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Abstract

In this review work we address the problem of observing spontaneous emission from the Swings transitions of
the C; radical in laser—generated graphite plasma. We summarize the spectroscopy of the C; radical in carbon
vapor and plasma, sketch the chemical routes leading to this carbon cluster under plasma conditions, review
some theoretical calculations, and then present our own emission spectroscopy, experimental investigations. We
report time—averaged, laser—induced optical breakdown spectra from Nd:YAG laser generated graphite micro—
plasma. In 200-300 torr of argon and helium, a weak emission continuum was observed centered at 400 nm
when using laser fluence of about 1Jcm™. We conclude that observation of the 400 nm carbon plasma
continuum depends critically on the experimental configuration. Assignment of this continuum to the C; radical
is not as straightforward as may have been thought previously. Further possibilities are considered for the origin
of this continuum.

Keywords. C, radical; C; radical; laser induced carbon plasma; laser induced incandescence; quenching;
quantum chemical calculations; spectral simulation.
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1 INTRODUCTION

The C; molecule is one the most studied triatomic molecules in the history of spectroscopy. In a
relatively recent survey on carbon cluster spectroscopy, structure and energetics [1], a thorough
review of the literature up to 1998 was provided. C; was first detected in a comet spectrum in 1881
[2], and its first laboratory spectrum was recorded in 1942 [3], although the spectrum was attributed
to the CH, radical. The final assignment of the spectral features in the so—called Swings—bands of
Cs in the laboratory was made in 1951 [4], and the first detailed vibrational—electronic (vibronic)
analysis of the 4050 A laboratory spectrum was published in 1963 [5] and in more detail in 1965
[6]. There were a great number of high resolution analyses of the low temperature (mainly
molecular beam) spectra of C; in the optical and infrared ranges between 1965 and 1998, and the

van Orden—Saykally review [1] contains numerous references from this period.

In this work we are concerned with the spectral continuum around 4000 A (400 nm) observed in
high temperature sources, such as equilibrium carbon vapors, flames and carbon plasmas
investigated by various emission and absorption spectroscopic methods. Assuming that this
continuum arises from a great number of individual transition lines, it is commonly referred to as a
‘pseudo—continuum’ or ‘line continuum’ emphasizing that it arises from bound—bound transitions
and not from free—free or free—bound true continuum transitions. Many observations of such
continua have also been made previously, we refer here to a representative subset without claiming
a full coverage of such studies [7-26]. The continua observed in carbon vapors and plasmas are
attributed to several possible sources, mostly but not exclusively to radiation from the C; radical, as

will be discussed later.

2 THE CREATION OF C, AND C; IN CARBON VAPOR AND PLASMA

The creation of the C, and C; radicals and other smaller carbon linear clusters in carbon vapors
and plasmas is a subject that has been described in a great number of papers, usually in discussions
on the growth of large carbon clusters. In this work we limit our attention to the formation of the C,
and C; radicals. Again, without the claim of complete coverage a few works are mentioned (Refs.
[27-41]). Some theoretical calculations in this respect will be reviewed in the next section. The
thermodynamic properties of carbon have been studied extensively. Reference [29] provides a good
review of this work. Vapor pressure measurements above solid and liquid carbon showed that above
2000 K Cj; is the dominant species in equilibrium carbon vapor with C, next to it in abundance.

Larger members of the linear chain carbon molecules occur at lower abundances.

Both the C, and C; radicals may be formed by bimolecular or termolecular addition reactions, by

direct ablation from target surfaces and from the mantles of macroscopic carbon particles. The
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direct production of C, and C; molecules by detachment from graphitic sheets was approached early
on using a simple statistical mechanical picture valid for equilibrium carbon vapors [42]. This work
hypothesized that C, and Cs dissociate from the edge of graphene sheets and was aimed at the
determination of the heat of sublimation of graphite. Although the value for the heat of sublimation
given in Ref. [42] is now superseded by newer and better estimates, the classical arguments for C,

and C; production from the graphene sheets are still valid.

