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A FUSION REACTOR: CONTINUOUS OR SEMI-CONTINUOUS?
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ABSTRACT

Based upon latest results from JET and other tokamaks and upon model projections, the operating conditions of
afusion reactor are predicted. The technical and scientific issues involved in continuous operation of such a reactor
using non-inductive current drive are identified. Candidate techniques include injecting beams of high energy
neutral particles and radio waves at various frequencies (such as fast , lower hybrid and electron cyclotron waves).
The basis for a continuously operating reactor is not apparent and a convincing demonstration would require either
a high current drive efficiency (above 10°A/m>W) at a density above ~10®m™; or ignition and adequate impurity
control atadensity of 5x 10'°m-* with moderate current drive efficiency (~0.5x 10*°A/m?W); or high poweroperation
in a regime with a dominant bootstrap current. Semi-continuous operation with inductive current drive offers the
only viable alternative for long pulse reactor operation. This could use either forward current or alternating current
operation, provided the central solenoid was sufficiently large. A tokamak reactor operating semi-continuously
would be simpler in construction, use re-circulating power more efficiently and would likely be more reliable in
operation. It is proposed that the Next Step tokamak be based on inductive semi-continuous operation.

. INTRODUCTION

Present Fusion Research Programmes are directed ultimately to the construction of a demonstration fusion reactor,
which will be a full ignition, high power device. Moderate extrapolation of latest results and considerations of model
predictions, taken together with the constraints of present technology, allow the size and performance of a
thermonuclear reactor to be largely defined [1]. It will be a large and complex device which must achieve high
reliability, a high level of safety and must be economically viable.

This paper identifies the operating conditions of a reactor and assesses candidate techniques for continuous
operation with non-inductive current drive. The power requirements of these systems is addressed in addition to the
technical and scientific issues involved. As a consequence of these considerations, semi-continuous operation with
inductive current drive is proposed as a viable alternative to continuous operation with non-inductive current drive.

A reactor plasma will most likely be characterised by a temperature of ~25keV and a density >10m= (Section II).
Most critical is the control of impurities and exhaust of helium ash at high power. Ignition must be ensured under
conditions compatible with impurity control. A likely solution is with adivertor at high density and present concepts
rely on energy removal by neutrals and radiation in the divertor [2]. Any plasma model must therefore include all
aspects of plasma behaviour, impurity control and plasma exhaust. One such model - the critical electron
temperature gradient model [1,3,4], which is consistent with experimental results from JET and other tokamaks -
isdiscussed in Section I11. In Section IV, this model is used to define size, toroidal field, plasma current and operating
conditions of the plasma core of a first reactor.

The present status and future prospects of non-inductive current drive for continuous operation of a reactor is
reviewed in Section V. The techniques include the injection of beams of high energy neutral particles and radio
waves at various frequencies, including fast waves, lower hybrid waves and electron cyclotron waves [ 5]. The power
requirements for external non-inductive current drive are considered, since these affect the economics of a reactor.
Although the capital expenditure and power requirements can be reduced by a significant bootstrap current [6], this
is shown to be limited for any particular tokamak configuration.

A viable alternative to continuous operation with non-inductive current drive is semi-continuous operation with
inductive current drive. Two techniques for semi-continuous operation, namely operation with forward current and
with alternating current, are considered in Section V1. The experimental results of preliminary studies of both these
techniques on JET [7,8] are reported. A tokamak reactor operating semi-continuously would be simpler in
construction and is more likely to be reliable in operation.



Il. ATOKAMAK FUSION REACTOR

A reactor is a full ignition, high power device, producing power in the range of 1-2GW (electrical) or 3-6GW
(thermal). It would include: superconducting coils; a divertor with high power handling capability and low erosion,
which is likely to require high density operation; an exhaust system for impurities and helium “ash”; and a D-T
fuelling system, which is an important part of burn control. A hot blanket to breed tritium and exhaust heat will
surround the plasma with a first wall that is highly resilient to 14MeV neutrons. Activation and tritium inventory
must also be minimised. Low power auxiliary heating will be required for the start-up of the reactor which will
operate either continuously with non-inductive current drive or semi-continuously with long pulses (in the range
of 1-2 hours).

