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TPX Experimental Plan, Rev 1.0

(Milestones, Diagnostics, Additional Hardware)

1. Introduction

This document develops an experimental plan for the first ten years of operation of the TPX project.  The first five years are described in considerably greater detail than the second five, in large part because the details of the second five years depend very much on progress made during the initial studies.  The experimental plan is presented in two forms.  The detailed plan consists of a multi-level breakdown, beginning with the basic research plan elements developed from the basic experimental objectives of TPX.  Each of these is broken down into a number of task areas, and associated with each task area are primary and secondary milestone objectives.  Associated with each milestone is a date (relative to the date of first plasma), and where necessary, an indication of the hardware and/or diagnostics needed to accomplish that objective.  A different view of the same plan is summarized in the overview of the ten-year operating plan.  This presents a schedule of operating and maintenance periods, indicating the principal research objectives undertaken for each.  This operating plan also shows the major planned upgrades of the TPX systems, their schedule and estimated cost.

2. Research Plan Elements

The TPX advanced tokamak and high power divertor objectives are supported by three major research plan elements:

• Advanced Tokamak Operating Regimes: Determination of the parameters and operational characteristics of the best advanced tokamak operating modes.  This entails establishing the behavior of the TPX plasma with respect to stability and confinement as they depend on controllable parameters including the plasma profiles and boundary conditions.  With this information it will be possible to determine the conditions needed for the best advanced tokamak conditions, as measured by absolute and normalized values of beta and energy confinement time, and current drive efficiency (including the bootstrap current).

• Plasma Control: Establishment and demonstration of the requirements for plasma control needed to reach the operational limits of TPX, and to maintain a stationary state near these limits.  This entails integrated control of the magnitude and profiles of current, pressure, density, radial electric field, and rotation.  It also requires control of the plasma boundary conditions, including divertor configuration and operating mode, wall conditioning and recycling, and plasma shape.  This research plan element also includes control of instabilities and relaxation oscillations such as sawteeth, ELMs, and fast ion instabilities, as well as avoidance or mitigation of disruptions.

• Steady-State Divertor: Testing of advanced divertor concepts under steady-state, high power density conditions.  This includes determination of the effects on divertor performance of divertor configuration, pumping rates and locations, fueling methods, and fuel ion and impurity radiation.  It also includes development of methods for the control of impurity sources and flows in the SOL and control of SOL conditions.  Significant experience with actively cooled high heat flux components, and with material erosion and redeposition will be obtained.  

• Steady-State Integration: Development of operating experience with a high performance, steady-state tokamak.  Through these major elements, studies using the TPX tokamak will make important contributions to the scientific and technological goals of the overall fusion power program.  TPX will obtain experimental data on the confinement and stability characteristics of tokamaks at high aspect ratio (the present database for tokamaks with aspect ratio in the range A ≥ 4 depends on devices with plasma current in the 0.3-0.6 MA range).  The TPX magnets will validate the design and fabrication of high performance superconducting systems, and will provide information on magnet performance under both normal operations (start-up, shut-down, shape and position control) and off-normal transients (e.g., disruptions).  The TPX project will also develop and gain experience with in-vessel remote maintenance and repair under realistic tokamak operating conditions.

3. Constraints on the Schedule
The pace at which the research plan is carried out is limited by the constraints imposed by external program and project considerations.  The principal constraints on the development of a schedule for TPX operations planning (at least in the first few years of operations) are the requirement that the tokamak be amenable to hands-on in-vessel maintenance through the end of the second year of operation, the somewhat limited capabilities of the initial (“day-one”) heating and current drive systems, and the anticipated limits to the lifetime of major divertor components.  

The requirement for hands-on maintenance results from the need to develop and test the remote maintenance equipment under real tokamak operating conditions (to be done in TPX for the first time), allowing for the possibility that hands-on intervention may be needed inside the vessel.  Overall, the project requires a shake-down and testing period during which hands-on access for inspection and repair is possible before committing to remote maintenance of all components inside the shield.  This constraint leads to a stronger reliance on hydrogen operation, particularly for long pulses, than would otherwise be warranted.  Operation with deuterium will be restricted to short pulses (up to the 30-100 second range) except for occasional demonstration pulses.  

A program of upgrades to the heating and current drive systems is required because of the decision to phase in the heating systems, as the progress in the advanced tokamak program requires and as budget constraints allow.  Although the ultimate design capability of TPX is 45 MW (in terms of the heat removal requirements for the in-vessel components and the port access design), the day-one complement is 17.5 MW.*  This limits the accessible range of tokamak plasma parameters, and the capability for fine-scale control that may be required.  Upgrades of the power systems will be directed toward both increasing the power available (to increase the noninductive current and to test divertor operational limits), and to improving localization and response time (“smarter” power — to improve profile control).  

