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f STELLINGEN
| behorende bij het proefschrift

I THERMAL-NONTHERMAL RELATIONSHIPS IN ACTIVE GALACTIC NUCLEI
i

I

Zolang kernen van actieve stelsels niet op de schaal van parsecs afgebeeld kunnen
worden met behulp van optische technieken, zullen afgeleide verbanden tussen
optische en radio eigenschappen van deze kernen voornamelijk gebaseerd blijven
op statistische analyses.

L H
I Ter verklaring van de waargenomen relativistische effecten vormen de "jet-screen
I models", zoals beschreven in hoofdstuk 8 van dit proefschrift, een acceptabel
f fysisch alternatief voor de "relativistic beaming models".

Ill

De toename in het gebruik van home-computers en de wijde acceptatie van het
Black and Scholes model* voor de berekening van de theoretische waarde van
opties creëren een "self-fulfilling prophecy".
'Black, F. and Scholes. M.: 1973, "Pricing of options and corporate liabilities". Journ. of political

economy, vol. 81, no. 3.

IV

Het niet volledig behandelen van het kostenaspect in vele publicaties over geavan-
ceerde optiestrategieën geeft een vertekend beeld van de toepasbaarheid van deze
strategieën en vermindert daardoor de waarde van deze publicaties in aanzienlijke
mate.

Het huidige Nederlandse systeem voor het heffen van dividendbelasting straft de
belegger voor zijn genomen risico's.



I ' .1»u

VI

Een verlaging van de verplichte kijk- en luistergelden zou bevorderd kunnen
worden door de gegevens van kabet-tv exploitanten te correleren met die van de
ontvanger der kijk- en luistergelden.

VII

Het niet gelijk krijgen wordt maar al te vaak uitgelegd als een gebrek aan inspraak.

VIII

Dit proefschrift illustreert opnieuw dat met de woorden "radio" of "optisch" het
werkgebied van de astronoom niet meer bevredigend geduid wordt.

IX

Het Nederlandse wegennet is niet berekend op een snelle afname van de werk-
loosheid.

Leiden, 2 december 1986 Gen-it Jan de Waard
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CHAPTER 1

INTRODUCTION AND SYNOPSIS

1. GENERAL OVERVIEW

1.1. The objects concerned

Seyfert galaxies, radio galaxies and quasars are among the most powerful

known objects in the universe. They are all manifestations of the phenomenon

of activity in galactic nuclei.

Seyfert galaxies are active galactic nuclei (AGNs) with a compact nucleus

of stellar appearance much brighter than the nuclei of normal galaxies. The

optical spectra of Seyfert galaxies often contain high excitation lines, while

the emission lines of hydrogen have large widths, equivalent to Doppler

velocities from 500 to 10,000 km s"1. Basically two types of Seyfert galaxies

have been distinguished: Seyfert I galaxies (Sey I) with broad hydrogen lines

(corresponding to Doppler velocities of thousands of km s"1) and narrower

forbidden lines (corresponding to hundreds of km s ), and Seyfert II galaxies

(Sey II) in which both the forbidden and hydrogen lines are of comparable

widths (500 to 1000 km s" 1). Seyfert galaxies in general have nuclear radio

emission, which on average is more intense than can be detected in normal

galaxies. The Sey U s have on average stronger radio emission than Sey I.

In strong radio galaxies the radio emission can come from a small

centrally located source and/or from diffuse regions which extend much beyond

the limits of the visible image of the object. Similar to Seyfert galaxies,

the optical spectra of these sources are usually dominated by narrow emission

lines (narrow line radio galaxies - NLRGs) or by broad emission lines (broad

line radio galaxies - BLRGs). The rate of energy emitted at radio frequencies

is larger than the optical emission, while radio galaxies often show doubble

radio structures. Cyg A is a typical example: the two components are separated

from each other by about 100 arcsec, while the central source is weaker and

does not exceed the limits of the optical object (for reviews, see e.g. van

der Laan 1979, and Miley 1980)

Analysis of the radio spectra of AGNs often indicates the presence of



very compact, flat spectrum radio components, assuming synchrotron radio

emission in auch components produces self-absorption at well-defined

frequencies. Although the radio properties of quasars are often characterized

by the extreme compactness of the source, some quasars also show radio

structure similar to that of radio galaxies.

Even when observed with the largest optical telescopes, a QSO appears

fuzzy and/or stellar on a photographic plate. The optical spectra of quasars

are characterised by high levels of excitation of the atoms and spectroscopic

studies of these objects have shown that the emission lines are highly red-

shifted (indicating large distances).

1.2. Observational techniques

As mentioned above one of the characteristics of AGNs is the occurrence

of compact, flat spectrum radio components. Detailed study of this nuclear

radio structure only became possible in the sixties, after the introduction of

very long baseline interferometry (VLBI).

Since the radio angular resolution is diffraction limited, i.e. as in

optics, determined by the ratio of observing wavelength to the aperture of the

telescope, it will be clear that milli-arcaecond resolution at radio

wavelengths requires baselines up to hundreds or even thousands of kilometers.

This requirement of making the aperture very large is accomplished by a

technique in which radio emission is collected by two or more (not physically

linked) radio telesopes, separated by hundreds or thousands of kilometers. The

data are registered with a time calibration signal supplied by a local

frequency standard (atomic clock) and recorded on magnetic tape. This

procedure allows the subsequent combination of the data with the aid of

advanced computer techniques.

Likewise in optical astronomy, the last decade has seen a remarkable

improvement in instrumental resolution. Sensitive optical spectroscopy has

become common place with the introduction of new sensitive detectors, such as

charge coupled devices (CCDs), attached to large modern optical telescopes.

The collected light is led through a spectrograph, after which it is projected

onto the chip. After each exposure, all pixels of the chip are read and the

data stored on magnetic tape. The resulting data is transformed into 2- or 1-

dimensional pictures, again with the aid of sophisticated computer techniques,

allowing the modern astronomer to obtain high resolution, high signal to noise



ratio optical spectra.

1.3. Radio and optical observations

Since the introduction of VLBI, a large number of sources have been

observed and their nuclear radio structure determined. The resolution at the

observing wavelengths varies from typically a few tens of milli-arcsec (mas)

for the European network (EVN), to as high as less than 1 mas for the global

networks including transatlantic baselines. Converting the highest angular

resolution into linear resolution yields a (world model dependent) linear

resolution of typically a few parsec. For this reason the technique of VLBI is

ideally suited for the study of the nuclear radio structures in AGNs mentioned

earlier, which appeared to be indeed very compact and common.

Detailed analyses of the broad emission line profiles in the optical

spectra of AGNs indicate Doppler velocities up to several thousands of km s~1

for the thermal line-emitting gas. It appeared also that the density of this

region (the broad line region - BLR) is high, while its dimensions are of the

order 1 to 10 pc (Osterbrock 1981).

Since the dimensions of the BLR containing the thermal gas and the linear

sizes of the compact nuclear radio structures studied by VLBI are similar, it

was thought that a study of possible relationships between the two regimes

might help to understand the nature of the inner regions of AGNs and this

provided the main motivation for the work to be described.

2. OUTLINE OF THE DISSERTATION

This dissertation reports on optical and radio observations of active

galactic nuclei, selected on the basis of the presence of dominant narrow

(narrow line radio galaxies, Seyfert II galaxies, QSOs) and/or broad (broad

line radio galaxies, Seyfert I galaxies, QSOs) optical emission lines in their

spectra. Special attention is drawn to possible relationships and physical

links between the two regimes responsible for the optical (thermal) and radio

(non-thermal) emission. Several projects, each studying such relationships on

different angular (and thus linear) scales and at different observational

frequencies were conceived with a variety of detection devices.

In part A projects studying properties of these active galactic nuclei



(AGNs) on scales of a few kpc to many hundreds of kpo are presented, including

in order of increasing resolution, 1) a search for low-level radio emission

ai-ound kpc-scale radio cores, in order to study the energy transfer from the

core out to and beyond the kpc region. It is obvious that such low-level

emission required very high dynamic range observations, which were obtained

with the WSRT in redundancy mode; 2) a search for absorbing matter on the kpc-

scale in high redshift quasars, for which the WSRT was used for its

combination of high sensitivity and high dynamic range at long wavelengths; 3)

a radio VLBI survey to determine the radio morphology of AGNs on scales of a

few tenths to a few kpc, that is, on scales similar to those deduced for the

NLR in AGNs. The desired moderate linear resolution required the use of the

European VLBI network at a relatively long wavelength.

In part B projects carried out to investigate properties of AGNs on the

scales of a few pc are presented. These projects include both radio VLBI .and,,

optical spectroscopy studies: 1) a pilot radio survey to determine the nuclear

radio structures of AGNs on scales of a pc, that is on scales similar to those

deduced for the BLR in AGNs. The desired high resolution required the use of a

transatlantic VLBI network at relatively short wavelengths; 2) since broad

optical Fell emission lines arise in the dense inner region of AGNs, the study

of those lines provides an additional tool in the study of the physics and

geometry of these inner regions. Since the energy input in the regions

emitting the optical Fell emission lines could well be provided by collisional

heating (for instance as result of jet interaction with a screen or with BLR

clouds, as suggested by Norman and Miley 198U), variability in nuclear radio

structure and in optical line profiles, when present, might well be related.

To investigate such relationships a program monitoring the shape of the broad

emission line profiles and the nuclear radio structure has been initiated. To

obtain the optical data, high resolution, high signal to noise ratio spectra

were made using the ESO 2.2 m and INT 2.5 m telescopes, with a CCD as

detecting device. For detailed mapping of the nuclear radio structure,

transatlantic VLBI full track observations were carried out; 3) if variability

in radio core structure and in optical profile shape are related, the group

known as the "superluminals" are good candidates for such a monitoring

program. Since recent models (e.g. Norman and Miley 1981) suggest interaction

processes between the radio jet and its environment, screen models on the pc

scale are analysed in depth for their capability of producing the observed

superluminal effects (generally explained by means of relativistic beaming;



Scheuer and Readhead, 1979).

3. RESULTS

A 21 cm survey of nine Steep Spectrum Cores (SSCs) carried out with the

WSRT in redundancy mode is presented in Chapter 2. In two of the sources

discrete secondary components and/or extended emission with less than a few

percent of the peak flux density have been detected on scales of tens to

hundreds of kpc, and in the case of 3C138 we argue that the newly detected

component is almost certainly physically related. Assuming this to be the

case, the newly detected component implies that activity in the nuclei of kpc-
Q

scale sources may have existed for -10 yr. In Chapter 3 we describe a

sensitive search for redshifted HI and OH absorption from galaxies associated

with high redshift quasars, using the Westerbork Synthesis Radio Telescope at

0.6 GHz. Seven quasars were investigated but in no case was absorption

detected, resulting in stringent, upper limits of a few percent to the

absorption features. A VLBI survey of AGNs with narrow emission line profiles

is presented in Chapter 1. These observations revealed a bent nuclear radio

structure in Seyfert galaxies, while the linear sizes of the regions

containing the radio emitting plasma are found to be similar to the dimensions

deduced for the regions containing the thermal gas, emitting the narrow

optical line emission. The overall nuclear radio structure is found to be

aligned with the large scale structure.

In Chapter 5 we present the results of a transatlantic VLBI survey for

milliarcsec radio structure in a sample of AGNs having broad optical emission

lines and report a high detection rate of 24 out of 25 for such radio cores.

This survey and the literature review in Chapter 6 formed the basis of the

radio and optical monitoring program we started and of which Chapter 7 reports

on first epoch results. High quality radio VLBI maps are presented and

combined with high resolution, high signal to noise ratio optical spectra. All

four compact flat spectrum radio quasars selected for their strong optical

Fell emission, show double sided nuclear radio structures (identifying the

core with the peak intensity in the map). A strong anti-correlation between

the strength of the optical Fell and [OIII] lines is found, indicating high

densities. It is further argued that the optical Fell emission is strong when

the jet responsible for the nuclear radio components is stopped (compact radio

sources), and weak when no significant interaction takes place (extended radio



sources). We speculate on the apparent absence of a narrow line region in

AGNs, which show both compact (flat spectrum) radio components and strong

optical Fell emission. The geometry and nature of screen models as a plausible

explanation of the observed superluminal effects, are presented in Chapter 8.

In this chapter detailed modeling of screen configurations is performed

extending previous screen models to include the effects of jet interaction

with broad line region clouds. A new model in which the screen is associated

with the cocoon of the jet (the jet-screen model), is shown to provide a

natural alignment between the jet and the screen, and appears successful in

explaining the observed phenomena. In particular, possible links of a screen

with the presence of Fell emission in optical spectra (e.g. Norman and Miley

1984) is considered.
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PROLOGUE

Recently the combination of optical and radio observations of AGNs has

greatly enlarged our knowledge of possible relationships between the

regimes responsible for both types of emission:

Interaction processes on the kpc-seale could welj provide an

explanation for the absence of extended radio structure in steep spectrum

cores (SSCs). This type of source shows steep radio spectra of radio

structure on the scale of kpc and larger. However, so far no extended

emission associated with this type of source has been found, and it is

therefore important to increase sensitivity to decide whether this absence

is due to instrumental limits or resembles an intrinsic property of SSCs.

It still is unknown whether material causing absorption in the radi^

spectra of high redshift quasars is physically related to the quas^-

itself, or located somewhere between the object and the oDservur.

Therefore, a search for absorption in galaxies associated with nig!,

redshift quasars is desirable.

It is now well established that interaction processes between the

relativistic plasma responsible for the radio emission, and the thermal gas

responsible for the optical emission, occur on scales of kpe and larger. An

impressive example of such an interaction and its effects on the radio

structure is found in 3C277.3 (Coma A). A detailed study of the radio

structure in AGNs on linear scales comparable to that of the NLR is

therefore desirable.

In PART A we present investigations of the few kpc to few hundreds of

kpc-scale radio structure in AGNs, partly made possible by the introduction

of new observing techniques at the WSRT.
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CHAPTER 2

EXTENDED RADIO EMISSION AROUND KPC-SCALE RADIO CORES

SUM4ARY

We present high dynamic range radio continuum observations of nine

compact steep spectrum radio sources made with the WSRT at 21 cm. For seven

of the sources no significant emission is found on scales larger than a few

kpc, but in the remaining two sources discrete secondary components and/or

extended emission with less than a few percent of the peak flux density may

have been detected on scales of tens to hundreds of kpc: 1) a discrete

i radio component associated with 3C138, at a distance of -850 kpc from the
t

core in a position angle within two degrees of that of the 5 kpc jet; 2) an

extended region of low-level emission centred on the nucleus of CTA102.

Assuming it is physically related the detection of the western

component in 3C138 implies that the orientation of the jet has been stable

for £ 5 10' years. Lack of radio emission above the 0.04 percent level

between the component and the central source indicates efficient energy

transport over a region of several hundred kpc.

1. INTRODUCTION

There are two well known classes of radio structures: i) steep-

spectrum extended compact with typical linear sizes of a few hundred kpc,

and ii) flat-spectrum compact components with typical linear sizes of £ 1

pc. In recent years the existence of a third category of radio structure

has been widely recognized, namely objects characterized by linear sizes of

typically 0.2 kpc to 10 kpc and steep radio spectra at cm wavelength (o>

0.5, S(a) - v"a), with perhaps a low-frequency turnover at typically a few

hundred MHz. These objects are referred to as "steep spectrum compact

sources" or "steep spectrum cores" (SSCs). Some 44 percent of all radio

sources with size less than 2 arcsec in the sample of Peacock and Wall

(1982) have a steep radio spectrum at high frequencies and are members of

this third class.



Section 2 reviews the current knowledge of SSCs, while Section 3

presents the sample and br ief ly discusses published data on the individual

sources. Section 1 describes the observations and data reduction, while the

r e s u l t s are discussed in Section 5. The conclusions are summarized in

Section 6.

2. REVIEW OF CURRENT KNOWLEDGE OF SSCs

2 . 1 . Radio properties

Multi-frequency observations with the VLA, MERLIN and VLB1 have

revealed a rich variety of radio structure in SSC sources (van Breugel et

al.1981; Wilkinson et al.1981; Fanti et al.1984, 1985; Pearson et al.1985).

These structures can be categorised in the following way:

1. sources showing double structure (e.g. 3C237, 3C241, 3C343.1);

?., sources that are asymmetric or one-sided (e.g. 3C19, 3C67, 3C138); and

?. complex sources (e.g. 3C287, 3C3H3).

Moat SSOquasars show core-jet or complex morphologies, while most SSC-

ga.l.axies are doubles (Fanti et al.1985). Observations carried out with the

VLA revealed that the SSCs usually have a high surface brightness and a low

degree of polarization (van Breugel et al.1984, van Breugel 1981). Higher

resolution VLBI maps often show elongated "core-jet" structures, ten to a

few hundred mas in extent, while the central jet may be misaligned by as

much as 90 degrees from the large scale structure (Fanti et al.1981, 1985).

No differences have been found between the properties of low and high

redshift SSCs, except that the latter are the more luminous and powerful.

For most of the SSCs no significant large scale (> few arcsec) radio

emission has been detected.

2.2. SSCs and relativistic models of radio sources

Relativistic features of compact radio sources play an important role

in explaining the differences between the compact and extended sources. On

the models the appearance of a radio source strongly depends on the

orientation of the radio axis relative to the line of sight (Scheuer and

Peadhead 1979). When this angle is small, a distant observer will see an

enhanced, compact core (Readhead 1980; Orr and Browne 1982), possibly
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surrounded by a low-brightness halo. Detection of such low level extended

radio emission around SSCs could be interpreted as observational support, f.o

this type of model.

2.3 The low-frequency turnover In SSCs

Radio spectra of many SSCs show a turnover at frequencies of a few

hundred MHz, while the spectra at higher frequencies are smooth and steep.

The low-frequency turnover (at v ) is commonly explained by synchrotron

self-absorption, which in turn is indicative of the presence of a region n

few tens of mas to a few tenths of arcsec in size (B - P ^

; o - 0.5 ; v - few hundred MHz), while the steepness at higher frequencies

indicates the absence of prominent ultra compact sub-component's. Van

Breugel (198*1) pointed out that free-free absorption of radio emissi-?n be-

clouds in the associated narrow line region (NLR) could also produce a 3ow-

frequency turnover. The importance of free-free absorption in the br'"~"i

line region (BLR) had earlier been emphasised by Ulvestad et al.(1c>Sl). '"'an

Breugel (1981) showed that different clouds (with different ea1? densities

ne, temperatures Te, and velocities), generated, heated and accelerated by

the interaction process between the radio jet and the gas rich environment,

would naturally result in a range of low turnover frequencies. We wi Li

therefore first discuss this model in more detail.

2.4. The SSCs and the narrow line region

Since the linear dimensions of the regions emitting the forbidden

optical emission lines in active galactic nuclei (AGN) are similar to the

typical sizes of the SSCs, the obvious suggestion was made (de Bruyn and

Wilson 1978; van Breugel 1984; van Breugel et al.1984, Fanti et al 1984,

1985) that radio jets leaving the central emitting source, would interact

with the dense, gaseous associated regions. There are many indications

(Heckman et al.1982, 1984; van Breugel et al. 1984a, 1984b, 1984c, 19Rid)

pointing towards such an interaction:

1. comparable linear sizes of a few kpc often with a common orientation.

suggesting that these regions are spatially related.

2. many SSCs appear to be embedded in gas rich environments asfoci^teii with

the NLR, rotating gaseous disks or dust lanes. Radio jets are presump'1
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to propagate through the interstellar gas throughout most of their route

'. , through the inner galaxy. The complex disrupted radio structures found

particularly in the QSOs could indicate that the density of the

Interstellar gas is high, which is in agreement with the fact that QSOs

often seem to be related with interacting galaxies and spirals, i.e. gas

rich objects.

3. in several sources (e.g. 3C305, Heckman et al.1982; 3C277.3, Miley et

al.1981) the pressure in the radio knots and the associated NLR are

comparable.

4. the radio emission is usually depolarized at 5GHz, which if due to

Faraday rotation, indicates high gas densities (van Breugel 1984),

5. the asymmetry of the forbidden emission lines is correlated with the

Balmer decrement, indicating radial flows of gas and dust (van Breugel

et al.1983).

[ 6. the radio luminosity is correlated with the luminosity of the forbidden

[OIII] emission lines and their full width at half maximum (FWHM) (de

Bruyn and Wilson 1978).

7. On the much larger scale, several cases of a morphological association

between radio continuum and optical line emission have been found,

indicating interaction between these two constituents (Miley 1981, 1982,

1981; Heckman et al.1982, 1984; van Breugel et al. 1984a, 1984b, 1984c,

1984d).

2.5. A general picture

He can combine the observations and deductions of Sections 2.3 and 2.4

in a general picture in which the radio and optical properties can be

understood as being due to the interaction of radio jets with their dense

environments. Interaction with this medium will generate bright, disrupted

radio jets, while mixing of excited NLR gas with the boundary layers of the

radio jet may explain the strong depolarization due to Faraday rotation.

This interaction will result in an inefficient transport of energy through

the jet pipe-line to larger distances, explaining the absence of prominent

outer radio lobes in SSCs. It is therefore important to put firm

constraints on the amount of energy being transferred beyond the kpc

region. The detection of low brightness radio components associated with

the SSCs, and the subsequent determination of the amount of energy
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transferred beyond the kpe region, are the goals of the observations

presented in this chapter.

3. THE SAMPLE

We observed nine sources extracted from 1) the complete flux limited

sample of compact steep spectrum sources compiled by Peacock and Wall

(1981, 1982); and 2) the 18 cm VLBI sample of compact steep spectrum 3CR

radio sources observed by Fanti et al.{1985). These sources were chosen to

have right ascension between R.A.- 22h and R.A.= 12n, spectral

indices a i 0.5 (S(v) - v~ a), total flux densities 2 1.5 Jy at 1.4 GHz and

well studied arcsec (VLA and MERLIN) and/or milli-arcsec (VLBI) radio

structures. Table 1 lists for each source the IAU and other name (columns 1

and 2), optical identification (column 3), optical redshift (column 4),

total flux density at 21 cm (column 5), spectral index (column 6), notes on

the arcsec scale radio structure (column 7) and references (column 8)\. We

will now briefly review the most recent radio observations of these nine

sources:

Table 1: The sample of steep spectrum cores.

