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Abstract 
 
Reduced models coupled to time-dependent axisymmetric vacuum field calculations are used to 
develop the prefill and feed-forward coil current targets required for reliable direct induction (DI) 
startup on the new MA-class spherical tokamaks, MAST-U and NSTX-U. The calculations are 
constrained by operational limits unique to each device, such as the geometry of the conductive 
elements and active coils, power supply specifications and coil heating and stress limits. The 
calculations are also constrained by requirements for sufficient breakdown, current drive, 
equilibrium and stability of the plasma developed from a shared database.  A large database of DI 
startup on NSTX and NSTX-U is leveraged to quantify the requirements for achieving a reliable 
breakdown (Ip ~ 20 kA). It is observed that without pre-ionization, STs access the large E/P regime 
at modest loop voltage (Vloop) where the electrons in the weakly ionized plasma are continually 
accelerating along the open field lines.  This ensures a rapid (order millisecond) breakdown of the 
neutral gas, even without pre-ionization or high-quality field nulls.  The timescale of the initial 
increase in Ip on NSTX is reproduced in the reduced model provided a mechanism for impeding 
the applied electric field is included. Most discharges that fail in the startup phase are due to an 
inconsistency in the evolution of the plasma current (Ip) and equilibrium field or loss of vertical 
stability during the burn-through phase.  The requirements for the self-consistent evolution of the 
fields in the weakly and full-ionized plasma states are semi-empirically derived from demonstrated 
DI startup on NSTX, NSTX-U and MAST. The predictive calculations completed for MAST-U 
and NSTX-U illustrate that the maximum Ip ramp rate (dIp/dt) in the early startup phase is limited 
by the voltage limits on the poloidal field coils on MAST-U and passive vertical stability on 
NSTX-U. 
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1. Introduction 
 

Direct induction (DI) startup on a tokamak device generates loop voltage using a central 
solenoid coil in order to ionize (i.e. breakdown) a neutral gas and induce a toroidal plasma current 
(Ip) [1]. Breakdown is facilitated by producing open helical field lines with long connection lengths 

via a region of low poloidal magnetic field (Bq) and large toroidal magnetic field (Bf) in the 

vacuum vessel (i.e. a magnetic field null).  Following breakdown, the magnetic and electric fields 
must evolve self-consistently in order to increase Ip and maintain the radial and vertical position 
of the plasma. 

The recent complementary upgrades of the two largest spherical tokamak (ST) experiments 
(NSTX to NSTX-U [2], and MAST to MAST-U [3]), require development of DI scenarios for the 
new devices. Similar to most tokamaks, DI startup is accomplished on these devices by feed-
forward (i.e. pre-programming) control of the solenoid and poloidal field coil currents.  The startup 
period encompasses the pre-charging of the coil currents and pre-filling the vacuum vessel to a 
target neutral pressure, the breakdown of the neutral gas and the initial ramp-up of Ip.  The startup 
period ends when Ip is large enough that the solenoid and PF currents are controlled via active 
feedback on the measured Ip and inferred plasma boundary. This is typically when Ip exceeds the 
total induced current in conducting structures (Ip > Iwall ~ 200 kA on NSTX and MAST).  Changes 
to the passive conducting structures, coils and power supplies on NSTX-U and MAST-U compared 
to NSTX and MAST, respectively, motivate the redevelopment of the feed-forward current targets 
in the startup phase. 

Beyond achieving a reliable startup scenario, the scientific mission of these STs benefits 
from the optimization of the DI startup scenario.  Long-pulse (5 – 10s) operation on the upgrade 
devices relies on minimizing the volt-second consumption of the startup scenario [4].  In addition, 
startup scenarios aim to maximize the plasma current (Ip) ramp rate (dIp/dt) and boundary 
elongation in order to facilitate a broad current distribution (low internal inductance or low-li) and 
minimize pressure peaking [5].   A large Ip ramp rate shortens the time between breakdown and 
achieving a suitable neutral beam heating efficiency in order to induce the L-H transition and “lock 
in” a broad current profile [6].  Hardware capabilities and plasma instabilities can limit Ip ramp 
rate and boundary elongation in the startup phase. 

This paper summarizes analysis of DI scenarios on NSTX, NSTX-U and MAST to support 
the development and optimization of DI scenarios for NSTX-U and MAST-U using time-
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dependent vacuum field calculations.  The motivation for this work is to develop common tools 
and metrics that accelerate the realization and optimization of the DI startup scenario on the new 
ST experiments.  This work also supports ongoing efforts to develop and test reduced models for 
DI startup that can be applied to future tokamaks such as ITER. Section 2 describes the LRDFIT 
code used to complete the interpretative and predictive time-dependent vacuum field calculations.  
Section 3 describes the technical capabilities that impact the DI startup scenarios on the four ST 
experiments considered in this paper (NSTX, NSTX-U, MAST and MAST-U).  Section 4 
describes a reduced model for the breakdown process derived from established breakdown models 
and compared to individual discharges and a large database of breakdown on NSTX and NSTX-
U. Section 5 describes the development of semi-empirical metrics for evaluating the current-drive, 
equilibrium and stability of the plasma using vacuum field calculations.  The established model 
and criteria are used in conjunction with the unique operational specifications to determine target 
DI scenarios in the upgraded ST devices in Section 6.  Finally, Section 7 presents a summary of 
this work. 

 
2. Time-dependent vacuum field calculations using LRDFIT 

 
It is necessary to account for toroidal currents induced in conducting structures when 

computing the magnetic field structure in the startup phase.  This is especially important in startup 
scenarios that aim to establish a field null in the vacuum chamber and evolve the magnetic field 
rapidly.  The vacuum field calculations described in this paper use the LR Circuit Model with Data 

Fitting (LRDFIT) code1 written in the IDL programming language [7]. 

The LRDFIT code was developed to compute the free-boundary Grad-Shafranov 
equilibrium (GSE) including the induced currents in the axisymmetric conducting structures. The 
approach of this solver (similar to EFIT++ [8] used on MAST) is to first compute the induced 
currents using coupled circuit equations where the plasma is treated as resistive conducting 
elements and SVD regularization of the plasma current density distribution is used to produce an 
over-constrained system of equations.  The advantage of this approach is that, given the time-
dependent induced wall currents, the GSE for multiple times in a discharge can be solved in 
parallel on a computing cluster.  In contrast, other equilibrium solvers (such as EFIT [9]) treat the 
induced currents as free-parameters that are constrained from the solution found in the previous 

                                                        
1 http://w3.pppl.gov/∼jmenard/software/lrdfit/lrdfit-index.h 
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time step necessitating a serial calculation.  The work in this paper does not compute the plasma 
equilibrium, it only uses the “front-end” of the LRDFIT code to compute the induced currents with 
Ip = 0 (i.e. vacuum fields). 

The front-end of the LRDFIT code is used at NSTX for calibrating magnetic 
measurements, refining the axisymmetric wall model [10] and developing DI scenarios [11].  
LRDFIT has recently been expanded to perform similar calculations for MAST and MAST-U. The 
axisymmetric machine description is first developed for a device using coordinates from machine 
drawings to define the location of toroidally conductive structures, poloidal field coils and 
magnetic measurements.  The resistance of the conductive structures is estimated using the 
properties of the bulk material.  The series and parallel connections between coils, and in some 
cases, passive conductive elements are also included in the machine description. 

