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- Ile razy zaczna cie napastowac podobne mysli, idz do ktérej z naszych swiatyn i
przypatrz sie jej scianom zatloczonym obrazami ludzi, zwierzat, drzew, rzek, gwiazd -
zupelnie jak ten swiat, na ktorym zyjemy. Dla prostaka figury podobne nie maja zadne;j
wartosci 1 moze niejeden zapytywal: na co one? Po co rzezbia je z tak wielkim nakladem
pracy? Ale medrzec ze czcia zbliza sie do tych figur i ogarnawszy je spojrzeniem czyta w

nich historie dawnych czasow albo tajemnice madrosci.

- Whenever these thoughts start to haunt you, go to some of our temples and look
carefully at its walls overcrowded with pictures of people, animals, trees, rivers, stars -
exactly like the world we live on. For the simpleton these figures are worthless and
perhaps not one of them was asking: What are they for? Why are they carved with such
an effort? But a wise man approaches them with honor. He sweeps them with his eyes

and reads the stories of remote times or the secrets of wisdom.

Boleslaw Prus,

Pharaoh
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0. Introduction

0. 1. Motivation and objectives of this thesis

The first major objective of this work is to expand previous measurements carried
out by means of pulsed cavity ringdown experiment toward longer carbon chains of
astrophysical relevance. So far cavity ringdown spectroscopy in a supersonic slit jet
plasma has been applied to obtain gas phase electronic spectra of a broad range of pure
and substituted carbon species. The electronic spectra of the linear chains of the
following species were already measured and analyzed: C,, C,,H, NC.N*, HCy,N,
NConi 1N, HCo,H'. As the direct absorption measurement does not distort either the shape
nor the intensity ratios of measured bands these spectra can be easily used for comparison
with diffuse interstellar bands (DIBs). Because these comparisons were not successful so
far (no exact match laboratory spectra with DIBs was found), a further effort had to be
put in the search of the molecules that could be a carrier of these mysterious interstellar
bands. Because recent studies showed that probability of finding the potential carrier is
higher in the case of the longer chains, it seemed quite reasonable to try to look for it in
the mentioned before group of carbon chains with higher number of carbon atoms.

Especially tempting appeared the idea of obtaining the spectrum of pentaacetylene
cation as the matrix experiment results showed that its origin band fits the technical and
optical possibilities of the pulsed CRD experimental set-up. The spectrum of HCoH"
could be then compared with the astrophysical data in order to check if there is some
match with DIBs or not.

The second major part of this work deals with the search for the gas-phase
electronic spectrum of the cyclic B; molecule. The molecule is of interest because several
of the excited electronic states are degenerate in D; symmetry. As a consequence, this

should undergo the Jahn-Teller effect. The spectrum of B3 was already measured in neon



matrix and it showed a complex vibronic structure. Unfortunately, the resolution of the
matrix spectra is not sufficient for deep analysis of that effect. Thus a high resolution
spectrum in the gas phase is required. As a gaseous precursor could not be used for the
production of Bs, there was a need for a modification of the experimental set-up.

This studies on HCoH" and the technical development of the apparatus leading to
the obtaining and analyzing of the cyclic boron trimer gas-phase spectrum will be

described in detail later.

0. 2. Structure of the manuscript

In the first chapter the brief description of the diffuse interstellar bands is
presented. It gives a summarized state of knowledge about DIBs and a brief compilation
of the present hypotheses concerning their possible carriers.

The second chapter is devoted to the supersonic jet technique. The theoretical
principles, origin, further development and variety of its applications in the gas phase
spectroscopy are briefly described.

The third chapter describes physical principles, origin and applications of cavity
ringdown spectroscopy. It shows that this method is a powerful and effective tool in
varied branches of modern spectroscopy.

The next chapter covers the description of the experimental set-up used for
present studies. At first, the principles of operation are shortly described then the whole
set-up is depicted in technical detail.

In the next chapters the results attained by means of cavity ringdown are
presented. The brief reviews of carbon cation chains (HC,H"), pure boron clusters (B,)
and boron reach clusters studies are presented. They are followed by the results
concerning CRD investigations of the HC,0H" and B; species.

The last chapter presents a summary of this work.



CHAPTER 1

1. History and a brief description of Diffuse
Interstellar Bands

The discovery of visible diffuse absorption bands in stellar spectra dates back to
the pioneering years of stellar spectroscopy. In 1922 the original report on the discovery
of two spectral features, centred near 5780 A and 5797 A in spectra of some spectroscopic
binaries was published by Heger [1]. These discovered features were considered as
interstellar ones, however, it was only in the 1930s when the works of Merrill [2-4]
confirmed this hypothesis. He demonstrated that these puzzling features did not
participate in the velocity variations of spectroscopic binaries and furthermore their
strength increased with distance and with the degree of the interstellar reddening of the
star that furnished the background continuum. That evidence was reinforced by the work
of Beals, Blanchet [5], Baker [6], and especially by the extensive study of the feature
centred at 4428 A by Duke [7]. These stationary features were named Diffuse Interstellar
Bands (DIB). The term diffuse reflects the common characteristic of all known features;
namely their profiles are conspicuously broader than those of interstellar atomic, ionic or
molecular lines. This broadening of the profiles of DIBs is presumably due to unresolved
rotational structure, possibly compounded by lifetime broadening of the upper states.
However, it must be emphasized that they are usually narrower than broad lines
originating in atmospheres of fast rotating stars. There exists a great variety in their
profiles and intensities so they can not be readily described, classified, or characterized.
To the present day no reliable identification of the DIB carriers has been found. Many
carriers have been proposed over the years but none of them has withstood general