Name Other Opt.
type

Optical S21 „
redshift (Jy)

LAS
(arcsec)

Ref

0116+319
0221+276
0429+415
0518+165
1005+077
1019+222
1143+500
2230+114
2247+140

4C31.O4
3C67
3C119
3C138
3C237
3C241
3C266
CTA102
4C14.82

G
G
Q
Q
G
G
G
Q
Q

G = Galaxy, Q = Quasar.

0.0590
0.3102
0.408
0.759

-
1.617
-

1.037
0.237

2.6
3.1
8.3
9.5
6.5
1.7
1.5
6.5
2.3

0.6
0.8
0.7
0.7
0.7
1.0
1.0
0 .5
0.6

<0.4
2-3,
0.23
0.45
1.1,
0.9.
1.3.
<2.4
0.17

double

.double
double
double
double

.double

2,4.8
1.3.5.
1.2.4.
1.4.6,
1.6
1.6.7
7
2,4,8
2.4.8

6,8
6,8
8

Radio references:
1. Pearson et al.(1985)
2. VLA calibrator manual
3. Pooley and Henbest (1974)
4. Perley (1982)
5. KOhr et al.(198D
6. Fanti et al.(i984, 1985)
7. Jenkins et al.(1977)
8. Van Breugel et al.(1984)
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0116+319 4C31.O9

This VLA calibrator has been observed by van Breugel et al.(1984), who

found it to be variable at 2 cm and derived a total linear size of <0.03

kpc (HQ = 75 km s"
1 Mpc"1, qo = 0.5).

0221+276 3C67

Pooley and Henbest (1974) observed this source at 5 GHz and detected a

2 arcsec double structure in p.a. 176 degrees. VLA observations carried out

by van Breugel et al.(5 GHz and 15 GHz, 1984) and Pearson et al.(5 GHz,

1985) showed the southern component to be unresolved at 5 GHz, while the

northern component was extended along the source axis. EVN observations at

18 cm by Fantl et al.(1985) resolved this structure further and indicated

that in both components compact features were present.

3C119

This compact source remained unresolved by the VLA at 5 GHz (Pearson

et al.1985). From their VLA observations van Breugel et al.(1984) derived a

size at 15 GHz of - 0.05 arcsec in p.a. 101 degrees. VLBI observations at

1.67 GHz by Pearson et al.(i980) showed a very asymmetric structure of

which the central core was bright and the weaker component at a separation

of 20 mas in p.a. 55 degrees. EVN observations at 18 cm by Fanti et

al.(1985) uncovered the presence of a double separated by - 56 mas in p.a.

164 degrees and a total size of 230 mas. These two resolved components

accounted for about 70 percent of the total flux density.

0518+165 3C138

This source was unresolved by the Cambridge 5 km telescope at 5 GHz

(size < 0.2 arcsec, Elsmore and Ryle, 1976), but was partly resolved at

15.4 GHz (Laing, 1981). VLA observations (5 GHz and 15 GHz, van Breugel et

al.1984) revealed at least three components, while VLBI experiments carried

out by Geldzahler et al.(1.7 GHz, 1984) revealed a complex jet like

structure, with an overall size of 0.45 arcsec.
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1005+077 3C237
I
i

The 5 GHZ VLA map by Pearson et al.(1985) showed two unresolved

components (< 0.15 arcsec each), separated by 1.1 arcsec in p.a. 84

degrees. High brightness sub-components were found in each of the

components by Fanti et al.(198H, 1985) using the EVN at 18 cm. The radio

spectrum shows clear evidence for a turnover below 100 MHz (Fanti et

al.1985).

1019*222 3C241

This source was unresolved by the Cambridge 5 km telescope at 5 GHz

and 15.1 GHz (Jenkins et al.1977; Laing 1981). A VLA map at 5 GHz by

Pearson et al.(1985) showed two unresolved components, separated by 0.9

arcsec in p.a. 82 degrees. Recent VLBI maps by Fanti et 31.(1984, 1985)

found both components to have angular sizes - 0.1 arosec. The western

component was resolved into two parts, connected by a bridge of emission,

! while the eastern component was somewhat extended.

1143+500 3C266

A 5 GHz radio map by Jenkins et al.(1977) showed a double with

separation 1.3 arcsec in p.a. roughly 180 degrees.

2230+114 CTA102

VLA maps of this well-known variable have been published by Perley (2

cm, 1982), and by Antonucei and Ulvestad (1M90 MHz, 1985). Perley (1982)

reported the detection of a secondary component at 1.6 arcsec from the

nucleus in p.a. 110 degrees, which was confirmed by Antonucci and Ulvestad

(1985), who also suspected some extended emission to the north, within - 1

arcsec of the core. Pearson et al.(1.67 GHz, 1980) reported VLBI structure

on a scale of -0.015 arcsec in p.a. 146 degrees.

2247+140 4C14.82

A VLA map at 2 cm of this double with separation - 0.17 arcsec has
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been published by van Breugel et al.(1984), who listed a total linear size

• of 1.2 kpc.

4 . OBSERVATIONS AM) DATA REDUCTION

Detection of low-level extended s t r u c t u r e near s t rong compact radio

sources (S 2 i c m > 1-5 Jy) required observat ions with high dynamic range

which were obtained on October 5/6 1983 (from UT 00.00 t o 12.00) and on

October 11/12 1983 (from UT 00.00 to 21.00) using the Westerbork Synthesis

Radio Telescope (WSRT) in redundancy mode (Noordam and de Bruyn 1982) at 21

cm. Two receiver channels of 5 MHz bandwidth each and located a t 1409.5 MHz

and 1414.5 MHz, were combined to yie ld a t o t a l bandwidth of 10 MHz. Five to

seven observations of typ ica l ly 25 minutes a t d i f ferent hour angles were

made on each source t o obtain as uniform a UV-coverage as poss ib le . The

observing log i s given in Table 2 .

Table 2 : Observing log

Name Other Mean hour angle of each Total observing
observation (degrees) time (hours)

0116+319 4C31.01 -75.-50,-30,-8,+15,+35,+65 2.9
-30,-8,+15,+35,+70 2.1
-H5.-25,-3.+10.+35.+55,+70 2.9
-30,+15,+35,+50,+65 2.1
-70,-50,-25,0,+25.+15,+75 2.9
-70,-45.-20,+5.+30,+50,+75 2.9
-80,-60,-35,-5,+15,+40,+70 2.9
-45,-25.-5,+20.+35,+55,+80 2.9
-65,-45,-25,0,+20,+35,+60 2.9

The observations were reduced using a reduction package developed at

Dwingeloo (Noordam and de Bruyn, 1982 and updated by W.M. Brouw), whereby

all fourteen telescopes are correlated with one another, resulting in a

large number of redundant spacings. The redundancy self-calibration

procedure determines a least-squares solution of the individual phase and

gain errors of each of the 14 telescopes per hour angle scan. Due to

overall system gain and/or extinction variations the amplitude scale of the

individual scans may change. To solve for this problem and for the

remaining linear phase-slope across the array, an "aligning" routine was

0221+276
1429+415
0518+165
1005+077
1019+222
1143+500
2230+114
2247+140

3C67
3C119
3C138
3C237
3C241
3C266
CTA102
4C14.82
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applied. This routine requires a starting model, since the various hour

angle scans in the WSRT trace out radial spokes in the UV-plane, giving no

crossing points. This selfcal procedure is very efficient and not strongly

model-dependent since only a single gain parameter and a single phase-slope

per scan have to be solved for.

Observing each source at several hour angles is efficient but

introduces problems in the data reduction. The hour angle cut having the

lowest signal to noise ratio will in general deform the source in a

specific position angle (e.g. 0116+319). Moreover, negative holes often

appear between different hour angle cuts, also deforming the source (e.g.

0129+115). To a certain degree the former effect can be solved for by

eliminating all bad data points above a certain noise level; however the

dynamic range in all but the 1019+222 and 2230+114 maps are limited by

these effects.

Table 3: Results

Name

0116+319
0221+276
0429+415
0518+165

1005+077
1019+222
1143+500
2230+114
2247+140

* H = 55
1) A point

FWHM
rest .beam
(arcsec)

10 X
9 x

10 x
15 x

10 x
1 1 X

9 x
10 x
10 x

km s"1

source
the unresolved

21
30
17
48

95
30
18
64
45

Mpc"1,

FWHM
rest.
(kpc

10 x
33 x
42 x
81 x

- x
62 x

- x
55 x
33 x

1 n - <

(beam
)

22
111
75

262

-
171
-
369
142

J.05.
residual remains in
central component.

Subtr.
flux
(Jy)

2.58
2.98
8.69
8.36

6.331}

1.63
1.30
6.88
2.06

the map

Flux in ext.
components

(mJy)

-
-

214
120

60
-
-
9
-

to indicate

Effective
map noise

(mJy)

1.1
0 . 6
1 .0
1 .2

1.1
3.0
0.8
0.6
2.9

the position of

The radio maps presented in the figures 1 to 9, have been processed

using the CLEAN algorithm; restoration of the model components was carried

out with an elliptical Gaussian beam of the same half width as the original

beam. Detection of low level radio emission surrounding the core was

improved by subtracting this core response in the UV-plane. Information on

the subtracted point sources and the remaining emission is summarized in
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Table 3. This table l i s t s for each source i t s name (column 1), the FWHM Of

the restoring e l l i p t i c a l beam in arcsec (column 2) and in kpe (H = 55 km

s Mpc , q0 = 0.05; column 3), the peak flux density removed (column H),

the peak flux density of the remaining emission at the location of the

subtracted component (column 5) and the 3~o noise level in the map (column

6) .

0116+319 1409.500 flH2
r

0221+27 1409.500 HHZ
50

49

48

47

45

45

44

43

42

-

-

-

-

i

1 1 1 z

i

t

I
1 1 1 /I

01 185° 02 23 25
RIGHT HSCENSIOtS

Figure 1: 0116*319 (4C31.0*): Residual map of the field after

subtraction of a 2.58 Jy point source at the position of the

nucleus; restoring beam 10 x 21 arcsec; contour levels are

-7, 7, 15, 30, 60 and 95 percent of the remaining peak in the

map of 96 mJy.

Figure 2: 0221*276 (3C67): Residual map of the field after subtraction

of a 2.98 Jy point source at the position of the nucleus;

restoring beam 9 x 30 arcsec; contour levels are -5, -2, 2,

5, 10, 20, 50, 80 and 95 percent of the remaining peak in the

map of 105 mJy.
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5. DISCUSSION

For six of the nine sources in the sample no radio emission above the

3-D level on scales larger than a few kpc is found. In the remaining three

objects discrete sources of radio emission and/or extended emission with

less than a few percent of the peak flux density have been detected on

scales of tens to hundreds of kpc.

Figure 3: 0429+115 (3C119):

Residual map of the field after

subtraction of a 8.69 Jy point

source at the position of the

nucleus; restoring beam 10 x 17

arcsec; contour levels are -3, 3,

10, 20, 50, 70 and 95 percent of the

remaining peak in the map of 117

mJy.

41 39

38

37

36

35
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33

3429+415
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_

* -

I 1
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These sources are:

0518+165 (3C138): The detection of radio structure on the scale of hundreds
of arcsec in this source i s of particular interest, since i t s detailed
radio structure is known from the mas scale to the few arcsec scale
(Donaldson et al.1971, Geldzahler et al.1984, van Breugel et al.1981).
Besides the well known source coincident with the optical QSO, our
observations show two additional sources of radio emission which may be
related to 3C138 (Figure 1, upper panel). There are no obvious optical
counterparts of these objects on the Palomar Sky Survey plates, so i t i s
interesting to enquire whether they might be related to 3C138.
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Figure «: 0518M65 (3CI38); linear scales are Indicated.

Top: Residual sap or the Meld after subtraction or a 8.36 Jy

point source at the position of the nucleus; restoring beaa 15 it

1)6 arcsec; contour levels are -4, 4, 10, 20. 50, BO and 95

percent or the remaining peak In the aap of 217 mjy.

mottla: 2 cm VIA u p (ran Braugel et al.1980). Reproduced alth

perailsslon fraa Astronoalcal Journal, 89, 5, ^ B B

Bottoa: 1.666 GHz EVN aap CGeldzahler et al.1981). Reproduced

with penlsslan froa JOtron.and Astrophya. .131. 232. "81
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We calculated the probability that they are background sources using the

formula P(B) = Bin(N, p(b)), where Bin indicates the binominal

distribution, N the number of sources observed and p(b) = P(>SQ) x (—),

the probability for an individual source to be a background source, where

P(>S0) is the probability to find a source having a flux density brighter

than S Q in a WSRT (0.7 degrees)2 field (based on the integrated source-

counts at 21 cm; data from M. Oort, priv.comm.), and A6 is the angle which

the direction of the object makes with the known VLB1 orientation of 3C138.

For the western component W (flux density - 211 mJy) we have P(>SQ) - 34

percent and p(b) - 0.38 percent. For the eastern component E (flux

density - 120 mJy) these numbers are P(>SQ) - 58 percent and p(b) - 14

percent respectively. From the results of these calculations it appeared

that the western object is very likely physically related (probability of -

97 percent), while the eastern object is most likely a background source

(probability of - 75 percent).

The likely association of W with 3C138 has important consequences for

the model of the central source proposed by Geldzahler et al.(i984). Their

VLBI hybrid map at 1.667 GHz is shown in the lowest panel of Figure 4. The

nuclear structure is 0.45 arcsec long in p.a. -110 degrees and can be

described as a core/one-sided jet morphology although the identification of

the core (the components "a" or nd2n in Fig.4) is not clear. The radio

emission at 1.667 GHz is highly linearly polarized (- 7 percent, Tabara and

Inoue 1980), with the direction of the magnetic field in p.a. - 80 degrees,

close to the p.a. of the overall radio structure. The relatively short

lifetimes deduced for the radiating electrons suggested to Geldzahler et

al. that electron "in-sltu" acceleration along the jet takes place. The low

gas density implied by the high linear polarization is a problem for the

confinement of the jet and promted Geldzahler et al. to suggest that the

jet was expanding relativistically perpendicular to the long axis of the

jet. Since at the time of their observations no large scale radio strucure

(> 10 kpc) had been observed, Geldzahler et al. concluded that the transfer

of energy to large distances was inefficient with the jet dying out shortly

after its first few kpc.

We will now discuss the implications of the detection of the western

radio component, assuming it is physically related:

1. The p.a. found for this component with respect to the core is very

similar to that found for the nuclear region. This indicates that the



26

jet has remained stable in orientation for 3 107 yr (v/c = 0.1) to 9 107

yr (v/c - 0.03; H Q = 55 km s"
1 Mpc"1; q0 = 0.05).

2. The large distance of the western component from the central core

implies i) that 3C138 has been active for at least 3 106 yr and probably

much longer; hence the activity is not a "recent" phenomenon, and ii)

"in-situ" acceleration of the radiating electrons along the jet.

3. The detection also implies efficient energy transfer beyond the arcsec

region; since no emission above O.O'J percent of the peak flux (or above

3.6 mJy/beam, corresponding to 1.1 10 2 5 W Hz"1) has been detected

between the western component and the central source, the jet loses

little energy between leaving the central source and forming the outer

component.

If we assume (i) that 3C138 is one-sided and if the radio core is

associated with component "d2" (Figure 4, bottom), then the nearly perfect

alignment of the western component with the western -5 kpc jet strongly

suggests that this jet makes a large angle with the line of sight,

excluding significant curvature of the nuclear jet close to the core as the

result of magnification of a small intrinsic curvature by projection

effects (see Section 2.2). In this case, the failure to detect nuclear ?.nd

large scale radio structure east of component nd2n can be explained by 1)

boosting of the approaching and weakening of the receding beams, since even

at large angles 8 to the line of sight this effect is relevant (e.g.

Sapproach/Sreceding " 7-6 '«" « - 0; » - °-95 and 6 = 70 degrees; or - 2.7

for 9 = 80 degrees); and/or 2) an intrinsic asymmetry in the core blocking

the jet towards the east, preventing the formation of radio structures in

that direction and causing the high brightness of component "d2".

or (ii) 3C138 is two-sided and we identify component "a" in the radio

map of Geldzahler et al. with the radio care, then 1) again the jets have

to make large angles with the line of sight, while 2) the observed radio

structure suggests a strong asymmetry in the core resulting in an efficient

energy flow towards the west forming the arcsec component, and an

inefficient energy flow towards the east forming the nuclear radio

structure.

Table 4 presents some physical parameters of the source components in

3C138. Equipartition magnetic fields and internal energies are computed

assuming a spherical geometry for the two components. Mo corrections have

been introduced for beaming due to relativistic motion. Since the core is
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unresolved, upper limits for several core parameters are listed. The

parameters derived for the western component indicate that a thermal

pressure balance between the intergalactic medium (with typical values

ne - 10~
5 cm"3 and Te - 10

7 K; Begelman et al.198i) and the relativistic

non-thermal plasma may occur, since such a pressure balance requires a

density

_c e_, - 1.95 B2(Wgauss) i \ ^
10 cm i le

(adopting ^ u m l n ~ 2 ngk Tg ; Fanti 1983). From Table H we derive an

estimate for the external density required for such a static confinement of

ne - 2.8 10~
4 (or 2.8 10~5) cm"3 for Te - 10

7 (or 108) K.

These results show a great deal of similarity with the results deduced

by Barthel et al.(1985) from their observations of the largest known radio

, galaxy 3C236. They combined high redundancy WSRT, MERLIN and VLBI

observations to model the mas to arcmin radio structure. The central

component of 3C236 satisfies the criteria for SSCs. Barthel et al.

concluded that after strong interaction in the NLR, the jet continues on

(although not visibly) to supply the outer lobes, since they 1) found the

size of this core to be roughly the same as that of a typical optical NLR;

and 2) detected no radio emission in the region between -1 kpc and many

hundreds of kpc from the core. Barthel et al.(1985) argued that these

properties and the observed asymmetries in the core and on the scales of

arcmin, are most plausibly the result of a long-lasting asymmetric and

inefficient energy flow, emanating from the nucleus and interacting with

the inner galactic environment.

Table 4: Physical parameters of 3C138 at 1.4 GHz

Compo-

nent

core
western

stot

(Jy)

8.37
0.21

P

(W Hz"1)

2.6 1028

6.6 1026

distance : 1800
linear seperation : 850
position angle : -108

Lradio
(W)

4.1 1038

1.0 1037

Mpc (Ho = 55
kpc (between
degrees.

Bequip.
(gauss)

>1.1 10"5
3.8 10"6

pmin
(dyne

1.3

km s"1 Mpc"1; q0
core and western

umin
cm c) (erg cm °)

10~12 2.3 10~12

- 0.05);
component);
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Figure 5: 1005«OTT 130311: angular scales are Indicated.
Dip: Residual aap or the field after subtraction or a 5.12 Jj
point source at the position or tne nucleus: restoring beaa. 10 i
95 arcsee; contour levels are -5. -3, 0.5, -0.5. 3, 5. 10, 20.
50. 80 and 95 percent or the reaalnlng peak In the aap or 1130

aJy.
Middle: 6 ca VLA map (Pearson et al.19B5). Reproduced with
pernlsslon froa Astronoalcal Journal, 90, 738, 1985
Bottom: 18 a EH map (Fantl et al.1985). Reproduced ulth
peralsslon n-oa Istron.and tstrophrs., 1*3. 292, 1985
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1005+077 (3C237): After the subtraction of a 6.33 Jy point source at the

position of the nucleus, a region of radio emission was found at a distance

of - 148 arcsec from the nucleus, with a flux density of 60 mJy. The

orientation of this region of emission relative to the nucleus is in p.a.

96 degrees (Figure 5, upper panel), different by - 10 degrees from the

roughly east-west oriented nuclear structure shown in the lowest panel of

Fig. 5 (Fanti et al.1984). A statistical analysis, identical to the one

applied for 3C138, showed that this discrete component almost certainly

represents a background source (with a probability of - 60 percent). We did

not find a counterpart of the source on the Palomar Sky Survey plate.

1019+22 1409.500 MHZ
22 10

1 0

Figure 6: 1019+222 (3C241): Residual map of the field after subtraction of

a 1.63 Jy point source at the position of the nucleus; restoring beam 11

x 30 arcsec; contour levels are -9, 9, 20, 50, 80 and 95 percent of the

remaining peak in the map of 25 mJy.
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2230+114 (CTA1O2): The radio structure of this source i s very : U

represented by a single point source, since only 9 mJy remained after ±

subtraction of the central peak. This remaining low level emission sho,,3

some extension in the east-west direction, that i s in the direction of the

highest resolution.

T
1143+50 1409.500 riHZ 1143+50. IIIRP. 2

1 1 r—
49 54 00 ~

53 30 -

00 -

52 30

00

51 30

00

50 30

00

49 30

11 45 05 00 4 4 S S 40 35

Figure 7: 11«3*5OO (3C266): Residual map of the field after

subtraction of a 1.30 Jy point source at the position of the nucleus;

restoring beam 9 x 18 arcsec; contour levels are -5, 5, 10, 20, 50, 80

and 95 percent of the remaining peak in the map of 121 mJy.
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2230+114 1409.500 I1HZ

11 45 •

2247+140 1409.500 flHZ
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08 -
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Figure 8: 2230+114 (CTA102): Residual map of the field after subtraction of

a 6.88 Jy point source at the position of the nucleus; restoring beam 10

x 65 arcsec; contour levels are -15. 15, 30, 50, 80 and 95 percent of

the remaining peak in the map of 9 mJy.