Dedicated vacuum shots are used to calibrate the magnetic measurements, modify the 
resistance (and sometimes location) of the passive elements and refine the position and orientation 
of magnetic sensors.  This is typically an iterative process that uses a combination of error 
minimization and intuition about the device construction to continually refine the machine 
description.  NSTX and MAST operated for many years enabling a mature machine description. 
NSTX-U completed one experimental campaign in 2016 before terminating operations to fix a 
failed divertor coil and make changes to the machine design; the refinement of the machine 
description did not attain the maturity of the NSTX model and may have be complicated by 
variable (shot-to-shot or day-to-day) changes that will be described later.  NSTX-U will require 
further refinement of the DI scenario realized in 2016 due to changes in the conducting structures 
and the desire to further optimize the scenario beyond what was demonstrated.  At the time of this 
publication, MAST-U is preparing for its first experimental campaign, including the first vacuum 
shots toward refining the machine description derived solely from machine drawings. 

This paper uses time-dependent vacuum field calculations for NSTX, NSTX-U and MAST 
to develop criteria for DI startup in STs in order to guide the development of startup scenarios for 
NSTX-U and MAST-U. The goal of this exercise is to gain an understanding of the operational 
limits for DI startup scenarios, develop a procedure for optimizing the startup scenario and to 
produce a tool for interpreting the first vacuum field and plasma initiation experiments on the 
upgraded ST devices.  Similar work with vacuum field calculations has been completed for 
conventional aspect ratio devices assuming large-A circular plasmas [12].  The work presented in 
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this paper extends the DI scenario development completed for the first operations on NSTX-U in 
2016 that enabled DI startup at different levels of ohmic precharge and Vloop [11].  
 
3. Direct induction capabilities and constraints 
 
Magnetic field coils 

Figure 1 shows one half of a poloidal cross section for each of the four ST devices 
considered in this paper.  The black elements are the toroidally conductive axisymmetric structures 
considered in the vacuum modeling.  The colored regions are the active coils that will be described 
throughout this section.  The coils on NSTX and NSTX-U reside outside the vacuum boundary 
whereas all coils except P1 and PC reside inside the vacuum boundary on MAST and MAST-U.  
All elements are nearly up-down symmetric with the exception of the PF1 coil sets on NSTX (only 
the upper configuration of the PF1 coil sets is shown).  

The orientation of the toroidal magnetic field and Ip is the same on all four devices.  Current 

flows downward (-Z) in the toroidal field (TF) central rod creating a toroidal magnetic field (Bf) 

in the clockwise direction (-f) when viewed from above while the plasma current is in the opposite 

direction. 
A negative time derivative in the central 

solenoid current (red coils in Figure 1) produces 
most of the necessary inductive loop voltage.  Prior 
to the start of the discharge, the central solenoid is 

precharged to a positive current (+f), producing a 

field in the confining BZ (–Z) direction inside the 
vacuum vessel.  The light gray contours in figure 1 
show illustrative flux surfaces of the solenoid field 
excluding any contribution from induced currents 
in the conductive structures.  The poloidal curvature 
of the field is good for vertical stability when the 
solenoid current is positive.  The fringing field has 
larger poloidal curvature on MAST(-U) compared 
to NSTX(-U) due to the shorter length of the central 
solenoid. 

-2 -1 0 1 2
R (m)

-2

-1

0

1

2

Z 
(m

)

  
 

 MAST

  
 

 

P2

P6

P1

P3
P4

P5

  
 

 

MAST-U
  

 

 

PX

PC

D1

D2
D3

P6

P1

P4
D7D6

DP

D5

P5
  

 

 NSTX

  
 

 

PF2PF1*
OH

PF3

PF4

PF5

  
 

 

NSTX-U
  

 

 

PF2PF1*
OH

PF3

PF4

PF5

-2 -1 0 1 2
R (m)

-2

-1

0

1

2

Z 
(m

)

Figure 1. Poloidal cross section of the four ST devices 
described in this paper. Each quadrant of the image is 
a different device. Black lines show the toroidally 
conductive structures while the colored regions show 
the active coils as described in the text. Gray contours 
are flux surfaces of the ohmic solenoid (OH or P1) 
fringing field. 
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Nulling of the solenoid fringe field is primarily accomplished using large-R coils that are 
off midplane (orange coils in Figure 1). These coils produce a poloidal field that best matches the 
curvature of the fringing field at the inboard midplane.  The nulling field is produced using positive 

current (+f) in these coils, which is the opposite direction the current typically flows to provide 

radial equilibrium during the rest of the discharge.  On NSTX and NSTX-U, the PF3 coil set is 
powered by a bipolar power supply (current can flow in both toroidal directions).  On MAST and 

MAST-U, the P4 coil has a unipolar supply and can only drive -f current to produce a confining 

field.  Thus, on MAST-U, the nulling field must be supplied by one or more D-coils, which are 
driven by bipolar power supplies.  On MAST, DI startup was employed only in dedicated 
experiments [13] (merging-compression startup was primarily used for most operations) and the 
DI scenarios produced the nulling field using the P3 or P2 coil sets with a unipolar power supplies 

driving +f current. 

The upper and lower coil within each coil set are wired in series on MAST and MAST-U 
to produce an up-down symmetric field.  The exception is the P6 coil set (magenta coils in Figure 
1) where the upper and lower coils are wired in anti-series and driven with a bipolar supplies in 
order to modify the vertical position of the plasma. On NSTX and NSTX-U, the upper and lower 
PF3 coils have a dedicated power supply and the vertical position of the plasma during startup is 
altered by unbalancing the current in the PF3U and PF3L coils. Thus, NSTX(-U) traditionally uses 
one coil set (PF3U and PF3L) to produce the nulling field, increase the confining field after 
breakdown and correct up-down asymmetries, while MAST(-U) uses multiple coil sets to 
accomplish these tasks. 

One important consideration for the maximum ramp rate of Ip is the voltage available to 
change the current in the PF coils to provide an equilibrium vertical magnetic field (BZ).  On NSTX 
and NSTX-U, the PF3 upper and lower coils are each driven with a 2 kV power supply for a 
maximum total voltage of 4 kV.  On MAST, a high voltage capacitor bank power supply could 
provide up to 4kV on the P3 coils. On MAST and MAST-U, the P4 set has a single 560V power 
supply.  MAST-U will not employ a capacitor bank power supply and must supplement P4 and P5 
with a number of D-coil sets powered by 700V H-bridge circuits in order to produce a flux swing, 
and thus Ip ramp rate, similar to MAST, NSTX and NSTX-U. 

Low-R coils (green coils in Figure 1) with +f current can essentially act as an extension of 

the solenoid and reduce the radial curvature of the solenoid field near the inboard midplane.  
However, these fields reduce the passive vertical stability, especially if the plasma boundary grows 
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vertically as the plasma current increases.  NSTX and NSTX-U do not employ low-R coils in the 
startup scenario; however, MAST-U will most likely employ these coils in the DI breakdown 
scenario in order to generate a sufficiently large field null with a shorter solenoid compared to 

NSTX-U.  The low-R coils on MAST-U can be operated with -f current, which presents an 

opportunity increase the vertical stability following breakdown.  The PC coil (inboard midplane) 
on MAST-U is not employed in the startup scenarios due to the desire to minimize the heating and 
stress on this coil. 

