THE UNIVERSITY OF

WARWICK

Original citation:

Zhu, Hao, Chapman, Sandra C., Dendy, R. O. and Itoh, Kimitaka. (2014) Transitions to
improved confinement regimes induced by changes in heating in zero-dimensional
models for tokamak plasmas. Physics of Plasmas . pp. 1-23. ISSN 1070-664X (In Press)
Permanent WRAP url:

http://wrap.warwick.ac.uk/60374

Copyright and reuse:

The Warwick Research Archive Portal (WRAP) makes this work of researchers of the
University of Warwick available open access under the following conditions. Copyright ©
and all moral rights to the version of the paper presented here belong to the individual
author(s) and/or other copyright owners. To the extent reasonable and practicable the
material made available in WRAP has been checked for eligibility before being made
available.

Copies of full items can be used for personal research or study, educational, or not-for-
profit purposes without prior permission or charge. Provided that the authors, title and
full bibliographic details are credited, a hyperlink and/or URL is given for the original
metadata page and the content is not changed in any way.

Publisher’s statement:

© AIP and Physics of Plasmas.

http://scitation.aip.org/content/aip/journal/pop

A note on versions:

The version presented here may differ from the published version or, version of record, if
you wish to cite this item you are advised to consult the publisher’s version. Please see
the ‘permanent WRAP url’ above for details on accessing the published version and note
that access may require a subscription.

For more information, please contact the WRAP Team at: publications@warwick.ac.uk

warwickpublicationswrap

e —
nighlight your research

http://wrap.warwick.ac.uk/



http://wrap.warwick.ac.uk/
http://wrap.warwick.ac.uk/60374
http://scitation.aip.org/content/aip/journal/pop
mailto:publications@warwick.ac.uk

Transitions to improved confinement regimes induced by changes

in heating in zero-dimensional models for tokamak plasmas

H. Zhu,! S.C. Chapman,®?3 R.O. Dendy,*"® and K. Itoh%?

LCentre for Fusion, Space and Astrophysics,
Department of Physics, University of Warwick,
Coventry CV4 TAL, United Kingdom
2Mazx Planck Institute for the Physics of Complex Systems, Dresden, Germany
3 Department of Mathematics and Statistics, University of Tromso, Norway
Y Euratom/CCFE Fusion Association, Culham Science Centre,
Abingdon, Ozxfordshire OX14 3DB, United Kingdom
SItoh Research Center for Plasma Turbulence,
Kyushu University, Kasuga 816-8580, Japan
6 National Institute for Fusion Science, Toki 509-5292, Japan

Abstract

It is shown that rapid substantial changes in heating rate can induce transitions to improved
energy confinement regimes in zero-dimensional models for tokamak plasma phenomenology. We
examine for the first time the effect of step changes in heating rate in the models of E-J.Kim and
P.H.Diamond, Phys.Rev. Lett. 90, 185006 (2003) and M.A.Malkov and P.H.Diamond, Phys. Plasmas
16, 012504 (2009) which nonlinearly couple the evolving temperature gradient, micro-turbulence
and a mesoscale flow; and in the extension of H.Zhu, S.C.Chapman and R.O.Dendy, Phys.Plasmas
20, 042302 (2013), which couples to a second mesoscale flow component. The temperature gradi-
ent rises, as does the confinement time defined by analogy with the fusion context, while micro-
turbulence is suppressed. This outcome is robust against variation of heating rise time and against
introduction of an additional variable into the model. It is also demonstrated that oscillating
changes in heating rate can drive the level of micro-turbulence through a period-doubling path
to chaos, where the amplitude of the oscillatory component of the heating rate is the control
parameter.

