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FIGURE 3.9
Nomograph for estimating mission parameters.
(2) Assuming that platform constraints limit ERP and antenna diameter, one
deduces a power density that can be incident on a target at the required
range. This puts the requirement on the effects (e.g., by tailoring waveform:
or properly choosing frequencies) at the power density that technology ¢
practically produce. This line of reasoning has led to the medium po
microwave program described previously. This logic accepts the realities
technology and that new platforms are unlikely to be created exclusively
HPM, and places an emphasis on reducing the lethality threshold by increz

ing the sophistication of the attack.
Figure 3.10 shows another form of nomograph for DEW or power beaml

3.2.5 Electromagnetic Terrorism
industry, and the military ¢

Complex systems such as government, I
West’s data and communicat

function without fast information flow. The

electrical power
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; gives ERP. Then choosing antenna

probability of effect for either spoofing or damage, and range for attack

Another DEW nomograph. Choosing a high

ain - .
gain gives peak power. Finally, choosing duty factor determines average power.
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FIGURE 3.11
“Typical cross section for coupling into the interior of an object through backdoor channels,

through an antenna, one wants to operate at the in-band frequency if it can
‘be determined. The above discussion is for irradjation into the main lobe of
he antenna. Radiating at random angles or in the sidelobes will reduce the
oupled power substantially (see Problem 4).
“Fntering through a backdoor coupling path has many complexities. Figure
1 illustrates a general result: the rapid variation of coupling cross section
a function of frequency due to the overlapping sets of coupling paths.
g bccurs quite generally for backdoor attacks. Therefore, the cross section
upling is difficult to predict for a specific object without detailed testing,
ough properties averaged over frequency bands can be predicted.
crowaves directly couple into equipment through ventilation holes,
between panels, and poorly shielded interfaces because apertures into
quipment behave much like a slot in a microwave cavity, allowing
owaves to enter and excite the cavity. Electronic equipment cavity Q
rs (see Equation 4.88) are in the range of Q ~ 10, so the time it takes to
ith energy is about 10 cycles. This is one reason that mesoband pulses
apter 6), which last only a few cycles, can be effective: their pulse
tions allow cavities to fill, then end. A general approach for dealing
ing- and cabling-related backdoor coupling is to determine a known
soitage level, and then use this to find the required field strength to
te this voltage. Once the field strength is known, the effective range -
dpon can be calculated.
ight think that one of the most attractive targets for HPM is radar.
; most radar sets are designed with receiver protection devices (RPDs),
transmit/receive switches, to prevent near-field reflections of the
smitter from damaging the receiver. RPDs could also protect against
RPD triggers and strongly attenuates incoming signals that exceed
ige threshold of downstream elements, such as mixers. The typical
wsan early spike to propagate through the system and then shorts
der of the pulse, The duration and intensity of the spike leakage

regimes exist. :
wgapons, they would be virtually

availability of the technology.

3.2.6 Coupling

Whatever the mode of attack, microwavi
system internal electronics through‘ tw
frontdoor coupling and backdoor coupling.

the targe
e energy can propagate to.
o generic types of coupling path
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It is clearly evident that once the defense provided by a transformer, cable
pul‘se arrestor, or shielding is breached, voltages even as low as 50 ,V can
inflict substantial damage upon computer and communications equipment
Ttems {computers, consumer electronics) exposed to low-frequency, high—.
-voltage spikes (near lightning strikes, electrical power transients) in many
instances experience extensive damage, often requiring replacement of most
emiconductors in the equipment.

are crucial to being able to burn out the mote sensitive diodes of the down-
stream receiver. The technology of the devices used to limit the pulse semi-
conductors — gas plasma discharge devices, multipacting devices, and ferrite
limiters, as well as hybrids and combinations of these devices — is very well
developed. However, much fielded hardware has far simpler, older RPD
technology, and in some cases this technology is downgraded or removed in
the field to facilitate system operation. Attacks against specific systems will -
require system testing. Short, high power pulses are better for this attack.
It is important in discussions of HPM DEW missions to understand effects .
nomenclature. Susceptibilify occurs when a system or subsystem experiences -
degraded performance when exposed to an EM environment. Electromag-
netic vulnerability is when this degradation is sufficient to compromise the’
mission. Survivability occurs when the system is able to perform a mission,
even in a hostile environment, and lethality occurs when a target is incapable:
of performing its mission after being irradiated.
Most of the efforf within the U.S. military research and development:
community is on lethality, while in the rest of the world it is on survivability,

.2.8 High Power Microwave Effects on Electronics

Once radiation penetrates into the interior of a target system, the suscepti-
ility of the small-scale semiconductor devices, which make up the interior
{ectronics, becomes the key issue in DEW utility. Failures in semiconductor
evices due to thermal effects occur when the temperature at the critical
ctions is raised above 600 to 800° Kelvin, resulting in changes in the
miconductor up to and including melting, Because the thermal energy
iffuses through the semiconductor material, there are several failure
imes, depending upon the duration of the microwave pulse. If the time-
cale is short compared to thermal diffusion times, the temperature increases
proportion to the deposited energy. It has been established experimentally
semiconductor junction damage depends only upon energy for pulse
ations less than 100 nsec, when thermal diffusion can be neglected. There-
in this regime the threshold power for damage varies as t, as shown
gure 3.12. For pulses greater than 100 nsec, thermal diffusion carries
gy-away from the junction. The general result is the Wunsch—Bell relation™
e power to induce failure:

3.2.7 Hardening

HPM is susceptible to shielding or hardening as a countermeasure. Electro
magnetic hardening can reduce the vulnerability of a target substantiall
without the attacker realizing that hardening has been employed. Hardenin
is produced by control of the entry paths for radiation into the target syster
and by reduction of the susceptibility of subsystems and the components t"
which radiation can couple. The drawback of hardening is that it ma
degrade the target system response and even increase its weight and volumy
Moreover, the retrofit cost may be an excessive penalty. :
The most effective method is to wholly contain the equipment in a Farada
cage, an electrically conductive enclosure, s0 that HPM cannot penetrate in
the equipment. However, most such equipment must communicate with ar
be fed with power from the outside world, and this can provide entry poin
via which electrical transients may enter the enclosure and effect damag
While optical fibers address this requirement for transferring data in an
out, electrical power feeds remain an ongoing vulnerability. _
Shielding electronics by equipment chassis provides only limited protecti

as any cables running in and out of the equipment will behave very m
like antennas, in effect guiding the high-voltage transients into the equipment
A low-frequency weapon will couple well into a typical wiring infrast
ture, as most telephone lines, networking cables, and power lines foll
streets, building risers, and corridors. In most instances, any particular cab
run will comprise multiple linear segments joined at approximately 1i
angles. Whatever the relative orientation of the weapons field, more th
one linear segment of the cable run is likely to be oriented such that a goo
coupling efficiency can be achieved. '

PpfA~t!
(adiabatic region)

