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ABSTRACT. Magnetic measurements alone on spherical tori should allow a very good separation 
of the poloidal beta pp from the internal self-inductance 3;/2 and should even permit an accurate 
estimate of the current density j ,  profile. However, the reduced space allowed for magnetic sensors 
near the central conductor in a spherical tokamak, and the possibility of producing flux core sphero- 
mak configurations without a central conductor, could imply that magnetic probes are not present 
in the cavity of the spherical torus. The fluxes and fields of a variety of calculated spherical torus 
configurations, all endowed with a single or double null separatrix, are analysed in terms of spherical 
multipolar moments obtained from simulated magnetic measurements located only upon a sphere sur- 
rounding the spherical plasma. The solution to the problem of the absence of magnetic measurements 
in the cavity of the spherical torus is t o  fix from non-magnetic measurements (e.g., spectroscopy) the 
plasma inboard boundary T;, on the equatorial plane. This constraint is added to the constraints of 
matching the spherical multipolar expansion in an iterative solution of the Grad-Shafranov equation, 
on the basis of a spherical geometry. The convergence of the spherical reconstructive equilibrium code 
is extremely fast and gives an error on the total plasma current Ip of less than 1% at an aspect ratio 
A = 1.2,  an error on the position of the plasma boundary of less than 2% of the radius of the plasma 
sphere, an error on /3, of at most 15% and, finally, the j ,  profile is extremely well reconstructed 
in peaked, flat and even hollow cases. The effect of an uncertainty +&,, upon the spectroscopic 
identification of the plasma inboard boundary on the equatorial plane ~i~ is assessed. 

1. INTRODUCTION 

The spherical torus, also known as t,he low aspect 
ratio tokamak (LART), with an aspect ratio A = 
R/a < 2, is a fiisiori relevant configuration, for a 
number of reasons [l-SI. Configurations with high 
plasma current a t  low toroidal field can be produced 
by very simple poloidal and t,oroidal field windings; 
these configurations can be elongated up to K, 2 3,  
maintaining intrinsic vertical stability. They should 
exhibit robust stability at high normalized /jN [4, 51 
and very high values of volurne averaged beta (values 
of (p) up to 4% in ohmic discharges and up to 12% 
in additiorially heated discharges have been obtained 
in the START experiment [2] and values of (/3) up to 
40% are expected in the next generation of spherical 

side of the torus (also at  zero /j value) and corre- 
spondingly show a minimal volume averaged geodesic 
ciirvatiire of the lines of force ( K . ~  R ) ;  toroidal plasma 
rotation can be easily imparted and should result in 
strong E x B shear stabilization of microinstabilities: 
these properties along with the high plasma density, 
the high current density ant1 the strong shaping indi- 
cate the possibility of high confinement. The small 
major radius R, the high toroidal component of the 
diamagnetic current and the large bootstrap current 
at  high /j reduce the power requirements for non- 
inductive current drive, which could be accomplished 
by direct ciirrent helicity injection [6]. All these 
charactjeristics lead to a promising extrapolation to 
compact volumetric neutron sources [7] and to small 
reactors [8] .  

tori). They should have increased stabilit,y for kink 
arid tearing modes; as a matter of fact the START 
experiment indicates the possible absence of tlisrup- 
tioris in spherical tori. They are endowed with an 
ornnigeneous (IBI M constant) region on the outboard 

Furthermore, spherical tori offer the diagnostic 
advantage of enhancing the detachment of the con- 
st,arit toroidal ciirrent density j, surfaces from the 
flux 4) surfaces with respect to conventional aspect 
ratio tokamaks. This should in principle allow a much 
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better separation of the poloidal beta {jp from the 
internal self-inductance 4 / 2  by the equilibrium mag- 
netic measurements alorie [9] arid should even permit 
an accurate estimate of the j ,  profile, when the shape 
of the measured pressure profile is added [lo] to the 
magnetic data. However, the reduced space allowed 
for magnetic sensors near the central conductor in 
spherical tokamaks, arid the possibility of producing 
flux core spheromak configurations [6] without a cen- 
tral conductor, raise the question of what it is possible 
to measure if magnetic probes are not present in the 
cavity of a spherical toms and, furthermore, the ques- 
tion about which non-magnetic data must be added 
to the data given by the rnagnetic probes around the 
plasma sphere. 

In order to answer these questions, a number 
of configurations considered for the SPHERA pro- 
posal [ll], which is a spherical torus experiment a t  
the moment under stiidy at  CR-ENEA Frascati, all 
endowed with a doi~ble or single riull separatrix, are 
calculated by a predictive equilibrium code [12], as 
illustrated in Section 2. 

Section 3 gives details of the expression for the flux 
function in spherical co-ordinates ( T  is radius, B is co- 
latitude arid is azimuth), which is [13], in terms of 
index-1, order-n, spherical harmonics sin B Pk,(cos 0) 
arid of the internal MA, arid external M: spherical 
multipolar moments, 

In Section 4, the fluxes arid fields produced by the 
predictive equilibriuni calculations are analysed in 
terms of the spherical multipolar moments obtained 
from simulated magnetic measiirenients located only 
upon a sphere T = rpr. surrounding the spherical 
plasma. 

Section 5 deals with the attempt to reconstruct 
the plasma boundary iisirig constant spherical rnulti- 
polar moments. Whereas the positions of the X points 
as well as the shape of the outboard plasma bound- 
ary ($ = li/x) turn out to be very well determined, 
the reconstructed inboard plasma boundary deviates 
from the true bountlary even near the X point and, 
furthermore, the total plasma current Ip remains 
undetermined. This is obviously due to the radial 
behaviour of MA, ( T )  and M; ( T ) ,  which carinot be 
derived from magnetic rrieasurernerits external to the 
plasma sphere. 

Section 6 shows that by fixing the plasma inboard 
hoiindary 011 the equatorial plarie ( T  = rin, 6' = n/2) 

from non-magnetic measurements (e.g., spectro- 
scopy), a spherical iterative equilibrium reconstruc- 
tion can be obtained. The constraint +(qn) = $Ix is 
added to the constraints of matching the odd inter- 
rial spherical rriultipoles M;,(rpr) (with n, = 1,3 ,5 ,7)  
in an iterative solution of the Grad-Shafranov 
equation, based 011 a spherical geometry. The plasma 
pressure is expressed by the functional form p(+) = 

(with 0.5 < X < 1.5)) and the para- 
metric form f 2 ( $ )  = f1$-'  + fp,L~@.l + f31//' + 
f 4 4 i 2  is used for the squared diamagnetic current. 
The five iirikriowns b1, f l  , f i ,  f 3 ,  f4]  are determined 
by the data [ ~ i n , ~ ~ ( ~ p ~ ) , M ~ ( ~ p ~ ) , M ~ ( T p ~ ) , M ~ ( ~ p r ) ] .  