Figure 9: 22*7+110 (4C11.82): Residual map of the field after subtraction

of a 2.06 Jy point source at the position of the nucleus; restoring beam

10 x 15 arcsec; contour levels are -12, 12, 20, 50, 80 and 95 percent of

the remaining peak in the map of 46 mJy.
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6. SUMMARY

We have presented 1.1 GHz high redundancy WSRT observations of nine

s teep spectrum compact radio sources. The r e su l t s can be summarized as

follows:

1. In 3C138 (0518+165) a d iscre te component a t a distance of - 850 kpc from

the core in a p . a . within two degrees of that of the 5 kpc j e t has been

detected. The eas te rn component i s most probably a background source

(probabil i ty - 75 pe rcen t ) .

I f the western object i s physically r e l a t ed to 3C138 (probabi l i ty of 97

percent) then

2. i t might be in thermal pressure balance with the i n t e r g a l a c t i c medium;

3 . the agreement in p . a . between the nuclear s t ruc ture in 3C138 and the

separation vector t o the western component, indicates that the j e t

i. fuel l ing th i s component has been s t a b l e in or ientat ion for typical ly at

least 107 - 108 y r ;

1. independent of the identification of the core with one of the nuclear

components in the 1.667 GHz hybrid map by Geldzahler et al.(1984), the

jets have to make large angles to the line of sight. The absence of

prominent nuclear and large scale radio structure towards the east, is

difficult to explain by relative boosting effects (although these

effects might play a role) and is suggestive for asymmetric processes in

the core, while

5. such asymmetric Interaction processes between energy flows and the dense

inner galactic environment are not capable of fully preventing the

eastern jet from escaping, after which process the energy transfer is

very efficient (no emission above - 1 0 ^ W Hz" ) over regions of several

hundred kpc.

6. The possible detection of an extended (- 120 kpc) region of low-level

emission, centred on the nucleus of CTA102 (2230+111).

The detection of extended emission hundreds of arcsec from the centre in

one out of nine SSCs, indicates that although a jet may generally lose

considerable energy in the central region, it can still escape from there.

It is clear that generally only high dynamic range observations O1000 : 1)

are capable of positively detecting such low-level emission near bright

compact radio sources.
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CHAPTER 3

A SEARCH FOR HI AND OH ABSORPTION IN HIGH REDSHIFT QUASARS*

SIMURY

A search has been made for redshifted HI and OH absorption in high

redshift quasars using the Westerbork Synthesis Radio Telescope at 0.6 GHz.

The investigation was carried out near z=1.33 (HI) and z-1.74 (OH), close

to the emission line redshifts of most of the objects observed. Seven

quasars, 0202-172, 1331+170, 1356+022, 1615+028, 1756+237, 2005+403 and

2158+101 were investigated, but in no case could absorption be detected.

Upper limits to absorption features of 1 to 2 percent were obtained, and

the results are briefly discussed.-

1 . INTRODUCTION

Several types of material are known to be associated with active

nuclei. In addition to the radio emitting relativistic plasma and the

ionized gas responsible for optical emission lines, there is considerable

evidence that both neutral hydrogen and molecules are present in the

nuclear regions of active galaxies.

Recently, Heckman et al.(1983) carried out a study of HI absorption in

radio galaxies, mainly with the Arecibo Telescope. They detected absorption

in six of the seventeen galaxies observed with optical depths greater than

a few percent. Their analysis of 25 radio galaxies for which HI has so far

been fetected indicates that the absorbing HI gas has velocities within a

few hundred km s~' of the galaxy velocity (in the case of NGC1275, i t has

recently been shown (Crane et al.1982) that there is HI absorption near the

systemic velocity, in addition to the well-known high velocity system) and

that the 20 percent velocity widths, although typically 200 km s"1, vary

from 7 to 700 km s"1. However, as their study was limited to z < 0.04, we

* Published as: De Waard, G.J., Strom, R.G. and Miley G.K.: 1985, Astron.
Astrophys., 115, 479.
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decided it would be useful to extend this work to higher redshifts using

the Westerbork Sytheals Radio Telescope (WSRT) at 49 cm wavelength.

HI absorption at high redshifts has, despite extensive searches, been

detected in only a handful of objects. Wolfe (1980) has reviewed the

situation up to 1979, while Wolfe et al.(198D report on the detection of

absorption in PKS 1157+011. The absorption found in each of the five

objects to date occurs at a redshift quite different from (and lower than)

the emission line redshift of the quasar itself, but corresponding to one

of its optical absorption redshift systems. Only one of the objects in our

program, however, was investigated because of a known absorption system.

Morris and Rickard (1982) have recently reviewed the evidence for the

presence of molecules in active nuclei. OH absorption studies suggest a

correlation between molecular clouds and the radio continuum emission.

Modest optical depths are sometimes seen, and it is clear that OH is less

likely to be detected than HI.

2. SELECTION OF THE SOURCES

The frequency at which redshifted 21 cm absorption should occur is

given by
1420.4057 .„_

where z is the redshift, and the index of refraction of air, nair» 1.000297

(Heiles and Miley 1970). The frequency window of the 49 cm WSRT receiver

ranges from 606.98 to 610.17 MHz, corresponding to a z-window for the 21 cm

HI line of z=»1.3272 to z=1.3394. The diatomic molecule OH has a ladder of

rotation transitions in the infrared. Although the lowest transition is

split into four hyperfine levels, there are mainly two (F=1«*1 and F=2»2,

with relative intensities of 5:9) which are observable as a result of

population effects. These two main lines have frequencies of 1665.401 and

1667.358 MHz, corresponding to redshift windows of z=1.7286 to 1.7429 and

z«1.73i8 to z-1.7461, respectively.

We have selected (radio) quasars with 6 > -20° from the compilation

made by Hewitt and Burbidge (1980), and find six sources (listed in Table

1) which fall in one of the appropriate redshift ranges. In addition, the

quasar 1756+237 was included because its optical spectrum shows an

absorption system at z=1.732, which should just be detectable at the edge
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of our frequency window. Table 1 lists the seven sources (columns 1 and 2),

their redshlf ts (columns 3 and 4), the lines of interest and the

corresponding (heliocentric) frequency after applying the source redshift

(column 5).

Table 1: Parameters of the quasars observed

Quasar

0202-172

1331+170

1356+022
1615+028
1756+237

2005+103

2158+101

Name

PKS

MC3
PB3977
PKS
PKS
PKS
OT295

MC2
4C1O.67

zem

1.740

2.081

1.329
1.339
1.721

1.736

1.730

zabs

1.3273

-
-

1.732

-

—

f(z)
(MHz)

OH,,-607.63
OH22-6O8.36
HI - 610.14

HI - 609.70
HI - 607.90
OH, ,-611.87
OH22-612.61
OH,,-608.52
OH22-609.25
OH, ,-609.86
.OH22-61O.59

*"obs
(MHz)

608.0

609.0

609.0
608.0
609.0

609.0

609.0

t
(h)

2.5

3.0

3.0
3.0
3-0

3.7

7.6

S
(Jy)

1.11

0.48

0.80
0.41
0.80

1.45

1.05

T(3O)

0.008

0.019

0.010
0.027
0.008

0.015

0.007

3. OBSERVATIONS AND REDUCTION

The WSRT is well-suited to this project because of its unique

combination of high sensitivity and excellent dynamic range at relatively

long wavelenths. Moreover, in observations carried out using

interferometry, the influence of standing waves on the resulting frequency

baseline is minimal. On the other hand, the WSRT is limited by the fact

that a frequency range of only 3.5 MHz can be investigated in the 49 cm

band.

We observed each object at an appropriate centre frequency (Table 1,

column 6) using 32 frequency channels with an overall bandwidth of 2.5 MHz

(the usable bandwidth, after discarding channels for end effects, was about

2.2 MHz). The resulting channel width of 78 KHz corresponds to a velocity

of 39 km s"1. The observing time was typically several hours (Table 1,

column 7). To search for absorption the visibility data for each channel

were Fourier transformed to produce a map and a source finding algorithm

was then applied to determine the source strength in each channel. In the

case of 2005+403 the presence of the nearby strong radio source Cygnus A

necessitated using the CLEAN algoritm (H5gbom 1974; Schwarz 1978) to remove



its response before applying the above procedure.

In an attempt to remove instrumental ripples across the frequency

band, unresolved background sources were used, where available, to make

small adjustments to the channel gain. After this procedure no spectral

features could be discerned, but a modest channel-to-channel variation

remained which was similar in all seven sources and particularly noticeable

near the edges of the passband. We therefore averaged the percentage

variations from the mean, per channel, for the three strongest sources (all

observed for OH absorption), and used this mean determination of the

residual ripple to correct the spectra of all seven sources. In two cases,

1356+022 and 2005+403, a linear gradient accross the band could also be

discerned, so its average slope was determined and removed.

As no spectral features are apparent in any of the observations, we

have used the standard deviation from the mean as a measure of the absence

of HI and OH absorption. Table 1 then further lists the flux density

determined from these observations (column 8) and our limit to the optical

depth, T(3O) (column 9). The values of typically 1 to 2 percent correspond

to what one expects from noise given the known sensitivity, except for

2005+403 which suffers from the proximity of Cygnus A as explained above.

4. DISCUSSION

Most of the sources observed have a flat radio spectrum between 20 and

0.4 GHz, suggesting they are compact and that the radiation originates in a

small (a few kpc or less) region of space. They are, thus, good candidates

for HI absorption (Heckman et al.1983). In two of the sources, previous

observations showed the presence of absorption systems which we have

investigated in this work. 1331+170 has optical absorption at z=1.3273

(Hewitt and Burbidge 1980) as well as absorption systems at several other

redshifts including both optical and radio absorption at z=1.776 (Wolfe and

Davis 1979). The quasar 1756+237 with an emission redshift of z«1.721 has a

variety of absorption redshifts including the relevant one at z=1.732

(Turnshek et al.1979). These facts notwithstanding, we detect no absorption

in any of the objects to quite low levels (Table 1).

The optical depth limits we have established combined with our

velocity resolution can be interpreted in terms of a column density

multiplied by the spin temperature for HI (Kraus 1966) and OH (Robinson and



McGee 1967) i f we assume the usual r e l a t i o n s :

NHI(1421.4 MHz)= 1 - 8 3 5 x 10 1 8 T s p i n x(v) Av cm"2,
NOH(1665.4 MHz)= 3.88 x 101" T 3 p l n T(V) AV cm"2,
NOH(1667.4 MHz)= 2 - 1 6 x 1 0 Tspin x ( v ) A v c m~ 2-

where T s p i n i s in K and Av in km s~1 . The values obtained, for our seven

sources a re l i s t e d in Table 2, where we only include those l i nes for which

z < Zg,,,. The surface d e n s i t i e s are comparable t o the lowest values found

previously for s imilar ob jec t s (Wolfe 1980; Wolfe e t a l . 1 9 8 i ) . These have

been appended to Table 2 for comparison, although the absorption in them

occurs a t a redsh i f t very d i f f e r en t from the systemic ve loc i ty .

Table 2: Limits to and values of HI and OH column density

Quasar NH(1017Tg cm^K"1) N0 H(101 3T s cnf2K~1)
F = 1<»1 F = 2*>2

0202-172 < 6 a <T2 <~7
1331+170b <13 <27a < i6a

1356+022 < 7
1615+028 <19
1756+237 < 6a <12 < 7
2005+403 <10a <23 <13
2158+101 < 5a <11 < 6
0235+164 >_32.6
1229-021 16.5
1328+307 32.9
1331+170° 6.8
1157+014 3.1

a Not the principal l ine being searched for absorption
b For z=1.33
0 For z=1.7764

By way of con t r a s t , the HI absorption detected in the spec t r a of

objects such as those s tud ied by Heckman et a l . (1983) ind ica te surface

dens i t i e s which a re t y p i c a l l y many times g rea te r than those in Table 2. In

terms of our se lec t ion c r i t e r i o n the quasars chosen a r e , with one exception

(1331+170, which was observed for an absorption system with a r e d s h i f t very

much l e s s than zef f l), most near ly analogous t o these ob jec t s . The main

differences between the two c lasses are t h a t we have se lec ted quasars

( ra ther than galaxies) and t h a t t he i r r e d s h i f t s a re much la rger than those

of the galaxies discussed by Heckman et a l . ( 1 9 8 3 ) . I t i s tempting to

specula te tha t the lower surface dens i t i e s ind ica ted by our observat ions



are attributable to one of these factors; in particular, we note that the

relatively high ultraviolet flux from quasars may be too hostile for the

presence of neutral H or OH in their near environment.

The absence of absorption in 1331*170, where we might have hoped to

find HI associated with the optical absorption system at z=1.3273, serves

to underline how infrequently HI can be detected in these high redshift

systems (Wolfe 1980). This is clearly a different phenomenon from that

investigated by Heckman et al.(1983), involving intervening gas, remote

from the object in question, with quite narrow line widths.

5 . CONCLUSIONS

Despite the negative result of our search for absorption features and

the small number of objects we have investigated, we feel that this work

demonstrates the value of interferometric measurements. We cautiously

suggest that the amount of neutral material near quasars may be less than

that in the vicinity of low redshift early-type galaxies. Further

investigations with the WSRT at long wavelengths would be valuable, despite

the limited frequency coverage. In particular we note that an increase in

frequency resolution would result in an immediate decrease in our limits to

gas surface density.
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CHAPTER 4

A 1.4 GHz VLBI SURVEY OF ACTIVE GALACTIC NUCLEI HAVING NARROW

EMISSION LINE PROFILES

SIMURY

A sample of 15 radio sources has been studied with a four station

European VLBI network at 1.4 GHz. The sample includes nine Seyfert II

galaxies, one narrow line radio galaxy and five quasars, all with well

studied forbidden optical emission lines. All sources but one are detected

on angular scales in the range 30 to 150 mas. On angular scales of tens to

hundreds of arcsec the large scale radio structures of nine of the sources

are well resolved and linear, five are just resolved and one is resolved

and complex. We find that (1) the linear sizes of the regions containing

the radio emitting plasma are similar to the dimensions deduced for the

region containing the thermal gas emitting the narrow optical line

emission; (2) the nuclear structure is well aligned with the large scale

radio structure; (3) the nuclear radio structure in all well resolved

Seyfert galaxies is bent; (4) no correlations between the parameters

describing the [OIII] emission line profile (asymmetry, FWHM) and the

parameters describing the nuclear radio structure (size and P1 HQHZ^:

although (6) the three Seyfert II galaxies showing a resolved, bent and

complex nuclear radio morphology are among the sources with the most

asymmetric and broadest [OIII] emission line profiles.

1. INTRODUCTION

During the last decade, there has been intensive study of the large

scale radio structures of active galactic nuclei (AGN) with permitted and

forbidden optical emission lines (de Bruyn and Wilson 1976, 1978; Wilson

and Willis 1980; Ulvestad et al.198i; Ulvestad and Wilson 1984). Optically

selected Seyfert galaxies in particular, have been investigated in detail

and it is found that, in general, the radio emission is associated with the

nucleus of the galaxy and has a steep, non-thermal spectrum indicative of a



transparant synchrotron radiation source. Double radio structures typical

of radio galaxies are also found in Seyferts but with smaller linear sizes

and with less luminosity. Typical values for the linear size of the radio

emitting region are found to be in the order of several hundred parsec to a

few kiloparsec (de Bruyn and Wilson 1978; Ulvestad et al.198l). In about 10

percent of all Seyfert galaxies a variable flat spectrum radio core is

found, while in a few other cases a halo, several tens of kpc in extent,

has been detected (de Bruyn and Wilson 1978). Type II Seyferts are more

luminous than type I at radio frequencies by a factor of at least 5 at 1.1

GHz (de Bruyn and Wilson 1978) and have systematically larger linear sizes.

Recent detailed spectroscopic studies of forbidden optical emission

lines in Seyferts and radio galaxies, in particular [OIII] \\ 1959, 5007 A,

have resulted in new information concerning the kinematics of the line

emitting gas (Heckman et al.198i; Miley and Heckman 1982; Whittle 1985ab,

for an extensive discussion). These studies have shown: (1) the majority of

the profiles is clearly asymmetric, with a sharper fall-off to the red than

to the blue. This asymmetry becomes more prominent towards the base of the

profile, which also shows strong wings relative to a Gaussian profile; (2)

the velocities derived from the narrow lines are systematically negative

compared to the systemic velocities of the parent galaxies, although it is

not clear yet whether this also holds for the position of the peak of the

profile; (3) a correlation holds between the degree of asymmetry and the

Ho/HB ratio, indicating that dust is a significant constituent of the NLR

in Seyfert galaxies. No correlation between the line profile asymmetry and

the electron temperature T e or density N e is found (Heckman et al.1981),

indicating that the kinematical and physical conditions in the NLR are not

strongly coupled. No correlation between this asymmetry and the full width

at half maximum (FWHM), or a dependence of the latter two features on the

inclination of the parent galaxy is found, suggesting that the flow of the

NLR material is not strongly coupled to the rotation axis of the galaxy as

a whole (Heckman et al.1981).

On the other hand, the line width distribution closely resembles the

stellar velocity dispersion found in the bulges of early-type spirals

(Whittle, 1985a). This, together with the increasing asymmetry of the

profile towards its base and the presence of strong wings found in several

objects implies that the radial component is dominant in the innermost

parts and becomes less dominant when going outwards.



A similar analysis of the [OIII] line profiles found in low redshift

QSO's has been carried out by Miley and Heckman (1982), who found that the

line width distribution of these QSO's is indistinguishable from galaxies

which have broad permitted lines, such as type I Seyferts and BLRG's. In

contrast to the galaxies, no preferred asymmetry of the [OIII] profiles is

found for the QSO's, while the FWHM of these profiles is significantly

smaller compared to the profiles of the galaxies (see Section 4.2).

The analysis of the optical and radio properties of AGN's strongly

suggests that the regions giving rise to the optical and radio emission are

co-existent (Miley and Miller 1979; de Bruyn and Wilson 1978; Wilson and

Willis 1980; Whittle 1985ab). First, the galaxies usually have a high

brightness radio core of size comparable to , and coincident with the

optical continuum nucleus. Secondly the radio luminosity of the kpc-size

synchrotron components is correlated with both the optical luminosity and

the FWHM of the [OIII] X5007 A emission line (de-reddened or not).

Finally, in a few cases such as 3C305 (Heckman et al.1982), there is direct

evidence from depolarization data that the relativistic plasma and the

thermal gas are co-existent.

The major goal of the observations presented in this paper was to

determine the nuclear radio structures in these sources which if different

for different morphological types, may help to understand the differences

found on the arcsec to arcmin scale in these sources. Combining the new

radio data with optical data from the literature may provide further clues

to the relationships between the nuclear radio structures and the optical

NLR. The observations and data reduction are described in Section 2. The

radio properties at 1.1 GHz extracted from the literature and supplemented

with the results of our observations are discussed in Section 3. Section 1

combines the radio data with optical data from the literature and analyses

their relationships. In Section 5 the conclusions are summarized.

2 . OBSERVATIONS AND DATA REDUCTION

We observed a sample of 15 sources selected from the l i t e r a tu r e on the

following c r i t e r i a : (1) 1.1 GHz flux density of the radio core > 20 mJy;

(2) radio core unresolved by the Westerbork Synthesis Radio Telescope

(WSRT) and/or the Very Large Array (VLA) and/or not well studied using Very

Long Baseline Interferometry (VLBI); and (3) well studied narrow emission
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l ine profi les . The sample i s given in Table 1, where we l i s t for each

source i t s name (columns 1 and 2), optical morphological type or

classification (column 3), optical redshift (column 1), the 1.1 GHz core

flux density (column 5 ) , and several radio references (column 6 ) .

TABLE 1: The sample

Source
name

0113+325
0609+710
0737+653
0752+258
0802+213
0917+158
1018-090
1146-037
1217+023
1338+304
1342+561
1353+186
1425+267
1439+534
2325+085

Other

Mkn 1
Mkn 3
Mkn 78

-
3C192
3C219
3C246
PKS
PKS
Mkn 268
Mkn 273
Mkn 463
Ton 202
Mkn 477
Mkn 533

Opt.
type

S2
S2
S2
Q
S2
NLRG
Q
Q
Q
S2
S2
S2
Q
S2
S2

Op t i ca l
redshift

0.016
0.0137
0.038
0.446
0.0597
0.1745
0.3H
0.311
0.210
0.011
0.038
0.051
0.366
0.038
0.029

Core
(mJy)

68+2
1060+20

33+5
230
<10
60+30

<60
115
253

36.3+1.6
134+3
526+38

69+7
58.3+1.6

221+36

Radio
reference

1,8,9.22,25
1,8,9,21-25,27.30
1,8,22,26
2
3,11,15,16,16-20
3,4.15-17
5
2.6,13
2,5,7.11-14
1.8,27
1,8,9,25,27,28
2,9,22,25,26,28,30
2,5.10
8,27
9,28,29

Q - Quasar, NLRG = Narrow Line Radio Galaxy, S2 = Seyfert 2 Galaxy.

RADIO REFERENCES:
1. de Bruyn and Wilson (1976) 16.
2. Veron and Veron (1985) 17.
3. Kilhr et al.(198i) 18.
4. Perley et al.(1980) 19.
5. Miley and Hartsuijker (1978) 20.
6. Hintzen et al.(l983) 21.
7. Feigelson et al.(1984) 22.
8. Wilson and Meurs (1982) 23.
9. Sulentic (1976) 24.

10. Wardle and Miley (1974) 25.
11. Willis (1978) 26.
12. Neff and Brown (1984) 27.
13. Neff (1982) 28.
14. Macdonald and Miley (1971) 29.

30.15. HBgbom and Carlsson (1974)

Hogbom (1979)
Turland (1975)
Jenkins et al.(1977)
Miller (1985)
Schilizzi (1976)
Pedlar et al.(1984)
Ulvestad et al.(198l)
Wilson et al.(198o)
Preuss and Fosbury (1983)
Kojoian et al.(i976)
Wilson and Willis (1980)
Ulvestad and Wilson (1984)
Kojoian et al.(1980)
Condon and Dressel (1978)
Neff and de Bruyn (1986)

In order to detect radio structures on the kpc-scale, the observations

were carried out with 4 telescopes of the European VLBI Network (EVN) at 21

cm. The telescopes were located at Onsala (Sweden), Effelsberg (Federal

Republic of Germany), Westerbork (The Netherlands) and Jodrell Bank (United



•-L

49

Kingdom). The local osc i l la tors were controlled by hydrogen masers at

Effelsberg, Onsala and Westerbork and by a Rubidium standard at Jodrell

Bank. The parameters defining the interferometer array are l i s t ed in Table

2. The data were recorded with the Mklll recording system (mode B, 28 MHz

bandwidth) at a l l stations except Jodrell Bank, as well as with the Mkll (2

MHz) system at a l l s ta t ions .

