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ABSTRACT

The signal received from eléctronic systems on various missiles has

contained evidence of voltage breakdown on antennas at altitudes from

50,000 to 300,000 feet at VHF, UHF, and microwave frequencies. Since
continuous cvelewmetry and tracking informetion is often necessary to
determine impact position and system performance, an experimental investi-
gation has been made of the power handling capabilities of antennas at
high altitude. The principal aims of the study are (1) to determine the
physical mechanisms involved, (2) to measure and tabulate experimental
data on breakdown field strengeth for various antenna types, and (3) to

study methods for improving the power-handling capabilities of antennas.

The various physical mechanisms which may be important in the break-
down process, <:d how these mechaniams determine the breamkdown field
strepgth for various transmission._systems, are discussed. Doth pulse and
Cw rnnditiéns aré conatdered.  Breakdawn data are presented for-pnrnllvl-
plete'_ra;tnngnlar waveguide and coaxial-line transmission lines. With
this material ar background, the discussion of the breankdown of monopole
antennas is presented. Data from measurements an a wide variety of
monopoles is presented. It 1s shown that a single curve of (E_/p) as a

function of nr is sufficient to describe the breakdown condition.

The relation between rectangular waveguide and aperture breakdown 1is
discussed. Rreakdown date for apercure antennas are preaented and it 1s
shown that for narrow slot antennas a single curve af (E,/p), as a function

of pd is sufficient to describe the breakdown condition.

An ionized medium near the antenna may severely affect its power-
handling capability. Data from messurements made with a plasma caused by
a NC discharge over a 380-Mc slot antenna are presented, illustrating

this effect.

Ways to improve the power~handling capability of antennas are con-
sidered. Quantitative data are presented which show how DC bias can

increase 1n the power-handling capability of monopoles.
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YOLTAGE BREAKDOWN 1" ANTENNAS
AT HIGH ALTITUDES

I INTRODUCTION

A. BACKGROUND

Examination of the received signal from electronic systems on various
miasiles have indicated the presence of voltage breakdown at the antennas
in the altitude range of 50,000 to 300,000 feet at VHF, UHF and microwave

frequencies, The presence of voltage breakdown is manifested by a decraase

in transmitted signal intensity, change in the input impedance and the
radiation pattern of the miaaile antenna, modification of the pulse ahape,

a L] Iy L3 ‘
‘1ﬁd‘nﬁri€’ridrttrnn"vn“tha—aagnal '" Since it-is: important ip many cases

to obtain »ontlnunus telemetry and track:ng information to determlne
1mpuét pusition and system performance dats, an experimental investiga-
tion has been carried out to study the power-handling capabilities of
antennas at high altitude.  The principal aima of this atudy are (1) to

‘determine the physical mechanism involved, (2) to measure and tabulate

experimental data on breakdown field for various antenna types, and (3)
to study methods for improving the powsr-handling capability of antennas,

B, BREAKDOWN MECHANISM

The high-frequency breakdown mechanism has been thoroughly investi-

gated in the past for circuit elements such as transmission lines and

cavities.?® The source of primary ionization is due to electron motion,

and breakdown accurs when the gain in electron density becomes equal to
the loss of electrons by diffusion and attachment. This relationship 1s

expressed as:

dn
= ('u

—— . Vn)ﬂ + 8 4 VQ(Dn) (1)
ot

* References are lintad at tha end of the report.
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where
) J
n 1is the electron density
. v, is the ionization rate
) v, is the attachment rate
S is the ionization produced by an external source
D i= the diffusion coefficient for electrons. :
The measurements reported here confirm that the processes that are
important for microwave circuit elements also determine the minimum
power-handling capability of antennas in air at low pressure. _
For a parallel plate configuration, the solution of the electron i
- - continuity equation (1) gives for the breakdown conditiegn: ;
. D . ,.gf
v" vn = 'AT (2) %
,,4;,,l, LTI m S SSmoTen oioTie s i "%
R el gRebe A bethe cheracteabi sbte—dH-fPuaton lenguh and-dssoribes ths gas- - —
- - container -shapé in- a typical -diffumsion problem. For spacing L between -4
parallel plates %
L H i
A = - . : (3) |
pos | _ :
The diffusion coefficient is
AR : R T R
D‘ lll X : FER (4) L) o
B e— : R s

where L is the mean free.path)hnd_v ﬁh&jveiqciiy;of;cﬁe elécttdﬁ,; For
e given configuration at a fixed pressure, D is a>CQnaﬁanh; 1f the
, parallel plate spacing is decreased, then A decreases while D/A? will

increase. Thus the net iodization rate, ¥, = ¥_; must be increased to .

a?
initiate breakdown. Since the net ionization rate increfses with

increasang electric field, one obtains the interasting result that by

decreasing ‘the spacing hetweern parallel plates, owe increases the field "

strength required to initiate breakdown.
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1. DirrusioN-CoNTROLLED BREAKDOWN CURVE

A plot of the typical variation of the breakdown field with pressure
ias shown in Figure 1. If the breakdown field is controlled only by
attachment, the field strength required to initiate breakdown is shown
by the solid line and is given approximately by E, = 30p. Here p is the

pressure in mm Hg; E, is the effective field which would produce the

L4
same energy tranafer to the electron as a DC field and is given by

Ev

[

E, & ———————e (5)
v + w2

where £ is the rms field

v, is the collision frequency in collisions per second ' S

w = 2nf = angular frequency,
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At high pressures, the mean free time of the electron is amall compared
ta the RF period, and_the energy gained by the electron per collision is
small. Since the electron must gain energy corresponding to the ioniza-
tion potential more electric field strength is required as the pressure
is increased. Thus, in this region the value of E to initiate breakdown

varies directly with the pressure, since for air

v, = 5,3x10% (6)

where p is the pressure in mm mercury.

At very low pressures the electrons make many oscillations per
colliasion., Since the electrona gain energy Only through collision, the
energy transfer is poor and the curve flattens out at low pressure. The
knee of the curve in Fig. ]l represents the;pressure at which the collision
frequency is equal to the RF frequency. Since the attachment and ionize—
tion rates do not depend on geometry, the breakdown field will be
independent of geometry.

If diffusion becomes an important loass parameter, the curve begins
to rise at low pressure. In faet, the field astrength varies inversely
as the pressure and diffusion length, 1In Fig. 1 two curves are shown

for the diffusion-controlled case, where Ay > A,. Here, A, corresponds

to increased diffusion loss, and in the case of a parallelzplnbe this
corresponds to a narrower spacing, This figure illustrates the fact
that mssociated with e given frequency of operation, there is no single
pressure at which & minimum field strength is required for breakdown.

The pressure at which maximum power transfer to the electron occurs,
serves as an estimate for the pressure at which minimum breakdown occurs,
At this frequency the collisian frequency v  is 2qual to the angular

RF frequency—i.e.,

5.3 x 10%
an

8.45 x 10% . (1)

As diffusion loss becomes important the minimum occurs at higher and

higher pressure, as shown in Fig. 1.

In pulsed breakdown, the pulse is normally on for such a short time

that breakdown 1s less dependent on geometry and, hence, on diffusion,

4
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In this cese breakdown will occur when the difference between 1onization
and attachment rate is large enough so that within the time the pulse

is on, the electron density will build up to the breakdown density.

At pressures so low that the mean free path 1s of the order of or
greater than the characteristic dimension, the breakdown process is no

longer diffusion-controlled and Eq. (1) no longer applies.

A study of the factors making up Eq. (1) shows that for geometrically
similar antennas, frequency scaling is applicable® for the type of
discharge under consideration. Aaide from the usual electromagnetic
similitude principle, it is required that

pA = constant

where

p is the pressure in mm Hg

‘X is the wavelength,

Alza if the form of the near-zone field remains the same with some varying
dimension (as with paralle]l plate transmission lines with varying spa01ng;
narrow slot antennas with varying width, and monopoles with varying

diameter) the velue of the ratic of effective field required for breakdown,
E,

te pressure, p, is a function of pressure times the characteristic
dimension, '

— —

If the near-zone field region about an antenna does not vary with
varying characteristic dimension, E,/p is no longer aimply a function of
pressure times the characteristic dimension. This occura, for example,
with slot antennas when the slot width becomes appreciable compared to a

wavelength.

2. FREE AND AMBIPOLAR DIFFUSION

For breakdown in eir the diffusion coefficient Df is due to diffusion

of free electrons and is given by

(8)

Lkl
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a=

e

vaf t w?

electron mobility =

Boltzmann's constant

electronic temperature with free diffusion.

The free diffusion condition exists at low pressure (high altitude) and

can be simulated in a vacuum chamber.

A phenomenon ‘which is unique to high altitude missile operation is

the transmission of signal through the ionized medium associated with

re-entry into the earth's atmosphere. The effect of the ionized medium

is to change the electron loss mechanism from free diffusion to ambipolar

diffusion.?’

