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Tomography of a plasma enables the distribution of electron density to be visualized. We report on
the design of two tomographic interferometer systems used to measure plasma electron density
distributions in a high-current pulsed cathodic vacuum arc. The method is shown to be capable of
microsecond time resolution. The spatial resolution of the quasioptical interferometer operating at 2
mm wavelength is 20 mm and the spatial resolution of the waveguide-based interferometer
operating at 8 mm wavelength is 50 mm. In both cases the resolution achieved depends on the
launching and receiving geometries. We developed criteria for assessing the tomogram for artifacts
arising from limited sampling. First results of the spatial and temporal history of plasma in a
high-current vacuum arc guided by a curved magnetic filter are presented and indicate poloidal field
fluctuations reminiscent of magnetohydrodynamic instabilities in pinches. The applicability of the
tomographic interferometry method to optimize plasma transport through the filter is also
demonstrated. © 2007 American Institute of Physics. �DOI: 10.1063/1.2714677�

I. INTRODUCTION

Filtered cathodic vacuum arc deposition is widely used
to deposit high-quality coatings and thin films.1,2 In these
systems, material from a conducting cathode is vaporized
into a jet of plasma, guided by a curved magnetic filter to
remove undesired macroscopic particles.

The filter is typically a quarter toroidal magnetic field
generated by one or more coils. Two different coil configu-
rations are commonly used: �i� an open curved helical coil
inside the vacuum vessel3 or �ii� a set of planar coils posi-
tioned at intervals along the toroid.4 Determining the mag-
netic field strength that maximizes plasma transport through
the filter is challenging. If the field is too weak, it will be
insufficient to divert the path of the plasma jet. If it is too
strong, it can prevent the plasma from entering the filter.
Typically the field strength is chosen to magnetically confine
the electrons in the plasma but not the ions; that is, the elec-
tron Larmor radius rLe=meve / �eB� is considerably less than
the minor radius of the filter, which in turn is less than the
ion Larmor radius rLi=mivi / �qiB�, where qi is the ion charge.
The ions are then electrostatically constrained to follow the
electrons to the deposition surface. The ability to visualize
the plasma density distribution in the filter with good tempo-

ral and spatial resolution will assist in finding optimum mag-
netic field and boundary potential settings that maximize
plasma throughput.

Considerable experimental and theoretical work has
been directed toward optimizing the filter efficiency. Depo-
sition profiles5,6 provide a useful guide to relative density
measurements in a cross-sectional plane but necessarily per-
turb the plasma being measured and lack temporal informa-
tion as they require several pulses to obtain sufficient depos-
ited material to measure. Deposition studies are also time
consuming, requiring replacement of the deposition substrate
and evacuation time for each measurement.

Much work has been done with electrical probes inserted
into the plasma; for example, see Refs. 3 and 7. Although
probes can give good temporal resolution, they perturb the
plasma being measured so that their results can be difficult to
interpret �especially in magnetized plasmas� and, at best,
they provide only indirect measurements of fundamental
plasma parameters �see Chap. 3 in Ref. 8�. Ideally, one
would like to make nonperturbing, remote sensing measure-
ments of fundamental plasma parameters to provide accurate
and reliable results and enable verification of theoretical
models.2 While optical techniques have been used in the arc
spot plasma region9 there has been limited use of remote
sensing techniques in the bulk plasma and substrate regions.

Tomographic interferometry is a remote sensing tech-
nique commonly used in fusion plasma experiments to mea-
sure plasma electron density.10 Until now, this technique has
not been applied to vacuum arc plasmas. One problem has
been that centimeter or longer wavelengths are required to
probe typical vacuum arc plasmas, which have plasma den-
sities less than 1016 particles/m3. These wavelengths are

a�Also at Plasma Research Laboratory, Research School of Physical Sciences
and Engineering, Australian National University, Canberra, ACT 0200,
Australia; present address: Max-Planck-Institut fuer Plasmaphysik, Wen-
delstein str. 1, 17491 Greifswald, Germany; electronic mail:
george.warr@ipp.mpg.de

b�Also at Plasma Research Laboratory, Research School of Physical Sci-
ences and Engineering, Australian National University, Canberra, ACT
0200, Australia.

