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Characterization of a capillary-discharge plasma
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The electron density and temperature of the plasma produced by a capillary discharge with open
geometry have been characterized. Peak densities of 1X10' cm and electron temperatures of 2.5 eV
are observed. The plasma is uniform over distances on the order of 1 cm. The time evolution of both
the electron density and temperature profiles has been studied over the duration of the 5-ps-long
discharge.

PACS number(s): 52.25.Rv, 52.40.Nk, 52.50.Dg

I. INTRODUCTION

Capillary-produced plasmas are formed by an electrical
discharge through a narrow channel, or capillary, within
a solid. The ambient plasm as produced by closed-
geometry capillaries, in which the plasma is confined
within the solid, typically have densities in the range
10' —10 cm and temperatures of approximately 2 eV
[1], and have been investigated for a number of years due
to interest in strongly coupled plasmas. Experimental
studies of the standard capillary discharge, however, have
been hampered by restricted access to the plasmas.
These problems have largely been overcome by the devel-
opment of the open-geometry form of the discharge to be
described below, in which the plasma is allowed to ex-
pand into open space away from the solid. This form of
discharge presents great advantages in that the ambient
plasma can be directly studied, and the plasma can now
be laser heated to provide a uniform hot plasma.

In this paper, we describe a series of experiments in
which we have directly characterized the time-dependent
electron density and temperature profiles of a capillary
discharge plasma. Interferometry is used to measure the
electron density and optical pyrometry is used to infer
the electron temperature profile. The capillary-produced
plasma is shown to be extremely uniform with peak den-
sities on the order of 1 X 10' cm and electron tempera-
tures near 2 eV.

Characterization of the electron density of open-
geometry capillary plasmas using spectroscopic analysis
has been recently presented [2]. Time-integrated observa-
tion of Stark line broadening of hydrogen Balmer lines
was used to infer plasma densities produced by a po-
lyethylene [(CH2)„]insulator. Neither the plasma uni-
formity nor the electron temperature were investigated.
The results of Ref. [2] are consistent with the model of
Loeb and Kaplan [3].

Using a capillary discharge, previous workers have
produced a large (8.0X0.4 mm ) plasma which they have
laser heated to temperatures of about 250 eV, as indicat-
ed by x-ray diagnostics [4]. This earlier work indicated

that the plasma might be extremely uniform along the
long direction and that the electron density can be varied
by changing the electrical energy supplied to the capil-
lary. Although the uniform nature of the plasma has
been inferred from spectroscopic measurements and has
been simulated with hydrocodes [5], definitive measure-
ments of density and density profiles of the ambient plas-
ma using interferometric techniques have not been ap-
plied.

Large uniform plasmas are of great interest because the
interpretation of laser-plasma interaction experiments,
for example, is often complicated by the nonuniformities
of the electron density and temperature of the target plas-
ma. A specific example of this is found in the modeling
of x-ray spectra from laser-ablated solids; gradients are
inherent to the heating and decompression of the solid
target, whether they be in the form of thick microdots,
thin embedded microdots, or solid targets [6]. In the case
of thick microdots, where the material covers the entire
target, the gradients along the axis of the incident laser,
i.e., away from the target surface, are large because the
material starts at solid density and decompresses into the
vacuum. This causes numerous difFiculties in the inter-
pretation of the data [7]. In the case of thin dots, which
are restricted in both the lateral and horizontal direction
there remains the possibility that these dots are hydro-
dynamically unstable due to the density mismatch be-
tween the dot and the surrounding material. Further-
more, the dot generally samples a whole range of densi-
ties as it is ablated, and therefore does not constitute a
well-defined plasma useful for basic studies of atomic ki-
netics.

A high-temperature ( ) 1 keV) large plasma could be
formed by irradiating a capillary discharge plasma with a
high-intensity () 1X10' W/cm ) laser beam. Several
means of producing large, uniform plasmas have been al-
ready investigated, including laser irradiation of explod-
ing foils [8], low-density foams [9,10], and carbon fibers
[11]. As noted earlier, laser ablation of solid materials
makes it difficult to produce homogeneous plasmas dur-
ing the laser pulse. Laser irradiation of gas targets have
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been performed often in the past, but nonuniformity of
the ionization of the gas has been observed I12].