The diffusion of electréns from a neutral plasma brings

about the increased mobility of the heavy positive ions since the plasma

tends to charge neutrality. A positive apace charge is developed as a

sheath around the antenne which retards the high velocity electrons and

acéeleratas tha positive ions. In the plasma te he considered in thia

report, the electron temperature is large compared to the positive ion

temperature and the ambipolar diffusien coefficient is then given by

where
Fy
T!l
Therefore

-

kT
ea . (9)

e

positive ion mobility

electronic temperature with ambipolar diffusion.

a

—_— =

Dy “eTog

D #+T¢u

(10)

The net result is to decrease the diffusion loss of electrons, thus

decreasing the power-handling capability in an ionized medium.

ikl il
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IT LOW-PRESSURE YOLTAGE BREAKDOWN
IN TRANSMISSION LINES

A. BACKGROUND

Moat of the investigations that have been conducted in the past have
been concerned with breakdown in transmission lines. Breakdown in trans-
mission lines differs from antenna breakdown principally in two ways.
First, in transmission lines one is usually concerned only with the two-
dimensional electric field variations. In antennas, the three-dimensional
field variations must be conaidered. In unmatched transmisaion lines,
where atanding waves are present, the longitudinal distribution of field
may be of importance, but in most cases it varies more slowly than the
tranaverse fielda. Secondly, in most transmission systems the fialds are
contained by conductors in such a way that there are surfaces to which -
electrona can diffuse. In antennes, the electrons may drift away fram __
‘the vicinity of the aperture without being lost ts a surfave. '

Nevertheless, because data and theoretical approaches are pvariable
from researches into transmission line breakdown, they will be used as a

starting point,

B. CW BREAKDOWN OF PARALLER-PLATE SYSTEMS

Conaider a transmission line system composed of two infinite parallel
plates separated by a distance, d, with a uniform electric field, E,
between the plates. Both Brown? and Gould and Roberta?® have analyzed this

configuration, and the following discuasion will review their results,

For CW breakdown to occur, the rate of change of electron density
with time, 9n/3t, must be slightly greater than zero. Under these
conditions the electron density will increase exponentially with time
at a rate determined by the value of 9n/9t. The rate of change of electron
density is determined by the difference between the rate of increase of
electron density and the rate of loss of electron density. This relation-

ship is expressed as

on

— = v ~va tV (Dn) : (11)
At

7
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Here, v, is the frequency of ionization per electron, so that v.n is the
number of ionizations produced per second; and v, is the frequency of
attachment per electron, so that v.n is the number of electrons lost by
attachment per second. The loss of electrons per second due to diffusion
to the plates is given by V? (Dn). This equation may be written in

integral form as

n T 72 (Dn)]
In (-—) [ l:(vi - v,) * I lde (12)
. n

when n, ambient electron density before the electric field is applied.

Brown has solved for the electron density distribution for this case
and shown that it is of the form ain (mz/d), where x is distance measured
from one plate. For a uniform field distribution, D is a constant, and
V2 (Dn) may be written as DV2n. Since n is of the form ain (mx/d)

V2(Dn) = ‘(f—)zbﬁ . NTE)

Substituting this expression into Eq. (12), and integrating, we obtain

il

m\%
= - <, +D(7) (14)

where <v . > isthe averagenet value of v, ~ v, over the time T,

Normalizing with respect to pressure [Eq (14)) becomes

F o
no v Dpr?
- net + p . (15)
pT P (pd)?

For CW breakdown 7 can be made indefinitely large, so the breakdown

is defined by setting the left side of Eq. (15) equal to zero:

2
<Vﬂet> Dp'7T

0 = - . (16)
p (pd)?

J
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Gould and Roberts show that <v _ >/p is a function only of E_/p and
pA, while MacDonald® has shown that Dp is a function E,/p. Therefore,
the value of E,/p required for breakdown is a function of pd and pA.
Equation (16) has been solved and the results of Gould and Roberts3? are
plotted in Fig. 2 for the CW case. These curves have been verified by
a number of measurements, including Herlin and Brown’s? at 3000 Mc and
Pim’s® at 200 Mc.

The fact that the curve flattens out for pd greater than about
& mm Hg-cm indicatea that for these values of pd electron loss hy
diffusion to the walls is negligible and the predominant loss is by
attachment. That is, the walls no longer pley a part in removing
electrons and so any value of pd requires the same value of E,/p for
breakdown. The equation for breakdown under this condition is then

and the value of E{ ip fer ‘breakdown ia appronimataly 30,

10 T T T T

3
v

Eg/p — VOLT/cm /mm Hg
o
[+]

PAEI000
~P Lv5000
40 o
s =
e S—
1 1 L 1 I (R |
1 2 4 6 8 10 20 40 60 80 K0
SOURCE' L. GOULD B L. NOBERTS P8 —(mm Hg-cm)
FI. 3, B |18, .
pHYS, tOGT. 19
RA-2494-T-108
FIG, 2

SOLUTION FOR PARALLEL PLATE CW BREAKDOWN
From Gould and Roberts




For values of pd less than 25 mm Hg-cm, electrons are lost to the
plates by diffusion, and higher values of E,/p are required to make up

for the increased loss.

Since the value of E,/p for a given pd varies only slightly over the
range of 0 < pA & 5000, where A 1s the wavelength in cm, a normalized
curve of E_/p as a function of pd has been plotted in which the parameter
PA has been eliminated by plotting only the values of E,/p for pA = 0.
This curve, shown in Fig. 3, with the aid of the correction shown in
Fig. 4, contains all the information necessary to determine the value of
E,/p for any pA and pd, The relation between the value of E,/p at & given
pA and for pA = 0 is :

(‘i) fA - (i.) ,
P/ P /pA=q

where A is given in Fig. 4 and (E //p),\., shall be called (E,/p),.
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Also shown in Fig. 3 are the results of a series of measurementas by
Herlin and Brown® at a wavelength of 9.6 cm., Their data, which were
presented as curves of E as a function of p for three different values of
d, has been converted into the notation of E,/p, pA, and pd. Thesq data
extend Gould and Roberts data 2 orders of magnitude.

C. PULSED BREAKDOWN OF PARALLEL-PLATE SYSTEMS
1. SINGLE PULSE

For breakdown to occur within a single pulse width, 7, it is necessary
for the electron density to build up to some breakdown valuve, n,, in a
finite time, Referring to Eq. (15), the left hand side of the egquation
is no longer zero but some finite value. Gould and Roberts® have solved

Eq. (15) and obteined a solution in the form of

'ul,."’

= flpd, p7, pA]

11

- NORMALIZATION FACTOR, 5, ASTAFUNCTION'OFpX =

1
Ak oo




A ratio of 10® was assumed, since n, and n, are somewhat indeter-

minate, and since 10% produced the closest check with experimental
results. Their data are shown in Fig. 5.

Once again there is a region over which the curve flattens out. As

p7 is iwecreased for a givenpd, the breakdown approaches the character of

a C¥ breakdown. When there is no longer any decrease of E,/p with

increasing pT, the breakdown is precisely the same as in the CW case.
The shorter the value of 7, the more rapidly must the electron density
build up to reach n,. This can be done if the ionization rate (and

hence B,/p) is increased while the attachment and diffusion losses remain
the same or become smaller.
of 7, but the diffusion loss decreases as T decreases, since there is

less time for the electrons to diffuse to the walls. However, in general

I
INFINITE PARALLEL PLATES WITH SEPARATION 4

:N 40 TO )
30 :
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FIG, 5

SOLUTION FOR PARALLEL PLATE PULSED POWER BREAKDOWN
From Gould and Roberts

12

The attachment loss is tonatant as & funetion

+ 3 xeodh wdada i i

LW

2iien

i




e R

(A fr e

the decrease in diffusion loss is more than offset by the reduced time
available for the electron density to reach n,, Thus as pT decreases,

for a given pd, E,/p increases.

In addition, since at lower values of pr the diffusion loss becomes
less important than the attachment less, the curves for different values-
of pd tend to merge as pT decreases. That is, the spacing between the
piates no longer is impertant when the breakdown process is attachment-
controlled.

2. MurrtipLE PuLsk

If the pulse repetition frequency (PRF) is sufficiently high,
breakdown may occur at lower values of E,/p than for single pulse break-
down. This may be explained as follows:

Consider a pulse of amplitude alightly below'the value necessary to
produce single pulse breakdown. Even though breakdown does not occur, a
significant_electron density is produced while the pulse is on, When

the -pulse is off, the slactvon density decreases.due to recombination, .
diffusion and attachment. However, these processes require a finite time.
Therefore, when the next pulse occurs, the initial electron density, ny,
for this pulse will be greater than for the first pulse, so that the
electron density at the end of the second pulse will be greater than at
the end of the first pulse. After a sufficient number of such pulaes,
breakdown will occur. The shorter the time between pulaes (higher PRF)
the larger will be the residual electron density from the previous pulse,
and therefcre a lower value of E_/p will be required for breakdown.

Measurements of this phenomenon have been made by Gould and Roberts
and by Allen and Keenan.!® Gould und Roberts' results are shown in Fig. 6.
As can be seen from the figure, over the usual range of pulse repetition
frequencies used in radars, the variation of E,/p with PRF is a relatively
small factor. Over the entire range of parameters described by Allen and

Keenan the value of E,/p varies only by a factor of two at the most.

Onr further point illustrated by the measured results is that the PRF
ot which E,/p begins to depart from the single pulse values, incrcases
with increasing pressure., That is, the time between pulses must decrease
as the pressure increases in order for there to be a significant increase
in electron density from pulse to pulse. This is reasonable when it is

realized that the recombination rates increase as the pressure increases.
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TUIMRIT SREARLHAY

D. CW BREAKDOWN OF RECTANGULAR WAVEGUIDE

When side walls are added to a parallel plate structure, a rectangular
waveguide is formed. This discussion shall be limited to the TE,, mode of
excitation of such a waveguide. The main effect of adding side walls is
to alter the field configuration between the parallel plates. The
tranaverse field distribution from the hottom to the top plate is still
uniform, but this field now has a sinusoidal variation of the form
sin (7y/2a) across the waveguide, where y is measured from one side wall
and g iz the guide width. BSince the field is no longer uniform across
the waveguide, transverse diffusion as well as diffusion to the bop and
bottom walls may be an important mechanism for the removal of electrons,
That is, electrons producéd near the center of the waveguide will diffuse
into field regions where they no longer can obtain ionizing energy and
hence are not effective in producing breakdown. Since the electron loas
mechanism has been increased, it would be expected that higher values of
E,/p would be required for waveguide breakdown than for parallel plate
" -breakdown.. That this is actually the case is illustrated in Fig. 7, taken

“Tvom Gould s repore. Wt thiz figure the value of CW E_/p for breakdown -
as 8 funetion of pb (b {s the height of the waveguide) is plotted for
several values of the ratio a/b. For a given value of b, the lﬁrger the
ratio a/b, the more aslowly the transverse field varies and hence the more
closely waveguide breakdown appears like parallel plate breakdown. Thus,
for each value of pb the lurger-vhe ratio a/b, the smaller is the required
E,/p for breakdown. The curve for a/b > 8 is almoat identical with the
parallel plate bhreakdown data.

