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Review of Advances in Spheromak Understanding and Parameters *

J. C. Fernédndez

Los Alamos National Laboratory, Los Alamos, NM 87545

A spheromak is a toroidally-shaped magnetized plasma configuration in which no
material (such as coils or vacuum vessels) links the torus, so that the topology of the
spneromak boundary is spherical. The magnetic fields in the plasma are generated
by the internal plasma currents. In the period of ten years since the properties of a
nearly force-free (V x f# ~ AB) spheromak configuration were described using single-fluid
MHD theory,[M. N. Rosenbluth, M. N. Bussac, Nucl. Fusion 19, 489 (1979)] remarkable
theoretical and experimental advances have been made. This paper highlights some of
that work. Spheromaks not only have been successfully produced in the laboratory using
a variety of methods, but also translated, compressed and stably sustained for many
resistive-decay \imes. Spheromak formation, equilibrium and stability to current-driven
modes have been successfully modeled by single-fluid MHD coupled with the concepts of
magnetic helicity (lux linkage) and relaxation towards the minimum-energy force-frce
state. [J. B. Taylor, Rev. Mod. Phys. 58, 741 (1986)] There is evidence, however, that
the relaxation mechanism which drives parallel plasma currents (to drive the spheromak
towards the minimum-energy state) is due to effects beyond the scope of single-fluid
resistive MHD. The confinement properties of clean spheromaks (sometimes excceding
1 MA toroidal current and 1 T volume-average magnetic field) have been measured,
and shown to be excellent, provided the fraction of open magnetic flux at the edge is
decreased sufficiently. It has becn shown theoretically how plasma (/3),.; limits (from
the Mercier criterion) of ~ 10% can be obtained by properly shaping either the conducting
wull geometry or the spheromak current profile. (Because of the low fields needed from
externel coils in steady-state operation in a spheromak fusion reactor, spheromak (3),.;
5% is equivalent to 20% in a tokamak.) While plasma /3 in spheromaks often excceds the
limit from the Mercier criterion, a pressure-driven interchange mode has been directly
observed.

Spheromak research is today a truly international endeavor, carried out by groups
in Japan, the United Kingdom, Turkey and the United States. In eddition to stud.
ies directly relating te fusion, the use of spheromaks for other goals is briefly described,
including tokamak refueling, radiation production, magnetically-insulated inertially con-
fined fusion, demonstration of helicity injection by 1aechanical means, and energy stor-
age/transfer to accelerate fast metallic projecuiles.

*This work i8 supported by the US Department of Energy.
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1. Theoretical Background

A. Magnetic equilibria in closed systems

Force-free stutes (J || 5) satisfy the relation
V x B = A¥)8, (1)
where J and B are the current per unit area and magnetic field, and
A(W) = pod - B/ D? (2)

is constant on magnetic flux surfaces (parametrized by a normalized flux function 7).
In nearly force-free magnetohydrodynamic (MHD) equilibria, such as spheromaks and
reversed-field pinches (RFP), it is useful to consider magnetic helicity, which is the link-
age of magnetic flux within a closed boundary.! For times much shorter than the resis-
tive diffusion time, magnetic helicity conservation has been verified in spheromaks?
and RFPs.> When the boundary of the system is a magnetic flux surface (for example, a
volume bounded by a perfect conductor with no initial magnetic flux going through the
wall), the helicity of the magnetic equilibrium is given by the integral

K:/mﬁmm (1)

where .1 is the vector potential. It should be noted that helicity is a global quantity. He-
licity density is not a well defined concept. When the system boundary is not a magnetic
surface, Eq.(3) is not gauge invariant. Berger and Ficeld" view the problem as arising
from the indeterminacy of the flux linkage outside the volume of interest. Their solution
is to comnpare the actual /J with a reference field /%, such that ¥ x > =0, /J -7 = P -,
and d(f3-#)/dt = d(P - 7)/dt. (i is the unit vector normal to the surface.) By subtracting
the contribution from the reference field, a ,: neralized definition of magnetic helicity,"
which reduces to Eq.(3) when the system boundary is a magnetic surface, solves the
gauge problem. In a system described by Eq.(1) where A is constant in space,

20W/N = A (-1

where IV = [ 1J?/2 dvol is the magnetic energy content of the equilibrium. Of the possi-
ble Woltjer-Taylor states” '! (constant \ states), one particular state will have minimum
magnetic energy per unit helicity at a value A = A,,. dependent on the system geom-
etry. (In an equilibrium with non spatially constant A (Sec.IIl), 2,011/ W = (), where
the weighted eigenvalue ()) is in practice very close to ...} A can also be considered as
the inverse of the characteristic size of the system. In a geomotry consisting of coupled
subvolumes of different shapes, by expanding into the region of largest characteristic
size, tho equilibrium can minimize its magnetic energy per unit helicity.'?

Eq.(1) can be solved analytically in cylindrical geometry, where /. is the cylinder
length and « is the radius. With the boundary conditions that the radial mugnetic
ticld vanishes at the cylinder walls and that there is no net flux, and assuming a spa-
tially constant A, if in Eq.(1) has solutions'® involving the functions J,, (i)' *2) and
Jo—1(rer)et M=k} “where r, 6 and : are the cylinder’s radial, azimuthal and axial coor-
dinates, J,, are the Bessel functions of the first kind, and #} = A? - &% is adjusted to fit



the boundary conditions. For fixed A, assuming A and k are purely real, the solutions
are a discrete set in m and k. The minimum energy value of )\ is determined by the
conducting boundary’s dimensions. Finn et al.’* showed that in a conducting cylinder of
radius a closed on both ends, the m = 0 atate is the minimum energy state if the cylinder
length is less than 1.67a, whereas the m = 1 state is the minimum energy state for longer
cylinders. For an infinite cylinder, the m = 1 minimum energy state has A, a = 3.112,
while the m = 0 minimum energy state has A, 0a = 3.832.

Experimentally, the first spheromak (m = 0 state) was formei in the PS-1 device at
the University of Maryland.!® The m = 1 state (a double helix along L) was first observed
at Los Alamos, in what was later named the CTX device, in a copper cyvlinder with
a =0.32m and L = 1.2 m.'® The pitch of the m = 1 double-helix was first measured in a
longer L = 2.1 m cylinder (unpublished), and subsequently in the m = 1 helicity source
experiment!? also at Los Alamos.

Magnetic helicity has handedness. Positive (right-handed) helicity corresponds to J
parallel to 5, whereas negative (left-handed) helicity corresponds to J enti-parallel to 7.
There appears to be no intrinsic difference between the two signs of helicity, and stable
spheromaks with both signs of helicity have been made.

B. Externally coupled states

A further theorstical refinement (still with spatially constant )) is to consider exter-
nally coupled states,'™!'® in which finite magnetic lux and plasma currents cross the
system boundary. For these externally coupled states, the continuum of solutions in A
for each m and k are dependent on the boundary conditions.

In an infinite cylinder, still with ) constant and no radial field at the wall, but with
non-zero net axial flux ¢,, the locus of solutions to Eq.(1) determine the F-© curve,'
where F = na?B;(a)/¢. is the normalized toroidal magnetic field at the wall and 0 =
wa’l}'g(n)/m is a measure of the axial current. At low current, I' is unity, and the
fields are tokamak-like. As O increases, }' monotonically decreases, and the equilibrium
correspends to that of an ultra-low-q tokamak. I' crosses zero at €©) = 1.2. At this point,
the fields resemble those of a stabilized z-pinch, or equivalently, a straight spheromak. At
higher O, the toroidal field at the wall reverses, and the fields are RFP-like. Up to # = 1.6,
the minimum energy state has ». = 0 symmetry. Above 1.6, the axial current is too high
for the given axial flux, and the m = 1 state has lower energy instead. The result is that
the RFP fields develop a helical kink distortion.* The RFP literature, starting with the
results from the Zeta device at Culham, describes extensive experimental results which
confirm the general features of this model.®!"

Schaffer'® considered the case of a complex wavenumber & = &, + ik, for externally
coupled m = 0 and m: = | states in a finite conducting cylinder with open ends and no
net axial flux. For the m = | state with \ between zero and )\, this model predicts
evanescent (complex k) magnetic fields along the length of the tube. For the m = 0 state,
when Aa is below A, 0, k is purely imaginary, while for ~a above A, on, k is purely real.

