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Review of Advances in Spheromak Understanding and Parameters *

J. C. Femdndez

Lm Alamos National Laboratory, hs Alamos, NM 87545

A sphcromak is a toroidally-shaped magnetized plasma configuration in which no
materia! (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 cuments. In the period of ten years since the properties of a
nearly force-free (V x f~ = Afl) spheromak configuration were described using single-fluid
MHD theory, [M. N. Rosenbluth, M. N. Bussac, Nucl. Fusion 19, 489 (1979)1 remarkable
theoretical and experimental advances have been made. This paper highlights some of
that work. Spheroxnaks 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 (flux linkage) and relaxation towards the minimum-energy force- frc’e
state. [J. B. Taylor, Rev, Mod. Phys. S8, 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-fiuid
resistive MHD. The confinement properties of clean spheromaks (sometimes exceeding
1 MA toroidal current and 1 T volume-average mngnetic field) have been measured,
and ohowl~ LObe excellent, provided the fraction of open magnetic flux at the edgr is
decreased sufficiently. It has hecn shown theoretically how plasma (i?),,,,l limits (from
the Mcrcier criterion) of = 10% can be obtained by properly sh~ping either the conducting
w~ll geomctqy or the spheromak current profile. (Because of the low fields needed from
extomcl coils in steady-state operation in a spheromak fusion reactor, spheromnk (;~),,,)lx
5% is equivalent to 20% in a tokamak, ) While plmma /5’in spheromaks often cxcceds the
limit from the Mercier criterion, ~ pressure-dnven interchange mode hus been directly
observed.

Spheromak research is today a truly international endeavor, curried out by groups
in Japan, the United Kingdom, Turkey and the United Stntcs, In ocldition to stud,
ies directly relating tc fusion, the use of spheromnks for other goals is briefly dcscribcd,
including tokamak refueling, radiation production, magnetically-insulated incrtiully colI-
flned fusion, demonstration of helicity injnction by l.~echanical mcnns, and cner~ stor-
aflc/transfer to accclcratc fast metallic projec~ilcs.

-— ——
‘This work is supportud by t~U$3 Department of Energy
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A

Theoretical Background

Magnetic equilibria in closed systems

(1)

Force-free st~tes (~ 11E) satisfy the relation

v x E = A(+)z,

where J-and ~ are the current per unit area and magnetic field, and

#l(l/’)= p“J. B/l?2 (2)

is constant on magnetic flux surfaces (parametrized by a normalized flux function +).
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 sphcromaks2-d
and RFPs.5 When the boundary of the system is a magrletic flux surface (for example, a
volume bounded by a perfect conductor with no initial m~gnetic flux going through the
wall), the helicity of the magnetic equilibrium is given by the integral

(3)

where ~r is the vector potential, It should be noted that helicity is a global quantity. Hc-
Iicity density is not a well defined concept, When the systcm boundary is not a magnetic
surface, Eq. (3) is not gauge invariant. Berger and Field’i view the problem as arising
from the indeterminacy of the flux linkage outside the volume of interest. Their solution
is to compnre the actual 17with a reference field I;, such that v x f; = (), lj . ii = /; , it,
and d(f; , i )/d/ = d( 1; . h )/d/. (;1 is the unit vector normal b the surface.) Fly subtracting
the contribution from the reference field, a ,:: neralized definition of magnetic hclicity,’;
which reduces to Eq. (3~ when the systcm boundary is a magnetic surfncc, SOIVCSthe
gauge problem. In a-systcm described by Eq.(1 ) where J is constant in spncr,

2//,)ll’/i\’ = A (1

where II’ = f IJ~/Z/~()dvol is the magnetic energy content cf the equilibrium. of the possi
ble Woltjer-’Ihylor states ~ 11(constant A st~tes), onc particular state will have minimum
magnetic energy px unit helicity at a value A = A.,. dependcmt on the systcm geom-
etry. (In an equilibrium with non spatially constant A (~Sec,lIi), Y/t(~lI’/lj” = (A), where
the weighted eigcnvalue (A) is in practice wry CIOSCto A,,,,.) Acan also ~! considered ns
the invm-se of the characteristic size of the systcm, In a geomotry consisting of couplud
subvolumes of different ~hapes, by expanding into the region of Iargcst chnmcturistic
size, tho equilibrium can minimize its magnetic energy pr unit hclicity,’~

Eq.( 1) can be solved analytically in cylindrical geometry, where /, is the cylinder
length and (I is the radiu~, With the boundary conditions that the rtidinl mi~gnctic
ticld vnnishcs at the cylinder walls and that there is no net flux, nnd mwuming a spn-
tially colmtant A, 1~in ~q,(l) has solutions 1:)itlVOIViIlg the fU1’IChn3 ,/,,,(l~h.l’)ll(!l, /1. A:) ~,1~

.lt~t–i(l~~r)r’(’’’k~),), whc~ r) O al~d : arv the cylinder’s radial, azimuthnl nnd nxinl coor-
dinates, ,),,, are tho lksscl functions of the first kind, and v: = ~i - k~ is :l~bu~t~)d ~) fit
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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 A is detemnined by the
conducting boundaxy’s dimensions. Finn et al.’4 showed that in a conducting cylinder of
radius a closed on both ends, the m = O state is the minimum energy state if the cylinder
length is less than 1.67a, whereas the m = 1 state is the minimum energy shte for longer
cylinders. For an in!l.nite cylinder, the m, = 1 minimum energy state has ~~,,1 a = 3.112,
while the m = O minimum energy state has A~c,oa = 3.832.

Experimentally, the first spheromak (m = O state) was forme~ in the PS-1 device at
the University of Maryland .15The m = 1 state (a double helix along L) was first observed
at LAMAlamos, in what was later named the CTX device, in a copper cylinder with
a = 0.32 m and L = 1.2 m.lg 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 2 also at I-m Alamos.

Magnetic helicity has handedness, Positive (right-handed) helicity corresponds to ~
parallel to E, whereas negative (left”handed) helicity corresponds to ~enti-parallel to l’?.
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 theoretical refinement (still with spatially constant A) is to consider exter-
nally coupled states,17’l;) in which finite magnetic flux and plasma currents cross the
system boundary. For these externally coupled states, the continuum of solutions in A
for each 711 and k are dependent on tht) boundary conditions.

