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1. Introduction

Breakdown is the necessary first stage of any plasma dis
charge. In most tokamak experiments, the primary driver of 
breakdown is the loop voltage generated by the central sole
noid. Stringent restrictions on the loop voltage in the upcoming 
ITER experiment [1] have motivated extensive studies of break
down physics over the past thirty years with a view toward 
increasing the reliability of breakdown while accommodating 
the restrictions. As part of these efforts, a simple model was 
developed to describe the requirements on pressure and magn
etic field imposed by the loop voltage limitation [2]. Adapted 
from Townsend avalanche theory [3], the model makes pre
dictions of experimentally testable quantities such as the min
imum electric field for breakdown Emin and the breakdown 
duration τbd. While more detailed models and computations 

are necessary to describe startup scenarios which incorporate 
auxiliary heating [4, 5], the analytical predictions given by the 
simple model have shown good agreement with experiments 
on multiple tokamaks—including DIIID [2], JT60U [6], and 
JET [7]—in the absence of auxiliary heating.

Breakdown is attained in a different way in spherical 
tokamak (ST) experiments that use transient coaxial helicity 
injection (CHI) to initiate the plasma [8, 9]. In this scheme, a 
large dc bias is placed between the inner and outer walls of the 
vacuum vessel, which are isolated from one another by narrow 
gaps in the upper and lower divertors. CHI is viewed as attrac
tive because of its potential to eliminate the need for the cen
tral solenoid, which would in turn increase the feasibility of 
an STbased fusion reactor [10]. Recent simulations using 
the NIMROD code have been able to explain the detailed 
physics of plasma formation during the CHI process after the 
breakdown phase [11], and also describe the conditions under 
which a large fraction of the injected open magnetic flux could 
be converted to closed flux [12].
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The setup for CHI breakdown differs from that of Ohmic 
startup both in the mechanism and in the underlying require
ments. In terms of the mechanism, CHI is driven by the elec
tric field resulting from the wall biasing rather than by loop 
voltage. In addition, while strategies for making breakdown 
more favorable in the Ohmic case often involve adjusting the 
poloidal field coil currents to maximize magnetic connection 
lengths, CHI has less flexibility in this regard: to drive a given 
level of plasma current, a minimum amount of poloidal flux 
must be placed across the divertor [13], thereby setting an 
effective upper limit on connection length.

The requirements for the location of the breakdown are also 
more specific in the case of CHI. The breakdown must occur 
in the lower divertor gap. Parasitic arcing in other locations—
particularly the upper divertor gap—must be avoided. Due to 
the aforementioned lack of flexibility in adjusting the con
nection lengths, the breakdown is typically regulated through 
careful control of the transient gas pressure: gas is released at 
the bottom of the vessel just before the beginning of the dis
charge so that pressure in the lower divertor gap is high while 
pressure in the upper divertor gap is low.

Given the complexity of the CHI process, modeling of the 
breakdown conditions would be informative both for evalu
ating the causes for success or failure of CHI discharges and 
for determing parameter settings to improve the performance 
and reliability. To date, however, no modeling of CHI break
down has been attempted.

In this paper, we extend the tokamak avalanche theory of 
[2] to the CHI breakdown process for the first time and use it 
to explain observations from both Ohmic and CHI discharges. 
First, we summarize the main results of the tokamak breakdown 
model and discuss its applicability to CHI (section 2). The meth
odology for comparing the model to NSTX data is described 
in section 3. In section 4, we test the predictions of avalanche 
theory against NSTX Ohmic discharges to verify that the model 
works reasonably well for NSTX. In section 5, we show that 
analogous calculations for a failed CHI discharge offer an expla
nation for the failure. We then employ the theory to establish 
baseline requirements on gas pressure for planned CHI experi
ments in NSTXU, which indicate that a broader space of pres
sure parameters may be employed than had been used in NSTX.

2. Avalanche theory

2.1. Ohmic breakdown

The basic model employed in this paper for breakdown in 
Ohmic discharges is described in detail in [2], and we pro
vide a brief summary here. A central postulate is that, for a 
Townsend avalanche to occur, every electron accelerated by 
the loop voltage must ionize at least one neutral atom prior to 
hitting the wall. This can be summed up by

Lc �
1
α

, (1)

where Lc is the walltowall connection length along a magnetic 
field line and α, or Townsend’s first coefficient, is the average 
number of ionizing collisions per unit length. In turn, α is given by

α = Ape−Bp/E, (2)

where p is the gas pressure, E is the electric field, and 
A and B are gasdependent constants. For deuterium, 
A = 510 m−1 · torr−1 and B = 1.25 × 104V · m−1 torr−1 
[14]. From this formula it follows that the minimum Ohmic 
electric field required for breakdown is

Emin =
Bp

ln (ALcp)
. (3)

It should be noted that impurity burnthrough, the subsequent 
phase in tokamak startup [15], may have a more stringent 
Emin requirement [7, 16].

