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Experimental Study of the Transient Underexpanded Jet
Generated by Electrothermal Capillary Plasma

Jong-Uk Kim,¤ N. T. Clemens,† and P. L. Varghese‡

University of Texas at Austin, Austin, Texas 78712-1085

An investigation has been conducted of the characteristics of a highly underexpanded pulsed plasma jet origi-
nating from a 3.1-kJ electrothermal capillary discharge. Excitation temperatures and electron number densities
were derived from spatially and temporally resolved emission spectra, and the � ow� eld was visualized using laser
schlieren imaging. The emission measurements were made at several locations along the jet axis and at several
times during the course of the discharge, to investigate the development of the jet temperature and electron density
� elds. In general, it is found that the temperature and electron density axial pro� les are similar when the axial
location is normalized by the distance from the jet exit to the Mach disk. For most of the discharge, the excitation
temperatures upstream of the Mach disk are about 1 eV (12,000 K), but increase to 1.7 eV (20,000 K) just down-
stream of the Mach disk. Similarly, the electron number densities are of order 1017 and 1018 cm¡3 , for locations
upstream and downstream of the Mach disk, respectively. Analysis of the trajectory of the blast wave shows that
it is best modeled by accounting for continuous, rather than instantaneous, deposition of energy at a point.

Nomenclature
Aul = spontaneous emission rate from upper

to lower states
C = capacitance
D = capillary bore exit diameter
E = total energy deposited
Es = electrical energy stored in the capacitor
Eu = energy of the excited state
gu;l = statistical weight factor
I = intensity of an emission line
i = current in pulse forming network
k = Boltzmann’s constant
L = optical path length
L eff = effective optical path length for self-absorption
M = Mach number
ne = electron number density
nl = lower state number density
n0 = ground state number density
R = radius of the shock wave
Slu = integrated line strength
Texc = excitation temperature
t = time
U = shock velocity
V = voltage across the capacitor
Vc = voltage difference across the capillary
x = axial distance from the exit bore
xm.t/ = Mach disk location
¯ = parameter related to the rate of energy deposition
1"ul = energy difference between upper and lower states
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± = standard deviation of a sample
³t = nondimensional axial distance, x=xm

¸ = wavelength of light
¹ = atom–ion reduced mass
º = frequency of light
½0 = ambient density
¿ = transmissivity
Á = line shape function

I. Introduction

E LECTROTHERMAL (ET) plasmasare of interestformany ap-
plications, includingelectrothermal-chemical(ETC) guns, hy-

personic mass acceleration, and spacecraft propulsion.ET plasmas
are formed by electricallyheating a gas, usuallywith a high-voltage
dischargeacrossan ablativesolid,andare characterizedby relatively
low temperatures and high number densities. ETC gun propulsion
uses a pulsed power system to generate a plasma, which is then in-
jected into a chemicalpropellantto improvegun performance.1¡4 In
many proposedETC gunsystems,the primaryuse of the plasmais to
ignite a solid propellant charge; however, despite the demonstrated
improvements in gun performanceusing ETC ignition, little is cur-
rently known about the fundamental processes of plasma-initiated
combustion, or even of the characteristics of the ET plasma itself.
In spacecraft propulsion, ET plasmas are used in pulsed thrusters
that can achieve higher exhaust velocities than are possible with
chemical rockets.5

The primary objective of the current work is to investigate the
characteristics of capillary plasmas that are of speci� c interest for
ETC gun applications. Previous related studies, which have used
either polyethylene or polycarbonate capillaries, have investigated
the characteristicsof transient plasmas (typically with a duration of
less than 1 ms) that are formed with supply energies ranging from
1 to 100 kJ. High-speed imaging of the plasma jet expanding into
atmospheric pressure showed that it exhibits a barrel shock struc-
ture and a highly luminous region downstreamof the Mach disk.6¡8

Although the details of these previous studies vary, plasma temper-
atures inferred from emission spectroscopyof electronic transitions
of atoms and ions are not very consistent.The range of plasma tem-
peratures reported is from about 10,000 to 50,000 K (Refs. 7 and
9–11). Electron number densities inferred from the Stark broaden-
ing of the hydrogen emission lines show better agreement because
published values range from 1016–1017 cm¡3 (see Refs. 7 and 12).

