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�
�PREFACE





The mission of the National Spherical Torus Experiment (NSTX) is to address the spherical torus physics principles of


∑	Non-inductive start-up, current sustainment and profile control;


∑	Confinement and transport;


∑	Pressure limits and pressure gradient driven currents;


∑	Scrape-off layers and divertors; and


∑	Stability and disruption-free operation.	





These principles are to be addressed in the scientifically interesting regimes relevant to the volume neutron source (VNS) and future power plants characterized by


∑	High average bt (plasma pressure/applied toroidal field pressure) ~ 25 - 45 %;


∑	High pressure gradient driven current fraction ~ 50 - 90%;


∑	Fully relaxed, non-inductively sustained current profile;


∑	Collisionless plasmas with high temperatures and densities; and


∑	Low aspect ratios, R/a ≥1.25, and high elongation, k ≥ 2.





Top-level performance requirements for NSTX, along with cost and schedule objectives, are included in the Project Definition Statement (PDS).  Detailed physics performance requirements are summarized here in the Project Requirements Document (PRD), engineering performance requirements in the General Requirements Document (GRD), and component performance requirements for the elements of the Work Breakdown Structure (WBS) in the System Requirements Documents (SRD’s).  The order of precedence for these requirements is the PDS, PRD, GRD, SDD, followed by the subsystem/equipment design specifications.  The basis for the PRD is provided in the Physics Design Description (PDD).





NSTX shall comply with all applicable federal, state, and local regulations.  The NSTX facility� shall be designed and operated in accordance with DOE Orders which are applicable to the Princeton Plasma Physics Laboratory as determined by DOE and concurred by the Laboratory Director�.  The design and operation of the NSTX facility shall accommodate subsequent changes not covered by written exemptions granted by DOE.





�
0 NEW REGIMES OF PHYSICS





NSTX will permit experimental investigations of plasma physics in previously unexplored parameter regimes (see mission) that are scientifically attractive for developing fusion energy.  The physics design requirements for NSTX are therefore focused on the capabilities needed to access these regimes.  The key elements of these requirements are:





∑	Full inductive capability to allow testing of a number of potentially attractive means of noninductive initiation (Electron Cyclotron Heating ECH - 200 kW delivered) and startup (Coaxial Helicity Injection CHI - 3 MJ at supply);


∑	Very strong plasma shaping at low aspect ratio (R/a ≥ 1.25), high elongation (k ≥ 2), high triangularity (d ~ 0.5), and safety factor (q95 ≥ 10) at full current leading to a shaping parameter S (∫q95Ip/aBt0) up to 80 MA/T-m, which is one order of magnitude beyond the best achieved so far in tori;


∑	Magnitudes for a (= 67.9 cm), Bt0 (≥ 0.30 T), and plasma current (Ip = 1 MA) adequate for good confinement to produce collisionless plasmas at high densities (~5 x1013 cm-3) and temperatures (several keV);


∑	Auxiliary heating techniques with sufficient power (High-Harmonics Fast Wave HHFW - 6 MW delivered, and as upgrade Neutral Beam Injection NBI - 5 MW delivered) to achieve high average toroidal bt (= 25 - 45%, 3 - 4 times the best achieved so far in tori) and pressure-gradient driven current fraction (= 50 - 90%);


∑	Stabilizing shell to allow access to high-bt;


∑	Current drive techniques with sufficient power (CHI - 15 MW at supply in addition to HHFW) to produce the balance of full plasma current beyond the self-driven fraction under high bt conditions;


∑	Pulse lengths (£ 5 s) for the plasma discharge, the device, and the auxiliary systems adequate for testing fully relaxed current profiles under these conditions;


∑	Flexibility in producing plasma exhaust and helicity injection configurations including double-null (DN), single-null (SN), and naturally diverted (ND) scrape-off layer (SOL); and


∑	High plasma edge density (~2 x 1013 cm-3) and temperature (~hundreds eV) to determine the physics principles of the SOL plasma for these plasma exhaust configurations.





These capabilities combined will allow experimental tests of a number of plasma operating scenarios that may prove to be attractive for the development of fusion energy.  The database produced by the planned NSTX research program, together with other planned spherical torus tests, is expected to provide the scientific basis for a small, (R0 ~ 1 m) D-T fueled, long-pulse, fusion core that produces reactor relevant fusion plasma and nuclear conditions (fusion power ~ 50 MW, fusion neutron wall loading of ~ 1 MW/m2).





