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1. INTRODUCTION

When he investigated the far-ultraviolet emission of hy-
drogen, helium, and other gases, Lyman discovered'” that a
continuous spectrum (190-85 nm) was emitted by a con-
densed discharge in a capillary. He noted that the intensity
of this spectrum was due to glass evaporation products, but
was independent of gas pressure and gas composition in the
discharge tube prior to breakdown.

The first publication devoted to the emission of a con-
tinuous spectrum by a condensed discharge in a narrow tube
with a diameter up to 1 cm is due to Anderson.’ The dis-
charge was slowly decaying. Anderson determined both the
resultant emission and the emission in each half-period of
the discharge. At high voltages, the discharge produced a
continuous spectrum with the emission and absorption lines
of silicon atoms and ions superimposed upon it. According
to Anderson’s experimental data, the emission was of ther-
mal origin. He estimated that the plasma temperature in the
spark channel was 19 000 to 50 000 K.

Rathenau* used the continuous spectrum emitted by a
condensed discharge in a capillary to examine the absorption
spectrum of water vapor and gaseous carbon dioxide below
200 nm. He considered that the continuous emission down
to 50 nm was of thermal origin, and ascribed emission below
this limit to bremsstrahlung.

Gasilevich® noted that the intensity of the continuous
spectrum was different for discharges produced in capillar-
ies made of different types of glass.

The presence of emission and absorption lines in the
continuous emission spectrum of the plasma in a condensed
discharge in a capillary led Finkelnburg®?® to the conclusion
that the lines are emitted and absorbed by atoms and ions
inside the capillary channel. The continuum is then entirely
due to bremsstrahlung by electrons in fields produced by
ions and to recombination between them. He ascribed the
line broadening associated with higher plasma pressures to
the Stark effect.®

In addition to studies of emission by discharges in capil-
laries and narrow tubes, there are also investigations of the
continuous spectrum emitted by other sources. Thus, Wyne-
ken® examined spark discharges under water and found that
there was both a line spectrum and a strong continuous emis-
sion of roughly equal intensity in the wavelength range 240—
650 nm. Elenbaas'®"'? determined the emission intensity of a
high-pressure mercury lamp for a number of wavelengths
between emission lines. Unsold'® used these data to con-
struct the energy distribution in the spectrum. The intensity
of the mercury lamp is almost constant across the wave-
length range 230-530 nm. It rises markedly only in a small
interval at longer wavelengths.
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In accordance with these experimental data, Unsold*?
used the following procedure to derive a formula for the
emission of a gas per unit frequency per unit volume. Ac-
cording to the Kramers formula,'*!® the absorption coeffi-
cient of a single hydrogen-like atom in the #nth quantum state
is

an=(l/nz)(647r4/3\/§)(me‘°/ch"n")/v’. (1.1)

The ratio of the number of atoms in state # to the number in
the ground state n = 1 at temperature T is given by the
Boltzmann expression

nlexp{-(E, - E,)/kT],
where E,, = Rhe/n? is the energy of the nth quantum state
and n’ is the statistical weight of this state relative to the

ground state. For the sake of brevity, we shall use the nota-
tion U, = E, /kT = (Rch /kT)/n* and
U= hv/kT. (1.2)

The bound-free part of the resultant absorption coeffi-
cient per ground-state atom is given by

x, = (6474/3V3)(me'%/ chb?)

>

hv/kT> U,

(1/m) exp[ — (U, - U,)]. (1.3)

To extend these calculations to other atoms, we must
correct (1.3) by using the following quantities: (1) the effec-
tive atomic number Z 4 of the atomic residue, (2) the statis-
tical weight of the ground state ¥, and (3) in complex spectra
consisting of many series of spectral lines, the sum in (1.3)
can be replaced with the integral

E(An/na)exp{—(Ul - Un)]--(ll?.)fexp[—(Ul - Uy d(1/n?

0
= —(exp(—Ul/(ZUI)fexp U,dU, = lexp(~U;)/2U; 1" — 1) .
v

(1.4)

Consequently, for the portion of the absorption coefficient
that is due to the bound-free transitions, we have (per atom)

U_
x, = (7 1.67%/3y3) (522, / chk? ) lexp(~U,)/ T?) 5-;3—'
(1.5)

where U is the actual ionization energy of an atom, divided
by k7.
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To allow for the absorption coefficient in the region of
free-free transitions of electrons outside the atom, we must
integrate (1.4) between U=0 and U= — o, so that in-
stead of the factor e = — 1in (1.5) we obtain 1.

If in addition to bound-free transitions we include free-
free transitions, then the factor eV — 1 in (1.5) is replaced
simply with e”.

At high gas pressures, there is a further contribution
due to continuous absorption caused by electron transitions
involving strongly broadened states below the true ioniza-
tion limit. This continuous sequence of atomic energy states
will be denoted by AU = AE /kT with negative energy value.
Integration of (4) must then be carried out between
U=U+ AU and U= — w. The result of this is that the
factor eV in (5) is replaced with eV*2Y or, for electrons
bound to the nucleus, by the factor eV 2Y — ¢v,

The final expression for continuous absorption by par-
tially ionized gas then becomes (per atom)

*,= (-1 6"3/3"’3)(862.3”/0111‘3) (CXP(—U)/TZ) (1/U3)eV+AU,
(1.6)

The absorption coefficient consists of three parts,
namely, free-free, free-bound, and bound-bound broadened
lines in the ratio of

1, eV=1, AU+U_ U (1.7a)

or

el 1-¢Y AV (1.7b)
An important conclusion follows from these ratios. When
the temperature of the arc discharge is 7= 6000 K and
U= 1.43/AT, we obtain U = 6 and e ~ ®< 1 for A = 400 nm,
i.e., there is no absorption due to electron transitions in the
region of the broadened lines. For discharges in which
AU> 1, the dominant absorption process is due to transi-
tions of bound electrons.