In the present study, temporally resolved schlieren imaging and
temporally and spatially resolved emission spectroscopywere used
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Table 1 Spectroscopic constants29 and absorption parameters of atomic copper lines

¸, nm gu Eu , eV gl El , eV Aul, 108 s¡1 Slu , m2 ¢ Hz nl , m¡3 SluÁ.º0/nl Leff ¿ .º0/

510.55 4 3.816 6 1.389 0.020 9.35£ 10¡9 1.5 £ 1020 0.0078 0.99
515.32 4 6.190 2 3.785 0.60 8.53£ 10¡7 1.6 £ 1019 0.0779 0.93
521.82 6 6.191 4 3.816 0.75 8.14£ 10¡7 3.1 £ 1019 0.1467 0.86
529.25 8 7.735 8 5.394 0.109 8.05£ 10¡8 3.0 £ 1019 0.0139 0.99
570.02 4 3.816 4 1.642 0.0024 1.97£ 10¡9 8.6 £ 1019 0.0010 1.00
578.21 2 3.785 4 1.642 0.0165 6.92£ 10¡9 8.6 £ 1019 0.0034 1.00

to investigatetheevolutionof the structureof theplasma jet � ow� eld
and to determine its composition,temperature,and electrondensity.
This is a continuationof the work reported by Kohel et al.,7 where
preliminary emission spectroscopicmeasurements were made for a
limited range of conditions.

II. Background
A. Excitation Temperature and Electron Densities of the Plasma

We use Boltzmann plots to determine excitation temperature (see
Ref. 13). If the relative intensities of the spectral lines of a given
speciesare measured, the associatedexcitationtemperature Texc can
be determined from

.I ¸=Aulgu/ D B ¡ Eu=kTexc (1)

where I is the relative intensity of an emission line, ¸ is the emis-
sion wavelength, A is the spontaneous emission rate, and gu is the
degeneracy or statistical weight factor for the excited state. For a
gas or plasma in local thermodynamic equilibrium (LTE), a plot of
the logarithmic term on the left-hand side vs the excited state en-
ergy Eu should yield a straight line with slope ¡1=kTexc. Emission
resulting from several electronic transitions of neutral atomic cop-
per was observed in the spectral regions between 465 and 585 nm.
The six atomic copper lines used in the analysis and their spec-
troscopic constants are listed in Table 1. (Note that in Ref. 7, the
incorrect degeneracy of the upper state of the 529.25-nm line was
used,which resulted in all of the temperaturesreported in that paper
being about 15% too high.) The distinct atomic lines observed in
emissionare reasonablywell representedby a Lorentzianlineshape.
This is because Stark broadening, which arises from perturbations
of the atomic system by electrons and ions, is the dominant broad-
ening mechanismat the temperaturesand electronnumber densities
encountered in this study (see Refs. 14–17).

The emission spectra can also be used to infer the electron num-
ber density because Stark-broadenedlinewidths are directly related
to electron density. Because the Stark effect is well-characterized
in hydrogen, and the transitions fall within a convenient region of
the optical spectrum, the Balmer series was used for the line-shape
analysis (see Ref. 15). The most frequently measured Balmer line
is H¯ (486.1 nm), which occupies a very convenient region of the
spectrum,has a rather characteristicand broadpro� le, and is far less
sensitiveto radiativetransfereffectsthan H® (656.3nm) (Ref. 15). In
the plasmas studied in this work, however, measurement of the H¯

linewidth is complicated by overlap with adjacent emission lines
from other species. Thus, our line-shape analysis focuses on the
more prominent H® line. Widths for the observed H® lines are de-
termined by a nonlinear least-squares� t of the recorded line shapes
to a Lorentzian function. Instrumental broadening for our system
is reasonablywell characterizedby a Lorentzian, with a full-width-
at-half-maximum(FWHM) of 0.62 nm. Because the convolutionof
two Lorentzian pro� les yields another Lorentzian whose width is
the sum of the two componentpro� les, the instrumentalbroadening
is simply subtractedfrom the measured FWHM values to obtain the
true Stark-broadenedwidths.

B. Plasma Jet Structure

The plasma jet ejected from the open end of the capillary forms
a highly underexpandedjet with a characteristicbarrel shock struc-
ture. In a previous study7 time-resolved visible emission images

Fig. 1a Principal features of a transient underexpanded free jet.