Table 2: Parameters of the interferometer array at 21 cm

Telescope
location

Onsala
Sweden
Effelsberg
Fed.Rep.Ger.
Westerbork
Netherlands
Jodrell Bank
Un.Kingdom

(ON)

(EF)

(Vffi)

(JO)

Diameter
(m)

25

100

83

76

Tsys

(if
42

45

55

50

Peak Sensitiv.
(K/Jy)

0.093

1.5

(1.0)

0.794

Recordi ng
system

Mklll/Mkll

Hklll/Mkll

Hklll/Mkll

Mkll

The length of the various baselines and the rms-noise levels

corresponding to a 180 sec (Mklll) and 240 sec (Mkll) coherent integration

time are l i s ted in Table 3. The observing frequencies were centred around

1416.99 MHz and 1417.89 MHz for the Mklll and Mkll systems respectively.

The feeds at the antenna foci were sensitive to lef t circular polarization

(LCP). The observations covered 23 hours: from 07.00 UT on April 14 to

06.00 UT on April 15, 1984 during which three to five short cuts of 13

minutes duration were made on each source at different hour angles in order

to detect variations in the fringe v i s i b i l i t i e s .

The Mklll cross-correlation was carried out with the three-stat ion

correlator of the Max-Planck-Institut fur Radi oas t r onomi e (MPI) in Bonn

(FRG). After a coherent integration of the data over 180 sec in terva ls , the

correlation coefficients were calibrated according to Cohen et al .(1975).

The Mkll data cross-correlation was performed at the California Ins t i tu te

of Technology (Caltech) in Pasadena (USA) using the CIT/JPL correlator . In

this case the data were coherently integrated for 240 sec after which the

correlation coefficients were calibrated following the same procedure. The

sources 0552+396 (DA193), 1404+286 (0Q208) and 2230+114 (CTA102) were used

as unresolved cal ibrators; their 1.4 GHz flux densities were 1.52 Jy, 0.75

Jy and 7.2 Jy respectively. Corrections were applied for coherence 103s and

low elevation gain loss . Independent cal ibrat ion of the Mkll and Mklll data
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sets provided an additional internal constraint. After inspecting the

consistency of the two data sets they were selectively merged, resulting in

a 5 percent uncertainty in the gain calibration

The resulting visibility data were interpreted in terms of two-

dimensional brightness distributions using the VLBI software system

developed at Caltech. Because of the poor sampling of the OV-plane the data

could not be hybrid mapped. Simple Gaussian models were fitted to the

observed visibility amplitudes and closure phases, using an iterative least

squares solution method that minimizes the differences between the observed

visibilities and tho3e predicted by the model. The models applied were of a

gradually increasing complexity, i.e. number of free parameters, of whioh

the least complex model was accepted, satisfying 1) the square root of the

reduced chi-squared value for the goodness-of-fit between the model and the

data was close to 1.0; and 2) no extreme variations appeared in the model

fringes across gaps separating groups of visibilities. The typical error in

p.a. is 5 to 10 degrees, but depends on the degree of resolution (see note

in Table 5).

Table 3: Baseline parameters

St - St

EF - ON
EF - WE
ON - WE
EF - JO
ON - JO
WE - JO

Baseline
length
(MX)

3.9
1.3
3.3
2.8
4.8
2.8

Coherent integration time:
180 sec (Mklll) and 240 sec

rms noise
Mkll
(mJy)

4.7
1.8
6.9
1.4
5.4
2.1

(Mkll)

level
Mklll
(mJy)

1.3
0.7
2.6
_

-

3. THE RESULTS

In this section we summarize earlier published radio data on the

sources and present the results of our observations. The observed VLBI flux

densities for the various baselines are listed in Table 4, the model

brightness distributions providing the best fits to the data in Table 5,

while some derived radio properties are listed in the Tables 6 and 7. In
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addition, the models for the more resolved and complex sources are

presented as contour diagrams in the Figures 1 to 6.

0113+325 (Mkn 1)

This source was s l igh t ly resolved at 5 GHz by a beam of 1.3 x 0.7

arcsec (Ulvestad et al.1981) and showed, at th i s frequency, an unresolved

core of 26 mJy and a very faint 2 mJy extension -0.H arcsec to the south.

The t o t a l flux density at 1415 MHz is 68 + 2 mJy (de Bruyn and Wilson 1976,

Wilson and Meura 1982).

This source i s detected on a l l but the Onsala-Jodrell Bank and

Westerbork-Jodrell Bank baselines and is clearly resolved. The best f i t to

the data i s provided by two Gaussian components (Figure 1): a 30 mJy

e l l i p t i c a l component 35 mas in size and a second e l l ip t i ca l component of 52

mJy and a size of 90 mas in position angle (p.a . ) 161 degrees at a distance

of -64 mas. The result ing overall size i s 115 mas.

0609+710 (Mkn3)

Radio maps by Wilson et a l . (2 cm and 6 cm, 1980), Pedlar et a l . ( i 8 cm

and 73 cm, 1984) and by Ulvestad and Wilson (at 2 cm, 1984) of t h i s Seyfert

II galaxy showed an asymmetric double s tructure in p . a . ' s between 90 and 85

degrees with a separation of 1.5 arcsec. The western component i s dominated

by a strong barely resolved component, while the eastern component i s

heavily resolved along the major radio axis (Wilson et al.1980; Ulvestad

and Wilson 1984). Ulvestad et al.(198i) l i s t ed a p.a. for the large scale

radio structure of 86 degrees. Preuss and Fosbury (1983) found a 5 GHz flux

density of 35 ± 7 mJy for a 54 mas fringe spacing and an upper l imit of 35

mJy for a 2 mas fringe spacing. A total 1415 MHz flux density of 1060 • 20

mJy was reported by Wilson and Meurs (1982).

This galaxy is detected on a l l VLBI baselines and is clearly resolved.

The observed variations with hour angle in the correlated amplitudes on the

Effelsberg-Onsala and Effelsberg-Westerbork baselines indicate complex

nuclear structure. A model consisting of 3 e l l i p t i c a l Gaussian components

provides the best f i t to the data (Figure 2) . The nacls^r rs^Un is non-

linear in an overall p .a . of -95 degrees, while individual components have

p . a . ' s which differ from the overall alignment (in 47, 91 and 120 degrees).
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The overall size i s about 115 mas and the to ta l flux density i s 228 mJy.

Table 1: Correlated f lux d e n s i t i e s at 1 Ml5 MHz, per base l ine

Source Averaged f lux dens i t ies at 1415 MHz (mJy)
name EF-WE EF-JO WE-JO ON-WE EF-ON ON-JO

(1.3MX) (2.8MA) (2.8MX) (3.3MX) (3.9MX) (4.8MA)

0113+325
0609+710
0737+653
0752+258
0802+243
0917+458
1048-090
1146-037
1217+023
1338+304
1342+561
1353+186
1425+267
1439+534
2325+085

44
151

12
17
8

37
43

130
240

23
17

105
47
21
-

21
58

-
14

-
39
36

136
220

16
-

69
53
18
-

100
-
-
-

37
39

126
197

-
-

71
48
26

-

22
80

-
18
-

41
41

130
204

23
15
41
50

-
-

24
58
7

19
10
40
37

126
206
33
8

47
51
22

-

44
-
-
-
-
-

133
166

-
-
-

55
-
-

0737*653 (Mai 78)

Radio maps have been published by de Bruyn and Wilson (1415 MHz,

1976), by Wilson and Willis (4885 MHz, 1980) and by Ulvestad et al.(i465

MHz and 4885 MHz, 1981). The radio structure of this source is triple with

the outer components (separated by 3.26 + 0.31 arcsec in p.a. 90 degrees)

apparently coincident with two optical line emitting clouds (Adams 1973).

Wilson and Meurs (1982) found for the core a total flux density at 1415 MHz

of 33 + 5 mJy.

This source is only detected on the Effelsberg-Onsala and Effelsberg-

Westerbork baselines with flux densities of 7 mJy and 12 mJy, respectively.

The best fit is given by a 14 mJy elliptical Gaussian component in p.a. -52

degrees and size 170 mas. Due to the poor signal to noise ratio of the

data, the model parameters are ill-defined.

0752+258

VeVon and Veron (1985) listed a total flux density of 0.17 Jy (at 6

cm) and of 0.20 Jy (at 20 cm). The source is detected on all but the
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Onsala-Jodrell Bank and the Westerbork-Jodrell Bank baselines and remains

almost unresolved. A model consisting of an 18 mJy unresolved component

provides the best f i t to the amplitude data (the closure phases contained

some unexplained jumps and were not included in the analysis) .

0802+243 (3C192)

The large scale radio structure of this source is triple with a fuzzy

bridge connecting the two outer components, which are separated by 180

arcsec in p.a. 120 degrees (Hogbom and Carlsson 1974; Jenkins et al.1977).

The central component is unresolved and coincides with the optical object.

A high resolution map at 5 GHz by Miller (1985) showed that a large

fraction of the north-west hotspot remained unresolved, but that the south-

east hotspot and the tail were well resolved. Hogbom and Carlsson (1974)

found a total flux density at 1415 MHz of 4.97 Jy; they were unable to

detect any nuclear emission (< 40 mJy, Hogbom 1979).

The source is detected only on the Effelsberg-Onsala and Effelsberg-

Westerbork baselines and shows little effects of resolution. There is no

clear variation in the fringe amplitudes with hour angle, indicating that

the inner source structure is not complex. An unresolved component with

flux density 10 mJy provides the best fit to the data.

0917+158 (3C219)

The large scale radio s t ructure of th is NLRG i s a 137 arcsec double in

p.a. 36 degrees with a j e t containing two knots about 8 arcsec apar t , each

of which i s composed of two or more sub-components (Hogbom and Carlsson

1974; Turland 1975). The two distant radio lobes also contain compact

structure at 1.48 GHz and 4.89 GHz (Perley et al.1980). The t o t a l flux

density at 1415 MHz is 8.04 Jy (HSgbom and Carlsson 1974), while a core

flux density of 60 + 30 mJy has been reported by H8gbom (1979).

The source is detected on a l l but the Onsala-Jodrell Bank baseline and

shows no signs of resolution. The data are best f i t t ed by an unresolved

component with flux density 39 mJy.



Figure 1 : A 2 component Gaussian

model of 0113*325 (MknD, restoring

beam 58 x 28 mas in p .a . 130

degrees; contour levels are 3, 6,

12, 25, 50 and 95 percent of the

peak brightness, which i s 20

mJy/beam; tick interval i s 50 mas;

linear and angular scales are

indicated.

0609+7i0(Mkn3)

18pc
50 mos

Figure 3: A 3 component Gau3sian

model of 1217*023, restor ing beam 51

x 31 mas in p.a. 160 degrees;

contour levels are 3, 6, 12, 25, 50

and 95 percent of the peak

brightness, which i s 206 mJy/beam;

tick interval i s 50 mas; l inear and

angular scales are indicated.

0113+325 (MkM)

21PC
50 mas

Figure 2: A 3 component Gaussian

model of 0609*710 (Mkn3), restoring

beam 31* x 31 mas in p .a . 110

degrees; contour levels are 3, 6,

12, 25, 50 and 95 percent of the

peak brightness, which is 57

mJy/beam; tick interval i s 50 mas;

linear and angular scales are

indicated.

1217+023 (PKS)

230pc
50 mas
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1048-090 (3C246)

The large scale radio structure i s t r i p l e (LAS of 83 + 3 arcsec in

p.a . 112 + 4 degrees), with a to ta l flux density at 1415 MHz of 1790 + 90

mJy. Miley and Hartsuyker (1978) found flux densit ies at 1415 MHz of 894 +

45 mJy and 823 ± 42 mJy for the eastern and western components, but were

unable to detect emission from the central source.

This source is detected on al l but the Onsala-Jodrell Bank baseline

and i s s l ight ly resolved. The best f i t to the data i s provided by a 49 nJy

e l l i p t i c a l Gaussian component in p.a. 175 degrees with an overall size of

90 mas. Since th is source i s jus t resolved, the p .a . i s rather i l l -defined.

1116-037

Maps at 1635 MHz and 4885 MHz have been presented by Neff (1982)

showing a large scale non-linear t r i p l e radio structure. Hintzen et

al.(1983) published a 20 cm radio map and found a total flux density of 314

mJy, a core flux density of 115 mJy and a LAS of 193 arcsec.

The source i s detected on a l l baselines. The best f i t to the data is

provided by an unresolved component of 130 mJy.

1217+023

Radio maps made at 1635 MHz and 4885 MHz by Neff and Brown (1984)

revealed an unresolved core and a jet composed of a few compact bright

knots, which seemed to exhibit "wiggles". Total flux densities at 1415 MHz

of 530 + 26 mJy (Miley and Hartsuijker 1978) and of 600 mJy (Feigelson et

al.1984) have been reported, while Feigelson et al. also found a core flux

density at 1415 MHz of 215 mJy.

This source is detected with high signal to noise ratios on all

baselines and is slightly resolved. We find the best fit for three

elliptical Gaussian components (Figure 3). The nuclear radio structure is

dominated by an unresolved component of 207 mJy and a region of extended

emission about 75 mas in extent in p.a.'s 97 and 17 degrees and containing

about 124 mJy.
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Figure 4: A 2 component Gaussian

model of 1338+304 (Mkn268),

restoring beam 42 x 30 mas in

p. a. 75 degrees; contour levels

are 3, 6, 12, 25, 50 and 95

percent of the peak brightness,

which is 13 mJy/beam; tick

interval is 50 mas; linear and

angular scales are indicated.

1353+186 (MkrU63)

63pc
50 mas

1338+3(K(Mkn268)

Figure 6: A 2 component Gaussian

model of 1439+53* (MknH77),

restoring beam 37 x 24 mas in p.a.

60 degrees; contour levels are 3, 6,

12, 25, 50 and 95 percent of the

peak brightness, which is 20

mJy/beam; tick interval i s 50 mas;

l inear and angular scales are

indicated.

Figure 5: A 3 component Gaussian

model of 1353+186 (Mkn463),

restoring beam 42 x 37 mas in p.a.

60 degrees; contour levels are 5,

10, 20, 30, 40, 50, 70 and 90

percent of the peak brightness,

which i s 67 mJy/beam; t ick interval

i s 50 mas; linear and angular scales

are indicated.
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1338+304 (Mkn 268)

De Bruyn and Wilson (1976) found a total 1115 MHz flux density of 36.3

+ 1.6 mJy and a size < 1.5 arcsec for this Seyfert galaxy. A map at 5 GHz

published by Ulvestad and Wilson (1984) showed a dominant 15.4 mJy

component close to the position of the optical continuum peak. This 0.2

arcsec component was barely resolved in p.a . 91 degrees. Another weak

component of 1.9 mJy was located in p.a. -110 degrees at a distance of 0.9

arcsec.

The source is detected on a l l but the Onsala-Jodrell Bank and

Westerbork-Jodrell Bank baselines and is clearly resolved. The fringe

v i s i b i l i t i e s have of a high signal to noise r a t i o and show substantial

variation with hour angle on almost a l l baselines. The data are best f i t t ed

by a two component Gaussian model (Figure 4): an unresolved 19 mJy central

component and an extended feature at a distance of -90 mas in p . a . -80

degrees. This feature has a flux density of 58 mJy and a size of -150 mas

in p.a. 135 degrees. The overall p.a. close to the core l i e s in -95

degrees.

1312*561 (Mkn 273)

De Bruyn and Wilson (1976) l i s ted a to ta l flux density at 1415 MHz of

134 + 3 mJy and a size < 10 arcsec for th i s source. Radio maps at 2 and 6

cm by Ulvestad and Wilson (1984) revealed 2 components separated by 0.8

arcsec. At 6 cm the strongest component was clearly resolved in p .a . 64

degrees, while at 2 cm th i s component became further resolved into t r i p l e

s t ructure .

The source is not detected on the Jodrel l Bank baselines but i s

resolved on the others. A model consisting of a 19 mJy e l l ip t i ca l Gaussian

component in p.a. 163 degrees and size 45 mas provides the best f i t to the

data, although the model parameters are not well defined.

1353*186 (Hkn 463)

Using the WSRT Wilson and Willis (1980) found a total flux density at

5 GHz of 102 t 10 mJy and an unresolved core, although extensions were

possibly present to the west and the south-east of the core. Ulvestad et
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al.(198D also mapped this source at 5 GHz with the VLA and resolved the

nucleus into two components with flux densities of TOO ± 6 mJy (NE) and of

< 2 mJy (SW). Sulentic (1976) listed a total flux density at 1415 MHz of

526 + 38 mJy. A 18 cm VLBI experiment by Neff and de Bruyn (1985) showed a

non-linear nucleus and a secondary component in p.a. -178 degrees, at a

separation of -2 arcsec.

The source is detected on all but the Onsala-Jodrell Bank baseline and

is clearly resolved. The fringe amplitudes show significant variations with

hour angle and are best fitted by a model consisting of 3 ell iptical

Gaussian components (Figure 5): the central component contains 162 mJy,

while 144 mJy is associated with emission in an overall p.a. -180 degrees,

extending about 155 mas. We find good agreement between our model and the

model for the core by Neff and de Bruyn (1985), confirming i ts non-

l ineari ty .

1425+267 (Ton 202)

Wardle and Miley (1974) listed a total 2695 MHz flux density of 230 +

20 mJy and a LAS > 60 arcsec. Radio maps at 0.6 GHz, 1.4 GHz and 5 GHz have

been published by Miley and Hartsuijker (1978) and showed a t r iple radio

structure (LAS 218 + 2 arcsec at 1115 MHz) of which the unresolved core had

a 1.1 GHz flux density of 69 + 7 mJy.

This source i s detected on al l baselines and shows almost no signs of

resolution. The fringe visibi l i t ies show l i t t l e variation with hour angle

and are best fitted by an unresolved 52 raJy component.

1439+53* (Mm 477)

Wilson and Meurs (1982) reported a total flux density at 1115 MHz of

58.3 t 1.6 mJy and an LAS < 6 arcsec for this source, while Ulvestad and

Wilson (1984) found an unresolved core with a total 5 GHz flux density of

25 + 1.5 mJy, surrounded by weak extensions of emission in different

p . a . ' s .

This source is detected on all but the Onsala-Westerbork and the

Onsala-Jodrell Bank baselines and is slightly resolved. We find a clear

variation in the fringe visibilities with hour angle on the Effelsberg-

Westerbork and Effelsberg-Jodrell Bank baselines. Two elliptical components
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with a separation of -90 mas in p.a. -5 degrees provide the best f i t to the

data (Figure 6) . The dominant component has a flux density of 24 mJy and a

size of 35 mas, while the second component i s more resolved (13 mJy and

size 56 mas).

2325*085 (Mkn 533)

Sulentic (1976) listed flux densities of 221 + 36 mJy (1400 MHz), of

139 ±20 mJy (2700 MHz) and of 68 + 8 mJy (5000 MHz) for this source.

During our experiment this source was not detected on any baseline,

setting an upper limit of 10 mJy to the flux density at 1415 MHz on

baselines longer than 1.5 MX.

Table 5: The VLBI model brightness distributions

Source Number Flux densities angular
name of total peak size
(IAU) comp. (mJy) (mJy) (mas)

p.a. remark
(o)

0113+325
0609+710
0737+653
0752+258
0802+243
0917+458
1048-090
1146-037
1217+023
1338+304
1342+561
1353+186
1425+267
1439+534
2325+085

2
3
1
1
1
1
1
1
3
2
1
3
1
2
-

82
228

14
18
10
39
49

130
331
77
19

306
52
37

<10

20
57
10
18
10
39
40

125
206

13
11
67
50
20
-

115x75
115x100
170x50

<(50x25)
<(50x32)
<(40x25)

90x50
<(51x40)

75x50
150x85
45x40

100x40
<(45x40)

100x45
—

161
50/120
(-52)*

-
-

(175)*
-

47/97
-95 ,

(163)
180

-

-5
-

Fig.1
Fig.2

-
-
-
-
-
-

Fig.3
Fig,4

-
Fig.5

-
Fig.6
not detected.

(p.a.) -. ill-defined

4. DISCUSSION

Radio Borphology and radio properties

Of the 15 sources in our sample, the large scale radio structures of

nine are well resolved and linear, five are just resolved and one is

resolved and complex. There is good correspondence in orientation between
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the large scale radio structure and the model brightness distribution
describing the nuclear region (see Table 6).

Table 6: Difference in orientation of the large scale radio structure and
the model brightness distribution describing the nuclear radio
structure

Name Other p . a . l a rge
scale (degr)

p.a. small
scale(degr)

|A p . a . |
(degrees)

ref

0113+325
0609+710
0737+653
1048-090
1217+023
1338+304
1342+561
1353+186
1439+531

(p .a . ) :

Mkn 1
Mkn 3
Mkn 78
3C246
PKS
Mkn 268
Mkn 273
Mkn 163
Mkn 177

i l l - defined

references:
1. Ulvestad and Wilson
2. Neff
3. Neff

i80(South)
86

-90
112+4
73

-110
150
180
175

(1984)
and Brown (1984)
(1982)

161
80 t o 120

(-52)*
(175)

47 t o 97
-95

(163)
180

-5

4. Miley and
5. Pedlar e t
6. Ulvestad

19

(38)*
(63)
<25

15
(13)*
< 5
< 5

Hartsuijker
al .(1984)

et al.(198D

6
5
6
4
2
1
1
6
1

(1978)

In order to study the radio morphology of the nuclear structure, we

classified each structure on basis of the following characteristics: is i t

linear (L) or bent/distorted (B)?; is i t unresolved/just resolved (U) or

well resolved (R)?; and is i t simple (S) or complex (C)? The result of this

classification is given in Table 7, column 3 and can be summarized as

follows: 1) all well resolved Seyfert galaxies show a bent kpc-scale radio

structure; 2) due to their large distances all quasars remained unresolved,

ercept 1217+023 (which has the lowest redshift), while of the galaxies 6

out of 9 show a "simple" nuclear structure; 3) all the so-called classical

extended triple radio sources in our sample (0802+243 [Seyll], 0917+458

[NLRG], 1048-090 [Q], 1146-037 [Q] and 1425+267 [Q]) show an unresolved

nuclear structure.