scrutiny. They ranged from dust grains, to free molecules of very different sizes and



structures, even to the hydrogen negative ion [8]. There is a respectable body of opinion
that a single carrier can not be responsible for all DIBs. However, it is very hard to
estimate how many carriers can produce the observed DIBs. The problem is further
complicated by the fact that to this day it is still impossible to find any laboratory
spectrum of any substance which would match the astrophysical spectra. The most
convenient for study are DIBs observed in spectra of the slightly reddened, bright stars.
These stars are most likely to be obscured by single clouds and one can presume
that the obscuring medium is homogeneous, i.e., characterized by narrow range of
physical parameters (temperature, column density, velocity, inner structure, shape and
size of dust grains, chemical composition, etc). Bright, near-by stars obscured by one
cloud would be the most appropriate candidates for the study of DIBs, however, number
of such stars is limited. It is essential to mention that accessible early types stars are
usually either very distant or slightly reddened, thus the molecular features of spectra are
either formed in several clouds along any sightline or are too weak to be measured with
proper precision. When several clouds are situated along a sightline, astronomers get the
"average spectra" and their interpretation is difficult. The next problem which must be
taken under consideration is contamination of interstellar spectra with so called "telluric
lines". They are lines and bands of the atmospheric origin. Many of DIBs occur in
regions masked by atmospheric O, and H»O lines, so overlying atmospheric structure has
to be properly removed. In order to do it, one has to divide a given spectrum by a
spectrum of the standard star (e.g. unreddened aPeg or aCyg stars). The number of
known DIBs keeps growing. The first survey of DIBs was published in 1937 [9]. In the
year of 1975 the major survey of DIBs was published by Herbig [10]. It contained 39
DIBs (twenty of them were observed for the first time) detected in the range of 4400-
6700 A. All these features were clearly seen in the spectrum of the heavily reddened star
HD183143. The replacement of photographic emulsion by solid state detectors (CCD) for
stellar spectroscopy has resulted in the detection of many new DIBs. Set of few features
known in 1930s got much bigger and now the number of DIBs is around of three
hundred. In his new survey [11] Herbig placed over 130 features and Krelowski et al.
[14] added to this wealth of data yet another 52 weak DIBs. As was said before, there



exist about 300 DIBs, however, existence of some of them is not sufficiently proved. On

the other hand, many features still wait for their discovery.

1.1. Parameters of DIBs

The main parameters describing DIBs are:
A - the wavelength of the feature (approximately central wavelength of
band in A),
A. - the central depth of the band (described by percent of the continuum
level),
FWHM - the full width (in A) of the band at its half-maximum,
W, - the equivalent width in A or mA, ( it describes width of a
hypothetical line of the same area, of a rectangular profile, and normalized
to unity). The ratio of equivalent width reflects the ratio of the oscillator

strength when DIBs are due to one carrier.

The profiles of the majority of DIBs are relatively narrow (their FWHM is usually
of the order of few A), however wider bands also can be found in some spectra. The
broad 6177 DIB (FWHM ~ 30 A) in the spectrum of HD183143 star may serve as an
example. Most of the DIBs are located in the wavelengths longer than 4430 A. The
central depths of majority of DIBs are of the order of 1-2 % of continuum but there are
few exceptions, e.g. the central depth of 5780 DIB in some spectra reaches 30%. The
parameters describing DIBs are not stable and vary from one line of sight to another.
Jenniskens and Desert in their survey of DIBs [73] showed that value of the equivalent
width may change drastically. For the strong 5780 DIB it varies from 0.11 (target star -
HD30614) to 0.72 (target star HD183143). It should be noted that there are also
differences in values of the parameters obtained by different authors. Comparison of
equivalent widths of DIBs collected by Jenniskens and Desert with the data of Herbig

shows a small systematic difference.
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Figure 1.1. DIBs 5780 and 5797 in the spectra of HD 149757 and HD 147165 stars.
These bands appeared in the table of the stellar features published by Heger in 1922 [1],

and were regarded as “possibly stationary”. (Spectra marked by appropriate target stars.)

1.2. Doppler splitting

The problem of the profile determination arose after the CCD new detectors were
widely applied to record astrophysical spectra. The high resolution and S/N spectra
revealed that the Doppler effect changes the DIB profiles. The broad profiles of the bands
are only slightly altered and only in the case of very sharp DIBs the Doppler splitting can
be observed.