]

Pp/A~t
(const. PWR region)

1

Threshold power per unit area

PpfA~t12
(Wunsch-Bell region)

T ¥
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sity for bu.mou.t vs. pulse width. UWB HPM sources operate in the adiabatic region
W_band sources in the Wunsch-Bell or constant power regions.
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The Wunsch-Bell relation is generally applicable because, even though
thermal conductivity and specific heat vary with temperature, these effect
cancel out. Therefore, in the domain between 100 nsec and ~1 msec, the energy
required o cause semiconductor junction failure scales as 1Y% and the power require
ment scales at +72. For pulses longer than ~10 psec, a steady state occurs in
which the rate of thermal diffusion equals the rate of energy deposition
Therefore, the temperature is proportional to power, resulting in a constan
power requirement for failure. The energy requirement then scales as t. The
consequence of these scaling relations is that the shortest pulses require the
highest powers but the least energy. Conversely, the highest energy and
lowest power are required for long pulses. UWB HPM sources (Chapter 6
operate in the adiabatic, narrowband sources in the Wunsch-Bell or const
power regions. If energy is to be minimized in deployed weapons, the shorte
pulses will be used, and if power is the limiting requirement, then longe
pulse durations are indicated. _

The above relations apply to single-pulse damage. If there is insufficien
time between successive pulses for heat to diffuse, then accumulation
energy or thermal stacking will occur. From Figure 3.12, thermal equilibri
occurs in less than 1 msec; therefore, »1-kHz repetition rates are require
for thermal stacking. The required value of repetition rate will vary with
specific targets. There is also the possibility that permanent damage may
result from the accumulation of multiple pulses. Some data suggest tha
gradual degradation occurs even at repetition rates much lower than the
rate required for thermal stacking, possibly due to incremental damage.
analogy would be insulator flashover. This effect may allow reduction
the threshold power requirement for electronic damage. Some data indica
that when hundreds to thousands of pulses are used, the damage threshold
can be reduced an order of magnitude. Such effects have not been quantified
sufficiently. The repetition rate requirement can be relaxed, relative to the
mal stacking, and will be determined by mission constraints, such as ti
on target. In any case, repetitive operation is required for any real engag
ment, and therefore accumulating damage effects may be inherent in HP
DEW engagements. :

Damage is not the only mechanism to consider. Upset of digital circuits occur,
when HPM couples to the circuit, is rectified at, for example, pn junctior
and produces voltages equivalent to normal circuit operating voltage.

The development trends of electronic processors have led them to be mo
susceptible and vulnerable to microwaves. The basic component is the t
sistor gate, shown in Figure 3.13, which has a working voltage V and junc
parasitic capacitance C,,, proportional fo the area of the gate. Switchin,
the transistor occurs by the flow of a current flow of charge Q = G,V

1.5

] .

0
1995 2000 2005 2010 2015

Year

Gate voltage (V)

URE 3.13
cuit of transistor gate and historical trend of gate voltage.

me At. The rate of processing, or clock rate, is given by f = 1/At. Power
owing to the transistor is

P = VI = VQ/At = CoV2f (3.6)

ommercial pressure speeds clock rates, with the result that dissipated
ower in the gate increases, heating the junction. Such power must be
acted, limiting how dense the gates can be made, which limits processor
mpactness. Some improvements can be realized by reducing the gate area
hence Cp, but this shrinking of the gates is offset by the need to increase
otal number of transistors, and so the dissipated power density remains
nt. The attractive way out is to reduce voltage, as P ~ V2, Figure 3.13
 the continuing fall of voltage, with future declines projected to come,
owered voltage reduces operating margins, making the circuit more
tible to noise. This trend makes the chip containing the gates more
able to microwave attack. If a microwave beam falling on the device
using the processor causes high enough voltage at the junction, effects up
nout of the transistor will occur. Figure 3.14 shows a trend toward
hresholds for susceptibility as the scale size of integrated circuits is
d to fit more electronics on single chips,

-ziasses for commercial off-the-shelf (COTS) equipment, the most com-
stem is the computer. Clock rate as well as the number of transistors
easing, as the minimum structure size is decreasing with successive
uter generations. Figure 3.15 shows effects testing on Pentium II1 pro-
based PCs.2 The electric field for the onset of effects is given, There
'ta;g:ltial scatter in effects data because of the complex sequence of
ling the system and computer housing, and the various chassis prop-




581 TABLE 3.1

10 . .
2 Categories and Consequences of Electronic Effects
- g
o v
iz . Pow:er Recovery Recovery
'é E . Failure Mode Required Wave Shape Process Time
% g :Interference/ disturbance  Low Repetitive pulse or Self-recovery  Seconds
E N continuous
z Medium Short pulse, single or  Operator Minutes

01 | i | | | ; . repetitive intervention

001 o1 1 10 100 1,000 10,000 High UWB or narrowband  Maintenance  Days

Susceptibility, Wem?
ash with manual restart required. This might be because manufacturers
o getting smarter about shielding for emissions and interference.

able 3.1 shows in general the categories of consequences of effects. It
demonstrates that the recovery time can vary from seconds to hours. Some

FIGURE 3.14
Feature size of chip technologies falls, lowering the threshold for HFPM effects.

10000 F= = T ST e e T s T S DT T S ] thmkthls a major advantage of HPM, obtaining a variety of effects from a
‘ : single source.

i In Europe, effects work concentrates on understanding electronics failure
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100 SIS R aders gather from this survey that HPM weapons face a complex set of
100.0E+6 1.OE+9 10.0E+9 actors that influence their true military utility, they are correct. The com-

Frequency (Hz) ity of HPM DEWSs requires a systematic approach with careful consid-

on of utility as a weapon, meaning an engagement analysis, coupling
5 and testing, electronic component testing, system testing, and a
ermeasure (hardening) study.

in the episode at the beginning of this section, easy, speedy battlefield
critical. Only systematic integration with existing network-centric
ms-can give the warfighter quick, useful weapons. Just as “fire and
became a paradigm, so could “HPM kill.”

FIGURE 3.15 i
Flectric field strength at which first breakdown effects occur in three Pentium I 667-ME
computers. (Reprinted from Hoad, R., IEEE Trans. Electromag. Compatibility, 46, 392, 2004 [Fig
3], By permission of IEEE.) .

agation paths combined with the inherent statistical nature of electroni
effects. The system is more vulnerable at lower frequencies, which is
general result for COTS electronics. It is easier to produce effects at low
frequencies when the system is relatively open and has lots of wires. So ca

effects dominate below 1 GHz for computers with power cords and wirin:
Openings such as slots are more important at higher frequencies. In gener
in-band radiation is highly effective at entering and causing severe problem;
if there is an operating frequency in the microwave. However, the ease
backdoor penetration and the susceptibility of modern digital electroni
make this mechanism more likely in COTS systems. However, modern hi

speed computers are harder than their predecessors. But when they do fai
the effects are more severe. The most common failure mode is comp

High Power Radar

applications for HPM depend not on the higher power directly, but
n very short pulses at high repetition rate at high power, Here we

‘_ ﬁqrt pulses (<10 nsec) at high power: ultrashort pulse radar, called
awideband (UWB) radar.