In addition to the information on the nuclear radio structure, Table 7

l i s t s the linear sizes of the nuclear region (column 2) corresponding to

the 50 percent contour level of the model brightness distribution (HQ = 55

km s~1 Mpc~1 • Qo
 = °-°5)> t n e r a d i o luminosity at 1415 MHz (column 5)

determined using the same parameters and a spectral index for the core
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taken from the literature (columns 4 and 6). For the sources in our sample,

the distributions of i) the linear size and ii) the radio power of the

nuclear region, are presented in the Figures 7a and 7b, respectively.

Table 7: Radio properties at 1415 MHz

Name Linear
size (pc)

nuclear
struct.

spectral
index

log P

references:

1. Ulvestad and Wilson (1984)
2. Sulentic (1976)
3. Veron and Veron (1985)
4. Kiihr et al.(198i)
5. Perley et al.(1980)
6. Miley and Hartsuijker (1978)
7. Neff (1982)

Radio
(W Hz"1) ref

0113+325
0609+710
0737+653
0752+258
0802+243
0917+458
1048-090
1146-037
1217+023
1338+304
1342+561
1353+186
1425+267
1439+534
2325+085

48
41

160
<(34O
<(72

<(145
525

<(300
345
150

43
125

<(270
95

X

X

X

X

X

X

X

X

X

X

X

X

X

X

31
36
48
170)
46)
90)
290
230)
230
87
38
50
240)
43

not detected

B,R,
B.R,
U,S
U.S
U,S
U.S
U,S
U.S
B,R
B.R.
U.S
B.R,
U,S
R.S

-

S
c

c

c

0.72
0.87
0.79
0.26
0.74

-0.43+0.08
1.00+0.08

-0.31
-0.20
0.60
0.69
1.12
0.11+0.14
0.68
0.91+0.4

22.9
23.2
22.8
25.1
23.1
24.6
25.4
26.1
25.8
23.7
23.0
24.5
25.4
23.3

<22.5

1
1
1
3
4
5
6
7
7
1
1
1
3.6
1
2

nuclear s tructure:

B = bent/distorted
U = un- or just resolved
R = well resolved
S = simple
C = complex

4.2. Optical forbidden l ine profiles

The optical forbidden emission lines of the sources in our sample, in

particular the [0III] H4959, 5007 A l ines , are well studied in the

l i t e r a t u r e and the parameters describing the profiles of the sources in our

sample are summarized in Table 8. This table l i s t s for each source i t s IAU

name (column 1), width of the profile (columns 2 and 3). asymmetry of the

profile indicated by the asymmetry index AI2Q (column 4, following Heckman

et al .1981, where a AI20>0 (<0) indicates a sharper fall-off of the profile

towards the red (blue)), optical luminosity of the [0III] l ines (column 5)

and references for these opt ical data (column 6 ) .
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Figure 7 a : A histogram of the linear size

corresponding to the 50 percent contour

level of the model-brightness distribution

for the quasars (Q), Seyfert I I galaxies

(S) and NLRG's (N) in our sample (HQ = 55

km s~1 Mpc"1, qo = 0.05).
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Figure 7^: A histogram of the radio

luminosity at 1115 MHz for the quasars

(Q), Seyfert I I galaxies (S) and NLRG's

(N) in our sample (HQ

q« - 0.05).
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The differences in asymmetry of narrow optical emission l ines between

i ) radio-quiet nuclei and radio-loud nuclei with flat-spectrum (compact)

radio sources (strong tendency for asymmetric profiles) and i i ) powerful

steep-spectrum (extended) radio sources (no significant systematic

asymmetry; Miley and Heckman 1982) are i l lus t ra ted in the Figures 8 a ' b f C ,

where we present the distributions of AI2 0 , the FWHH (or W50 if FWHM not

available) and the optical luminosity of the [0III] profi les .

4.3. Coabining optical l ine and radio VLBI data

The current observations enable us to analyse relationships between

non-thermal radio and thermal optical radiation, originating from spatial

volumes of comparable linear sizes (few hundred parsec to several kpc).

Differences summarized earlier in core radio and optical properties between

Seyfert galaxies and quasars (Section 1), confirmed and extended by our

observations can be understood 1) partly as a resolution effect, resulting

from the differences in cosmologlcal distances; and 2) as an intrinsic

difference in the physical conditions of the inner galactic environment of

this type of source. If we identify the NLR with the "stopping agent", the

observations and their interpretation indicate that in Seyfert galaxies 1)
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the inner galactic density is higher, resulting in more violent interaction

processes, disrupting the nuclear radio jet and/or 2) the jets are

intrinsically less powerful compared to those in the quasars. Such strong

interaction in Seyfert galaxies would prevent the jet from escaping the

central region, forming and supplying the outer radio lobes. This picture

is supported by our observations since all three Seyfert II galaxies

showing a resolved, bent and complex nuclear radio morphology (Mkn3, Mkn268

and Mkn163) are among the sources with the most asymmetric and broadest

[OIII] emission line profiles, which may have been caused by radio jet -

narrow line cloud interaction.

Table 8: Optical properties

Name

i

0113+325
0609+710
0737+653
0752+258
0802+213
0917+158
1018-090
1116-037
1217+023
1338+301
1312+561
1353+186
1125+267
1139+531
2325+085

References:
1. Feldman

W50
(km s"1)

_

850+ 5
1030+10
725+60
330+35

-
290+20
330+20
370+10
530+30

-
510+10
160+10

-
-

FWHM
(km s"1)

610+10
810+30

1180+30
790

-
650+100
300
330
365
750+100
700+100
780+75
500
370+10
190+50

et al.(1982)
2. Yee (1980)
3. Heckman
1 . Costero

et a l . (198D
and Osterbrock (1977)

5. Miley and Heckman
6. Koskl (1978)
7. Lawrence and Elvis
8. Shuder <

(1982)

i (1982)
and Osterbrock (1981)

9. Cohen and Osterbrock (1981)
10. Neugebauer et a l . ( 1979)

A I 2 0

0.22+0.01
0.20+0.01
0.01+0.03

-0.20+0.15
-

-0.10+0.03
0.01+0.03

-0.06+0.02
0.12+0.06

-
0.26+0.02
0.06+0.03

-
-

(erg s 1 )

11.88
12.51
12.61

-
11.76
12.01
12.31

-
13.28
11.86
12.11
12.97
13.63
12.80
12.26

opt.
ref .

1.2
1.2,
1.2.
5
3.1
9
2,5
5
5,10
2,3,
2 ,6
1.2.
2.5
1.7
1.8

3
3

6

3



Figure 8 a : The asymmetry

distr ibution of the [OIII] X 5007 A

forbidden emission l ine for the

quasars (Q) and Seyfert I I galaxies

(S) in our sample. Asymmetry index

following Heckman et a l . (198 i ) .
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Figure 8b: The FWHM distribution of

the [OIII] X5007 A forbidden

emission line for the quasars (Q),

Seyfert II galaxies (S) and NLRG's

(N) in our sample.
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A sample of 15 radio sources with well studied forbidden opticai line

profiles has been observed with a four station EVN network at 21 cm. All

sources but one are detected and show radio structures in the angular range

of 30 to 150 mas. We find that (1) the linear sizes of the regions

containing the radio emitting plasma are similar to the dimensions deduced

for the NLR containing the thermal gas responsible for the optical line

emission; (2) the large scale radio structure is well aligned with the

nuclear structure, (3) the nuclear radio structure in the well resolved

Seyfert II galaxies is bent; (1) the three Seyfert II galaxies showing a

resolved, bent and complex radio morphology are among the sources with the

most asymmetric and broadest [OIII] emission line profiles.

These results suggest that in general the interaction process between

a radio jet and i ts surroundings is more dominant in Seyfert galaxies,

while in quasars showing extended large scale structures the jet is more
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"free" to escape, to form the dominant extended radio lobes.

No correlation i s found between the asymmetry and FWHM of the [OIII]

forbidden emission l ines and any of the parameters describing the nuclear

radio structure (size and radio power P-
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PART B

ACTIVE GALACTIC NUCLEI ON THE SCALE OF PC
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PROLOGUE

Transatlantic VLBI studies at 5 GHz are sensitive to radio structures

on angular scales as small as - 1 milli-arcsec, which for typical AGNs

corresponds to linear scales of a few parsec. Such resolution enables us to

study radio structures on roughly comparable linear scales to those deduced

for the size of the region emitting the optical broad emission lines. Since

both types of emission therefore originate from regions which are likely to

be coincident, study of their relationships might help us to extend our

knowledge.

Strong optical Fell emission seems to be preferentially associated

with compact radio structures. Since there are theoretical arguments for

the existence of a physical link between i) radio jets responsible for the

compact radio components, and ii) the dense component of the BLR emitting

the optical Fell emission, detailed studies of objects which show compact

radio structures as well as strong optical Fell emission are of particular

interest.

Other good candidates for such studies are the so-called "superluminal

sources" discovered in 1969 a3 one of the early spectacular results of

VLBI. In these objects nuclear radio components are seen moving away from

the compact central "core" with an apparent transverse velocity many times

the velocity of light. Several models explaining these observations have

been suggested, such as the "relativistic beaming model" incorporating

beams of relativistic particles at small jet angles to the line of sight,

and "light-echo models" involving phase effects in excited screens.

In PART B we study optical and radio properties of AGNs on the scale

of a few pc. Both optical and radio observations are presented and

supplemented by theoretical models.
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CHAPTER 5

A 5 GHZ VLBI SURVEY OF ACTIVE GALACTIC NUCLEI HAVING BROAD EMISSION

LINE PROFILES

SUMMARY

We present the results of VLBI observations of a sample of 25 radio

sources known to have broad features in their optical emission line

spectra. The observations were carried out at 5 GHz in 1983 and 198M and

were sensitive to structures in the range of -1 to -100 milli-arcseconds.

All but one of the 25 sources were detected. We find a tendency for sources

with small ratios of flux density in the core compared to the extended

structure (<0.2) to be aligned to within 10°, but no clear trend for higher

core to extended flux ratios. Correlations between the new radio data and

the profile parameters of the broad optical emission lines are discussed

and the corresponding levels of significance determined.

1. INTRODUCTION

During the last few years, the study of radio and optical continuum

jets together with detailed observations of optical emission lines have

uncovered a substantial body of evidence suggesting that associations often

exist between the relativistic plasma responsible for the radio synchrotron

emission and the thermal plasma responsible for the optical emission. These

associations can be directly seen on the scale of a kilo-parsee and larger

(e.g. Miley et al.1981, Miley 1983, and Heekman et al.1982).

There are some indications that relations between the nonthermal and

thermal emission may also occur on smaller scales (Norman and Miley 1984).

(i) Broad emission line regions and flat spectrum variable radio sources

have similar characteristic spatial dimensions of order one parsec. (ii)

The rigid spectroscopic distinction between "broad" and "narrow" lines has

become more blurred since forbidden [0111] A5007 ft lines are sometimes

observed to have broad wings with velocities up to several thousand

kilometers per second (van Groningen 1981). Moreover, Hp lines are



sometimes seen to have a narrow component superimposed on the broad line

with the same width as the forbidden [OIII] lines (e.g. IIIZW2 and 3C109

which we discuss later), (ill) It has been shown for quasars that the

widths of the broad Hfi emission lines are correlated with radio properties

(Miley and Miller 1979), specifically the ratio of the core radio flux

density to the extended radio lobe flux density (Wills and Browne 1985).

We have begun a project to explore possible relationships between the

profiles of the broad optical emission lines and the structure of the

nuclear radio sources by selecting and observing a sample of radio sources

having known broad emission line features. Our aim is to monitor the broad

line profiles and the radio structures over a period of several years.

This article is a report on the first radio observations carried out

as part of this long-term project using Very Long Baseline Interferometry

(VLBI). The sample is described in Section 2, the observations and data

reduction in Section 3. The optical and radio properties of each source are

described in Section *i, while in Section 5 first results are discussed and

some directions for future work are suggested.

2. THE SAMPLE

The sample was selected from the literature on the basis of the
following criteria:

core flux density at 5 GHz greater than 30 mJy,
radio structure on the parsec scale unknown or not well studied,
well defined optical broad line profiles, such as are found in Seyfert

I galaxies, broad line radio galaxies and quasars.
distinguishing features in the broad line profiles, such as a high

degree of asymmetry, lumpiness, extreme smoothness or the presence of

optical Fell emission l ines.

A total of 25 sources satisfying these criteria are l i s ted in Table 1,

together with some of their relevant parameters. Listed are the IAU name

(column 1), alternative name (column 2) , optical type (column 3), optical

emission line redshifts (column 4), references for the optical properties

(column 5), the 5 GHz core flux density (column 6), indication of known

radio variability (column 7), notes on the radio properties (column 8) and

the VLBI recording mode used (column 9) .
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TABLE 1 : THE SAMPLE.

SOURCE
NAME

0003+158
0007+106
0133+207
0155-109
0204+292
0410+110
0736+017
0738+313
0837-120
1104+167
1305+069
1330+022
1404+286
1510-089
1512+370
1545+210
1618+177
1721+343
1741+279
1833+326
2135-147
2201+315
2221-023
2344+092
2349-014

Q = Quasar

OTHER OPT
TYPE

4C15.01 Q
IIIZW2 SI
3C47 Q

Q
3C59 B
3C1O9 B
01061 Q
01363 Q
3C206 Q
4C16.30 Q
3C281 Q
3C287.1 B
0Q208 B
0R017 Q
4C37.43 Q
3C323.1 Q
3C334 Q
4C34.47 Q
4C27.38 Q
3C382 B

Q
4C31.63 Q
3C445 B
4C09.74 Q
4C-01.61 B

OPTICAL
REDSHIFT

0.
0,
0.
0,
0,
0,
0,
0,
0,
0,
0,
0,
0

.450

.089

.425

.616

.1093

.3057

.191

.630

.200

.634

.599

.216

.077
0.361
0
0,
0,
0
0
0
0
0
0
0
0

, B - Broad Line

Optical references:
1 = Grandi
2 = Grandi

and Osterbroct
and Phillips (

3 = Heckman et a l . (198i)
4 = Miley ,

.370

.264

.555

.206

.372

.0578

.200

.298

.057

.677

.174

OPTICAL
REF.
a t

4
6,
4
4
1
1
2.
2,
4
4
4
1
3
2.
4
4
4
2.

•4
1,
4
2,
1.
4
1.

6 cm

7

4
4

4

4

3 ,5 ,6

4
5,6

7

Radio Galaxy, SI

: (1978)
1979)

and Miller (1979)
5 - Osterbrock et a l . (1975,
6 = Osterbrock (1977)
7 = Osterbrock (1978)

1976)

S(CORE )

0.
0 .
0.

(Jy)

135
23
07

0.74
0.55
0.
1.
1 .
0.
0.
0.
1.
2 .
2 .
0.
0.
0.
0.
0.
0.
0.
1.
0.
1.
0.

32
95
85
17
39
18
43
95

,1
08
083
15

.47
,385
.24
,10
.9
,48
.55
.70

= Seyfert I

VAR.

V
V
-
?
V
V
V
-
-
-
-
-
V
-
V
-
V
-
V
-
V
-
-
-

RADIO
NOTES

a,
g
a
c-,
f
d
b
e
a
g
a
b
b
e
a
a
a
f
a
d
a
b
f
b
b

Galaxy

Radio notes:
a
b
c
d
e
f

g
h

= Miley
= Kuhr 1
= Veron
= Ekers
= Fanti

and
et a]
and
e t <
et i

,h

, d , h
, f

, c ,e , f
>g
,h
9

, h
»c
,c,f
, f
,d.h
,d,h
,h
,h
,c
.g
, h
,c.g

,c.f

•

OBS.MODE

M k l l l
M k l l
M k l l l
M k l l
M k l l l
M k l l
M k l l
M k l l
M k l l
M k l l
M k l l
M k l l
Mkl l / I I I
Mkll
Mklll
Mkll I
Mkl l / I I I
Mkll
Mkl l / I I I
Mkl l / I I I
Mklll
Mkll
Mkll I
Mkll
Mkll

Har t suyke r (1978)
L.U981)
Veron (1984)

i l .
i l .

= Simultaneous
made •

(1983)
(1983)
flux

at Effelsberg
measurements

= See i n d i v i d u a l s o u r c e comment
= Value for central component

3 . OBSERVATIONS AND REDUCTIONS

Of the 25 sources l i s t e d in Table 1, 18 were observed using the Mkll

recording system and the 7 weakest sources with the more sensi t ive Mklll

recording system. Three sources (1618+177, 1741+279 and 1833+326),

undetected in the f i r s t Mkll observations, were re-observed during the

subsequent Mklll observations.
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The observations were made during the course of three sessions using

both the European VLBI Network (EVN) and the USA VLBI network at 5 GHz,

resul t ing in baselines varying from - 4 MA (Effelsberg-Westerbork) to -130

MA (Effelsberg-OVRO). The observing logs are given in Table 2 and the main

character is t ics of the telescopes of the various sub-networks used during

the sessions SI to S3 in Table 3. The observations were made in left

circular polarization (LCP). All stations except Jodrell Bank used hydrogen

maser osci l la tors as time and frequency standards; Jodrell Bank used a

Rubidium oscil lator for these purposes.

TABLE 2 : THE OBSERVING LOG.

SESSION DATE NETWORK RECORDING SiSTEM NUMBER OF
EUR+USA AND BANDWIDTH SOURCES

S1
S1
S2
S3

a
b

June
June
Dec.
March

7,
9,

1/2,
29.

1983
1983
1983
1984

SBJ+GKY2?

SB + GY27

SB + GY2?

LSBWJ+GO

Mkll
Mkl l
Mkl l lB
Mkl l

( 2MHz)
( 2MHz)
(28MHz)

( 2MHz)

1 6 ( a + b )

12
4

TABLE 3 : THE NETWORK PARAMETERS.

TELE-
SCOPE

L

S

B

W

J

K

G

Y

0

LOCATION
COUNTRY

Medicina,
Italy
Onsala,
Sweden
Effelsberg,
Fed.Rep.Germany
Weaterbork,
The Netherlands
Jodrell Bank,
England
Haystack,
Westford, Mass.
NRAO,

Green Bank.W.Vir.
VLA,
Socorro.New Mex.
OVRO,
Big Pine.CA

SESSION

S3

S1.S2.S3

S1.S2.S3

S3

SI, S3

SI

S1.S2.S3

S1.S2

S3

DIAMETER

(m)

32

25.6

100

14x25

25

37

43

27x25

40

T(SYS)
(K) «

131

50

70

100

100

110

50

50

135

PEAK
K/JY •

0.15

0.064

1.33

1.19

0.076

0.154

0.265

1.8

0.21

TIME STANDARD

Hydrogen Maser

Hydrogen Massr

Hydrogen Maser

Hydrogen Maser

Rubidium

Hydrogen Maser

Hydrogen Maser

Hydrogen Maser

Hydrogen Maser

• Typical values.measured during the three sessions are l i s t ed .
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01X3 (Jm ttn 4M CHm)
iron JOCK

4C3t.e3 (Jm IBB3. 4M CHm)
ETOHHAVLCK

3C354 (Dn IMS. 4.9a CHM)
SFONVICR

or' \)

140m*ZSt IHmr 1984. 4 99 CHM/
KFF OHS KM- JOIU BOL KRAO OVRO VIA

100 SO

Flg.1: Representative UV-coverages for the various networks used during the

observations in June 1983 (Session SI), December 1983 (Session S2)

and March 1984 (Session S3).

During session SI the sources were observed for typically 20 minutes

at each of several different hour angles to determine whether variations in

their correlated flux densities as function of hour angle occurred,

indicative of milli-arcsecond structure in their cores. During the Mklli

session (S2) we observed each source with scans of 13 minutes, a time

dictated by the recording length of a standard Mklli tape. During session
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S3 various different scan times were used. In Figure 1 we plot typical UV-

coverages for the sessions SI to S3. The Mkll tapes of session SI and the

MKIII tapes of session S2 were correlated at the Max-Planck-Institut filr

Radioastronomie, Bonn, Federal Republic of Germany using their three-

station Mkll and Mklll correlators. The Mkll tapes of S3 were correlated at

the California Institute of Technology, Pasadena, California.

The correlated amplitudes were calibrated using the sources 1104+287

(0Q208), 2230+114 (CTA102) and 0552+398 (DA193) as calibrators of antenna

gain and thereafter incorporating system temperatures and elevation gain

corrections according to the method described by Cohen et al.(1975). On the

European baselines 1404+287 was assumed to be unresolved, with a 5 GHz flux

density of 2.95 Jy as measured at Effelsberg. The uncertainty in the gain

calibration i s about 5 percent. The brighter sources S^GHz > 1 Jy were

coherently integrated for 60 sec, while the weaker ones were integrated for

0 to 240 sec. This integration time was mainly limited by phase drifts in

the Rubidium oscillator at Jodrell Bank. Table 4 l i s t s the measured rms

noise in mJy at 5 GHz for a 4 minute coherent integration (Mkll recording

system) and for a 3 minute integration time (Mklll recording system in mode

B, 28 MHz bandwidth).

