). The lower graph shows the expected

response on the basis of LAC data.

contained in the payload structure. A symmetric countrate distribution over the 15

detection cells of the MCCs should emerge if an isotropic radiation field is

observed. Figure 11.10 shows the distribution observed in the energy interval

0.06-0.4 keV for the Lupus region and in addition the expected countrate distribu-

tion, derived from the 1 ym and 3 pm counters (chapter VI). An overall excessive

countrate and an asymmetry towards one counter side is found for both MCCs. A

consistent explanation would be that direct X-rays could enter the MCCs from a

direction about 30 from the optical axis, because a rubber shield could have been

released opening up a solid angle of about 35 x 35 . An additional argument for

the release of this rubber shield would be the possible obstruction of the panels

during the stow phase at the end of the flight. The intensity of this XFC back-

ground will vary only slowly during a scan, so the observation of fine structure

on a scale of ̂  15' is still possible. The spectral distribution of the direct
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X-rays is dependent on the amount of traversed window material, which will vary

with the angle of incidence. Consequently spectral analysis for the XFC on the

diffuse X-ray background is not meaningfull. The spectrum of discrete objects can

be obtained with the XFC by subtracting the adjacent background.

5. UV data

The UV intensity along the scan paths, as measured in the on-board UV sensor

(section II.4.3), is given as a function of flight time in figure III.11. The

brightest sources, which are also used for the attitude determination (section

II.2.3) are indicated. The unidentified sources are recorded during manoeuvring,

where no attitude information is available. At the beginning of the flight, below

an altitude of 130 km, airglow emission is noticeable. The brightest features

constitute aVir, the strongest source in the data, and the Lupus region, which

contains several UV stars.

None of the observed UV objects is recognized in the X-ray detectors, which

indicates that the UV sensitivity, defined in section II.4.1, is negligible. For

an additional in-flight check the UV filter (section II.2.4) is inserted on

telecommand in the light path to MCC1 during the passage of aVir. No positive

detection is made and an upper limit for the integral efficiency (E> 60 eV) of

1.8 x 10 at 2000 8 can be set. This value, mainly determined by statistical

limitation, is consistent with the preflight calibrations.
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CHAPTER IV

DATA ANALYSIS PROCEDURES

1. Introduction.

The diffuse soft X-ray background has been found to exist of at least two

components, both of galactic origin and both thermal (de Korte et al. 1976;

Hayakawa et al. 1975; Burstein et al. 1976; Tanaka and Bleeker 1977; this experi-

ment). Their main characteristics are:

(i) a %10 K component, which we shall call the foreground emission, this

component is extensively described and interpreted in chapter V.

(ii) several regions of soft X-ray enhancement with T>10 K, e.g. the Lupus

region and the North Polar Spur (chapter VI and VII).

In preparation of this interpretation we briefly discuss the procedures for

the analysis of the spectral and spatial data (sections IV.2 and IV.4) and the

theoretical X-ray spectra for a thermal gas (section IV.3).

2. Spectral analysis

The evaluation of X-ray spectra is hampered by the intrinsically poor energy

resolution of the proportional counter, especially at low energies ( <2 keV).

The spectroscopic capability can be enhanced by applying several window materials

and coatings, which act as broad band filters, e.g. the C-band £ 280eV) and

B-band £ 185eV) (Burstein et al. 1976; Sanders et al. 1977). Several window

thicknesses (1 um and 3 pm, 1 pm+B) are employed in our experiment, which provide

independent spectral data sets on a given injection spectrum. The requirement of

mutual consistency also permits a check on possible systematic errors. The poor

energy resolution and the absorption edges in the detector response function

prevent the "direct" reduction technique, proposed by Trombka (1970) and Dolan

(1972), which is based on the deconvolution of the observed pulse height

distribution into an injection spectrum.
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The raw spectral data is corrected for the CRIB and the diffuse extragalactic

X-ray background. The latter is represented by a power law spectrum H E
2 -1photons (cm s sr keV) (Bunner et al. 1971), which is attenuated by the

appropriate amount of interstellar gas. The column density of interstellar gas

for a particular sky region is obtained from the tabulations of Daltabuit and

Meyer (1972) or the maps of Heiles an,l Habing (1974). The left part of figure

IV.1 illustrates these corrections to the observed 1 ym data on source 2 in the

Lupus region (chapter VI). It is clear that the spectrum around 2 keV is largely

dominated by the extragalactic diffuse X-ray component; whereas the contribution

of the total background at lower energies quickly decreases to an almost

insignificant level.

100
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Figure IV. 1 Analysis of the 1 ]im observations of source 2 in the Lupus region,

(left) Uncorrected 1 ym spectrum and corrections for the CRIB and

for the extragalactia diffuse X-rays,

(right) The corrected spectrum with the best-fit combination of

model spectra. The dashed component has T = 6 x 10 Ks
in o /*

and the dotted component T - 3 x 10 K,
79 —J

aR= 4 x 10 cm

NH = 8 x 10
20 cm'1
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The corrected counting rates (in specified energy intervals) are compared

to a theoretical source spectrum, which is attenuated by a certain amount of

absorption by neutral hydrogen in a manner explained below and convolved with

the detector response function. The cross-sections for interstellar absorption
2

are taken from Brown and Gould (1970). A x -analysis is used to select the

theoretical source spectrum, which agrees best with the observed X-ray spectrum.

The right side of figure IV.I shows as an example the best fit, obtained in

chapter VI involving two thermal components to the observed spectrum. De Korte

(1975) has shown that in a spectrum of this form, owing to the trough in the
2

detection efficiency near 0.4 keV, the x -analysis can be performed with

reasonable accuracy by separate fits of the low T component to the data for

E<0.4 keV and of the high T component to the data for E>0.4 keV. We refined this

analysis by also taking the spillover on both sides of the trough into account.
2

This results in one x -analysis over the complete spectral range with six free

parameters, viz. the temperatures, the column densities and normalisation

constants for both components.

For the spatial distribution of hot plasma and cold gas it suffices to

consider two cases:

(i) Interspersed emission. Regions of emitting hot plasma with uniform electron

density n are merged with neutral cold gas with average hydrogen density

<n,,> and total column density Nu. The soft X-ray intensity can be expressed
ll tl

as: „
X(E,T) <n >
«ra(E)

2 2 2
where A(E,T) is the volume emissivity divided by n and <n > • fn is

the average over several emitting regions with a filling factor f.

(ii) Localized emission. A distinct hot plasma radiates through an intervening

amount N'H of cold gas to the observer, which yields an intensity:

R

where R is the depth of the emitting region along the line of sight.

Case (ii) is the appropriate choice for distinct X-ray features. Diffuse

X-ray radiation, e.g. the foreground emission, can be treated in either of the

cases, depending on the number of hot regions. In our analysis only case (ii) is

adopted, because case (i) converges to (ii) for small values of the column density,
20 -2

which condition is fulfilled for the foreground emission (N '< 10 atoms cm ) .
• n
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The acceptance criterion for a particular source spectrum at a given confi-
2

dence level (e.g. 90%) is determined by the x value divided by the number of
2 2

degrees of freedom (=reduced x )• For a correct X -analysis the 120 channel pulse

height data, which are interrelated through the resolution function, are grouped

into a smaller number of sufficiently independent data points. However Shannon's

theorem sets a lower limit to the number of data points to prevent undersampling,

in which case information would be lost. For the energy range considered (0.1 -

2.5 keV) and counter resolution (22% FWHM at 6 keV) a range of 13-17 independent

data points is found through a Fourier analysis and a Monte Carlo simulation (see

addendum).

3. Thermal X-ray emission

S.1 Thin plasma spectra

An optically thin hot plasma with temperatures in the range 10 - 10 K

generates X-ray emission through the following mechanisms: free-free (thermal

bremsstrahlung) and free-bound (radiative recombination) transitions, constituting

the X-ray continuum and bound-bound transitions, producing line emission. The

relative importance of the three mechanisms depends strongly on temperature. Above

^ 10 K the volume emissivity A(E,T) is dominated by thermal bremsstrahlung,

producing approximately an exponential spectrum for kT of the order E . At lower
6

temperatures "vilO K radiative recombination and especially line emission are the

main contributors and will dominate the shape of soft X-ray spectra. The presence

of X-ray line emission is demonstrated in the observations, described in chapter

VI and VII. The thin plasma calculations from Mewe and Gronenschild (1979) for
C Q

temperatures 10 - 10 K, comprising 291 emission lines in the energy range 0.05 -

8.5 keV, have been adopted in the present spectral analysis. The X-ray emissivity

from these calculations is within a factor ^ 2 compatible with similar computations,

which are currently employed (Hayakawa and Kato 1979).

The relative flux in emission lines and the contribution of the continuum

is illustrated for the temperatures 8 x 10 K and 3 x 10 K in the calculated soft

X-ray spectra, shown in the figures IV.2 a and b. The dominant lines for a

temperature of 8 x 10 K are produced by iron in the ionization states VIII/IX/X.