In 1982 Herbig and Soderblom [15] have shown the composite profiles of 6196
and 6614 DIBs and proved that the Doppler splitting may change the profiles of these
narrow bands. There is a great diversity in the velocities and physical properties of the
interstellar clouds. That is why the interstellar features in the spectra of distant, heavily
reddened stars are permanently contaminated with the Doppler splitting. For example it
was observed in the case of the 6196 A band in the HD102997 spectrum. It was shown
that this splitting follows the splitting of the interstellar line D (line of neutral sodium).

Precise analysis of the profile of this interstellar atomic line has shown that this star is



obscured by at least seven clouds. The Doppler modification of the 6196 DIB profile is
not strictly followed by the same splitting as at in the D; line. It may indicate that the
carrier of the 6196 DIB is not present in all these clouds containing neutral sodium.

In spite of the fact that astronomers do not really know a true distribution of the
DIB carriers in the individual clouds, precise analysis of the interstellar lines is a very
useful method of determination of alteration in the DIB profiles.

The sodium D; and D, lines are very strong and sharp, and that makes them
especially handy in the perplexing task of estimating the number of clouds between a
target star and an observer. It is established that the Doppler splitting is one of the proofs
that DIBs are the features of the interstellar origin. The Doppler effect is not one and only
cause of broadening of DIBs. In 1992 Porceddu et al. [16] found the exceptionally broad
profiles of 5780 DIB in the spectra of the stars belonging to the Orion Trapezium. The
broadening of the bands in this case would have not been explained by the Doppler
effect. It seems that a matter surrounding these stars differs substantially in physical and

chemical properties from that producing normal diffuse interstellar bands.

1.3. Dependence on reddening

The first careful correlation analysis of dependence of the DIB strength on
reddening was carried out by Deeming and Walker in 1967 [17]. They studied DIB 4428.
The similar work was done by Murdin [18] for DIB 6283. It appeared that the
dependence of one upon the other is not tight.

The advent of digital detectors in the 1980s revolutionized subject of gathering
reliable data, however, this major step in the precision of the DIB spectroscopy did not
greatly reduce the scatter around a mean regression line relating the DIB strength to
colour excess. Nonetheless, it has reinforced the finding that the two are, in the mean,
proportional one to another. Despite this dispersion, dependence obtained during the
study shows clearly that when E(B-V) diminishes to zero, the strength of DIBs does the
same. The colour excess, called also the reddening is defined as a difference in value of

extinction measured in two photometrical bands, e.g. B and V (4400 A and 5500 A,



respectively). It is the most popular and convenient quantity characterizing the interstellar

matter.

1.4. Skin phenomenon

Snow and Cohen were the first to indicate that stars seen through very dense
clouds have DIBs weaker than would be expected from their colour excess. In 1974 they
concluded that formation of the carrier is inhibited in cloud interiors [19].

This effect known as the "skin phenomenon" is conspicuous, e.g. in heavily
obscured stars of the Cyg OB2 association. The study of the DIB behaviour in dense
clouds was also carried out by Adamson et al. [20]. They observed the number of stars of
different degrees of extinction through the Taurus clouds. The precise investigations of 6
DIBs showed that their normalized equivalent widths (i.e. W/E(B-V) ) fell progressively
below the diffuse-cloud value as the extinction increased. Adamson et al. believed that
this result can be explained only by the concentration of the DIB carriers in the surface
layers of the clouds, possibly due to the reduction of the ambient radiation field in the
cloud interiors. It is very interesting that the concentration of neutral hydrogen also
diminishes as we go towards the centre of the cloud. Since the DIB strength is correlated
to the concentration of neutral hydrogen, it seems that the idea of the "skin effect" is well
supported. On the other hand, there exist stars whose spectra have DIBs stronger than
expected (when inferred from their colour excess). These observations still can not find

any reasonable explanation.

1.5. Families of DIBs

The fluctuations in the individual bands strength from one line of sight to another
(Figure 1.1.) once again indicate that more than one carrier of DIBs is involved. The first
indication of a pattern in these discrepancies was published by Chlewicki et al. in 1986
[21]. They observed a number of early type stars in 30B associations and divided DIBs

into two classes:



1. 5797 and 5850 (well correlated with colour excess),

II. 5780, 6195, 6203, 6269 and 6283 (which showed much weaker dependence on

colour excess, but the good correlation with each other).

Krelowski and Walker defined so called families of DIBs, i.c., sets of features
observed always together and with the same strength ratios [22]. Each group of related
bands ought to be responsible for one carrier so such a division into families seemed very
helpful in the eventual identification of that substance. Nevertheless, the correlations
between the DIBs are not always tight and convincing.

The groupings proposed by Krelowski and Walker are:

I. Broad and shallow DIBs 4428, 6177, and probably 4882,

II. Relatively symmetric DIBs 4763, 4780, 5362, 5449, 5487, 5780, 6195, 6203,

6269, 6283,

III. Asymmetric DIBs 4726, 5545, 5797, 5849, 6376, 6613, and possibly 5494,

5508, 6379.

