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C. T. Kleiner, E. D. Johnson, L. R. MoMurray and F. T. Suzuki
Rockwell International Electronics Operations, Anaheim, CA 92803

I. SUMMARY

Electrical Surge Arrestors (ESA's) havyea used
extensively for lightning and EMP protection. These com-
ponente are characterized by (a) presenting an open circuit
(high impedance) below the gap breakdown potential, (b)
becoming a virtual short-circuit above the gap breakdown
and (o) displaying a significantly higher level of apparent L
gap bresai wn for very fast input voltage rise-times
(dv/dt). 'This paper describes a mathematical model for a
spark gap surge arrestor which has been used successfully
to characterize ESA response to the following stimulus*

I. Below DC Gap Breakdown

3. At high apparent Gap Breakdown voltage am a o vdIONT

function of Increased rise-time

4. Damped Sinewave Input (below and at Gap
Breakdown)

5. Exposed to prompt gamma radiation using a Flash
X-Ray couroe and an electrical Input

Figure 1. Electrical Surge Arrestor (ESA) Model

I1. MODEL PARAMETERS AND EQUATIONS 2. Nonlinear Section

(a) R. A nonlinear resistor dependent on the
Figure I Illustrates the equivalent circuit for the g energy being dissipated within the gap and

Electrical Surge Arrestor model. The linear portion of the transferred to the surrounding medium
model is defined by the L, RiLe Cg and C elements. The
nonlinear characteristics of fte model I* illustrated In Equationsi
Figure 2, and basically represents the complex reaction
of initial streamer/arc formation followed by plasma
formation and includes the Thermlonio potential observed R (1)
during the ON or conduction phase of ESA operation. The
various mo"I parameters, nonlinear equations which utilize
the parameters will be defined and illustrated by model W WIN - WOUT (2)
application and comparison to test results. The various test 2
circuits are also shown for the benefit of other investigators
wishing to characterize ESA's In a manner described herein. W 4 + V I dt (3)IN R

Definition of Model Parameters and Equations

1. Linear Section WOUT •dterJPmldtI (4) T

(whichever is less)
L - Lead Inductance (usually in nano henries)

where;
RPL - Flux losn ('q't) associated with L

A (usually in K ohms) R - Instantaneous Resistance of the gap (ohm)

SCS - Stray Capacitance (reflected capitance at V - Instantaneous Voltage across the gap
the ESA terminals from all other sources, g (volts)
leads, etc.) I Instantaneous Current through the gap

Cf - Gap Capacitance (measured or calculated g (amps)
for the Gap)

W Instantancous Energy in the gap (joules)
*This work was performed on the Wing VI In-Place .MP
Program, Air Force Contract F04704-76-C0008•'6nder
the direction of SAMBO (MNNH) Project Officer WIN Instantaneous Energy generated as input
Captain R. I. Lawrence. to the gap (joules)
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WOUT = Insmintaneous Energy removed from the The following controlit are employed:
gap to the surrounding medium (joules)

No. I If V a VD. W ? 0, then initiate timer at
KI Scale factor relating Rg to W (-Joules) to (Kme at :h the condition for streamer

formation has been achieved)

Pml - Maximum instantaneous power lost to the

surrounding medium (watts) No. 2 At t P? to 4 TSF initiate computation of W and
subsequent modification of Rg (see Figure 2

d -Dissipation time constant (an average characteristic curve)
thArmal time constant for establishing

the rate at which heat energy (joules) is No. 3 Continue to monitor W until WS Wmin, Alsodissipated to the etirrounding medium) mn

(see) monitor Rg and limit RB to RHmin by cora-
paringE R(W) to Rin

HB1a= - Maximum resistance of the air gap (ohms) g ( t n
H -No. 4 Return RH to RHmax when gap is fully

Rgmln - Minimum resistanoe of the air gap (ohms) extinguished Ig S I gmt
Wmin Minimum energy In the air gap (joules) (b) Thermionio Effect - The phenomenon that accounts

for the high ON voltages observed in ESA's (over
100 volts), whereby the emitting ESA block
effectively becomes a cold cathode, while the
collecting ESA block becomes the plate, in what is
is essentially Thermlonic reaction, namely, the
plasma creates a junction which is represented
mathematically by the following equations|

I IRF " is, (exp VR/M 1 0) - 1) (8)

mk4lpl V~iTMiFo m IRF.2 " 132 (exp-VR/M 2 0) - 1) (6)
"wheret
VR - Thermionic junction potential (volts)

(s) NO",NIAN GROWN
MIAMI~u I SI,Is -2 A paeudo-eahiration current for the

Fammy Thermlonio Rectifier (and are also
ANUWA functions of temperature and effective

(hnplasma area)I ~2 , 2 Mu-l,,t,,iplieot for empirical fit (M, ham f ranpl
,..- ,,of 50p depending on the particularES) ,no-die.--,al

"in addition, there i a slight tendency for these
moml "Thermionic Rectifiers" to "store" charge similar to aI " semiconductor rectifier, hence, the net current in each