All four devices have similar near-midplane large-R coil sets (blue coils in Figure 1) with 

the up-down pair wired in series and driven by a single, unipolar power supply driving -f current 

to produce confining field. These coil sets produce a confining vertical field with a slight curvature 
that destabilizes the vertical stability and reduces the vertical extent of the field null.  Therefore, 
these coils typically do not carry current until after breakdown and are not operated near the voltage 
maximum; the current ramp rate in the large-R coils is limited by the desire to maintain good field 
curvature. 

Since both the low-R off-midplane divertor coils (positive current ramping to zero) and 
large-R near midplane coils (zero current ramping negative) tend to reduce vertical stability, there 
is a trade-off to using these coil sets in the startup scenario.  Generally, it is preferable to minimize 
the use of the positive current in the low-R coils such that a larger ramp rate of the large-R coil 
current can be used for a given constraint on the poloidal field curvature. This reduces the voltage 
demand on the other PF coils for a given target Ip ramp rate.  This must be balanced by a potential 
requirement to use the low-R coils to increase the vertical extent of the field null.   
 
Induced currents 

The currents induced in the passive structure are important to include in startup 
calculations, particularly in the case of the rapid Ip ramp rate favored by ST experiments to 
facilitate broad current profiles.  Figure 2 shows the induced current density in conductive 
components by a constant change in the solenoid current that produces an average of Vloop = +1V 
in a region of interest (ROI) using the LRDFIT code.  The ROI is indicated as a hashed region in 
figure 2. The ROI is 0.2 m wide with the inner boundary at the IWL with a height of 1.2 m centered 

on the midplane.  A majority of the induced current is positive (+f), thus in the same direction as 

Ip. The lone exception occurs in regions of the passive plates on NSTX and NSTX-U where the 
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magnitude of the eddy currents on the surface of 
the highly conductive, toroidally segmented 
plates is greater than the toroidal current loop 
through the resistive connections made between 
the plates.  

 The light gray contours in Figure 2 
indicate the flux surfaces of the field produced by 
the induced current.  The induced field on MAST 
and MAST-U does not have a big impact on the 
passive vertical stability since the flux surfaces 
are mostly vertical near the midplane.  However, 
NSTX and NSTX-U have a larger radial field 
component resulting in flux surfaces with more 
poloidal curvature.  With positive Vloop (during 
the discharge), the field from the induced currents 
is in the deconfining direction, thus the radial 
field component decreases the passive vertical 
stability. 

The reduction in the passive vertical stability from induced currents was an issue in the 
first operational campaign of NSTX-U in 2016 due to an error in construction.  A series of cooling 
tubes behind the divertor tiles (labeled in figure 2) were constructed using copper instead of 
Inconel.  This error was realized during some of the first vacuum shots on NSTX-U when the 
induced current in the polar regions (top and bottom of the centre column) was significantly larger 
than expected.  The vacuum field calculations indicate that the current density in the low resistance 
cooling tubes was between 15 – 30 MA/m2 for Vloop = 1V (note that this is well above the extreme 
of the colorbar in figure 2).  Post mortem analysis of the cooling tubes indicated that heating from 
the induced currents melted and severed the cooling tubes, leading to complex paths for the 
induced current that most likely changed throughout the first campaign.  NSTX-U is presently 
undergoing a rebuild of the polar regions and a number of design changes will reduce the induced 
current, including the installation of Inconel cooling tubes.  The impact of the larger induced 
current in the polar regions on the NSTX-U startup scenario will be discussed in sections 5 and 6.  

Figure 2. Induced current density in toroidally 
conductive structures by one loop volt in a region 
of interest (ROI) generated by a flux change in the 
central solenoid. Black hashed rectangle is the ROI 
for each device. Gray contours are flux surfaces 
due to the induced current. 
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Figure 3 shows the evolution of the 
average Vloop and BZ in the ROI due to the induced 
currents (the BZ plot does not include the field 
from the solenoid).  The labels in figure 3a 
indicate the current ramp rate in the solenoid turn 
current required to produce Vloop = 1V at t = 1 s. 
The ramp rate is smaller for the upgrade 
experiments as the cross-sectional area of the 
solenoid is larger than the original experiments.  
Note that NSTX and NSTX-U drive all four layers 
of the solenoid in series while MAST and MAST-
U drive two parallel circuits of two alternating 
layers (four layers total). Thus, the solenoid feed 
current, which is the value of interest for the power 
supplies, is twice as large as the turn current on 
MAST and MAST-U, while the feed and turn 
currents are equivalent on NSTX and NSTX-U.  

The rise time of Vloop (figure 3a) is mostly 
influenced by the currents induced in the centre column casing inboard of the ROI.  On all four 
experiments, the specifications of the conductive casing are determined by the requirement to 
resistively heat the inboard carbon tiles prior to operations (i.e. bake).  MAST and MAST-U heat 
the casing via oscillating currents in the central solenoid while NSTX and NSTX-U apply a bias 
voltage across the top and bottom ends of the casing with an external power supply. The NSTX 
approach permits a thinner casing that reduces the L/R time of the induced currents impacting 
Vloop. 

The average BZ in the ROI from the total induced currents (solid lines in figure 3b) is in 
the positive (deconfining) with positive Vloop, i.e. when driving positive Ip during the plasma 
discharge.  The slower rise time (note that the time axis is ten times larger than the time axis of 
panel a) of the magnetic field is primarily due to higher inductance elements outboard of the ROI 
and is about twice as large for NSTX(-U) compared to MAST(-U).  Figure 3b illustrates the L/R 
time of the outboard passive elements is on the order of 25 ms, which influences the design of the 
precharge scenario discussed later in this section.  The dashed lines on the left of 3b indicate the 

Figure 3.  Evolution of the average (a) Vloop and 
(b) BZ in the ROI due to a constant rate of change 
in the solenoid current given by the labels. Dashed 
lines on left-hand side of panel (b) is the BZ 
produced per kA/turn in the solenoid. 
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BZ produced by fringe field with -1 kA/turn in the central solenoid.  Thus, the field produced by 
induced currents makes a significant contribution (10 – 30%) toward nulling of the fringe field 
from the solenoid in typical scenarios.  
 
Pre-charge and pre-ionization 

The precharge evolution must be included in the vacuum field calculations since increasing 
the solenoid and PF currents to the starting values will induce passive currents that can influence 
the startup phase.  Figure 4 is a cartoon summarizing three different precharge strategies where the 
central solenoid current is increasing from zero to the maximum current over a period of time 
(typically 0.5 – 2 seconds).  NSTX and NSTX-U use a precharge scenario represented by the black 
lines where the nulling field provided by the PF coils is imposed for the duration of the solenoid 
precharge in order to prevent a null (BZ ~ 0) prior to the breakdown (BD) phase.  This approach 
permits a long (~ 1 sec) prefill in order to perform active feedback on the vessel pressure using ion 
gauge pressure measurements with slow (~ 10 ms) time response.  Active feedback of the prefill 
pressure improves the reliability of the breakdown scenario since the gas load required to meet the 
target prefill depends on the wall conditions and the status of the neutral beam gate valves and 
pumps.  