In spite of the good agreement between the spatially constant A hypothesis with ex-
perimental observations, departures from this hypothesis have been routinely observed
on CTX spheromaks,” the m = 1 helicity source experiment,'? as well as in the ZT-40M
RFP.'® These arise from modifications to the current density profile by spatial nonunifor-
mities of effects such as current drive or electrical resistivity. Therefore, the comparison



of the observed magnetic structures to the theoretical results described above represents
a starting point only. On the other hand, experimental observations can be very well
modeled numerically by using physically reasonable \(1') profiles. But over a wide range
of profiles, the qualitative features of the minimum energy states (spheromaks. double-
helix, RFP) described above are preserved.

C. Helicity injection

Inside a volume bounded by a magnetic surface, Taylor's hypothesis® states that he-
licity is conserved for times short compared to the resistive decay time, while much faster
relaxation processes allow reconnection of magnetic field lines, resulting in a final con-
figuration where the meagnetic energy is minimized. The helicity in the system decays
resistively at a rate given by!9¢

div = -

W=-2/E-deo:. (5)
However, when magnetic fields penetrate the boundary, the helicity can be injected into
(or ejected from) the system. The total time derivative of the generalized helicity, de-
rived independently by Jensen and Chu'® and by Berger and Field,® can be conveniently
expressed by the relation?’

ild—l:— = —2/1_':' - dvol + 2/ E,- B, dval, (6)

% = —2/f F-dl dy + 2/flﬁl.-dl*du". )

The subscript v refers to the reference vacuum fields and fluxes with the same /7 - #
and E x 7 boundary conditions as when the plasma is present. In Eqs.(6) and (7), the
first te;m is just the resistive dissipatior. of helicity within the plasma. Without loss of
generality, the plasma dissipation term can be replaced by — /7, where 1, represents
the global decay time of the helicity. The second term represents helicity injecticn. Often,
as shown below in Sec.Il, the structure of the vacuum fields is obvious, and the helicity
injection rate is easily computed. It should be noted that a stcady state (sustainment)
can be achieved where the helicity dissipation by the plasma resistivity is balanced by
helicity injection,

Finally, it is useful to cast the plasma helicity dissipation in terms nf the plasma
resistivity. Ohm’s law can be written as?

or equivalently,

F+ixB+e=yl, (N)
where ¢ incorporates all the terms normally neglected in single-fluid MHD. Taking the

scalar product of Eq.(8) with /7, integrating over the volume, and using Taylor's hypoth-
esis ([ 7 I} dvol = (), it is apparent that helicity dissipation

/I-',1 B dvol = /1).f- 13 dvol (M

occurs only from ohmic dissipation (from true electron collisional resistivity), '+



II. Formetion and sustainment

Five different methods of spheromak formation have been used, namely, the magne-
tized coaxial source,?325 the combined #-pinch and z-pinch,'® the flux core,?¢ the conical
6-pinch,?” and the kinked z-pinch?® (m = 1 source). The initial spheromak formation ex-
periments (the z, §-pinch at Maryland, and the coaxial sources at Los Alamos and Liver-
more) were conceived and executed as “fast” formation schemes. The formation occurred
in a period similar to the Alvén transit time (which required high electrical power), and
the currents were carefully programmed to allow the necessary magnetic reconnectinn
to take place. Even the then slower (magnetic reconnectior: timescales) flux core method
was executed on the basis of detailed MHD calculations.?® Since that period, spheromak
formation has been understood and improved on the basis of helicity balance. It has
been showed that these plasma sources are alse helicity sources (Eqs.(6) and (7)), and
that the helicity produced is injected and incorporated into the spheromak equilibrium
in timescales much shorter than the resistive decay time.*2 Moreover, it has been shown
that the helicity injection can be maintained indefinitely to balance the resistive helicity
dissipation and to sustain the spheromsk.?®

The generality of the helicity injection model, independent of the formation details,
has been firmly established. A source with m = 0 symmetry (coaxial gun) has been used
to sustain an equilibrium with m = 1 symmetry.!® The coaxial gun has also sustained
flipped spheromaks, in which the outer spheromak poloidal field cannot simply connect
to the gun electrodes.? In addition, a helicity source with m = 1 symmetry (kinked z-
pinch) has sustained spheromaks (1n = 0 symmetry),'? also a case in which no simple
connection of the spheromak flux to the source electrodes is possible.

Pioneering work by Alfvén involved the injection of plasma rings produced by a mag-
netized coaxial source into vessels bounded by insulating walls to study astrophysical
phenomena.®® These objects had the magnetic axis outside the wall, and thus are not
spheromaks. However, “flux amplification” (toroidal-poloidal flux conversion by relax-
ation processes) was observed,”! just as in CTX.* Also, Wells injected “plasmoids” with
mag. 'tic helicity produced by a canical # pinch into a vessel with insulated walls.”? But
again, with no metallic wall to confine the helicity, the magretic axis was cutside the
wall, and the equilibrium inside the vessel was not a spheromak.

A. Coaxial gun source

Fig.1 illustrates the coaxial-gun spheromak-formation method. The source is con-
nected to the spheromak flux conserver wall by a cylinder with conducting walls called
the entrance region. The source center electrode contains a solenoid which is energized
prior to the discharge, to produce a magnetic flux ¢,,. which links the inner and outer
electrodes. The outer electrode is generally electrically grounded, although it could in
principle be energized. A gas puff is introduced into the inter-electrode gap, and once
the gas has diffused enough, a voltage V,,. between the electrodes 18 applied. The gas
breaks down, and a radial current /,,. (current density .J,,.) between the electrodes is es-
tablished. This radial current produces an azimuthal magnetic flux (magnetic field Hy).
The linkage of the azimuthal flux (produced at a rate V,,.) arising from the radial current
with the initial solenoidal flux constitutes the helicity generaeted by the source. When
the source current is sufficiently large, J,,. x 1, exceeds the restoring force of ¢,.., the



equilibrium expands into the flux conserver and relaxes into a spheromak configuration
within a few microseconds. More generally, the characteristic size of the driven equilib-
rium at the source is A,,. = polyrc/dsre. When 1/),,. decreases below the characteristic
size of a possible equilibrium at the entrance region, the helicity flows “down-hill” in ),'?
and the energy is minimized by the establishment of a spheromak equilibrium at the
flux conserver, the volume of largest characteristic size.

The final spheromak helicity content can be predicted using Eq.(7). For the coaxial
source, the reference vacuum magnetic field is simply the solenoidal field, and the ref-
erence electric field is simply due to the voltage applied between the electrodes. The
resulting electrostatic helicity injection rate is then 2V,,.¢,,.. This result is easily under-
stood by noting that for two simply linked tubes of flux ¢, and ¢,, the magnetic helicity
is K = 2¢1¢2.! In the coaxial gun, V,,. is the production rate of azimuthal flux, which is
linked by the invariant solenoidal flux ¢,,.. Thus k' = 2V,,.¢,,. is the rate of electrostatic
helicity production. The evolution of the spheromak helicity content is*

ﬂ\‘ = —_A + 2Vsrc¢3rc» (10)

dt TK
where 1 is a function of the plasma resistivity and A. For continuous injection (the con-
figuration in Fig.1b is maintained), the spheromak fields reach a steady state value where
dissipation balances injection, and relaxation distributes the current drive to maintain
the spheromak near the minimum energy state. Once the V,,. is turned off, the sphero-
mak fields disconnect from the source and freely decay resistively (Fig.1c). The helicity
balance in the CTX spheromak has been verified experimentally.* It has been verified
also that spheromak sustainment by helicity injection (at spheromak currents of up to
500 kA, limited by the available Volt-seconds in the capacitor bank) can proceed for times
much longer than 7, 29433

Sustained CTX spheromaks which are clean (power balance not dominated by radia-
tive losses) have been obtained.?? Therefore, current-carrying electrode-plasma contacts
do not appear to be an importan. technological hurdle. Co. .l sources could prove to be
a simple, inexpensive current-drive mechanism for a fusion reactor, not only for sphero-
maks, but for tokamaks and RFPs as well. In fact, helicity injection with a coaxial source
has been demonstrated in a tokamak,*! and a tokamak with start-up and current-drive
provided exclusively by a coaxial plasma gun®® is under construction at the Univ. of
Washington. A spheromak reactor design based on a coaxial plasma gun has also been
done.36

Although coaxial plasma guns have proven remarkably robust as srheromak sources,
it is important to understand the physical processes which determine their performance,
particularly when efficient operation is required for larger experiments. Although the
literature on plasma guns is quite extensive, recent progress has been achieved in the
MHD modeling of guns as spheromak sources.3’

B. Theta-z pinch

Fig.2 illustrates spheromak formation with combined 4 and z pinches.2 Starting with
a static gas fill, an axial magnetic field is produced by the 6 coil, and an axial voltage \,,.
is connected across the axial electrodes, which ionizes the plasma and draws an axial
current. Defining the bias axial flux linking the electrodes as ¢,,., the helicity injection



rate is again 2V,,.¢.... The current in the 6 coil is reversed, and the reversed external
bias field pinches the plasma and trapped initial bias flux towards the axis. The axial
fields then reconnect, and the spheromak is formed. No measurements have been done
of how much reverse axial flux links the axial electrodes (which would decrease or even
reverse the helicity injection rate).