4. Primary Objectives

The target at the end of the first five years is the demonstration of a high performance advanced tokamak (AT) plasma, produced by active control of the profiles and boundary conditions of all important quantities, and sustained in a stationary state for at least 1000 seconds without disruption or other deleterious instabilities.  The work during the first five years of TPX operation will be devoted to developing the understanding of core plasma physics and divertor dynamics, as well as the tools needed for this demonstration.  

The target for the end of the second five years is the development and demonstration of an integrated AT, divertor, current drive scenario which is directly relevant to fusion reactor operation, which is sustainable indefinitely without disruption, and which can be used as the basis for upgrade or advanced operation of ITER and for the design of DEMO.  

5. Ten-Year Operating Plan

The ten-year operating plan is summarized in the chart below.  There are seven extended operating periods planned, ranging from 6 to 15 months in length, with intervening vent periods lasting from 3 to 9 months.  The principal tasks in research operations and in upgrade development for each of these periods are listed below:

Year 1 (first half)  – Primarily a machine tune-up period.  It will involve short pulse testing in H and He, leading up to short pulse testing in D.  The research focus will be on establishing and documenting the operating characteristics of the TPX tokamak.  An effort will be made to make long pulses without concentrating on plasma performance.  Upgrade developments will include initiation of several major upgrades, including an additional 1.5 MW LH system (up to the baseline LH launcher rating of 3 MW), a pellet injector, an active MHD control system, and conceptual design of divertor II.  The specifics of the design will depend on the results of divertor experiments in the years immediately prior to TPX operation.  Also, the program will start on the first major heating and current drive power system upgrade.  The specifics of this upgrade will also depend on the outcome of prior studies and experiments on other facilities.  In addition, the upgrade of the TPX diagnostic systems will begin (this plan envisions continuing upgrade of diagnostic systems throughout the ten-year period).  

Year 1 (third quarter)  – A vent period, for testing of in-vessel remote maintenance (RM) equipment, and for remediation of internal systems.

Year 1 (last quarter) & Year 2  – Devoted principally to operation with long pulses in H, and plasma control development.  There will also be regular short pulse D operation.  The research program will involve extending the H pulse length to 1000 seconds, bringing the full day-one power systems into use on a routine basis, testing and characterization of divertor I at maximum power and pulse length, short-pulse core physics development in D, and plasma and boundary control development.  In addition, the program will be testing ex-vessel RM equipment, and the hot cell.  Upgrade activities include finishing and installing the additional 1.5 MW LH system, finishing the pellet injector, and installing the ex-vessel RM and hot cell equipment.    

Year 3 (first half)  – A major vent period.  This will be the last opportunity for hands-on access to the interior of the vacuum vessel.  The remaining in-vessel RM equipment will be installed and tested.  Installation of the pellet injector and of the active MHD control system will be done.

Year 3 (second half), Year 4 (first half)  – These two operating periods will be devoted to development and testing of advanced profile control techniques (using the baseline power system plus the 1.5 MW lower hybrid upgrade), and to high power, long pulse divertor operation.  Normal operations will be in deuterium, for long pulses.  

Year 4 (second half) & Year 5 (first quarter)  – This will be the initial vent relying on remote maintenance.  Both the first major upgrade of the heating and current drive systems and divertor II will be installed.

Year 5 (last three quarters)  – The research effort will be directed toward use of the newly installed hardware capabilities to achieve the major goal of the demonstration of a 1000 second, stable, controlled, high-performance plasma.  Work on the second major heating and current drive system upgrade and on divertor III (possibly a design directly applicable to DEMO) will begin.

Year 6 & Year 7 (last three quarters)  – During this period, the research program moves toward integration of advanced performance objectives.  Work includes high power testing of the divertor II system.  Also operation with more mature and flexible current drive system (after the installation in Year 4).  This will concentrate on better profile control (i.e., smarter), making use of improved diagnostics.  Work will begin on prototyping advanced tokamak plasmas for AT operation of ITER or for a possible ITER upgrade, as well as for the initial design of DEMO.  Disruption control and mitigation will be a major research topic.  There will be continuing upgrades of the diagnostic and data acquisition systems.

Year 7 (last quarter) &Year 8 (first half)  – An extended vent period to install the second major heating and current drive system upgrade, and divertor III.  Work on upgrading the TPX facility to an unlimited pulse length capability is started.