In interpreting our data in terms of source structure we were unable

to apply hybrid mapping techniques, since for the majority of the sources

too small a region of the UV plane was sampled. For the conventional model-

f i tt ing techniques with simple Gaussian components we used a reduction

package developed at the California Institute of Technology. Models of

gradually increasing complexity were employed until acceptable agreement

was obtained between the predicted vis ibi l i t ies and the observed

vis ib i l i t i e s . The agreement was regarded as acceptable when the

corresponding model brightness distribution satisfied the following three

criteria: (1) the number of free model parameters was as low as possible,

(2) the agreement factor, defined as the square root of the reduced chi-

square value for the goodness-of-fit between the model and the data, was as

low as possible, and (3) the f i t of the model to the vis ibi l i ty amplitudes

was well-behaved across gaps in the data which arise between groups of

v i s ib i l i t i e s .

Seven model brightness distributions were considered 1) a one

component circular Gaussian (C), 2) a one component el l iptical Gaussian

(E), 3) two el l ipt ical Gaussian functions (D), 4) three el l iptical Gaussian
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functions (T), 5) a core halo model (U-H) with an unresolved central source

and an elliptical Gaussian halo, 6) an unresolved central 3ource with a

jet-like feature (U-J) and 7) an elliptical Gaussian central source with a

jet-like feature (E-J).

TABLE 4 : MEASURED RMS NOISE (mJy) AT 5 GHZ FOR A COHERENT INTEGRATION
OF 4 MINUTES (Mkl l ) AND 3 MINUTES ( M k l l l mode B ) * .

BASELINE

B-S
B-W

s-w
B-J
S-J
W-J
B-L
S-L
W-L
J-L
B-G
S-G
W-G
J-G

RMS(Mkll)
mJy

5
3
8

26
20
24

7
21
10
13
11
11
13
21

RMS(MklllB)
mJy

2
-
-
-
-
-
-

-
-
3
4
-
—

BASELINE

L-G
B-0
S-0
W-0
J-0
L-0
G-0
B-Y2?

S"*27
W"*27
J-Y 2 ,

L-4JO-rfJo-y '

RMS(Mkll)
mJy

8
6

12
9

32
11
7
5
6
6

13
4
2
3

RMS(MklllB)
mJy

_
-
-
-
-
-
-
2
2
-
-
-
1
-

( ) These are overall values determined by using the observations on
1404+286, and may vary s l igh t ly for the various individual sessions.
(MklllB only used on SBGY27 during the S2 sess ion) .

4 . THE RESULTS

Each source is discussed individually in this section. For a few

sources we describe the optical emission line profiles, while for all

sources we summarize the published radio properties, at 5 GHz in

particular, and include the results of the present observations. The

parameters of the model brightness distributions giving the best fits to

the observed visibilities are listed in Table 5, where we list for each

source its name (columns 1 and 2), the averaged observed flux densities on

the shortest and longest baselines (columns 3 to 6), the type of model

brightness distribution giving the best fit (column 7), the parameters

describing this model (columns 8 to 10) and some remarks (column 11). Table

6 lists some derived radio quantities.
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0003+158 4C15.O1 / PHL658

The radio structure i s t r ip le (LAS of 31.5 + 1.8 arcsec in p .a . 115 +

6 degrees) with a core flux density at 5 GHz of 135 + 20 mjy (Miley and

Hartsuyker 1978).

During session S2 the quasar was detected on a l l baselines with flux

densit ies varying from 150 mJy (12 MA) to 60 mJy (129 MX). A circular model

(C) consisting of a 1 mas component of 135 mJy provides the best f i t to the

data. This is in agreement with the resu l t s derived by Barthel et

al.(198*0, who found a - 1 mas core with a flux density of 150 mJy.

0007+106 IIIZW2

OPTICAL: A spectrum has been published by Osterbrock (1978). The HB line

profi le of this Seyfert I i s asymmetric, with a FWHM of 5700 km see"1,

while the Ho line profile has a FWHM of 4100 km sec"1 (Osterbrock 1977).

Optical observations carried out in October 198*1 by us using the Isaac

Newton Telescope at La Palma, revealed a broad and very asymmetric

HB prof i le , with an additional narrow component of similar linewidth to the

forbidden [OIII] l ines , superimposed (Figure 2 ) .

RADIO: Observations by Schnopper et al.(1978) revealed a compact source

with an LAS < 0.6 arcsec, in which Schilizzi (1976) and Wittels et

al.(1978) detected milli-arcsecond (mas) radio structure. Preuss and

Fosbury (1983) reported S5GHz = 690 + 70 mJy (103 MA) and S5GHz = 870 + 10

mJy (1 MX ) , indicating that the source was very compact at that time. In

January 1980 this variable Seyfert galaxy reached a maximum flux density of

1100 ± 100 mJy at 5 GHz (de Bruyn 1983).

During session SI the flux densities varied significantly from 220 mJy

(10 MX) to 100 mJy (120 MA). Although the data covered several hours of

observations they were of poor quality due to low sens i t iv i ty . The model we

find for this source after attempting both model f i t t i ng and hybrid

mapping, consists of a 1 mas central component with a flux density of 160

mJy and a j e t of a few mas length containing 10 mJy in an overall p .a . of

1 1 8 + 5 degrees. Further observations on IIIZW2, using a more sensitive

recording system, would be useful.
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0007+106 (IIIZW2)

5200 5400 5600

Wavelength Angstroms

5800

Fig.2: CCD-optical spectrum of 0007+106 (IIIZH2) at an optical redshirt

0.089.

0133+207 3C47 / 4C20.07 / NRAO 78 / CTA 14

This triple has been observed by MacDonald et al.(1968, LAS -68 aresec

in p.a. 29 degrees) and by Miley and Hartsuyker (1978, LAS -68 + 5 arcsec

in p.a. 35 degrees), who measured S5(jjjz= 6 0 + 5 mJy for the central

component. Pooley and Henbest (1971) reported a 5 GHz flux density for the

central component of 80 + 10 mJy.

During session S2 this source was detected on all baselines and showed

resolution effects with flux densities varying from 70 mJy (13 MX) to 30

mJy (126 MX). We find the best f i t for a 0.8 mas central component with a

flux density of 50 mJy, a 10 mJy component at a distance of -3 mas in p.a.

+29 degrees and a second component of 7 mJy in p.a. -152 degrees at a

distance of -5 mas. The overall position angle of +29 degrees found for the

nuclear region, i s in reasonable agreement with the position angle of the

large scale radio structure.
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I Si THE b GHE VLB[ CUBE HODELS,

AVEHIGED FLUI OEXSITX
PEfi BHSEUME

•Jy Cm) *Jy ! « )
FLUX
(«Jy)

VLBI MODEL PHRAMETEH5
OVERALL P . * .
S I Z E ( n a a )

00O3**58
0007*106
0133*207
0155-139
0234*292
0110*110
0736*017
0738*313
0B37-12O
110«*l6T
i305*069
1330*022
moti*2B6
1510-089
1512-370
1515-210
1618*177

1721*3*3
1711-279

1833*326
2135- '17
2201*315
2221-023
2310-092
2319-01*

4C15.01

3C«7
-
3C59
3C109
01061

01363
3C206
IC16.30
JC28I
3C287.1
0Q2DB
OHO 17
SC37.K3
3C323.1
3C33"
4 C 3 L 1 T
1C27.38
3C382
-

«C3i -*J3
3C"5
1C09.71
4C-01.61

153
220

73
220

30
200

1910
2000

200
*50

H5D
2950
J « 0

63
DO

120
J«0

93
2UD
120

1700
113

1150
113

131
i o ;

13)
«)

12)
13)

3)
131

•>)
U )

8)
5)

12)
1*i J
12i

13)
8)

1 « )

i i )
0 )

13-
10)

5 !
91

60
100

30

no
93

10*0
930

70
350

330
'000

800
f>0
30
90

130
50
50
HO

1100
*0

530
90

(
(
*

(
[

(

I
;

(
(

{

i

t

t
(
(

29
20
26
DO

3D
20

33
00
35

92
30
90
04
35
08
30
20
25
0 1

05
00
30

c
• J /

V-

J '
E'

E/

'J-

E

03> C

135
J 16Q/10

50/10/7
H 100/120

33
-' 130'10
J 1K00/5O0

• 800
160
<J20

< S3
UOtJ

2910
•I 1153/350

80
3T
I 'D
170/150
77

H 9 0 / T ? 0

' 20
J USO'JOO
J 80/50

1300/130
130

1

3
?

20
-

3

i

c

UBO.5

2 K 1 . B

.8
OcO.9

3.5

3 . 1

7«3.«
O K I

.2

1 6 0

0

• 1U6
•29/-152

• 155
-99
• 11

-16

.
• t i

17^/1^0

-e
- ' 3 3

• ab
-5

_

Jet-lUe c<l4isioi : i p.a. OJie1

no «oa#l possinle
J»?t-lt<# reatir«- in p.^. - ' * t '
Itappes .n October :9Bn
•ttppea in Ocioter *?e-i
Poo1" ilgnal to noise r**io

*^t d*tec*.«3. jpppf LIT: ' .

CailBratar
Jet. napped in Ap-i: '*B-
_

More ;oopl«« ?

Nipped m apr;: i9B-

• elliptical Halo.

0155-109 / MSH 01-120

MacDonald et al.(i968) found a LAS of less than 7 arcsec, and a total

flux density at 11 cm of 1.25 Jy; Veron and Veron (1984) list the 5 GHz

flux density as 0.74 Jy.

During session S3 this source was marginally detected. On the very

short baseline Effelsberg-Uesterbork (4 NX) the average flux density was

about 220 mJy and dropped to 110 mJy on baselines longer than -10 HA. A

core halo model (U-H) in which the extended halo is seen only on the

shortest baselines gives the best fit. The central 100 mJy component is

unresolved, while the extended -20 mas halo contains about 120 mJy.

020*+292 3C59 / 4C29.O6 / MUO 93

This BLRG has a LAS of 3 arcmin (Bridle et al.(1972), and a core flux

density of 800 + 200 mJy at 1425 MHz (Fomalont 1971). Preuss and Fosbury

(1983) listed a S 5 G H z (total) of 840 mJy, and found 5 GHz flux densities of

40 + 5 mJy (on a 4 MX baseline) and of <35 mJy (on a 103 NX baseline).

Total flux density measurements at Effelsberg made during our VLBI

observations gave a S5GHz(total) of 550 • 40 mJy. The discrepancy with the
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measurement by Preuss and Fosbury (1983) suggests that this source might be
variable.

The source was detected only on the Effelsberg-Onsala baseline

(12 MA) with a mean correlated flux density of -30 mJy. No modelfitting was

possible.

0410+110 3C1O9 / 4C11.18 / NRAO 169

The large-scale radio structure of th i s BLRG has been mapped by

MacDonald et al.(1968), Branson et al.(1972), Riley and Pooley (1975) and

Laing (1981). The radio s t ructure i s t r ip le with a 380 + 50 mJy core at 5

GHz (Branson et al.1972) and a LAS of 1.5 arcmin (Riley and Pooley 1975).

Preuss et al.(1977) reported a 5 GHz flux density of 380 mJy, with a

maximum fringe amplitude of 220 mJy. Graham (1981) found 320 mJy for the

total flux density at 5 GHz and 210 + 40 mJy on a 4 MX baseline. Preuss and

Fosbury (1983) found S5GHz(1O3 MX) of 220 mJy, S5 G H z(total) of 1700 mJy and

a S5GHz(core) of 400 mJy.

During the observations in session SI, 3C1O9 was not detected on the

baselines Onsala-Jodrell Bank, Onsala-Haystack and Jodrell Bank-Haystack.

Resolution effects were apparent however, on other baselines with flux

densities varying from 200 mJy (13 MX) to 90 mJy (130 MX). The modelling

was affected by the poor signal to noise r a t i o s . A central 180 mJy

component with a size of -1 mas combined with a weak (10 mJy, ~4 mas)

component in p.a . +155 degrees gives the best f i t to the observed data.

0736+017 01061

Bentley et al.(1976) found a 18 cm flux density of 2.5 Jy and a LAS <

0.1 arcsec for this source, which was unresolved by the VLA with flux

densities S20cm= 2.5 Jy, S6om= 2.2 Jy (Ulvestad et al .198i) , and S20cm= 2.7

jy, S6cm= 1.78 Jy (Perley 1982). The VLBI radio structure at 1.667 GHz has

been described by Romney et al.(1984) as being roughly " t r ip le" , having

lobes on both sides of a bright "core", extending over 13 mas along a p .a .

of 72 degrees and with a flux density of 2.9 Jy. Total flux density

measurements made at the time of our observations at Effelsberg gave a 5

GHz flux density of 1.95 Jy.

During sessions S1 and S3 th i s quasar was detected on a l l baselines



and although these observations were rather short, the source was clearly

resolved, with flux densities from S(3 MX) = 1.91 Jy to S(20 MA) = 1.01 Jy.

After starting the modelfitting with a t r iple (Romney et al.1984), the

model evolved to a one sided structure in an overall position angle -99

degrees, consisting of a 1.4 Jy component with size -3 mas and a 0.5 Jy jet

extending about 8 mas.

0738*313 01363

Miley and Hartsuyker (1978) found 2.35 ± 0.1 Jy for the flux density

at 5 GHz and < 1x6 arcseconds for the LAS. This quasar was reported to be

unresolved with the VLA at 4900 MHz by Ulvestad et al.(198i), who measured

flux densities of 1.6 Jy at 6 cm and 2.1 Jy at 20 cm, while Perley (1982)

measured 1.62 Jy at 6 cm and 2.0 Jy at 20 cm.

During session SI resolution effects in the measured correlated flux

densities on the various baselines were apparent. The source was detected

on a l l baselines, with S5GHz ranging from 2.0 Jy (13 MX) to 0.9 Jy (103

MX). We find the best f i t for an elliptical model (E) consisting of a 1.8

Jy component 1.4 x 0.5 mas in size and elongated in p.a. +14 degrees.

0837-120 3C206 / HRAO 299

The central component of this triple (LAS of 169 + 1 arcsec in p.a. 90

+ 2 degrees) has a flux density of 160 ± 10 mJy at 5 GHz and 165 i 10 mJy

at 1415 MHz (Miley and Hartsuyker 1978).

During session SI this source was not detected on the Onsala-NRAO and

the Onsala-Jodrell Bank baselines and poorly detected on the other

baselines. The correlated flux densities showed indication of resolution

effects, with values varying from 200 mJy (4 MX) to 70 mJy (100 MX). A

circular model (C) with a flux density 180 mJy and size -1 mas provides the

best f i t .

1104+167 4C16.3O / 0M1O9

Wardle and Miley (1974) found a S 1 1 c m ( to ta l ) of 680 + 50 mJy and a LAS

of 6.8 arcsec in p.a . 129 degrees. VLA observations by Perley (1982) showed

a large t r i p l e , with S6cm= 390 tnJy, S20om= 300 mJy and an extension of -35
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arcsee in p.a. 0 degrees.

During session S1 this source was not detected on the Onsala-Jodrell

baseline and showed l i t t l e indication of resolution on the other baselines.

We found flux densities of 350 mJy (105 MX) to 450 mJy (11 MX). An

elliptical model (E) with a flux density of 120 mJy and a size 3.2 x 1.8

mas in p.a. -16 degrees provides the best f i t . The variation with hour

angle of the fringe amplitudes on the longer baselines (e.g. Effelsberg-

NRAO) suggests the presence of more complex mas scale structure in the

core, but more observations are needed to confirm th is .

1305+069 3C281 / 4C06.45 / HMO 419

The two components of th i s double ( total flux density at 5 GHz 31 4 ±

15 mJy, LAS 3 5 + 8 arcsec in p .a . 13 + 3 degrees) have flux densities of

115 + 7 mJy and 185 + 11 mJy (Miley and Hartsuyker 1978).

During session SI the source was not positively detected on any

baseline, giving an upper l imit to the flux density on baselines longer

than 3 MX of about 80 mJy.

1330*022 3C287.1 / 4002.36 / NRAO 426

The large scale radio s t ructure of this BL.RG i s double with an LAS of

63 arcsec in p.a . 93 degrees and component flux densities at 1415 MHz of

1.4 + 0.1 Jy and 1.6 + 0.1 Jy (Fomalont 1971). A to t a l flux density of 1.5

Jy (at 6 cm) and on a 69 MX baseline of 200 mJy (at 13 cm) was reported by

Preuss and Fosbury (1983). A ear l ie r short observation at 5 GHz on the

Westerbork-Effelsberg (3 MX) baseline detected fringes of -350 mJy in the

core, with no evidence of resolut ion.

The SI observations showed the source to remain almost unresolved even

on the longest baselines, with flux densities varying from 450 mJy (8 MX)

to 300 mJy (92 MX). The best f i t i s given by a circular model (C) of 400

mJy and a s~ ~ of 0.8 mas.

1404+286 OQ2O8 / MKH668

This galaxy i s unresolved by the VLA, with flux densities of 800 mJy

(at 20 cm), 3000 mJy (at 6 cm) and of 900 mJy (at 2 cm, Ulvestad et
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al .1981). Preuss and Fosbury (1983) reported flux densities of 3020 + 150

mJy on a 4 MA baseline and of 1690 + 170 mJy on a 101 MA baseline. Veron

and Veron (1984) l i s t a t o t a l 5 GHz flux density of 3020 mJy. Zensus et

al.(198JO derived from the i r VLBI data an e l l i p t i c a l model of 1.8 x 0.8 mas

in p .a . -8 degrees with a 5 GHz flux density of 2.53 Jy.

This source was detected in al l three sessions on a l l baselines; i t

was resolved only on the longer baselines. We found correlated flux

densit ies ranging from 2950 mJy (5 MA) to 1000 mJy (130 MA); an e l l ip t i ca l

model (E) of 2810 mJy and 1.0 x 0.8 mas in s ize in p.a. 4 degrees i s a good

f i t to the data. We used OQ208 as a calibrator on the short baselines.

1510-089 0R017

OPTICAL: A spectrum has been published by Grandi and Phillips (1979) who

found a FWHM of 3080 km sec"1 for the Mgll A 2798 A line and a FWHM of 2830

km sec"1 for the HB l i n e . The Mgll l ine showed broad, low contrast wings

which were not present in the Hg profile.

RADIO: The arcsecond radio structure at I.1* GHz of this quasar has been

described by Perley (1982) as a one-sided j e t , extending - 8 arcsec in

length in p .a . - 160 degrees and with flux densit ies 3-30 Jy (at 6 cm) and

2.32 Jy (at 20 cm). Measurements made at Effelsberg at the time of our

observations resulted in a to ta l flux density at 5 GHz of 2.1 Jy. Romney et

al.(1984) described the mas structure at 1.667 GHz as a compact core having

a j e t - l i k e feature of 4 mas length in p .a . 173 degrees.

The source was detected on a l l baselines during session SI and

resolution effects were apparent with correlated flux densities from 1.9 Jy

on the European baselines (12 MA) to 0.8 Jy on the transAtlantic baselines

(90 MX). A model consisting of a central 1.45 Jy e l l ip t i ca l component (E),

size 3 x 2 mas in p .a . 174 degrees and a 450 mJy j e t with size of -5 mas In

p .a . - 160 degrees i s found to give a good f i t to the data. Our value for

the p .a . of the core (174°) i s in good agreement with that given by Romney

et al.(1984) for the i r " je t " (173°). while the p.a . of our " je t" (160°)

agrees well with the p .a . of the large scale structure (160°) as found by

Perley (1982).



(5.20) and (5.22):

- P4)_ 3 p 4
P00 ~ 2 4 - (1 - P1)(l - P4) * (5.31)

In conclusion, a polarisation correlation experiment which yields the

four Stokes* parameters (Pj, P2, P3, P4) completely determines the

four target parameters 1^, y, P^ and p 0 0 of the excited *D state. An

angular correlation experiment determines only the target parameters

Y, Pĵ  and L^ (see equation 5.25). By combining an angular correlation

experiment with a circular polarisation measurement the complete set

of target parameters can also be obtained. However, Andersen et al

(1983) noticed that the target parameters L., y, P^ and PQQ or the

equivalent Stokes' parameters (Pj, P2, P3, P4) do not completely

determine the 3*D state vector (equation 5.2)

From equations (5.19) we obtain the absolute values of the scat-

tering amplitudes f2, fg and f_2 and the amplitude sum f2 + f_2. In

figure 5.4 this amplitude sum is plotted in the complex plane, from

which we immediately see that f2 + f_2 yields two different solutions

for f2 and f_2. The connection between the two possible solutions

becomes evident when we rotate the coordinate system over the align-

ment angle y about the +z axis. The x axis of the rotated system

gives the direction of maximal linear polarisation. In the new system

we find for the amplitude sum

f* + f_2 - (f* + f_2)e"
2iT, (5.32)

i.e. f2 + f_2 is aligned along the real axis in figure 5.4. This

means that In the rotated system the two solutions for the scattering

amplitudes f2 and f_2 differ in their phase angles: one solution

corresponds to (P2, p_2) and the other to (~P2, ~P_2)» or equivalent-

ly T) and -r\ (equation 5.7). The corresponding wavefunctions are

obtained from each other by reflection with respect to the x axis,

followed by time reversal (complex conjugation of wavefunction). The

physical reason for this sign ambiguity is that the two radiation
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Figure 5.A. The two possible solutions for the scattering amplitudes

components emitted by the decaying M = +2 and M = -2 sublevels of the

excited lD state cannot Interfere with each other. Or, in multipole

language, a *D state is fully characterised by the irreducible

tensors Tfcq up to rank kftiax = 4, while observing the polarisation of

the dipole radiation field only allows us to determine the k = 1

orientation and k •» 2 alignment of the atomic ensemble. The sign of

the phase difference 1 can only be determined by mixing the k = 3, 4

multipoles with the lower multipoles in an external field (Neltzke

and Andersen 1984).

Finally, we like to mention the relation between the L^, y, P^,

PQQ target parameters used in this work and the (£,v,C»(>>) parametri-

sation as was used by van Linden van den Heuvell et al (1983). They

defined

V =

If

If

A +
a
-

f_2l

lf-:

*1
2 (5.33)
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with a = |f2|
2 + |fo|

2 + |f_2|
2. Comparison with our L , y, P^, p0Q

parameters yields

5 = P™ > v = (— V (1 - - p )P
K00 * K2J 3 H00 I

(5.34)

C = 2 Y + U , u ) » i L .