Keywords: Tokamak confinement regimes, zero-dimensional modelling, predator-prey, Lotka-

Volterra, period-doubling bifurcation, chaotic attractor



1. Introduction

Zero-dimensional models[1-15] — that is, systems of coupled nonlinear differential equa-
tions with a single independent parametric coordinate representing time — play an important
role in interpreting fusion plasma behaviour. By choosing variables to represent key macro-
scopic quantities such as the temperature gradient NV, the strength of micro-turbulence F,
and the magnitude of large-scale coherent nonlinear structures U, zero-dimensional models
can be constructed in a manner that reflects the global phenomenology of, for example,
L-mode and H-mode confinement physics. This enables empirically inspired physical mod-
els, which typically include predator-prey or Lotka-Volterra dynamics, to be tested and
explored quantitatively: a necessary step, given that the dynamics can be strongly non-
linear. It has not previously been established whether, in zero-dimensional models, rapid
substantial increases in externally applied heating can engender sharp transitions in confine-
ment properties, akin to heating-induced transition from L-mode to H-mode confinement in
tokamak plasmas. First identified in Ref.[16], the role of heating in this transition has been
examined experimentally in all large tokamak plasmas, including DIII-D[17], JT-60U][18],
Alcator C-Mod[19] and ASDEX-U|[20], and in a range of tritium, deuterium-tritium and
hydrogen plasmas in JET[21]. For recent reviews of the H-mode and related fundamental
plasma phenomena, see for example Refs[22-24]. Here we address heating-induced tran-
sitions in the framework of the well-established zero-dimensional model of Diamond, Kim
and Malkov(3, 4], hereafter KD/MD, which couples the three variables (N, £, U) introduced
above, and is driven by the external heating power ¢(t), using the normalization of[4], see
also[14]. In this normalization, the correspondence between the E? terms in equation (1)
and equation (1) of Ref.[1], implies that the time scale throughout this system of equations
scales with the inverse of the parameter a; defined in Ref.[1]. Table 1 of Ref.[1] provides

expressions for this parameter in terms of physical quantities.
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The meso-scale structures U are induced by micro-turbulence E. The growth of micro-
turbulence E' is suppressed and meso-scale structures U as well as being self suppressed.
External heating drives this system, and the external heating rate acts as a control parame-
ter. The KD/MD model was recently extended in Ref.[14], hereafter ZCD, to include a fourth
variable representing a second predator population Us of coherent nonlinear structures, for
example geodesic acoustic modes(GAMs), in addition to the KD/MD population(denoted
U; in ZCD) originally intended to represent zonal flows(ZFs). The introduction of these
distinct classes of nonlinear structure in a zero-dimensional model follows the philosophy of
Itoh & Itoh[13]. We note that there is no direct interaction between U; and U, due to the
parallelism of ZFs and GAMs|[25].
The ZCD extension of the KD/MD model is written as[14]:

FE
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In the present paper we investigate how sharp step changes in heating power ¢(t) in
the KD/MD model, and its ZCD extension, can induce confinement transitions. We also
examine the impact of an oscillating heating rate on the ZCD extension, obtaining results
for the system dynamics which differ significantly from those found in [15] for the KD/MD
model. We quantify the dynamics, both in terms of the underlying (N, £/, U) phase space
and in terms of the energy confinement time 7. which is the key figure of merit. We identify
the scaling of 7. with heating power in the different confinement regimes of the KD/MD
model and its ZCD extension. This is an important first step towards direct comparison
between the global energy confinement times implicit in zero-dimensional models and the
empirical confinement time scalings determined from multiple tokamak plasma experiments.
We establish that the heating-induced confinement transitions are not strongly sensitive to
the timescale on which heating power is increased. The results in the present paper are

a significant step in the validation of the zero-dimensional approach, and of the KD/MD
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model and its ZCD extension, together with the physical identifications and assumptions
which zero-dimensional models embody.

