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Recent Trends of Electromagnetic Wave Generators and
Amplifiers for Microwave through Optical Frequencies

"Ichiro SAKURABA
(Received August 31, 1965)

Abstract

This paper presents the recent trends of electromagnetic wave generators and ampli-
fiers for microwave through optical frequencies.

Electron-beam devices are now used extensively in electronic systems from 0.1 gigacycle
to approximately 100 gigacycles. Because of power-dissipation and current-density limita-
tions, conventional electron-beam devices appear to be restricted to ranges below 1000
gigacycles. Bunched high-density electron-beams appear to be prospective for sub-milli-
meter and infrared regions.

Now, solid-state devices are available at substantial powers in the low end of the
microwave region. More recently, these devices have been operated well into the milli-
meter-wave region, thus representing a significant challenge to the electron-beam device.
Recent research on solid-state bulk semiconductor devices has given substantial power in
the microwave region and holds some promise for operation in the infrared region.
Junction devices have been operated in the optical region of the spectrum. The phonon
traveling-wave amplification as an electrical amplifier is not at present very competitive,
but there is good hope with the development of new transducers and improved materials.

There will be rapid advances in photodemodulation techniques. Microwave electron-
beam devices and PIN photodiodes are the leading contenders.
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Fig. 1. Chart of average power vs. frequency for
generator-amplifier devices.
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FOEOHNEET 4B TR, BEFv- 2KESHASNY, SOoBEZLELT, XiFic
EH2HETE, BoOHBARDIFESEHRTONDETHAIENITETH D,

BFEC— L EBLEEAETFEEOWBE BT 5 FHEHE power level © FIRIE, B UEAR
RIS k> T I NBY, F1bb#E15iE, high electrical conductivity (% » high
beam current density & high density drift currents) & 8E4&([EE%%A D high thermal conduc-
tivity O thH B, BT - L 3EE DA, high beam current density & high power
dissipation DI HEEL THEHULE DM, HEIC Ko TWHHERE 2L 5 L TO MRHEA
A REE 22, BABTFEEORS, ANABKHETsMERY
tivity & #%7-0 thermal conductivity 3 H iz 37 T,

ENRMCNOHERED 4 7 0l & 0 IWHICE B EAOUIEO B 2 L L RANIE
HL, AERT>ESERRAOME, BT~ LB LB 2HEMEBOBRE, 3o
AN BT 3 HEEERAOBBIC DO TEZLY, beIVMALBTHTELHON T B9
MAEFMNC IR NS C &, BENEIAEBOEL S SELHEED /Y, FHEHEN 1963 ET7 H
E0#K 2 #4EHIFE L 7z The University of Michigan ¢ Electron Physics Laboratory d3¢
Zrld U, BERPBEL 2202605 b e (ICHIGAE 1963 Electron Devices Meeting

(in Washington, D.C.), 1964 Conference on Electron Device Research (at Cornell Univer

{1 A3, electrical conduc-

sity), 1964 and 1965 IEEE International Conventions (in New York) & & (& Symposium on

[

Microwave Applications of Semiconductors (in London, June-July 1965) iz D T~ X 5

2. BFE—LEE

BI v~ LrBBREHRATAIEFE— LikX> T, defined laminar flow & unorganized
flow BEicbon5d®, BFHEOBRBMEML, 25142 vy, BTREBIU crossed
field amplifiers TH Y, %’z%‘&iﬂiﬁf’ﬁﬂ%hﬁt:%ﬁmﬂcﬁ*L’Cm5@—mf* </ raveT
VY e BRSNS T S, BEEETFE - 2R co OEE R, —BRicikEET
BEBEOIEES v~ X R EFT HEIEREENT 50w, 60~80% DIEFICEHOEERE
R, UL LEEOEHCH > TEHZ AVF~ 0BT HRSPLDERBRTHMA DN S 10w, #
RPN RERMTMEE LS, ZERMI 4 A o T kE Tid, high thermal con-
ductivity OMEPEER L 70 BRBHEEERBELRL, HLEHS LRGN BEEIc RO
BB TBY, WENORERETEE T, #nE wbaﬂmnwﬂezﬁﬁbfﬁw
BOEHRNEBRTNEY,

Mo BRI E LT, HE 0.5 mm #iEHJ] 1~10 watts ORIBABT- € — A %%
ZED. TOXIBHERHAETTR, —RICEFE~ L2 1/B8mm BELLD, BREEDS 800
ampsfem® A C A BICED, TNWURLBOMNUUA CHEETIHRELSD BB O
HEIZ 4X10°em’ BEORE X305, EROWINESIHEEIZ 20~50 megawatts/cm?
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ERDBEPOSEBPERET HICED,

