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A B S T R A C T 

A. use of the S-ct diagram is proposed as a tool for representing the plasma equilibrium with 
a qualitative characterization of its stability through pattern recognition. The diagram is 
an effective tool for visually presenting the relationship between the shear and dimensionless 
pressure gradient of an equilibrium. In the PBX-M tokamak, an H-mode operating regime 
with high poloidal /? and L-mode regime with high toroidal /?, obtained using different profile 
modification techniques, axe found to have distinct S - a trajectory patterns. Pellet injection 
into a plasma in the H-mode regime results in favorable qualities of both regimes. The /3 
collapse process and ELM event also manifest themselves as characteristic changes in the 
S - a pattern. 

I N T R O D U C T I O N 

An important goal of fusion research is to develop methods to produce current and pressure 
profiles that lead to improved MHD stability and confinement, and allow access to the second 
stability regime [1] using these profile modification techniques. These tools include external 
shaping (e.g., bean shape), skin effect (rapid Iv ramp up or down), beam-driven and bootstrap 
currents, pellet injection, IBWH (Ion Bernstein Wave Heating) and LHCD (Lower Hybrid 
Current Drive). What are the stability characteristics of profiles modified by each of these 
tools? What are the likely profiles that can avoid 0 collapse and achieve second stability? Are 
there simple ways to characterize the current and pressure profiles and their inter-relationship 
in a manner meaningful for assessing their stability properties? Some of these questions are 
addressed in this paper. 

This paper propose.; a use of the S - a diagram for representing plasma equilibrium with 
a qualitative characterization of its stability. The S-a diagram has advantages over the 
individual presentation of current and pressure profiles in that it is a visual representation of 
the relation between the shear and pressure-gradient parameters. The diagram can be used 
to differentiate various operating regimes through 'pattern recognition' and to construct a 
'target' pattern that might serve as a goal for various profile modification techniques. Like 
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other methods of presentation based upon pbloidal flux function, the S--a representation is 
independent of the plasma shape and size, and is a suitable means to compare equilibria 
from different devices and to extract features common to their operating regimes. In such 
comparisons the plasma shaping ability of a device is implicit as an available technique to 
alter the S - Q pattern. 

As an illustration, the diagram is used to characterize three different operating regimes of 
the PBX-M tokamak [2]: an H-mode regime with high poloidal 0, L-mode regime with high 
toroidal 0 and pellet injection regime. The high 0P (poloidal 0) and high (0t) (volume-
averaged toroidal 0) plasmas are represented in the S - a diagram by qualitatively distinct 
patterns. The high 0P plasmas are usually obtained as a state near the 0 peak or saturation 
in the 0 collapse process in which the plasma stored energy first rises, peaks or saturates, and 
then decreases, presumably due to MHD activity, in spite of a steady heating power delivered 
by NB1 (neutral beam injection). The time evolution of 0 collapse discharges, leading up to 
a high 0P state, manifests itself as a characteristic sequence of changes in the S - a pattern. 
The ELM (edge localized mode) event, which appears as a sudden drop in the stored energy 
and is often an important component in the final collapse phase of the 0 collapse process, 
also produces characteristic changes in the S-ct trajectory. A pellet injected into a high 0? 

plasma causes an H-to-L transition and changes its S - a trajectory to the one characteristic 
of a high {3t) plasma while retaining favorable qualities of both plasmas. 

The S - a M A P REPRESENTATION OF EQUILIBRIUM 

Expressions such as a 'broad 1 current profile or 'peaked' pressure profile are commonly em
ployed in MHD stability discussions. This qualitative notion is often made more quantitative 
through the use of a single number to characterize the profile function, usually an integral 
moment of the function, such as the dimensionless internal inductance, ft-n for current profiles, 
or the pressure profile factor, pj = Po/{p)< where po and (p) are the peak and volume-averaged 
pressures, respectively. It is, however, the relationship between the current and pressure gra
dients, which is relevant to stability considerations. For example, a pressure profile considered 
'peaked1 for a current profile may not be regarded as peaked for another current profile. 