Fig. 1b Short duration (250 ns) image of plasma jet emission: a) bore
exit, b) Prandtl–Meyer expansion(Mach cone), c) barrel shock, d) triple
point, e) Mach disk, f ) re� ected shock, g) contact surface, and h) jet
boundary, respectively; xm is the Mach disk location (from Ref. 18).

of the plasma jet were obtained using a gated intensi� ed charge-
coupled device (ICCD) detector. A similar type of image, taken
about 95 ¹s after the initiation of the discharge, is shown in Fig. 1
(see Ref. 18), together with a schematic description of notable fea-
tures of the transient underexpanded jet � ow. Expansion waves at
the bore exit travel to the jet boundary where they are re� ected to
form weak compression waves that coalesce into the barrel shock.
The barrel shock undergoesan irregular re� ection and, in the triple-
pointdownstreamfrom theexit bore, the re� ected shock,Mach disk,
and slip surface are formed.19¡22 In the shock-bounded,highly un-
derexpanded jet � ow region, the � ow is characterizedby relatively
high Mach numbers (M À 1), low pressures,and low temperatures.
Across the Mach disk, the � ow is decelerated to subsonic velocity,
the pressurerisessuddenlyto atmosphericpressureor above,and the
temperature increases due to shock heating by the Mach disk.19¡22
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Fig. 2 Schematic diagram of the experimental setup for acquiring
emission images and temporally and spatially resolved spectra of the
plasma jet.

III. Experimental Approach
A. Design and Operation of the Pulsed Plasma Source

A schematic diagram of the experimental arrangement is shown
in Fig. 2. The ET pulsed plasma source design and operation is
discussed in detail in Ref. 7; thus, only a brief description is given
here. The capillary plasma source is driven by a pulse forming net-
work, consisting of a 251-¹F capacitor charged to a maximum of
5.0 kV (3.1 kJ) and a 26-¹H inductor. The discharge is initiated by
closing an Ignitron switch that connects the capacitor to the capil-
lary electrodes. The capillary is open at one end only and is made
of polycarbonate (Lexan, C16H14O3). It is 3 mm in diameter and
30 mm long. To help initiate the discharge, a thin copper fuse wire
(64 ¹m diam) is insertedinside the capillarybetween the electrodes;
it explodeson the closingof the Ignitron.Ablation and ionizationof
material from the capillary surface then sustains the discharge.The
resulting plasma expands rapidly from the open end of the capil-
lary and issues into room air. To reduce erosion, the electrodeswere
constructedwith inserts made of a copper–tungsten alloy (30% Cu,
70% W). The voltage across the capillary was measured as a func-
tion of time using a high-voltage probe (Tektronics P6015A). The
current was inferred from the voltage output from a Rogowski coil
that was magnetically coupled to the current through the major loop
of the toroid. The voltage signal induced in the coil is directly pro-
portional to the time rate of change of the total current of the loop.
The relativecurrentsignalwas obtainedby integratingtheRogowski
coil output with respect to time. The absolute current was obtained
by measuring the voltage across the capacitor during the discharge,
combined with the relation i D ¡C.dV=dt/. The measured voltage
and current waveforms were highly repeatable; for example, the
peak current was reproducible to within 3%.

B. Emission Spectroscopy Setup

A 1
4 -m spectrometer (Spex 1681C) coupled to an intensi�ed

gated 512-element linear array detector (Tracor Northern TN 6143)
was used to obtain time-resolved emission spectra from the pulsed
plasmajet, as shownin Fig. 2. The spectrometerwas calibratedusing
either an Ne or Hg standard lamp to obtain the absolute wavelength
and to measure the instrumental broadening. A tungsten � lament
standard lamp was used to calibrate the relative spectral responseof
the entireoptical system.The plasma emissionwas focusedby a lens
onto an optical � ber that transmitted the light to the spectrometer,
and the � ber and lens were coupled together and were micrometer
positioned to image different heights along the axis above the exit

Fig. 3 Schematic diagram of the experimental setup for schlieren
imaging of the plasma jet (from Ref. 18).

of the capillary. The spatial resolutionalong the axis, perpendicular
to the line of sight, was found to be 0:86 § 0:03 mm, as determined
by a measurement of the beam waist (FWHM) of an He–Ne laser
directed into the opposite end of the � ber and focused by the same
imaging lens above the plasma device. The temporal resolution of
the spectral measurements was set by a 1-¹s gate on the intensi�er
of the detector array. The temporally and spatially resolved emis-
sion spectra were recorded over two wavelength ranges (465–585
and 580–700 nm). Measurements were made at several axial loca-
tions along the centerline of the jet and at different times after the
initiation of the discharge.

