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ABSTRACT

Compact toroids containing both toroidal and poloidal magnetic field
(Spheromak-type) have been generated in CTX using a magnetized coaxial plasma
gun. These CTs tear lcnse from the gun by magnetic field line reconnection,
and they are trapped in flux conservers having various geometries. In a
straight cylindrical flux conserver the CTs are observed to be unstable *to a
gross tilting mode. Stability to the tilting mode has been demonstrated in
f lux conservers having an oblate trapping region; however, the geometry of the
entrance region leading to the trapping volume can also have important effectse.
Lifetimes of about 150 us for the CTs are typically observed. Interferometric
measurements give a value of about 2 x 1014 ¢m™3 for the tnittal plasma
density. The plasma temperaturc measured at a s8single s8spor noar the minor
magnetic axis decreases to around 10 eV by the time the mapnetic reconnection
is complete. Spectrographic measurements and pressure probe results are 1in
agreement with this temperature. A snipper coil ham been installed tv induce
the CT to tear loose from the gun sooner. The use of this coil is observed to

speed up the magnaetic field reconnection procass bv about a factor of 2.

In the CTX experiment at Los Alamos National Laboratory we have been
studying compact tovoids (CTs) of the Spheromak type generated with a
magnetized coaxial p'usma gun. The CTX facility, which is designed to be used
for the trapping and study of compact toroids, conaists of a large vacuum
veasal (4.5-m long and l.5-m diameter) with DC trapping fields of up to 10 kG.
To produce the CT a solenoidal coil is placed inside the inner electrode of a
coaxial plasma gun. This coil produces axial magnetic field inside the inner

eloctroda which divergea at the gun muzzlo bacoming radial. When the gun 1ia
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fired, the highly conductive emerging plasma stretches the radial field lines
in the axial direction away from the gun. These elongated field 1lines
reconnect behind the plasma forming the closed poloidal field of the CT, with
the magnetic field generated by the gun current hecoming the embedded toroidal
field. CTs generated 1in this manner have been trapped in prolate and otlate
cylindrically symmetric metallic flux conservers. The plasma and magnetic
field properties are studied using magnetic probes, pressure probes,
interferometry, Thomson scattering, and spectroscopy.

The length of the coaxial gun used in these experiments is 1.7 m, and {its
inner and outer electrodes have radii of 0.10 m and 0.15 m respectively. The
total D, gas puffed into the gun with a fast valve ranged from 0.75 to
3.75 cm3 atm. About 150 ps after the gas valve 1s pulsed, the gun 1s energized
with a 74 pF capacitor bank charged to 45 kV. Atout 2.5 uas after the
initiation of the discharge the gun current peaks with a value cf about 1 MA.

In earlier experimental CTs generated in the manner described above vrere
injected into a simple, stainless stecl, right-circular, cylindrical flux
conscrver. The CTs were stopped within the flux conserver by adjustirg the
initias "poloidal" field strength of the coaxial source. In some cases the CT
stopped with 1its axis parallel to the common axis of the source and flux
coneserver, and then it rotated (tilted) until 1ts axis was orthogonal to the
axis of the flux conserver. In most cases the stopped CT when firat observed
was already partially tilted. The tilted CT appeared gross)y MID atable, and
the magnetic £fields of the CT decayed with about a 100 us time constant.
Interferometric measurements showed an initial density of ahout 1014 cm'3 and a
density iifetime esimilar to that of the magnetic field. Details of this work
ara reported elsevhere.! We have also produced CTs within the same flux
coneervar in the presence of un additional magnetic guide ficld antiparallel to

the mignetic momant of thea CT. 1In this case the CT was ohserved to rotate
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180°, and the characteristic decay time of the magnetic fietd configuration was
only 10-15 pe (i.e., much shorter than comparable conditions without the guide
field). We speculate that the rapid destruction in the guide fleld case is due
to reconnection of magnetic field lines in the high shear reginns which oceur
after the torol!d rotates, opening previously closed field lines.

In an attempt to stabilize the tilting of compact toroida produced by the
magnetized gun, we have generated compact toroids 1in other flux conservers
having oblate regions incorporateld into their geonetry.z Cross sections of
such flux conservers are shown in Fig. l. The plasma from the magnatized gun
is injected from the left through the 0.34~m diameter entrance cylinder into
the confining ragion. With the geometry of Fig. lb the ¢tilting no longer
occurs and the configuration ias stable throughout its lifetime.

The effects on the tilting inatability of the geometry of the entrance
cylinder and its spacing from the gun muzzle have been 1investigated. ‘Ihe
experiments were done for the geometries drawn {In Fig. !b and Fig. ld.
Increasing the diameter of the entrance cylinder from 0.34 m to 0.46 m caused
tilting of the CT, for conditions where it had baen etabln at the smeller
diameter. Keeping the diameter of the cntrance region at 0.34 m but increasing
the length from 0.34 m to 0.50 m was alco found to cause the CT to tilt. The
effect of the gap spacing between tha gun and the entrance region of the flux
conserver was also investigated. Gap spacings of O n, 0.05 m, and 0.08 m were
tried. It was found that the syoctem becomen progresaively mere unstable to
tilting as the gap spacing im increaacd.

With the eliministion of the complication of tilting, three distinect time
scales emerge. The first (1 us) is the time required to fill the flux
conserver vwitn magnetic field and plasma. The second (~ 12 us) is the time for
the decay of the flelds in the entrance cylinder. Figure 2a snhows this decay.