NAGIRA graphite cathodes, as well as other explosive emission materials
is 10° shots; a much longer lifetime would be needed in a practical device.
“To enable scanning of the beam on azimuth and elevation will require a high
power rotating joint in the antenna feed.

The most obvious application of HPM to radar is simply to increase the
transmitter power P, thus increasing the maximum detection range for a
target with a specified radar cross section. In radar, all other things being
fixed, the maximum detection range scales as P;1/%; therefore, increasing a
high power radar from 1 MW to 10 GW will increase the detection range by
an order of magnitude. However, for conventional radar the limitation is not
power, but signal-to-noise ratio produced by ground clutter and other inter-
fering effects. Therefore, simple power scaling does not address the real ;
lirnitations of conventional radar. The most fruitful use of HPM in radar is ©
to address some of conventional radar’s basic limitations.”

A basic issue is dead time, the time when the receiver is turned off while
the transmitter operates. Using shorter pulses minimizes this, but the radar
must also have a good return signal at the desired range. The solution is to
operate at GW power levels with pulses just long enough to have a band-
width about that of a wideband receiver. A shorter pulse would give a
reduced receiver signal due to some of the power being out of band. '

The most developéd HPM radar is the'* NAGIRA system (Nanosecond
Gigahertz Radar} built in Russia and comprehensively tested in the UK. The
system, shown in Figure 2,15 and Figure 2.16, is based on a SINUS-6, in
which a Tesla transformer charges a coaxial oil-filled pulse-forming ling
(PFL) to 660 kV. The line is discharged by a triggered gas switch into
transmission line that tapers to 120 Q impedance at 660 kV to match that o
a backward wave oscillator. This produces 7-nsec pulses and operates up to
150 Hz in X-band (10 GHz, so 70 cycles and ~2% bandwidth). After TEg-to-
TM,, mode conversion, the extracting waveguide terminates at a feed ho
with a vacuum window through which the Gaussian-shaped excitation ill
minates an offset, 1.2-m parabolic reflector antenna, forming a pencil beam
with a beam width of 3° (see Problem 5). :

Range resolution of a radar is given by & = ¢t/2, where Tis the duration
of the pulse, so that a 10-nsec radar signal will give a range resolutiort of
about 1.5 m. Each radar range cell in the signal processor is only 1 m lon
Therefore, large extended targets can have their “portraits painted” by
series of signals coming from different parts of the target.”® This allows so
degree of target identification in principle, and experiments show that
works in practice. NAGIRA can detect a small airplane at 100 km. Ran
resolution is ~1 m, so targets can be identified. :

An important factor is pulse-to-pulse frequency stability because the mo
ing target motion is detected by separating from cluiter by subtracting su
sequent pulses. Therefore, voltage and current into the BWO mus
controlled. Using short high power pulses makes possible precise range
resolution for detection and tracking of low-cross-section moving targe
the presence of strong local reflections.

Gyrotrons and relativistic magnetrons would also be good choices for
radar because they too can produce high power at higher frequencies. Ot
standing technical issues for HPM radar remain, Principal among them'z
cathode life and scanning antennas at high power. The cathode life of £

3.4 Power Beaming

variety of schemes have been suggested for transferring energy from Earth
space, space to Earth, space to space, and between points on Earth using
HPM beams. The purpose is to beam large amounts of energy; the peak and
erage power requirement is set by the duration of the application.’ Some
the applications are solar-powered satellite-to-ground transmission, inter-
at_el]ite power transmission, and short-range applications such as between
rts of a large satellite or from a lander to a rover in interplanetary explo-
ion.”” Another class of applications of directed power beams where the
eiving area is a target includes microwave weapons and ionosphere mod-
tion by artificial ionization of the upper atmosphere for radar or atmo-
heric chémistry.® Free-space transmission is desirable because it is far
e efficient over long distances (>100 km) than competitor techniques
as coax cable, circular waveguide, or fiber-optic cable.’® ’
Alisuch applications depend on far-field transfer, where the separation
een transmitting antenna and receiving area is greater than or equal to
ar-field distance 2D?/A, where D is the diameter of the largest area and
he wavelength. (However, the method described here can also be
gi in the near field with a focused transmit antenna. This is best done
th a phased-array antenna to produce a focused pattern with spof size
t]_qan D,.) The electromagnetics are quite general, depending on only the
- parameters of the system,
e schematic is shown in Figure 3.16, The transmitting antenna of area
olaces its beam on the receiving area A,, which can be another antenna
nna, or a target, such as a spacecraft. At the range R, the beam, defineci
ba}f-power beam width, will typically be larger than A,.
1 exact general treatment,™ the power transfer efficiency for circular
ures is governed by the power-link parameter

D,D
AR

Z:

- (3.7)

L _':and D, are the diameters of the transmitting and receiving antennas,
wgly, and R the distance between transmitter and receiver, For effi-
ansfer, the spot size must be ~D,and Z > 1.
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Power beaming schematic; transmitting and receiving areas separated by distance R.

o iforn

To understand the power-link relation, note that the power received. on a
target is the power density integrated over the target area. If the tr'ansrr%itt-mg
antenna has an isotropic radiation pattern, then the power density S.ls just
the power P distributed over the surface area of a sphere through which th_e:s

power passes: #
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wer transfer between distant apertures as a function of principal parameters, 7 = D,D,/AR.
: mirolling sidelobe ratio (SLR) by tapering the power across the antenna (inset, see Ref. 20)
The typical case is that the beam is focused by the antenna (see Chapter hfc_"es side radiation but broadens beam width.
5). If it has a gain G, then the power density is enhanced to : - '
An exact treatment gives the curve of Figure 3.17. Power transfer can be
de efficient by proper choice of diameters and wavelength for a specific
ange. Choosing Z = 2 gives high efficiency, but 7 = 1.5 may well be a more
tical compromise to reduce aperture areas. An approximate analytic
ression, suitable as a rule of thumb, for the exact solution in Figure 3.17 1s

5= (39)
in

The antenna gain is
=1-¢” (3.12)

G 4’;_*9;" (3.10)

where ¢ is the antenna efficiency, also called the aperture efﬁcien‘cy, and
is the transmitting antenna area. The efficiency with which power is receive

is then roughly

r comparison, for Z = 1, and uniform aperture amplitude distribution,
itions 3.11 and 3.12 give 62% efficiency and the exact solution gives 48%.
1ese efficiencies are for circular polarization-matched antennas; linear or
linear polarization can lead to additional losses. They also do not
de losses due to propagation effects and intervening attenuations, such
at from atmosphere.

