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1. Introduction

The Los AlatiosSpheromak Program consists of two e~erl.mental facilities.

l%e confinement physics of sustained and decaying spheromaks are being studied

in CTX, which has an extensive array of diagnostics. Experiments are directed

t~wards extending cne pllysic~ umkTst~Pc!+fi~ of the spheromak as a magnetic

confinement concept. Electrodes for the production of clean sustained

spheromaks arc developed or the Electrode Facility, which is more flexible in

terms of experimental modifications. Improvements to helicity sources and

electrodes which are proven on the Electrode Facility are then considered For

incorporation onto CTX.

11. Magnetic Helicity

Spheromaks can be $ustained against resistive decay by helicity injection

because they tend to obey the minlm~m energy prirlciple. This principle states

that a plasma-laden magnetic configuration will relax to a state of minimum

energy subject to the constraint that the magnetic helicity (whict,is a

measure of the number of flux linkages) i3 confferved. The descriptive

equation for tfieideal equilibrium wtth force-free fields is V x H = A$ with

1 Z Do,j/B-Zconst~nt. The uni~q of A are m-l, and f.tis the ratio of magnetic

energy tc maglintichelicfty for the configuration. The use of helicity &B a

constraint on the Iinimizatlon of energy was first proposed by Woltjerl in

connection with astrophysical phenomena. Helfcity conserv~tton was first

applied to the spheromak by Wells and Norwood.2 The princirle was lacer

3 who wao most respongi,ble:lp~li.ed to the reversed-fieldI>inch(RFP) bY Taylor)

for the eventual acceptance arl(l recognitf,orl of the princt.ple AS bd.ng

important ior NFP-type confinement devt,cet3.Of course, helicl.tydoes decay on

the rest.atlvedtffu~ion Lime. IIowever, if i~elf.cicyi.screated and made to
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flow ccntinu~uely into a confinement geometry, these additional linked fluxes

can relax and sustain the configuration indefinitely against the resistive

decay.

Magnetic helicity has traditionally been defined as a ~lobal quantity

applicable to configuration of closed magnetic fields:

Wi t;) fi.~-O at the boundary of the volume in q,testion. In this form, and in

conjunction with the Taylor principle, this concept has had great utility in

generating bounded equilibrium states. Difficulties can arise, however, when

attempts are made to reduce the concept to more local terms, such as by

defining a helicity density or a helicitv flux. Helicity injection schemes

for which %9; * O can also present a problem. The central difficulty is that

the artificial character of the vector potential, $,. makes manipulation of

helieity sensitive to the choice of gauue. Indeed, if we apply the gauge

transfomatton ~’ = ~ + Vu, it is readily shown from the above definition that

so that for e generalized volume with **; * O over some regto,. of its surface,

the magnetic helicity is not well determined.

In the simple geometry of the CTX experiment, this rather technical

theoretical issue is avoided by a direct approach. 4s illustrated by

MoEfattl, in the caee of two separate, linked fluxee, $1, and $2, the above

definil.tou reduces to K - 2VlI$2. In the CTX coaxial source, the polofdal and

toroldul fteld~ are ~lcpnrate with the poloidal flux $8 being generated by a

COIL and the rate of change of the toroldal flux b~i.ng given by the source

volta~e VB. The result to the rule dK/dt = 2v8V~ for the heLicicy injection

rate which has boon confirmed to our Pattsfnctton by CTX data.

The gauge problem thnt nrtseM in lees elementary cases hfif4 been eturlled

independan.Ly by u number of workers4 - 6, ar. well ma by pernons at TA3S

AIAmoFJ. The r U1 R of Lhene studies Lndicate that the issue of generalized

helLclty in I)OW~wraentlaLLy regol.ved. The interested raader La referred to
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Refa. [4 - 6] for u complete analytic treatment of the guage-invariant

problem.

For experimentalists, the concepts of field and flux often have more

appeal than that of vector potential. In terms of these quantities, he.liclty

can be thought of aa a linkage of flux with flux and for a claaed volume can

be defined as

(6)

where $1 ia the amount of flux linking the Increme,?talclosed flux tube d$ and

YE indicates that integral is performed on all flux tubes within the closed

volume of interest.

