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FIGURE 5.22 .
Horn pattern transverse to axis of propagation.
#

incorporated into an evacuated bell jar or pressurized gas ba
extend the air—vacuum interface. Its main attribute is that it takes
and produces a directed beam with a nearly Gaussian profile. T
a very good match to the cylindrically symmetric microwave sou
Vircator, Cerenkov, etc.) that generate power in the TM,, mode
antenna takes power from these sources and puts the peak pow
the center of the microwave beam (as opposed to casting a bea
at its center, as is usually the case when TM,,, modes are diré
without the complication of including a mode converter. In fac
is the descendant of the mode converter (Figure 5.23a). Figure:
schematic of a Vlasov antenna being fed by a MILO HPM sou

The Vlasov antenna has two main shortcomings. First, thi
constructed from a circular waveguide by making a slant cu
guide’s cross section at an angle between 30 and 60°. This do
a large aperture (when compared to those characteristic of pa
tors or even pyramidal and conical horns). Therefore, the Vlas
rarely used in applications requiring high gain (>>20 dB). Secor
agation angle, 6 (the angle between the waveguide axis and th
is a function of the microwave frequency, f:

LAAIaED =

Extractor

Bell jar
{vacuum window)

to onvertet, the origin of the anterma. (b) Antenna being fed by a

._ ili require larger areas to avoid breakdown.

wers (~100 GW) will ultimately be generated from
rrays of sources, which implies multiple-output
iring multiple antennas.

é;tﬂ:;l'e with rapid electronic tracking and illuminat-
ith great directivity.

vadside if the direction of maximum radiation is perpen-
the array and end fire when the radiation maximum is
Hnd-fire arrays have lower gain, so broadside arrays are
atray size L is large compared to }, contributions from
ge rapidly as angle is changed from the normal, pro-
um of beam width ~2A/L with gain 12/A% The physical
nits introduces graling lobes nearby. If individual aper-
ss than A, grating lobes can be greatly reduced. This
0 meet at high power due to air breakdown constraints
nsequently, grating lobes are a problem in practical systems
'd by some means, such as power splitting, to increase
or by sidelobe suppression with local absorbers.

an;;’ued by controlling the phase of each element sepa-
s. For configurations using power amplifiers driven
M_OPA; see Section 4.10), phase control is done at low

where f, is the antenna’s cutoff frequency. This means that i
chirps within a microwave pulse, then the beam direction will

Antenna arrays have been slow to come into use in HPM,
5.24). Their utility follows from three factors:




Malnjobe- cross the diameter. If the pulse-length wave entering the
ort compared to the fill time, then the full aperture is not used,
d; and the pulse is dispersed. These effects are important for
s;but especially for impulse radar (see Chapters 3 and 6). Two
re-used for impulse radar antennas. The first is to transmit the
hrough a low-dispersion antenna with wide bandwidth. The
se antenna dispersion to generate an impulse signal from a
al,
iteria for the low-dispersion type of antenna are that it
ndwidth, typically a factor of 2, a high gain, and low sidelobes.
ficult requirements because:

Grating
lobes

15 are so large (10 to 100 cm) that high gain is difficult
antenna sizes imposed by applications.

dwidth makes it difficult to suppress sidelobes,

not be constant for all wavelengths, so the propagating
pe will be distorted.

. .
\ﬂﬁe{to“ lectromagnetic (TEM) horn has been used for most

rk to date (Figure 5.25). It is simply two metal strips flared
exponential shape. Pulses with durations of 1 nsec can be
such horns, and bandwidths are ~1 GHz. Gain tends to be
ross the bandwidth, so that pulse distortion occurs in the far
ctot is that the TEM horn transmits a differentiated signal,

variable pha;
e shifters

FIGURE 5.24

Antenna array launches wavefront, forming narrow main lobe, Rectangular horn

power prior to the amplifier stage, and therefore conventional te
used. For oscillator arrays, conventional phase shifters (Figure
high power ferrite devices, do not approach the required power
present, only electromechanical devices have been developed

stretchers with piston-driven telescoping U sections and b
waveguide deformation techniques are currently under develc
large arrays with >10? elements, phase shifter cost will be a limi
In order to achieve dense packing to reduce grating lobes, the ct6
dimensions of the shifter should be near those of the waveguide
feeds can be densely packed. :