C. Schlieren Imaging Setup

The schlieren technique is a well-established imaging method
that enables the visualization of index-of-refractiongradients in a
� ow� eld. As shown in Fig. 3, a pulsed, frequency-doubledNd:YAG
laserwas usedas the lightsource.To improveimagequalitythebeam
was spatially� lteredby passingit througha 25 £ microscopeobjec-
tive lens that focusedthebeamonto a 25-¹m pinhole.To avoidburn-
ing the pinhole, the laser pulse was � rst attenuated to about 5 ¹J per
pulseby re� ecting it from threeglass � ats. The beam was collimated
with a parabolicmirror (150-mmdiam, =6) and thenfocusedwith an
identicalmirroronto a knife edge.The beamwas then projectedonto
a ground glass screen (5:0 £ 5:0 £ 1:6 mm3), which was imaged
from the “back side” using an ICCD camera (Princeton Instruments
ICCD-576, 576 £ 384 pixel resolution) � tted with a 105-mm focal
length (AF Micro Nikkor) camera lens operated at =22. To reduce
interference from the intense emission from the plasma, the camera
was gated to 280 ns, and a laser line � lter (532 nm, 3 nm bandwidth)
was placed in front of the camera lens. The second schlieren mirror
was placed approximately 6 m from the plasma source to reduce
further the background luminosity from the plasma.

IV. Results and Discussion
A. Current, Voltage, and Capillary Erosion Measurements

Figure 4 is a plot of the typical voltage and current traces ob-
tained during a dischargewith an initial capacitorvoltageof 5.0 kV.
Figure 4 shows the current, the voltage across the capacitor, and the
voltage across the capillary. The error bars represent the precision
uncertainty estimated as §2±, where ± is the standard deviation of
a sample of six repeated measurements. The same method will be
applied throughoutthis paper to estimate the precisionuncertainties
in our measurement, with at least four repeated measurements.The
ringing in the capacitor voltage indicates that the system is under-
damped, which is typical of these types of dischargesbecauseof the
low impedance of the plasma.5 When the discharge is initiated, the
voltageacross the capillaryrapidly increases. If t is the time elapsed
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Fig. 4 Typical voltage and current traces obtained during a � ring of
the plasma jet for an initial capacitor voltage of 5.0 kV.

Fig. 5 Capillary mass and exit diameter as a function of the number
of repeated � rings (from Ref. 18).

from the triggering of the discharge, a peak voltage of 2.6 kV is in-
duced across the capillary over the interval 0 < t · 6 ¹s, and for
6 < t · 240 ¹s the voltage is relatively constant at about 0.8 kV.
The initial transient voltage spike occurs just before the explosion
of the copper wire, and the plasma discharge begins after that, that
is, the high discharge current causes the fuse wire to explode about
6 ¹s after the Ignitrontriggerpulse.The peak currentof about10 kA
occurs about 115 ¹s after the start of the discharge.The current re-
verses directionat about 250 ¹s, at which time the magnitudeof the
capillary voltage is signi� cantly reduced and the discharge termi-
nates. The energy dissipated in the plasma can be estimated by the
time integral of the product i.t/Vc.t/ during the discharge. The en-
ergy dissipatedis about1.1 kJ, which is about one-thirdof the initial
stored energy. The balance of the energy is dissipated in the con-
ductors of the pulse-forming network and stored as residual charge
in the capacitor.

To see the extent of capillary erosion over a series of shots, the
capillary bore exit diameter D and the mass of the capillary were
measured as a function of the number of shots. These results are
shown in Fig. 5. The uncertainty of the mass of the capillary was
estimated to be §0.2% of the scale. Note that the diameter was
measured only at the bore exit, but it is known that the capillary
does not erode uniformly, that is, its diameter is not constant along
its length. From Fig. 5, it is observedthat the exit diameter increases
by about 1.3% per shot and that the mass of the capillary decreases
approximately linearlywith the number of shots. A least-squares� t
to the data shows that every � ring ablates approximately 7.6 mg of
the capillary. A series of preliminary experiments showed that the
electron number density ne in the plasma jet was quite dependent
on the capillary bore exit diameter, with larger diameters leading to

lowerelectronnumberdensities.For example,foran initialcapacitor
voltage of 5 kV, ne (measured just downstream of the Mach disk)
was found to be approximately 1 £ 1017 and 1:5 £ 1018 cm¡3 for
D D 5:31 and 3:81 mm, respectively.To minimize this effect, each
capillary was used for a maximum of � ve shots, corresponding to
an increase in diameter of 6.5%.

B. Schlieren Imaging

Figure 6 shows six sequential schlieren images of the expanding
plasma jet for an initial voltage of 5 kV (3.1 kJ). The � eld of view
for each image is 132 mm high £ 121 mm wide. At about t D 30 ¹s,
the blast wave is seen just above the exit of the capillary (between
the shadows of two bolt heads). The blast wave development is
an unsteady process comparable to the shock propagation from the
open end of a shock tube or from the barrel of a ri� e.23 Interestingly,
the index of refraction gradients across the blast wave and contact
surface are so large that they largely mask the barrel shock inside.