For the larger values of pb, where attachment is the dominant loss

" mechanism, the transverse diffusion of electrons in rectangular waveguideo
is unimportant for all vaiues of a/b considered. Therefore, at these
values of pb the ratio of a/b makes little difference and all the curves
merge to the value for attachment controlled parallel plate breakdown.

E. PULSED BREAKDOWN OF RECTANGULAR WAVEGUIDE

As may be gathered fram the numerous references to the work of Gould
end Roberts, that source has been used as a starting point for much of the
work cthat the authors of this report have carried out. Valuable as their

work is, however, their data are limited to values of E,/p less than about
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80 volts/cm/mm Hg. Therefore, in order to check our experimental technique
against previously measured results, and also to extend the data beyond
the presently available range, measurements of breakdown inaside a rectangular

waveguide were made.

-~-— Measurements were made on a standard size X-band rectangular wavgguidg
(inside dimensions a = 0,9 inches, b = 0.4 inches) radiating into fréq
space. Under these conditions the input VSWR was 1,7 with the maximum
voltage point not in the aperture. This ensured that the breakdown would
occur inside the guide and not in the aperture. At the same time the VSWR

o s e

Was low enough that longitudinal variations in the field should have only
a samall effect on the results. A waveguide many wavelengtha long was uaed

so that the aperture was far from the point of breakdown, and so that

higher order modes were not present near the breakdown point.

A bleck didgram of the experimental set-up is illustrated in Fig. 8.
Note the use of & atrip of polonium, an alpha particle source, taped to

e e

the inside side wall of the waveguide., To initiate the breakdown process  _

a freeﬁt}acbron~is~requlredf—_Ui}ng—bh;s—;ou:ce,_maaauremenha ngg<qu1ng__b&;,w, -

repeataEIe wathout waltlng for long perlods &F time.

C

Power was measured through a calibrated directional coupler, a
calibrated variable attenuator, and a bridge type of power meter. A
ferrite isolator in the line directly out of the magnetron prevented the
occurrence of appreciable power variations or frequency-pulling under -
breakdown conditiona. '

The reflected pulase was monitored on an oscilloscope and breakdown -
was determined by any alteration in either the amplitude or shape of the
. reflected pulse. Since the breakdown was occurring inside the waveguide
it was more certain to determine breakdown by the change in the reflected
pulse than by visual observations. 1In general, even when visual cbserva-
tion is possible, es on an antenna aperture, for weak breakdowns the
reflected pulse method is more sensitive than visual observations of the
aperture., Further, since the effect of breakdown on a system is of
concern, measured electromagnetic effecta are more important than visual
effects,

Three pulse widths (approximately 0.5, 1.0, and 2.3 microsecouds)

were available, and date at.each pressure were taken with all three.
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Since the breakdown fields are not greatly affected by PRF, a value
of 200 pps was chosen rather arbitrarily for these messurements. A plot
of the directly measured paramecers, peak power and pressure, is shown
in Fig. 9. These curves exhibit the usual pattern for breakdown, with
a minimum power for breakdown required at approximately the pressure at
which the collision frequency equals the angular frequency. TIn this case
the measured minimum occurs at a pressure of about 5 mm Hg while the
pressure at which v_ = w is about 11 mm Hg.

The data on power have been transformed into electric field values

T e i

FEAX POWER— kw

(see Appendix D), and the data normalized-into terma of (E./p)n, pT, and
- pb., The results are plotted in Fig. 10. Also shown for comparison is
1 . J
t ¢
/
- .\\\ 1- o PULSE WIDTH = 2.2 MICROSECONDS — ]
T T T IRRINSIE T - T o - RURSE WIDTH m-1.0-MICROSECOND o =3
. : ﬁgk Do i e e e e e |
\ PULSE WIDTH = 0.95 MICROSEGONDS, -/
’7i§.=k g t b AT S 4 T
N V 3
0 T 7 . i
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oe
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FREQUENCY » 9379 Mc
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0.2
]
o.
ol 10 10 100
PRESSURE — mmﬂ,
]
FIG. 9
PEAK POWER AS A FUNCTION OF PRESSURE TO INITIATE BREAKDOWN

IN A RECTANGULAR WAVEGUIDE AT X-BAND
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the entire range of data available from Gould's report.!! The agreement
between their data and the measured data over the range where these two

sets of data overlap is quite good.

The CW breakdown values of (E,/p), taken from Herlin and Brown's?
data on parallel plates are indicated at the highest value of p7 plotted
(pr = 10" mm Hg-sec). These values ere taken as asymptotea which should
be reached as pT increases indefinitely. The dashed lines connecting the
measured pulse data withAthe;CW data are estimated values and are drawn
to conform with the pattern characteristic of the variation of (E,6/p),

a function of pr fér 2.5 € pb € ®, The close agreement between the two
seta of data over the range 2.5 € pb € © suggeata that aome degree of
confidence may be placed in the estimated curves.

In order to verify the effect of PRF on breakdown power, a series of
measurements were made in which the peak power for breakdown as a function
of PRF was measured for preasures above, at, and below the minimum. The
results are shown in Fig. 11. At each pressure the data have been

jnurmtttxaﬂ—rc thepesk- power—for-breakdown—at-—one-pulse-per— ;ucondf-«The__u____“__J

‘Tesults are similar bo those nf previous workers, described i an“&arJIer

sectian.

The variation in peak power for breakdown for the range of PRF’s from
1 to 200 is leas than 5% over the pressure tange from 0.7 to greater than
30 mm Hg. Therefore, the resulta shown in Fig. 10 should be applicable
with only a small error for PRF's other than 200,

In Fig. 12 the curves of power required to initiate and to maintain
breakdown for a matched waveguide as a function of pressure are plotted
for a pulse width of 1.0 microseconds. Throughout the whole pressure
range over which measurements were made there ia only a small difference
between the initiating and the maintaining power. This is so because
the breakdown is essentially a single pulse breakdown and therefore
extinguishes itself at the end of every pulse, Even under ambi-peclar
diffusion, when the pulse ias off, the electron density decreases rapidly-
compared to the period between the pulses.

F. C¥ BREAKDOWN OF COAXIAL LINES

Radio frequenry breakdown within coaxial lines has been studied by

GouldM and Herlin and Brown.!? In coaxial lines the radial field varies
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as rl/r (r1 is the inner conductor radius and r is the radial distance
measured from the center of the inner conductor) with the maximum field
at the surface of the inner conductor so that radial diffusion is
important. As electrons are formed in the high fields near the inner
conductor they diffuse radially outward and enter lower field regions
where they cannot gain ionizing energy. —At €he higher pressures where
the mean free path is samall the breakdown tends te form about the inner
conductor. At lower pressures the mean free path increases so that the
random veleeity of the electrons may carry them away from the inner
conductor before they collide with a gas molecule. Therefore, at lower
preasures the breakdown occura at some distance from the inner conductor
moving outwards as the pressure_decreases, . '

The theoretical analysis of coaxial line breakdown is complicated by
the fact that the ionization frequency, the attachment fredquency and the
diffusion coefficient ere all functions of the radial distance r.

GouldM has given the results of his solution of the breakdown equation

for a_value n§<iéjrlrn 2.% (r, ia the outer conductor radiua) which

o rdrrespiTdY Ty TehErITteTiStic TS dstce of 50-ohmsr ~Unferiuasalyy the - -

- ‘wathed-of solution is not given, mo that date for other values of ry/r, -

cennot be calculated. Also, his date only extend to-values of (E_/p),
of about 85. Gould's calculated data are presented in Fig, 13.

Herlin and Brown!? have used an approximate analysis and described
the details of their solution, Using curvesof { (ionization/volt?) as N
a function of E/p which have been determined from parallel plate data,
they approximate the actusl variation of { as a function of E/p by a
straight line (on log-loé paper) which is tangent to the actual curve
at the value of E/p which corresponds to the field at the surface of the
inner conductor. With this approximatioﬂ a solution of the diffusion
equation in terms of Bessel functions is obtained. Introducing the
boundary conditions for the electron density at ry and Ty {n=0) a complete
solution is obtained. However, since there is a different curve of { as
a function of E/p for every value of pA, a different solution is obtained
for each value of pA, The solution for pA = ® has been worked out by
Herlin and Brown!? and should be useful down to values of p\ greater than.
109 mm Hg-em. Fig. 14 presents the results in graphical form. These
data check quite well with Herlin and Brown's experimental results as well
as with the measured results of Paskal? on a variety of coaxial lines. These data can

be converted into Gould's notation with the results shown in Fig. 15.
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% Just as in the parallel plate case, at high values of pressure or large 3
; _ values of r, the curve flattena out. In fact it ‘flattens out to approxi- ] _§
‘ mately the same value of (E,/p), as for parallel plates. The reason for j
* the flattening is that the major loss mechanism for large p is attachment. 1
: - : 4

For large values of r, and p, the field is slowly varying with radial dis-
tance near the inner conductor. Because of the high pressure the electrons
can collide often in this high field region, thus producing ionization near
the inner conductor. Increasing r, beyond this ﬁoint will not decrease
(E,/p), mince the radial field is already almost uniform within the range
of electron motion. As r, is made smaller, the field within the electrons
range of motion becomes less uniform and high energy electrons can move
into low field regions without gaining ionizing energy. Thus (E, /p),
increases as pr, decreases. In this case electrons are "“lost" by diffusion

te the low field regions while in parallel plate breakdown they are “lost”
by diffusion to the walls.

.

