antenna, given- the antenna and mode conve1tereff1c1enc1es of Ny = 0:'85 énd
My = 0.95, we infer an output from the BWO of ’

G= 5.18(2) - 5.18(Df—] (2.5)
A c

For our X-band frequency, we choose f = 10 GHz, so that A = 3 cm. Now,
if we choose a gain of 45 dB, so that G = 3.2 % 104, we can use Equation 2.5
to find the antenna diameter: D = 2.4 m.

We can now compute several other output parameters of the system. The
output beam width of the microwave beam (or the width of the central
antenna lobe) from a parabolic dish antenna (see Chapter 5) is the following:

o(radians) :2.44{%]: 2.44{5‘-}} (2.6)

and computed diameter D, 8 = 30 mrad. The
duct of the radiated power and the

P = Peap  BOOMW
BWO =

Nam (0.85)(0.95)

= 620 MW (2.9)

n a pulse of length Tpp

. Next, to determine the electrical input requirement for the BWO, we must
- take account of both the instantaneous power efficiency for convertirig electron
beam energy to microwave power and the differences in pulse length between
the microwave output and the electron beam input. In our earlier treatment
of BWO efficiency in Equation 2.2, we combined both effects. To compute the
electrical input requirement for the BWO, we make the following assumptions:

”1?0 take account of the longer pulse length of the SuperSystem rela-
. tive to the NAGIRA system, we assume a constant difference
“between the electron beam and output microwave pulse lengths
_rather than a constant proportionality. Thus, we retain the 5515(3(2

» o

For our X-band frequency
effective radinted power (ERP), the pro

gain, 18 -
difference for NAGIRA to arrive at an electron beam pulse width
ERP = CPaxs | .7) for_tljle SuperSystem of Tgpay = Tge + 5 nsec. This 5 nsec is the time
equired for the electron beam current to rise to the level required
. =~ 1 tai i i i i i i
which, in the case at hand, has the value ERP = 16 TW for a radiated power 0 SIS oscxllatlon.m the BWO and for those oscillations to build
p to their full amplitude.

of Ppap = 500 MW. Finally, the peak angular radiation intensity, measured
in watts/steradian, is given by

- -F'actormg out pulse-length effects, we assume that the power effi-
ciency for generating microwaves, the relationship between the elec-
 tron beam power and the microwave output power of the BWO, is
~the same for the SuperSystem as it was for NAGIRA. In NAGIRA
: 3-GW electron beam produced a 500-MW BWO output, so that th{;
wer efficiency 1 = 0.17. Therefore, to produce a 620-MW BWO
utput, an electron beam power of Py, = 3720 MW is required.

We assume that the SuperSystem BWO will have the same 150-chm
pedance, ZBw_o: as the BWO in the IHCE system, as this is typical
BWOS (see Figure 5.2). Thus, with V; the anode-cathode voltage
the_'diode, g

I[fw }=5R3 @8)

steradian i

To move farther upstream to the BWO, we need only two other parameters:

the power conversion efficiency of the antenna, M4, and the efficiency of the
mode converter that converts the TMg, output of the BWO to a TE,; mode
required by the antenna, Ty For our system, we choose T, = 0.85 and Ty

0.95. Note once again that we do not need to know the details of the coupling
We simply use values that

to the antenna or the mode conversion process.
are consistent with past practice. V2
Pogays = Vol = o—= 3720 MW (2.10a)
BWO

2.5.4 Backward Wave Oscillator
For the power level and repetition rate, the best choice for X-band is the
BWO. At lower frequencies, magnetrons and klystrons become competitive

5 GW is well within their capa Vv, = ( PosasiZ smo )1/2 - 747 KV 2.10b)

BWOs have reached powers of 5 GW, so0 0.
pility. Working backward trom the 500-MW output radiated from thy



e et 2400 506 Stion52). Theroleof i e oo
. m between the output impedance of the PFL
impedance of the BWO, Zg,o, = 150 Q. The len € and the
ATy ! . gth of the tapered transmissi
line is directly proportional to the length of the electron l‘:t))eam Pulssefnfl:silor.l
s Tppam:

[, =-Y0_ = 498 KA (2.11)

ZBWO

level diagram of Figure 2.17, the BWO will
IRA system, the magnet is superconducting,
such as ORION; see Chapters 5 and 7). This
magnet adds mass to the system, and it requires its own small power supply
and cooling system. Field systems use superconducting magnets because,
while they need cryogenics for cooling, their ancillary power supply and
vacuum equipment are far smaller and lighter than the power supply of
normal magnets and they are lighter than permanent magnets.

As indicated in the system
require a magnet. In the NAG

as is typical of fielded systems {
3 *
L= 5 ¢ Taean (2.12a)

Because we expect that the transmission line wi i ith i

. ect t e will be filled with insulatin,
_}l,' the speed of light in the line is reduced to ¢ = 2 x 10 m/sec ss thaat o
units appropriate to the problem, ’ "

2.5.5 Pulsed Power Subsystem
Lo (m) = 0.3T 00 (nsec) (2.12b)

The internal structurerof the SINUS generator consists of three components,
as indicated in Figure 2.14. From the end closest to the prime power, these

are the low-voltage capacitive energy store, the integrated Tesla transformer/

pulse-forming line (PFL), and the tapered output transmission line. A layout

of a SINUS machine is shown in Figure 2.18. The low-voltage capacitive store -
charges up at the output voltage of the power conditioning end of the prime
power subsystem. The Tesla transformer is integrated with a cylindrical PEL.
A single-turn primary is wound around the inner wall of the outer conductor, °
while the secondary crosses the gap between the coaxial conductors in the
PFL, so that its high-voltage end contacts the center conductor, driving it to
a large negative voltage. The Tesla transformer steps up the voltage from
the capacitive store to the required output voltage, and the PFL shapes the

output pulse and defines the duration of the voltage pulse at the output.
Unfortunately, for reasons related to the volume efficiency of storing elec-
trical energy, the output impedance of the oil-insulated PEL itself, Zpy, tends -

