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ABSTRACT

This report is a compilation of design criteria for a Transverse
Electromagnetic (TEM) cell, an EMP generator and a terminating network.
From this information, two detailed designs are presented, one for a 50 Q
and the other for a 100 @ cell. Both these designs integrate the three
sections mentioned above into one shielded system.

RESUME

Ce rapport résume les critéres utilisés pour la conception d’'une
cellule électromagnétique transverse, d’un générateur d’'impulsions
électromagnetiques et d’un réseau de terminaison. Deux configurations
sont étudiés en détails: une cellule de 50 0 et 100 Q. Les deux
configurations incorporent les trois sections mentionnées pour former un

systéme blindé.
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Executive Summary

Electromagnetic Pulse (EMP) Simulators are designed to simulate the
EMP generated by a nuclear weapon and, subsequently, are used to harden
equipment against the effects of EMP.

At present, the Defence Research Establishment (DREO) has a l-m,
asymmetric, parallel-plate EMP Simulator in use for testing computer size
terminals. In addition, a 10-m, parallel-plate, EMP Simulator is under
development for testing larger objects such as helicopters.

This report concerns the design of a small, symmetric, co-axial type
of EMP Simulator intended primarily for R&D purpcses such as; calibration
of sensors, precision measurements, design and testing of transient
suppression devices etc.

A detailed design is given for a 50 Q and 100 Q@ TEM cell with a
inner volume of £ x w x h = 2m x 2m 2 lm and a test volume of £ x w x h =
2m x 0.3m x 0.4m. The pulse generator and terminating network are
integrated into the TEM cell to form a completely shielded structure. In
this way no interference from the inside of the cell to the outside, or
vis versa, will occur.
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1.0 INTRODUCTION

A TEM cell is a square or rectangular coaxial transmission line tapered at each
ernd to form a closed cell. The cell can be fed at one end with a signal
generator and terminated at the other end by a resistor equal to the
characteristic impedance of the line. Between the inner conductor (the septum)
and the enclosure a field propagates from the source to the termination as a

planar field in free space, see Figure 1.

The source at the input side can be a CW or a pulse generator. The source and
termination can be connected to the cell by coaxial cables. In the case of an
EMP simulator the pulser and terminating resistor can be made a part of the
coaxial structure and can be integrated with the cell to form a completely closed

structure, see Figure 2.

The exterior of the cell is a grounded metal enclosure which contains the
internal field that otherwise would radiate into the surroundings and perhaps
interfere with associated equipment and, conversely, shields the internal volume
from the external electromagnetic environment, e.g. from nearby broadcast trans-

mitters.

One advantage of the TEM cell is that the field is well characterized and
reasonably uniform. The primary shortcomings are the upper frequency limit and

the restricted working space.

The TEM cell EMP simulator to be designed for DREO, is intended for applications

such as:

+ susceptibility testing of small equipment;

+ calibration of sensors;

+ design and testing of countermeasures;

+ measurement of transfer functions; and

+ research and development (low voltage signal input).

In this report the tools required for the design of a TEM cell, an EMP generator
and a terminating network are collected. The report has been prepared as a part
of the Consulting Service Contract, attached to letter DREO 3743A-1 (ED/NES) of
22 March 1990,
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Transverse electromagnetic (TEM) field distribution inside a TEM cell
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2.0  REQUIREMENTS
The following characteristics should be implemented in the dec<ign:

+« simulation of the exo-atmospheric EMP;

+ EMP model as described in NATO documents;

+ minimum test height 30 cm;

»+ system impedance 50 Q;

» adaptor for 50 ( coaxial input;

+ voltage divider output for calibration purposes; and
» negligible outside radiation.

3.0 TEM CELL

The shell of the cell can be square or rectangular in cross section with the
septum either midway between opposite walls (a symmetric cell) or offset from the
center plane of the cell (an asymmetric cell). The trade-off between test volume
and field uniformity determines which cell configuration is best for a given

application.
3.1 TEM mode, higher-order modes

TEM (Transverse Electro Magnetic) waves are characterized by the fact that both
the electric vector (E-field) and the magnetic vector (H-field) are perpendicular
to each other and to the direction of propagation. A TEM cell will not only
propagate a single TEM mode at all frequencies, but also a ser of Transverse
Electric and Transverse Magnetic higher-order modes TE, and TM,, at frequencies
above their respective cutoff frequencies f,.y,. The TEM mode propagates through
the tapered ends of the cell without significant alteration. Each higher-order
mode, however, is always reflected at some point within the taper where it
becomes too small to propagate the mode. This is the point where the cross-
section of the taper has narrowed to that of a waveguide whose cutoff frequencwv
is lower than the field frequency. The propagating energy in the higher-order
mode undergoes multiple reflections, end to end, within the cell, until it is

dissipated.

At certain frequencies a resonance condition is satisfied, in which the cell's
effective length for the mode is "p" half guide wavelengths long (p =1, 2, ...).
At these resonant frequencies fR(mp), @ TEmp resonant field pattern exists. Thus
the TE, mode in a given TEM cell has one cutoff frequency f ., and an infinice
set of resonant frequencies, fg(mp, with p = 1, 2, ... . The same is true for
the TM,, higher-order modes, although these only occur at higher frequencies.
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The total E-field pattern due to the presence of some RF energy in a propagating
higher-order mode can be qualitatively understood by adding or subtracting ctne
pattern of the higher-order mode to or from the TEM mode pattern, see Figure 3.
TEM cells can be used above the cutoff freguency of the first higher-order mode

fc(Ol) {1] .

The resonant frequencies,fp(mp) are calculated from the values of f...., and the
cell’s length and taper dimensions, see Figure 4.

2
£2 anp) = £ +[pc) (L
R {mnp) ¢ (mn) 2Lm
Lun= Le * Xpnlg (2)

lc is the length of the uniform-cross-section center part of the cell, L: is the
length (along the center line) of the two tapered ends, and X, is the fraction
of the two ends included in the value of L,,, see Figure 4, Fraction A, Iis
empirically determined and is different for each cell as well as each mode. It
can change from 0.8 for the TEg, mode to 0.5 for the TE;,, and TE,; modes.

The TEy; mode in a small gap TEM cell has strong gap-fringing fields, while not
exhibiting significant fields in the central test area, see Figure 3. Therefore,
although the TEy; causes the first possible resonance, it is usually not excited
unless a large test object or some other perturbation is present [2]. In Figure 5
the cross-section of a TEM cell and in Figure 6 the cutoff wavelengths of some
l.igher-order modes as a function of the TEM cell geometry are given. Figure 7
shows the cutoff wavelength of the first higher-order mode TEy for different

characteristic impedances. Note that the width in Figure 7 is "a", not 2a.
Figure 8 shows the same for more higher-order mod-s {7].

Hill made measurements of the higher-order modes [l1]. Each of the first three
higher-order modes, TE,;;, TE,, and TE,;;, was found to propagate at frequencies
above 1its first resonance, but not between its cutoff frequency and first
resonance. The propagating higher-order modes TEy, TE,; and TE,; altered the TEM
mode E-field in the test volume of the measured TEM cells up to <3%, 10-15% and
10-15% respectively.

A TEM celi may be used for field-probe calibration work up to fg(;;,, except near
fre101y- The effects of the TEp, resonances and the propagating TEp; and TEy,
modes can possibly be eliminated by averaging the two calibration curves taken
in the center of the test volume at opposite sides of the septum. [1 p.188]
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FIGURE 4 The length of the cell, L = L¢ + Lg
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function of TEM cell geometry [4].
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To design a TEM cell for maximum usable bandwidth, the frequency of the first
interacting resonance TE;g; should be as high as possible. This is accomplished
primarily by making cell dimension "a" as small as poessible, which causes f_ g,
to be as large as possible. To a lesser extent, keeping L. and Ly as small as

possible helps.

For field generation purposes a TEM cell can be operated from zero frequency to
the frequency at which higher-order modes appear. However, generating pulsed
fields with a width of more than a few hundred nanoseconds does not make sense
because the dimensions of the equipment under test (EUT) are too small to couple
with very low frequencies. Because of its TEM mode of operation the cell has a
linear phase response from zero frequency to near f. ., and can thus be used for

swept frequency measurements.
3.2 Dimensions

The required minimum height of the test volume is 0.3 m. That means that "b" in
Figure 5 should be at least 3 x 0.3 m (see section 3.6) for a tolerable field
disturbance [3]. Let us choose b = 1 m. For a square structure (a/b = 1) 2a = 2
meters. A rectangular cross-section has a better field uniformity, however,
increasing the width to more that 2 m results in a lower cutoff frequency f_ g,
and in longer and wider tapers. The optimum geometry for maximum test area and
maximum test frequency is one in which b equals a. Therefore, let us choose a
larger bandwidth and accept a square cross-section of 2 x 2 m.

For calibration purposes and EMP simulation there are advantages to a symmetric
cell. We choose a length of 2 m for both the uniform cross-section (L) and the
tapers (Lg/2). The total length along the center line is 2 + 2 + 2 = 6 m. The
length of the tapers is relatively large for a typical TEM cell, however this
results in a short rise time (section 3.9) and less distortion of the field
caused by reflections at the taper interfaces (section 3.7).

For a square structure (a/b = 1) the TE;, mode is always the first higher-order
mode for any non-zero value of w/a, see Figure 6 [4]. Extending the frequency
range of rectangular structures, basically involves selecting a design such that
the TE,; mode cannot propagate at frequencies below the TE;; mode cutoff. In
general, this can be accomplished by reducing the value w/a. This in turn raises
the impedance of the line progressively, with a/b = 1 in Figure 7, up to
150 G [4}. 1If the TEM cell would be used only for EMP simulation, a higher
impedance than 50 2 would be a better choice, because it results in a shorter
rise time. Furthermore, a higher impedance results in a smaller septum width
which generates fewer field enhancement problems.
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3.3 Impedance

The characteristic impedance of a TEM cell can be expressed as:

2, - 2% opm (3)
CO
where 7y = 120 « ohm, and
C _,]a _ 2 : tg \1_ AC 4
r 4[_6 < In { sinh T )J e, 4)

The zerm AC/¢, relates to the fringe capacitance between the edges of the septum
and the side walls. 1If a/b = 1 and w/b = 0.5 then AC is negligible [5°. The
exact value of C./¢q can be read from Figure 9. The term AC,¢, is deperdent on
the location along the septum, because the fringe capacitance in the tapers Iis
{ncreasing, resulting in a little larger impedance. If the ratic’s a/b and a/w
are kept constant over the whole length of the cell the impedance in the tapers
will be approximately the same as that in the uniform cross-sectiorn of the cell.

Curves for designing a square transmission line with arbitrary cross-section and
impedance are shown in Figure 10a and 10b and the effect of the thickness of the
septum is shown in Figure 11 {6]. A minimum thickness "t" may be necessary to

avoid corona with the application of high voltages.

The last dimension of the cell, the width of the septum, can be read from
Figure 11. With a/b = 1 and Z; = 50 O the ratio w/b = 0.83. For a thickness
t = 0.5 mm the ratio t/b = 0, Now, all dimensions of the cell are chosen. Thev
are shown in Figure 12 (top and side view) and Figure 13 (cross-sesction’.

3.4  Resonant Frequencies
3.4.1 CY Applications

With the dimensions of the cell, derived in 3.2, the cutoff frequencies of the
lower higher-order modes with their resonant frequencies can be derived. In
Table 1, the cutoff and resonant frequencies for m = 0...2, n = 0...2 and
p=1...3 are given. The cutoff frequencies f ., are read from Figs. 6 and 8
{4, 7]. An average value L, =~ 4 m is used, ree Figure 4. The first interacting
resonant frequency, the TE,;; mode, is about 84 MHz. At the frequencies fg/my,
the cell behaves as a resonant cavity with a high Q. If the cell is fed by a CW
source continuous propagating waves and standing waves are produced.

13
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TABLE 1

Resonance Frequencies fp (m=0-2, n=0-2 and p=1-3) for TEM Cell wi=h

dimensions from Figure 2 and 13.

