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A set of measurements of the electron density of plasma jets, generated by a high-pressure
discharge capillary operating at quasi-steady-state, is described. The method of measurement is
based on the dependence of Stark broadening of the hydrogen H, and Hp spectral lines on the elec-
tron density. Spectra were sampled electronically, time integrated over the electrical pulse dura-
tion, for various capillary currents and at different axial locations along the emerging plasma jet.
The comparison of model predictions [Loeb and Kaplan, IEEE Trans. Magn. 25, 342 (1989)] with
electron densities deduced from these spectra, by applying the theory of Stark broadening [Griem,
Spectral Line Broadening by Plasma (Academic, New York, 1974)], indicates a good agreement over
the tested current (1-8 kA) and density (10'7-10' cm™?) ranges. At larger densities, self-

absorption might be a problem.

I. INTRODUCTION

The high-pressure discharge capillary is a narrow pipe,
made of a plastic material (usually polyethylene), placed
between two electrodes, one of which is hollow. The two
electrodes are connected to a pulse-forming network
(PFN). The plasma inside the pipe, generated initially by
electrically evaporating a thin metal wire, is heated resis-
tively by the electric current, flowing between the elec-
trodes. This causes radiation to the walls, which in turn
induces ablation of the capillary material which is added
to the plasma. As a result, a high pressure is developed
inside the capillary, causing a mass flow outward through
the open electrode. If the electrical pulse duration is long
compared to the hydrodynamic time [/ /c,, where [ is the
length of the pipe and ¢, is the plasma sound velocity, a
quasi-steady-state is reached.

A model for the analysis of the steady-state operation
of the discharge capillary was developed by Loeb and Ka-
plan.! In this model, which is summarized in the Appen-
dix, the plasma characteristics are obtained from energy-
and mass-conservation considerations. A computer code
was written, based on the model, which calculates the
discharge parameters for a given capillary geometry
(length and radius) and for a given current. The code
uses the SESAME equation-of-state? library to calculate
thermodynamic quantities. Saha equations are incor-
porated to solve for the average ionization and for the
electron density.

In this paper we describe a set of measurements of the
electron density of capillary produced plasma jets and
compare them with the model predictions. The method
of measurement is based on the Stark broadening of spec-
tral lines of atomic hydrogen, which is a constituent of
polyethylene plasma. The existence of charged particles
in the plasma is associated with a microscopic electric
field which interacts with the hydrogen atoms (Stark
effect). Due to the statistical nature of this field, it results
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in broadening of the atomic lines. For the relatively cold
and dense plasma, produced by the capillary, the
linewidth is dominated by this effect. The Balmer lines
H, (6562.7 A) and Hy; (4861.3 A) were chosen for obser-
vation. The dependence of the linewidth of these transi-
tions on the electron density is described and tabulated in
the literature. >

The spectrum of the light emitted from the jet, just
outside the hollow electrode, is transferred to a digital os-
cilloscope via a photodiode array, located at the output
slit of the spectrograph. Due to speed limitations of the
photodiode array, measurements were time integrated
over the pulse duration. For the purpose of comparison
with theory, they were related to the average (root mean
square, rms) current of the pulse.

In Sec. II, the Stark broadening mechanism is shown to
be dominant in determining the width of hydrogen lines
in our plasma, and the method of deducing the electron
density from the linewidth is briefly outlined. In Sec. III,
after the experimental setup is described and the method
of data processing is explained, results are presented and
discussed. They indicate a good agreement with the
theoretical predictions of the model over the tested
current (1-8 kA rms) and density (10'7-10" cm™3)
ranges. Self-absorption effects may be a problem at large
densities. Measurements of the capillary resistance
versus current are shown also.

II. STARK BROADENING OF HYDROGEN LINES

Line broadening in plasma is affected mainly by two
physical mechanisms. Doppler broadening occurs as a
result of the thermal motion of the radiators relative to
the observer. Pressure broadening is caused by the in-
teraction of the radiators with surrounding particles, and,
in plasmas, it is dominated by collisions between the radi-
ators and charged perturbers. Since electric fields are in-
volved, it is called Stark broadening.
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The Doppler line profile, for radiators at thermal equi-
librium, has the shape of a Gaussian distribution with a
linewidth AA, [full width at half maximum (FWHM)]
given by*

2kT In2

/2
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where A is the unshifted wavelength and M is the radia-
tor mass. In the case of our capillary hydrogen plasma
(kT'=1-2 eV), the Doppler width of the Balmer H,
(6562.7 A) and Hj; (4861.3 A) lines is in the range of
0.3-0.7 A.

