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ABSTRACT 

A diamagnetic loop is used on the ISX-B tokamak to measure the change in 
toroidal magnetic flux, caused by finite plasma current and perpendicular 
pressure. From this measurement, the perpendicular poloidal beta is deter-
mined. The principal difficulty encountered is in identifying and making correc-
tions for various noise components which appear in the measured flux. These 
result from coupling between the measuring loops and the toroidal and poloidal 
field windings, both directly and through currents induced in the vacuum vessel 
and coils themselves. An analysis of these couplings is made and techniques for 
correcting them developed. Results from the diamagnetic measurement, employing 
some of these correction techniques, are presented and compared with other data. 
The obtained values of jS/x agree with those obtained from the "equilibrium" mag-
netic analysis (ffm) in ohmically heated plasmas, indicating no anisotropy. How-
ever, with 0.3-2.0 MW of tangential neutral beam injection, is consistently 
greater than and qualitatively consistent with the formation of an anisotropic 
ion velocity distribution and with toroidal rotation. Quantitatively, the difference 
between and 0i± is more than can be accounted for on the basis of the usual 
classical fast ion calculations and spectroscopic rotation measurements. 

v 



1. INTRODUCTION 

The diamagnetism of a plasma column with an axial magnetic field can be measured and used 
as a classic diagnostic of the average perpendicular pressure.1 !n a tokamak with plasma current I r 
and toroidal magnetic field Br on axis, the toroidal flux change due to the plasma, M>, is given by 
Eq. (1), which is a very good approximation even for plasmas of noncircular cross section and high 
beta: 

In Eq. (I) , 0/± is the perpendicular poloidal beta, defined as 

where (p±) is the volume-averaged perpendicular pressure of the plasma and TTp is the line-
averaged poloidal field along the plasma boundary. The net flux difference is actually the sum 
of the "paramagnetic ',lux," {•/ . • (iioIr)2/SwBT, due to the poloidal component of force-free 
plasma currents and the "diamagnetic flux," £4/> - due to poloidal currents providing 
force balance against nonzero p±. 

Since accurate measurements of lf and BT are easily obtained, a measurement of 69 is in 
effect a direct measurement of 0/j . . The technique has been in widespread use in tokamak experi-
ments for a number of years and currently seems to be experiencing a resurgence as magnetic diag-
nostics are increasingly relied upon for measurement of average plasma pressure. Diamagnetic 
measurements, when combined with "equilibrium" pt measurements, can be helpful in assessing the 
degree of plasma anisotropy and/or toroidal rotation. 

In ISX-B, 5$ is measured using a loop of wire wrapped around the minor plasma cross section. 
The voltage across its terminals is integrated to produce a signal proportional to the magnetic 
flux enclosed by it. Unfortunately, b t is quite small (typically, |S4| ~ |S4>| — 1 mWb in ISX-B) 
compared to the vacuum toroidal flux (typically —1 Wb) also enclosed by the loop. Their ratio 
can be estimated from characteristic tokamak parameters: 

6*P 

*T 
j ^ { q a A ) ~ ^ 2 X 10"J . ( 3 ) 

The numerical estimate in Eq. (3) was obtained using typical values for ISX-B: safety 
factor q„ > 2.5; aspect ratio A m R/a =* 3.S; and the ratio of the plasma cross-section area Sp 
to the loop area Si, Sp/Si at 0.3. From this sstimate, it is clear that in any scheme for measuring 
6$, the background flux 4>r must be compensated with extreme accuracy (about I0~4 for a ± 10% 
measurement of 0 / x ) ; effects that would be considered small in comparison to 4 r may actually be 
large when compared to 

Section 2 of this report provides a description of the ISX-B diamagnetic loop* and compensa-
tion circuit. Sections 3 and 4 contain thorough analyses of the couplings between the loops and 
the toroidal field (TF) and poloidal field (PF) coils, respectively. On the basis of tbete analyses, 
techniques for reducing the data are developed. Readers having no interest in these details, how-
ever, might wish to proceed directly to Sects. 5 and 6, which contain results obtained during the 
mid-1982 operating period and conclusions. 