In an infinite cylinder, still with A constant and no radial field at the wall, but with
non-zero net axial flux 4:, the locus of solutioris to Eq. (1 ) determine the 1’-(-)curve,l”
where F = Ta21Jz(a)/@z is the normalized toroidal magnetic field at the wall and (-) =
raz I;9(a)/@, is a measure of the axial current. At low rument, 1’ is unity, and the
fields are tokamak-like, As 0 increases, 1’ monotonically decreases, and the equilibrium
corresponds to that of an ultra-low-q tokamak. 1’ crosses zero ~t () = 1.2. At this point,
the fields resemble those ofa stabilized z-pinch, or equivalently, a straight spheromak. At
higher (-), the tmoidd field at the wall reverses, and the fields are RFP-like. Up to @= 1.6,
the minimum energy state has r~ = o symmetry, Above 1,6, the axial current is too high
for the given axial flux, and the m = I state has lower energy instead. The result is that
the RFP fields develop n helical kink distortion.~ The RFP literature, starting with the
results from the Zeta device at Culham, describes extensive experimental results which
cordlh-rn the general features of this model.p”[’

Schafferls considered the case of a complex wavenumber k = k, + iAI,fhr externally
coupled ~)1= O and 71; = I states in a finite conducting cylinder with open ends and no
net axial flux, For the ~1/= I state with A between zero and ,\,,,,,l this model predicts
evanescent (complex k) magnetic fields along the length of the tube, For the ~JI= [I ~tntc,
when ~a is below J,,,,,(,, k is purely imaginary, while for ;Ii above A,,,,,(N1,k is purely real,

In spite of the good agreement between the spatially constant A hypothesis with ex-
perimental observations, departures from this hy~thesis have been routinely observed
on CTX sphcromaks,: ‘ the r)l = I helicity source cxperimcnt,l~ as well us in the ZT-40M
RFP.l” Thww arise from moditlcations to the current density profile by sputiul nonunifor-
mitics of effects such as current drive or u!cctricul rcsistivity, Thorcforc, tho comparison
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of the obsemed magnetic structures b 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 A(~) 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 iqjection

Inside a volume kmunded by a magnetic surface, Taylor’s hypothesis* states that he-
licity is conse~ed 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 magnetic energy is minimized. The helicity in the system decays
resistively at a rate given by19$

d]<

-T /= -2 ~,fidwlm (5)

However, when magnetic fields penetrate the boundary, the helicity can be injected into
(or ejeckd from) the system. ‘i’he total time derivative of the generalized hclicity, de-
rived independently by Jensen and Chulo and by Berger and Field,G can be conveniently
expressed by the rela tionz”

dli”
x J J= -2 E mil(11’01+ 2 E,,,}7”drol,

or equivalently,
(/Ii
—= -2

H
I?. di[lul+ 2

J!
f,.. did<.

(lt

((i)

(7)

The subscript v refers to the reference vacuum fields and fluxes with the same ~ , h
and ~ x it boundary conditions as when the plasma is present. In Eqs.(6) and (7), the
first term is just the resistive dissipation, of helicity within the plasma. Without loss of
germrality, the plasma dissipation term can be replaced by - li/rA, where rl( represents
the g!obal decay time of the hclicity. The second term represents hclicity injccticn. Often,
as shown below in Sec.ll, the structure of the vacuum fields is obvious, and the hclicity
iqjection rate is easily computed. It should be noted that a steady state (sustainment)
can be achieved whore the hclicity dissipation by the plasma resistivity is bulanccd by
helicity ifiection,

Finally, it is useful to cast the plasma helicity dissipation in temns n? the plasma
resistivity. Ohm’s law can bc written aszl

(H)

where ? incorporates all the terms nornmlly ncglcchd in single-fluid MI ID, Tuking the
scalar pro~uct of Eq,(ll) with Ii, integrating over the volume, and using Tnylor’s hypoth-
esis (,~i, IJ dIwl z ()), it is apparent that hclicit~ dissipation

(!))

occurs only fkom ohmic dissiputirm (from true electron colliHionnl rc~i~tivity), 1I’JJ
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II. l?orm~tion and sustainment

Five different methods of spheromak formation have been used, namely, the magne-
tized maxial source,2>25 the combined 8-pinch and z-pinch,15 the flux core,26 the conical
d-pinch, 27 and the kinked z-pinchm (m = 1 source). The initial spheromak formation ex-
periment (the z, t9-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 Ah& transit time (which required high electrical power), and
the currents were carefully programmed to allow the necessary magnetic reconnection
to take place. Even the then slower (magnetic reconnection timescales) flux core method
was executed on the basis of dekiled MI-ID calculations.2g Since that period, spheromak
formation has been understood and improved cm the basis of helicity balance. It has
been showed that these plasma soumes are also 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.4’2 Moreover, it has been shown
that the helicity injection can be maintained indefinitely to balance the resistive helicity
dissipation and to sustain the spheromGk.2g

The generality of the helicity injection model, independent of the formation details,
has been fixmly established. A source with rn = o symmetry (coaxial gun) has been used
to sustain an equilibrium with m = I symmetry. 16 The coaxial gun has also sustained
flipped spheromaks, in which the outer spheromak poloidal field cannot simply connect
to the gun electrodes. 4 In addition, a helicity source with m = I symmetry (kinked z-
pinch) has sustained spherornaks (m = O symmetry),’2 also a case in which no simple
connection of the spheromak flux to the source electrodes is possible.

Pioneering work by Alfv6n involved the injection of plasma rings produced by a mag-
netized coaxial source into vessels bounded by insulating walls to study astrophysical
phenomena, 30 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 obselwed,:)] just as in CTX.4 Also, Wells injected “plasmoids” with
ma~. ‘tic helicity produced by a conical d pinch into a vessel v+th insulated walls.:)2 But
again, with no metallic wall to confine the helicity, the magnetic axis was wltside the
wall, and the equilibrium inside the vessel was not a spheromak.

A Coaxial gun source

Fig. 1 illustrates the coaxial-gun spherornak-forrnation 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 b the discharge, to produce u magnetic flux 0,,,. 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 M applied, Tile gas
breaks down, and a radial current I,,,C(current density l,,,.) between the electmdcs is es-
tablished. This radial current produces an azimuthal magnetic lIUX(mngnctic field lj~).
The linkago of the azimuthal flux (produced at a rate V,,,) arising from the radin! c’lrrcnt
with the initial solcnoidal flux constitutes the holicity generctcd by the source. i;hen
the source current is sufficiently large, ,~,(. x /i’Oexceed~ the restoril~g force of /),,,,., the
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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 &C = po]~,C/@.,C. When 1/& decreases below the characteristic
size of a possible equilibrium at the entrance region, the helicity flows “down-hill” in A,l2
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 @src 3TC. This result is easily under-
stood by noting that for two simply linked tubes of flux @l and 42, the magnetic helicity
isK= 2@l&.] In the coaxial gun, V,,c is the production rate of azimuthal flux, which is
linked by the invariant solenoidal flux #,rC. Thus i = 2V,,C@,rCis the rate of electrostatic
helicity production. The evolution of the spheromak helicity content is4

dI{ – K
— + 2v.,c&c,

x=Tfi
(10)

where r~ is a function of the plasma resistivity and A. For continuous injection (the con-
figuration in Fig. lb 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,rc is turned off, the sphero-
mak fields disconnect from the source and freely decay resistively (Fig. lc), The helicity
balance in the CTX spheromak has been verified experimentally.4 It has been verified
also that spheromak sustainment by helicity injection (at spheromak currents of up to
500 I& limited by the available Volt-seconds in the capacitor bank) can proceed for times
much longer than ~~, zg,t,a~