A diagram of the shear and pressure-gradient parameters, or the S-or diagram, is normally 
used to delineate ballooning mode stability boundaries1. It is used here instead to characterize 
and catalog current and pressure profiles of tokamak plasma equilibria2. The shear and 
pressure-gradient parameters in this paper are defined as (3j: 

SW)s(2v/q)(dq/<fy)(drp/dv), (1) 

a(tf) = (-2^0)(dpfdi')[dv/<hl>)y/{v/(2^R)), (2) 

'A more complete, but complex, form was used by Chance [3], that depicts both stability boundaries and 
equilibrium trajectcty in a three-dimensional representation. 

3Using the diagram in this manner was briefly introduced earlier in other reports [-4] which, however, had 
computational errors. Corrected and more thorough discussions are presented here. 
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where v(rl>) is the volume within a flux surface defined by the poloidal flux function, ib. The 
major radius of the magnetic axis is R, the pressure is p(ij>) and the safety factor is i?(t/>). 

An example of the diagram, here referred to as the S-or map, is shown in Fig. 1. Each of 
the two solid curves, labeled A and B, is a parametric representation of S(u>) and <*(•&) for 
an equilibrium, as the parameter, ip, is varied from its value on the magnetic axis ('x1 at the 
origin of the diagram) to the value at the plasma edge ('a' or ( b ' on the vertical axis). The 
last segment of each trajectory, representing changes between the last two flux surfaces, is 
omitted for the clarity of presentation. Numerals embedded in the curves mark locations of 
integer q values and are an integral part of the S-ct map. A point on the S - a trajectory 
defines values of shear and pressure-gradient parameters on a flux surface of the equilibrium, 
and the trajectory pattern can reveal qualitative stability characteristics of the equilibrium 
it represents. Patterns traced by the curves, A and B, and their qualitative relationships 
to the ballooning mode boundary are typical of high 0P and high {/3t) plasmas in PBX-
M, respectively. These patterns are qualitatively different from each other, and suggest that 
'^attern recognition' may be a useful tool to catalog features of discharges in different regimes. 
Knowledge of the manner in which each profile modification technique alters the pattern can 
be useful in finding paths to high 0 states without encountering a 0 collapse. 

For global MHD instabilities such as kink modes, the stability depends on the trajectory 
pattern, in whole or in part, as well as on conducting wall locations. For localized modes 
such as ballooning modes, the stability is determined by the curve's location in relation to 
stability boundaries. For example, the generic shape of the ballooning unstable zone for a flux 
surface is a 'tongue shaped' region in the diagram extending from the upper right-hand corner 
toward the origin as indicated by the curve, U\ or {/j, in Fig. 1. The first and second stability 
regions lie to the left and right of a U-curve, respectively. Both Ui and Uj are fictitious curves 
for the purpose of illustrating the generic shape and behavior of the stability boundaries. 
For example, the curve, U\, might be a relevant stability boundary for the Sux surface at a 
specific value of the safety factor, q = qi, and the curve, f/j, might apply to the flux surface 
at q = ?2 > <7i- From calculations on PBX-M discharges, the 'tongue' recedes in most cases 
toward the upper right-hand corner ' c flux surfaces farther away from the magnetic axis. 
The relative locations of the trajectory and stability boundary must therefore be judged by 
regarding the generic boundaries shown in the figure as a 'moving target'. 

For a particular equilibrium, it may be possible to represent ballooning stability boundaries 
of most flux surfaces by a single curve, however, such a representation would be different 
from one equilibrium to another and the utility of such a representation is questionable for 
the purpose of characterising and comparing equilibria. In addition, the use of the S - a map 
for making a qualitative stability characterization is not limited to ballooning modes. In this 
paper, therefore, no attempt will be made to develop a 'universal' stability boundary. The 
primary concern here is with respect to differences ;ind changes in the equilibrium trajectory 
pattern. It is useful, however, to keep in mind the generic shape and behavior of stability 
boundaries while examining S-a trajectories. 
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OPERATING REGIMES 

Equilibria discussed in this paper are constructed based upon experimental data from three 
different operating regimes in the PBX-M tokamak: an H-mode regime with high poloidal 3. 
L-mode regime with high toroidal 0 and pellet injection regime. 