Presuming that we wish to align the tr issi i i

'z_msformer/ PFL, as was the casegfor NAG?RT?SII?%uhrEzY;hﬂEheI Testlﬁ
tist be added to that of the PFL when one is determining t]:u;_ O{Ieraisi lzngth
the platform that would carry this system. The length of the Tesla tng
rmer/PFL, which will also be filled with insulating oil, is a roximré’lcnls-
length of the PFL itself, which for a pulse length of ’Cl;E AM iingiven gye !

b 7 Tas (2.13)

Lo (m) = 0.1Tgpan (nsec) (2.13b)

dmg Equations 2.12b and 2.13b, we get

Ly (m) +Lgr (1) = 04T g0 (nsec) (2.14)

: g_frelanon, we can see that for a 10-nsec pulse, the length is about 4
e for a 20-nsec pulse, the length doubles to about 8 m. Because 8 m
._too..long for some C(l)ntainers, we must.consider the options with and
of'-{]g .tiansmlssmn lmg, -evah_lat'mg the trade-off between the added
o 1] e apered transmission line and the inefficiency that results if it

2

FIGURE 2.18

Physical configuration of 51
insulated PPL; 3, gas spark gap;
for beam generation, driving BWQ. (From Rostov,

NUS pulsed power devices: 1, pulsed transformer; 2, coaxial oil:
4, putput tapered transmission line; 5, vacuum region; 6, cathod
V.V. With permission.)

ﬁiiggwer f\lfowf in C%Eigure 2.11 we rename the voltage source and
i ance and Zpp.. The
thrfjugh T arTéFL prL- The beam voltage across Zyy, and beam



the energy stored in the PFL is available to deliver power to the beam, the
remainder b{?ing lost to rise and fall times and other intrinsic losses. V\:’hen
the tapered line is used, Zpyo appears to have the value Zpm, no matter what
_ its actual value. With and without the tapered line, Py, the power flowing

Vo= Ve, (—%B—WQ_] | | (2-15)

Zpert Zgwio

Ve Z .
Pypan = - 0 :ngLyﬂQ—T (2.16) 0‘.“: of the voltage SOUJ-‘C‘? Vi, Into the series impedances Zpy, and Zgyo, is
BWO ( Zop + ZBWO) given by the two expressions (with V, =747 kV, Zp, =20 or 50 £2, depending

“on whether the tapered line is used, and Zgyo = 150 £2):

The maximum value of Pgray for a given PFL output impedance is given by

Equation 2.16 when Zgyo = Zpr With the tapered line (Zpy, = 20 Q)

Vi P
Popy = — P =9 “BEAM . 8 75 GW
27 orr Top (2.21)

Py =P (2.17)
4ZP.FL

’
We define the pulsed-power efficiency to be the fraction of the maximum Without the tapered line (Zpp, = 50 Q)

available pulsed-power output that goes into the beam:

% 2
PPFL —__ PFL — % (ZPPL +ZBWO ]: 4.96 GW (222)

(2.18) =
- Zppr+Zywo  Lpwo Zowo

Pypan = NopLieast, max

If a tapered transmission line is used, Zgwo will appear to the PFL to be
approximately equal to Zpp, NO matter what its actual value, because the
line is an impedance transformer. The Jine is not perfectly efficient, and our

rule of thumb is that with tapering

ither case, assuming a 5-nsec rise time for the microwaves, Togay = Tgs +
, the energy stored in the PFL must be ¢

With the tapered line (Zyp, = 20 Q)

Mpp =My, =0.85 (2.19)
Dogr T

: Epp (] )=~ = 9.7

If the tapering is not used, perhaps because it is too long for a given platform. i ( ) & (ns)+ 466 (2.23a)

we combine Equations 216, 2.17, and 2.18 to get
Without the fapered line (Z,y, = 50 Q)

Nop = Poeam 4ZgwolreL
i o P
Prgant max (ZPFL + ZBWO) Eppy (]) = W =469T, (ns) +23.4 (2.23b)

The decision to use the tapered line or not will depend on overall systerit

' : ) the values of Vpp are
length. Two cases will arise; we will: .

o Use the tapered line if it doesn’t make the system too long for the . With the tapered line (Zpgy = 20 Q)
platform. It will have optimum tmpedance from the standpoint of '
minimizing the volume in which its energy is stored, so that Zpg =
20 Q and mpp = 0.85.

s Not use it if it makes the system too long, The impedance will be
highet, Zpg = 50 €; from Equation 2.21b, Npp = 0.75 for BWO imped
ance Zpwo = 150 L1

(/2
A P Zs
%Prz[ﬁﬁmp ”L} =592 kV (2.24a)

Without the tapered line (Zpe = 50 Q)



TABLE 2.2
Comparison of the SuperSystem Parameters to Those of the

BWO SINUS Series of Pulsed Power Machines

Vi, = Vs [Zm *Zowo ]: 966 KV (2.24b)

The energy in the fast energy store, Eg,gy, is transferred to the PFL with 90% Parameter SuperSystem Value  SINUS Range
energy efficiency: Average input power, Py 40.5-76.5 kW 0.1-50 kW
Output voltage, Dypap, 747 kV 100-2000 kV
With the tapered line (2o = 20 Q) Output pulse width, Ty, 15-25 nsec 350 nsec
Qutput impedance, Zgyo 150 & 20-150 22
Pulse repetition rate, PRR 500 He 10-1000 Hz

Erasr U) = %ng) =10.81gp (ns)+ 54.0 (2.25a) 23
. E 2.