Sustained CTX spheromaks which are clean (power balance not d~minated by radia-
tive losses) have been obtained.22 Therefore, current-carrying electrode-plasma contacts
do not appear to be an importan~ technological hurdle. Co. .J 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 demonstratcJ in a tokamak,w and a tokamak with start-up and current-drive
provided exclusively by a coaxial plasma gunss 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 s~~eromak 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.o~

B. Theta-u pinch

Fig,2 illustrates spheromak formation with combined 0 and z pinches,2 Starting with
a static gas fill, an axial magnetic field is produced by the 0 coil, and an axial voltage I ~,,,.
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
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rate is again 2V,,cf&c. The current in the 0 coil is reversed, and the reversed external
bias field pinches the plasma andtrapped 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”.~ This con-
figuration has been successfully achieved by the spheromak group at the University of
l’bkyo39 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,26 which operates on the slower magnetic reconnection timescale. The
core, which is covered by a resistive metal liner to allow fl~x 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 and 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.26

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 d@~F/dt induces a poloidal electric field around the flux core,
and the plasma i.xeaks down, The plasma ends up with toroidal field which opposes the
toroidal field inside the core. This field drives the plasma towards the magretic 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 O-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,,,@,,C, where 4,,. is the flux pro-
duced by the PF coil, and V,,, = d& F/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 net 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 xelax to the minimum-energy state .40-42 Fig.4 shows the
spheromak magnetic profile evolution in S-1.

In principlu, oscillating currents in the PF and TF coils in the flu.~ core could be
used for steady-state AC helicity injection into a spheromak,’:) akin to the F-o pumping
technique in RFPs.44 However (with the benefit of hindsight), because of instability of non
line-tied spheromaks without a conducting wall (see Sec.lV.A) and the relative technical
difficulty of the flux core formation method, it is unlikely this scheme would be the
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preferred choice for future devices.

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

Another electrostatic helici~ iqjection method is the use of a z-pinch with axial
flux.2a112The experiment ia shown in Fig.5. The basis for hel.icity injection is the linkage
of the initial bias magnetic flux @,,Calong the z-pinch axis with the magnetic flux due to
the axial pinch current, driven by the voltage 2V,,C between the electrodes (the vacuum
vessel is grounded, and the electrodes are biased to + V~,Crelative to ground). The helic-
ity injection rate is then 4VSrC@8,C.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 s ubvolume. Tk is muld 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,12 an attractive technological feature. In addition, if
no electrodes 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 consener, causing stochasticity. 12

III. Equilibrium

The achievement of magnetic field profiles corresponding to the spheromak configura-
tion was verified in early experiments ‘by internal magnetic probe measui-ements,15’26’22g
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,2 which match
extremely well those cf 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 filled by a force-free magnet, inside which there
is a compact torus equilibrium. 45 Analytic solutions for the minimum energy spheromak
MHD equilibrium have been obtained in a spherica14G and cylindncal]4’47 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 sti-ength of the
equilibrium. In addition to specifying the boundag conditions, either: p(@) and ~(~]); or

P(4) and ~(~) must be specified, where 4 is the normalized poloidal flux function, p(i~) is
the pressure profile, and #(@) is the normalized tm-oidal flux function, For the minimum-
energy state (p(~) = O and A(@) =constant), if the boundary is chosen to be a maegnetic
flux surface, the geometry of the boundary determines the magnetic field profile.

Radiation-domiriated spheromaks are not likely to deviate far from the minimum-
energy state. In radiation-dominated plasmas, the plasma resisti..’ity tends to be spa-
tially constant because as the electron temperature rises, the increase in Spitzer resistiv-
ity from the increased Zejj partially offsets the decrease fi-om 2L-a’2, It has been shown
that a minimum-energy spheromak with uniform resistivity decays self-similarly with
a decay time TB3 = IfO/2qA2 and remains in that state without assistance from relax-
ation processes. 48 In addition, a decaying spheromak with uniform resistivity initially
not in the minimum-energy state evolves towardg the minimum-energy gtate.~~,51)AS ex-
pected, cold spheromak profiles are usually found to be very c~ose to the minimum-energy
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state.’Q’’2727

Spheromaks with higher electron temperatures and better impurity contro151 ‘3S5Zex-
hibit higher msistivity gradients, which cause the ~(+) profile to deviate from the minimum-
energy state. Deviations horn the minimum-energy state due to higher edge resistivity
are also obsemmcl in RFPs. ]1 In decaying spheromaks, a signature of these deviations is
the observation of internal current-driven ideal kink modes,3@ which are unstable for
sticiently large deviations from ~(~) = constant (see Sec.lV.B). Current-driven modes
are also obsened bcause of non-uniform J(V) profdes induced by the forrnation41 sus-
tainment processes.54

In achieving clean spheromaks with higher electron temperatures, internal magnetic-
prohe measurements are a liability. The fitting of data from magnetic probes at the
plasma bounda~ (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 spherom~k equilibria in CTX.S For the (relatively
low P) CTX spheromaks in mesh flux conserves (MFC), the electron pressure profile (de-
termined fkom Thomson scattering and well approximated by P(O) a @ with I < 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 CIX
MFC data is well fitted by equilibria calculated from_a physically reasonable linear ~(~)
function:J given by ~(~) = ~[1 + Q(2O - l)], where A = J A(O) d~ is the average ~(~),
usually very close to Ame. Fig.7 illustrates the evolution of the ~(+) slope a for a typical
Cm large (0.67 m radius) MFC discharge During sustainment, the current profile (and
equivalently the ~(~) profile) is peaked on the outside due b source-driven currents on
the outer flux surfaces. The safety factor q near the magnetic axis reaches unity, and the
n=l kink mode is observed. When the helicity source is turned off, the higher plasma
resistivity at the outer flux surfaces causes the current at the outer flux surfaces to de-
cay faster, and the current profile becomes peaked at the magnetic axis. The q 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 obsemed. In spite of the seemingly large
deviations of the A(v) 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.3

There is evidence that during spheromak foxmation 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. ql14Similarly, 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 ta toroidal flux conversion) which mriintain the spheromak near
the minimum-energy stat.e55’21 (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 neBrby conducting wall, (This case includes steady-
state spheromaks inside a non-superconducting metallic wall. ) The second is internal
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current-driven modes, which have been mentioned in SW. III. 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
u.ustable to the tilt,46 with a growth time of a few Alvdn times.14’47’w-5g In simple t..mms,
the magnetic moment of the spheromak opposes the bias field and tends to flip,sg The tilt
in the presen~ of a bias flux is a relaxation process which consemes helicity. Initially, the
spheromak toroidal flux does not link ths bias field (no contribution M helicity). (lnce the
spheromak flips, the bias field nibbles Bway at the spheromak poloidal flux.57 If the bias
fl--x is larger than the spheromak pcdoidal flux, the spheromak is destroyed. Othenvise,
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 neglecteu for the duration of the process).