The extension of coaxial line breakdown to monopole antenna breakdown
is discussed in Sec. III.
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IITI CYLINDRICAL MONOPOLE BREAKDOWN

‘A~ "COMPARISON--BETWEEN- COAXTAL—LINE -AND GYLINDRICAL MONOPOLE

BREAKDOWN }

With the background material on coaxial line breakdewn presented in
Sec. III the procesa of CW voltage breakdown on circularly cylindrical
monopole antennas may be underatood. The discussion is presented in terms
of monopole antennas, although the results should be applicable to dipole
breakdown when the breakdown is near the tips of the dipole, The monopole
is referred to hecause all the measurements were made on this antenna
rather than on a dipole. Accurate measurements on monopoles are simpler
to carry out than on » dipole. The configuration to be discussed ia
illustrated in Fig. 16.

There are two typas of breakdown on monopoles. The first occurs

e R L

! Pt X

A0 LR R

LM

~ when the length of thw menapsle is such that che maximum fisld skrength

is at the tip of the monopale (tip bregkdown),,such;gs”whé;'che m&noﬁglei4>
is about A/4 long. The second type occurs when the maximum field iiiﬁﬁith
is at the feed point (feed breakdown), such as when the monopole is about
A/2 long. Which type of breakdown will occur can usually be predicted
from a knaowledge of the voltage distribution along the monopole, although
in cases where the tip and feed point fields are hpproxima;ely the same

it may be difficult to say where the breakdown will occur because of the

different geometry and hence different diffusion rate in the two cases,

The radial field variation near the tip of a monopole ia a complex
function of- pesitien, but may be appfoximated by a r,/r fall-off, where
ry is the radiua of the monopole. This field configuration near the tip
is the same as for n coaxial line with re/f1 ™ ®, where r, and r, are the
outer and inner radiua of the coaxial line. It is true, however, that
the monopole ends, while the coaxial line is assumed to be infinitely
long. But in these casea where the distribution along the length of the
monopole is slowly varying (slow with respect to the range of the electrons
and the radia]l field fall-off), the breakdown conditions a small distance
from the tip (see point = in Fig. 16) will look quite similar to the
conditions for coaxial line breakdown. Here again, the dominant electron
loss mechaniams will be attachment and diffusion out of the high field
region. o
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With a coaxial line
feeding the monopole, the

_ radial field variation at the —M 1
gr feed point is approximately i
= r,/r alsc. Breakdown at the

L T T Teed point ia more compli- : N
%%, cated due to the presence of ~H e

: §§ the dielectric insulator as
% well as a ground plane near © YEFLON BEAD ~—_| 7 GROUND PLANE
§; the breakdown point. This \“EZE
S plane provides a surface to
%% which electrons may diffuse
%; in addition to any radial Ry 2

diffusion losses that may be OANIAL FEED LINE

@
ks

present. Thua, for the same ,
pressure and field strength —
at the tip and at the feed

frree o = POLRG,—it would be _expscted .

: FIG. 16 5
e ¥ mh}Bmk;a;‘,?**;Mompewcﬁeﬁrgﬁﬁ?gnjgr*:_M‘_ff -
first. Once the tip has ' CW'BRAK_"‘* T o : =

‘broken down, the diatribution

£ Lo e i

the feed point ia further complicated by the presence of non-propagating,

s

higher order modes set up by the discontinuity in the transition from
.coaxial line to monapole.

In order to confirm that monopole breakdown near the tip may be con-
sidered am an extreme case of coaxial line breakdown, a computat{on of the
breakdown fields at Lhe surface of a coaxial line with r,/r, = © wae
carried out along the lines suggested by the work of Herlin and Brown.?

" The results are necessarily rough because of the limited data available

i for the graphical portion of the analysis. The results have been put into
terms of (E,/P)n and pr, and are shown in Fig. 17. Next, a measurement
was made of the power required to produce CW breakdown at the tip of a
monopole approximately a quarter-wavelength loug as a function of pressure.
The measurement was made on a 18 inch diameter brass rod at 240 Mc. A
block diagram cf the measurement set-up is shown in Fig. 18. Breakdown
was determined by a change in the incident power and/or visual observation
of a glow at the tip. The measured results are shown in Fig. 19. Both

power to initiate breakdown and power to maintain breakdown are shown.
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the process of ambi-polar diffusion being important as a factor which
decreases the electron losses after breakdown as compared to the free
diffusion Iosses befors breakdown.

R ——

Using a calculatlon discussed in Appendix A, the power was translated
into terms of field at the surface of-the monopole at the monypole tip.
This value of field, combined with the pressure and the monopole radius,
was put into the form of (E,/p), and pr,. These results are plotted in
Fig. 20 so that a comparison between the measured values and the values
computed on the basis of coaxial line breakdown could be made. Also shown :
are the measured data for the coaxial line breakdown of 2 coaxial cavity :
with r = Yi-inch and rg/ry = 48. The two pieces of measured data agree
quite well, while the calculated data is in fair agreement with the measured

monopole data. The agreement is satisfactory in view of the probable errors

in the measured quantities, uncertainties in translating power to surface
fields, and uncertainties in the calculated values.
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B. EFFECTS OF MONOPOLE DIAMETER AND HEIGHT ON CW BREAKDOWN

In order to verify that similarity relations would hold between mono-
poles with different diameters, measurements were made on monopoles of the

same heiglit but with diameters of Y Y, and % inch. The results in

terms of (E_/p), and pr, are given in Fig. 21. The agreement is guite
good, showing that E = F (r,p).

The resultas in terms of power are shown in Fig. 22. At pressures
above the minimum, the thickest monopole has the largest power handling
capability, However, at pressures below the minimum, the three curves

merge, demonstrating that monopole thickneas has little to do with power

handling capability at low pressures. If maximum radiated power without

breakdown at any pressure is of concern, then the thickest antenna will

be the best to use. This behavior may be understood qualitatively by

considering the radial electric field distribution for the various
diameters.
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MEASURED VALUES OF (E,/p), AS A FUNCTION OF pr, FOR THREE DIFFERENT MONQPOLE DIAMETERS

The impedances ure approximately the same for different diameter
monopoles over a large range of diametera. Therefore, the power radiated
per input volt will be about the same for different diameter moncpoles.

The antenna with the greatest number of input volts without breakdown will
radiate the most power. )

For one-volt input at the feed terminals, the total charge at the
monopole tip will be approximately the same for monopoles of different
diameter. However, the maximum electric field at the monopole surface
will be inversely proportional to the diameter. Therefore, the thickest
monopole will have the lowest surface electric field per input volt. At
high pressures, the radial extent of the region in which ionization occurs
is small compared to the radius of the monopole, so that the field is

relatively constant throughout this region. For this condition the
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important parameter is the value of the electric field at the surface of
the antenna. Therefore, the monopole of large radius requires more power
to initiate breakdown than the thin monopole. At low pressure, both
because of increased electron diffusion and reduced electron production
per unit volume, the radial dimensions of the volume in which ionization
occurs becomes substantially greater than the radius of the monopole. For
this aituation the radius of the antenna is of small importance and mono-

poles of different radii tend to require the same power for breakdown.

In order to justify the assumption that the axial distribution of
electric field is of little significance for breakdown.near the tip when
the distribution is slowly varying (as previously defined), a series of
measurements were made on monopoles of heights ranging from 0,08A to
0.32\. Brass rods Yg inch in diameter were used for all the antennas, and
al]l measurements were made at 240 Mc.

breakdown are shown in Fig. 23.

The curves of power to initiate

They all exhibit mimilar characteristics,
with the longest monopole capable of radiating the greatest amount of power
without breakdown. Applying the results of King“l for the charge/input volt

st the tip of a quarter-wavelength anopele as deseribed in Appendix A, —

and normalizing again to (E,/p), and pr,, the curves of Fig. 24 were ob-

tained. It is apparent that there is little change -in the values of
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MEASURED VALUES OF POWER TO INITIATE BREAKDOWN AS A FUNCTION OF PRESSURE FOR
. ' THREE DIFFERENT MONOPOLE DIAMETERS
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NORMALIZED VALUES OF BREARDOWN PARAMETERS FOR CW BREAKDOWN OF MONOPOLES
FOR MONOPOLE LENGTH OF 0.08X TO 0.32)

(E,/p), for different untenna heights. The spread of data is easily
accounted for by uncertainties in the measured data and in the calculation
of the field in terma of the power. Since the distribution aleng the
antenna changes radically when the length is varied from 0.08A to 0.32A,
it is concluded that for this range of conditions the axial distribution
has only a negligible effect on breukdown

That frequency scaling was ‘upplicable to monopole antennas was
demonstrated by measuring the breskdown power on a monopole (.24A\ at
399.9 Mc (the highest frequency high -power CW source available). The
antenna was Y8 inch in diameter. The normalized results are shown in
Fig. 25 along with the measured results for a 0. 24\, Y8 inch diameter
antenna at 240 Mc. The sgreement is sufficiently good te confirm that
frequency scaling is applicable.
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The data shown in Fig. 21 as well as the data for various antenna
diameters in Fig. 24 have been averaged to give in a single curve the
approximate value of (E,/p), as a function of pr,. This curve, plotted
in Fig. 26, should be useful for estimating monopole breakdown over a wide

range of conditions.

A study of breakdown at the feed point was made by using an
antiresonant- length monopole 0.40 wavelength long. Measurements were again
made at 240-Mc with Ys-inch dimmeter brass rod. This antenna broke down
at the feed point throughout the entire pressure range of the test. The
measured results are shown in Fig. 27. The data in terms of (E,/p), and
pr, are shown in Fig. 28. The data were plotted in this way so that a
comparison with tip breakdown for the same diameter antennas could be made.
The data show that appreciably higher values of (E./p)n are required for
feed point breakdown as compared-to tip breakdown for the aame value of

pry. This result is to be expected since the presence of the ground plane
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NORMALIZED VALUE OF BREAKDOWN PARAMETERS FOR CW BREAKDOWN,
FOR 6,24\ MONOPOLES AT 240 AND 399.9 Mc
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allows the loss of electrons by diffusion to the plane. No analytical

solution has been attempted for this configuration.

The power required to initiate breakdown as a function of antenna
- height is plotted for pressures of 0.2 mm Hg--the pressure at which minimum’
- power is required to-initiate .breskdown-—in. Fig._29._ _The power to initiate
breekdown for antennas that break down at the tip, increases monotonically
with increasing antenna length even though the required value of E, for
antennas that break down at the tip is the same regardless of length.