The organization of the remainder of this paper is as
follows. We will first describe the capillary and the char-
acterization techniques in Sec. II. The capillary-
discharge plasma lifetime is approximately 5 psec. The
density and temperature measurements both have time
resolution ( ( 10 ns) within the duration of the discharge
lifetime, and both have spatial resolution.

In Sec. III, we will present the data. The emphasis of
our discussion will be on the uniformity of the plasma
density and temperature. We are able to obtain a plasma
which is uniform over millimeter distances. We will also
show that the density increase as a function of discharge
voltage is less than predicted by theory, while the temper-
ature is independent of the discharge voltage. We con-
clude by discussing and summarizing the data in Sec. IV.

II. DESCRIPTION OF THE EXPERIMENT

A. The capillary

A schematic diagram of the experimental setup for the
capillary-produced plasma is shown in Fig. 1. An insula-
tor [Tefion-(CF2)„)]separates the anode and the cathode,
and has dimensions of 1 cm in diameter by 1 cm high.
Within the insulator and the anode there is a 0.2-mm-
wide slot, extending through the insulator to the cathode.
The slot is tapered in the long dimension, increasing in
length from 4 mm next to the cathode to 10 mm at the
anode end. The capillary is connected to a 40-pF capaci-
tor which is charged to a selected voltage ( ~ 5 kV) that is
presently limited by damage to the capillary assembly
during a discharge. The discharge is triggered by a 10.0-
kV, 35-ns pulse applied between a third electrode (located
at the center of the cathode) and the cathode.

Anode
Plasma Jet

Capillary
Channel

Capillary
Insulator

Capacitor

Insulator

Spark Gap

Cathode

Spark Gap Wire

FICi. 1. Schematic of the capillary discharge apparatus. The
discharge is initiated by a 10-kV, 30-ns pulse which forms a
spark gap with the top of the cathode that is located at the bot-
tom of a 200 pm by 1-cm slot that extends through the Teflon
insulator. The discharge occurs between the cathode and the
anode through the slot. The plasma ablated from the sides of
the slot expands hydrodynamically through a slot in the anode.

The plasma produced in the capillary expands along
the gap in the insulator causing ablation of the insulator
(Tefion) wall, producing a carbon and fiuorine plasma,
the density of which can be controlled by the discharge
power. The discharge current, which reaches a peak a
few microseconds after triggering, is monitored by a Ro-
gowski coil. The plasma expands through the gap in the
anode into the surrounding vacuum. The capillary plas-
ma has a lifetime of about 5 @sec.

B. Interferometry

The electron density of the discharge plasma was mea-
sured using an interferometer. The plasma was probed
using a 2-ns-long laser pulse; before the laser pulse
reached the plasma, a fraction of the beam was frequency
doubled from a 1.06- to 0.53-pm wavelength by a potassi-
um diphosphate (KDP) crystal, and the two wavelengths
propagated colinearly through the plasma. By varying
the arrival time of the laser pulse relative to the capillary
trigger pulse over many discharges, the time evolution of
the density could be studied.

The plasma was imaged using a lens system. The first
lens was an f/4. 5, 240-mm focal length lens that relayed
the discharge image through a folded-wave interferome-
ter. In this interferometer scheme, the plasma is onset
horizontally relative to the center of the probe beam; a
beam splitter picks off a fraction of the beam which is
then rotated 180' about a vertical axis through the center
of the beam and recombined with the unaltered portion
of the beam using a second beamsplitter so that the unob-
scured portion of the probe beam serves as the reference
beam for the portion of the beam occupied by the plasma.

The image formed after the interferometer by the first
lens is further magnified by an f/1. 9, 50-mm lens for a to-
tal system magnification of approximately 12 (the resolu-
tion is 10 pm in the object plane). The 1.06-pm laser
light was imaged onto a charge-coupled-device (CCD)
camera, while the 0.53-pm laser light was selected using a
narrow-band dielectric mirror and imaged onto film.
Recording the two wavelengths simultaneously was im-
portant to being able to diQ'erentiate between phase shift
contributions due to ionized particles and neutral parti-
cles (discussed further in Sec. III).