Assuming E � Emin, one can characterize the avalanche 
temporally through the differential equation [2]

∂ne

∂t
=

ne

τion
− ne

τloss
, (4)

where ne is the electron density, the ionization time 
τion = 1/α〈v‖〉, and the loss time is τloss = L/〈v‖〉. In turn, 
〈v‖〉 is the average parallel electron velocity. Thus, this equa
tion considers end losses as the primary loss mechanism and 
electronneutral collisions as the primary ionization mech
anism. Secondary emission from the walls due to ion impact 
is neglected.

The mean parallel electron velocity 〈v‖〉 is estimated in one 
of two ways depending on Lcα. If an electron can be expected 
to ionize many neutrals before being lost (i.e. Lcα � 1), it 
is assumed to travel with a constant average parallel velocity 
proportional to E/p:

〈v‖〉 = η
E
p

, (5)

where η = 43 torr · m2 · V−1 for hydrogen and deuterium. On 
the other hand, if most electrons ‘run away’, or reach kinetic 
energies greater than the level associated with the maximum 
crosssection for electronneutral collisions, then they are 
assumed to travel with the average speed of free acceleration 
by the electric field toward the wall along a field line:

〈v‖〉 =
√

eEL
2me

. (6)

Electrons tend to run away when E is high and p is low, with 
a threshold ratio of E/p = (2 − 2.5)× 104 V · m−1 · torr−1 
[2].

Integrating equation  (4) yields density as a function of 
time:

ne(t) = ne0 exp

(
t

τion
− t

τloss

)
. (7)

Solving for time and incorporating the appropriate time con
stants from equations (5) and (6), the breakdown time τbd can 
be expressed as

τbd =





ln(nbd/ne0)

η E
p (α−

1
L )

, E/p below threshold
ln(nbd/ne0)√

eEL
2me (α−

1
L )

, E/p above threshold
 (8)
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where nbd is the density at which the plasma is halfionized. 
It is assumed in [2, 7] that ln (nbd/ne0) = 41 in the absence of 
preionization.

2.2. Application to coaxial helicity injection

In the context of breakdown, CHI [8] differs from Ohmic 
startup in two principal ways: (1) the electric field is a DC 
bias between two coaxial electrodes (i.e. the inboard and out
board walls of the NSTX vacuum vessel), whereas the electric 
field in Ohmic startup is induced by the changing magnetic 
flux in the central solenoid; and (2) the electric field is mostly 
perpend icular to the vacuum magnetic field, whereas the 
Ohmic field is mostly parallel.

The orbits of electrons in the presence of a strong electric 
field perpendicular to the magnetic field depend partly on the 
density of the working gas. In a perfect vacuum, electrons will 
be accelerated along field lines by the parallel component of 
the electric field, E‖, and will drift with velocity E × B/B2. In 
the presence of significant amounts of working gas, however, 
elastic collisions with the gas molecules will deflect the elec
trons from the E × B direction toward the −E direction by an 
angle θdef such that [17]

tan(90◦ − θdef) = λ/ρ�, (9)

where ρ� is the electron Larmor radius and λ is the mean free 
path for elastic collisions with neutrals. Thus, as the gas den
sity becomes very large (λ → 0), for example, θdef approaches 
90◦ and the particle travels in the direction of E. In tokamak 
startup scenarios, however, θdef is typically very small. Even 
under conservative assumptions of 5 eV electrons in a field 
B = 0.1 T with deuterium pressure 10−3 torr, the elastic scat
tering crosssection is [18] 10−19 m−2 and thus λ = 10 cm 
and ρL = 75 μm, leading to θdef = 0.04◦.

Furthermore, even though E⊥ � E‖ in the case of CHI, 
the E × B drift motion itself is small compared to 〈v‖〉. The 
bias between the inner and outer walls is typically 1700 V. In 
the lower divertor area, where the separation across the gap 
is as little as 5 cm, the electric field is thus on the order of 
3.4×104  V/m. With B ≈ 0.6 T in that location, this implies 
an E × B speed of 5.7 × 104 m s−1. On the other hand, 〈v‖〉 
driven by E‖ is typically of order 107 m s−1. Assuming a 10 
m connection length (typical for the area around the lower 
divertor where E⊥ is the strongest), this means that in the time 
it would take to drift from wall to wall along the field line, an 
electron would drift upward by 6 cm, which is small on the 
scale of the NSTX vessel.