This diatinction between the power to initiate breakdown-and the value of
E, for breakdown must be kept in mind when one is concerned with antennas %
- which are to radiate power, These two factors are related by the impedance : 1

and dil’\ensions of the antenna structure. Thus, if one is interested in
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’ CW POWER TO INITIATE BREAKDOWN ON A MONOPOLE ANTENNA

AS A FUNCTION OF ANTENNA LENGTH |
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radiating the maximum power without breakdown, the highest obtainable value
of E, is not neceasarily the parameter of interest. In maximizing E, the
impedance may be changed in such a way that the radiated power iz decreased.
Thus, though E, is the same for tip breakdown of monopoles of height equal
to 0.08BA, 0.16A, 0.24A and 0.32\, the power to initiate breakdown is not

the same because of -the variation.of impedance with length.

C. EFFECTS OF TIP SHAPE ON CW BREAKDOWN

In general, at high-altitudes and high radio frequencies, the effects
of sharp edgea on the breakdown fields become insignificant. This is due
to the fact that at high radio frequencies many collisions of electrona
with gas molecules are necessary before an elactren can gain ionizing
energy. Since the mean free path is larger than the radius of curvature
of the edge no large increase in electron density can occur near the edge,
That is, the elactrens diffuse away from the localized high field region
before an appreciable number of them can gain ionizing energy. That this

is true was confirmed by comparing the power to initiate a monopole with

e -—n—hemuphenc&l tip—end-one-with--a— £—Lat—up.—No difference was observable

below about 10 mm Hg pressure. ' S SR S

A more systematic experiment was conducted in which the tip angle
(aee Fig. 30) was varied from 180 degrees to 15 degrees. The measured
power to initiate breakdown as u function of pressure is shown in Fig. 30.
There is some scatter of pointa, but it is clear that the tips with smaller
angles broke down with less power than the t]ps with larger angles, at the
higher preasures. As the pressure was reduced the difference decrensed
until the curves merged at a pressure of about 0.7 mm Hg.;'T%ere is some
slight change in impedance when the tip angle is changed, but not enough
to account for the changes in breakdown power observed. Even if there were
a decrease due to impedance changes the variation with pressure would not

be as shown—i.e., the curves would not merge at lnw pressureas.

D. PULSED BREAKDOWN OF MONOPOLE ANTENNAS

The behavior of a monopole antenna subjectud to high pulsed power,
we3 also investigated, The availability of a pulsed power source at X-band
(9400 Mc) determined the frequency of operation. This choice would also
~..a8llow a check of frequency scaling to be made over a range of 39 to ]
(9400/240). An X-band (0.4- by 0.9-inch inside dimensions) waveguide was

e
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-Pronsmn was made for DC biasing to be applied to the monopole. The
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fitted to feed a quarter- wavelengbh.monopole as illustrated in Fig. 31.

results of biasing w111 be dlscuased in a later chapter. The assembly was i
matched to a standard waveguide section by means of an inductive post. A
wire 0.0115 inches in diameter served as the monopole (this corresponds

to a diaumeter of 0.45 inchea at 240 Mc). The measurement set-up was
similar to that shown in Fig. 8 for tests of breakdown in rectangular
waveguide. Breakdown was detected by any alteration in the reflected pulse,
Even though a radicactive polonium source was used, breakdown levels at
high pressures were erratic. Therefore, the power to initiate breakdown
without waiting any length of time was recorded and compared to the power
to initiate breakdown when the power was left on at a given level for

sixty seconds. The difference between these two readings was as much as

12 db at 50 mm Hg pressure but decreased rapidly to about 1 db at pressures

below 20 mm Hg. Keasurements were made at pulse widths of 0.6, 1.04, and

92.95 microseconds with the largest difference in readings usually occurring
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for the smalleat pulse width. This effect may be due to a combination of
short pulse widths, high pressure, rapid field variation with radial
distance, and insufficient ionization from the radicactive source. Becauae
of the high pressure and rapid field variation, the region over which a
large electron density can build up is limited to a volume very close to
the monopole. If the radioactive source is not sufficiently strong to
produce enough electrons in this volume so th_at_tﬁr;_i_a_:_h_i_g}}—p;;b_&_li_tg}
for breakdown while the pulse is on, test results will be erratic. The
longer the pulse width the greater will be the probability for breakdown.
with a given source strength. Thus, there exists a smaller apread in the
2,25-microsecond data than in the 0,6-microsecond data. That is, the

- strength of the radioactive source necessary to ensure repeatable results

is a function of pulase width, pressure, and field variation.

The medsured results for the three pulse widths are given in Figs. 32
through 34. Note that the two curves for each pulse_ width tend to merge
as the pressure ia decreased..
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The deta for at leaat one breakdown in sixty seconds were normalized
to (E./p),, pr,, and pr and are plotted in Fig. 35. The striking thing
about this figure is the small slope of the curves of (E,/p), as a function
of pr for different values of pr . Over the range of p7 measured, there

is almost no change in (E,/p), required for breakdown for each value of

pry. Further, since the measured data indicate almost no change in (E . /p),

with p7T there should be little difference between CW and pulsed breakdown

~ data, Therefore, the pulse data at X-band may be compared with the CW data

at 240 Mc to determine how well scaling laws are working. Extending the
pulse data curves to pT = 1073 mm Hg-aseconda, where the CW values are
plotted, the curves continue as almost horizontal lines, indicating that
scaling is applicable over a range of 39 to 1 in frequency.
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IV BREAKDOWN OF APERTURE ANTENNAS

A.  BACKGROUND

The breakdown of aperture antennas requires the consideration of
factors which are either not relevant or handled differently than either
transmission line breakdown or monopole breakdown. In transmission line

studies only a two dimensional field variation is considered, while in

aperture breakdown the three dimensional field variation must be conaidered.

In monopole antenna breakdown the process ia easier to interpret because
the field variation haa the same form (rl/r) for different values of -

monopole radii over the normally used range of radii. For aperture antennas

this is not true. Very thin slot antennas have field variations that fall
off at about r, /r where r is measured from the aperture plane and r, is
~ the equivalent radius of the complementary dipole but as the slot becomes
_wider the field variation changes so that r, does not change simply with

Lthe slet wideh, I L DT T . T

B. CW BREAKDOWN OF OPEN SLOT ANTENNA .-

Measurements have been made by Worth! at 227 Mc on u cavity-fed slot
antenna with the configuration chosen so that breakdown would occur in the
aperture. A sketch of the antenna is shown in Fig. 36. The cavity was

filled with wax to allow the wa§eguide mode to propagate. Hawever, no

_dielectric was present in the space between the plates near the aperture.
Since the highest fields existed between the plates near the aperture,
breakdown occurred there. For the gap sizes used it seemns likely that
electrons formed in the gap diffused across the gap to the plates us well
as in a direction normal to the aperture into the lower field regions.
To the extent that the main electron loss was from diffusion to the plates,
or attachment, there is little difference between breakdown of this antenna
and breakdown in a rectangular waveguide. Since the ratio of a/b > 8,
where a = aperture length, and b = aperture width, the transverse diatribu-
tion ifn~all cases considered should not be of importance and the antenna
should appear similar to a parallel plate system. That this is so is _
demonstrated in Fig. 37 in which Worth's data have been normalized to
(E,/p), and pb. Plotted in the same figure are the parallel plate break-
down data from Fig. 2. The curves are almost identical.
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C. CW BREAKDOWN OF COVERED SLOT ANTENNA ' : 3

Interesting as the results of the previous section are, they are of
little practical importance, since slot antennas that are flown on air- 3
planes and missiles are covered by a dielectric cover. The reasons for

the cover are numerous and usually include considerations of structural

“'strength as well as mechanicul protection of the aperture feed ayatem- -- Q
Further, without a cover over the antenna the feed line would be at the 4
same pressure as the aparture. For many configurations the feed structure
would then break down before the aperture broke down. In any event,
aperture antennas with a dielectric covering the aperture are of gruat
practical importance. Therefore, a seriea of measurement in dielectric
covered alot antennas wga carried out,

A slot entenna with an aperture 1 inch wide and 17 inches long was

built to operate at 380 Mc. A sketch of the antenna is shown in Fig. 38,

The cavity was filled with polyfoam'to ensure that breakdown would occur

in the aperture rather than inside the cavity. The power to initiate
breakdown on this antenna as a function of pressure is ahown in Fig. 39.
--The-Limited nimker of pdi‘ti‘ii"du! bu‘limtratrqnx-ofhthLApower oubpu&—n£«~-f¥~
the GRC-27 bransmxthax. In order to obtain more data, “plates were placed i
over the apefture so that the width was reduced to 0.5 imch. The data for
this antenna are also shown in Fig. 39. The aperture impedance of the
antennas was measured. With this infurmation it wus possible to compute - .
the normalized aperture fields for breakdown as a function of pb shown in
Fig. 40. Theﬁgggggggnt in data between the 1,0- and 0.5-inch aperture is
“quite good over the range of overlap. Also plobted in Fig. 40 for com-
parison are Worth's data for open slot antennas. As can be seen from the 3
figure, the mairn effect of the dielectric is to raise the values of
(E,/p), required for hreakdown by a factor of about 1,5 to 2. Thia result . -
is to be expected since placing a dielectric in the aperture puta a surface
to which electrons can diffuse at the point of maximum field, thus in-
creasing the loas due to diffusion. The situation is complicated, however,

since in the waveguide case the diffusion is to the walls while in the

b i

aperture case there is diffusion to the dielectric surface as well as into
lower field regions normal to the aperture. Thus the significance of b in :
waveguide breakdown is in determining how far an electron must travel to
diffuse out’of the field. In aperture breakdown, b is significent in
determining the rate of fall-off of the field outside the aperture.
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Because higher power CW sources were not available, further experi-
ments with CW breakdown over a wider range ot aperture size were not
possible.