Thermlonio Rectifier is formulated as follows:5

wSvmgVNsiOVILILAIQ¥ U VIM V/SY T
IRFI + t IRF1 (7)

0VA NOS LbVM IIBIV VICNSAI ieic or I

,R RF2 + R RF2 (8)
where:

Figure 2. Non-Linear Section and DC Characteristics
T R Thermionic electron recombination time

VDB Gap breakdown threshold voltage (volts) (which is believed to be on the order of a
VDB 100KV/inoh in air at STP few nanoseconds)

SP Time for Streamer Formation (rSF 0 kT/q - .0286 @ 27 0 C (T is set at 3000 K)(9)

increases with gap width) A set of typical ESA model data (Antenna ESA) is
shown in Table I,

- Cunent generated across the gap as a

function of - (,-generaticn rate and Although the model accounts for numerous nonlinear
Ae - effectiNe area) effects, it nevertheless is a very simple conceptual repre-

senstalon of the phenomenon that can t e attributed to spark

min -wInstantaneous value of arc current below gap ignition and plasma's in general. The next section will
which the arc extinguishes. show how a particular Electrical Surge Arrestor was
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characterized and tested to validate the subject V. AW
model.

III. ESA CHARACTERIZATION go"

Although several types of ESA'I were modeled and .ep€,IVR L• 4

characterized (Audio, Power and Antenna ESA's), the
lower power device (Jomlyn Part No. 27-10425-11) was
selected for presentation here since it was also character-
iced for the effects of a prompt gamma pulse produced by a _ :
2-NEV Flash X-ray. This test was performed to determine ---

if the presence of a prompt gamma pulse would effectively "
aid ESA firing and hence, tend to lower the effect of high ws'ieu,.

coincident dv/dt inputs (or ESG overshoot) without lowering UYmMVUI - - -

the ON voltage. This was found to be the case and is
believed to be the first published data on this effect. The
device was characterized for both the linear and nonlinear
components of the model. Mi- I MI ?WNUN0100181041

Table I. Typical ESA Dtat

Perimeter Veolvo$ Unit$

L 130 "h
Wetlla ROL ._00 s__m

Linear tio0 ekes
C 3.15 Oid

tMI• "mouth IN IM If UION•A

K. eh1Jo3lsh hhgg i fIt&iLHLIMfiA4 UIL, IMh IIi,

1500 Wotto Figure 3. Linear Characterization of the Low Power ESA

iP .1 usees
'd1 ehmile The dynamic resistance of the arc can appear quite high even

pqmax though the capacitor, C1 is a very low impedance source at

No Niesln .1 okhm the switch point and hence, would be expected to discharge
rapidly giving rise to a high current pulse through the ESAI

M110 Joules this is n6t'the came for this or other ESA's. The reason for
Vol 1e6 Volts thin apparent high discharge impedance in this sawtooth

oscillator configuration is postulated to be due to the

I Pilo relatively high resistance of I and the relatively 1Vh

I I M impedance of the onnst of the Thermionic conduction

I, I uga

Thermleule M g00 - 2. Fast Rise Time Test

r eile When the ESA is subject to a high voltage, fast rise-

time input, two oharacteriatics become apparent. First,
The linear characteristic. can be obtained quite readily the firing potential increases and second, the ON voltage is

by using a network analyzer and solving for the values of only somewhat higher than during the sawtooth operation.
L, Cap C., and RpL. The result is shown in Figure 3. The dynamic resistance becomes much lower which satisfies

Te C a ci athe functional relationship between Reap and MG/Igap (both

diffioult to obtain. resistors being inverse to arc current density). The high
dv/dt input results in a voltage breakdown vs rise-time

The following tests were conducted to obtain the non- characteristics as shown in Figure 5. There are two regions
linear characteristicst of the curve which are worthy of discussion. Region I shows

a fairly gradual increase in apparent gap breakdown with
• 1. Sawtooth Oscillator Test increasing dv/dt. This increase is attributable to the inter-

action of the arc formation and energy dissipation coupled
' The first test that can be performed is shown in with the effect of the reactive linear elements (L's and C's)

Figure 4 where the ESA is used as the nonlinear element of the ESA. In Region I1 the apparent breakdown of the ESA
- which produces a sawtooth oscillation. Resistor, R1, must vs dv/dt increased more rapidly. This is attributed to the

be sufficiently large so that the 'holding current' will not time required for streamer formation. This occurs prior
sustain a very low electron leakage and prevent oscillation, to arc formation. The net effect of this ESA response to
This determines one of the critical parameters, namely, very high values of dv/dt (or high frequency) reduces ESA
the minimum power to sustain the arc. This may not be the effectiveness for the high frequency components of EMP.
minimum power required to completely describe the inter- As a result, most ESA's include limiters and low bandpass
action of the plasma with the surrounding medium however, filters (as shown in Figure 0).

