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ABSTRACT

The equilibrium properties of several Tokamak Reactor
Designs are analyzed and compared for varying pressuré and
current profiles wusing the Princeton Equilibriﬁm Code. It
is found that the UWMAK configuration has a broader range of
equilibria than the Princeton Réference Design
configuration, but that the safety factor on axis is 1less
than unity for peaked curfent distributions. The Argonne
kxperimental DPower Reactor has a satisfactory range of
equilibria, but a means of limiting or diverting the plasma

has not yet been proposed, and this may substantially change
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We describe a study of the MHD equilibrium properties
of several proposed Fusion Reactor Designs, namely the
Princeton Referenceé Design (PRD)Y, UWMAK1® and uwMAk2®. In
addition we have investigated equiiibria for the Argonne
Experimental Power Reactor4 (EPR). This research was
generated by our initial inability to find an equilibrium
configuration for the PRD. 1In the course of understanding
this difficulty we were led to investigate the equilibrium
properties of the other designs listed above. .

The vehicle used in this study was the ?finceton

Equilibrium Code5. This code solves
yp=JxB - (1)

in the plasma and surrounding vacuum, subject to boundary
conditions generated by external coils, Defining the

poldidal maénetic flux ¥ in the usual manner,
¥ =1 | B-vedr (2)
2m - - ’

and substifuting in (1), we obtain the well known MHD

equilibrium equation for the plasma and vacuum,

- av avy
. (3)
= -2mXJ
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Fig. 1. Coordinate System.

The poloidal magnetic flux is solved as a function of X and
7 (see Fig. 1) for prescribed pressure and toroidal field

function profiles,
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where the subscript ? denotes values at the limiting plasma
surface - limiter or separatrix - and m denotes values at
the magnetic axis. The boundary flux on an arbitrary region

of space is obtained as a Green's function solution of the



external cpil and'plasma currents, where we iterate on (3)
until the internal and boundary fluxes have converged. The
actual Green's function procedure is that described by
von Hé.genow 6,

To obtain 'a solution for a particular design case, we
must specify the vacuum toroidal field, the externai coil
and plasma " currents, the pressure at the magnetic axis, and
the exponegts 0 and '3 in equations (4): gmis calculated to
match the given plasma current, d,@ =1 gives an unreéliétic
current profile that is almost proportional to the major
radius. This can be seen in Fig. 2 which shows an
equilibrium solution for UWMAKI with associated 9urrent and
pressure profiles, and the local interchange stdbility
properties7‘+ the toroidal‘ axis 1in this and subsequent
Figures is 'on the 1left. As we increase ¢ and 8, the
toroidal current becomes increasingly peaked about the
magnetic axis (Figs. 3,4,5), with a,B = o corresponding to
the line current solution which was the basis for three of
the designs considered; UWMAK2 being the exception. oa=3=2
corresponds - approximately to a parabolic current
distribution‘and thus realistic values of o and B woul? seem
to lie in the region of 1.5 to 2.0. The Argonne EPR §erics
(Fig. 5) has the limiters used in the calculation
superimposed: on the contours of poloidal magnetic 'flux.
These aie n&f limiters given in  the original design, but

- were added to define the plasma boundary for the code. In



Fig. 4, the PRD wall is superimposed on the contours of flux
and is the line that cuts the flux surfaces.

Solutions for the PRD were §bfained with a slight
modification of tﬁe vertical field in the region of the
separatrix X-point, and are shown in Fig. 6 for various
values of o, B and the vacuum vertical field. A vertical
fieid ratio of one 1is the given design point. If the
vertical field is too strong, the plasma is driven to the
inner wall; and if it is too weak,'the plasma will drift out
and find an equilibrium against the outer wall. In between,
there is .an acceptable region where the plasma limits on the
separatrix, or in the .case of the Argonne EPR; on a
horizontal 1limiter rail at the specified minor radius of
2.1 m. This method of limiting the plasma corresponds to an
ideal gas blanket. Solutions for the PRD do.not exist for
a,8 >1.5, and below that, the sensitivity to changes in the
vertical field is too great to make the design acceptable
without some revisions. By way of contrast, UWMAK1l and
UWMAK2 are very insensitivé to changes 1n the vertical field
for all values of o,8B ‘as shown in Figs. 7 and 8, Dbut are
limited by the safety factor q, defined as

4= 55 gy | Bevea (5)
in the vicinity of the magnetic axis. As the plasma curfent

peaks on axis, that 1is as o and B increase, the safety



factor decreases until it passes through unity on axis with
a resultaﬁt local 1loss of MHD stability. The Argonne EPR
‘ haé a smaller range in «a,B as.shown in Fig. 9 but can
actuaily wifﬁstand more peaked current distributioné than
the UWMAKs ﬁp to a,B = 2, befqre the safety factor on axis
reaches unity. A Acomparison‘of the four designs without q
limits is shown in Fig. 10.