When determining minimum pressure requirements for 
CHI, it is instructive to multiply both sides of equation (3) by 
Lc to yield the minimum voltage (across the field line trajec
tory) for breakdown:

Vmin(Lcp) =
BLcp

ln (ALcp)
. (10)

This, in effect, is the Paschen curve, as is commonly used 
to describe dc glow discharges [3, 19]. According to equa
tion  (10), the denominator vanishes at Lcp ≈ 2 torr · mm, 

implying that breakdown is not possible at any voltage when 
Lcp � 2 torr · mm.

It should be noted that the usual expression for the Paschen 
curve for dc breakdown between two parallel plates includes 
an additional term in the denominator [19]:

Vmin(Lcp) =
BLcp

ln (ALcp)− ln[ln(1 + 1/γ)]
. (11)

Here, γ is Townsend’s second coefficient. Defined as the 
number of electrons produced per ion through mechanisms 
other than impact ionization, it accounts for effects such as 
secondary electron emission due to ion bombardment of the 
cathode. These effects are necessary for an avalanche to occur 
between parallel plates. Without an upstream source of elec
trons that increases in proportion to the number of impact 
ionization events downstream, the electrons will simply be 
depleted (for γ = 0) or a low, steadystate ‘dark current’ will 
be maintained (for small but finite γ).

In contrast, secondary electron emission from the wall is 
not necessary for Ohmic startup in a tokamak. In regions of 
low poloidal field, field line trajectories will revolve around 
the torus many times with little change in their poloidal r and 
z coordinates. Hence, crossfield displacements due to elastic 
collisions with neutrals will tend to move electrons to points 
far upstream (and downstream) along the trajectory by near
multiples of 2πr . Hence, crossfield displacements resulting 
from collisions act as an effective upstream electron source. It 
is for this reason that the condition for avalanche formation in 
a tokamak (equation (1)) is independent of secondary electron 
emission.

The minimum voltage condition in equation (11) for par
allel plates becomes identical to the minimum condition for 
tokamaks in equation (10) if the second term in the denomi
nator is zero; i.e. for γ ≈ 0.58. Hence, under conditions for 
which equation (1) holds, the upstreamdisplacing collisions 
match the effect of a cathode which emits 0.58 secondary 
electrons per incident ion.

The effective γ due to upstream displacement presumably 
diminishes as the poloidal displacement of the field line tra
jectories per revolution increases and/or the total number of 
toroidal revolutions per trajectory decreases. In the limiting 
case in which a field line does not make a full toroidal revo
lution from one wall to the other, as is the case in the divertor 
gaps in CHI discharges, γ is determined primarily by cathode 
electron emission. Experiments with dc deuterium discharges 
between parallel plates have exhibited γ ≈ 0.05 [20]. In 
absence of direct measurements with the NSTX walls, we will 
use this as an orderofmagnitude estimate for the secondary 
emission coefficient, although it should be acknowledged that 
this parameter is known to vary with surface conditions [21].

For the calculations in this paper, we will retain the assump
tion that γ = 0.58 (i.e. equation (1) applies) for field line tra
jectories in the main NSTX vessel; thus, as mentioned above, 
Lcp must be at least 2 torr · mm for breakdown to be possible. 
When the possibility for breakdown in the divertor gaps is 
considered, on the other hand, we will allow for γ � 0.05, in 
which case Lcp would need to be at least 6 torr · mm.

Nucl. Fusion 58 (2018) 016013
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3. Spatially resolved calculations

In previous work, quantities such as Lc have been estimated 
globally to study the relationship with other global parameters 
such as Vloop and τbd. Because Lc and E typically vary as a 
function of the (r, z) location in the vessel crosssection, how
ever, global values of these quantities are ambiguous. Lc has 
been determined a posteriori based on the measured break
down time, although this exhibited disagreement with a priori 
estimates of Lc [2].

Other previous work has shown the potential for spatially
resolved calculations of quantities such as Lc to improve our 
understanding of the breakdown dynamics. In DIIID, for 
instance, calculations of the work done by the Ohmic field 
on each electron as it moves along a field line was shown to 
be maximal near the region where breakdown occurred [22]. 
Twodimensional maps of Lc have been used to study break
down in JET [23].