The high 3p regime [2] is produced by shaping alone. Plasmas in this regime have a moderate 
indentation [l] (i ~ 0.15), ellipticity (K ~ 1.9) and triangularity (6 ~ 0.5). These H-mode. 
quasi-steady plasma current [Iy ~ 320 kA) discharges are characterized by a high 3 P value 
(~ 2), low Troyon-Sykes parameter {firs = Ir/{amidB&}) ~ 1-2 MA/m T) and a moderate 
g-factor (g s {Pt)/,3rs ^ 3.0 % m T/MA). These plasmas are overall still in the first stability 
region, although some flux surfaces may be close to the second stability region with respect to 
ballooning modes. This regime has the advantage of a quasi-steady state plasma current and 
is presently considered as a prime candidate for achieving second stability using current profile 
modification techniques. Ironically, however, these plasmas are usually obtained in 0 collapse 
discharges in which 0 first rises, peaks or saturates, and then collapses. These discharges 
have a lot of global MHD activity after ,3 reaches its peak or saturation (sawteeth in the rise 
phase, but mostly fishbones and small ELM's in the saturation phase and continuous global 
modes and large ELM's in the final collapse phase). 

The high {3,} regime [2] is produced principally by the skin effect, resulting from a rapid Ip 

ramp-up (Ip ~ 2.5 MA/sec) and shaping. Plasmas in this regime have a large indentation (i ~ 
0.28), elliptkity (K ~ 2.2) and triangularity (6 ~ 0.60). These L-mode, high Ip (~ 570 kA) 
discharges are characterized by a high {j3t} value (< 6.8%), Shs (~ 2 MA/m T) and g-factor 
{g ~ 3.4 % m T/MA). They possess a long MHD-quiescent period (~ 100 ms) followed 
by a brief period (~ 30 ms) of sawtooth precursor-like MHD activity prior to a discharge 
terminating disruption. The plasmas in this regime are entirely in the first stability region, 
but have the advantage of quiescent MHD and high confinement time usually associated with 
high Ip. They have an important disadvantage of ending inevitably in a disruption as q at 
the plasma edge becomes too low. 

The pellet regime [5] is produced by modifying what would have been a typical high ,3P regime 
discharge by injecting a centrally-penetrating, medium-sized (D/L ~ 2/3 mm) pellet. Pellets 
cause an H to L-mode transition, and the subsequent equilibrium evolves differently from chat 
of target H-mode plasmas without pellets. The high density (rc«.(0) < 1.5-l0 1 9/m 3) pellet-
produced plasmas are characterized by a sustained (> 100 ms) peaked density profile and a 
long MHD-quiescent period (> 80 ms), followed by a brief period (~ 30 ms) of MHD activity 
before a sawtooth crash or disruption. They have a quasi-steady 7P and high energy confine
ment time usually associated with high nt and have a potential to reach high 3 and second 
stability without suffering a 3 collapse. The confinement time {T£ ~ 45 ms) is comparable 
to, or better than, that of H-mode discharges, in spite of profiles characteristic of L-mode. 
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PROFILES CREATED BY PROFILE MODIFICATION TOOLS 

We reconstruct the plasma profiles by obtaining a solution to the Grad-Shafranov equation 
using the FQ code (a version of PEST code [6]), that matches observed magnetic measure
ments and uses a prescribed pressure profile constructed from Thomson scattering data. It is 
assumed in these calculations that q(Q) = 0.7-0.9. 

The normali2ed profiles of pressure and current density along the B-field lines, johmi as a 
function of the normalized poloidal flux function, are compared in Fig. 2(a) and (b), respec
tively, for plasmas created with shaping alone (high 0P regime), with strong skin effect (high 
(/3t) regime), and with pellet injection. The plasmas generated by shaping alone have a com
bination of a 'narrow' current profile (/, = 0.62) and a 'broad' pressure profile (/>/ = 2.5). 
The plasmas created by a strong skin effect have a combination of a broad current profile 
(/,• = 0.45) and a narrow pressure profile (p r = 3.0). The plasmas created by pellet injec
tion have a combinatioa of a aairow current profile (k = 0.73) aud a aarrow pressure profile 
[P! = 3.8). 