‘Parameters Describing the Burst Mode of Operation

Input power required to recharge the capacitive energy store between shots :
is approximately given by

Mission Parameters Burst Store Parameters

% Pulse repetition rate  Eg Energy stored in the energy store and electrical source

« With the tapered line (Zps, = 20 Q } _ component to deliver one microwave pulse
. Number of shots in Eg Energy stored in the energy store and electrical source
- a burst component to deliver one burst
Poicr = Epysr PRR = P RRI: 10.8%,, (HS)-!- 54. O] (2.25b) T:'Jme durationofone Py Average output power delivered by tl-1e energy store
- burst and electrical source component during a burst
Interburst(recharge] Py Average power delivered into the energy store and
interval electrical source component during the interburst

A comparison of the parameters required for SuperSystem with the range
for the SINUS series is given in Table 2.2. One can see that the required inpu
power to charge the capacitive energy store of the SINUS generator is abou
53% above the level seen in previous versions of this device.

Moving upstream, we come to the burst-mode prime power options of
Figure 2.7. Starting with the converters at the right of the figure, we not
that AC/DC converters (transformer-rectifiers) and DC/DC converter
(essentially switching power supplies) have typical power transfer efficien
cies of 0.88. Therefore, the input power into the controllers is

recharge time

/e move upstream into the prime power system options captured in
€ 2.7, we note that burst-mode prime power options are defined by
arameters, four mission parameters and four burst store parameters,
are shown in Table 2.3; we rename some of the parameters here for
enience in making them consistent with our SuperSystem model. Of
four mission parameters shown in the table, we are familiar with three
the fourth, the number of shots in a burst, N, is given by

p, = Poas . Prast (2.26)

e  0.88 Ng =PRR x 1, (2.28)

Note that this is the power that must be transferred through either the AC
DC or DC/DC converters, depending on the option chosen, to recharge th
capacitive store for each shot. The energy per shot that must be transferre
into the controller is

1ven the range of possible user choices for T, Ny can range from 500 to
ts per burst. The burst store parameters relate to stored energies
er flows within the prime power. The energy per shot, E,, is defined
mount of energy that must be stored in the energy store and electrical
mponent to ultimately deliver one 500-MW radiated microwave
h a pulse length of 1y at an efficiency Nysgs. Thus,

P,
Ec=_% 2.27
© PRR (
Ec
At this point, we make the decision that the output voltage for the con Es = n (2.29)
ESES

trollers, Vi, is the default input voltage to the SINUS generator: 300 V.



TABLE 2.5

Efficiencies for the Different Interface Options
of Figure 2.7

Interface Option Efficiency, 1

TABLE 2.4

Power Transfer Efficiencies of the Different
Energy Store and Flectrical Source Options

of Figure 2.7

Energy Store and Electrical Source Option  hyggg
096

0.96
6.50

Hydraulic pump motor controller 0.80
Electric motor controller 1.00
AC/DC converter 0.88

Flywheel /alternator
Pulsed alternator
High-rate secondary battery

BWO (within magnet)
& mode converter

n Table 2.4 for the three energy store

The efficiency Ngggs varies as shown i
and electrical source options of Figure 2.7. The energy per burst, Ejp, is the

amount of energy extracted from the energy store and electrical source
component at an efficiency TNgsgs in the course of a full burst:

. E, = NEs (2.30)

The average powet, Payg, 18 defined as the average power flow into the -
converter component from the energy store and electrical source component

over the course of a burst; in fact,

SINUS
transmission line

E
Pave = Pc = Mesps EcPRR = Mgges }E (2.31)
B :
SINUS capacitor
&

PFL/transformer

Platform

The last step in this equation involved the use of Equations 2.23 and 2.25.
is the power that flows into the

Now, the average recharging powet, Prer
energy store and electrical source component to recharge it during the inter:

burst recharging period. Thus,

2,19
configuration of the SuperSystem.
Ty |} Pave : ‘based on the layout of NA 1 .
Ts 937 ! yout o GIRA (Figure 2.16). F
@3 see Problem 2.2. Fe ) For a higher power

—Tm N T J Neses
to supply thi

e literature, th
ith each inter

The power from the prime mover components required
power must pass through the interface components. From th
efficiency with which this power passes through, Ny, varies w
face component option, as shown in Table 2.5. Thus,

Poy = Pre. (2.3
Ty :

cights of the subsystems and the tot

Estimation of the volumes and w
2.19 shows a concept of the subsystel

SuperSystem can then proceed. Figure



Problems

1. For SuperSystem, at a range of 10 lkam what is the power density and : . H :
energypden);ity for a singige pulse? P Y 4 h Power Microwave Appllcatlons

2. Design a more advanced SuperSystem with increased peak power, "
longer pulse duration, but lower repetition rate and microwave fre-
quency: 5 vs. 0.5 GW, 100 vs. 20 nsec, 100 vs. 500 Hz, 3 vs. 10 GHz.
Keep the burst time and interburst time fixed at 1 and 10 sec. Keep
the antenna gain fixed at 40 dB, to keep the diameter reasonable.

Introduction

re is a strong, symbiotic relationship between a developing technology
 its applications. New technologies, or dramatic increases in the perfor-
ice of an existing technology, can generate applications previously either
ealizable or impractical. Conversely, the demands posed by an existing
lication can spur the development of a new technological capability.
amples of both types can be found in the evolution of high power micro-
es (HPM). The high power and energy output made possible by HPM
h have created a technology-driven interest in HPM directed energy
pons. On the other hand, the requirements for electron cyclotron reso-
mice heating of fusion plasmas have resulted in an application-driven pro-
0 develop high-frequency, high-average-power microwave sources.
chapter, we will address the present state of such applications.
npared to the first edition 15 years ago, some applications have grown,
have declined, and some are no more (for example, laser pumping
¢ microwaves has disappeared). The most successful is HPM directed
gy weapons, now at the point of deployment. Funding over the past
“ades has been highest for defense-oriented work. Power beaming
Vis vibrant, as is microwave-driven plasma heating. Plasma heating
ups the longest studied application. High power radar is currently
, except for short-pulse mesoband ultrawideband. Following the
on of high power klystrons for the International Linear Collider, par-
eleration has receded toward the distant horizon and laser pumping
rowaves has disappeared.
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We came in low toward the target. It was a black right and for now there
was 1o sign that they had detected us as we came in from the sea. There
were four other pilots making the same attack plan against nearby nodes
at the same time. One of them would get painted for sure, and then the
whole air defense systemn would light up and theyd start finding us.
Best to get on with it.