This PDR defines the physics requirements stemming from the above, and it provides the basis for the engineering design of NSTX described in the General Design Requirements (GDR).  The basis for the PDR is provided in the NSTX Physics Design Description (PDD).


1 PLASMA PERFORMANCE REQUIREMENTS





The torus shall also be designed to provide flexibility in bp-li and plasma configuration (Section 1.1).  The torus, auxiliary systems, and facilities shall be designed to satisfy the requirements attendant with the reference scenarios (Section 1.2).  Modifications to ancillary systems and facilities, which may be required by such flexibility, will be defined.





1.1 Flexibility





1.1.1 Plasma Shape/Configurations





The torus, PF systems, and ancillary systems and facilities shall be capable of producing plasmas characterized by the limiting scenario where:





•	R/a≈1.25, kx≤2.2, dx≤0.5, for li from 0.2 to 1.0, bt from 0 to 45%





in the Natural Divertor (ND), Double-Null (DN), or Single-Null (SN) configuration. The Natural Divertor configuration is formed by applying only equilibrium fields to ensure radial stability. In the ND case, the kx and dx are defined by the last closed flux surface.





Equilibrium conditions shall be sustainable for pulse lengths (TF flattop duration) up to 5 sec. subject to the following constraints for the ND and DN configurations:





•	R0 + a = 1.533 m


•	R0 - a = 0.175 to 0.20 m (assuming a zero to 2.5 cm scrapeoff layer thickness on the inboard side)


•	Zx=+/-1.50 m (vertical height of the X-points)


•	the 5 cm outboard flux surface passes between the plasma and the conducting plates


•	the 5 cm outboard flux surface strikes the outer divertor target plate





For limiter (Natural Divertor, ND) plasmas, the plasma edge is defined herein as the flux surface which is tangent with the inboard limiting surface at the mid plane. The Scrape Off Layer (SOL) is defined herein as the region between the plasma edge and the flux surface which which contains approximately 1- e-3 ≈ 95% of the particle power loss from the plasma. A fraction of the SOL impinges on the inboard limiting surface; the remainder impinges on other PFCs. Refer to Figure 1.1.1-1.





�


		             Figure 1.1.1-1





For Double Null (DN) X-point divertor plasmas, the inboard and outboard plasma edges are defined as the flux surfaces which pass through the X-points and which intersect the mid plane at R0 +/- a. These flux surfaces extend beyond the X-point and impinge on the inboard and outboard divertors at the inboard and outboard strike points, respectively. Refer to Figure 1.1.1-2.





�


		         Figure 1.1.1-2





Equilibrium conditions shall be sustainable for pulse lengths up to 5 sec. subject to the following constraints for the SN configuration:





•	R0 + a=1.533 m


•	Zx =-1.50 m (vertical height of the lower, active X-point)


•	the vacuum flux surface outside the plasma, Y*, can vary from 0 to 10% of the normalized separatrix flux surface value (see below�). This is a requirement defined by the application of CHI.


•	Y* completely encloses the plasma without intersecting a material surface except at the divertor footprints


•	the Y* footprints intersect the outboard and inboard divertor plates respectively





For Single Null (SN)  X-point divertor plasmas, the plasma edge is defined as the flux surfaces which passes through the active X-point and which intersect the mid plane at R0 +/- a. This flux surface extends beyond the X-point and impinges on the inboard and outboard divertors at the inboard and outboard strike points, respectively. Refer to Figure 1.1.1-3.





�


		             Figure 1.1.1-3





1.1.2 Toroidal Field/Plasma Current Directionality





The torus shall be initially configured to drive plasma current in the positive direction with a negative toroidal field.





Figure 1.1.2-1 illustrates the right-handed coordinate system used on NSTX.  A positive plasma current is in the f-direction (counter-clockwise direction) and provides a positive vertical field in the Z-direction across the centerline of the vessel.  A positive TF current (in the TF inner leg) is in the Z-direction and provides a positive toroidal field in the f-direction (counter-clockwise direction).  Positive radial fields and currents are in the R-direction, radially outward from the Z-axis, the major axis of the torus.





�


NSTX Coordinate System


Figure 1.1.2-1








RF launchers shall be designed for two quadrant operation, i.e.





•	the toroidal field shall be bi-directional and


•	the plasma current shall always be in the opposite direction as the toroidal field for proper helicity.





All other equipment, including the plasma facing components shall be designed for four quadrant operation, i.e.