111. Efficiency of Helicity Injection

Aa one might expect, the energy per unit helicity aa given by the

parameter 1 I.aa useful concept in dlacuaaing ef~iciency. The inverac of A,

A-l, can be thought of as the size of the magnetic structure. ~~:an fleld~

relax they form the larg~at magnetic structure poaeible, subject to the

boundary condition and the conservation of helicity. Helicity therefore

appesrs to move to regions of larger characteristic size. To achieve helicity

flow from a source to the spheromak, the source must be physically smaller (or

have a larger A-parameter) than the spheromak. However if the auurce haa a

A-parameter much larger than that of the spheromak, 1P will be very energy

inefficient, Since helicity is conserved, the mismatch in X-parametera is

equal to the difference in energy leaving the source and Lhe erergy

assimilated by the apheromak. ‘This difference in energy values represents

loaaes inherent to the relaxation process. Loaaes from this mismatch cen be

minimized by making the j/B of the source only slightly greater than that of

the apheromak. Another energy lose in the electrnde sustained spheromak is

the ohmic diaeipatlon in the field 11.nea that cont~ct the elec~rodes. Loeaen

here are minimized by keeping low the fraction of aphermak flux which

contacts the electrodes.
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Iv, Confinement Studies on CTX

In the CTX experiment, spheromak formation, sustainment and confinement

studies have continued with a 140-cm-diameter mesh fl!lx conserver (MFC)

replacing an 80-cm-diameter MFC while still using the same coaxial helicity

source. High temperatures (> 100 eV) were previously obtained for decaying

spheromaks in the smaller flux conserver because the rapid particle loss

(’rps 0,17 ms) led to effective removal of impurity ions and because operation

was achieved at high current densities.7 particle confinement in the laiger

flux conserver is significantly improved. We are no longer In a regime in

which tileparticle l~ss time is short in comparison with the magnetic energy

decay time of the spheromak. Impurity io~lsare not rapidly removed and it has

therefore become important to improve the effectivetiessof ohmic heating as

represented by j/n, the ratio of current density to plasma density. Figure 1

shows the behavior

o~served when the

circuit operation

1- 1.5 x 10-14 A-

obtained (by using

of the plasma density and toroidal plasma current that is

spheromak is formed in the larger ?4FC. A new mode of

has led to an improvement in the jln ratio (to values

m). In this mode, a long-pulse current waveform is

pulse-rorming networks with different pulse widths) with a

slower risetime than that of the previous mode.7,8 In addition, the source

voltage is firmly clamped :0 zero (ac 0.85 m) so as to shut off the flow of

plasma and impurities from the source elec~rode during the decay phase.

Multipoint Thomson scattering is used to measure the electron

temperature. Figure 2 shows the central (average of seven points taken from

r = 35 to 55 cm.) temperature. The average temperature begins to increase

after the sustainment phase and in about 0.7 ms reaches a value of about

80 eV. It then decreases as the configuration c.ontlnuesto resistively decay.

The 140-cm-diameter MFC is equipped with about 40 Rogowski loops Lhat

measure the induced lma~e currents in the MFC. By fttting the current pattern

tu an equilibrium codeg we can deduce the internal ma~netic field structureloe

We have determined that k is not a constant, but k(~), where ~ LS t~~

normalized poloidal flux furicti.onof the spheromak. Thus far, we have used a

lt.nearfunction for }($) which is sufficien~ to establish the equilibrium and

provide information on stability. The magnetic field Frofiles inferred from

determining A($) can then be analyzed in a stability code to find the most

unstable kink modes.
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Observations with the Ro30wski loops reveal a rotating internal kink

mode, with toroidal mode numbers n = 1,2,3 and 4 at different phases of the

discharge. Figure 3 gives representative MFC currents as measured by the

Rogowski io~ps. Stnce the spheromak equilibrium field is only poloidal at the

outer surface, the toroidal Rogowski loops (measuring toroidal MFC currents)

measure equilibrium plus oscillatory fields, and the poloidal loops (measuring

poloidal MFC currents) measure cmly the oscillatory fields of the rotating

internal kfnk mode.

Figure 4 shows linear J[V) fits to the Rogowski loop da:a at four

different times during a representative shot which developed an n = 1 mode

(characteristicof the sustainment phase), and then sucessive n = 2 and n = 3

modes during the decay phase. The circles of Fig. 4(a) are the experimental

values for the toroidal hoop currents (normalized to hoop 5), and the solid

lines of Fig. 4(a) are the theoreticalMFC toroidal hoop current distributions

for the best choice or a, where a is che slope Of che iinear i(w) tunctlon.