The external spherical multipoles M ; ( T ~ * )  (with 
n, = 1, 2, ..., 7) are used as boundary conditions, 
whereas the even internal spherical multipoles MA, ( T )  

(for n, = 2 , 4 , 6  they are zero in up-down sym- 
metric plasmas) are renormalized, a t  each iteration 
step, in order to rriatch the measured MA,(rpr) at  the 
boundary. 

The convergence of the spherical reconstructive 
equilibrium code is extremely fast, and Section 7 
shows that the j ,  profile is extremely well recon- 
structed in the peaked, flat and hollow cases. Even 
the profiles of plasma pressure and diamagnetic cur- 
rent are recoristriicted with good accuracy. The effect 
of a11 uncertainty *Srin 011 the spectroscopic identifi- 
cation of the plasma inboard lioundary 0x1 the equa- 
torial plarie produces a large iiricertainty in the recon- 
structed profiles of plasma pressure arid diamagnetic 
current, but a more limited error on the reconstruc- 
tion of the current density profile. 

Finally, Section 8 is devoted to conclusions. 

2. THE SPHERICAL TORUS 
AND THE PROBLEM WITH 

MAGNETIC MEASUREMENTS 

Iri the case of an axisynirnetric: plasma, where the 
vector potential A can be expressed through the 
scalar flux fiinction U'/ = 27rRA4 (R is the distance 
from the symmetry axis), assinning static MHD equi- 
librium ( V p  = j x B, p o j  = V x B), the Grad- 
Shafranov equation [14] is obtained in the cylindrical 
co-ordinates (R,  Z, q5)! 

ant1 its c:urrerit density soiirce is specified as 

1760 NUCLEAR FUSION, Vol. 37,  No. 12 (1997) 



ARTICLE 

(m 

1.6 

1.2 

0.8 

0.4 

0 

-/ - SPHERICAL TORUS EQUILIBRIA 

Electrode 

. PF3 1- 

PF5 

I I I 
I 

0 0.4 0.8 1.2 
R 

FIG. 1. Predictive equilibrium for SPHERA with toroidal current Ip = 2.7 MA; pinch current 
Ie = 0.38 MA, which means BTO = 0.212 T at R = 0.36 m; p(?j , )  = $'.' and , f z ( $ )  = $'.'; 
p, = 0.07, which raises BT to 1.05 T. The poloidal field coils are shown in black, whereas the 
upper electrode feeding the pinch current I ,  is shown in grey. (a) Contour map of flux function $, 
(b) contour map of toroidal current density j,. 

where p ( $ )  is the kinetic plasma pressure arid f($) 
the diamagnetic plasma current. 

In a spherical torus the extreme toroitlicity should 
help in the task of tlie experirnental equilibrium 
reconstruction, as the cylindrical degeneracy, which 
is due to the coincidence between constant toroidal 
current density j ,  surfaces and constant flux li, sur- 
faces in a cylinder, is completely removed by tlie large 
excursion of tlie factors R arid 1/R in the current 
density source (2).  The enhancement in the tletach- 
merit of the j ,  surfaces from the 4) siirfaces, which 
is obtained in spherical tori, with resp 
tiorial aspect ratio tokamaks, is illustrat,ed in Fig. 1. 
It refers to a predictive equilibrium calculation for the 
SPHERA experiment proposal. 

The SPHERA experiment proposal is to test an 
iiltralow aspect ratio tokamak (ULART) [15], where 
the central conductor is substituted by a c:iirrent car- 
rying plasma, typically a stabilized screw pinch, fed 
by two electrodes placed on the polar caps of the 
plasrria sphere. Such a configuration has been inves- 
tigated under the name 'bumpy Z pinch' [16] or 'flux 

core spheromak' [3, 171. In its most advanced sce- 
nario, SPHERA tries to overcome the two main diffi- 
culties of the ULART concept: to avoid neutron dam- 
age to the central conductor [18] and to sustain the 
ULART configuration, in the absence of inductive 
current drive, through DC helicity injection, obtained 
by driving the plasrria current I ,  along the lines of 
force of the central screw pinch. The feasibility of such 
a configuration is very difficult to treat theoretically: 
a dedicated experiment could have great importance 
for proving this solution. 

A configuration very similar to that of SPHERA 
lias been obtained on TS-3 at  Tokyo University [19]. 
The configuration set-up on TS-3 is a flux core 
spheromak smaller than SPHERA by a factor of 5 
to G in linear dimensions. The toroidal plasma has 
been formed starting only from t,he current driven 
between tlie external electrodes of two plasrria guns. 
The magnetic field measurements confirm the estab- 
lisliment of a flux (:ore spheromak, whose formation 
from the longitudinal electrode c:urrent is attributed 
to a kink rnotle, which is able to convert the magnetic 
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Table I. Main Parameters of the Three Phases of the Proposed SPHERA Experiment 

SPHERA-RF SPHERA-HI SPHERA 

R (4 0.415 0.385 0.36 
0, (4 0.305 0.295 0.29 
A 1.36 1.3 51.25 
I ,  (MA) 3 1 12 .7  
BTO (T) 2.3 0.33 0.212 
( P )  (%I 2-4 22 24 

Auxiliary heating" NBI (95 keV, 4 MW), HICD (>2  MW), HICD (>4 MW), 
LHCD (8 GHz, 3 MW), 

ECRH (140 GHz, 1.5 MW) 
NBI (95 keV, 4 MW) NBI (95 keV, 4 MW) 

Pulse length (s) 1.5 > 15 >15 

a NBI, neutral beam injection. 

flux from poloidal to  toroidal. A compression experi- 
merit has also been successfully undertaken [20]. The 
configuration has been maintained for about 100 p s ,  
i.e. tens of Alfvkn times, before becoming unstable 
probably owing to a tilt instability caused by the 
excessive compression [Is]. 

The most advanced scenario of SPHERA with the 
central screw pinch must be prepared through pre- 
liminary simpler scenarios, which are ULART exper- 
irnents with a central conductor. Two scenarios with 
central conductor can be envisaged: SPHERA-RF 
with lower hybrid c:iirrent drive (LHCD), electron 
cyclotron resonant heating (ECRH) and NBI and 
SPHERA-HI with helicity injection current drive 
(HICD), where a large clivertor region allows the 
study of helicity injet:tion, even in circumstances 
where powers of a few tens of megawatt,s should be 
required 011 the el rodes. The central rod alone, 
among all other windings, could be a cryogenic liq- 
uid nitrogen conductor. The rriairi parameters of the 
three experimental phases of SPHERA are shown in 
Table I. 