This method could be used in steady state, provided the reverse bias was limited (to
maintain some net flux linking the electrodes along the direction of the initial bias field
trapped near the axis). Maintaining the voltage between the electrodes would maintain
heli ity injection. This configuration corresponds to the “Bumpy z-pinch”.3® This con-
figuration has been successfully achieved by the spheromak group at the University of
Tokyo® by replacing the z-pinch electrodes by opposing plasma guns.

C. Flux core

Back when both the 6-z-pinch and gun formation methods were operated in the fast
mode, the spheromak group at Princeton proposed a formation method based on an
annular flux core,?® which operates on the slower magnetic reconnection timescale. The
core, which is covered by a resistive metal liner to allow flux penetration, contains both a
toroidal solenoid (TF coil) to provide an azimuthal field, and a multi-turn azimuthal coil
(PF coil) which produces a poloidal field surrounding the core. This method is depicted in
Fig.3. The linkage of the poloidal und toroidal fluxes produced by the core are the basis for
helicity injection in this scheme. This method, which precedes the present understanding
of spheromak formation in terms of helicity injection, was based on extensive resistive
MHD simulations which included magnetic reconnection processes.?¢

The formation proceeds as follows. In the presence of a gas fill, a bias vertical field
along the axis of the core is turned on. Then the PF coil is energized to produce a poloidal
field linking the core, in a direction which opposes the vertical field at the axis. The TF
coil is then energized, the dé¢rr/dt induces a poloidal electric field around the flux core,
and the plasma breaks down. The plasma ends up with toroidal field which opposes the
toroidal field inside the core. This field drives the plasma towards the magnctic axis,
where the polo.dal field is weakest. Meanwhile, the PF coil current is ringing down
towards zero, which induces an increasing toroidal current. As in the §-z-pinch case, as
the PF coil current drops towards reversal, the initial poloidal flux linking the magnetic
axis reconnects outside the magnetic axis. The final poloidal field near the core ends up
compressing the spheromak and the initial bias flux ends up surrounding the spheromak.

In this case, the helicity injection rate is again 2V,,.¢,,., where &,,. is the flux pro-
duced by the PF coil, and V,,. = d¢7r/dt. This method intends to avoid current-carrying
contacts to the walls. However, the flux core is not in practice a flux surface, so the
non-electrode advantage has nct been realized. In principle, proper programming of the
TF coil should allow a precise control of the spheromak profiles. In practice, early during
formation, the profiles quickly 12lax to the minimum-energy state.*® 2 Fig.4 shows the
spheromak magnetic profile evolution in S-1.

In principle, oscillating currents in the PF and TF coils in the flux core could be
used for steady-state AC helicity injecticn into a spheromak,’ akin to the F-¢ pumping
technique in RFPs.** However (with the benefit of hindsight), because of instability of non
line-tied spheromaks without a conducting wall (see Sec.IV.A) and the relative technical
difficulty of the flux core formation method, it is unlikely this scheme would be the



preferred choice for future devices.

D. Kinked z-pinch (m=1 source)

Another electrostatic helicity injection method is the use of a z-pinch with axial
flux.2812 The experiment is shown in Fig.5. The basis for helicity injection is the linkage
of the initial bias magnetic flux ¢,,. along the z-pinch axis with the magnetic flux due to
the axial pinch current, driven by the voltage 2V,,. between the electrodes (the vacuum
vessel is grounded, and the electrodes are biased to +V,,. relative to ground). The helic-
ity injection rate is then 4V,,.#,,.. Possible advantages of this method include a better
coupling of the source with an m = 1 state in the entrance region, which is the minimum
energy state for that subvolume. Ttis could decrease the relaxation drive (and associ-
ated loss of magnetic energy) in the entrance region. In addition, the source impedance
turned out to be significantly higher,!? an attractive technological feature. In addition, if
no electrcdes are allowed, the linear z-pinch can be replaced by a toroidal z-pinch driven
by a transformer. A possible disadvantage is that the m = 1 structure in the entrance
region can intrude into the spheromak flux conserver, causing stochasticity.!?

III. Equilibrium

The achievement of magnetic field profiles corresponding to the spheromak configura-
tion was verified in early experiments by internal magnetic probe measu.-ements,!5:26:2.29
all showing the required signatures of poloidal field reversal at the magnetic axis, toroidal
field reversal at the geometric axis, and similar toroidal and poloidal magnetic flux magni-
tudes. Fig.6 shows the magnetic-field profiles from the Beta II experiment,? which match
extremely well those c¢f the minimum-energy configuration. On the theory side, sphero-
mak equilibria can be computed whether the boundary is a conducting wall or an external
bias magnetic field. Analytic solutions have been obtained for equilibria in which a con-
ducting sphere contains a concentric shell filied by a force-free inagnet, inside which there
is a compact torus equilibrium.*® Analytic solutions for the minimum energy spheromak
MHD equilibrium have been obtained in a spherical*® and cylindrical’*4” geometries.
In other geometries, the equilibrium is found by solving the Grad-Shafranov equation,
with the poloidal flux as a free parameter determining the absolute field strength of the
equilibrium. In addition to specifying the boundary conditions, either: p(y’) and ¢(y); or
p(v) and A(¢) must be specified, where ¢ is the normalized poloidal flux function, p(y) is
the pressure profile, and ¢(y) is the normalized toroidal flux function. For the minimum-
energy state (p(¢) = 0 and A(y) =constant), if the boundary is chosen to be a magnetic
flux surface, the geometry of the boundary determines the magnetic field profile.

Radiation-domir.ated spheromaks are not likely to deviate far from the minimum-
energy state. In radiation-dominated plasmas, the plasma resistivity tends to be spa-
tially constant because as the electron temperature rises, the increase in Spitzer resistiv-
ity from the increased Z,;; partially offsets the decrease from 77%%, 1t has been shown
that a minimum-energy spheromak witn uniformn resistivity decays self-similarly with
a decay time rg: = u/2n)\? and remains in that state without assistance from relax-
ation processes.?® In addition, a decaying spheromak with uniform resistivity initially
not in the minimum-energy state evolves towards the minimum-energy state.""" As ex-
pected, cold spheromak profiles are usually found to be very c'ose to the minimum-energy



smw.48.2.42,27

Spheromaks with higher electron temperatures and better impurity control®!>? ex-
hibit higher resistivity gradients, which cause the A(y) profile to deviate from the minimum-
energy state. Dewviations from the minimum-energy state due to higher edge resistivity
are also observed in RFPs.!! In decaying spheromaks, a signature of these deviations is
the observation of internal current-driven ideal kink modes,3%? which are unstable for
sufficiently large deviations from A(y) = constant (see Sec.IV.B). Current-driven modes
are also observed because of non-uniform A(y) profiles induced by the formation*!' sus-
tainment processes. >

In achieving clean spheromaks with higher electron temperatures, internal magnetic-
probe measurements are a liability. The fitting of data from magnetic probes at the
plasma boundary (or equivalently, the measurement of the induced currents in the con-
ducting wall) to the results from a computer code which solves Grad-Shafranov equilibria
has been successfully used to model spheromak equilibria in CTX.> For the (relatively
low 3) CTX spheromaks in mesh flux conservers (MFC), the electron pressure profile (de-
termined from Thomson scattering and well approximated by p(v’) « ¥ with { < n < 2)
is found to make little difference in the computed equilibrium fields. Although surface
magnetic fields at the boundary do not uniquely determine the equilibrium, the CTX
MFC data is well fitted by equilibria calculated from a physically reasonable linear A(y)
function® given by M) = A1 + a(2¢ - 1)), where A = [A(¥) dv is the average A(y),
usually very close to \A,.. Fig.7 illustrates the evolution of the A(v) slope a for a typical
CTX large (0.67 m radius) MFC discharge During sustainment, the current profile (ard
equivalently the A(y) profile) 1s peaked on the outside due to source-driven currents on
the outer flux surfaces. The safety factor q near the magnetic axis reaches unity, and the
n=1 kink mode is observed. When the helicity source is turned off, the higher plusma
resistivity at the outer flux surfaces causes the current at the outer flux surfaces to de-
cay faster, and the current profile becom.es peaked at the magnetic axis. The ¢ near the
magnetic axis decreases to 1/2, and the n=2 kink mode becomes unstable. Sometimes,
further peaking occurs and the n=3 mode is observed. In spite of the seemingly large
deviations of the A(y') profiles from those of the minimum-energy state, the magnetic
energy of these spheromaks is less than 10% above that of the minimum-energy state
with the same magnetic helicity content.?