Above all, a reactor is a large and complex device which must achieve high reliability, a high level of safety and
must be economically viable. In particular, the economics of the ancillary systems needed to provide heating and
non-inductive current drive must be considered in any assessment of these.systems.

The parameters of a first reactor are defined by technology and physics predictions. The minor radius of the reactor
plasma needs to be about twice the thickness of the tritium breeding blanket, which makes it ~3m. A practical aspect
ratio of 2.5 to 3 sets the plasma major radius to 8-9m. The elongation of the plasma must be limited to less than 2.
Safe operation can be assumed for a cylindrical safety factor greater than 1.6. Plasma physics requirements can be
fulfilled by operating at a toroidal field of about 6T. This defines a reactor with a current capability of about 30MA.
The total magnetic flux available could be about 1000Wb. The reactor will operate with a D-T mixture, including
helium “ash”. Impurity control will be achieved by plasma flow in an appropriate divertor configuration. Sawteeth
will be beneficial in ejecting helium from the central plasma. The reactor plasma will most likely be characterised
by a temperature of about 25keV and a density greater than 10°*m™. In fact, a Next Step tokamak should be similar
to the core of this reactor.

. APLASMA MODEL

Any model used to predict the performance of a tokamak reactor must be consistent with experimental data from
different devices and with physics constraints. Experimental observations support amodel for anomalous transport
based on a single phenomenon and MHD limits. This Critical Electron Temperature Gradient model [1,3,4] of
anomalous heat and particle transport features electrons which determine the degree of confinement degradation;
ion anomalous transport with heat diffusivity ), linked to electron heat diffusivity ¥ ; anomalous particle
diffusivities, D, for ions and electrons, proportional to x; and an anomalous particle “pinch”, ¥, related tothe profile
of the safety factor, q [4].

Specifically, above acritical threshold, (VT ) , in the electron temperature gradient, the transport is anomalous and
greater than the underlying neoclassical transport. The electrons are primarily responsible for the anomalous
transport, but ion heat and particle transport are also anomalous. The general expressions for the anomalous
conductive heat fluxes are:
Qc = -ne XVVTC = _ne Xane (VTE - (VTE)L)H(Vq)
Q=-n VT, '

X, = 2% (T/T)" X {Z/ (14Z,,)°)
The anomalous coefficients for particle transport are:

D=05y

V=-D(Vqg)2q

The critical electron temperature gradient model [1,3, 4] specifies possible dependences for x, _and (VT). To
complete the plasma model requires a description of sawteeth, B-limit instabilities and the eége plasma (the
separatrix, scrape-off layer and divertor) for which rudimentary models are also included.

The model exhibits the following experimental features: consistency with physics constraints, global scaling laws
and statistical analysis; a limitation in the electron temperature; no intrinsic degradation of ion confinement with
ion heating power; no dependence of confinement on mass; similar behaviour of particle and heat transport. The
model, which has no free parameters, reproduces plasma profiles for a wide variety of discharges in ohmic,L-and -
H- regimes in various tokamaks. In particular, the simulation of off-axis heating [9] is almost a direct confirmation
of a (VT), while electron heat pulse propagation studies [10] show a diffusivity, .. ~ X, . >X.. The existence of
the hot-ion mode is consistent with a critical gradient associated with the electron temperature and current ramp
experiments are consistent with the effects of magnetic shear modifying the dependence of confinement on poloidal
magnetic field. It should be noted that in the plasma interior, the same model applies to the L- and H-regimes and
particle and energy confinement improve together. However, at the very edge of an H-mode, a transport barrier
forms and the transport might be classical over a short distance (~few cms). In fact, the H-mode may be the ‘natural’
consequence of the transport model, since y, . depends on shear, and reduces towards zero near the separatrix.
Furthermore, MHD activity reduces on making the transition from L — H phase. This may imply the stabilisation
of some other instability at the edge, where the effect of impurity radiation and neutral influxes on MHD might be
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Fig. 1. (a) Typical configurations for JET and a reactor core and (b) the simulation geometry used
to solve the full energy and particle transport model.

important in destroying, at least partially, the edge confinement barrier. This instability is apparently easier to
suppress in an X-point configuration with high edge magnetic or rotational shear. However, the spontaneous
improvement in edge confinement has yet to be modelled.