D. PULSED BREAKDOWN OF COVERED SLOT ANTENNA

Pulsed breakdown of aperture antennas was also investigated. Since
measurements had already been made of breakdown inside standard X-band
rectangular waveguide (see Sec. II-E) at X-band, a comparison between
waveguide breakdown and aperture breakdown could be made by measuring the
breakdown power of a 0.4- by 0.9-inch waveguide radiating into free space
as shown in Fig. 41. The aperture was covered with a 0.010-inch-thick
piece of teflon fibreglass. The power to initiate breskdown on this
aperture for pulse width of 2.3, 1.0, and 0.55 microseconds as a function
of pressure is shown in Fig. 41. The pawer to maintain breakdown was
slightly below the initiate level for all pressures at which measurements
were made. From these data the field in the aperture for breakdown was

calculated and the results normalized ko (E,/p),, pr, and pb.
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POVIER TO INITIATE PULSED BREAKDOWN OF X-BAND APERTURE FOR THREE PULSE WIDTHS
In Fig, 42 the normalized data for breakdown inaide a waveguide are
shown for aeveral values of pb together with the data for aperture break-
down for the same values bfipb. The waveguide and aperture require about
the same values of (E,/p), for large values of pb (where the breakdown is
attachment-controlled), but by the time pb < 10, the aperture requires
increasingly larger values of (E,/p), for breakdown than does the waveguide.

Actually the width of a standard X-band waveguide used as a slot
radiator is such that the near zone field fall off is so longer simplf
related to thée aperture width. Therefore, the normalizations shown in
Fig. 42 will not be accurate for widths other than 0.4 inch. The way in
wvhich the power and normalized field varies with slot width has been
investigated to determine the range of parameters over which the normali-
zations are valid. Fig: 43 shows the power'to initiate breakdown as a
function of pressure for slot heights of 0.050, 0 100, and 0.400 inch.

In all cases the aperture was covered with a dielectric cover. All
measurements in Fig. 43'were made with a pulse width of 0.5 microseconds.

Similar measurements were made with 1.0 and 2 3-microsecond pulse widths.

These data have been normalized and are shown plotted in Fig. 44. The
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data for the 0.050- and 0.100-inch-width slots, when properly normalized,
form a smooth curve. The values of E,/p are the same for the same values
of pb whether the width was 0.050 or 0.100 inch. However, the data for
the 0.40 inch slot show a deviation from the narrower slot data, indicating
that the normalization for this slot width is no longer significant and
that the near-zone f1eld fall-off is no longer s1mply related to the slot

On the extreme right hand side of Fig. 44 are plotted the CW values
of E,/p from Fig. 40. Note that the narrow slot pulse data are almost
identical to the CW values., This is similar to the results obtained with
monopoles for CW and pulse power. Over the range of pr for which measure-
ments were made, there is very little change in E,/p for each value of pb.

I

Meaaurements have also been made on an E-plane sectoral horr with
aperture dimensions of 9.2 by 2.84 cm and on a pyramidal -hordi 3 by 4.6 cn.
Since the dominant factor with these horns is the rate of change of field.
fall-off, measurements were made of the near-zone field fall-off for these

antennas as well as for several smaller antennas. The results are shown

~{g;fJ¢giif~f;infﬁigT—45 ——————— As-would-be-expected, -the larger the aperture the more slowly

the field Talls off. One can locate an effective center from whlch the -
fields are £a}11ng'c££—£t L/r for-each antenna over & renge of r, However,
the location of this center does not vary in any simple way with horn
height for any but the smallest slots. Thus it is not surprising that a
normalization involving aimply the horn height is not satisfactory for
determining the breakdown fields of all but the narrowest.alots.

The measured values of the power as a function of preasure for the

sectoral horn and the pyramidal horn are shown in Fig. 46. These data

‘have been normalized and are plotted in Fig. 47 along with the data for

the 0.40-inch slot: At a high value of pb (such as pb = 45) the region
e —in which ionization-is—formed is essentially one of uniform field, There-

fore the data for the different aperture sizes may be normalized to form

a smooth curve as in Fig. 47. The varying rates of fall-off for different

apertures are not significant for large pb. However for smaller pb (pb = 5)

the particular type of field fall-off becomes asignificant. Since the

fall-off is not simply related to b, except for very small values of b,

the value of (E,/p), is no longer simply related to pb. Therefore, the

curves for a constant value of pb obtained for different values of b

(aperture heights) are different. As would be expected, the more uniform

the near field region the lower the value of (E,/p), required for breakdown.
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It would be expected that :when pb gets very large the values of E,/p would
tend toward the attachment-controlled values.

attachment-controlled value of E,/p was a single value (about 30), for

the C¥ levels.

pressure

While for CW- breakdown the

- . pulwed brewkdown the attachment-controlled value-of -E,/p—is—a—funetion of — . -

‘QEJAEHYQQAEIdthJ"_Fi}'I&fge values of pr the pulse and CW
attachment-controlled breskdown levels are the same, but for small valuea
of p7 the pulsed power attachment-controlled levels will be higher then

Since a generel solution for any type of horn would be

very complicated, a conservative estimate of the breakdown field atrangth

for the antenna designer to use would be the data shown in Fig. § for
very large pb.
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V ANTENNA OPERATION ON A WEAKLY IONIZED MEDIUM

_ A._ BACKGROUND

When a nose cone is re-entering the earth’s atmoaphere a plasma sheath
is formed about the nose cone. Signal drop-out has been reported for
telemetry signals received from vehicles during this re-entry phase. While
strong attenuation due to the plasma was to be expected, it was felt that
probably voltage breakdown was also occurring.

The environment associated with a re-entry vehicle is very complicated
and the conditions away from the stagnation region are not well understood.
Clearly it is not feasible to scale the actual environmental condition;
however, it was felt that knowledge of the behavior of antennas in the
presence of plasmas with electron densities of the same-orders of magnitude
as the actual densities would aid in antenna design for a re.entry vehicle.

B. ANTENNA OPERATION IN THE PRESENCE OF A DC DISCHARGE

Figure 48 illustrates the DC discharge used to create the plasma over
the aperture of a 0,53\ slot antenna (17-inch slot at 380 Mc) mounted on
a conducting ground plane with a thin dielectric cover insulator. The
cathode is formed by an aluminum block Y by iﬁsby 1 inch, elevateg*gxfy
Fhe insulated ground plane, while the anode is formed by a Y by 2-inch
section of ground plane formed by removing the dielectric insulator. The
DC glow discharge was placed so that negative glow area of the discharge
was located over the aperture. In the negative glow area, the electron
concentration may be as high as 101 electrons per ec and the net charge
density is nearly zero.¥ The negutive glow area is a typical example of
plasma and has been studied by other investigators with a Langmuir probe
method. Measurement of the density by the Langmuir probe was attempted;
but, because of the unbounded nature of the DC discharge,this was not
successful. As soon as the probe was made positive with respect to the
anode, the discharge would transfer over to the probe.

An estimate of the electron density produced by the discharge wae
made using the solution for a plane wave incident on an infinite plasma.
With the antenna remssonably well matched (reflection coefficient = Q.09)
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prior to the introduction of the plusma, the reflection from the plasmé
may be determined. The collision frequency is obtained from the pressure
measurement since ¥, = 5,3 X 10° p for air, where p is the pressure in

mm Hg. A knowledge of the magnitude of the reflection coefficient, the
RF frequency, and the collision frequency is then sufficient to determine

the plasma density,

Figure 49 is a plot of the transmitted and absorbed power as well as
the VSWR of the antenna in the presence of the plaama. The ratio of the
collision to RF angular frequency is 0.45 Up to an input power of
4.5 watts to the antenna, the VSWR of the antenna remains conatant at 1,15;
the transmitted power, as measured by an external antenna. increases
linearly with the incident power and there is no absorbtion of energy by
the plaama. From the change in the reflection coefficient from the con-
dition of no plasma to with & plasma, it is estimated. that the plasma
frequency (fp = 8,900 VN, where N is the density in electrons per cc) is
less than one-half the BF angular frequency After the occurrence of
voltage breakdown at 4.5 watts, the transmitted power remains almost con-

stant while the absorbed power increases directly with incident power.
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S8ince the VSWR of the antenna remains essentially constant after breakdown,
this indicates that the plasma density, as well as the attenuation con-
stant, remains constant as the power to the aperture is increased. The
increased total attenuation as the power is increased is due primarily to
the increase in the size of the plasma, rather than the change in its

electrical characteristic,

Figure 50 shows the result obtained when the plasma frequency is
approximately equal to the RF frequency at the same pressure. The charac-
teristic after RF breakdown is almost identical to Fig. 49. Before
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PROPAGATION CHARACTERISTICS OF A 373-Mc SLOT ANTENNA IN THE PRESENCE OF
A DC PLASMA PRESSURE = 0.2 mm Hg, 670 VOLTS DC
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HF breakdown, attenuation is present and the RF conductivity appears to
be constant, independent of the applied RF field

In the absence of a plasma, this antenna required about 40 watts for
breakdown as compared to 7 watts with a plusma.

Figure 51 shows similar results obtained at 1 mm pressure (Vc/w = 2 27).
In the absence ol a plusma, 47 watts was required to initiate breakdown

at this pressure as compared to 10 watts in the presence of the plasma.

One interesting result of this study is that the power handling
capability of the slot in the presence of the ionised medium uppears to
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be about the same as the power required to maintain breakdown, This would
be true if the RF field distribution is approximately the same, since
ambipolar diffusion is the main loas mechanism for both cases. If this

were to be found to be generally true, the design of antennas for operation
in an ionized medium would be cnnsiderably simplified. Further work is
required on the effect of ambient electron density, energy, and distribution

on the breakdown phenomenon.