tein the inset in Figure 3.17 that the transmitting antenna faper, defined
dual reduction of amplitude toward the edge of the transmitting
1a of the array, has a great influence on efficiency. The abruptness with
1'the amplitude ends at the edge of the antenna is closely related to
much energy is found in sidelobes. In many cases, the power transfer

2 2 2 .
B (7)) | PR [’ o2 @1

P l2) | AR 4

The efficiency of transfer varies roughly with the square of Z. Thl !
approximate because this simple analysis does not average over the ta;g
area or take into account the antenna pattern and is invalid above Z ~



efficiency is regulated by the desired sidelobe ratio (SLR), to avoid interfer-

ence with other platforms, for example. A 25-dB SLR means the first sidelobe Antenna Schattky

is 25 dB down (reduction factor of 316) from the main beam, and it requires b(f;,rcll?

that a specific amplitude taper be applied to the aperture. Higher SLR values Low pass DC bypass
reduce the amount of power radiated in the sidelobes at the expense of a filter $ filter

proader beam width. A 25-dB SLR taper provides a good compromise
between low sidelobes and high power transfer efficiency.

The power beaming relation scaling shown in Figure 3.17 has been dem-
onstrated many times and is well documented.? Efficiencies of aperture-to-
aperture transfer from transmitter to receiver of >80% have been demon-
strated, although designs typically compromise efficiency somewhat to :
improve other factors, such as cost and ease of assembly and maintenance.
As an example, consider an aircraft at 1-km altitude receiving power for its
propulsion from an antenna radiating at 12 GHz from a 4-m-diameter aper- .
ture. If the receiving rectenna has a diameter of 12.9 m, from Figure 317, 7
- 1.98 and collection efficiency is 90%. However, if the rectenna on the.
aircraft were elliptical, perhaps to provide conformal fit, but with the same:
area as the circular rectenna, the efficiency would be reduced by the differing
power distributions.

The diffraction-limited beam width is

FIGURE 3.18

Rgcterma converts microwaves to DC electrical energy. The antenna is typically a horizontal

d;?;)le pliafd 0.2% gbove a reﬂectir}g ground plane. Filters contain the self-generated harmonics

Em uce ) v the dl?lile and %r(f)mde the proper impedance match to the diode at the power
eaming frequency. (Reprinted from McSpadden, J.Q. and Mankins, J.C E Mi 2

3, 46-57, 2002. By permission of IEEE.) v .. TEEE Micromave Mag.

0 =244 1/D, (.13

This is the diffraction-limited divergence, giving the first null point of th
Bessel function for a circular aperture and including 84% of the beam powe
The spot size is just D, = @ R = 2.44 ) R/D, For example, a 2-m-diamete
ground-based transmitter at 35 GHz radiates to an aircraft 1 km away. Fo
a 7.5-m receiving aperture {or target size), Z = 1.75 and 83% of the beam 1
received. The beam width is 0.6° and spot size is 10.5 m. :
At the receiving end, the rectenna, a rectifying antenna, a compone
unique to power beaming systems, converts microwave power to DC pow: >
It consists of an array of antenna elements, usually simple dipoles, ea
terminated with a rectifying diode. The circuit elements are shown in Figu
3.18 and many are shown in Figure 3.19. Diodes rectify most efficiently whi
the DC output voltage is operating at half the diode’s breakdown voltag
Efficiency varies with power density on the element; most work to date has
been at densities on the rectenna of 10 to 100 mW /cm? Because a recte
clement is terminated by a diede and RE shorting filter, the array radiat
pattern resembles the cosine pattern of a single dipole element. No sidelo
are created by the rectenna array (see Problem 6). But there can be radiatio
of self-generated harmonics due to circuit nonlinearities. High rectentt
efficiencies can be achieved, but only with proper selection of diode parat
eters. The chief limiting factor is high cutoff frequency, meaning that:fr
quency is constrained by achieving low-diode junction capacitance and

series resistance.

rlna521 (’figure 3.20 s:hows the highest recorded rectenna efficiencies at
2 ,;n ?)5 GHz. Aircraft and blimps have been flown, sometimes for
rable times, on power beams.?* A demonstration of power beaming

._-.5-km distance produced a received '
ok son and Brown.” ved power of 34 kW at 2.388 GHz
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Highest measured rectenna conversion efficiencies. The numbers on the 2.45-GHz curve indica
the efficiency using GaAs®W Schottky diodes with varying breakdown voltages. {Repriné
from McSpadden, J.O. and Mankins, J.C., IEEE Microwave Mag., 3, 46-57, 2002. By penmssm
of [EBE.)

William Brown, who invented the rectenna, conducted detailed develor
ment for space applications of it, most especially an interorbital ferry fg

¥
transporting from low Earth orbit to geosynchronous orbit.® It would {5 :‘” ”'t
beamed power to a large array (225 m?) of rectennas, which drive ion thrus - z
ers continuously. For a cargo mass fraction of ~50%, orbit-raising tran: B .
times are about 6 months. Power beamed to the ferry is of the order 10 w - Solar dlStanC.e . 0.9675
with a low du ty factor. . - Seasonal variation 0.91
The use of a microwave beam to efficiently transport power from sola
cells in space to the Earth’s surface was proposed in the 1960s and rein i Solar array (Si/GaAs) 01455
tigated by NASA in the 199052 The reference system concept, a larg, -« ’
Array power distribution 0.9368

capital-intensive no-pollution energy system for the 21st century, is ~10 GW
continuous power available at an efficiency of »50%. As shown in Figu
3.21 and Figure 3.22, a station in geosynchronous orbit (22,300 miles alfi:

tude) emits a narrow beam (0.3 mrad} at frequencies in S-band (2.45 GHz, Antenna power distribution  0.963

Basic issues are efficient conversion of the DC power to microwave pow DC-RF conversion 0.85
and preeminently the construction of extremely large massive antenn Antenna (19653
{apertures in space typically 1 km across and a rectenna array about 7.

— Atmosphere 0.98

on the Earth).%

The microwave tube requirement could be met by a vast distributed a Energy collection 0.88
of crossed-field amplifiers, magnetrons, gyrotrons, or klystrons operati 89
at average powers of ~10 kW each. Magnetrons for continuous operatj
are now available at 100 kW. Therefore, ~10° tubes would be required 0.97
low-cost production techniques would need to be developed to keep 0.07

cost practical. Higher-average-power MW-class gyrotrons (Chapter:
could be competitive, but they operate at higher frequencies. For examp

. ; . er satelli i icienci
commercially available continuous-wave (CW) gyrotrons are capabl  satellite estimated efficiencies.




MW-class powers int the 35- and 94°GIz atmospheric window (see Chapte
5 and 10). An alternative is a much larger number of solid-state sources at
much lower power, K R .

