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vendix

iowr Microwave Formulary

For plasma physics and much else, see the NRL Plasma Formulary, http://
www.ppd.nrl.navy.mil/nrlformulary /. Much microwave information
appears in Microwave Engineers” Handbook, Volumes 1 and 2, Artech House,
Norwood, MA.

A.1 Electromagnetism

o Definitions of Q:

1. O=2xn average stored energy © average stored energy

energy lost per cycle ° power loss rate

0y, is the center frequency of a cavity of resonant line width Aw,

53]
2. =10
Q 2Am

3 Q. = cavity volume

. X ( geometrical factor)

(surface area) N e)

The geometrical factor is typically of order unity.

4. The number of cycles in a pulse, the bandwidth, and the Q of
the resonant system that produces a pulse are related by

N = 1/percentage bandwidth = ()

509




5. The radiated energy loss time constant from the cavity T., as the T

ratio of the stored energy to the power lost from the cavity, is -

A.2 Waveguides and Cavities

Q, =T, TABLE A.2

Expressions for the TM and TE Field Quantities for a
Rectangular Waveguide in Terms of the Axial Field

6. If the cavity has highly reflecting ends with reflection coefficients
Component, Derived from Equations 4.1 to 4.4

R, and R,, then

Transverse Magnetic, ™., Transverse Electric, 1E,,

L
P —
0, (1= R,R, |

E, =Dsin I x kin ﬂy B, = Acos Py kos p_:rc_y
a b a b

e Skin depth: 5=0 £e=0
. _; K, OF; E —;© 9B
ia | U T
O=—= iz 72
(ncuwf) (mouof) _ ik OE, —; @ 9B
o TR By Ok ox
In copper, 6 = 5.80 x 107 (Q-m); skin depth at 1 GHz is 2.1 wm, =i @ OE; B, =iX: 9B
Ty TR o
TABLE A.1 o, koo
Conductivities of Some Materials el o YR oy
Conductivity
Material (2-m)1 f: 2
- el 5]
Aluminum 382 % 107 o a b
Brass 26 x107
Copper 5.8 x 10
Gold 4.1 x 107
Graphite 7 x 1 TABLE A.3
Tron 1.03 x 107 Cutoff I'requencies, Measured in
Lead 4.6 x 10¢ GHz, for the Lowest-Order
5ea water 3-5 Modes of WR284 Waveguide
Silver 6.2 x 107
Stainless steel 1.1 % 108 £, = ©./28 (GHz)
n p a=7214cm,b=23404 cm
1 ¢ 2.079
0 1 4.407
1 1 4.873
1 2 9.055
2 0 4.159
2 1 6.059
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TABLE A.4
. TABLE A.5 (Confinued)
Expre : - .
Waf:fe;iliir;siio’;eiﬁs?ﬁhazigjz gﬂ% ggla;mtles !:;or[()f 1rf:u1ar Relationship between the Power in a Given Mode, I, and the
Equations 4.1 to 4.4 ponents, Derived from Maximum Value of the Electric Field at the Wall, E_ s ax
Transverse Magnetic, TM™M,, (B,=0) Transverse Electric, TEIIP (€, = Mode
E. = DJ, (kyr)sin(p6) B. = 4, (k,r)sin(p0) Circular
2 2
E, =ik OFy _. o 138 B, = Ewtme
K2 or ey 47 /2
i K r o8 ™ "I {fca ]Z
4 =1'Jci1 aEZ .M BBZ f
Boroe Ee:‘lg >
® 19E & 2
Br =l = ‘{i’"‘ = kz BBZ m — TW‘D2 fm VF" 2
o, ¥ 08 f_szz_ . p>0 Pry 72_2; 1- 7‘ 1+ “p— |-
oF
B, = & di, .k, 1dB,
TR Chtiy S v Note: Min(x, y) is the smaller of x and y, and Z; = 377 Q.
ca kv o
P L0,V TABLE A.6
S e ny Standard Rectangular Waveguides
I (“w) =0 J (V ) -0 Recommended  TE,, Cutoff Inside
PRI Band Frequency Range  Frequency WR Dimensions,
(Alternate)} {GHz) (GH=) Number  Inches (cm}
TABLE A.5 L 1.12-1.70 0.908 650 6.50 x 3.25
Relationship bet i - (16.51 x 8.26)
Mo, 5 1e Wefetr;l the Power in a Given Mode, F, and the R 1.70-2.60 1372 430 430 x 2.15
alue of the Electric Field at the Wall, E, allrmax (10.92 x 5.46)
Mode 5 2.60-3.95 2.078 284 2.84 x 1.34
(7.21 x 3.40)
Rectangular H(G) 3.95-5.85 3152 187 1.87 % 0.87
(4.76 x 2.22)
ch 5.85-8.20 4.301 137 1.37 % 0.62
o _a|(a] [ 1 Y (h (3.49 x 1.58)
™ O |l e o e e [J[—I 2, W (Hy 7.05-10.0 5.250 112 1.12 % 0,50
fo 4 (2.85 x 1.26)
by X 8.20-12.4 6.557 90 0.90 x 0.40
(2.29 x 1.02)
Ku (P} 12.4-18.0 6.486 62 (.62 x 0.31
1E , I T T 0 {1.58 % 0.79)
n,p >0 Bp=ZL| 2|2 1| fe mlla] (2] | K 18.0-265 14.047 0 042 x 6,17
’ 820 ! i b J f frumny nl p wwalf max (107 % 043)
) ) Ka (R} 26.5-40.0 21.081 28 0.28 % 0.14
( - e (0.71 % 0.36)
1B o l(n] (p ¥ 7% (5 Q 33.0-505 26342 22 022 % 0.11
nor p =0 = gE ; + ? ‘%”_ 7?‘ J min g T Eliaﬁ,max (057)( 028)
- 13 L P U 40.0~-60.¢ 31.357 19 0.19 x 0.09
(0.48 x 0.24)
Continued.
Continued.
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TABLE A.6 (Continued)
Standard Rectangular Waveguides