The plasma has an index of refraction
Xz =(1—n, /n, )' where n, is the electron plasma densi-

ty and n, is the critical electron density where the probe
laser frequency, coo, equals the electron plasma frequency,
co, =(4rrn, e /m, )'~ . The critical density is calculated
from n, =(1.1 X 10 ')A, l cm, where A, L is the incident
laser wavelength in microns. The plasma produces a
phase shift, 6P, relative to the reference beam which is
given by

5$=(2~/A. L ) f X dx
0

=(2'/Xl )f (1 n, /n, )'~—dx, (1)

where I. is the path length of the probe beam through the
plasma. For n, (&n„this equation is approximated by

5P=(~/A, i n, ) f n, dx . (2)
0
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For the experiments reported in this paper, n, =4 X 10 '

cm for A,I =0.53 pm, whereas the peak density is
n,„„„=1 X 10' cm, so the approximation is valid.

Each discharge was probed in one of two directions:
along the length of the slot (y direction) or perpendicular
to the length of the slot (x direction). (Our coordinate
system is defined in Fig. 2.) The path length of the probe
beam through the plasma in the y direction is long
enough that, at the highest discharge voltages, the densi-
ty becomes high enough that refraction of the probe
beam becomes significant and the fringe shift profile be-
comes distorted in the z direction near the anode.

An example of the refraction effect is shown in Fig. 3(a)
which is an interferogram of the plasma produced by a
2.0-kV discharge as viewed in the y direction. The mea-
surement in the y direction indicates that the plasma den-
sity peaks well away (almost 1 mm) from the anode sur-
face whereas the density profile given by the interfero-
gram viewing the perpendicular direction [see Fig. 3(b)]
shows that the density profile peaks in the z direction at
the anode.

The angle of refraction is given by [13]

dn,
0(z)=(4.5X10 '

)A.L J Xdl, (3)
0 dz

n„=— = (
—l. 6 X 10 )X„A, /L,

2~aL
(4)

which has been found using the Lorentz-Lorenz relation

than the depth of focus of the lens.
Refraction is not important when the plasma is viewed

in the x direction because the path length through the
plasma is much shorter. The fringe shift becomes small,
however, when the discharge voltage is low, or at early
times during the discharge. In these cases, we use the y-
direction view to obtain the density profile; the effect of
refraction in this case is tolerable. Since the refraction is
strongly dependent on the probe wavelength, we also
used the interferogram formed by the 0.53-pm probe
beam (the 1.06-pm interferogram is shown in Fig. 3).

Discharges at the higher energies (3 —5 kV) showed evi-
dence of the presence of a measureable density of neutral
particles, which give rise to fringes shifting in the direc-
tion opposite to that produced by the plasma electrons.
The plasma index of refraction is always less than 1,
while the index of refraction of the neutral gas is always
greater than 1. The neutral density (in cm ) is found
from the fringe shift, N„,by

where the integral is along the path of the refracted ray
and z is in the direction normal to the surface of the
anode slot. The path length of the probe propagating
along the length of the slot is so long that even modest
density gradients can produce significant refraction. For
A,l =1.06 pm, L =1 cm, and dn, /dz=2X10 cm
[from Fig. 4(b)], then 8=6 which is consistent with the
deflection of rays from the anode surface to 1 mm away
at the end of the plasma. The focusing lens compensates
to a certain extent for the refracted rays, however, its
effect is limited because the object's extent is much larger
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FIG. 2. Coordinate system used for the discussion in the text.
The y axis is parallel to the long dimension of the slot in the
capillary anode, the ~ axis is perpendicular to the slot, and the z
axis is normal to the anode surface.

FIG. 3. Interferograms obtained from a capillary discharge
with a charging voltage of 3.2 kV. The anode slit width is 375
pm and the interferograrns are taken 5 psec after the discharge
is triggered. The probe wavelength is 1.06 pm. The interfero-
grams were acquired on diff'erent discharges with views (a) along
the y axis and (b) along the x axis,
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by changing the center wavelength of the interference
filter during the experiment while keeping the external
parameters of the discharge constant. The time response
of the photomultiplier is -2 ns.