Despite the differences between the actual environment and our
simulation of it, the results clearly indicate that antennas designed for
operation in a non-ionized medium will break down in an ionized medium with
power levels lower by about one order of magnitude. In order to avoid the
attenuation due to re-entry ionization, telemetry equipment operating at
frequencies above the expected plasma frequency is being developed. Unless
antennas are deaigned for operation in an ionized medium, the occurrence
of voltage breakdown may negate any gain expected from going to & higher
frequency. ' ‘

66

e et T o et S ¢

Lol

iedh ol




VI METHODS FOR INCREASING THE POYER HANDLING
CAPABILITY OF ANTENNAS

1 g

[N e

wie 20

A. BACKGROUND

There are two fundamental methods by which the power-handling

capability of an .antenna may be increased. One method depends upon the
use of-mechaniams to increase the electron-loss rates, thus increaéing the
ionization rates required to produce breakdown. Since the ionization rates
are monotonically increasing functions of electric field, the higher the

. ionization rate required for breakdown the higher will be the field
strength required for breakdown. The other method depends upon the use
of mechanisms that will reduce the ionization rate without reducing the

et b ARy R R i Bt

loss rate. Examples of both methods are discussed below.

= B. INCREASING THE LOSS RATE

E?“ B One means of increasing the electron loss rafe ia to apply & DC™ — .
i‘ aweeping ficld to the region ebout an antenna. Sinoe the RF field absut

% an antenna is not uniform but has & maximum in some region and decreases

? in areas away from this region, the application of DC fields that will

% sweep electrons out of the high field region and into the lower field

%' regions will act to effectively increase the electron logs rate.

%" Alternatively, if the field about the antenna is relatively uniform but

there are surfaces to which electrons may be attracted and so removed from

X}

the high field region, the epplication of DC fields to accomplish thisa
-will be useful. Brown2? has worked out the relation for the application

of DC fields in the case of uniform parallel plates and has shown that the
effect is equivalent to a decrease in the diffusion length. The relation

o1, [ Foe
Al A? 2D/

Epc is the applied DC field, D is the diffusion coefficient of
electrons, and x is the electron mobility.

T

S I

he derived is

where
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From this relation it appears that the effective diffusion length may
be made as small as desired by the application of increasing amounts of
DC voltage. A limitation, however, is imposed by the onset of DC voltage
breakdown. Before this limit is reached, an appreciable increase in power

handling capability may be achieved.

- —-Measurements-have- been-made—of—the_breakdown_power of a_number of |

antennas both with and without DC fieldas. Theae measurements are described

below. .

i
t
t
I
i
{

1. MonoproLe Breaxpown wiTH DC FIELDS

The monopole antenna is ideal for the application of DC fielda.
DC fields may be easily applied between the monopole and its ground plane..
The RF field around the monopole decreases rapidly with the radial distance

from the antenna. Thus, if the application of DC fields can sweep elec-

increases in power handling capability can be achieved, Electrons close
to the monopole surface may be removed from this region by making the

trons will be attracted €6 it and 36 removed Trom the Fegion of inEtErast.

NI ‘.LiL

However, this arrengement is undesirable since it may produce secandary

emission at the monopole surface if large DC fields are uaed. Further,

s

it draws electrons into the high RF field region where they may produce
ionization before they are collected at the monopole surface. A better
scheme is to make the monopole negative. This will repel electrons from
the monopole surface out into the low RF field regions where the field is
too low to produce appreciable ionization.

Measurements have been made at 240 Mc for the power to break down a
quarter-wavelength monopole as the DC voltage was varied from minus 150
volts to plus 450 volts. A minus sign means that the monopole was negative
with respect to the ground plane. The monopole diameter was Y4-inch and
the antenna was made of brass. Measurements were made at pressures above,
below, and at the pressure for minimum power handling capability. The
results are shown in Fig. 52. With no DC voltage this antenna coul” only
handle about 4 watts of power without voltage breakdown. With the appli-
cation of about minus 150 volts this figure was increased an order of
magnitude to 40 watts. The measurements were not carried to further

negative voltages hecause of a limitation of available RF power. Applica-

tion of positive DC voltages also increases the power handling capability
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CW POWER TO INITIATE VOLTAGE BREAKDOWN: AS A FUNCTION OF APPLIED DC BIASING VOLTAGE
FOR A 0.24-WAVELENGTH MONOFOIF

of this antenra, but the DC voibhgea neéessary were larger than with
negative biasing. This is reasonable in view of the previous diacussion.

Very little DC current is drawn by the application of the DC voltage,
so that a high voltage, low current battery is adequate to supply the
required DC power, ’

Measurements made at 9400 Mc on a quarter-wavelength monopole,
11.5 mils in diameter, confirmed that biasing worked as well on pulsed

power as it did with CW power. The results of this measurement are shown
in Fig. 53. '

It .should be pointed ocut that DC voltages will not be effective with
an antenna embedded in a dielectric. A charge will build up on the

dielectric so that the DC voltage will appear across the dielectric rather
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than in the region where electrons are being formed. This is also true

for operation in an ionized medium. The total DC voltage appears across

the dipole and the ionized sheath, and there is no sweeping action.

A

large DC current may flow due to the finite conductivity of the plasma,

“causing a drainage of the DC power supply.

.

2. APERTURE Bnnxnown_n_ﬁi— DC FIELDS

The application of DC voltages to slot radiators has been tried

.~ For large slot widths the near-zone field fall-off normal to the slot

surface is relatively slow and the DC voltage is not very effective,

also;

Further, the DC voltage is not so easily applied as in the case of monopoles.

An X-band waveguide aperture with a dielectric cover was used for tests

on the effedtiveness of DC voltages on the power handling capability

of

slot antennas, Standard size X-band waveguide was used ag that the near-

rone field fall-off was relatively slow. Various arrangements were made

!
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FIG, 53

PULSED POWER TO.INITIATE VOLTAGE BREAKDOWN AS A FUNCTION OF APPLIED DC BIASING
* VOLTAGE FOR A 0,24-WAVELENGTH MONOPOLE
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to produce a DC field in the aperture. In a typiceal arrangement, DC
voltage was applied between the ground plane and a wire run across the
aperture perpendicular to the RF electric field vector so that there would
be a minimum disturbance of the RF field. Only about a 3-db increase in
power handling capability was obtained before DC breakdown occurred.

___Similar measurements were made at 380 Mc on a 0.5- by 17-inch slot

aperture with the results shown in Fig. 54. 1In this case there was not
sufficient RF power available to fully determine the increase in power
handling capability with DC fields. Measured increases of a factor of

two were recorded, but it seems, from the curves, as though larger.
increases may be obtainable before DC breakdown occurs. This is reasonable
when it is remembered that shia slot ia much narrower, electrically, than
the standard size X-band slot mentioned above. Thus the field fall-off

ia much more rapid. in the 380-Mo slot, and the DC field is more effective,

10
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FIG, 54

CW POWER TO INITIATE VOLTAGE BREAKDOWN AS A FUNCTION OF APPLIED DC BIASING
VOLTAGE FOR A 380-Mc SLOT ANTENNA
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C. DECREASING THE IONIZATION RATE

The lower the RF electric field strength is made, the lower is the
ionization rate. Therefore, any method that will enable the near-zone
electric field strength to be decreased while radiating the same amount

of power will. increase the power handling capability of.-the antenna. In

weeeee —_.....the cese of monopolé antennas, simply increasing the diameter will decrease

the surface field strength and thus raise the breakdown power for certain
conditions (see the discussion of the effect of diameter.on breakdown
power in Sec. III).

Choosing antenna configurations that will minimize the maximum field
strength will optimize the breakdown power levels, For example, if a short
monopole antenna is called for, a much greater amount of power can be /
radiated from a top-loaded folded monopole than from a vertical stub. As
shown in Fig. 29, a vertical stub 0.10 wavelengths long can only handle
0.20 watt of power. A top-loaded folded motiopole of the same height as
illustrated in Fig. 55 has been designed and tested. This antenna can
handle 8.5 watts of power. |

¥ AT
[N ————— — i
N AN 3 I
\\\\ l ¢ i DIAM, %

FIG, 55
SKETCH OF TOP-LOADED FOLDED MONOQPOLE 0,10 WAVELENGTHS HIGH
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A method not always available as a possible solution becanse of
aerodynamic considerations is the use of a pressurized radome over the
antenna structure, By using a radome of sufficient size, large increases

in power handling capability are possible,

Caution must be exercised in considering means of increasing the
‘power—handling -capability-of—antennas that -one-does-not—focus on means of —_. _ . |
increasing the field strength required for breakdown. Increasing the ;
field strengih required for breakdown may not always be desirable, since
it is the maximum radiated power that is desired and not maximum near-zone
electric field. As an illustration, consider the case of an open-waveguide
slot with no dielectric cover. When the slot width is large. the field
strength for breakdown can be increased by decreasing the slot width aince
the loss of electrons to the walls is increased as the walls are brought
closer together. However, the drop in radiation resistance as the alot
width is decreased is faater than the increase in the breakdown field -
. _ satrength, so that the power handling capability decreases even though the

breakdown field strength is increased. When the slot width is very narroﬁ,
the rad1at10q rgsxatance is essent1ally 1ndependent of slot width. Then,

_ the. aperture field strfength per watt radiated ia inverasly rsrogm-monal
to the slot width. Although the losses to the walla may inorease and the
field fall-off is sharper, the increase in field strength per watt radiated
more than offseta theae factora, so that the narrovwest slot radiates the
least power without breakdown. The situnation is analagous to the effect
of diameter on monopole breakdown. The thinnest antenna required the least
power for breakdown at: the pressure for minimum power. At lower preasures .

L
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1
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— the antennas required about the same power for breakdown. - - .
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VII CONCLUSION

It has been shown that the electron loss mechanisms which are

important in determining breakdown on transmission line components are
the same as those which are important in determining antenna breakdown

fields. Electron attachment and diffusion are the dominant loss mechanisms,

while ionization by collision is the dominant source of electron production.

At pressures for which the collision frequency is much greater than the

angular radio frequency the dominant loss mechanism is generally attachment.