I 
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2. DESCRIPTION OF LOOPS AND DETECTION CIRCUIT 

The diamagnetic and TF compensation loops in use during the mid-1982 operating period are 
illustrated in Fig. I. The diamagnetic loop is a single turn wrapped on the vacuum vessel itself, so 
the cross section is essentially rectangular; its dimensions are given in Fig. 2(a). The area is about 
0.84 m2, but more relevant is the R0fR-weighted or "effective" area, A*,ff - *T/BT - 0.88 m2. 
(In ISX-B, BT is defined as the line-averaged value of the vacuum toroidal field at major radius 
R — R0 • 0.93 m.) The compensating loop, also shown in Fig. I, is external to the vacuum but 
is recessed in a well-like cavity inserted into a 2V«-in.-ID port. The effective area / fy / of this loop, 
whose dimensions are shown in Fig. 2(b), is approximately equal to /^JJ. Although Fig. 1 shows 
the two loops projected onto a single plane, they are in fact in different toroidal locations. The 
diamagnetic loop which has been used is coplanar with TF coil 9, between sectors 3 and 4. The 
compensating coil is in secto 17, between TF coils 13 and 14, and a half-sector from one of the 
two toroidal breaks. 

Figure 3 shows, in a somewhat simplified schematic, the compensation-integration scheme 
used. It is similar to the technique employed by Hutchinson2 on the Canberra LT-3 tokamak, 
except that on that device a Rogowski coil around the TF bus was used instead of an in situ com-
pensating loop. The component values are chosen for a gain of about 0.18 V/mWb, or a 1-V out-
put for fl* of about 3.6 mWb. Cancellation of the common-mode (CM) flux h accomplished using 
a summing integrator, ensuring that the balance is governed only by the effective areas of the two 
loops and by the values of the summing resistors R and Re. The latter is adjusted experimentally 
using TF-only (no plasma or poloidal fields) shots. The integrator circuit was specially designed for 
low drift and automatically adjusts its own offsets in a preprogrammed sequence prior to each shot. 

The switch across the integrating capacitor opens in response to a gate signal (which in normal 
operation occurs at t — — 5 ms) after the TF has reached nominal flat-top but just before the dis-
charge is initiated (/ >• 0). This gating method itself provides considerable CM rejection; that is, 
even if Re is not adjusted for good balance, the output only depends on the difference (typically less 
than 2-3%) between the instantaneous CM flux and the CM flux at the time the integrator is 
gated. When experimentally balancing the system with TF-only shots, one desires maximum CM 
sensitivit'-, so that in such cases the integrator is gated earlier, before the TF ramp-up begins 
(shown as the "alternate gate time" in Fig. 3). 
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3. TOROIDAL FIELD COUPLING 

3.1 OBSERVATION AND ANALYSIS OF TF COUPLING 

In Fig. 4, we show results from the last of a sequence of TF-only shots in which Rc was itera-
tively adjusted in an attempt to obtain a null output. About 300 ms after BT reaches flat-top, the 
measured A* (i.e., RCet) appears to have reached a steady-state value of about —0.3 mWb, 
which implies that the A,fj of the two loops have been "electronically equalized" within 0.04%. 
This imbalance in itself would be quite acceptable, considering the additional CM suppression 
obtained when the integrator is gated normally. 
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More worrisome, however, is the presence of a sbwly decaying transient in the output that is 
comparable in magnitude after t — 0 to typical values of 5$ (—1 mWb). The size of its time 
constant (—90 mi) provides a clue to its origin: current redistribution over the TF coil conductor 
cross section. The coil width can be appreciated by inspection of Fig. 1, which shows it roughly to 
scalt. The fundamental time constant tk for the current to relax to a uniform profile can be 
estimated by neglecting the finite toroidal extent of the coil (four turns per coil, 2.5 cm per turn) 
and taking the radial width w to be a constant (—15 cm). Then, rg at hqow2/*2 or about 
140 ms, based on a slab model and using <r~' — 2 X 10~6 fl-cm for the copper coils. This effect 
is a problem in devices where the TF coils are wide and close to the measurement; besides ISX-B, it 
has been noticed in Doublet-Ill^ and Alcator.4 

A physical description of the redistribution phenomenon is as follows: when current is first 
imposed in the coil, it tends to flow nearer the inside of the conductor to minimize the linked flux 
and then relaxes to a uniform profile. The line-averaged field in the aperture of the coil is unaf-
fected by this transient; if the TF coil set were a continuous solenoid, this phenomenon would still 
occur but have no effect on field measurements. Because the coils are discrete, however, the redis-
tribution of current produces a time-varying component of the TF ripple. In response to a step 
change in coil current, a loop placed in the plane of a coil detects an overshoot in the measured flux 
if it is within the coil aperture, and an undershoot if it is outside. This has in fact been checked 
experimentally, verifying the fact that the redistribution effect is indeed responsible for the observed 
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transient. [The discrepancy between the observed (90 ms) and estimated (140 ms) time constants 
can be attributed to a variety of effects: e.g., joint resistance, coil discreteness, and the nonunifor-
mity of w, which actually varies from 8 cm on the inside leg to 18 cm on the top and bottom.] 