iqui ity is largest for water (0.9
e On the other hand, liquid energy density is larg :
relative to mylar), intermediate for glycol (0.45), and lowest for oil

cm?

{0.06).
Recommended TE,, Cutoff Inside
Band Frequency Range  Frequency WR Dimensions,
(Alternate) (GHz} (GHz) Number  Inches (cm)
v 50.0-75.0 39.863 15 0.15%0.07 .
(0.38 x 0.19)
E 60.0-90.0 48.350 12 0.12 x 0.05
{031 % 0.02) =
w 75.0-110.0 59.010 10 010 x0.05 . B
025 % 0.13)
F 90.6-140.0 73.840 8 0.08 x 0,04
(0.20 x 0.10)
D 1100-1700 . 90.854 6 0.07 x 0.03 £ 03d [/ |
L (017 x 0.08) o / 1
G 140.0-220.0 115.750 5 0.05 x 0.3 021
- (013 % 0.06) 614/ I
!
4] L() i é 3 4 5
&
NN — a
v, vz
A.3 Pulsed Power and Beams Zn Ty L0 h
10 S
Relativistic IGURE A.2
Idystrons F ‘ i ission li d load (2) as a function of
. E i Free electron Energy transfe.r and voltage ratios between transmission line {1} ar 2
= ) lagers impedance ratio.
&
-‘—s . . Gyrotrons [T e s
- N E Relativistic
oLl : magnetrons (Cogtgs?éégnal Diodes and Beams
' H,O Glycol Oil SF,
[ L 1] i : . : ity, i dance:
— ir current density, impe
m 0 000 T0000. e Child-Langmu Ly
Impedance (%), ohms . A [Vo (MV)T'IZ
2o N=n33tb
FIGURE A.1 ISCL( 2

Voltage and impedance of parameter space for HPM and pulsed conventional sources an
optimum impedances for widely used pulse line insulators (water, glycol, oil, SF;)

[a(em)]

* Below are optimum impedances of pulse-forming lines, maximizing
energy density:

* Qil line, 42 Q s
* Ethylene glycol line, 9.7 Q

s  Water line, 6.7 Q

3/2 Tc(Cm) 2
Tser (kl‘dl) = Joor A =7.35 [Vu (MV):l [m:\

Z Q) - __]ﬁ__[i:lz
SCL( - VD (MV) .
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Relativistic Child-Langmuir current density: R