•	the toroidal field shall be bi-directional and


•	plasma current in the same direction and in the opposite direction as the toroidal field can be accommodated.





1.2 Reference Scenarios 





The torus, auxiliary systems, and facilities shall be designed to satisfy the current drive requirements attendant with the plasma start-up and current sustainment for the following discharge scenarios:�



SCENARIO�
START-UP1�
CURRENT


SUSTAINMENT2�
CONFIGURATION3�
�
I�
Inductive�
Inductive�
ND, DN�
�
II�
CHI�
�
SN�
�
�
�
Inductive, HHFWCD�
ND, DN, (SN)�
�
III�
Inductive (Half-Swing)�
HHFWCD�
ND, DN�
�
IV�
Inductive  (Half-Swing)�
�
ND, DN, (SN)�
�
�
�
CHI4, HHFWCD�
SN5�
�
V�
CHI�
CHI4, HHFWCD�
SN5�
�



1 EC Pre-ionization shall be utilized in all start-up scenarios


2 Contributions from the bootstrap current are expected during the sustainment phase


3 ND - Natural Divertor; DN - Double Null X-Point; SN - Single Null X-Point


4 CHI during sustainment phase shall be an upgrade


5 SN during sustainment phase if CHI used then; DN or ND otherwise





	Table 1.2-1 - Reference Scenarios (OH - Ohmic; HHFW - High Harmonic Fast Wave 	current  drive; CHI - Coaxial Helicity Injection)





In order to promote reliable plasma initiation and operational flexibility, EC is applied in all three scenarios to provide initial plasma break down and to facilitate sufficient current rampup rate. For Scenarios I, II, and IV, which utilize OH during the start-up, the OH loop voltage shall be at least 3V.  For the scenarios that utilize co-axial helicity injection (CHI) during start-up or sustainment, a SN configuration will be used during the portion of the discharge in which CHI is applied.  In all the scenarios, a portion of the full 1 MA plasma current is expected to be driven non-inductively by varying amounts of bootstrap current.





1.2.1 Scenario I (Inductive/Inductive)





Scenario I is characterized by inductively ramping the initial EC preionized plasma current to a full current of 1 MA in 0.2 to 0.4 sec, holding the current flat for approximately 0.5 sec, and then ramping the plasma current down in approximately 0.2 sec.  Auxiliary heating will be applied during the ramp-up phase and current flattop phase to increase the plasma stored energy and temperature, and to attain high-bt and maintain this state during the current flattop.  bt will be ramped down with the plasma current.  A total of approximately 1.0 volt-seconds (OH + PF) are supplied between the start and end of the plasma pulse.  The high harmonic heating technique will be developed in this scenario. Plasmas will be in either the Natural Divertor or Double Null Divertor configuration.





1.2.2 Scenario II (CHI/Inductive, HHFW)





Scenario II is characterized by establishing a 0.5 MA target plasma using Coaxial Helicity Injection and EC preionization, ramping the current to 1 MA and holding it constant for up to 0.5 sec using a one-half OH swing and/or High Harmonic Fast Wave current drive, and then ramping the plasma current down.  Auxiliary heating will be applied during the 0.5 to 1.0 MA ramp-up phase and during the current flattop phase to increase the plasma temperature, stored energy, and to maximize bt, maintaining high-bt during the current flattop period. Up to 0.5 volt-seconds are supplied during the sustainment phase (Ip≥0.5 MA).  The plasma will be in a Single Null Divertor Configuration during the time the CHI is applied, and in either a Natural Divertor, Double Null (or Single Null) Divertor configuration thereafter.  Other startup scenarios, such as utilizing ECH and HHFW heating, may be attempted.





1.2.3 Scenario III (Inductive/HHFW)





Scenario III is characterized by inductively ramping the initial EC preionized plasma current to a full current of 1 MA in 0.2 to 0.4 sec, holding the current flat for up to 4.5 sec using High Harmonic Fast Wave current drive, and then ramping the plasma current down.  Auxiliary heating will be applied during the ramp-up phase and current flattop phase to increase the plasma stored energy and temperature, and to attain high-bt and maintain this state during the current flattop.  bt will be ramped down with the plasma current.  Approximately 0.65 volt-seconds are supplied between the start and end of the plasma pulse.  The high harmonic current drive technique will be developed in this scenario. Plasmas will be in either the Natural Divertor or Double Null Divertor configuration.