Stark broadening results from the interactions of the
radiator atom with the electric field, produced by the
charged plasma particles at the location of the radiator.
Thus it depends on the density of charged particles in the
plasma. For singly charged ionized plasma, the electron
density N, is equal to the ion density N;. Based on the
theory of Stark broadening,® which takes into account
quasistatic ion and impact-electron-broadening effects,
the expression for the electron density in terms of the
linewidth of hydrogen lines is

372
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where AL, /, is the linewidth (FWHM) in angstroms. The
reduced wavelength a, , is a function of the electron den-
sity and temperature, i.e., a; ,=a; ,»(N,,T), tabulated in
Table III.a. of Ref. 3 for the H, and HB lines. In the few
cases where the deduced dens1ty was below 107 cm ™3,
ion-dynamical corrections to the a;,, values of H, were
included, using data taken from Ref. 5.

In the set of measurements described in this work the
electron density was in the range of 10'°~10'° cm 3. The
Stark broadening width (FWHM) corresponding to these
densities for H, and Hg is of the order of 5-300 A.
Therefore the Doppler broadening contrlbutlon was
neglected.

III. MEASUREMENTS

A. The experimental setup

The experimental setup is shown in Fig. 1. The PFN
consists of four sections of 21-uF capacitors and 4-uH in-
ductors. This corresponds to an impedance of 0.44  and
a pulse-width of 73 usec. The capillary is contained in a
durable plastic (Delarin) holder, to hold against the high
pressure developed during the discharge. Two electrodes,
made of a tungsten alloy, are placed on both ends of the
capillary. One electrode, connected to the high voltage
lead, seals the rear end, while the grounded electrode in
front is hollow. An ignitron switch closes the electrical
circuit on command. The current pulse is measured by a
Rogowski coil, while the voltage pulse is measured by a
combination of a shunt resistor and a second Rogowski
coil.

The plasma jet is injected through the open electrode
into a vacuum vessel (P~10"2 Torr). Light emitted
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FIG. 1.

The experimental setup: Light emitted from the
plasma jet is coupled via a quartz lens to the spectrograph. The
output spectrum is sampled by the photodiode array and
recorded on the digital oscilloscope.

from the jet is coupled out via a side window and a focus-
ing lens, both made of quartz, to the entrance slit of a
Czerny-Turner 1-m spectrograph (Jarrel-Ash model 78-
6400). A 295-groove/mm grating was used in these mea-
surements. It has a specified reciprocal linear dispersion
at the exit slit of 32.8 A/mm. The focal length of the lens
and the distances are chosen so that the image of the jet
is in the plane of the entrance slit, which was open 40 um
wide. Thus the light from a narrow slice of the jet enters
the spectrograph. By moving the focusing lens parallel to
the capillary axis, one is able to image slices from
different axial locations along the jet, on the entrance slit.

The spectrum on the output slit is sampled by a 1-in.-
long, 1024-cell, Hamamatsu linear photodiode array
(82304 series). This is a self-scanning array with 25-um
center-to-center spacing and 2.5-mm-wide cells. The
diode array integrates the spectrum with respect to time
during the whole discharge. Readout is performed after-
ward with the help of an external clock. The readout also
clears the cells and immediately thereafter a new cycle of
1ntegrat10n can begin. With the above-mentioned grat-
ing, a spectrum of 833 A could be sampled simultaneous-
ly by the l-in.-long diode array. A mercury lamp was
used for a better calibration of the sampled spectral range
(see Fig. 1). The mirror, used to couple its light to the
spectrograph, is removed during the capillary discharge.
The shutter in front of the collecting lens and the neutral
density filter at the entrance slit, shown also in Fig. 1,
were used in combination to control the light intensity, in
order to avoid saturation of the photodiodes. The spec-
tral response of the photodiode array was measured rela-
tive to a calibrated radiometer, using a set of narrow
filters in the range 4000-7000 A. A tungsten lamp was
used as the light source in this measurement.

B. Data processing

The sampled spectrum is recorded on a digital oscillo-
scope (Nicolet 4094C), from which it is transferred to a
personal computer for analysis, using the VU-POINT
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software package. First, it is divided by the spectral
response of the photodiode array. Then, the background
is removed and the spectrum is normalized to its max-
imum.