In laboratory practice, it is convenient to define the in-
tensity emitted per unit frequency in a solid angle of 4, 1.e.,
47e,. We therefore transform from the absorption coeffi-
cient per atom to the absorption coefficient per unit volume,
which we can do by multiplying »_, in (6) by the number of
atoms per unit volume, i.e., # = P, /kT, where P, is the gas
pressure.

Absorption of light is usually accompanied by sponta-
neous and stimulated emission. In steady-state processes,
the total radiated power must be equal to the total absorbed
power. Unsold took into account the Wien part of the Planck
function, namely,

p(yy) = (Brh/F)exp(~ V).

In accordance with (6), the resultant emission per unit
volume per unit frequency is found to be

4ne, = (y-1.28x%/3V3)(e/ )3Z yexp [—(U, — AU IP,.
(1.8)

This expression does not contain the frequency, but it
was not explained why the derivation of the formula was
based on the assumption of thermodynamic equilibrium for
radiative processes, whereas the radiant energy obtained by
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solving the problem turned out to be frequency-independent
in the spectral range defined by AvS E|.

Babushkin'®?® published a number of papers on the
nature of the emission spectrum produced by condensed dis-
charges in narrow glass or quartz tubes. He produced the
spectra by discharging capacitors of 0.25-1.0 uF at 30-60
keV. The discharges were initiated between pointed alumi-
num electrodes in a tube of 0.25-6 mm in diameter. The
electrode separation was 3—4 cm. The discharges were slow-
ly decaying. In rapidly decaying discharges, the continuous
spectrum was found to be stronger. Babushkin determined
the spectral composition of the resultant emission and the
emission in each half-period of the discharge. He found that
there were broad spectral lines superimposed on the continu-
um.

Babushkin was the first to introduce different metals
into the tube channel. He found that the emitted intensity
was different for different metals. He tried to explain the
increase in intensity in terms of an increase in the number of
electrons with decreasing atomic ionization energy. How-
ever, this was not confirmed by experiment.

He then cut an aperture (nozzle) in the wall of the
tube'® and used a rotating mirror to determine the rate of
outflow of evaporation products in the radial direction. He
was able to calculate the pressure in the tube from the ratio of
shock-wave velocity and pressure behind the wavefront?'
for breakdown voltages of 30, 43, and 60 kV. This pressure
was found to be 13, 14, and 21 atm, respectively. He then
used these data together with a set of equations that included
the Saha equation® to calculate the plasma temperature and
degree of ionization in the tube channel.

Babushkin®® determined the radiant intensity of the
discharge by observing it with the tube end-on and side-on.
The two intensities were found to be the same despite the
tenfold difference in the thickness of the radiating plasma,
which is in agreement with Ref. 3.

His measurements led Babushkin to the conclusion that
the radiation emitted by the condensed discharge in a nar-
row tube had thermodynamic and equilibrium character.

The controversy about the nature of the radiation from
a condensed discharge in a capillary has continued. Hahn
and Finkelnburg®® made direct photocell measurements of
the radiant intensity of condensed discharges in a capillary
for a number of wavelength groups. The intensity was found
to be constant between 650 and 400 nm, which is in agree-
ment with Unsold’s formula (8). However, the intensity was
much lower at shorter wavelengths. Hahn and Finkelnburg
showed that there was a linear relation between the intensity
and the square of maximum current density in the capillary
discharge. They then used this result and the presence of
spectral lines in the continuum to conclude that the intensity
of the continuous spectrum produced by a condensed dis-
charge in a capillary was proportional to the number of colli-
sions between electrons and positive ions. On this basis, they
again came to the conclusion that the continuous spectrum
was due to bremsstrahlung. On the other hand, the fall in
intensity at shorter wavelengths was explained as being
mostly due to recombinations between electrons and ions.
This explanation is in conflict with Unsold’s conclusion ex-
pressed by (7). The continuum of energy states AE was to-
tally ignored in this interpretation.

In alater paper, Finkelnburg®* associated the emission
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of the continuous spectrum and the spectral lines with ther-
modynamic equilibrium; he ascribed absorption lines to a
departure from thermodynamic equilibrium in the plasma.

Other workers?*" photographed the emission spectra
of condensed discharges in capillaries and found that the
intensity was constant within the range 400-300 nm, and
then fell at shorter wavelengths. According to Unsold, the
transition from constant to variable intensity should depend
on the ionization energy of the main element. Observa-
tions>*?" showed that the intensity was different for differ-
ent gases (and for capillaries made from different materials)
at relatively low current densities, but the above shift of the
transition between the two regions was not detected.

Romand and Vodar®’ showed that discharges in silica
capillaries (melting point 1400 °C, boiling point 2230 °C)
emitted a bright continuous spectrum at relatively low cur-
rent densities. Discharges in a zirconium capillary (melting
point 2700 °C, boiling point 4300 °C) emitted a weak contin-
uum even at high current densities, but this was not ex-
plained.

Spectral lines are well defined against the continuum in
all the above experiments with discharges in capillaries. Fin-
kelnburg and, later, Biberman decided on this basis that the
continuous spectrum can only be due to bremsstrahlung
emitted by electrons in the field of ions, and to electron-ion
recombinations. According to Biberman and Norman,?®
‘the electron can be in a bound state (its energy is then nega-
tive and assumes discrete values) or in a free state (in which
its energy is positive and can vary continuously)’. The con-
tinuous spectrum is due to transitions of electrons from free
to bound states (free-bound transitions) or to free-free tran-
sitions. Calculations?® show that, for any atom, the ratio of
these components of the continuum for v < v, is approxi-
mately (e — 1):1. The contribution of free-bound transi-
tions predominates when Av<0.7k7. When Av>O0.7kT,
free-free transitions predominate across the frequency range
up to the thresholds for particular levels. This excludes the
possibility that a continuous series of energy states is formed
in atoms and ions, so that the ratio of the corresponding
contributions to the continuum is different from the Unséld
case indicated by (7).

