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OPTIMAL CURRENT POTENTIAL
FOR
STELLARATOR COILS

Allen Boozer

Modern stellarator coils designed by first
finding a surface current with desired properties

-

j = S[X X (0, (p)]VK(@ ®) x fi

ic(ﬁ,q)) gives surface on which coils will be located.
fi the normal to the coil surface.
k(0,¢) the current potential.

Contours of current potential, K, give location of wires.
Jump in K between contours gives current in wires.

Presently x optimized to support a single plasma.

Properties we wish to impose on k(0,0)

1. flexibility to support many desirable plasmas.
2. maximum efficiency (minimum Ohmic losses and <j2>).

3. space reserved for ports.




BASIC CONCEPTS

Proposed optimization of K uses:

Flux & ® = [ f(6,0)B,-dd
plasma

, surface
£,(0,0) any complete set of functions (like trig functions).

B_ field due to all other sources than coils being designed.

Current 1 K(0,0) = ), Ij gj(ea(p)
J

gi(6,9) any set of dimensionless functions.

Inductance L L1 = pla{m f,(0,0) B;-da
surface

]§j is field produced by current potential I; g;(6,¢).

Quality Q T=T,-(@®-L-D"Q (®-L-T)
T is target function of physics optimization.

hand

Resistance R P =IT-R-I

ohmie
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QUALITY MATRIX Q

Quality matrix determines flux components:

1. that are important to reproduce a single
plasma configuration accurately.

2. that must be controlled to if the coil set
is to produce other configurations.

Calculation of Q

Stellarators designed by optimizing a target function
T(amy) Wwhich gives dependence of physics properties

(MHD, drift orbits, etc) on the Fourier components, apy,
of the shape of the plasma surface. (Niithrenberg)

Target function near optimum depends roughly
quadratically on changes in plasma shape, 0a,,,

Displacement £ of plasma shape gives a perturbed flux,
Jtb-da = JB-V)E di e 8a_ .

o —

Therefore: T=T,~@-L-DH"Q (@-L-I




Important part of quality matrix Q

£632
1

Diagonalize Q. Eigenmode is important if
8Q = q, @’ is large with ¢, the eigenvalue.

Eigenmode can be important because:
1. eigenvalue qj 1s large.

2. associated flux @, is large.

Order the eigenmodes of Q by importance.

An acceptable quality stellarator configuration is obtained
if a finite number of eigenmodes is retained.

Let Ng be the required number of eigenmodes
to obtain an acceptable configuration.

Assume @ contains Ng components, namely
the required flux components.
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RESISTANCE MATRIX R

TRI= | njtdix

coil surf.

bl

Defined by P

ohmic ~—
Current density ~ j = §(X—X (6,9))7 k(6,9) x 1.

N[
Current potential  «(8,¢0) = Y] I g.(8,0).
=1

Finite resistance requires current channel have
a finite thickness. Let:

v(0,0) 000¢ current channel volume in
the interval 000¢.

N resistivity of coil material.

Resistance matrix is

J‘ Bgi dg; (oX, oX, \(dg, dg; Og; 9g; aX_ ag og;
= - . + dode
dp | 30 09 00 99 [86 dp  do 88) a0

..........
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PROPOSED «(6,9) CALCULATION

Ng number of important components of the
flux. These are to be produced exactly.

N; number of components of current. (N>>Ng)

Find minimum Ohmic power required to
produce the Ng flux components exactly.

Diagonalize I." L. This matrix has:

Precisely Ng non-zero eigenvalues /42 if coil
set can reproduce required fluxes.

Ng eigenvectors |s) with non-zero 42.
Ny - Ng cigenvectors |n> with zero /;2.

NCD NI_NGD

Current I = Y I |s)+ Y I |n) reproduces the
s=1 n=1

Ng fluxes exactly with arbitrary T .

e e g e s 1 e — - ——
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Use arbitrary I to minimize the Ohmic power

NI""'N(I)

No
Givenby ), R_I =— Y R_ I, so
. n=1 s=1

Ny
In - = E Iscsn'
s=1

The current which exactly reproduces the fluxes
with minimal Ohmic power is

-N

sy— ¥ c,[nd

=1

*

No

I= )1
s=1

Gives minimum Ohmic power required to

produce any given set of Ng fluxes.

Gives set of currents needed for the flexibility
to drive the important fluxes independently.

Note: One can reserve area for ports. Make either £i(0,0) =
constant or n\/v large where ports are to be.




METHOD USED NOW

— «—  — — —

Minimize (Merkel) &2 = (@—1, -T)T- (D1, 1)

Solution is LI = @ but for a generic, simple, smooth

plasma boundary I = I"'T — o even for a small
plasma/coil separation.

SVD techniques (Pomphrey) allow one to find |

the smallest £ consistent with a given current L.

— =

.L=Y:/-7Z" with Yand7 orthogonal and ¢

diagonal. Denote eigenvalues by /.

Use eigen flux and current ®© = YT-® and 1@ = Z7-T,

(e) _ (e)
CI)j -—/jIJ_

Solve only those equations “j”” with / i >/ min

Error £(/min) smaller the smaller Zg;,; current 1(min)
becomes bigger.

Note Ng >> Nyunlike proposed method.

.

PR - S R R
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Problems with present k(0,p) solver:

1. Fluxes ignored that may be essential.
poor reconstruction

2. Fluxes retained which are not important.

K(0,0) larger than it needs to be.
current surface must be closer than required.

3. No concession to flexibility.
K has no dependence on flexibility parameters.

4. No constraint to give port space.

TN T — b e R SR

I T
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ALTERNATIVE NEW METHOD

Maximize target function while keeping Ohmic
power as small as possible

Target function T =T -
Power - P=T1"-R.

—+

Resistance positive definite. Has representatlon
R =V (@87 VT with & diagonal.

A +>

Let T"—" 63 with é = V'E'VT, sop =979,
Optimum givenby §-9=L7-Q -® with
S=C-L"™Q-L-C.

SVD technique gives optimum as function of
Smin the smallest cigenvalue of S kept.

Problems: 1. Doesn’t emphasize flexibility.
2. Sensitive to correct Q.
3. More complicated to implement.
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SUMMARY

New method given to design current potential

1. Pick Ng important fluxes.

a. Each flux a set of Fourier components of B_ ‘i on
plasma surface.

b. Use quality matrix(Q to do this.

2. Find most efficient coils (minimal Ohmic power)
required to control the Ng fluxes exactly.

Advantages

1. Flexibility

Gives independent set of currents needed to drive
important fluxes independently.

2. Maximizes coil efficiency
3. Space can be reserved for ports

4. Permits greater coil/plasma separation
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