The plasma temperature was inferred by comparing
the spectral surface luminosity of the plasma to a stan-
dard source. The standard source in this case was a
tungsten lamp with a helical filament (T=2800 K at 35
A); the luminosity of this lamp is referenced to a National
Bureau of Standards (now NIST) calibration. Between
the wavelengths of 400 and 700 nm, the filament was
found to emit a spectrum which matches that of a black-
body radiator:
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T = 5.0 N[s

V = 3.16kV
w =400 @m

I„,(X, To) =2maohc /A, [exp(hc/AkTo) —1], (5)

where I„,is the calibrated intensity, ao =0.448+0.016 is
the calibration emissivity, and To=3231+18 K is the
calibration source temperature. The spectral radiance of
the lamp at A, =550 nm is 200 W/m nm sr.

The observed plasma emission intensity, I „,„

is re-
lated to the plasma temperature by

I„&„,g exp(h v/kTO) —1

I„, ao exp(h v/kT) —1

FIG. 4. Density distributions calculated from the interfero-
grams of Fig. 3. The density appears to peak away from the
anode in the z direction because of refraction of the probe beam
{discussed in the text).

[14] where a is the atomic polarizability, and we have
used the measured polarizability for a 1:2 carbon-fluorine
atomic gas [15]. The indices of refraction for the plasma
and the neutral gas also have a different dependence on
the probe wavelength; this means that by looking simul-
taneously at interferograms produced at two different
probe wavelengths, it is possible to deconvolve the
separate contributions of the plasma and the neutral gas.
In all cases, the neutral contribution was small (apparent-
ly limited to the ends of the slot) being within the mea-
surement and superposition error. We will show, in Sec.
III C, that the measured neutral density is consistent with
the measured plasma temperature.

Once the interferograms have been obtained, the densi-
ty distribution is calculated using Eq. (2) and an assump-
tion that the density is uniform along the line of sight.
The density distributions obtained from the interfero-
grams of Fig. 3 are shown in Fig. 4.

C. Pyrometry

In the setup for the pyrometry measurement, which
provides an indication of temperature, a lens (f/10, focal
length is 50 cm) images the plasma source through an in-
terference filter onto an optical fiber bundle. For all the
data discussed, the plasma was viewed in the x direction.
The fiber bundle transmits the plasma light to six pho-
tomultiplier tubes. Each photomultiplier time resolves a
spot size of = 500 pm in diameter [16) to obtain a spatial
profile of the plasma emission. The spectrum is resolved

where v is the frequency of the emitted light, and 3 is the
plasma absorption. The plasma absorption is introduced
because the plasma is optically thin (A ((1). The plas-
ma emission along the line of sight, therefore, contributes
to the signal produced by the photomultiplier tube. This
also means that 3 is a function of T so the calculation of
T from I „,, is an iterative procedure (discussed further
in Sec. III B).

III. RKSUI.TS

The capillary discharge was investigated by varying the
discharge voltage, and the width of the slit in the anode.
In this section, we discuss data using discharge voltages
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FIG. 5. Peak density vs time for a slot width of 200 pm.
Discharges produced by four diA'erent charging voltages were
studied. The data points have been fitted with a third-order po-
lynomial.
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FIG. 6. Peak density vs time for a 186-J discharge energy
(3.2-kV charging voltage) and three di6'erent anode slot widths.
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FIG. 7. Temperature variation as a function of time. The
light is collected from a region in the middle of the slot, 32S pm
above the anode. The discharge energy is 18.6 J (1-kV charging
voltage).

of 1, 2, 3, and 5 kV, and slot widths of 200, 400, and 800
pm. The behavior of the plasma as a function of time
and space was also studied.

A. Density measurements

The experiments show that the peak density scales
linearly with the discharge energy. Figure 5 shows that
the density peaks approximately 5 @sec after the
discharge is triggered, regardless of the charging voltage,
which coincides with the time of peak current passing
through the capillary.

The peak density is independent of the width of the
slot in the anode. In Fig. 6, we show the time history of
the plasma density as the slot width is increased from 200
to 800 pm. This result shows that the anode contributes
little to the total plasma density and that we should ex-
pect little variation in the peak density as long as the
width of the TeAon slot remains constant.