The theoretical conclusions of Biberman and Nor-
man?® can be summarized by the following formulas for the
emitted intensity:

e, T)
= C,(2,/Z)expl U, + (hdv/kT) 1ZEKTN for vev, ,
(1.9)
= (v, T)E"(v‘)cxp(U. -+ Ze,,,(v. T) for v>v,,
(1.10)

where

C, = 322253V3nA)~1 = 0,95-1077.

The quantity £ (v, T) refers to a thickness of 1 cm and is
given in units of erg-s~‘em " 'st ~'(s ") L

In the experiments described above the discharge was
produced in tubes or capillaries made of inorganic materials
such as different types of glass, quartz, ceramics, porcelain,
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and so on. It was noted that the emitted intensity was low
and depended on the melting point of these materials. A
capillary made of a readily evaporated material was used in
Refs. 29-31 to increase the density of the radiating plasma
during the discharge. Four capacitors with a total capaci-
tance of 100 uF, charged to 3 kV, were used in Ref. 29 to
produce a discharge in a capillary in a textolite plate 2 mm in
diameter and 10 mm long. The duration of the discharge was
approximately 100-400 us when the inductance in the dis-
charge circuit was 1.5 gH. The current density was up to
4% 10° A/cm?. The plasma was in thermodynamic equilibri-
um at a temperature of 39 000 K and pressures of 500 and
120 atm. The plasma radiation was found to correspond to a
black body at this temperature.*®

A plasma flare was found to issue from the capillary. Its
length was in excess of 100 mm and its diameter was 15 mm.
The flare emitted a continuous spectrum as well as lines due
to the ions CII, CIII, and OII. “The flare was surrounded by
a plasma layer, 40 mm thick, at alower temperature. It emit-
ted CI, Mgl, Cal lines as well as CN molecular bands” (Ref.
31). Moreover, “... the flare leaving the capillary was sur-
rounded over a length of about 3 mm by a partially opaque
ring with inner and outer diameters of about 2 and 6 mm....
The temperature of the opaque layer was relatively high,
since its emission contained lines due to CI1, and CIII. The
continuous spectrum was almost totally absent. The pres-
ence of fine particles at such high temperatures can be ex-
plained in this case by the fact that, owing to the high rates of
flow, the particles traversed a distance of 2-3 mm in a very
short time that was too short for them to evaporate” (Ref.
31). Consequently, it seems to us that the radiation from the
plasma in the capillary channel propagates through this ring
and flare, which means that the internal emission is attenuat-
ed and removed by self-absorption and self-inversion, and is
augmented by spectral lines.

Experiments®***® have shown that the emission due to
the discharge produced in the textolite capillary was of ther-
mal origin. Other experiments®! confirmed that the energy
distribution in the continuous spectrum between lines was in
agreement with the Biberman theory and formulas. On this
basis, the final conclusion is that the continuous spectrum is
entirely due to bremsstrahlung by electrons in the field of
atoms, and to electron-ion recombinations.

The authors of Ref. 33 reported that the intensity distri-
bution in the spectrum was in agreement with the Unsdld
theory but not with the Biberman-Norman theory.

2. THE CONDITIONS FOR AND THE PLACE OF FORMATION
OF THE CONTINUOUS SPECTRUM AND THE SPECTRAL
LINES

Even under optimum discharge conditions, the experi-
ments described above record continuous spectra with spec-
tral lines superimposed upon them. This has led to the sug-
gestion”>?*?® that the spectral lines are emitted at the same
time as the continuum, the latter being entirely due to brems-
strahlung and recombinations. According to Ref. 28, a
bound electron is in a rigorously discrete state of an atom or
ion, whereas Unsold'® and Inglis and Teller®? admit that the
energy states can become perturbed and may overlap, which
results in the appearance of a continuum of atomic and ionic
upper energy states. The experimental problem is to eluci-
date the possibility of this continuum and to determine its
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depth. However, the first step must be to establish whether a
pure continuum is indeed emitted from the center of the ca-
pillary channel, and to identify the point at which the spec-
tral lines originate.

We therefore constructed a discharge tube**** that was
transparent on all sides and contained a capillary mounted
with the help of Plexiglass end plates and Picein. A quartz
capillary, 6 cm long and 1.5 mm in diameter, with walls 2-3
mmm thick, was used for visible and ultraviolet radiation. The
radiation emitted by the discharge was observed through
crystalline quartz windows attached to the capillary at the
end and at the sides of the discharge tube. A narrow alumi-
num ring was slipped on the end of the capillary to separate
the emission of the flare from the internal emission. The
shape, disposition, and orientation of the external electrode
have the very important function of protecting the end win-
dow from contamination by evaporation products arriving
from capillary walls. When the electrode is located and ori-
ented as shown in Fig. 1a (Ref. 35), the window becomes
contaminated after only one discharge. However, when the
shape, disposition and orientation of the electrode is as in
Fig. 1b, the window remains clear after any number of dis-
charges.

The temperature of the capillary was determined from
the afterglow and thermoluminescence of fused quartz.***¢

The source of radiation was a discharge produced by a
capacitor of 0.6 or 0.7 uF, with connector resistance of 0.5 £
(Ref. 35). The inductance of the discharge circuit was 1.1
pH. A resistance of 1.0 §) appears in the capillary channel
when the discharge is initiated. The air pressure in the dis-
charge tube prior to the end of the discharge is about 0.01
Torr. The voltage across the capacitor was determined from
the breakdown voltage between two spherical electrodes (di-
ameter 10 mm) in the discharge circuit.

Figure 2 shows the current oscillogram for the circuit
without the discharger, recorded with a Rogowski belt

XA 0 Ly 0
i

FIG. 2. Oscillogram obtained by discharging a capacitance of 0.5 uF at 16
kV between discharge spheres without the discharge tube.