JOURNAL OF APPLIED PHYSICS 101, 073302 �2007�

0021-8979/2007/101�7�/073302/11/$23.00 © 2007 American Institute of Physics101, 073302-1

Downloaded 11 Apr 2008 to 130.56.65.24. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp

http://dx.doi.org/10.1063/1.2714677
http://dx.doi.org/10.1063/1.2714677


similar to or longer than the typical dimensions of the plas-
mas in these devices, so that it is not possible to spatially
resolve these plasmas. However, high-current pulsed vacuum
arcs have been developed11–14 that produce plasmas with
densities ranging from 1017 to 1020 particles/m3. These den-
sities are similar to those typical in fusion research plasmas,
where millimeter and submillimeter radiation is used to
probe the plasma, enabling spatially resolved measurements
to be made.

As part of a collaboration between the pulsed arc re-
search group at the University of Sydney and the fusion
plasma diagnostics group at the Australian National Univer-
sity, we have installed two tomographic interferometer sys-
tems on a high-current pulsed arc to measure the electron
density distribution of the arc plasma. Here we describe the
systems and present the first results of the spatial and tem-
poral history of typical high-current arc plasma discharges.
Such measurements are crucial to the elucidation of cathodic
vacuum arc physics and further optimization of these de-
vices.

II. TOMOGRAPHIC INTERFEROMETRY AS A PLASMA
DIAGNOSTIC

A. Interferometry

The refractive index � of a cold plasma is obtained from
the Appleton-Hartree formula. This formula reduces to �Ref.
8, p. 109�

�± � 1 −
X

2
±

XY

2
, �1�

where X= ��p /��2 and Y =�c /�. This applies provided that
the frequency � of the electromagnetic wave propagating in
the plasma is sufficiently above the plasma frequency �p and
the electron cyclotron frequency �c. The plasma frequency is
given by

�p =� e2ne

�0me
�2�

and the electron cyclotron frequency by

�c =
eB

me
, �3�

where e is the electron charge, me is the electron mass, ne is
the electron density, and �0 is the permittivity of free space.

An electromagnetic wave of wavelength �=2�c /�
probing the plasma incurs a phase shift given by �Ref. 8, p.
116�

�� = − re�� ne dl , �4�

where re=e2 / �4��0mec
2� is the classical electron radius. The

integral is along the beam path through the plasma. For a
Gaussian beam in a plasma with a spatially varying refrac-
tive index, a scalar analysis15 shows that the line integral
gives a spatial average of the electron density on the axis of
the beam. The spatial average is the intensity weighted aver-
age over the beam wave front.

Table I shows the usable wavelength ranges for interfer-
ometry for the high-current cathodic arc plasma determined
by measured density ranges in different locations in the sys-
tem. The choice of wavelength of the probing beam is gov-
erned by several factors. First, the plasma must be suffi-
ciently transparent to the probing beam, which requires the
beam wavelength to be sufficiently less than the cutoff wave-
length

�c =
2�c

�p
=

3.34 � 107 m−0.5

�ne

. �5�

The approximations inherent in �1� are also required in this
regime. Typical values for the high-current cathodic arc
plasma are given in Table I.

The probing wavelength must also be sufficiently long
so that the phase shift in �4� is detectable for the lowest
density plasmas expected. Requiring �� to be greater than a
typical measurement limit given by the phase noise, ��noise

�1° in �4�, leads to

� 	
��noise

reneL
, �6�

where ne is the average electron density and L is the line
integral path length through the plasma, i.e., neL=	ne dl.
Typical values of ne and L together with the minimum wave-
length � as determined by �6� are shown in Table I.

The wavelength must also be sufficiently short so that
refraction in the plasma does not divert the beam from the
detector. For an axisymmetric parabolic density profile, with
center density n0, the maximum angle of refraction 
m is
given to a good approximation by16

TABLE I. Usable wavelength ranges for interferometry of the high-current cathodic arc plasma determined by
measured density ranges in different locations in the system. The maximum wavelength is derived from Eq. �7�
on the basis of refraction limits and the minimum wavelength is derived from Eq. �6� on the basis of phase noise
limits. The calculations are based on values of average plasma electron densities ne observed in the high-current
pulsed arc �Ref. 11�. Also shown are the cutoff wavelengths �c and path lengths L for typical plasma dimen-
sions.

Path length min��� max���
Region max�ne� �c min�ne� L �Phase noise� �Refraction�

Anode exit 1023 m−3 100 �m 1021 m−3 50 mm 0.1 �m 23 �m
Midfilter 1020 m−3 3.3 mm 1018 m−3 50 mm 0.1 mm 0.7 mm
Substrate 1018 m−3 33 mm 1016 m−3 100 mm 6 mm 7 mm
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m =
e2

4�2c2�0me
n0�2. �7�

The interferometers in our system require 
m�0.05 radians.
Table I shows the upper wavelength limits �max���� corre-
sponding to the maximum densities �max�ne�� given this re-
quirement.