HIGHER-ORDER MODE

RESONANCE

TYPE [ (ran) (MH2) pc/2L gy, (MHz) l(mnp) (MH2)
TEg;, 435 375 574
TE; 75.0 375 839
TEy;5 435 75.0 86.7
TE 95.25 375 102.4
TE,q, 75.0 75.0 106.1
TEq3 43.5 112.5 120.6
TE ;> 168.0 75.0 1212
TE g3 750 1125 135.2
TE,;; 95.25 112.5 147.4
TE,q, 150.0 375 154.6
TEyn 150.8 375 155.4
TE,; 1545 375 139.0
TE s 150.0 75.0 167.7
TE s, 150.8 75.0 168.4
TE;>, 168.0 375 1721
TE,;» 1545 75.0 171.7
™, 168.0 7.5 1721
™) 168.0 75.0 184.0
TE» 168.0 75.0 184.0
TE,;3 150.0 112.5 187.5
TEg; 150.8 112.5 188.1
TF,3 154.5 1125 191.1
TE» 168.0 1125 202.2
™)y 168.0 112.5 2022
TE,; 216.0 375 219.2
TE4y; 2250 375 2281
TE;, 2160 75.0 2286
TEqy, 2250 75.0 2372
TE, s 216.0 1125 2435
TEq;3 2250 20125 2516




3.4.2 Pulse Applications

With 2 single pulse input other types of resorances exist. The dispersion

distance (distance between the shortest and longest path in a taper) is:

de/(0.5L;) +a” +b? -0.5Lg~0.45n (3)

For both tapers the total dispersion distance is 2d = 0.9 m. Assume 2d = )/2 for
the first frequency where the TEM mode is not properly launched. with a
wavelength A = 1.8 m the corresponding frequency f; is 300/1.8 = 167 MHz. Various
resonances (notches) in the field transfer function mav occur at about this
frequency and above ([8]. The closed character of the svstem will prevent
radiation losses. Neglecting ohmic losses in the septum and the encl -sure. onlw

coupling to the source anc load, or the EUT can damp any resonances.
3.4.3 The Effects of Resonances

what are the consequences of the resonant frequencies with CW and pulse
excitation? Let us first look to low voltage, CW applications: such as transfer
function measurements. The highest frequency at which the TEM mode exists
without interacting higher-order modes is a little less than 84 Mliz, depending
on the Q-factor of the system (TEM cell with EUT). If a higher upper frequency
is desired the width "a" can be made smaller. However, the same test height "b"

thogn

is only possible at the cost of a higher characteristic impedance Z. ¢
level measurements an impedance Z, = 50 0 is desired ). Impedance adaptors at
both sides of the cell may be a solution, Furthermore, the leigth of the tapers
can be made shorter for a higher resonant frequency fz. With an L; = 2m instead
of 4m, Ly, = 3m and fy(yqy, = 90.14 MHz. That is not a big gain. With a width
a = lm instead of 2m the first interacting resonant frequency £z .3y = 158 MHz!

In the case of EMP simulation (single shot excitation), the second cuteff fre-
quency of the double exponential pulse (Figures 14-17) ‘s about 60 MHz [?). The
calculated upper frequency limit of 167 MHz is probably enocugh for simulazing the
exo-atmospheric EMP from Figure 14. For a rise time shorter than t. = 5> ns, the
dimensions of the cell should be made smaller, consequently resulting in a
smaller test volume and more corona problems. The corona problems can be reduced
by choosing a higher impedance than 50 I (larger dimension g in Figure 5).

Changing the characteristic impedance Z; of the cell can be achieved by adjusting
the width of the septum. For a 100 0 cell the width should be 0.8 m instead of
1.66 m. The term AC/¢y in Equation (4) is neglected because the curve a/w = 2.5

in Figure 9 at a/b = 1 does not show any deviation from the exact calculation.
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The width of the test volume is a little less than the test height. If more
width 1is required, a characteristic impedance Z, of the cell can be chosen
somewhere between 50 (I and 100 0.

3.5 Field Intensity

The field intensity, E,, in the center of the test volume is given by:

E, - VPa v (6a)
m

b

where P, is the net power transmitted through the cell, R is the real part of the
cell characteristic impedance in ohms and b is half the height of the cell in
meters. With a CW source at the input, P, can be measured. In case of pulsed
power input the field strength in the center between septum and bottom is about

Eo-% (6b)

where V is the voltage between the septum and the enclosure. The electric field
is polarized normal to the plane of the septum.

3.6 Fleld Distribution

The general field distribution in a TEM cell is given in Figure 1 and Figure 18.
Tables 2 through 5 show the normalized electric field at wvarious transverse
positions in a 50 Q square TEM cell, see Figure 19. The normalized field ELY

is obtained from:

n
by
<

&P

o
~
<
N
o

where E; , is the magnitude of either the vertical or horizontal component of the
electric field at the location of interest [10]. V is the voltage between the
septum and the enclosure, b is the separation distance between the septum and
upper or lower walls. The field distribution from Table 2 through 5 is obtained
by using the formulation derived by Tippet and Chang [5, 11].

Figure 20 gives an impression of the electric field strength gradients in an area
within which an EUT can be placed. For example, in the shaded area centered
between the septum and the lower wall, equal to 2a/3 x b/3, the cell has less

than * 1.4 dB E-field gradient [6].

1f a metal box (simulating an EUT) is placed in the center of the test volume,
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25




7——*———&————*——-& 1 Septum

FIGURE 19

~
center o
TEM cell> * * * * | 4b/5
|
» ® » * ® 3b/5
x x x A ® + 2b/5
x x x x x " b/5
A Y - *»—3% floor
a 2a 3a 4a wall
center = = = 5

Field distribution locations shown in Tables 2-5

26




TTID WAL DIYIIWWAS AAVYNOS ¥V NI ATATI

TTen s/evy gleg s/ez (A4 x8jued
0000 0006 00°06 0006 00°06 00° 086
00°00 96 ' 9f {9°99 0Z°6¢L %968 00° 06
00°00 9€°2¢ 03° ¢S s " €¢ LA Q'] 0006
00°00 SE'wE 68°8S L6° €L Lz €8 00706
00700 S8y 68°69 0708 98°S8 0006
————- 00°06 00°06 00°06 00°06 00°06

1102 W8y o71j00mss ‘sxenbs w uy sesifep
oy PIeTZ S7a39e1s eyy Jo o Puw uotrquzjavjog
< oyqelL

TTen S/ey S/eg s/ez s/e 038>
€09°¢ 0%9°9 986°1 1€Y1 $¥2°1 9611
14: T4 4 "1 €€9°1 ee't 681°1 €611
(€21 glz't (STt 960°1 090°1 6%0°1
099°0 Lo 180 988°0 "Z6°0 S€6°0
L0€°'0 0Z%'0 $09°0 L9°0 £28°0 €59°0
0000 882°0 0€s 0 869°0 €6L°0 vZ8°0

(v€g'0-4 ‘qme ‘¢l 01n¥13) "1193 Wl SyIjeumiy
exenbs ® UY p1ey} 5111%01@ OY} jo epnyjufey

Yy o7qey

1185 W3l
Jo 1ajuad

OTdLOITH FHL

S 01 2 FIdvlL

T182 W3l
30 1e3ued

«

anqdeg
c/qy
s/9¢
s/az
s/q

100143

.\\\\\\ TTem Sley S/eg S/ez c/e 07080
umjdag 0000 0%9°9 986" T JOLA ¢ [LTAN 9611
s/an 000°0 €9€°1 6691 8621 9811 ({188 ¢
s/ac 000°0 289°0 (L6°0 o't z50°¢ 6701
s/az 0000 oty'o 669°0 26870 L16°0 SE6°0
s/a 000°0 sieo 8950 9EL’0 $z8°0 €80
J0014 000°0 6820 [ 1X] 869°0 €6L°0 vZ8°0

(P€B 0=m ‘q=® ‘g 0InTy3) -1 @I STIjeamss
exenbs ® uy preis 571I31207e eyl Jo Jueucdmod_£
€ *1quy
118> Wil
3o lequad

.\\\\\ Tiom Slwy S/eg s/ez cle I0qued
onadeg €09°¢ 000°0 000°0 0000 000°0 000°0
c/ay s82°'2 ¥89°1 970 8¥2'0 080°0 000°0
slae LE2' 1 620°1 029°0 1te’o (zu o 000°0
s/az 08970 009°0 2zv0 1240] 8010 00070
s/q L0g°0 020 802°'0 8210 090°'0 000°0
10014 000°0 000°0 000°0 000°0 000°0 000°0

(V€8 0= 'Qu% ‘g 0INB4) °T109 pEL 23 Ij0mmks

Z olquey

enbhs @ uy PreyZ S7IIdeTe eyl Jo juoucdmod.-X

1193 Wil
Jo 18qued

o

anydes
s/ay
$°qe
s/
s/q

20014

27




LAATIRATIA Y G OL TR —
AU AN LAY —

1 et Al AN ~ - ——

—
g S e s i S ——
2 o. ooTIIToTTiiIs ]
S Sy a3 __ _2a/3 _ a_,___ 4a/3 5a/3
% L T~ 2 Tpigtance From Door Side i ————-—
i et St SO St i e b
R ESEEUREEEY BESESI0E fs S :t Tt

Figure 20 Relative clectric field distribution inside symmetric cell. Shaded area corresponds to 1/3
cross-section area shown in top view. Note that this figure corresponds to a 50 {3 cell.

28




the field distribution is changed. The metal case disturbs the field and has a
capacitive loading effect at that location in the cell, Figure 21 shows the
relative field distribution with a metal case occupying one third of the volume
between septum and outer wall [6]. The field strength has increased by about
3 dB and 5 dB respectively in the regions directly above and below the case and
about 1.6 dB and 3.7 dB respectively in front of the case (points 3 and 5). The
increase in field strength should be taken into account when determining the
absolute test field.

For low frequencies, where the transverse dimensions of the EUT are negligible
compared to the wavelength, the discontinuity due to the presence of the EUT is
a pure capacitive reactance, and may be regarded as the fringing capacitance of
the corresponding electrostatic situation. Under this assumption the ratio of
the electric field with and without EUT at the same location has been calculated
by Meyer [3]. Figure 22 shows an example of the amount of distortion versus the
ratio h/b.

Kanda [3] performed a theoretical as well as an experimental analysis of the
loading effect in a TEM cell. He found that the magnetic field distortion due
to a perfectly conducting rectangular cylinder is quite small, and much less than
the electric field distortion reported by Meyer. However, the electric field
distortion is much larger than that predicted by Meyer (a quasi-electrostatic
approximation) in case of experiments at 2 and 10 MHz, see Figures 23 and 24.

It can be concluded that to preserve the integrity of the field, the EUT should
occupy less than one-third of the septum-to-wall distance. A ratio h/b = %
corresponds to a field enhancement above the EUT of 1/0.66 = 1.5 or about 3.5 dB.
Also probes and sensors may cause field enhancements, due to shorting out a par:
of the field between the septum and the wall. For more accuracy, e.g. with field
strength measurements, the probes and sensors should have small dimensions, less
than one-third of the septum-to-wall distance.

3.7 Test Volume

The best location of the EUT is in the region where the TEM field is the most
uniform. However, if required or desired, the EUT can be placed at almost any
location in the cell. Both top and bottom halves of the cell can be used, but
generally the lower half is used. This allows the EUT to be supported on the
bottom of the cell. The upper half can be used for monitoring purposes with a
field sensor mounted in the top of the cell. Hopefully the field in the upper
half will not be disturbed by the presence of the EUT in the lower half.
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For frequencies with a wavelength equal or smaller than the taper length some
reflection from the interface between the input taper and the uniform cross

section can be expected [9]. In that case the best position of the EUT is as
shown in Figure 25a. Again, for best results, the size of the EUT should not
exceed one-third of the dimensions a, b, and 1. This prevents excessive

capacitive loading which shorts out part of the electric field and Jistorts the
test field pattern.

The best location for EUT'’s without external connections is shown in Figure 25b.
They can be placed upon a non-metallic stand. If external connections to the
outside world have to be made, vertical parts in the cabling should be avoided
as much as possible. Horizontally positioned, shielded cables are preferred,

e.g. to connect the EUT to a power source.

It is better to place EUT’s with electrical connections to the outside
environment (asymmetric D-sensors, B-sensors, etc.) on the bottom plate to avoid
pick-up along the vertical parts of the connecting cables, see Figure 25c.
Coaxial connecturs mounted in the bottom plate are excellent RFI-free
connections. Outside measuring equipment connected via coaxial cables to the TEM
cell don't have to be shielded against the internal generated EMP field.
Asymmetric sensors placed upon the bottom plate, with their connectors passing
through a hole in the bottom plate and connected to a coaxial cable, have no
vertical cable parts exposed to the field in the cell and have therefore no pick-

up.
3.8 Field Enhancement

For EMP simulating purposes a high voltage pulse generator is connected to the
input taper of the TEM cell. This may cause corona or even flash-over problems
at locations with small gap distances, particularly near the apex of the tapers.
At a distance of 20 cm from the apex the gap distance between the septum and the
side walls is only g/10 = 1.7 cm and the width of the septum at that place is
already 2w/10 = 16.6 cm. That is rather large to conmnect to the spark gap. At
30 cm distance the gap distance is 2.55 cm, see (Figure 26).