At 3 x 10 K 0 VII, 0 VIII and Fe XVII are the main contributors to the emitted

flux. The flux at very low energies (̂  200 eV) will for the most part not be

observable through the absorption by interstellar gas.
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3.2 Abundances of elements

The abundances in the solar neighbourhood (Pottasch 1967, Mewe 1972, Allen

1973) are significantly different from recent Copernicus results on UV absorption

lines towards several nearby stars (Morton 1975, York 1975). Since the elemental

composition of a hot plasma strongly influences the relative power emitted in the

various X-ray lines, spectral analysis has been carried out by assuming two

largely different sets of elemental abundances:

(i) solar abundances according to Mewe (1972).

(ii) depleted abundances, comprising the average composition towards XSco (York

1975) and 5Oph (Morton 1975), These stars are located in the approximate

direction of the soft X-ray targets viz. the Lupus region and the North Polar

Spur at a distance of 103 pc and 200 pc respectively.

In case (ii) various heavy elements from C to Ca are depleted by factors 3 to

4000 compared to solar abundances, except for oxygen and neon, for which no

depletion is assumed. These depleted elements are believed to reside in inter-

stellar grains, while oxygen and neon could have evaporated in a high temperature

plasma. This depletion may however not be so severe in soft X-ray sources, which

originate for a large part in shock heated material of supernova remnants,

because grain destruction is probably effective at shock velocities > 50 km s

(Spitzer 1976, Cowie 1978). In Table IV.1 the constituents of the abundance sets

are shown. The sensitivity of the emitted power integrated over several soft X-ray

Table IV.1 Elemental compositions

Elements Solar abundances Depleted abundances

H 1. 1.

He 0.15 0.15

C 4.10~4 1.10"4

N 8.10~5 3.10"5

0 4.10"4 4.10~4

Ne 3.10~5 3.10"5

Mg 3.10~5 4.10~6

Si 4.10~5 2.10~6

S 1.10~5 6.10"6

Ca 2.10~6 5.10~10

Fe 4.10~5 9.10~7

Ni 4.10~6 9.10"9



- 64 -

2 *
in .
</i <E

zc aui
D M <O>*
«-ir»- So
vitnce • *

Z£CUJ So
«OEUIO go

<n*-*w So

B(n o z com

cnujzo • • -*o(n*(Ti#»3t»u>a|ui
3MIU3I- ao ooooaooooooo
JSCDO • 4 I I I i I I I I I I
UUJU.CDX •• •• uikJUJUJUJLJbJUJIULJLUUl
z i it. u -oinooooaoooao

ZUIUiO 3 u| . . . *
C»CC2 I- UOOQOOOOOOOOO

0)



10'

10'

10'

o

~o

Q.

10"

10"

1 0 J

n v n O3ZIII FeEZII 5PECTRUH INCLUDES:
L INE EMISSION
F f t E E - F K E EMISSION
FREE-BOUND En ISS ION
TWO-PHOTON DECRT Etl lSSION

TEtiPERRTURE: 0 . 3 0 0 0 E * 0 7 DGR. K
BINSIZE s O.SO0OE-O1 EV

RBUNORNCES:
H
HE
C
N
e
NE
HG
SI
s
CR
FE
NI

0.10E-01
D. ISE'00
O.UOE-03
D.80E-0U
0.40E-03
0.30E-0H
0.30E-0V
0.10E-0I1
o.iaE-a«
O.ZOE'OS
O.«OE-O«
0.HOE-OS

1

10 100 200 300 iOO 500 600 700 800 900 1000 1100 1200 1300 KOO 1500
»- Energy (eVl

Figure IV.2b -As above for a temperature of 3 x 10 K.



- 66 -

wavelength bands to the assumed elemental composition is shown in figure IV.3.
2

The power, divided by n , is presented as a function of the plasma temperature.

For solar abundances the emitted power in the three wavelength bands from 50 to

200 8 Cv-50-250 eV) is sharply peaked at 'vLO K. The emission arises mostly from

X-ray lines from the various ionization states of the elements iron, magnesium

and silicon. If depleted abundances are adopted, the emitted power from 50-200 8

decreases considerably, while sulphur becomes the main contributing element.

The wavelength band 15-258 (̂ 0.5 - 0.8 keV) is mainly composed of the 0VII (0.561,

0.574 keV) and OVIII (0.653 keV) emission lines and is consequently less affected,

because oxygen is assumed to have the solar abundance.

10"

io-23

a io-<

10-

10-

Solar abundances - _ Depleted abundances _

105 10°
Tplosma (K)

107 103 10°
Tplasma ( K )

10'

Figure IV.3 (left) The volume emissivity3 divided by n 3 for solar abundances

as a function of plasma temperature in several soft X-ray

wavelength bands,

(right) The same for depleted abundances, as defined in text.
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4. XFC spatial data.

An example of the procedure applied in reconstructing the brigthness

distribution observed by the XFC is illustrated in figure IV.4. The transit over

Sco X-l in scan 1A is shown in the detection cells 1-13 of MCC1. The payload

acceleration during the scan is indicated in the upper box. Cells 4 and 5 have

been observing Sco X-l continuously from flight time 85.0 s. The different counting

rates over the cells are a consequence of the exposure, which depends on the scan

speed and the off-axis effective area (see also figure II.10). The angular response

of each cell is compatible with the angular resolution of 0?25 for a point source.

In reconstructing the summed profile (21-13) the recorded events for each cell are

phase shifted over n x 0.25 (0.25 is the distance between adjacent cells) to the

position of the XFC optical axis, which coincides with cell 8 (n ranges from -5 to

7). The reconstructed Sco X-l profile is also shown in figure IV.4. The use of this

profile for the purpose of an in-flight calibration of the angular resolution is

discussed in section III.3.2.

Addendum: The chi-square test.

A radiation detector with finite energy resolution cannot measure infinitely

sharp features in an X-ray source spectrum; hence in the frequency domain its

response has a high frequency cut-off. The frequencies present in the source

spectrum depend on the spectral type: a continuum contains mostly low frequencies,

while very high frequencies are found in X-ray line spectra.

When the detector configuration is schematically represented by:

s(E) r(E) m(E)

with the definitions: source spectrum s(E), detector response function r(E) and

measured pulse height spectrum m(E), the following convolution relation is valid:

m(E) = r(E) * s(E) (1)

The number of data points N for a representation of m(E), without undersampling

and consequent loss of information, is dictated by Shannon's theorem. Using

Fourier analysis N^ is calculated below.

The number of energy channels in the on-board ADCs is chosen according to this

criterion. The use of linear ADCs and the desirability to have some oversampling

for pronounced spectral features required = 120 channels.
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2
The validity of statistical tests in the data analysis, i.e. the x -analysis,

demand binning of this pulse height information in data points with independent

(statistical) errors. This number N can be obtained in a Monte Carlo simulation,
A

which is discussed further on.

a. Fourier analysis.

N can be calculated analytically for the case of a single line X-ray spectrum,
F

which represents the maximum frequencies occurring in an X-ray spectrum (Bleeker

1977, personal communication), s (E) is represented by a delta function at E :

s (E) = 6(E - E Q ) .After the modulation through the detector response function s (E) will result in a

ion m (

m ( E ) =

Gaussian distribution m (E) with mean E and standard deviation o:

{ 2 ( V ) }

Fourier transformation of s (E) and m (E) to the frequency domain yields:

S (OJ) = exp ( -itoEo) (2)

2 2
H (u) - exp ( -ia)EQ). exp (- £J£_) (3)

From equations (2) and (3) the transform R (E) of r (E) directly follows as:
2 2

R (o>) = exp ( )
2

Expressing a and w in the FWHM A and the frequency f yields:

R (f) = exp ( - II2 f2A2 / 4 In 2).

Note that a (and consequently A) is energy dependent, approximately to:

a (E) = constant x E

Define:

(5)

which equals the number of oscillations in the interval A. Above a frequency defined

by R (if)) = 4.4 x 10 , which is the 3a level for the high frequency cut-off the

throughput will be negligible. This corresponds to \p= 1.5 from equation (5) we get

the maximum transferred frequency:

f
max
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The Shannon theorem dictates a minimum sampling speed f :
s

Consequently the channelwidth T for the energy spectrum is expressed by:
s

A
s 3

T_ = - (6)

For the energy range 0.1 - 3.0 keV, assuming an energy resolution 22% at 6 keV,

and incorporating the approximate energy dependence given by (4), this yields

NF - 15.

b. Monte Carlo simulation.

An X-ray line spectrum, which will contain high spectral frequencies, is

produced in a Monte Carlo simulation, with the Gaussian resolution function also

incorporated. The simulated spectrum comprises four lines at energies 0.5, 1.0, 1.5

and 2.0 keV with arbitrarily chosen intensities 500, 1000, 1500 and 2500 counts.

The theoretical spectrum consists of the same set of lines, while the 1.5 keV

line intensity is introduced as a free parameter p. Another case where the source

spectrum only contains, low spectral frequencies, e.g. power law spectrum with

the spectral index a as free parameter, is also simulated.
2

The results of the subsequent x -analysis are illustrated for the line
2 2

spectrum infigure IV.5 The reduced x (x divided by the number of degrees of

freedom v= N-l) is given as a function of the number of data points N in the

energy interval 0.1 - 2.5 keV. The three curves represent different values of p,
2

while the dotted line gives the 90 % confidence level for the reduced X at a
2

given N. From the figure it is clear that at large N the reduced x 's for the

three source spectra converge and are all accepted at the 90 % confidence level.