B. Interferometer spatial resolution

The need for sufficient spatial resolution places an addi-
tional constraint on the wavelength. For Gaussian beam
propagation, maximum spatial resolution is obtained when
the Gaussian beam waist is placed in the center of the
plasma. The beam also should be collimated throughout the
plasma region and pass through the ports of the vacuum
vessel without significant attenuation. The beam width wd

�radius where the beam intensity I= Imax/e� of a Gaussian
beam at a distance d from the beam waist is given by16

wd = w0�1 + 
 d�

2�w0
2�2

, �8�

where w0 is the beam width at the waist. The beam width
increases by �2 over a Rayleigh length, zR=2�w0

2 /�.
Smaller beam waists correspond to shorter Rayleigh lengths.
Note that Eq. �8� predicts that a beam with a very small waist
will give high spatial resolution at the center of the plasma
but will diverge rapidly and not be collimated throughout the
plasma. Hence it will sample a greater volume of plasma
than a collimated beam, making it difficult to determine lo-
calized quantities.

The minimum beam waist w0 obtainable for a given
beam width wd at distance d from the waist is given by
rearranging �8�

w0 =
wd

�2
�1 ±�1 − 
 d�

�wd
2�2

. �9�

For this relation to hold, the term in the inner square root
must be non-negative, so that

� �
�wd

2

d
. �10�

Minimal significant attenuation ��0.5%� of a Gaussian beam
passing through a port aperture of width 2W, requires W
=2.2wd �Ref. 16�. For our system, with W=17 mm and d
=308 mm, the upper bound on � is 0.6 mm. Note from
Table I that this constraint is compatible with the wavelength
range for the midfilter and the anode but is outside the wave-
length range for the substrate. The quasioptical technique of
using a Gaussian beam is not suitable for the substrate region
and waveguide methods must be used. As discussed below in
Sec. IV, the spatial resolution in the center of the plasma of
our midfilter and substrate interferometers are 21 and 49
mm, respectively.

C. Interferometer temporal resolution

The interferometry method has considerable potential for
the study of time-dependent phenomena. For heterodyne de-

tection, where the plasma-produced phase shift information
is encoded on an intermediate-frequency �IF� carrier, the
phase shift measurement is limited only by the available
bandwidth �maximum IF/2� and data acquisition rate. In our
case this is �1 �s, as discussed in Sec. IV.

D. Phase demodulation

Heterodyne detection enables amplitude fluctuations in
the interferograms to be decoupled from the phase informa-
tion. The plasma-produced interferometer phase shifts are
computed using an algorithm to convert the digitized detec-
tor signals into analytic functions, as described in Ref. 17.

E. Tomography

Tomography is a noninvasive technique used to obtain a
cross-sectional picture of an object. If a plasma can be
probed with several beams, as shown in Fig. 1�a�, then it is
possible to tomographically invert the line integral phase
measurements to obtain the electron density distribution in
space. Ideally, measurements from several sets of beams that
probe the plasma from different angles, as shown in Fig.
1�b�, are used in the reconstruction. This may not always be
possible in practice. In the case where the number of views is
limited, physical constraints, such as positivity and smooth-
ness, can be used to obtain better reconstructions. One way
of enforcing smoothness is to require the reconstruction to be
composed of a limited number of basis functions. The
Fourier-Bessel basis functions are an ideal choice for circular
plasma geometries,18 as they are orthogonal on the unit disk
and tend to zero toward the edge of the disk, as observed for
our plasma.

The Fourier-Bessel basis consists of Fourier functions in
the angular coordinate � and Bessel functions in the radial
coordinate r,

Fmls�r,�� =
1

�2�Jm� �
ms��
Jm�
msr�cos
m� − l

�

2
� , �11�

where Jm� =dJm /dr, 
ms are the roots of the Bessel functions
�Jm�
ms�=0�, and the factor ��2�Jm� �
ms���−1 ensures ortho-
normality. The index l discriminates between cosine and sine
basis functions.

