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Regenerative soot as a source of broad band VUV light
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Abstract. A mechanism is proposed for the emission of a broad band VUV light to be emitted from the
regenerative sooting discharges on the basis of unusually intense intercombination lines of C+(CII) and
C++(CIII) that have been observed. Comparison of these high intensity intercombination lines with the
allowed transitions of the highly excited and ionized C constituents of the sooting discharge indicates that
one can exploit this mechanism to employ the regenerative soot as a VUV source. The emission of such a
broad VUV band from the sooting discharges depends critically on the high energy electrons, metastable
gas atoms and C ions trapped by the 3D cusp magnetic field contours.

PACS. 32.70.Fw Absolute and relative intensities – 34.50.Dy Interactions of atoms and molecules with
surfaces; photon and electron emission; neutralization of ions – 34.80.Dp Atomic excitation and ionization
by electron impact

A mechanism for the emission of enhanced, broad
band VUV light by the highly excited levels of the singly,
doubly and triply charged C ions from the regenerative
sooting discharge [1] is presented. We have observed in-
tense intercombination lines from the carbon vapour that
is produced and trapped in cusp magnetic field contours.
The intercombination multiplets and lines of C+(CII) and
C++(CIII) at λ = 2324–8 Å (the 233 nm multiplet)
and λ = 1908 Å, respectively, have very small Einstein
transition probabilities. Therefore, these ions have to be
trapped for significantly longer times ∼ ms with high en-
ergy (≥ 10 eV) electrons for excitation to the levels re-
sponsible for transitions that we observe. The entrapment
ensures multiple collisions with energetic electrons that
excite the ions and also increase ions’ charge. The sec-
ond significant stage is the de-excitation of the highly
charged C ions by the radiative and dielectronic recombi-
nations. These ions eventually de-excite to the ground or
the first excited states either directly or via recombination-
cascades. The first excited states of CII and CIII are heav-
ily populated with the subsequent intercombination tran-
sitions to the respective ground levels.

Intercombination lines have been observed among the
emissions from astrophysical objects like planetary neb-
ulae [2], cool stars [3] and in the solar chromosphere [4]
because the rate of collisional excitations and deexcita-
tions of ions in these astrophysical objects and diffuse
plasmas are of the same order of magnitude as the radia-
tive decay rates for the metastable levels. The intensity
ratios involving forbidden and the allowed lines are elec-
tron density and temperature sensitive. For this reason
the emissions from the metastable levels have served as
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important electron density ne and temperature Te diag-
nostics [2–4]. Evaluation of ne has been done for a broad
range of Te from the relative intensities of the allowed and
forbidden transitions of CIII emissions from quasi-stellar
objects (QSO) [5]. The spectroscopic studies of the allowed
emission lines of CII–CIV have served as an important tool
for the investigations of divertor-plasma impurities [6–9].
Typically, in these tokamak plasmas one deals with rather
high electron densities ne ∼ 1013–1015 cm−3 and ratios of
only the allowed transitions of CII, CIII and CIV have
been used for the effective electron temperatures for the
respective species. The range of ne in various astrophysi-
cal situations is from 105 to 1012 cm−3. The ratio of CII
levels yielding the intercombination (λ = 2324–8 Å) and
allowed (λ = 1335 Å) multiplets of CII has also been ex-
plored [10,11] for Te = 10,000 K to 32,000 K as a func-
tion of ne. This ratio reduces significantly with increas-
ing ne and collisional deexcitations play dominant role for
ne ≥ 1012 cm−3.