The magnitude of the overshoot or undershoot depends on where in the plane of the coil the 
loop is located, decreasing rapidly as a function of distance from the coil. For this reason, two coils 
linking the same steady-s'.ate flux can link different amounts of transient flux, so the simple resis-
tive compensation scheme of Fig. 3 is insufficient to cancel the latter. (It is of interest to note 'hat 
in the configuration used in ISX-B prior to 1982 the compensating loop was so close to the TF coil 
that the effect of the redistribution transient was too large to be overcome by any means. The rea-
son for recessing the compensating loop into the vacuum vessel was to move it as far as possible 
from the coil.) 

The redistribution effect is in part what causes the transient observed in Fig. 4. However, 
when the signal is analyzed taking that effect into account, another transient becomes apparent that 
is due to induced poloidal eddy currents (i.e., flowing the "short way" around) in the 1.9-cm-thick 
vacuum vessel. This effect has also been reported previously2-* and hence is not surprising. The 
decay time calculated from a cylindrical approximation of the vessel is about 7 ms. Unlike the 
redistribution transient, this induced current produces a nonzero change in the line-averaged 
toroidal field, not just the ripple. So, while it decays faster than the redistribution transient, it cou-
ples more strongly to internal loops. 

Before considering possible ways of compensating for these effects and determining whether 
there might be others, we construct a model relating the difference flux A4>r(/) due to TF coupling 
to the TF signal Br(t). This can be accomplished with the aid of Fig. S, which shows a schematic 
layout of the relevant components [(Fig. 5(a)] and their reduction to coupled-inductor equivalent 
circuits for each of these two transients [Figs. 5(b) and 5(c)]. We shall discuss each in turn and 
subsequently justify the neglect of any coupling between them. 

The circuit model for the redistribution effect is shown in Fig. 5(b). The total current per 
turn in the TF windings, distributed uniformly across the width w of the conductor, is represented 
as the "primary" in this circuit. The "secondaries" are a test loop (representing either the diamag-
netic or compensating loop) and a coil short-circuited through a series resistor to approximate a 
current distribution JM, t) oc cos(x{/w)exp( - I / T K ) , where ( is a coordinate which varies from 0 
on the inside edge of the coil to w on the outside, as indicated in Fig. 5(a). Higher haimonic eddy 
currents are also induced [Jn a cos(mr(/tf) X exp(—wfyr*)], but we ignore them because their 
fields fall off more rapidly with distance from the conductor and decay faster in time. None of 
these eddy currents carries any net poloidal current, and thus they affect the local, but not line-
averaged, toroidal field within the aperture. 

This model enables one to write the general form of the transfer function relating the toroidal 
flux * r coupled by a loop to the average axial toroidal field Bt, since BT

 m 12hoIt/2tRb: 

* r i ' ) , s r * ] (4) 
BAs) 

- ^ / / x j l + Q f - j — ^ - j 

In this equation and in the rest of this report, s is the complex frequency that appears as the argu-
ment of Laplace transforms. The frequency-dependent term in Eq. (4) reflects the coupling 
through the eddy current J\ and thus depends on the loop's location. No attempt is made to use 
the model to evaluate aK and T*, since these are more easily determined experimentally. However, 
based on the foregoing physical description, we expect a* to be either positive or negative depend-
ing on whether the coil is situated to produce an overshoot or an undershoot, respectively. We also 
expect |a/J to be « 1 and to decrease with the mean distance from the test loop to the coil. 

Next, consider the difference flux " *r — produced by the diamagnetic (super-
script d) and compensating (r) loops in ISX-B, which are in different locations but whose overall 
sensitivities (including resistive compensation) to the vacuum toroidal field are nearly equal. We 
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represent any residual imbalance by the parameter 0 «• 1 — RA tjjlRe/frfj. Even if 0 - 0, the 
aK of the two loops are not in general equal [ — a%) * 0], so the transfer function 
for A ^ j ) retains a transient term proportional to AaA: 

_ * V L , *rR | (5) 

The circuit model that describes the vacuum vessel transient [Fig. 5(c)] is nearly identical to 
the previous one, except that the secondary carries net poloidal current and hence affects the line-
averaged field on a transient basis. However, for a local test loop, the circuit models are qualita-
tively identical, so the transfer function that determines its response to BT is identical to Eq. (4), 
replacing the subscript R with V. The value of ay for a given loop geometry can be estimated 
physically by imagining the response to a step input: the immediate reaction of the vacuum vessel 
is to carry a poloidal current l v so as to exclude any toroidal flux change inside it. The interior 
flux rises only as this transient current decays, while the exterior flux responds promptly and is 
unaffected by the current decay. Hence, for any loop inside the vessel, ay — — 1; 'or a loop out-
side the vessel, ay •• 0. For a loop which encloses the vessel, —ay is equal to the of the vessel 
divided by that of the loop. The ISX-B diamagnetic loop is in the last catc / (see Fig. '); to the 
extent that the cross-sectional area of the wall is negligible, we expect <J* i - — 1. In this respect, 
it makes no difference whether the loop itself is mounted on the exterior or interior surface of the 
vessel, since the enclosed cross section is essentially the same in either case. 

