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Summary

Mogt components used in Nigh power pulse genera-
tors undergo mechanical shock stresses during the pulse
or on its leading edge. As power dentities become very
high, this shock may 1cad to anomalous behavior as well
as introduce failure modes that may not be immediately
obvious. It has been shown that acoustic shock waves
travaling within spark gap electrodes can affect
electrode erosion by as much as an order of magnitude,
Thus, @ new point of view {3 required for cr.ponent
desiqn where shock may be @ critical factor. The
mechanisms for generation of shock forces, both ther-
mal and electromagnetic, are reviewed and applied to
resistors, rapacitors, magnetic devices and switches,
Tha mechanisms described are square law effects 30
that 1t can be cancluded that for high energy pulses,
mechanical shock stress will be a critical factor in
corponent gurvival,

Introduction

In a broad and general way, tha mgchanisms for
the generation of mechanical forces in pulse power
components can be ascribed :2 two mechanisms, thermal
thock and ferces generated through electrosfatic and
electromégnetic mechanisms, These forces usually
manifest themselves by audible noise generated during
the operatiun of a high power pulse generator, Oh-
viously, tomething must be maving for the sound to
ozcur and this movement can lead to material fatigue,
insulation fallure, etc. Alsc, arratic behavior may
he ganerated by the shock through excitation of mechan-
ical rasonances pecular to a particular component
For instance, jitter in an ignitron may be a function
of pulte repetition rete because of rippies produced
on the mercury surface due to the high magnetic pressure
At the arc spot{s).

Under the transmission of microsecond and shorter
puises of electrical energy through power-conditioning
componants, very rapid deposition of thermal energies
into dielectrics and mechanical connections can caute
intense localized heating. Depending upon the thermal
dama?c Tevels of each material, such heating may ceuse
single-puise catastrophic damege or multiple-pulse
accumulative damage resylting In early fallure of the
component in the systen. In the content of the prllcnt
discussion, the discherqge timas of interest (s 10°
apply to numerous laser tystems and other pulfed
aystems of current interest. A3 the thermal dif usion
times for even thin fiimy and very good heat sinks are
many microseconds {1], the heating in most cemponents
will Le nearly adiabatic. This discussion will be
qualitative in nature and relate these transient
thermal and electromechanical affects in capacitors,
resistors, and switches to each other,

tec.)

Thermal Effects

The primary effect of a fast electrical pulse is
to cause & sharp temperature increase in dielectrics
(e.9., capacitors) or conductive metal surfaces {e.g.,
thyratrons and spark gaps). Permanent changes are
caused by molecular restructuring of the insulators or
by sputter damage to metal surfaces. For fast elec-
trical pulses the thermal analysis presented is of
general applicabitity.

In tue study of temperature rises at insulator-to-
insulator or conductor-to-gas discharge interfaces, a
one-dimensional mode) 's generally appropriete (1]
et {1lustrated in Fig, 1, The Regloa 1!l to left of
Region I has the tame properties as Region Il in most
capacitor winding geometries. For switch therme]
transfer cases, acg|on 111 13 normally a glow diazharge
or arc with a thermal diffusivity much smaller than O,,
meaning that thermal transport back into this region
MI{ be neglected. Radiation effects from the metallic
collector of Region ! are not contidered. Fo- this
microsecond type time scale, the radial thermsl dif-
fusion per pulse 11 negligible, allowing the three-
dimensional heat conduction equation to be simplified
from

3= oefr s Qg )
to: .
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where T {3 the temperature in X, t iy time 'n seronds,
& {3 distance in meters, and U iy power density in
watts per cubic mater., The conttant D it the dif-
fusivity in dquare meter per second and K iy the ther-
mal conductivity of the material in watts per second
meter-kelviy, {|!um|ng continuity and negligible
temperature rise for very larqe &, then this equation
ceh be s0lved as there iy no radiel or aximuthal tem-
perature var’ation [2]. Starting fram an initia)
temperature of T,, 1f D,, » O then an adiebatic tem-
perature rise takes plal‘ in Region 1 10 that
0
1
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Thus, this s the maximum temperature rise that
can take plere and yields & true upper limit, e.g.,
particularly when t‘crmnl diffusion out of Region I
takes place slowly,

A s1econd sofution to the transient temperature
rise i3 found in the cate of depositing thermai e:ergy
in Reglon [, with O 11 = 0 and Dy, = =, The solutfon
has been obtained b} bun1n00| (25 in his eacellent



study of transient effects in resistors and {s of
general applicability to capacltor and switch heating.
Figure 2 plots tha realtionship between temperature
rise for « finite layer for different boundary con-
ditions.