With a DC voltage of 60 kV the DC field strength in the gap without field

enhancement is:

v 60 kV
Yo RY XV . as, v 8
d 1.7 cm 3 kv/em (8
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FIGURE 25a EUT outside reflection area

FIGURE 25b  EUT without extermal cabling

FIGURE 25¢ EUT with electrical connections
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FIGURE 26  Small gap near the apex of the taper (2, = 50 0)
35




The field enhancement between a sphere and a large flat plate can roughly be
approximated by:

V r+d
E 0.93—1— (9)

with r and d in cm’s (12}, see Figure 27. Assume 2r = 1 mm, d = 1.7 cm and
V = 60 kV, then E = 1100 kV/em. The field enhancement factor f is about 31!
Replacing the sphere by a cylinder gives:

v

E=-0.95 ——q (10)
r

r 1In

with r and d in cm’s [12], see Figure 28. The field in the gap is 304 kV/cm and
the field enhancement factor f = 8.6.

Miles Burton (DREO) made more accurate calculations of the field enhancement by
replacing the cylinder with a rounded-edge plate, see Figure 29 and 30a. The
maximum field strength at the surface of the edge of the septum is about
175 kV/cm and the field enhancement factor f = 4.96. See Figures 30a through

30c.

The voltage across the gap during EMP simulation is not a DC voltage, but has a
limited time duration. Before flash-over will occur a streamer has to be formed
to form a conductive path for the spark. With a half-width time t, = 200 ns and
an avalanche velocity v = 10° m/s a distance of at least 2 cm is required. The
voltage across the gap after 200 ns is about 30 kV and the fieid strength 30/60
x 175 = 87.5 kV/cm. That is still a factor 3 larger than the breakdown strength
of air. Some provision is needed to lower the field strength in the gap or to
increase the distance needed to close the streamer path.

One possibility is enclosing the edge of the septum in plexiglass or other
insulating material that at the same time can be used to support the septum, see

Figure 31.

Another problem is damage caused by corona (partial discharge). For pulse systems
which must have a life expectance of many shots, corona damage should be a

dominant consideration.

If two different types of insulating material are used, see Figure 22, or one
insulating material and air, the dielectric stress in each layer can be

36




FIGURE 27 Field enhancement between a sphere and a flat plate
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FIGURE 28 Field enhancement between a cylinder and a flat plate
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FIGURE 29 Field enhancement between a plate with rounded edges and a flat plate
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calculated from:

\'4
El - m kv/cm (11)
E, - v KV/cm (12)

d, (e;/ €,) +d,

where V is the total voltage across the gap in kV, E, and E; are the voltage
stresses Iin materials 1 and 2, ¢, and ¢, are the dielectric constants of
materials 1 and 2, d, and d, are the thickness of materials 1 and 2 [12]. The
dielectric constant and DC electric strength of thin sheets or films of commonly
available solid, liquid and gaseous insulating materials are given in Table 6.
It should be apparent that the dielectric strength of an insulator determines the
maximum electric field strength that the insulator can sustain rather than the
total voltage applied across the material. That is, the dielectric strength is
field-strength dependent rather than voltage-dependent [13].

In reference [12] a listing of some representative materials is given with the
relative dielectric constant K and breakdown voltage or "Dielectric strength",
Vy, under an impressed DC voltag-, ree Table 7. The dielectric strength is
expressed in volts per mil of di.ler.ric thickness, at a voltage stress level
where breakdown is virtually certain within one minute of application of voltage.
Note that the dielectric strength for thicker pieces of material is considerably
less as a result of bulk impurities, voids, and mechanical flaws,

I1f, for instance, lucite is used to insulate and support the septum, a dielectric
strength can be expected of 500 V/mil = 200 kV/cm. Note that the field strength
in the air-seams between the septum and the supporting insulator in Figure 31 is
increased. This situation can be deduced from the fact that:

(€ E)qal = (ef E)lnc (13

Since the dielectric constant of lucite is a factor 3.3 larger than that of air,
the field strength in the air will be the same factor larger! Corona should be
avoided in the air of the gaps in the seams to prevent damage or degradation of
the insulation, generation of prepulse noise and degrading of the rise time. The
best solution is to fill up the gap with insulating compound or oil at locations
with a high field strength.
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K Vy (V/mil)
Air 1.000585 75 (30 kV/cm)
Aluminum oxide 7.0 300
Bakelite (general purpose) 6.0 300
Castor oil 3.7 350
Ceramics 5.5-7.5 200-350
Ethylene glycol 39 500
High-voltage ceramic 500-6000 50
(barium titanate composite and filler)
Kapton (Polvamide) 3.6 7000
Kraft paper (impregnated) 6 2000
Lucite 3.3 500(200 kV/cm)
Mylar 2.5 5000
Paraffin 2.25 250
Polycarbonate 2.7 7000
Polyethylene 2.2 4500
Polypropylene 2.5 9600
Polystyrene 2.5 500
Polysulfone 3.1 8000
Pyrex glass 4-6 500
Quartz, Fused 3.85 500
Reconstituted mica 7-8 1600
Silicone oil 2.8 350
Sulfur hexafluoride 1.0 200 (per atm)
Sulfur 4.0 -- -
Tantalum oxide 11.0 100
Teflon 2.0 1500
Titanium dioxide ceramics 15-500 ---
Transformer oil 2.2 250-1000
Water 80 500
(pulse charged in
7 to 10 us)
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3.9 Rise Time

The rise time of the TEM cell can be calculated from the difference in path
length the current is travelling in the tapers [9], see Figure 4 and 33. The
length x, from the apex to one of the corners at the interface between the taper

and the uniform cross-section is:

X = ‘/Lg + a? + b? (14)

With Ly = 2a = 2b = 2 m the length of x = 2.45 m. The difference in path length
between the shortest and longest path is:

Af=x ~Lg=0.45m (15)

The rise time is then:

t, ~ Al/ec - 1.5 ns (16)

The rise time at the edges of the recommended test volume, see Figure 34, is
smaller:
1,

X - [ng . (—233)2 . (%)2 ]/' -2.123n (17)

A¢=-2.123 -2 -0.123m

t, - % - 0.38 ns (18)

The calculated rise time t, will be degraded a little by geometry mismatches,

e.g. at the interfaces.
4.0  GENERATOR

The generator consists of a high voltage power supply (HVPS), a capacitor and a
spark gap. The capacitor can be charged by a commercial available HVPS, see
Appendix A. The capacitor is discharged via the spark gap and the transmission
line into the load resistor. The capacitor and spark gap can be housed in a
coaxial structure that can be connected to the TEM cell and matched to the
characteristic impedance of the line. 1In this way the generator can easily be
disconnected from the TEM cell and replaced by an adaptor for 50 Q coaxial

connection.
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FIGURE 33 The longest path-length x in the taper
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FIGURE 34 The far edge of the test volume
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4.1 Capacitor

The required half-width time of the field t, = 200 ns. The time constant of the

discharge circuit should be
r = RC = t,/0.7 = 286 ns (19)

or with R =2, - 50 Q
C=7/R=35.7 nF.

The HVPS has a maximum voltage of 60 kV. A low inductance, high voltage
capacitor is needed. Many factors must be considered in order to make a proper
choice. In our case, properties should include: peak voltage, peak current, wave
shape, duty cycle, dissipation factor, power factor, life expectancy, temperature
coefficient, etc. Other important characteristics are: the equivalent series
resistance, impedance, self-resonant frequency, voltage reversal, dielectricum
and the dimensions. Detailed discussions on this matter are very complex and
beyond the scope of this work. For more information reference [12] should be

consulted.

In general, ceramic capacitors have small dimensions, low inductance, low
impedance and can handle high voltages. On the other hand they are temperature
and voltage dependent. If the temperature of the room is stable and the
repetition rate is not too high, ceramic disc capacitors may be a suitable
choice. There are several makes of this type, an example is shown in Appendix
B. In general the high voltage types have a lower capacitance. If necessary two
capacitors of 30 kV in series can be applied. To lower the inductance, three of
them can be connected in parallel and can be given a coaxial shape in a square
metal housing, see Figure 35. In this case the capacitance of each capacitor
C=2x5.7/3=3.8nF. 1t is recommended to design the generator with a little
larger value because the capacitance decreases with increasing temperature,

voltage and aging.

The dimensions of the square enclosure can be derived from Figure 36. In case
of 4 parallel stacks, approaching a square shape of the capacitor, Figure 37 can
be used [14],

At high frequencies, the pulse impedance of a capacitor appears in series with
the load and reduces the voltage across the load (in our case only 50 @1!). If
the pulse impedance is more than 10% of the load impedance, the fast rising
portion of the output pulse will begin to roll over before reaching 90% of the
peak voltage. A pulse impedance of 5 1 for large capacitors is not uncommon.
With the construction of Figure 35 a low pulse impedance is expected.
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4.2 High Voltage Power Supply

The high voltage power supply (HVPS) in appendix A can be adjusted from zero to
60 kV and from zero to 5 mA by two 10-turn potentiometers. The HVPS can be
connected to the capacitor via a high-voltage resistor, e.g. 1 MQ or more.

The time constant of the charging circuit is r = RC = 108 x 5.7 x 107° = 5.7 ms.
The capacitor is charged to 99% of the HVPS voltage after 4.57 = 26 ms.

The charging time can also be adjusted by the current. With a constant charge
current the charging time can be calculated from i = dQ/dt. For instance with
a capacitor € = 5.7 nF and a voltage V = 60 kV a current i = 0.34 mA is needed
to charge the capacitor in one second. The resistor R is needed to isolate the
HVPS from the generator during the discharge. A large time constant results in
a low prepulse! The polarity of the charge can simply be reversed by changing
the connections of the HVPS. Special precautions are needed to prevent spark-
over from the end of the high voltage shielded cable to the resistor.

4.3 Spark Gap

The spark gap contains two electrodes in a plexiglass housing that can be filled
with air or SFg with an pressure of a few atm. (1 atm = 14.7 psig). The
electrodes can be made from steel, brass or copper, however these materials are
not as good in general as molybdenum and tungsten. The best seems to be copper -
tungsten alloys, such as Elkonite 10W3 (57% W, 43%Cu) or 30W3 (66% W, 34% Cu).
The charge transfer Q = C+V is only 0.34 mC. The switch can therefore made very
reliable with minimum electrode wear and very little maintenance. With an
adjustable gap distance the spark gap can be used for different capacitor
discharge voltages. Together with an adjustable gas pressure it is possible to

have a convenient large field strength adjustment.

The rise time of the spark gap is very dependent on the length of the spark.
Therefore the plasma channel must have the shortest possible length. This can
be accomplished by the application of a pressurized, high-insulating gas (for
example SFg).

If possible the electrodes should match the transmission line as much as
possible. The spark is the switch between the capacitor and the transmission
line. The coaxial capacitor is the source from where the TEM wave is launched.

The rise time of the spark gap is dependent on the inductance of the spark gap
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and on the resistive phase of the spark.
The inductance of the plasma channel can be calculated from:

L-zt[(ln—‘*d—')-l]nu (20)

where £ is the length and d is the diameter of the spark channel in cm. Assume
2 =1cmand d = 0.1 mm, then L = 10 nH. With a load impedance of Z, = 50 Q, the
time constant ry = L/R = 0.2 ns and the corresponding rise time

ty = 2.2t = 0.44 ns

With £ = 1 cm and d = 107 cm, L = 14.6 nH and t; = 0.64 ns. The time constant
of the resistive phase can be derived from [16]:

%
88
e g () D

where E is the field strength in MV/m, and (p/p,) is the ratio of the gas density
to that of air at STP (standard temperature and pressure).

With 60 kV across 1 cm and a homogeneous field between the electrodes, E is about
6 MV/m. With dry synthetic air in the spark gap the time constant rg is 2.19 ns
and the corresponding rise time tg = 4.82 ns. Applying sulphur hexafluoride gas
(SFg), having a factor (p/po)* = 2.5, the gap distance £ can be made a factor 2.5
smaller, resulting in a field strength of 2.5 x 6 = 15 MV/m, a time constant ry
= 1.61 ns and a rise time tgz = 3.55 ns.