» A2 O & o
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FIG. 1. Configuration of the end of the discharge tube: /—inter-
nal electrode, 2—fused-quartz capillary, 3—Plexiglass plug,
4—aluminum ring slipped on to the end of the capillary, 5—
quartz window, 6—external electrode, 7—bent metal plate.

across a resistor.>® The current oscillations are seen to be
lightly damped.

Figure 3 shows the current oscillogram recorded by dis-
charging a capacitor of 0.6 4F with 16 kV across it. It is clear
that the current oscillations are highly damped, and cease
altogether after about 10 us. A 1.0-uF capacitor discharges
in this circuit in three or four periods (15 us).

The current density during the first half-period of the
discharge was of the order of 10° A/cm?,

The radiant intensity of the discharge has often been
reported in the literature as depending on the composition of
the evaporating material. We have shown®® that the intensi-
ty depends on the physical properties of the material as fol-
lows.

Since, according to Unsold’s formula (1.8), the emitted
energy is the same at all frequencies in the visible and ultra-
violet ranges, and is proportional to the plasma pressure, the
relative intensity of the discharge in the capillary was mea-
sured with an oxygen-activated cesium photocell and an
electrometer, using the circuits described in Ref. 23. The
photocell was illuminated without using a condenser, and
the results were reported in Ref. 36. These data were used to
construct the relative intensity of the discharge in the capil-
lary as a function of the boiling point of the materials used
(Fig. 4).*" Itis clear from the graph that the radiant intensi-
ty of the discharge is a definite function of the boiling point
of the evaporated material. According to Trouton’s rule, the
heat of evaporation of simple materials is directly propor-
tional to the boiling point. Consequently, both the amount of
material evaporated during the short period of the capacitor
discharge and the plasma pressure increase with decreasing
heat of evaporation, i.e., with decreasing boiling point.

On the other hand, the radiant intensity is found to be
proportional to the plasma pressure.

To elucidate the origin of the continuous spectrum, the
plasma emission was photographed from the end of the tube,

J0 H4S
r

FIG. 3. Oscillograms obtained by discharging a capacitance of 0.5 uF at
breakdown voltage of 16 kV across a discharge tube and the spherical
discharge terminals connected in series.
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FIG. 4. Emission intensity as a function of the boiling point of the material
on the surface of the capillary channel at constant maximum current den-
sity in a pulsed discharge.

without a condenser, under different discharge conditions.
We note that, in the vacuum ultraviolet, the absorption spec-
tra were photographed without using a condenser.* The cap-
illary axis was then strictly aligned with the optical axis of
the spectrograph.

An arrangement of four vacuum-tube rectifiers, com-
monly used in x-ray practice and producing a continuous
current through the discharge tube, was employed. Only the
molecular spectrum of nitrogen was emitted during the gas
discharge in the capillary.

The spectrum emitted by the quartz capillary during
pulsed discharges of the capacitor charged to 4 kV was found
to consists of molecular bands and lines due to the compo-
nents of the atmosphere. A line spectrum consisting mostly
of atmospheric atomic lines was emitted by condensed dis-
charges in a quartz capillary for a breakdown of 5 kV. Mo-
lecular bands were then absent, indicating that the mole-
cules were completely dissociated.

For breakdown voltages above 5 kV, a line spectrum
was again emitted, the strongest lines being due to silicon
atoms and ions, and there was also a continuous back-
ground. This background was mostly due to electron-ion
recombinations.

The lines due to silicon and oxygen atoms and ions be-
come very broad as the breakdown voltage increases, and
this is accompanied by a reduction in the intensity of the
strongest lines and an increase in the background intensity.

Finally, for the electrode arrangement shown in Fig. 1b,
held at a certain voltage, a continuous spectrum is emitted
with Sil, Sill, SiIIl, and SiIV emission lines superimposed
upon it. The intensity of these lines is not very different from
that of the continuum. There are no absorption lines. When
the external electrode is arranged as shown in Fig. 1a, there
are appreciable absorption lines in addition to the silicon
lines in the range 250.6-252.8 and, especially, the SiI 288.1
nm line. The Doppler effect was used to determine the veloc-
ity of the plasma issuing from the capillary by recording the
shift of the 288.1-nm line. The magnitude of this velocity was
found to be 60 + 20 km/s. The large uncertainty of this re-
sult was due to possible overlap effects.*®

A condenser is essential when one investigates visible
and ultraviolet emissions. In the case of a capillary with opa-
que walls, the emission from the end of the capillary and the
emission of the flare are projected by a condenser onto the
spectrograph slit.

We used a long quartz capillary that was transparent to
visible and ultraviolet radiation. The highest intensity on the
photographic emulsion is then obtained by photographing
the spectrum from the end of the tube and using a condenser
tofocus the radiation from the interior of the capillary on the
spectrograph slit. When the external electrode has the shape
and orientation shown in Fig. 1b, the radiation emitted by
plasma outside the capillary is almost entirely excluded. Fig-
ure 5 shows scans of the spectra photographed in this way.
The spectra were recorded with X 3 linear magnification.
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FIG. 5. Emission spectrarecorded in the interior of the quartz capillary, photographed from the end of the discharge tube for different breakdown voltages.
B—after fifteen discharges at breakdown voltage of 6 kV, C—after six discharges at 9 kV, D—after three discharges at 12 kV, E—after two discharges at 14
kV, F—after one discharge at 16 kV, using a reduced gap width.
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FIG. 6. Emission spectrum recorded from the end of the capillary. The
spectrum was photographed from the side of the tube with the capillary
parallel to the slit of the quartz spectrograph and the image of the capillary
focused by a condenser on the spectrograph slit.

They clearly show that the intensity of all the lines decreases
whereas the intensity of the continuous radiation increases
with increasing breakdown voltage. Line broadening gradu-
ally transforms the line spectrum into a pure continuum,

For low current densities, the continuous background
behind the line spectrum is largely due to electron-ion re-
combinations, as predicted by Unsold’s theory'® and con-
firmed experimentally in Refs. 33 and 39.