Figure 2(a) shows a set of four representative H, spec-
tra taken for different capillary currents. All four spectra
were observed 5 mm from the open electrode. They are
shown after background subtraction and normalization.
Figure 2(b) shows a comparable set of Hg spectra. These
spectra demonstrate the Stark broadening of the Balmer
lines due to the increase in the electron density as the
capillary current is increased. The high wing at the
short-wavelength side of the Hg line has to be attributed,
most probably, to the tail of the H}, line.
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FIG. 2. Representative Balmer spectra each normalized to its
maximum, observed 5 mm from the open electrode, for various
capillary current values (rms). (a) H, spectra; (b) Hg spectra.
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The linewidth AA, ,, (FWHM) is deduced from the nor-
malized spectrum. In order to find the corresponding
electron density, Eq. (2) has to be used together with
Table AIIl.a. in Ref. 3. For this purpose the temperature
is calculated from the capillary model' (see also the Ap-
pendix), which is in fact the theory under test. Neverthe-
less, this approach seems to be justifiable for the follow-
ing reasons.

(i) As demonstrated in Fig. 6 (Sec. III D), there is a
good agreement between measured and calculated values
of the capillary resistance over most of the current range.
Since the resistance and temperature of the capillary are
closely related,! (see also the Appendix), it is an indirect
indication that the predicted temperature values are quite
good.

(ii) The temperature dependence of a, , in the relevant
range (1-2 eV) is weak, as is obvious from Table AIll.a.
in Ref. 3.

To improve the accuracy, a simple interpolation com-
puter program was written. First, for each value of the
density in Table AIll.a. in Ref. 3, it interpolates an a,
value for the specified temperature. Then, interpolating
between these values, we get a relation of N, versus a; ,.
Together with Eq. (2), which, for the given AA, ,, is also
a relation of N, versus «, ,,, they are solved for N, (and
ay)-

Since the sampled spectrum is a result of time integra-
tion over the pulse duration, the obtained electron densi-
ty has to be regarded as an average value. For the pur-
pose of comparison with theory, it is related to the aver-
age (rms) current over the pulse duration.

C. Results and discussion

One type of capillary was used in all the measurements
described in this report, having a length /=5.4 cm and a
radius a=2.4 mm. Discharge currents in the range 1-8
kA (rms) were obtained by varying the PFN charging
voltage from 1 to 5.5 kV. Spectra were sampled from
light emitted from four axial locations along the plasma
jet: z=1, 3, 5, and 10 mm, where Z is the distance from
the edge of the open electrode.

In Fig. 3, electron densities versus current, obtained
from H, and Hj spectra, are compared. Figure 3(a), for
which light was sampled at z=10 mm, demonstrates a
very good agreement between densities obtained from the
two Balmer lines. This result can be regarded as a con-
sistency test for our method of measurement. In Fig. 3(b)
sampling was done closer to the capillary, at z=5 mm,
and as a result, measured densities are higher. As can be
seen, the consistency between H, and Hp results holds up
to densities of about 5X10!7 cm™3. Above that, there is
a deviation between the H, and Hj results, which in-
creases with density (discharge current). This fact may
not come as a surprise since, as mentioned in the litera-
ture, > Hg is useful as a density standard for electron den-
sities up to 3X10' cm 3. Thus, for higher densities,
only H,, results are presented from now on.

It is important to remember that while the capillary
model! predicts the value of the electron density inside
the capillary, the actual measurement is done outside it.
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For that reason, the electron density is measured at more
than one location along the jet. Due to the expansion of
the emerging jet, the value of the density outside the
capillary has to be lower than the corresponding density
inside the capillary. However, as the point of observation
is moved close to the open electrode, the density is ex-
pected to approach the inside value.

Inside the capillary, the plasma is expected to be nearly
homogeneous radially, with very sharp gradients near the
walls.! This behavior, demonstrated experimentally® and
treated in theory”® for similar discharge devices, is due to
the dominant role of radiative transfer in the radial ener-
gy transport and its strong dependence on the tempera-
ture. This results in a flat temperature profile over most
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FIG. 3. A comparison between electron densities vs current,
obtained from H, and Hp spectra. (a) Observed 10 mm from the
open electrode; (b) observed 5 mm from the open electrode.
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of the cross section, from which follows the transversal
homogeneity of other plasma parameters including the
density. However, as the jet expands outside the capil-
lary, transversal density variations may become larger.
Therefore it is more appropriate to regard the measured
electron density at a particular axial location as an aver-
age value of the transversal profile of the jet at that axial
location. Nevertheless, the reasoning in the preceding
paragraph still holds for this average electron density
with regard to its relation to the inside value of the elec-
tron density.