1.2.4 Scenario IV (Inductive/HHFW, CHI)





Scenario IV is characterized by inductively ramping the initial EC preionized plasma current to at least 0.5 MA in 0.2 to 0.4 sec, ramping the current up to 1 MA and holding it constant for up to 4.5 sec using Fast Wave Current Drive and/or Coaxial Helicity Injection (upgrade), and then ramping the plasma current down.  Auxiliary heating will be applied during the ramp-up phase and during the current flattop phase to increase the plasma temperature, stored energy, and to maximize bt (maximizing bootstrap current), and maintaining high-bt during the current flattop phase.  Up to 0.65 volt-seconds are supplied between the start and end of the plasma pulse.  The plasma will be in a Natural Divertor, or Double or Single Null Divertor configuration during the start-up phase (before the CHI is on), and a Single Null Divertor configuration during the time the CHI is applied. 





1.2.5 Scenario V (CHI/HHFW, CHI)





Scenario V is characterized by fully non-inductive operation.  A target plasma of 0.5 MA will be created using CHI and EC preionization, and then the plasma current will be ramped up and maintained at the 1.0 MA level using a combination of HHFW, CHI (upgrade), and bootstrap currents.  Auxiliary heating will be applied during the ramp-up phase and during the current flattop phase to increase the plasma temperature, stored energy, and to maximize bt (maximizing bootstrap current), and maintaining high-bt during the current flattop phase. The plasma will be in a Single Null Divertor configuration during the time the CHI is applied. If the 1 MA plasma current can be maintained solely by HHFW current drive and bootstrap current, the configuration will be relaxed into one of Natural Divertor or Double Null Divertor.





1.3 Power Handling and Particle Control





1.3.1 Scrape-off Layer (SOL) Envelopes





The +5 cm (outer) flux surface shall intercept only the outboard divertor targets for the range of equilibria defined in Section 1.1.1.  All internal hardware must be located accordingly.





The inner flux surface shall intercept only the inboard divertor targets for the SN equilibria defined in Section 1.1.1.  All internal hardware must be located accordingly.





1.3.2 Maximum Heating Power





Plasma facing components shall be designed to accommodate heat loads associated with a maximum heating power of 12 MW (6 MW for HHFW and 5 MW for NBI-upgrade + 1 MW for OH) for 5 sec.  Up to half of the input power is expected to flow into the divertor plates.  Therefore, the divertor plate should be able to handle up to 30 MJ during the pulse.  It should be noted that the CHI power requirement is not well established at the present time.  The initial CHI plasma start-up should take place in a short time (<< 100 msec) and the heat load to the PFC is small (< 3 MJ).  The CHI edge current drive is a part of the physics research program, and the PFC capability may be enhanced or modified in accordance with the results of CHI edge current drive experiment in the latter time.





1.3.3 Divertor Requirements





1.3.3.1 Divertor Configuration





The divertor configuration shall accommodate the heat loads resulting from the heating power and pulse duration given in Sec. 1.3.2.  Flexibility to reconfigure the divertor assemblies shall be provided.





1.3.3.2 Divertor Materials





The plasma-facing surfaces of the divertor assembly shall be made of carbon-based materials.





The minimum as-manufactured thickness of the graphite armor shall be 1.0 cm between the plasma facing surface and the cooling tube interface.





The maximum divertor surface temperature shall not exceed 1200°C.





The NSTX facility shall be capable of being modified to accommodate alternate materials for plasma-facing surfaces including beryllium, tungsten, and molybdenum.





1.3.3.3 Divertor Power Handling





The inboard and outboard divertor targets shall be designed for handling peak heat fluxes up to  approximately 17 MW/m2 for pulse lengths up to 5 sec. For peak heat fluxes greater than approximately 7.5 MW/m2, some form of heat flux amelioration, such as (but not limited to) divertor sweeping and limiting the pulse length, will have to be employed.





1.3.4 Limiter Requirements





1.3.4.1 Limiter Configuration





Poloidal limiters shall be provided outboard of the plasma for startup and to protect the outboard passive structure and equipment in the port region from particle and heat loads during operation and disruptions.





The outboard poloidal limiter horizon shall conform to the geometry of the Faraday Shield on the FW launcher. 





Protective armor shall be provided to protect the inboard structures from particle and heat loads during operation and disruptions. The inner wall will act as the inner limiter. 





Protective armor shall be provided to protect the outboard passive structure and components between the passive structure and vacuum vessel wall from particle and heat loads during operation and disruptions.