The possible molecular formation of the carbon clusters in carbon vapors and plasmas may be

described by the following routes [31]:

Cet Cyt M > Coy + Gy + M (1)
Cy+Cy— Coon + Cy )
Cy+ Cy— Cysy 3)

When x =y = n =1, routes (2) and (3) are identical, and (1) is only different as it indicates a
termolecular reaction involving a buffer atom that usually is a rare gas atom (He or Ar). Thus C,
may be created by two triplet ground state carbon atoms C(P), and the C, molecule could arise
either in the direct reaction (2) or (3) in the triplet state a’IT, or in the termolecular reaction (1) that
may result in the true ground state X12+g (as opposed to the usually greatly populated metastable
a’I1, state). The presence of a third body lifts the Wigner—Witmer diatomic molecule formation spin
correlation rule [43] that was later extended to the formation of linear triatomic molecules by
Herzberg [44] (see also Ref. [45]) and allows the formation of a singlet product from two triplet

components.

Experimental estimates for the heats of formation and the total atomization (dissociation energy)
for C, are found in a number of papers (e.g. in [1]), Ref. [1] gives AH’¢ =195(2) and XD, = 144(2)

kcal/mol.

Spectroscopic observations of C, in carbon plasmas can provide information about its formation
under such conditions. The most frequently observed vibronic transition of C, between 430 and 700
nm are the Swan transitions for which the upper state is the d3l_Ig level. This state has a free
radiative lifetime around 100 ns, depending on vibrational excitation [35]. The Swan transitions,
found by time resolved emission spectroscopy of carbon plasmas, are observable for more than 100
microseconds [41]. These observations imply a long term mechanism that repopulates the d3Hg
level of the C, radicals, or freshly creates excited C, radicals over this longer period. Monchicourt
[19] argues on the basis of temporal and spatial distributions of electronically excited carbon
clusters, C, and Cs, that excited C, radicals are formed according to Eq. (3) when rapidly expanding
neutral carbon atoms collide with slower neutral carbon atoms in the plasma, whereas he excludes
the possibility of formation by ejection from larger fragments. In these studies focused Nd:YAG

laser radiation at 532 nm was at a high laser irradiance of approximately 2x10® W ¢cm * per pulse.
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The formation of C; radicals could also be assumed to take place either by the molecular
mechanisms in Egs. (1)—(3), or from larger carbon fragments of graphene sheets. There are in
principle several vibronic bands of C; that could be observed, the so—called Swings bands centered
at 405 nm, A'TI, — X12+g (e.g., [5]), the vacuum ultraviolet transitions 'S, — X]Z+g observed
between 160 and 170 nm in matrix isolation spectra [46], and the phosphorescence transition *IT, —
X]Z+g observed also in matrix isolation around 590 nm [47]. No report on this phosphorescence
transition has been published to date in the gaseous or plasma state; thus this transition is not likely
to occur in carbon plasma emission spectra with easily observable intensity. Therefore detection of
Cs in carbon plasma emission spectra is practically limited to the observation of the Swings bands

around 405 nm.

Monchicourt [19] designated the reaction in Eq. (3) as the most probable channel to produce
excited C; in plasmas. He also concluded from cluster velocity data that the carbon atom in the
addition reaction should be in the C(°’P) ground state to produce a stable excited C; radical that
arises from binary associative collisions between hot C atoms with slow C, radicals. He also
excluded the possibility for C; formation from the graphitic surfaces. Later studies by Krajnovich
on KrF laser excited carbon plasmas [38] in the low laser irradiance regime (2-5x10" W c¢m™2) led
to the conclusion that, when plasma effects are minimized, the sputtered flux is limited to C, C, and
C; species. However, according to Krajnovich, C, and C; are emitted directly from the graphite
surface and constitute a larger fraction of carbon in the plasma than carbon atoms. This author
concluded that thermal heating and laser heating are fundamentally different with respect to
material removal mechanisms from the graphite surface. Although laser sputtering appears to be a
non—thermal process, cluster size distributions are very similar to those from thermal effects. The
reason for this is found in the removal of C, and C; molecules from graphitic sheet edges, as
suggested by Herzberg et al. [42]. Because larger cluster splitting from the graphene sheets is
disfavored by entropy considerations, the cluster distribution will still be dominated by C, C, and
Cs.