The temperature distribution at several times can
be obtained for several sulse lengths. Faor very short
times the rise iy significant only in tha insula.or
with the peak temperature as given by €q. (3). Grad-
vally, the tharmal energy diffuses into Regions Il and
111. For most configurations, D,, « D iy of inter-
est and the character of the disllibul]&*l for seversal
times (1-4) is plotted in Fig. 3, Note that cessation
of the electrical pulsa, after say 1 us for dielectrics
2f thickness of a few mils, results in cooling of the
insulator by diffusion into tha outar regions with a
time constant 1/0. Thiy tharral ensrqgy gradually
diffuses into tha substrate ~nvironment, such as the
metallic (generally aluminous) rondiectors in a f1im
capacitor or the electrode conlinc structure in repeti-
tiva switches.

Let us now turn to come examples of transient
tharmal affects ard A'<o soma darage situations sepa-
rate from adiabatic heating wnerein the {npulse damage
has ¢ domirant voltage effect. Temperature distribu-
tions in a one-dirensional model of a film resistor
have becn calculated by Lumingos using a finite dif-
fa:2nce tachnique, Assuming an initial equilibrium
temperature of T., a constant pcwer puise applied for
saveral pulse dupationl. the temperature ay A fuhction
of tima iy similar to tha distribution in Fig. 2, Tha
wings of the distributions {{lustirate diffusion of
thermal enargy on a time frame egual to the pulse
duration and claarly fllustrites the farge film tem-
parature rise obtainable for aven modest input erer-
gies., Ffor example, carbon-film and metal-film re-
sistors suffer damage for input energies from 12 to
200 mJ for 1.us pulse duration [2]. This iy to ba
comparad to 2.4 J for carbon Zompositiun resistors
whara the the-mal h.ating is of a bulk nature in con.
trast to the filr, whareln tie vaporization or melting
point tamperature {s readily achieved at much lower
enargics. As tha pulse duratiun increasey it has baen
observed that the greroy th[,lho]d (orJdaﬂaqa r1§||
significantly (10°° J at 10" s to 1077 J at 1077 s
for Allan Bradlay carbon-composition resistors) [3]
This may be caused by intarnal voltage stress-*nduced
breakdown at the higher voltages used at shorter pulsa
widthy [4'. 1ndeed, he question of accumulated damage
with number of pulsas has been addressad at -ome length
in the design of high-voltage coaxial attenuators [9,
Previous stud’es of damage wara concernad primarily
with large, irreversibia (5.10%) changes in resistance
in ona singla pulsg. For electromsguetic-pulse ap-
piicat'ons this iy very usefyl information for system
Jesfgn. 1n the development of repetitive pulse sys-
tems, it iy of mora valuc to asses® the accumulative
damage with shots and applied voltage, Figure 3 i1-
lustrates the per cant rezistanca changa fr. & fb-1, 2-W
Allen 8radley carbon-compusition resistor as a function
of number of ?ull.l for a lo! size of 10 resisiors at
each voltage level fs]. The o' e width in all cases
way 260-ns FWHt . The pcints arc the average for 10
resistory, eac! rasintor bein; subjected to 1, 10, 100,
and 1000 pulsas and masiured thereafter. Tha e-ror
bars répresent tha maaimum axrursions from this average
value observed. Thc dependance of the t R/R upon
nuwber of pulses, N, is obtuined from a least-syuaras
fit to the deta and if ¥ i tea peax puise voltage ir
wnilovolts

¥
1: Copy - 0.27 In N, (4)

It 1s presumed that the small, accumulative damage
per pulse is caused primarily by superheating at carbon
carbon granule interfaces as has been observed by
{arton in crystalline, thick-film resistive structures [4].
This gradual reductinn in resistance is of concern in
voltage dividers as wall 2s rf circuitry and has
prompted a shift to metal f{lm resistors in low-lavel
systens. At higher voltages and powers the problem is
considerably more acute, and new structures are required,