The radius R of the shock, which is assumed to be the distance
from the bore exit to the shock measured along the capillary axis,
was measured as a function of time t . Note that the position of
the shock at a given time is highly reproducible from shot to shot.
For example, four schlieren images were taken at time t D 50 ¹s
(5-kV initial voltage) and the average value of R was found to be
32.7 mm with a standard deviation of 0.5 mm. Shock trajectory
measurements were made for image sequences obtained for initial
capacitor voltages of 2.5 (not shown), 3.5 (not shown), and 5 kV
(Fig. 6).

The shock trajectorydata for all threevoltagesare shownin Fig. 7.
From Fig. 7, it is seen that, for all three cases, the shock radius
increasesapproximatelyas the � rst power, that is, linearly,with time.

Fig. 6 Schlieren image sequence of the plasma jet for a 5.0 kV dis-
charge; the jet issues between the shadow of two bolt heads seen at the
bottom of the image (from Ref. 18).
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Fig. 7 Time-dependence of the blast wave radius for three different
initial energies; the dashed lines are theoretical results corresponding
to energy depositionrateparameters¯ = 0and 3 (see text) (fromRef. 18).

The classical solution for the instantaneousdeposition of energy at
a point leads to the scaling law,24;25

R.t/ » .E=½0/
1
5 t

2
5 (2)

However, studies of muzzle blasts have shown that the blast wave
velocities do not necessarily follow this scaling law. Erdos and Del
Guidice26 suggested that a better correlationwith experimentaldata
can be achieved by accounting for the continuous, rather than in-
stantaneous,depositionof energy.For thevariableenergydeposition
case, Dabora27 shows that the equation for blast wave trajectories
can be generalized as

R.t/ » .E=½0/
1
5 t .¯ C 2/=5 (3)

Instantaneous energy deposition corresponds to ¯ D 0, that is,
R » t2=5 . The approximately � rst-power dependence of R on t ob-
served in Fig. 7 corresponds to ¯ ¼ 3. This value of ¯ indicates a
rathergradualrateof energydeposition.Dashedlines corresponding
to ¯ D 0 and 3 are also shown in Fig. 7 for comparison.

From the shock trajectories of Fig. 7, we can infer that the shock
velocities are approximately constant with values of 668, 586, and
534 m/s for charging voltages of 5.0, 3.5, and 2.5 kV, respectively.
By raising both sides of Eq. (3) to the power 5=.¯ C 2/, and then
differentiating with respect to time, we can derive the following
scaling law for shock velocity,

U D
dR

dt
»

.¯ C 2/

5
R.¯ ¡ 3/=.¯ C 2/

³
E

½0

´1=.¯ C 2/

(4)

For the case of ¯ D 0, Eq. (4) gives U » E 1=2 (at constant radius),
in agreement with the instantaneousenergy deposition model.

A plot of the blast wave velocity vs the initial stored electrical
energy Es is shown in Fig. 8. The solid lines represent shock ve-
locity scalings for different values of ¯ . These results show that the
velocityof theblastwave is approximatelyproportionalto E1=5

s , cor-
responding to ¯ D 3, which is consistentwith the � nding for shock
radius just mentioned.

Trajectoriesof the measuredMach disk, contact surface,and blast
wave locations along the axis of the jet are shown in Fig. 9. The
Mach disk and contact surface locations were measured from the
visible emission time-sequence images of Kohel et al.7 Figure 9
also shows that the Mach disk moves away from the bore exit until
it attains a maximum standoff at about t ¼ 160 ¹s. The direction
of the motion is then reversed, and the Mach disk retreats upstream
toward the capillary, owing to the decrease of the capillary bore
pressure as the discharge terminates. Furthermore, Fig. 9 shows
that the blast wave and the contact surface are nearly coincident
until about 70 ¹s, after which a slight separation is observed. We
also note that Kim and Wilson28 developed an analytical model of
the unsteady underexpanded jet and found reasonably good agree-
ment with the contact surface trajectories in Fig. 9 if they assumed
that ¯ D 2.

Fig. 8 Dependence of the blast wave velocity on the initial stored
electrical energy Es.

Fig. 9 Experimental axial trajectories of the blast wave, contact
surface, and Mach disk; D is the exit diameter of the capillary.