They were based on only four stars and not on an analysis of their mutual correlations.

Josefatsson and Snow on the basis of 59 stars carried out an analysis of the mutual
correlations, and of the individual correlations with E/(B-V). The region 5690-5870 A
was investigated [23].

Despite such an impressive examination of a large body of data, they did not
provide any stronger evidence for the existence of families. They defined only three
classes of DIBs:

I. The narrow DIBs 5780, 5797 and 5849 (correlated with each other and with

colour excess),

II. Broad bands 5778, 5844 (well correlated with each other but very poorly with

E/(B-V)),

1. 5705 (poorly correlated with other DIBs and with colour excess).

The survey of the measurements of stronger DIBs done by Mouton et al. [24]
clearly suggests that usually any pair of two DIBs is correlated up to some degree. (The
degree of correlation is higher when the widths of two features are similar.) It ought to be

mentioned that one has to be very cautious in such a kind of classification. Josefatsson



and Snow placed 5780 and 5797 DIBs into the same family while Krelowski and Walker
put them into two different classes. Generally, the limited amount of high quality spectra

makes the list of the "family members" very unstable.

1.6. Spacings

The frequency analysis of the wavenumber spacings of DIBs, in search for
preferential level separations, did not produce any useful information. Partly because of
the concentration of DIBs in certain wavelength regions, and partly because of the gaps
in spectra caused by atmospheric and interstellar interferences. Search for the vibrational
sequences of the type v' <~ 0 did not produce any convincing results either [8]. The only
regularities that have been found so far in the DIBs spectra are those noticed by Herbig in
the short series of weak, approximately equally spaced DIBs in the 6800 A region [25],
and the similar sequence near 5780 A recognized by Jenniskens and Desert [26].
Although such regularities may turn out to be helpful, there is no strong evidence that
these sequences exist for real. The proper investigations are complicated by the possible

existence of multiple overlapping features which makes any results not convincing.

1.7. Review of the proposed carriers

One carrier can not be responsible for all known DIBs. That fact is widely
accepted, however, the open questions are: how many carriers may be involved in
producing all of the DIBs, and what is the phase of that mysterious substance. Dust grains
or free molecules were usually proposed as the potential carriers of DIBs, however, now
it seems that scientist should search for the carriers somewhere "in between." The
carriers may be crucially important in interstellar chemistry: they may constitute a
significant fraction of all chemically bonded matter in the interstellar gas, and many may
be molecules larger than any so far identified. Nowadays it is believed that they are long

carbon chains or polycyclic aromatic hydrocarbons. Although additional theory and



astronomical observations are needed, the identity of the carriers is now essentially a
problem in laboratory astrophysics. Here is a brief review of the proposed carriers. Some
of them are rather outdated and gone into oblivion, while others (e.g. carbon chains or
PAHs) are still intensively studied and investigated as the potential carriers of DIBs.

However, even in that case, no convincing proof had been found so far.

1.7.1. Solid particles

It has long been known that some solids, such as crystals doped with metal ions,
can produce narrow absorption lines at low temperatures. In 1979 Duley [27] studied the
spectra of Cr°" ions in MgO crystals, for which certain transitions between levels of the
ground state were expected to produce narrow lines in the 7000 A region. However, no
interstellar lines at these wavelengths have been found [8], and in fact there is no
evidence that interstellar crystalline MgO exists in the quantity required [28-29].

The ion Fe’* also has been proposed as a potential carrier of few stronger DIBs
[30], however, mineral in which they were doped (garnet) is an implausible constituent of
the interstellar grains because of the conditions under which it is formed on the Earth
[31]. A more appealing idea was that the DIB carriers might be dispersed as an impurity
through the spherical dust particles and the electric field of the crystal lattice in which
such an atom would be imbedded could shift and split the atom's energy levels. It should
be noticed that such theories do not specify what the impurity atom might be. In 1969
Duley and Graham [32] carried out experiments in which Ca atoms in a matrix of solid
benzene produced a broad absorption feature near 4500 A. (Ca resonance line is located
at 4227 A). The molecules of Ca, in benzene and other hydrocarbons showed a variety of
absorptions, some of which lie not far from the positions of known DIBs. All these
laboratory experiments, however, produce absorption bands which are much broader than
the broadest DIBs. These nonconclusive experimental data are not the only reason to
doubt that DIBs originate in the dust grains. Lack of tight correlation between the
strength of DIBs and colour excess suggests that the grains of different sizes should be
involved in producing DIBs. On the other hand it stands in contradiction to well proved

constancy of the DIB profiles in many different interstellar environments. Furthermore,



the absence of the detectable change in interstellar polarization across some of stronger
DIBs shows that these features do not originate in the aligned grains responsible for

polarization of light in the optical region [33].