A.4 Microwave Sources

—(0.847 TABLE A.7

Classification of HPM Sources

1/2
;(Mj_ﬂl_ 1y Vo(MY)

em? ﬁ[d(cm)]z T

Di : Slow Wave Fast Wave
iode pinch current:
O-Type Backward wave oscillator Free-electron laser (ubitron)
Traveling wave tube Optical Klystron
v Surface wave oscillator Gyrotron
I. (kA) =8 51‘& 1 0 (MV ) Relativistic diffraction generator Gyro-BWO
pinch - O +H e
d 0.511 Crotron Gyro-TWT
Flimatron Cyclotron autoresonance maser
Muitiwave Cerenkov generator Gyroldystron

Dielectric Cerenkov maser
Plasma Cerenkov maser
Relativistic klystron
M-Type Relativistic magnetron Rippied-field magnetron
Cross-field amplifier
Magnetically insulated line oscillator
Space-Charge  Vircator
Reflex triode

Parapotential current, impéf’dance; magnetic insulation current T - :
must exceed the parapotential current: ’

L >T,(A)=85009G (y Ny 1]

where v is a relativistic factor and G is a geomefric factor.

TABLE A.8

G =[in(b/a)]", coaxial cylinders of inner and outer radii b and a
General Features of HPM Sources

and G = W/2nd, parallel plates of width W, gap d.

Operating Level of
Zp =V/ Ip = 52G1 Q) for Voltages ~1 MV, Source Frequency Efficiency Complexity Development
Magnetron 1-9 GHz, BW ~ 1% 10-30% Low High
O-type Cerenkov  3-60 GHz, somewhat 10-50% Medium to  High
devices tunable high
Vircator 0.5-35 GHz, wide BW ~1% simple Low Medium
(210%), tunable ~10% advanced
Electron cyclotron  5-300 GHz for gyrotrons, 30% typical Medium High for
masers higher for CARMs gyrotrons
Low for
CARMSs
FEL 8 GHz and up, tunable  35% High Medium to
high
Relativistic 1-11 GHz 25-50% Medium to  Medium
klystron high

*  Phase locking condition, known as Adler’s relation:

Acos%
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@y is the mean frequency of the two oscillators, which have the same -
Q. The injection ratio is

A.5 Propagation and Antennas

* Power density: Critical fluence for air breakdown for pulses longer
than a microsecond:

Subscripts i and 0 denote the injecting (or master) and receiving (or
slave) oscillators. Phase locking occurs when the frequency differ-

ence between the two oscillators is sufficiently small. The timescale
for locking is given by

S[Mﬂ: 1.50% (atm)

where S is microwave power density and p is the pressure in units
of an atmosphere. This corresponds to a critical field of 24 kV/cm
at atmospheric pressure. The field due to microwave power density is

BL2D0,

) E(V/cm) = 19.4 {S(W/cm?2)]%/2
For p ~ 1, the locking range A is maximized and the timescale for

locking is minimized. e 5(W/em?)] =BV /cm)/377
TABLE A.9 105 R EP I BT BN PO
Ultrawideband Band Regions il
Percent Bandwidth . - 106
Bandwidth, Ratio, 1+ Af/ 104
Bands 100 AfH f Example ) - 10
g —
Narrowband <1% 1.01 Orion (Figures 5,31 = ki
and 7.24) . = F10% 2
Ultrawideband  Moderate band 1-100% 1.01-3 MATRIX (Figure 6.11) .- & 10t é
{mesoband) S § - 10° g
Ultramoderate band  100-163% 3-10 H-Series (Figure 6.16) g §
{(subhyperband} } : t“‘: T
Hyperband 163-200% >10 Jolt (Figure 6.17) 2 102 %
< L1005
7 8
[} . <
g L1 7
I Height above ground
103 10°He & Pa e e e T L1071
- S ER ER T o EE g = 10
4 3 E3 ES ES ER=1 g
fa5aF fF £% g3 :
_ F 10~
L I,ﬁli i ”E* ..,*. w%
1078 {iny 073 1072 107! 1
Ambient density ratio (py/pq)
FIGURE A.3
s Dependence of breakdown on pressure, frequency, and pulse duration.
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1000
325 GHz
183 GHz
100 - 60 GHz
50 mm/hr thunderstorm
q 16 mm/hr heavy rain
" 4 mm/hr moderate rain

E '_ 118 GHz 1 mun/hr fight rain
K= - 0.25 mm/hr dri
3 270 Gl m/hr drizzle
= 1 22 GHz 140 GH=z
x ] . 94 GHz
% \ Radiation fog
£ 101 5 GHz 100 fi visibility
51
E |
5
Z %, Standard atmosphere at

1072 4 e

sea level (1% water vapor)
1073 4
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Frequency (GHz)

FIGURE A.4

Absorption in the air by water and oxygen molecules gives passbands at 35, 94, 140, and .

