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Nanosecond Repetitively Pulsed (NRP) plasmas were produced by applying short-

duration (10 ns) high-voltage (5-10 kV) pulses at Pulse Repetition Frequencies (PRFs) of 1-30 

kHz across a discharge gap formed by two steel electrodes in a vertical pin-pin configuration 

immersed in a pre-heated (Tg=300-1000 K) atmospheric pressure air flowing at v=1-18 m/s into 

open ambient air [1].  Three discharge regimes were observed.  The “C” regime, like a corona 

discharge, emits light only near the anode.  The “D” regime resembles the NRP glow discharge 

previously studied at 2000 K, since its emission occupies the entire gap in a diffuse manner [2].  

Finally, the “F” regime is reminiscent of a transient spark discharge.  Here, we report on a 

relationship between gas temperature and a minimum gap distance for the existence of the D 

regime in air at atmospheric pressure. 

Figure 1 shows a regime map in terms of the applied voltage Vp and the gap distance d at 

Tg=1000 K.  There is a critical gap distance above which “branching” to the C and D regimes 

occur.  As Tg decreases, this critical gap distance and the transition voltages increase.  

Extrapolating these trends to ambient conditions, we used a more powerful high-voltage pulse 

generator to obtain the following preliminary result: an intermittent D state was achieved at 

Tg=300 K, PRF=56 kHz, Vp=19 kV, and d=17 mm. 

  
Fig. 1 NRP discharge regime map according to applied voltage as a function of gap distance.  Tg=1000 K, 

PRF=30 kHz, v=1.6 m/s. 

 

We propose that the non-uniformity of the Laplacian electric field EL generated by our 

pin-pin electrode configuration plays a critical role.  For a pin-plane configuration, the pin 

electrode is commonly approximated as hyperboloid surfaces because an exact solution to 

Laplace’s equation exists in the prolate spheroidal coordinate system (η, ξ, φ) [3].  We consider 

the problem in one dimension along the inter-electrode (z) axis and use the pin-plane solution to 

construct an approximation for the pin-pin case: 
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R is the radius of curvature of the electrode tips, which are located at z=+d/2 for the anode and 

z=-d/2 for the cathode.   R and d determine the foci distance, a=[(d/2)(d/2+R)]
1/2

, and the surface 

of the electrodes, η0=[(d/2)/(d/2+R)]
1/2

.  Changing the radius of curvature at the electrode tip 

primarily affects the field strength at the tip.  On the other hand, changing the gap distance 

primarily affects the field strength in the middle of the gap. 

Now we consider how the non-uniformity of EL affects ionization.  The reduced electric 

field for breakdown, i.e. when the net ionization coefficient αnet=0, is Ebr/N≈100 Td for air from 

300 to 1000 K [4].  From Equation 1, it can be shown that E(z)>Ebr only in the part of the inter-

electrode gap closest to the electrodes for many combinations of Vp, R, and d.  Thus, the 

discharge gap can be divided into net ionization zones near the electrodes in which E(z)>Ebr and 

a net attachment zone in the middle of the gap in which E(z)<Ebr.  The small radius of curvature 

of the electrode tip causes the local field near the electrodes to be higher than the average field, 

and consequently ionization primarily occurs in the zones Σa and Σc near the anode and cathode, 

respectively.  Avalanche ionization cannot occur in the middle region of the gap where 

EL(z)<Ebr, which we call Ω, bounded at za and zc, the points at which EL(z)=Ebr.  However, Ω 

cannot be so attaching as to eliminate the formation of the D regime at all.  Furthermore, to 

sustain the D regime, the applied voltage must be increased until sufficient ionization occurs in 

Σa and Σc.  Therefore, there is a range of field strengths that supports the D regime, as shown in 

Figure 1. 

The cathode region of glow discharges, which is contained in Σc, has been suspected as 

the origin of the glow-arc instability [5].  We suggest that the instability develops initially in Σc 

and spreads through the rest of the discharge gap, thus causing the D-F transition.  However, if 

we widen the gap, the electric fields in Σa and Σc retain their strength due to their proximity to 

the electrodes, while the field in Ω decreases in strength.  At a critical length, αnet in Ω is 

sufficiently small (or slightly negative) to extinguish the glow-arc instability as it attempts to 

spread through the gap.  Moreover, by widening the gap, we also increase the length over which 

the instability must spread, further impeding its ability to complete a high-current circuit.  Thus, 

the middle attachment zone acts as a current-limiting element to prevent the D-F transition.  

When Tg decreases, two effects occur that require an increase in the fields in Σa and Σc to 

obtain the D regime.  First, detachment rates, which are generally only dependent upon Tg, 

decrease, causing αnet to decrease.  Second, the density increases, thereby decreasing the 

reduced electric field.  Therefore, we must increase the field strengths in Σa and Σc to 

compensate for these effects.  However, an increase in field strength must be accompanied by a 

widening of Ω to ensure that the field is weak enough in Ω to contain the glow-arc instability. 
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