The most significant aspect of our carbonaceous dis-
charges produced in the regenerative soot in a specially
designed hollow cathode is that these are initiated and sus-
tained by the two well defined electron energy regimes [12];
the first regime has energies ≥10 eV and the other with
≤1 eV. The high energy electrons (≥10 eV) are emit-
ted from the graphite cathode, accelerated by the trans-
verse electric field in the cathode dark space and are
trapped by the E × B and B × ∇B fields along the ex-
tended cusp magnetic field contours. These trapped elec-
trons ionize the support gas (He or Ne) whose metastable
atoms in turn sputter the cathode to introduce C con-
tent into the plasma. These C atoms are similarly ex-
cited and ionized giving carbonaceous character to the ini-
tially pure noble gas discharge. The positive column of the
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discharge fills the entire hollow cathode has a large num-
ber of metastables of Ne and C atoms and ions with ex-
citation temperature Texc ≤ 1 eV and electron density
ne ∼ 1010−12 cm−3 [13]. The role of hexapole magnetic
field contours that extend along the entire hollow cath-
ode cavity is crucial to the generation of the two elec-
tron energy regimes and a C dominated noble gas dis-
charge. Electrons with E ≥ 10 eV ensure high probability
of the multiply charged carbon Cn+ (n ≥ 1) and noble
gas ions. The entrapment of the carbonaceous discharge
in the cylindrical hollow cathode by the 3D cusp field con-
tours serves in three important ways; (1) in the cusps and
near the cathode walls the trapped high energy electrons
with E ≥ 10 eV ensure higher probabilities of the multiply
charged Cn+ (n ≥ 1), (2) it provides a positive column of
high density of low energy electrons (Texc ≤ 1 eV) for the
excitation and recombination processes and (3) its role
in the electronic de-excitation of the first excited states
is such that it does not produce significant non-radiative
collisional de-excitation. The above mechanisms help to
create C vapour having long lived excited states of the
trapped ions. Five to six orders of magnitude intense in-
tercombination lines of CII and CIII compared with the
allowed radiative transitions have been observed in our ex-
periments. The predominant mechanism for the densely
populated first excited states is by the de-excitations of
the highly excited ions. Among the by-products are the
autoionization states and Rydberg states of the neutral
and the ionized C. The de-excitations of these states can
yield a strong, broad band VUV radiation field between
200–1000 Å i.e., Ephoton between 50 and 20 eV.

The schematic diagram of the source in the inset of
Figure 1 shows the inter-penetrating, graphite Hollow
Cathode and Anode. The hexapole, cusp magnetic field
is generated with six bar magnets. A cut away radial
cross-section of the source shows the intersection of the
field lines with the graphite cathode surface. These mag-
netic contours are curved 3D surfaces extending along the
z-axis. Detailed description of the source and its soot-
ing characteristics is provided in references [13]. Figure 1
shows two spectra taken with Ne at 0.1 mbar, idis =
200 mA but at different discharge voltages; Figure 1a is
with Vdis = 0.6 kV while in Figure 1b Vdis = 1.5 kV.
20 NeI emission lines are identifiable between λ = 5500–
6500 Å that decay to the first excited states. Therefore,
we have a large fraction of the metastable Ne atoms which
is an efficient potential sputtering agent for the regener-
ation of the soot [14]. Two excited atomic lines of CI at
λ = 1931 Å and λ = 2478 Å are the signatures of the
cathode sputtering and for the generation of a carbona-
ceous discharge. The graphite hollow cathode discharge
with Ne as the source gas shows two distinct groups of
emission lines between 180 and 650 nm. The first group is
between 180–250 nm. This includes emission lines of the
neutral, singly, doubly and triply charged carbon denoted
as CI, CII, CIII and CIV. The second distinct and high
intensity group of NeI emission lines lies between 580–
650 nm. An enlarged view of the wavelength region be-
tween 180–250 nm is also shown in the inset of Figure 1a.

 

 

 

 

  

 

 

 

  

Fig. 1. The experimental set up of the source shows the inter-
penetrating graphite Hollow Cathode and Hollow Anode. A
cross-sectional view of the hexapole,cusp magnetic field is also
shown. Photoemission spectra is presented with Ne as the sup-
port gas at two different discharge voltages with Pg ≈ 0.6 mbar,
idis = 200 mA being kept constant. For (a) Vdis = 0.6 kV and
(b) Vdis = 1.5 kV. The relative lines intensities are plotted
against the wavelength. The x-axis is broken in the two wave-
length ranges of 180–250 nm and 550–650 nm, respectively.
Inset in (a) shows the CI, CII and CIII lines enlarged by a
factor of 5.