220 GHa.

e Directive gain: The directive gain of an antenna is ifs abili.ty to con-
centrate radiated power in a solid angle, Q,, producing a power
density S at range R due to power P:

G.oAm _ 4n _ 4nR?
T, Aene P

Beamn widths in the two transverse dimensions are A8 and A¢. The
gain, G, is Gy, times the antenna efficiency and can be expressed in
terms of wavelength and area, A = aD?/4:

_ 4nAe
=

G:GD

GP is the effective radiated power (ERP). The common way to describe

gain is in decibels, Ggg. This value corresponds to an actual numer-
ical value of

Higin Fower (VIiCrowave FOrmuiis y

G =10°/%

so a gain of 100 is called 20 dB.
The far field of a narrowband antenna begins at

Io- 2D?
LAY
50 1 1 1 1 1.
1/E?

40 - -
oy L
2 30 A
[
el
E -
5 20
[

By
10 L
0 T T T T T
0.01 0.02 0.04 0.1 0.2 0.4 1.0
R
X=—
2%/
FIGURE A.5

Horn antenna intensity normalized to unity at 2D/ %, Its general features are the same for most
antenna types.

TABLE A.10
Principal Antenna Types

Antenna Gain Comments

For standard gain horn; sides a, b; lengths

Pyramidal and TEM horn  Zmab/A?
f, = b2/24, 1= a%/3)

Conical horn 5 DR/AL 1 = D2/3k; D = diameter

Parabolic dish 518 D/A2 _

Vlasov 6.36 [D?/A%]/cos B Angle of slant-cut 8, 30°< 0 < 60°

Biconic 120 cot o/4 g is the bicone opening angle

Helical [148 N §/A] D?2/A* N = number of turns; § = gpacing between
turns

Array of horns 9.4 AB/A A, B are sides of the array

The diffraction-limited beam width is

8 = 244 /D,




ghis is the (?liﬁractioq-limited divergence, giving the first null point of th.e.
essel function for a circular aperture and including 84% of the beam power,

The size of this spot at range R is

D,=0R=244AR/D,

A.6 Applications

Electronslcs effects power coupled to internal circuitry, P, from an incident
power density S is characterized by a coupling cros i i i
power \4 ; pling s section s, with units

P:S“q

For frontdoor paths, G is usually the effective area of an aperture, such as -

an antenna or slot.
The Wunsch—Bell relation for the power to induce failure is

p~L

Ji

where t is the pulse duration, applicable between >100 nsec and <10 psec.

TABLE A.11
Categories and Consequences of Electronic Effects
P
Failure Mod R uire e
ode equired Wave Shape Recovery Process Time
Interference/ Low Repetitive
ulse of -

disturbance coPntinuouI; ' selfaesovery Seconds
Digital upset ~ Medium  Short pulse, single or ~ Operator Minutes
5 . repetitive intervention

amage High UWB or narrowband  Maintenance Days

Power Beaming

The power-link parameter is

;o DD

P L R s
& A i LTI T o

where D, and D, are the diameters of the transmitting and receiving antennas
and R is the distance between the transmitter and receiver. For efficient
transfer, the spot size must be ~b; and Z = 1. An approximate analytic

expression, good for Z ~ 1, is

Plasma Heating

Plasma heating resonant frequencies follow:

o lon cyclotron resonance heating (ICRH)

eB
f=li=3 i
o Lower hybrid heating (L.HH)
Sy
f=finzs pz 72
i
f2

o Electron cyclotron resonance heating (ECRH)