The basic issue for all space-to-Earth power tranismission schemes is not
technical, but economic. The costs are strongly contested® and will dete
mine the practicality of large-scale CW HPM systems in space. It is at be
a distant prospect. An even larger-scale proposal is to deliver energy fro
solar power stations on the moon built from all tunar materials, beamin
power directly to receiving sites on Earth.?® A reciprocal application wheref
the power is beamed upward from Earth to low Earth orbit satellites requir
~10- to 100-MW power levels for tens of seconds.®

o gt ' (3.16)

-hich means that getting the high velocities needed for orbit or interplane-
'}y probes with a single rocket is almost impossible because the rocket
tructural mass is too high relative to the fuel mass (see Problem 7). The
tiuctural economies made to preserve these minute payload fractions result
| fragile, expensive-to-build rockets. Despite 50 years of incremental rocket
velopment, better materials, novel propellants, and modestly improved
iability have left the basic economics of launch unchanged at a payload
t of around $5000/kg of delivered payload.® This makes space develop-
nt and exploration very expensive. If price can be lowered, an increase
demand great enough to offset lower prices and increase the overall
rket size is thought to exist only at a price point below $1000/kg. It is
oubtful that conventional chemical rocket launches will ever be able to
ch such a price.
This led Parkin® to propose new HPM-based launch schemes, which offer
reafer I, than possible with conventional systems. (The efficiency of a
et, how many seconds a pound of fuel can produce a pound of thrust,
rmed specific impulse, T,,. Chemical rockets have reached a practical
it of L, < 500 sec.)
physics of HPM propulsion are different, and in some ways more
ex, than conventional propulsion. The microwave thermal rocket,
owni in Figure 3.23, is a reusable single-stage vehicle that can afford the
penalty of robust, low-cost construction because it a uses a high-
mance microwave thermal propulsion system with double the I of
ntional rockets % It is premature to quantify the reduction in trans-
ion costs that these simplifications will bring, but clearly the cost
tion could be dramatic, transforming the economics of launch to space.
rowave thermal thrusters operate on an analogous principle to nuclear
thrusters, which have experimentally demonstrated specific
ses exceeding 850 sec. (The large weight of the nuclear reactors relative
thrust the propulsion systems produce precludes their use in practical
}It is a reusable single-stage vehicle that uses a HPM beam to provide
to'a heat exchanger-type propulsion system, called the microwave
il thrister. By using HPM, the energy source and all the complexity
ntails are moved onto the ground, and a wireless power transmission
; used between the two. When Parkin and Culick proposed this
and analyzed its performance, they found that beam divergence
re area are key constraints for such a system and devised a high-
eration ascent trajectory, which provides most of the transfer of energy
nge, in order to minimize the size of the radiating aperture
or such a system, the power—aperture—efficiency trade given in
mn 3.17 is key to minimizing the cost, which could potentially fall to

3.5 Space Propulsion

Microwave beams have been studied for moving spacecraft by a variety
means:

e Taunch to orbit

s Launch from orbit into interplanetary and interstellar space

* Deployment of large space structures

3.5.1 Launch to Orbit

Today, payloads are launched into orbit the same way they were 50 yeat
ago — by chemical rockets. Expendable multistage rockets usually achi;
payload fractions of less than 5%. As described by the rocket equation, ¢
is due partly to the structural limits of existing materials and partly to:th
limited efficiency of chemical propellants. The rocket equation, which dri
the advance of space exploration, is simply derived.® If a rocket of mass
produces momentum change by expelling a small amount of reaction mas
dM at high velocity V,, the change in rocket velocity is, from moment
conservation,

MdV - V,dM (3.

By integration, when the fuel is spent so that the initial mass M, is redu
to a final mass M, the resulting change in rocket velocity,

AV =V, In M, /M, @

Since the natural logarithm increases very slowly with the mass rafio, la
mass ratios do not produce large AV. Another way to see this is




FIGURE 3.23

Microwave thermal rocket in flight. (Reprinted by permission of Dr. Kevin Parkin.}

as low as a few times the energy cost of launch (as opposed to capital ¢
of the system), which is around $50/kg for such a system. _

Ascent trajectory analysis predicts a 10% payload fraction for a 1o
payload on a single stage to orbit a microwave thermal rocket. By usin
single reusable stage with high specific impulse, low-cost and reusa
launchers are possible. For comparison, the Saturn V had three nonreusa
stages and achieved a payload fraction of 4%. In Figure 3.24, the spacec
flat aeroshell underside is covered by a thin microwave absorbent hi
exchanger that forms part of the thruster. The exchanger is likely to be
silicon carbide and consists of ~1000 small channels carrying fuel to th
motor. The rocket can be launched by a conventional first stage, by airdre
into the vicinity of the beam, or by a physically small but powerful mi
wave source located at the launch site, which powers the first few kilomet
of atmospheric ascent before it is acquired by the main beam. *

Aeroshell

High pressare H,
reservoir

Microwave absorbent
surface containing hydrogen
channels (flat, thin layer,
~1cm thick, channels
smatler than shown}

Region of peak
incident microwave
intensity

Sonic H, (~3000 K)

Spike nozzle

) ..elements of the microwave thermal rocket. Vehicle length is 6 m, 5 m width at base. Payload
kg; structure, 180 kg; LH, fuel, 720 kg. {Reprinted by permission of Dr. Kevin Parkin.)

ring the ~3-min powered ascent, acceleration varies from 2 to 20 g, so
stay in range of the beam source. The vehicle length is 6 m, 5 m wide
. During ascent, the heat exchanger faces the microwave beam. Using
hased-array source, a high-intensity 3-m-diameter microwave spot can
ojected onto the underside of a launcher over 100 km away.

- power density of 300 MW impinging on a 7-m? converter on the
side drives the hydrogen fuel to temperatures of 2400 K. Microwave
ericy determines the maximum beam energy density via the constraint
1ospheric breakdown. lonizing air into plasma can distort and reflect
incoming beam (see Chapter 5). Atmospheric breakdown occurs more
at low frequencies, because fields have more time to accelerate back-
nd electrons. The continuous-wave (CW) atmospheric breakdown inten-
own in Figure 3.25, demonsirates that a 300-GHz beam can achieve
nes the power density of a 3-GHz beam. A microwave beam of 300
1 a 3-m spot means that the power density will average ~40 MW /m?,
[uencies above ~25 GHz are needed to prevent breakdown. High-
uency operation above ~100 GHz is preferable because the array area
decreases substantially as beam frequency increases.

feasibility and design of a 30-MW, 245-GHz, ground-based beam
t facility using an array of parabolic dishes were described in papers
d, Myrabo, and Dickinson¥ in the 1990s. The average power
f gyrotron sources used has significantly increased to commercially
able. 1-MW gyrotron sources operating at ~100 GHz. Three hundred
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Breakdown variation with altitude and frequency. Launch to orbit requires higher frequencie;
{Reprinted by permission of Dr. Kevin Parkin.) :

such sources would be sufficient to propel a 1-ton craft into Low Earth Orbit
(LEO). The gyrotron can be either an amplifier or a phase-injection-locke
oscillator.® In the former unit, the array beam steering is done simply b
combination of mechanical pointing and phase shifting the module driv
signal. In the latter case, the beam steering is done by a combination
mechanical pointing and phase shifting, but must also include means st
as a magnetic field strength trim to set the rest frequency of the oscillat
(Chapter 10). :
Figure 3.26 gives the layout of a 245-GHz, 30-MW ground-based pov
beaming station?® It has a span of 550 m and contains 3000 gyrotrons at