For' each of the designs considered, the plasma
pressure‘at the magnetic axis was held constant as we varied
o, 8 and the vertical field. Consequently, aS(i incféases,
the volume; averaged pressure decreases as the pressure
profile peaks on axis. Since the total plasma current is
maintained constant, it follows that the average poloidal
beta is decreasing as o 1increases, where the poloidal beta

is defined as the volume averagéd plasma pressure over the

average polodial field ' pressure at the outer plasma
boundary,
pdTA/~dT - _
fBe as/f as 2
wl. WQ

In terms of a reactor design where we want beta poloiaal as
large ;s pqssible, this is a more useful parameter for
normalizing‘our results than the pressure on axis. : When we
do this, we find the previous results are optimistic for two
reasons. Firstly, to increase beta poloidal for a gi&en o,

we have to increase the pressure at the magnetic axis., This
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reduces the equilibrium window above 0,8 = 1 by reducing the
spread in vertical field for acceptable solutions. A second
consequence of increasinglthe axis pfessure is thaf the
current profile is further peaked, driving q < 1 at even
lower values of d,B, again reducing the equilibrium wiﬁdow.
This is demonstrated in Fig. 11.which shows the senéitivity 
of UWMAK2 at constant beta poloidal, as opposed to Fig. 7
which is for constént pressure at fhe mégnetic axis. It can
be seen .that the most significant change is the further
restriction on the profiles imposed by the q limit, due to
the more highly peaked current profiles. Two further points
that ére not 1illustrated here, are that ihcreasing_ the
pressure on axis eventually drives reversed currents in the
plasma, and also alters the interchange stability properties
nf the equilibria. However, = within their respective
equilibrium regions, all the designs were interchange
stable. |

In order to explain the small band of separatrix
limited solutions for the PRD, we generated the teardrop
plasma shape with a large current coil on the midplane near
the axis of the machine (PRDX). Fig. 10 shows that this
resulted in a much Broader range of acceptable solutions,
suggesting that the problem 1is not the teardrop plasma
shape, but rather the '"freedom of motion" of the separatrix
surface and x-point. No effort was made to optimize the
relative strengths of the coil currents which accounts for

the slight™y different behavior in this case. The



noncentered solutions are small nonphysical equilibria
Jammed up against the divertor coil, _In the PRD the
separatrix surface moves as the plasma moves, wherea; in the
UWMAKs, the large current divértor coils fix‘the location of
the x-point in their vicinity. The destrﬁction of the PRD
magnefic topolog& is shown iﬂ Fig. 13, which is a séries of
flux plots generated by a line‘current plasma, where the
center figure is the design péint. The horizontal -series
shows the effect on the sépafgtrix surface of moving the
magnetiq axis in the midplane from outside the desigh point
(left) to inside, and the vertical series shows thé.effect
of changingithe vertical field from weaker than design (top)
to stronger. If the vertical field necessary for
equilibrium. at the desired major radius is too weak, the
single x-point can separate and become a line near the
toroidal axis. Also if the plasma drifts out, the
separatrix can break and reform in a figure eight around the
vertical field coils. In both cases, the confining magnetic
topology is totally disrdbted. It shou1d~bé noted that thé
x-point moves almost as far as the magnetic axis, so that
with this freedom, the separatrix surface readily runs into
a wall. In 'attempting to find equilibrium solutions one
both moves the plasma and varies fhe vertical field :at the
same time, which in the case of the PRD can easily;disrupt
the magnetic topology. By way of contrast Fig. 14 shows the

same series for the teardrop plasma driven by the 1large
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. divertor coil. In this case, the separatrix always closes

around the plasma, usually inside the wall, and the x-point
hardly moves. |

In conclusion, the UWMAK configuration seems to offér
the best hope for a reactor design, provided that the safety
factor at the magnetic axis can be increased. The elongated
UWMAK3 should help alleviate this problem. The PRD plasﬁa
configuration would seem to require some redesign with'
perhdps a feedback system, before satisfactory equilibria
can be obtained. It is stressed that the configuration with
the large coil on the midplane is not a design suggestion;
but rather, was a means of isolating the problems of the
original ‘design configuration. The Argonne EPR which was
designed without a divertor, seems to have a sufficiently

wide range of equilibria, but the problem of 1limiting or

. diverting the plasma has not yet been addressed, and as this

and other studies have shown, the limiting plasma surface
plays a critical role in determinihg -the equilibrium

properties.
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Fig. 14. Magnetic Topology of PRDX.
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