A new result of [14] concerned the attractive fixed point of the KD/MD model referred
to as the transient mode (T-mode). It was found in ZCD that the introduction of a second
coherent field U;, acting as an additional predator on the micro-turbulence F, transforms
the post-heating T-mode into a repulsive fixed point. A new attractive fixed point (see Fig.6
herein) or limit cycle (see Fig.7 herein) appears in ZCD, compare e.g. Fig.13 of ZCD. Here
we refer to this new attractor as the oscillation mode (O-mode). Unlike the low confinement
T-mode in KD/MD, the O-mode in ZCD has good confinement properties, as we discuss
below. In the stable O-mode, N is finite, as is Uy, with F zero or very small, and U; zero.
The present paper therefore also explores heating-induced transitions that can give rise to
the O-mode in the ZCD extension of the KD/MD model.

We find that in the ZCD model, when the external heating rate includes a component
that oscillates sinusoidally in time, as in [15], a period-doubling path to chaos exists. The
amplitude A of the oscillatory component of the heating rate is the control parameter.
The micro-turbulence level F bifurcates with increasing A, and the ratio of values of A at

successive bifurcations is found to yield the first Feigenbaum constant[26] to high accuracy.



2. Analytical confinement properties of the models

The energy confinement time in the KD/MD model and its ZCD extension can be ad-
dressed analytically, to some extent. We may define the energy confinement time 7. at any

instant by analogy with the fusion context[27], using

N
~ ¢ —dN/at (8)

Te

The structure of Eq.(8) is standard; in the present context, it reflects the fact that the
temperature gradient IV is a physical proxy for stored energy, whose time evolution is driven
by ¢ in Eq.(3). It follows from Egs.(3), (7) and (8) that the confinement time in both
KD/MD and ZCD is

1
c = 9
! p+ok )
for all t. At the fixed point, dN/dt = 0 and
Np 1
P 10
" ar  p+oEr (10)

where subscript F denotes evaluation at the fixed point.

We will need to solve numerically the system of equations Eqs.(1) to (3), and their ZCD
counterparts FEqgs.(4) to (7), in order to establish whether fixed points are accessible and
how transitions between them (induced by changes in heating or otherwise) occur. However,
provided the system can access the fixed point, Eq.(10) will hold and we can find 7¢ for that
fixed point. As discussed in KD/MD[3, 4], the QH-mode fixed point has £ = U = 0. It
therefore follows from Eq.(3) that in QH-mode there is linear scaling of stored energy with

heating power,

qor = pNou (11)

and from Eq.(10), 7op = 1/p. In contrast the T-mode fixed point[4] has E and U finite,
and Eq.(10) then yields



. 1 _ TQH
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(12)

This reflects the degradation of confinement in T-mode compared to QH-mode, associated

with the level of T-mode turbulence Er = n (1 + (N3). It further follows from Eq.(3) that

qr = pNr [1 + (on/p) (1 + CN%)} (13)

in contrast to Eq.(11). Inversion of Eq.(13) to yield Ny as a function of ¢y can be achieved
numerically. Substitution of this result into Eq.(12) then yields 7 as a function of gr. In
Fig.1 we plot the relative changes in the proxy for stored energy, Ngou/Nr, and in confine-
ment time 7oy /7r, as functions of the normalised increase in heating power dg/qo in the
KD/MD model, where d¢ = qon — gr and gy = gr. The solid line in Fig.1 is derived from
Eqgs.(11) to (13), with over-plotted points derived from direct solution of Egs.(1) to (3) and
(8).

The O-mode attractive fixed point or limit cycle of ZCD can be well approximated by
U =0 and

Eo =ny (1+ ¢Np) (14)
Uso = No — N§ — Eo (15)
It follows that
1
TO (16)

" p+om (14 (NG

Analysis similar to that for the T-mode following Eq.(12) is then possible.

In the present paper, the T-mode is the lower confinement regime, compared to the en-
hanced confinement QH-mode in KD/MD and ZCD, and also compared to the O-mode
in ZCD. The model QH-mode has highly idealised confinement properties embodied in
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Figure 1. KD/MD model dependence of ratios of confinement time 7gg /7 (blue stars; left scale)
and temperature gradient Ngg /N7 (red crosses; right scale) on the normalised increase in heating
rate dq/qo. Solid line for 7oy /7r is inferred from Eqgs.(12) and (13). Points are obtained from
numerical results for d¢ = 0.495, Tog = 1.8182, qp values are shown in figure; other parameter

values are v =19, n =0.12, p = 0.55, 0 = 0.6, ( = 1.7.