IVEBRT I VA TICEY 5o OHMBEORROE ST EE LTI quasi-
optic circuits &#EST AETE— 2 OEHEHEORAIRD D, COHEES  OPE
Lo TRALN TG DS, FEAWEMIZ 10~25 Ge BEOREM TETF v~ & 2R (EE
Y LY, £N%E quasioptic circuit & & €T 10~30 ROFRHEHNELO BT L
ThHbd, EANEEEBFE— 22T &, Wiio debunching %52 % ZEHER 5IHR
BES L, DPOKRBREFE DL & self-focusing OWREMMNT 5L D2, TEHCL
BB NAELELLT B0, 100kV UITORTF e~ 2BETHEERE S A ok, HREE
% T & 500~1000 kV 2RI L DWW CHEE R & AHE/EME Lo@ B i 12 it U T
W5, .

COxHEED—HE LT, Konrad & Rowe” iz ko TF}@%%MOO%% Cerenkov
BHEFATIEEEETE~ 2¥BRODVTERLS, COREOMER%E Fig. 2 TR,
B Pierce BMARMNT 1I00kV OBFE~ a2l L TS, Z0OHEMAE Tablel (25
Z 7z, ¥7- buncher |3 traveling-wave resonator % {HF L TH D, k% Table II ciBy
7o DT 00KV P EDOBEFE— LDGEMET S coupler 1E, VWhHhW B quasi-optic coupler

ELLIPTIC cAVITY

TRAVELING-WAVE CERENKOY COVUPLER
RESONATOR BUNCHER

ELECTRON GUN COLLECTOR

I

100 KV

INPUT

Fig. 2. A simplified schematic drawing of Konrad and
Rowe’s generator.

600 KV OR G@REATER

Table 1. Electron Gun Characteristics of Table 1I. Buncher Chracteristics of Konrad
Konrad and Rowe’s Generator and Rowe’s Generator
Current 1,=0.01 ampere Bunching frequency =7.68 Ge
Voltage »=100 kilovolts Measured impedance=35 ohms on axis
Density Je=0.5 ampere/cm? Rshunt/Q =1706
Perveance P=32x10-° Bunching power =2 kW-cw

Beam diameter =1 mm oz~less
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Fig. 3. Cross section of elliptic cavity coupler
designed by Konrad and Rowe.

ThOWERNAE Fig. 3 iR/ L7, g elliptic cavity dD—-D®D M1z quartz cone coupler
i %, ZOEMA refractive index n=490 ® ceramic THT &, D S radiation 3
BHTHEOLHEINTNS, COESE»INLHINERKIE Goubau line THH, S
TR ICZHR S, Fresnel zone lens 2R THERBNCERBEOMNERY B LTS,
ML £ NIE, bunching frequency D% 20 TR ILL A AIZIF TS L < 155 &
% bunching #5525 &K, ©— A0 BHHFERE LT 1 megawatts/em® & 73 5 4
ThB, T BRSO BIIREEE @ 100 megawatts/ecm® FEEE 12D, Lk Ao T 10
gigawatts/cm® OERFEFELE S THREBEDOND, FHIC LD & 150 Ge iz B 5 BRI/
J1id 1/2 watt PLETH B,

S w4/ u TEH XN coherent HARIEMETIET € — L3EE 1T, FEEE
KRELODHB, EHRONBETFE— 2 BORLHETEEE, McMurtry®™® O 7w — 78
L7 Blattner® @ 7/'v— iz ko TR & 1, /MEB B & McMurtry 02381519 2, - ko
THZLNTWS, %1 crossed field R % { @ dynodes %Rl Uz~ BB g ) ¢
BXh, TP 10 Ge BB ¥ TO coherent 2 KRFELES EMEINTVS, —ikic
coherent Y Z MK 35 HED LSRR TRy THALGND, TV @HERMOBTHETSH
D, Ry Ci%ﬁﬁ%ﬁ’ﬁi&: WhNEMEE B S HEEAORENIEREERYT, FAEMAOLN
TWBHBERR S-1 & $-20 TH Y, Tablelll iz 25D FTH)5H LU responsivity %5
%7z, 5D photodiodes Ic bR TIERICNE <, L iehto THEIM 2 RIEI #nd
iz, RWEMOHLWRRBRESEEL D, MFFMEHEEAEFEE L THEREY
BERD, THROBEMRAEEF - o8ETE, SHEHT 10 ohms BEMNESICELN,
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Table IT11. Characteristics of Photocathodes

Quantum Responsivity

Photocathodes Efficiency 7 l o {amperes/watt) Remarks
S-1 15X 10-4 i 1x10-4 At a laser wavelength of 11500 A
S-20 4x10-2 | 1.3%10-2 At a laser wavelength of 6943 4

where 0=7e/hv, 7 is the quantum efficiency, e is the charge of electron, % is the
Planck’s constant and v is the frequency of the incoming light.