5.3. EXPERIMENTAL PROCEDURE

In the present experiment we have measured the linear and circular

polarisation of the coincident 3*D + 2*P decay radiation (X =

667.8 nm) emitted perpendicularly to the scattering plane. The appa-

ratus is the same as used previously for the 3*p measurements and for

a complete description we refer to chapters 2 and 4. Briefly, an

unselected electron beam (6-8 \ik) is cross fired with a thermal

helium beam effusing from a single capillary needle. Scattered

electrons from the 31D state are energy analysed in an electrostatic

hemispherical electron analyser and focused on the cathode of an

electron multiplier. The maximum acceptance solid angle of the elec-

tron analyser was estimated to be 4x10 sr. Photons emitted perpen-

dicularly to the scattering plane are collected by a lens (acceptance

angle 0.57 sr) and, after passing a narrow-band interference filter

and a polarisation analyser, are focused onto a cooled photomulti-

plier (EMI 9863 QB). The linear-polarisation analyser consists of a

Polaroid followed by a H retardation plate (X - 667.8 nm) with its

principal axis fixed at an angle of it/4 with respect to the polaroid

axis. In this way we allow for a possible linear-polarisation depen-

dence of the photomultiplier sensitivity. The relative transmission T

of the linear-polarisation analyser is obtained from equation (4.7)

(chapter 4) by substituting * - 4>. For circular polarisation analysis

a second {\ retardation plate is put in front of the polaroid. The

helium pressure at the high-pressure side of the capillary needle was
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about 69 Pa (~0.52 Torr), which resulted In a background pressure of

about 1.8x10 Pa (~l.4xj.0~6 Torr) In the vacuum tank. Resonance

trapping does not occur in the case of 3*D excitation. With the help

of three rectangular Helmholtz coils around the vacuum tank the

magnetic field at and near the scattering centre is reduced to less

than a few (iT. Finally, the timing spectra are obtained by analysing

the output pulses from a TAC with a multichannel analyser. The TAC

receives its start and stop signals from the photon and electron

detectors, respectively.

Although the energy resolution in the electron channel is not

sufficient to separate the 3lD state from the other n = 3 states only

3*D scattered electrons contribute to the coincidence signal owing to

the wavelength selection in the photon channel. In this respect the

polarisation-correlation experiment is more advantageous than the

cascade method because, in the latter method, 3*S and 3*p scattered

electrons also contribute to the coincidence peak (van Linden van den

Heuvell et al 1981).

The polarisation of the coincident decay radiation for a certain

energy and scattering angle is determined by acquisition of two time

spectra for orthogonal settings of the polarisation analyser. In

figure 5.5 we show two such spectra obtained for circular polarisa-

tion at an energy of E = 40 eV and scattering angle ©e = 31.2*. The

time spectra are fitted with a convolution of the Gaussian apparatus

profile and an exponential representing the decaying 3 D state super-

imposed on a linear background (van Linden van den Heuvell et al

1981), i.e.

H (t) - a + bt + *h ex P(—£ - £) erfc[2"*(-| " •=*•)] (5.35)
c 2xZ X T A

where N£ is the number of coincidences as a function of time, h is

the height of the exponential decay function at t - 0, t the lifetime

of the 3*D state and erfc the complementary error function. By adding

a large number of coincidence spectra together and fitting the sum

spectrum with equation (5.35) we have obtained an accurate value of

- 89 -



3>D. E - 40 EV. 31.2*. CIK.POL. MC.

100

ISO ZOO 2S0
> CHRMCL NUHBCR

3'Q. E = 40 EV. 8.= 31.Z". CIRC.POL. LMC.

140

60

200 250
O H K L NUHKR

Figure 5.5. Time spectra of coincidences between 3lD • 2lP decay

photons and lnelastlcally scattered electrons for two orthogonal

settings of the circular polarisation analyser at an Incident energy

E « 40 eV and scattering angle 8e - 31.2*. The channel width Is

1.564 ns. The full curve through the data Is a least-squares fit to

determine the total number of true coincidences.
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the 3*D lifetime, which is unaffected by cascade effects. Our experi-

mental value is xO^D) = 16.6 ± 1.0 ns, which agrees very well with a

recent value obtained by Humphrey et al (1987) (T(3 1D) = 16.3 ± 0.8

ns) and the theoretical value 15.7 ns of Theodosiou (1987). The time

resolution <FWHM) of the apparatus is 2xA(Jln4)^, for which we find

values of around 13 ns. To correct for small variations in electron

beam current and helium pressure the total number of true coinci-

dences in each spectrum is normalised to the total number of inelas-

tically scattered electrons counted in the same time.

5.A. RESULTS AND DISCUSSION

The linear and circular polarisation of the coincident 3*D -• 21?

decay radiation has been measured for incident energies E = 40, 45

and 60 eV and scattering angles 9e = 31.2, 40 and 50*. The resulting

Stokes' parameters and associated error limits (one standard devia-

tion) are listed in table 5.1, together with the alignment angle y

and linear polarisation P^ (calculated with equations (5.29) and

(5.30)). Also the total degree of polarisation |?| = (P^ + P^ + P^)*

is tabulated.

In figure 5.6a and b we have plotted the circular polarisation

P-j, the alignment angle y, the linear polarisation P^ and the total

degree of polarisation |P| for the three different scattering angles

at respectively 45 and 40 eV incident-electron energy. The solid

curves shown in the figures are the results of a recent first-order

many-body theory (FOMBT) calculation of Cartwright and Csatiak (1987).

The FOMBT belongs to the class of distorted-wave Born approximations.

No other experimental results exist for comparison. At 9e = 0 and

180° we find Pj - 0.6, P2 = 0, P3 - 0, y = 0, P^ = 0.6 and |?| = 0.6

because of symmetry considerations. For these scattering angles we

have axial symmetry around the beam axis, so that only the M = 0

magnetic substate of the excited 3*D state can be populated and the

resultant decay radiation is linearly polarised. For scattering
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60
45

40

36

31.2
31.2
40
50
31.2
40
50
31.2

Table 5.1. Experimental values of Che Stokes' parameters Pj, P2, P3,
the target parameters Y. Pj and the total degree of polarisation |P"|
as a function of the electron scattering angle 0g for Incident elec-
tron energies of 60, 45, 40 and 36 eV.

E(eV) 9e(deg) P! P2 P3 P* Y(deg)

0.4010.23 -0.50+0.18 0.07±0.15 0.64±0.20 -25.7± 9.0 0.64±0.20
O.45±O.ll -0.29+0.07 0.1610.06 0.54+0.10 -16.4± 5.3 0.56±0.10
0.47*0.12 -0.26±0.12 0.5610.04 0.5410.12 -14.5+ 6.4 0.7810.09
0.32+0.16 0.0510.12 0.87+0.28 0.32+0.16 4.4+14 0.93+0.27
0.48+0.07 -0.4110.09 0.34+0.06 0.63+0.08 -20.3+ 3.6 0.72+0.08
0.4810.10 -0.1710.09 0.5210.07 0.5110.10 - 9.81 5.6 0.7310.09
0.3510.22 0.2310.15 0.82+0.21 0.4210.20 16.7114 0.92+0.21
0.6310.26 - -

angles outside the Incident beam direction the axial symmetry Is

broken and the M - ±2 substates can also be populated. This Is

reflected In the finite values of the Stokes* parameters ?2 and P3.

It is very interesting that we find positive values for the circular

polarisation in the present angular and energy range. Especially the

large values of P3 for ©e = 40 and 50* are remarkable. This means

that the M = -2 substate of the 3*D state is predominantly populated

for these scattering angles. It is interesting to note that for P

excitation the M - +1 substate is predominantly populated in this

angular region. The F0MBT calculation also predicts positive values

for P3 for scattering angles smaller than 50', although much smaller

than the experimental ones. The positive sign of P3 indicates a nega-

tive sign of the angular momentum transfer L., but we cannot deter-

mine the magnitude of L. without measuring the linear polarisation P4

in the scattering plane. The observed sign of L is in contrast with

the positive sign of L, for 1P excitation in the same angular range

(Beljers et al 1986b, 1987). A possible reason for this sign differ-

ence is the stronger interaction necessary for transferring two units
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of angular momentum In 3*D excitation, which thus causes phase shifts

larger than u In the partial-wave expansion of the transition matrix

(Kohmoto and Fano 1981). A theoretical study along this line is in

progress now (Csanak 1987).

The alignment angle y of the 3*D charge cloud as a function of

the scattering angle is also plotted In figure 5.6 for both energies.

Both the experimental and theoretical data indicate that for small

scattering angles the charge cloud is rotated away from the scattered

electron (y < 0), but rotates back through the primary beam axis for

larger scattering angles. However, quantitative agreement between

experiment and theory is lacking. The same qualitative behaviour for

the rotation of the charge cloud was observed in the excitation of

the *P states (see chapter 3).

Concerning the linear polarisation P^ we find decreasing values

from the threshold value P^ » 0.6 with increasing scattering angles

up to 0e = 50*. This Is in qualitative agreement with the FOMBT

calculation, but the FOMBT values of PJJ at ©e = 50* are much smaller

than the experimental ones. Finally, we find a striking disagreement

between the experimentally determined total degree of polarisation

|?| and the FOMBT predictions. The experimental values increase with

larger scattering angles to values as high as |P| = 0.92 for 9e = 50*

both for E = 45 and 40 eV, while the FOMBT calculation predicts a

pronounced dip In |*| between 9fi = 40 and 60*. The FOMBT calculation

does not seem to allow for a predominantly populated M =• ±2 substate.

In table 5.1 we have also tabulated experimental values of the

Stokes' parameters at an Incident energy of 60 and 36 eV for 6e =

31.2*. We could not measure beyond this scattering angle at these

energies because of prohibitively small count rates. The linear

polarisation P^ for ©e » 31.2* at E = 60 eV is equal to its maximal

allowed value P^ = 0.6, within rather large error limits. It is

interesting to note that the same value is found for Pj at E • 36 eV

and ©e = 31.2*. However, because of the large error involved one must

be careful to draw conclusions about the value of P2 at this energy

and angle.
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Figure 5.6. Experlmencal values for the circular polarisation Pj, the
alignment angle y, the linear polarisation Pj and the total degree of
polarisation | ? | as a function of the electron scattering angle for
3lD excitation at an incident electron energy of 45 eV (a) and 40 eV

(b). Experimental: • , present results. Theoretical: , FOHBT of

Cartvrlght and Csanak (1987).
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5.5. CONCLUSIONS

In the present experiment we have determined the Stokes1 parameters

?l, P£ and P3 of the coincident 3*D + 2*P decay radiation, resulting

from the electron impact excitation of the 3*D state of helium, in

the range of scattering angles between 31.2 and 50* and incident

energies between 60 and 36 eV. The linear Stokes1 parameters P̂  and

?2 yield the alignment angle y and the linear polarisation ¥%, which

are two of the four target parameters characterising the 3*D state.

In order to determine the two remaining parameters, the angular

momentum transfer L^ and density-matrix element PQQ, also the linear

polarisation in the scattering plane has to be measured. We have

compared our experimental results with a recent first-order many-body

theory calculation. The observed behaviour of the alignment angle y

and the linear polarisation P^ as a function of the electron scatter-

ing angle is in qualitative agreement with the FOMBT predictions. The

circular polarisation P-j is found to be positive and increases much

more sharply with the scattering angle than the FOMBT values in the

angular range of interest. This indicates that the M = -2 substate is

predominantly populated at 9g = 50* in disagreement with the FOMBT

calculation.

New and independent measurements of the Stokes' parameters,

including the linear polarisation of the decay radiation emitted in

the scattering plane, would be very welcome to test our experimental

findings. In addition, the FOMBT results should be compared with

other theoretical models In order to evaluate their validity.
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CHAPTER 6

A COINCIDENCE STUDY ON THE ELECTRON IMPACT EXCITATION

OF THE 33P STATE OF HELIUM

Abstract - We have used the polarisation-correlation technique to

obtain a complete set of target parameters for the 3 P state of

helium excited by electron Impact. The linear and circular polarisa-

tion of the 33P • 23S decay radiation (388.9 nm) is measured in coin-

cidence with the Inelastlcally scattered electrons for an incident

energy of 60 eV as a function of the electron scattering angle. From

the measured time spectra we deduce a lifetime of the 33P state of

93.6 ± 1.0 ns. The depolarisation due to the fine-structure inter-

action in the 3P state Is accounted for. We present the experimental

results In terms of the angular momentum transfer L and the align-

ment angle y of the excited electron cloud and a comparison Is made

with other experimental results and with a recent FOMBT calculation.

The excitation process is found to be completely coherent, indicating

the absence of spin-dependent Interactions during the excitation

process.

6.1. INTRODUCTION

As electrons are indistinguishable electron exchange always plays a

role in electron-atom scattering. Particularly for impact energies up

to a few times the ionisation energy exchange processes can be equal-

ly important as direct processes, where no exchange occurs. Moreover,

apart from the spin-orbit interaction electron exchange can cause an
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apparent spin flip of the scattered electron and thus contribute to

the spin polarisation of an initially unpolarised incident-electron

beam. For a correct understanding of the various scattering processes

it is important to know the relative contributions of the Coulomb-,

exchange- and spin-orbit interactions to the scattering amplitudes

which describe the (in)elastic transitions. In general these

interactions can only be disentangled by the use of spin-polarised

electron- and/or target beams. A good introduction into this subject

can be found in the book of Kessler (1985).

In this chapter we present results from an electron-photon

coincidence experiment on the 3 P state of helium excited from the

I S ground state by electron impact. As excitation of the triplet

states in helium only occurs via the exchange interaction (with

neglect of the spin-orbit interaction during the collision), it is

possible in this way to study pure exchange scattering without the

need for using spin-polarised beams. By detecting the linear and

circular polarisation of the emitted 33P •»• 23S decay radiation (\ =

388.9 nm) in coincidence with the inelastically scattered electrons

this experiment yields a complete set of target parameters for the

excited 3P state. In analogy with 1p excitation we will specify the

33P state by the expectation value of the angular momentum transfer

L. and the alignment angle Y of the excited electron cloud (see

chapter 3). Very detailed information about the dynamics of this

singlet-triplet excitation process is obtained by determining the L.

and y parameters as a function of the electron scattering angle.

In the past experimental investigations on triplet excitation of

helium by electron impact were almost exclusively devoted to the

determination of total and differential excitation cross sections.

Total excitation functions may, for Instance, be obtained from spec-

tral line-intensity measurements as a function of the electron-impact

energy (see, for example, van Raan et al (1974) and references there-

in). These optical techniques, however, are seriously hampered by

cascading effects from higher excited states and by collisional

transfer of excitation energy. Such disturbing effects are absent in
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differential cross—section experiments where energy-loss spectra are

determined with electron spectroscopy methods. Chutjian and Thomas

(1975) partially separated the n = 3 manifold of helium and presented

both experimental and theoretical (with the first-order many-body

theory) absolute differential cross sections for the electron impact

excitation of the 31S, 33S and 33P states at 29.2 and 39.7 eV inci-

dent energy. They found a nearly isotropic differential cross section

for the 33P state at both energies and a qualitative agreement with

their FOMBT calculations (which were a factor of 3-6 too large). The

first electron-photon coincidence experiments on 33P excitation of

helium, which yield the most detailed information about this scatter-

ing process, were reported by Silim et al (1985) and Williams and

Humphrey (1985). Both experiments used the polarisation correlation

technique to extract the 3P target parameters. In a very recent paper

Humphrey et al (1987) gave a detailed account of their coincidence

experiments on the 33P, 3*D and 33D states of helium. They determined

the lifetimes of these states and presented the target parameters of

the 33P state at 39.7 and 23.5 eV for a few scattering angles.

The results from coincidence experiments provide a much more

stringent test to the various theoretical models than differential

and total cross sections do. From the large amount of experimental

and theoretical data on singlet excitation of helium it appears that

no theoretical model is able to reproduce for this case the experi-

mental results for large scattering angles at intermediate impact

energies (see, for example, Beijers et al (1987)). Especially in view

of the non-local character and short range of the exchange interac-

tion the large-angle disagreement can very well be attributed to an

incorrect treatment of exchange in most theories. We hope that more

experimental data on pure exchange scattering might clarify this

point.

In section 6.2 we give a brief account of the theory of the

measurement, which is used to extract the P target parameters from

the observed polarisation fractions. In section 6.3 the experimental

procedure is described. Our results and their comparison with other
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experimental data and with a recent FOMBT calculation are given in

section 6.4 together with a discussion. Finally, In section 6.5 the

conclusions are formulated.

6.2. THEORY

6.2.1. The excitation to the 33P state

In this section we will describe the excitation and subsequent decay

of the 33P state of helium by electron impact from the I^SQ ground

state. Contrary to excitation of the singlet states we now have to

take into account the fine structure interaction of the triplet

state, which causes a depolarisatlon of the decay radiation. The

basic measuring theory has already been formulated by Macek and

Jaecks (1971) and Fano and Macek (1973). Reviews of this theory can

be found in Blum and Kleinpoppen (1979) and Nienhuls (1980).

Let us consider the electron impact excitation of the 33P state

of helium. The initial state (before the collision) is characterised

by the angular momentum quantum numbers LQ = 0, M^ = 0, SQ = 0, PL
+ 0 0

= 0 for the atoms and wave-vector k and spin-component IBQ for the

incident electrons. Immediately after the excitation, which occurs

instantaneously at t •> 0, we have Lj • 1, M^ = 0, ±1 and Sj = 1, Mg

= 0, ±1 for the atoms and k,»«»j for the scattered electrons. The

quantisation axis (z axis) is taken in the direction of teo
x*,» i-e.

perpendicular to the scattering plane. The combined system of excited

P atoms and scattered electrons Immediately after the collision is

described by the density operator PU(
3P» t-0) with matrix elements

(6.1)

with f(ML Mg mining) the scattering amplitude for the transition from

the initial to the final state. In equation (6.1) we have assumed
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that the collision time is much shorter than any characteristic

precession time of the excited state, so that the orbital- and spin-

angular momenta L and S immediately after the collision can be

considered as uncoupled. Furthermore, atoms and electrons before the

collision were unpolarised. Since we do not detect the spins of atoms

and electrons in the final state, we have to take the trace in equa-

tion (6.1) over the magnetic-spin quantum numbers M_ and m^, i.e.

<\k(3p- t=0)K> - * i f(ML1
Ms,mi<mo) ' V v i ' V -

1 1 Mg^.mjj 1 1 1 1 ( 6 > 2 )

Assuming that all spin-dependent interactions can be neglected during

the excitation process the total spin S and its z component Mg are

conserved

S = SQ ± i = Sx ± i, Mg = Mg + mQ = Mg + m^ (6.3)

With some simple angular-momentum recoupling it Is then easy to prove

that

f(IL M. m.«M_ m ) = I <S M ,*m |SM ><S M .imJSM >fS(M^ ),

S si x v S,MS
 l si l s ° so ° b n

(6.4)

i.e. the scattering amplitude f(H^ Mg m^'*ng) can be written as a sum

of terms each representing a possible spin-channel with total spin S.

Substituting equation (6.4) into (6.2) we can perform the summations

immediately and arrive at

<M |p (3P, t-O)|M« > - i I (2S + 1) fS(M ) fS(M; )*. (6.5)

Finally, for a singlet-triplet transition only one spin-channel is

open with total spin S » i and the density matrix (6.5) reduces to

3P, t-O)|M«> - fMf*. , (6.6)
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where we have denoted the magnetic-quantum numbers M, with the

subscript M and suppressed the total-spin quantum number S. The scat-

tering amplitudes fM are functions of the scattering angle 8g and

Incident electron energy E. Equation (6.6) implies that the 3P state

Immediately after the collision can be described by a single state-

vector analogously to the case of singlet-singlet transitions. The

number of independent parameters is further reduced because of

reflection symmetry with respect to the scattering plane, i.e. fQ = 0

as for *S •* P transitions. When we normalise the density matrix

(6.6) according to pjj + p_j_j = 1 there remain two independent

parameters. In analogy with the P state we use the expectation value

of the angular momentum transfer L and the alignment angle y of the

excited electron cloud to completely characterise the 3 P state (see

Andersen et al 1985):

Ll = Pll ' P-l-l = l fl| 2" lf-l!2

(6.7)

Y = i arg(p_u) + | - 1 a r g ^ f * ) + | •

We will experimentally determine the L.,y parameters by measuring the

Stokes1 parameters Pj, P2 and P3 of the elliptically polarised 3 P -»•

2^S decay radiation emitted in the +z direction (see also section

3.2.1):

IZP1 - 1(0) -

IZPO - «•£> - K^r) - I
zP,sin2Y (6.8)

IZP3 - I(RHC) - I(LHC) = "I
Zl'i

where Iz is the total light intensity emitted in the +z direction.

The linear polarisation PA is defined as P^ - (Pj + P^) • The

parameters P^ and L. are not independent because of the coherency of

the excitation process, i.e.
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|£| - (Pj + LJ)* = 1 (6.9)

with |?| the total degree of polarisation.

However, before equation (6.8) is used to calculate the L ,y

target parameters the depolarisation of the emitted decay radiation

due to the fine-structure interaction has to be accounted for.

6.2.2. Depolarisation due to the fine-structure interaction

In the time between excitation and decay the excited Jp state evolves

under the influence of the fine-structure interaction. Since the

natural life time of the 33P state (*nat(3
3P) = 94 ns) is much longer

than the characteristic periods of the fine-structure interaction

(Tpg(3JP) =0.1 ns), the orbital- and spin-angular momentum vectors L

and S will precess many times around the total angular momentum

vector J. This precession causes a periodical exchange of anisotropy

between the orbital- and spin-angular momentum systems and a corre-

sponding oscillation in the intensity of the time-resolved decay

radiation. These so-called zero-field quantum beats are well-known

from beam-foil spectroscopy and were for the first time observed in

electron-photon coincidence experiments on sodium by Teubner et al

(1981). However, in our experiment the quantum beats are smeared out

because of an insufficient time resolution and a net depolarisation

results of the emitted decay radiation. In the following we briefly

describe the calculation of this depolarising effect using the

formalism of Nienhuis (1980).