In this situation the number of degrees of freedom is increased, lowering the
2

reduced x • However, the resulting data points are connected through the

resolution function and are no longer independent. This convergence for large N
2

is also observed in the x -analysis on the power law spectrum (not shown).

At low values of N the figure shows that undersampling occurs, because in

that case the sampling speed is chosen below the Shannon criterion. A meaningless
2

decrease of the x value will occur for the three spectra due to loss of inform-

ation. For the power law spectrum this effect is not observed, because of the

much lower frequencies in the source spectrum. The optimum value of N is between
A

13 and 17 over the energy range 0.1 - 2.5 keV for the given energy resolution of

22 % FWHM at 6 keV.
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Figure IV. 5 The reduced chi-square as a function of the number of energy bins for

a Monte Carlo simulated X-ray line spectrum. The intensity of one line

in the applied theoretical spectrum is a free parameter p, p = 1500

agrees with the simulated spectrum. The 90% confidence level indicates

the acceptance criterion.
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CHAPTER V

THE NEARBY HOT INTERSTELLAR MEDIUM: AN OLD SUPERNOVA REMNANT?

1. Introduction

In the diffuse soft X-ray background a thermal component of 'v (3-10) x 10 K,

denoted foreground emission in this thesis, is present over the entire sky

(Williamson et al. 1974, de Korte et al. 1976, Burstein et al. 1976,

this experiment). This is a strong indication for a hot ('v million degree)

phase of the ISM, as was also suggested through the detection of narrow

0 VI absorption features in the spectrum of nearby stars (Rogerson et al.

1973, Jenkins and Meloy 1974). Before the time of this discovery the ISM was

believed to be composed of only two phases in thermal and pressure equilibrium:
4

T 'v/ 100 K (clouds) and •v 10 K (intercloud) (Field et al. 1969, Dalgarno and

McCray 1972). The soft X-ray observations favour the existence of a local hot

region, which contains the solar system (Sanders et al. 1977, Hayakawa et al.

1978). Following a short review of the recent observations, in this chapter a

possible explanation for the origin of this local hot region of the ISM is

proposed.

2. Observational data and some implications

The possible correlation of the soft X-ray intensity with the column

density of neutral hydrogen Nj, is a key property from which to judge the geome-

tric arrangement of the emitting regions. The data of two soft X-ray observations,

employing broad band filter techniques, were examined for such a correlation. The

observations were made in the L (0.1 - 0.4 keV) and M (0.4 - 0.8 keV) band

(Hayakawa et al. 1978) and in the B (0.1 - 0.18 keV) and C (0.1 - 0.28 keV) band

(Sanders et al. 1977). For the sky regions covered (the galactic meridian at

1 = 330° and part of the parallel at b = 45 ) the two intensity ratios of M/L and
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C/B are found to be constant with changing NH, except for soft X-ray enhancements

such as the Lupus region and the North Polar Spur. On the other hand, if the

emitting regions would be behind a considerable column of neutral hydrogen, one

expects M/L and C/B to vary strong]fy with NH< From this fact and the observed
20 "2column density N < 10 ' atoms cm , the authors of both papers are lead to

conclude that the soft X-ray emission originates in a local hot region, that

surrounds the solar system. Sanders et al. actually conclude that nearby cool

gas is pushed away by the hot X-ray emitting material. The local hot region

is assumed to be extended farther to the north, because the X-ray intensity is

a factor ^ 2 larger in the direction of the North Galactic Pole. Tho contribu-

tion of similar hot "bubbles' at larger distances to the X-ray flux may also \.<:

estimated from the lack of variation of the M/L ratio as a function of Nj,

(Tanaka and Bleeker 1977). A filling factor f of less than 5% within several

kpc is found for the galactic meridian at 1 = 330 . The characteristics of die

local hot region, as derived from X-ray observations, may now be summarized as

follows:

(i) temperature % (3-10) x 10 K
20 -2

(ii) column density <10 atoms cm
^ —2 —6

(iii) emission measure (1.6 - 3.2) x 10 cm pc.
The low column density is confirmed through L absorption measurements

a

towards several nearby ( <̂  100 pc) stars (Bohlin et al. 1978). Polarisation

measurements for a sample of 180 nearby stars (Tinbergen 1979, personal

communication) allow the conclusion, that the density of dust within ^ 30 pc is

certainly much lower than the value from measurements at distances > 100 pc.

The 0 VI absorption data also impose constraints on the properties of the

local hot region. Copernicus survey data on 40 0 and B stars spread over the sky

is roughly in agreement with a lower limit to the 0 VI column density of ^ 10
_2

atoms cm (Jenkins 1978). We shall examine if this can be assumed to be the
contribution of the local hot region.

The physical parameters of a hot plasma, under the condition imposed by

both the observed soft X-ray and 0 VI data, can be investigated. The maxima in

soft X-ray emission and 0 VI absorption manifest themselves at markedly different

temperature regions, as is illustrated in figure V.I. The X-ray L-band

emissivity is peaked at * 10 K (cf also figure IV.3). The 0 VI ionization state,

taken from the calculation of Shapiro and Moore (1976), is produced most

abundantly around ^ 3 x 10 K. The ionization by soft X-rays is taken into

account, giving the relatively slow decline for temperatures > 3 x 10 K.
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Figure V.I The 0.06-0.25 keV soft X-ray volume emissivity, divided by
2

n 3 and the 0 VI ionized fraction as a function of

plasma temperature.

The dynamical consequences for hot plasma regions interspersed in cool gas

{ (case i) in section IV.2}, if assumed to be responsible for both 0 VI absorp-

tion and soft X-ray emission, are examined by Shapiro and Field (1976) for

physically allowable filling factors (f<l). The hot plasma regions can not reach

pressure equilibrium at any temperature with the cooler ISM with its estimated

'reduced pressure' (defined as p/k) ̂  2000 cm K (Field 1975). A minimum pres-

sure i/ 1.6 x 10 cm K is present, reflecting the large electron density needed

to produce the soft X-ray emissivity at that temperature.

A similar overpressure problem is derived under the assumption that the local

hot region is responsible for the soft X-ray emission and compatible with the
4 -3

0 VI data (Tanaka and Bleeker 1977). The pressure is at least 10 cm K, but

at this lower limit the local hot region is ̂  1 kpc in diameter and largely

exceeds the scale height of the galactic disc. Taking a more realistic extent
4 -3

of 100 pc, the pressure increases to (3-4) x 10 cm K with an associated
-2 -3

electron density (1.1 - 1.8) x 10 cm . This overpressure with respect to the

cool material implies an expansion of the local hot region. Any suggested origin
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for the local hot region will have to be consistent with the measured soft X-ray

emission and C VI absorption and is hence required to explain the overpressure,

which should consequently involve some dynamical model.

3. Hypothesis about the origin of the local hot region

The existence of hot plasma regions can only be explained as a result of one

or more supernova explosions in a not too distant past. On the basis of the

available observational data we suggest that the local hot region is the remnant

of a single supernova event near the sun, such that the solar system is at present

enclosed in the hot plasma cavity of the supernova remnant. The expansion of the

overpressurized plasma is then a natural consequence of the supernova evolution.

To be more specific, a comparison of the available observational data with a

current supernova model by Chevalier (1974) will be made and and additional

signatures of such an event at other wavelengths will be discussed.

The soft X-ray emission measure (1.6 - 3.2) x 10 cm pc and the

temperature ̂  10 K dictate the properties of the local hot region. If we assume a

diameter of ̂  60 pc, which is roughly expected for a SNR with T ̂  10 K, the

pressure inside this gas volume, given by p/k = 2 n T, amounts to 4.6 x 10 cm K.

Comparing this value with the internal pressure inside a SNR, which is approximately

constant with radius, a consistent solution is obtained from Chevalier's calculations

by invoking the following parameters: a supernova event of median energy ^ 3 x 10

ergs in a medium with n ^ 1.0 cm and B ̂  3 x 10 G, taking place ̂  2.5 x 10 yrs

ago. The measured omni-directional X-ray flux requires a close distance ̂  18 pc of

the solar system to the supernova center. In figure V.2 the predicted soft X-ray

emissivity and 0 VI density are drawn as a function of the supernova remnant

radius for the above parameters. The soft X-ray emission and 0 VI absorption are

concentrated in an outer shell at a radius ̂  20 pc and a width of ̂  2 - 5 pc.

The SNR is well into the radiative cooling phase, which is also indicated by

the dense HI sheet at the edge of the shockfront. The integrated soft X-ray
—8 —2 —1 —1

flux is compatible with the measured flux of % 2 x 10 erg cm s sr

for the local hot region (Hayakawa 1978, Burstein 1976). The produced X-ray

spectrum is characterized by temperatures of ̂  (3-10) x 10 K, which is consistent

with the observations. The 0 VI column density in the thin shell at ̂  23 pc
13 -2

amounts to ̂  2 x 10 atoms cm and is within the uncertainties compatible with

the lower limit to the measured 0 VI absorption. The applied supernova model
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Figure V.2 The soft X-ray volume emissivity and 0 VI density as a function of

radius of the supernova remnant responsible for the local hot region.