We had a couple of these new model HPM systems hanging off hard
points under the wing, and we were going to try using them tonight.
We'd tried the first model last year and it didn’t work out. Too much
trouble to use out here in real life.

5o I activated the HPM icon on the HUD* display and looked over the
settings menu. Last time it'd been as long as my arm. This time they had
anew interface and claimed it was “smart.” We'd see, It sure was simpler.

Last time we’d had {o set everything on it. First, we’'d use the emissions
detection gear to tell which systems they were using. These days every-
thing is for safe, s0 it could be Russian, French, even ours.

So we had to figure out from its comparison library what we had looking
at us, Plus what they were using for comm. Then we’d send that to the
HPM system. Then we'd have to tell it what frequencies it should pro-
duce, how fast to shoot, all sorts of stuff. Stuff we didn’t have time for,

The slow part was us, mere slo-mo humans.

Now it was different. T just picked the target set. The HPM's new oper-
ating mode identified what emissions to listen for. Then it looked up
electronic vulnerability tables based on real field tests, tests to burnout,
of assets captured in some Third World scrap or just bought on the
international arms market. Then it set its own parameters: repetition
frequency, burstlength, and things T hadn't a clue about, like polarization.

My navigator said the GP’5 had us 10 miles out from the target area, so
I took her down to 100 yards and we began the approach. Then they
found us.

First the RWRt sound started up and our ECMJ cut in, singing and
flashing direction lights. A fiery stream of antiaircraft shells snaked to-
ward us, looking like red bubbles in black champagne. We evaded. The
ground lit up like a Christmas tree. Then they launched a surface-to-air
missile somewhere and I got a big red “missile” on the HUD. The new
HPM system had a self-protect mode, so 1 clicked that icon and it started
an omni broadeast around us. And I jammed the stick hard over right,
jinking to evade. But I needn’t have bothered. The HPM caused the brains

* HUD: Heads-up display.
t RWR: Radar warning receiver.
1 ECM: Electronic countermeasure.

“of the thmgto lose interest in us and it slammed into the sand below.
But the shells still streamed through the night; we had to get on with it.

. The HPM weapon was mounted as an expendable, so we just had to get
it close enough to launch it. So I set up to release it, first presetting the
“release” icon. By then the bird had listened to the electronic traffic
round us and knew what to go aflter. 1 squeezed off the release. The
EPM bird fell from the rack. We felt an upward jolt as the plane lightened,
The “release complete” indicator on the display flashed and then began
reading the telemetry from the launched bird. I jinked hard left and
glanced outside. T could just barely see its low-observable engine plume
as it snaked to the right after its first target. Before long I heard in my
arphones its electronic chatter as it fired a burst of pulses into the first
concentration it found. It would adaptively adjust all those parameters
until it reached a set the tables said would put each target in the node
out of action. Then it moved on. It would go ahead, burning out their
electronic eyes and ears, clearing a path through the primary nodes of
their defense, bringing their system down. Then the fighter-bombers
could get through to the big targets.

5. we set off on a course to drop the next smart bird, I remembered
the first time we used HPM. We had to set up a slew of parameters for
the specific target and then fire some test shots to make sure we were
getting the right power and such. Now we just let her go and she tuned
r parameters as she went. The guys who make these things have
finally got the true meaning of “fire and forget” and “man out of loop.”
e don’t have time fo fiddle with their gadget when there’s live fire
und us!

ce fiction? A realistic projection? This section introduces you to the
toposed application for high power microwaves: electromagnetic
thal weapons. ‘
ons that direct energy instead of matter on targets have undergone
‘e research in the last two decades. They have two potential advan-
er existing weapon systems. First, they use a power supply rather
magazine of explosive munitions; this “deep magazine” is unlikely
expended in battle. Second, they attack at the speed of light, 160,000
aster than a bullet, thus making avoidance of the incoming bolt
ssible and negating the advantage of increasingly swift tactical missiles.
cted: energy weapons (DEWs) generally fall into three categories:
microwave or radio frequency (RF) energy weapons, and charged
beam weapons. HPM has an advantage over the other DEWs in that
aves do not face a serious propagation issue. Particle beams and
have difficulties in propagating through the atmosphere, and electron
arnot propagate in space. Moreover, both are pinpoint weapons with
ot sizes requiring precise pointing to hit the target. Antenna directed
ives, on the other hand, spread through diffraction and have spot
ge enough to accommodate some lack of precision in pointing and




pair requires high level of expertise, so probably cannot be done

the site.

;an provide additional rungs on an escalation ladder, expanding
¢ range of options available to decision makers.

tracking. Lasers and particle beams are also much less electrically efficie
more complex, and therefore more costly.

3.2.1 General Aspects of High Power Microwave Weapons
ration of electromagnetic weapons is the difficulty of kill assessment.
ce of emissions does not necessarily mean that an attack has been
I. Targets successfully attacked may appear to still operate. Radi-
argets such as radars or communications equipment may continue to
after an HPM attack, even if their receivers and data processing have
imaged or destroyed. A deceptive response for a system coming
ttack is to shut down

One of two outcomes is expected of a DEW attack: soft kill, in which missig
critical components are disabled while the target body remains large
undamaged, and hard kill, with large-scale physical destruction of a targ
The military prefers a hard-kill capability, “smoking rubble,” or at least ;
assurance that an adversary cannot circumvent the weapon effect; howeve
most DEW scenarios for HHPM are soft-kill missions. This is similar to rad
jamming and electronic warfare, which can be predicted with confidenc
but not directly verified.