Note that it is important to work with a high field strength, E, in the spark gap
(9, 14]. With gas pressurization the gap distance can even be made smaller and
thus the field strength, E, larger. The total rise time of the spark is the
geometric sum of the two rise times t; and tp:

t, = Jte + ta (22

with t; = 0.44 ns and tz = 3.55 ns the total rise time t, = 3.58 ns.

The resistive term can be converted to an equivalent inductance which can then
be added to the geometric inductance. These should be added in quadrature such
that:

Le¢r = yLgoo * Lres (23)
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The resistive time constant ry = L/R = tg/2.2 = 3.55/2.2 = 1.6 ns. With a load
impedance R = 50 2 is L, = 1.6 x 50 = 81 nH.

Lgeo contains the inductance of the capacitor, the connections of the spark gap
and of the spark itself. Assume L,,, is 20 + 20 + 10 = 50 nH. The effective

inductance is then:

Loes = V502 + 817 = 95 nH

The effective time constant:

Loge 95
Togs = ; - 55 ~1l-9ms

leading finally to an expected rise time:

t, = 2.2 XTgpe=4.2ns8

In this calculation it is assumed that the load impedance is 50 (I resistive!

In this case, it can be concluded that the resistive phase of the spark plays a
dominating role in the total rise time. By applying more pressure to the
insulating gas in the spark gap, the rise time can be made smaller. With
external triggering (eg. laser beam) the resistive phase can be made shorter and
the total rise time even more smaller. However, for a rise time t, = 5 ns dry
synthetic air with a few atm of pressure may be sufficient. The recommended
triggering of the spark gap is described in section 4.4.

A suggestion for the construction of the spark gap is given in Figure 38. The
electrodes can be made from brass or stainless steel. There is no need for much
maintenance, since the energy transfer is only W = % CV2 = 10.3 J. The peak
current I, = 60 kV/50 @ = 1.2 kA, the charge transfer Q = CV = 5.7 nF x 60 kV
= 0.34 mC. Cleaning and polishing of the electrode surfaces are recommended

every 2000-4000 shots.

! One of the electrodes, at the side of the septum, can be made adjustable. A gap
spacing of 0-1 cm is sufficient. The inductance of the spark gap can be reduced
by making the length of the electrodes in Figure 38 shorter. However flash-over

' on the outside of the enclosure should be prevented. The enclosure can be made

from lexan or plexiglass. The spark is then visible and can be observed.

Because of the pressure the different parts of the enclosure should be sealed

with O-rings. A provision for inlet and outlet of the gas is needed.
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The high pressure dry air is stored in a cylinder. The specifications of the gas
(air or SFg) are tabulated in Table 8. A reducing valve at the top of the bottle
regulates the pressure to approximately 100 psig. With a gas control valve and
meter the pressure can further be reduced to the required level between 0 and 100

psig.
4.4 Triggering

A very simple procedure for triggering the discharge of the capacitor in the
transmission line is suggested.

. Adjust the gap distance and the gas pressure for the desired charge
voltage of the capacitor. For a short rise time choose a small gap
distance with a high pressure.

. Select a gas pressure about 10-20% higher than the breakdown voltage
of the spark gap. A diagram of the breakdown voltage versus the gas
pressure at different gap distances can be prepared in advance.

. Charge the capacitor to the desired voltage (field strength, Eqn.
6b)
At maximum voltage V = 60 kV the capacitor is fully charged after
30 ms.

. Close the inlet of the spark gap and open the outlet. The escape of

the gas causes the discharge.

This simple way of triggering has the advantage of exactly knowing the charging
voltage and, therefore, also the field strength. For accuracy of the charge
voltage see the specifications of the Glassman HVPS in Appendix A. The output
voltage of the generator is determined by the pulse impedance of the capacitor
and the voltage across the spark gap. The pulse impedance can be a few ohms in
series with the load impedance Z, =~ 50 1, the spark gap has a typical 150 V arc
drop. The ratio of the charge voltage and the peak output voltage can be
calibrated in advance. Filling up the spark gap with fresh air removes old gas
particles of the spark. This improves the repeatability of the wave shape.

The charge cycle at maximum voltage and 1 MO charge resistor is about 30 ms.
That is relatively slow, so that no prepulse can be observed. If necessary the
charge cycle can further be slowed down by increasing the charge resistor value.
This resistor should be sufficiently long to withstand the maximum voltage. Also
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INTERNAL GAS
SPECIFICATION TABLE
GAS TYPE SPECIFICATION
DRY SYNTHETIC AIR
NITROGEN | 79% by volume
OXYGEN | 21% by volume
Density | 1.29 + 0.1 g/liter (0°C, 760 mm Hg)

Water content
Hydrocarbon content
Particle size

< 5 ppm by volume; dew point -65°C or lower
< 10 ppm total
< 5 micromns

Carbon dioxide | 0
SULFUR
HEXAFLUORIDE (SFg)
Grade | Dielectric
Purity | 99.8% minimum

Water content

< 5 ppm by volume, dew point -50°C or lower

TABLE 8

GAS SPECIFICATION
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the diameter should be sufficiently large to prevent corona (60 kV for seconds
or more!). By selecting a lower gas pressure than needed to prevent breakdown,

the generator can be made repetitive.
4.5 Adaptor

The generator housing, containing the capacitor, charge resistor and spark gap
forms an integral part of the TEM cell construction. It can be made so that it
can be separated from the TEM cell and replaced by an adaptor for connection of
low level, 50 Q internal impedance, signal sources (see Fig. 39). The 50 G
coaxial connector at the apex of the input taper is then the launching point of
the TEM cell. To keep a minimum distance between the septum and side walls and
to match the shape of the apex to the connector dimensions, the width of the
adaptor septum can gradually be decreased. This means the characteristic
impedance of the adaptor is increasing a little towards the apex. This
discontinuity in impedance will not be seen by the launched wave as long as the
length £ < 0.1 X , e.g. with a length of 30 cm up to 100 MHz. Moreover, the
characteristic impedance, Z,, is also increasing towards the connector by the
increasing fringing capacity term AC/¢y in equation (4). Fine adjustments of the
shape can be made with a TDR measurement, if necessary.

The length, £, of the adaptor is dependent on the length of the generator
housing, which contains the capacitor and spark gap, see Figure 26. In this case
the capacitor is the launching point. The apex will be somewhere between the

capacitor and the spark in the spark gap.

Any type of coaxial connecteor can be used, exceot for VHF purposes, where a
better quality than that of an N- or BNC connector is recommended.

4.6 Suppression of Higher-Order Modes

The cutoff frequencies f .y, and the resonance frequencies fg(umy, of the TEM cell
are briefly discussed in section 3.1. These frequencies depend purely on the cell
geometry (dimensions a,b and w for £.; and a,b,w and L, for fg).

A transmission line has an infinite number of possible modes of transmission.
Each of the modes has its own distinctive configuration of electric and magnetic
fields, and they all satisfy Maxwell's equations and fit the boundary conditions
imposed by the particular transmission line. In a two conductor transmission line
only one TEM wave can exist, the TE and TM waves are both infinite in number.

The TEM wave has no field components in the direction of energy flow. This
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principal mode transmits energy at all frequencies down to and including zero
hertz. The TE and TM modes have a magnetic and electric field, respectively, in
the direction of energy propagation and have low-frequency limits or cutoff
frequencies below which energy will not be transmitted along the line. The
attenuation will increase rapidly with decreasing frequency as the cutoff
frequency is approached.

A practical transmission line is nearly always designed so that it is able to
carry energy in only one mode of transmission. For this reason, the line is
restricted in size so that only the lowest order mode, the TEM wave, can transmit
energy, and the line is then below cutoff for all the infinity of higher order
modes.

In our case, the center part of the TEM cell has a cross-section with large
dimensions. This results in energy flow carried by higher-order modes starting
at relatively low frequencies (TE;,TE)y and TE,; modes from approximately 57, 84
and 102 MHz). At the generator connection a double exponential pulse is launched
with a spectrum from O Hz to more than 1 GHz, see Figure 15. It contains several
above cutoff modes. If some of the power entering the cell is coupled into higher
modes and is superimposed upon the principal mode, the field configuration of the
TEM wave will be degraded.

In the uniform-cross-section center part of the cell the TEM wave as well as the
TE and TM waves above cutoff are propagated. In the taper sections however, the
TE and TM waves are reflected at a distance Xy, %Ly from the center part section,
where the cross-section of the taper becomes too small for the field frequency.
Factor X, is dependant on frequency. Different frequencies from a pulsed higher
mode wave are reflected at different distances in the taper. The reflections will
arrive at different times in the test volume causing pulse dispersion of the
reflected wave.

If the pulse dispersion is neglected, the first reflection of a transient field
in the center of the test volume can be expected after a clear time of
approximately 2x2m/c = 13.3 ns. That is just after t, ., in Fig. 14. The
polarization of the reflected wave is changed by the reflection. The waveform of
the reflected higher mode wave is dependent on the quality factor Q = f,/af of
the damped cavity resonances. Multiple reflections appear with an interval time
equal to the clear time. However, higher-order modes are not very well guided in
the TEM cell,.

At certain frequencies reflections back and forth between the two tapers may
build up resonances, see Eqn. (1) and (2). Resonant low-loss transmission lines,
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like a TEM cell, can have a Q of hundreds in the VHF range. For instance, with
CW excitation at fg(yg;y= 84 MHz and a Q = 500, the 3 dB bandwidth of the
resonance is only 0.17 MHz. The amplitude of the TE,, mode is increasingly
attenuated approaching f.(19)= 75 MHz. Neglecting the interaction of the TE,; mode,
it means that in our case no propagating higher-order modes (traveling waves) are
present below approximately 84 MHz.

Since the excitation from the EMP generator is a single pulse, the reflections
will vanish due to losses inside the cell. No cavity resonances (standing waves)
are built up because the losses are not replenished by incoming power as in the
case of continuous wave (CW) excitation.

Higher-order modes degrade the pure TEM wave, cause standing wave patterns in the
case of CW excitation and cause reflections in case of pulse excitation. It is
therefore important to prevent the generation of higher-order modes or to
suppress them if they cannot be avoided. Higher-order modes can be launched or
excited at the feed point or set up at discontinuities in the transmission line.

If there is a discontinuity in the transmission line, e.g. an abrupt change in
cross-section, or a sharp bend at the connection of the taper sections to the
central portion of the TEM cell, above cutoff and below cutoff modes will be
excited at the discontinuity. The latter are localized and contribute to the
fringing fields at the discontinuity.

In our case the tapers are relatively long compared with the height and the
width. The angle between the taper and the mid-section is about 153°. This
discontinuity can be made more gradual be gluing metal foil on the inner side of
the cell and to shape the septum at that point. If higher-order modes due to
discontinuities cannot be avoided, e.g. in the case of reflections from an object
being tested in the TEM cell, damping material in the output taper can be used.
The relatively long tapers also help a little in stretching the reflected EMP
field.

Any physical structure that launches a traveling wave in a transmission line will
generally excite a large number of modes at the point of excitation. These
higher-order modes can be suppressed by making the physical dimensions of the
launching point small compared with the half wavelength of the highest frequency
content of the generator output pulse. If the physical dimensions (principally
the spacing between the septum and the upper and lower wall of the taper at the
feed point) are made sufficiently small, the small cross-section of the taper
acts as a high-pass filter for the higher-order modes (It has a cutoff frequency
below which higher-order modes cannot effectively propagate). Only the TEM wave

59




D

is passing through this "filter". The higher modes attenuate rapidly with
distance from the point of excitation and are usually negligible at a distance
roughly equal to the transverse dimensions of the input cross-section. They may
be of large amplitude in the immediate vicinity of the launching structure (the
capacitors and spark gap of the EMP generator). At sufficiently low frequencies,
far below cutoff, they add to give the fringing fields that are predicted by
static field theory.

At 20 cm distance from the quasi apex the space between the septum and the taper
enclosure is 10 em. A half wavelength of 10 cm corresponds to a frequency
f = 1500 MHz. That is a factor of 18 higher than the resonant frequency fp(14;)
of the first interacting higher-order mode.