The presence of a conducting wall sufficiently close to the separatnx provides the im-
age currents necessary to stabilize the tilt and shifi modes,qG,lq,qT,Sgprovided the sphero-

mak boundary is sufficiently oblate. This fnct has been verified experimentally .2i’2 For
both modes, these image currents have sizable components along the poloidal direction.5g

If the bias field is made mirror-like with a high enough cumature index (7I, >1, where
ni ~ (–r/fl, )(dl?z /?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.5g
For ni <0 the shift is stable (but the tilt is not), and for O < ni <1 both the tilt and the
shift are unstable,5g Thus, a steady siate spk emmak reactor appears to need feedback
stabilization, but the presence of a sufficiently conducting wall near the separatnx would
decrease the needed response-time of the circuit to an acceptable level,

Stabilization of the till and shift modes has been attempted using pe,ssive coils rather
than full conducting shelis. One Motivation has been 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,5g it has been pred~cted that properly
placed figure-8 coils can stabilize both modes si.multaneoudy (for times short compared to
the L/R time of the coils) provided ~liis close to unity. ‘o Besicies the possible discrepancies
in applying this model to spheromaks (normally low aspect ratio ton), it is difficult with
simple coil sets to maintain a uniform field index throughout the spheromak cross section,
In fact, it was di!licult to maintain an index above zero on ProtoS.1/C without interfering
with the formation process,e’

It has been found computationally that line tying slows the growth rate of the tilt
mode.~z However for realistic plasma parameters, line tying alone cann~~t completely
suppress the tilt.a’

Initial short-lifetime spheromak experiment using various combinations of figure.
8 coils, saddle coils, and resistive liners, sufficiently slowed the tilt nnd shift modes
b prevent a catastrophic end to the plasma.a-os Additional methods, such as “wagon
wheel” and solid metal platus have been tested in ProtaS-1/C, These methods have heen
effective only to the extent that line-tying has been present (for example, a cop~r ptatc
allows a much faster growth rate than a thin stainless-steel wall does),’;’ The fact that
these tilt-limited spherornak lifetime~ match the lifetimes in ProtoS-1/C with figure-
8 and saddle coils,ol suggests that previous ex~ ,iments with figure-tl nnd saddle coils



benefited significantly fkom line-tying effects. Wagon wheel” spokes connected poloidally
around the outside of the I%otoS- l./C flux core significantly decreased the growth rate,
but effectively acted like a conducting wall too far away fkom the separatrix to completely
stabilize the tilt.Gl

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.40 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.40 In the Maqyland 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,w Even if ihese 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. 22155$7Thus 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 just that conflguratlon, in a scheme
where the sphercmak acts like a moving armatlwe 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.(M Rings with
a 10 to 1 ratio of kinetic to internal magnet’ic energy have been compressed by focus-
ing into a section of decreasing radius (conically shaped) where the spheromak either
reflects back or stagnates, ‘8 Spheromak translation might allow tokamak plasma refucl-
~.ngby injecting spheromtdr.s deep enough into the tokaxnak plasma before the spheromak
unravels in the tokamak magnetic fields,Gg as demonstrated in the ENCORE tokamak,:]’l

B. Internal current-driven modes

The observation of these modes has been described above (see SCC,III ), These modes
have been found to saturate at amplitudes of about 10%,:J It has been predicted that these
non-resonant modes should be present for sufficiently large deviations from the uniform
A profile,70 and that they should saturate at about the observed amplitude, where the
plasma should settle into a new equilibrium including the helical distortion from tkie
mode,71 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. 71 Although this statement often holds
true experimentally, sawteeth-like oscillations have been seen in sustainea CTX sphcro-
maks ‘):’The expectation is that other than helical deformations to the flux surfnccs, these
internal kii~ks should have little effect in plasma confinement.

Experimentally, the non-uniform A(@)profile that drives the kinks is induced either
by the formation and sustainment process, ~’1:’or by the higher edge resistivity in dccny,
ing spheromaks,:) These internal kinks are sometimes very damagin~, nnd sometimes
inconsequential, In detached S-1 spheromaks, u single n=2 kink event hnri dmitroycci
energy conflnement,7~’!ll In decaying CTX discharges in the Iai gc MIW, the n=2’ mt-
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urated kink mode degraded particle confinement. 22 But since energy balance was not
dominated by particle convection losses, no effect was seen in the energy confinement.22
In the 0,6 m radius solid flux conscnwer (SFC) in CTX, the bat energy confinement times
of any spheromak have been obtained in the presence of the usual fiB/B x 10% saturated
level at the wall fkom the n=2 kink.

Sometimes, these modes can result in stochastic field lines which degmde confine-
ment. In the m = 1 source experiment, the resonance between the rn = Oequilibrium and
the large m = 1 distortion in the spheromak probably resulted in significant stochastic-
ity. ]2 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 ccmserver,’s which results in degraded
confinement and TBZ.

C. Pressure-driven modes

The volume-averaged beta-limit PCgiven by the Mcrcier criterion for a spheromak in
a spherical boundary is a very low 0,2%, while for oblate spheromaks, /~Cx I ‘X,1(;’74 7’;
This is because the spheromak curvature is always unfavorable, and the shear of the
magnetic field is very low.

There are ways to significantly increase shear in spheromaks. The presence of n
sharp cument and flux hole along the spheromak geometric ~xis can raise ij(. to the
1040% range, depending on the specific magnetic profiles and aspect ratios (1.2 - K )
studied.4G’74’75’7uSufficiently peaked A(~)) profiles can also raise 13,.significantly above
270.4(;’7”’7(;More recently, it has been determined thbt modiffing the shape of n cylin-
drically symmetric wall to have ~ %owtie”-shaped cross section can raise i~,. to 3% for
sphe~omaks in the minimum energy state, and higher foi the outwardly peaked .1((’)
prcfiles typical with coaxial gun sustainment.77 Fig.9 shows the geometry of this config
uration.