1.7.2. Free molecules

The detection of the first interstellar diatomic molecules (CN and CH) came few
years after the interstellar origin of DIBs was demonstrated. Stimulated by that discovery,
a number of the specific molecular carriers were proposed. Some of these proposals were
based on near-agreement with gas-phase laboratory wavelengths, while others have come
from a less direct reasoning. The list of specific molecules that had been suggested is
very long, however, none of these have received enthusiastic support. Table 1.1. contains
some examples of molecules suggested as the potential carriers of DIBs. The reason to
favour gas-phase molecular carriers is the possibility of explanation of the difusseness of
DIBs. It is very reasonable to suspect that the widths of DIBs represent the unresolved
rotational structure. If so, then excited rotational levels of the lower state must remain
populated at temperatures and densities of diffuse clouds. Danks and Lambert [34]
estimated such closely spaced rotational levels of a hypothetical, large molecule and
came to conclusion that such conditions would be met for the lowest 10-20 levels. So
they tried to reproduce the observed profiles of the relatively narrow DIBs at 5780 A and
5797 A. The attempt to fit the contour of the much broader 4428 A turned out to be
unsuccessful. The second explanation of the widths of DIBs could be that the upper
energetic states of the molecule have very short lifetime. In 1955 Herzberg [35] remarked
that the ionization potentials of negative ions such as O" or C are low enough so the
preionization transitions would occur in the optical region, but the laboratory experiments
carried out by Ensberg and Jefferts in 1979 [36] found no transitions of O or C at the

wavelengths of several prominent DIBs.



Molecule Author and year of publication.

CO, Swings, 1937
Na,, NaK Saha, 1937
(02)2 McKellar, 1960
NH4 Herzberg, 1955
O,C Herzberg, 1955
CH,4" Herzberg, 1955
H Rudkjobing, 1969
HCOOH" Herzberg, 1988

Table 1.1. Free molecules considered as the potential carriers of DIBs.

Herzberg also mentioned the possibility that the predissociation of some
polyatomic molecules could produce diffuse bands in the optical region, however, the
predissociation itself would have to destroy the absorber. To maintain its sufficient
concentration, a fast process of recombination would have to exist. Unfortunately under
interstellar conditions no efficient process of such a recombination had been known. This
difficulty became less severe when the importance of the very rapid ion-molecule

reactions for interstellar chemistry was recognized.

1.7.3. Polycyclic aromatic hydrocarbons

In the 1980s many specialists proposed polycyclic aromatic hydrocarbons (PAHs)
as potential carriers of DIBs. This idea was put forward independently by Van der Zwet
and Allamandola [37] and by Leger and d'Hendecourt [38]. The possibility of ionized
PAHs being the carriers of DIBs was proposed by Crawford, Tielens and Allamandola
[39]. The essential points that make PAHs very promising molecules are:

- the survivability of the larger PAHs molecules against photodissociation in the

interstellar radiation field,



- abundance of carbon in the interstellar medium sufficient enough to account for
the DIB strength,
- neutral, and particularly ionized PAHs are known for the strong electronic

transitions in the optical region.

The efforts to obtain astronomically relevant data are nowadays mostly focused
on the investigations of the following molecules:

- naphthalene (C;oHs) and its cation (C 10H8+),

- pyrene (C;6Hj¢) and its cation (C16H10+),

- phenantrene cation (C14H10+),

- coronene (Cp4H)2) and its cation (C24H12+),

- ovalene (C3,H 4) and its cation (C32H14+).

Neutral naphthalene does not absorb in the visible region, but the cation produces
series of bands, the strongest at 6741 A, followed by weaker features at 6520 A and 6151
A [40]. However, none of the more prominent DIBs are matched by these peaks obtained
in the laboratory. In 1999 Romanini et al. obtained the first gas-phase electronic
absorption spectrum of an ionized naphthalene. This study showed that there is no
correspondence between the DIBs and strong absorption bands of C1oHg " [41].

Neutral pyrene also does not absorb in the visible region, however, its cation
exhibits more promising possibility. In the neon matrix the spectrum is dominated by a
strong absorption band centred at 4395 A, while in the argon matrix this peak is slightly
shifted longward to 4435 A. Although this result is interesting (very good coincidence of
latter peak with 4428 DIB), one should be cautious in interpretations. Authors of the
experiment were inclined to state that this coincidence might be due to chance [40].
Absorption spectra of coronene, ovalene, and their cations have been described by
Ehrenfreund et al. in 1992 [42]. Similar experiments were carried out by Salama and
Allamandola in 1993 for phenantrene cation [43]. Unfortunately, none of the features
found in the optical region match any of the DIBs wavelengths. All those investigations
focused on specific PAHs, but in the interstellar clouds a mixture of compounds might

be expected as well. Taking that fact into account Ehrenfreund et al. examined the