The plasma temperature and neutral hydrogen density in the

Chevalier model are also indicated.

assumes spherical expansion in a uniform interstellar medium. Density inhomoge-

neities may modify the extent and the soft X-ray emissivity of the local hot region

in some directions. The measured X-ray enhancement toward the North Galactic Pole

probably finds its origin therein.

The probability of a supernova event within ^ 18 pc from the solar system is

not negligibly small. Taking a supernova rate of 1 per 40 yrs per galaxy (Tamman
g

1974) we expect such an event to occur one every ^ 2 x 10 yrs. The shock wave

region of this supernova explosion would have passed the earth about 200.000 yrs

ago, assuming a position ^ 18 pc from the supernova center. Such a passage,

lasting ^ 30.000 yrs for a shock wave region ^ 2 pc, would increase the cosmic

ray intensity by about two orders of magnitude. Krasovskiy and Shklovsky (1957)
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have connected the dying out of large reptiles on earth about 200 million years

ago at the end of the Cretaceous period with a comparable hypothetic supernova

event.

Independent evidence for the extent of the local hot region may be found in

a soft X-ray observation by Apparao et al. (1979) in the direction of the

p Ophiuchus dark cloud. The dense cloud with a column density > 10 atoms cm

produced no detectable X-ray absorption, which indicates that the measured soft

*rays originate within a distance 160-200 pc. In this direction the soft X-ray

emission is composed of the contributions of the local hot region and the North

Polar Spur, the large X-ray feature with a diameter 230 + 135 pc in the Northern

hemisphere (cf chapter VII). A schematic view of their relative positions is given

in figure VII.5. Actually the local hot region may have interacted with the North

Polar Spur, as observed in an apparent compression of the local hot region along

the galactic meridian I = 330 (Hayakawa et al. 1978), but it seems reasonable

to state the upper limit for the radius of the local hot region to be <̂  100 pc.

The origin of hot plasma regions in the interstellar space has also been

investigated by Cox and Smith (1974). They provide a statistical model based on

extensive Monte Carlo simulations, which points out that supernova explosions

at a rate of 1 per 80 yr per galaxy and a mean life of 4 x 10 yr could generate

in the interstellar space a mesh of interconnected tunnels, containing a very low

density gas with T a. ]Q K. The creation of such a network demands filling

factors larger than ^ 30%, according to the latest calculations by Smith (1976).

This filling factor seems appreciably larger than required by the soft X-ray

data for the sky regions observed.

At the present epoch the SNR is in the radiative cooling phase. Two prominent

features are then predicted on the basis of the Chevalier model:

(i) a dense sheet is formed at the outer edge of the shockfront

(ii) the temperature stratification in the shockfront would imply emission in the

extreme and far UV.

No confirmation for (i) can be found in 21 cm data, because the sheet can not be

distinguished from the bulk of galactic disc gas in the low velocity maps of

Heiles and Jenkins (1976). The present Lya absorption data or the stellar

polarization data, indicating very low neutral hydrogen and dust densities, only

within 100 pc, are not inconsistent with the existence of a dense sheet. With

respect to (ii) it can be stated that Henry et al. (1978) find an indication for

finite far UV emission (1400-1600 $) towards both the galactic poles. The North
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and South Galactic Pole have been viewed by this experiment and the measured flux

is equal in both directions. Although the authors favour a cosmological origin,

viz. the highly red shifted He 304 8 line (Weynman 1967), they indicate that the

applied spectral corrections are complicated. Disregarding the spectral data,

the equal intensity far UV flux from the pole directions could come from the

outer shell of the SNR. The observation of the diffuse extreme UV and soft X-ray

radiation in the 114-150 8 and 44-120 A* bands by Cash et al. (1976) and in five

passbands from 50 to 775 X by Stern and Bowyer (1979) can also be interpreted as

evidence for the presence of the supernova shell.

In summary it appears that the properties of the local hot region, as

inferred from soft X-ray and 0 VI observations, are in agreement with a current

supernova model. The event ocurred 2,5 x 10 yr ago in close proximity (< 18 pc)

to the solar system. The hot plasma producing the % 10 K soft X-ray" emission

and part of the 0 VI absorption is at present confined to within ^ 30 pc.

Observed emission in the far and extreme UV might also arise from such a

radiating supernova shell.
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STRUCTURAL AND SPECTRAL SOFT X-RAY FEATURES IN THE LUPUS REGION

J. Davelaar, J.A.M. Bleeker and A.J.M. Deerenberg

Cosmic Ray Working Group, Huygens Laboratory, Leiden, The Netherlands

Y. Tanaka

Institute for Space and Aeronautical Science, University of Tokyo, Tokyo, Japan

and

S. Hayakawa and K. Yamashita

Department of Physics, Nagoya University, Nagoya, Japan.

(to be published in Ap.J., 230, 1979 June 1).

Abstract

The soft X-ray structure of the Lupus enhancement was investigated during a

recent rocket experiment. A counting rate profile with an angular resolution of

151 is presented showing significant fine structure on the subdegree scale.

Correlations with the supernova of A.D. 1006 and the Lupus radio object are

discussed. No other obvious radio/optical counterparts have been found for these

sources, with the possible exception of the radio source MSH 14-38.

In the direction of the Lupus radio source the spectrum comprises a fore-

ground and a source component; both have thermal spectra including line emission

with temperature ranges of 2-10 x 105 K and 1.9-3.4 x 106 K.

1. Introduction

The Lupus region was first observed by Palmieri et al. (1972), who found

that it extended over about 8 , On various skymaps (Bunner et al. 1972; Hayakawa

et al. 1975; de Korte et al 1976) a broad region (̂  15 ) of enhanced emission,

especially in the energy band 0.4-0.8 keV, is also evident. Radio observations

(Milne 1971) indicate the presence of two supernova remnants, the Lupus Loop and

SN 1006. The radio diameters of these sources are 4. 5 and 3O'x22' respectively.

Winkler and Laird (1975) identified the latter as a hard X-ray source

(T = 4.5 x 10 K) with a size less than 1° in extent. In this experiment two

cross-scans over the Lupus bright region were made at 0. 31 s with soft X-ray

detectors with angular resolutions of 15 and 3° in an attempt to resolve fine
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structure in the X-ray enhancement and to perform multicolor X-ray photometry.

2. Instrumentation

The rocket experiment was launched from Kauai aboard a Terrier-Sandhawk

combination on 1976 May 29 at 09 49m30S UT. The maximum altitude reached was

270 km. A short overview of the main instrument parameters is given below. For

a detailed description of the payload we refer to Bleeker et al. (1978).

The instrument package consisted of (i) a one-dimensional X-ray focusing

collector (XFC) with an angular resolution of 15' and a geometrical area of
2

220 cm covering the range 60-1000 eV (for redundancy reasons the XFC had two

multicell proportional counters in the focal plane, which were equipped with

0.5ym polypropylene windows); (ii) four large area counters (LACs) with stacked

mesh-type collimators (3 .0 x 10 .6 FWMH), geometrical area 660 cm , operating

in the energy range 0.1-3.0 keV. On the LACs two different polypropylene window

thicknesses of lym and 3pm were employed to provide a two color spectral

measuring technique.

Consistency throughout the flight of lym and 3ym data shows that the data

are free from electron contamination. A Lexan-Formvar window coating was very

effective against sensitivity to ultraviolet photons down to the lower threshold

of 60 eV. An in-flight check on the bright UV star a Vir provided an upper limit

for the quantum efficiency (E>60 eV) at 2000 £ of 1.8 x 10~ . The correction for

the cosmic ray induced background was assessed during the time the nose cone

was still on the payload.

The aspect solution was obtained from gyro data and positions of brigLc UV

stars, measured in a photomultiplier-type UV sensor. The accuracy of the scan

path position derived in this way was 0 .5.

3. The Lupus enhancement

Figure 1 shows counting rate profiles as a function of galactic latitude

for the X-ray focusing collector and the summed output of the lym and 3ym LACs

in the energy band 0.4-0.8 keV. The detected soft X-ray brightness levels

indicate a strong enhancement in the Lupus region. In contrast to the 0.4-0.8 keV

LAC profile, which shows no significant brightness structure in the enhancement,

the XFC shows a very structured counting rate profile owing to an order of

magnitude improvement in the angular resolution (15'). We will now discuss the

observed brightness structure in more detail.
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3.1 SN 1006

Figure 2 shows the XFC counting rate profile for one scan superimposed on a

radio map of Milne (1971). The source at position 1 is within 0. 5 of the radio

position of SN 1006. In view of the 0. 5 accuracy of the attitude data, indicated

by the horizontal bar, it seems justified to identify this source with SN 1006.

The diameters (25') of the X-ray and radio objects agree - a result which lends

support to a supernova origin.