Two contrasting equilibria are depicted in the S-a map formalism in Fig. 1. The curves, 
A and B, in the figure are typical for high j3p and high {/?<) regimes, respectively. The 
pattern of trajectory-A is first up, then to the right, and finally downward. The pattern 
has a strong tendency to run into ballooning unstable zones (see curves, U\ and U^ which 
should be understood as a moving target). The upward segment of the trajectory near the 
magnetic axis (up to, say, q < 1 for this case) implies expending a limited 'supply' of shear 
at places where there is no significant pressure gradient. The downward loop of trajectory-A 
(beyond the q = 3 surface for this case) corresponds to diminishing shear where the pressure 
gradient becomes large and is likely to coatribute unfavorably to the kink stability. In fact, 
MHD-active, high /?„ plasmas in PBX-M are considered from theoretical calculations to be 
external-kink unstable and to have some ballooning unstable interior surfaces. The downward 
loop is a characteristic feature of the S - a trajectory for H-mode plasmas with high poloidal 
3 in the PBX-M tokamak. 

In contrast, the trajectory-B in Fig. 1 first heads toward the right, and then upward. The 
pressure gradient increases near the magnetic axis (within the 4 = 1 surface for this case) 
while the shear remains low. The trajectory pattern, if extended farther to the right, appears 
more promising in avoiding the ballooning stability boundary, and thereby obtaining second 
stability 3. Rapidly increasing shear near the edge, should be favorable for kink stability. 
Calculations show that MHD-quiescent, high (&} discharges are indeed expected to be stable 
against ballooning modes, and either stable or marginally stable for n = 1-3 kink modes 
depending upon how the conducting walls are modeled. 

Two discharge regimes have been discussed above; Ugh 0p regime discharges have a quasi-
3The condition, ?(0) > 1, which is often considered desirable for achieving the second stability, would 

produce a nearly shearless central region (for a given, moderate q at the plasma edge) and would let the 
trajectory pass safely under unstable zones, provided there is a finite pressure gradient there. 
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steady state plasma current, but are MHD-active and often suffer a 0 collapse, while high 
{0t) regime discharges are MHD-quiescent, but are transient and suffer an inevitable low-q 
disruption. Are there any other regimes of operation that can combine advantages of these 
two regimes without suffering from their disadvantages? An answer to this question may be 
a discharge regime produced with pellet injection, which combines the quasi-steady state and 
MHD-quiescent characteristics. 

A pellet regime plasma is produced by injecting a pellet, during the 0 rise phase, into a 
discharge which would have evolved into a high 0P plasma and 0 collapse in the absence of 
the pellet. By the time of injection, a double-hump and narrow central feature in the current 
profile characteristic of a high 0P plasma has formed to some extent in the target H-mode 
plasma, but the pressure profile has not yet broadened as much as that in a fully developed 
high 0P plasma (see Fig. 2). (Injection occurs in a state between those represented by the 
curves, A and B, in Fig. 4 or 5 shown below.) The pellet destroys the double-hump in the 
current profile and brings the profile a lot closer to that of an L-mode plasma produced by 
the skin effect. The pellet also prevents formation of a broad pressure profile characteristic of 
a high 0P plasma. The MHD activity, rampant in the target H-mode plasma, is nearly absent 
for a long period after pellet injection [5]. The normalized pressure and current profiles long 
(~ 63 ms) after injection of a pellet are shown in Fig. 2(a) and (b), respectively. These profiles 
appear to be maintained for a long time after the injection. The Te (electron temperature) 
profile measured after pellet injection, as well as the computed current profile, possesses 
characteristics of an L-mode plasma. The energy confinement time, however, remains as high 
as, or higher than, that of the target H-mode plasma, presumably because of a high density. 

The equilibrium of a pellet discharge is depicted in the S - Q map by the curve-A in Fig. 3. 
The trajectory has characteristics similar to that of high (0t) plasmas in that there is a rise 
in pressure gradient in the core (first to the right, and then up) while the shear remains very 
small. The pellet generated plasma contains nearly as much stored energy as high 0P plasmas 
and its trajectory shape appears promising. If the plasma is heated to higher pressures and 
the pressure gradient (with respect to /̂>) becomes larger, the trajectory's relationship to the 
ballooning boundaries might look like the curve-B shown in Fig. 3- The trajectory may be 
able to safely pass under ballooning instability regions as well as to avoid downward loops 
characteristic of high 0P discharges. Recall that the U\ stability boundary is typical of flux 
surfaces in interior regions and (J? boundary is typical of surfaces in peripheral regions. 