The generator can be given a coaxial structure, see Figures 38a and 38b, that can
be coupled to that of the TEM cell. The problems of exciting waves in a coaxial
system are not simple field problems. The field pattern inside the exciting
source should be studied. Concentrated sources will not in general excite a pure
TEM wave, but all waves that have field components in a favorable direction for
the applied components (capacitors, HVPS cable, spark gap, connections). That
means that one wave alone will not suffice to satisfy the boundary conditions of
the generator, so that many higher-order waves must be added for this purpose.

The TEM wave, if completely absorbed at the termination, will represent a
resistive load on the source. The higher-order modes that are excited, if all
below cutoff, will be localized in the neighbourhood of the source and will
represent purely reactive loads on the source. The real part of the load,
representing the TEM wave, should be matched to the source [17,18].

If possible the excitation should be introduced with the field components in the
direction of the transverse electro-magnetic wave in the line. A choice can be
made from the Figures 38a and 38b. The orientation of the capacitors in Figure
38b results in a horizontal electric field dand a transverse magnetic field. The
electric field component in the direction of propagation causes TM modes.
However, TM modes appear at higher frequencies than TE modes. The first TM
resonance is TM;;q with fg(y;0y= 168 MHz. The taper spacing at the launch point is
small enough to suppress the TM modes.

The TEM wave and higher-order waves are launched forwards and backwards. For that
reason the connection of the capacitors to the backside of the generator housing
should be made as short as possible, see Figure 35. The spark gap, forming a
short circuit during the discharge of the capacitors, should have horizontally
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Figure 38a: Vertical orientation of the capacitor unit

Q
=

Figure 38b: Horizontal orientation of the capacitor unit
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dominating dimensions. The horizontal shape limits the vertical electric field

lines.

The interface between the spark gap and the septum can be given a gradually
changing shape. The HVPS cable can enter the generator housing through the center
of the back side, with the shield of the coaxial- cable connected to the housing
and the dielectric material ending at the connection of the inner conductor to
the capacitor. In that way the cable 1is horizontally positioned and

concentrically connected to the capacitor unit,

5.0 TERMINATION

The transmission line (input taper - mid section - output taper) is matched to
a non-inductive load resistor with value R = Z,. If well designed, all energy
arriving at the end of the transmission line will be absorbed in the termination
and no reflections will be observed in the test volume.

For low-level CW applications an adaptor as in Figure 39 can be used. However,
in the case of EMP simulation, problems with flash-over and corona in the taper,
the coaxial connector, the cable and the power absorber are expected. It is
therefore better to place the load inside the cell and to make it .a integral
part of the simulator. In this way all parts of the simulator, except the HVPS,
are shielded by the enclosure of the celi.

5.1 Load Resistor

Because of the high peak voltage of 60 kV, the load resistor should have a
minimum length of about 20-30 cm, dependent on the construction and the
connection of the resistor. This offers the possibility not only to match tue
line impedance, Z,, but also the wave impedance over this length. Figure 40
shows how the impedance of the line can gradually be matched to the local
resistor value, from 50 3 to 0 Q. Figure 41 shows the same for Z, = R = 100 Q.
It is obvious that Z, =~ 100 @ is a better choice for an EMP simulator.

The characteristic impedance of a transmission line with a square outer - and a
round inner conductor can be calculated from:

Z2,-601n 2 +4.500Q for 2,209, e, -1 (24)

d
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where b is the edge of the cross-section of the enclosure and d the diameter of
the round inner conductor [14]. Figure 36 shows a diagram of Z, versus b/d. The
gap between the resistor and the square outer conductor can be read from Table 9.

The requirements for the non-inductive load resistor can be summarized as

follows;

+ resistive value 50 Q, * 2%;

« temperature coefficient 0.2% per degree C;
+ peak voltage 60 kV;

+ peak current 1.2 kA;

« peak energy 10 J in 1 us;

+ average power 40 W; and

+ duty cycle 1 PPS.

The average voltage and current during 200 ns is about 45 kV and 0.9 kA,
resulting in 40.5 MW. Assume about this power should be dissipated in 1 us and
the repetitive rate of the pulse generator is maximum 1 pulse per second., then

the average power is about 40 W.

A Carborundum ceramic non-inductive resistor, type 889 AS 500 J is a good choice,

see Appendix C.
5.2 Voltage Divider

For a high voltage application, as EMP simulation. it is advantagous to combine
the terminating resistor with a voltage divider. The voltage divider can then
be used to monitor the output voltage and for calibration purposes. For low-
level measurements (CW and pulse) commercial available attenuators, connected to
the coaxial connector of the =daptor in Section 4.5, mayv be applied.

To avoid parasitic inductances and stray capacitances the voltage divider should
be a part of the coaxial structure. A suggestion is given in Figure 42. To
simulate the extension of the terminating resistor, to form a voltage divider,
the output resistor can be distributed around the periphery of the terminating
resistor. The connection between the two resistors and the cutput connector can

also be made coaxial.

The peak voltage is 60 kV. A voltage division of more than about 1 to 50 is not
recommended because of the capacitive coupling at high frequencies. Ten resistors
of 10 01 in parallel are suggested. The maximum output voltage is then about 1200
V. A second voltage divider can be connected to the outside of the cell.
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TABLE 9

Gap Distance g in mm Between Inner and Quter Conductor of the Termination.

4 Q b/d g b
1 100 491 48.9 122.8
3/4 75 324 28.0 81.0
1/2 50 2.14 14.25 535
1/4 25 1.42 525 352
0 0 1.0 0 250
e 9! b/d g
1 50 2.14 14.25
3/4 37.5 1.74 9.25
1/2 25 142 5.25
1/4 12.5 1.16 20
0 0 1 0
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6.0 CONSTRUCTION

Mechanical details will not be discussed in this section, only some electrical
consequences and ideas for application are given. The walls of the TEM cell and
the housing of the generator and termination can be used as a shield, if they are
constructed as one solid shell, without leaking seams. This shielding enclosure
can be constructed from metal sheets, such as tinned iron. Since, standard
dimensions are 3' or 4' by 8', many overlapping seams are needed. Tinned iron
sheets with a thickness of 0.5 mm are easily soldered and have sufficient
shielding effectiveness. For mechanical reasons, thicker material may be needed.
If it is convenient or necessary the length L, can be made a little shorter,
without electrical consequences. The septum can be made from thicker material,
e.g. 1 mm brass or thicker. The edges should be rounded.

To enter the cell a hatch is needed, e.g. with dimensions of 1 x 1 m, in the
lower part of the cell, see Figure 43, Around the four sides of the hatch
fingerstock can be mounted, primarily for shielding purposes. The metal sheets
of the cell near the hatch can be bent around a wooden frame, outside the cell,
to form a flat, solid wall on the inside. The cell can be mounted in a wooden
frame outside the cell and placed upon a wooden buck or pedestal, see Figure 43.
If necessary the metal sheets can be nailed against this frame. To observe the
spark in the generator a small hatch can be made in the generator enclosure that
can be shifted horizontally to open and close a viewing hole. The same can be
done at the termination end. The small hatch at the generator side is also
desirable if the spark gap distance has to be adjusted, without removing the

generator.

Coaxia. connectors mounted in the bottom of the cell form an ideal connection
with the coaxial cables going to the external data recording equipment. The
shielding effect of the enclosure will not be degraded. In the upper half of the
cell a D-sensor can be mounted against the ceiling with the coaxial connector

through the wall. This sensor can be used for monitoring purposes.
7.0 SAFETY

Because of the high voltage, max. 60 kV, special safety precautions are needed.
The cable from the HVPS to the generator (the charging resistor) should be
shielded (coax cable) as far as possible. A provision should be made to
discharge the capacitor before opening the cell. The hatch can be provided with
a switch that prevent charging the capacitor when the hatch is removed. Only
authorized personnel should be allowed to work with the simulator.

69







8.0 CONCLUSIONS

It can be concluded that the construction of a low impedance (50 3) TEM cell for
high voltage applications may cause some problems with respect to corona and
flash-over near the apex of the two tapers, see section 3.8: Field Enhancement
and section 5.1: Load Resistor.

To solve this problem the gap distance in the apex of the tapers can be
increased, the edges of the septum can be given a larger radius, or an insulating
material can be used in the gap. However, every deviation from an ideal matching
of both ends of the cell will result in more interacting higher-order modes and
in reflections. A compromise between correct matching and high voltage

insulation should be made.

Another solution to the problem is to increase the impedance of the cell,
resulting in a smaller width of the septum and a larger gap between the septum
and the side walls. If the width of the septum is decreased to 1 m, the
impedance Z, will be 83 Q, or in case of 2, = 100 Q the width is 80 cm.
Decreasing the width will consequently result in a smaller width of the test
volume. However, related to the available test height of about 30 cm, a width
of 3 x 2w = 40 cm looks acceptable. It should be noted that reducing the width
of the septum will result in a slightly more interacting TE,; mode.

In MIL-STD 462, Interim Notice 5 (NAVY) a parallel plate line with an impedance
Z, = 100 Q is recommended for testing the radiated susceptibility of equipment.
Chapter RS-05, section 5.4 of this document recommends TEM cell radiators. Since
an impedance Z, = 100 Q is an acceptable design and is in agreement with MIL-STD
462, it is recommended for the TEM cell EMP simulator.

Increasing the impedance Z, from 50 Q to 100 2 has additional advantages: a
shorter rise time t,, larger output voltage from the generator, a smaller
generator capacitance and a higher first higher-order cut-off frequency ( f_ 4,
= 67 MHz instead of 57 MHz ).

For low level measurement applications, the adaptors described in section 4.5,
should be equipped with 100 Q connectors and impedance matching networks are
needed to connect the 100 0 cell to the 50 O measuring equipment. Another
possibility is to convert the 100 (i cell into a 50 1 cell by placing metal sheets
over the smaller septum. In that case normal 50 0} connectors can be used and no

impedance matching networks are needed.

The specifications for a 100 O TEM cell EMP simulator are collected in Table 10.
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The dimensions of the TEM cell are balanced against the first higher-order cut-
off frequency (maximum test volume with the highest first interacting resonant
frequency).

The generator and termination are integrated with the TEM cell, thus forming one
solid shell enclosure. In this way RFI can be avoided from the outsice to the
inside during measurements inside and from the inside to the outside during
testing. Data recording equipment without extra shielding can be used near the
simulator.
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TABLE 10
1.0 TEM CELL
dimensions:

3.0

test volume:
impedance:
feony:
freoin:
fr101):

rise time:
GENERATOR
capacitor:

charging time:
time constant:

charging resistor:

maximum PRR:
spark gap:

gas type:

gas pressure:
TI:

Tg!

Teff:

rise time:
output voltage:
output control:
HVPS:

triggering:
TERMINATION

resistor:
voltage divider:

Specifications for the 100 & TEM Cell EMP Simulator

width 2a = 2m, height 2b = 2m, Figure 4,
total length L = Lg + Lc = 4 + 2 = 6 m,
septum width 2w = 0.8 m, Figure 13,
septum thickness t = 1 mm, Figure 11
£xhxw=2mx 0.3 mx 0.4 m

Zg = 100 1, eq. (3)

cut-off frequency of the first higher-order mode is
66.8 MHz, Figure 6

resonant frequency of the first higher-order mode is
76.6 MHz, eq. (1)

first interacting resonant frequency is 83.9 MHz
TEM cell, t, = 1.5 ns, Figure 33, eq. (16)

test volume, t, = 0.4 ns, Figure 34, eq. (18)

Figure 4,

C = 2.86 nF, 6 capacitors of 1.9 nF (2 stacks of 3
parallel capacitors in series), Figure 35.

Advise: order 6 x 2 nF (e.g. TDK UHV-9A, App. B)

t =4.57 =1 sec, 99% of the output HVPS

r = RC = 0.22 sec

R = 78 MQ, 5 mA charge current, section 4.2

1 pulse per second

electrode distance d = 0 to 1 cm, Figure 38
dry synthetic air, Table 8

0 -1 to 2 atm. pressure, ref {9, p.20]

1l atm ~ 14.7 psig

inductive time constant is 0.1 ns, eq. (20)
resistive phase time constant is 1.74 ns, eq.
effective time constant is 1.81 ns, eq. (23)
total rise time generator t, = 3.98 ns (@ 1 atm.)
Appr. 57 kV maximum

10% to 100% of maximum

voltage range 1 to 60 kV, App. A

current range 1 to 5 mA, App. A

adjustable with gas pressure

(2

R = 100 €3, low inductive, Figure 41
1 to 50, Figure 42
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TABLE 10 Specifications for the 100 Q TEM Cell EMP Simulator (con’t)

4.0 OVERALL CHARACTERISTICS

field strength: Ex = 6 to appr. 57 kV/m

pulse shape: double exponential, Figure 14

rise time: t; £ 5 ns, (10%-90%), 4ns in test volume
half width time: ty = 200 ns (50%-50%)

fall time: ty = 660 ns (100%-10%)

field distribution: * 2:5 dB E-field gradient, Figure 20
pre pulse: = 18 of Ey

oscillations: < 5% of momentary amplitude
polarization: vertical

polarity: reversible

field enhancement: input taper, Figure 44 through 49

termination, Figure 50 through 61
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ER Series
300 Watt
Regulated
High Voltage
DC Power
Supplies

Laboratory
Performance...

