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Abstract. The aim of this work is to describe a theta-pinch for spectroscopic
studies. This machine is different in some aspects from its equivalent for fusion
studies. Here, in a single experiment, 1000 shots are used normally. The capacitor
bank stores 14 kJ of electrical energy at 60 kV, but only 1 kJ is necessary to obtain
an electron peak temperature of 150 eV, which Is enough to produce a good
emission spectrum in the VUV range of 300 to 20C0 Á. With this device it is
possible to obtain intermediate ionization states of many elements (ionized six or
seven times). Similarly to tokamaks, the theta-pinch spectrum contains spectral
lines due to forbidden transitions, where the AS = 0 rule for dipole electric
transition is violated.

1. Introduction

A theta-pinch plasma is a copious light source where
the working gas attains high ionization degrees. The
emission spectrum is a superposition of many spectra due to
energetic transitions of various ionization states that occur
in a single shot. However, for specified conditions and
using special techniques, it is possible to obtain the ionic
assignment, in other words, to attribute to each spectral line
its corresponding ion. In this work we describe a highly
compact 14 kJ theta-pinch built at Universidade Esladual
de Campinas (Unicamp) for experimental studies of ion
spectra with intermediate ionization states. The spectra
are recorded in the vacuum ultraviolet (VUV) wavelength
region between 300 and 2100 A. This machine has
been improved during the eight years since the beginning
of our research on atomic spectroscopy at the plasma
physics group of Unicamp 11]. With this machine we
have made spectral studies of various noble gases in many
ionization states. The application limits of this versatile
machine remain unexplored. Recently, we began to study
experimentally the weighted oscillator strength [2]. We also
hope to enlarge our research field with studies of metallic
vapours injected into the theta-pinch in order to obtain
a new spectroscopic light source. A revived interest in
spectroscopic data from rare gases is due to applications in
collision physics, laser physics, photoelectron speclroscopy
and fusion diagnostics. In this last field, the study of
intercombinalion lines is important for the diagnostics of
laboratory and astrophysical plasmas 13,4] due to forbidden
transitions.
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2. The Unicamp theta-pinch

The first version of our Ihela-pinch had a total inductance
of 176 nH. Its transmission line was made with 12 parallel
coaxial cables, each 80 nH m~' and 3 m long. There
was a large free space in their electrical connection with
the magnetic coil plate, which implied a large inductance
in this connection. The main switch, a spark gap, also
had a large inductance. To improve the energy transfer
efficiency between the capacitor bank and the plasma under
the magnetic coil, the line and spark gap inductances must
be reduced significantly. The improvement was guided
by a physical insight that the electrical energy stored
in the condensor was converted into magnetic energy in
the condenser, spark gap, transmission line and magnetic
coil, according to their inductance. This implies that the
transmission line inductance, spark gap inductance and
capacitor self-inductance must be small compared with
the magnetic coil inductance. The magnetically induced
electrical field in the coil drives energy to the plasma and
is directly proportional to the radial position and magnetic
field rise time. In other words, it is inversely proportional
to the square root of the total inductance and directly
proportional to the voltage in the condenser bank. These
combined facts impose an experimental limit on the coil
radius.

In our present project, the transmission line and spark
gap were changed in order to improve the energy transfer
efficiency between the plasma and capacitor bank. Figure
1 shows a schematic diagram of the side and upper view
of our highly compact theta-pinch and its low-inductance
parallel plate transmission line, which is mechanically held
together with an interplale distance of about 1.2 mm. The
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Figure 1. Schematic drawing of the transmission line and capacitor bank of the 14 kJ theta-pinch.

transmission line dielectric (not drawn in figure 1) is made
with eight Mylar foils. The capacitor bank is made of
four low-inductance (<20 nH each) capacitors connected
in parallel. Some details of the new pressurized spark gap
are shown in figure 2. The inner electrodes of the spark
gap are covered with a titanium-tungsten alloy, the distance
between them being about 2 mm in the final mounting. This
pressurized spark gap switch was specifically designed to
withstand high voltages and currents at high repetition rates.
Normally the switch drives 100 kA with a repetition rate
of 20-30 shots per minute, and can undergo about 10000
shots without maintenance. This compact spark gap has a
smaller inductance because of its small internal magnetic
flux area. The pressure of the gas filling the spark gap
was (35-105) xlO1 Pa, manually controlled according to
the capacitor bank voltage. The gas used was a mixture
of commercial argon and dry air. The ignition principle
is based on Ihe fact that the switch is turned on when the
internal spark gap pressure is broken by a sudden opening
of a control valve of exhaust gas. The air/argon ratio must
be increased for operation at higher voltages.