We can neglect any coupling between the redistribution and vessel transients for the following 
reason: the redistribution transient produces a Held perturbation within the aperture whose funda-
mental toroidal harmonic number is n — 18 (the number of coils), so it is decoupled from the 
axisymmetric (/» — 0) vacuum vessel transient considered here. Although vessel currents with an 
n — 18 toroidal dependence are induced, such a mode decays very rapidly compared to the 
axisymmetric one, is both weakly excited and weakly coupled to internal loops, and thus is com-
pletely negligible. Therefore, the effects of the principal redistribution and vacuum vessel transients 
are simply additive, and the complete transfer function for the difference flux between two loops is 

This model was tested by driving the transfer function of Eq. (6) with the toroidal field Bjit) 
shown in Fig. 4, fixing rv at the calculated value of 7 ms and varying 0, A ay, AaK, and rR in an 
attempt to reproduce the measured response A«S7</). This was done by a rether nonrigorous trial-
and-error procedure made feasible by the fact that the three terms in Eq. (6) cach have distinctly 
different time scales associated with them. Thus beta was adjusted to —4 X 10~4 to reproduce 
the slight steady-state imbalance. The slow transient was matched with AaK — 0.014 and 
TK — 90 ms, and the fast transient with - 0.12. The net result is displayed in Fig. 6; the 
agreement obtained shows this to be an accurate and complete model. Even s 30-Hz ripple which 
appears is well reproduced. 

3.2 FREQUENCY-DEPENDENT COMPENSATION FOR TF COUPLING 

Having evidently constructed a successful model for the TF coupling, the next step is to apply 
it towards the development of a scheme to compensate for it. The choice naturally reduces to one 
or a combination of the following three methods: 
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1. Background subtraction. Since the TF programming in ISX-B changes infrequently and the 
shot-to-shot reproducibility of the TF is quite good, one can mearure a background A$r(r) sig-
nal, using a TF-only shot with normal integrator gating, and subtract it in the analysis soft-
ware from plasma-shot signals having the same Bjit). 

2. Hardware compensation. The transfer function that determines A$r [Bq. (6)] is of a form 
that can in principle be exactly realized with passive RC components; Fig. 7(a) shows how the 
summing integrator must be modified to compensate for one of the Aa terms in Eq. (6). 
Ideally, a signal proportional to BT (e.g., from a Rogowski loop around the bus) with the 
polarity depending on the sign of Aa/ (/ — R or V) should be fed into the RiQ summing 
impedance. However, it is more convenient to take advantage of the fact that the signal from 
the compensating loop is itself a good approximation of BT for this purpose and simply to con-
nect a series RC filter in parallel with Re if Aat > 0 [Fig. 7(a)], or in a tee configuration if 
Aat < 0 [Fig. 7(b)]. Since both AaK and Aay are positive in ISX-B, both transients could in 
principle be compensated using two RC filters, configured in parallel with Re [Fig. 7(a)]. 

3. Software reconstruction. Since A*7<») can be software-reconstructed for TF-only shots with 
considerable accuracy, this technique might be used to analyze plasma shots as well. One 
would simply use the parameters determined above, reevaluating them from time to time if 
they should change, to reconstruct A#y(f) from Bjil) for each shot and subtract it from the 
measured signal A•(»). 
A hardware compensation scheme of the type described in method 2 was implemented on 

ISX-B during the mid-1982 operating period. Unfortunately, it was designed without the benefit of 
the accurate model developed here and only attempted to account for the redistribution transient. 
The components were chosen for AaK — 0.010 instead of 0.014 and rR — 100 ms instead of 
90 ms. Nevertheless, the improvement was substantial, as demonstrated by a comparison of shots 
with and without this compensation in Fig. 8. The residual transients are small during the time 
there would normally be plasma (t > 0 ms), and in the analysis of plasma shots, these were 
removed using the background subtraction method. Thus, the result was a combination of methods 
1 and 2 above. While this method of TF compensation is less than ideal, it proved to be adequate 
and was used in reducing the diamagnetic data, which are presented in Sect. 5. 
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3.3 TF COUPLING: SUMMARY 