PROFILE CHANGES WITH 0 COLLAPSE A N D AN ELM EVENT 

In the previous section the 'snap-shot' equilibrium at a time point during the discharge was 
compared for different regimes. In this section we examine the time evolution of the S - Q 
pattern in the 0 collapse process4. The high 0P state discussed earlier is often reached near 
the 0 peak or saturation in 0 collapse discharges. We discuss also abrupt changes in the S -a 

4 The iJ-collapse is a process discovered in the predece&sor PBX tokamak [7], and has since been observed 
in many tokamaks including PBX-M. 
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trajectory at an ELM event, which occurs frequently during the final phase of the 0 collapse 
process. 

In Fig. 4(a) the pressure profile along the midplane major radius is shown for a sequence of 
three time points (from three similar discharges) during the f3 collapse process up to the 3 
peak or saturation phase. During most of /? rise phase (up to about 420 ms in this series of 

t discharges), a 'peaked' pressure profile (p} > 3) is maintained. A representative profile is given 
by the curve-A (with p/ = 3.8 at 360 ms) during this period. Near the end of rise phase, the 
pressure profile broadens strongly as shown by the curve-B (with p/ = 2.4 at 450 ms). Near 
the 0 peak, just before the onset of collapse phase, the pressure gradient in the peripheral 
regions steepens further as evident in the curve-C (although p/ — 3.4 at 490 ms on account of 
a higher peak pressure 5). The profile at this time point, containing a large amount of stored 
energy, collapses to more peaked shapes and lower centred pressures (not shown) in the final 
phase. In Fig. 4(b) the toroidal current profile along the midplane major radius is shown for 
the same set of discharges. The current profile, measured in terms of /,-, broadens during the 
rise and saturation phases, from 0.73 to 0.62 to 0.53. But a prominent feature of the toroidal 
current evolution is development of a double-humped profile with an accompanying sharp 
edge gradient. The relationship between the pressure and current profiles may be seen better 
in an S-ct map. 

The equilibria at the same set of three time points during the 0 collapse process are represented 
in Fig. 5 in an $-a map. In this sequence, q$s [q-value on the flux surface containing 95% 

* of the difference in the poloidal flux between its values at the magnetic axis and last closed 
magnetic surface) varies from 6.4 to 4.7 to 4.4, indicating a diminishing total available shear 
as 0 rises. The trajectory-C shows a characteristic downward loop with a large increase in 
pressure gradient, yet no accompanying increase in the shear on flux surfaces beyond the q = 2 
surface. The collapse phase begins following this state and the stored energy decreases in spite 
of a steady power input from NBI. During this phase, a series of ELM events (a sudden drop 
of stored energy, probably caused by a short (< 1 ms) burst of MHD activity) and continuous 
global (n = 1-3) MHD modes are observed. The downward loop is a combined result of 
strong double-hump in the current profile and large pressure gradient near the plasma edge 
(see Fig. 4). A double-hump alone does not necessarily form a downward loop. 

The equilibria just before, and just after, an ELM event [8] are shown in an S-ct map in 
Fig. 6. The major effect of the ELM on the equilibrium appears on flux surfaces beyond the 
q = 3 surface for this case. The ELM unravels the downward loop of the trajectory-C and 
flips it upward into a region of higher shear and reduced pressure gradient. The resultant 
trajectory-B, which resembles closely the trajectory at the end of rise phase [see trajectory-B 
in Fig. 5), probably represents a transition from an unfavorable to favorable state for the kink 
stability. The resultant trajectory is probably unfavorable for the ballooning stability, because 
the part representing peripheral regions {q > 3 in this case) is likely to run into ballooning 
unstable regions. Trajectory changes depicted here may therefore suggest that ELM's have 

' J 'Development of a 'shoulder' in the profile may have been caused by some MHD activity, probably ELM's, 
which began to appear by this time, but could also repteseut shot-to-shot variations.) 
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features more representative of kink modes than ballooning modes. This notion, as arrived at 
here, is merely qualitative, but is supported by other evidence as well [9], In the final phase 
of 0 collapse discharges the stored energy often decreases in a step-like manner punctuated 
by ELM events, recovering partially between two events. A downward loop presumably forms 
after the recovery in each step, again to be destroyed by the ELM. The state represented by 
a downward loop in the S - a map appears to be unsustainable and is destroyed by ELM's to 
yield a more stable configuration. The value of ?g5, which is an approximate measure of the i 
total available shear, is unaffected in the ELM event discussed here and, therefore, an increase 
in the shear in outer regions would require a compensating decrease elsewhere in core regions 
as evident in Fig. 6. 