absorption spectrum of a neutral coal pitch extract deposited in a solid neon matrix [44].
This material was distilled from coal, and consisted of a mixture of about 150 different
aromatic molecules among which compounds such as C,H,, (where m = 14-24, and n =
10-14) were present in percentages of 2% or more. Only few discrete bands were found
between 3800 and 4700 A, and there were no convincing coincidences with known DIBs.
This result is interesting, however, it stands in contradiction to the results of the earlier
works that firmly showed that PAHs' ions are expected to have the strong transitions in
the optical region. Sarre suggested that negative ions of PAHs might be also responsible
for the DIB origin [45]. Supporting calculations made by Lepp and Dalgarno [46] showed
that in the cloud interiors, negative PAHs' ions might be comparable in abundance with
neutral PAHs. This calculations depend on an assumed value for the rate of cosmic-ray
ionization, which provides the free electrons. However, there is a strong objection to that
idea. Namely, as Snow and Cohen noted, the DIB concentration is lowest in cloud
interiors [19]. Nevertheless, the laboratory studies of the spectra of some plausible anion

of PAHs might be very interesting.

1.7.4. Carbon chains

In 1977 Douglas suggested that polycarbon chains such as Cs, C; and Co might
survive under interstellar conditions [47]. He remarked that the means by which it might
happen is the internal conversion. That process enables the radiationless transition to take
place from the excited level to vibrational levels of the same or another electronic state,
following which the absorber returns to the ground state by a series of infrared
transitions. Douglas also suggested that such carbon chains should produce strong diffuse
absorption bands in the 4000-5000 A region. The hypothesis that carbon chains might be
a carrier of some of the DIBs was strongly supported by the fact that these species fulfill
the requirements which are imposed on the potential carrier. The advantages of this
hypothesis are following:

- the carriers are associated with stable molecules, which are composed of one of

the most abundant element in the interstellar space



- carbon chains absorb in the visible region

- these species exist at least in some interstellar regions

These suggestions were firstly pursued in the laboratory by Kratschmer, Sorg, and
Huffman in 1985 [48] and subsequently by Kurtz and Huffman in 1990 [49]. Carbon
molecules obtained by vaporization of graphite (C, , where n = 4-9) and then deposited
into a cold argon matrix produced a series of absorption bands centred at 2471 A (the
strongest), 3079, 3490, 4470 A (weaker) and 4930, 5860 A (very weak). Since the matrix
shift estimated by Kratschmer et al. is about 50 A, the band 4470 A matches DIB 4428
very well.

In 1998 Tulej et al. measured the gas-phase electronic spectra of several carbon
chain anions [50]. They obtained spectra of C¢, C;, Cs’, and Cy™ containing many narrow
bands which appear to match some DIBs. Most intriguing coincidence was found for the
bands of C; anion and several DIBs where the DIBs have similar widths and relative
intensities. However, new data obtained by McCall et al. in 2001 showed that C;” must be
rejected as a potential carrier of DIBs [51]. There were strong chemical arguments
against this hypothesis: chemical models of Ruffle et al [52] were unable to reproduce
necessary abundance of C;, even with the most favorable assumptions. New
measurements of DIBs positions showed that the origin band of C;” does not match 6270
DIB either in wavelength or profile. Some vibronic bands also do not match perfectly
DIBs. Additionally, one of the DIBs, attributed to the vibronic band of C; turned out to
be a stellar line.

Mitchell and Huntress went a bit further and proposed hydrocarbon chain
molecules of up to Cj;H,, (where m was unspecified) as the species that might be
responsible for at least some of the DIBs [53]. Laboratory investigations of the analogous
molecules were also carried out by Motylewski et al. Using the cavity ring down
spectroscopy combined with the supersonic slit nozzle discharge they obtained spectra of
CsH and CjoH chains. Although numerous absorption bands were observed, their
coincidence with known DIBs is not too convincing [54]. In 1994 Freivogel et al.
obtained the spectra of carbon-chain anions [55]. The C,H;,” anions (where n = 14, 16

and m < 3) spectra show many correspondences with some of the DIBs. Particularly



striking are coincidences in the region 7000-8000 A where nine bands match very well
DIBs listed by Herbig and Leka [8]. However, it must be again emphasized that with the
accuracy of measurements of the matrix and astrophysical spectra these overlaps may be
only coincidences.

In 2004 Maier et al. [56] summarized the current situation in the context of
laboratory studies carried out in recent years on not only bare carbon chains, but also
their ions and simple derivatives containing hydrogen or nitrogen. The results of their
analysis led to interesting conclusions about the role of carbon chains as potential carriers
of the diffuse interstellar bands. First, it was suggested that the abundance and oscillator
strength of shorter chains (approximately up to 10 atoms) are too small to account for the
stronger DIBs. Second, because of the electronic configurations of these open-shell
species, the lowest energy - transition does not have a large oscillator strength but the
higher energy one in the UV does, and the chains would have to be prohibitively long for
these absorptions to shift into the DIB 4000 - 9000 A wavelength region. The exceptions
are closed-shell systems such as the odd-numbered bare carbon chains, and the ones in

the Cys - C3; size range that have their very strong transitions in this region.