The single-turn magnetic coil is made of brass, 20 cm
long, which encircles a quartz tube 50 cm long containing
the spectroscopic working gas. The energy transfer
efficiency was measured from the magnetic oscillation
decay curve. The energy transfer from the condenser bank
to the magnetic coil was maximized with a coil diameter
of 11 cm. Under this condition, better energy transfer

Table 1. Some parameters of a 14 kJ theta-pinch
spectroscopic light source.

Parameter description Values

Capacitance 7.89 n F
Total inductance 63.4 nH
Magnetic coil inductance 32.2 nH
Quartz tube diameter 100 mm
(dB/df)max relative to 10 kV charging 6.9x109 G s~1

Efficiency at 10 mTorr 22%
Electron temperature RJ150 eV

to the plasma is obtained when the quartz tube diameter
is as close to the coil as possible. In this case, rf pre-
ionization was not necessary, while for a tube diameter of
5 cm, the induced breakdown was obtained with 60 W, 13
MHz pre-ionization. In the final version, the magnetic coil
inductance was 32.2 nH and the total inductance was 63.4
nH. Table I gives a summary of characteristic parameters
of our 14 kJ theta-pinch. The capacitor bank comprises
four 1.85 /iF, 60 kV capacitors. The transmission line is
90 cm wide and 1.80 m long and was made with three
parallel aluminium plates. The maximum voltage used is
usually about 14 kV, while the minimum is about 4 kV.
The .spectroscopic gas pressure in the quartz tube and the
voltage in the capacitor bank are used as parameters for
ionic classification. At lower capacitor charging voltages,
only spectra corresponding to ions with lower ionization
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GAS EXHAUST

1- Transmission line (aluminium plates)

2- Dieletric (mylar)

3- Centre ring (nylon)

4- Upper spark gap plate (brass)

5- Lower spark gap plate (brass)

6- Electrodes with holes for pressurization
(copper with a cover of tungsten and titanium)

GAS INPUT

I

revolution axis

Figure 2. Some details of the compact pressurized spark gap.

states (ionized two or three times) appear, while at 14 kV
the spectra, recorded on spectral plates, show principally
transitions corresponding to higher ionization slates (six
or seven times ionized). As the pressure decreases, the
ionization stales increases and vice versa. This occurs over
a wide pressure range. As predicted by Sato [5], using
a Paschen curve for extraordinary discharge (electrical
discharge in the absence of electrodes), for a minimum
capacitor bank voltage, the conditions necessary to obtain
induced breakdown occur at a pressure of about 1 mTorr.
Normally, our maximum energetic condition was obtained
at 14 kV and 1 mTorr. In this range the plasma electron
temperature reaches 150 eV, which is enough to produce
resonant transitions of many ions at some ionization states
from 300 to 1300 A range and is compatible with our VUV
2 m normal incidence spectrograph (300-2100 A range).
For many plasmas, a further increase in energetic conditions
is of little use in our case because their most intense
transitions would be beyond the wavelength range of our
spectrograph. In (he equivalent device for fusion studies,
the temperature and density regimes are not determined by
a particular spectral range.

The spectrograph is a 2 m normal incidence device
with a Paschen-Runge assembly. It is equipped with a
diffraction grating blazed at 1000 A with 1080 grooves/mm.
The plate factor obtained for the first diffraction order
is 4.61 A mm"1 which implies a resolution of 0.02 A.
The theta-pinch is vacuum-connected to the spectrograph
through an entrance slit 50 /xm wide and 10 mm high.
The vacuum system consists of an Edwards E2MI8 rotary
vane vacuum pump and a Varian (500 1 s~') VP 500
turbomolecular pump. The final vacuum is belter than

2.0 x 10 6 Torr. The speclroscopic working gas pressure
was adjusted using an Edwards PVK-10 needle valve or by
a servo-controlled needle with a Barocel system. Figure 3
is a schematic overview of the experimental apparatus.