The spectral data (XFC) indicate a temperature in excess of 10 K and a
21 -2

column density of 1.5 (+3, -1) x 10 atoms cm . These parameters are consistent

with the 0S0 7 result (Winkler and Laird 1975), T = (4.5 + 1.9) x I07 K and
21 -2

Nu< 4 x 10 atoms cm , measured in the energy range 1 - 60 keV. Culhane (1976)
n

presented a preliminary Ariel 5 spectrum in the energy range 2 - 1 8 keV.
7 22 —2

A temperature of (1.9+ 0.2) x 10 K and a column density of NH<1.4 x 10 atoms cm

are compatible with our result.

The distance, derived from the measured column density is not incompatible

with distance estimates, ranging from 1.3 to 4.9 kpc, using optical and radio
observations (Minkowski 1966; Milne 1970; Downes 1971). For a spectrum with

21 -2
parameters kT = 4 keV and NH = 1.5 x 10 atoms cm an upper limit of

-1
keV can be derived m the energy range 0.06 - 0.4 keV.

-2 -1
0.09 photons cm s

-2 -1 -1
Gronenschild (1978) obtained an upper limit of 0.05 photons cm s keV with

ANS in the energy range 0.16 - 0.28 keV. The integrated flux from 0.6 to 1.6 keV,
-2 —1 -1

dervied from the XFC data below 1 keV, amounts to 0.24 + 0.07 photons cm s keV ,

or about a factor of 3 higher than indicated by the previous measurement. Because

of this excess flux below 1 keV we are led to conclude that SN 1006 possesses a

low-temperature component similar to that found for other young remnants, Cas A

and Tycho (Davison, Culhane and Mitchell 1976), which could not have been detected

by the previous experiments due to their low-energy cut off. This low-temperature

temperature component can be interpreted in terms of the reverse shock wave model

as proposed by McKee (1974) and Gull (1975). The intrinsic soft X-ray luminosity,
34 -1

adopting a distance of 2 kpc, amounts to 2 x 10 ergs s

3.2 Other brightness features

In addition to SN 1006, the XFC countrate profile shows that the remaining

portion of the Lupus enhancement resolves into at least three sources. An extended

source with a diameter of at least 3 (designated 2 in fig. 2) which, in one
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Figure VI. 2 A superposition of the 0.4 - 0.8 keV counting rate profile of

the X-ray focusing collector on a radio map by Milne. Indicated

is the measured position of SN 1006. The width of the bar is a

composition of the source width and the uncertainty in the

attitude solution.

direction, coincides with the position of the Lupus radio source where the radio

contour values are highest. Two other sources (3 and 4) are apparent in the

counting rate profile with an angular extent of about 1. 5. Because of a lower

statistical significance of the XFC data in the cross scan the spatial coincidence

of source 2 with the Lupus radio source cannot be uniquely established.

Spectral analysis of the source is performed to see what additional constraints

should be met for its indication. The spectral analysis is mainly based on the

lUm and 3um LAC data during the time source 2 is visible in the XFC; the statistical

weight of the XFC data does not permit placing additional constraints on the

spectral parameters. Figure 3 shows the energy spectra measured in the direction of
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source 2 for the lym and 3pm LACs respectively. Corrections have been made for

cosmic ray induced background and the extragalactic diffuse background attenuated

by the appropriate amount of interstellar gas (Daltabuit and Meyer 1972).

Simultaneous fitting of lym and 3um data with various model spectra (power law,

free-free emission, emission from optically thin one-temperature hot plasma

including line emission (Gronenschild and Mewe 1979)) yielded no acceptable fits.

Therefore thin plasma spectra, comprising a low- and a high-temperature constituent

have been implemented.

Two sets of abundances have been used: (a) cosmical abundances according to

Mewe (1972) (b) modified abundances averaging the results obtained from the UV

spectra of ?Oph and ASco (Morton 1974; York 1975). In this case the elements C,

N, Mg, Si, Ca, Fe, Ni are depleted by factors ranging from 3 (C) to A000 (Ca),

while no depletion for 0 and Ne is assumed.
2

Both models give consistent solutions. A x contour plot in the (T, 1L,)

parameter plane for both the low-temperature and the high-temperature component
2

is given in figure 3a. Contours of 90% confidence according to the x m- +6.25

criterion (Lampton, Margon and Bowyer 1976) are indicated for both abundance

sets. The low-temperature contours for models a and b are identical, the best

fit value for modified abundances is drawn superposed on the observational points

for the lym and 3pm data in figure 3b.

The low-temperature component (T = 2 - 10 x 10 K) can be interpreted as

"foreground" radiation, originating from a hot plasma present in the interstellar

medium (Hayakawa et al. 1978; Kraushaar 1977; Tanaka and Bleeker 1977).
20 -2

The low column density (<3 x 10 atoms cm ) is consistent with the low density
-3

(<0.1 cm ) within 100 pc from the Sun, as derived from La observations (Henry

et al. 1976). Further support for such a hot phase of the interstellar medium is

given by the 0 VI absorption line, measured in UV spectra toward six stars in

the direction of Lupus (Jenkins and Meloy 1974; York 1974; Jenkins 1978). From

this 0 VI abundance, which is a strong function of temperature with a maximum at

3 x 10 K, a temperature of 6.7 x 10 K is determined. The temperature regime

derived from the soft X-ray spectrum is consistent with this value.

The high-temperature component mainly arises from the presence of source 2
21

with lower limits for the amount of intervening cold gas of L = 1,7 x 10 atoms
-2 20 ~2

cm (cosmic abundance) or Nu = 4.5 x 10 atoms cm (modified abundance). An

contribution up to 30% in the 0.4 - 0.8 keV band to this source can be attributed

to emission from the North Polar Spur (NPS), the giant soft X-ray feature in the

north galactic hemisphere (Bunner et al. 1972; de Korte et al. 1974; Cruddace et
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Figure VI.3 (a) Partial isoprobability contours (one component is assumed constant)

indicating a 90% confidence interval for the low temperature ("fore-

ground") and high temperature components. Two different abundance sets,

a (cosmical) and b_ (modified, see text)y are incorporated.

(b) Energy spectra of source 2 for the 1 )im and 3 vm data. Superposed

on the observational points is a combination of model spectra with

modified abundances; the low T component (dashed curve) for a tempera-

ture of 6 x 10 K3 the high T component (dotted curve) for 3 x 10 K.
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al. 1976; Hayakawa et al. 1977). Spectral analysis outside the Lupus enhancement

indicates a similar temperature for the NPS as for source 2; however a much
19

lower column density consistent with the La absorption measurements to a Vir ( 10
-o

atoms cm ; Bohlin 1975) should be inferred. It is therefore unlikely that source

2 is physically associated with the NPS. If one corrects for the contribution from

the NPS, the lower limits to the N,, values of source 2 will be slightly raised.

The Nu value for source 2 is compatible with the column densities for the Lupusn
radio source derived from other measurements. The 21 cm measurements toward Lupus

20 —2
indicate N = 7 x 10 atoms cm (Daltabuit and Meyer 1972). Lya absorption

measurements toward o Lup (380 pc) give a mean gas density of n = 0.44 cm

beyond 100 pc (Savage and Jenkins 1972) from which lower limits to the distance of

source 2 of 340 and 1300 pc, respectively, can be deduced based on the X-ray

absorption measures in models a and b. From radio observations the distance to the

Lupus Loop is estimated to be between 400 and 600 pc (Ilovaisky and Lequeux 1972).

If we assume source 2 to be physically associated with the Lupus Loop, which

is consistent with the above parameters (N,, value, size), a supernova origin for

this source is strongly favored. The spectrum shows a pronounced peak around 0.65

keV, probably indicating the presence of strong 0 VII and 0 VIII lines. Considering

the temperature and angular dimension the Lupus Loop is probably in an evolutionary

sense comparable to the Cygnus Loop and Vela X. The intrinsic soft X-ray luminosity

for distances of 340 pc and 1300 pc amounts to 1 x 10 ergs s and 2 x 10

ergs s respectively.

For sources 3 and 4, identified in both scans, two combinations of approximate

positions can be derived (a= 14h46m, 6 = -33?0)/(a = 14h35m, 6 = -36?8) and

(a = 14h50m, 6- -36?0)/(a= 14h32m,6 = -33?8). For the second combination, one

position coincides with radio source MSH 14 - 38, a point source with a non thermal

spectrum. Taking a best fit spectral temperature of 2 x 10 K, the 0.1 - 2.0 keV

X-ray flux of this source amounts to 2.3 x 10 ergs cm s . Alternatively the

spectral similarity with source 2 might point to the picture of an extended

feature in which they are somehow associated. The available radio data in the area

= -30 to - 36 may be found in the Ohio survey at 1415 MHz (Ehman, Dixon and

Kraus 1970). However, no straightforward identification with any radio source

could be made. No large scale H a nebulosities are correlated with the Lupus region

(Sivan 1974).
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4. Conclusion

Observing the diffuse soft X-ray background with subdegree angular resolution

reveals small scale structure. The broad Lupus enhancement is resolved into at least

four separate sources. One source is identified with SN 1006, exhibiting a

composite spectrum, invoking a low-temperature component. A second X-ray source of

3° extent is probably associated with the Lupus Loop, indicating the existence of

a supernova remnant with a temperature of about 3 x 10 K. Considering also the

linear dimension, an evolutionary resemblance to the Cygnus Loop and Vela X could

exis t.