In particular, in the flux core spheromak configu- 
ration, where a cxirrent carrying plasma replaces the 
central conductor, magnetic probes canxiot be present 
in the hole of the spherical torus and must be limited 
to loop voltages arid poloitlal pick-up coils around the 
plasma sphere (Fig. 2). Even in the other scenarios 
with a central rod, the limited available space (which 
must host the conductor, the cryogenic cooling chan- 
riels and an outer vaciium sealing) could prevent the 
insertion of magnetic probes in  the central hole of the 
spherical torus. This raises the question about what 
can be measured if magnetic probes are not present 

in the cavity of a spherical torus and, furthermore, 
the question about which non-magnetic data  must 
be added to the data of magnetic probes around a 
plasma sphere. 

In order to answer these questions the three sce- 
narios SPHERA, SPHERA-RF and SPHERA-HI, the 
first two endowed with a double null separatrix and 
the last one with a single null separatrix, have been 
calculated using the ODIN predictive equilibrium 
code [12, 211. This code is based upon the expansion 
of the flux function in toroidal multipolar moments 
and is able to produce spherical torus equilibria 
simultaneously down to an aspect ratio A = 1.2 and 
up to an elongation K, = 3, when run in free bound- 
ary mode. The ODIN code is based on a toroidal 
co-ordinate mesh, which is made of non-concentric 
c:irciilar cross-section tori; the mesh boundary neces- 
sary for including a spherical plasnia is many times 
greater than the plasma region and encompasses all 
the poloidal field coils. Thus, the predictive equilibria 
are achieved by iising the toroidal multipolar expan- 
sion up to  t,he very high poloidal number 'rn. = 11 and 
by  accounting for the flux from all the poloidal field 
coils through elliptic integrals. 

Other predictive equilibrium calculations are 
shown in Fig. 3, where a variety of plasmas envisaged 
for the proposed SPHERA experiments are consid- 
ered. Figure 3(a) shows a larger aspect ratio A = 1.5 
calculated for the formation and compression scenario 
of SPHERA, before reaching the final configuration 
of Fig. 1; Fig. 3(b) shows a reversed shear profile for 
SPHERA-RF and Fig. 3(c) a single null configuration 
for SPHERA-HI. 
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I I B,1 pick-up coils 

! 
1 
FIG. 2. Flux core spheromak configuration, where a current carrying plasma 
replaces the central conductor: magnetic probes cannot be present in the cavity 
of the spherical torus and must be limited to loop voltages and poloidal pick-up 
coils around the plasma sphere. 

However, the reconstructive version of the ODIN 
equilibrium code [12] cannot be used for diagnosing 
spherical torus equilibria, as it is based upon the trun- 
cation to the low toroidal multipolar order vt, = 3. 
This has forced us to set up an equilibrium recon- 
struction code based on spherical co-ordinates [22], 
which are in any event the most natural co-ordinates 
for treating spherical tori. 

3. SPHERICAL MULTIPOLAR EXPANSION 

The spherical co-ordinates are a well known stan- 
dard choice in mathematical physics [22]. In the 
axisymmetrical case, when the vector potential A 
is expressed through the scalar flux function @ = 
27rRA4, the homogeneous magnetostatic vector equa- 
tion V2A = 0 becomes, in spherical co-ordinates, 

a2qi sine 8 1 3.4'1 
r2 88 sine 38 (3) - a2r +--(--) = o  

and admits a decomposition in the form 

+(r, e) =  MAT-^, + M;P+') sin QP; (cos e) (4) 

where the constants MA, and M: depend on the con- 
ditions at the boundaries of the currentless domain 
(included between two concentric spheres) in which 
(3) holds. The functions PA ((:os 8) are index-1, order- 
R Legendre polynomials [22]. An additional term 
(Mor cos e) is neglected here, as it represents an 
unphysical radial cylindrical symmetric magnetic 
field, diverging like 1/R. The additional arbitrary 
constant is such that $ = 0 on the symmetry axis 
e = 0 , T .  

The inhomogeneous magnetostatic vector equation 
V2A = - p o j ,  in the case of axial symmetry, becomes 
[I311 

00 

n,=l 
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R cm)  

FIG. 3. Predictive equilibria for SPHERA. (a) Contour 
map of flux function li, for SPHERA during formation and 
compression with toroidal current I ,  = 0.345 MA, pinch 
current Ie = 0.38 MA, ~ ( $ 1 )  = ,411,3 and , f 2 ( + )  = 741,3, 
and /3, = 0.1. (b) Contour map of li, for SPHERA-RF 
with Ip = 3.0 MA, BTO = 2.3 T at R = 0.36 m; p ( $ )  and 
, f 2  ($) are polynomials able to produce a hollow j ,  profile 
and Pp = 0.25, which raises BT to 2.6 T. (c) Contour 
map of $ for SPHERA-HI with I ,  = 1.0 MA, BTO = 
0.33 T at R = 0.36 m, p ( $ )  = ,411,3 and , f 2 ( $ )  = ,41' ,~,  and 
p, = 0.1. The poloidal field coils are the same as those 
shown in full in Fig. 1. The central conductors are shown 
in grey in (b) and (c). The electrodes are the same as 
those shown in Fig. 1 in (a), they are absent in (b) and 
they are present in both the upper separatrix tails in the 
single null configuration shown in (c). 

when (5) is solved over the entire space, with the reg- 
ulatory condition l ini~T~-M lV+l = 0, the flux fun(:- 
tiori admits, in spherical co-ordinates, a decmnposi- 
tion very similar to (4), 

M 

n,=l 

+ Ad; (~ ) r~ ,+ ' ]  sin Q P,'(cos Q) ( 6 )  
where the functions MA,(r) and M:,(r) are respec- 
tively the internal arid external spherical multipolar 
moments of order n, associated with the current den- 
sity j,. 