The concept of using powerful microwave pulses as a weapon dateg
least as far back as British radar studies during World War II. The idea h
had several reincarnations, including early ideas of thermal and structural
damage, which require enormous powers. Now both antielectronics amj
nonlethal antipersonnel HPM weapons are deployed.

In the 1980s the prospect became more credible because of two conver
technology developments: (1) the development of sources capable of pr
ducing peak powers in excess of a gigawatt and (2) the increasing miniatug
ization of, and dependence on, electronic components in military and
consumer electronics. The small scale of today’s electronic componen
makes them vulnerable to small amounts of microwave energy — thus
emergence of the “chip gun” and “E-bomb” concepts, a transmitter desig
to upset or burn out integrated circuits in the electronic brains of mod
systems.* The continuous trend toward miniaturization and lower operati
voltages has made HPM weapons more attractive. Vulnerability. h:
increased because the recent use of unhardened commercial equipmen
lower cost has meant replacement of metal packaging by plastic and co
posite materiais.

Some virtues of electronic attacks with HPM are:

mihg: Blinding of microwave or R receivers or radar.
ception: Spoofing of the system into mission failure.

agt category is akin to electronic warfare (EW) at higher power levels,
erefore at much greater effective ranges. The third level in the above
erpowering of enemy systems in the same manner as contempo-
tlefield jamming systems, but HPM-based super-jammers would be
{ totally dominating the battlefield, allowing no chance for “bum-
of their jamming signal. Between high power jammers and burnout
es a middle ground where electronics can be upset, e.g., lose infor-
igital systems so that a missile may become disoriented (break
ctical communications confused. As the hierarchy above is
+ the associated missions become increasingly generic; i.e., broader
argets can be attacked at the higher power levels, while electronic
chniques are very target specific.
distinctions between HPM directed energy and electronic warfare can
in terms of the trade between the sophistication and power level
as shown in Figure 3.1. Historically, the line between electronic
HPM directed energy weapons has been fairly sharply drawn,
the West. On the one hand, electronic warfare uses sophisticated
at orders of magnitude lower power (~1 kW) to deny an opponent
se'of communications and weapon systems, while protecting one’s
of the electromagnetic spectrum. Electronic warfare has emerged
element of military strategy and an effective way of neufralizing
ces and enhancing the power of friendly forces. It has also become
expensive in its increasing sophistication because of the diversity
nd a continuing race between the techniques of generating elec-

* Electronic attacks produce little or no collateral damage, nonletha
to humans.

» Most defense systems are not hardened, so to counter, an entire
system must be hardened. An HPM weapon made effective agains
a deployed system requires modification of a large mventory in
order for confidence to be restored.

=  Entry can be by front door or back door.

» Area attacks, with many targets, are possible.

¢ Little sensitivity to atmospheric conditions such as fog and rain.
* Few legal barriers to their development or use.

e Cost little relative to conventional munitions per target,
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FIGURE 3.1
Domains and trends of HPM and electronic warfare.

tronic counlermeasures (ECMs) and countering such interference with ele
tronic counter-countermeasures (ECCMs). On the other hand, HPM DEWS, i
their earliest embodiment, were seen as a means of attacking a multitude o
targets, using simple pulses from a generic weapon at >1 GW to provid
higher cost effectiveness than EW. Then efforts turned to developing int
mediate alternatives, combining features of HPM and EW, known as smar,
microwaves, or medium power microwaves (MPM).! The emphasis is o
employing more sophisticated waveforms at a power reduced relative
HPM. Whereas some applications of HPM have envisaged burnout of.
target in a single pulse, smart microwave attacks would use repetitive puls
ing or amplitude and frequency modulation and other forms of pulse sh

ing to lower the damage level of electronics.

Two types of attack modes against electronics have been proposed: po
weapons and area weapons. In one, an HPM weapon fires intense pulses
disable a specific target at substantial range. A high power density is p
duced on that target by the weapon and upset or burnout is obtained. In |
modern armory there are substantial numbers of target radars, semiacti
homing missiles, and communications and control systems that could.
vulnerable to such attacks. For example, several modern aircraft are marg
ally unstable and require sophisticated control electronics to fly. Burning
the chips of such an aircraft flight computer could destroy the aircraft its
Civil aircraft use electronic systems for critical safety functions such as fli

ntrol, engine control, and cockpit display. Such systems may be susceptible
interference or damage from terrorists.
In the second class of HPM attack, large areas are swept with a radiating
ulse in hopes of disabling a significant number of targets. For an area
pon to be effective, either the amount of radiated energy must be large
or the threshold vulnerability level of the target must be very low. For
ample, the fluence to cause bit errors in unshielded computers is roughly
J/cm?, so that an area weapon would be disruptive to many consumer
¢lectronic items. It is debatable that this is an effective military attack, but it
uld have substantial economic consequences. One method of delivering
gh fluences to large areas is the microwave bomb proposed in the 1980s
the Strategic Defense Initiative, in which a microwave pulse radiated in
‘from a nuclear explosion would damage electronic equipment over a
e area.” Another example of an area weapon would be an RF system on
dicated airframe, flying at low altitude and sweeping battlefield areas.
ch an attack might blank out battle management systems and disable
cal communications.
e requirements of the services will differ substantially depending upon
mission and the platforms available. Since shipboard systems are
. the Navy might be the first to use HPM because it would be less
ently limited by the size and weight of HPM systems. The threat to
s clear: the sinking of the Sheffield and the near sinking of the Stark
at modern ships are particularly vulnerable to low-flying, sea-skim-
g cruise missiles. (Air defense destroyer HMS Sheffield burned to the
e after being hit by a single Aerospatiale AM39 Exocet ASCM.) Such
-have become cheaper, smarter, and longer in range, and are now
deployed in the Third World. Defense against a saturation attack by
missiles is disadvantageous since the fleet can carry only a limited
ber: of missiles for defense.
und-based point attack HPM weapons would probably be mounted
€ tracked vehicles with high gain antennas on a mast to provide
ng, such as the Ranets-E system shown in Figure 3.2. The size and
requirements would be more restrictive than for the fleet, and the
1a sizes would be large to produce high directivity to avoid fratricide.
air forces have a more difficult problem. Airborne systems need to be
ialler and operate at lower power levels because of limited on-board
irborne missions place severe requirements on antennas to be steer-
echanically or by phase) and small but still avoid air breakdown
hem. Aircraft reach their volume limitation long before their weight
ion, so long dimensions and size are the true issue. An example of
the case of the forthcoming U.S. system UCAV. The HPM possibilities
en explored by L3 Communications, as shown in Figure 3.3 and
4 below.?
pactness is in fact a general problem of military applications of HPM.
e and weight limitations of military platforms require squeezing as
ower into a specific volume as possible, and HIPM systems to date
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is the linear indiuction accelerator, also called a voltage adder (see Chapter 5),
but its cost and weight are high.
A further practical limitation on military HPM is the constraint of on-board
power. For example, if an airborne HPM device generates 1 GW for a micro-
cond, thus producing 1 kJ/shot, repetitive operation at 10 Hz will require
n average power of 10 kW. Such powers are available on military aircraft,
ut this power is usually already allocated. Making room for an HPM
eapon will require additional power or eliminating some other military
stem on board. Therefore HPM must show its utility to justify its power
nsumption. In this example, a higher repetition rate, for example, a kilo-
ertz, would be bevond the available power on an airframe. Power con-
ints are not as demanding on ground vehicles or on Navy vessels.