The electron density profile in polar coordinates,
ňe�r ,� , t�, is tomographically reconstructed using Fourier-
Bessel basis functions via the expression

FIG. 1. �a� Many line integral measurements are used to construct a profile
of an object. �b� Several profiles are used to reconstruct a cross section of
the object.
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ňe�r,�,t� = 
m=0

M


l=0

L


s=0

S

Amls�t�Fmls�r,�� �12�

=
k=0

K

Ak�t�Fk�r,�� , �13�

where the index

k = m�S + 1��L + 1� + l�S + 1� + s �14�

is introduced as a single index for the basis modes. The Ak�t�
are the amplitudes of the basis functions at time t. These are
determined from the tomographic inversion of the interfer-
ometer line integrals so that

Ak�t� = 
j

Rjk
−1aj�t� , �15�

where aj�t� is the jth line-integrated phase measurement
through the plasma, given by ���t� in �4�. The Rjk

−1 are the
matrix elements of the inverse of the response matrix. The
response matrix R measures the response of each line inte-
gral to each basis function. Its elements, Rjk, are given by

Rjk =� Fk�r,��dsj�r,�� , �16�

where dsj�r ,�� is the line integral element in polar coordi-
nates corresponding to the jth line integral element dl in �4�
in Cartesian coordinates.

The formulation of the tomographic inversion problem
above allows rapid reconstruction of the electron density
profile using the simple matrix multiplication in �15�, as R−1

is time invariant and can be precomputed.
The maximum spatial resolution of the reconstruction is

limited by �i� the spatial resolution of the probing beams and
�ii� the number of basis functions that can be usefully in-
cluded in the reconstruction process. For collimated Gauss-
ian beams, the spatial resolution is limited to the beam waist
diameter 2w0. For optimum sampling, the plasma should be
sampled at the Nyquist spatial frequency; that is, the spacing
between adjacent parallel beams should be w0. Even in this
ideal situation, including too many basis functions in the
reconstructions can make the response matrix R ill condi-
tioned or singular and lead to meaningless or nonphysical
electron density profiles. If R is poorly conditioned, then R−1

is best obtained using the singular value decomposition
�SVD� method �see pp. 52–64 in Ref. 19�.

F. Moments of the reconstruction

Functions related to the moments of the reconstructions
provide useful quantitative measures of the distributions. The
total number of electrons per meter in the interferometer
plane, Ne, is given by the zeroth moment of the reconstructed
distribution,

Ne = M0 =� ne�x,y�dx dy . �17�

The coordinates of the center of mass of the electron density
distribution, xc and yc, are related to the first moments,

xc =
M1x

M0
=
� xne�x,y�dx dy

M0
, �18�

yc =
M1y

M0
=
� yne�x,y�dx dy

M0
. �19�

The interferometers presented in this paper have only vertical
line integrals. Thus the basis functions selected for the recon-
structions must be symmetric functions in the y coordinate,
as there are no line integrals in the horizontal direction that
can be used to constrain reconstructions that are asymmetric
about the x axis. In this case M1y =0, and so are higher-order
moments with a y component.

Higher-order moments in x about the center of mass are
given by

Mnx =� �x − xc�nne�x,y�dx dy �20�

=� �x − xc�n�
L

ne�x,y�dl dx , �21�

where n is the order of the moment. Note, as shown in �21�,
the x moments of the distribution are the same as the mo-
ments of the projection of the reconstruction on the x axis.

The standard deviation �x is the square root of the sec-
ond moment, �x=�M2x, and measures the spread of the dis-
tribution. The skew �1x is related to the third moment, �1x

=M3x /�x
3, and measures how much the distribution is to one

side or the other of center. The skew is zero for a symmetric
distribution. The skew is positive for a distribution where the
plasma is predominantly more dense for x	xc than for x
�xc. The skew is negative for the opposite case. The kurtosis
�2x is related to the fourth moment, �2x= �M4x−3� /�x

4. Kur-
tosis is a measure of the “peakedness” of the distribution.
The kurtosis of a Gaussian distribution is zero. Values of
kurtosis above zero correspond to distributions that are more
peaked than a Gaussian distribution, while values below zero
correspond to distributions that are broader than a Gaussian
distribution.

III. HIGH-CURRENT PULSED VACUUM ARC

A schematic diagram of the high-current pulsed arc sys-
tem is shown in Fig. 2. The system is constructed within a
half torus, rectangular in cross section, major radius 440 mm,

FIG. 2. �Color online� Schematic diagram of the main components of the
high-current pulsed arc system.
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internal width 240 mm, and internal height 340 mm. The
number of cathode/anode pairs installed at each end of the
half torus may be varied as desired between 1 and 3 to enable
the production of multilayer and alloy films. For the studies
referred to in this paper, a single 50 mm diameter Ti cathode
at one end of the half torus with the substrate at the midpoint
of the half torus was used. The cathodes are disks of metal or
graphite.