Experimental photodissociation studies on linear carbon clusters [48] showed that Cs arises
favorably through a low energy dissociation channel C,, — C; + C,3. This channel is reached by a
single—photon mechanism in the UV that involves rapid internal conversion to the ground state of
the larger molecule, followed by dissociation. The photofragmentation of carbon cluster cations
containing more than 5 atoms also leads to preferential loss of a neutral C; fragment [49]. This
happens when using low intensities of 248 nm radiation for photodissociation. Thus in carbon
plasmas that may contain an ionized fraction of carbon clusters along with higher linear carbon

chain analogs, photodissociation may also be a source of neutral Cs radicals.

There have been theoretical studies on the possible photodissociation channels in linear carbon

clusters [50] that support the experimental finding that the energetically most favorable
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fragmentation channel for linear carbon clusters C, (n = 4 to 6) corresponds to the loss of neutral Cs
resulting in C, 3 clusters. Moreover, triplet state C; may isomerize into a ring shaped equilateral
triangular isomer that is the most stable triplet state form for this cluster [51]. There are theoretical
calculations underway that suggest that the bimolecular condensation reaction in Egs. (2) and (3)
proceeds smoothly to form singlet C; from the triplet ground state carbon atom and the singlet
ground state C, radical [52]. A linear pathway with no barriers on the S; surface was found, which
indicates a rapid reaction between C and C; in linear collisions. Further calculations will be carried
out to study the formation of triplet state Cs.

3 LASER-INDUCED BREAKDOWN EMISSION SPECTROSCOPY IN
LASER ABLATION OF GRAPHITE

We have utilized during the past few years time averaged laser—induced breakdown (LIB)
plasma emission spectroscopy [53—58] using Q-switched nanosecond Nd:YAG laser radiation,
graphite targets and carbon containing gases (Cs;Hg, allene, C¢Hg benzene and CO,, carbon
dioxide). In our LIB spectra we have so far not detected any significant emission features that could
be attributed to the C; Swings emission. Thus we were interested in investigating the possibility that
this absence might be due to the difficulty in observing the Swings bands under plasma conditions,
where the temperature is sufficiently high to wash out any signatures, therefore merging the
complex vibronic structure of the Swings bands into the spectral background. In time—averaged
breakdown emission spectra there is frequently a broad blue—UV continuum that arises from the
bremsstrahlung radiation of hot electrons in the early period of the plasma [59], and this continuum

extends to the region of the Swings bands around 405 nm.

3.1 Simulation of the Vibronic Structure of the C; Swings Bands

To check the expected high temperature band contour of the Swings bands, we have started the
exact computer simulation of the C; Swings transitions. The software (SpecView) for doing such
simulations was written by Dr. Vadim Stakhursky at the Ohio State University [60]; all inquiries
concerning the SpecView simulaton code details should be addressed to him. In order to carry out
such simulations, detailed spectroscopic constants are needed. The various vibronic constants for
the transitions building up the Swings bands were compiled from the literature on low temperature,
high resolution, gas—phase spectroscopic measurements, carried out mostly in molecular beams
[62—68], and theoretical Franck—Condon (FC) factors were taken from the work of Jungen and
Merer [61]. A detailed report on these simulations is in progress. We have presently used a
maximum of 44 vibronic bands, and the spectroscopic constants in the Swings transitions were
selected from Refs. [6,61,65,66]. The simulations were performed up to rotational quantum number
J =400 and used a Doppler broadening value (0.3 cm™') corresponding to temperatures T = 3000,
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5000 and 7000 K for C;.

The simulation in Figure 1 is only an approximate one for several reasons. First only the bending
(v2) progressions are taken into account, and the maximum vibrational excitation is only v = &.
Second, only thermal Doppler broadening was taken into account since nothing is known about the
plasma broadening of the rotational lines in the Swings transitions. Finally centrifugal distortion at
high J values is probably significant, but because there are no experimental data for it, we used only
a rigid rotor approximation. The structured high frequency side of the simulated band as compared
to the smooth high temperature experimental contours in hot carbon vapors (e.g. [12]) is most
probably due to the neglect of many vibronic components, i.e., those with high vibrational quantum
numbers for the bending mode, and progressions of the excitation of the symmetric (v;) and
antisymmetric (v3) stretching modes of Cs. To take these missing vibronic components into account
in the simulation, one would need detailed spectroscopic parameters for high bending and stretching
excitations, and these are not yet available. In particular nothing is known about the values of the
FC factors for the asymmetric stretch progressions, as opposed to the available accurate theoretical
values for the bending progressions [61]. Since the mode frequency of the antisymmetric stretch is
reduced significantly with the Swings excitation (see, e.g., [66]), such progressions are expected to
contribute to the complicated band profile. So far there are no theoretical estimates available for the