Eq.(11). Figure 2 shows that the confinement properties of the ZCD post-heating O-mode
are very similar to QH-mode, although weakly dependent on heating. These good confine-
ment regimes effectively provide the benchmark with respect to which the degraded T-mode
confinement is normalised. Figures.1 and 2 provide a general method to parametrise the
energy confinement transition properties of zero-dimensional models in similar terms to ex-
periments, see for example the classic studies of tokamak plasma confinement scaling in
Ref.[28] for L-mode and Ref.[29] for H-mode. We have used parameter values here that
correspond to those in Refs.[4] and [14]. Different sets of values of these parameters would
correspond to different values of the ratio on/p and of {, and to different locations of the
fixed points in phase space for given dq/qo. This suggests that an extensive exploration of
parameter space could yield confinement time ratios more nearly consistent with experiment

than those in Figure 1.
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Figure 2. ZCD model dependence of ratios of confinement time 7gp /7o (blue stars; left scale) and
temperature gradient Nog/No (red crosses; right scale) on the normalised increase in heating rate
dq/qo. Solid line is inferred from Eqgs.(11) and (16). Points are obtained from numerical results
for 0¢ = 0.20, 7gg = 1.8182, qp values are shown in figure; other parameter values are v; = 19,

ve = 0.19, 71 = 0.12, o = 0.012, p = 0.55, o = 0.6, ¢ = 1.7.



3. Confinement transitions induced by changes in heating in the KD/MD

model

Understanding the confinement properties of the fixed point attractors and limit cycles of
the KD/MD model and its ZCD extension is necessary, but not sufficient, for analysing the
mapping from these zero-dimensional approaches to tokamak phenomenology. The transient
time evolution of the system variables towards and between fixed points can, as we shall see,
be of long duration and may relate to tokamak scenarios. In the present paper, we focus
particularly on changes in time evolution that are consequent on rapid changes in heating
power q.

Figures 3 to 5 display an example of the responses, in the KD/MD model, to a substantial
instantaneous rise d¢ in heating power ¢, which is then sustained at this higher level before
later returning instantaneously to its initial level gg. The resulting system dynamics — a
proxy for plasma phenomenology — is characterised in each Figure in terms of time traces
of N,E,U and ¢ (upper plot), and of 7. (lower plot). The heating power g, is successively
larger in the system shown in Fig.3 through Fig.5. Before dq is applied, the system has
relaxed to its attractor for gy. For the particular parameter values chosen, in Figs.3 to 5 this
fixed point is a state with relatively low N, and non-zero turbulence level F and zonal flow
amplitude U. In KD/MD, this low confinement fixed point is referred to as the transient
mode (T-mode).

Figure 3 shows that instantaneous application of ¢ = 0.16 to the gy = 0.45 T-mode causes
a transition to an improved confinement regime which is identified by KD/MD with the
quiescent H-mode (QH-mode). This is a fixed point which has larger N, while £ = U = 0.
As a consequence (from Eq.(11)), the value of 7, rises instantly by about twenty per cent.
At the termination of additional heating when ¢ — ¢g, the system is still at this fixed point
but now at lower N, with F/ and U still zero, hence still a QH-mode. The value of 7, remains
constant at its value for the additionally heated QH-mode, since 7oy = 1/p is independent of
N. This second QH-mode phase persists for some time after the heating power has reverted
to the lower initial value ¢y = 0.45. Eventually the system returns to the initial T-mode.