Firstly we assume that the 3P state can be described in the LS-

coupling scheme and that the excitation mechanism is spin-indepen-

dent. We further assume that the fine-structure splitting of the P

multiplet is not resolved, neither in the electron channel nor in the

photon channel. Since immediately after the excitation (which accurs

at t = 0) the atomic spin is still unpolarised, we can expand the
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excited-state density operator Pu(t=O) in irreducible spherical

tensors according to

p (t=0) = I P. T+ (L,L.) T* (S,S,)/(2S, + 1)*. (6.10)
u . kq kq 1 1 00 1 1 1

kq

The effective density operator pu, which describes the evolution

under the influence of the fine-structure interaction, is obtained by

integrating the Liouville-equation over the coincidence time-window T

and taking the trace over the unobserved atomic spin Sj:

T -r t - -|H t |flt
p = Tr Jdt e u e R u p (t=0)e

n u (6.11)
u Sl 0 u

with Hy the Hamiltonian of the excited atom and Fu the spontaneous

decay rate. Substituting equation (6.10) in (6.11) we find with some

angular-momentum algebra for the expansion of pu in tensors ""

the expression (Nienhuis 1980)

where Pfcn a r e t h e multipole coefficients of the density operator in

the absence of the fine-structure interaction, i.e.

C -1 * •"V "M <6-13)
and r^(T) are reduction coefficients given by

(2J, + 1)(2J« + 1) L L k 2

[JX J| S '
7 L_

/ J t <2S + 1) JX J | S

r J i - F T ( 6* l 4 )

r r» " e U (ruc o s uj J - T " UJ j ' 8 i n u j j»T^

r u u J J V J J

- e u Jj

with JjpJJ the quantum numbers of the total angular momentum Ĵ  =

L + S and Uj j. = (Ej - Ejt)/!i the frequency separation between
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the fine-structure levels with angular momentum J. and JJ. Thus we

see from equation (6.12) that the fine-structure interaction is sim-

ply taken into account by multiplying the multipole components p£9'

of the unperturbed density operator by the reduction coefficients

rfc(T), which are real numbers between zero and one. The coefficient

rg = 1, which means that the excited-state population is not affected

by the fine-structure interaction. When the splittings Uj j, are much

smaller than the decay rate Tu, or than the inverse resolution time

we find using the sum rule for 6j symbols

(2J + 1)(2J« + 1 ) L L k 2

indicating that the fine-structure precession has no time to occur.

In our experiment, however, the splittings (Oj j, are large compared

to I"u and to T so that the off-diagonal terms with Ĵ  ^ JJ in

equation (6.12) become negligible. Then the reduction factors r^

attain the value

(2J + I) 2 L, L, k 2
r k = I 2S + 1 Ij j S

 } (6*16)

and are thus purely geometrically determined.

The depolarisation of the emitted decay radiation is now easily

evaluated. Nienhuis (1980) shows that the multipole coefficients cs
-»• "

of the polarisation matrix C are proportional to the multipole

components p̂ ,, of the density operator pu with a q-independent

proportionality constant. Thus a reduction of p^^ with a factor r^

gives rise to a corresponding reduction of c^ with the same factor.

Writing the polarisation matrix C in terms of the raultipole

coefficients ĉ ,, yields
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75 C 00 + 7CJ 20~2<C22+C2-2) 75c10+2<c22 c 2 - 2 5

75C10+l<C22"C2-2) 75C00+7gC20+l<c22+c2-2)

Troo T20

(6.17)

where use has been made of the reflection symmetry with respect to

the scattering plane. From equation (6.8) and (6.17) we see

"(C22 + C2-2>
-/2 c

' 2 • P 3 " —
10

3 20 73 00 3 20

(6.18)

Multiplying C}o with rj and c2q with r2 we find for the observed

Stokes* parameters PJ, P*> and P*j

P2

2 + r, 41 *1

2 r 2 . j5
I + r2 41 2

3rlP3 27 „

(6.19)

3 2 + r2 41 3 '

where we have substituted r^ = 1/2 and r2 = 5/18, which are the re-

duction coefficients for a 3P state. With equations (6.8) and (6.19)

we can calculate the L.,Y parameters from the experimentally deter-

mined Stokes* parameters.

6.3. EXPERIMENTAL PROCEDURE

The linear and circular polarisation measurements of the coincident

33P * 23S decay radiation have been carried out with the same appara-

tus as was used previously for the 3*P and 3*D experiments. We there-

fore refer the reader for a detailed description of the experimental
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I
set-up and measuring procedure to chapters 4 and 5. In the following

we summarise briefly the concept of the measuring technique. An

unselected electron beam (2-3 |iA, AE = 300 meV) is cross fired with a

thermal helium beam effusing from a single capillary needle. Scat-

tered electrons having excited the 33P state, which lies 21.007 eV

above the 1*S ground state, are energy-selected by an electrostatic

hemispherical electron analyser and subsequently focused onto the

cathode of an electron multiplier. The resultant energy resolution is

approximately 440 meV. The 33P •*• 23S decay photons (X = 388.9 nm) are

selected with a narrow-band interference filter, which has a maximum

transmission at 390.0 nm with a FWHM = 3.2 nm. After analysing the

photons according to their polarisation state they are focused onto a

cooled photomultlplier. Coincidences between electrons and photons

are detected with a conventional TAC-MCA configuration. The TAC is

started with the photon signal and stopped with the electron signal.

Under typical operating conditions the background pressure in

the vacuum tank is about 9.2xl0~5 Pa (7xl0~7 Torr), which drops to

9.3x10"7 Pa (7xiO~9 Torr) without any gas inlet. Typical count rates

vary between 3xlO3 and 18xiO3 s in the electron channel and between

60 and 85 s~* In the photon channel. These single rates yield coinci-

dence rates between 0.005 and 0.029 s"1, so that long measuring times

(1-2 days per spectrum) are necessary.

We have estimated the contribution of the 4*P + 21S transition

to the coincidence signal. In the electron channel, only 0.3% of the

electrons which have excited the 4*P state are detected and 13% of

the 4*P •»• 2*S decay photons (X. = 396.5 nm) are transmitted through

the interference filter. In addition, the cross section for 4*P exci-

tation is probably smaller than the cross section for 3^P excitation

at 60 eV incident energy. We can therefore safely neglect this

contribution.

In figure 6.1 we show two typical coincidence spectra, obtained

for orthogonal settings of the linear polarisation analyser at an in-

cident energy E = 60 eV and scattering angle 9e = 40*. The area under

the peaks are determined by fitting the spectra with a convolution of
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Figure 6.1. Time spectra of coincidences between 33P * 23S decay

photons and lnelastlcally scattered electrons for two orthogonal

settings of the polarold obtained at an Incident energy E - 60 eV and

scattering angle 9e - 40*. The channel width Is 3.135+0.010 ns.
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the Gaussian apparatus profile and an exponential representing the

decaying 33P state. The Stokes' parameters are then calculated with

equation (6.8) after normalising each spectrum to the total number of

Inelastlcally scattered electrons counted In the same time. Finally,

the observed Stokes* parameters are corrected for the fine-structure

Interaction with equation (6.19).

6.4. RESULTS AND DISCUSSION

6.4.1. Lifetime measurements

From curve-fitting of a large number of coincidence spectra we have

obtained an accurate value of the lifetime of the excited 3 P state,

which is free from cascade effects. The sum of all the Individual

spectra is shown in figure 6.2. We have calibrated the timing system

with a frequency standard and found the time per channel of the

multichannel analyser to be 3.135+0.010 ns. The present result for

the lifetime of the 33P state Is shown In table 6.1 together with the

experimental results obtained by two other groups using coincidence

techniques. Also the theoretical results of Wiese et al (1966) and

Theodosiou (1987) are tabulated. Our experimental value for the 33P

lifetime is in very good agreement with the value obtained by Silim

et al (1987), but is significantly lower than the experimental result

of Humphrey et al (1987). The reason for the latter disagreement is

unclear.

6.4.2. Polarisation-correlation data

We have measured the Stokes' parameters Pj, PJ and P3 of the coin-

cident 33P •*• 23S decay radiation at an incident energy E = 60 eV as a

function of the electron scattering angle. After correcting for the

depolarisation caused by the fine-structure interaction (with equa-
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Figure 6.2. Sum of a large number of Individual time spectra. The

full curve represents a least squares fit to the experimental data.

The 33P lifetime of the 33P state found from the fit Is 93.6±1.0 us,

and the Gaussian full-width at half-maximum (FWHM) Is ll.ltl.O ns.

Table 6.1. The lifetime of the 33P state of helium,

e " experimental, t « theoretical.

Reference 33P lifetime (at)

This worke 93.6 ± 1.0
Humphrey? et al (1987) 102.8 ± 2.4
Slllne et al (1987) 96.4 ±8.2
Hlesec et al (1966) 94.7
Theodoslouc et al (1987) 98.154
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tlon (6.19)) the L and y parameters are calculated with equation

(6.8). The measured Stokes* parameters P[, PJ, and P^ and the target

parameters L and Y are collected In table 6.2, together with the

total degree of polarisation |r| (equation 6.9)

(6-20)

The assiociated error limits represent one standard deviation. We

have plotted the angular momentum transfer L , the alignment angle y

and the total degree of polarisation |p| in figure 6.3 as a function

of the electron scattering angle. Also the experimental data of Sllim

et al (1985) at 60 eV incident electron energy are plotted (taken

from their a,y plots and transformed to the L.tY representation). The

solid curves in figure 6.3 represent the first-order many-body theory

(FOMBT) calculation of Cartwrlght and Csanak (1986).

Our experimental results are in good agreement with those

reported by Silim et al (1985), except that we find positive values

for the alignment angle y for scattering angles larger than 60*. It

Is interesting to note that for scattering angles between 30 and 80*

Table 6.2. The observed Stokes* paraneters PJ, PJ, PJ, Che angular

momentum transfer L , the alignment angle y of the excited electron

cloud and the total degree of polarisation | r | for the 3 P state of

helium as a function of the electron scattering angle 9g at an

Incident energy of 60 eV.

9e(deg) PI PJ, PJ L x T(deg) | ? |

3 1 . 2 O.1O8±O.O57 - 0 . 1 9 8 ± 0 . 0 3 6 - 0 . 5 3 9 + 0 . 0 8 4 0 . 8 2 ± 0 . 1 2 - 3 0 . 7 ± 5 .3 1 .03+0.12
40 0.08110.061 -0.196±0.047 -0.497±0.072 0.76+0.11 -33.8± 6.7 0.96±0.l2
50 0.097±0.048 -O.O62±O.O53 -0.547±0.069 0.83±0.U -16.3+12.3 0.89±0.U
60 0.230±0.067 0.039±0.055 -0.435t0.071 O.67±O.U 4.8± 8.2 0.92±0.15
70 0.269+0.073 0.073±0.064 -0.494+0.086 0.75±0.13 7.6± 7.4 1.07±0.17
80 O.237±O.O97 0.094+0.105 -0.49110.119 0.74+0.18 10.8+11.0 1.02+0.23
90 0.197+0.097 0.201+0.084 -0.309+0.119 0.47±0.18 22.8+ 9.2 0.90+0.23
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30 60 90 120 150 180

Figure 6.3. The anlsotropy parameters L,>Y and the total degree of

polarisation |p| as a function of the electron scattering angle for

excitation of the 3 P state of helium at an Incident electron energy

of 60 eV. Experimental: •, present results; *, Slllm et al (1985).

Theoretical: > FOHBT calculation of Cartwrlght and Csanak (1986).
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the angular momentum transfer L is positive and nearly constant at a

value of L « 0.75. This is not predicted by the FOMBT calculation

which clearly shows a maximum L.= 1.0 for a scattering angle 0e =

68*. The two large-angle data points at ©e = 80 and 90* follow close-

ly the FOMBT calculation indicating a sign change of L around a

scattering angle ©e = 105*.

The alignment angle Y of the excited 33P charge cloud as a

function of the electron scattering angle displays qualitatively the

same behaviour as already found for P and *D excitation. For small

scattering angles the charge cloud is rotated away from the scattered

electron (y < 0), but rotates back through the primary beam axis for

larger scattering angles. Up to 40* scattering angle our experimental

values for y are in excellent agreement with the FOMBT calculation.

However, FOMBT predicts a very abrupt transition from negative to

positive values of the alignment angle y for scattering angles be-

tween 65 and 75*. This is in contrast with the experimental values

for y which show a much smoother transition to positive values. It Is

also seen that for large scattering angles the theoretical values for

y are much larger than the experimental ones, which is just the oppo-

site as for lV excitation.

In figure 6.3 we have also plotted the total degree of polarisa-

tion |?|» Within the error limits we find for all scattering angles

|*| = 1, i.e. the excitation process is completely coherent. This

means that spin-dependent effects do not play a role during the

excitation process and positive reflection symmetry in the scattering

plane is conserved. A similar result for 3lP excitation of helium was

obtained by Standage and Kleinpoppen (1976).

6.5. CONCLUSIONS

We have obtained a complete set of target parameters for the 3 P

state of helium, excited by electron impact at an incident energy of

60 eV, by measuring the linear and circular polarisation of the coin-
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cldent 3^P + 23S decay radiation. As the triplet states of helium can

only be excited via the exchange interaction the present experiment

yields detailed information about pure exchange scattering. The re-

sults are presented in terms of the angular momentum transfer L and

the alignment angle y of the excited electron cloud as a function of

the scattering angle. Our results are in satisfactory agreement with

the experimental results of Sllim et al (1985), but show some differ-

ences with the recent FOMBT calculation of Cartwright and Csanak

(1986).
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SAMENVATTING

Vanaf het begin van de quantummechanlca tot op heden hebben excita-

tieprocessen In atomen ten gevolge van botsingen met elektronen veel

aandacht getrokken. De reden voor deze belangstelling is tweeledig.

In de eerste plaats het fundamentele belang: botsingsexperimenten met

elektronen leveren gegevens waarmee de verschillende theoretische

modellen van de elektron-atoom wisselwerking getoetst kunnen worden.

Verder is er een voortdurende vraag naar werkzame doorsneden voor

botsingsprocessen met elektronen vanuit andere deelgebieden van de

natuurkunde zoals de astrofysica, de fysica van de atmosfeer, plasma-

en laserfysica.

Het experimentele doel bij het bestuderen van excitatieprocessen

bij elektron-atoom botsingen is om zoveel mogelijk informatie te ver-

krijgen over het excitatiemechanisme. V66r de opkomst van coïnciden-

tietechnieken werden van dit soort botsingsprocessen alleen de totale

en differentiële werkzame doorsneden bepaald alsmede de polarisatie

van de uitgezonden vervalstraling. In metingen van de werkzame door-

snede via detectie van verstrooide elektronen, maar zonder polarisa-

tie-analyse van de vervalstraling, wordt alleen de excitatie van een

bepaalde atomaire energietoestand gemeten en er wordt dus gemiddeld

over de verschillende ontaarde magnetische subtoestanden. Detectie

van de uitgezonden vervalfotonen (die in het algemeen gepolariseerd

zijn) levert informatie over de bezetting van de magnetische sub-

toestanden maar, indien de verstrooide elektronen niet gedetecteerd

worden, gemiddeld over alle verstrooilngshoeken. In beide experimen-

ten gaat ten gevolge van de middeling over de niet-waargenomen obser-
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vabelen waardevolle informatie over het Inelastische botsingsproces

verloren.

De meest gedetailleerde informatie over dit soort botsings-

excitatieprocessen wordt verkregen door de verstrooide elektronen,

die overeenkomstig de betreffende atomaire toestand op energie zijn

geselecteerd, in coïncidentie te detecteren met de bijbehorende

vervalfotonen. Op deze manier wordt er een subensemble van identiek

geëxciteerde atomen geselecteerd zonder dat er gemiddeld hoeft te

worden over de elektronen verstrooiingshoeken of magnetische quantum-

get allen. Ten gevolge van de aanwezige spiegelingssymmetrie in het

botsingsvlak kan in deze experimenten het coherente karakter van het

excitatieproces waargenomen worden, dat wil zeggen de welbepaalde

faserelaties tussen de excitatie-amplitudes voor de verschillende

magnetische subtoestanden van de betreffende atomaire toestand. Deze

zogenaamde Zeeman-coherenties manifesteren zichzelf door middel van

eindige verwachtingswaarden van de naar het atoom overgedragen

impulsmoment (oriëntatie) en de elektrische quadrupool tensor

(alignering) van de aangeslagen toestand (deze grootheden worden

target parameters genoemd). In waterstofachtige systemen komen tevens

coherenties voor tussen verschillende ontaarde impulsmoment (L)

toestanden behorende bij eenzelfde hoofdquantumgetal (n). In gunstige

omstandigheden is zelfs een 'volledig' verstrooiingsexperiment

mogelijk: dat wil zeggen dat alle verstrooiingsamplitudes (zowel in

grootte als in fase) die de eindtoestand beschrijven, experimenteel

worden bepaald. Het is juist om deze reden dat we met elektron-foton

coïncidentie-experimenten de elektron-atoom wisselwerking op een veel

dieper niveau kunnen bestuderen dan met de conventionele

experimenten.

In dit proefschrift beschrijven we elektron-foton coïncidentie-

experimenten waarmee we de excitatie van helium door elektronbot-

singen bestuderen. In deze experimenten wordt een goed gecollimeerde

en mono-energetlsche elektronenbundel gekruist met een thermische

hellumbundel en de hoekverdeling en/of de polarisatie gemeten van de

vervalfotonen in coïncidentie met de inelastisch verstrooide elektro-
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nen. Op deze manier bepalen we de target-parameters van de 2*P, 3*P,

3*D en 33P toestanden van helium.

Hoofdstuk 1 bevat de inleiding en samenvatting. Er is gepoogd de

lezer een globale indruk te geven van de plaats van de in dit proef-

schrift beschreven oriëntatie- en aligneringsexperimenten in de

moderne atomaire botsingsfysica.

In hoofdstuk 2 wordt de apparatuur beschreven. De belangrijkste

componenten zijn een elektronenkanon, een elektronspectrometer en een

fotondetector. De VÜV fotonen die resulteren uit het ZlV •* ̂ S en 3*P

• 1 S verval worden gedetecteerd met een channeltron en de zichtbare

fotonen van het 31? -> 21S, 31D + 2 ^ en 33P •»• 23S verval worden

gedetecteerd met een gekoelde fotomultiplicator. In het laatste deel

van hoofdstuk 2 wordt de statistiek van de coïncidentietechniek

behandeld.

In hoofdstuk 3 onderzoeken we de elektron-botsingsexcitatie van

de 2*P en 3*P toestanden van helium. De n1»3? toestanden van helium

worden volledig gekarakteriseerd met twee target-parameters, namelij'-.

het overgedragen impulsmoment L en de aligneringshoek Y van de

aangeslagen elektronenwolk. We hebben uitvoerige metingen gedaan aan

beide parameters als functie van de verstrooiingshoek in het interme-

diaire energiegebied tussen 50 en 80 eV met de hoekcorrelatietech-

niek. Het teken van L. kan helaas niet bepaald worden met deze

methode. De experimentele resultaten zijn vergeleken met verschillen-

de distorted-wave modellen.

Om het teken van het overgedragen impulsmoment L. te bepalen,

worden in hoofdstuk 4 circulaire polarisatiemetingen gepresenteerd

van de 3*P •> 21S coïncidente vervalstraling (X. - 501,6 nm). Bij alle

gemeten energieën (80, 60 en 50 eV) hebben we een tekenwisseling

gevonden van het overgedragen impulsmoment als functie van de ver-

strooiingshoek; dat wil zeggen L is positief voor kleine verstrool-

ingshoeken en negatief voor grote verstrooiingshoeken. De fysische

effecten die verantwoordelijk zijn voor dit gedrag worden tenslotte

bediscussieerd.

In hoofdstuk 5 bestuderen we de elektron-botsingsexcitatie van
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de 3*D toestand van helium. Deze toestand wordt volledig beschreven

door vier target-parameters. We presenteren lineaire en circulaire

polarisatiemetingen van de loodrecht op het botsingsvlak uitgezonden

3*D •*• 2*P vervalstraling (\ = 667,8 nm) in coïncidentie met de

verstrooide elektronen. Uit deze metingen volgen drie van de vier

target-parameters. Om de vierde parameter te bepalen, moeten we de

lineaire polarisatie meten van de in het botsingsvlak uitgezonden

fotonen. Dit is (nog) niet gedaan en daarom is dit experiment geen

'volledig' experiment in de betekenis zoals hierboven omschreven.

Tenslotte bestuderen we in hoofdstuk 6 de excitatie van de 33P

toestand van helium door middel van een polarisatie-correlatie

analyse van de coïncidente 33P •»• 23S vervalstraling (X. = 388,9 nm).

Dit experiment levert ons directe informatie over de 'uitwisselings'-

amplitude omdat tripiet excitatie alleen plaatsvindt via elektron-

uitwisselingsprocessen (indien we de spin-baan wisselwerking tussen

het projectielelektron en het target-atoom verwaarlozen). De depola-

risatie van de vervalstraling, die veroorzaakt wordt door de fijn-

structuur van de 3p toestand, wordt in rekening gebracht door middel

van depolarisatiefactoren. De experimentele resultaten worden verge-

leken met een "first-order many-body" theorie.
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NAWOORD

Het is alweer vier jaar geleden dat ik het Utrechtse atoomwereldje

binnen trad om te beginnen met het hier beschreven onderzoek. Terug-

blikkend op deze periode constateer ik dat het een boeiende en

plezierige tijd is geweest, waaraan ik met genoegen zal terugdenken.

Ik wil op deze plaats een aantal mensen in het bijzonder bedanken.

In de eerste plaats mijn promotor Henk Heideman. Henk, bedankt

voor de vrijheid en steun die je mij gegeven hebt bij het verrichten

van dit onderzoek. Vooral je stimulans om aan de polarisatie-correla-
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