For ideal interchange modes, the Mercicr limit is probably a conservative limit, [Jn.

less the criterion is significantly violated, the growth rates are so small that msistiv.
ity, viscosity and kinetic eflccts would probably dominate idea] MI 11) clTmts,7!) ]{csistive
pressure-driven modes are a potential problem, 1(’17(’but they have not been identified in
sphcromaks. Should pressure.driven modes rcprcscnt the ultimate limit to sphcromnk
confinement, a “constant-(!’ scaling would be expected,

Initial spheromak experiments reported volume-averaged betns (IY),,,,Imuch above /j(.,
of up to tens of percent, l~,2{l,Cil,~A,78,7!l,Sl,~i,M),4~~,~lIn more r~ent S.1 disch~rgc~, a ]Ocnl

constant p’ scaling has been found at the magnetic axis,’i7 However, similarly to CTX
sphcromaks in the large MFC, the (1~),,01has decrcascd from previous values, but for
reasons unrelated to pressure-driven modes. ~~J;7The more roccnt CTCC-11 cxpcrimont
at Osaka has obtained a (/j),,,,l of a fcw pcrccnt. ‘x But because of limiters, CI’CC-11 hns n
current hole,H2 thus its /jCshould bc higher, CTX spheromaks in the high current density
SSIW show no evidence of pressure-driven instability, oven though (;~),,,,l s ~,(X,,7°

h dccnying CTX ~phcrornnks in thn qFC, a prmmure-driven intcrchnngc mcd{~ hus
been directly observed,”:’ Even though ~i, x (),!)(X,when the instability occurlcd, the rlec-
trcm density and tcm],wrnturc (from Multipoint Thomson scattering) nnd the tlmumption
of equal electron and ion tcmpw-aturcE (substantiated by Doppler broudcning mt~n~uru-
mcnts of OVH~’)yield an actual (Ii)l,,)l x ?j’7,.H:JDuring the dccny of thcw) diwl~nrg(~s, tho
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electron pressure profile continually peaked, unti!, when a critical pressure gradient was
reached, the interchange occurred. But the electron pressure gradients were so large,
that the critical gradient from the Mercier criterion (using the linear J(o) profile fit to
the magnetic probe data) was exceeded by a factor of 20 by the electron pressure alone.a3
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 obse~ed 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(o) profile control should
prove difficult, the use of a bowtie-shaped flux conserver represents a simple way of
achieving a very useful j3, 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 spheromah fields are not being
sustained by helicity injection, the spheromak has mostly disconnected from the source,
and the formation details should m~kc little intrinsic difference. Although some confine-
ment data for sustained spheromaks is available (and not dramatically different from
that of decaying spheromaks),22 this paper discusses only the overwhelming body of data
from decaying discharges, For the relatively short (compared to TB, ) energy confincm~,~t
times TE in most spheromak experiments. the s~eady state app’ oximation

(11)

can be used. With Eq.(11) as a model, the ~) and TH2will be separately discussed in
Sees.V.13 and V,C.

In early spheromak experiments, the dominant plasma lass mechanism and the limit
to plasma electron temperature was impurity radiation. ‘L)The Maryland and Princeton
spheromak groups had the expectation that, once their grQss stability problems were
solved with loosely fitting conductors or a conducting center rod, the relatively smull
plasma-wall contact area (including the lack of elcccrodes for sphcromak formation)
would allow the achievement of excellent plasma conflncmcnt in their experiments,’”)
Meanwhile, the CTX group at Los Alamoa, realizing that impurity mdintion was domi-
nating energy transport, decided to switch to a 0.4 m rndius flux crmscrvcr constructed
out of a mesh of copper bnrs (SMFC), to minimize the wall surface arcu in contuct with
the plasma and to allow the rapid “pump-out” of impuritica out of tho plasmn, r” In rct-
mspcct, for reasons cxpl~incd in Sece, V,B and V,D, both strategies were futnlly flnwcd,
because of the disastrous cffcch of opon flekl lines in forco-free conccptcl much beyond
t.hoso in other concept~, Only the group at Oankn umxi the cmubinnt.ion of technolo-
gies that could ~igniflcantly advance sphcromnk rcscurch in the ~hort term: solid flux
con~cmors and titanium gottm-ing for impurity control. ‘~ llowcvcr, bccnww of thu Inck
of somo k~y dingno~ticH nnd their undcr~tunduh]o prooccupotion with pr(~~HuI.(~-dl.iv(!l~



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 fist time in
any spheromak,51 The power balance in the SMFC was dominated by power losses fi-om
particle convection,m However, in spite of the higher temperatures, no increase in ener~
confinement times (relative to previous results in solid flux conserwers79) was obtained,
&cause of an increased helicity decay time. 51 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 toroldal plasmu current (up to 1 MA) along with similar plasma
and current densities, the resistive decay time remained indepencient of the core electron
temperature, the energy confinement time did not improve, and (P)VOIactually dropped
as R2.2~ Similar results on the global plasma confinement properties were measured in
s.lm~7

B. Helicity dissipation

In nearly force-free configurations, relaxation processes tend to dispose of the mag-
netic energy while conserving magnetic helicity. Ma~etic 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(v’) gradientl tire not present, then
there is simply a proportional decay of the magnetic energy IV (Eq.(4)). However, if A(~“)
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-free configurations unique,

Non-radiation-dominated spheromaks with significant fractions of open magnetic flux
had helicity decay rates much higher than predicted by the volume-a,’craged Spitzcr rc-
sistivity.~~$~ This is because the global plasma resistance wes dominntcd by the clcctron -
neutrnl collisions at the spheromak edge, rather than by the lower Spitzcr rcsistivity
anywhere including the edge, xx’fi7

The dissipation of hclicity under this situation of high resistivity from neutrals is
dcu cribed here using C’I’X,sphcromaks in the large MFC. Fig. 12 shows n diagram of the
large MFC, along with the pcdoidal flux surfaces, determined from the surface currents
measurements in tho MFC fitted to the MHD equilibrium model,:) but this time accout~t-
ing for the discreteness and finite conductivity of the mesh copper bnr~.x~fi” Bccausc of
tho competition of effects such as current pinking into and field diffusion out of thl) flux
conwmor, the open fraction of poloidal flux remain~ a nci~r]y constnnt 25(X through(,~lt
the decay phnsc, Tho plusma in the open field lines lcavos l;:st, Without rcfuc]ing, thor{’
(icvclop~ a severe shortage of’current carriers, and if unchcckod, thr edge plusmn currvnts
would simply dic out, and the ~phoromak would turn into a flcld-rcvcr~cd con figur:itioll
(FRC) with nearly only toroidnl cumcnt. This configuration is so far from the minin~um-
oncrgy ~t.uto, that strong rolnxution activity attempts to drive edge plnsmn c~:rr~~nts, Ilut
since the odRc bocomos nearly an insulator, 11,1grows without hound, Prom Ec](7), th~’
holicity dissipntiorl rate also grows ~nd the sphcromnk quickly dim.fip’:~~”

The sphcromnk lifotimc cnn ho cxtcndcd hy refueling tho rxlgr with II lmckground
hydro~un fill.’” In thnt cvuw, MC voltnuo on tho open poloidnl fluld lil~cs is liluit.rd to
tho Pnwdmn hrcukdown volt}]~c for hydrogen, “1 This is indw!d olwrvcd in tlw Inrur
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MFC discharges with thepresence ofa neutral hydrogen fill.22 Fig.13 shows the good
agreement between: (a) A plot of the observed Eefl (which is z qJ- at the edge, as
determined from helicity balance), versus the electron density n, (which is proportional
to the neutral fill pressure79); and (b) The corresponding Paschen curve for breakdown of
hydrogen.zz A pcmteriori, 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 dissipation from the Spitzer resistivity at the plasma core can be
neglected to within experimental uncertainty. z: Because of this, a plot of core electron
temperature versus ~~, yields no correlation whatsoever in both CTX with the large MFC
and S-1 .22167This model is similar to the edge-helicity-dissipation model pioneered in the
HBTX RFP.20