Anincrease in breakdown voltage is accompanied by an
increase in the current density in the pulsed discharge, and
by an increase in the temperature and plasma density in the
capillary channel. This enhances the interaction between the
plasma components and the perturbation of excited atomic
and ionic states, which in turn leads to higher continuum
intensity. For a breakdown voltage > 16 kV, the current den-
sity reaches 10° A/cm?. The result of this is a very high tem-
perature in the capillary and a very high pressure in the plas-
ma consisting of the evaporation products from the capillary
walls, which produce such a great increase in the interaction
between the plasma components that the concept of atomic
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FIG. 7. Microphotograms obtained at different heights on the spectrum
shown in Fig. 6. B, C—plasma emission spectra at 3 and 1 mm from the
end of the capillary in the interior of the channel, D, E, F microphoto-
grams recorded at distances of 0.3, 1.5, and 2.5 mm from the end of the
capillary.

and ionic energy levels ceases to be meaningful for some or
all the excited states.

Finkelnburg®**?** and Biberman®® maintain that the
continuous spectrum is mostly due to bremsstrahlung by
electrons with the simultaneous emission of spectral lines
that are swamped by continuous emission. These conclu-
sions do not agree with the experimental data. The spectra of
Figs. 6 and 7 clearly show sharp images of resonance lines of
the manganese ion, due to transitions of electrons from an
unperturbed energy level to the ground states. These states
lie below the continuous sequence of energy levels (see Table
I). It is clear from the obtained spectrum that the lines are
not swamped, but are well-defined against the background
continuum.

TABLE I. Results calculated from (4.1) and (4.2) and tabulated data from Refs. 43, 44.

Re {Atom or|loniza- | E -~ Ey, |Effective ioniza- | AE  |Calculated energy Lines whose broadening can be seen
10n tion ey [tionenergy £, eV| = E, E, below which Resonance line in the visible and ultraviolet
energy £, discrete states re-
eV — £+ |main
eV F:g::ed vanishes| persists |in vacuem! 2 from level |4 from level near
level range !
eV cm™~! eV em~' | cm™! nim nm nm nm cm~! nm cm”!
1 Mgl 7,64 1,89 5,15 46 380) 0,81 4,94 39 846} 35 051 | 235,2
2 1,42 4,33 34 925
3 Mgl 15,03 3,0 12,03 97 034 2,93 9,10 73 401|135 7130 279
4 513 | 69 | 55 655 | 280
5 Su 8,15 1,89 6,26 | 50 493 0.88 5,38 43 395139 760 | 25).4 288,1 40 992
] 1,54 4,72 38 072
7 Sl 16,34 3,0 13,34 {107 600 3,55 %79 78 966| 55 310 180 385 81 252 413 [103 556
8 6,21 1.13 57 51L{ 76 666 130 635.5 { 81 232{ 505 (101 025
9 s 33,46 3,92 29,54 |238 270 8.69 20,55 |165 576] 82 881 120,6 254 122 215| 304 234 442
10 1521 | 14,33 l115 586
11 suv 45,13 4,75 40,38 1325 705) 17,13 23,25 1268 295{ 71 595 139.7 409,7 (218 375| 237 318 743
12 29,98 | 10,40 | 83 886 324 1322 338
13 01 13,61 1,89 { 11,72 (94 533 | 1,64 | 10,08 | 87 113[ 76 795 130 777 | 86 629
14 2,87 3.85 | 71 384
15 on 35,11 3,0 32,11 {256 098 1,92 24,19 {195 117(119 933 83,38 | 465 206 B95{ 429,3 |255 794
16 13,86 | 18,25 {147 205 460 1256 139
17 ot 54,89 3,92 50,97 411 124} 17,20 33,77 |Z72 389]120 059 83,29 376,2 (294 OT7 373 |401 510
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FIG. 8. Photograph of the end of the quartz capillary recorded side-on:
1—capillary walls, 2—emission inside the capillary, 3—metal ring slipped
on the end of the capillary to mark its end, 4—emission by the flare.

A narrow aluminum ring was slipped on to the capillary
in order to display more clearly the presence of the flare. The
radiation from the discharge in the capillary was photo-
graphed side-on for a breakdown voltage of 14 kV (Fig. 8).
The photograph clearly shows that the condensed discharge
is accompanied by a bright emission not only from the interi-
or of the capillary (region 2), but also from outside the capil-
lary (region 4). However, the photograph distorts the size of
the channel diameter relative to the diameter of the entire
thickness of the capillary. On the photograph, the channel
diameter is equal to almost half the diameter of the capillary.
This can probably be explained by the ability of the capillary
walls to magnify the image by analogy with alens. In reality,
the channel diameter is only one quarter of the total thick-
ness of the capillary.

To determine the spectral composition of the plasma
emission at different points along the capillary axis, and out-
side the capillary, the spectra were photographed in the fol-
lowing way. The capillary was mounted parallel to the spec-
trograph slit, and the emission from the channel at the end of
the capillary and outside was focused on the spectrograph
slit. The image of the source on the spectrograph slit was
produced by a condenser in such a way that the illumination
of the slit was exactly the same as if the source was on the slit.
The radiation emitted by each point on the slit then simu-
lates the plasma emission at different points in the capillary
channel and outside the channel along the axis. Figure 6
shows the spectrum produced by a single discharge for a
breakdown voltage of 15 kV. The quartz spectrograph did
not magnify the image. It is clear from the spectrum that the
spectral lines originate from outside the capillary, whereas
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the continuous spectrum is emitted from its interior. It is
alsointensively emitted outside the capillary over a length of
approximately 0.5 mm. Inside the capillary, the continuous
spectrum contains narrow atomic absorption lines due to
silicon. Figure 7 reproduces the tracings obtained for this
spectrum between the Sil 263.1 and SilIl 2.54.1 nm lines.
The tracings of Fig. 9 were obtained in a similar way for the
spectrum photographed in a low-dispersion glass spectro-
graph at wavelengths between 380 and 480 nm.