An unusual and intense intercombination line of CII at
λ = 2196 Å is also pointed with an arrow. This en-
larged CII peak at Vdis = 0.6 kV is 40 times smaller
than the one shown in Figure 1b. In Figure 1b the dis-
charge voltage increased to Vdis = 1.5 kV. All the respec-
tive peaks of CI, CII, CIII and CIV seen in Figure 1a
are also enhanced as shown in Figure 1b but the mag-
nitude of enhancement is lower for the excited neutral
carbon CI as compared with the ionized C. Highly ex-
cited and charged carbon vapour is the active ingredient
of the graphite hollow cathode discharge with enhanced
sputtering at higher values of Vdis. We will particularly
discuss CII’s 233 nm multiplet. The CII λ = 2196 Å tran-
sition has high intensity for this spin forbidden transi-
tion 2p2 2S1/2–2p3 4S3/2 that has transition probability
� 5.1 s−1. The lines and multiplets are interpreted by
using NIST’s Atomic Database available on the web [15].

From the relative intensities of the emission lines,
we have tabulated the respective upper level densities
for the five chosen transitions in Figure 2. These tran-
sitions include CII, CIII intercombination transitions at
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Fig. 2. From the relative intensities of the emission lines, the
respective upper level densities for the five chosen transitions
are tabulated and presented . These transitions include the two
CII and CIII intercombination transitions at λ = λ2324–8 Å
(i.e., the 233 nm multiplet) and λ = 1908 Å and the allowed
transitions λ = 2837 Å and the λ = 2297 Å. A CI line at
λ = 1931 Å is also plotted.

λ = 2324–8 Å (i.e., the 233 nm multiplet) and λ = 1908 Å
and the allowed transitions λ = 2837 Å and the λ =
2297 Å. One CI line at λ = 1931 Å is included to identify
and highlight the mechanism of ionization of the sput-
tered C atoms by energetic electrons in the cusp magnetic
fields. The respective level densities in the figure indicate
the CI 3s 1P0 (λ = 1931 Å), CII 2p2 4P (233 nm) and
3p 2P0 (λ = 2837 Å) and for CIII 2p 3P0 (λ = 1908 Å),
2p2 1D (λ = 2297 Å). The relative level densities are plot-
ted as a function of the discharge current idis at constant
Ne pressure PNe = 0.1 mbar. There are at least six orders
of magnitude differences between the term densities lead-
ing to the intercombination lines and the allowed ones.
We see that the 233 nm multiplet representing a highly
populated 2p2 4P term. It has also been observed that the
densities of all the CII and CIII excited levels reduce as
the pressure is increased. The collisional processes or the
radiationless transitions may be dominant at higher pres-
sures. However, the two intercombination transitions are
6–7 orders of magnitude more intense compared with the
allowed transitions.

Figure 3 shows an energy levels diagram of CI, CII and
CIII that has been prepared to show some of the observed
and discussed transitions and the calculated number den-
sities of the respective levels. The allowed as well as the
intercombination lines are indicated. The cumulative sum
of the Einstein transition probabilities ΣAi of the total
number of all possible transition to the first excited states
of CII are also indicated. Unbroken arrows show the al-
lowed and the dotted ones the intercombination transi-
tions. This energy levels diagram has been constructed
in such a way so that the state of excitation of CI, CII
and CIII can be illustrated. We have also shown the range
of the relative number densities of respective states. It
is these number densities that provide the crucial infor-
mation regarding the mechanisms of the electron induced

    

 

Fig. 3. The energy levels diagram of CI, CII and CIII shows
representative transitions and the calculated relative number
densities of the respective levels. The allowed as well as the
intercombination lines are indicated. The cumulative sum of
the Einstein transition probabilities ΣAi of the total number
of the possible transition to the first excited states of CII are
shown. Unbroken arrows show the allowed and the dotted lined
arrows are for the intercombination transitions.