IV. MODELLING REACTOR PLASMAS

Typical configurations for JET and a reactor core are shown in Fig.1(a). The full energy and particle transport
model is solved in the simulation geometry (major radius, R=7.75m, horizontal minor radius, a=2.8m, magnetic
field at R, B,=6T, plasma current, [=25MA, and plasma elongation, k=1.6) in Fig. 1(b). A D-T fuel mixture is
assumed and helium ash transport , created during the D-T fusion process, is modelled. 1% of the total recirculation
(helium and D-T fuel) is pumped. Impurity control is assumed to limit the beryllium impurity concentration to 5%.

Simulations using the model described in Section III show that the reactor core operates well in L-mode and at high
power. Low power operation is possible in a clean plasma, but high helium concentrations (helium “poisoning™)
precludes such operation. Contrary to the Goldston scaling law [11], which suggests that the fusion triple product,
nt, T is constant when T, degrades as P'?, the degradation of confinement with the transport model of Section III
saturates at high power, P. Thereafter, T, T, increases with power until the B-limit is reached.
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Fig. 2: Simulations of the start-up and burn control of a reactor core operating at various power levels. Shown are temporal
evolution of a-power, stored energy, line-averaged density, central ion temperature and loop voltage. The RF heating needed for
ignition, fuel injection (controlled by feedback on the power produced) and the helium pumping are also shown.



Table I: Summary of Reactor Core Simulations

Parameter Case 1 Case 2 Case 3 Case 4
Po(MW) 216 427 637 850
Ti(0)(keV) 19 23 21 16
<ne>(1019m-3) 11 16 21 26
TE(S) 4.0 34 28 2.1
Iboot(MA) 27 4.8 6.6 7.1
NHe/Ne (%) 19 24 24 20
Vieop(V) 0.15 0.10 0.10 0.11
&Troyon 1.40 2.34 2.86 297

In these simulations, ignition is achieved with I0MW ICRH. Bumn control at various power levels, is achieved with
fuel injection controlled by feedback on the power produced. With these systems, ignition can be maintained for
a wide range of powers (Fig. 2) above a minimum o-power, P_ of approximately 0.2GW. The corresponding
minimum density of about 10*°m* is compatible with impurity control concepts foreseen at presenttorely onenergy
removal by neutrals and radiation in a divertor [2]. Higher power ignition is achieved at higher density and stored
energy but, generally, at lower temperature. The confinement time decreases from 4s when P =0.2GW to 2s when
P_=0.8GW and the global Troyon factor [12] increases from 1.4 at 0.2GW to 3 at 0.8GW (Ta%le I). In all cases the
density profile is shghtly peaked (Fig. 3) with edge fuelling being sufficient to fuel the centre. Steady ignition
conditions are achieved with a relatively high helium concentration (~20-25%): without sufficiently high transport
and adequate pumping, helium poisoning can quench the ignition. In fact, while the H-mode might have short term
benefits for approaching ignition, the long term deficiencies due to helium poisoning are evident (see Fig.4).

Ignition is achieved in this reactor core with a total current of up to 25MA. When the plasma pressure, p, is
determined by the Goldston scaling law [11], the bootstrap current, I oc(a/R)“--‘BpI (6] (where the poloidal beta,
Bpoc pa’/T) is limited and dependent only on the input power. In fact, I, o<P**. For the range of conditions considered,
the bootstrap current increases from 2.7MA at 0.2GW to 7.1MA at 0.8GW, and for relatively flat profiles, the
bootstrap current tends to occur near the plasmaedge. Furthermore, it should be noted that, the loop voltage is similar
in all cases (~0.1V), the resistive flux consumption is quite low and a magnetic flux of 360Wb is sufficient for one
hour current flat-top. Increasing the radius of the central solenoid of the reactor core by 0.8m would make available
a further 360Wb and provide, therefore, an extra hour of steady operation.
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Fig. 3: Steady-state profiles of ion temperature and electron density calculated for a reactor core at various levels of o-power
produced. Shown also are the density profiles at nominal o-powers of 0.2GW and 0.8GW.
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Fig. 4: The long term deficiencies of helium poisoning are shown by modelling the H-mode during the ignited
phase of a reactor core. The nominal o-powers are 0.2GW and 0. 4GW.