Using the value for a, the corresponding k($) and q(~) for the equilibria are

then calculated and shown in Figs. f{(b)and (c), respectively. During the

formation phase (.1-.7 ins), the X($)-profile [cf. Fig. 4(b)] is peaked

towards Phe outside of the configuration (~ + 0), indicating a relatively high

‘alue of ~/B in that region, This is consistent with the interpretation of

spheromak sustainment using a coaxial source where currents are driven

primarily on the outer flux surfaces. The next time interval is one where no

oscillations a;e present (.8-1.05ins). The A($)-profile is essentially

independent of !)(~($)=constant). This is the only time when the equilibrium

is near LIleminimum energy or Taylor state. The spheromak does not remain in

this transient state, nor does it return during the remainder of the resistive

decay phase of the plasma. During the following time interval (1.1-1.4 ins),

the the ~(~)-profile has changed slope and resistivity gradients cause j/B

peakin~ toward~ the magnetic axis (!P+ 1), resulting in a drop in q, the

inverse rotational transform. The peaking coutinues during the next time

lnterva! (1.45-1.”)5 m), where the ~($) slope increases even further. The

configuration then terminates in this discharge when the particle density goes

to zero. Notice that the a on axis is close to one when the n = 1 oscillation

1s observed, and close co L/2 and 1/3 when the n = 2 and n = 3 oscillations

are seen. The n - 3 mode 1s seen most clearly in association with a sudden

termination that can occur under prescribed experimental conditions when the
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density to magnetic field ratio, n/B, goes to zero. One int.e?estingfeature

shown in Fig. 4 is that the ~(l))and the corresponding q profile car. be

considerably different than the minimum energy state.

Figure 5 shows the (a) front, (b) back, (c) side and (d) top views of the

surface current pattern measured for a rotating n = 2 mode. A set of 49 basis

functions was used iri the reconstruction. The effect of the entrance region

or.the front-back symmetry of the modes is quite apparent.

A new diagnostic on the CTX experiment is a multichord C02 interferometer

[Fig. 6] tb.atvtews the equatorial plane of the spheromak. It is designed for

simultaneous use of eight beams, with the first (beam 1) il.r.ersectingthe

geometric or symme ry axis (r = C) and successive beams (2 through 8) passing

along chords.roughly 7.7 cm apart. Beam 5 is approximately tangent to the

magnetic axis. Beams 6 and 8 have just become active because their vacuum

ports were previously occupied by othe~ diagnostics. Inversion of data from

the six beams yeilds density profile informaii~rizs six concentric toroi.dal

rings of constant density, centered about the symmetry axis. The time

dependence of these six toroidal rings is given in Fig. 7, where the plasma

c!ensity profile changes between sustainment (t = O - .85 ms) and decay

(t > .85 ins). During the decay phase the density is seen LO decrease on the

outer flux surfaces (r = 5 cm) and iilcreasetowards the magnetic axis (r = 40

cm). These changes in the density profile show a general correspondence with

the evolution of the current profile i(v), seen with the Rogowski loop array.

In the transition interval between sustaiced and decaying phases, a “pumpout”

phenomenon is seen in which a si~nicicant i~crease fn density occurs within

ring 1 (actually a 17-cm-diameter circle) at the symmetry axis. This

phenomenon is accompanied by a den$ity reduction in the adjacent regions

represented by rings 2 and 3 but does not extnnd to the magnetic axis. The

data of Fig. 7 have been low-pass filtered (f < 5 kHz) to reduce the amplitude

of density fluctuations. We are studying the possibility of correlation

between these fluctuations and the modes seen with the MFC Rogwosiciloops.

lJsing this diagnostic for n(r), the Rogowski loop data to infer j(r), and

‘drift/vthermalmultipoint Thomson scattering for T(r) we are studying

( ~ j/n~e) as a Eunctt.w of time and position. Results of this study are

still preliminary and will be reported at a later date.



v. Electrode Developuient

In the electrode studies facility

can be used to cleanly sustain a

experiments are aimed at testing some

the goal is to develop electrodes which

9 tead; state sphermnak. The first

new geometries that might make better

helicity saurces than the present coaxial source. Some of the geometries

employed have been tests of the generalized helicity injection concept, and

the results have increased our confidence in the validity of the concept.

A new geometry now being tested is called the kinked Z-pinch source. If

we imagine the entrance region of our coaxial source geometry to be an

extended cylinder, the lowest energy state with finite helicity and no net

axial flux is not an m = O azimuthally symmetric state, but one which is a

helically-deformed m = 1 configuration. In spite of the coaxial geometry of

the CTX source

current enters

tendency could

helical fluxes

it is therefore poGsible that a nonsymmetric distribution of

the flux conserver. The question has been raised whether this

be taken to

side by side

Figure F shows the kink

~~rG::,dre- The cylindrical

With Ccills and electrodes

generates helicity. As the

its limit: an entrance region with two linked,

chat are driven by a source with m = 1 symmetry.