S U M M A R Y 

The S - a map is an effective tool for visually presenting the relationship between the shear 
and dimensionless pressure gradient of an equilibrium with a qualitative characterization 
of its stability properties. The relative merit of equilibria may be discerned more easily 
through 'pattern recognition' in the S - a map than through examinations of current and 
pressure profiles individually. Knowledge of changes in the S-a trajectory produced by 
individual profile modification techniques helps guide experimentalists to 'construct' a desired 
equilibrium. 

The S - a map enables us to compare equilibria from different devices independent of the * 
plasma shape and size, and to extract features of their favorable discharge regimes. In such 
comparisons the plasma shaping ability of a device is implicit as an available technique to 
alter the S - a pattern. 

Using examples from PBX-M experiments, we have demonstrated the usefulness of the S - a 
map in interpreting the results and making judgement about how to improve the experiments. 
Three operating regimes in the PBX-M tokamak have been characterized using the S-ct map. 
The high fiP and high (0t) regimes, using shaping and rapid current ramp, respectively, are 
found to have distinct S - a patterns. The trajectory of the quasi-steady J p , but MHD-actrve, 
high /?p plasmas has characteristics qualitatively unfavorable both to the ballooning and kink 
stability. In particular., the trajectory with a downward loop represents an unsustainable state 
and marks the onset of final collapse phase of the 0 collapse process. (The trajectory may be 
improved by using profile modification techniques such as LHCD and IBWH.) The trajectory 
of the MHD-quiescent, high (/?,) plasmas has qualitatively favorable stability characteristics. 
But the discharges are inherently transient and inevitably end in a \ow-q disruption. Pellet 
injection into a quasi-steady Ip, H-mode discharge, which would have evolved into a high 
0p plasma in the absence of pellets, produces an S-a trajectory characteristic of high {,3t} 
plasmas. The pellet plasma has a potential to combine the advantages of the both regimes: 
a quasi-steady, MHD-quiescent state. 

The time evolution of the equilibrium in a /? collapse discharge, up to a high j3p plasma 
state near the ,•? peak, also manifests itself as a series of characteristic changes in the S - a 
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trajectory, ending with formation of a downward loop. A prominent change in the trajectory-
caused by the ELM event, which occurs frequently in the final phase of the 3 collapse process, 
is unraveling of the downward loop and results in a trajectory with higher shear and lower 
pressure gradient, which is presumably more favorable for the kink stability. 
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Figures 

Fig. 1. The S-a map; Trajectories representing equilibria, with locations of integer q values 
shown, for (A) an H-mode plasma with high poloidal 0 and (B) an L-mode plasma with high 
toroidal 0. The broken curves, Ut and f/j, depict the generic form of ballooning stability 
boundaries. The curves, A and B, are obtained from PBX-M shots, #259854 and #253941, 
respectively. 

Fig. 2. Normalized profiles of (a) pressure and (b) current generated by three different profile 
mudifLcatioa tools', shaping, skin effect and pellet (the shot numbers aie given in this order). 

Fig. 3. The equilibrium of a discharge produced by pellet injection is represented by A. Bro
ken curves, Ui and Ut, depict the generic form of ballooning stability boundaries. If the pellet 
produced plasma is heated to higher pressures, the trajectory for the equilibrium might look 
like B, which is favorable in safely passing under ballooning instability regions as well as in 
avoiding downward loops characteristic of high 0f discharges. 

Fig. 4. Profile evolution of (a) pressure and (b) toroidal current in 0 collapse discharges: (A) 
in the early 0 rise phase, (B) near the end of rise phase, and (C) near the j3 peak, just prior 
to collapse phase. 

Fig. 5. Trajectory evolution in 0 collapse discharges: (A) in the early 0 rise phase, (B) near 
the end of rise phase, and (C) near the 0 peak, just prior to collapse phase. 

Fig. 6. Trajectories (C) just before, and (B) just after, a large ELM event. The ELM unravels 
the downward loop of the trajectory-C and flips it upward into regions of lower pressure 
gradient and higher shear. The resultant trajectory resembles the trajectory at the end of 
rise phase (see trajectory-B in Fig. 5) 
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