In Figure 4, the duration of the QH-mode after the heating has reverted to its initial
value qq is substantially longer than in Fig.3. Here the only parameter difference from Fig.3

is that qo = 0.47, implying a slightly higher maximum power qg + d¢ and slightly lower
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Figure 3. Time traces and phase space evolution for the KD/MD model, Eqs(1) to (3), with a
discontinuous increase in heating rate ¢ by amount d¢ = 0.16 from ¢p = 0.45 at t = 2000; ¢ reverts
to qo at t = 3000. Upper left plot shows time traces of variables N (black), ¢ (dashed magenta),
U (red) and E (green). Lower left plot shows time trace of energy confinement time 7. defined by
Eq.(8). Right plot shows time evolution of the system in (N, E,U) phase space. The sequence of
key phases is labelled in all three plots in this Figure as follows. A is the initial transient evolution
from the over-powered H-mode point I, leading to convergent cyclic motion towards fixed point
attractor B corresponding to T-mode. At C the instantaneous increase in heating rate ¢ induces
rapid departure from the T-mode attractor B to the QH-mode (increased N; E = U = 0) attractor
D with improved confinement time. Instantaneous reversion of ¢ to initial value gy brings the
end of phase D and results in immediate transition to a QH-mode by exponential decrease in N,
labelled E, with a lower value of N and the same confinement time as phase D. There is later a
spontaneous back transition from E at t = 4000, followed by convergent cyclic motion F to the

T-mode attractor B.

fractional change dq/qy. For the case shown in Fig.5, where ¢y = 0.49, the system remains
in the post-heating QH-mode until the run ends. An eventual back transition to T-mode
after the heating power reverts to gy = 0.49 has not had time to occur.

In conclusion, in Figs.3 to 5, the initial T-mode with confinement time 7 is sustained

by the heating rate ¢y = ¢r. The sharp rise in heating rate to gy + d¢ = qou triggers the
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Figure 4. As Fig.3, for the case where gg = 0.47. The major difference is the longer duration of

the post-heating QH-mode phase E, after reversion of ¢ to its initial value.
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Figure 5. As Fig.4, for the case where qg = 0.49. The major difference is that the back transition
from the post-heating QH-mode phase E, which is not a stable attractor, has not yet occurred by

the end of this run.
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transition to the QH-mode at higher N and with improved confinement time 7.
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Figure 6. As Fig.3, for the two-predator ZCD model, Eqs(4) to (7), with a sharp heating transition
where gy = 0.45, ¢ = 0.16. The second predator field U; is traced in blue in the upper left plot.
The major difference from Fig.3 is that the post-heating T-mode state F is a repulsive fixed point,
from which the system spontaneously transitions and converges cyclically to the fixed point G.
This is known from Ref.[14]) and has enhanced N and finite Us, with E very small. Here we refer

to the attractive fixed point G as an example of O-mode.

4. Confinement transitions induced by changes in heating in the ZCD model

Figures 6 to 8 show the counterparts to Figs.3 to 5 that are obtained from the ZCD exten-
sion of the KD/MD model; that is, when a fourth variable Us representing a second coherent
field predator is added to the KD/MD model, see Egs.(4) to (7). The phenomenology of the
heating-induced QH-mode and post-heating QH-mode in Figs.6 to 8 is very similar to that
in the corresponding Figs.3 to 5 for the KD/MD model. From this we can infer that the
induction of enhanced confinement by additional heating in the KD/MD model is robust
against the introduction of a fourth variable as in ZCD. It is known[14] that the eventual
post-heating T-mode is a fixed point attractor in KD/MD but is a repulsive fixed point
in ZCD. Figures 6 and 7 capture the transition from T-mode to the new ZCD fixed point
(phase G in Fig.6) or limit cycle (phase G in Fig.7). This is the O-mode, with good con-
finement, as discussed in Sec.2. We have repeated this analysis using a smooth function for

the transition in heating, represented by ¢ (t) = Ao + Aitanh (t/T'), where T is the time
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Figure 7. As Fig.4, for the two-predator ZCD model[14] with a sharp heating transition where
qo = 0.47, 6¢ = 0.16. The major difference from Fig.4 is that the post-heating T-mode state F is
a repulsive fixed point, from which the system spontaneously transitions and converges cyclically
to the limit cycle G. This is known from Ref.[14] and has oscillations of enhanced N and finite Us,
accompanied by small pulses of E. Here we refer to the attractive limit cycle G as an example of