1.7.5. Fullerenes

After the laboratory detection of fullerene Cgp in 1985, the extensive study of that
large molecule started to take place. Because of the readiness with which fullerens can be
produced under a variety of laboratory conditions, it seemed reasonable that such
molecules could also occur in the interstellar medium. For this reason Kroto et al. [57]
speculated that fullerene Cgp might be the potential carrier. This idea was very appealing
because such heavy molecules could easily explain the broadening of DIBs. Their small
rotational constants make it possible for a large number of rotational levels to be
populated at interstellar temperatures. Thus their absorption bands would appear as
diffuse and unresolved. Unfortunately, the laboratory experiments carried out by Leach et
al. [58] showed that there is no agreement in position between the laboratory spectrum of

Ceo and the known DIBs.



Ballster, Antoniewicz, and Smoluchowski proposed that DIBs can be produced by
the resonance lines of common neutral atoms (e.g. Si or Mg) trapped in the Cgq) cages
[59]. These resonance lines would be shifted to the longer wavelengths on account of the
depression of the upper state by the electric field of the cage. Since the ionization
potential of Cg is about 7.6 eV, so most of these molecules should be singly ionized
under interstellar conditions. That is why the cation Cg" also has been proposed as the
DIB carrier. Unfortunately, Fulara et al. showed that there is no laboratory evidence for
the strong Ceo' transitions between about 3100 and 9000 A, so this cation can not be
responsible for DIBs in the optical region [60].

In the early 1990s it was also suggested that CgoH,, (Where m=1) might be an
appropriate molecule, but the spectrum of CgH, obtained by Henderson and Cahill
showed that there are no significant differences from that of pure Cq [61]. However,
MclIntosh and Webster have estimated that under interstellar conditions m may be
somewhere between about 10 and 30 [62], therefore potential spectra would be changed

more radically, but to this day no laboratory spectra of such species are known.

1.7.6. Porphyrins

One of the more unusual proposals as to the identity of the DIB carrier was
advanced by Johnson in 1972 [63]. He suggested that bis-pyridyl-magnesium-tetrabenz-
porphyrin (MgTBPp) might be the feasible molecule. In his experiment (the MgTBPp
molecule was suspended in a frozen hydrocarbon matrix) he obtained the spectrum
containing three strong absorption bands centred at 4428 A, 6284 A, and 6174 A that
matched very well the prominent DIBs. Johnson claimed that the wavelengths of 25
DIBs could be reproduced by transitions between the vibronic levels of that molecule.
Similar work was done for H,TBP and MgTBP molecules [64]. The drawback of these
schemes is that temperature of the interstellar medium is much lower than those required
to make such an excitation possible.

In 1980 Donn and Khanna [65] repeated the laboratory experiments of Johnson.
They confirmed the existence of strong absorption bands near 4400 A and 6300 A,

however, the band centred at 6174 A was not detected. Despite these results, authors of



the experiment were inclined to state that such a complicated molecule as MgTBPp could
not form and survive under interstellar conditions, particularly at the temperatures
required by Johnson's hypothesis. In 1993 Miles and Sarre noted [66] that molecule of
dihydroporphyrin (C20N4Hi6) has a strong electronic transition that in the supersonic jet
lies at about 6284 A which matches very well the 6283 DIB. In a polystyrene matrix, the
same feature occurs at 6381 A, and by applying the same matrix shift to a number of

weaker bands, Miles and Sarre found a near agreement with the wavelengths of the 6177

and 6010 DIBs.

1.7.7. Conclusions about carriers

This brief review of the proposed carriers clearly indicates that despite intensive
astrophysical observations and laboratory study all of them may be regarded as mere
"putative" ones. It must be emphasized, however, that of all proposed carriers two of
them seem to outrun the rest in feasibility. Namely, carbon chains and polycyclic
aromatic hydrocarbons. It is now clear that the DIBs can not be explained by the early
concept of a single carrier owing to the large number of bands detected and the lack of
correlation between the bands. The present consensus, based on high-resolution
astronomical observations, is that the carriers are large carbon-bearing gas phase
molecules in either the neutral or/and ionized forms and that these molecular carriers are
part of an extended size distribution of the interstellar dust. At the moment it is difficult
to say which group of the molecules could be really responsible for DIBs (PAHs or
carbon chains), however, it looks like they should be involved into the “business” of
DIBs carriers. They both are relatively large carbon-containing molecules with a variety
of the intense absorption bands in the IR-VIS region and both are ubiquitous in diffuse
interstellar clouds. It should not be forgotten, however, that the high density of DIBs in
the optical region makes any accidental coincidence very possible. It becomes even more
conspicuous when one takes into account both the tolerance of a wavelength match, as
well as the uncertainties in the DIB wavelengths themselves. So one should be cautious

in formulating radical conclusions as to what molecules the DIBs carriers really are. It



seems that the only reasonable and undoubted conclusion in this matter is a humble

statement that the full solution of this intriguing problem is still down the road.

1.8. Relations between the continuous extinction
and DIBs

The extinction produced by interstellar matter refers to the combined effects of the
scattering and absorption of electromagnetic radiation by the matter along sight lines
through the interstellar space. The interstellar extinction curve depicts the absorption and
scattering due to various interstellar dust components and spans from the near infrared to
the far ultraviolet (Figure 1.2.).