The optimized capillary produces peak densities of
1X10' cm ~ The plasma is also extremely uniform
over a large volume. Figure 4(b), for example, shows that
the plasma density varies less than a factor of 3 for
0.5 & z & 1.5 mm and ~y~ &4 mm.

p includes bound-free and free-free transitions. We ob-
tain n, from the density measurement, so T, is the only
quantity needed to calculate p and A. This requires an
iterative solution of Eq. (6) for T given n, and I.

We assume that the emissivity is constant throughout
the discharge and calculate A using the peak density and
iteratively solve Eq. (6) for T, . The results for a
discharge of 1 kV with a peak density of 2.5X10' cm
give T, =2 eV and A =0.0041.

The time-dependent temperature is plotted in Fig. 7.
In calculating the temperature, we have assumed that the
absorption is constant for a given discharge and equal to
the value of the absorption at the peak density of the
discharge. To test this approximation, we calculated the
time-dependent absorption and found the results in agree-
ment within 20%%uo.

Our measurements of the neutral density are consistent
with that predicted by the Saha equation using our mea-
sured electron temperature. For a discharge voltage of
3.5 kV, we can place an upper bound on the neutral den-
sity of 10' cm . Since this discharge produces a peak
electron density of 3 X 10' cm, the average ionization
is greater than 75%%uo. For the measured electron density,

B. Temperature measurements

The plasma is optically thin at 530 nm as shown in the
interferograms by the transmission of the probe beam.
This means that [17]

C
Q

1.5
~~
0

A=1 —e

~here

r= 1'I dx
0

and [18j

Z kgn
exp

3v'3h 4cv'

(8)

CA

co 0.5

0
1
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10

We use Z as the charge state, v as the emission frequency,
and I is the emissivity at frequency v. The expression for

FIG. 8. Plot of the average ionization, z,„,as a function of
temperature of a plasma containing a 1:2 ratio of carbon and
Auorine atoms.
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and assuming a 1:2 ratio of carbon and fluorine atoms,
the Saha prediction of ionization as a function of temper-
ature is shown in Fig. 8. The estimate of 75% ionization
places a lower bound on the temperature of 2.7 eV, in
good agreement with the measured peak temperature of
2.5 eV.

C. Discussion of the data

To summarize the data, we have found the following:
(i) The peak electron temperature is independent of the
discharge energy. (ii) The time of the peak temperature
relative to the discharge trigger varies, however, and
occurs earlier as the discharge voltage is increased. (iii)
Regardless of the height above the anode, the electron
temperature is extremely uniform along the length of the
plasma, as shown in Fig. 9. We see that T, is uniform
within 50% over a distance of approximately 1 cm.

The observed density and temperature distributions are
the result of the physical processes involved in the forma-
tion of the plasma within the capi1lary channel, the
geometry of the capillary channel, and the expansion of
the plasma into the vacuum. The current, voltage, and
power in the capillary channel as a function of time for a
discharge voltage of 1 kV are shown in Fig. 10(a). The
current is uniform within 10% for nearly a 5-psec dura-
tion. The peak density as a function of time is compared
to the capillary power in Fig. 10(b). It can be seen that
the time between the triggering of the spark gap and the
first appearance of a plasma at the output of the capillary
is approximately 4 psec. Since the capillary is 1 cm high,
this corresponds to a velocity at the capillary output of
2.5X10 cm/sec, in good agreement with the velocity
measured from the expansion rate of the electron density
profile. This expansion velocity is also in good agreement
with the plasma sound velocity calculated from the mea-
sured peak electron temperature of 2.3 eV. The time-
dependent electron temperature is shown for comparison
in Fig. 10(c).