The expression for the internal spherical multi- 
polar moments is evaluated as an integral of the 
toroidal current density j ,  ( T O ,  Bo)  which flows inside 
the sphere with radius T ,  

MA(r) = 

For the external spherical multipolar moments, the 
integral is over the toroidal current density, which 
flows outside the sphere with radius r ,  

j%(r) = 

The poloidal field is 

V$ x e# 
2nr sin Q 

B = V x A =  

As the radial derivatives of internal and external mul- 
tipolar moments are connected by 

d ~ d ;  ( r ) / d r  = - P + l  dM:(T)/dr (9) 

in full analogy with the case of the toroidal multipo- 
lar moments [23], one can show that the radial deriva- 
tives of the spherical multipolar moments are not rel- 
evant to the calculation of the poloidal magnetic field, 

- (n + ~ ) M ~ ( T ) T " - ~ ] P ~ ( c o s Q )  (11) 

where P," (cos Q) are index-0, order-n, Legendre poly- 
noniials [22] .  

4. ANALYSIS OF 
SPHERICAL TORUS EQUILIBRIA 
IN SPHERICAL CO-ORDINATES 

Magnetic measurements can be located, as shown 
in Fig. 2, on a half-meridian circle lying upon a sphere 
( T  = r p r )  that surrounds the spherical plasma and 
does not contain any poloidal field coils. Referring 
to Fig. 1 and to (7) and (8), it is apparent that the 
currents flowing in the poloidal field coils generate 
the external multipolar moments ME (rpr), and that 
the current flowing in the plasma generates the inter- 
nal multipolar niorrients MA, (rPr) , provided that rpr is 
inside the coils. The multipolar expansion (6) is the 
solution to the local Cauchy problem of determin- 
ing the flux function $ when the flux and its normal 
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derivative on the surface T = rpr are known. Con- 
versely, it is clear that the measurement of the flux $ 
at T = rpr, designated by $Pr(6'), and of the poloidal 
field Be tangential to the sphere T = T ~ ~ ,  designated 
by B;'(O), can determine hoth the internal arid the 
external multipolar expansion. By using (6) and (11)) 
as well as the orthogonality property of associated 
Legendre functions 

the value of the spherical multipolar niorrients can be 
derived as 

M:,(rpr) = 2 1" @'r(0)P~(cos6)dQ 

The values of $Pr (e) and of Bir (e) have been cal- 
culated from the predictive equilibrium code on one 
hundred points, equally spaced in co-latitiide 19, on a 
half-meridian circle (0 5 8 5 T) located on the sphere 
T = rpr = 0.75 r n  (full curves in Fig. 4).  

As the poloidal field coils PF1 and PF2 (Fig. l (b) )  
are quite near to the measurement contour, their field 

0 xn x 
CO-latitude 8 

FIG. 4. The SPHERA experiment with toroidal current 
I ,  = 2.7 MA, pinch current le = 0.38 MA, same param- 
eters as those in Fig. 1: (a) predictive equilibrium calcu- 
lation (full curve) and description by spherical harmonics 
truncated to n, = 7 (dashed curve) for flux measurement 
$P'(O), (b) predictive equilibrium calculation (full curve) 
and description by spherical harmonics truncated to n, = 7 
(dashed curve) for poloidal field measurement B,P' (e) tan- 
gential to the sphere T = T , , ~  = 0.75 m. 

is described by an excessively high number (n 2 11) 
of multipolar moments. The measurement of such 
high orders of spherical rriultipoles would not be feasi- 
ble in an experiment. On the other hand, a truncated 
nieasiirenient up to the order n = 7 should be fea- 
sible: in an up-down symmetric spherical torus the 
non-zero internal spherical multipolar moments are 
only the odd ones, n, = 1,3,  5,7.  The n, = 7 internal 
spherical moment expresses the triangular deforma- 
tion of the current density inside the plasma and this 
triangular multipolar component is easily measured 
in conventional large aspect ratio tokamaks [12]. The 
accuracy of the truncation is cured by assuming the 
currents flowing in PF1 and PF2 as being perfectly 
known: the II,PF(e) and BFF(Q) contributions they 
produce on the measurement contour are calculated 
separately through elliptic integrals. The remaining 
configuration can be well described by a series of 
spherical harmonics truncated to n, = 7, 

7 

n,=l 

- (7-7. + l ) ~ ~ ( T p I ) T ~ ~ - l ] P A ( ( : O S e ) .  (15) 
The result, of the spherical multipolar analysis is 

shown as dashed curves in Fig. 4, which represents 
the field and fluxes calculated on T = rpr through 
the series (14) and (15) truncated to n = 7; the 
effect of PF1 and PF2 is summed back after (12) 
and (13) have determined MA, (rpt) and M;(rPr). Fits 
with similar accuracy (A$/$ I 5%, ABelBe L 3%) 
are obtained when other predictive equilibria, such 
as those shown in Fig. 3, are analysed in terms of 
spherical co-ordinates. 

5 .  RECONSTRUCTION OF 
THE PLASMA BOUNDARY 

The simplest attempt is that of reconstructing the 
plasma shape by a series of constant spherical multi- 
polar moments, truncated to R = ' 7 ,  

7 

1//"ac(T, e) = t//PF(T, e) + [MA,(Tpt )T-n ,  
n,=l 

+ M ; ( T ~ ~ ) T ~ , + ' ]  sin 0 PA (cos e). (16) 
This attempt is quite clearly doorried to failure: 
the radial behaviours of M;,(T) and M i ( r )  are far 
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from being constant and obviously remain unknown 
from magnetic measurements external to the plasma 
sphere. However, it is the first step in the direction of 
an equilibrium reconstruction. 

The flux surfaces of (16) are explored by search- 
ing for a null point of the associated poloidal field, 
which is expressed by a series of constant spherical 
multipolar moments, truncated to R = 7, 

- ( n  + l ) M ~ ( r p , . ) r n ~ - l ] P ~ ( c o s B )  (17) 

1 '  
B F ( r ,  Q) = BFF(Q) - - 27r [MA,(rpr)r-n-2 

n = l  

+ M : ( r p r ) ~ n - l ] n ( n ,  + l)P;(c*osB). (18) 

The plasma boundary is labelled by the value $""' = 
li/x taken at the null point. Whereas the positions 
of the X points as well as the shape of the out- 
board plasma boundary (Fig. 5) turn out to be very 
well determined (an error of 2% of the outboard 
radius of the plasma sphere T = Rsph), the recon- 
structed inboard plasma boundary deviates from the 
true boundary by 5% of Rsph as soon as the first 15 

0 0.4 0.8 
R (m> 

FIG. 5 .  The SPHERA experiment with toroidal current 
Ip = 2.7 MA, pinch current Ie = 0.38 MA and the 
same parameters as those in Fig. 1. Boundary of predic- 
tive equilibrium calculation (heavy curves) and constant 
spherical multipolar moment reconstruction of flux sur- 
faces (light curves), obtained by measurements situated 
upon the sphere T = rpr = 0.75 m. The series of spherical 
harmonics is truncated to the order n, = 7 .  

to 20% of Rsph is entered, and even the total plasma 
current Ip cannot be determined. Similar results are 
also obtained for the other predictive equilibria shown 
in Fig. 3, where the larger aspect ratio case A = 1.5 
shown in Fig. 3(a) exhibits the larger deviation of the 
internal boundary. 