fzfm” b . OF f=2fm

27,

where m; and m, are the ion and electron masses, B is the magnitude
of the local magnetic field, f .= (ne? Jeam, )2/ 2, with n, the volume
density of electrons and g, the permittivity of vacuum, and fpi =
(nZ2e?/egm)V?/2, with Z = 1 the charge state of the ions in the
fusion plasma. At the densities and field values necessary for fusion,
f,= 100 MHz, fj;;=5 GHz, and f_, = 140 to 250 GHz.
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Active Denial (pain gurj, 55-57
Adler’s relation, 173-174, 456457
Amplifier, 171, 326, 336
Antenna, 202-214, 246-249
amplitude tapet, 73
arrays, 210-212
atmospheric passbands, 208
breakdown, 206
dB, 204
far-field region, 205, 249
FLAPS, 55,57
Gain, 204, 209
Hormn, 213
linking parameter set, 24-25
narrowband, 208
regions, 203-4
side-lobes, 73-74, 2056
SuperSystem, 31-32
Vlasov, 209-211
wideband, 212
Anti-radiation missiles (ARMs), 53
Applegate diagram (see also Klystror),
386-387
Applications, 43-108
ASAT (anti-safellite), 59
Ab magnetron, 144, 261, 275, 277-279
dispérsion relation, 144, 268

B

Beam p'mching, 153

Beam plasma frequency, 162
Benford, G.

Benford, 1., 282, 282, 307
Bessel functions, 122
Brillouin layer, 159, 273
Brown, W. 76

Bunching, 161

Buneman-Hartree condition, 268, 273274,
280, 308 :
role in relativistic magnetron pulse
shortening, 294-295
Burst mode, 21, 27, 39
BWO (backward wave oscillator), 163-164
axially-varying slow-wave siructure, 360
cross-excitation instability, 339-340
dispersion relation, 329, 332-334
references, 331
growth rate, 333
history, 322-323
low magnetic field operation, 359-360
magnetic field effect, 338
mode selection, 336
overbunch instability, 339
performance, 322, 346, 350-351
plasma-filled, 361
pulse shortening, 357-359
resonance BWO, 351-352
simulations, 342-343
slow-wave structures, 326
smooth-wall sections 0 enhance
efficiency, 344-345
start curtent, 336-338
SuperSystem, 32,

C

Calorimeter, 220
Cathodes, 191-195
CSi-coated, 193
emission mechanisms, 191
gap closure (see aiso puise shortening), 192
materials, 192
outgassing, 193
thermionic, 193-194
trangparent-cathode magnetron, 299-300¢
Cavities, 144148
modes, 145
power handling, 124-133
quality factor, Q 146148
reentrant, 139
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Child-Langmuir diodes, 149-151, 195-197
relativistic (Jory-Trivelpiece), 152
Langmuir-Blodgett {cylindrical), 151-152

Chirp, 216

Choppertron, 402-403

CLIA (Compact Linear Induction

Accelerator) (see alse voltage
adder), 288-290

Coaxial magnetron, 261

Compton regime of operation, 172, 486

Cost siructure {see also power beaming),

82-85

Crossed-field devices, 259

Crossed-field amplifier (CFA), 168, 260, 314
history, 261
schematic diagram, 264

Cross-excitation instability, 339-340

Cutoff frequency, 114-115, 120, 381
circular waveguide, 122, 123
physical interpretation, 118-11%
rectangular waveguide, 116, 117, 120
Cyclotron autoresonant maser (CARM), 166,
460, 473-475

D

Deployment of space structures, 90
Diagnostics, 214-222
Calorimeter, 220
dispersive line, 216
energy, 220
frequency, 216
hetrodyne, 216
magnetrons, relativistic, 285
phase, 220
power, 215
principal quantities, 215
time-frequency analysis, 219
Dickinson, R., 75, 81, 60, 91
Dielectric Cerenkov maser (DCM), 163-164,
361
history, 324
Diffraction coupling, 284
Diodes, 149-153, 195-197
beam pinching, 153
Child-Langmuir, 151, 195-197
Langmuir-Blodgett (cylindrical), 151-152
Directed Energy Weapons (DEW), 9, 45
Dispersion relation, 115
axially-varying slow-wave structure,
136-138
azimuthally-varying slow-wave
structure, 139-144
electron cyclotron waves, 166, 464
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free-electron laser, 484
magnetron, relativistic, 268
magnetron, rising-sun, 272
space-charge waves, 162-163
surface-wave oscillator (SWQ), 329
waveguides, 114