ere are tactical issues associated with HPM DEWs, The disadvantages
erent in an antenna directed weapon are sidelobes and strong local fields
Chapter 5). These produce potential problems for friendly forces, which,
he HPM community, are termed fratricide and suicide. Fratricide is unin-
ded damage to nearby electronics or personnel due to sidelobe emission.
he “fog of war” the potential for damage to friendly forces near at hand
Id be a serious limitation. Since the modern battlefield is so dependent
electronics, damage or interference with electronic systems such as the
nsive electromagnetic environment of fleet defense may prevent HPM
being deployed. The problem may be mitigated somewhat by sidelobe
sion (see Chapter 5). One solution is to operate HPM only in an area
apty of friendly systems, such as behind enemy lines. The second problem,
e, is unintended damage to the subsystems of the HPM platform itself
its own emitted pulse. This problem may be soluble by shielding or
g down subsystems while the HPM is operating.
ise they are high power radiators, HPM weapons will have their
p_otential vulnerability to antiradiation missiles (ARMs), which
in on microwave signals. ARMs are the natural enemies of HPM;
ore, HPM systems must be able to attack ARMs if they are to survive.
al attack mechanisms include interference with the guidance system
iits; to make them break lock, or predetonation of the warhead.

have not been designed with this as a criterion, their purpose being HPM
effects testing. In recent years, great strides have been made in compaciness
of capacitive energy stores, so that now the bulk of an HPM system is likely
to be in other elements, such as insulating dielectrics and magnetic field.
coils. The specific microwave source used also has a big impact on size and’
weight. For example, free-clectron lasers requiring a magnetic wiggler are,
frequently longer and heavier than other sources. The vircator and MILO
{see Section 7.7), in contrast, require no magnetic field and are therefore quite’
simple and compact. Here efficiency comes into play. Low-efficiency sources,
such as the vircator, require a large energy store to produce a given micro-
wave power output, hence the emphasis in HPM circles on efficiency. '

The relevant parameter is the energy efficiency of conversion from electricity
to microwaves averaged over the entire electrical pulse. This is not the power:
efficiency, which can be high at some part of a pulse but low elsewhere. The
difference is due to pulse shortening.* Let g, be the power efficiency, the rati
of instantaneous mierowave power P, to beam power Py, and g be the energy
efficiency, the ratio of microwave energy in the pulse E, to the pulsed elec
trical energy that drives the beam, E,. For simplicity, assume powers an
constant in time. Then, with t, the pulse duration of microwaves and t; th
pulse duration of the beam, the relations are :

E, =Dt (3.1

Eb = P bfb (3-2
Therefore,

exfe, = b/t (3.

The pulse-shortening ratio t/t, is the ratio of the energy efficiency to the pow
efficiency. Present values are g, ~ 0.2 to 0.4, but pulse shortening makes ¢
0.1. The HPM system designer is concerned with the energy he must provid
from prime power and store in pulsed power because energy drives HP)
system volume and mass. Therefore, for designers, &; is more meaningft
than £,. The distinction between them is the pulse-shortening ratio. For tim
varying P, and P,, one integrates over the power over the pulse leng
details of P, which tends to vary rapidly, can strongly influence results (se
Problem 1). _

Since most microwave devices operate with a resonance condition, w
depends on current and voltage, and both typically vary during the puls
a good deal of the electrical pulse may not be useful in producing i
waves. The solution is to satisfy the resonance condition (usually a stringen
requirement on voltage constancy) during virtually the entire pulse, requl
ing sophisticated circuitry, which increases the cost if it can be done at'a
Pulsed power technology that is particularly appropriate for compact HP

f -HPM warheads on precision munitions is an attractive coupling
tronic attacks with precision guided munitions (PGM): accurate mis-
debombs, and unmanned aerial vehicles (UAVs). Carlo Kopp, who
l_:l_e term E-bomb in 1995, when the 11.S, Air Force originally published
rk, envisioned combining a smart bomb with a HPM warhead.5
iassed application of such electromagnetic weapons in the opening
of an electronic battle can quickly command the electromagnetic spec-
s would mean a major shift from physicaily lethal to electronically
acks. Potential platforms for such weapons are the USAF-deployed