The two main quantities that remain undeter- 
mined, i.e. the toroidal plasma current Ip and the 
plasma inboard boundary on the equatorial plane 
( r  = r,,, Q = 7r/2), are indeed connected. By 
substituting (6) into (5)  one derives the follow- 
ing expression for the toroidal plasma current den- 
sity in terms of the internal spherical multipolar 
moments: 

x y P P , l ( c o s B ) .  dr 

This simple expression allows the evaluation of the 
total toroidal plasma current inside the ULART in 
terms of the odd ordered internal spherical multipolar 
nioments, 

00 
1 Ip = -- (2n,+ 1) 

T P O  oddn,=l  

\ 

This expression shows that in order to evaluate pre- 
cisely the total toroidal plasma current it is necessary 
to know both the position of qn as well as the radial 
behaviour of the odd ordered internal spherical mul- 
tipolar moments. 

6. EQUILIBRIUM RECONSTRUCTION 
IN SPHERICAL GEOMETRY 

The connection between the plasma inboard 
boundary 011 the equatorial plane ( r  = ~ i , ,  B = 
7r/2) and the total plasma current Ip can there- 
fore be exploited only through a full equilibrium 
reconstruction. As the data obtained from magnetic 
probes around the plasma sphere are not sufficient 
for this purpose, one can in addition fix ri, from non- 
magnetic measurements (e.g., visible spectroscopy) : 
experimental data from X point plasmas in the 
START spherical torus show that, when viewed by a 
high speed videocamera in visible light, the plasma 
boundary appears especially sharp on the inboard 
side [24]. 
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In the case of a spherical torus axisymmetric 
plasma, the Grad-Shafranov equation, expressed in 
spherical co-ordinates, is (5) and the current density 
source is specified as 

where p ( $ )  is the kinetic plasma pressure and f($) 
the diamagnetic plasma current. The problem of the 
equilibrium reconstruction is to start from the bound- 
ary conditions, i.e. the spectrum of the spherical mul- 
tipolar moments and the plasma inboard boundary 
on the equatorial plane, and to work back to an esti- 
mate on the p($) and f2(,4'/) functions. Fitting the 
plasma pressure by the functional form p($) = pl$A 
(with 0.5 < X < 1.5) and the squared diamagnetic 
current by f 2 ( $ )  = fl+" + f 241p  + f3+7 + f44i6 
(with a = -1, /j = 0.1, y = 1, 6 = 2 as a stan- 
dard choice) allows the description of a large set of 
current density profiles, including hollow and peaked 
ones. 

In an experimental equilibrium reconstruction a 
fit of the measured pressure profile [lo] would replace 
the monomial expression The choice of using 
four exponents for the squared diamagnetic cur- 
rent f2 ($ )  (which cannot be directly measured) is 
forced by the truncation to n, = 7 of the inter- 
nal spherical multipolar moments. In the iterative 
solution of the Grad-Shafranov equation, the five 
unknowns [iD1, f1, f 2 ,  f3,  f4] are determined, together 
with $, by the data [rin, Mj(rpt),MA(rpr), Mi(rpr), 

The iteration is start,ed from a reasonable guess 
for the 41 function and for the five coefficients 
E1 , fi, f2 ,  f3, f4]. The iterative process runs as fol- 
lows: the values of the tentative internal multipolar 
moments at  the edge of the mesh are calculated from 
t,he 41, , f; , f2 ,  f3, f4] evaluated at  the previous iter- 
ation step, as 

4 (rpr) 1.  

To carry out the calculation inside the plasma, 
a mesh (r,y,&), with 0 < r,? 5 rpr and j = 
1, ..., 60, 0 I Ok: 5 T and k = 1, ..., 60, 

based on spherical co-ordinates and evenly spaced 
(Ar = constant, Ae = constant), has been set up, 
The multipolar expansion of the Grad-Shafranov cur- 
rent density (21) leads to the definition of the fol- 
lowing purely geometrical mesh functions SA, ( j ,  k) , 
SE, ( j ,  k ) ,  I;, ( j ,  k )  and I;,(j,  k ) :  

r1?.+3 
sin2 e,p; (cos { r;n,+z (23) 

2T2Po 
n(n, + 1) 

(Ar AQ) 

(24) 

A set of correction factors E;, fi , fi , &, fi] is eval- 
uated by matching the aA,(rpr), evaluated a t  the 
edge of the mesh at  the previous iteration step, with 
the measured internal odd-ordered spherical multi- 
poles MA,(rpr) (derived from (12) and (13) with R = 
1,3,5,7) :  

for n, = 1,3,5,7.  The flux surfaces are explored 
by searching for the null point of the poloidal field 
associated with the 4) evaluated at  the previous 
iteration step, and the value $X of the flux func- 
tion at  the null point is computed (the vacuum 
value derived from (le), $X = &,, is used at  the 
first iteration). The constraint d)(qn,7r) = li/x is 
matched multiplying the external moments a: (Tin) ,  

evaluated at  the inboard plasma boundary at the 
previous iteration step, by the correction factors W f l f l f l f l ]  

1 1  1, 2 ,  31 4 1 
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which is derived from (14), taking into account the 
fact that all the iriterrial spherical moments are zero 
for T 5 rin, as no toroidal plasma current flows inside 
the innermost sphere T 5 rin. The system of Eqs (25) 
arid (26) is solved as a determined system of five equa- 
tions in five unknowns. 

Then the radial behaviour of the internal spherical 
multipolar moments is evaluated as 

The reriormalization of the even ordered internal 
MA (T) (with n, = 2,4,6)  during the iterations is sim- 
ply obtained, step by step, by forcing their values 
outside the plasma to be equal to  the measured ones 
Mh,(rpr), after the matching of the odd ordered Mh,(r) 
has been performed through the determined system 
(25) arid (26). 