Log-periedic
5.5.4 Wideband Antennas

High-gain, low-dispersion wideband antennas present a sub_ét
lenge. When pulse duration becomes of the order of a nanosec
design becomes much more taxing. The fill time of an antenna is

nna types that are used as wideband HPM antennas.




and the plasmas insicle HPM devices. To better understand
the HPM community must measure the actual electromag-
nd plasma properties of HPM sources. More detailed diag-
, particularly of microwave field distributions in situ,
nd motion, and velocity distribution of both electrons and
tisive methods developed by other parts of the plasma
ty, 'such as that of fusion, should be applied to HPM.
inalysis of microwave signals and noise spectra can be
in the analysis of HPM device operation. Future methods
enits of time-dependent bandwidth, beam loading (at high
‘spectra. _

tities to be meastred can be described by:

TOWIL L dPPHCU-ITIONopulse
single cycle.

The basic approach to producing low dispersion, ie., little vaj
phase velocity with frequency, is to flare the input wavegui
antenna aperture so that the impedance varies slowly from -
waveguide to that of free space (377Q). In the sidelobes, the pulse
to substantially longer than the original duration. Therefore, f5
radar, the pointing accuracy of both transmitting and receiving '
very important to obtaining return signals, i.e., pulses off bore s
so long as to be useless. :

Rather than minimizing antenna dispersion, dispersion can
generate the desired impulse signal by the lo g-periodic antenna (FI
The signal fed to the antenna has strong frequency chirping, i
rises during the pulse. The dispersive properties of the an Tin
matched to the input puise, can produce the desired compress
pulse. Designs for high power have not been published. Issues w
periodic antenna are large beam width and consequent low gain
shaping of the féed pulse to give the correct output pulse, Achievin,
gain across the desired bandwidth is also difficult. o

However, the above methods are becoming obsolete for many a
due to the introduction of a new type of antenna, the Impuls
Antenna, discussed in Section 6.3,

E(%,1)=A(t)sin (0l +0)5(%) (5.29)

lectric field, A is the peak electric field amplitude, @ is
, ¢ is the phase angle, and S is the spatial variation of
fseveral frequencies are present, the pulse is defined by
lds ‘at various frequencies. The power of the pulse is
square of the electric field and the energy to its time
r. We will review each of the quantities in Equation 5.29

agnostic method is the use of diodes to rectify micro-
e envelope of a microwave pulse, generating a DC
the instantaneous electric field, giving the power enve-
robes mounted inside a waveguide feed the detector and
ter: passes the lower-frequency power envelope while

ves. In addition to rectification, the nonlinear diode
roduce a power measurement directly. For sufficiently
de current is directly proportional to the square of the
iode, and therefore to the incident microwave power.
 possible only at power levels less than ~100 pW.
L attenuation is required to stay within the square law
requencies are present, this technique will still give the

5.6 Diagnostics

High power devices differ from their conventional relatives iri
icant ways. First, of course, “high power” means that high
exist and all diagnostics must avoid breakdown. Second, the puls
are short, less than a microsecond and typically less than 10
implies fast response on the part of the diagnostics since ris
critical features can occur on a timescale of a few nanosecond
sources have yet to be operated at high repetition rates orco
Theretore, diagnostics are typically required to analyze a sing
few shots. Some advantages follow from these features: high
that it is possible to directly measure the energy of a pulse in:a
A low number of shots means that sophisticated data hat
required, and sampling techniques cannot be used to reduce th
Historically, HPM diagnostics have borrowed many techniqiies
ventional microwave diagnostics. They are used to characteriz |
regions: the source, the radiated field, and the interior of test ob
we discuss the diagnosis of the microwave pulse. Diagnostic
processes inside the source are as yet in a primitive state. The s
nonintrusive diagnostics developed in plasma research are'b

and Schottky barrier diodes are available in the micro-
incipal advantages are that they are relatively inexpen-
s of ~1 nsec, have a reasonably flat frequency response

dth, and are simple to operate. Their disadvantage is
e only a small amount of power, typically 0.1 W for the
ut-1 W for the Schottky diodes. Therefore, substantial
Ise is necessary before rectification. This is done with




directional couplers, which reduce the signal 30 to 70 dB. Minor
with diodes are that they are fragile and must be handled careful
a substantial unit-to-unit variation in their characteristics, and th
sensitive to x-rays and moderately sensitive to temperature. Becay
latter factors, diodes must be carefully calibrated on a frequent by,