L7eB8o T PRy 17 1~200 ohms L7230, BEEHREE LD EHLHOTEHWEEZIRT,
FhEOLNERANTHERER L 2 ETF £ ~ 4 (CEF-photoelectron-beam systems, Fig.
458 F, FOBOEMEFEHEB™Y UKo TEDED PR 2FOKEDS, 60
W# D —#% Table IV 0B /e, SHLIRBFE~ 2icBS 52 OEMERBPOFAIC X
>C, HIEEER% D 1F /o coherent LOEHM L FHETH D T IFRORESEEFEIN B,

SOLE ELECTRODE
PHOTOELECTRON BEAM

PHOTOCATHODE

COLLECTOR
SLowW-WAvVeE
CIRCUIT
LIGHT SLGNAL GUN REGION | MICROWAVE OUTPUT

Fig. 4. A simplified schematic drawing of Sakuraba
and Rowe’s photodemodulator.

Table IV. Equivalent Resistances of CEF- and
O-Type Photodemodulators

Types Rey/K Remarks
C=0.004
CEF-type 6.0x10° (N=10) Be=40
b=d=8,=0
' 0.99x 103 (N=10) C=0.004
O-type
2.47x10* (N=50) : b=d=0Q=0

where ‘K is the interaction impedance, C is the gain parameter, e is
the. propagation constant of the photoelectron beam, & is the electron
injection velocity parameter, d is the circuit loss parameter and g5 and
Q are space-charge parameters.

3. BEHRBETFERE

EHDREAEREFEBER, BRBEARI P LADQLEVWEETREAZINATEYD, 5
SGHTREFC~ LEEH solid state L2 BEMWZ 5N TW S, fiEsk thin film devices ®
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junction devices MEE &N T &7, 5Tl bulk phenomena MIEWIREL2DOH 5, ©
NoDHILTHEDBEDOD B P, ad RBkiE 246 L /- phonon traveling—wave
amplifiers & phonon parametric amplifiers TH A5, 5 DK CHEBET 2 HMHEIE, B
FE~LBEBRICBIHEOEDB Y PUTIN S, FTHHEWEZE &I high electrical conduc-

tivity (high drift current) & high-thermal-con- S
1
ductivity circuit element ZH LR NIE 7 5 S /500 ¢
O
BOTETHD, —RicEEBETERENOKAN Z
7508 8 g B BK 1 crystal lattice TH D, £ A Q
. . = Jooor
free carriers (drift current) 2SS 720, W = b
WHE L AFRRT DI R ks E T E }_\-@/
Q
5, FNWTNS DIFFESE Iz BT, electrical S sool
(=]
and thermal conductivities Z Rz #E KT 5 C 2 . ) )
LMRETHAS, <O anisotropy D—FlE L 200 400 600§
T 5Bk [T 8% F3 @ pyrolytic-graphite (P-G)'” »34% TEMPERATURE  °C
R N . _ Fig. 5. Electrical properties of pyrolytic
ok D, ToBEKNEEE Fig.5 kk/mrd, 7 graphite ; fa-p is the resistivity

in the ab plane and g. is the
resistivity in the c-direction. (from
Reference 6)

whH, HAHHED electrical conductivity {25 A

FLBEIEUTHBD, CNIKEHARHIIETS
conductivity 13 =7 b {EWVEZ D, B Karp line mode & UTH AL 2 55E 078 VLKA
KT HBHH, thin film 3§ vapor-deposited materials OB L> T, I VBB T 3
BEIERSE L THIEDFEHLTHAD,

B CITRTCOBEERBETHEBC OO RELMIBHEETRICEE, RAETH S D,
free carrier-traveling-wave interactions Z iz ik, &I ZN 5 DOHMIER B LUHED
BT ERL IS,