V. NON-INDUCTIVE CURRENT DRIVE

The techniques considered for non-inductive current drive include the injection of beams of high energy neutral
particles and radio waves at various frequencies, including fast waves, lower hybrid waves and electron cyclotron
waves [5]. The current, I ., that can be driven non-inductively is usually determined from the efficiency of the
current drive technique, defined as y=I _ R<n >/P__ [in units of A/m*W], where P, is the power launched into the
tokamak and available for current drive. For each technique, the presently demonstrated efficiency, ¥, and the
extrapolated efficiency, v, (based on extrapolations to an average electron temperature of 20keV in an ITER CDA
tokamak [ 13]) are given. The power requirements for current drive are also considered in relation to the economics
of a reactor.

A. Review of techniques

Neutral beaminjection is used widely for heating plasmas, particulary to very high ion temperatures at low density.
High power neutral beams are readily available. Tens of MWs have been injected into tokamaks at energies up to
140keV. The current drive capability of neutral beam injection has also been demonstrated. The demonstrated
efficiency, v, is 0.05x10*°A/m’W and the extrapolated efficiency, ¥, is 0.5x10°A/m*W. However, neutral beam
current drive in reactor plasmas will require the development of beams with energies in the range 1-2MeV. Even
then, penetration of the beams to the centre of a reactor plasma is limited to densities less than 10?°’m™. Furthermore,
such high energy neutral beams are expected to be vulnerable to Alfven instabilities, which have the potential to
reduce the efficiency significantly. From a technical stand-point, large access ports into the torus and external
structures would be required and these would present difficulties for shielding against neutrons.

Fast waves have not been used so far to drive bulk current non-inductively. However, the hardware needed is the
same as that already developed for heating plasmas at the ion cyclotron resonance and this has been readily
demonstrated on, for example, JET (up to 22MW in the plasma with frequencies in the range 23-54MHz). While
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Fig. 5: Current drive efficiencies, demonstrated and extrapolated, for various techniques of non-inductive current drive.
Also shown on the right-hand ordinate is the launched power required for 18MA of non-inductive current
drive in a tokamak with R=8m.

the database for current drive is inadequate, the technique encompasses a wide range of scenarios which are expected
to provide efficient, localised ion and electron heating, independent of electron density. Central current drive and
sawtooth control appears possible. Large access ports would not be required and shielding problems would not arise.

Lower hybrid waves with frequencies in the range 2.45-8GHz have been coupled to tokamak plasmas. The
highest demonstrated current drive efficiency, 7,=0.4x10°°A/m’W has been achieved with lower hybrid
waves, albeit at a relatively low density of 2x10'°m™. The extrapolated efficiency, ¥, is also 0.4x10*°A/m*W.
The localisation of the wave depends upon density and temperature gradient, and penetration to the centre of
the plasma will be very difficult. Therefore, the main use will be profile control, but this will be restricted to
the edge at high density. Furthermore, the launcher structure is complex and needs to be located close to the
plasma. .

Electron cyclotron waves with frequencies in the range 94-140GHz have been injected into tokamak plasmas
resulting in efficient and highly localised electron heating. The demonstrated current drive efficiency, v is
0.01x10*°A/m*W. This extrapolates to y.=0.15x 10*°A/m>W at 120GHz. Continuous operation will be needed
and, so far, pulse lengths are less than 0.5satthe highest frequencies. The main use of electron cyclotron waves
is likely to be the control of plasma profiles. Advantages include a simple launching structure and no plasma
coupling problems. However, the demonstrated efficiency is low and sources suited to high power, continuous
operation need to be developed. In addition, the transmission lines are complex, operation is expected to be
limited to fixed frequency and current drive is affected by strong trapped particle effects.

B. Power requirements for continuous operation of a reactor core

The demonstrated efficiency, ¥, for each of the current drive techniques reviewed is plotted in Fig. 5. Also shown
are the lines of constant efficiency, ¥, and the extrapolated efficiency, y, for each technique. It will be noted that lower
hybrid current drive alone has demonstrated an efficiency as high as the extrapolated efficiency, but only at low
density. At the higher density required in a reactor core, only fast wave current drive offers potential, but so far this
technique has not been demonstrated.