Conversely, MAST-U aims to minimize the 
heating of the D-coils in the precharge phase, and 
thus will use a scenario represented by the red lines 
in figure 4.  This strategy requires delaying the 
prefill gas fueling until after the zero crossing and 
using feed-forward control of the fueling rate.  The 
calculations presented in this paper in Section 6 
assume the gas fueling begins 15 ms prior to the 
targeted breakdown time, similar to MAST.  The 
final scenario shown in figure 4 (green lines) further 
reduces the magnitude and duration of the nulling 
field coils by approaching the null condition from -
BZ as opposed to +BZ.  This scenario is not favored 
because small changes in operational conditions can 
result in significant changes to the evolution of the 

Figure 4.  Cartoon of different precharge 
strategies. The NSTX approach (black) avoids a 
field null (BZ = 0) while the solenoid current is 
changing to avoid a breakdown during a long 
prefill time. The MAST-U approach (red) aims to 
minimize the heating of the PF coils and uses a 
shorter prefill time. A third approach (green lines) 
used on MAST avoids a zero crossing. 
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startup, reducing the reproducibility of the scenario.  For example, it is common for this scenario 
to have two breakdown periods separated by a few milliseconds with the results of the first 
breakdown impacting the performance of the second period.  Most DI scenarios on MAST 
successfully used this precharge method and, while not preferable, this scenario could be used on 
MAST-U if there is an operational limit to the use of D-coils or the desire to employ a long prefill 
time. 

Pre-ionization (PI) systems can reduce the Vloop required for initiating the plasma and 
expand the operational range of viable startup regimes.  NSTX and NSTX-U have a dedicated 
electron-cyclotron heating (ECH) system that injects up to 30 kW of power at 18 GHz [14].  
Emissive filaments mounted to the outboard wall are used concurrently, however the magnetic 
field structure is not tailored to direct the emitted electrons into the breakdown region.  MAST 
employed a variety of PI systems in dedicated DI experiments including emissive filaments, an 
ultraviolet flash lamp, a 7J ruby laser pulse (from the Thomson Scattering system) and the neutral 
beam [13].  Similarly, MAST-U will use emissive filaments and may use the Thomson laser and/or 
NBI system as additional PI sources. 

The next sections will quantify the utility of PI on NSTX and NSTX-U and demonstrate 
that reliable scenarios without PI are expected to be feasible.  This is an important result since 
MAST-U will have reduced PI capabilities compared to MAST and the utility of the ECH PI 
system on NSTX-U is expected to diminish as the resonance layer of the fixed frequency ECH 
system moves to larger R at higher BT 
 
4. Breakdown on NSTX and NSTX-U 
 

DI startup is typically described as progressing through three plasma phases: breakdown, 
burn-through and ramp-up.  The breakdown phase includes the avalanche ionization process where 
the plasma transitions from a weakly-ionized plasma to a fully-ionized plasma. The end of the 

breakdown phase is typically defined as the time of the largest Da emission since it roughly 

corresponds to the equalization between the decreasing neutral density and the increasing plasma 
density.  The burn-through phase features a rise in the electron temperature (from order 10 to 100 
eV) progressing through the ionization (i.e. burn-through) of impurity ion charge states with 
considerable energy lost to radiation.  In the ramp-up phase, the energy confinement and flux 
consumption achieve a level consistent with typical L-mode operation on tokamaks.   
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 Figure 5 shows a typical DI scenario on 

NSTX with a prefill of 42 µTorr (discharge 

133803). The current in the ohmic solenoid (red) 
and the PF3 (black) and PF5 (blue) is shown in 
figure 5a where the OH current trace has been 
shifted downward by 22 kA for clarity.  The 
toroidal field coil current (not shown) is constant 
through the startup phase and produces BT = 1.8 T 
at R = 0.22 m.  The plasma current (Ip) measured 
by a Rogowskii coil is shown in figure 5b (solid 
black). The dip in Ip below zero is due to an 
imperfect correction for the induced vessel 
currents within the Rogowskii loop.  The scaled 
electron cyclotron heating (ECH) pre-ionization 
(PI) power injected is also shown in figure 5b 
(solid red) with a maximum power around 4 kW.  
The dashed black and red lines are for a discharge 
produced the previous run day with an identical 
prefill and coil currents but did not have ECH PI 
(133765). As shown with these two discharges, 
ECH PI has a small impact on the evolution of 
breakdown on NSTX when operating with a 

prefill greater than 20 µTorr and with low 

impurity content. 

Figure 5c shows a Da signal from a 

filterscope with a radial view along the midplane 
for both discharges (black and dashed black). The 

initial rise of the Da signal has a gaussian form as 

shown by the red dashed fit to the solid black line.  

The abrupt rise in the Da signal after t = 15 ms is due to neutral gas injection from outboard gas 

injectors.  The loop voltage evolution of the discharges is very similar since the feed-forward 
evolution of the OH and PF currents are nearly identical. The red line in Figure 5d is the Vloop at 

Figure 5.  Typical DI scenario on NSTX. (a) Current 
in the OH (red, shifted by 22 kA), PF3 (black) and PF5 
(blue) coils. (b) Measured plasma current (black) and 
scaled ECH PI power (red). Two discharges are 
shown, with (solid) and without (dashed) PI. (c) Radial 
midplane Da signal (black) and a Gaussian fit of the 
initial rise (red). (d) Scaled Vloop measured at the 
inboard midplane (black) compared to the Vloop at 0.22 
m computed using LRDFIT (red). (e) BZ measured 
near the inboard midplane (black) compared to the BZ 
at 0.22 m using LRDFIT (red).  Vertical dotted lines 
separate the precharge, pre-ionization (PI), current 
ramp (CR) and burn-through phases. 
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R = 0.22 m on the midplane from a vacuum field LRDFIT calculation.  Multiplying the loop 
voltage measured by a flux loop at the inboard midplane (solid black) by 1.3 provides a good 
estimate for the Vloop at R = 0.22 m. 

Figure 5e compares the BZ at R = 0.22 m from the vacuum field calculation (red) to the BZ 
measured slightly below the midplane and at a smaller R (black).  This measurement is made by 
integrating the voltage from a Mirnov coil and correcting for toroidal field pickup, which results 
in an uncertainty in the signal offset on the order of 20 Gauss (0.1% of BT) on NSTX.  The BZ 
measurement is the most sensitive diagnostic to the start of the discharge that is routinely available 

within the NSTX dataset, as seen by the rapid increase in BZ toward positive values near t = -1 

ms.  For typical breakdown conditions, the plasma density is inferred to be on the order of 1016 – 
1017 m-3 (about 1 - 10% of the neutral density) in order to produce a measurable difference from 
the vacuum field on the Mirnov coil (order 15 Gauss corresponding to about 3 kA of plasma 
current).  

The vertical black lines in Figure 5 designate critical times in the breakdown phase.  The 
earliest vertical line is the point when the loop voltage (Vloop) exceeds 0.1V and is used to define 
the start of the breakdown phase.  The central vertical line indicates the “Initiation time” and 
corresponds to the rapid rise in BZ for the solid black case (discharge with ECH PI).  It is identified 
as an increase in 15 Gauss above the minimum in the measured BZ signal during the breakdown 
phase. The rightmost black line marks the end of breakdown phase and is defined as time required 
to increase an additional 100 Gauss on the BZ measurement after the Initiation time for the solid 

black case.  This threshold in BZ is used as a proxy for the timing of the Da peak since the BZ 

measurement is available for more discharges in the NSTX database compared to the Da signal.  