The key factor in using diodes is accurate attenuation. Commer
ponents such as directional couplers are sufficient for this task a
mode propagating in each component is the one for which the
was made. Here sensitivity to calibration error is great. Another
attenuating the signal is to broadcast the radiation onto a recejy
The signal then goes through a directional coupler in the wave
hence to the diode. This method gives the local fluence, ang
readings in a number of locations, both the pattern and the to
power can be deduced. -

To dispersive
fine

60 dB & Coupler High power load

4-yway power supply )

Bandpass filter

Attenuator

Crystal detector

5.6.2 Frequeticy

The simplest frequency diagnostic is the direct measurement of 140 160 To scape

oscilloscopes, but expense is prohibitive. Other methods requir
tion and care in their use (see Problem 6}.

) 21 W0oe Y gega82 8
5.6.2.1 Bandpass Filters | L P 000
The basic technique for a coarse survey of frequency is the ban Frequency (GHz)
They are similar to lumped element electronic filters in perfo /Pmmptsignal

instead use waveguide cutoff to pass a discrete band. In th
regime, directional couplers are used to reduce power to:
commercial filters can be used. There are many kinds of micr
They are available in the domain up to 40 GHz and are inexp:
straightforward in their use, Their disadvantages are that they '
frequency resolution and that they often have periodic atten
teristics, allowing frequencies considerably higher than the ethiods. (a) Four bandpass filters resolve the vircator soutce upward
propagate. Figure 5.26a shows the use of a bandpass methoi ive line signal for frequency measurement. Timing reference signal
experiment by Sze et al® The rapid chirp of the vircator is cap
set of four bandpass filters, and the power envelope in each ba
by a crystal detector.

erate with waves propagating in the fundamental
dependent group velocity. The frequency that arrives

5.6.2.2 Dispersive Lines

This widely employed simple diagnostic for frequency uses:
dependent transit time of a short pulse down a waveguide. Hig
components arrive first. With a sufficient length of waveguide
ment of the time delay between the individual peaks in the dis
and the start of the radiation pulse yields the frequency specir
shot. Dispersive lines come in two types: long evacuated wa
solid-state crystals, typically yttrium iron garnet.!

‘assumption is made that all frequency components
usly. Frequency resolution is directly proportional to




pulse length, so only short pulses can be resolved. Resolution is
if dispersion is enhanced by working near the cutoff frequency. 1,
waveguide attenuation also increases rapidly near cutoff. An exper
example is shown in Figure 5.26b. An advantage of this method ig:
two detectors are required, one at each end of the line. 8

Waveguides are simple, but long lengths are required for adequa
sion. They also have high frequency-dependent attenuation. Solidks
have higher dispersion and are frequency independent, but requi;
nal magnetic field with a tailored distribution. They also have Emite
handling capability. Both devices have been successfully used, the'sp
devices at frequencies less than 5 GHz and waveguides above § ¢
methods can achieve dispersions of ~300 nsec/GHz. :

L 1 : 1 i 1
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5.6.3 Heterodyne Detection

In this method, the microwave signal is mixed with that from

oscillator and the beat signal is displayed directly on a fast oseilj;
Fourier analysis of the heterodyne signal allows the spectrum &
sured. The frequency can be determined by shifting the oscillato
over several shots. An example of a Fourier spectrum of a vircats
in Figure 5.27% The heterodyne technique has emerged as the 1

T T T T T T T

1 1 1 I3 1 3 t

40 50 60 70 80 90 100
Time (nsec)

- 1.3 GHz

the University of New Mexico, BWO: upper, heterodyned signal;
analysis of heterodyne data shows mode (frequency) shift; lower, power
mi Barker, RJ. and Schamilogly, E., Eds., High-Power Microwave Sources
aries on RE and Microwave Technology, IEEE Press, New York, 2001, p.
tission of IEEE.)