Geodetric truss structure

und-based power beaming station.

nple approach is to assume linear scaling with coefficients describing

dependence of cost on area B,($/m?), microwave power B W
e power By($/W): p L($/W), and

kW of power. A single radiating element is the 9-m dish shown in Figure C, =B,D?, KU
Augmentation of Tocket engines for launch to orbit have also been s 4
gested by beaming to rectennas.”” A crucial mitation of such schemes is.th C.—B.P
weight of the rectenna, 1 to 4 W/g, which needs improvement of an or ST (3.18)
of magnitude for space applications. Supporting a platform in the upp Cy =B.P '

atmosphere at ~70 km by means of the radiometric effect using a ~1-
microwave beam to heat the underside of the vehicle has also been anal
and seems practical
The cost of such large HPM systems described here is driven by
elements: the capital cost, including the cost of the microwave source and:
cost of the radiating aperture, and the operating cost, the cost of the elect
to drive the system: h

C.=B,P+B,D?, £+BSP

'Pirical observation made independently by Dickinson® and
lin is that, for a fixed effective isotropic radiated power (EIRP; the
of radiated power and aperture gain), minimum capital cost is achieved
th cost is equally divided between antenna gain and radiated power. Here
ih includes the antenna, its supports, and subsystems for peinting and,

C=Co+Co erwer cost includes the source, power supply, and cooling equip-
Co=CotC, s rule of thumb holds,
Co=C; Cy=C,\ C=[2B, + B,]P (3.19)
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“of aperture and source cost {including prime power) for the microwave launcher system

nction of the beam divergence.

ost scaling, exponent x =1 + In(1 - f)/In2, e.g., a 15% learning curve
sponds to an exponent of 0.76. For example, if gyrotron cost scales as
wer P, but if there is a 15% learning curve, cost scales ag P76, MW
osting $1/W in single units will cost $0.28/W for 200 units.

ntenna costs, data exist that scale cost with diameter DF fo an exponent
from 8 = 2 to 2.5. Figure 3.28 shows the scaling of the aperture cost
trce cost (including prime power) for the microwave system as a
hetion: of the beam divergence, for 8 = 2.0 and 2.5. {Both the number and
the antennas enter into the calculation, so the total array cost varies
) Note that the Dickinson observation holds approximately: the cost
1'is close to where the source and antenna costs are equal,

#861-95.03 Benford

FIGURE 3.27 . ‘ . _
Single 9-m dish element for the ground-based power beaming station. Beam Waveguide (BY

feeds dish from gyrotron, reflected signal received (RCVR) by low noise amplifier (LNA/

Launch from Orbit into Interplanetary and Interstellar Space

Only rough estimates of the capital costs are possible with such a snn
model. However, when mission specifics are introduced, giving additio
constraints, useful scalings result. Kare and Parkin have cost modele
microwave thermal rocket#” They also account for the learning curve;.
decrease in unit cost of hardware with increasing production. This
expressed as a learning curve factor f, the cost reduction for each dou
of the number of units. The cost of N units is

ve-propelled sails.are a new class of spacecraft that promises to
mize future space travel. For a general iniroduction to solar and
ropelled sails, refer to McInnes.$

microwave-driven sail spacecraft was first proposed by Robert For-
an extension of his laser-driven sail concept.# The acceleration

photon momentum produced by a power P on a thin sail of mass m
ea:A is

Cp =C,N* I(” =[M+1P/mc 3.21)
L =C,




where 1 is the reflectivity of the film of absorbtivity o and c is the speed of
light. The force from photon acceleration is weak, but is observed in the
trajectory changes in interplanetary spacecraft, because the solar photons act
on the cralt for years. For solar photons, with a power density of ~1 kW/
m? at Earth’s orbit, current solar sail construction gives very low accelera:
tions of ~1 mm/sec’. Shortening mission time means using much higher
power densities. In this case, to accelerate at one Earth gravity requires ~1g
MW /m? (see Problems 8 and 9). :

Of the power incident on the sail, a fraction o will be absorbed. In steady
state, this must be radiated away from both sides of the film, with an average
temperature T, by the Stefan—Boltzmann law:

oP=2Aec T (3.2

where ¢ is the Stefan-Boltzmann constant and € is emissivity. Elimmatmg::' '
and A, the sail acceleration is g
#

a = 2 o/cfe (M + 1I/ol(T#/m) = 2.27 x 1073 [e(n + 1Ye){T*/m) (3.23

where we have grouped constants and material radiative properties sep:
rately. Clearly, the acceleration is strongly temperature limited. This f
means that materials with low melt temperatures (Al, Be, Nb, etc.) Cann
be used for fast beam-driven missions. Aluminum has a limiting accele
tion of 0.36 m/sec®. The invention of strong and light carbon mesh materi
has made laboratory sail flight possible*® because carbon has no ligt
phase and sublimes instead of melting. Carbon can operate at very
temperature, up to 3000°C, and limiting acceleration is in the range o
to 100 m/sec?, sufficient to launch in vacuum (to avoid burning) in E_'art
bound laboratories. .

Recently, beam-driven sail flights have demonstrated the basic features
the beam-driven propulsion. This work was enabled by invention of strong RE 3.29
light carbon material, which operates at high enough temperatures to al
liftoff under one Earth gravity. Experiments with carbon-carbon microt
material driven by microwave and laser beams have observed fligh
uliralight sails at several gee acceleration.* In the microwave experimen
propulsion was from a 10-kW, 7-GHz beam onto sails of mass densitj}o
g/m? in 10-° Torr vacuum. At microwave power densities of ~kW/
accelerations of several gravities were observed (Figure 3.29). Sails so
erated reached >2000 K from microwave absorption and remained in
Photonic pressure accounts for up to 30% of the observed acceleration
most plausible explanation for the remainder is desorption pressure:
evaporation of absorbed molecules (CO,, hydrocarbons, and hydrogen)
are very difficult to entirely remove by preheating. The implication i
this effect will always occur in real sails, even solar sails at low temperat
and can be used to achieve far higher accelerations in the initial phas
future sail missions.

sail lifting off of a rectangular waveguide under 10 kW of microwave power (four
first at top). Frame interval is 30 msec.