With a quantitative model for the TF coupling now in hand, a more accurate hardware com-
pensation circuit should be realized. However, there is some advantage to retaining the simple 
resistive balancing scheme of Fig. 3 and using the software reconstruction method (3). Should the 
Aa, or r, change with time (for example, due to deliberate or accidental reorientation of a loop), it 
is a simple matter to determine the new values and apply the correct compensation retroactively to 
existing data. Such an approach seems feasible because (1) the transients are not so large as to 
clip the data during the time of interest, (2) the time constants are long compared to the sampling 
rate of the digitizer (1 ms-1), and (3) the model appears to be extremely accurate. 
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4. POLOIDAL FIELD COUPLING 

The diamagnetir id compensating loops link finite amounts of poloidal flux because of imper-
fect alignment of the loops themselves and departures from exact axisymmetry in the PF system. 
Examples of the latter are power supply bus connections, detours in the windings themselves, and 
toroidal breaks in the vacuum vessel. Poloidal fields are defined to be those produced by the 
toroidal plasma current, by the external PF winding currents (i.e., those which provide the ohmic 
heating, vertical, radial, and shaping Fields), and by eddy currents that they induce in the vacuum 
vessel. Unlike the TF couplings, the PF couplings cannot be isolated using vacuum shots. This is 
the case in any tokamak because of the contribution from the plasma current. In ISX-B, the prob-
lem is compounded by the existence of an iron core, which precludes (or at least complicates) the 
technique of energizing windings individually and measuring the coupling of each to the loops, 
which has been used on air-core devices.1'6,7 For this reason, the PF coupling has been taken into 
account in a mnnner different from that used to treat the TF coupling. 

4.1 OBSERVATIONS AND ANALYSIS OF PF COUPLING 

The difference sipnal measured with plasma and uncompensated PF and TF coupling may be 
expressed as 

A* - 6* + A* r + A*, . (7) 

In Eq. (7), is the toroidal flux change due to the plasma already defined (i.e., the "signal"), 
and A$ r and A4j> are the net difference fluxes due to TF and PF coupling, respectively, (i.e., 
"noise") remaining after any hardware compensation. Methods for eliminating A$r were discussed 
in the previous section, but we include it here on the premise that no hardware compensation will 
be completely successful at removing it. 

We now imagine a pair of shots that are identical in every respect except for the polarity of 
Br. Since oc Bfl [Eq. (1)] and A4 r cc BT [Eq. (6)], these terms reverse polarity with BT. 
However, A$/> is unchanged provided lP and all the poloidal winding currents are the same, a 
requirement which is readily verified. Subject to the condition that the two shots are sufficiently 
similar in all other respects, A4> can be eliminated by subtracting the signal measured with nega-
tive Br polarity, A4>(-), from that measured with positive polarity, and dividing by 2: 

+ A» r - *»<+>-A»<-> , (8) 

Applying software compensation schemes for removing Afloat this point, we finally isolate 4*. 
This provides a reasonable, if inconvenient, means of measuring 6$ without having any quanti-

tative model for the PF couplings embodied in A4y However, the requirement of taking paired 
shots with opposite TF polarities is inconsistent with the goal of realizing a hands-off, reliable diag-
nostic. Furthermore, subtle effects, such as the influence of TF-dependent error fields on plasma 
breakdown, make exact reproducibility impossible. Any dissimilarities between the two shots are 
potential sources of error. Thus, we still require a better way of correcting for A4f. 

The approach taken has been to make use of the same pairs of shots just considered. Obvi-
ously, this does not eliminate the reproducibility requirements on these pairs, but it leads to a quan-
titative model for that can then be used in analysis of unpaired shots. If A$<+) and A* ( - ) are 
added instead of subtracted, then only A$p remains: 

A . A***' + A^-> (9) - - . 
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Next, we represent A4> as a summation over all the external PF winding currents llt using the 
subscript / — /, O, R, or 5 to designate the ISX-B windings as /nner, Outer, Aadial, and Shaping: 

A*, ( J ) - 2AA/, (J ) / , ( J ) . (10) 
/ 

The transfer functions AMfa) embody both the constant mutual inductances between the winding t 
and the loops and the effects of eddy currents induced in the vessel by changes in //. In an iron-
core device like ISX-B, the plasma current is essentially a linear combination of Ih so the effects of 
plasma poloidal fields can be incorporated in Eq. (10) without explicitly including an l e term. The 
AM^s) assume the now-familiar form: 

sr'y nn 
A A / / ( I ) - A M , ( 0 ) + M\ , , . . u 

1 T STy 

Here, AM/(0) is the net mutual inductance and r'y is the time constant for the decay of toroidal 
eddy currents in the vacuum vessel that have a m — 1 poloidal dependence; it is of roughly the 
same magnitude (S ms, calculated) as ry defined in Sect. 3. Toroidal currents with an m — 0 
distribution (i.e., which carry nonzero net current) are precluded by insulating breaks in the vessel 
and are therefore ignored. 