1.3.4.2 Limiter Materials





The plasma-facing surfaces of the limiter assemblies shall be made of carbon-based materials.





Maximum limiter surface temperatures shall not exceed 1200°C. 





1.3.4.3 Limiter Power Handling





The inboard protective armor shall be designed to accommodate local heat loads due to NB shine-through, radiation, and plasma startup.  The inboard protective armor shall be designed for handling peak heat fluxes of up to approximately 1.9 MW/m2 for a pulse length of 5 sec.





The outboard passive structure and components between the passive structure and vacuum vessel wall shall be designed to accommodate local heat loads due to ripple-trapped particles, radiation, and plasma startup.





1.3.5 Pumping Speed and Throughput





The NSTX facility shall be designed for maximum pumping rates of


•	50 torr-l/s when operated at the pulse repetition rates specified in Section 2.2 and





The NSTX facility shall provide a minimum pumping speed of 700 l/sec.





A variable aperture on the vacuum pumping ducts shall be provided to control the pumping speed.





1.4 Plasma Heating and Current Drive





The NSTX facility shall include a heating and current drive system based on multiple technologies (ECH, CHI, and HHFW), each subsystem expandable to greater power levels.  The NSTX facility shall also provide flexibility in the control of current density profiles.





1.4.1 ECH





The ECH system is required to provide up to 200 kW of power to plasma.  The EC preionization power requirement is 20 kW.  The preionization is required for start-up and therefore the ECH system must be able to deliver 20 kW reliably in the baseline NSTX operation.  The ECH plasma formation is part of the physics experiment which will require the ECH power as needed up to the maximum 200 kW.  





1.4.2. CHI





Coaxial Helicity Injection is required to provide non-inductive discharge start-up to current levels of approximately 0.5 MA, and to provide non-inductive current drive at levels of approximately 0.25 MA in the outer portion of the plasma during the current sustainment phase as the physics reserach program.





The device and facility shall be configured initially with 3 MJ of energy of CHI to the plasma.





1.4.3 High Harmonic Fast Wave Heating/Current Drive (HHFW)





HHFW is required to provide electron heating and current drive.





The device and facility shall initially be configured to provide 6 MW of HHFW power to the plasma.





The HHFW power shall initially be coupled to the plasma through two 6�strap launchers.





Local antenna limiters shall be provided between the Faraday shielded launchers and the plasma.  At operating temperature, the front surface of the limiter shall conform (±2mm) to the surface of a circular toroid located on the midplane with major radius 0.567 m (20.32 in) and minor radius 1.016 m (40 in) within 0.4 m of the midplane.  This surface bounds the family of +5 cm flux surfaces over the required range of flexibility in b-li space. 





1.5 Fueling





1.5.1 Gas Injection





The device shall be provided with a programmable gas injection system capable of supplying H, D, and other gases to the outboard midplane and/or divertor regions with a maximum throughput of 50 Torr-l/s.  Three piezoelectric valves shall be provided to control gas injection to the VV.  The valves shall be supplied by manifolds which connect to four source tanks in such a way that any valve can be supplied from any source tank.





1.6 TF Ripple





The peak-to-average TF ripple shall be ≤0.5% over the entire plasma cross section.





1.7 Field Errors





To avoid locked modes fro non-axisymmetric fields (including those from coil misalignment, bus work, coil feeds, coil cross-overs, and magnetic materials), the m=2 n=1 component of the vacuum error field (at the q=2 surface) shall be limited to dBr21/B0 ≤ 1.7 x 10-3 without toroidal rotation of the plasma. If necessary, compensation coils must be installed.


1.8 Plasma Startup and Equilibrium Control





1.8.1 Radial Plasma Position Control





The device shall include a feedback equilibrium control system which will provide radial plasma position control such that:





•	the radial location of the separatrix at the outboard midplane can be maintained within 1 cm (rms displacement) of the nominal location, and


•	the radial location of the separatrix at the outboard midplane can be moved by ±2 cm from nominal in approximately 10 msec, in response to needs for RF coupling





for the reference scenarios defined in Section 1.2.





PF coils shall be designed to satisfy radial position control requirements for the full range of equilibrium conditions identified in Section 1.1.





Power systems shall be designed to satisfy radial position control requirements attendant with the reference scenarios per Sections 1.1 and 1.2.  