For this work, computations of spatially resolved quanti
ties were based on LRDFIT [24, 25] estimates of the electric 
and magnetic fields in NSTX. These estimates accounted for 
induced currents in the vessel due to the timeevolving coil 
fields. In principle, the code can also reconstruct the plasma
induced fields from magnetic diagnostic signals; however, 
because these are expected to be small at the time of break
down, and because the correspondingly low signaltonoise 
ratios would lead to large errors in the reconstructions, only 
the vacuum fields were determined. The 2D field information 
was subsequently used to calculate magnetic field lines (with 
the FIELDLINES code [26]) originating from a grid of points 
in the (r, z) plane.

Once the field line trajectories were known, a number 
of spatially resolved quantities could be computed. These 
included the connection length Lc(r, z), or the walltowall 
length of the field line that passes through the vessel cross
section at (r, z). It should be noted that Lc is likely overesti
mated in this work because 3D error fields are neglected.

The mean parallel electric field Emean(r, z) along the field 
line trajectory was determined as

Emean(r, z) =
1

Lc(r, z)

∫

s(r,z)

Vloop(s)
2πR(s)

ds +
VCHI

Lc(r, z)
. (12)

Here, s(r, z) denotes the field line trajectory that intersects the 
crosssection at (r, z), Vloop is the loop voltage induced by the 
central solenoid as well as timevarying poloidal field coil cur
rents, and VCHI is the bias between the inboard and outboard 
walls (which is zero in the case of Ohmic startup).

This quantity, in turn, may be normalized to the minimum 
electric field required for breakdown (equation (3)):

Erel(r, z) =
Emean(r, z)
Emin(r, z) (13)

Erel is taken to be zero where breakdown is not possible at any 
field (i.e. Emin < 0). Correspondingly, the larger Erel(r, z), the 
more favorable the conditions are for breakdown at (r, z). In 
this way, the quantity in equation (13) is similar to the work 
(EmeanLce) done on each electron by the Ohmic field. The 

latter quantity was used as a metric in [22]. Erel differs, how
ever, in that it takes the gas pressure into account through Emin.

Finally, the breakdown time τbd may be evaluated on the 
(r, z) grid using the expressions for Emean(r, z) and Lc(r, z).

For Ohmic discharges, the pressure p for these calcul ations 
may be determined with good accuracy from ionization gauge 
measurements prior to breakdown. For CHI discharges, deter
mining p is less straightforward. This is due to the transient 
nature of the pressure at breakdown in the CHI case. Specifically, 
the vessel is kept at ultrahigh vacuum until just before the plate 
energization, at which point gas is released from a plenum into 
the lower divertor area. For this reason, pressure is expected to 
vary with height in the vessel and to change rapidly with time.

For the calculations presented in this paper, unless oth
erwise noted, p throughout the vessel was the ultimate pres
sure the chamber would have reached after the supplied gas 
became uniformly distributed. For times less than 5 ms after 
the release of the gas, this is expected to be an overestimate 
for the upper part of the vessel and an underestimate for the 
lower part of the vessel, particularly in the lower divertor area.

4. Modeling Ohmic startup

4.1. Breakdown time

Typical Ohmic startup scenarios in NSTX present an addi
tional complication to the breakdown analysis because the 
magnetic fields are not constant in time. Specifically, the cur
rent in the poloidal field coils undergoes a preprogrammed 
ramp such that the poloidal field null enters the crosssection 
on the inboard side at a specified time and moves toward the 
outboard side over the course of a few milliseconds. The 
maximum of Lc(r, z) peaks shortly after the entrance of the 
null near the central solenoid (CS). This peaking time will be 
referred to hereafter as the null time, tnull.

The null time does not necessarily coincide with the onset 
of the loop voltage. In particular, for the example Ohmic dis
charge to be analyzed in this section, tnull occurs 9 ms later 
than the onset at t = 0. During this time, the highest con
nection lengths increase from 0.6 km to >3.5 km. Although 
the loop voltage is on for times t � tnull, negligible plasma 
activity is observed until after tnull. Hence, for this discharge, 
breakdown parameters will be derived using the fields at 
t = tnull.

Breakdown calculations for sample Ohmic discharge 
127655 are shown in figure 1. Figure 1(a) shows the distribu
tion of Lc at t = tnull, indicating that the greatest connection 
lengths appear near the CS and slightly below the midplane.

Figure 1(b) shows the ratio Emean/p used for determining 
whether the breakdown time should be calculated in the runaway
electron regime (equation (8)). The thick dashed line indicates 
the threshold value of 2.5 × 104 V · m−1 · torr−1. Since most 
of the crosssection is in the nonrunaway regime, and values of 
Emean/p in the region to the left of the dashed line rarely exceed 
the threshold value by more than 30%, breakdown times for  
the entire crosssection—even those exceeding the nominal 
threshold value—were calculated in the nonrunaway regime.