Electromagnetic Fforces

For most cases, the simplified approach of the
description of the force generation mechanisms, fi.e.
electrostatic and electromagnetic, is Justifiad be-
cause of symmetry and the uimansions of components is
usually small compared to a wavelength of tha excita-
tion current or voitage. In general, the total force
generated by an electric or magnetic field can be
expressed as

¢ n - Buf | q * const. (capacitors)
x 4 = const, {inductors)
whire W, Is the total enargy stored in the filed, x is

] dimention and g is the charge on conductors {for
electrostatic fields) and ¢ i3 the magnetic flux (for
electromagnetic fields) [6]. In ganeral, forces
derived from electromagnetic flalds act to change the
circult or component dimensions to increase the total
energy stored. For magnetic fields, 1t can be further
sald that the magnstically darived forces will act to
reduce localized energy density, aven though overal
enargy storage will increasa. Elactric fields, on
the other hand will produce forces that act to in-

( 'eaye energy density.

Electrostatic forces

The force exertod on tha dieiectric in a capacitor
may be expressed as

1,2 dC
frr¥V &

where V {3 tha applied voltage, x is & dimension and C
iy the capacitanca expressed as a function o' x.
Thuy, if = is given by

=

cet

x|

where ¢ iy the permitivity, A is the arer = _he
capacitor plates and » iy the plate separation. The
compressive force axerted un tha diciectric iy

1,2 ch

f o - Y .

7 2 )
This formulation giv~s & pressure of about .1 1b/in
for an elactric fleld stress of 6 Mvolts/metar In
myiar, This mechanicai{ force fis exerted by tha capa-
citor platas on the d'eclactric so that & squeel'ng
action iy transmitted to the uil (impreginate) and a
pumping action fy {nitiated. Thus, the capacitor
vibrates at the pulse repetition frequancy. Becausa
of tha usua) construction of capacitors, this furce
will he most predominant on the outermost layer. The
internal forcas i1l be largely countorbalanced except
at loralized points such as foil wrinkles,

|f the highest dielectric matarial in & capacitor
dous rot fill tha complata voluma between tha Cupe:
citor platey, than - strerching force i3 axerted on
tha tigher dialectric material in directions o fill
the capacitcer, 1his affeact can be sean by axpressing
Cas ¢ e ix
e



where d s the plate separation, 1 {s the plate length
and x is the dirensional direction in which the dielec-
tric does not fili the area between the plates. Thus,
the stretching force iz given by

P 2 el

TV T

from this formulation it can be seen that the higher
dielectric materials are attractec to the highest field
re;ions (the foil edges;. Further, any hign dielectric
fmpuritiay will be attracted to the high field regions
Tt also follows that the low dielectric mater‘2ls will
tend to ba displaced by tha high cielectric materials
1f low dielectric materials are suspended in a high
divlectric fluid where a signiflcant electric field
gradient is present, a churning action may be olserved.

Magnetic Forces

Since magnetic fields and thus inductances are
inharent in any electrical circuit, & useful fcrmula-
tion for the megnetic forces is given by

1.2 dL
frr b

where | iy the current and L
prassed 33 a function of x. Thiy formulation fgnores
tha nonlinearities of fror. It is none-the-less useful
for visualization of the character of magneticalis
derived forcesy of alectrical circuit components

is the induczance ex-

Inductance may be expressel functionally as
He A
Le 1= T—)

where K+ tyrns,
L v permeability,
{ = magnetiu patn length,

A * cross sectional araa of magnetic path

clearly, the forces on a current loop are .uch that the
ragna'ic langth tands to shorten and the cross sec-
tional (ends to incrassa. Thus an inductor undergoas
an axial compression ay well ay expansive forcw. In
the avant that iron {3y present, the fron undergoes a
compressive forca along tha macnatic path {magneto-
striction) and a very nuriceable "tiump' ts assoctiated
with iron cora devices uted ir pulse powar gystems.
Tnis mechanical motion generates losses ir pulse
transformersy, charging inductors, etc. not accnunted
for Ly ecdy currunt and hysterysis 1nsses since mach-
antcal wurk {5 Leiny done whict iy not returned to tha
wiactriceal circuit.