1.8.2 Vertical Plasma Position Control





A conducting structure shall be provided which makes the growth rate of the vertical instability, less than 0.2/tL/R, where tL/R is the L/R time constant of the lowest order, up-down anti-symmetric mode in the conducting structure (approximately 200 msec) for all the equilibrium conditions required per Section 1.1.





The device shall include a feedback equilibrium control system which will provide vertical position control such that:





•	the plasma can be vertically positioned to any location within ±3 cm of the midplane with a response time of order the natural time scale for vertical motion (typically ≥ 0.1 sec) using one pair of external PF coils and


•	the plasma vertical position can be controlled within 1 cm (rms displacement) of the nominal location on the time scale of the vertical instability growth time.





The PF coils shall satisfy the vertical position control requirements for the full range of equilibrium conditions identified in Section 1.1 and 1.2.





Power systems shall satisfy vertical position control requirements attendant with the reference scenarios per Section 1.1 and 1.2.





1.8.3 Separatrix Position Control





The device shall include a feedback equilibrium control system which will provide outboard strike point position control such that:





•	the location of the outboard  strike point can be moved ±12 cm along the divertor surface with a response time of 2.0 s and


•	the location of the outboard strike point can be maintained within ±1 cm of nominal





for the reference scenarios defined in Section 1.1 and 1.2.





PF coils shall satisfy the outboard strike point control requirements for the full range of equilibrium conditions identified in Section 1.1 and 1.2.





Power systems shall satisfy the outboard strike point control control requirements attendant with the reference scenarios per Section 1.1 and 1.2. 





1.8.4 Plasma Startup





The stabilizing shell shall include resistive breaks to provide sufficient toroidal resistance for penetration of the startup voltage.





The device and facility must be capable of initiating the reference inductive discharge scenarios with a common, preprogrammed startup sequence meeting the following specifications:





•	EC pre-ionization.


•	The applied loop voltage shall rise to at least 3 V in the absence of plasma. 


•	Starting from the time of breakdown, the plasma current shall increase to 500kA within 0.1 to 0.2 s.


•	Feedback control of the plasma current and radial equilibrium shall be established during the current ramp up phase.





1.8.5 External Kink Mode Control





A conducting structure shall be provided for the purpose of passively stabilizing the ideal external kink mode for all the equilibrium conditions required per Section 1.1.





The conducting structure shall be compatible with the bake out and the initial complements of heating and current drive systems per Section 1.4.





Flexibility to reconfigure the structure by removing and re-installing its elements, including the ability to make it compatible with optimized plasma shapes and with the upgrade complement of heating and current drive systems per Section 1.4, shall be provided.





1.9 Vacuum and Wall Conditioning





1.9.1 Base Pressure





The device and facility shall produce high vacuum conditions with a base partial pressure of ≤1x10-7 torr for H and D, and a base partial pressure of ≤1x10-9 torr for impurity gases (Z ≥ 2) at 65°C.





The impurity gas load during pumpdown to base pressure shall not exceed 1x10-5 Torr-l/s.





1.9.2 Bakeout Temperature





The vacuum vessel shell shall be bakeable to 150°C.





All components internal to the vacuum vessel shall be bakeable to 350°C.





Vacuum pumping ducts and large horizontal ports shall have nominal bakeout temperatures of 150°C at the interface to the vacuum vessel.





1.9.3 Glow Discharge Cleaning





NSTX should have a glow discharge cleaning (GDC) capability with DC glow in the range from about 5 to 30 mtorr of H, D, He at voltages up ~450 V and currents up to ~20 A for indefinitely long periods with the vacuum vessel at temperatures up to ~350°C.  During the GDC operation, a midplane tangential viewport should allow for visual alignment and optimization of the GDC within the NSTX Conducting Plate structure, and the impurity exhaust rates should be monitored with a residual gas analyzer (RGA).





The device design shall include the possibility for GDC between shots to facilitate its implementation during the operation.  





1.9.4 Boronization





The device shall provide the capability for boronization for all surfaces with line-of-sight to the plasma by a glow discharge technique with the interior surfaces at 350°C.  





1.9.5 Pre-shot Temperature





In-vessel components shall be maintained at temperatures not less than 50°C between discharges.  The vacuum vessel and internal components shall be maintained at the same temperatures during the interval between discharges.