Daty factor, 287

E

E-Bombs, (see also IIPM weapons) 53-54

ECCM (electronic counter-countermeasures),
48

ECM (electronic countermeasures) 44, 48

- Bfficiency

. energy, 6
© power, 7,52
tfansfer, 180-182
Electromagnetic terrorism, 60
Electron beams, 148-157, 191-197
current-energy relationship, 155, 380
energy, in a drift tube, 155
fast rotational mode, 156-157
maximum power in a drift tube, 341-342
slow-rotational mode, 156-157
Electron cyclotron frequency, 166, 462
Electron cyclotron masers, 166
classification, 465
history, 459-460
Electron cyclotron waves, 166, 464
Electronic warfare (EW}, 47-48
Electromagnetic coupling, 62-65
Emittance, 194-195
ETA, ETATI, ETA III {Experimental Test
Accelerator), 492
Explosive generator, (see flux compressors),
186

F

Figure of merit
flux compressor, 186
UWB far voliage, 238, 248
Fiil time for a cavity, 148
Floquet's theorem, 135
Flux compressors, 26-27, 54, 186-189, 314
Forward, R., 85
Free Blectron Lasers (FEL), 99, 165, 480496
dispersion relation, 484
electron orbits, 486487
frequency scaling, 482483
history, 480481
optical Klystron, 167, 492, 494495
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ponderomotive potential, 432, 488

repetitive operation, 492, 494

saturation of growth, 488

scattrons, 167

sheet beam, 494-495

sideband instability, 489490

strengths and weaknesses, 497

synchrotron oscillations, 487

two-stage, 167

wiggler tapering, 488, 493
Frequency pulling, 171
Frequency pushing, 171
Free-space impedance, 125
Fusion, 91

G

GAMMA accelerator, 346-347
Gap closure, 281
Gigawatt Multibeam Klystron (GMBK),
415-416
petformance, 423
Grating lobes, 211
Group velocity, 120
Gyrocon, 460
Gyroklystron, 167, 460, 475-478
performance, 477
phase. locking, 477-479
schematic, 476
Gyrotron, 166, 4R8-480
bunching mechanism, 463-464
efficiency, 467469
field patterns, 466
high-average-power gyrotrons, 469-470
schematic, 470
history, 459-460
plasma heating, 96-97
quasi-opiical, 460
relativistic gyrotron, 460, 470-473
schematic, 461
step tuning, 472473
strengths and weaknesses, 497
theory, references, 464

H

Hardening, 64-65

Hard-tube MILO, 310-311

HEIMDALL, 17

HPM (High Power Microwaves)
definition, 2
operating regimes, 3-9
origins, 3

[ oy,

HPM facilities, 222-230
indoor, 222
microwave safety, 226
ouidoor, 224

HPM weapons, 8, 43-69
Active Denial, 35
ASAT,
compactness, 49
effects hierarchy, 47
effects on electronics, 65-69
first-generation, 4-59
fratricide and suicide, 53
histozy, 46
limitations, 47
missions, 5560
NIRF, 56
nomographs, 60-61
Ranets-E, 11, 49-50, 323
SEPS, 57
Vigilant Eagle, 58
virtues, 46

Hull criterion, 157-159, 272-273

Impedance, 275
free space, 125
generality, 26
optimum, 183
sources, 180-181
SuperSystem, 33
Impulse Radiating Antenna (IRA), 179, 209,
214, 246-250, 254
Instability, 160
International Linear Collider, 378
Inverted magnetrory, 261, 301
Ionosphetic mirror, 207

K

Klystron, 165-166
Applegate diagram, 386-287
beam bunching, 384-388, 388-391
cavifies, 381-384
characteristic impedance, 392
impedance, 391-3%4
circuit model, 391-394
classification, 376
drift-tube radius, 381
extended-interaction klystron, 377, 384
gain, 394
Gigawatt Multibeam Klystron (GMBK),
415-416, 423
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high-impedance, 375

cavity vs traveling wave section,
tradecff, 402

efficiency scaling with perveance, 423
fundamental limitations, 422424
magnetic field, 380-381
MOK-2, 401
near-relativistic, 395-399
SHARK, SHARK-2, 400
S1.-3, SL-4, 400-401
performance, 376, 396, 423

history, 377-378

low-impeadance, 375
beam bunching, 388-391, 407-409
limitations, 424425
magnetic field uniformity, 411
output mode converter, 409-410
performance, 376, 406, £13, 423
schematic diagram, 405
triaxial klystron, 417-421
wide gaps, 411