C. General Characteristics of the Plasma Spectra

To investigate the evolution of the excitation temperature and
electron density � elds within the expanding plasma jet, emission
spectra were obtainedat several axial positionsand times during the
discharge. Speci� cally, emission spectra were acquired at a mini-
mum of seven separate axial locations for 14 different times. It was
observed that the measured plasma emission spectra at a particular
x and t were highly repeatable from shot to shot. For convenience,
we de� ne the nondimensional axial distance, ³t D x=xm.t/, where
xm.t/ is the axial distancefrom the bore exit to the Mach disk at time
t , as illustrated in Fig. 1. Three typical axial regions are at the bore
exit (³t ¼ 0), upstream of the Mach disk (³t < 1), and downstream
of the Mach disk (³t > 1). Time-resolved Mach disk locations were
obtained from previously obtained emission images7 and a � t to
those data was used to obtain a relationship between Mach disk
location and time delay. Figure 10a shows three emission spectra
obtained at t D 90 ¹s, but at three different downstream locations
(³t D 0, 0.68, and 1.12). Here it is seen that the emission at the exit
of the capillary (³t D 0) is predominantly broadband over the spec-
tral range from 580 to 700 nm, and the atomic hydrogen line H®

appears line reversed at 656.3 nm. The broadband emission at the
bore exit results from the dense capillary plasma and is consistent
with previousmeasurementsmade in a similar scale facility.11;12 For
the two locations downstream of the bore exit (³t D 0:68 and 1.12),
the broadband emission is substantially weaker, and H® appears as
a distinct emission line and is the predominant feature in the spec-
tral range. The presence of the distinct lines is consistent with the
relatively low densities and temperatures that are expected in the
interior of an underexpandedjet.
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Fig. 10a Temporally and spatially resolved emission spectra obtained
at 90 ¹s after the initiation of the pulsed plasma jet for a 5.0-kV
discharge, spectral range 580–700 nm.

Fig. 10b Same as Fig. 10a for the spectral range 465–585 nm (H® is
the atomic hydrogen emission line at 656.3 nm and I and II indicate
neutral and single-ionized atoms, respectively).

Figure 10b shows spectra between 465 and 585 nm, for the same
time of t D 90 ¹s and for the three downstream locations of ³t D 0,
0.68, and 1.12. Figure 10b shows that, downstream of the bore
exit (³t > 0), distinct emission lines are observed for atomic cop-
per [Cu(I)], hydrogen (H¯ /, copper ions [Cu(II)], and oxygen ions
[O(II)]. The emission from Cu arises because it is a constituent
of both the electrode material and the fuse wire used to initiate
the discharge. H¯(486.1 nm) is also observed in the spectra, but it
is too strongly overlapped with adjacent lines to analyze. In addi-
tion, the spectra also show evidence of the emission from C2 (Swan
bands). For example, very weak emission features are seen at the
wavelengths of the Swan bandheads: 473.7 (1, 0), 516.5 (0, 0),
and 563.6 nm (0, 1). The carbon originates from the polycarbonate
(C16H14O3) capillary wall, and the C2 is likely formed at the outer
edge of the plasma jet where cooler temperatures enable the recom-
bination of atomic carbon.11 Figure 10b also shows that the pre-
dominatelybroadbandemission at the bore exit (³t D 0) with strong
line-reversed features resulting from the self-absorptionof copper.

Both Figs. 10a and 10b show that the emission lines down-
stream of the Mach disk (³t > 1) have higher intensities and larger
linewidths than the lines upstream of the Mach disk. This is con-
sistent with the higher densities and temperatures that are expected
for compressionby a normal shock wave. Axial pro� les of the exci-
tation temperature in the plasma jet at different times are shown in
Fig. 11. (Although we use the term axial pro� les, this is not, strictly
speaking, correct because the data are line-of-sight integrated and,
therefore,are in� uenced by the emission from locations that are not
on the jet centerline.) The x axis is the nondimensional axial dis-

Fig. 11 Variation of the excitation temperature along the axis of the
jet for several different times; the downstream coordinate is the nondi-
mensional axial position ³t (Ref. 18).

tance ³t . The measured excitation temperatures have an estimated
uncertainty of §2500 K upstream of the Mach disk (³t < 1) and
§3000 K downstream of the Mach disk (³t > 1), respectively.The
uncertainty, which represents the standard error of the excitation
temperature, was estimated by means of a � rst-order � t to data.
Figure 11 shows that all of the pro� les are approximately similar
when plotted as a function of the nondimensional axial distance.
This result is interesting because the data represent different times
during the discharge where the capillary source conditions would
be expected to vary widely. However, regardless of the time (and,
hence, the instantaneouscurrent),we observe that two temperatures
(upstream and downstream of the Mach disk) can essentially char-
acterize the entire axial pro� le, that is, Texc ¼ 12,000 K for ³t < 1
and Texc ¼ 20,000 K for ³t > 1. The temperature downstream of the
Mach disk should be approximately equal to the temperature at the
bore exit. Hankins et al.11 made bore exit measurements in a simi-
lar scale facility and reported temperatures ranging from 14,000 K
(1.2 eV) at 1 kJ to 22,000 K (1.9 eV) at 3-kJ discharge energy. We
note that our measurements (20,000K) at 3-kJ dischargeenergy are
in good agreement with their measurements.