Thereafter the radial behaviour of the external 
spherical multipolar moments is evaluated, 

The measured external spherical multipoles 
M:(rpr) (with n, = 1,2,  ..., 7) are used as bound- 
ary conditions. The new approximation to $ is calcu- 
lated as usual by (e), arid this distribution, along with 
the product of the previous El,  f1 , fz, j 3 ,  f4] , respec- 
tively, times the newly determined E:, f i ,  f i ,  f i ,  ?A] 
are fed back into the first step of the iteration (22) 
until the difference in yi between two successive itera- 
tions is less than a specified fraction of 11, over all the 
mesh. After the solution has reached convergence, 
using the determined b1, f l ,  f z ,  f3,  f4]  and the I) dis- 
ribution, it is straightforward to calculate the most 
important quantities connected with the equilibrium 
[25], i.e. the poloidal beta &, the internal self- 
inducta1ic:e 1i/2 and the paramagnetism pi 1121. The 
(:onvergence of the spherical reconstructive equilib- 
rium code is extremely fast, usually only five to 
six iterations are required to reach a precision of 

The absence of a mesh generator and the speed 
of c:onvergence of semianalytical deterministic Grad- 
Shafranov solvers [lo, 121 are their main advantages 
with respect to  finite element variational least squares 

Ag/qj = 10-4. 
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FIG, 6. The SPHERA experiment with toroidal current I ,  = 2.7 MA, pinch current I ,  = 0.38 MA 
and ,Bp = 0.07. (a) Contour map of flux function li, from equilibrium reconstruction (light curves) 
compared with plasma boundary from predictive equilibrium calculation of Fig. 1 (heavy curves); 
the measurement contour is situated on the sphere T = T~~ = 0.75 m. (b) Profile of plasma pressure 
p ( $ )  a s  a function of R on the equatorial plane from the predictive equilibrium calculation (full 
curve) and from the equilibrium reconstruction (dashed curve). (c) As (b) but for the square of 
the diamagnetic plasma current . f 2  ($). 

0 

FIG. 7. The SPHERA experiment with toroidal current 
I p  = 2.7 MA, pinch current I ,  = 0.38 MA and ,Bp = 0.07. 
Profile of toroidal current density j, as a function of R 
on the equatorial plane from the predictive equilibrium 
calculation (full curve) and from the equilibrium recon- 
struction (dashed curve). 

fit methods [26, 271, which have been widely employed 
in the analysis of tokamak experiments. The deter- 
ministic nature of the solver here presented, which 
also helps with the speed of the calculation, is, how- 
ever, a disadvantage as far as the flexibility is con- 
cerned: as a matter of fact the least sqiiares fit meth- 
ods [26, 271 have shown a very broad capability of 
incorporating a variety of diagnostic information. 

7. RESULTS OF 
THE EQUILIBRIUM RECONSTRUCTION 

IN SPHERICAL GEOMETRY 

The first case examined by the equilibrium 
reconstruction code is the full current scenario of 
SPHERA, whose predictive equilibrium is shown in 
Fig. 1. It is an ULART configuration with aspect 
ratio A = 1.25, for which the plasma inboard bound- 
ary on the equat,orial plane is qn = 7.3 cm and 
the plasma outboard boundary is Rsph = 65.2 cm. 
The safety factor profile is such that on the magnetic 
axis go = 1.1 and at  the edge q95 M 2. Figure 6(a) 
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FIG. 8. The SPHERA experiment with toroidal current Ip = 2.7 MA, pinch current I ,  = 0.38 MA and pp = 0.07. 
Effect of the uncertainty of the spectroscopic identification of the plasma inboard boundary on the equilibrium 
reconstruction: the dashed curves refer to qn = 7.3 + 0.5 cm, the dotted curves to qn = 7.3 - 0.5 cm and the 
full curves to rin = 7.3 cm. (a) Profile of the reconstructed plasma pressure p ( $ ) ,  (b) profile of the reconstructed 
square of the diamagnetic plasma current , f 2 ( y 5 )  and (c) profile of the reconstructed toroidal current density j ,  
as functions of R on the equatorial plane. 

Table 11. SPHERA with Toroidal Current I, = 2.7 MA, Pinch Current 
I, = 0.38 MA and p ,  = 0.07 
(Macroscopic quantities as calculated from predictive equilibrium and from reconstruc- 
tive equilibrium, including the uncertainty on the plasma inboard boundary ~ i , :  outboard 
boundary &ph, toroidal plasma current Ip, poloidal beta pp , internal self-inductance 1i/2 
and paramagnetism p i )  

Tin (cm) Rsph (cm ) IP (MA) PP  li/2 Pi 

Predictive 7.3 65.2 2.70 0.070 0.110 -0.330 
Reconstructive 7.3 + 0.5 64.4 2.56 0.130 0.092 -0.280 
Reconstructive 7.3 64.4 2.72 0.073 0.104 -0.324 
Reconstructive 7.3 - 0.5 64.4 2.88 0.022 0.116 -0.362 

shows the result of tlie equilibrium reconstruction, 
obtained by fixing the exponent of the plasma pres- 
sure p ( $ )  = ;olli/’ to tlie value used in the predictive 
calculation, X = 1.1. The error on the total plasma 
current is less thari I%, 20 kA over Ip = 2.7 MA; 
the error in the position of the plasma boundary is a t  
most 2% of &ph (owing to the truncation to n = 7 
spherical harmonics) ; the error 011 the poloidal beta 
is 0,003 over /jp = 0.07 and the error on the internal 
self-inductance is 0.006 over 1i/2 = 0.11. Eve11 the 
profiles of plasma pressure and of diamagnetic current 
are reconstructed within a few per cent, Figs 6(b) arid 
(c), The j +  profile is extremely well reconstructed, as 
shown in Fig. 7. The accuracy of the safety factor pro- 
file reconstruction is siidi that on tlie magnetic axis 
sqo/qo = 10%. 

The effect of an uncertainty &Sri, upon the spec- 
troscopic identification of the plasma inboard bound- 
ary on the equatorial plane is assessed in Fig. 8, 

where an error 6rin = h0.5 cm over rin = 7.3 cm 
produces a large uncertainty on the reconstructed 
profiles of plasrria pressure arid diamagnetic current, 
but a more limited error on the reconstruction of the 
c:urrent density profile. Table I1 summarizes the effect 
of an uncertainty &Sri, upon the main macroscopic 
plasma quantities. The uncertainty introduced on the 
qo value is Sqo/qo  = hll%. 

The effect of the uncertainty connected with the 
choice of the exponent of the plasma pressure p(+) = 

in the range 0.5 < X < 1.5 is shown in Fig. 9 
and turns out to be almost null on the reconstruction 
of the current density profile arid quite small even on 
the reconstructed profiles of plasma pressure and dia- 
magnetic current. Also the main macroscopic plasma 
quantities are unaffected by variations of X in the 
range 0.5 < X < 1.5. 