Year 9 & Year 10  – The goal for this period is the demonstration of a high performance, 1000 second plasma which integrates AT and optimum divertor operation, and which is directly relevant to the development of an AT tokamak reactor.  The unlimited pulse length upgrade is completed, and this capability is demonstrated.  At the end of this period, installation of the third heating and current drive upgrade begins, bringing TPX to its full power capability.
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6. Major Decision Points

There are several major decision points in this experimental program, particularly those involving choices of hardware upgrades.  There are three upgrades of the heating and current drive systems planned, to bring the TPC capability from the initial 17.5 MW to the ultimate power handling capability of 45 MW.  The appropriate mix of sources will have to be determined for each upgrade.  In addition to the possibility of adding 1.5 MW of LH power, 16 MW of NB, or 10 MW of IC, alternate power systems will have to be considered.  For example, these might be include electron cyclotron frequency sources or a negative ion source high energy neutral beam line.  The selection for the first H&CD upgrade will be made prior to the beginning of operations, on the basis of continuing development and experiments on other facilities.  The systems for the second and third upgrades will be selected in the fourth and seventh years of operation respectively.

There are also two divertor replacements planned.  The configuration and construction of the first of these will be determined during the first year of TPX operation, and will be based on experiments on other facilities as well as preliminary TPX studies.  The second will be defined during the fourth and fifth years of operation, after considerable operating experience has been accumulated.

An additional decision involves the possible use of small amounts of tritium to make short D-T pulses, perhaps during longer, pure deuterium discharges.  If these studies are done, they will drastically change the way in which TPX is operated.  In the tenth year, there will have to be an assessment of the accomplishments of the program thus far, and a decision made on whether to proceed with the use of tritium.

7. Upgrade Schedule and Budget

A tentative schedule for major upgrades is shown above.  The items are divided into four major categories, roughly corresponding to the major elements of the research plan: heating & current drive, power and particle handling, profile control, and in addition, systems that generally expand the operating capabilities of the TPX facility.  The scheduling of these upgrades is based on maintaining a roughly level rate of spending on new systems. 

Upgrade Schedule and Budget  (amounts in $M)

	year
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	Total

	H&CD systems
	
	
	
	
	
	
	
	
	
	
	

	LH 1.5 MW
	4
	3
	
	
	
	
	
	
	
	
	7

	H&CD upgrade #1 (a)
	3
	5.5
	8
	7
	
	
	
	
	
	
	23.5

	H&CD #2 (b)
	
	
	
	3
	5.5
	5
	4
	
	
	
	16.5

	H&CD #3 (c)
	
	
	
	
	
	
	2
	6
	6
	1
	15

	Power & Particles
	
	
	
	
	
	
	
	
	
	
	

	divertor II
	4
	6
	8
	8
	1
	
	
	
	
	
	27

	divertor III
	
	
	
	1
	4
	8
	8
	6
	
	
	27

	divertor/SOL diagnostics
	4
	2
	2
	2
	4
	2
	2
	4
	2
	2
	26

	Profile Control
	
	
	
	
	
	
	
	
	
	
	

	active control coils
	4
	4
	2
	
	
	
	
	
	
	
	10

	profile control diagnostics
	4
	2
	2
	2
	4
	2
	2
	4
	2
	2
	26

	pellet injector
	3
	2
	0.5
	
	
	
	
	
	
	
	5.5

	integrated control system
	0.5
	0.5
	0.5
	0.5
	0.5
	0.5
	0.5
	0.5
	0.5
	0.5
	5

	Expand Operating Space
	
	
	
	
	
	
	
	
	
	
	

	∞ pulse upgrade
	
	
	
	
	
	
	5
	8
	8
	4
	25

	general diagnostics
	1
	1
	1
	1
	1
	1
	0.5
	0.5
	0.5
	0.5
	8

	data acquisition
	
	
	4
	
	
	4
	
	
	4
	
	12

	hot cell
	
	3
	
	
	
	
	
	
	
	
	3

	Totals
	27.5
	29
	28
	24.5
	20
	22.5
	24
	29
	23
	10
	237


(a) substation upgrade, 8MW NB, 4MW IC
(b) IC antenna, 6MW IC
(c) 8MW NB

8. Detailed Objectives & Milestones

The detailed milestones are divided into four groups.  The first consists of the major integrated physics demonstrations that are planned for the 10 year period.  The other three are specific objectives associated with each of the basic research plan elements: plasma control, advanced tokamak operation, and development of an effective divertor.  For each sub-category we give here a brief description of the goals.  The detailed listing of first and second level milestones is given in the Appendix (including also associated hardware and diagnostics requirements).