1.3 GH=z

thod of measuring frequency because it is an easy-to-use,

60 MHz
imeresolved measurement,

20 MHz,

Fourier transform, arbitrary units
Fourier transform, arbitrary units

gnostic provides Fourier-analyzed frequency signatures.
tite—frequency analysis (TFA) of a variety of phenomena
darker line denotes higher power. Some mechanisms
TFA are:

I!IIIIIlII_Ll|I|IIII|‘IIIII

1.26 1.389
Trequency, GHz:

1.25 139 1.516 _
Frequency, GHz With cavity

ing and detuning of the resonance condition caused by
Without cavity

ltage fluctuations. Even modest voltage fluctuations can

uency chirping, which causes microwave power fluc-
tuning from the cavity resonance interaction. For elec-
‘en microwave devices, voltage regulation (flatness)
05t crucial parameters.

FIGURE 5.27 .
Fourier spectrum of a vircator. The introduction of a surrounding cavity redii
(See Chapter 10.)
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5.6.4 Phase "
&%

Phase measurements are required for phase-locking experimenis
measurements of the coherence of a radiation field, i.e., mode ¢
in the radiated waves. Two methods have been used thus far, Sm
used an Anaren phase discriminator, which utilizes a microwava ¢
produce two signals, one proportional to the cosine of the phase:d
between the input signals and the other to the sine of the relative p
inverse tangefit was calculated to give the angle, with care take
track of which quadrant the angle falls into. Rise times of 1
obtained. This method was used to directly measure the phase
between resonators in a magnetron and has since been used: i
magnetron phase-locking experiments (see Chapter 7). The sens
about 10°. Price et al.*? used this method to measure relative 5
radiation pattern of a vircator, showing existence of a single radiat

Friedman et al. *® used a more sensitive method to measure phe
and spectral purity of a relativistic Klystron. The method co
Klystron oufput to the signal injected into the amplifier by a
Phase variation is measured to be less than 3°. :

@h_ﬂé pyramidal microwave calorimeter, Pulses are received from the
the right.

bsorber material inside an evacuated chamber using thin
“and small transducer leads. In addition, the absorber
.matched load to the waveguide it intercepts. Any design
between large absorber size to better match the waveguide
small size in order to reduce the absorber mass and increase
Yo rise. The absorber material should have a high thermal con-
ch thermal equilibrium before Josses drain energy away. The
graphite. A common design, shown in Figure 5.29, uses
phite absorbers tapered over a distance of 5 to 10 wavelengths.
: 1_céii_ljz'_better than 90%. Orientations both facing and reversed
g ector have been used, the latter to prevent breakdown.
is usually monitored with thermistors attached to the
scted electrically in series, constituting one arm of an
cuit. Temperature changes on the order of a millidegree
d. Farly et al.% have introduced a number of calorimeter
nother approach: microwave power is absorbed in a sheet
cloth having the same impedance as the waveguide, and
rminated A/4 behind the cloth. The cloth heats the inter-
nd the pressure is measured. Such methods have the
mating electrical connections, and therefore electrical
easurement of absorber heating has also been used, as
ters, which avoid noise problems from x-rays or thermal
s from the source.

ficiencies are low in many cases, substantial amounts of
'éonverted to UV, IR, heated gas, and x-rays. There can
ields induced from the pulsed power. Use of a calorim-
d by null tests to eliminate these spurious signals. This
ost difficult aspect of experimentation with calorimeters.
in principle useful over the entire microwave frequency
tages of the calorimeter are that it operates over a broad
simple construction, and can be calibrated without high

5.6.5 Energy

Calorimetry is the fundamental energy diagnostic technique. T
the pulse can also be determined from the energy measuremen
ing it with the pulse shape. Intercepting HPM pulses in a calo
produce electric fields of ~100 kV/cm, so breakdown is an isit
energy deposited is typically 1 to 1007, requiring sensitive meas
temperature change in the calorimeter. In principle, the calorim
simple: if a thermally isolated mass m with specific heat S absd_rb_'
of energy Q, the temperature rise is w

In practice, the method is valid only if thermal losses are negligi
fore, losses due to convection, conduction, and radiation must b
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ance, which makes low-frequency operation maore diffica]
absorber mass while meeting all other criteria.