High Power
Density...

Enhanced
Features

Appendix A

Models from 0 to 2 KV through 0 to 75 KV 3 5 inch panel he:ght

The ER Series...the most sophisticated. medium power. high voltage power
supply available today. The "designed in " versatility of th:s standard prod-
uct line finds itself at home in most applicationsienvironments. With three
control panel configurations. .analog, digial or blank.. and a fuil compie-
ment of standard remote controls, you might think high price. Not i

Glassman's case. just high quality

Features

Air Insulated. As in all standard
Glassman power supplies. the ER
Series features “air’” as the primary
dielectric medium. No oil or encap-
sulation to impede serviceability

Constant Voltage/Constant Current
Operation. Automatic crossover
from voltage or current regulated
mode dependent on the load
conditions.

Low Ripple. Better than 003% of
rated voltage at full load

Tight Regulation. Voltage regulation
tetter than 0.005% line or icad. cur-
rent regulation better than 005~
from short circuit to rated voltage

Fast Transient Response. Less than
3 milliseconds for a 50% load
transient

Front Panel Controls iAnalog and
Digital Versions). Ter-turn voitage
and current contrels with 10Cking
vermer diais AC power ON OFF and
high voltage enabie switches

Remote Control Facilities. A< <t2n
dard. all ER Series power sug
provide output voitage and curr
Program monitor terminas .o
high voltage enabie disatie salety
interlock terminais and a =0 voit

reference source

cram.
cues
5

v

nt

Small Size and Weight ER Series
power supp.ies Consume dniy 3 57
of vertical pane! he:ght Tota: weight
1s 18 pounds

Innovations in high voltage power suppiy technologs

GLASSMAN HIGH VOLTAGE INC,

Route #22 East, Salem Industnal Park, PO Box 551 Whitehouse Stator. N/ 08889
(201 534-9007 ® TWX 7lir480-2859 & FAY /201 333-3n72




Specifications

Input: 105-125 V RMS, 48-63 Hz single
phase. <6 A. Connector per IEC 320/Vi
with mating line cord.

Efficiency: Typically 85% at fuil load.
Output: Continuous. stable adjustment
from zero to rated voltage and current via
10-turn potentiometers, external O to {0 V.
or external potentiometers. Linearity, <1%
fs. Repeatability. s0.1% fs. Accuracy. 1% of
rated + % of setting. Resolution is a func-
tion of programming method.

Stored Fnergy: 20 KV model. 1.5 jouies:
60 KV model. <4 joules.

Voltage Regulation: <0.005% line and
load.

Ripple: <003% RMS of rated voltage at
full load.

Current Regulation: <0.05% from short
circust to rated voltage at any set current.
Voltage Monitor: 0 to +10 V DC for zero
to rated voltage. Accuracy. 1% of reading
+ 1% of rated voltage.

Current Monitor: O to +10 V DC for zero
to rated current. Accuracy. 1% of reading
+ .03% of rated current.

Stability: 001% per hour after 1/2 hour
warm-up. 0.05% per 8 hours.

Output Voltage Time Constant: Typically
50 ms nse or decay time constant {300 ms
for 75 KV model using TTL {on/off) or

remote voltage controi with 75% resistive W —
load b R b\’)ﬁd?

Temperature Coefficient: 0.01%/°C. vb

f.mbient Temperature: -20 to +40°C
operating. -40 to + 85°C storage

Polarity: Positive. negatve. or reversibie
with respect to chassis ground.

Protection: Automatic current regulation
protects against ail overloads. including
arcs and short circuits. Fuses, surge-hmiting
resistors. and iow-energy components pro-
vide ultimate protection

Accessories: Detachable 8-foot shielded
HV Coaxial cable (see Model Chart for
wire type) and 6-foot detachable line cord
provided.

Remote controls: Common. +10 V
reference. interlock current monitor cur-
rent program voitage monitor, voltage pro-
gram TTL. and ground.

External Interlock: Open off closed on.

TTL Enable/Disable: OV off. 5-15 V on

Warranty

Glassman High Voltage Inc. warrants stan-
dard power supplies to be free from defect
in materials and workmanship for three
years from date of shipment. OEM and
modified standard power supplies are war-
ranted for one year from date of shipment,
The company agrees to replace or repare
any power supply that fails to perform as
spectfied within the warranty penod For-
ma! warranty avarlable

Options:

Symbol Description

100 100 V input. rated 90-110 V RMS. 48-63 Hz.

220 220 V input. rated 200-264 V RMS, 48-63 Hz.

400 48-420 Hz, available on standard model and options 100 and 220

DM 3-1/2 digit LCD panel meters

NC Blank front panel (power switch only)

cT Current trip. Power suppiy trips off under overload conditions.

ZR Zero start interlock. Voltage control must be at zero before accegting an
enable signal.

SS Slow start ramp of up to 30 seconds available Specify time

Models

Positive Negative Reversible Output Output Output '
Poiarity Polarity Polarity Voltage Current Cable
I ikV) ImA)l ' Provided
ER2RISO 0-2 I 0150 ¢+ RG59
R
Pg;’;r:;,bloen,y ER3R100 03 0-100 - RG39
L ERSR60 0-5 0-60 RG-59 |
ERIOP30 ERION30 ERIOR30 010 ) 030 . RG-8U i
ERI5P20 ERI5N20 ER15R20 05 | 020 | RGY !
ER20P15 ER20NIS ER20R1S 0-20 [ 015 | RG8U |
ER30P1Q ER30N 10 ER30R!0 030 | 010 | RG8U |
T
ER40PT.5 ER40ON7.5 ER40RT.S 040 | 075 ! RG8U |
ERS0P6 ER50N6 ERSOR6 050 | 06 ! RG-8U !
ER60PS ER6ONS ER60RS 0-60a~ 05 RG-8U
ER75P3 e ERTSNI__ —- | " | 07ey | 03 DS21cs
A s
5} U4  vo% oo Uik Ao
v ‘
—_——__ = = - 7
“whn
¥
| ‘i //////‘/A
| j
B i
= o
|
W0,
T
:1-3 m * oPToNAL
] " WOY USED ON 115V IRPYT UNITS
woomss — SV muaerens o
INDICATOR ADJUST METER TER lﬂ/m.m
-_— \ CUMMENT | -
e \ \ oA | i AR TB1 LEGEND
mocn [FIATS o Eg E ST 3 b 4 crounp 7. -MONITOR
bt b °’L‘ 177 ™ 2 comMoN 8. 1-PROGRAM
w J Vi 3 INTERLOCK 9. LOCAL 1-CONT
—T S P 4 WMONTOR 10, REFERENCE
s now 5 V-PROGRAM  11. HV ENABLE
. 6 LOCAL V-CONT 12. X1

Innovations in high voltage power supply technology.

GLASSMAN HIGH VOLTAGE INC.

Route #227Ttalt, Salem Industrial Park, PO Box 551 Whitehouse Station N'| 08889
(200 §34-9007 & TWX 710-480-28 39 © TAX (201} 534-5672

< Glassman High Voltage inc 1989
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HIGH VOLTAGE CERAMIC CAPACITORS
Type UHV: 20kVdc to 50kVdc

TDK UHV type high voitage ceramic capacitors
feature low dissipation and excellent voltage—
capacttance characternstics using patentec strontium
titanate for dietectric material. They are epoxy-
encapsultated to meet requirement of high voltage
apphcations.

FEATURES

® Low c:ssipation factor.

® Excellent voltage-capacitance charactenstics.
® Small size.

@ Screw terminals for easy mounting.

5205
Ay el
APPLICATIONS P \
/ .
High voltage power supplies, laser equipment. (TN
/
T mems g m mal e
Fig !
SPECIFICATIONS
Rated Part No. Rated capacttance Dxmer;s-nons in Eh-es‘(mm) B o T
voltage (PF) =10% e e e
(kvdc) % T i L
UHV-1A 1400 150138 Tag ‘% ae 23
20 UHV-2A 2500 189 (28 RECREL: 206 .22
UHV-3A 4000 236 60 748119 906 -3
UHV-4A 940 15038 866 122 28
30 UNV-5A 1700 189 148 866 (22 .26
o UHV-8A 2700 236 1601 866 22 26
UHV.7A 760 150 (38 113,08
40 UHV-8A 1300 * 39 (18 11028
= UHV-eA = 2000 236,60 rtoes
UNV-10A 560 150 (38 1.22 131,
50 UHV-11A 1000 1R (1R) 12230
) o ~ UHV-12A 1700 3t bk r223n
® Operating temperature range: —30°C to +85°C ® Temperature characteristc: ,
® Capacitance: Within the specified tolerance at Z57 tfaxmum capacitance change from the 25°C
25°C, 1 kHz, 1Vrms. value shall be +22%, —33% over temperature
® Withstanding voltage: No breakdown at 1.5 times of range of 10°C to 85°C
rated voltage, 60sec. ® AC corona starting voltage: 50% of rated voitage
® Dissipation factor (tan 8): 0.1% max. at 25°C, 1kHz, {rms) min ai 50Hz
1Vrms. @ Voltage-capacitance characterishcs:
@ insulation resistance: 100,000MQ min. at 1kvdc, Capacitance shall not exceed 10¢: trom the
60sec. initial value when rated voltage 1s apnlied.
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HIGH VOLTAGE CERAMIC CAPACITORS
Type UHV: 20kVdc to 50kvdc

Temperature characteristics of capacitance

10b—

A .
! ' i
.
¥ < 931 : ]
~m e [ «

Life test
Cap. change

f

p ! z
z j ' 3
< ,-:F i . - S
O \ S
Z Il — + T a
30— : ; \ 8
L N ;
,Jv{ : |
30 =3 0028 4g 50 A5 I : .
! o 50 205
Temoperature °C) Fig. 2 el 2%0 T.me ?r':urs\ Fig 5
Temperature characteristics of tan ¢ tan §
.‘I ‘ t ]
N . H
g i ; 4 + + !
T ; - |
S i ‘ g 3 —— -1
‘L S~— | g AL i
-3 -rn 325 40 80 85 - '
Terrperature ) Fig. 2 ._J‘
|
s ]
L _ bl 250 3l 750 o
DC voltage characteristics of capacitance Time (howrs) Fig 6
—_ S S
e T T— AC Corona starting voltage
: S
P 7: Rateq m.'a;; _
2 sC ) jRsiey ‘;
Sate 1 OC ¢ tage Fig 4 I -
|
2 !
) J
in:hal J%0 500 T80 oY
Taerny s Fig 7
® Sample’ UHV-5A sampling, n =10
® Test conditions: Sample shall be placed in a
chamber at 60°C # 3°C with an application ot
110% of rated voltage for 1,000 hours.
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HIGH VOLTAGE CERAMIC CAPACITORS
Type UHV: 20kVdc to 50kVdc

Humidity test Heat cycle test
Cap change Cap change
: ‘ <r
; ! -
e - = i R e - —
: | P
’ 2
e R ke —
N |
2 i i :
T | K
_:;,,_,,,__,,.,,,ﬁ.,,,__ﬁﬁ___;_#_q Fg -
i ‘ | tan 6
L 3
Itar REN] 530 750 ~O00 ‘1
Time thouts) Fig. 8 R D
tan o < ! .
I it
a | | |
4 . ' R ot =
i Belifet S
F - fg "2
R U -
2 : AC Corona starting voltage
? : e
e -t >
| ! * :
t i 5 oap—— - -
nar 250 500 780 1030 =0
T.me ihours, Fig. 9 : !
AC Corona starting voitage E m’
~ e
N " E
ER ! g
o ; P
! [y —
» 20 4| iy B
N | Fg 2
{
|

0t-

!