asymmetric stretching and mixed stretching—bending FC factors for the Swings bands of Cs.

Intensity, in arb. units

380 400 420 440 460 480 500
Wavelength in nm

Figure 1. Simulation of the structure of the C; Swings transitions at T = 3000, 5000 and 7000 K.

Nonetheless the approximate simulation in Figure 1 shows that even at very high temperatures
the Swings bands would have a recognizable profile, not merging completely into the spectral

background.

3.2 Spectral measurements of graphite LIB spectra

To complement our previous experiments in which the Nd:YAG laser radiation was focused onto

the graphite target or focused into a carbon containing gas [54—57], we carried out analogous
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experiments with unfocused laser radiation. These experiments were planned to reduce laser
fluence, and were based on the assumption that less intense laser irradiation will allow enough
ground state carbon atoms C(°P) and ground state (X12+g) or metastable a’T1, C, radicals to form
the C; radicals via Reactions (1-3). The C; radicals would then radiate from the excited state AIHu
to form the Swings emission. Also at reduced laser fluence multiphoton dissociation of the Cs

radicals is expected to be less efficient than at fluences produced by focused laser beams.

The 10 Hz Nd:YAG laser was used at the fundamental wavelength 1064 nm with reduced pulse
energies (maximum pulse energy is around 350 mJ). In order to lower the intensity we have used a
smaller than optimal delay between the flash lamp trigger and the Q—switch trigger, in the range of
115 and 160 microsecond (optimal delay is around 190 microsecond). The laser beam diameter is 5
mm, and the pulse length is nominally 3.9 ns. Thus at optimum delay we have about 1.8 J cm™
fluence and about 460 MW cm * irradiance on the target with the unfocused laser in contrast to the
focused case, where, assuming a focal spot diameter of 0.2 mm, the fluence is around 1100 J cm 2,

and the irradiance is increased to 280 GW c¢m 2, i.e., by ~ 3 orders of magnitude.

Figure 2. The optical arrangement for the LIBS experiments (laser not shown).

The LIBS cuvette arrangement is shown in Figure 2. Spectra were taken with a fiber optic mini
spectrometer WaveStar U (Ophir Optronics) with the longest exposure of 7.353 seconds. Thus
about 73 spectra were averaged. The photo in Figure 2 shows the evacuable glass cell and the fiber
optic arrangement. In the cell a spectrally pure, stationary graphite disc was placed as the laser
target. The laser induced plasma is seen in Figure 3 as a frame from a video recording taken with a

digital photo camera.
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Figure 3. Photograph of the laser induced carbon plasma in helium background gas.

4 EXPERIMENTAL RESULTS

Figure 4 shows a typical graphite LIB spectrum, as obtained in vacuum with focused 1064 nm
radiation. The laser fluence was about 290 J cm * and irradiance about 48 GW cm ~ (in this estimate
pulse duration was taken to be 6 ns instead of 4 ns, as decreasing the flash lamp trigger — Q switch

trigger delay not only decreases the pulse energy but also broadens the laser pulse).

20

oy
o
|

=
unfocused (1.1 Jdcm )

-z
focused (280 Jcm )

Mbww; _-«J‘{ il ol J._‘ P |
3 | MW..»LJAMLJ " i\al -

3s0 400 450 500 550 Glels] 850
wavelength in nm
Figure 4. Graphite LIB spectra in vacuum with focused and unfocused 1064 nm laser radiation.