Furthermore, identifying the Da peak is a challenge in high-recycling scenarios or in discharges 

with active fueling soon after the end of the breakdown phase.  The relationship between the rise 

in the BZ signal and the Da peak was developed using a database of about ten thousand discharges 

where the Da peak could be reliably identified.  At the end of the breakdown phase, the plasma 

density is expected to be on the order of 1018 m-3 for typical prefill values.  The two time periods 
within the breakdown phase are labelled “PI” (for pre-ionization) and “CR” (for current rise). The 
vertical red dotted lines in figure 5e indicate the different starting and ending times of the CR phase 
for the discharge without ECH PI (black dashed traces). 

In the PI phase, the loop voltage is increasing while BZ is positive and decreasing due to 
the decrease in the PF3 coil current.  The sign convention follows the description in section 2 
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where positive BZ is the deconfining direction.  At the end of the PI phase (i.e. the Initiation time), 
the plasma density is on the order of 1017 m-3, while the neutral density remains ~ 1018 m-3.  The 
plasma density increases an additional order of magnitude until it is comparable to the neutral 
density over the next 4 ms during the CR phase.  The Vloop is driven primarily by the solenoid and 
the vacuum BZ field (red line in figure 5e) changes sign to the confining direction. The field 
generated by the plasma current quickly overwhelms the vacuum magnetic field on the inboard 
side of the breakdown region, facilitating the formation of closed magnetic surfaces.  The low-
aspect ratio geometry leads to a lower threshold in toroidal current required to reverse the field at 
the inboard midplane compared to larger aspect ratio geometries.  The plasma resistivity during 
the CR breakdown phase is differentiated from the Burn-through phase because the electron 
temperature is unable to rise considerably above 10 eV due to considerable thermal ionization of 
the neutral gas. 

The remainder of this section presents a reduced model for the evolution of the breakdown 
phase observed on NSTX and NSTX-U developed via comparison to specific discharges and a 
large database of DI startup. The plasma current is assumed to be entirely due to the parallel drift 
motion of the electrons: 

 

𝐼# =
%	'(	)*(
+,-.

cos 𝜃     (1) 

 
where Ne is the number of electrons, vDe is the average parallel electron drift velocity, RC is the 

major radius of the current centroid and q is the field line pitch angle such that sinq ~ Bq/Bf. The 

rate of increase in the number of charge carriers during the avalanche process is [15] 
 

𝑑𝑁% 𝑑𝑡⁄ = 𝑁%	𝑣8%	(𝛼 − 1/𝐿)     (2) 

 

where L is the effective connection length of the helical field lines. The neutral ionization rate (a) 

is given by  
 

𝛼[m-1] = 𝐴	𝑃	exp	(−𝐵	𝑃/𝐸)     (3) 
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where P is the prefill and E is the parallel electric field (𝐸∥ = 𝐸J𝑐𝑜𝑠𝜃) and the Townsend 

coefficients for deuterium are A = 510 m-1 Torr-1 and B = 1.25 x 104 V m-1 Torr-1.  The form of 

equation 2 implies that the plasma density (ne) rises exponentially over a time period tbr  

 

𝑛%O 𝑛%P⁄ = 	exp	(𝜏RS	𝑣8%	(𝛼 − 1/𝐿))    (4) 

 
where ne0 is the starting electron density and nef is the final electron density and it is assumed the 
plasma volume, electron drift velocity, electric field and effective connection length are constant 
over the time period. 

In the regime E/P < 20 kV/m/Torr, the electrons are assumed to achieve a constant vDe due 
to collisions with neutral molecules: 

 

	v8% = 𝜂RS[
UV	WXSS
Y	Z

] [
\
      (5) 

 

where hbr is 43 for deuterium [15] giving vDe < 106 m/s.  In the regime E/P > 20 kV/m/Torr, the 

electrons are predicted to be constantly accelerating instead of achieving a constant drift velocity 
[15].  This “runaway” regime is due to the fact that the cross-section of the electron and neutral 
molecule collision has a maximum around 4 eV (vDe ~ 106 m/s).  The average loss time of the 
electrons accelerating along the open field lines is 
 

𝜏]XZZ = ^+_U
%[
`
a/+

     (6) 

 
where e and m are the electron charge and mass, respectively. Thus, the average velocity of the 
electrons during the acceleration is approximated to be  
 

v8% = ^%[_
+U
`
a/+

.     (7) 

 
The predicted free acceleration of the electrons results in an order-of-magnitude increase in the 
average electron drift velocity and a comparable reduction in the breakdown timescale compared 



 16 

to the regime with constant drift velocity (equation 5).  STs readily access the large E/P regime at 

modest Vloop since E ~ Ef = Vloop/2pR.   

A number of experimental and computational studies of breakdown dynamics in a tokamak 
have established that the rise in the density driven by the ionization avalanche process often 
evolves slower than what is expected from the exponential form of equation 4.  Recent work using 
particle-in-cell calculations have proposed that charge separation can reduce the parallel electric 
field influencing the electron drift velocity once the electric field generated over a Debye length 
becomes sufficiently large at high density [16,17].  The charge separation induced by electron 
motion along open helical field lines produces a self-generated E field that opposes the applied E 
field and scales as [16]: 

 

𝐸Z%]O	~	c
d(	e	W(
fg

	𝛾 sin 𝜃     (8) 

 

where g is a parameter describing the geometry of the charge separation that has a value between 

zero and one and becomes smaller as the loss points of the open field lines become farther apart 
for a given plasma volume.  The self-generated parallel electric field reduces the parallel drift 
velocity of the electrons and the timescale of the avalanche process. Additionally, the 

perpendicular field induces E´B drifts that reduce the connection length in regions of low field 

line pitch (i.e. a field null). The drift direction is toward the inner wall limiter when the vertical 
magnetic field is in the deconfining direction, most likely reducing the effective connection length. 
Including a mechanism for reducing the electron response to the applied E|| is needed for achieving 
good agreement with the timescales of the breakdown evolution on NSTX. 

One critical aspect of developing a reduced model based on time-dependent axisymmetric 
vacuum field calculations is defining a 2D region of interest (ROI) for averaging the vacuum 
magnetic and electric fields.  The reduced model assumes the ROI is centered on the midplane and 
has the inner boundary at the inboard limiter radius (see hashed region in figure 2, for example).  
The width and height of the ROI are chosen at each time point of the vacuum field calculations to 
maximize the increase in the plasma current normalized by the plasma density, derived using 
equations 1 - 3: 
 

a
%	d(

klm
kn
= 𝑆-pl	𝑣8%+ q𝐴	𝑃 exp q−𝐵 \

[rst
u − a

_rst
u cos 𝜃v)w    (9) 
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where SROI is the cross-section surface area of the ROI, and Eavg, Lavg and qavg are the average 

parallel electric field, effective connection length and field line pitch angle within the ROI, 
respectively. The electron parallel drift velocity (vDe) is determined from equations 5 and 7 (using 
Eavg and Lavg) where the runaway definition (equation 7) is used when Eavg/P > 20 kV/m/Torr.  