Nucl. Fusion 58 (2018) 016013
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The  breakdown times calculated for discharge 127655 are 
shown in figure 1(c). In portions of the crosssection where 
breakdown conditions are satisfied, which coincide with 
regions where τbd < 10 ms, τbd mostly falls within the range 
of 24 ms.

These results may be compared with direct measure
ments of the global breakdown time. For Ohmic startup, this 
is typically measured as the time between the onset of the 
loop voltage and the first peak in a reading of Dα emission. 
However, for the discharge analyzed here, in which the magn
etic field varies significantly on the breakdown time scale, we 
consider the null time to be a more appropriate reference time 
for τbd. This is supported by figure 2, which shows the filter
scope signal for Dα emission from the vessel midplane after 
the onset of the loop voltage (t = 0). Note the neglible emis
sion level prior to tnull = 9 ms. Afterward, the signal rises and 
reaches an initial peak at 12 ms. The 3 ms between tnull and the 
first peak agrees well with the times calculated according to 
the fields at t = tnull (figure 1(c)). Thus, in spite of the compli
cations to the analysis posed by the experimental conditions 
in NSTX, the Townsend model appears to produce reason
able predictions for the breakdown characteristics.

4.2. Predicting the visible breakdown region

The relative electric field, Erel(r, z) (equation (13)) is a mea
sure of the favorability for breakdown in the flux tube at 
(r, z). A qualitative comparison between Erel and a fastcamera 
image of the breakdown of an Ohmic discharge (134244) is 
shown in figure 3. In this instance, Erel (figure 3(a)) is greatest 
in a region next to the central solenoid, centered slightly 
below the midplane. The fastcamera image shows a glow that 
is brightest in a similar region, supporting the notion of high 
Erel as a predictor of breakdown location. While fastcamera 
footage was also available for the discharge shown in figure 1, 
the signaltonoise ratio was not sufficient for a clear view of 
the breakdown phase.

5. Modeling and projections for CHI discharges

CHI is implemented by driving current along externally pro
duced field lines that connect coaxial electrodes mounted 
on the electrically isolated inner and outer vacuum vessel 
components in the presence of externally generated toroidal 
and poloidal magnetic fields. In NSTX, the inner and outer 
annular target plates of the poloidal divertor at the bottom of 
the vacuum vessel serve as the electrodes. A CHI discharge 
is initiated by first producing poloidal field connecting the 
injector electrodes with poloidal field coils outside the vessel 
structure. This poloidal field in combination with the toroidal 
field produces a helical field line structure in the injector 
region. The application of sufficient voltage to these elec
trodes in the presence of fuel gas causes the gas to break 
down. The resulting current flows on field lines connecting 
the electrodes. Increasing the applied voltage increases the 
injector current. At sufficiently high injector currents, the 
J × B stress across the current layer exceeds the field line ten
sion of the injector flux, causing the helical current structure 
to move into the main plasma chamber. In transient CHI, after 
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Figure 1. Spatially resolved quantities relevant to breakdown for exemplary Ohmic discharge 127655 in NSTX. All quantities are 
determined using fields calculated at the null time, 9 ms after the onset of the loop voltage. (a) Connection length, Lc. (b) Ratio of electric 
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Figure 2. Midplane Dα emission recorded during discharge 
127655.
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the injected flux fills the vessel, the external power supply cur
rent is reduced to zero, which causes the injected flux to close 
in on itself producing closed flux surfaces as described in a 
number of papers [8, 9, 27].

5.1. Absorber arcs

Occasionally during CHI discharges, an arc will occur in 
the upper divertor gap [8]. Such events are referred to as 
absorber arcs due to tendency of the magnetic forces to pull 
the discharge up into the upper divertor rather than out into 
the vessel. Absorber arcs are deleterious because they emit 
unwanted impurities and deplete the capacitor banks without 
contributing to the main plasma.

Absorber arcs on NSTX occur in two forms. The first, and 
the dominant, form of absorber arcing is initiated when the 
J × B force that is responsible for injecting the plasma into 
the main chamber causes this conductive plasma to reach the 
absorber region. If the plasma contacts the upper divertor 
plates, then much of the injector current can flow along the 
outer vessel walls, bridge the absorber gap along the conduc
tive plasma, and then flow back down along the inner vessel 
walls. This type of absorber arc is relatively well understood 
and actively corrected using two methods. First, during tran
sient CHI, the capacitor bank size is chosen so that on the 
time scale it takes for the plasma to grow and fill the vessel, 
much of the capacitor bank energy is depleted, so that even if 
an arc occurs it is weak and does not significantly affect the 
main plasma discharge. In a second method, which is used in 
conjunction with proper choice for the capacitor bank size, 
currents are actively driven in poloidal field coils positioned 
in the absorber region to actively push the expanding field 
lines away from the absorber region, as described in figure 2 
of [27].