magnetic field
Brillouin limit, 388

modulation factor, 385

periodic permanent magnet (PPM)

focusing, 397-399

sheet-beam klystron, 416-417

SLAC klystron, 377, 397-399
performance, 398
schematic diagram, 398

stagger tuning, 384

velecity modulation, 384-388

Kopp, C., 53-54

L

Langmuir-Blodgett diodes, 151-152

Larmor radius, 462

Larmor rotation, 166

Laser pumping, 43

Lethality, 64

Lifter, 90

Linear Induction Accelerator (see also
voltage adder), 101-102, 189-190,
288-290

M

MAGIC particle-in-cell code, 342-343, 416
Magnetic mirroring, 462

Magnetic moment, 361

Masnetron injection eun, 261
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Magnetron, relativistic, 167, 259-260
axial current loss, 300-301
axial modes, 269, 283
cavity schematic, 263
comparison with conventional
magnetrons, 281
computer simulation, 266
dimensions, 270
dispersion relation, 268
electrode erosion, 287-290
end caps, 282-283
extraction, 283-285
field patterns, 267
history, 260-261
performance, 276
- photographs, 269
. T-mode operation, 266, 267
~ rising-sun, 271-272, 285286, 304
tunable, 285-286
transparent cathode, 299-300
Zn-mode operation, 266, 267
0-harmonic contamination, 303
Magnets, 34, 224
Magnetically insulated electron layers,
157-159
Hull-criterion, 157-159
Magnetically-insulated line oscillator
(MILO), 168, 260, 309-314
hard-tube MILO, 310-311
history, 261
schematic, 263
tapered MILO, 312-314
Magnetically insulated transmission line
(MITL), 185, 309
Magmicon, 460
Marx generator, 182-184
Master oscillator/power amplifier (MOPA)
configuration, 173, 296, 356-357
Maxwell’s equations, 110
boundary conditions
conducting walls, 128-12%
perfectly conducting walls, 111
Medium power microwaves (MPM), 48
Mesoband, 63, 236, 250-253
Microwave safety, 226-229
Mabile Test Device-1 (MTD-1), 290-291
Microwave thermal rocket, 7985
Mode converters, 203-204
Mde hopping, 339
M-type devices, 159, 167-168, 262
classification, 170
Multiwave Cerenkov generators (MWCGs)
history, 323
performance, 322, 346

Index

pulse shortening, 348-349
slow-wave structure, 348
Multiwave diffraction generators
history, 323
performance, 322
pulse shortening, 348-349, 358-359
slow-wave structure, 348
Myrabo, L., 81

N

NAGIRA, 28-31, 34, 70, 350
Negative-energy waves, 160

Next Linear Collider (NLC}, 378, 416
Normal mode, 115

0]

Optical klystron, 167, 492, 494-495
Orion, 34, 224-226, 260, 290-292, 296
Qscillatox, 171, 326
O-type devices, 159
O-type Cerenkov devices, 321
classification, 333-335
compatison, 345-346
-design flow diagram, 327
history, 322-324
limitations, 361-364
mode selection, 336
output coupling, 327
petformance, 321-322
pulse shortening357-359
classification, 170
slow-wave structures, 328-330
Overbunch instability, 339

P

Pain gun (Active Denial), 55
Parapotential current, 309
Parkin, K., 79, 84
Particle accelerators, 97-103
CLIC (Compact Linear Collider), 101-103,
197
International Linear Collider, 101-102
RF breakdown, 102103
wakefield acceleration, 101
Passband, 138
Periodic permanent magnet (PPM) focusing,
397-399
Perveance, 280
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P scaling, 4-6
Phase focusing, 265
Phase-locked array, 296
Phase locking, 173-174, 297-299
Phase shifters, 211212
Phase velocity, 119-120
Photoinjector, 99
Photoemission, 194
Pinched-beam diode, 153
Plasma Cerenkov maser (PCM), 322, 361
Plasma-filied BWO, 361
Plasma heating, 91-97
ECCD (electron cyclotron current drive),
92
ERCH, (electron cyclotron resonance
heating), 92
microwave sources, 96-97
Positive-energy waves, 160
Power beaming, 8-9, 71-78
cost, §2-85
power-link parameter, 71-73
Poynting vector, 125
Prime power, 19-22, 20-30
Priming, oscillators, 174
Pulsed microwave compression, 197-202
binary, 198
SES method, 198-200
SLED method, 198, 202
Pujse forming line (PFL), 34, 182-183,
Pulse forming network (PFN), 183185, 224
Pulse shottening, 3, 5, 6, 8, 10, 52, 220, 255,
287, 290, 315,
Kklystrons, 402, 420-421, 424, 426
multiwave Cerenkov generator, 345-349
multiwave diffraction generators,
348-349
relation to efficiencies, 52, 293-296
relativistic magnetrons, 287, 290, 293-296
TWTs, 348, 353-354, 356-350
Pulsed Power, 22-23, 34, 180-191