We interpret this decay as bheing dur to field line reconnection which is
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Fig. 1. Varioua flux conscrver geometries used in the {inveatigation of the
tilting mode.
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completed in about 30 ps. The third time (~ 100 us) is the characteristic time

for the decay of the fields in the flux conserver measured after reconnection

has occurred. Figure 2b shows this decay. On other shots than the one shown
here lifetime decay rates of 150 ps have been ohserved.

If the CT does not tilt one expects no transverse components of ; on axis.
For the case in Fig. 2 the peak transverse components are measured to be less

than 15XZ of the peak Bz and are not shown. The measurement of all components
of the magnetic fields on the axis of the flux conserver is a powerful means of
determining the extent of tilting. Considerable time was spent searching for a

field and flux conserver configuration which gives a stable CT with guide
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fielde Figure 1 shows a summary of the geometries tried with comments as to
the stability of the CTs created in these geometries.

Some properties of the CT plasma have been measured for the geometry shown
in Fig. lb without external puide field. The density as a function of time as
measured by a 3.39 um wavelength IlleNe interferometer 1is 8hown 1in Fig. 3.
Observe that the time behavior of the magnetic field and denaity are similar.
Spectroacopic data are taken with a 5-channel polychromator, & monochronator,
and a spectrograph. The polychromator has five channels spaced 1 A apart.
Photomultipliers are uscd for time resolutirn. The monochromator has a 2-A
spectral width. Using both the polychromator and the monochromator two regions
of wavelength can be monitored on each shot. The spectrometer which covers a
region of approximately 100 A, 1s time integrated, and is used to identify
spectral lines. Nickel and iron 1impurities have been 1dentified. Thomson
scattering 1is used to measure the electron temperature at a position 5 cm from
the midplane of the confinement region and at a radius equal to two-thirds of
that of the coufinement region. There i8 a large ahot-to-shyt variation of the
temperature and denaity at this position, eapecially early in time. On shots
where the density is high enough to get good scattering signal, tlie plasma
appears to be fairly cool ('1'e ~ 10 eV) at later timesa (t » 50 ua). Farly 1n
time (t ~ 5 ys), long hefore reconnection 1is completed, tempcratures as high as
60 eV have been measured. Quartr pressure probe data show a rapid pressure
drop early 1in time and are conaidtent with the Thomson ncattering temperature
measurcmautna. The time histories of i{impurity lines such as OIV are aleo
copaistenrt with the Thormaon scattering measurements.

A "snipper coil" has bheen destgned nnd inatalled on the entranca region of
the flux conserver geometry of Fig. ld. The purpose of this coil 18 to speed
up the magnotic field reconnection in the entrance region by the application of

an faat rising external field. One reanon for desiring faster magnetic fileld
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Fig. 3. Density and magnetic field as a function of time in the =idplane of
the confinement region of the flux conmerver: The denaity 1is the
Jine average on a diameter and the magnetic field is B, on axia. The
two measurements are from different nahots with aimilar initial

conditions.

reconnection ia that electron thermal conduction along open field lines may be
a major cause of tho observed rapid temperature drop at early times. To allow
for this additional pulsed field, the metallic conductor forming the entrance
region has been replaced by a 0.40-m diameter insulator. Thias {naulator han a
series of metallic strips ineide !ta {nner murface to allow axial currentr to

flow at the wall. These currents will tend to contain the ar{muchal flux of
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the passing plasma (i.e., the flux which becemes the toroidal flux when the CT
is formed), while allowing the snipper coil flux to enter. The snipper coil is
energized by a 24-kJ, 60-kV capacitor bank, and 1t3 current has a quxzrter
period of about 3.5 us. The snipper coil current is crowbarred near 1its peak.

Initial operation with the snipper coil geometry, but without the coill
being energized, established that CTs were still formed in the trapping region
despite the modified entrance region. The plasma emerging from the coaxial
source forced a large fraction (~ 50%) of the poloidal flux out through the
insulator in the entrance region, and the time for the reconnection process to
become complete ir ‘reased by about 502. The lifetimes of the CTs as determined
by the magnetic field structure were in this unanipped case about the 8same as
for the earlier case with the conducfing-walled entrance region.

Results when the sanipper coil 18 energized are very preliminary. The
timing of the snipper coil with respect tc the bepinning of plasma flow out of
the coaxial source 18 found to be very important. When the snipper coil Is
energized with its present bank the reconnection time has been menaured by the
reversal of B, on axis in the entrance region. It is found tn be three times
fastor than 1f the snipper coil 18 not energized, and two timea faster than
obaerved in the original case with a conducting-walled entrance region. So far
no conclusions are ponsihle concerning whether the preament snipper coil o= CTX
is beneficial because there 18 1insufficient data. Making atraightforward
comporisona of casers when the snipper coil was encrgized with ca:ies when it wans
not 1is rather difficult because of rhnt-tn-shot variationa. Encouraging
rasults have been ohtained on isolated nahots. For example lifetimes (as
defined by the existence of cloaed poloidal flux in the CT) of nearly 300 us
have been obmerved, and temperatm 'a of 30 @V at 50 us and 20 eV at 100 us have
heen measured. Howevar, these shots are not repeatable, and it {s unclear what

effect (1f any) the snipper cotl had in producing them.
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