Although most CHI discharges initiate in the lower divertor 
(injector) region, in the second, less wellunderstood form of 
absorber arcs, there is no breakdown in the injector—instead, 
on rare occasions, the discharge initiates in the absorber. The 
absence of an arc in the lower divertor is evident from fast 
camera footage, which normally shows a bright flash in the 
injector gap [8]. This section discusses this type of absorber 
arcing.

Two potential mechanisms were considered as possible 
explanations for these occurrences: (1) unassisted ( i.e. no 
preionization) breakdown in the upper divertor gap due to 
the dc electric field between the plates and (2) preionization
assisted breakdown in the upper divertor gap resulting from a 
glow discharge in the main vessel.

To evaluate the first mechanism, an estimate of the con
nection length Lc was required inside the divertor gap. The 
method of field line tracing, as used in the earlier analysis, 
was expected to be subject to large errors. This is because the 
divertor plates contain structural elements that are smaller 
than the scale of the grid on which the magnetic field is cal
culated. Hence, instead of determining a spatially resolved 
model of the divertor gap area, a single representative Lc value 
for the gap area was calculated as

Lc = wgap
Bt,gap

Bp,gap
,

 (14)
where wgap is a typical distance between oppositely charged 
plates in the divertor gap in the r, z  plane (ranging from 3 cm 
to 7 cm), and Bt,gap and Bp,gap are the toroidal and poloidal 
components of the magnetic field, respectively, interpolated at 
a point in the middle of the gap. Typical values of Lc ranged 
from 2 m to 6 m.

Typical upper limits on working gas pressure p (as defined 
in section  3) ranged from 6 to 8 × 10−5 torr. For an unas
sisted breakdown in deuterium to be possible at any voltage, 
Paschen’s law for deuterium indicates that pLc must be at least 
26 torr · mm  (section 2.2). However, for all of the CHI shots 
analyzed in this study, pLc < 0.6 torr · mm. Considering 
that p is likely overestimated, unassisted breakdown seems 
implausible as the mechanism for the absorber arcs.

To evaluate the second candidate mechanism, the fea
sibility of breakdown within the main vessel was evaluated 
by calculating Erel and τbd using the methods described in 
section  3 for some sample absorberarc discharges. In this 
case, conservative estimates of Emean/p (with p determined 
as discussed in section  3) exceeded the threshold value of 
2.5 × 104 V · m−1 · torr−1 in the entire region in which the 
breakdown condition (Erel � 1) was satisfied. In fact, Emean/p 
exceeded twice this threshold in 70% of the region. Hence, the 
calculations of τbd were done in the runaway electron regime.

One example is shown in figure 4. The estimates of τbd here 
are subject to two competing sources of error: the overesti
mate of p in most of the vessel as discussed in section 3 (which 
would lead to an underestimate of τbd), and the application in 
this discharge of 5 kW of electron cyclotron heating resonant 
at r = 0.23 m (which would tend to accelerate the breakdown). 
In any case, according to the initial plenum pres sure for this 

Figure 3. (a) Erel for the onset of discharge 134244; (b) Fast
camera image of the breakdown of the same discharge with the 
outline of the central solenoid overlain in blue.
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discharge, the gas pressure in the upper divertor gap would 
not have exceeded 7 × 10−5 torr, well below the minimum for 
unassisted breakdown in the gap. This pressure would have 
permitted breakdown in the main vessel, however, where Lc 
was greater. In particular, the results shown in figures 4(a) and 
(b) predict the formation of a bellshaped plasma 0.14 ± 0.01 
ms after wall energization. It is not clear from these predic
tions alone, however, how the bellshaped plasma in the main 
vessel would stimulate an arc in the absorber gap.

Fastcamera video of the evolution of this discharge sug
gests a possible mechanism for initiating the absorber arc. 
Figure  4(c) shows a fast camera image 0.42 ms after ener
gization, when the discharge is first visible. In this image, 
the outline of the discharge resembles the predicted region 
in figures 4(a) and (b). As time progresses, however, the out
board boundary of the glow expands radially outward (figures 
4(c)–( f )). By 0.7 ms, the upper contact point of the discharge 
has reached the injector gap, and by 0.9 ms the arc inside the 
absorber is clearly visible (figure 4( f )). The expansion may 
be a result of the hoop force acting on the glow discharge cur
rent. After the expansion, E × B drift would move the plasma 
toward the upper divertor.