1

= ® Sample: UHV-5A sampiing, n =10

< 7 . ’ ! oo @ Test condiions Sample shali te clacea :n a thamter
and the temperature cycle shown in Fig. 14

‘ repeated 10 tmes.

o a5t 500 75 100¢ Heat cycle test condition

Time thours) Fig 10 PO

@ Sample” UHV-5A samphing, n = 10
e Test conditions: Sample shall be placed in 2
chamber at 40°C £2°C at 90 10 95% RH for 1,000
hours It shall be taken out every 250 hours and 5
characteristics tested after having been left at
normal temperature and hurmdity for 30 minutes.
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HIGH VOLTAGE CERAMIC CAPACITORS
Type UHV: 20kVdc to 50kVdc

Discharge test Discharge test circutt
Capacitance change LTI
|
1
2h e e ot et s eeveee = ah e rend H T M e e
3 O UL T SIS R v 2>
L 4 ceeier e ertre e b e e b ee ] L < {
Foor. - ' 2
R b ——
= [ — L — ) )
E I == =
22 b e e e e . e e e aresan o - [ e
! ' e * = .
: frer ¢ : ! 14 . — 4 =g -—
Ir e e e — — Lo N = -
[— e [ s = .
- a N e - ‘o8 ' >
- ) . R e S e AL
Sumper oSS Ndrge Fig 15 i — -
[
L
~~~~~~~~ OO OO
1 A
tan s !
T T e S oo
. e e e s e : o gv """"""
L - e e e vt eeed "
- S
b —_— . -—— i
= e et — e e e et

e |
Tt o ® ) '*  Discharge test current wave form

‘wurrer of Jischarge Fig 16 ‘
3
AC corona starting voltage E
e - et z
_ . =
P oo

faarner S oeotgran Fig 17

Sarrpie UHV-GA samrohng, n =2

Test conaitions: Sample shall e tested in 3 circunt
snown in Fig. 18 0 insulating ol at room
lemgerature.

e Crarging vchage 40kVde

e Crarging-discharging frequency 10 pu'ses per

X ONtetate
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DHS SERIES  EJA CLASS |

- [ S S,
PART NUMBERING SYSTEM
TYPE TEMP. CHAR.
DHS20 N4700
CAPACITOR TEMPERATURE CHARACTERISTICS
TYPE AND AMD T.C. TOLERANCES
St Per standard EiA Specihcations

Ses Page 6

CHS2C N4TC0 561 M-10KV
DHS30 N4700 122M-10KV
OHS30 N4700 182M- 10KV
DHS38 N4700 282M- 10KV
DMHS352 N4700 502M- 10KV
DOHSB60 N4700 802M- 10KV

DMS20 N4700 371M-15KV
DHS30 N4700 BO1M-15KV
OMS30 N4720 112M-15KV
DMS38 N47C0 192M- 15KV
DMS32 N4700 342M-15KV
CMS60 N4700 532M- 15KV

OMS20 N4700 281M-20KV
OHS30 N4TC0 601M-20KV
DHS30 N4700 881M-20KV
0OHS38 N4700 142M-20KV
OHS52 N470C 252M-20KV
OHS60 N47C0 402M-20KV

OHS20 N4700 191M-30KV
OHS30 N4T00 401M-30KV
DHS30 N4700 531M-30KV
DHS38 N4700 941M-30KV
DHS52 N4700 172M-30KV
DHS60 N4700 272M-3CKV

DHS20 N4700 141M-401°V
OHS30 N4700 301M-40KV
OHS30 N4700 44 1M-40KV
DHS38 N4700 701M-40KV
DHS52 N4700 132M-40KV
DHS60 N4700 202M-40KV

TYPICAL MARKING

- Low dissipation tactor and
low heating value

+ Linear temperature characteristic

- Low DC, AC-voltage coetficient

20

30

40

CAPACITANCE
561

{
CAPACITANCE VALUE

Expressed in picotarags and .Jenthied dy 3

10 to 40 KVDC

Murata Ene’s new High Voltage Ceramic Capacitors DHS N4700 senes 1s gdesigrecto
meet the stnngent requirements of high voitage appircations and feature a iow dissipa-
tion factor and a low voltage coefficient.

FEATURES APPLICATIONS
- Epoxy resin encapsulated - HV DC power supplies
- Small size - Lightning arrestor volitage

distribution systems
- Electron microscopes,

synchroscopes

- Gas lasers
- Electrostatic co|

TOL
M

CAPACITANCE
TOLERANCE

three-digit number First two igits represent Moo= 20

sigmticant hgures Las: digit specifies the

number of zerns 10 'oiow

16

TEST
VOLTAGE
(KYDC)

30

45

60

DIMENSIONS:

2]

787 20)
118 (30)
118 (30
149 :38)
20452
2 36 160)

~87 {20}
118 :30)
118 :30)
139 .38)
204 52
2.36 (60}

87 2%
© 1830
118 30
14938
204 152
2 36 60y

787 (20
118 .30
118 :30Y
149 (38
204 520
2 36 160)

787 i20)
118 130)
118 (30)
149 .38
2 04 152)
2 36 601

Manutacturer's 1dentitication
Capacitance (in 3-digit code)
Tolerance (EIA Code)

Rated Voitage

Date Code of Mig.

TG
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HGH VOUASE

CERAMIC DiSC CAP-CITCRS
DHS SERIES

SPECIFICATIONS

Temperature Range

Operating. -30to +85°C

Storage: —-40°C to +125°C

Capacitance and Tolerance

Capacitance change shail exceed = 20% when measured at
1KHz = 0.1KHz at 25°C with not more than 5+ (0.05Vrms, AC
applied dunng measurement.

Dissipation Factor '

The maximum dissipation factor for these capacitors shall be
0.5%

Dissipation factor shall be measured at a frequency of

1KHz = 0.1KHz at 25°C with not more than 5= 0.5Vrms, AC
appiied dunng measurements.

Temperature Characteristics

10 to 40 KVDC

TYPICAL TEMPERATURE CHARACTERISTICS

Capacitance C«rw\m;)_

8 35 038 &8
L e

!
8
17

Cagacitance

\ Cissipation Factor

T

L . !

-8 - [} 0 LY & -] 100

Temperature ("Q

Diszipanon Facior (%)

TYPICAL VOLTAGE COEFFICIENT

Charactensic  Temp. Range

Base
Temn Temp. Coeff.

(—4,700 = 1.000)

N4700 -30°Cto +85°C 20° % 106,°C

Dielectric Strength Test
These capacitors shall withsiand the specified test voltage for
1 minute through a current-limiting resistor of 1,00041.

Insulation Resistance

The minimum value of insulation resistance shall be not less
than 10.000M(} at 25°C

Measurements shall be made after a 1 minute charge at
500VDC woltage through a current imiting resistoc which shail
be not greater than 10M(.

Humidity Resistance

After exposure for a period of 100 hours to an atmasphere of
95% relative humidity at a temperature of + 40°C, capacitors
shail have a minimum insulation resistance of 5.000M(} and a
maximum dissipation factor of 1.5%. Twenty-four hours after
removal from the test chamber, capacitors shall be measured
in accordance with section 3 and 6.

Life Test

These capacitors shall withstand a test potential of 1.5 times
the rated DC voitage for a penod of 1,000 hours at an ambient
temperature of ~85°C.

Encapsulation
Ceramic 1s enciosed in a moided epoxy resin.

Corona Test

—

Capaciance

o

[}
3
T

Capacitance Change (%)
J
8
T

}_

i

0

2 «© Y
Rated OC Voitage (%)

a0 Q0

TYPICAL FREQUENCY CHARACTERISTICS

0
—2
—4
-6

Capacitance Change {%)

T T T 17T 1ryvrrr

Capacitance

Oissipanion Factor

3

et i S S

1

0 A
Frequency (KHD

Corona shall be S0 prcocoulomb max. in direct reading at

Corona free
Power roscope
Source L Syneh
60Hz (@]
to o
Voitage Reguiator Turing Type
Corona Detector

CX : Specmen 9000pF {30KV Corona free)

2KVrms (10KV rated wvoitage)
3KVrms (15KV rated voitage)
4KVrms (20KV rated voitage)
6KVrms (30KV rated votage)
8KVrms (40KV rated voltage)

[issipation Factor (%)
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DHS SERIES

DIMENSIONS:
in. (mm)

ELA CLASS i

TYPE
DHS20

CAPACITOR
TYPE AND
SIZE

PART NUMBERING SYSTEM

TEMP. CHAR.
sV

TEMPERATURE CHARACTERISTICS
“emperature Range 5= ~10C 13 «85C
MAX. CAP. CHANGE OVER TEMP. RANGE

V= 22% -82%

PART NUMBER

DHS20 Z5V 6812-10KV

DHS24 Z5V 122Z-10KV
DHS30 Z5V 2022-10KV
DHS38 Z5V 322Z-10KV
DHS43 Z5V 4722-10KV
DHS52 25V 6527- 10KV
DHS57 25V 8322-10KV
DHS60 Z5V 9322-10KV

DHS20 Z5V 4712-15KV
DHS24 25V 8012-15KV
DHS30 Z5V 1322-15KV
DHS38 25V 222Z-15KV
DHS43 25V 322Z-15KV
DHS52 Z5V 462Z-15KV
DHSS7 25V 5822-15KV
DHS60 Z5V 6522-15KV

OHS20 Z5V 3512-20KV
DHS24 Z5V 6012Z-20KV
DHS30 Z5V 1022-20KV
DHS38 Z5V 162Z-20KV
DHS43 Z5V 2422-20KV
DHSS52 Z5V 3322Z-20KV
DHS57 25V 4322-20KV
DMSE0 Z5V 4822-20KV

DHS20 25V 2612-30KV
DHS24 25V 4612-30KV
DHS30 Z5V 7812-30KV
DHS38 Z5V 122Z-30KV
DOHS43 25V 1822-30KV
DHSS52 Z5V 252Z-30KV
DHSS57 Z5V 3327-30KV
DHS60 25V 362Z-30KV

DOHS20 Z5V 1812-40KV
DHS24 Z5V 3412Z-40KV
DHS30 25V 5712-40KV
DHS38 Z5V 921Z-40KV
DHS43 25V 132Z-40KV
DHSS52 Z5V 192Z-40KV
DHSS7 25V 2422-40KV

“S.DHSE0 25V 2722-40KV

10

CAPACE WORKING

TANCE
®R
680
1.200
2.000
3.200
4.700
6.500
9.300
9.300

470

800
1.300
2.200
3.200
4,600
5.800
6.500

350

600
1.000
1,600
2.400
3.300
4.300
4.800

260
460
780
1.200
1.800
2,500
3.300
3.600

180
340
570
920
1.300
1,900
2.400
2.700

VOLTAGE
KVDC

20

30

40

FEATURES

» Epoxy resin encapsulated
» Small size
3 Highly reliable internal construction
s Wide selection of values

2 Up to 40 KVDC working voltage

CAPACITANCE

10 to 40 KVDC

APPLICATIONS

. Electrostatic copying machines
Electron microscopes,
synchroscopes

= CRT power supplies

a Lightning arrestor voltage
distribution systems

& HVDC power supplies

VOLTAGE
681 Z 10KV
CAPACITANCE VALUE CAPACITANCE VOLTAGE
€xpressed it picofarads and :dentified by a TGLERANCE igentteg bv 2 two-
three-digit number. First two digits represent 1= -80%. -20% 351 TumDer i
s:gnif.cant tigures. Last digit specities e w00
aumber of zer0s to follow,
TEST DIMENSIONS: in. (mm) TYPICAL MARKING
VOLTAGE ~
KVDC D max. L H
787 (20) 75009 66 (17)
94 (24) 74 (19) 66 117) !
1.18 (30) 75 119) 66 (17 %g:ﬁ:ﬁ:ﬁgy
" 1 49 (38) 74 (19) 66 {17} Capacitance (in pF)
1.69 (43) 75 (19) 66 (17) Tolgrance (EiA Code)
2.04 (52) 7419 66 (17) Rated Voitace
224 (57) 75019 66 (17 Date Coce ot Mig
2.36 {60) 74419 66 17
787 (20) 902 82 21
94 (24) 90 123) 82 12Mm
1.18 (30) 90 (23 82 2M
23 1.49 (38) 90 23 82 (21
1.69 (431 80 (23) 8221
2.04 (52) 90 (23) 8221
224 (57) 90 123) 82 (21
2 36 (60) .90 123) 82 (21
787 (200 102 (26) 94 (24)
94 (24) 1.02 (26) 94 (24)
1.18 (30) 102 (26} 94 (24)
30 1.49 (38) 1.02 126) 94 (24)
1.69 (43) 1.02 (26) 94 (24)
2.04 (52) 1.02 (26} .94 (24)
224 (57) 102 {26) 94 (24)
2.36 (60 102 (26 94 (24)
787 (20) 133(349) 1.25 (32
.94 (24) 13334 1.25{32)
118 (30) 133 (34 1.25 (32
5 1.49 (38) 13334 125 (32)
169 (43) 1.33(34) 125 (3¢)
204 (52} 1.33 (34) 1.25 (32)
2.24 (57) 1.33 (34) 12532
2 36 (60) 1.33(34) 125 (32)
787 (20) 161 (41) 153 (39
94 (24) 161(41) 153139
118 (30) 161({4%) 153139
1.49 (38) 1.61 (4Y) 153 (39)
60 169 (43) 161 (41) 153 (39
2.04 (52) 161 (41) 153 (39)
224 (57 161 (41) 153 (39
2.36 (60) 161 (41) 1.53 (39)

105




S L DUAGE
CERANIC CAPACITORS