It is clear from the tracings of Fig. 7 that the 263.1-nm
emission line is only just noticeable above the continuous
spectrum of the plasma at 3 mm inside the capillary from its
end. The line wings fall off very slowly and are quite spread
out. The line profile becomes better defined as the radiating
plasma approaches the end of the capillary and as it departs
from this end. It is also clear that the lines emitted from the
interior of the capillary broaden until they vanish altogether.
Absorption occurs only at the central part of the atomic
emission line. Consequently, the temperature of the absorb-
ing vapor is several times lower than the plasma radiation
temperature. This suggests that a thin layer of vapor is pres-
ent between the plasma and the capillary wall. The composi-
tion of this layer varies rapidly because it is continuously
replenished by evaporation from the capillary walls and, at
the same time, its vapor continuously diffuses into the plas-
ma. Vapor passing through this layer can be dissociated,
excited, ionized, and even heated by absorption.

Next, it is clear from Fig. 7 that the group of silicon
atomic lines lying between 250.6 and 252.8 nm in the capil-
lary channel, where the plasma is surrounded by the vapor
layer due to the wall evaporation products, is seen in absorp-
tion. As soon as the plasma leaves this environment, the lines
can be seen in emission. Their intensity is greater than the
continuum intensity inside the capillary. The line intensity
persists to a distance of 1.5 mm from the capillary, which is
probably explained by an increase in the number of neutral
atoms due to electron-ion recombinations outside the capil-
lary. Consequently, outside the capillary, the continuous
emission is largely due to electron-ion recombinations.

It is also clear from these tracings that the SiIIl lines
between 254.1 and 255.9 nm are broadened in the interior of
the channel until they merge with the continuum. Outside
the capillary, their intensity exceeds the continuum intensity

FIG. 9. Microphotograms recorded at different heights of the spec-
trum, obtained with a glass spectrograph in the same way as the spec-
trum in Fig. 6. /-3—internal plasma emission spectra at 4, 2.5, and 1

SiIV ::119'68 mm from the end of the capillary, 4-8—plasma emission spectra re-
*"  corded at 0, 2, 3, 4 and 4.5 mm from the end of the capillary.
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FIG. 10. a—Current oscillogram recorded by discharging a
0.6-uF capacitor at 25 kV (the time intervals at which the
spectra were photographed are indicated under the curve);
1-6—running numbers, b—Time-resolved resultant plas-
ma emission from the capillary channel, recorded by the
SFR-2 camera for different voltages across the capacitance
(I—7 kV, 2—10 kV, 3—14 kV, 5—15 kV); I-3—contin-
uous photography with photorecorder slit of 0.3 mm, 5—
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inside the capillary. The intensity of the 254.1-nm line at 0.3
mm from the end of the capillary is higher than the intensity
of the continuum inside the capillary. This can probably be
explained by an increase in the number of the doubly-ionized
silicon atoms due to recombinations between electrons and
triply-ionized silicon atoms, which ensures strong contin-
uous emission by the plasma at a distance from the capillary.

Figure 9 shows tracings obtained for the Silll lines at
455.2,456.6,and 457.4 nm and the SilV lines at 409.7, 411.6,
and SilI 413.0 nm. The spectra show that the continuous
spectrum originating in the capillary channel is free of emis-
sion lines. The radiation emitted by the plasma near the end
of the capillary contains only traces of the broadened lines.
Outside the capillary, emission lines are found to emerge
rapidly from the continuum. As the plasma flows through
- the capillary, triply-ionized silicon atoms disappear as a re-
sult of recombinations with electrons. Hence, only the single
413.0-nm line of Sill remains as the plasma departs from the
capillary to a distance of 0.5 mm, and its emission intensity is
comparable with that of the continuum at the end of the
capillary channel. As the plasma departs from the capillary,
its line emission intensity is found to decline slowly, but the
intensity of the continuum falls rapidly. At the same time,
there is a rapid reduction in the line width.

The energy of the flare is replenished by absorption of
radiation from the capillary channel. The flare tends to re-
duce rather than increase the emission intensity from the
channel.

It is clear from the foregoing that, under optimum dis-
charge conditions, the interior of the capillary emits a line-
free continuum. The line spectrum originates in the flare
outside the capillary. Absorption lines are produced on the
periphery of the capillary walls. These experimental data
confirm that the continuous spectrum gradually transforms
into a line spectrum outside the capillary.

3. PLASMA EMISSION SPECTRUM DURING A DISCHARGE

To follow the evolution of the discharge, the outflow of
plasma, and its spectral composition, we examined the state
of the discharge at each instant of time (with a resolution of

Si{V 668 —_—

without slit, +—frame by frame. §_ is the blackening ob-
tained with the microphotometer photocell covered.

10~%s), using the SFR-2 rotating-mirror system as a pho-
torecorder and a time-lapse camera with beam speed of 3
km/s (Ref. 35).

The plasma inside the capillary was quasineutral. How-
ever, outside the capillary, the electric field had a definite
effect on the motion of the ions. The rotating-mirror system
was used to show that the plasma leaving the capillary chan-
nel in the direction of the cathode split into a number of
beams which could be identified with sufficient precision as
Sil, Sill, Silll, and SiIV. The outflow velocities were 10 + 2,
20 + 3,30 + 3,30 1 4, and 40 + 6 km/s, respectively. Oxy-
gen is a component of these flows.

It was shown in Ref. 35 that the plasma temperature
was (5 + 1) X 10* K).

The outflow of plasma toward the anode was more uni-
form as compared with the beam propagating toward the
cathode, and its velocity was 50 + 20 km/s, which was in
agreement with the result obtained from the shift of the sili-
con lines.*® The velocity was somewhat higher when the re-
sidual-gas pressure in the tube prior to discharge was 0.008
Torr than it was at 0.1 Torr.