Dielectric 3.1 Active Denial
nesecone B

Ballast ring Microwave antenna

eamEd microwave energy can inflict intense pain without actually injuring
_people against whom it is directed.S This pain gun concept uses a con-
ous-wave beam at a frequency near 94 GHz. The radiation passes almost
ttenuated through the atmosphere to be absorbed in the outer layer of a
rget individual’s skin. The energy is deposited near the nerve endings,
e water in the skin absorbs the radiation, creating a sensation like that
T oﬁchmg a flame. This less than lethal weapon, as it has been classified
Coaxial cepaciior Helieal FCG Helical FCG ie U.S. Pentagon, can be used to disperse an angry mob — which may
bank (stage 1) (stage 2) ' ffé' cover for a more dangerous terrorist — or prevent unauthorized indi-

als from entering a prohibited area.
:Active Denial System (ADS) has been developed by Air Force research-
nd built by Raytheon. It fires a 95-GHz continuous microwave beam
ced by a gyrotron (see Chapter 10). The ADS weapon’s beam causes
within 2 to 3 sec, which becomes intolerable after less than 5 sec.
eqplé’s involuntary reflex responses force them to move out of the beam
e their skin can be burned. It exploits a natural defense mechanism
ielps to protect the human body from damage. The heat-induced pain
ccompanied by actual burning, because of the shatlow penetration
beam, about 0.4 mm, and the low levels of energy used. Tests show
the effect ends the moment a person is out of the beam, and no lasting

Power supply

Vircator tube -

Mk.84 900 kg 3.84 m % 0.46 m dia

FIGURE 3.5
E-bomb concept, with two-stage flux compressor driving a vircater, fits into envelope of Mag
84 bomb. (Reprinted by permission of Dr. Carto Kopp.) ;

global positioning system (GPS) aided munition on the B-2 bomber and the.
GPS/inertially guided GBU-29/30 JDAM (Joint Direct Attack Munition) an
the AGM-154 JSOW (Joint Stand Off Weapon) glidebomb. Other countri
are also developing this technology. The attractiveness of glidebombs deliv
ering IIPM warheads is that the weapon can be released from outside th
effective radius of target air defenses, minimizing the risk to the launc
aircraft, which can stay clear of the bomb’s electromagnetic (EM) effects. ]
principle, all aircraft that can deliver a standard guided munition becom
potential delivery vehicles for an E-bomb. But, E-bombs must fit onto exis
ing weapon platforms. Failure to do so, by requiring a dedicated new plai
form such as a specialized UAV, would make E-bombs unattractive due
cost and logistics. Fitting onto existing platforms can be difficult, as Flgur
3.4 shows. This is a conceptual design, by L-3 Communications, of an HP)
system fitted to the UCAV unmanned aerial vehicle. The UAV has tw
payload pods, so the challenge is to divide the system onto two portio
yet have efficient operation. The prime and pulsed power are in the

pod, with cables connecting to the other pod containing the vacuum int
face, followed by the relativistic magnetron source and antenna, which'a
not shown. The circuit, in Figure 3.4, is Marx/pulse-forming line (PFL}
magnetron, Another approach by Kopp is use of a single-shot vircator drive
by a flux compressor,® as shown in Figure 3.5 (see Chapter 5). Kopp als
originated the idea of using circular antenna polarization to improve HF]
power coupling into targets.

f{j'r'a't'ion. The transmitter needs only to be on for a few seconds to
the sensation. The range of the beam is >750 m, farther than small

\ardware for generating the high average power. Since gyrotrons are
50% efficient in conversion of electricity into microwaves, a 100-kW
uires at least 200 kW of electron beam energy; inefficiencies in the
converter from the alternating current prime power generator to the
ent electron beam accelerator increase the prime power require-
a somewhat greater number. Because the operating range would
e much larger, making ADS airborne would require serious mass
ons; kW /kg would have to drop to make the higher-power system
ble in size and mass.

tenna is the innovative Flat Parabohc Surface (FLAPS), which
be a contradiction, but it is in fact possible to design a geometrically
e to behave electromagnetically as though it were a parabolic
FLAPS can directly replace a parabolic dish. It has advantages
eirg easy to store and offering less wind resistance. The FLAPS
‘an array of dipole scatterers. The dipole scatterer unit consists
positioned approximately 1/8 wavelength above a ground plane.
ré 3.7, a crossed shorted dipole configuration is shown; each dipole
‘corresponding polarization. Incident RF energy causes a stand-

3.2.3 First-Generation High Power Microwave Weapons

HPM DEWs are not a panacea, a silver bullet, and must be used in missic
where it is uniquely qualified. Below are several applications that are actua
being developed.




5 aner antenna with crossed dipoles. Although flat, it converts a quasi-spherical wave
eed into a focused beam, much as a parabolic dish would. (Reprinted by permission
alibtt Research, Camaritle, CA.)

high power, in the microwave range, at very short range to attack
FIGURE 3.6 IED’s electronics.
Active Denial System, a nonlethal microwave weapon.

ing wave to be set up between the dipole and the ground plane. The di? Jamming or Predetonating Proximity-Fused Munitions

reactance is a function of its length and thickness. The combination’
standing wave and dipole reactance causes the incident RF to be rera‘dia_’s__
with a phase shift, which can be controlled by a variation of the dlpoﬂlﬁ_e‘"
length, thickness, its distance from the ground plane, the dielectric constan
of the intervening layer, and the angle of the incident RF energy and adjace
dipoles. Typically, the dipole lengths vary to achieve a full 360° range
phase shifts.

ity fuses in artillery or mortar shells use a radar signal to determine
ange to a target so that the shell can be detonated at a preselected
0 the target, without actually having to hit it. A countermeasure is
the rounds by jamming or predetonation. The U.S, military uses
_G_r'eeﬁ and Warlock Red for this task, which are descended from an
ntiartillery predetonation weapon system called the Shortstop Elec-
Yrotection System (SEPS). Tt was introduced as a proximity fuse coun-
easure for prematurely detonating incoming artillery and mortar rounds
tving the fuse signal, modifying it, and sending a reply that makes’
think it is close to the ground. These weapons, already in the U.S.
ory, essentially instruct the target shell to detonate. Packaged in a
e-sized case and fitted with a small multidirectional antenna (in a way
gly similar to that of the ultrawideband [UWB] short-range weapon
) described in Chapter 6), the Shortstop system can be activated and
nal within seconds. Shottstop’s passive electronics and operational
make it resistant to detection by enemy signal intelligence sensors.
- weighs about 10 kg; versions designed as backpacks and vehicle-
units are on the near horizon.

