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Introduction

RELFLAP, a relativistic fluid code for high-power 
microwave propagation through the atmosphere, has 
been applied to the study of electrical breakdown of 
air. This code was used to extend the benchmark curve 
of E/P vs. Pt to the relativistic regime. The lack of a 
collisional relativistic code has limited the range of this 
curve in the past.

RELFLAP solves the relativistic fluid equations and 
the Maxwell equations for the temporal behavior of 
the fields as a microwave propagates through the at­
mosphere. Electron densities, momenta, and thermal 
energies are also calculated by the code. Relativistic 
expressions for the effective dc electric field of a micro- 
wave pulse and the formative time for air breakdown 
are derived. These expressions are confirmed by plot­
ting microwave breakdown curves of different frequen­
cies on the same Eeff/P vs. Pt curve. The new scaling 
of the problem in terms of Eeff/v vs. vr is also applied 
to the relativistic regime.

The ponderomotive force is included in this relativis­
tic model. The effects of this force on formative times 
for air breakdown and on electron density, momentum, 
and thermal energy are discussed here. The nonrela- 
tivistic results of our code were compared with the ex­
perimental data of Felsenthal and Proud,1 and Yee et 
al.,2 and with the fluid code of Roussel-Dupre et al.3 
These comparisons show excellent agreement over the
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entire range. Although experimental data in the rela­
tivistic regime are not available, pulse trajectories from 
some experiments have shown a shift of breakdown from 
the leading edge of the pulse to the trailing edge.4 This 
shift is associated with the turning of the breakdown 
curve at E/P « 104 volts/cm/Torr and occurs at the 
beginning of the relativistic regime.
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Theory

Fluid Equations

The relativistic fluid equations in retarded time at a 
fixed position are:

dne(l - Pox) 
dr — Rcne (1)

(!-&*)
2 d neT'

dr ne3mc2 dr y0
+ ---  [Ecs + Poz'B] = — (Rm + Rc) Pime

(2)

(1 - + — [Eo -0„B) = -(Rm + Rc)pz (3)or me

dV
(i-/S«)-^ = (re-Rc)t' (4)

• Rc, Rm, and Re are the particle, momentum, and 
energy exchange rates.

• j3ox is the mean electron velocity in the direction of 
microwave propagation.

• {3oz is the mean electron velocity in the direction of 
the applied electric field.
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The approximate Maxwell equations that were used 
in RELFLAP for the electric and magnetic fields are:

dEea
dr 47rec7ie/3OI

dB
dr = 47recne/3oz +

dE0
dr

fiEo
dx

27T
—ecne c

Poz

(5)

(6) 

(7)

• E0 and B are the applied electric and magnetic 
fields, respectively.

• Ecs is the charge separation electric field.

Pt

The relativistic expression for the formative time for 
air breakdown is found to be

Pt = ZQ J3.™)fa
Rc

1 Pox )
no

(8)

• n0 is the initial electron density of the air.

• The nonrelativistic expression for pr is obtained by 
taking the limit Pox —>• 0.
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Relativistic Effective Field

• Results in the same ionization rate that the micro- 
wave electric field produces.

• Enables comparison of the dc breakdown curve with 
microwave breakdown curves.

• Produces the same electron momentum in the di­
rection of the applied field, pz.

The DC-Field Case

For the case when E0 is constant, the equivalent root- 
mean-square value of pz becomes

f5 E0
'z.rms me is

where u = (Rm + Hc)/(1 - /3OI).

(9)

Microwave Case

For the case when Ea = EopsinujT, we find the root- 
mean-square of the momentum pz to be

n = 6 Eop
r z.rms

l
me yfivyjl + u2/v2

(10)
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By comparing Eq. 9 to Eq. 10, we find the relativistic 
efTective field to be

I—» J-/rm5

^eff ~~ 11 _i 2 n

where i/ is the weighted collision frequency for momen­
tum transfer (/?m -f Rc)l{^ — Pox)-

• The relativistic expressions for Pt and Eeff are 
used in Figure 1 to plot air breakdown thresholds.