Figure 4 shows the measured electron density versus
current, obtained from H, spectra, for different axial dis-
tances from the capillary. The continuous line represents
the model predictions for the electron density inside the
capillary. Clearly, it demonstrates the kind of behavior
expected above. It is interesting to note that the ratio of
the measured density at each axial distance, z=3, 5, and
10 mm, to the theoretical value is roughly independent of
the current. This may indicate that the shape of the jet is
not sensitive to the value of the capillary current. In any
case, it is a matter for further investigations.

The measured values of the electron density, just out-
side the open electrode at z=1 mm, are very close to the
theoretical values. However, for current above 3 kA
(corresponding to Nez0.5><1019 cm™3), the measured
density becomes larger than theory. This situation is
demonstrated more clearly in Fig. 5, where the electron
density at z=1 mm is compared with theory on a linear
scale. As we can see, this discrepancy increases with the
current (density).

A possible source of distortions in these measurements
is the self-absorption in the plasma which tends to en-
large the linewidth. If the self-absorption contribution to
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FIG. 4. Electron density vs current, obtained from H, spec-
tra, observed at different axial distances along the jet from the
open electrode: z=1, 3, 5, and 10 mm. The continuous line
represents the model predictions (Ref. 1) for the electron density
inside the capillary.
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FIG. 5. Electron density vs current, obtained from H, spec-
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trode. The continuous line represents the model predictions
(Ref. 1) for the electron density inside the capillary.

the width cannot be neglected, then the value of the elec-
tron density, derived from the linewidth, would be larger
than the actual one. This may be the cause for the behav-
ior demonstrated in Fig. 5, since the absorption
coefficient depends on the material density, which is ex-
pected to increase with the current. In order to verify
this point, the opacity has to be measured. We are now
involved in a detailed experimental investigation of the
H, opacity of plasma jets under various conditions and
intend to present the results in a subsequent publication.
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FIG. 6. Measured capillary resistance vs current. The con-
tinuous line represents the model predictions (Ref. 1).
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D. Capillary resistance

The capillary resistance is deduced from the measured
voltage and current pulses. To avoid errors due to
parasitic inductances, the resistance is calculated at the
current maximum I, , where dI /dt=0. We have

Ve

RU,_.) max ] 3)
max /™ I

max

In Fig. 6, the measured resistance of our capillary
(I=5.4 cm, a=2.4 mm), versus the current, is compared
with theory. The four sets of measurements which are
presented demonstrate a good reproducibility. As can be
seen, the measured values are somewhat higher than pre-
dictions over most of the current range. This may be at-
tributed to electrode and/or line resistance, which are not
taken into account by the theory.

IV. CONCLUSIONS

A set of measurements of the electron density of
discharge capillary plasma was presented. It is based on
the Stark broadening of hydrogen Balmer lines. H, and
Hj spectra were sampled electronically, time integrated
over the electrical pulse, for various currents (1-8 kA
rms) and at different axial distances from the capillary
(1-10 mm). The theory of Stark broadening® was then
applied to deduce the electron density from these spectra.
Results, which were very reproducible, indicate a good
agreement with the capillary model' over the tested
current and density (10'7-10' cm™?) ranges. However,
measurements at the large density region may have been
distorted by self-absorption effects.

In order to extend the measurements to higher densi-
ties, the problem of self-absorption has to be verified, and
maybe other spectral lines will have to be used. By using
a combination of a precision positioner and a narrow en-
trance slit, the Stark broadening method can be used also
to measure the transversal variations of the electron den-
sity of the jet. Alternatively, a two-dimensional array
could be used. In addition, by using a gated image
intensifier between the exit slit of the spectrograph and
the sampling photodiode array, time-resolved spectra can
be recorded. Thus uncertainties related to the averaging
over the pulse duration would be removed.
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APPENDIX

We summarize here the model for the analysis of the
quasi-steady-state operation of the discharge capillary,
which is described in detail in Ref. 1. This model has
been coded into a computational tool which enables the
calculation of the various plasma properties for a given
capillary length, radius, and discharge current.
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A quasi-steady-state is defined by the condition that
the variation in the discharge parameters is slow com-
pared with the hydrodynamic motion:

-1

Lar >>1/c ,

I dt

where I(2) is the time-dependent current in a capillary of
length [, through which flows a plasma whose sound ve-
locity is ¢;. For a typical ¢, =1 cm/usec, one can see that
this condition is obeyed in our case.