There is evidence that during spheromak formation and sustainment, relaxation pro-
cesses, which drive the spheromak equilibrium back towards the minimum-energy state,
are present and responsible for incorporating the source helicity into the spheromak
equilibrium.4!4 Similarly, there is evidence that deviations from the minimum-energy
state in CTX MFC decaying discharges due to resistivity gradients are countered by re-
laxation processes responsible for poloidal current-drive at the resistive spheromak edge
(or equivalently, poloidal to toroidal flux conversion) which maintain the spheromak near
the minimum-energy state®?! (see Sec.V.B).

IV. Stability

Spheromak stability can be discussed under three general topics. The first is external
current-driven modes (tilt and shift modes), which occur when the spheromak is bounded
by a vertical field, and there is no nearby conducting wall. (This case includes steady-
state spheromaks inside a non-superconducting metallic wall.) The second is internal



current-driven modes, which have been mentioned in Sez.IIl. The third is pressure-
driven modes.

A. External current-driven modes

It has been shown analytically that a spheromak in a uniform bias magnetic field is
uustable to the tilt,*® with a growth time of a few Alvén times.!*47:36-3 In gimple terms,
the magnetic moment of the spheromak opposes the bias field and tends to flip.5® The tilt
in the presence of a bias flux is a relaxation process which conserves helicity. Initially, the
spheromak toroidal flux does not. link th< bias field (no contribution to helicity). Once the
spheromak flips, the bias field nibbles away at the spheromak poloidal flux.5” If the bias
fl--x is larger than the spheromak poloidal fiux, the spheromak is destroyed. Otherwise,
tne bias flux is trapped near the spheromak geometric axis. The linkage of the toroidal
flux with the combined bias and remaining spheromak poloidal fluxes yields the same
initial helicity (if helicity dissipation is neglected for the duration of the process).

The presence of a conducting wall sufficiently close to the separatrix provides the im-
age currents necessary to stabilize the tilt and shift modes,*6:!447:59 provided the sphero-
mak boundary is sufficiently oblate. This fact has been verified experimentally.?*? For
both modes, these image currents have sizable components along the poloidal direction.*?

If the bias field is made mirror-like with a high enough curvature index (n, > 1, where
n; = (-r/B;)(0B,/{r)), the tilt is stabilized, but the spheromak is then unstable to the
horizontal shift mode, because the spheromak tends tc move to regions of lower field.*°
For n; < 0 the shift is stable (but the tilt is not), and for 0 < n; < 1 both the tilt and the
ehift are unstable.’® Thus, a steady siate spteromak reactor appears to need feedback
stabilization, but the presence of a sufficiently conducting wall near the separatrix would
decrease the needed response-time of the circuit to an acceptable level.

Stabilization of the tilt and shift modes has been attempted using passive coils rather
than full conducting shelis. One wotivation has beer: that a conducting shell near the
spheromak separatrix is incompatible with the flux-core and the traditional §-z-pinch
formation methods. Using a current loop model,* it has been prcdicted that properly
placed figure-8 coils can stabilize both modes simultaneously (for times short compared to
the L/R tine of the coils) provided =, is close to unity.? Besides the possible discrepancies
in applying this model to spheromaks (normally low aspect ratio tori), it is difficult with
simple coil sets to maintain a uniform field index throughout the spheromak cross section.
In fact, it was diflicult to maintain an index above zero on ProtoS-1/C without interfering
with the formation process.?!

It has been found computationally that line tying slows the growth rate of the tilt
mode.®? However, for realistic plasma parameters, line tying alone cannot completely
suppress the tilt.%!

Initial short-lifetime spheromak experiments, using various combinations of figure-
8 coils, saddle coils, and resistive liners, sufficiently slowed the tilt and shift modes
to prevent a catastrophic end to the plasma.® % Additional methnds, such as “wagon
wheel” and solid metal platcs have been tested in ProtoS-1/C. These methods have been
effective only to the extent that line-tying has been present (for example, a copp~r piate
allows a much faster growth rate than a thin stainless-steel wall does)."! The fact that
these tilt-limited spheromak lifetimes match the lifetimes in ProtoS-1/C with figure-
8 and saddle coils,®! suggests that previous exp.ciments with figure-8 and saddie coils



benefited significantly from line-tying effects. “Wagon wheel” spokes connected poloidally
around the outside of the ProtoS-1/C flux core significantly decreased the growth rate,
but effectively acted like a conducting wall too far away from the separatrix to cor.pletely
stabilize the tilt.®!

Stabilizing schemes other than a close-fitting conducting wall have not successfully
suppressed the tilt and shift modes in larger experiments with stationary spheromaks.
With the figure-8 system, S-1 was grossly unstable with less than 10% spheromak
poloidal flux linking the flux core.®® In S-1, enough stability to study energy confine-
ment has only been possible by the use of a pair non-connected conducting funnels along
the geometric axis on the top and bottom of the spheromak.%® In the Maryland Sphero-
mak (MS) experiment, Figure-8 coils, a conducting cylinder along the geometric axis,
copper plates on top and bottom of the spheromak, and aluminum cones have been in-
effective.®¢ Even if these methods could be made to work, i. has been shown that open
field lines which intersect walls or a neutral gas fill are extremely detrimental to global
energy confinement in spheromaks.?25567 Thus it might be unproductive to pursue these
approaches further.

The space between two long coaxial conducting cylinders is not capable of support-
ing a stable stationary spheromak (the m = 1 double helix is the minimum-energy state).
However, stable spheromaks have been accelerated in juzt that configuration, in a scherme
where the spheromak acts like a moving armature in a coaxial rail gun.®® The accelera-
tion is due to the toroidal flux generated behind the spheromak by current flow axially
along the center electrode, radially along the spheromak surface, and back axially along
the cuter electrode. Fig.8 illustrates the experimental geometry of RACE.* Rings with
a 10 to 1 ratio of kinetic to internal magnetic energy have been compressed by focus-
ing into a section of decreasing radius (conically shaped) where the spheromak either
reflects back or stagnates.“® Spheromak translation might allow tokamak plasma refuel-
ing by injecting spheromuaks deep enough into the tokawnak plasma before the spheromak
unravels in the tokamak magnetic fields,% as demonstrated in the ENCORE tokamak.*

B. Internal current-driven modes

The observation of these modes has been described above (see Sec.111). These modes
have been found to saturate at amplitudes of about 10%. It has been predicted that these
non-resonant modes should be present for sufficiently large deviations from the uniform
A profile,’” and that they should saturate at about the cbserved amplitude, where the
plasma should settle into a new equilibrium including the helical distortion from the
mode.”! The prediction is that with finite resistivity, since there are no singular current
densities in the saturated state, there should be no rapid reconnection processes such
as those associated with sawteeth in tokamaks.”! Although this statement often holds
true experimentally, sawteeth-like oscillations have been seen in sustainea CTX sphero-
maks.? The expectation is that other than helical deformations to the flux surfaces, these
internal kinks should have little effect in plasma confinernent.

Experimentally, the non-uniform A(y)) profile that drives the kinks is induced either
by the formation and sustainment process,*!** or by the higher edge resistivity in decay-
ing spheromaks.” These internal kinks are sometimes very damaging, and sometimes
inconsequential. In detached S-1 spheromaks, a single n=2 kink event has destroyed
energy confinement.’®®' In decaying CTX discharges in the laige MFC, the n=2 sat-
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urated kink mode degraded particle confnement.?? But since energy balance was not
dominated by particle convection losses, no effect was seen in the energy confinement.??
In the 0.6 m radius solid flux conserver (SFC) in CTX, the bast energy confinement times
of any spheromak have been obtained in the presence of the usual §B/B ~ 10% saturated
level at the wall from the n=2 kink.