A short pulse ��500 V at �500 A for 10 �s� applied to
a trigger at the center of each cathode initiates an expanding
ring of arc spots on the surface of the cathode. Separate
capacitor banks provide the current �0.5–11 kA� for the arc
spots to continue radially outwards across the surface of the
cathode. A “crowbar” circuit extinguishes the plasma by cut-

ting the pulse current 250−1000 �s after initiation to prevent
the arc spots reaching the edge of the cathode. The exact
timing is determined by the outward velocity of the spots and
the cathode diameter. For the 50 mm diameter Ti cathode
used in this study the pulse length was 500 �s.

Each side of the half torus contains a spiral wound,
curved magnetic macroparticle filter located between the
plasma source �cathode� and the substrate holder. The major
radii of the filters are coincident with the major radius of the
torus. The filters subtend an angle of 57° in toroidal angle.
The filters have 22.5 turns, minor radii of 72 mm, are
mounted on curved rails by insulating supports, and are con-
nected to a dedicated power supply with a 9000
−18 000 �F capacitor bank. This enables triggering of the

FIG. 3. �a� Midfilter 2-mm-wavelength interferometer
Gaussian beam ray paths and �b� profiles. In �b� the
dashed vertical lines indicated the positions of the com-
ponents in the optical system. The plasma region and
positions of the lenses are labeled.
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filter magnetic fields independently of the cathode, allowing
the filter timing, filter current profiles, and filter biases to be
independent of cathode currents and behavior. For the peak
�60 mT magnetic fields in the experiments reported here,
the peak coil current was �1.2 kA. Currents in excess of 3
kA are possible.

The system is evacuated to 2.5�10−5 Pa or less by a
turbo molecular vacuum pump and a 15-K helium cryogenic
vacuum pump. More details on the system are given in Refs.
11 and 14.

IV. INTERFEROMETERS

A. Midfilter region interferometer

A 2-mm-wavelength interferometer is used to measure
the electron density in the middle of the plasma filter. This
wavelength is slightly longer than the optimal wavelength
specified in Table I but was readily available in a 20-mW
solid-state IMPATT source. Quasioptical techniques are used
to transport the radiation from the source through the plasma
and onto the detector. The interferometer optical system was
designed using a three-dimensional Gaussian beam ray-
tracing program.20 A diagram of the interferometer optics
and Gaussian beam paths is given in Fig. 3�a�. Figure 3�b�
shows the radius of the plasma-probing Gaussian beam from
the source feedhorn, through the optical system and to the
detector.

The principle used to generate the interferometer hetero-
dyne intermediate frequency is the same as that used in the
Joint European Torus �JET� fusion experiment 2-mm
interferometer.21 The interferometer is arranged in a Mach-
Zehnder configuration with unequal length plasma and refer-
ence beam paths. A 100-kHz intermediate frequency is gen-
erated by sweeping the IMPATT source frequency at 100
kHz by a frequency range that matches the extra transit time
taken for the plasma beam to travel to the detector relative to
the reference beam.

A smooth conical horn is used to couple the radiation
from the source into a quasioptical beam. For a smooth coni-
cal horn, the majority of the radiation is coupled into a

Gaussian beam, with waist radius w0 and distance � back
from the horn mouth to the waist �inside the horn�, given
by22

w0 = 0.768�1 + �3.70s�2�−1/2, �22�

� =
L

1 + �3.70s�−2 , �23�

FIG. 4. Schematic layout of the 8-mm-wavelength in-
terferometer used in the substrate region of the pulsed
arc.

FIG. 5. Main operating parameters for a high-current discharge where the
magnetic field strength is fairly stable and strong throughout the discharge.
Shown are the cathode and anode currents �Icathode and Ianode�, the plasma
current at the anode exit �Iplasma �=9°�, the magnetic field in the middle of
the filter �Bduct�, and the substrate current �Isubstrate�. The dotted and dashed
vertical lines indicate the times where tomographic reconstructions of the
electron density are given in Figs. 10 and 11.
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where s=a2 / �2�L�, a is the horn mouth radius, and L is the
horn axial length. For the interferometer, a=11 mm and L
=92.5 mm, so w0=5.7 mm and �=55 mm.