The SFR-2 was used as a photorecorder to photograph
the intensity of the resultant emission of the discharge as a
function of time for different breakdown voltages. Figure
10b shows the time-resolved resultant emission obtained in
this way. It is clear from these data that, for voltages in ex-
cess of 15 keV, the emission not only does not vanish when
the current passes through zero, but is only slightly attenuat-
ed, indicating that the heat capacity of the long thin-walled
quartz capillary is high. Comparison of the curves of Figs.
10a and 10b shows that the plasma exhibits persistent after-
glow. The duration of this is several times longer than the
capacitor discharge time, which is probably due to both good
thermal insulation of the capillary and the processes occur-
ring in the plasma, namely, electron-ion recombination, the
decay of perturbations of energy states, and the transfer of
energy by absorption and inelastic collisions of the second
kind.

To elucidate its spectral composition, the radiation was
photographed at different times, using a low-dispersion glass

—_— 5
e - - [4098
A2 § 5'“"[411,5
; 5 ! 58
1 = . .
3 1 1 = FIG. 11. Microphotograms of successive frames. /-5—frame
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spectrograph and the SFR-2 as a time-lapse camera. The
time intervals at which the successive frames were exposed
areindicated on the oscillogram of Fig. 10a. The frame expo-
sure time was 2.3 us. We note, first of all, that the last two
frames were exposed after the discharge was over. The wave-
lengths covered by each frame are indicated at the bottom of
Fig. 11 and the frame numbers are shown on the right. We
also note that the intensity of the emission produced by the
discharge between 410 and 418 nm is highly attenuated by
absorption in the detector optics.

It is clear from the tracings of Fig. 11 that the spectrum
recorded in the first four frames is continuous and free from
emission lines, whereas the fifth frame shows a line spectrum
with broadened emission lines and strong continuous back-
ground. The sixth frame shows narrow lines without a back-
ground. Next, it is clear that an intense continuous spectrum
is emitted throughout the condenser discharge and even
after the current stops. The fourth frame was photographed
after the capacitor discharge was virtually over. Here again
there are no emission lines and a transition from the continu-
um to the line spectrum is only just beginning and is not
complete until frame 6. It is also clear that, while the capaci-
tor was discharging, i.e., on the first three frames, there are
very broad absorption lines in the region of SilV 409.8 and
411.6 nm and SilV 666.7, 668.0, and 670.1 nm. These ab-
sorption lines are unresolved in the low-dispersion spectro-
gram and are therefore seen as two very broad features.
Frame 2 shows the broad Sill 505.6-nm absorption line. Its
intensity is compensated in the resultant emission of the dis-
charge and is therefore not observed in the continuous spec-
trum of the entire discharge.

According to the theory of Finkelnburg®**?** and Bi-
berman,?® the emission spectrum of the condensed dis-
charge in a capillary is largely due to electron bremsstrah-
lung and electron-ion recombinations. The electrons
participate in two forms of motion, namely, random thermal
motion and directed motion in the electric field. The proba-
bility of bremsstrahlung by a directed beam of electrons
should be enormous as compared with thermal motion. The
intensity of the continuum should then be very sensitive to
the approach of the current to zero and, even more so, to its
passage through zero, when only the thermal motion of the
electrons remains. However, it is clear from frames 1-3 that
this is not in fact observed. All that happens is that the inten-
sity of the continuum gradually falls as a function of time
during the discharge. In view of this, we may conclude that
the continuous spectrum emitted in the above spectral range
by a condensed discharge in a capillary is mostly due to tran-
sitions of bound electrons from the continuum to a discrete
state or transitions within the atomic and ionic energy con-
tinuum. Under optimum discharge conditions, the plasma in
the capillary channel is so highly perturbed that the upper
energy states of the atoms and ions merge into a continuum.
Their lifetime in this perturbed state has been determined
from the behavior of the outflowing plasma and is approxi-
mately 10~ % s.

4.MEASURED AND CALCULATED DEPTHS OF THE
CONTINUUM OF ATOMIC AND IONIC UPPER ENERGY
STATES

The plasma pressure in the capillary channel was cal-
culated from the mass evaporated by the capillary walls
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per capacitor discharge, and an average was evaluated over
1 000 discharges. The result was 60 + 20 atm. The concen-
tration of silicon atoms in the channel was approximately
2% 10" cm ~* and the concentration of oxygen was 4 x 10'3
cm ~*. The degree of ionization of oxygen and silicon atoms
was determined from the Saha formula,* using the nomo-
gram given in Ref. 40. These concentrations were 99.6, 90,
and 5% for OI, OI1, and OIII, and 99.9, 96.5, 93 and 43%
for Sil, Sill, Silll, and SiIV, respectively. Consequently, the
plasma consists mostly of charged particles. The number of
neutral atoms of silicon in the plasma is 10" cm ~°. The
spectral-line emission by atoms of this concentration is read-
ily recorded in arc and spark discharges. However, the radi-
ation emitted by plasma in the capillary channel does not
contain these atomic lines, which indicates that the electron
configuration of the atoms is highly perturbed to the extent
that a continuum of energy states is formed.

For the above concentrations of oxygen and silicon
atoms and their degree of ionization, the concentration of
electrons in the plasma in the capillary channel is of the or-
der of 5% 10" cm ~°.

In the highly ionized and dense plasma located in the
microfields produced by the ambient ions, the ionization en-
ergy of atoms and ions is approximately given by*’

E~E =6,95-107722N1/3, (4.1)
where N, is the concentration of electrons in the plasma.
Consequently, an electron bound to a nucleus becomes free
once it has received the energy E,.

The low-frequency fields due to ions and the high-fre-
quency fields due to electrons produce a very considerable
perturbation of the unfilled atomic and ionic shells to the
extent that the uppermost energy states begin to overlap and
form a continuum that, according to the theory in Ref. 32
(which takes into account perturbations by ions) and the
theory in Ref. 42 (which takes into account perturbations by
electrons) can be approximately determined from*?