“other acceleration mechanism, desorption pressure, is due to mass
from the material downward to force the sail upward:

F = vy dm/dt (3.24)

vy is the thermal speed of the evaporated material — carbon or
aules absorbed into the carbon substrate. The magnitude of this effect
astly exceed the microwave photon pressure if the temperature is high
1 because it couples the energy of photons, not the momentum, as in
‘pressure. The essential factor is that this force must be asymmetric;
ail is isothermal, there is no net thrust. Thermal analysis shows that,
gh: for thin material thermal conduction reduces such differences




greatly, the skin effect produces a sub
the front and back of sails. ' S -

A variety of compounds not typically thought of as fuels can b'e ”pamted":
on sails and, depending on which physical process occurs, subh.med, evap-;
orated, or desorbed. Atoms embedded in a substrate can be liberated by
heating, an effect long studied in the pursuit of ultraclean laboratory exper
iments. This effect is called #hermal desorption and dominates all other pro.
cesses for mass loss above temperatures of 300 to 500°C. - o

A molecule is physisorbed when it is adsorbed without unde_rgomg signific.
cant change in electronic structure, and chemisorbed .when it does. Phys
isorbed binding energies (~2 to 10 keal/mole) are typically much less tha
chemisorbed energies (~15 to 100 kcal mole), by as much as an qrder of
magnitude. This implies that two different regimes of mass liberation can
be used, with physisorbed molecules coming off at lower temperatures, an
hence lower thrust per mass, while chemisorbed molecu‘les can prov?d
higher thrust per mass, Cuneo? offers this general schematic fozj de§orpt1o
in layers from bulk substrates: the rate of mass loss under heating is

stantial temperature difference between:

Normalized radius vs time for solar sail receiving approximately
115 Eppoya, per boost

Free from Earth’s
gravitational field

=
[=3
1

ca
P

dn/dt = an e @/xT (3.25

Normalized radius r{t)/H
an
!

where a is ~10% sec?, Q is the required liberation energy (usually <1 eV
and n is the area density in atoms/m? so that dn/dt is the d‘esoszenl:‘n fl
under heating in atoms/m?-sec. (We neglect readsorption, which is tiny
a space environment.) The exponential factor means that thermal d.esorpgo
of molecules from a sail lattice will have a sudden onset as the sail warm:
When temperature T varies with time, the equation can be formally solv

T T T T
0 423508 968005 121000s 181500s
0.49d 1i2d  140d 2.10d

Time (seconds, days}

E:3.30

m:driven sail trajectory out of Earth orbit, Units are the radius normatized to the initial
Solar sall is not to scale. (b) Radius normalized to Earth tadius vs. time for solar sail,
nted by permission of Dr. Gregory Benford, University of California~Irvine.)

n(t)/n° = expi-a expl-Q/KT(®)] dt] @

As the binding energy Q increases, the time to desorb gets longer. ’I'h
relationship between Q and T*, the temperature at the peak in the desorp
rate dn/dt, is, for heating rate dT/dt, ':

ke about a year to climb out of the Earth’s gravity well. Computations
hat a ground-based or orbiting transmitter can impart energy to a
it has resonant paths — that is, the beamer and sail come near each
th either the sail overhead an Earth-based transmitter or the sail
orbits in space) after a certain number of orbital periods, For reso-
to occur relatively quickly, specific energies must be given to the sail
boost. If the sail is coated with a substance that sublimes under
on, much higher momentum transfers are possible, leading to fur-
ctions in sail escape time. Simulations of sail trajectories and escape
re shown in Figure 3.30. In general, resonance methods can reduce
times from Earth orbit by over two orders of magnitude vs. using
if alone on the sail®
ile microwave transmitters have the advantage that they have been
elopment much longer than lasers and are currently much more
t and inexpensive to build, they have the disadvantage of requiring
arger apertures for the same focusing distance. This is a significant

Q/kT*2 = a exp(-Q/kT*)/(dT/dt) (3.

At the peak desorption rate, 63% of the mass inventory has been lq_ .
this is a good estimate of when the effect is largest for a given molectde
binding energy Q. -

Hydrogen is often easiest to liberate, with a Q of 0.43 to.1.5 eV, degen
on the substrate. Water has Q = 0.61 eV. Generally, candidate chemiso .
compounds like hydrocarbons have a Q of around 1.eV {11,605 K). CQ i
more strongly bound and may be the most tightly held in a‘carbon sail latti
Sails experiencing strong, sudden-onset lift may be desorbing CO ata c1_{1_t_1
temperature onset of >2300 K (see Problem 10). o . .

An early mission for microwave space propulsion is dramaﬂc.ally sh
ening the time needed for solar sails to escape earth orbit. By sunlight alo




disadvantage in missions that require long acceleration times with corre-
spondingly high velocities. However, it can be compensated for with higher
acceleration. The ability to operate carbon sails at high temperature enables
much higher acceleration, producing large velocities in short distances, thus
reducing aperture size. Very low mass probes could be launched from Earth-
based microwave transmitters with maximum acceleration achieved over a
few hours using apertures only a few hundred meters across.

A number of such missions have been quantified.* These missions are for
high-velocity mapping of the outer solar system, Kuiper Belt, Plhutinos, Pluto
and the Heliopause, and the interstellar medium. The penultimate is the
interstellar precursor mission. For this mission class, operating at high accel{
eration, the sail size can be reduced to less than 100 m and an accelerating
power of ~100 MW focused on the sail.® At 1 GW, sail size extends to 200
m and super-light probes reach velocities of 250 km/sec for very fast mi
sions (see Problem 11}.

through an effective moment arm of a wavelength, so longer wavelengths

are more.efﬁcient in producing spin. A variety of conducting sail shapes can
be spun if they are not figures of revolution.

The wave angular momentum imparted to the conducting object scales as
walvelepgth A. For efficient coupling, A should be of the order of the sail D,.
This arises because a wave focused to a finite lateral size DD generates Ia

omponent of electric field along the direction of propagation of magni-
tiude A/D times the transverse electric field, as long as D exceeds the Wagve-

length. The spin frequency S of an object with moment of inertia ! grows
cording to

ds 2k e

) here P is the power intercepted by the conductor and o is the absorption

efficient.