1.10 Disruption Handling





The device shall be designed to accommodate major disruptions characterized by:





•	vertical or radial displacement


•	a thermal quench occurring in 0.1�1 ms


•	a current decay with a time-varying decay rate, such that the peak rate is ≤0.5 MA/ms


•	a peak poloidal halo current up to 400 kA, 40% of the maximum plasma current prior to the disruption, with a toroidal peaking factor of 2:1; that is, the toroidal dependence of the halo current is [1 + 1.0*cos (f - f0)], for all toroidal phase angles f0  from 0 to 2π.


•	a frequency of occurrence of 50% in any phase or mode of operation.





1.11 Diagnostics





The NSTX machine shall incorporate a system of diagnostics to provide the measurements of the plasma behavior that are necessary to fulfill the physics mission of the NSTX project.  In addition, certain measurements shall be provided for plasma control and operational purposes.  The principal categories of the measurements are as follows:





•  Plasma Control  An array of magnetic diagnostics shall be provided to measure the plasma and conducting shell currents, the radial and vertical plasma position, the outboard divertor strike point, and the plasma shape with time resolution and accuracy sufficient to satisfy the associated control and operational requirements in Section 1.8.  Profiles of the plasma current density and the plasma pressure shall be provided to support the NSTX advanced torus mission through active control of the plasma profiles.  Magnetic measurements of MHD and locked mode activity shall be provided in support of disruption handling requirements in Section 1.10.  The line-averaged density (<n> ≤ 1.0x1020 m-3) shall be measured to provide feedback control of the plasma density.





•  Confinement  Core profiles of the electron density (neo ≤ 2x1020 m-3), electron temperature (Teo ≤ 6 keV), ion temperature (Tio ≤ 6 keV), average impurity concentration (Zeff ~ 1-5), and the radiated power shall be measured.  Measurements of the plasma poloidal beta (0.01<bp<3.0) and the low-Z and high-Z impurity concentrations shall be provided.  Internal and external fluctuations shall be measured over a range of frequencies adequate to encompass MHD activity and plasma instabilities.





•  Divertor/Edge Plasma  The divertor and limiter surface temperatures shall be measured from ~ 300°C to 3000°C with maximum coverage consistent with viewing access to provide operational information needed for wall conditioning, impurity control, and protection of plasma facing components.  Measurements of the electron density, ion/electron temperatures, neutral pressure, and the Ha and impurity line radiation in the SOL and divertor plasma region shall be provided. 





•  Fusion Yield  The total neutron source rate and the radial profile of the neutron source emission shall be provided, as well as measurements of the charged fusion products.





All diagnostics shall be implemented consistent with achievable viewing access and state-of-the-art measurement techniques.





Diagnostics shall be designed for H and D operation only.  





1.11.1 Baseline diagnostics





The device and facility shall include the following diagnostics:





Table 1: Day One Diagnostics Summary�
�
Machine Diagnostics�
Physics Diagnostics�
Divertor/Edge Diagnostics�
�
Rogowski coils�
Mirnov Coils�
Thermocouples�
�
Flux Loops�
�
�
�
Visible Camera�
�
�
�
    IR Camera�
�
�
�



Table 2: Baseline Diagnostics Summary�
�
Machine Diagnostics�
Physics Diagnostics�
Divertor/Edge Diagnostics�
�
1 mm microwave interferometer�
Multichannel TVTS�
Multichannel bolometer�
�
Flux loops�
CHERS�
Ha detectors�
�
Rogowski Coils�
MSE�
Langmuir probes�
�
Visible Camera�
Visible continuum array�
�
�
IR Camera�
Survey spectrometer (SPRED)�
�
�
Residual gas analyzers�
Soft X-ray imaging system�
�
�
�
Mirnov Coils�
�
�
   �
Flux loops (for fluctuations)�
�
�






1.11.2 Upgrade diagnostics





The device and facility shall be capable of accommodating diagnostic upgrades as follows:





Table 3: Upgrade Diagnostics Summary�
�
Machine Diagnostics�
Physics Diagnostics�
Divertor/Edge Diagnostics�
�
Diamagnetic loop�
“DensPak” Mirnov coil array�
Fast reciprocating edge probe�
�
�
Soft X-ray tomography�
Divertor Langmuir probes�
�
�
AM reflectometry�
Rogowski coils (on backing plate supports)�
�
�
Beam emission spectroscopy�
�
�
�
Multichannel radiometry�
�
�
�
Multichannel charge exchange analyzer�
�
�
�
Gas neutron counters�
�
�



Additional upgrade diagnostics shall be developed as required to satisfy the NSTX research objectives by members of the National team.