O-mode.

scale for the heating transition (ramp up). We obtain essentially the same results as those

reported above, for a broad range of T values.
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Figure 8. As Fig.5, for the two-predator ZCD model[14] with a sharp heating transition where
qo = 0.49, 0g = 0.16. As in Fig.3, there is insufficient run time for the phase E QH-mode to

transition to T-mode and then to the O-mode attractor, unlike Figs.6 and 7.
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5. Impact of oscillating heating rate on the ZCD model

A topical question concerns the system response to oscillations, in time, of the heating
rate about a constant value. The resultant changes in the phenomenology generated by
zero-dimensional models are of interest both theoretically and, potentially, experimentally.
Repeated on-off switching of electron cyclotron heating is now routine[30], so that quasi-
oscillatory ECH scenarios are becoming realisable. If one can identify distinctive signatures
in the system response of a zero-dimensional model in such scenarios, this could assist a
potential future experimental probe of the physical assumptions embodied in that model.
We now examine the ZCD model in this context, and find that such a signature indeed exists,
in the form of a classical period-doubling path[31] to chaos in the temperature gradient
N, coherent field amplitude Us, and level of micro-turbulence F, as the amplitude of the
oscillatory component of the heating rate is increased. The response of the MD model, which
has one fewer variable and does not appear to exhibit this distinctive phenomenology, was
investigated in [15].

We represent the heating rate by

q(t) = qo + Asin (wt) (17)

where ¢o = 0.47, w = 0.05 and all other coefficients and initial conditions take the values
that were used to generate Fig.7. This oscillatory timescale is fast compared to the duration
of quasi-stationary phase in Figs.6 to 8. Specifically, the ratio of period of oscillating heating
rate and that of limit cycle in Fig.7 is approximately 43.6 per cent. The control parameter
in the following study is thus the amplitude A of the oscillatory component of the heating
rate defined in Eq.(17). Figures 9 to 11 show the initial period-doubling path from period-1,
via period-2, to period-4 as the value of A is increased from 0.0215 through 0.0240 to 0.0270.
We note that these values of A are correspond to a few per cent of the steady heating rate
qo = 0.47. Figures 9 to 11 all show: on the left, the power spectrum of N; on the right,
the full attractor in (N, Us, E) space; and, inset, the time series of N. Figure 12 provides
an additional perspective on this period-doubling by showing the power spectra of N from
Figs.9 to 11 over-plotted in the frequency range from 0.04 to 0.08. The fully chaotic attractor

is shown in Fig.13, obtained for A = 0.0295. Figure 14 provides a comprehensive diagram
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Figure 9. Period-1 oscillation in ZCD system dynamics in response to the varying heating rate
defined by Eq.(17) with A = 0.0215; other parameter values are as for Fig.7. Left, the power

spectrum of N; right, the full attractor in (N, Uz, E) space; inset, the time series of N.

of the period-doubling bifurcation path to chaos in the value of micro turbulence level E as
A is increased from 0.0215 to 0.0295 in the ZCD model. We have obtained the values of
A,, at which the nth period-doubling bifurcations occur, from period-1 to period-8. We find
A; = 0.0230, A, = 0.0265, A3 = 0.0272 and A4 = 0.0273, giving the ratios 4.666 which is
within 0.05 per cent of the expected value 4.669[26].
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Figure 10. As Fig.9, showing period-2 oscillation in ZCD system dynamics when A = 0.0240.