The model is based on the following assumptions.

(i) The plasma is optically thick and can be treated as a
blackbody. This assumption does not necessarily contra-
dict the fact that we observe spectral lines in the visible
region, since the predicted temperatures are above 1 eV
and as a result the thermal radiation is expected to be
mainly in the uv region.

(ii) The plasma is characterized by a mass density and
temperature which do not change significantly along the
tube.

(iii) The plasma originates from polyethylene molecules
(CH,),, which are completely dissociated into partially
ionized hydrogen and carbon atoms.

(iv) The heat exchange between the plasma and the
walls is dominated by radiation.

It can be shown! that the discharge can be divided ra-
dially into two regions. The central region contains a
nearly homogeneous plasma with temperature 7 and
mass density p while the thin peripheral region separating
the plasma from the walls exhibits sharp temperature and
density gradients. The radial temperature gradient is
negative while the density gradient is positive. Therefore
energy is radiated from the plasma to the walls and re-
turned by an appropriate ablated mass flow toward the
central region.

Under steady-state conditions, the plasma characteris-
tics can be obtained from energy- and mass-conservation
considerations. First, the power radiated to the wall S,4
is set equal to the power returned to the plasma as inter-
nal energy of the ablated mass S,,. Radiation losses
from the outer region are neglected, based on the sharp
gradient assumption. The vaporization energy of po-
lyethylene and the kinetic energy of the ablated mass are
shown to be small and are neglected too.! The energy
balance for the whole system gives

SQ +Sabl :Srad +5;

jet »

where S is the Ohmic heating term while Sj,, represents
the energy of the plasma jet flowing through the open
electrode. Since mass is conserved, Sj, =S, =yem,
where 1 is the mass ablation rate of the capillary walls, €
is the specific internal energy of the plasma, and y is the
adiabatic coefficient defined through ¥y —1=P /pe, P and
p being the pressure and density of the plasma. Thus we

get
S0 =S 1aa =St =St =5 -
The capillary resistance is given by

R =R, .
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R, is Spitzer’s resistance for fully ionized plasma:’

R,=0.17 |~

a2

(InA)/T37% |

where [ is the capillary length in cm and a is the capillary
radius in mm, InA is the Coulomb logarithm,® and T is
the temperature in eV. f3 takes account of the presence of
neutrals in the plasma:!

B=1+20=1+5.6x10 2L
Ve ' InA N; ’
where v,, and v, are the electron-neutral and the
electron-ion collision frequencies, and N, and N; are the
neutral and ion densities, respectively.

Spitzer’s resistance together with the energy balance
equations yield the expressions for the capillary resis-
tance (in ) and temperature (in eV) in terms of the
current (in kA):

_ g1
R _0‘22a13/11[6/11 ’
_ g/iipam
T=1.35 L6/

The total power is obtained from the relation S =I’R,
and the mass ablation rate from r1 =S /ye. The plasma
density is given by

m

2

ma ujet

where u;, is the flow velocity of the plasma jet at the
open electrode. Since the outer pressure vanishes, we
take uj~c,. Based on some thermodynamic identi-
ties, !° the plasma sound velocity can be written as

2

opP
,_ |oP T (9T |,
= || +5
% Jr P |oe
aT
p

The plasma internal energy €(p,7) and the pressure
P(p,T) are calculated from the SESAME equation-of-state
tables.? From the SESAME FORTRAN library, the rational
function method is used to perform two-dimensional in-
terpolation and calculation of first derivatives of the ther-
modynamic variables.

The neutral, ion, and electron densities are related
through Saha equations:

32
Ny+Ne _ Zy+ 2mm, 7372, ~Er—ABV/T
Ny Zy h? ’
where N,, N ., and Ny are the number densities of elec-
e H H

trons, hydrogen ions, and atoms, respectively. E; is the
ionization energy from the ground state while AE is the
change in this energy which reflects the energy released

on immersing an electron-ion pair in the plasma.* Zg+
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and Zy are the partition functions of the species, and, as
a first approximation' their ratio is taken close to 1. A
similar equation relates the densities of carbon ions, car-
bon atoms, and electrons. Since only first ionization is
considered, E;(H)=13.6 eV and E;(C)=11.26 V.
Together with the equations for charge and mass con-
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servation, a nonlinear system of equations is obtained
which is reduced to a polynomial in the electron density.
Thus the behavior of the capillary plasma at quasi-
steady-state is described by a set of coupled algebraic
equations which are solved self-consistently by numerical
computation.
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