Konz and Benford® geperalized the idea of absorption to include effects

ising from the gepmetnc reflection and diffraction of waves, independent

he usual material absorption. They showed that axisymmetric perfect
ctors cannot absorb or radiate angular momentum when illuminated

3.5.3 Deployment of Large Space Structures

Will sails riding beams be stable? The notion of beam riding, the stable ﬂig
of a sail propelled by a beam, places considerable demands on the sail shap

Even for a steady beam, the sail can wander off if its shape becomes B
. owever, any asymmetry allows wave interference effects to produce

deformed or if it does not have enough spin to keep its angular momentum .
gh sp P 5 . rption, even for perfect reflectors, so o < 0. Microwaves convey angular

aligned with the beam direction in the face of perturbations. Beam pressu mentum at the edees of ,
will keep a concave shape sail in tension, and it will resist side-wise mo : ges ot asymmietries because of boundary currents. Such

) ! o .\ sorption or radiati ore
if the beam moves off center, as a side-wise force restores it to its position P iation depends solely on the specific geometry of the con-

Wi X . They + i - : !
Experiments have verified that beam riding does occur.® Positive feedb ular m?r; :;Ef ;?iﬂgep metric abs?rp Hort. Ccl)nductorg can also radiate
stabilization seems effective when the side-wise gradient scale of the bea ftum can everfl be n e tgeomTitrzc absorpﬂon coefflcient for angular
is the same as the sail concave slope. A broad conical sail shape appear < high as 0.5, much 1a;;g£ g;n ty; i%z;)lgf;nfearzz(z;p.nfnbcoefﬁqem can
work best. o o tits, which are typically ~0.1 f P ria absorption coef-

Recently, stable beam riding has led to a proposed new type of airce tors. Ex erintii ¢ }? ‘h or abS(')rber's ISUCh as carbon and ~0 for
spacecraft, supported from below at altitudes of ~70 km by a radipm__ Wave.pmsersﬁﬁ‘ Thsiss eif;:;tt c: r{: igect 15§ff1c1ent.a.nd oceurs at very low
temperature difference effects® An ultralight, mostly carbon fiber “Lifte nd yaw, which can | ¢ used to stabilize the sail against the
feasible using the radiometric force, an effect known since the 19th cent Img de '10 ent th cauﬁe 0ss of beam r1.d ng and allows hands-off
A powerful microwave beam illuminates the Lifter underside to provid ploym rough control of the sail spin at a distance.%

required temperature difference. Optimally, the full ambient atmosph
pressure can be delivered to one side of the Lifter area by heating i
above the ambient air at 200 K. Beam powers of ~1 MW can support ma
of ~100 kg, riding on the narrow microwave beam, and active stabili
is available through beam manipulation. The effect occurs at pressure
responding to 30 to 150 km altitude, where no aircraft or spacecra
sustain flight. It can perform communications relay, environmental mort
ing, data telemetry, and high-quality optical imaging,. -
Finally, beams can also carry angular momentum and communicate
a sail to help control it in flight. Circularly polarized electromagnetic
carry both energy and angular momentum, which acts to produce a t

Plasma Heating

1 011¢d thermonuclear fusion promises much as a clean energy soutrce
bf_{(%n 50 years in the future for some 50 years now. Nevertheless.
S5 in fusion parameters of temperature, confinement time, and ener ’
on ls.slowly moving forward. In the last decade, use O’f higl*l-avegr)i
er mictowave beams to heat plasmas fo thermonuclear tempera-
s expanded greatly. Here we concentrate on electron cyclotron




of electrons and g, the permittivity of vacuum, and fo = (iZ7e?/ ggmy)/2/ 2,
with Z; = 1 the charge state of the jons in the fusion plasma. At the densities
and field values necessary for fusion, f, = 100 MHz, f;; = 5 GHz, and
f,. = 140 to 250 GHz.

The disadvantage of IRCH and LHH frequencies is that it is difficult to
design an antenna that efficiently couples the microwaves into a plasma
containment vessel with dimensions of the order of the wavelength. In the
case of ICRH, there is an added difficulty with coupling the microwaves into
the plasma itself, since they must pass through an outer region in the plasma
-where the waves are attenuated. Overcoming these problems sometimes
involves inserting the inpuf antenna into the plasma, which can damage the
antenna and inject undesirable impurities into the plasma.

ECRH is now the auxiliary heating method of choice for major fusion
devices such as tokamaks and stellerators. Compared to neutral beam heat-
ing, ERCH has the advantage of sufficiently high average power to heat
plasma in localized regions because of the magnetic field dependence of the
mechanism. The other virtue is the ability to place the launching antenna
from the plasma to not perturb or contaminate the fusion experiment. In
vical ERCH fusion heating experiments, the gyrotron can be located tens
hundreds of meters from the fusion device and injects into it through
mall cross-section ports. Both of these virtues are particularly useful in the
ming era of major fusion experiments when significant radiation shielding
'be required, meaning that small ports are essential and all ancillary
aiipment must be at some distance.

the high frequencies and short wavelengths appropriate to ECRH,
aves coupling into the plasma and antenna design are much more straight-
vard. The electron cyclotron wave propagates well in vacuum and cou-
s efficiently to the plasma boundary, in contrast to the other techniques.
tionally, because the magnetic field varies across the plasma, a tunable
e could allow selective heating of the plasma at varying depths, and
atlor the density profile of the plasma by taking advantage of the expan-
that accompanies a local rise in temperature.

resonance heating (ECRH) because it is the method receiving the most devel-
opment. For a detailed description of ion cyclotron resonance heating and
lower hybrid heating, consult the first edition. Microwave beams are a‘is() |
used to generate currents in fusion devices (electron cyclotron current drive
[ECCD]); we briefly summarize that application. :
Both ECRH and ECCD can be highly localized, and theref'ore are used for
toroidal plasma confinement, The applications are stabﬂizat}on of magneto
hydromagnetic instabilities such as tearing notes, pr9duct10n of desirable.
current density and plasma pressure profiles, and detailed control of plasma;;
rgy transport. :
enlfo%yECCDf)electron cyclotron waves drive current in toroidal pllasma. A
microwave beam launched obliquely into the toroidal plasma excites elec
trons fraveling in one direction. Strong damping of the wave depends upon
the velocity direction of the absorbing electrons. These electrons are accel
erated to higher energy in that direction, and therefore the current is gener:
ated. This method has-been widely applied, giving currents of 10 to 1(]0-k
and aiding stabilization of tearing modes in localized regions. For a detaile
account of ERCH and ECCD, see Prather’s review.5 .

There are three basic microwave heating variants, differing in the frequen
of the microwaves that are radiated into the plasma to be resonantly a‘bsorbg‘:
by the electrons or ions. The three types of heatmg.tha’t have received th
most attention and the associated resonant frequencies are as follows:

e Jon cyclotron resonance heating (ICRH)

eB 3.

o Lower hybrid heating (LHH)

f.
fzfurfﬁ
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fe model for the propagation of high-frequency waves in infinite plasma
re 3.31); for a more sophisticated treatment, see Ott et al.® A uniform
etic field along the z axis represents the magnetic field confining the
- We are interested in waves that will penetrate the confined plasma,
> look at waves propagating across the magnetic field; we designate
irection the x axis, which is the direction of the wavevector, k = xk.
microwave fields are represented as plane electromagnetic waves, e.g.,

- Bellew) There are two natural modes of oscillation for the electro-
slietic waves in the plasma, depending on the polarization of the electric
ctor relative to the magnetic field:

o Electron cyclotron resonance heating (ECRH)

B
f=fe= g Of =2
where e is the magnitude of the charge on an electron or an ionized is

of hydrogen, my and m, are the ion and electron masses, B is the magp
of the local magnetic field, f,,= (n?/ gom,)/2/2, with n, the volume d