10

10
1
0.9
10°
5 =038
=
o
& 0.7
107
-20
1 ‘ ‘ ‘
0 0 0.1 0.2 0.3 0.4 0.15
Frequency 02 02

uz2

Figure 11. As Fig.9, showing period-4 oscillation in ZCD system dynamics when A = 0.0270.
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the frequency range from 0.04 to 0.08. Blue, red and black dash lines denote spectra of period-1,

period-2 and period-4 respectively.
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Figure 13. As Fig.9, showing chaotic attractor of the ZCD system dynamics when A = 0.0295.
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Figure 14. Period-doubling bifurcation path to chaos of ZCD system dynamics. Micro-turbulence
level E is plotted versus amplitude A of oscillatory heating component in Eq.(17), in the range
0.0215 to 0.0295. The first four arrows indicate successive bifurcations, which occur at values
A = 0.0230,0.0265,0.0272 and 0.0273. These yield Feigenbaum’s ratio to within 0.05 per cent.

The fifth arrow marks a period-6 window within the chaotic region.
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6. Conclusion

In this paper we have shown that the KD/MD model and its ZCD extension capture a
key feature of tokamak plasma confinement phenomenology, additional to those previously
noted in Refs.[3, 4] and [14]. Specifically, a rapid substantial change in heating power can
trigger a transition to an enhanced confinement regime having steeper temperature gradient
N, longer energy confinement time 7., and suppressed micro-turbulence level E. Enhanced
confinement is sustained throughout the duration of the heating pulse. It can continue after
heating reverts to its initial level, retaining the same value of 7. but with lower N, for a
time whose duration depends on the values of the initial and additional levels of heating.
Importantly, this tokamak plasma-like enhanced confinement phenomenology is robust: both
against minor variations of the switch-on time scale for the additional heating, and against
inclusion of a second predator field in the model. The latter step also creates a new attractive
fixed point or limit cycle which has enhanced confinement characteristics. This O-mode has
higher values of N and 7. than the lower confinement T-mode which precedes it, with
nonlinear structure amplitudes U; = 0 and U, finite, and micro-turbulence level small or
zero. The KD/MD model and its ZCD extension also possess well defined scaling relations
between energy confinement time and heating power, which can be calculated. We emphasise
again that numerical solution of the time evolving system, as well as knowledge of its fixed
points, are necessary for these studies.

From a dynamical systems perspective, we have identified a confinement time parameter
7. which depends only on the values of the macroscopic fields (£, U, N, q). The value of 7.
at the fixed points can be used to characterise the confinement states of the model. Since
these values can be found analytically for any zero-dimensional model, we have provided a
procedure to obtain the dependence of confinement time on the heating enhancement d¢q/qo.
If these fixed points are attractors in the model, then the duration of these confinement states
will be long and will be insensitive to the detailed time dependence of heating ¢(¢). If on the
other hand these fixed points are repulsive, then full numerical solution of the given zero-
dimensional model equations is required to determine the duration of the corresponding
confinement states, and whether this is sensitive to the detailed time dependence of the
heating ¢(t).

When a small oscillatory-in-time component is added to the steady heating rate, we find
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that the ZCD model can exhibit a classic period-doubling path to chaos in, for example,
the level of micro-turbulence E as the amplitude of oscillation is increased. In this, the
ZCD model may differ from the MD model, for which oscillatory heating was studied in
[15]. This distinctive phenomenology may offer a path to future experimental testing of the
assumptions of zero-dimensional models, and perhaps distinguishing between them.

We infer that the heating-induced transitions between confinement regimes are not
strongly sensitive to the temporal sharpness of the change in heating rate from ¢q to qo + dq.
We have repeated the numerical experiment of Sections 3 to 4 for the same parameters,
except that the heating transition up and down is now a continuous tanh function. We con-
clude that discontinuous and slightly smoothed changes of heating rate with time produce
essentially similar results. Resilience against noise fluctuations in the heating has also been
investigated. We find that the results are effectively invariant against noise in the heating
at levels of 1% to 10%.

The results in this paper reinforce the apparent validity of the conceptually simple (al-
beit strongly nonlinear) physical picture embodied in the KD/MD model. Very few simple
first principles models can spontaneously generate tokamak-like enhanced confinement phe-
nomenology; the sandpile of Refs.[32, 33] is an example. It is increasingly clear that the

KD/MD model is in this category.
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