Data presented later in this section suggests the maximum effective connection length (L) 
achieved on NSTX and NSTX-U is on the order of 400 m. This inferred connection length is about 
a factor of five smaller than the average connection length computed using field line following 
[18] or using basic assumptions for the field structure.  A number of processes can shorten the loss 
time beyond what is expected from parallel electron transport along helical field lines, including 
non-axisymmetric fields, particle drifts [16], and diffusion [19].  Thus, the calculation of Lavg 
requires a reasonable approximation for these effects.  An approach similar to calculations 
performed by Ejiri et al (equations 5,6 and 8 in [20]) defines the effective connection length within 
a rectangular ROI (Lavg) as: 
 

𝐿xy =
a
+

z{|}
〈|��| |��|⁄ 〉

	= 	�gl�����
�	,	

z{|}
〈-|��|〉

    (10a) 

𝐿x- =
a
+

�{|}
〈|�{| |��|⁄ 〉

= �gl�����
�,	

�{|}
〈-|�{|〉

    (10b) 

𝐿v)w = [𝐿xy�+ + 𝐿x-�+]�a/+     (10c) 

 
where HROI and WROI is the full height and full width of the ROI, respectively, and the brackets 
indicate the average value over the 2D ROI. Equations 10a-c consider the average vertical (Z) and 
radial (R) components of the field line pitch related to the size of the ROI.  The average inverse 
field ratios impose that the areas with the largest pitch angle inside the ROI have the largest impact 
on the average loss rate (~ 1/L). The factor of ½ in equations 10a-b reflects that, on average, 
electrons are born in the center of the ROI. The choice of the ROI aspect ratio (ZROI / RROI) where 
LCZ = LCR corresponds to the largest achievable Lavg for a fixed surface area.  

Figure 6 demonstrates the breakdown model described by equations 1 – 10 derived from 
the time-dependent vacuum field calculations for the DI scenario shown in figure 5.  Figure 6a 
shows the density evolution for three separate calculations. The black traces represent a case with 

pre-ionization where the initial density of the plasma is large (8 ´ 1016 m-3), while the red and light 

blue traces start at a low plasma density (ne = 10 m-3).  The red case allows the electron velocity 
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to increase an order of magnitude in the runaway 
regime (equation 7), while the light blue case 
assumes a constant drift velocity for all times 
(equation 5).  The dotted horizontal line in figure 
6a indicates the plasma density equal to 15% of 
the initial atomic (i.e. twice the molecular) 
neutral density and is an approximate threshold 
for electron-ion collisions to become more 
frequent than electron-neutral collisions. The 
model includes an ad-hoc factor to reduce the 
electron drift velocity once the density is above 
this threshold. The model does not include the 
modification of the field structure by the plasma 
poloidal magnetic field which is expected to 
play a role in improving confinement soon after 
initiation.  Figure 6b shows the estimated plasma 
current where the horizontal dotted line at Ip = 3 
kA corresponds to about 15 Gauss on the 
inboard Mirnov signal. The vertical dashed lines 
correspond to the Initiation times shown in 
figure 5 for the discharge with (black) and 
without (red) ECH PI and the reduced model is 
in good agreement with this timing.  

Figure 6c shows the ROI full width 
(dashed) and full height (solid) that maximizes 
equation 9 at each time point for the black and 
red calculations. The minimum ROI width and 
height is restricted to be 5 cm.  The ROI is often a rectangle where the full height (solid) is greater 
than the full width (dashed).  After t = 0, the width is about 15 cm, while the height is 100 – 180 
cm. The size and shape of the ROIs is consistent with the earliest detectable visible emission from 
the plasma made by fast camera imaging.  The optimal ROI is different before t = 0 for the two 
cases due to the impact of the self-generated fields at large density.  The field null enters the 

Figure 6 Reduced model of discharge breakdown 
derived from time-dependent vacuum calculations. 
The three colors use the same vacuum field evolution 
with different assumptions: large starting plasma 
density (black), and small starting plasma density 
allowing for runaway electrons (red) or using a 
constant drift velocity (blue).  



 19 

vacuum region around t = + 0.5 ms, and the ROI rapidly increases in height due to a reduction of 
the poloidal curvature of the field (i.e. the field null has less radial curvature on the inboard side 
compared to the outboard side).  This is a robust feature of the reduced model and produces a faster 
increase in Ip once BZ changes direction.  It is presumed that if the poloidal field produced by the 
plasma was self-consistently included in the calculation it would lead to a further reduction in the 
poloidal curvature and result in a taller ROI. 

Figure 6d shows the average parallel electric field in each optimum ROI. The dashed lines 
are the average applied parallel electric field derived from the vacuum field calculations. The solid 
lines are the inferred E|| by subtracting an estimate of the self-generated cancellation (equation 8). 

The calculation uses g = 0.08 which is consistent with highly elongated ROI shapes; using an 

approximation developed for a uniform vertical field (𝛾 = (2 𝜋⁄ )𝑡𝑎𝑛�a(𝑊/𝐻)) derived in [16] 

produces a similar result in the reduced model. The results of the model are primarily sensitive to 
the imposed assumption that Eself can only be as large as 75% of the applied E|| field.   This ad-hoc 
maximum ratio is consistent with the results reported in [16].  As seen by the comparison between 
the dashed and solid lines, Eself is predicted to start significantly limiting E|| once the density is 
greater than 1016 m-3 when the field line pitch is low. 

The average parallel drift velocity is shown in figure 6e. The applied E field becomes large 

enough around t = - 1.5 ms to produce an E field equal to the runaway threshold condition in the 

low-density case (red trace), producing a rapid increase in the electron velocity and rate of density 

rise. The rapid increase in the density continues until Eself begins to limit E|| near t = - 1 ms.   In 

the black case, the large initial density means Eself is a significant fraction of the applied field for 
the entire breakdown period, suppressing any entry into the runaway regime.   

The bottom panel of figure 6 shows the calculation of the effective connection length where 
the solid line is Lavg (equation 10c) and the dashed line is the LZ component (equation 10a). The 
dashed lines are often much greater than the solid line, indicating that LCR is the component 
restricting the effective connection length between 400 – 500 m. The effective connection length 
is much larger for wider ROIs, however the maximum increase in Ip is optimized in elongated (H 

>> W) ROIs due to the strong 1/R fall-off of the E and Bf field in STs. 

One robust result from the model is that the short delay (~ 1 ms) in the Initiation time 
between cases with (black) and without PI is only reproduced if the model assumes the electrons 
can “run away” (red case) independent of the choice of the free parameters. Using a model without 
the runaway condition (blue), produces a larger delay (~ 3 ms). The results from the experiment 
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and reduced model demonstrate that ECH PI has 
little impact on the evolution of the startup when 
operating with a prefill near 40 uTorr, good 
timing of the field null (a few ms after the start 
of Vloop) and low impurity content.  