The other two sources are as yet not identified with known astronomical

objects, possibly apart from the radio source MSH 14-38.
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CHAPTER VII

SOFT X-RAY INVESTIGATIONS OF THE NORTH POLAR SPUR

1. Introduction

The North Polar Spur is a giant feature in the non-thermal radio background,

extending from the galactic plane at 1 = 30 towards high latitudes (Large et al.

1962). The radio data closely fit a small circle loop with angular diameter

^ 120° (Loop I, Berkhuysen 1971), strengthening the hypothesis of a supernova

origin (Hanbury Brown et al. 1960). The discovery of associated soft X-ray

emission (Bunner et al. 1972, de Korte et al. 1974) strongly favours this

hypothesis. Also at the southern arc near b = -30 , where the radio structure is

absent, X-ray emission has been detected (Hayakawa et al. 1977). The X-ray

emitting shell is located inside the radio ridge (Cruddace et al. 1976). The

large diameter of Loop I ^230 + 75 pc (Berkhuysen 1973) could imply a late stage

in the remnant evolution, so that radiative cooling in the outer layers has

already commenced. However, a younger evolutionary stage is suggested by the

shockfront temperature, which is still as high as 3 x 10 K.

In the present rocket experiment two crossings over the NPS radio ridge are

performed at latitudes b = 25 and b = 75 with soft X-ray detectors in the

energy range 0.06 - 3 keV. The observational aim was to investigate with improved

angular resolution (151):

(i) relation between the X-ray and radio emission features

(ii) brightness structure of the X-ray profile.

The results of (i) and (ii) can subsequently be used for comparison with current

supernova models.

2. Observational results

2.1 The X-ray data above 0.4 keV

The North Polar Spur (NPS) can be observed with the best signal-to-noise

ratio above 0.4 keV. Figure VII.1 shows the position of the scans (rate 0°.63 s"1)
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Figure VII.1 The measured X-ray brightness levels of the North Polar Spur

at b = 25° and b - 75° (hatched areas) and the radio emission

contours derived by Spoelstra (1972). The measured and extra-

polated radio ridge (Berkhuysen 1971) is also indicated.

performed in this experiment. The areas from which X-ray emission in the

0.6 - 1.0 keV band has been detected with the LACs in these scans are indicated

as hatched regions in figure VII.1. The extent along the scan direction shows at

what position the X-ray intensity clearly exceeds the brightness level outside

the NPS. The extent perpendicular to the scan indicates the detector response

function in that direction (11 FWHM). The positional accuracy for the location

of the scan is 0 .5 along and 2 perpendicular to the scan path. The width of the

X-ray emission region along the scan direction at b = 75 is 10 + 1° if a

rectangular emission profile for the Spur ridge is assumed. A lower limit of

about 15° can be established for the extent of the emission region at b = 25°,

since the scan was terminated too soon.

The spectra in different directions towards the NPS can serve to obtain more

information about the temperature and intensity distribution over the supernova

remnant. In figure VII.2 the spectra in the direction of the NPS ridge at b = 25°
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Figure VII.2 The 1 \sm spectra of the North Polar Spur ridge at b = 25°, b = 75° and
inside the ridge around aVir. For comparison the spectra outside the
NPS are also shown.
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and b = 75 and inside the NPS at b "v55° (aVir) are drawn as heavy crosses. For

comparison the spectra outside the NPS at corresponding latitudes are also shown

as light crosses. The emission outside the NPS is dominated by the foreground

radiation from the local hot (̂  10 K) region (cf. chapter V).

The NPS emission above 0.4 keV is clearly in excess over the emission seen

outside the NPS in each of the three spectra. The flux level at the ridges

(b * 25° and b - 75°) is higher than the intensity inside the NPS (b = 55°), which

is expected £rom the limb brightening for an emitting shell. The X-ray ridge at

b • 25° is however brighter than at b = 75 . The NPS emission shows similar

spectral parameters at the three positions, i.e. a temperature of "v 3 x 10 K

for depleted abundances or ^ 2 x 10 K for cosmical abundances is found. The

actual shock temperature is somewhat lower, according to T = 1.3 T (Rappaport et al.

1974). A residual emission feature over the foreground is noticed below 0.4 keV

at b = 75°, which we shall discuss in section VII.2b. We shall now turn our

attention to the angular structure of the X-ray ridge of the NPS, which is fully

covered at b = 75 .

The X-ray ridge in the energy interval 0.6 - 1.0 keV for both the XFC and

LAC data is shown in figure VII.3. Inside the NPS ridge (right side of

figure VII.3) a residual emission is noticeable. The 0.6 - 1.0 keV profile of

the X-ray ridge at b = 75 , measured in the 1 ym + 3 ym LACs with the highest

statistical weight, is compared in figure VII.3 with an approximate radio

profile, obtained from the map of Berkhuysen (1971). The X-ray and radio emission

regions do not entirely coincide. The centre of gravity of the X-ray emission is

situated 5 + 1 closer to the centre of Loop I. The outer X-ray profile closely

follows the outer radio profile. Approximately the same relation between X-ray

and radio emission is found at the lower galactic latitude b = 45 (Borken and

Iwan 1978).

2.2 The X-ray data below 0.4 keV

The observed X-ray profiles of the NPS ridge at b = 25° in the energy

interval 60-250 eV are shown in the left part of figure VII.4. The X-ray ridge

for both the XFC and the 1 ym + 3 ym LAC data shows a steep rise and at the

maximum intensity there exists no structure, which deviates more the la from a

flat distribution. No significant residual emission inside the NPS is observed

in this energy interval, because the Spur emission is small compared to the

brightness level outside the NPS (= foreground emission). The X-ray ridge at

b » 75 , shown in the right part of figure VII.4, comprises two sharp peaks in



- 95 -

140

c

c
o
o

120

100

80

Gal.latitude=*75

Radio ridge .
XFC

600-1000eV

Outside n J T L / _ _ L / _ L
NPS j .T D

Beam
15 arc min
(FWHM)

-10 10 20

160

140

3 120

c
J100

60

Radio ridge

Radio profile
at 820 MHz

Outside
80 - wpc u "Virgo dip'

j i__

3 degr.
(FWHM)

-10 0 10
Scan angle (degr.)

20
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evolutionary phases: intermediate adiabatic ( ) and radiative
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the XFC. The optimum width of both features is 0°.5. The observed profile in

the 1 yra + 3 um counters is, within the statistical uncertainties, still

compatible with the double peaked structure in the XFC data. The convolved

profile of the two sources with the angular resolution of the LACs (3 ) is drawn

in figure VII.4. Statiscally, two point sources, which would show up consistent

with the angular profile (0°.25) of the XFC response, cannot be excluded. There-

fore one or both features could be unrelated to the NPS, which hypothesis we

will however disregard in the discussion below.

3. Discussion of the observed features

The large scale X-ray features of the NPS appear to have a fairly strong

correlation with the radio contours, indicated in figure VII.1. The widths of

the emission regions from b - 25 to b = 75 decrease in a similar way as the

Loop I radio emission. The emission mechanisms of the X-ray and radio radiation

are different however. The spur of non-thermal radio emission is explained by

the compression through the supernova Shockwave of an uni-directional inter-

stellar magnetic field, which is frozen in the interstellar gas. Synchroton

emission will emerge at opposite sides of the supernova centre i.e. in directions

perpendicular to the uni-directional magnetic field. The thermal X-ray emission

is produced by swept-up matter, which is heated by the supernova Shockwave. The

emission is concentrated in a shell, limb brightening is a natural consequence

and enhanced X-ray emission is therefore expected all along the inside shock

boundary. This is confirmed by a positive detection at the southern latitude

b = -30 (Hayakawa et al. 1977); at this position no radio emission is evident.

The coupling between the interstellar gas and magnetic field implies that radio

emission is always accompanied by X-ray emission, whereas the reverse relation

will not necessarily hold because of the geometry of the undisturbed magnetic

field. The apparent absence of both X-ray and radio emission at the right side

of the scan path at b = 75 might be indicative for a local deficiency of inter-

stellar gas.

The evolutionary stage of the NPS supernova remnant may now be discussed to

see what can be derived from the X-ray structural data presented in this chapter.

If the large diameter of Loop I derived by Berkhuysen on the basis of radio

and optical data is taken, one might assume that the remnant is so old, that it has
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entered the radiative phase. In the late stages of supernova remnant evolution

the outer regions, cooled to temperatures - 10* K, and heated H I filaments

should be visible at optical wavelengths. Optical emission, both in emission

lines (mainly H ) and in continuum radiation, is observed from a number of

nearby supernova remnants, for which interstellar extinction is small (Woltjer

1972). Strong correlation of optical and radio emission is observed in

the supernova remnants IC 443 and the Cygnus Loop (Duin and Van der Laan 1974,

Dickel 1979). X-ray and optical emission in the Cygnus Loop also show a similar

pattern (Rappaport 1978, Gronenschild 1978). No optical emission is detected

from the North Polar Spur, although Haslam et al. (1971) argue that a diffuse

H nebulosity, observed by Hulsbosch (1968) is connected with Loop I. However,

no large scale H features, connected with Loop I, are recognized in the map of

Sivan (1974) at low galactic latitude (b< 30°). The absence of optical

radiation from the NPS is inconclusive to the evolutionary stage.