It is described by the equation:

F(M)=E (A-V)/E (B-V),
Where:
F(X\) - normalized extinction,
E (A-V) - colour excess

E ( B-V) - colour excess

Customary the value of the interstellar extinction is plotted against the inverted
wavelength, i.e., 1/ A which is expressed in pm™.

The average interstellar extinction curve for the diffuse cloud medium exhibits a
nearly linear rise from 1 um™ to the 2.25 um™ "knee" where the slope changes. In the
ultraviolet region there is a pronounced extinction bump near 4.6 um™ (2175 A) followed
by the broad minimum and the steep non-linear rise in extinction to the shortest
wavelengths. For wavelengths shorter than ca. 5500 A, the interstellar extinction curve
exhibits considerable variations in the shape from one line of sight to another. In addition,
the strength variations and the width (FWHM) of the 2175 A bump has been observed to
vary by more than a factor of two from 360 A to 770 A with the average width about 480



A. In contrast, the central position of the bump does not change so drastically. The most

extreme variations in extinction value are found in the far ultraviolet region.

Extinction
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Figure 1.2. The interstellar extinction curve observed in the spectrum of HD149757 star.

The different models of the interstellar dust were developed to account for the
extinction curve. The long wavelength extinction usually is explained by the absorption
and scattering from classical Van de Hulst [67] grains which size is about 0.1-0.2 um. In
the model of Hong and Greenberg [68], they consist of silicate cores and a mantle of
material which absorbs strongly in the visual region. In 1989 Duley et al. proposed
condensations of carbon atoms into an amorphous carbon directly from the gas phase on
the silicate grains [69]. Jenniskens and Greenberg analysed the parameters of 115
ultraviolet extinction curves [70] published by Aiello et al. [71]. They decomposed them
into the linear rise, bump, and the far ultraviolet rise. These analyses did show that a
shape of the extinction curve up to 6000 A is determined by the big grains absorbing in
the optical region. At about 6000 A particles responsible for the linear rise start to affect
the extinction curve. They must have sizes as small as about 0.01um or less because at
short wavelengths the extinction of the classical grains saturates. The 2175 A bump is
usually explained by the amorphous carbon grains or their mixtures with larger

molecules.



Large molecules like PAHs also have been proposed as the carriers of the bump as
well as more general molecules containing alkene and alkyne bands [72]. Linear
polyynes and cyanopolyynes should in principle be regarded as good candidates for the
ultraviolet interstellar absorption. In particular, polyynes CgH,, Cj;oH,, and
cyanopolyynes HC7N, HCoN and HC; ;N have a strong absorption line close to the region
of 2000-2200 A. Unfortunately, all these molecules have strong vibrationally allowed
bands in the near ultraviolet region which would make difficult a good fitting of the
strong interstellar maximum at 2175 A without undesirable absorptions at shorter
wavelengths. The carrier of the far ultraviolet non-linear rise has not yet been identified,
however, its correlation with CH abundance has been reported [73].

The interstellar extinction law has been shown to be not identical toward different
lines of sight. The varying shape of the 2175 A bump and the strongly variable slope at
the far ultraviolet segment suggest varying physical properties of the interstellar clouds.
In 1988 Krelowski and Westerlund noticed that spectra of two stars, cSco and COph,
showing very different ratios of the strong DIBs 5780 and 5797, are associated with very

different shapes of vacuum ultraviolet extinction curves [74].

The Diffuse Interstellar Bands

Courtesy: P. Jenniskens, F.-

Figure 3.1. The spectrum of DIBs (Ref. 76).



The curves of {Oph type is characterized by the steep far ultraviolet rise while in
those of oSco type such a rise is not observed. It may suggest that carriers of the narrow
5797 DIB are related in some way to the carrier of the far ultraviolet extinction rise.
However, statements made by the authors are only qualitative ones. Similar relationship
between the strength of DIBs and the ultraviolet extinction curve behavior was found in
the case of 5844 A band [75]. A couple of lists of Diffuse Interstellar Bands have been
made over the years. The most important and reliable catalog is published in the review
of Jenniskens and Desert [76]. This thorough catalog was updated by discoveries of
Krelowski et al. [77] and Jenniskens et al [78]. The results of this work can be found on
the internet [79]. Another survey of DIBs with precise wavelengths can be found on the

website of Galazutdinov [80].
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CHAPTER 2

2. Supersonic jet phenomenon and its application in

spectroscopy of transient radical species

The emission or absorption spectra of large organic molecules are usually broad
and their structure is not always clear. This is caused primarily by two factors. One of
them is Doppler broadening. Another one is high population of excited rovibronic levels
in the ground electronic state of the molecule at high temperature. The result is a
spectrum that is congested and difficult to interpret. In order to cope with this problem,
there is a tendency toward measurements of spectra of isolated molecules which are
cooled to a very low temperature. The excellent tool that pr