Z-pinch source which should create the m = 1

entrance region is terminated by a tee section

for establishing a magnetized Z-pinch, which

current is raised and the discharge becomes kink

unstable, helicity should flow via the two helical flux tubes of che kink

through the entrance region into the flux conserver. This flow is promoted by

designil, in that the pinch, entrance, and spheromak regions are associated

with successively smaller values of A, Magnetic field lines intersecting the

pinch electrodes connect naturally with the m = 1 helical state in the

entrance region. Connection between the entrance region and the spheromak is

not fully understood, but presumably involves the introduction of one helical

flux tube component along the geometric axis while the other flux tube maps

onto the returning poloidal field at the flux conserver boundary. We are now

studying this geometry and have confirmed that the source does make a

spheromak. Figure 9 shows the radial magnetic fields profiles of a spheiomak

produced by this source, while Figure 10 shows the magnetic fields as a

function of the.

Presently it appears that the helicity absorption efficiency and tbe

impedance of the source are not much different from the coaxial source.

However in evaluating vnrious hel,icityinjection schemes, the value of dK/dt
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achieved is not the only basis for comparison. Given two sources

equivalent helicity injection capability, the detetination of which

preferable depends on physics and technology issues. By physics issues

of

is

we

mean those aspects of source operation that affect the stability and transport

of the spheromak. Technology issues relate more to source engineering, for

example: the ease with which the source magnetic flux and current can be

supplied; requirements for vacuum seals and insulating gaps; erosion and

cooling requirements of electrode surfaces; and the ~tructure which the

helicity source presents to the neutron and energy fluxes of a fusion plasma.

In comparison with the coaxial sources presently used, some technical

advantages of the Z-pinch design are immediately apparent. The coaxial

sources require a.re-entrant center electrode with an internal solenoid. The

amount of source flux that can be provided by this solenoid is undesirably

restricted by space and cooling limitation. In the Z-pinch source, the

magnetizing coils are external and this restriction or *9 can be relaxed.

Greater flexibility is also seen for the design of the electrode surfaces.

This should allaw for a more extended and uniform distribution of current with

concomitant impruvemcn~s In impurity control. Another consequence of

electrode decoupling is that, as seen by the spheromak, the helicity source

becomes more nearly a simple hcle in the flux conserver wall. At present, the

technical advantages alone are sufficient for us to test this new source. It

should also be noted among technical advantages that a kinked Z-pinch source,

if feasible, could ultimately be operated without electrodes at all. This

would be the case if a toroidal Z-pinch were used.

‘*” ~

We have discussed the concept ~f helicity and how it is being utilized in

the spheromak program at Los Alamos. Physics experiments on CTX are directed

towards understanding the confinement properties of the spheromak. In a

separate facility (Electrode Facility), new sources of magnetic helicity are

being explored. New source electrodes wi~ichcan

steady-state spheromak are also being developed.

kinked Z-pinch, which may be an improvement

discussed.

be used to cleanly sustain a

A new heliclty source, the

over coaxial sources, was
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Figure Captions

1) Density and toroidal current vs. time for a typical CTX discharge.

2) CTX core temperature (35 - 55 cm average) vs. time from Thomson
scattering.

3) Examples of Rogowski loop signals for a discharge which developed n = 1.,2,
and 3 modes during different phases of the discharge. The corresponding
equilibria are given fn Figure 4.

4) (a) Experimental values (circles) and theoretical MFC toroidai hcop
current distributions (solid lines) during different phases of the
discharge of Fig. 3.; (b) k(~) vs. * profiles for (a); (c) q(y) vs. V
prcfi.lesfor (a). The times given in (a) are the intervals over which
signals such as those in Fig. 3 were averaged in order to give the
experimental values.

5) Surface current pattern of the n = 2 mode.

6) Schematic of the 8-chord C02 electron density interferometer.

7) Electron density vs. time a various radii as deduced from multi-chord
interferonetry.

8) Schematic of a new kinked Z-pinch helicity source.

9) Magnetic field profiles of a spherornakproduced by the kinked Z-pinch
source.

10) Magnetic field vs. time and density vs. time of a spheromak produced by
the kinked Z-pinch sotirce.
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