4.2 PF COUPLING: SUMMARY 

Although the PF coupling to the diamagnetic loop cannot be measured as directly as the TF 
coupling, the method of By reversal described in this section has led to both an understanding of the 
coupling and two techniques by which to compensate for it. It is found that the stray poloidal flux 
A$f coupled to the loops is several times larger than the plasma flux change i t , indicating a need 
for measures to reduce the coupling in the measurement itself. 

The two methods for compensating for A$j>are recapitulated here: 
1. TF reversal. The measured A$(/) signals from two shots, identical except for having opposite 

TF polarities, are subtracted, leaving 6$ + A4>r as indicated in Eq. (8). The residual TF 
term A$ ris then removed using either or both of methods 1 and 3 described in Sect. 3. 

2. Software reconstruction. The PF contribution A$X0 is reconstructed using Eq. (10) with the 
poloidal winding currents I{t) and the transfer functions AM/is) obtained in this section. The 
reconstructed A$j4f) is then subtracted from the measured signal A*(f) for that shot. 
The dominant PF contribution to A$ appears to be from the outer windings, both directly and 

via eddy currents. The direct coupling is sensitive to small variations in the orientation of the com-
pensating loop, but the eddy current coupling is not. Although no attempt has been made to find 
it, it is obvious from the observation that the direct coupling coefficient AA/<J(0) can be made to 
change sign that there exists a particular orientation where A A /q ( 0 ) is zero. The behavior of the 
eddy current coefficient M'0 is consistent with a model wherein essentially toroidal eddy currents 
acquire poloidal components in the vicinity of obstacles in the vessel, thereby producing a local TF 
component. If this model is applied, together with the assumption that the vessel is up-down sym-
metric about the midplane, then it is found that this local toroidal field is up-down antisymmetric. 
So, to eliminate this effect, a second compensating loop, identical to that in Fig. 1, has been 
intalled in a port on the top of the vessel directly opposite the first one. By connecting these two 
loops in series and adjusting Rc accordingly in the balancing circuit, the TF coupling should be 
unchanged, but the local PF-induced toroidal fields just described should be equal and opposite in 
the two loops and thus cancel each other. Preliminary observations available at this writing indi-
cate that this measure has indeed produced the desired result. 
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Since the PF coupling teems to be primarily via the compensating loop, it is possible that the 
entire problem could be eliminated by employing a TF compensation scheme that is not so likely to 
couple to the PF currents. To test this possibility, a Rogowski-like coil is being instplled on the TF 
buswork approxima'.ly 2 m below the device, to be used as a substitute for the compensation coil 
in a scheme otherwise identical to that which has been used. This method has been used 
elsewhere2'" with apparent success. 

Neither of these improvements was implemented during the mid-1982 operating period. 
Therefore, the data were analyzed using the methods described in this section. The preferred tech-
nique was to try to duplicate shots of special interest, with 'evened toroidal field, and then to sub-
tract the signals as prescribed by Eq. (8). Since it was oft-J) inconvenient or impossible to do this, 
however, data from unpaired shots were analyzed using the coefficients AAf^O) and M'o obtained 
from paired shots. 

The final step was to determine the constants AMfSi) and M\ by performing least-squares fits 
to measured A4v waveforms, obtained from paired plasma shots using Eq. (9). Again, the vacuum 
vessel time constant r'y was fixed at its calculated value of 5 ms. For the data considered, J s was 
always zero, and it was assumed that contributions fror IR were small enough to be negligible as 
well. Thus, only Mfa) and Mc/ls) were considered. Aftei some trial and error, it became apparent 
that the dominant influence was from the outer windings, so the problem was reduced to one of 
determining AMrffi) and M'o-

In Fig. 9, we show plots of measured in the sense of Eq. (9) and reconstructed using 
Eq. (10) with AMdis) given by Eq. (II) and all other AM fa) - 0. The parameters used in the 
reconstruction, obtained by least-squares fit over the time interval —10 to 200 ms, were 
AM(A0) - 2.8 X 10~4 and M0 - 9.8 X 10"1 Wb/A. Coefficients derived by fitting over 
different time interval<i and using different pairs of shots covering a range of plasma equilibrium 
conditions were consistent with these values within about 10-15%, indicating that the model is 
valid. This further indicates that the coefficients are invariant in time (provided the loops and coils 
remain stationary) and can thus be used to calculate At pit) from /<j(0 as a means of correcting 
data from shots that are not paired. This method was tested by using it to obtain i * from the indi-

OHNL-OWO S 3 C - 2 9 6 6 FED 

t (ms) 