E —E, = AE = 4Z%/3(a3N )5, (4.2)
where a, = 47e, (#)2/me®, £, is the permittivity of empty
space, E, is the energy of the lowest state in the continuum,
and £ is the energy of the lowest discrete level, the transi-
tion to which defines the limit of the bright continuum. Con-
sequently, electrons in the unfilled shell of the electron con-
figuration can be bound by the field of the nucleus and can be
found in the continuum of states. Their transitions within
this continuum or to discrete states E, should be accompa-
nied by a continuous emission.

The results of these calculations are listed in columns
4-9 of Table I in the upper rows for each atom and ion.
Columns 10-17 show the calculated values taken from the
tables reproduced in Refs. 43 and 44.

Comparison of the numerical values in columns 9, 10,
and 12 shows that the discrete character of the ionic reso-
nance lines of magnesium persists as the current density in-
creases, because the upper level lies in each case below the
continuum of ionic energy states.

Comparison of the numerical values in columns 9, 10,
and 15 shows that the upper level of the atomic resonance
lines and the Silll 254.1-nm line also lies below the continu-
um calculated from (4.2). However, the resonance lines of
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magnesium and silicon atoms are absent against the back-
ground of the continuous spectrum, although the concentra-
tion of neutral silicon atoms is of the same order of magni-
tude as the concentration of magnesium ions in the plasma.
On the other hand, the concentration of Silll ions is higher
by three orders of magnitude than the concentration of mag-
nesium ions. Despite this, the SilII 254.1-nm line is not seen
against the continuous background because it and the reso-
nance lines of silicon and magnesium atoms are broadened
by the increase in the current density until they disappear
altogether. This discrepancy between experiment and theory
may be due to some error in the derivation of (4.2).

The numerical factor in (4.2) is introduced in order to
obtain agreement between the line widths and the average
quasistatic profiles, interpolated from the detailed Holtz-
mark profiles.*® This may be subject to error in the estimated
line width because of the neglect of charged-particle correla-
tions and the fact that certain theoretical difficulties have
been ignored.*? For these reasons, the uncertainty in the
shift of the series limit may be as high as 30%. Another
possible source of error is that the derivation of (4.2) was
based on the assumption that the only perturbing particles
were electrons and singly-charged ions.** Actually, the plas-
ma under investigation consists mostly of doubly-charged
ions and a substantial number of triply-charged ions. More-
over, the perturbing effect of microfields of thermal origin is
substantially enhanced in both magnitude and frequency as
a result of plasma-density pulsations with the frequency of
3.66 us ™', which can be seen on the current oscillogram
(Fig. 12),* and the rapid displacement of the plasma. Con-
sequently, the perturbing effect of the charged plasma parti-
cles on the energy states of the radiators is so great that the
numerical factor in (4.2) can be doubled. The second row
given for each atom in Table I shows the result of calcula-
tions in which the numerical factor in (4.2) was increased by
a factor of 1.75. The experimental results in the visible and
ultraviolet ranges are then in agreement with calculations.
Comparison of the calculations listed in column 8 of Table I
show that the change in the position of the limit of the series
of discrete terms due to the increase in the numerical factor
in (4.2) is within the limits of uncertainty in the theory
(~30%) for all atoms and ions, with the exception of OIII
and SilV ions for which the shift of the limit is 389 and
36%, respectively.

Consequently, the spectral range above 225 nm is due to
electron transitions within the continuum of states and tran-
sitions from the continuum to the ground state of atoms, and

FIG. 12. Current oscillogram recorded with the OK-19M-2 high-voltage
oscillograph: /—current oscillogram (current pulsation due to pulsation
in plasma density), 2—time scale (one oscillation corresponds to 0.09
us). The complete oscillogram scan corresponds to 3us.
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also electron transitions within the ionic continuum above
55000, 80 000, 190 000, 180 000, and 260 000 cm ~ ' for Sill,
Silll, SilV, OII, and OIII, respectively. This explains the
formation of a pure continuous spectrum without emission
lines superimposed upon it. In the plasma that we have in-
vestigated, the continuous spectrum above 225 nm is due to
the broadening of the 22 lines of Sil, 17 lines of Sill, 49 lines
of SiIll, 29 lines of SiIV, 221 lines of OII and 151 lines of
OIII. The radiation emitted by neutral oxygen atoms is con-
fined to wavelengths below 225nm. The numerical values
listed in column 7 and the expressions given by (1.7) show
that the continuous spectrum is emitted by the above plasma
mostly as the result of line broadening.

The energy distribution in the spectrum depends sub-
stantially on whether the spectrum is photographed directly
in the capillary channel or after it has passed through the
flare produced by the outflowing plasma. The energy was
estimated for the plasma in the capillary channel from the
relative intensity at 250, 400, and 600 nm, with corrections
for plasma temperature, spectrograph dispersion and ab-
sorption by quartz. These calculations showed that, when
the current was of the order of 10° A/cm?, the continuous
emission by the plasma in the capillary channel was thermal
in character.

We therefore conclude that, under certain definite con-
ditions in the discharge, the atoms and ions occupy a contin-
uum of upper energy states AE, the depth of which can be
calculated from (4.2) with acceptable accuracy after the nu-
merical factor has been adjusted and determined experimen-
tally from the vanishing of the lines.

When AE /kT > 1 and, even more so, when AE /kT> 1,
the continuous spectrum from the capillary channel is of
thermal origin and can be described by Planck’s distribu-
tion.

The continuous emission that has passed through the
peripheral layers (flare) of the inhomogeneous plasma is
described by Unsold’s equation (1.8).

When AE /kT > 1, the continuous emission is described
by Biberman’s formulas (9) and (10) (Ref. 28). The effect
of inhomogeneity on emitted spectral lines must be taken
into account in the case of an optically dense plasma.*’
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