=
o
1

o
1

emission in arb. units

Figure 4 also shows a plasma spectrum obtained in vacuum with unfocused radiation, with a
fluence of 1.6 J cm . Similar emission spectra in helium and argon background gases were also
obtained. Figure 5 shows spectra in Ar, using 1064 nm radiation with a fluence of 280 J cm” for the
focused beam with an Ar pressure of 5 torr, and fluence of 1.1 J cm > for the unfocused beam with

an Ar pressure of 200 torr. Figure 6 shows a magnified portion of Figure 5.
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Figure 5. Graphite LIB spectra in argon with focused and unfocused 1064 nm laser radiation.

5 portion of the unfocused
radiation spectrum in Fig S

emission in arb. units

240 260 280 =00 420 <40 450

wavelength in nm

Figure 6. The short wavelength part of the LIB spectrum obtained with unfocused radiation in Figure 5.

A spectrum in helium is shown in Figure 7. It was obtained with an unfocused laser in 300 torr
helium at fluence level of 1.1 J cm > Spectra taken in helium are weaker hence noisier than those

taken in argon. Also the 400 nm continuum is weaker in helium.

-2
fluence: 1.1 Jd cm
1 He p=3200 Torr

emission in arb.units

T T T T T T T T T T
250 400 450 S00 550 00 850

wawvelength in nm

Figure 7. Graphite LIB spectra in helium with unfocused 1064 nm laser radiation at 1.1 J cm * fluence.
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4.1 Analysis of the Emission Spectra

In the emission spectra shown in Figures 4—7 characteristic spectral lines and bands are found, as
well as a continuum in some of them. The central issue in this paper is the continuum around 400
nm seen in unfocused experiments using argon and helium background gases. However it is
important to note that atomic lines are mainly found in focused experiments (see Figures 4 and 5).
The Swan bands of the C, radical, on the other hand, are accentuated in the presence of argon and

helium but are weak in spectra obtained in vacuum.

14
p -2
12 Ar p= 5 Torr fluence: 280 J cm
T=4900 K
£ 10
| =
=
o & A
£
w
=
e g4
p=
g 4 exp.data red
% | fit blue
7 -
O -
T T T T T T T T 4 T 4 T =
<40 60 <30 500 520 540 560 550

wawvelength in nm

Figure 8. Thermal equilibrium spectral fit to the C, Swan bands in argon background gas at focused conditions.

45

e - argon p=200 torr fluence: 1.1 J -::r1'1_2
359 T=5200 K

30 —.
25 -_
585 ] exp.dat
15 -.

10

emission in arb. units

5
h okt g

0 B e e S

-5 . . . . . T . . . T . . . .
440 B0 480 500 520 540 560 580

wavelength in nm

Figure 9. Thermal equilibrium spectral fit to the C, Swan bands in argon background gas at unfocused conditions.

Atomic lines appear in the spectra obtained with the focused beam (see Figures 4 and 5). In the
low pressure (5 torr Ar) environment only singly ionized carbon lines are found, e.g., at 425 nm
(Figure 4), whereas in 200 torr Ar lines belonging to Ar II, ionized carbon are also found, e.g. at
434.9 nm. In vacuum at higher fluences carbon atomic lines also appear in spectra obtained with the

unfocused beam (Figure 4).

In Figures 8, 9 and 11 the spectral resolution is high enough to see the vibrational structure of the
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Av = +1, Av = 0 and Av = —1 sub-bands of the Swan system at 474, 517 and 564 nm, and some
details of the Av = +2 and Av = -2 sub—bands at 438 and 619 nm in the upper trace in Figure 5.
Even the rotational structure is discernible in Figures 8, 9 and 11. Full details on the Swan band

structure can be found in many references, e.g., in [77].

Spectral fittings to the vibronic features of the C, Swan bands were carried out, using the
principles of the exact procedure described in [58,69,70] in order to estimate the vibration—rotation
temperature of the C, radical in the plasma. The software used for such calculations is a computer
program (NMT = Nelder-Mead Temperature) for finding the temperature at which a computed
diatomic emission spectrum best fits (in the least—squares sense) an experimental diatomic emission
spectrum. Interested readers should contact James O. Hornkohl (jhornkoh@utsi.edu) for a copy of
the code.