The ideal situation is not h need neutrals at the edge, so that plasma resistance
is dominated by Spitzer resistivity, with r~~ increasing a,~ 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 consewer with Ti gettering for impurity Control, ”!sfi Fig,14, a plot of TH,
versus central electron temperature in the SFC, shows for the fist time in a spheromak
a positive correlation between these quantities,~5

Another thing learned from the edge. helicity-ciissipation model is that the strong re-
laxation edge-current. drive (and corresponding anti-drive at tb t magnetic axis) observed
in decaying spheromaks in the large MFC is due to effects beyond those included in
single-fluid MHD.21 This is in contrast with MhD dynamo mechanisms proposed for the
spheromak and the RFP based on Ailand fifi fluctuations .’’S~$~’;’;In FWPS, self-consistent

single-fluid MHD calculations of the dynamo do not reproduce the observed magnetic fluc-
tuation anlplitudes, s7 The reason that single-fluid MHD does not appear ta 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 fb]lowing an open poloidal fi.cld line at the edge,
which is closed along a (highly conducting) MFC poloidal copper bar, We ex~lmillc the
scalnr product of Eq.(8) with the actual l; (not the eouilibnum field!) at the edge, rind
examine each term at a time, The term 1? 17is known from the dccny of the sphcrornnk
toroidnl flux.551’;7The term (ii x fi). 1] identically vanishes in both an instantnncous nnd
a time-averaged sense, On the right hand side of the equation, the term II,) , 1) s },’,,lrin

...

known from holicity balance coupled to the edge-hclicity-dissipation model, as dcscribcd
above. ‘:”21 IIy now, wc have exhausted the single-fluid .MI{t) terms, Tho problem is thnt
the ob~crvcd lj,~ .0 = };Clr is up to three times higher than the obsctvcd l? , fi, ~’’h’”Pre-
vious atkmpts to bnlanco the two with thr AT x 4~~term arising from fluctunti(rns relies
on incorroct time-uvcraging where canceling ~m~s of the snmc order nrc droppvd, xl Ap.
parcntly, tho non-single-ftuid Nll Ii) term i, ii is rc~pcnsible for rclnxutiori curr~’l]t drive
in sphoromuks and RFI%,

Co Plnsmta bctu
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spheromak yields an excellent & as far as reactor design is concerned.
Pmscntly, the most importwt issue in spheromak con!.lnement research is under-

standing what determines the /3 limit in a epheromsk. From the results in the CTX SFC,
there is cetinly a limit beyond which diem is a catastrophic end to peaked plasma pres-
sure woflles.w However, it is possible that at a lower ~, higher order saturated modes
could enhance energy transport, which might account for the Constant-@-scaling obsemed
in the core of the S-1 plasma. 67 In the CTX SFC, where before the interchange radiation
dominates the energy transport as the plasma heats up, there is no evidence of such
mod~induced transport.m

As discussed in SSC.C, (p)VOl= 5% describes present experiments well. Though the
Mercier criterion is greatly exceeded in present spheromak experiment, it is unclear
whether it would become relevant at more reactor-relevant parameters. Although the
PC limit from the Mercier criterion can be raised to high values by modif@x~g 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 fkaction of open flux

The deleterious effecti to plasma confinement of field-errors have been observed in
both the S-1 and CTX large MFC experiments. 22167lt is clear that this regime of sphcro-
mak operation does not represent a favorable confinement sca!ing for future experiments.

As discussed in Sec.V.B, the best way to limit the dissipation of hclicity 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 thebe 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’;7
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 intn tho core. This effect should have raised the ratio of ncutml to electron
densities from the ](]-5 range (ignoring multiple exchanges) to the ]0-2 range (when
multiple exchanges are considcrea). fi7This fact is disastrous for sphcrornaks dmninatcd
by ficlci errors, as explained below,

Because the ohmic dissipation rates for helicity and magnetic oncrgy arc i m 11,1’1~
and l~,h,,lm JI. T.J-, the dissipation rates as a function of flux surface i~zi

(although holicity cannot k treated locally, its dissipation rate can ho), RIOwnmr, ho.
ctiusc of the applicability of the edgo dissipation modol, the integrul of W],( 12) mmr (I
yicld~ globally

~)l{)l!,h,,,x ~([]) ~, ( 1:!)

where A({)) i~ the vnluo at thu edge. But, FISobserved in S-1 and CTX, with Strong
rolnxation nctivity,2i’1’

2/l,lli’ =: (A)l; (11)
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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 is22

(15)

with the balance ~ - pOh~ dissipated by relaxation.
As discussed in Sec,V.B, because of resistive decay of the edge currents in decaying

sphercmaks, the ratio }(O)/(A) can become small (even under the linear Aprofile models),
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.la How well these profiles fit CTX data is a topic
presently under study. If such profiles were present in the C(I’Xlarge MFC, the power
going to relaxation would have approached unity.ss

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 TD of hundreds of eV are measured, with typically
TD/Tc x 4,551G7If the bulk ion temperature is indeed that high, the importance of
charge exchange losses becomes apparent. Both a zero-dimensional analysis22 and a
one-dimensional 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: 1 = co7Js~ant - rli a Jli2 (Ii is the
spheromak size); electron temperature T, in the cure independent of J; (~~)a ]/.), and;
rL; independent of J,22$7 Clearly, this is not the way to operate a sphcromak,

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(())/(A) > 1,3 the ohmic power dominates. However,
with the helicity source bias flux used in present experiment (to which the spheromak
poloidal flux can connect), parallel thermal conduction can dispose of the heat, The ideal
way to operate n spheromak in steady state is with a helicity source maintaining the
edge currents to avoid excessive relaxation twtivity (and possible associated cnhunccd
transport), but with a source bias flux of less than 1% of the spherornak poloidal flux to
reduce parallel heat losses to acceptable levols,:)(;

Field errors due to a mesh or loose-fitting wall is not the only problem, In the higher
current density and electron temperature sphcromaks in the C!TX SSFC (with copper
walls and no limiters), a!l the classic signatures of field errors (e.g., linear current decay,
higher J~oppler ion than electron temperatures) are observed when the saturated n=2
kink mode is active, 7:)188Because of fabrication errors, the cylindrical walls of tho SSFC
are not exactly round. Apparently, the resonance between the n=2 mode nnd the pertur-
bation induc~d by the wall creaks a sufficiently high fraction of stochastic magnetic flux,
Eecause of peak electron temperatures of up to 400 eV7:) and thus Iowcr coro plasma
rcsistivity, the tolerable open flux fraction is less than in the MFC plasmas,