The spectra were recorded on Kodak SWR (short
wavelength region) emulsion plates. Generally, a total
of five different spectral recordings were made for each
plate, with different experimental parameters (gas pressure
or discharge voltage). Normally, the spectroscopic working
gas pressure was in the range 1-50 mTorr. For the present
experimental arrangement, with a 14 kV charging voltage,
100 shots were sufficient to obtain good spectral plates
at higher energy conditions while in the old arrangement,
for similar results, 600 shots and a charging voltage of
28 kV were necessary [1], The recorded spectra are time
integrated. The shot number is an empirical parameter
adjusted according to gas pressure and capacitor voltage
to avoid overexposure of the plates. Good reproducibility
between the plates in the same experimental conditions was
noted. Generally our speclroscopic analyses are based on
a mulliplct structure. In this case, the transitions belong to
a determined multiplet and produce wavelengths close to
each other. Since our semi-empirical analysis is performed
on the basis of nearby relative intensities, the wavelength
response of the plate does not introduce much error. In
(heta-pinch spectra, resonance lines are relatively slow and
intercombination lines are long lived, so time-resolved
spectroscopy is very helpful in spectroscopic analysis.
Time-resolved spectroscopy may be used to check the
time dependence of the temperature and thus the ionization
stages. As a future improvement to our system, we plan to
work with this spectroscopic technique, using multichannel
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Figure 3. Overview of the theta pinch connected to a 2 m normal incidence VUV spectrograph.

plates or CCDs. CCDs with 10 ^m by step are available
which means that, with a slight reduction in resolution,
we could easily adapt our system to work with lime-
resolution speclroscopy. Through the focal properties of the
spectrograph, the estimated solid angle contributing to the
analysed radiation is about 2.5 x 10~4 which corresponds to
a small central region (a few millimetres around the optical
axis) in the theta-pinch where the plasma is hottest.

As is usual for many spectral sources, there is a mixture
of ionization states of investigated gas and impurities.
The impurity lines are used as a scale for wavelength
determination. The variation of ionization states of
impurities is also used for ionic classification, comparing
the intensity of the same line in different records.

The exposed plates are read using a microphotometer
system NGD 20X20 NIKATA KOHKI. This equipment can
record line intensities and positions with a 1 /iin step.
However, a 4 (im step is good enough. The data produced
are then used in a computational peak finding procedure to
produce a table of wavelengths and intensities.

3. Theoretical considerations and some results

The dynamics involved in the capacitor bank discharge may
be understood as an RLC discharge. The magnetically
induced electric field in the quartz tube produces an
electrodeless discharge. This electric field is largest when
the magnetic field is close to zero, which is known as the
nonadiabatic region [5]. Most of the energy is transferred
to the working gas within this small interval in each
cycle. In our case, this time corresponds to 5 ns and was
obtained self-consistently using the experimental magnetic
field profile and the equation of motion of reference [5].
During this time interval, the electric field determines the
plasma dynamics, while in the remainder, the dynamics
are dictated by the magnetic field. Figure 4 shows a
typical discharge curve obtained for the magnetic field in

the magnetic coil without plasma, when the energy stored
in the capacitor bank was I kJ. The magnetic field rises to
about 9 kG and its maximum growth rate is about 1.4 x I010

G s " ' , In this case the decay of the RLC curve is due to
the intrinsic transmission line resistance of a few milliohms.
Through the decay it is possible to determine the energy
transfer condition when plasmas are present by comparison
with the curve corresponding to no plasma. The decay
curve is a sensitive function of the pressure of the gas filling
the quartz tube and may also be used to determine the spark
gap conditions. Following Silberg [6], who considered
the plasma as an additional resistance, the efficiency (q)
is defined as the energy consumed in the plasma divided
by the total energy stored in the capacitor bank, or

= fi2Rpdt _ fi2Rpdt _
fi2R,dt lev2 Rn +

(1)

where /?,, Ro and Rp represent the total resistance,
resistance without plasma and resistance with plasma
respectively. We rewrote equation (1) in terms of
oscillogram quantities period T and peak current / . The
final form was

(2)

where (he subscripts p and 0 indicate with and without
plasma respectively. The subscript ratio 1/2 represents
readings taken between two consecutive current maxima
of the same oscillogram.