He p=200 Torr
fluence: 1.6 J cm

emission in arb.units

0 T T T T T T T T T T T T T
350 400 450 S00 S50 SO0 S50

wawvelength in nm
Figure 10. Graphite LIB spectrum in 200 torr helium in unfocused conditions at 1.6 J cm* fluence.

The quality of the thermal fit is different for the focused and unfocused conditions. When laser
radiation is focused, the fit is better, showing that LTE conditions are approached, whereas in
unfocused experiments, at low laser fluence no close fit could be achieved for the different
vibrational sub-bands of the Swan spectrum, indicating that the assumption of local thermal
equilibrium is not valid. Figure 8 shows a fit to the focused experiment in 5 torr Ar and a fluence of
280 J cm 2, and Figure 9 depicts the fit for the unfocused case using 200 torr argon and a fluence of
1.1 J cm?. However, when laser fluence is increased, atomic lines may appear even in the
unfocused case. Under such conditions a broad C II line (singly ionized carbon) appears at 427 nm
as shown in Figure 10. From the width of this C II line the value for the electron number density
could be derived; however for this purpose one would need several carbon lines in different
ionization states [56,57] to derive a value for the electron temperature. Since under unfocused
conditions not enough carbon lines are seen in our spectral range, no electron temperature value is
obtainable, thus we could not estimate the electron number density. However it must be high

enough to lead to near LTE conditions as a fit to Swan bands in Figure 10 is sufficiently good as
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can be seen in Figure 11.

7 2
He p = 200 Torr fluence: 1.6 Jcm

[y s

‘i ] T=5100 K

S5 5

£

[

=

-

22 fit: blue

] 1 exp.data: red

E 2 —

©
B

. . v i . . . i v . . .
240 450 480 500 520 540 560 580
wawvelength in nm

Figure 11. Thermal equilibrium spectral fit to the C, Swan bands in helium background gas at conditions for Figure 10.

The thermal fits to the spectra in Figures 8, 9 and 11 gave vibration—rotation temperature values
of 4900, 5200 and 5100 K. These temperature estimates are probably correct to + 200 K for the
close fit cases in Figures 8 and 11, but for the non—-LTE case in Figure 9 it is difficult to estimate the

CITor.

In our spectra the 400 nm continuum is seen only in emission spectra obtained with the
unfocused laser, such as in 200 torr Ar at a fluence of 1.1 J cm™ (Figure 5 and 6) and in helium at

pressures 200 and 300 torr and fluences 1.1 and 1.6 J cm 2, respectively (Figures 7 and 10).

5 DISCUSSION AND CONCLUSIONS

The 400 nm continuum was observed in our emission spectra only when unfocused laser
radiation was used. This is significant for comparison of our previous studies [54-57] where
focused laser beams were used throughout. The continuum is weaker in helium than in argon,
although spectra in these rare gas background gases are not strictly comparable because of the
weaker intensity in helium. The form of the continuum in our experiments (see Figure 6 of this
work) is very similar to spectra reported in the literature earlier [23,24]. Thus we may assume that

the continuum we see originates from the same source as in earlier experiments.

However the interpretation of this continuum and similar continua is markedly different from the
time resolved, supersonic jet expansion studies in Refs. [18] and [19]. In Ref. [18] continua
observed in the range from 300 to 800 nm are attributed to incandescent carbon particle blackbody
radiation (as modified by an appropriate spectral emissivity function), whereas in [19] the 400 nm
feature is assigned to C; Swings emission. In Ref. [18], however, the emission at 400 nm is much

broader and does not demonstrate a peak near 400 nm. As we have observed a luminous belt in our
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plasmas (see Figure 3) similar to the one reported in Refs. [23] and [24] (where it was attributed to
incandescent carbon particulates) it could be assumed that the continuum is contributed by laser—
induced incandescence (LII) radiation from the luminous belt. This is a likely interpretation in view
of the expected quenching effect of the background rare gases. Kadota and coworkers in their laser—
induced fluorescence (LIF) studies [41,71] showed that the population of the (000) vibrational state
of the A'TI, upper state of the Swings transitions (and thus the radiative lifetime of this level) is
strongly reduced by collisions with the rare gas atoms or/and by collisions with carbon particles
ejected from the target surface. For relatively high background gas pressure, as in our experimental
conditions, such quenching effects should eliminate all spontaneous Swings band emission,
provided higher excited vibrational states of the A'II, electronic state are also collisionally
quenched. Even though the quenching data are only available for helium, it may be assumed that at
our background gas pressures argon would also be a good quencher. Thus it appears unlikely that
the 400 nm continuum in our spectra is due to the C; radical.