The second case examined is the larger aspect ratio 
A = 1.5 (Fig. 3(a)) calculated for the formation 
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FIG. 9. The SPHERA experiment with toroidal current I ,  = 2.7 MA, pinch current I ,  = 0.38 MA and pp = 0.07. 
Effect of the uncertainty of the exponent X of the plasma pressure p(l i , )  = PI$' on the equilibrium reconstruction: 
the dashed curves refer to X = 1.5, 'the full curves to X = 1.1 and the dotted curves to X = 0.5. (a) Profile of 
the reconstructed plasma pressure p ( $ ) ,  (b) profile of the reconstructed square of the diamagnetic plasma current 
f2(dj) and (c) profile of the reconstructed toroidal current density j ,  as functions of R on the equatorial plane. 
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FIG. 10. The SPHERA-RF experiment with Ip = 3.0 MA, BTO = 2.3 T at R = 0.36 m and 
p, = 0.25, which raises BT to 2.6 T. (a) Contour map of flux function T,!I from equilibrium recon- 
struction (light curves) compared with plasma boundary from the predictive equilibrium calculation 
of Fig. 3(b) (heavy curves); the measurement contour is situated on the sphere T = rp, = 0.75 m, 
the central conductor is shown in grey. (b) Profile of plasma pressure p($) as a function of R from 
the predictive equilibrium calculation (full curve) and from the equilibrium reconstruction (dashed 
curve), (c) as (b) but for the square of the diamagnetic plasma current ,f2($) .  

arid compression scenario, before reaching the final 
configuration. The plasma inboard boundary 011 the 
equatorial plane is rin = 14.3 crn arid the plasma out- 
board boundary is Rsph = 69.9 mi. The safety factor 
profile is such that on the magnetic: axis 40 M 1.0 and 
a t  the edge 495 M 2.5. The error 011 the total plasma 
ciirrent is about 3%, 11 kA over Ip = 345 kA; the 

error in the position of the plasma boundary is at  
most 1% of Rsph (owing to the truncation to n, = 7 
spherical harrnonics); the error on the poloidal beta 
is 0.02 over /jp = 0.10 and the one on the internal 
self-inductance is 0.035 over li/2 = 0.23. The accu- 
racy of the safety factor profile reconstruction is such 
that on the magnetic axis 6qo/qo 17% and the 
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Table 111. SPHERA-RF with I, = 3.0 MA, BTO = 2.3 T at R = 0.36 m and 
p ,  = 0.25 
(Macroscopic quantities as calculated from predictive equilibrium and from reconstruc- 
tive equilibrium, including the uncertainty on the plasma inboard boundary rin: outboard 
boundary &ph, toroidal plasma current Ip, poloidal beta [jp, internal self-inductance l i / 2  
and paramagnetism p i )  

Tin (cm) Rsph (cm ) Ip (MA) P P  li /2 Pi 

Predictive 10.9 70.5 3.00 0.250 0.160 -0.380 
Reconstructive 10.9 + 0.5 69.7 2.88 0.284 0.179 -0.374 
Reconstructive 10.9 69.7 2.88 0.241 0.184 -0.410 
Reconstructive 10.9 - 0.5 69.7 3.12 0.170 0.195 -0.468 

uncertainty introduced by an error 6rin = f 0 . 5  cm 
on the qo value is Gqo/qo = f25%.  

The third case considered is a reversed shear pro- 
file for SPHERA-RF (Fig. 3(b)) with qmin M 3 arid 
q95 M 7. The plasma inboard boundary 011 the equa- 
torial plane is rin = 10.9 cm arid the plasma out- 
board boundary is Rsph = 70.5 cm. Figure lO(a) 
shows the result of the equilibrium reconstruction, 
obtained by fixing the exponent of the plasma pres- 
sure p(lj1) = p1t/iX to the intermediate value X = 1; 
in this case, the predictive equilibrium was generated 
by polynomial functions for both p ( $ )  and f 2 ( $ ) .  

The error on the total plasma current is about 4%, 
120 kA over Ip = 3.0 MA; the error on the position 
of the plasma boundary is at most 1% of Rsph (owing 
to the truncation to n, = 7 spherical harmonics); the 
error on the poloidal beta is 0.01 over /jp = 0.25 
arid that on the internal self-inductance is 0.024 over 
l i / 2  = 0.16. The profiles of plasma pressure arid of 
diamagnetic current are reconstructed with a good 
accuracy, Figs 10(b) and (c). 

Table I11 summarizes the effect of an uncertainty 
&Srin in the spectroscopic identification of the plasma 
inboard boundary iipori the main macroscopic plasma 
quantities. 

The hollow j ,  profile, shown in Fig. 11, is 
extremely well reconstructed. The accuracy of the 
safety factor profile reconstruction is such that at the 
rniriinium of the hollow q profile 6qmin/qmin E 6% 
and the uricertainty introduced by an error &-in = 
rtO.5 cm OII the qmin value is 6qmin/qmin = *6%. 

The effect of the values of /jp and l i / 2  on the 
accuracy of the equilibrium reconstruction has been 
explored. At low values of interrial self-inductance 
li /2 M 0.2 (which are the most typical of spherical 
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FIG. 11. The SPHERA-RF experiment with Ip = 3.0 MA, 
BTO = 2.3 T at R = 0.36 m and pp = 0.25. Profile 
of toroidal current density j ,  as a function of R on the 
equatorial plane from the predictive equilibrium calcula- 
tion (full curve) and from the equilibrium reconstruction 
(dashed curve). 