5.7 High Power Microwave Facilities

The primary activities for which HPM facilities are being devely
research and electronics effects testing. The former is done excl
and the latter both indoors and outdoors. The requiremer
applications place many constraints on facilities, the foremios
interference-free acquisition of data and safety. Researchers sk
consider their facility requirements. Operation of an HPM facility i
more expensive and time consuming than first anticipated;

should contemplate using available industrial or government f;
than constructing their own, at least in the early stages of th

5.7.1 Indoor Facilities

A typical indoor microwave tacility does both source dev
effects testing, with unified instrumentation and safety syst
notable feature of indoor facilities is the anechoic room, i.e. 4 iy
microwave reflections are minimized by use of absorbers
shown in Figure 5.30. The usual method for separating functi
the microwave source and its associated pulsed power"
anechoic room with waveguide to transmit the microwave:
located just inside the room. This location for the antenna’ m
distance between source and test object, making more efficie
anechoic room. The room itself is sized by the requirement
not be too close, i.e., greater than 0.2 D%, (see Section 5.5.2)
anechoic rooms in use vary from a few meters for high-freqt
>10 m for large target volumes. Anechoic rooms frequentl
turntable for rotation of test objects and a side room conti
equipment for the test object (pneumatics, control systems, an
nostics for which cable length must be short). Anechoic
provided with fire safety and audio alarms, and abort switcl
firing of the source while humans are present in the room.:T
pyramidal anechoic material can provide an attenuation of -4 B,
ing a quiet zone several meters in diameter. The material is hin
of an electromagnetic screen room that provides ~60 dB of atten
in a typical experiment, microwave signals cannot be detecte
anechoic room. This more than fulfills the microwave safety
described below. The size and other aspects of the anechoi¢
determine much of the geometry of a facility.

ber-optic cables (most conveniently located over-
e roomis or to control panels. One of the most crucial
per handling of the ground plane, to avoid ground
instrumentation. A minimum requirement is to
iently far from microwave sources (which are
5) to prevent clouding of the screen.
erlapping requirements of x-ray, microwave, and other
to the facility must always be controlled. The basic
exposure to radiations by creation of controlled and
ed in the U.S. by CFR 49). Uncontrolled areas are
re allowed access because exposure cannot occur. In
e can occur, and therefore access must be prevented
n. The most effective safety procedure is to provide
t each person entering the facility. All areas that can
ve a personnel access gate al which the interlock key
missing from the interlock panel will disable the
nt radiation. This system requires vigilance in mon-
e facility operator to ensure that personnel carry the
st also carry an irradiation badge at all times in a
ring the machine, the operator must inspect the area
ciear of all personnel. The gate must be closed and
e_!:before firing Can commence. [t is adwvisable to use
ud distinctive warning sirens strategically located to
area of an impending test. Continuous-wave (CW)




AFCCHEHS TOUITS- WL TEGLITC a - ITE-5a 1€ty dnailysls. INOte thy
can prevent exterior sirens from being heard inside the ¢k
abort switch should be inside the anechoic room,

5.7.2 OQutdoor Facilities

Outdoor facilities are fraught with their own issues, espe
transportable. First, many experimental subsystems will he
tive, and measures must be taken to ensure against the prob
heat, dust, etc. All radiation leakage must be controlled, (s
shields or simply by standoff distance. Protection from fratries,
nearby electronics is made more difficult because of the ab'seﬁ"
rooms and high-quality shielded rooms for the diagnostics
must be controlled more carefully. Finally, because there
the microwave spectrum, those contemplating outdoor exj
consult the Reference Data for Radio Engineers and FCC regul,
their intended frequency is already in use. Aircraft are the pr
Ultimately, no apparatus can ensure the safety of a facility; Lte
is the price of true site security. :
Orion is the state-of-the-art transportable, self-contained Hp
first fielded in 1995 and currently in operation (Figure 5.31);
housed and fransported in five ISO containers, has comple
linked computer controls and data acquisition, and carries
power®® At the heart of the system is a suite of four tun
(Chapter 7}, each capable of delivering 400 to 800 MW. The f1
is continuous, with no gaps in performance over the range:
GHz. Orion fires 1000 pulses in a burst at repetition rates upt
thyratron-based modulator that drives the magnetrons hasa
output that can be increased in discrete 50-nsec steps up to
duration of 500 nsec. The microwaves are radiated from a h
offset, shaped, parabolic antenna that illuminates a 7x 15 i,
at a 100-m range. -
Orion pulsed power is a two-stage, oil-insulated, thyratron-s
ulator that pulse charges an 11-section ladder network PFN 1
up transformer and triggered gas output switch.® Its ma
features are pulse duration variable, 100 to 500 nsec; voltage
to 500 kV; and repetitive up to 100 Hz. Impedance is 50
nsec; and flatness, £8%. Pulse duration is varied by manug
inductors in 50-nsec increments (Figure 5.32).
The four continuously tunable relativistic magnetrons use sl
tuners and explosive emission cathodes, operate at a vacuum
Torr (cyropumps), use a 10-vane, rising-sun design and two-pr
and are surrounded by a conformal Pb x-ray shield. The magn
provided by cyromagnets, up to 10 kG. The cyrofluids can opera
between refillings. '