Fig. 9. fnwiirlinn nf "mftmif fit, filtnliri Vy IT nnrnl] iffi* in nitnrllni f t r l ra F» (Iff) Mi(11) 
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vidual shots that make up the data of Fig. 9 as though they were unpaired. The results are plotted 
in Fig. 10, where they are compared with obtained by the subtraction method {Eq. (8)], using 
software compensation for any residual A$ r . While there is room for substantial improvement, the 
agreement is nevertheless satisfactory. Finally, by comparing 6 • in Fig. 10 with in Fig. 9, we 
find that the noise-to-signal ratio (for this case) is about 2-4. Thto is unacceptably large in the 
long run, indicating a need to reduce the PF coupling in the raw signal. 

ORNL-DWG 83-2966 FED 

t (ms) 

Fig. IB. Coaparhaa «f tiffmat PF LI«>IIIIHII a r t h a * to nltilslsg I * . T rue (a) it obtained from a pair of 
ihot* using the TF reversal method [Eq. (8)]. Traces (b) and (c) wen obtained by treating the (hots individually using the 
software reconstruction method to correct for [Eqs. (10) and ( I I ) ) . Other traces are shown for reference: 
(paramagnetic flux defined in Sect. 1) correspond to 0,x ~ 0 and 2; 444 is the predicted by the equilibrium magnetic 
measurement, assuming -

The fact that the PF coupling seems to be dominated by the I 0 term suggests that the coupling 
is via the compensating rather than the diamagnetic loop, since the former is so close to the outer 
windings (Fig. 1) and since its orientation was only aligned visually. To check this hypothesis, 
coefficients were derived from a pair of shots taken several weeks prior to those represented in 
Fig. 9. In the in4?rim, the compensating coil had been removed, to make a modification, and then 
reinstalled. Since there was no attempt to ensure reproducibility of the alignment, one expects the 
coefficients to differ. Indeed, AMd(0) for the earlier data was —18 X 10~* Wb/A (compared to 
+2.8 X 10"') , the difference indicating that this coefficient is simply a function of the alignment, 
which happened to be different on the two occasions. However, the other coefficient M'0 was 
nearly the same (9.8 X 10"7) for both the earlier and the later data, so apparently the eddy cur-
rent coupling is insensitive to small changes in the orientation. This is consistent with the idea of 
eddy currents actually producing a toroidal field component in the vicinity of the compensating 
coil, despite the fact that the currents are themselves predominantly toroidal. However, the eddy 
currents acquire poloidal projections to detour around ports and insulating breaks, both of which 
exist near the compensating loop; thus, this explanation is entirely reasonable. 
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5. RESULTS FROM MID-1982 OPERATING PERIOD 

In the previous sections, we have described the diamagnetic loop system as it was configured 
on ISX-B during the operating period from March to August 1982. We have illustrated a funda-
mental principle of tokamak diamagnetic diagnostics: the major difficulties lie not in interpreting 
the flux change 84 in terms of plasma parameters but in experimentally measuring 84 itself. Dur-
ing this period, significant progress was made in understanding these difficulties as they manifest 
Ihsmselves on ISX-B, leading to improvements which are currently being undertaken, At the same 
time, it has also been possible to obtain reasonably reliable data from this system despite its 
shortcomings. In this section, we present some of the mo.'e interesting results. 

As was explained in Sect. 1, diamagnetism is a measure of /9U [Eq. (I)]. In ISX-B, the so-
called "equilibrium" poloidal beta 0t& is also obtained using poloidal field measurements and analy-
sis techniques developed by Swain and Neilson9 and incorporated into the data analysis code MAG-
DAT. A working definition of /8/4 is 

(ht - •jVil + Pu+fiit) • ( , 2 ) 

The definition of p/± was given in Eq. (2); the definitions of Pt\ and P^ are similar, replacing (p±) 
with (py) and (nmvj), respectively, the latter representing the centrifugal force due to a toroidal 
plasma rotation velocity While Pi± is associated with force balance in the minot radial direc-
tion, /9/a characterizes the equilibrium relative to displacements in major radius. 

In ohmic discharges in ISX-B, one expects the plasma to be isotropic with no appreciable rota-
tion, implying 0/x — Pi\ ~ Results plotted in Fig. 11 are indeed consistent with this expec-
tation: in Fig. 11(a), the measured 64 (obtained by the TF-reversal method) is compared with that 
predicted from the /J,A analysis, assuming isotropy. Equivalently, we plot both Pi± obtained using 
the measured (4 and Eq. (1) and in Fig. 11(b). The agreement obtained here further justifies 
our confidence in the diamagnetic measurement. 