The expanding Gaussian beam emitted from the horn is
collimated with a 225-mm focal length polyethylene lens. A
polarizer, oriented at 45° to the polarization of the collimated
incident beam, is used as a beamsplitter, which sends half the
incident beam power into the reference beam and transmits
the other half as the plasma-probing beam. The probing
beam is focused with a 400-mm focal length lens, bringing
the beam to a 21-mm-diam waist in the center of the plasma.
Some beam power is lost as the beam enters and exits the
vacuum vessel because the 34-mm-wide, 215-mm-long port
aperture is slightly narrower than the beam diameter. After
passing through the plasma, the beam is collimated by an-
other 400-mm focal length lens and transported using mir-
rors to where it is combined with the reference beam using a
polarizer. A 500-mm focal length lens is used to control the
expansion of the probe beam on its path to the combining
polarizer. The combined beam is passed through a final po-
larizer before being focused with a 225-mm focal length lens

onto the detector. The final polarizer is oriented to transmit
radiation polarized parallel to the detector polarization. All
the optical components are mounted on a breadboard table
on rails, so the probing beam can be translated across the
plasma. This allows radial profile measurements of the
plasma to be made on a pulse to pulse basis.

The maximum radial spatial resolution of the interferom-
eter is the Gaussian beam diameter in the center of the
plasma, that is, 2w0p=21 mm. The radial separation between
adjacent measurements should therefore be no more than the
Nyquist spatial frequency w0p=10.5 mm. Note that such ra-
dial profile measurements will be free of any aliasing con-
tamination from higher spatial frequency components, due to
the natural low-pass spatial filtering effect of probing the
plasma with a finite diameter Gaussian beam.15

B. Substrate region interferometer

An 8-mm-wavelength interferometer is used to measure
the plasma electron density in the substrate region. This

FIG. 6. Reconstructions and projections of the electron density distribution in the middle of the filter for varying numbers of basis modes included in the
reconstructions. For �a� M =1, L=0, and S=4, while for �b� M =1, L=0, and S=5, in �12�. The reconstructions are at t=580 �s for the discharge conditions
given in Fig. 5. Contour levels are drawn at 5%, 15%, ..., 95% of the maximum density for the discharge. The projections shown below each reconstruction
compare the line integrals of the reconstructed image �solid curve� with the measured line integrals �+�. The + corresponds to the average value of the line
integral over five discharges while error bars indicate the standard deviation of the set of measurements. The center of the filter �R=440 mm, y=0 mm� is
marked with solid vertical and horizontal lines. The center of mass and standard deviation of the reconstructed distributions are shown on the projections with
dashed and dash-dotted vertical lines, respectively. The dotted circle corresponds to the 140-mm diameter of the filter coil.

FIG. 7. Condition of the response matrix and Akaike information criteria
�AIC� for the midfilter region tomographic reconstructions of the electron
density profile.

FIG. 8. Curve length of the reconstructed projection for the midfilter region
tomograms at 580 �s as a function of number of radial Bessel modes in-
cluded in the reconstruction. For these reconstructions M =1 and L=0 in
�12�.
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wavelength is a good match to the requirements listed in
Table I, but is too long to allow a Gaussian beam to pass
through the available port aperture and be brought to a waist
in the center of the plasma. Instead, the radiation is trans-
ported into the vacuum vessel using a combination of funda-
mental and overmoded waveguides. A schematic diagram of
the interferometer is given in Fig. 4.

Two 100-mW Gunn diode oscillators are used as sources
in the interferometer. A small fraction of power from the
probe source, sampled via the 20-dB directional coupler, is

mixed with half the power from the reference source at the
reference detector. A frequency offset, �� /2��3 MHz, is
maintained between the two sources to produce the hetero-
dyne intermediate frequency. Several 20-dB isolators are
placed between the two sources to minimize power leakage
from one source into the other, which otherwise tends to pull
the frequencies of the two sources together.

The remaining major component of the power from the
probe source is transported to the plasma region using a
combination of fundamental mode rectangular waveguide
and overmoded circular waveguide with miter bends. The
radiation passes through a polyethylene vacuum window be-
fore entering the plasma vessel via a conical horn. An isola-
tor prevents radiation reflected off the window from reenter-
ing the Gunn source. A section of flexible rectangular
waveguide enables easy switching of the probing radiation
between four horns. This allows the plasma to be probed
along four different chords, at R=405, 440, 475, and 510
mm.

After passing through the plasma, the central portion of
the probe beam is collected in a conical horn opposite the
entry horn and transported to the probe detector. Here it is
combined with power from the reference source. The phase
difference between the intermediate frequency signals from
the reference and probe detectors is proportional to the phase
shift produced by the plasma plus a constant phase offset due

FIG. 9. Condition of the response matrix and Akaike information criteria for
the substrate region tomographic reconstructions of the electron density
profile.