Sometimes, these modes can result in stochastic field lines which degrede confine-
ment. In the m = 1 source experiment, the resonance between the m = 0 equilibrium and
the large m = 1 distortion in the spheromak probably resulted in significant stochastic-
ity.!? In high current-density spheromaks in the 0.3 m radius solid flux conserver (SSFC),
there is apparently significant stochasticity arising from the interaction of the saturated
n=2 kink with toroidal distortions of the flux censerver,’®> which results in degraded
confinement and 7g;.

C. Pressure-driven modes

The volume-averaged beta-limit 5. given by the Mercier criterion for a spheromak in
a spherical boundary is a very low 0.2%, while for oblate spheromaks, j. ~ 1.7 7
This is because the spheromak curvature is always unfavorable, and the shear of the
magnetic fielg is very low.

There are ways to significantly increase shear in spheromaks. The presence of a
sharp current and flux hole along the spheromak geometric axis can raise /. to the
10-40% range, depending on the specific magnetic profiles and aspect ratios (1.2 - ~)
studied.*¢:747570 Sufficiently peaked )(y') profiles can also raise j. significantly above
2%.46.70" More recently, it has been determined that modifying the shape of a cylin-
drically symmetric wall to have s “bowtie”-shaped cross section can raise /3, to 3% for
spheromaks in the minimum energy state, and higher for the outwardly peaked ()
prefiles typical with coaxial gun sustainment.”” Fig.9 shows the geometry of this config:
uration.

For ideal interchange modes, the Mercicr limit is probably a conservative limit. Un-
less the criterion is significantly violated, the growth rates are so small that resistiv-
ity, viscosity and kinetic effucts would probably dominate ideal MHD effects.”™ Resistive
pressure-driven modes are a potential problem,'"’" but they have not been identified in
spheromaks. Should pressure-driven modes represent the ultimate limit to spheromak
confinement, & “constant-3” scaling would be expected.

Initial spheromak experiments reported volume-averaged betas (;3),., much above /1.,
of up to tens of percent, ! 20.63164T870.51.54.80,40.81 1 more recent S-1 discharges, a local
constant /7 scaling has been found at the magnetic axis."” However, similarly to CTX
spheromaks in the large MFC, the (/). has decreased from previous values, but for
reasons unrelated to pressure-driven modes.?*¢7 The more recent CTCC-11 experiment
at Osaka has obtained a (/3),.; of a few percent.®? But because of limiters, CTCC-11 has a
current hole,** thus its /. should be higher. CTX spheromaks in the high current density
SS¥C show no evidence of pressure-driven instability, even though ()t = BV

In decaying CTX spheromaks in thr SFC, a pressure-driven interchange mode has
been directly observed.* Even though /. & 0.5% when the instability occuned, the elee-
tror. density and temperature (from Multipoint Thomson scattering) and the assumption
of equal electron and ion temperatures (substantiated by Doppler broadening measure-
ments of OV*) yield an actual (1), = 5%.% During the decay of these discharges, the
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electron pressure profile continually peaked, unti!, when a critical pressure grad:ent was
reached, the interchange occurred. But the electron pressure gradients were so large,
that the critical gradient from the Mercier criterion (using the linear A\(v) profile fit to
the magnetic probe data) was exceeded by a factor of 20 by the electron pressure alone.®3
Fig.10 shows the SFC geometry. Fig.11 illustrates the nature of the in.tability. The
magnetic diagnostics showed no signature associated with the interchange, as expected
for this type of mode.

Since the nature of the observed violations of thr Mercier criterion in spheromaks
is not known, it is probably optimistic to expect them to hold as more reactor-relevant
conditions are approached. However, even if current holes or A(v) profile control should
prove difficult, the use of a bowtie-shaped flux conserver represents a simple way of

achieving a very usefu! 3, while retaining the engineering advantages of the spheromak
concept.

V. Confinement

A. Early work

Because of the variety of spheromak formation schemes, it is traditional to compare
spheromak confinement in the decaying phase, when the spheromak fields are not being
sustained by helicity injection, the spheromak has mostly disconnected from the source,
and the formation details should make little intrinsic difference. Although some confine-
ment data for sustained spheromaks is available (and not dramatically different from
that of decaying spheromaks),?? this paper discusses only the overwhelming body of data
from decaying discharges. For the relatively short (compared to 4.) energy confinemeat
times 75 in most spheromak experiments. the s‘eady state app’ oximation

J
T = 5 (/3)1,,,1 THo (1 l)

can be used. With Eq.(11) as a model, the /4 and ry. will be separately discussed in
Secs.V.B and V.C.

In early spheromak experiments, the dominant plasma lcss mechanism and the limit
to plasma electron temperature was impurity radiation.* The Maryland and Princeton
spheromak groups had the expectation that, once their gross stability problems were
solved with loosely fitting conductors or a conducting center rod, the relatively small
plasma-wall contact area (including the lack of electrodes for spheromak formation)
would allow the achievement of excellent plasma confinement in their experiments ™
Mecanwhile, the CTX group at l.os Alamos, realizing that impurity radiation was domi-
nating energy transport, decided to switch to a 0.4 m radius flux conserver constructed
out of a miesh of copper bars (SMFC), o minimize the wall surface arca in contact with
the plasma and to allow the rapid “pump-out” of impurities out of the plasma.*' In ret-
rospect, {or reasons explained in Secs.V.B and V.D, both strategies were fatally flawed,
because of the disastrous effects of open fleld lines in force-free conceptr, much beyond
those in other concepts. Only the group at Osaka used the combination of technolo-
gies that could significantly advance spheromak rescarch in the short term: solid flux
conservors and titanium gottering for impurity control.*” However, because of the lack
of some key diagnostics and their understandable preoccupation with pressure-driven

12



modes (from theoretical considerations), the importance of their results and technology
was missed within the spheromak community.

These strategies of wall-contact minimization for a while appeared to be working. In
the CTX SMFC, an electron temperature of 100 eV was achieved for the first time in
any spheromak.®! The power balance in the SMFC was dominated by power losses from
particle convection.®® However, in spite of the higher temperatures, no increase in energy
confinement times (relative to previous results in solid flux conservers’®) was obtained,
because of an increased helicity decay time.5! These problems came to a dramatic focus
when the large MFC was installed in CTX. It was found that in spite of large increases
in magnetic field and toroidal plasmu current (up to 1 MA) along with similar plasma
and current densities, the resistive decay time remained independent of the core electron
temperature, the energy confinement time did not improve, and (3),, actually dropped

as 1t?.?? Similar results on the global plasma confinement properties were measured in
S-1.67

B. Helicity dissipation

In nearly force-free configurations, relaxation processes tend to dispose of the mag-
netic energy while conserving magnetic helicity. Magnetic helicity I is dissipated ohmi-
cally (through electron collisional resistance). So a productive approach is to examine
first the determinants of helicity dissipation. If A(y) gradientn are not present, then
there is simply a proportional decay of the magnetic energy W (Eq.(4)). However, if A(y")
is non-uniform, then magnetic energy and helicity are not dissipated at the same rates,
and relaxation activity is possible. This fact, and its consequences for energy transport,
is what makes the behavior of force-frec configurations unique.