Aeortesting facility. (Reprintecl by permission of Smith, 1., L-3 Communications,

ted by permission of Smith, 1., L-3 Communications, San Lean-




ing the focus of intense public scrutiny. Microwave
re divided into three groups: biological hazards to per-
rdnance, where a potential exists for munitions or elec-
oo to be initiated; and hazards to fuel, where there is a
Tghition of volatile combustibles. In the military, these
‘to, respectively, as HERP (personnel), HERO (ord-
éﬁgrg'y by the human body is very frequency dependent.

s absorption is maximized when the long axis of the
he incident electric field and its length is 0.4 A. Therefore,
e for humans is maximized at about 70 MHz, where
Id higher than at 2.5 GHz.* Since the photon energy
Yy tnicrowaves is two orders of magnitude below the
olecules at room temperature, microwaves are definitely
On._.Therefore, they are below the threshold at which
ve,m contrast to x-rays. However, x-rays have become
ublic sensitivity to microwave risk is largely due to a

AR R LR gL UL d- CONDIIer /- arrenuator networ) 3
power variation over five orders of magnitude. The wavegy
attenuator consists of a hybrid tee/phase-shifter and power co
output from two magnetron arms, followed by a hybrid &
attenuator to vary the radiated power over five orders of ma
is a separate waveguide circuit for the three waveguide bang
and -340. The system is controlled with programmable stepp

The Orion antenna system, which can be seen in Figure 5.3
off-set, shaped, parabolic reflectors each with two pyram
designed to maximize efficiency, reduce sidelobe level, and pi,
m elliptical beam spot at a 100-m range. Gain is 468 (27
pointing adjustments of about +10° are possible with flexiblk
sections and shims. The antenna and its supports are deSi?;n

technology out of the laboratory and into the field may draw
of the Orion facility that should be considered by anyone eon
outdoor facilify are: ' :
ffect known in humans is microwave hearing, A single
ywave energy absorbed in the head at 10 pJ/g results
“i.e., false sound. At 0.1 J/cm?, nerve activity can be
. u ar level. At higher levels, confusion and a wide variety
an occur. At the highest energy levels, local heating can

temperature. Unfortunately, little is known about short-
or effects, and it is a subject of considerable experimental

® There are two diesel generators, one for container :

¢ Separate containers are required because of their very diff
tions — for conirol, prime power, and storage (wavegt

nas, spare parts, tools). éﬂi{y operation, some threshold standard must be

* Many functions must be built in. For transportability, al ymmon approach is to find an exposure level for pulsed
each container are mounted with shock and vibration isolatic ¢ effects are observed, and then modify it by a safety

visions. Smoke detectors, fire extinguishers, and audio d standard is that of the American National Stan-
included in each container. Safety interlocks and abo

provided throughout all I1SO containers and are incorp
the Orion safety interlock system. :

® The Orion system is completely computer controlled. The
provides timing, monitoring, and control of the HPM s
data acquisition system (DAS) computer provides:
archiving, and analysis of the DAS digitizers. All link
containers are fiber optic to avoid grounding and shi
lems. The range safety officer is provided external aud
cation and video surveillance. i

91 ANSI levels as well as HERQ limits are shown in
icrowave regime, 10> W/cm? should be an adequate
vers. In 1992, the TEEE (C95.1-1991 safety standard was
red, with a distinction between controlled and uncon-
the latter for locations where there is exposure of
e no knowledge or control of their exposure, e.g., living
s that are not clearly identified, so not a microwave
um permissible exposures for controlled environments
evel rises linearly from 0.3 to 3 GHz, then remains
m? The time over which variable intensity exposures
generally 6 min, but falls off above 15 GHz to 10 sec at
e,at 10 GHz, 10 mW /cm? exposure over 6 min is within
0 if exposure is to 60 mW /cm?, only 1 min is within it.