.4
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LOW PAN FILTIR

RRW D I Al

'OVIiDIV * 0 0

Figure 6. ESA Assembly Including Limiter
0.? SECDIV 0.2 SECIDI? and Low-Pass Filter

Ill) TEST RESPONSE IVOLIAOEI (b COMiPUTER SIMULATION (VOLDASCI

\ - ==:)- V1 3, ampe Sin WavTes

- r.~vs, c.L E~ SA 1 In practice a damped sinewave is frequently used to
characterize component and/or subsystem response to EMP.
As a result, the ESA and corresponding model were also

(cl SAVITOOIII TEST CIRCUITI characterized using various damped sinewave input stimulus.
________ 0 The result of this test and model simulation Is illustrated In

A1111shorting if the sustaining energy in Insufficient to cause the
OMAIDV 4_ jLý_arc to sustain. This in particularly true for lower fro-10 quencies (-1 MHz and below) and "soft"' EMP sources.*

75vN~iCDIV o (ol7EST RESPONSE ICURRFJ4TI R A SVICH R
(III COMPUTER SIMULATION) (CURRENTI (TURN-OFF PERIODI - A- p WIC A s.,

Figure 4. Sawtooth Oscillator Test Results and 13
Comparison to Computer Model Response IDMECSNTSCRUTRO~R*~ 00

1, 112*.,/ L1 CI, Q ;o 1 -20,1. 11( .+ 3(i

'3N SW5VI7IV I KVIDIV

(bI TEST RESULTS (OM000) V
[0) (10 MI~z 0.0
DAMPED WAVE ICDE

1(9 'DUE TOL.

100 *S 0,11 200 NSE CIDIV
C0~ l F511 ROM U Pf r IIOoIm 3% CIDIV

Figure 7. Damped Cosine Wave Test and Comparison

a 4. Ionization from 2 MIEV FXR

Inastainweea nen & a esmlae
oryexposed to a high dv/dt pulse sand a high i pulse,

there is a distinct possibility that the ESA may, In fact, be
Inmsu mi triggered by the 'i pulse (provided of course, that this

hVIaLTAWgu WUl tIWMlNL occurs virtually simultaneously with the EMP pulse). In
IRULTAAI NW5UIVA4II viewi of the difficulty associated with synchronizing two short

I *- IM5SM., ~pulses (-20.-30 wisec) each. from a different source of highi 6-6... ~L SMVSH a~ intensity EMI, an indirect but correlatable experiment was
performed. The approach which was taken utilizes the saw-
tooth oscillator circuit (shown in Figure 8) as a self-

r 'A MolmI IUMoslm1 contained EMP eource and exposes the ESA unit to 'V using at >- 2 MEV FXR. This tent configuration is shown in Figure ti
with the attendant ocurves showing decreasing firing potential

4.1 "1 is I vs dose rate. From this experime~nt, it has been possible to
01411T101 W~ili 111vIM4IlC characterize the ERA model with the following simple

IgNIMtSI14114AIAP NTIM .I 
0
1i 1r4 ' 1  assumption.

Figure 5. Characterization of Increase in Apparent Voltage
Breakdown (or overshoot) vs Rise Time Test Circuit, _*TEr~~~ not neces~arily mean 'Soft" to EMP or having

Results and Plot of VBvs dv/dt a low energy content.
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Figure 8. rest Configuration and h rsuits for Caocbined Elhetrial (Sawtooth
Osoillator) and th (10 through 10r e/sec (SI))

-*PULSE .. . .... .. . .

'; RS "377fl JWITHOU .. .... WTHO*

The streamer formation is overridden by a minimum T

energy contributed by the ionizing pulve. This energy wasobtainled experimentally onl two samples and has not been JA IP (PULSEI ESAI• I•V= '•.•
calula~ted extensively for large sample• size types of ESA's. L ... --J-'•-•-[..

When this energy is exceeded, the conditions for a.¢e for-

mation are enabled and the results fore combined high dR/di
and suNicoently high seare shown in Figure 9 for woicparison. - .... wAC aOf the two samples, one would trigger as low as 10° B/sec
(Si) while the other required 3 x 10~ H/Sec (Si). The exact
cause for this wide dispersion is unlwow~i and certainly is

*Indicated worthy of additionatl investigation, The mest TIME (20 NSIC IDly)
significant observation however, indicated that the Ther- Figure 9. ES•A Model S'j•ulation of Combined Fast ]Rise
mionlo ON voltage seemed virtually unaffected by •' which is Time Input and '•' (>10" R/see) Comparison

to be expected.
assemblies to it variety of EMP stimulus. The model
accounts for the extremely nonlinear behavior of the ESA gap

IV. CONCLUSIONS including intermittant firing, variation in ON Impedance and
other related phenomenon. The model has been more than
adequate for EMP assessment and together with other EMP

The ESA model presented in this paper is relatively related models permits nonlinear transient response evalua-
easy to use (in an appropriate computer program) and per- tion with minimal run time (on the order of $10 to $20 per
mits a detailed evaluation of ESA, Limiter and Filter run using a OFE CIJC 7000 computer).
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