Calculation of the spectral distribution from black body
radiation is via the Planck function. For a peak electron
temperature of 150 eV, it reaches a maximum at 17 A.
As is well known, Wien's displacement law slates that
the wavelength of the maximal spectral power times the
temperature is a constant. Through our spectroscopic
measurements, we noted that the theta-pinch radiation
distribution also displaces to a lower wavelength region
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Time
Figure 4. Time dependence of the magnetic field inside the magnetic coil without plasma. The non-adiabatic zone boxes are
not to scale; their true value is approximately 5 ns.

as the temperature is increased. For our densities and
dimensions the plasma does not radiate as a black body.
However, the Planck curve is nevertheless of interest since
for a thermal plasma it determines the maximum radiation
at any wavelength. Plasma radiation is composed of
a continuum with a superimposed line radiation, which
allows free-free, free-bound and bound-bound transitions
to contribute to the radiation spectrum. For bremsstrahlung
radiation, it is enough to consider only electron-ion
interactions since electron-electron emissions are important
only in relativistic regimes. The bremsstrahlung curve
shows a maximum al approximately 43 A for 150 eV.
High-Z impurities increase the bremsstrahlung radiation
significantly because of the Z2 dependence on nuclear
charge. At long wavelengths such as the visible, the
bremsstrahlung curve exhibits the usual I/A.2 dependence
but at short wavelengths there is a rapid exponential drop
in intensity.

An important point in the choice of theta-pinch
operation parameters is to take into account the ionization
energy of the ion to be investigated. If we want to
analyse argon six times ionized (Ar VII), a peak plasma
temperature of 140 eV is enough since the ionization energy
of Ar VI is 124.32 eV. A further increase in temperature
is not necessary. Another important point is to know the
wavelength range of the resonant transitions. With our
spectrograph, it is impossible, for example, to observe the
resonant Ar X spectrum since it falls in the range 29.1 A
to 250 A .

Traditionally we have worked, with noble gases.
Recently we injected vapours of alkali metals generated
in a conventional oven into the theta-pinch. The theta-

pinch was then used to ionize and to excite these gases.
We started with alkali metals because of their low melting
point and low ionization potential. Figure 5 shows a
partial result of a rubidium spectrum obtained as a result
of injecting it into a helium background plasma. The oven
temperature was used to adjust the Rb/He ratio. The He
filling pressure was slightly less than 1 mTorr and at 200
°C the total pressure was about 2 mTorr. The capacitor
bank voltage was 12 kV. More recently we have tried to
obtain intermediate ionization states of higher melting point
atoms like titanium, using sources such as a vacuum spark
and hollow cathode to generate the metallic vapour to be
injected into the theta-pinch device.

Our spectral analysis follows a standard method, where
in most of our works we use the semi-empirical method
of Edlen [7], which is used as a guide to identify
unknown energy level structures. This method uses an
interpolation or extrapolation of data in an isoelectronic
sequence. The observed wavenumber (<r0) minus the
calculated one (<7C) divided by the net charge of the core
(£) plus an appropriate constant, allows extrapolation of the
unknown transitions for the obtained isoelectronic sequence
curve. Figure 6 shows a typical curve obtained using this
procedure in our Ar VII analysis [8], where the 3s3d(3D2)-
3p3d(:iD2) transition through the elements <>f tiio M « I
Isoelectronic sequence can be seen, making use of the
ions Cl VI to Mn XIX. The point for Ti XI lies outside
the curve, indicating a possible error in identification for
this transition. The power of this method lies in the slow
variation of (ero — erc)
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Figure 5. A partial result for the rubidium spectrum obtained with the theta-pinch device.
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Figure 6. Observed minus calculated Hartree-Fock wavenumbers divided by net charge of the core plus a constant (1.4) for
the 3s3d 3D2-3p3d 3D2 transition.

4. Conclusions

In this work we have described a thela-pinch used for
experimenlal studies of energy levels and atomic transitions
of ions with intermediate ionization states. We have
indicated a possible new application of this device with
the production of metallic vapour spectra. Equation (1),
for efficiency measurements, has been rewritten in terms of
more convenient experimental parameters obtained directly
from the oscilloscope. Finally, we have pointed out some
interesting features in a theta-pinch design for spectroscopic
proposes.
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