E/u VS. l/T

• The Eeff/P vs. Pt scaling of the air breakdown 
problem depended on an approximate expression
for the momentum exchange rate; namely, v = 5.3(109)P.

• E/v vs. vt is the correct scaling law that was de­
rived for an energy dependent v?

• To obtain the relativistic equivalent of this new scal­
ing law, let v — (Rm -f Rc)/(l Pox)-

• Figure 2 confirms that a curve of Eeffjv vs. vt is a 
better scaling law for air breakdown thresholds.
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Results

When an applied electric field is very strong, elec­
trons are accelerated to relativistic speeds. The fast 
electrons that were accelerated by a microwave electric 
field are pushed into the direction of propagation by the 
ponderomotive force, namely [3 x B in this case. For a 
dc electric field the ponderomotive force is absent and 
the electron velocity d0-r is zero. For microwave fields, 
electrons are initially pulled along with the propagating 
pulse, resulting in some interesting effects on electron 
density, momentum, and energy. These effects are re­
flected in the (1 — [3ox) terms that appear in the earlier 
equations.

Air Breakdown in the Relativistic Regime

Density

• The electron density is enhanced by the electrons 
that are pulled along with the microwave pulse.

• This enhancement occurs in two separate ways.

1. The initial electron density is effectively increased 
when the “originar free electrons are pulled along 
with the pulse. This density increase is repre­
sented by n0/(l — /30,r), where n0 is the initial 
electron energy.



2. Free electrons that are produced through ioniza­
tion are also pulled along with the pulse result­
ing in an effective ionization rate Rc/{1 — {30t).

Formative Time

• The density enhancement leads to shorter formative 
times for air breakdown.

• In Figure 1 this effect can lie seen as the micro- 
wave curves splitting away from the dc curve for 
Eeff/P > 2(104) volts/cm/Torr.

• Nonrelativistic theory of air breakdown predicts no 
differences in densities or breakdown times between 
microwave and dc pulses with the same effective 
electric field.

Electron Velocity

• The electron velocity f3ox can be easily calculated 
from experimental data because of the differences 
between formative times for dc pulse and microwave 
pulse air breakdown in the relativistic regime.

~ i - in)Ptjc

• The electron velocity 3ox can be calculated from 
experimental data using Eq. 11 if one uses Figure 1 
to estimate a value for Ptjc.
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Relativistic Regime

• The plot of EeffjP vs. Pt in Figure 1 shows that 
the curve turns back toward lower values of Pt in 
the relativistic regime.

• This turning back of the curve is due to the behavior 
of the ionization rate at high electron energies.3

• The behavior of the ionization rate, shown in a plot 
of /^/P vs. Pr///P in Figure 3, is mimicked by the 
plot of Eeff/P vs. Pt in Figure 1.

Experiments

• Results from our relativistic code for nonrelativis­
tic energies were compared with the results of the 
nonrelativistic fluid code of Roussel-Dupre et al.3 
and with the experimental data of Felsenthal and 
Proud,1 and Yee et al.2 (Figure 4).

• The approximation u = 5.3(109)P used in com- 
puting effective fields for microwave data under­
estimates the collision frequency for most values of 
E/P above 50 volts/cm/Torr (Figure 5).

• An energy dependent collision frequency would ad­
just microwave data closer to our relativistic curve.

• Experimental data in the relativistic regime are not 
yet available.



Momentum

• In the absence of the ponderomotive force, the mean 
electron momentum in this problem is the momen­
tum in the direction of the applied electric field, 
Pz-

• The ponderomotive force pushes the mean momen­
tum in the direction of propagation, but does not 
reduce its magnitude.

• The electron momentum p2 is reduced while the 
electron momentum px is increased.

• The changes in the electron momentum are rep­
resented in the effective momentum collision fre- 
quency v =

• The plot of p2 vs. Eeff!v in Figure 6 clearly shows 
the lower momentum pz in the relativistic regime 
for microwave pulses.