 A unique DI discharge on NSTX was 
produced by reducing the ohmic precharge from 
24 to 12 kA without changing the feed-forward 
programming of the poloidal field coils 
(127655) delaying the field null until t = +9 ms 
when Vloop is nearly constant. Figure 7 shows the 
measured inboard BZ while the other panels 
show the plasma density, Ip, Eavg and Lavg 
computed with the reduced model using the 
same assumptions in the three cases as described 
with figure 6. This discharge achieves a larger 
Leff compared to the discharges in figure 6 since 
halving the OH precharge reduces the poloidal 
field curvature and increases the height of the 
field null region.  The discharge did not use ECH 
PI and no comparison discharge was taken that 
did use ECH PI.  The delay between the start of 
the applied voltage at t = -1 ms and the Initiation 
time (vertical dotted red line) is only reproduced 
when using the assumption of a large self-
induced E field.  The model predicts that without 
ECH PI (red case) the runaway regime is still accessed prior to t = 0, however the density rises 
slowly once Eself begins to limit the E field.  This transition occurs at lower density compared to 
the cases in figure 6 due to the larger pitch angle of the vacuum field during times with larger BZ. 
The agreement between the reduced model and this unique discharge constrains the choice of the 
maximum Eself / Eapplied ratio to be on the order of 75%.  The model results suggest that ECH PI 
should have enabled the discharge to be initiated when BZ ~ 40 Gauss, demonstrating that the 

Figure 7 (a) BZ measured at inboard midplane for a 
discharge with a delayed field null. Reduced model 
calculations for (b) electron density, (c) plasma 
current, (d) applied E field (dashed) and plasma E 
field (solid), (e) electron drift veleocity and (f) 
effective connection length (solid) and Lz component 
(dashed). 
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impact of ECH PI is more significant when 
attempting to initiate a discharge without a good 
field null.   

The initiation of discharges with ECH PI at 
large (~ 40 Gauss) BZ fields is demonstrated in a 
set of discharges taken on NSTX-U shown in 
figure 8. The difference between the three 
discharges is the current in the equilibrium field 
coils (PF3) is altered to move the timing of the 
field null earlier (current in the coil is decreases 
0.4 kA from black to red).  The three solid lines are 
for discharges with a plasma, while the black 
dashed trace is for a vacuum discharge (202387) 
where the coil current programming matches 
202391 (solid black).  The blue and red dashed 
lines were created by shifting the black dashed line 
downward to provide an estimate of the vacuum 
field strength for the two additional plasma 
discharges.  All three discharges produce a 
detectable plasma field near t = + 1 ms despite a 
difference of ~ 40 Gauss in the vertical field strength when using ECH PI.  

The discharges in figure 8 illustrate that one factor impacting the timescale of the increase 
in Ip in the NSTX DI scenario is the direction of the vertical field. The intersection of the dashed 
(vacuum) lines with the orange horizontal line roughly correlate in time with an inflection in the 
rate BZ (and Ip) increase as shown by the dotted vertical lines. The increase in the Ip ramp rate with 
negative BZ is consistent with the reduction in the field curvature as discussed with figure 6. 
Furthermore, the negative BZ provides an appropriate equilibrium field for the current channel, 
facilitating an increase in the confinement of the electrons and reduction in the self-generated E 
field.  The discharges in figure 8 demonstrate that ECH PI can initiate discharges prior to forming 
a field null, but the rapid rise in Ip is delayed until after the vacuum vertical field is in the confining 
direction.  

Figure 8 Measured inboard BZ from three NSTX-U 
discharges with ECH PI where the offset current of the 
PF3 coils is reduced to move the null timing earlier 
from black to red. Dashed lines are for a vacuum 
discharge matching the black case and scaled for the 
other two discharges. Orange and dotted lines 
highlight a correlation between the vacuum field being 
sufficiently negative and an inflection in the Ip ramp 
rate. 
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 A database of about 12,500 NSTX discharges and 250 NSTX-U discharges was created to 
provide additional constraints for the reduced model.  Most detailed studies of DI startup employ 
a relatively static field and Vloop in order to best quantify the requirements and timescales for 
breakdown [15,21].  The breakdown phase on NSTX employs a rapidly changing Vloop and 
connection length, making the definition of the average E and B fields in the database sensitive to 
the choice of time ranges.  Nevertheless, the phenomenology of the breakdown phase is found to 
be consistent with more controlled breakdown studies and the elements of the reduced model 
discussed with figures 6 and 7.  

For all of the database plots, the E and BT are computed at 5 cm outside the inner wall 
limiter (IWL) using the measured Vloop and ITF, respectively. Figure 9 shows the E field averaged 
over 1 ms prior to deviation of the measured BZ from the vacuum field plotted against the prefill 
(figure 9a) and the ratio of the measured BZ/BT (figure 9b).  Most discharges target a prefill in the 

range of 20 – 70 µTorr.  The colors of the data points indicate the average ECH PI power with 

black being small ECH power (< 1 kW) and red having the most heating power (4 – 30 kW).  
 The significant result from figure 9a is that all of the discharges initiated without ECH PI 

(black points) occur in the runaway regime as designated with the diagonal line at E/P = 20 
kV/m/Torr.  ECH PI (blue, green and red points) can initiate prior to achieving the runaway 
conditions, especially at larger prefill. Similarly, figure 9b shows discharges with ECH PI can 

Figure 9 NSTX and NSTX-U DI database for 1 ms prior to first detectable BZ plasma signal. E field at R = 0.22 m is 
plotted against (a) prefill and (b) ratio of inboard BZ and BT at R = 0.22 m. Points are colored by level of ECH PI. 
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produce detectable fields prior to the appearance of the field null when BZ/BT > 0, especially when 

the ECH exceeds 3 kW (green and red). The solid lines in figure 9b bound EfBf/Bq > 1 kV/m, 

which is a traditional criterion for reliable breakdown without PI (assuming BZ ~ Bq) [15]. 

The contours in figure 9a show the solution for equation 4 assuming L = 400 m, tbd = 1 ms 

and vDe is defined by equation 7 (runaway regime) above the dotted diagonal line and equation 5 
below.  The dashed contour shows nef/ne0 = 1018 (per 1 ms) bounds most of the discharges without 
ECH PI consistent with the expectation that the runaway regime enables the rapid increase in 
density. The solid contour in figure 9a shows the minimum E field required for nef/ne0 = 103 that 
bounds most of the data with significant ECH (red points). 

The lowest E field with modest ECH power (blue points with power < 3 kW) is achieved 

when the prefill is in the range of 35 - 45 µTorr.  One possible reason is that most discharges 

targeted a 40 µTorr prefill, increasing the probability of a discharge achieving the fortuitous 

conditions (null timing, low impurity content) that produce the lowest E field requirement.  
However, there may exist an optimal prefill pressure for the efficacy of the ECH, as reported in 
past studies [22].  This optimal prefill range aligns with the optimal prefill for discharges without 
ECH (black points). 

ECH PI powers up to 30 kW have been used on NSTX, however the E field required to 
initiate the discharge does not improve significantly for heating power above 4 kW.  This is 
consistent with previous studies of ECH PI, where there is an abrupt transition in the achievable 
plasma density at a critical ECH power level (order several kW), and a smaller impact on the 
plasma density above this power level [15,22]. It is proposed that the density saturation occurs 
when rapid drift losses of the high-energy electrons increase with ECH power and offset any 
improvement in the ionization rate. 