DHS SERIES
SPECIFICATIONS

Temperature Range

10 to 40 KVDC

TYPICAL TEMPERATURE CHARACTERISTICS

Operating: -30°C to +85°C
Storage: -40°Cto +125°C AR S AR E— T
Capacitance and Tolerance £ +20p <=
Charactenstic: Z5V § of 4z
Temp. Range: -10°Cto +85°C £ _mL <]
Cap Change: Within + 22%, —82% of 25°C value (Within a e CAPACITANGE e
gven lot, +10% of the mean value is typical) g —%f —4z
Capacitance shall be measured at a frequency of 2 _l Jod 2
1KHz = 0.1KHz at 25°C with not more than 5= 0.5Vrms AC ‘5 _x S~ _DISSIPAT'ON FACTOR g
applied dunng measurement. s i a g |
Dissipation Factor [ L Tt 1
The maximum dissipation factor for these capacitors shall —80 —40 —20 0 20 40 % 60 100 120 140 '
be 1.5%. L- TEMPERATURE °C '
Dissipation factor shall be measured at a frequency of -
; r;:z ef! %.15:2 :‘t 25°C with tr;;ot more than 5=0.5Vrms AC TYPICAL FREQUENCY CHARACTERISTICS
ied dunng measurements.
Dielectric Strength Test w_ AT S
These capacitors shail withstand the specified test voitage for ZS o \ 4
L :‘mur: “\;om,f; aacunekr;t-nmm::;srtesstor ot 1000Q2. gg _at CAPACITANGE CHANGE .
ma reakdown 3z _J i
These capacttors shall be capaole of withstanding a DC o0 =
potential of twice the rated DC voitage for a period of 10
seconds. The test voitage shall be applied at a rate not zz o 7
greater than 10KV second. gg 10t DISSIPATION FACTOR " ]
Insulation Resistance 2o of 4
The mirimum value of insulation resistance shail be not less t ou NIRRT . DU
than 10.000M(). ; Y KHz 10 KHz FREGUENCY 100 KHz M H2
Measurements shall be made after a 1 minute charge at 500V :
DC voitage through a current imiting resistor which shail be
ot arealer than TOMLL " TYPICAL VOLTAGE COEFFICIENT
Mumidity Resistance 10
After exposure for a penod of 100 hours to an atmosphere of i
95% relative humidity at a temperature of +40°C, capacitors b E op 3
shall have a minimum insulation resistance of SO00M(} and a : 8 CAPACITANCE J 3
maximum dissipation factor of 2%. Twenty-four hours after S 34
removed from the test chamber. capacitors shall be measured T : CJ N
in accordance with Section 3 and 6. % OISSIPATION FACTOR f é
Life Test £-% T . 013
These capacitors shall withstand a test potential of 1.5 times s _ ol - a
the rated OC voitage for a penod of 1000 hours at an ambient i3S e
temperature of «85°C. . —50
Encapsulation , [}] 20 42 30 5C o0 20
. AATED DC VOLTAGE (%
Ceramic 1s enclosed in a molded epoxy resin. [ . * ot i I
Corona Test o o o L o
Corona lree
Corona shall be 50 picocoulomb max. in direct reading at
2KVrms (10KV rated voitage)
3KVrms (15KV rated voltage)
Power MChrosco 4KVrms (20KV rated voltage)
Source S 6KVvrms (30KV rated wllage)
60Hz ro (@] 8KVvrms (40KV rated voitage)
lo__o~—to
Voitage Regulator Turing Type
Cs B fo . Corona Detector
(30KV Corona free)

CX Specmen 9000pF
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The Carborundum Company
Electronic Ceramics Division
PO. Box 664

Niagara Falls, New York 14302
Telephone 716-278-2521

Fax 716-278-6270

Carborundum® resistors are problem
solvers for:
Impulse generators
Electronic generators
Capacitor discharging
Protecting silicon rectifiers
High-frequency circuits
High-voltage circuits
X-ray equipment
RF dummy loads
Capacitor current limiting
Parasitic oscillation protection
High-frequency circuits
High-current circuits

just to name a few uses.

Carborundum ceramic non-inductive
resistors are supplied in a wide variety
of sizes and wattages. Listed betow is a
short summary of additionat standard
groupings availabte. Incividual data
bulletins listing complete descriptions
and specHfications are available on
request. Write for the units you are
interested in

Connectors and Terminals

Complete descriptions on finger stock
connector caps. radial terminal lugs and
anti-corona ring pulse power terminals
are available on request.

Appendix C

Carborundum-
Non-Inductive
Resistors

Carborundum Resistors are Supplied in

Three Versions

Type AS for its ability to absorb high

amounts of energy and for its non-
iInductive property at high voitage

Type SP tor great AC power hanc'ing

capacity at erther power frequenc:es or

at many megahertz

Type A for a high power nen-inductive
resistor 'when high resistance is
required.

tAllowable peak energyNottage will
depend on the resistance vaiue.

Series 234 and 231 Resistors

Carborundum Series 234 and 231
resistors are a small size non-inductive
bulk type resistor (there are no spirals
or windings). capabie of dissipating a
full 10 watts of power (Type SP) or ab-

sorbing 275 joules of energy (Type AS).

-

Form A-7049 Eftectve 988
Superseces /88

1987 Kennecon Corp
An Fixgnts Reserved

Specifications 234SP 234AS 231SP 231AS
Resistance, ohms +5%,

+10%, = 20% 1-330 12-5000 1-1000 25-6250
Peak voltaget 500 volts 2.5kv 375 voits 1.5kv
Power at 40°C 10 watts 3watts 2 5 watts 1.5 watts
Derate hnearly to O watts at:  350°C 230°C 350°C 230°C
Max. operating temperature  350°C 230°C 350°C 230°C
Peak energyt 30 joules 275 joules 15joules 75 joutes
Characteristics 234sP 234AS 231sP 231AS
Short uime overload
10 cyctes of 1000%

rated power 5% max. 1% max 3 5% max. 1% max
5sec. on, 90 sec. off
Life test 1000 hr. rated power 5% max 5% max 59 max 5% max

Temperature coefficient

*0075%°C -0075%/°C =0075%.°C -0075%.°C

Type 234 Type 231
Yi¢” Max ~— 02 max
Y4 nom — % nom
! B+
; .
b eyt ‘ L A e L R T R
! max i max
The and et forth
Neren gre ONOred sotely 'mnnmawtnon rQuiry end
@0 hCBLON BNG 818 AOT ft 1ota1 10 Be CONEIrLEC 83
comatitut Tor wech we Bitume CARBORUNDUM

Q 8 warranty of rep
12981 TRSDON DIy NOIRING COMTAINED Ner®in 13 10 b ~ier.
preted 8% authunZatwn 10 Dractice & Latanted .~.e-1cr
minoutl B Iicense




Series 800 and 1000

Elecirical Specitications

This general ine is ava:lable_ n a wige Length Resistance Available  p,. 0o Peak Peak
variety of sizes and terminations. They and ohms Power 340°C  Energy Voltage
retain the non-inductive and heavy ioad Diameter  Type Min. to Max.  (watts) {joules)t  (volts)*
characteristics of all Carborundum 2" x 3" 884SP 10 200 225 250 1300
ceramic resistors. These resistors can 2% " x %" 885SP 10 130 45 250 ' 000
handie up to 1000 watts, 165 KJ and 885AS .. DS* 60 1200 5 2.800 8000
165 KV in resistance values from 1 ohm 885A 1500 220K 15 750 3755
to 1 megohm. 57 n %" 886SP 10 330 90 300 4 000
Parts are spectfied by the four or five :ms -bs* ;;‘0% ;ggo 30 7.300 20600
character type number (for example X o 500 10000
6°x1” 8875P 10 330 150 1.600 4.000
887AS . . DS* 120 3300 50 13.000 30 C00

887A 3900 390K 50 6000 12000

6" x1%" 1026AS DS' 50 1200 70 37200 30.000

/ 8" x1°  g88sP 10 3% 190 2100 6.000
5 2 - 888AS .. DS* 150 3300 7% 16.500 45200
/ 888A 4700 470K 60 7500 15900

8 x1%° 10284 0S° 65 1875 100 46000 45000

- - BR
» 12" x 1 883SP 10 680 275 3.200 €0 000
885SP. 88BAS. 830A). the lirst two digits 8B9AS .DS* 250 6800 100 27 000 75003
of the resistance. a single digit to inch- 889A 8200 680K Q0 12500 25208
cate the power of ten multipler. and a 12" x 14" 1032AS. DS* 90 2500 150 75000 75 200
“J7 for £5%. a K™ for ¢ 10%, or an 18" x 1°  890SP 10 100G 375 2230 8 50C
L7 for +20%. Where the resistance is 890AS . DS* 400 10K 150 43000 20002
less than ten ohms, the power of ten 8904 12K ™ 125 26 000 4G oeC
muitiplier 1s not used, and an 'R’ 18" x 1v2* 103BAS . . DS* 150 3800 225 119.000 120 000
replaces the decimai point. Thus 18" x 2° B9NSP 10 450 750 15,000 16 000
R50=0.50 ohm, 7R5 =75 ohm, 24" x 2" 892SP 10 600 1000 17.500 22.000
220=22.0 ohm. 152 = 1500 ohm, etc 24" x 1va" 1044AS . . DS° 200 4800 300 164.000 165 00C
Standard construction for type SP
resistors provides aluminum metaliza- oit applications with the suffix “GO" or customer service for additional options
ton. while type A resistors have nickei MO which provide a radial or honzon- and pant number and pertormance cetan
metalization. * Type AS resistors have tal tab terminated resistor, coated for A typical part number would be
silver metalization with a dielectric use in oil. The suffix "N’ provides a no 886AS501KDS This represents a type
coating. These standard features are arc terminal with a dielectnc coating for AS resistor, 5 long x 3/4” ciameter
designated by the suffix *DS" applications requiring high energy or 500 + 10% ohms. with diejectric coating
The AS resistor can aiso be supplied for current density performance. Consult and silver terminations
Characteristics Type SP Type AS Type A
Maximum operating temperature °C 350 230 230
Temperature coefticient: percent per degree C. -55°C to maximum rated temperature  =0.075 -0075 -020
Voltage coetficient: Maximum percent per kilovolt per inch active length
taverall tength less termination) 10 XL =
Short hme overload' Maximum percent change after 5 cycles 10 times rated
power. 5 seconds on, 90 seconds oft 20 20 -
Maorsture resistance’ Maximum percent change when tested per MIL-STD-202
method 103 ) 25 25 2%
Standard Sizes ) .
< Nom 813 Type A B C (SP&AS) C [A) Db
L 884 SP 20 050 022 — 025
I A - 118 ;1J 885SP AS & A 25 075 050 0 050
e e e — — 886SP. AS 8 A 5.0 075 050 0 . pe2
- - 887 SP.AS&A 60 100 075 0s 050
L - — —— e = 888 SP. AS, 8 A 80 100 075 05 088
T 889SP AS, & A 120 1.00 075 95 088
= heoore _/ 890 SP.AS & A 180 100 075 05 088
891 5P 180 2.00 150 - 100
Metallized Ends 892 SP 240 200 ~ 150 - 100
1028 AS 6.0 150 100 - 050
1028 AS 108 80 150 100 - css8
1032 AS 120 150 100 - 088
1038 AS 18.0 1.50 100 - 288
1044 AS 240 150 . 100 = J88.

Special sizes are availlable consult factory
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