FIG. 10. Reconstructions and projections of the electron density distribution in the middle of the filter and at the substrate for the discharge conditions given
in Fig. 5. The upper set of reconstructions are for the middle of the filter and the lower set are for the substrate region. See Fig. 6 for a description of the
symbols used. The dotted circle in the midfilter reconstructions corresponds to the 140-mm diameter of the filter coil. The dotted circle in the substrate
reconstructions corresponds to the 113-mm diameter of the substrate.
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to the extra path difference seen by the probe beam. The
intermediate frequency signals are amplified in a wideband
�20-MHz� amplifier, digitized at 10 MS/s, and stored in an
MDSPlus database23 for subsequent processing.

The spatial resolution of the interferometer can be esti-
mated by determining the diameter in the center of the
plasma of the Gaussian beam emitted from the horn. The
8-mm interferometer horns have mouth radius a=16.3 mm
and length L=148 mm, so, from �22� and �23�, the Gaussian
beam waist radius w0=10.5 mm and position �=21.6 mm.
Using these and the distance from the end of the horn to the
center of the plasma, of 160 mm, in �8�, gives the beam
radius at the center of the plasma as wd=24.4 mm. Thus the
spatial resolution is about 49 mm in the center of the plasma.

V. RESULTS AND DISCUSSION

The tomographic capabilities of the interferometers are
illustrated through the analysis of a high-current titanium arc
discharge. For this discharge, the cathode supply capacitors
were charged to 300 V, producing the 4-kA peak cathode
current shown in Fig. 5. The power supply was designed to
increase cathode current throughout the discharge.14 Addi-
tional “speed-up” capacitors have been added near the cath-
ode to square up the current pulse for �2 kA discharges.11

For the discharge shown here, these speed-up capacitors
cause the initial sharp rise in cathode current in the first
80 �s of the discharge. The cathode current was triggered at

t=0 �s and terminated at t=500 �s by crowbarring it to
earth. The magnetic field in the filter was set to approxi-
mately 60 mT throughout the discharge by charging the filter
capacitors to +75 V and triggering their discharge into the
filter coil at t=−400 �s. The filter was biased at +40 V while
the substrate was biased at −150 V.

The number of line integral measurements limits the
number of basis functions that can be uniquely determined in
the tomographic reconstruction process. For example, in Fig.
6 there are 17 line integrals. Comparing the reconstructions
with the zeroth- and first-order angular modes with �a� five
radial basis modes and �b� six radial modes it can be seen
that, while both reconstructions show good agreement be-
tween the measured interferometer phase shifts and the pro-
jections computed from the reconstructions, the extra degree
of freedom in �b� introduces a structure near R=400 mm that
may not be real. The condition of the response matrix and the
Akaike Information Criterion �AIC�24 help quantify the
choice of number of basis modes.

The AIC is given by18

AIC = J ln��e �2� + 2K , �24�

where J is the number of measurements, K is the number of
basis modes, � . � is the Euclidean vector norm, and e is the
residual. The components of e are given by

FIG. 11. Detail of plasma behavior at the end of the pulse. See Figs. 6 and 10 for a description of the symbols used. Note, for clarity, white contour lines are
used for contours above 50% of the maximum density.
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ej�t� = aj�t� − 
k

RjkAk. �25�

Here we will use the AIC to refer to the AIC averaged over
the pulse, which is determined using the averaged residual in
�24�. Lower values of AIC indicate a better choice of basis
set.

As shown in Fig. 7, for the circularly symmetric M =0
modes, the AIC for line integrals at the midfilter point in-
creases with increasing number of radial Bessel modes, indi-
cating that the reconstruction is getting worse. As discussed
below, the plasma moves left and right of center, so includ-
ing more circularly symmetric radial modes does not im-
prove the reconstructions. For the M =1, L=0 modes, which
allow left-right asymmetry, the AIC decreases with increas-
ing number of radial Bessel modes, indicating the recon-
struction is getting better. This must be balanced against the
increase in the condition of the response matrix, which indi-
cates the reconstruction is getting less constrained, so that
spurious features, such as those in Fig. 6�b�, may be intro-
duced.

Figure 8 shows the curve length of the fitted projection.
The length shows a sudden increase at S=5, which is not
accompanied by a significant reduction in the AIC. It is im-
portant to ensure that reconstructions do not include artifacts
in the fitting process, which lead to nonphysical fine struc-
ture in the reconstruction. The choice S=4, selected on the
basis of the line length in Fig. 8 before the sudden increase,
leads to the largest S that does not introduce additional sub-
structure that is not supported by the observations.