5.7.3  Microwave Safety

Safety issues can usually be addressed in a straightforwar
into account in the initial facility design. The hazards of elec




ot Erequency mvMHz
jo 10! 1% 10° 10¢

i vourse, ordnance liberates great energy, and therefore the
ntiis greater. Ordnance is also more easily protected by
ans. The consequences for igniting fuels are large, espe-

g: motor vehicle and aviation fuels, Measurements near
nas have shown that a minimum voltage gradient of 50
or fuel ignition.

108

- - : wave-sources in an outdoor site in the U.S. comes under
§ 10 ; = : = deral Communications Commission and its regulations
% N i — ==t = cy devices, specifically FCC regulation 18.301, which allo-
£ 10 = equencies for industrial, scientific, and medical equipment.
g - T ecify radiating bands for which unlimited radiated
P Hi— = ith the proviso that harmful interference is prohibited,
& 103 i ! th radio navigation, safety devices, or radio communica-
a ' Sixiis Legend enter should consult the appropriate federal regulations.
10 el L A L L O ANST fimit ng point, note that the Trestle EMP simulator in Albu-
i ==—==—=-= Restricted limjt ated near the city airport and does not operate when

107 st HERO) limit 1 aircraft will exceed 1 kV/m, which corresponds to a
- - - § i :L—-O——‘ o— {{Pfﬁ.o limit 2 ; 6W/ cm2, Radar ihlthneteés a?d other Cﬁircrfftf_sygtemg

1071 o0 101 102 109 1ot 0 e frequencies, so the prudent approach is to find an

Frequency in MHz

id power levels that have been determined to interfere
oard systems,

FIGURE 5.33
Safety standards for microwaves,

TABLE 5.3

Safety Guidelines for Microwaves in
Controlled Areas

ddiation produced as a by-product of electron beam
‘The most frequently used unit for radiation is the rad {1
hich is a measure of the radiation energy absorbed in a
e:roentgen of radiation results in an absorbed dose of
ays. The absorbed dose for biological systems is also
‘in the rem unit (for x-rays, rem = rad). The current
trolled area is (.5 rem/ year!! A radiation shield must
onjunction with 1/x? falloff, can reduce the fluence in
to below this level. For safety calculations, one assumes
ergy is deposited in an x-ray converter, i.e., the worst
MYV, 200-kA, 100-nsec electrical pulse, operating at 10
s about 50 cm of concrete shield. High Z materials such
heavier shields, Locating this shield close to the source
olume, in which case lead might be more advanta-
ing access to the source. The widely used alternative is
hiclds at a distance and use them to define the controlled
es to the radiation area prevent line-of-sight escape of
lock safety gate is usually placed at the entrance of the
access point to the controlled area. An often overlooked
shine: reflection of x-rays from the ceiling or air above
ttering calculations are required to establish the magnitude

.
Frequency  Power Density  Averaging Time

0.3-3 Gz 1-10 mW /ecm? 6 min
3-15 GHz 10 mW /em? 6 min
15-300 GHz 10 mW/cm? 6-0.165 min

For peak power limits, the situation is unsettled. Prima"ces_'
W/em? peak experienced no effects. Protecting personnel in
facility at this leve] may be considered safe, Shielding by wearin
suits is very effective; shielding of 50 dB can be obtained. H
suits are rarely used in HPM, In practice, most facilities use s
rooms to attenuate below measurable levels.

The HERO specification in Figure 5.33 is to prevent duddir
activation of electro-explosive devices (EEDs), which are all

caused accidents during the Vietnam war. The HERO-2 limi
imum safe fields for bare EEDs

C