In both tho ProtoS- l/C and the S-1 devices, tho particlo diffusion coc!%cicnt hns bwn
mcasurod by using a spark discharge betwcon carbon tips locutod near the sphcromak
mnflnot.ic axis, “f) “1 in both ProtoS-1/C and S-1, it is found that /)1 x ~)/)1,,,1,,,,fits th(’
results Well.’”)I!” ‘1’hcso measured diffusion cocfflcicntg have been foui]d t.a corrolatc with
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pressure gradients. ‘1 In addition, these coefficients, in the nearly constant electron den-
sity n, discharges considered, are consistent with the expected scaling rP IX 1/~, ,th (as-
suming T~ & I’i, where ~l,~h is the irm thermal speed) resulting from pressure-driven
modes and the obser -red n~T~M B2. However, the associated particle replacement power
is negligible, SL anomalous ion heating coupled with charge exchange losses dominate
the S-1 energy balance.67

Even if the Bohm-like diffusion observed in S-1 is due to pressure-driven turbulence,
the actual numerical values observed might bs more characteristic of S-1 than of the
intrinsic confI nement limit in spl,eromaks, For example, in the CTX SF(2 described below,
there is no gas fill pressure, so ths refueling of the core plasma presumably ceases ,when
the source is turned off. In the SFC, whereas 5DBOh., - rP x 400ps pax title confinement
time of the core plasma, it is observed instead TP* 1.6 ms,63

E. Power balance with small fraction of open fl=

As discmsed 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 ‘l’l~/’l; x 1 indicates that most of the magnetic power ohmically heats the
electrons.~” The positive correlation of ~~~ with peak 7) also supports this picture.s:’ As
a result, the highest global energy confinement time in any spheromak, T[.; = (J,2 ms, has
been obtained. This achievement, a! mg with the results of the HBTX-l B results without
limitcrs,$);: 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.’~a.

Because of the strong (non optimal) pressure peaking observed in the CTX SFC,N”
ruJ x ‘1; is obtained for t’he decay time,~s which yields rl.: (x 11~. With a more gentle
temperature profile where the globally-averaged electron temperature is proportional

, ,:9/2to the peak temperature, r~~ M 1,
, ,;)/2

and T\,; m i) i, COUIC?be obtained, This yields:
(at constant ekctr~n density n,) Y; w Olzjl{z and T\.; cx I)r’l; l;’/ R, or; (at constant drifl
parameter ,J/n, fl? ‘I; R [1212, n, (x ~/0it2, rl.: ,x ,)’11:)1{~and nrrl; .x ij:]l:’. AIOIIg with
the high L,,(, properties of the spheromak, these scalings illl~strate the attractiv~nt?ss of
the concept.

VI. Some ongoing sphcromak projects

In spik of the spt,eromak attractiveness as a fusion reactor, there has been a decreas-
ing worldwide research ef~ort in spheromaks for mugnetic fusion. in the United States,
in the face of decreasing fusion budgets, the OfYiccof Fusion Energy (OFE) is sponsoring
only tlm MS cxporiment at the Univ. of Maryland, along with smaller cfl’orts at the
Univ. of California, Berkeley, and at the California Institute of ‘Ihchnology, In tJapnn,
resonrch is continuing, but no m~or upgrades of present experiments aro cf)rlt(~wi~]l~ltt~ti,
In the lJl~ited Kingdom, the recently commissioned SPFIEX cxj:t’rinwnt at the Univ. of
Muncheshr h~stitut~ of Scionco and ~chnology is a wolcomc development.

Prwwntly in the United States, substantial defense-rclnted spheromak projwts aro be-
ing carried out at the Air Force Weapons Lnhoratory, and tit the Lawrcncc Livcrmorc and
Los Alamos National Labomtorios. Along with their particular mission~, thww dcf’vnsc-
rch~tcd projects urc muking important contributions to the ndvnncvment of ~phorom~lk
physim in ~onorul,
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1. TM, Univ. of ‘Ibkyo

The TS-3 group has recently modi6ed their device m allow flexible magnetic helicity
injection (and spheromak production) with ari [mial discharge between the outer elec-
trodes of two opposed coaxial guns aodbr with a z-6 discharge. An external bias field
can also be used.

They have produced stable flux-ore Si}heromaka 7CS (also known as lmmpy z–
pinches”, see Sec.11.B).3g The current hole in this configuration can modifi the sphero-
mak ~profile to increase magnetic shenr and incmmse the P limit, The q-profile can be
modified to the extent that it can resemble that. of the ultra–low-q and tokamak config-
urations.

2. CTCC-11, Osaka Univ.

CTCC-11 features helicity injection b)’ a magnetized plasma gun into an ellipsoidal
aluminum fiux consemer, The combination of a “choking coil” and u ~tainless-steel en-
trance region allows current-limiting cm the outer flux surfaces ti produce a FCS.

CTCC-11 discharges are knovm to have 7-1290p at t,he magnetic axis, as determined
fiwm Thomson scattering,ez They now use an MI-ID equilibrium model, incorporating
separate parallel and perpendicular pressures, which produces a significantly better fit
to the experimentally measured magnetic profiles,~z

3. FACT, Hi.meji Institute of ‘Ikdmology

This recently commissioned experiment attempts to combine electrostatic hclicity in-
iection from a magnetized plasma gun with ind uctivc helicity injection and translation
by means of a ramp-down in the cm-rent in the “fltlx-amplification” coil. The sph~romak
is finally injected into a cylindrical flux constmer. Inductive helicity injection has not
been demonstrated yet, but spheromaks formed with electrostatic helicity injection have
“wen produced and studied, ~:)

B. United Kingdom

1. SPHEX, Univ. of Manchester Inst. of Scimice and Technology

SPHEX features magnetic helicity injection into a flux conserver designed to minimize
the magnetic flux penetrating the solid wall (field errors) md the associated helicity
losses, SPHEX has presented results which reprcduce well rome expected key features.
These include magnetic profiles close @ the minimum~ncrgy state, the prescncc of
rotating kink modes, and a gun current/flux ratio which must be excecdcd to obtain
plasma ~nd helicity injection. “d The surprising feature is the large current which enters
the flux conmrwcr wnll opposi~ to the gun, probably caused by proccsscs other thnn
simple flux diffuuwn,’”1
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C. United States

1. MARAUDER program, Weapons I.ab., Kirtla.nd US Air Force Base

The MARAUDER experiment (presently under construction) intends to forma sphero-
mak with a 500 kJ bank driving a coaxial gun, nnd accelerate the spheroniak 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.g5
(MACI-12 k a twtimensional 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
ener~~, which in turn allows proper magnetic recomection 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,m Rings have been generated with velocities of
up to 3 x 10s cm/s, with kinetic energies of 40 kJ. S Stagnation of the rings against a
copper plate has produced 2.7 kJ of soft X-rays, with a spectrum above 10 eV. m Focusing
of the rings to about a third of the initial diameter hag been demonstrated.97 Design of
the Compact ‘Ibrus Accelerator (CTA) within the RACE program is proceecling.g~ 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). g7