The choice M =1, L=0, S=4 for the midfilter recon-
structions is consistent with the visual inspection, curve-
length, condition of the response matrix and the AIC. The
same methodology was used to determine the most suitable
reconstruction basis set for the substrate, giving M =1, L
=0, S=0. The condition of the response matrix and AIC for
the substrate reconstructions is given in Fig. 9. Only zero-
order Bessel radial modes can be used in the reconstruction,
as the measurements are limited to the central region of the
plasma. Higher-order Bessel radial modes are unconstrained
and introduce spurious features into the reconstructions.

Figure 10 shows tomographic reconstructions of the
electron density distribution for the discharge from
200 to 600 �s in 100 �s intervals, while Fig. 11 shows the
period between 525 and 625 �s in greater temporal detail.
There is good agreement between the measured interferom-

FIG. 12. Projections of the tomographic reconstructions of the electron den-
sity distribution in the midfilter cross-sectional plane �top� and their associ-
ated total number of electrons in the plane 	nedxdy, center of mass �CoM�,
standard deviation �Std. Dev.�, skew, and kurtosis for the discharge condi-
tions given in Fig. 5. The center of the filter at R=440 mm is marked with a
solid line on the projections and a dashed line in the center-of-mass plot.
Also marked with dashed lines are zero skew �corresponding to a horizon-
tally symmetric distribution about the center of mass� and zero kurtosis
�corresponding to a Gaussian distribution about the center of mass�.

FIG. 13. Projections of the tomographic reconstructions of the electron den-
sity distribution in the substrate plane �top� and their associated total number
of electrons in the plane 	nedxdy, center of mass �CoM�, standard deviation
�Std. Dev.�, skew, and kurtosis for the discharge conditions given in Fig. 5.
See Fig. 12 for a description of the symbols used.
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eter phase shifts and the projections computed from the re-
constructed density profiles. The electron density in both the
middle of the filter and at the substrate rises with increasing
plasma current. The density continues to rise for a further
50 �s after the cathode current falls off. The reconstructions
show that the plasma position varies throughout the dis-
charge and during the decay of the discharge.

This is also clearly illustrated in the time traces of the
projections of the reconstructions and their corresponding
total number of electrons, center of mass, standard deviation,
skew, and kurtosis shown in Figs. 12 and 13.

At both the middle of the filter and at the substrate the
plasma starts outside the center and moves inward during the
discharge. In the case of the substrate position, it continues to
move inward after the crowbar as it reaches peak density at
550 �s, then it moves outward again. Near the end of the
plasma decay, at 625 �s, it moves inward yet again. Similar
behavior has been observed for rising and falling magnetic
fields throughout the pulse, with field strengths between 15
and 60 mT, and for filter biases between +20 and +40 V.
This motion of the plasma produces poloidal field fluctua-
tions reminiscent of magnetohydrodynamic instabilities in
pinches. The details of these fluctuations are being studied
and will be published in the near future.

With a single line-of-sight interferometer, it would not
be clear whether the variations in the interferometer phase
shift were due to such motion of the plasma or due to
changes in density of the plasma. Multiple sight lines
through the plasma are required to distinguish between these
effects.

Tomography allows calculation of the total plasma den-
sity in a cross-sectional plane as shown in Figs. 12 and 13.
The ratio of total density in the substrate plane to that in the
filter plane, shown in Fig. 14, can be used as an optimization
parameter. The higher the ratio, the greater the transport ef-
ficiency of the filter. We plan further studies to determine
optimum transport conditions over a wide range of arc cur-
rents, filter field strengths and biases, and substrate biases.

VI. CONCLUSION

We have shown how to make tomographic reconstruc-
tions of a high-current pulsed arc plasma from measurements

taken using an interferometer along a number of parallel
beam paths in a cross section of the plasma. The reconstruc-
tions have a danger of introducing artifacts in the form of
fine structure in the plasma electron density distribution. A
combination of visual inspection of the reconstructions to-
gether with optimal minimization of the condition of the to-
mographic response matrix, the Akaike Information Criteria
of the reconstructions, and the length of the fitted projection
can be used to guard against these artifacts. By calculating
the tomogram we have obtained new information about the
plasma that would not otherwise be readily visualized. For
example, we have shown that the plasma undergoes system-
atic lateral movement over the duration of the pulse, produc-
ing poloidal field fluctuations reminiscent of magnetohydro-
dynamic instabilities in pinches. We also showed that
functions related to the moments of the tomograms are useful
to quantify such behavior and to provide measures to opti-
mize plasma transport through the arc plasma filter.
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