Q

Q-factor (quality factor), 63, 146148, 452

R

Radar, 69-71

Raman regime of operation, 173, 486
Ranets-E, 11, 49-50, 323

Rayleigh hypothesis, 139

Receiver protection devices (RPD), 63
Rectenna, 74-76




Reditron, 436, 437, 449451
Reflex cscillations, 442
Reflex triode, 169-170, 436, 447
Relativistic diffraction generators
history, 323
performance, 322, 346
pulse shortening, 359
Relativistic klystron amplifier (RKA), 378
Reltron, 375-376, 412414
bunching cavity, 395
limitations, 425-426
performance, 376, 415
photograph, 413
schematic diagram, 394
Rocket equation, 78-79

S

Sail, microwave propelled, 85-91
beam-riding, 90
desorption pressure, 87-88
experiments, 86-87
interstellar, 90
missions, 88-90
orbit-raising, 88-89
spinning, 80-81
Saturation, 161
Scattrons, 167
Sideband instability in FELs, 489490
Sheet-beam klystron, 416-417
Shortstop Electronic Protection System
(SEPS), 57
SINUS generator, 323, 481
NAGIRA, 28-29, 70
O-type sources, 346, 349-351, 364
SuperSystem, 34, 39
vircator, 454
Skin depth, 128-12%
SLAC klystron, 377, 397399
Slow waves, 133
Slow-wave structures, 133-144, 163
axially-varying, 134-139
dispersion relation, 136-138
Floquet’s theorem, 135
passband, 138
Rayleigh hypothesis, 139
azimuthally-varying, 139-144
dispersion relation, 140-144
BWOs, 326
multiwave Cerenkov generator (MWCG),
348
multiwave diffraction generator
(MWDG), 348
Smooth-bore magnetron, 157, 277-278

Sneak-through, 208
Space-charge depression, 153
Space-charge devices, 159, 168-170
classification, 17¢
Space-charge-limited flow
cylindrical diedes (Langmuir-Blodgett
dicdes), 151-152
cylindrical drift tube, 438-439
annular beam, 153-155, 380, 439
solid bearn, 155, 439
triaxial klystron, annular beam,
417418, 439
planar diodes {Child-Langmuir diodes),
149-151
Space-charge waves, 161-163
fast and slow, 331
-Space propulsion, 78-91
%, deployment of large structures, 90-91
. launch from orbit, 85-90
Jaunch to orbit, 78-85
orbit-raising, 58-89
Space Solar Power (SSP), 76-78
Split-cavity oscillator (5CO), 378
Start current, 171
BWOs, 336-338
SUPERFISH code, 419420
Superposition, 115
Super-radiant amplifiers, 172
SuperSystem, 27-41
Antenna and mode converter, 31
BWO, 32
specifications, 27
Surface resistance, 129
Surface-to-air missiles (SAM), 58
Surface wave oscillator (SWQO), 323
dispersion relation, 329
references, 331
large diarmeter, 352-353
Susceptibility, 64
Switches
opening, 185-186
PFL’'s and PEN's, 185
UWB sclid-state, 242-246
UWSB spark gaps, 239-242
Systems, 1342
Active Denial, 55-57
block diagrams, 14
combinatoric explosion, 15, 1718
component linking, 17
definition, 13
‘QASHOB, 251-252
GEM 11, 245-246
H-Series, 240--242, 251-253
issues, 2527
Jolt, 253-255

linking parameter sef, 17

MATRIX, 250-251

NAGIRA, 28-31, 34,70

NIRF, 56-57

Orion, 34, 224-226, 260, 290-291, 296

Prototype IRA,
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Ubitron (see also free-electron laser, FEL), 165
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X-ray safety, 229-230