During the time when the current is nearly constant

(for 3 ( t (6 psec in Fig. 10), the capillary discharge is in
quasisteady state since the rate of change of the current is
much slower than the hydrodynamic time scale (I/c, ~ 2
IMs). The measured resistivity agrees well with Spitzer's
resistivity for a fully ionized plasma [2,19]:

R =0.17(l/a )(InA)/T ~ (10)
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ter of the capillary opening in the cylindrica1 geometry of
the theory, with the diameter that gives an area equal to
that of the slotted capillary of our experiment. The mea-
sured resistivity for a 1-kV discharge is R =0.5 kV/2. 25
kA=O 22 A. For this discharge, we measured T =2 eV,
and n =5X10' cm, so lnA-2. The capillary depth, I,
was 1 cm, and a =0.7 mm, so R =0.24 0„,in good agree-

3.5

3 ~ 0—

2.5I
L

~~ 2.0
I
Q.
E 1.5
I-

0

o h =325@m
o h = 750@m
a h = 1175p.m

o

0 0

1.2

0.8—

0.6—

Q
0.4—

0.2—

Q.Q
- l0

(c)

Isl R s Is ~ ILL

,
2.5

2.0

0)

1.5
0)
CL
E

1.0

S 1 I

I I I
II I I'~05

5 10 15 20 25 30
Time (Ij.s)

0.5 I

0
I I

2 3
y (mm)

FIG. 9. Temperature variation along the slot for three
diferent distances above the anode. Each data point is the aver-
age of six consecutive shots. The charging voltage was kept
constant at 2.0 kV.

FIG. 10. Comparison of external electrical properties of the
discharge with the measured peak density and temperature for a
discharge voltage of 1 kV. (a) Plot of the time-dependent
current (kA), voltage (kV), and power (MW). (b) Plot of the
time-dependent power and the time-dependent density. (c) Plot
of the time-dependent power and the time-dependent tempera-
ture.
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cross-sectional area of the slotted capillary compared to
the cylindrical capillary of the model.

The observed temperature and density profiles agree
well with those predicted by an adiabatic expression of
the plasma in the vacuum. The temperature, T, plasma
volume, V, and pressure, P =n T, are related by

V~ 'T =const,
TP" ~' ~=const .
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FIG. 11. Comparison of the observed temperature and densi-

ty profiles for a 3.2-kV discharge with the profiles calculated for
an adiabatic plasma expansion. Shown are (a) temperature and
(b) density profiles at the time at which the density peaks.

ment with the resistivity measured from the external
currents.

We compared our observed scaling of peak density and
temperature with the model of Loeb and Kaplan [3]. Us-
ing Eq. (29) of Ref. [3] and Ohm's law, T, ~ V4~ is pre-
dicted, whereas we observe no change in T, with the
discharge voltage, V, . Similarly, the model predicts
n, ~ V, [from Eq. (31) of Ref. [3]]; in the experiment the
peak density is proportional to V, . The difFerence be-
tween our experiment and the prediction is probably due
to the breakdown of the assumption in the model of an
optically thick plasma. As we have seen, the plasma is
optically thin, and probably also is so inside the capillary:
the plasma absorption, A, will be less than 1 even if the
density is an order of magnitude larger inside the capil-
lary than outside. The low density, and resistivity, ob-
served in this experiment are the result of the large

Above the capillary, the plasma expands horizontally at
the sound speed, so V~z, T~z, and n ~z '. Com-
parison of this formulation with the data (see Fig. 11)
shows good agreement. A model in which the plasma ex-
pansion is driven by a constant source [20] predicts that
the density should fall an order of magnitude over the
same axial distance shown in Fig. 11.

IV. CONCLUSIONS

We have measured the time-resolved densities and tem-
peratures of an open-geometry capillary-discharge plas-
ma. Peak densities of 3X10' cm and temperatures of
2.5 eV have been obtained. The measured density and
temperature profiles show a plasma that is uniform over
millimeter distances.

The time-resolved measurements show the relationship
between the discharge current and the evolution of the
temperature profile. Steady-state fIow of the plasma has
been obtained in the discharge examined here. The large
aperture of our capillary produces a somewhat lower
plasma resistivity than has been previously investigated.

The large ion densities inferred from our measurements
lead to the prediction of high electron densities () 10
cm ) if a high-intensity laser beam is used to fully ionize
the target plasma [5]. The result will be a plasma which
includes the density ranges seen in laser-ablated plasmas
from solid targets, but uniform over a much larger size,
and with significantly lower (by two orders of magnitude)
hydrodynamic fiow. For the production of long scale
length uniform plasmas, the slotted capillary discharge
provides a promising source for a wide variety of interest-
ing plasma studies.
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