Ignition is achieved in the reactor core studied in Section IV for a total plasma current up to 25MA and the bootstrap
currentis inthe range 3-7MA. Thus, it would be necessary to provide about 1 5-20MA of non-inductive current drive
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for continuous operation. On the right hand ordinate of Fig. 5 is shown the launched power required for 18MA of
non-inductive current in such a reactor core. It should be noted that for densities above 10*’m™ and an efficiency
v=0.5x 10?°A/m?W, more than 300MW is needed.

The power available from the reactor for current drive is now determined. Consider a reactor which produces
a fusion power, P, . =5P_(see Fig. 6). The efficiency, n , of converting thermal power to electrical power is
about 0.33. Most ot the electrical power will be supplied to the grid, but a fraction, r - the recirculating power
fraction - may be used to power ancillary services, and any systems needed for non-inductive current drive.
Given an optimistic efficiency for the current drive system, 1,=0.6, the launched power, P is approxi-

mately given by: o’

P,=MpIM. P, =06x033x5rP =rP,

C

Peo=r P

r=1.0

Current drive efficiency, v (x102° m2 AW)
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Fig. 7: The current drive efficiency as a function of average electron density for various assumptions
about the recirculating power fraction, r.



As an example, consider a reactor producing 1.2GW (electrical) and supplying 0.6GW to the grid, that is, the
recirculating power fraction is 0.5. Assuming ancillary services require 0.35GW and that the efficiency of the
currentdrive systemis 0.6, the launched power is only 150MW. Inareactor with R=8m, operating at a density
of 10°'m~and assuming a current drive efficiency of 0.3x10*°A/m*W, only 6MA could be expected to be
driven non-inductively.

Of course, the economics of a reactor will depend very much on the recirculating power fraction, r. For example,
r=0.5 would more than double the capital cost for a given net output of electrical power and so, ideally, the
recirculating power fraction should be no more than 0.2. In Fig. 7, the current drive efficiency is plotted against
average plasma density for different assumptions relating to the recirculating power fraction. It can be seen that
v=2x10"A/m*W is required for reasonable reactor operating conditions (densities above 10*m™) and for a
reasonable recirculating power fraction (r=0.2).

C. Continuous operation of a reactor core

Itis now possible to superimpose the operating domain of the reactor core modelled in Section 1V onto Fig. 5. With
non-inductive current drive accounting for the difference between the total plasma current of 25MA and the
bootstrap current, and with various assumptions on the recirculating power fraction, r, it is seen (Fig. 8(a)) that the
most optimistic extrapolations with y=0.5x 10*°A/m°W requires all the electrical power produced by the reactor
(r=1.0). Eventhen, only afast wave system (which has yet to be demonstrated experimentally) could provide central
current drive, Otherwise, with the more reasonable assumption of 1=0.2, a current drive efficiency of 2x 10 A/m*W
would be required.

The same model is applied to a high aspect ratio reactor | 14] operating at higher magnetic field and lower plasma
current (R=7m,a=1.75m, B =9T, [=12MA, k=1.8). In this case, the bootstrap current is a larger fraction of the total
‘current and this would appear to place less stringent demands on the current drive system. Indeed, as seen in Fig.8(b),
arecirculating power fraction of 0.5 is compatible with a current drive efficiency of 0.5x 10°°A/m’W, but this must
be achieved at even higher densities, above 2x 10?m~. For a recirculating power fraction of 0.2, a current drive
efficiency above 1x10*'A/m’W would still be required and at a density above 2x10*m™,

D. Conclusions on non-inductive current drive for continuous operation in a reactor

Non-inductive current drive requires the full-time operation of a current drive plant, which must include redundant
systems to ensure reliable. continuous operation. Under the conditions foreseen at present for a reactor, a high
recirculating power fraction would be needed and this would increase significantly the cost of the reactor. To
overcome this disadvantage, the current drive efficiency would need to be significantly greater than presently
envisaged; or ignition and impurity control would need to be demonstrated at lower density (<5x 10" m*) and higher
temperatures; or high poweroperation inaregime with adominant bootstrap current would need to be demonstrated.
At present, there is no conceptual solution that addresses all these issues consistently.