Hence, the mechanism of a glow discharge preionizing the 
upper divertor gap to facilitate the absorber arc is supported 
by calculations and fastcamera observations. Although the 
conditions were evidently not met in this shot for a break
down inside the lower divertor gap, the charged walls were 
able to sustain a breakdown within the main vessel. We note 
that the origins of these bellshaped discharges had not been 
wellunderstood prior to this study.

5.2. Gas pressure requirements for CHI startup

The gas filling system must strike a balance between com
peting requirements from the breakdown and rampup 
phases. Initially, the pressure must be high enough in the 
lower divertor (injector) region to permit breakdown. At the 
same time, the pressure near the upper divertor (absorber) 
must not be high enough to cause an absorber arc. The min
imum pressure for breakdown in the absorber is less than the 
minimum pressure in the injector, due to greater Lc. Hence, 
the gas puffed into the injector must be at a high enough pres
sure to cause breakdown, and this must occur quickly enough 
to prevent too much neutral gas from accumulating in the 
absorber. Furthermore, the overall amount of gas admitted 
to the vessel must not exceed an amount that would cause a 
radiative collapse.

5.2.1. Minimum injector pressure. A lower limit on the peak 
pressure in the injector gap may be established by assuming 
that the plenum empties quickly enough so that the 0.1 m3 
cavity below the main vessel briefly contains all the gas 
released from the plenum. The cavity is connected to the 
main vessel through the injector gap. Typical injector connec
tion lengths ranged from 0.5 to 1 m in NSTX CHI discharges, 
leading to a minimum requirement of 4 × 10−3 torr  in the 
cavity to reach the minimum pLc range of 2–6 torr · mm. 
This, in turn, implies that the plenum should contain at least 
0.6 torr · � of gas. Due to the finite time for the plenum to 
empty (4 ms), however, the actual minimum is expected to be 
higher. Injector breakdown in NSTX was regularly achieved 

Figure 4. Spatially resolved breakdown calculations ((a)–(b)) and fastcamera images ((c)–( f )) for a CHI discharge that exhibited an 
absorber arc but no arc in the injector. (a) Electric field normalized to the minimum for breakdown, Erel. (b) Breakdown time, τbd. ((c)–( f )) 
Fast camera frames of the vessel at intervals of 0.42 ms, 0.55 ms, 0.69 ms, and 0.89 ms after the plates are energized at 6 ms. In successive 
images, the pixel intensity is amplified by lower factors due to the increasing brightness of the glow; hence, the background noise is more 
prominent in the earlier frames. The blue arrows in (a) and (b) indicate the approximate locations of the injector and absorber gaps on the 
periphery of the vessel crosssection. Note, however, that Erel (τbd) is expected to be substantially lower (higher) in the gaps than in the 
main vessel due to the lower connection lengths.
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with 2 torr · � of gas; this may serve as an additional point of 
reference.

5.2.2. Maximum absorber pressure. While unassisted break
down in the absorber was ruled out as a cause of the absorber 
arc studied in section 5.1, it is informative to determine a lim
iting pressure at which such a breakdown could occur. Using 
the range of 2–6 m calculated for absorber connection lengths 
during typical NSTX CHI discharges, an upper limit on pres
sure of 3 × 10−4 torr  is found. As the NSTX vessel has a vol
ume of approximately 30 m3, this imposes an upper limit of 
9 torr · �.

5.2.3. Radiation-limiting pressure. Following a success
ful breakdown, the plasma undergoes a burnthrough phase 
during which energy losses are dominated by impurity radia
tion [15]. If a plasma is to be sustained through this phase 
using only the CHI mechanism, the radiative losses must be 
low enough so that they may be sustained by the Ohmic self
heating of the CHI plasma as its current decays. Following the 
burnthrough, it is presumed that additional heating sources, 
such as electron cyclotron resonance heating (ECRH), neutral 
beam injection (NBI), or Ohmic, would be applied.