3.2.3.2 Neutralizing Improvised Explosive Devices

In the War on Terror, a new equalizer has appeared, the improvis
explosive device (IED). Made from plastic or other explosive and trigger
frequently by cell phone, pager, or other radio command, IEDs are cobl]
together from whatever the people that plant them can find, so ther
no magic bullet that will universally apply to the IED threat. One hope
that a pulse of electromagnetic energy can fry the circuits, and there
several methods that might apply, from jamming the cell phone to sett
off the fuse remotely. The NIRF system (neutralizing IEDs with RF) pr




3.2.3.4 Vigilant Eagle

Another credible mission moving tow

ground-based high-average-power microwave system
of aircraft from shoulder-launched surface-to-air missiles (SAMs). The sys-

temn is a network of sensors and weapons installed around an airport instead
of on individual planes® That is advantageous because planes are most
vulnerable to such missiles at takeoff and landing because of the short range
of the missiles. The system’s estimated cost is much less than a system
mounted directly on many potential target aircraft.
Vigilant Fagle has three interconnected subsystems: a distributed missile
warning system (MWS), a command and control computer, and the high
power ampliﬁer—transmitter (HAT), whichis a billboard-sized electronically
steered array of highly efficient antennas linked to thousands of solid-state
modular microwave amplifiers driving an array anienna. The MWS is a
prepositioned grid of passive infrared sensors, mounted on towers of build-
ings much like cell phone towers (Figure 3.8). Missile detection by at least
two sensors gives its position and launch point.
seeking SAM and trigger firing o
commands to the HAT and can notify se

ard deployment is Vigilant Eagle, a
providing protection

curity forces to engage the terrorist

—

FIGURE 3.8

Vigilant Eagle
from shoulder-
a grid of passive
tailored electromagi
Raytheon Company, Tucson, AZ}

rowave system protecting a
tion by at least two sensors i
and launch point. VE radi
(Reprinted by permiss

{VE), a ground-based high-average-power mic
launched surface-to-air missiles. Missile detec
infrared sensors on towers gives position
etic waveform to confuse missile targeting.

The sensors track a heat-
£ HAT. The control system sends pointing

gh:oizid tlrlzl{e1 rntissile. The I;IAT radiates a tailored electromagnetic waveform
se the targeting of the missile and can dam i

on ing age the targeting elec-
JF:OEIC&I})SO thgt the missile loses track of the aircraft angd deﬂectsgawajg/ frc?ril
; C.) . }?a eam is ab.oult 1° w1d'e, with spot size much larger than the missile
i Wit; ti—:;ism; ;’:omhngdre?imrements than a laser weapon would. EM ﬁeldé

in safety standards for h i
o o 5. uman exposure limits {Chapter 5) (see

3.2.4 Missions

The host of DEW missions proposed for HPM cover a broad paramet
_space. They vary from short-range missions, such as fighter se]?f-defener
._ag.au.ast SAMs, to longer-range missions, such as the defense of fleets agai ot
missiles ‘an'd the direct attack of ground systems from the air. The 1083m5t
nge missions are antisatellite (ASAT; a constellation of sate]Ji‘tes withniigﬂe?’ﬁ
weapons with the capability of disrupting, disabling, or destroying wid
.agetles of electronics) and its inverse, the attack of g,round 5 si]emg f om
o_;_lglt. Most ASAT devices have been kinetic energy (KE) warheafis mS g
hat they collide with or explode near satellites. However, KE’WSET sone
ould add to the growing problem of debris in orbit, so théy are unlgze?s
e deployed by the U.S.” HPM, however, is an electronic kill and h, 4
h deployment drawback. e
In:order to assess the practicality of such missi i
st:_:b.e performed, a process aidgd by the norzo(gfsafpe;?s %?vgr:;t;gai%ﬁs
aly iss assumes a parabolic antenna with 100% efficiency; a typical .ra'cticli
: 1__5_?._50 to 80%. The radiated power is twice that calculated §om t}?e
dct of power d'enszty and spot sizes because about half the beam falls
e_:t‘he diffraction spot. There will be propagation loss at the higher
?ﬁzei aaIm:}D 110r1gerd E;ngeg (see Chapter 5). One starts by choosinggany
iables and then drawin i ini
bles, determining the final varigbic:.edangle by choosing the remainig
_xample, in Figure 3.9, choosing 10-GIHz operatin
__t_eppa diameter gives a beam %«ridth of 3.$mrad.gFf)rﬁg:f;CYaa§griE}
rie and c'hoos.]'ng a target range of 10 km gives a spot 37%11 wide
g.:a-veljtlcal line and choosing to irradiate the spot at 100 W/ sz'
Wer adier.lsﬁy chosen by Velikhov,®® gives a radiated power of 15.6 GVV’
ujt_.éshaehl:aﬁs C’;o ; p0m‘t beyond the- state of the art for single-pulse_;
I _h:mhmsth Z ei is?;:a :;tFa.gng 3.9 is based on Figure 1.3.) A source
..e.f.::.antema © Shorte% ran(;z . e obtained, for example, by choos-
: ograph could be used to argue in either of two ways: (1) As i
e af;);verf derlisﬂy to‘produce the desired effect on z ta(rg)et, 2:11; c]:i}llgl
t_heebi fzctwefradmted power (ERP) has to exceed a critical value.
e rden of HPM weaponry on the technologist to find a source
ful and yet compact enough to fit onto the proposed platform.