Next, we make the same comparisons for a neutral-beam-heated case, the results of which are 
displayed in Fig. 12. During the ohmic phase prior to / — 80 ms, the measured and predicted 84 
are in agreement, as expected [Fig. 12(a)]. When —1 MW of beam power is applied, the two 
curves diverge in a direction consistent with either or both of two effects: the formation of an 
anisotropic fast ion population characterized by py > p± and a net toroidal rotation of the plasma. 
They diverge still further, but to a lesser degree, when a second 1-MW beam is applied at t -
200 ms. Figure 12(b) compares 0u obtained from diamagnetism with For this case, both 
profile and spectroscopic Doppler shift data were obtained at ' — 280 ms. The former provide a 
basis for calculating the anisotropy in the fast ion distribution, using the ZORNOC code,10 and the 
letter were used to infer the toroidal rotation velocity profile." The expected contribution to the 
difference between and Pt± was calculated for each of these two effects and is indicated in 
Fig. 12(b). From these data, it is apparent that we cannot account for the difference between the 
two magnetic Pt values on the basis of fast anisotropy, calculated classically, and bulk-ion rotation, 
measured spectroscopically. 

Another troubling aspect is that neither of the two magnetic analyses is consistent with the 
profile analysis in terms of the total Pi values. For the case just considered, the profile analysis gave 
0/a ™ 2.3 and /3/X ™ 2.0, compared with 1.8 and 1.5, respectively, from the magnetic data. 
Moreover, the profile analysis neglects rotation, which if it were included would make the discrep-
ancy in 0/a even worse. This, of course, is a long-standing problem with the ISX-B data that has 
only been compounded by the emergence of diamagnetic measurements. Moreover, as will be illus-
trated by the next example, the trends of this discrepancy appear to vary from case to case. 

Figure 13 displays the magnetic data from a beam power (P/,) scan taken over a period of 3 
weeks in July 1982. Represented are five cases with Pb ranging from 0.3 to 2.0 MW, where den-
sity, plasma current, and toroidal field were kept fixed. The figure shows the variation of 
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by the equilibrium measurement; labelled ft.. — 0 and a>2, are ihown for reference, (b) Comparison of from 
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determined using MAGDAT and of Pj±_ obtained from 5*, where PF coupling was corrected using 
AA/o(0) and M'o as explained in Sect. 4. [The subscript J denotes poloidal beta values that differ 
from those with an /, such as f}t±, defiied in Eq. (2), in that they use the flux-surface-averaged 
quantity (Bp) in the denominator instead of Tfy the difference is quantitatively slight and of no 
particular significance to the present discussion.] Also displayed in Fig. 13 are the corresponding 
0 j obtained from protilc analysis using ZORNOC. In contrast to the case discussed previously, the 
magnetic and profile results are in reasonably good agreement here, given that the inclusion of rota-
tion in the profilr analysis would be expected to narrow the discrepancy in 
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In the example of Fig. 12, we found that the difference between and pljL could be 
accounted for by a combination of fast ion anisotropy and bulk toroidal rotation. Similarly, we plot 
in Fig. 13 (/JjtrPji.) from both the magnetic and profile analyses, with the latter reflecting only 
the fast ion contribution. If the rest of the differences in the magnetic fij were due to rotation, 
these results would imply average v4 values of ~1.S X 10s and ~1.8 X 103 m/s at Pb — 0.3 
and 2.0 MW, respectively. While spectroscopic rotation data were not obtained for these particular 
cases, measurements made under similar conditions yield lower values (e.g., a peak velocity of 
1.2 X 10s m/s for the example of Fig. 12). Moreover, the inferred values do not extrapolate to 
zero as Pb -* 0, as one would expect for beam-induced rotation. 
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There are two possible explanations for the observed discrepancy between the two magnetic Pi-
One is experimental error, particularly the uncertainty in the estimate of internal inductance !, 
made in obtaining from the poloidal measurements, which actually yield 0m + ///2. However, 
if this were the cause it would imply that is correct and 0 t o o high, a conclusion that opposes 
that suggested by the profile analysis (i.e., that both of the magnetic 0/ are too low). The other 
interpretation is that some net anisotropy is induced in the plasma beyond that already accounted 
for by the classical calculations of the anisotropy in the circulating fast ions. 
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6. CONCLUSIONS 

In thia report, we have preiented the initial results of diamsgoetic measurements on ISX-B. 
We have shown that although there are considerable imperfections in the data obtained to date the 
means developed for extracting i * from the measured signal are satisfactory. Equally important, 
the origins of noise in the data have been determined, and this understanding has led to hardware 
improvements now being implemented that should bring about more routine use of the diagnostic in 
the future. Preliminary results with these improvements have borne out the general trends reported 
inSect. 5. 
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