1. Steady-State Issues; Integration
These milestones cover a sequence of major demonstrations of the optimized behavior of a steady-state advanced tokamak.  Beginning with tests of individual hardware components, the plan calls for demonstration of full noninductive capability, 1000 second pulse capability, and fully optimized AT performance.  This is followed by demonstration of effective steady-state, high power divertor operation (effective means with steady-state density and impurity control).  The final step is demonstration of the integration of all aspects of plasma control into a single system, proving the capability to produce and maintain optimum AT and divertor conditions applicable to an advanced tokamak reactor.

2. Plasma Control 

2.1. Current Drive and Current Profile Control
Develop control of the current density (or equivalently, q) profile at the level of spatial resolution and temporal response needed to optimize plasma performance.  Use noninductive current drive (including the bootstrap current to the extent consistent with high performance) to maintain steady-state optimized AT plasmas.  The TPX tokamak will be equipped with a mix of heating and current drive systems capable of generating a broad range of current profiles, with peaking both on and off the plasma axis.

2.2. Pressure and Pressure Profile Control
Develop methods for controlling beta, or the total plasma energy content.  Evaluate the need for, and develop control of the plasma pressure profile in order to optimize stability, transport, and the bootstrap current.  Pressure profile control will also be needed in order to produce profiles consistent with alpha-particle heated reactor operation.  The heating and current drive systems will be used for pressure as well as current profile control.  

2.3. Control of Rotation, Radial Electric Field, and Flow Shear
Plasma rotation, and the related quantities have been shown to be closely coupled to confinement and stability.  It will be necessary to determine the requirements for control of plasma toroidal and poloidal flows, radial electric field, and shear in these quantities, and to develop techniques for implementing this control.  

2.4. Disruption Avoidance
The initial task is to develop an understanding of the operational boundaries of the TPX device.  To optimize performance, the TPX program will develop feedback control scenarios which allow operation close to these limits, without disruption.  Also, develop methods for mitigating the effects of major and minor disruptions, should they occur.

2.5. Shape and Position Control
Accurate, reliable, steady-state control of the plasma shape and position is indispensable for TPX.  Stability, RF coupling, and effective divertor operation all depend critically on being able to maintain the plasma boundary at a desired location.

2.6. Divertor and SOL Control
(see 4.2. Divertor and Boundary Control)

2.7. Density Control
Control of the average plasma density and of the density profile is needed in order to maintain efficient current drive, and to produce optimum pressure profiles for stability and transport.  

3. Advanced Tokamak Operating Regimes
3.1. Stability
The goal is to develop physics understanding of the dependence of the beta limits on controllable tokamak parameters.  This will lead to demonstration of configurations that provide maximum beta, both absolute and normalized.

3.2. Confinement and Transport
The advanced tokamak objective is to optimize both confinement and beta to meet project goals.  The project will develop the physics understanding of the dependence of transport behavior on fluctuations and gross stability as needed to achieve optimum performance.  Where appropriate, an effort will be made to incorporate fluctuation measurements into the overall plasma control scheme.  This will lead to demonstration of maximum confinement under steady-state conditions.  

3.3. Development of Scenarios and Models
A variety of predictive and analytical tools are needed in order to guide the development of the detailed TPX research program and to interpret the experimental results.  This will require development of several databases and a system of codes specifically suited to TPX.  Most of this work must be done by the time of first plasma.

4. Steady-State Divertor
4.1. Divertor and Boundary Operation
The ultimate goal is to determine the optimum divertor configuration for handling high heat flux, controlling gas flow and recycling, controlling impurity sources, and removing helium, all while maintaining suitable conditions for advanced tokamak levels of stability and transport.

4.2. Divertor and Boundary Control
Specific goals are to develop and demonstrate methods for the control of the geometry, neutral gas, and plasma conditions in the SOL and divertor in order to provide tools for optimizing divertor operation.

4.3. Particle and Impurity Transport and Control
An additional function of the divertor is to minimize impurity sources and influx in high power, steady-state operation.  Also to determine the optimum deuterium pumping requirements for all TPX operating regimes, and to develop and optimize helium pumping techniques.  Development of wall conditioning methods suitable for steady-state operation is a major objective.

4.4. Materials, Erosion, High Heat Flux
The development and testing of  systems for the efficient removal of high heat fluxes is a major technological effort for TPX.  The program will test ITER and reactor candidate materials for suitability with regard to impurity generation, erosion, surface modification, and heat removal capability.

* The initial power system complement (1.5 MW LH, 8 MW IC, 8 MW NB) is current as of 1/95.  At this time, a change to 3 MW LH, 6 MW IC, and 8 MW NB (for a total of 17 MW) is being contemplated.
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