Magnetic fialdy may Lecome aspecially 'nteise at
circuit configurations such s3 anyle turns or U-shaped
bends. Sttustions tnvolving tyurns may be depicted by
the arc channal and thn electrodes of spark yapy. This
configuration can axert sufficiant forca on the elec:
trode to generate acoustic waves into tha elactrode
[7]. Thyratron anode cups rapresent a case of a U-
shapad revolution, At very high di/dt oparation, tha
current wili run alony tre anode skin @& ' conisdarabla
forcr may be axeried on the waliy and buttom of (he
anode cup.

Situationy involving concentration of magnetic
fieldy may be more aporouriately dascribed by

f e g’; [{ H\-H?dvl

whera v i3 tha volura of intarast. Manipulation of
this equation ra:uits in a megnetic prassure (R]

P e hyuhl.

This pressure may be exerted directly on the surface of
conductors causing a considerable shnck wave to be
developed. (The exact nature of the pressure pulse
depends on the clircuit configuration and the reager is
referred to ref. B.) Thosa situations involving geo-
metriey where magnetic fields are concentrated can be
expected to undergo considerable mechanical stress
during the discharge.

Conclusfony

Because most materialy axpand when heated, tran-
sient aci{abatic heating of nulse power Lomponents caa
lead to extreme internal stresses in pulse pnwer com-
ponents., When these stresses are combined wiih those
due to electromagnetic forces, especially magnetic
effects, various failure machanisms become clear. A
rasistive conductor undergoing a rapidly rising, high
current pulse may develop surface cracks and pitting
due to the sudden shock forces exerted .n {ts outer
layer (< one skin Zepth)., Tha thermal stress in SCRs
ray be especially sevare under pulse loading [9]
Because considerable anargy will be deposite{ in the
depietion region upon turn on, this region will expand
sufficiently tc vibrate tha crystal. Repetitive pul-
sing may then laad to machanical fatigue,

[lectromagnatic and trermal forces may produce
su’ficieat snock for hich dt/dt operation t& over
stressy insulator/conductor interfaces so that leaks
occur. Simpla metal-to-metal contacts which are not
unifor ars forced apsrt by the =neven current dis-
tribution. Thus, pitting and arc ng may occur within
metal connection so that performance suffery as well as
aarly failyre.

Although electrostatic forces are usually weak,
thay none-the-less can lead to troublesome problems.
High c¢ielectric impuritiey are attracted to the poirts
of hignest fleld *tress. For instance, oxides of
aluminum do not have high breakdown strenyth but would
be attracted to tha highast fis cy leading to corones
and/cr breakdown.

As anergy densitiay increasr, tha consequences >f
rachanicai motion and shock can be expected :0 intro-
drce eariy failura modes and anomalous bahavicr, It
should be noted that the machanisymy for tha pruduction
of shocr stiasses are squara law effects. The appii-
cation of transient tharmal diaqnostice to othar elac-
trical enerqy storags and trinsfar componants will
Lacoma a mattar of more concarn in tho future as roge-
titive hi?h-avernqa power anpiications continue to
expand, his, a'ong with ¢lectromachanical effacts,
may wel. tumn out to raprysant a limit to presant
system scalabil*ty and point *oward tha research and
advancad developnrent activitiey, which will than ba
requirnd to meal futura applications,
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Fig. 1. One-dimensional model of a film resistor, Region I
is the resistive film, Region Il is the substrate,
and Region III is the insulating jacket (Ref. 2)
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Fig. 2, Peak temperature rise in a finite layer with different
boundary ronditions., Region Il is a perfect insulator
in the top curve, a perfect heat sink in the bottonm
curve, and has the same thermal properties as Region
I in the center curve. (Ref. 2)
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Fig. 3. Illustration of the transient tenmperature rise per
unit input power in a dielectric film surrouided on
efther side by a thermally high diffusivity substrate.
As the pulse duration increases, the therma®’ effects
change from adiabatic heating to significant heat flow
during the pulse.
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The per cent resistance change in 56-Q, 2-W Allen Bradley
carbon-composition resistor as a function of number of

pulses, for a lot size of 10 resistors at each voltage level.