For pressures at which the collision frequency is much less than the radian
radio frequency, diffusion is genarally the dominadt loss mechanism. The
particular geometry of the antenna will determine the pressure at which

the transition from attachment-controlled to diffusion-controlled breakdown
ocoura.

A qualitative discussicn of the manner in which the various losa

__meehaniams diiter into the breskdown proceas for different prsssure rsnges

for the breakdown of parallel plate, rectangular waveguide, coaxial line,
monopole antenna, and aperture antennas has been presented. By expressing
the breakdown condition in terms of (E,/p), as a function of the pressure
times some characteriatic dimension {parallel plate spacing, monopole

“radius, slot width), quantitative results useful for a wide range of

parameters have b&en obtained, In the case of monopoles, a aingle curve
showing the variation of (E,/p), as a function of pr describes the

measurad results within about 20 percent for measurements at 240 and 400 Mc,

for variations in monopole diameter of a factor of 4, and for monopole
lengtha from 0.08 to 0.32 wavelengths., Pulaed hreakdown measurements on
monopole antennas at 9400 Mc show very little change in the value of
(E,/p), for different pulse widths over the range of pressures at which
measuraments were made. In.fact, the CV and pulse levels are almost
identical, showing that frequency scaling is good over a 40-to-1 range.

For narrow slot antennas a single curve of (E,/p), as a function of
pd is sufficient to describe the breakdown condition. For aperture
antennas that cannot be classified as narrow slots there is no simple
relation between the value of (E,/p), and pd. This is because the field
fall-off near the aperture is not a simple function of the aperture height.

4
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For very large apertures, the field fall-off may be so small within the
. region where ionization occurs, that this factor may be considered
- uniform. Under these conditions the hreakdown would be attachment.
= ' controlled. The values of (E,/p)y for attachment-controlled breakdown

would represent a lower limit for aperture breakdown.

The effect of an ionized medium near the antenna on the breakdown

; gf level has been investigated by means of a DC discharge to simulate the
[ gﬁ plasma, The results show that appreciable decreases in the power-handling

%7 capability of antennas may occur when an antenna is operating in an

i‘ ionized medium., Since the energy of the electrons used in this experi-

% ment was much greater than yould be the case for electrons during re-entry

gA the results are not strictly applicable to operation under these conditions. »
3 éi Additional work is needed in this area to determine the effect of ionized ;
i %a media under different conditions of energy and density. 'The results
% - gé presented here illustrate that such effecta can be important in limiting
: & the power-handling capability of antennas that must work in such
i g; . environments. Consideration shoyld also be given to any special design
% 7777777 44,%%}7 - ‘ procadun;s that the antenna deg}gnggigpuld.naegwhenghhe ggy};ggmenb which
f:**< "””;;T’*T“”“'““"" “his anténna is §o operateé In 1ncludes an ionized medium, e
% %5 .Connxderat1on has been given to different means of increasing the E
% %ﬁ power-handling capability of antennas. Methods of increasing the electron

loss rates and decreasing the ionization rates in the vicinity of the

i

antennas have been considered, The effectiveness has been demonstrated
of DC electric fields in inecreasing the electron loas rates in the
vicinity of antennas that have RF field distributions which decrease

rapidly with distance from the antenna, and quantitative data have been

S
E

presented.
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APPENDIX A

DETERMINATION OF THE ELECTRIC FIELD j
AT THE TIP OF A MONOPOLE |

— _ 3

Since sharp edges have little effect on high-altitude, high-frequency ]
breakdown, this discuasion will be concerned with calculating the field |
at the end of a monopole, regardless of the particular shape of the tip.
1f the .monopole lies along the Z-axis, the continuity of current relation
may be expressed as:

3l : -
a(” N (A-1)
z

’ where I(z) is the current distribution along the monobole and g is the
=== uharge distribution—elong-the-monopole. - —m
) We may write I(z) as the product of the current aa‘;he input - '”ij
terminals, I(0), and a distribution function f(z). Thus ;
, ' _ ]
f(z) - ~
I(z) = I(0) . . (A-2)
: £(0)
We may then express Eq. (A-1) as 3
I(0) 9f(z)
i A A-3
TR Joq (A-3)

kit

For very thin monopoles ({1 ~.®) f(z) is given by sin 8(h - z) and is

" slightly modified for thicker monopoles.. A3 is 274/\, and h is the monopole
height. Since the precise distribution for a given value of Q is a

complex function, the results of King!4 for Bh =A/4and Q = 10 will be used

. to determine 9f(z)/9z, while the value of f(0) is determined from the :
assumption of a sinusoidal current. The value of f(0) will not be in error i
. by a large amount, but 9f(z)/9z could be in error by an appreciable amount i

if the actual current distribution were not used (as was done by King).
Thus, at the tip

7
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of (z)
oz

= C, for a given {1 and any length. (A-4)

From Eq. (A-2),f(0) is found to be

f(0). = sin.Bh. . . .. . (A-B)
Substituting these values into Egq. (A-3) we obtain

I(0) - .
—__-sin ﬁh Cl = —Jjwg . (A"6)

King givea the value of q,/V(0) for Bh = X/4 and Q = 10. Therefore,
rearranging'Eq.'(A-ﬁ) we may solve for C, /w. We'iﬂtrodpce the input
impedance Z(0) to get an expression in terms of the input voltage, V(0).
Thus

: . b L Z(0).sin fh e
Using King’'s values we cbtain
c, '
— = 5,05 x 10°° . (A-8)
o

Rearranging Eq. (A-6) for the charge at the tip and using the value given
in Eq. (A-8) for C,/w we find that

9 I,
= f" X = ——
1 5.05 x 10 sin Sh

" (A-9)
Eq. (A-9) should be a fairly accurate expression for the charge at the tip
for a wide range of () and any length monopole that is not close to anti-
resonance. At anti-resonance the value of f(0) varies rapidly with Q and
the approximation given in Eq. (A-9) would no longer be valid,
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The field produced by g, is given by ’ ﬁ

94

¢ Imea

(A-10)

—————— - = Substituting Eq. (A-9) into. Eq..(A-10)_we find the field of the tip is

9:1(0)

. = ;—:;;—E; &/ém if a is in cm. (A-11)

For example, the field at-the tip of an l4-inch diameter monopole is-

5701(0)

t ° oin h /em . (A-12)

As alsqparate check on these results we may use kiﬁg'; results for amall
dipoles, For O = 10

o o 1.32 1(0)

- T q' = —— B . y i (AI"IS’) ’

wh

This. may be expreased as

e e s emnn oL ' 4.4 % 10°° IIO - '
. - (0) (A-14) :
N ]

-
t4

1]

L

¢ ]

..

3

TN |

oy ... oL
3

This may be compared directly with Egq. (A-%) since ¢

field is proportional to the charge. For small dipoles sin Sh n Bh.

ek !

Thus for the same feed currents, the electric field calculated from
Eq. (A-9) differs by only about 10 percent from the fipld calculated .
from Eq. (A-14).

e
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APPENDIX B

CALCULATION OF THE ELECTRIC FIELD
IN A NARROW SLOT ANTENNA UP TO A/2 LONG

If the impedance of a dipole of total length 2h is given by Z,, then
by Babinet's principle the impedance of a slot antenna radiating into

free. space on both sides of a ground plane is given by

35476
] zd

This presumes that the current distribution along the dipole is the
same as the distribution of electric field in the slot. Thus, the trans-
formation from center fed dipoles will be true for slots fed in the TE,,
mode only if the aperture is lesa than A/2.

Once the slot impedance is known, the electric field may be found
as follows: The power radiated by the slot is given by

where R, is the slot resiatance and V is the voltage across the slot,
The electric field is related to the slot voltage by

(4

where b = slot width, Therefore
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For a slot antenna radiating into only one side of the ground plane

the slot impedance is doubled so that

70,952
S Zd

As an example, consider a resonant slot 0.475\ long and 0.0l1X\ wide.
This corresponds to a dipole 0.475\ long and 0,005\ in diameter. The
dipole impedance is a pure resistance equal to 67 ohms. Therefore, the

complimentary slot impedance for a cavity fed slot is

70,952
Z, = =——— = 1060 Q

and

o 32.6
Eg = —— VP

Ako to "
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-APPENDIX C

CALCULATION OF THE-FIELD IN THE AFERTURE
OF A LARGE HORN ANTENNA
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APPENDIX C
CALCULATION OF THE FIELD IN THE APERTURE
OF A LARGE HORN ANTENNA

The total power radiated is given by the integral over the aperuure
of the power density in the aperture. Thus,

E2
P = —~— dA for large horns.
Z,

For a typical horn distribution, the electric field is uniform in
one direction and sinusoidal in the other. Therefore,

P = 1,33 x10°3 E2 4

and

{ p
E = 27.5\—
A
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APPENDIX D

CALCULATION-OF E_,, IN-A WAVEGUIDE

THAT IS NOT MATCHED
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APPENDIX D

CALCULATION OF E_,  IN A WAVEGUIDE
TEAT IS NOT MATCHED

The incicdent power in a waveguide excited in the TE, , mode is

P 1.33 x 103 ab lﬁ E 2
ine . a AB inec

where ' .

a is the width of the guide
b is the height of the guide
A is the free space wavelength

Ag ia the guide wavelength

— ——»E-l.m-.tam-ehe-«-ﬁnidtnt~-f~ield~:+t:rangt‘h-. S . —

ine
t

The real power flowing down the guide is the difference betwesen the

incident and reflected power in the guide. Therefore

P .

T real

1 - F2

ine

where I" is the voltage reflection coefficient.

Rearranging terms we obtain

Prell 1

(1=T2) ) 33 x 103 ab --
rg

Prell
Einc = N
(1 -1?%) 1.33 x 1073 ab =

g

or
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‘The’ maximum electric field in the guide may be expressed in terms of

tﬂe reflection coefficient and the incident field

E,op = (L+D)E, .

max
Therefore
1+ Prell
Fa 2/ T°T PR
1.33 x 10 ab g
or

real

E,,, = 27.5(VSWR)% J;T V/em if a and b are in cm

ab K;»
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