1.12 Instrumentation, Control, and Data Acquisition





The NSTX facility shall have an instrumentation, control, and data acquisition (I&C) system that allows for coordination of operations and the acquisition, archiving, and display of all pertinent information.





The I&C system will be designed for operation of NSTX, and it will provide supervision, remote control, monitoring, data acquisition, and data handling for subsystems.





The national perspective of NSTX requires that researchers located at the NSTX site and at other laboratories and universities have access to the facility in support of the physics planning, analysis, coordination of experimental objectives, and carrying out the experimental program.





1.13 Material Selection





The materials to be used in the torus and peripheral equipment shall be limited based on vacuum, bakability, impurity control, magnetic permeability, and activation considerations.





All materials to be used in the torus and peripheral equipment must have a relative magnetic permeability less than 1.02 unless otherwise authorized by the Project.





All materials to be used within the plasma vacuum boundary must be approved by the Project.








2 PLASMA OPERATIONAL REQUIREMENTS





All operations must be planned to incorporate the radiation safety guidelines, practices, and procedures included in PPPL ES&HD 5008, Section 10. 





2.1 Pulse Length 





The NSTX facility shall initially be configured to provide 5 s pulses� with H and D plasmas for the reference scenarios per Section 1.2 with initial neutron source rates per Section 2.5 and pulse repetition rates per Section 2.2.





2.2 Pulse Repetition Rate





In its initial configuration, the NSTX facility shall be capable of providing 96 - 5 sec. pulses at 300 sec. intervals in a 24 hour period when operated per the reference scenarios.





2.3 Annual Operating Limits





The design shall allow for up to





• 13,000 pulses


• 6.5x104s of operation





2.4 Lifetime Operating Limits





All NSTX systems, with the exception of the divertor modules, shall be designed for the number of cycles and operating time attendant with a 10 year operating life.  New building and utilities shall be designed for a 25 year operating life from the start of plasma operations.





The design shall allow for up to





• 130,000 pulses


• 6.5x105s of D operation





when operated per the reference scenarios based on the factors for fatigue life specified in the NSTX Structural Design Criteria Document.





The design shall allow for greater than 130,000 charge-discharge cycles of the toroidal field coils.





The planned pulse duration distribution shall be divided approximately among the following:





	• 1/3 of the pulses will be double-swung OH covering inductive only, short pulse operation


	• 2/3 of the pulses will be single-swung OH covering non-inductive current drive studies





Approximately 25% of of all the shots shall be at high toroidal field (6 kG). This proportion will be split into double-swung and single-swung OH by the above guidance for 3 kG operation.





2.5 Neutron Source Rates, Yields, and Dose-equivalents





The NSTX facility shall be designed to accommodate heat loads attendant with the peak neutron source rate initially envisioned for D operation at the pulse repetition rates specified in Section 2.2.





In addition, the NSTX torus systems and facility shall be designed for and the facility be capable of �






Heating Operation


�



Pulse Length�



 D-D Neutron Rate


(n/sec)�



Total Pulses/yr 


�



Total Neutrons/yr 


�



Maximum Site Boundary Dose /yr 


(c, d)


�
�






RF + NBI





�






5 sec


�






2x1014�






1.3x104  (a)�






1.3x1019�






0.0181 


(mrem/yr)�
�






RF + NBI





�






60 sec


(2MA)�






8x1014�






1.1x103  (b)�






5.2x1019�






0.0724 


(mrem/yr)�
�
Notes


(a.) Operating at 96 pulses/day, 5 days /week, 3 weeks/month, 9 months/year.


(b.) Operating at 8 pulses/day, 5 days/week, 3 weeks/month, 9 months/year.


(c.)  Using a total neutron yield of 98% D-D and 2% D-T neutrons, and including the activated  air and tritium contributions.


(d.) The design objective for the nearest property lines is 10 mrem/year from all sources and pathways.














Table 2.5.1. The maximum NSTX site boundary dose per year for normal and long pulse upgrade operations in the D-Site Hot Cell. 








� The NSTX facility includes the tokamak, ancillary systems, and facilities.


�  Per December 11, 1992 memo from R. Davidson to M. Johnson


�(Y*-Ys)/(Ys-Ymag) = 0.0 to 0.2, where Y* is the vacuum flux surface, Ys is the separatrix flux surface value, and Ymag is the flux value at the magnetic axis. 





� Unless otherwise qualified, the pulse length refers to the flattop time. i.e. the period of constant plasma current.
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