Another indication for the commencement of the radiative cooling phase of

a supernova remnant is the dense sheet, which forms at the outer edge of the

shockfront (Chevalier 1974). For the NPS an H I structure observed along 1 ̂  30

is found to coincide with the outer radio ridge (Berkhuysen 1971). More recent

H I data (Heiles and Jenkins 1976) also show low velocity loop structures and a

similar feature is also observed in the optical polarization map of Mathewson

and Ford (1970). The H I structures indicate that the NPS might have entered the

radiative cooling phase.

The X-ray brightness of a supernova remnant (SNR) can be predicted by using

current supernova models (Chevalier 1974; Mansfield and Salpeter 1974). The energy

dependent surface brightness has been computed from the model of Mansfield and

Salpeter, which is then compared with our observation of the NPS. The X-ray

surface brightness is calculated for the intermediate adiabatic phase and the

radiative cooling phase. The applied parameters comprise an intital blast energy

E of <v 3 x 10 ergs and an interstellar density n <\. 1.0 cm , whereas the ages

for the two phases are 7500 yr and 30.000 yr respectively. For both ages the compu-

ted brightness profiles are drawn in figure VII.3, while for the LACs a convolution

with the 3 FWHM response function has been performed. The radio ridge is assumed

to represent the shockfront. It is clear from the comparison that both the position

and the outer shockfront boundary of the measured X-ray profile are in agreement

with the intermediate adiabatic phase and incompatible with what is expected from

the radiative cooling phase. The computed absolute X-ray flux also agrees with the
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measured value. The observed inner X-ray ridge falls off markedly steeper than

predicted by the supernova model. A dip in the X-ray intensity from b = 63 to

b = 45° ("Virgo dip") has however been reported before and is not attributed

to the NPS (Hayakawa et al. 1979), but due to a shadowing effect through the H I

spur present in the maps of Heiles and Jenkins (1976).

The low energy NPS ridge structure can also be discussed in view of the super-

nova model of Mansfield and Salpeter. In the right part of figure VII.4 the

computed X-ray profiles for an ange t • 7500 yrs (adiabatic) and t = 30.000 yrs

(radiative cooling) are shown. The sharp feature(s) and the position close to the

shockfront of the X-ray emission at b = 75° is solely compatible with the adiabatic

model. The double structure and intensity of the low energy X-ray ridge is not

easily predicted by the adiabatic model, however for the radiative cooling phase

the position is in addition to that incompatible with the observations.

In conclusion, the comparison of the X-ray ridge with the current supernova

models shows that the adiabatic Shockwave solution is well applicable for the NPS.

In addition the measured shock temperature of ̂  3 x 10 K also supports the

adiabatic phase of evolution. Two of the parameters, derived from the supernova

model of Mansfield and Salpeter: age 7500 yr (adiabatic phase) and radius ̂  9 pc,

will have to be compared with the observations. These parameters do not agree with

the observational data, because:

(i) the adiabatic phase is incompatible with the existence of a dense sheet, which

is indicated by the observation of an H I structure by Heiles and Jenkins

(1976)

(ii) the adiabatic supernova model for the NPS predicts a radius of ̂  9 pc, which

is inconsistent with the large diameter 230 + 75 pc (Berkhuysen 1973), where

a distance estimate of 130 + 75 pc is based on optical and radio polarization

data. An upper limit to the distance of the NPS may also be obtained from a

recent SAS-3 soft X-ray observation of the p Ophiuchus dark cloud (Apparao

et al. 1979). No absorption of X-rays by the cloud, which has a column
22 —2

density of neutral hydrogen > 10 atoms cm , indicates that the emission

originates within 160-200 pc. The X-ray emission in this direction consists

of a superposition of the foreground emission from the local hot region and

the NPS. The extent of the local hot region can be found by the interpreta-

tion as a SNR of diameter <\< 60 pc, which encloses the solar system (chapter

V). An upper limit to the distance of the far side of the NPS shell, and

therefore of the diameter, is < 200 pc. An interaction of the North Polar
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Spur with the local hot region may even be expected, which is probably

confirmed by a deformation along the galactic meridian at 1 = 330 (Hayakawa

et al. 1978). Figure VII.5 schematically shows the proposed geometry for the

local hot region relative to the NPS.

The model can however be reconciled with the observational constraints, by

assuming that the supernova explosion took place in a low density medium. The

radius and age of the observed remnant is thereby increased, leaving however the

observed X-ray properties, i.e. the brightness profile and temperature, unaffected.

Assuming an initial blast energy of ^ 3 x 10 ergs and a density of the undis-
-2 ~2

turbed medium of 10 cm , the temperature and radius of the shockfront are

1* 3 x 10 K and 90 pc respectively, , which is consistent with the observational

data. The distance to the centre of the NPS will consequently be ̂  110 pc. The

origin of this low ambient gas density may now be considered in more detail.

The interior of the local hot region was suggested by Hayakawa et al. (1979)

as the explosion site of the supernova responsible for the NPS. The radius of the

local hot region is in their case assumed to be ̂  400 pc. This asssumption is

not valid if we interpret the local region as an old SNR with a radius less than

^ 30 pc. An alternative explanation can however be pursued. In view of the

adiabatic stage of evolution of the NPS, the H I structures along and inside the

NPS (Heiles and Jenkins 1976), can no longer be associated with the NPS, since

the cooling has not yet started. Weaver (1978) found a 6a difference between the

centre of the NPS and the centre of these H I structures. He consequently inter-

pretes the H I structures as created by stellar winds from the numerous 0 and B

stars in the Sco-Cen association. A low density cavity of large radius ̂  300 pc

is created, which is surrounded by a shell of swept-up neutral interstellar gas.
20 -2

The column density expected from this shell is ̂  3 x 10 atoms cm , which is

compatible with the values inferred from 21 cm data and from our soft X-̂ ray

spectra. On the basis of a comparison with available NPS radio data with the geometry

of this cavity, the author concludes that the NPS exploded inside this low

density region. The shell of the NPS is at this moment just starting to interact

with the H I shell associated with this cavity. The derived geometry for the NPS

and these H I structures is inserted in figure VII.5. A consistent scenario for

the NPS being the remnant of a supernova in the adiabatic phase of evolution

and yet surrounded by neutral H I structures then emerges.
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SUMMARY

This thesis describes observations of the soft X-ray background in a part

of the northern hemisphere in the energy range 0.06 - 3.0 keV. The X-ray instru-

ments, placed onboard a sounding rocket, are a one-dimensional focusing

collector with multi-cell proportional counters in the focal plane and eight

large area counters on deployable panels. An attitude control system is

incorporated for a longer exposure to specific sky regions. The hardware was

developed and the observations were made as a collective project by the Cosmic

Ray Working Group (Leiden), the Space Physics Laboratory (Nagoya, Japan) and the

Laboratory for Space Research (Utrecht).

The introductory chapter gives a short overview of our present knowledge

of the soft X-ray background and its astrophysical interpretation.

Chapter II contains a description of the instruments and their preflight

calibration. Precautions are taken to prevent UV sensitivity of the X-ray

instruments.

The observation program, which consisted of a number of pre-programmed slow

scans, is outlined in chapter III. The attitude reconstitution was made from the

observations of known sources by the X-ray instruments and by an UV sensor,

since the onboard star camera was lost with the entire payload. The focusing

collector and four of the large area counters performed satisfactorily. No useful

results were obtained from the remaining large area counters. The complete

insensitivity of the X-ray instruments to UV radiation was demonstrated by a scan

across a Vir.

Necessary preparations for the presentation and interpretation of the data

are given in chapter IV. Some details on the data analysis procedure are presented.

The impact of temperature and elemental composition on the predicted soft X-ray

spectra is elucidated. Comparison of observed and theoretical X-ray spectra
2

occurs by the x -method. A correct number of spectral bins, depending on the

energy resolution of the detector, is applied (Addendum chapter IV).

The spectral data on the soft X-ray background in these and previous

observations showed that at least two components of different temperature are

present. A low temperature component of ̂  (3-10) x 10 K is found all over the

sky. It is attributed to a local hot region, which encloses the solar system and

may also be responsible for part of the OVI absorption in stellar spectra. In

chapter V this component is interpreted as due to a local supernova, which exploded
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not further than 18 pc from the earth some 250.000 yrs ago. The implications of

this hypothesis both for the soft X-ray emission and for the OVI absorption are

examined on the basis of the current supernova model of Chevalier.

Components of higher temperature ^ 3 x II) K are found in regions of soft

X-ray enhancement; two of these regions are investigated in this experiment.