Another hypothesis is to attribute the 400—nm continuum to carbon particle LII as in [18]. To test
this assumption we have carried out preliminary calculations on the shape of LII spectral profiles.
Such preliminary results are shown in Figure 12, which shows the predicted emission from 40—nm
diameter particles for various model predictions and cases discussed in Ref. [72]. Cases 1 and 2
correspond to emissivity calculated using a Rayleigh—-Debye—Gans approximation (Eq. (27)] in Ref.
[72]) with & = 0.83 (Case 1) and & = 1.39 (Case 2). Cases 3 and 4 represent calculated emissivity
using a Rayleigh approximation (Eq. 26 in Ref. [72]) with an index of refraction m = 1.57 — 0.56i
(Case 3) and m = 2.3 — 0.6i (Case 4).
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Figure 12. LII spectral curves calculated for various models (cases) in [72].

As seen in Figure 12 a raw blackbody radiation model reaches a maximum near 600 nm, and,
when spectral emissivity corrections are used, the maximum is shifted to shorter wavelengths.
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A preliminary fit to the spectrum in Figure 5 resulted in a broad continuum when case 2 for
carbon particle diameter 100 nm was used; this is shown in Figure 13. Such a fit would be more
informative if we could remove from our spectra other contributions to the background, e.g.,
electron bremsstrahlung. Electron bremsstrahlung, however, is always present in time averaged

emission spectra.

Signal

20— —

| | | | |
(¢}
400 450 500 550 600
Wavelength (nm)

Figure 13. LII fit to the LIB spectrum obtained in 200 torr argon using unfocused laser radiation at 1.1 J cm* fluence.

As seen in both Figures 12 and 13, the shape of our experimental continuum at 400 nm is sharper
than expected for LII, which suggests a molecular origin to the emission instead of incandescence.
It was also noted by Rohlfing [18] that the blackbody model cannot reproduce the magnitude and
the narrowness of the continuum maximum at 400 nm. Since we have previously indicated that the
relatively high pressure rare gas background appears to exclude C; emission, we are left to a search

for other possible molecules or carbon clusters as sources for the 400 nm continuum.

There are two further sources that we could investigate, either larger linear carbon molecules, C,
with n>3 or large carbon structures, such as polycyclic aromatic hydrocarbons (PAHs) or graphene
fragments. According to previous matrix isolation spectroscopic studies [73] linear carbon chains
with n>3 have vibronic bands in absorption at wavelengths higher than 400 nm with increasing
length of the carbon chain, where only Cs absorbs or emits. PAH molecules do have emission
signatures also near 400 nm [74,75]. However there is no hydrogen in our plasmas, and PAHs could
only emerge from water on the surface of our graphite target or from residual water vapor in the
LIBS cell. Both of these sources are unlikely, although we have only used rotary backing pump
evacuation. In the presence of significant amounts of hydrogen needed for generating PAHs one
would expect to see the Balmer beta line near 485 nm [76]. However there is no such emission in
our unfocused laser spectra, and only very weak signatures in focused ones. Thus it is not clear how

PAHs could arise under our experimental conditions.

As to the absence of the 400 nm continuum under focused laser condition, it is also a possibility
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to explain it by considering that while the unfocused laser beam may only have a thermal effect and
result in sublimation of C; from the target surface, focused irradiation would lead to the ablation of
larger clusters. This explanation relies on the assumption that the 400 nm continuum is indeed due
to Cs.

An obvious line of possible advance towards the clarification of the source of the 400 nm
continuum to solve the Cs puzzle is to carry out time resolved emission spectroscopy on our
plasmas. Such experiments are planned using a time—resolved ICCD camera and a matching grating
spectrograph for the range 190-900 nm. This equipment is expected to be used in early 2006 in our
laboratory.
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