tori), the acciiracy of the reconstruction increases 
monotonically with the value of PP: as an example at  
A E 1.3, the error on the determination of pp and li/2 
decreases from S/jp//jp M 6 ( l i / 2 ) / ( l i / 2 )  E f (4-5)% 

for /jp = 0.50. Even the effect of the uncertainty 
upon [jp and bi/2 introduced by an inaccuracy 
Srin = 5% in the spectroscopic identification of the 
plasma inboard boundary decreases from 6Pp//3, E 

for /jp 10.07 to 6pP//jp E 6 ( l i / 2 ) / ( l i / 2 )  E &(1-2)% 

6 ( l j / 2 ) / ( l i / 2 )  E *(40-70)% for ,Lip = 0.07 to 
sgppp E h ( l i / 2 ) / ( 4 / 2 )  E *(5-15)% for [jp = 0.50. 
The beneficial effect of 8, is due to the increase of the 
Shafranov shift, which makes the external field and 
fluxes more sensitive to the internal distributions of 
pressure arid current. 
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On the other hand, tlie increase of self-inductance 
decreases the accuracy of the equilibrium reconstruc- 
tion: as an example at A w 1.3 and ijjp = 0.50, 
the error on the determination of ijjp and bi/2 
decreases from S/3,/@, M S(li/2)/(li/2) M &(1-2)% 

w &(5-10)% for li/2 = 0.67. Even the effect of the 
uncertainty upon /?p and bi/2 introduced by an inac- 
curacy = &5% in the spectroscopic identifica- 
tion of the plasma inboard boundary increases from 

for 1i/2 = 0.26 to Sjjp/ijjp M 6(li/2)/(li/2) 

spp/pp M 6(li/2)/(li/2) M &(5-15)% for l;/2 = 0.26 
to S[jp//jp M 6(li/2)/(li/2) M &(lo-40)% for bi/2 
0.67. The negative effect of li/2 is due to the increase 
of the current density flowing 011 large aspect ratio 
flux surfaces. It has to be remarked, however, that 
values of li/2 = 0.67 correspond in spherical tori 
to extremely peaked current density profiles, such as 
those having a safety factor qo M 1.0 011 the magnetic 
axis with q95 M 12. Furthermore, the uncertainty in 
the qo value remains quite limited, SqO/qo M iIOCT0, 
even allowing for an inaccuracy 6rin/rin = f5% or for 
an uncertainty in the exponent X of the plasma pres- 
sure p ( $ )  = which introduces an iincertainty 
in the value of the plasma pressure at  the magnetic 

The effect of the uncertainties upon the absolute 
values of the magnetic measurements can be esti- 
mated to be less than &l% [lo];  this error should 
be negligible as it is much less than tlie multipole 
truncation error (k( 3-6)%) that is considered here. 
A further effect introduced by the mechanical limita- 
tions to the positions of tlie measuring probes cannot 
be ascertained in general, but must be dealt with 011 

the basis of the detailed design of the load assembly 
of the spherical torus experiment. 

axis, Sp($axis)/p(li/axis) M f5O%. 

8. CONCLUSIONS 

In spherical tori the cylindrical degeneracy, which 
is due to the coincidence between constant toroidal 
current density j, surfaces and constant flux 4) sur- 
faces, is completely removed. This shoiild help in the 
task of the experimental eqiiilibrium reconstriiction 
from magnetic measurements. However, the reduced 
space available near the central conductor in spher- 
ical tokamaks arid the possibility of prodiicing flux 
(:ore splierornak configurations without a central con- 
ductor could prevent the insertion of magnetic probes 
in the central cavity of spherical tori. 

A variety of spherical torus configurations, all 
eridowed with a double or single null separatrix, in 

a range of aspect ratios 1.2 < A < 1.5 and with 
peaked, flat and hollow j, profiles have been calcu- 
lated by a predictive equilibrium code. The fluxes and 
fields produced by the predictive equilibrium calcu- 
lations have been analysed in terms of the spher- 
ical multipolar rrionients obtained from simulated 
magnetic probe measurements located only upon the 
sphere T = rpr surrounding the spherical plasma. The 
attempt to reconstruct the spherical plasma bound- 
ary through constant spherical multipolar moments 
gives the obvious result that the positions of the 
X points as well as the shape of the outboard plasma 
boundary (4) = 4)~) are very well determined, but it is 
impossible to reconstruct the inboard plasma bound- 
ary and even the total plasma current Ip remains 
undetermined. 

As the data obtained from magnetic probes around 
the plasma sphere are riot sufficient for attempting 
a full plasma equilibrium reconstruction, one has to 
determine, in addition, from non-magnetic measure- 
ments (e.g., visible spectroscopy) the plasma inboard 
boundary on the equatorial plane T = rin. The con- 
straint $ (qn ,7 r )  = $X is added to the constraints 
of matching the odd internal spherical multipoles 
M:,(rpr) (with R = 1,3,5,7)  in an iterative solution 
of the Grad-Shafranov equation, based on a spher- 
ical geometry. The plasma pressure is expressed by 
the fiinction p ( $ )  = PI$' (with 0.5 < X < 1.5) 
and the parametric form 

f 2 ( u ' l )  = flV + f 2 4 P  + f 3 4 ) l  + f44)2 

is used for the squared diamagnetic current. The 
five unknowns b1, f l  , f 2 ,  f 3 ,  f 4 ]  are determined by the 
data [Tin,  Mi (yPr) ,  Mi (rpr), (rPr), M$ ( T ~ ~ ' ) ] .  The 
convergence of the spherical reconstructive equilib- 
rium code is extremely fast, iisiially only five to 
six iterations are required to reach a precision of 

The results of the spherical reconstruction are 
quite encouraging. The error on the total plasma 
ciirrent Ip is less than 1% at very low aspect ratio 
A < 1.3 arid readies 3% at A = 1.5. The error on 
the position of the plasma lmuntlary is at  most 2% 
of Rsph (owing to tlie truncation to R = 7 spheri- 
cal harmonics), and the error on tlie poloidal beta [jp 

and that on the internal self-inductance li/2 at  most 
15%. Even the profiles of plasma pressure and of dia- 
magnetic current are reconstructed to within a few 
per cent and, finally, the j, profile is extremely well 
reconstructed in peaked, flat ant1 hollow cases. 

The effect of the iincertainty connected with 
tlie choice of the exponent of the plasma pressure 

~ g / q )  = 1 0 - 4 .  
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p ( $ )  = PI$’, chosen in the range 0.5 < X < 1.5, 
turns out to be almost null on the reconstruction 
of the current density profile and quite small even 
on the reconstructed profiles of plasma pressure and 
diamagnetic current. Furthermore, the possibility of 
supplementing the shape of the measured pressure 
profile to an experimental equilibriuni reconstruction 
should reduce this uncatainty. 

The effect of an uncertainty &Sri, upon the spec- 
troscopic identification of the plasma inboard bomid- 
ary on the equatorial plane produces a large uncer- 
tainty on the reconstructed profiles of plasma pres- 
sure and diamagnetic current and on the determina- 
tion of pp and of 4 / 2 ,  but a more limited error upon 
the total plasma current and upon the reconstruction 
of the current density profile. Therefore, the spectro- 
scopic identification of the plasma inboard boundary 
is the most critical issue for the equilibrium recon- 
struction, when magnetic measurements cannot be 
inserted in the central cavity of a spherical torus. 
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