The Lupus sott X-ray enhancement, which extends over = 15° with no apparent

structure, is observed with the 15' angular resolution of the focusing collector

(chapter VI). A cross-scan revealed four individual extended sources, two of

which coincide with the supernova remnants SN J006 and Lupus. The X-ray emission

from SN 1006 has a complex spectrum. Two components are present, of which the

low temperature component can be interpreted as the result of an inward moving

Shockwave.

The North Polar Spur has been observed in two scans at the galactic

latitudes b = 25° and b = 75° (chapter VII). The X-ray ridge structure is found

to be strongly energy dependent. The low energy data (< 0.25 keV) at b = 75°

reveals two separate emission features on the ridge, both probably of finite

extension (- 0 .5). A wider X-ray ridge (- 10 ) is observed above 0.4 keV. These

profiles have been compared to the radio data and a current supernova model of

Mansfield and Salpeter. Both the position and the extent of the X-ray emission

of the North Polar Spur lead to the conclusion that we observe this supernova

remnant in its adiabatic stage of evolution. A distance ot 110 pc is derived,

which is consistent with the estimates from radio and optical polarization data.

The large implied radius of 90 pc is a consequence of the very low density of
—2 —3

the medium (^10 cm ), in which the supernova responsible for the North

Polar Spur exploded. This low density cavity may have been produced by stellar

winds from the Sco-Cen association. The H I structures that seem to be connected

with the North Polar Spur, are a result of swept-up gas in the outer part of this

cavity. The observations and interpretations gathered in chapters V to VII add

up to a tentative schematic view of the solar neighbourhood in the galaxy.
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SAMENVATTING

Dit proefschrift beschrijft de waarnemingen van de zachte röntgenachtergrcnd

in een deel van het noordelijk hemelhalfrond in het energiegebied 0.06 - 3.0 keV.

Het experiment is geplaatst in een sondeerraket en detecteert röntgenstraling

met behulp van een éen-dimensionaal focusserende spiegel met een positiegevoelige

veel-draden teller in het brandvlak en acht detectoren met groot oppervlak op

uitvouwbare panelen. Een overzicht van de instrumenten is gegeven in figuur II.1.

Een standregelsysteem is aangebracht om gedurende langere tijd op bepaalde van de

hemel te kunnen richten. Het experiment is ontwikkeld en de waarnemingen zijn

verricht in een samenwerkingsverband van de Werkgroep Kosmische Straling (Leiden),

het Space Physics Laboratory (Nagoya, Japan) en het Laboratorium voor Ruimteonderzoek

(Utrecht).

Het inleidende hoofdstuk geeft een overzicht van onze huidige kennis en

interpretatie van zachte röntgenachtergrond. Het blijkt, dat zachte röntgenstraling

geproduceerd wordt in een ijl, zeer heet gas van ongeveer 1 miljoen graden. Dit gas

bevindt zich hoofdzakelijk in supernova restanten (overblijfselen van geëxplodeerde

sterren), die aan de hemel worden waargenomen onder een hoekmaat variërend van

minder dan 1 tot meer dan 80 .

Hoofdstuk II bevat een beschrijving van de instrumenten met de ijking in het

laboratorium. Voorzorgen zijn getroffen om de gevoeligheid van de röntgeninstrumenten

voor ultra-violette straling te voorkomen.

Het waarnemingsprogramma, beschreven in hoofstuk III, bestaat uit een aantal

langzame bewegingen van het beeldveld van de detectoren over de hemel. Deze zijn

in het standregelsysteem geprogrammeerd. De kijkrichting wordt na de vlucht gevonden

uit de waarnemingen van bekende bronnen door de röntgeninstrumenten en een̂ 'ultra-

violet stralingsmeter, omdat de aan boord zijnde stercamera met het gehele experiment

verloren is gegaan. Het spiegelexperiment en vier van de groot oppervlak detectoren

hebben goede gegevens over gezonden. Van de overblijvende groot oppervlak detectoren

zijn geen bruikbare resultaten verkregen. De ongevoeligheid van de röntgeninstrumenten

voor ultra-violette straling is aangetoond door een waarneming van de UV ster aVir.

Voorafgaande aan de presentatie van de verkregen resultaten worden in hoofdstuk IV

enige kenmerkende punten van de gegevensverwerking toegelicht. De invloed van de

temperatuur en de samenstelling van het gas op het voorspelde zachte röntgenspectrum

is berekend. De vergelijking van waargenomen en theoretische röntgenspectra gebeurt

via de kleinste kwadraten methode. Een juist aantal spectrale kanalen is toegepast,

hetgeen afhankelijk is van het energie scheidend vermogen van de detectoren (Addendum

hoofdstuk IV).
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De spectrale gegevens van de zachte röntgenachtergrond in deze en voorgaande

waarnemingen toonde aan, dat tenminste twee componenten van verschillende temperatuur

aanwezig zijn. Een lage temperatuur component van *v (3 - 10) x 10 K wordt gevonden

over de gehele hemel. Deze wordt toegeschreven aan een lokaal heet gebied, dat het

zonnestelsel omsluit. Dit gebied kan ook voor een deel verantwoordelijk zijn voor

OVI absorptie in stellaire spectra. In hoofdstuk V wordt deze component geïntepreteerd

als afkomstig van een lokale supernova, die dichtbij de aarde op een afstand kleiner

dan 18 parsec ongeveer 250.000 jaar geleden is ontploft. De gevolgen van deze

hypothese voor zowel de zachte röntgenstraling alsook de OVI absorptie zijn onderzocht

op grond van het supernova model van Chevalier.

Componenten van hogere temperatuur ^ 3 x 10 K worden gevonden in heldere gebieden

van zachte röntgenstraling; twee van deze gebieden zijn waargenomen in dit experiment.

Een gebied in het sterrenbeeld Lupus, dat zich uitstrekt over ^ 15 , is onderzocht

met het 0.25 hoekscheidend vermogen van het spiegelexperiment (hoofdstuk VI). Vier

individuele bronnen met een hoekmaat van 0.5 tot 3 zijn gevonden, waarvan er twee

samenvallen met de supernova restanten SN1006 en Lupus. De röntgenstraling van SN1006

heeft een spectrum met twee componenten.

De North Polar Spur is een rug van zachte röntgenstraling, die zich uitstrekt

over meer dan 80 in het noordelijk nemelhalfrond. Waarnemingen hiervan zijn verkregen

op twee verschillende galactische breedten b = 25 en b = 75° (hoofdstuk VII). De

röntgenstructuur van de rug is sterk energie afhankelijk. De gegevens bij lage energie

beneden 0.25 keV op b = 75 geven twee gescheiden bronnen aan op de rug, die beiden

vermoedelijk een uitbreiding van ^0.5 hebben. Een bredere rug (̂  10 ) wordt waarge-

nomen bij energieën boven 0.4 keV. Deze structuren zijn vergeleken met gegevens over

radiostraling en met een supernova model van Mansfield en Salpeter. Zowel de positie

als de breedte van de röntgenstraling van de North Polar Spur leiden tot de conclusie,

dat wij dit supernova restant in de adiabatische evolutiefase waarnemen. Een afstand

van 110 parsec is afgeleid, hetgeen overeen stemt met de schattingen op grond van

gegevens van radiostraling en optische polarisatie. De grote straal van 90 parsec, die

Kölgfc uit het supernova model, vindt zijn oorsprong in een zeer lage dichtheid
- 2 - 3

(^10 cm ) van het gas, waarin de voor de North Polar Spur verantwoordelijke

supernova explodeerde. Doordat sterren in de Sco-Cen groep het oorspronkelijk aanwezige

interstellaire gas hebben weggeblazen kan dit gebied met lage dichtheid zijn ontstaan.

Structuren van neutrale waterstof, die geassocieerd lijken met de North Polar Spur, zijn

dan een gevolg van opgeveegd interstellair gas in de buitenste delen van dit gebied. De

waarnemingen en interpretaties verzameld in hoofdstuk V tot VII vormen de gegevens voor

een schetsmatig beeld van de zonsomgeving in de melkweg.
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In juni 1967 is door mij het diploma H.B.S.-B behaald, waarna ik de studie

Technische Natuurkunde aan de Technische Hogeschool te Delft begon.

Vanaf 1972 heb ik experimenteel onder2oek verricht op het gebied van gamma-

straling bij de Vakgroep Kernfysica onder leiding van Prof, dr. A.H. Wapstra. Het

college hoge energie fysica van Prof. dr. ir. J.J.J. Kokkedee werd door mij

gevolgd. In oktober 1974 werd het ingenieursdiploma behaald.

In 1974 werd ik aangesteld als tijdelijk wetenschappelijk medewerker bij

de Werkgroep Kosmische Straling in Leiden, waar het in dit proefschrift

beschreven onderzoek is verricht. Ik heb meegewerkt aan de bouw van het Leinax IV

raketexperiment voor het meten van zachte röntgenstraling. Na afloop van w_

lanceercampagne in april/mei 1976 te Kauai (Hawaii) maakte ik een studiereis

langs verscheidene Amerikaanse instituten en als onderdeel van de gegevens-

verwerking door mij in juni 1978 resultaten gepresenteerd op het Symposium on

X-ray astronomy te Innsbrück.
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