The temperature measurements reported earlier rely on the as-
sumption that the plasma is optically thin at the wavelengthsof the
copper transitions, that is, there is no absorption of the emitted ra-
diation along the line of sight. The potential for self-absorptionwas
speci� cally investigated with additional experiments and analysis.
Our approach was to make absorption measurements at a single
electronic transition of copper and then to assume LTE to infer
the absorption that would occur for any other transition along the
same path. The line-of-sight laser absorption measurements were
performed on the ground state of copper using an Nd:YAG pumped
pulsed dye laser tuned to ¸ D 327:4 nm (2P1=2 Ã 2S1=2). Measure-
ments were made at locations just upstream and downstream of the
Mach disk (³t D 0:8 and 1.2, respectively).There was no detectable
absorption upstream of the Mach disk (³t D 0:8), whereas down-
stream of the Mach disk (³t D 1:2) the fraction of incident energy
absorbed was 40%. We, therefore, will restrict our analysis to the
location downstream of the Mach disk because it is here that we
expect the greatest self-absorptionat the emission lines of interest.

To obtain an order-of-magnitude estimate of the effects of self-
absorption, we assume that the optical path in the � ow� eld is spa-
tially uniform. Then the column density of the ground state of cop-
per no L in the optical path can be obtained by using the absorption
measurement combined with Beer’s law,

n0 L D nl L D [1=SluÁ.º/][¡ ¿.º/]

Becausethe transitionarisesfrom thegroundstate,we speci� cally
label the lower state number density, typically denotedby nl , by n0.
In the preceding expression Slu is given for the optical transition,
Á.º/ is the line-shapefunctionnormalized to unit integral, and ¿ .º/
is the transmissivity at frequency º. For a transition l ! u from
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lower state l to upper state u centered at wavelength ¸, Slu can be
calculated from Aul, the corresponding Einstein A coef� cient for
emission, via

Slu D .¸2=8¼/.gu=gl/Aul[1 ¡ exp.¡1"ul=kTexc/]

The term in square brackets is the correction for stimulated emis-
sion and is signi� cant at high temperatures. For the ¸ D 327:4 nm
transition, 1"ul D 3:786 eV, Aul D 1:37 £ 108 s¡1 , and gu D gl D 2,
so that at 25,000 K, we have Slu D 4:84£ 10¡7 m2 ¢ Hz. If we as-
sume that the laser is centered on the transition and is narrow
relative to the spectral line that is described by a Lorentzian line
shape, with a Stark frequency linewidth 1º half-width at half-
maximum (HWHM) of 1.5 THz (correspondingto a Stark linewidth
of 1-nm HWHM), then the value of the lineshape function at line
center is Á.º/ D 1=.¼1º/ D 2:9 £ 10¡13 Hz¡1. Substituting these
numerical values into the expression for column density, we obtain
n0L D 3:7 £ 1018 m¡2 .

From the images of the plasma � ow, we know that the opti-
cal path length in the � ow� eld is about 40 mm, and so the spa-
tially averaged ground state copper density is n0 D 9:2 £ 1019 m¡3,
which, as expected, is much less than the electron and ion density
(»1024 m¡3) because Cu, and neutral Cu, in particular, is a trace
species in the � ow. If we assume thermal equilibrium, we can now
calculate the populationof the lower states of the Cu transitions and
estimate the effectsof self-absorption.The absorptioncross sections
are computed from the Einstein A coef� cients as before, and, if we
assume the same Stark broadened linewidth for simplicity, we can
estimate the transmissivity of the plasma at the peak of the spectral
lines. We also note that the effective path length for the emission
measurements is actually less than L because the laser beam was
propagated across the entire � ow, whereas only a small fraction
of the emission does so. For this reason, an effective path length,
L eff D L=2, was used for the self-absorptioncalculations.