The Ohmic selfheating power available can be estimated 
from typical CHI parameters. Reconstructions have shown 
values of poloidal flux ψp on the order of 30 mWeber [28]. 
Since CHI discharges with maximum currents of Ip ≈ 200 kA 
tend to decay with a time constant of roughly 10 ms, the Ohmic 
heating power density within the plasma volume V ≈ 10 m3 is

POhmic =
Ip

V

(
∆ψp

∆t

)
 (15)

≈ 60 kW · m−3. (16)

We estimate the radiative loss energy by assuming a cor
onal equilibrium with radiation dominated by a 1% oxygen 
impurity population. Under this assumption, the radiated 
power density is given by [29]

Prad = 0.01ne
2LZ, (17)

in terms of the species and temperaturedependent constant 
LZ. Using its peak value for oxygen (9.3 × 10−32 J · m3 at 
Te = 18 eV) and equating Prad with POhmic establishes a max
imum allowable density of nmax = 8.0 × 1018 m−3. In prin
ciple, this limit could be relaxed if auxiliary heating, such as 
ECRH, were incorporated during the burnthrough phase. An 
additional 500 kW, for example, would raise the maximum 
density to 1.1 × 1019 m−3. However, depending on which 
heating method(s) are implemented, the planned NSTXU 
28 GHz system [30] may be limited to the cutoff density of 
nco = 9.7 × 1018 m−3.

All three of these limits are at least a factor of two above 
the typical densities for NSTX CHI plasmas. This is consistent 
with the routine observation of 30 eV electrons in the dis
charges: at the lower densities, the 60 kW · m−3 would have 
been sufficient to raise the temperature above 18 eV where the 
radiated power would be maximal for a plasma with oxygen 
as its main impurity.

The limit on density nmax implies a limit of about 7 torr·� 
in the NSTX chamber. An additional 500 kW of auxiliary 
power would raise this to 10 torr · �; if the 28 GHz density 
cutoff is to be obeyed, this would be 9 torr · �. These latter 
two limits meet or exceed the limit imposed by absorber arc 
prevention (9 torr · �); hence, the addition of ECRH increases 
the maximum allowable gas fill by 20% with no further limit 
imposed by cutoff. With or without ECRH, the upper limit 
on plenum fill is well above the 2 torr · � typically used for 
NSTX CHI shots, indicating that there is considerable flex
ibility to explore larger fills for CHI experiments in NSTXU. 
This margin may be important as NSTXU plans to operate 
with much higher levels of injector flux in order to increase 
the current generation potential.

We note that for short, transient plasmas, a timedependent 
calculation is needed to correctly calculate the line radiation 
losses from impurities [31]. In this study, which focuses on 
gas breakdown rather than energy balance, and given that 
we do not know the level of impurities in the plasma or the 
density and temperature profiles, the simpler steadystate 
coronal equilibrium is used (but at a temperature that results 
in the maximum level of radiated power) to obtain orderof
magnitude estimates for the contribution that radiation losses 
could play. The calculated result seems consistent with the 
assumption that for about 1% oxygen impurity content the 
measured electron temperature is consistent with the oxygen 
burnthrough in these plasmas.

6. Conclusions

In summary, the Townsend avalanche theory has been applied 
to analyze breakdown in Ohmic and CHI discharges in NSTX. 
By extending the standard 1D Townsend avalanche theory 
to include spatially resolved calculations, the model is able 
to provide useful projections for breakdown conditions in 
more complicated geometries as in CHI discharges. Spatially 
resolved calculations of breakdown time for an Ohmic dis
charge exhibited good quantitative agreement with measure
ments of Dα emission. Regions with favorable conditions for 
breakdown were predicted by the distribution of Erel, the ratio 
of the mean electric field along a field line to the minimum 
electric field required for breakdown. These regions agree 
qualitatively with fast camera images of plasma initiation for 
both Ohmic and CHI discharges. This analysis was also used 
to help explain the mechanism behind absorber arcs that occur 
in CHI discharges in the absence of breakdown in the injector 
gap.

Finally, accounting for pressure requirements for break
down in the injector gap, as well as limits imposed by impu
rity radiation and by the risk of breakdown in the absorber 
gap, a range of acceptable gas fills of 0.6 to 7 torr · L was 
established. The upper limit may be raised to 9 torr · L if 500 
kW of ECRH is incorporated.

The uncertainty in the vessel gas pressure during CHI 
discharges poses a significant limit on the precision of spa
tially resolved breakdown analysis for CHI. Nevertheless, the 
results presented in this paper are promising and may warrant 
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a more detailed modeling of the vessel pressure evolution to 
permit more accurate quantitative predictions for CHI dis
charges in NSTXU.

Analysis of the upper limits on pressure indicate that 
the CHI gas fill may possibly be increased by a factor of 
up to four above typical levels used in NSTX experiments. 
This flexibility to work with greater particle densities, when 
coupled with the heating abilities of ECH and high har
monic fast wave (HHFW) systems [32], has the potential 
to improve upon the solenoid flux savings achieved in CHI
assisted Ohmic discharges in NSTX [27, 28] and assist with 
the design of CHI systems in future devices, such as in a 
STFNSF [33].
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