• Figure 7 confirms that the total mean momentum 
remains unchanged.
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Energy

• Since the magnitude of the momentum for micro- 
wave induced air breakdown remains unchanged from 
the momentum for dc breakdown, the kinetic en­
ergy will also be unchanged.

• The increase in the collision frequency that occurs 
when electrons are pulled along with a microwave 
pulse leads to greater energy loss from the pulse and 
increases the mean electron thermal energy of the 
breakdown region.

At a fixed position

T'
[nK-Rc) .g (i-f»ox) r

where is the initial electron thermal energy.

• The effective energy exchange rate su6gests
the increase in electron thermal energy for micro- 
wave induced breakdown.

• This higher thermal energy associated with micro- 
wave pulse breakdown is clearly seen in the plot of 
thermal energy vs. Eeff{v in Figure 8.
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Summary

RELFLAP, the relativistic fluid code for high-power 
microwave propagation, has been applied to the calcu­
lation of the E/P vs. Pt curve for breakdown in air. 
Previous calculations of the E/P vs. Pt curve were 
stopped when Pt reached a value of 4 x 10-9 Torr sec. 
Our relativistic calculation has confirmed that the curve 
turns back toward lower values of Pt beyond this point. 
This phenomena is due to the behavior of the ionization 
rate at high electron energies.

Relativistic expressions for the formative time for air 
breakdown and the effective dc electric field of a micro- 
wave pulse were derived. These expressions were con­
firmed by plotting microwave breakdown curves of dif­
ferent frequencies on the same curve. The energy de­
pendence of the momentum exchange frequency leads to 
the relativistic extension of the scaling law for air break­
down thresholds. Microwave and dc pulse breakdown 
thresholds lie together along this entire Eeff/v vs. vt 
curve.

Electrons that are initially pulled along with a micro- 
wave pulse due to the ponderomotive force, lead to ear­
lier breakdown times. This is seen by the splitting of 
the E/P vs. Pt curve between microwave and dc re­
sults in Figure 1. The ponderomotive electrons also 
lead to enhanced electron densities and thermal ener­
gies and reduced electron momentum in the direction 
of the applied field.
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The nonrelativistic results of our code were compared 
with the experimental data of Felsenthal and Proud, 
and Yee et al., and with the fluid code of Roussel-Dupre 
et al. These comparisons show good agreement over 
most of the nonrelativistic region. Experimental data 
in the relativistic regime are not available.
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Figures

FIG. 1. Air breakdown thresholds in terms oiEeff/P vs. Pt 
for dc-pulse breakdown and 1-GHz, 5-GHz, and 10- 
GHz microwave pulse breakdown. An energy depen­
dent momentum exchange frequency was used to cal­
culate Eeff. Relativistic effects are first seen above 
Eeff/P = 2(104) volts/cm/Torr.

FIG. 2. Air breakdown thresholds in terms oiEeff/v vs. vr 
for dc and microwave pulse breakdown.

FIG. 3. The maximum in the ionization rate Ui corre­
sponds to the minimum in the formative time for air 
breakdown. The behavior of the ionization rate as it 
turns back up at higher electron energy is mimicked 
in the plot of Eeff/P vs. Pt.

FIG. 4. The Felsenthal and Proud data plotted here are 
for dc-pulse breakdown, while the data of Yee et al. 
are for 2.586-GHz microwave pulse breakdown. An 
energy dependent collision frequency would adjust 
the microwave data closer to our relativistic curve.

FIG. 5. The approximation i/ = 5.3(109)P underestimates 
the collision frequency for Eeff/P > 40 volts/cm/Torr.

FIG. 6. For microwave pulse breakdown, the pondero­
motive force reduces the electron momentum pz and 
increases the momentum px. This effect is not present 
in dc-pulse breakdown.
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FIG. 7. No differences exist between the dc and micro- 
wave curves for total mean electron momentum.

FIG. 8. The mean electron thermal energy is enhanced 
by the effect of the ponderomotive force.
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