3. ENCORE, California Institute of !l’bAnology

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 V1ssel (no plasma), and observed a resulting mag-
netic structll-e with m= 1 symmetry. w In their experiments of i~ection into a tokamak
discharge, tney demonstrated toroidal current drive, with fast toroidal current increases
of % 3090. J4

4. BCTX, Univ. Califomi% Berkeley

In BCTX, a coaxial magnetized gun injects magnetic helicity and plasma into a sphero-
mak flux consemer. The mesh flux consener in use until recently h~s just been replaced
by L1solid 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.:w

Spheromak lifetimes of 100 pa have been achieved in the 0.7 m diameter mesh flux
consemer, These spheromaks exhibit the expected m=l kink instability, rotating at
a high rate, Optimization of plasma parameters is proceeding, Plasma heating experi-
ments await the completion of the 40 MW, 4S0 MHz RF source. The RF drive components
are now in place. f)”
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6. MS, Univ. Maryland

In MS, spheromak formation is achieved using the z+ discharge method. The sphero-
mak magnetic field structures have been mapped out in detail.w The plasma is asymmet-
ric during formation, evolving into a tilt followed by rapid plasma loss, Asymmetries have
attributed to the reversal fisld coils or fd connections to the ]Z electrodes. As remedies
for the tilt, a stainless steel liner and copper cones have been ineffective, while Figure-6
coils have slowed it down. Titanium gettering and Elkonite electrodes have been used to
reduce impurity problems. Doppler broadening of 011, 0111, C)IV indicate anoma?ously-
high ion temperatures of about 30, 75, 90 eV, respectively.w HeII temperatures as high
as 100 eV at the geometric axis have beeu measured. Strong visible and UV radiation has
been obsemed sun-mm-ding the electrodes. Line-averaged electron density fr~m a multi-
chord interferometer has been obtained. ‘m An obserwed larger particle inventory than
that provided by the fully ionized fill indicates a large impurity influx. The measured
particle confinement ti:ne is N 95 p. Results horn a O-D energy-ba!ance code indicate
that a reduction in impurity ccntent is needed to get higher electron temperature. ‘m

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.73 The spheroxnak stores energy during most of the compression, cycle, releasing it
to the projectile at time I z 79/ts. Fig. 16 shows the progress in inverting an aluminum
dome intactly as necessary for this experiment, ’01

Thomson scattering, density interferometxy, and B-field data from small, high B-field
spheromaks have been obtained in the 0.3 m radius cylindrical flux conserver (SSFC). T~
The data shows T, as high as 400 eV, n, in the range of 3-6x 10’q cm-3, and maximum
internal B-field in the range of 2,2-2.6 T. The stability properties of the 71 = I and
n = 2 modes during decay have also been studied. Bolometry, spectroscopy, and Doppler
‘Tidat..u have also ‘been obtained,a8 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 Ti 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.102 In HESS, an HE-driven cylindrical wall generates
h~licity 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 illustrate the helicity injection sequence.’u~ This experiment is under
constmction. Meanwhile, the HE expamion 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 magnr tic helicity generation and relaxation to minimum-energy force-
fiee states have been su~cessfully used as the basis for spheromak formation and sus-
tainment. It appears that *Ae relaxation processes which drive spheromaks towards
the minimum-energy state are not describable by single-fluid MHD. Successful theoreti-
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 fkom 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 spheiomak in a cylindrically sym-
metric conducting flux conserver with a bowtie-shaped cross section, driven by a coaxial
magnetized gun hnking less than l% of the spheromak poloidal flux, and a (@)~,O/= 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 t.a accelerate r~ojectiles to high velocities.
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Figure 6: The measured poloidal and toroidal magnetic fields profiles in the Beta 11
spheromak compared to the profiles corresponding to the minimum-energy state. 2
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Figure 7: The measured evolution of the A(t) slope (I for a typical CTX MFC dischnrgr.’
The shadowed regions indicate when the J(d) profiles deviate enough from the minimun~-
energy state (n s ()) so that internal kink modes are obscnmd, in good agrccmcnt with
single-fluid MHD stability theory. The hclicity source was turned off at 0.7 ms in thrsv
discharges,
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Figure 10: Geometry of the Solid Flux Consumer, entrance region andsourcc 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 conser-vcr is spwifically
designed to minimize field errors (magnetic field penetration into the wall).”’)
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Figure 11: Pressure-driven instability in the CTX SFC. ‘Ibp:Evidence for the intcrchnnge
in the electron density profile, as reconstructed by frmn the eight-chord intcrfcromctcr
dab; Middle: Evidence for the interchange on the ebctron pressure profile, ns mcnsurrd
by the absolutely cnlibratod Thomson scattering diagnostic; and Bo’tom: ~ormnli~~’d
electron pressure gradient increase versus time previous to the instability. s’
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Figure 12: One-half of the CTX mesh flux conserver (MFCJ cross section. Typical normal-
ized ~pheromak poloidal flux contours (57( increments) during decny arc included. The
figure shows ~he 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-clockwisu
direction, while the toroidal field goes into the page, This comesponds to negative heliclty
(Jantiparallel to E).sfi
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Figure 13: Eefl (= )/,/1,at the edge) versus electron density for the CTX MFC, Thv 1W5
data points Hre averaged in 20 intervals in density, with vcr!ical error burs reprc~srnting
the standard deviation of the sample in each int.crva]. The solid curve is the vquivul(’nt
Paschun culwe for brcaktifjwn in hydrogen corrtwponding to n 10 to 1 r~tio or II(ItiI~:I] t[I

electron density (as observed cxpcrimcntnlly in Rtcndy stnto), and n fil’ld-lim’ hIIIgth of’
/(,lr =3 m (approximately the length of n field line ut thv rdg(’ I.JJ
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Figure 14: Plot of the magnetic energy decny time rll S r~~ versus c(’lllrnl electron
temperature in CTX spheromaks in the SFC, By using the electron temperature profil~~ ns

determined from mu)ti.raint Thomson scattering, it hns been determined that the dcci~y
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Figure 1G: Numcricnl ~imulntion of the ~phcrornak dynnrnic~ [including rvsi~tivv dPcIIy)

under comprcs~ion by n conducting demo,;”
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Figure 16: Comparison of the measured (dotted line) and simulated (solid lines) d!’nnmics

of an HE-driven 0.95 cm thick aluminum at various times after HE detonation U[ I = o.’’”
The dashed lines outline the entrance region and the opposite wnll of the flux conscnur,
if they were present, as in the preceding Fig.
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