VL. SEMI-CONTINUOUS OPERATION: INDUCTIVE CURRENT DRIVE

By comparison, there appear to be clear advantages to semi-continuous reactor operation with inductive current
drive: the ohmic dissipation in a superconducting central solenoid is very small, the power is used efficiently and
the recirculating power is kept to a minimum. The power in the plasma needed to drive 25MA inductively, with
a plasma loop voltage of 0.1V, could be 2.5MW, or less. For an efficiency from transformer to plasma of between
0.2 and 0.5, the transformer requires only 5-12.5MW of recirculating power. Furthermore, with semi-continuous
operation, systems for additional heating can be optimised for heating to ignition and the reactor really ignites with
a fusion amplification factor, Q of about [000.

A. Techniques for semi-continuous operation

Two techniques are possible for semi-continuous operation, namely operation with forward current and with
alternating current. Provided the central solenoid exceeds a minimum size, both techniques can be utilised on the
same device and with the same duty cycle. Both techniques have been studied experimentally on JET {7,8].

Forward current and transformer re-charge is the conventional way to operate a tokamak. The magnetic flux
consumption comprises the sum of the inductive and resistive flux requirements. In a reactor, with, say, 900Wb
available, the burn time can be relatively long (~2 hours and using ~600Wb) to offset the long burn-interruption
time needed for re-charging the transformer and ramping the current (~6 minutes, including ~3 minutes for
transformer re-charge and ~ 1 minute each for the rise and decay of the full current and power). An additional power
supply could be required for the transformer re-charge.

The magnetic flux consumption foran alternating current technique comprises twice the inductive flux together with
the resistive flux. With the same total magnetic flux available for forward current operation, the burn time in
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Fig. 9: Time traces for a JET discharge with a one minute current flat-top.

alternating current operation will be shorter (~1 hour and using ~300Wb), but so will the burmn interruption time (less
than about 3 minutes, including ~1 minute each for the rise and decay of the full current and power). The duty cycle
is therefore the same for the two techniques.

B. Experience on JET

Very long pulse operation is essential for a reactor and JET has carried out preliminary studies in certain modes of
operation. Fig. 9 shows a discharge in which the current flat-top is maintained for one minute with ion cyclotron
heating, and, optionally, lower hybrid heating [7].

Reliable alternating current operation has also been demonstrated on JET at plasma currents up to 2MA [8]. Both
plasma cycles shown in Fig. 10 exhibit equivalent parameters. The dwell time can be very short and pump-out of
density does not cause a problem. A current ramp rate of about IMAs' is acceptable.

C. Conclusions on inductive current drive for semi-continuous operation in a reactor

The same device can be used for either forward current or alternating current operation, provided the central solenoid
is sufficiently large. On JET, both forward current operation, with reduced ohmic dissipation and extended flat-top
by heating, and alternating current operation at 2MA have been demonstrated. In a reactor, it would be desirable
to smooth the power output, especially for bumn interruption in forward current operation, and this can be achieved
by external storage of thermal energy or by a 10% over-capacity distributed between several devices. Semi-
continuous operation with inductive current drive offers, at present, the only viable solution for along pulse tokamak
reactor.

VIl. CONCLUSIONS

The operating conditions of the plasma core of a first reactor have been simulated with a model that is consistent
with experimental results from JET and other tokamaks. Simulations show that the reactor core operates well in L-
mode and athigh power. Ignition can be maintained for a wide range of o-powers above a minimum, approximately
equal to 0.2GW. The corresponding minimum density is about 10°®m and is compatible with impurity control
concepts foreseen at present. Furthermore, the bootstrap current is limited.
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Fig. 10: Time traces for a JET discharge which demonstrated reliable AC operation at 2MA.

At present, the basis for a reactor core that operates continuously is not apparent. Such a continuously operating
reactor would require a convincing demonstration of:
(a) acurrent drive efficiency exceeding 1x10°A/m?W for a density above 10*’m™; or
(b) ignition and adequate impurity control at a density of 5x10""m™~ and a current drive efficiency of
0.5x10*A/m*W; or
(c) high power operation in a regime with a dominant bootstrap current.

Semi-continuous operation with inductive current drive offers, at present, the only viable solution for a long pulse
tokamak reactor. The same device can be used for either forward current or alternating current operation, provided
the central solenoid is sufficiently large. Preliminary experiments on JET have demonstrated the principles of both
techniques. Furthermore, a tokamak reactor operating semi-continuously would be simpler in construction, uses
recirculating power more efficiently and is likely to be more reliable in operation.

Therefore, the Next Step tokamak must be based on inductive semi-continuous operation.
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