Non-radiation-dominated spheromaks with significant fractions of open magnetic flux
had helicity decay rates much higher than predicted by the volume-averaged Spitzer re-
sistivity.??*/ This is because the global plasma resistance wes dominated by the electron-
neutral collisions at the spheromak edge, rather than by the lower Spitzer resistivity
anywhere including the edge.??*’

The dissipation of helicity under this situation of high resistivity from neutrals is
der cribed here using CTX spheromaks in the large MFC. Fig.12 shows a diagram of the
large MFC, along with the poloidal flux surtaces, determined from the surface currents
measurements in the MFC fitted to the MHD equilibrium model,* but this time account-
ing for the discreteness and finite conductivity of the mesh copper bars.??"* Because of
the competition of effec.s such as current peaking into and tield diffusion out of the flux
conserver, the open fraction of poloidal flux remains a nearly constant 25% throughcut
the docay phase. The plasma in the open ficld lines leaves tost. Without refueling, there
develops a severe shortage of current carriers, and if unchecked, the edge plasma currents
would simply die out, and the spheromak would turn into a field-reversed configuration
(FRC) with nearly only toroidal current. This configuration is so far from the minimum-
onergy state, that strong relaxation activity attempts to drive edge plasma currents, But
since the edge becomes nearly an insulator, 4./ grows without bound. From Eq.(7), the
helicity dissipation rate also grows and the spheromak quickly dies #%#27"

The spheromak lifetime can be extended by refueling the edge with a background
hydrogen fill.™ In that case, the voltage on the open poloidal fleld lines is limited to
the Paschen breakdown voltage for hydrogen.® This is indeed observed in the large
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MFC discharges with the presence of a neutral hydrogen fill.?? Fig.13 shows the good
agreement between: (a) A plot of the observed E.q (which is ~ nJ at the edge, as
determined from helicity balance), versus the electron density n. (which is proportional
to the neutral fill pressure’); and (b) The corresponding Paschen curve for breakdown of
hydrogen.?? A posteriori, it is evident that the helicity dissipation in the open flux from
the electron-neutral resistivity is enough to account for the total spheromak helicity
dissipation, so that the dissination from the Spitzer resistivity at the plasma core can be
neglected to within experimental uncertainty.?- Because of this, a plot of core electron
temperature versus g, yields no correlation whatsoever in both CTX with the large MFC
and S-1.2257 This model is similar to the edge-helicity-dissipation model pioneered in the
HBTX RFP.20

The ideal situation is not to need neutrals at the edge, so that plasma resistance
is dominated by Spitzer resistivity, with rg. increasing a3 the plasma temperature in-
creases. This situation has been achieved in decaying spheromaks in the CTX SFC before
the onset of the pressure-driven mode by means of the combination of a low-field-errcr
design of tl:e flux conserver with Ti gettering for impurity control " Fig.14, a plot of 7,2
versus central electron temperature in the SFC, shows for the first time in a spheromak
a positive correlation between there quantities.®®

Another thing learned from the edge-helicity-dissipation model is that the strong re-
laxation edge-current-drive (and corresponding anti-drive at th > magnetic axis) observed
in decaying spheromaks in the large MFC is due to effects beyond those included in
single-fluid MHD.?! This is in contrast with MHD dynamo mechanisms proposed for the
spheromak and the RFP based on 67 and 6 J fluctuations.! 555786 In RFPs, self-consistent
single-fluid MHD calculations of the dynamo do not reproduce the observed magnetic fluc-
tuation amplitudes.®” The reason that single-fluid MHD does not appear to contribute to
relaxation current-drive ir the large MFC can be visualized in CTX by examining Fig.12
and Eq.(8). Consider (see Fig.12) a path following an open poloidal field line at the edgc,
which is closed along a (highly conducting) MFC poloidal copper bar. We exumine the
scalar product of Eq.(8) with the actual /i (not the eouilibrium field!) at the edge, and
examine oach term at a time. The term £ - /7 is known from the decay of the spheromak
toroidal flux.***7 The term (7 x /7). 17 identically vanishes in both an instantancous and
a time-averaged sense. On the right hand side of the equation, the term /- /= Fy is
known from helicity balance coupled to the edge-helicity-dissipation model, as described
above."?! By now, we have exhausted the single-fluid MHD terms. The problem is that
the observed 1./ - [} = Er is up to three times higher than the observed £ /.7 Pre-
vious attempts to balance the two with the ¢§ x ¢ /i term arising from fluctuations relies
on incorrect time-uveraging where cancelling terms of the same order are dropped.?' Ap-
parcently, the non-single-fluid MHD term ¢ f# is responsible for relaxation current drive
in spheromaks and RFPs.

C. Plasma beta

Because of the fuct that in a spheromak the internal magnstic fields are self-penerated,
a particuls. / value is much more useful than in other devices such as tokamaks and stel-
larators, where these flelds are mostly generated by external coils. An important tigure of
mcrit is the engineering heta, /e, = (9)oa/ 85, Whereas in a tokamak ., /(1) 2 1,
in a spheromak the typical ratio is in the 3—4 range.”™ Thus a (4),., = 5 10% in a
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spheromak yields an excellent 3., a8 far as reactor design is concerned.

Presently, the most important issue in spheromak confinement research is under-
standing what determines the § limit in a spheromak. From the results in the CTX SFC,
there is certainly a limit beyond which there is a catastrophic end to peaked plasma pres-
sure -rofiles.’® However, it is possible that at a lower 3, higher order sa‘urated modes
could enhance enargy transport, which might account for the constant-3-scaling observed
in the core of the S-1 plasma.?” In the CTX SFC, where before the interchange radiation
dominates the energy transport as the plasma heats up, there is no evidence of such
mode-induced transport.5s

As discussed in Sec.C, (8),,1 = 5% describes present experimerts well. Though the
Mercier criterion is greatly exceeded in present spheromak experiments, it is unclear
whether it would become relevant at more reactor-relevant parameters. Although the
8. limit from the Mercier criterion can be raised to high values by modifying the flux
conserver geometry, it is important to understand what the real limit is. For example,
resistive modes might become more important than ideal modes in future experiments.

D. Power balance with large fraction of open flux

The deleterious effects to plasma conninement of field-errors have been observed in
both the S-1 and CTX large MFC experiments.??®7 It is clear that this regime of sphero-
mak operation does not represent a favorable confinement scaling for future experiments.

As discussed in Sec.V.B, the best way to limit the dissipation of helicity in open field
lines is by providing a neutral gas fill pressure. But even then, the results when the
fraction of open flux is large are not satisfactory. Because of parallel heat conduction,
the electron temperature in these open flux surfaces is low, allowing deep penetration
of the neutral hydrogen used for refueling. Even though the mean free for neutrals into
these plasmas is only a few cm, the process of multiple charge exchange is important®’
according to simulations for parameters relevant for S-1 and CTX. In this process, a cold
neutral exchanges with a warm ion in the edge, and the resulting warm neutral pene-
trates deep into tho core. This effect should have raised the ratio of neutral to electron
densities from the 10-° range (ignoring multiple exchanges) to the 10-? range (when
multiple exchanges are considerea).%” This fact is disastrous for spheromaks dominated
by ficld errors, as explained below.

Because the ohmic dissipation rates for helicity and magnetic energy are INCR Y]
and I, « nJ - J, the dissipation rates as a functicn of flux surface is?

l’,o m ‘. .
2""‘_«7?/':— = M) dK Jdy (12)
(although helicity cannot bo treated locally, its dissipation rate can be). Me:cover, be-
cause of the applicability of the edge dissipation model, the integral of Eq.012) over ¢
yiclds globally .
2“()’,nhm ~ ’\(n) ’\-0 (l"”

where A(0) is the value at the edge. But, as observed in 8-1 and CTX, with strong
relaxation activity,??:?!

Pl = (AVN (11)

16



where the term (d(\)/dt)K is experimentally observed to be negligible, presumably due
to strong relaxation activity. Thus the ratio of ohmic power to helicity dissipation is??
Porm A(0)

A~

K (3

with the balance W —~ P,,,, dissipated by relaxation.

As discussed in Sec.V.B, because of resistive decay of the edge currents in decaying
sphercmaks, the ratio A(0)/()\) can become small (even under the linear A profile model?),
so the power going to relaxation becomes dominant. Similarly in RFPs, it has been found
that the “modified” Bessel function ) profiles (where the current goes to zero steeply at
the edge) fit the data much better.!® How well these profiles fit CTX data is a topic
presently under study. If such profiles were present in the CTX large MFC, the power
going to relaxation would have approached unity.**

The magnetic power which goes into relaxation, presumably via fluctuations which
move plasma, apparently goes into ion heating. In both S-1 and the CTX large MFC,
Doppler impurity ion temperatures T, of hundreds of eV are measured, with typically
Tp/T. = 4.57 If the bulk ion temperature is indeed that high, the importance of
charge exchange losses becomes apparent. Both a zero-dimensional analysis?? and a
one-dimensicnal analysis indicates that charge exchange losses are both dominant and
sufficient to explain the energy balance in both the CTX large MFC and S-1. In both
machines, this regime results in very unfavorable global confinement scaling. At con-
stant j/n, to avoid drift instabilities, it is observed: | = constant — 15 « JR? (R is the
spheromak size); electron temperature 7, in the cure independent of J; (3) « 1/J, and;
i, independent of J.2257 Clearly, this is not the way to operate a spheromak.