excitation, ionization and recombinations of this unique
carbonaceous discharge. The plasma boundaries of this
discharge are defined by the cusp magnetic field contours
where electrons and C ions are trapped. Here the elec-
trons have high kinetic energies K.E. ≥ 10 eV and act
as efficient ionization agents [16] while the ions have low
K.E. ∼ Te ≤ 1 eV but high potential energies ∼12–60 eV.
Movement along the extended magnetic field contours
ensures that the electronic motion is randomized and a
Maxwellian velocity distribution is approached. Collisions
can be radiative as well as dielectronic. The ionic motion is
governed by their charge and the ambient electric field di-
rected towards the cathode. The magnitude of the electric
field will determine their final K.E. with which they strike
the cathode and contribute to the recycling of the soot
into the discharge by kinetic as well as potential sputter-
ing. By varying idis, Pg and the type of the support gas our
results have shown that: (1) a large number of lines from
the neutral, singly and doubly ionized C are emitted along
with the discharge gases’ characteristic lines. A significant
number of CII lines can be observed that originate both
from within the autoionization levels and the excited lev-
els above the first excited state 4P. (2) The intense 233 nm
multiplet is seen in all the spectra with high intensity al-
though it has very small transition probabilities for all
five lines of the multiplet �2.14 × 102 s−1. This multi-
plet is generally a weak intersystem transition route for
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the de-excitation of CII in diffuse interstellar clouds [17].
From the energy levels scheme and using NIST’s Atomic
Database [15], we know that a total of 14 CII multiplets
are emitted by de-excitation of the quartet terms to 4P.
This in turn de-excites to the ground term 2P by the emis-
sion of the 233 nm multiplet. Its intense emission indicates
that CII exists as a highly excited C ion in the discharge.
(3) The CII intercombination line at λ = 2196 Å is the
other most unusual feature that indicates a high level den-
sity for the 2p3 4S3/2. Its intensity has direct proportion-
ality to idis and varies inversely with the gas pressure. As
shown in Figure 1 λ = 2196 Å line is the main emission
line observed in He discharge. Its dominant presence indi-
cates that resonant electron collisional as well as photon
absorption mechanisms are operative.

Exploitation of this unique carbonaceous discharge is
proposed that is composed of a positive column whose
outer boundaries are defined by the cusp magnetic field
contours to operate as a source of enhanced VUV light
and soft X-rays. These contours confine and trap high en-
ergy electrons and low energy C ions. The graphite hollow
cathode acts as a cavity that traps the charged species
whose radiative decay can yield a strong VUV radiation
field that exists between λ = 20–80 nm. Figure 4 has been
prepared in the form of a histogram in which the cumu-
lative Einstein transition probabilities ΣAi of the three
charged states of C are plotted as a function of the wave-
length. This field has a broad peak between 30–70 nm. The
main contributions to this field are the radiative and di-
electronic recombinations of CII, CIII and CIV. When all
three ionized states are present then three distinct regimes
of wavelength exist; (a) below 40 nm, emission from CIV
dominate (Ephoton ∼ 40 eV), (b) between 40–60 nm emis-
sions from CIII dominate (Ephoton ∼ 25 eV), and (c) above
60 nm, emissions from CII dominate (Ephoton ≤ 20 eV).
The increased population densities of the metastable lev-
els indicate the existence of broad emission bands com-
prising lines and multiplets due to the multiply ionized C.
The entrapment of the C ions along the cusp magnetic
fields and their subsequent collisions with energetic elec-
trons that are similarly trapped but gyrate with different
frequencies is the essence of this mechanism. The light
that is predicted from such a source will emit broad band
peaked between 20–80 nm. It works with a medium that
comprises of the radiative and dielectronic transitions be-
tween the entire energy level scheme of CI to CIV (and
possible CV as well). The lower temperature discharge
contained between the cusp fields acts as the source of
the excited C atoms and ions. Once the full potential of
the above described mechanism is recognized, there are
number of important fields where this mechanism may be
effectively utilized. The above mechanism can provide a
possible route to the generation of soft X-rays laser [18]
directly or as a pumping source, for example.

This work is an outgrowth of the indigenous work on the regen-
erative soot and the author gratefully acknowledges the sup-
port of colleagues in the Charged Particle Accelerator Lab. at
PINSTECH, Islamabad, Pakistan.

 

Fig. 4. A histogram is plotted for the cumulative transi-
tion probabilities of CII, CIII and CIV as a function of the
wavelength λ. The total of ΣAi for (CII+CIII+CIV) is also
drawn. The wavelength interval for the histogram is chosen as
∆λ = ±10 nm.
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