The lower bound (both in E and P) of the dataset indicates the maximum effective 
connection length (L) must be at least 400 m, enabling the breakdown to be successful down to 10 

µTorr prefill.  Only a small number of discharges (~ 10) failed to have a successful initiation in 

the decade of running NSTX.  All of these discharges have a concurrent failure of the gas injection 

system (Prefill < 15 µTorr) and the ECH PI system, consistent with the large increase in the 

required E field that occurs with prefill < 10 µTorr.   

Two subsets of discharges from NSTX are omitted from the database presented in figure 9 
but provide useful insight into the impact of pre-ionization.  The first subset has an unintended 
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breakdown during the OH precharge with reverse current and positive BZ about 30 – 100 ms prior 
to the desired start of the discharge.  Although the null condition was avoided with finite BZ, the 
connection length was low enough to support a breakdown.  The reverse breakdown is undesirable 
because it leads to uncontrolled conditions at the desired startup time and the loss of the pre-
breakdown plasma can liberate impurities from the wall.  Nevertheless, the second breakdown 
initiates rapidly at low prefill (< 20 uTorr) regardless of the level of ECH PI indicating that some 
residual plasma density remained after the loss of the pre-breakdown plasma.  The second excluded 
subset have small (< 0.5 Vloop) 50 - 100 Hz oscillations in the ohmic solenoid current prior to the 
breakdown phase due to issues with regulation of the solenoid current. The Vloop oscillations do 
not produce detectable plasma signals or noticeably reduce the vessel pressure but are observed to 
reduce the critical Et for discharges without ECH PI. The technique of using oscillations in Vloop 
as a pre-ionization technique has been demonstrated previously [20] and is useful in devices 
without dedicated PI systems.  

The data in figure 9 examine the conditions prior to the earliest detection of plasma current. 
However, the viability of the startup requires a transition into the current ramp (CR) phase, which 
is found to correlate with the discharge reaching Ip > 3 kA. Figures 10 and 11 investigates the 
average E field 1 ms prior to generating 15 Gauss on the inboard BZ measurement.  The E field is 
compared to the ratio of BZ/BT in figure 10a-b similar to figure 9b.  As discussed with figure 5, the 
uncertainty in BZ/BT is approximately 0.1 %. The top panel (figure 10a) has a datapoint for each 
database entry where the colors indicate the prefill range.  The bottom panel (figures 8b) shows 
contours indicating the density of data points, where each new color indicates a factor-of-two 
increase.  The data follows the convention described in section 2, where negative BZ is in the 
confining direction.  The highest density of discharges is initiated near the time when BZ = 0 
corresponding to the timing of the field null.   

The solid lines in figure 10 are derived from the requirement that the ionization rate must 
exceed the loss rate in order to sustain the avalanche. This leads to a minimum E field 

 

𝐸U�d[V/m] > a.+�	×aP�	\[Torr]
ln(�aP	\[Torr]	_[m])

    (11) 

 

where the lines plot 4 ´ Emin.  The requirement that the applied Efield is four times larger than Emin 

is consistent with the reduced model where the self-generated E field reduces the applied field by 
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75% at the densities required to enter the CR phase.  Thus, while the self-field may oppose only a 
small fraction of the applied E field initially (figure 9), it is a large fraction of the applied field 
once Ip ~ 3 kA.  

The black, blue, orange and red solid lines in figures 10a and 10b show the solution for 4 

´ Emin using a prefill (P) of 10, 15, 35 and 50 uTorr, respectively.  The x-axis is related to the 

measurement of BZ by simplifying equation 10: 
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The modifications to equation 10 are motivated by the calculations in figure 6 where LR is nearly 

constant at 400 m. Figure 10a shows that HROI = 1.8 m produces contours of 4 ´ Emin that are in 

agreement with the predicted trends with the prefill and connection length.  This implied ROI 

Figure 10 DI scenario database 1 ms prior to achieving 15 Gauss on the BZ measurement. Applied E field at R 
= 0.22 m plotted against the (a-b) measured BZ/BT and (c-d) the prefill. Top panels show individual database 
points while the bottom plots show density of database entries. Solid lines show solution to 4 ´ Emin. 
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height is larger than the prediction from the 
reduced model (figure 6c), most likely due to the 
error in measuring BZ; reducing HROI reduces the 
width of the U-shaped contours.  

Figure 10c and 10d show the average E 
field versus the discharge prefill.   Figure 10c is 
similar to figure 9b, except that the datapoints are 
now colored by the approximate effective 
connection length using equation 12.  The black, 
blue, orange and red solid lines in figures 10c and 

10d show the solution for the 4 ´ Emin field using 

L = 240, 270, 320 and 400 m, respectively.  The 
contours mostly bound the colored datapoints, 
indicating that initiating a discharge at lower 
prefill and lower E field requires a larger L.  
Figure 10d, like Figure 10b, shows contours 
indicating the density of database entries, where 
each new color indicates a factor-of-two increase.   

Figure 11 summarizes the comparison of 
the E/P computed 1 ms prior to achieving 15 
Gauss with the minimum E/P field derived from 
equations 11 and 12.  The solid diagonal line is 
unity, where the experimental E/P matches Emin/P.  The solid black horizontal line indicates the 
approximate transition to the runaway regime (20 kV/m/Torr).  Almost all of the discharges in the 
database are initiated with E/P a factor of 4 (dashed diagonal line) to 8 (dashed dotted line) larger 
than Emin/P where the discharges with the large E/P occur in experiments with larger impurity 
content.   

The reduced model calculations shown in figure 6 illustrate that, for typical prefill levels, 
the plasma density becomes large enough in the CR phase such that the electron velocity slows 
down due to the increasing collision frequency with ions.  The electron drift velocity depends on 
the effective resistivity of the partially ionized plasma from electron collisions with neutrals and 

Figure 11 Comparison of the database to equation 11 
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ions.  The electron drift velocity with dominant electron-ion collisions including neoclassical 
plasma resistivity is 
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where ne/nN is the ratio of the plasma density to the initial neutral density where nN[m-3] = 6.4´1022 

P[Torr].  The drift velocity from equation 13 (electron-ion collisions) is slower than equation 5 
(electron-neutral collisions) when ne/nN = 14% and assuming Spitzer resistivity (r/R ~ 0), a pure 

hydrogenic plasma (Z = 1), the Coulomb logarithm (ln L) is on the order of 10 and Te = 10 eV, as 

reported in previous studies [15].  Combining equation 4 and 13 and assuming ln L = 10, ne0 + nef 

~ nef and Te = 10 eV, the length of the CR phase is 
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Figure 12a shows the time required to increase from 15 to 115 Gauss on the inboard Mirnov 

versus the average E field during this period. This period represents the CR phase (Ip increasing 

from about 3 to 20 kA) that ends near the timing of the Da peak when nef/nN ~ 0.5 and takes about 

4 ± 2 ms for most discharges on NSTX and NSTX-U. The datapoints are colored by prefill and 

the electric field required to achieve the shortest breakdown periods increases with prefill.  The 

solid lines show tbr derived from equation 14 using 
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where the Eeff is 25% of the time-averaged applied E field (V/m) during the period required to 
increase the measured BZ from 15 to 115 Gauss and Leff = 400 m. The colored lines show 

calculations using P = 10, 30, 45 and 60 µTorr, respectively. The best agreement, particularly with 

the variation with prefill, is obtained by reducing the applied E field by a factor of four rather than 
altering the leading coefficient or altering Leff. 








