Table 1 shows the spectroscopic constants (see Ref. 29) and the
calculated transmission at the center of each spectral line for these
conditions(T D 25,000 K; L eff D 0:02 m; and n0 D 9:2 £ 1019 m¡3).
It can be seen that the transmissionis always greater than 85%, cor-
respondingto self-absorptioneffectsof 15% or less. We observethat
the ground state does not have the highest populationbecauseof the
effects of state degeneracy.Additionally, the transitions connecting
the highly populated states are not strongly self-absorbed because
these are forbidden transitions with small Einstein A coef� cients
and correspondinglysmall absorption cross sections.

Also note that the emission transitions with the strongest self-
absorption effects arise from states with intermediate energy
(6.2 eV). Thus, self-absorptionwill have relativelylittleeffecton the
slope of the line in a Boltzmann plot and, thus, will have relatively
little effect on the temperature determined. Although the preceding
analysis is based on a spatially averaged approximation, it can be
seen that the effects of self-absorption are likely to be small and
well within the experimentaluncertainty,except for the region very
close to the capillary exit.

D. Electron Density

To determine the electron number densities, we used the results
of Gigosos and Cardenoso,30 who calculatedthe Stark widths of the
� rst three lines of the Lyman and Balmer seriesof hydrogen, includ-
ing the important contribution of ion broadening. Their simulation
results show that the Stark widths do not have a strong dependence
on either the plasma excitation temperature, nor on atom–ion re-
duced mass ¹. To obtain electron number densities, we used the
linewidth of H® and took the plasma temperature to be 15,000 K
and the reduced mass to be 1.0 amu (Ref. 30) (roughly correspond-
ing to a hydrogen emitter in a mixture of heavier ion perturbers).

Figure 12 (see Refs. 31 and 32) shows measured electron num-
ber density ne pro� les along the axis of the plasma jet at several
times. The measurements have an estimated uncertainty of 4.1 £
1016 cm¡3 for ³t < 1 and 4.9£ 1017 cm¡3 for ³t > 1, respectively.
In this case, as with the temperature data, the pro� les are seen to
be very similar. Upstream of the Mach disk, the density is rela-

Fig. 12 Variation of electron number density along the axis of the jet
for several different times (from Ref. 31).

tively constant and then undergoes an abrupt jump across the Mach
disk (³t D 1). The measured electron number densities range from
1.7 £ 1017–5.5 £ 1017 cm¡3 upstream of the Mach disk to 1018–
2.5 £ 1018 cm¡3 downstreamof theMachdisk. Furthermore,despite
signi� cant scatter in the measurements, there appears to be a trend
toward lower electron densities further downstream of the Mach
disk, which should be consistent with the decreasing temperatures
downstream of the Mach disk hinted at in Fig. 12.

Hankins and Mann12 showed that the electron densities obtained
at the exit of an ET source of similar scale to ours varied from
7.6 £ 1017 cm¡3 at 1-kJ to 2.0 £ 1018 cm¡3 at 5-kJ dischargeenergy.
(At 3-kJ discharge energy, the density of ¼1:6 £ 1018 cm¡3 can
be deduced from their data.) We note that our measurements for
electron densities in the regions downstream of Mach disk (³t > 1)
show an excellent agreement with their measurements.

V. Conclusions
In this study, we have made temporally and spatially resolved

emission spectroscopic measurements and conducted schlieren
visualization of a pulsed plasma jet produced by an ET capillary
discharge issuing into room air. Temperature and electron num-
ber density axial pro� les were obtained at several times throughout
the discharge at an energy of 3.1 kJ. Results show that the plasma
temperature and electron density jump across the Mach disk, as
expected. Regardless of the time within the discharge, the temper-
atures are approximately 20,000 K and 12,000 K downstream and
upstream of the Mach disk, respectively; the corresponding elec-
tron densities are ¸1:0 £ 1018 and ¼2:5 £ 1017 cm¡3 , respectively.
In addition,we have measured the trajectoryof the blast wave using
the schlieren imaging technique at discharge energies of 0.78, 1.5,
and 3.1 kJ. The results were compared to previous results for the
contact surface and Mach disk and show that the blastwave and con-
tact surface are nearly coincident until about 70 ¹s after the plasma
initiation. Approximately 160 ¹s after plasma initiation, the super-
sonic expansion has grown to its maximum downrange extension,
and the barrel shock structure is fully established.At later times, the
blast wave decouples from the driving core jet � ow, and the barrel
shock retreats toward the capillary exit. Furthermore, the analysis
of the blast wave trajectories shows that the scalings of the shock
radiuswith time and of the shockvelocitywith energyare consistent
with a model that accounts for the continuous deposition of energy
at a point.
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