Even if charge-exchange losses could be decreased, because of the presence of re-
laxation, the regime with a large fraction of open flux is not desirable. For example,
in sustained spheromaks, where A(0)/()) > 1,% the ohmic power dominates. However,
with the helicity source bias flux used in present experiments (to which the spheromak
poloidal flux can connect), parallel thermal conduction can dispose of the heat. The ideal
way to operate a spheromak in steady state is with a helicity source maintaining the
edge currents to avoid excessive relaxation activity (and possible associated enhanced
transport), but with a source bias flux of less than 1% of the spheromak poloidal flux to
reduce parallel heat losses to acceptable levals. ¢

Field errors due to a mesh or loose-fitting wall is not the only problem. In the higher
current density and electron temperature spheromaks in the CTX SSFC (with copper
walls and no limiters), all the classic signatures of field errors (e.g., linear current decay,
higher Doppler ion than electron temperatures) are observed when the saturated n=2
kink mode is active.”™** Because of fabrication errors, the cylindrical walls of the SSFC
are not exactly round. Apparently, the resonance between the n=2 mode and the pertur-
hation induced by the wall creates a sufficiently high fraction of stochastic magnetic flux.
Because of peak electron temperatures of up to 400 eV™ and thus lower core plasma
resistivity, the tolerable open flux fraction is less than in the MFC plasmas.

In both the ProtoS-1/C and the S-1 devices, the particle diffusion coefficient has been
mcasured by using a spark discharge between carbon tips located pear the spheromak
magnetic axis.® " In both ProtoS8-1/C and 8-1, it is found that 1), =~ %), fits the
results well. ¥ These measured diffusion coefficients have been found to correlate with

¢

(15)
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pressure gradients.®! In addition, these coefficients, in the nearly constant electron den-
sity n. discharges considered, are consistent with the expected scaliug r, x 1/v; . (as-
suming 7, o 7;, where v,,, is the ion thermal speed) resulting from pressure-driven
modes and the obser-ed n.T, x B2 However, the associated particle replacement power
is negligible, si:. - anomalous ion heating coupled with charge exchange losses dominate
the S-1 energy balance.®” :

Even if the Bohm-like diffusion observed in S-1 is due to pressure-driven turbulence,
the actual numerical values observed might be more characteristic of S-1 than of the
intrinsic confinement limit in spteromaks. For example, in the CTX SFC described below,
there is no gue fill pressure, so the refueling of the core plasma presumably ceases when
the source is turned off. In the SFC, whereas 5Dg,nn — 7, = 400us particle confinement
time of the core plasma, it is observed instead r, ~ 1.6 ms.?*

E. Power balance with small fraction of open fiux

As discussed in Sec.V.B, spheromaks in the CTX SFC are the ones closest so far
to the ideal error-field-free spheromak. The observation of more normal Doppler ion
temperatures T)/7,. =~ 1 indicates that most of the magnetic power ohmically heats the
electrons.®” The positive correlation of rg5: with peak 7. also supports this picture.*® As
a result, the highest global energy confinement time in any spheromak, 7;; = 0.2 ms, has
been obtained. This achievement, a!ng with the results of the HBTX-1B results without
limiters,” are the best illustration so far of the importance of the edge helicity-dissipation
model in the design of experiments with nearly force-free equilib.1a.

Because of the strong (non-optimal) pressure peaking observed in the CTX SFC*'
ry: 1. is obtained for the decay time,®* which yields r.; x p7.. With a more gentle
temperature profile where the globally-averaged electron temperature is pronortional
to the peak temperature, ry: o 7777 and r; « #7./% could be obtained. This yiclds:
(at constant electron density n,) T, x #12/R* and 7; & 3°/41%/ 1, or; (at constant drift
parameter J/ne/T) To x 321% ne o VB2, rp x 3P R? and nerp; x 371% Along with
the high /., propertics of the spheromak, these scalings illustrate the atiractiveness of
the concept.

V1. Some ongoing spheromak projects

In spite of the spheromak attractiveness as a fusion reactor, there has been a decreas-
ing worldwide research effort in spheromaks for magnetic fusion. In the United States,
in the face of decreasing fusion budgets, the Office of Fusion Energy (OFE) is sponsoring
only the MS experiment at the Univ. of Maryland, along with smaller efforts at the
Univ. of California, Berkeley, and at the California Institute of Technology. In Japan,
research is continuing, but no major upgrades of present experiments are contemplated.
In the United Kingdom, the recently commissioned SPHEX experiment at the Univ, of
Manchester Institut. of Science and Technology is 8 welcome development.

Presently in the United States, substantial defense-related spheromak projects arve be-
ing carried out at the Air Force Weapons Laboratory, and at the Lawrence Livermore and
Los Alamos National Laboratories. Along with their particular missions, these defense-
relnted projects are making important contributions w the advancement of spheromak
physics in general.
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A, Japan
1. TS.3, Univ. of Tokyo

The TS-3 group has recently modified their device w0 allow flexible magnetic helicity
injection (and spheromak production) .vith an e.xial discharge between the outer elec-
trodes of two opposed coaxial guns and/or with a z—4 discharge. An external bias field
can also be used.

They have produced stable flux—core spheromaks FCS (also known as “bumpy z-
pinches”, see Sec.I.B).3° The current hole in thia configuration can modify the sphero-
mak ¢—profile to increase magnetic shear and increcse the 4 limit. The ¢—profile can be
modified to the extent that it can resemwble that of the ultra—low-y and tokamak config-
urations.

2. CTCC-II, Osaka Univ.

CTCC-II features helicity injection by a magnetized plasma gun into an ellipsoidal
aluminum fiux conserver. The combination of a “choking coil” and a stainless-steel en-
trance region allows current-limiting ¢n the outer flux svrfaces to produce a FCS.

CTCC-11 discharges are knovm to have 7-12% § at the magnetic axis, as determined
from Thomson scattering.®? They now use an MHD equilibrium model, incorporating
separate parallel and perpendicular pressures, which produces a significantly better fit
to the experimentally measured magnetic profiles.®?

3. FACT, Himeji Institute of Technology

This recently commissioned experiment attempts to combine electrostatic helicity in-
iection from a magnetized plasma gun with indactive helicity injection and trans'ation
by means of a ramp-down in the current in the “finx-amplification” coil. The sphecromak
is finally injected into a cylindrical flux conserver. Inductive helicity injection has not
been demonstrated yet, but spheromaks formed with electrostatic helicity injection have
been produced and studied.?”

B. United Kingdom
1. SPHEX, Univ. of Manchester Inst. of Sciance and Technology

SPHEX features magnetic helicity injection into a flux conserver designed to minimize
the magnetic flux penetrating the solid wall (field errors) and the associated helicity
losses. SPHEX has presented resulte which repreduce well rome expected key features.
These include magnetic profiles close to the minimum—energy state, the presence of
rotating kink modes, and a gun current/flux ratio which must be exceeded to obtain
plasma and helicity injection. The surprising feature is the large current which enters
the flux conserver wall opposite to the gun, probably caused by processes other than
simple flux diffusion.™

18



C. United States
1. MARAUDER program, Weapons Lab., Kirtland US Air Force Base

The MARAUDER experiment (presently under construction) intends to form a sphero-
mak with a 500 kJ bank driving a coaxial gun, and accelerate the spheromak with the
9 MJ Shiva Star bank. The aim is to achieve ultra-high directed energy and radiation.

Simulations of spheromak formation with the MACH2 code have been presented.®
(MACH2 je a two—dimensional MHD code.) Their results explored the range of gun pa-
rameters which result (or do not result) in spheromak formation. A key feature identified
is the need for sufficient mass density to allow a sufficiently high ratio of magnetic/kinetic
energy, which in turn allows proper magnetic reconnection of the magnetic field.

2. RACE, Lawrence Livermore National Lab.

In the RACE experiment, a coaxial gun forms spheromaks (plasma rings) which are
then accelerated along coaxial electrodes.%® Rings have been generated with velocities of
up to 3 x 10® cm/s, with kinetic energies of 40 kJ.% Stagnation of the rings against a
copper plate has produced 2.7 kJ of soft X-rays, with a spectrum above 10 eV.% Focusing
of the rings to about a third of the initial diameter has been demonstrated.®” Design of
the Compact Torus Accelerator (CTA) within the RACE program is proceeding.?” CTA
has potential, when scaled to high energies (=~ 100 MJ), in fusion applications. These in-
clude radiation production for indirect ICF drive and magnetically-insulated, inertially-
confined fusion (MICF).”"

3. ENCORE, California Institute of Technology

The Caltech grcup has been experimenting with helicity and plasma injection from
a coaxial gun into the ENCORE tokamak. They have done experiments in which they
inject into the magnetized vacuum vcssel (no plusma), and abserved a resulting mag-
netic structv-e with m=1 symmetry.3 In their experiments of injection into a tokamak
discharge, they demonstrated toroidal current drive, with fast toroidal current increases
of ~ 30%.%1

4. BCTX, Univ. California, Berkeley

In BCTX, a coaxial magnetized gun injects magnetic helicity and plasma into a sphero-
mak flux conserver. The mesh flux conserver in use until recently has just been replaced
by & solid flux conserver (similar to early CTX designs). The purpose of this experiment
is to eventually test a 20-40 MW pulsed lower-hybrid spheromak heating scheme.®

Spheromak lifetimes of 100 us have been achieved in the 0.7 m diameter mesh flux
conserver. These spheromaks exhibit the expected m=1 kink instability, rotating at
a high rate. Optimization of plasma parameters is proceeding. Plasma heating experi-
ments await the completion of the 40 MW, 450 MHz RF source. The RF drive components
are now in place.”
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5. MS, Univ. Maryland

In MS, spheromak formation is achieved using the z—8 discharge method. The sphero-
mak magnetic field structures have been mapped out in detail % The plasma is asymmet-
ric during formation, evolving into a tilt followed by rapid plasma loss. Asymmetries have
attributed to the reversal fi:ld coils or feed connections to the I, electrodes. As remedies
for the tilt, a stainless steel liner and copper cones have been ineffective, while Figure—8
coils have slowed it down. Titanium gettering and Elkonite electrodes have been used to
reduce impurity problems. Doppler broadening of OII, OIII, OIV indicate anomalously-
high ion temperatures of about 30, 75, 90 eV, respectively.®® Hell temperatures as high
as 100 eV at the geometric axis have been measured. Strong visible and UV radiation has
been observed surrounding the electrodes. Line-averaged electron density frorm a multi-
chord interferometer has been obtained.!® An observed larger particle inventory than
that provided by the fully ionized fill indicates a large impurity influx. The measured
particle confinement tirne is ~ 95 us. Results from a 0-D energy-balance code indicate
that a reduction in impurity content is needed to get higher electron temperature.'®

6. CTX and HESS, Los Alamos National Lab.

Presently, the CTX facility is aimed at producing clean, high magnetic—field sphero-
maks by helicity and plasma injection into a flux conserver with solid, highly conduct-
ing walls. Suitable spheromaks will be compressed by the wall, driven by high explo-
sives (HE). Ultimately, the spheromak will be used as an energy transfer and switching
medium for accelerating metal foils to hypervelocity. Fig.15 shows a simulation of sphero-
mak dynamics (including spheromak resistive decay) in the presence of the compressing
dome.”™ The spheromak stores energy during most of the compression cycle, releasing it
to the projectile at time ¢ ~ 79us. Fig.16 shows the progress in inverting an aluminum
dome intactly as necessary for this experiment.!?!

Thomson scattering, density interferometry, and B-field data from small, high B-field
spheromaks have been obtained in the 0.3 m radius cylindrical flux conserver (SSFC).™
The data shows T, as high as 400 eV, n,. in the range of 3-8x10'! cm~3, and maximum
internal B-field in the range of 2.2-2.6 T. The stability properties of the n = 1 and
n = 2 modes during decay have also been studied. Bolometry, spectroscopy, and Doppler
T; data have also been obtained.?® Radiation losses have been shown not to dominate,
while impurity-line radiation behavior is consistent with the multi-hundred eV electron
temperatures measured with Thomson scattering. Doppler T; values increase during
strong n = 2 kink activity, to values as high as 1 keV.

The High Explosives Spheromak Source (HESS) is an implementation of a scheme
to generate helicity mechanically.!°? In HESS, an HE-driven cylindrical wall generates
helicity by driving an initial solenoidal magnetic field into twisted grooves in an opposing
concentric cylindrical wall. The mechanical twisting of the field lines generates the
helicity. Fig.17 illustrates the helicity injection sequence.!”® This experiment is under
construction. Meanwhile, the HE expansion of the inner core has been demonstrated,
and further HE experiments to maximize cleanliness of the process are proceeding.
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VII. Summary

The concepts of magne iic helicity generation and relaxation to minimum-energy force-
free states have heen successfully used as the basis for spheromak formation and sus-
tainment. It appears that the relaxation processes which drive spheromaks towards
the minimum-energy state are not describable by single-fluid MHD. Successful cheoreti-
cal modeling includes the MHD equilibria and stability of current driven-modes. Gross
pressure-driven modes have been observed, but at pressure gradients much higher than
predictions from the Mercier criterion. It is of great importance to reconcile the discrep-
ancy.

Once the importance of minimizing magnetic flux penetration into the spheromak wall
is understood, the prescription for a stable compact steady-state fusion reactor based on
the spheromak is straightforward. It consists of a spheromak in a cylindrically sym-
metric conducting flux conserver with a bowtie-shaped cross section, driven by a coaxial
magnetized gun linking less than 1% of the spheromak poloidal flux, and a (8),s = 10%
(from the Mercier criterion).

In addition to the traditional magnetic fusion applications, spheromaks have proven to
be a robust configuration which can be translated and compressed. This opens the door
to additional applications, such as tokamak refueling, radiation sources, magnetically
insulated inertial confinement fusion, mechanical helicity production, and energy storage
and transfer to accelerate rrojectiles to high velocities.
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Figure 4: Poloidal and toroidal flux plots during S-1 spheromak formation obtained by
internal magnetic probe data.t' "
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Figure 6: The measured poloidal and toroidal magnetic fields profiles in the Beta 1l
spheromak compared to the profiles corresponding to the minimum-energy state.’
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Figure 7: The measured evolution of the A(*) slope o for a typical CTX MFC discharge.
The shadowed regions indicate when the A( ') profiles deviate enough from the minimum-
energy state (a = 0) so that internal kink modes are observed, in good agreement with
single-fluid MHD stability theory. The helicity source was turned off at 0.7 ms in these
discharges.

33



B probe c-clamp™  gx
conserver

plasma entrance
gun reglon
>

electrodes B
/ ll probe

coll center_——A— — —73 :_:—; - A «

plug Ti-ball puft
valve
0 0.5 1.0
1 1 ]

scale - meters

Figure 10: Geometry of the Solid Flux Conserver, entrance region and source in CTX,
The poloidal flux surfaces, as calculated from the surface magnetic probe data fitted to
the MHD equilibrium code results, are also shown. This flux conserver is specifically
designed to minimize field errors (magnetic field penetration into the wall).*"
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Figure 11: Pressure-driven instability in the CTX SFC. Top: Evidence for the interchange
in the electron density profile, as reconstructed by from the eight-chord interferometer
data: Middle: Evidence for the interchange on the elactron pressurc profile, as measured
by the absolutely calibrated Thomson scattering diagnostic; and Bo*tom: Normalized
electron pressure gradient increase versus time previous to the instability."!
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Figure 12: One-half of the CTX mesh flux conserver (MFC) cross section. Typical normal-
ized =rpheromak poloidal flux contours (5% increments) during decay are included. The
figure shows the typical 25% poloidal-flux fraction which intersects the wall during decay.
In the figure, the poloidal field wraps around the magnetic axis in the counter-clockwise
direction, while the toroidal field goes into the page. This corresponds to negative helicity
(J antiparallel to 5).%

300 P—p—r—r—r——r—r—T v —r=—

S E

o

d L

E 200 1
\ o
> 4
" d
g 10 ]
q

4

L

o PO U DA GO ST RS GG SR B S Sy
0 1 2

(ne)ver (107° m~3)

Figure 13: E gz (= nJ, at the edge) versus electron density for the CTX MFC. The 1825
data points are averaged in 20 intervals in density, with vertical error bars representing
the standard deviation of the sample in each interval. The solid curve is the equivalent
Paschen curve for breakdown in hydrogen corresponding to a 10 to 1 ratio of neutral to
electron density (as observed experimentally in steady state), and a ficld-line length of
l.sr =3 m (approximately the length of a field line at the edge).
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Figure 16: Comparison of the measured (dotted line) and simulated (solid lines) dynamics
of an HE-driven 0.95 cm thick aluminum at various times after HE detonation at ¢ = 0.""
The dashed lines outline the entrance region and the opposite wall of the flux conserver,
if they were present, as in the preceding Fig.
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