MAERIHERER AN 77 piezoelectric cadmium sulfide {z 34T, phonon traveling-wave
amplification MM X N, FOMEWN T, traveling acoustic wave D{ZEF iz free carri-
ers (electron) A% drift L, & U drift velocity #3 sound velocity X ¥ XK & iF L, carriers X
Y kinetic energy # wave {C5 2 51, MHITHE & FRSERMMRIELZE 2 CES*, B
PRI carrier diffusion D7 HEEAS 1 Ge YT THBAH, T DS interactions D
WEIRAE 100 Ge BELEALNTNE™, BN ERKCRIFSBEARZES LHIRE,
transducer loss % 40db DI Fiz L, D crystal OE X ZHWEIcTH EBPLETHY, i
S DR T AUL BRI 50 db/em S EIMATREL BbN D, <4 7 oiim k047 3 Y EH
KEDEBIC BT, AMCHREN S lattice vibrations 2 #D (A FLELD B
W, REHE (B£5< 200K DTF) 248 ET3THAD, DT ERJFIRL 7 drift carriers
& lattice @ decoupling OFIEERITT B, TN OREELBOIERMNS transducer 13,
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CdS @ thin film ZHWNAC iz > TR TH 5, CdS ND compressional velocity &
121Z 10° em/fsec & 730, 1/4 EE @ thin film OE XF, 10 Ge T 0.22 micron, 1000 Ge T
22 A risn, FrUe LIRS ransducer b IEE ML 75, FabryPerot 3LRE D X 572
quasi-optical circuits OFIRNZFLNEZTHA S, BRETEBICCORBREKREZFEMTS
TER, BFr—s2ZBIBd sRBAOMBE A RBEEEDND,

DINVTHEIE S S junction devices D—F, i LU infrared # CTHfEJ % solid-state
injection laser ©#H %P, gallium arsenide {38z 0.6~1.5 microns & TEEL TEH, L
531 T3 PbSe 73 8.5 microns # T3 ) O coherent 73 output 5% TW\W5, TNoHD
laser {3 junction (=% L CTEFHSE 500 amps/cm?® 2 @ injection Z KB E LTS, €1
WRAMNBEO LD SV ZABEORIZIBE I N TV 2 4, BHEL & carriers & lattice @ de-
coupling OB RBRENZLOE, IVRVERE CHroERHNIOEBOND EED
FEYAEEEEL B,

GaAs ° InP |2 817 % coherent 73 =4 7 v HFEMN J. B. Gunn® it k> THRM E N T
Pk, bulk semiconductor MEFIEMEFRILEEINT NS, T DH¥EI|Z ohmic contact L7z n
type GaAs T kV/em OmEBR Tic B, B/BWOD injection & X>» TREERZEL, 2
% F T coherent WHIFEAET HICES, Gunn E 1 Ge T 0.5 watt, 3 Ge T 0.155 watt @
HA B TEHE Y mounting unit % Fig. 6 (/R L7z, HEEiic Lhid, RIWELE sample OF

/////// 7SS S

EpoxY. RESIN /]
Ga As /]

v

[
3
12 \
¢, %

. /

Fig. 6. A cross-sectional view of the mounting
unit of GaAs used by Gunn.
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BRORVERTHD, FRRRBEESEOEE sample 2 40EL T35, LrLTERHE
DEF&5&E incoherent 7% instabilities 2 B9 EZ, FTh%H { OHMEMHE LD sample
D carrier @ drift velocity |3 10" cm/sec FREEE 730, FIBOER A, B1L % traveling-wave
interaction 7» acoustic wave effect 22BH S T,

Hanson & Rowe™ {3, GaAs % Bt fo elliptic cavity #! mount TREEED EHEAE LD
DH BN, B S HEHTEHEAREEHAL T, X5 EE 4~40 microns ¥ T »7E
VO WNEB, WEKRECINTHMEEPERICEL ThsRIBREMNERLEL, THER
WEZEINT 5 &, infrared BOFEWPWIA I L5 HTZEH T 5,

NG OB ZHRT N L OB BREINAY, BT TRALEHMAPBEZLSNT
WIENESTHD, TN OFHRREIFINIEXOKCENLES, $ubLDE

1. BT Oz &% lattice @ optical modes D fHRE = D14

2. electron-plasmon coupling 4 7i4> % drift carriers & semiconductor P plasma &

DFAEAE

3. impurity scattering radiation & phonon modes & D4

4. traveling shock wave D F D ERBROHETIHICIEDLHD A
KA LBAD, £ ORBEELEMCBIT S E TICRE> T, L L solid state
plasma %4 % 7z bulk phenomena {zf§L, < &RESNT Rowe b DHEEREEITIE, T
O OFREMEIOWEBICT 26D EBbh b,

coherent SO MiEiz i1 % PIN junction photodiodes 13, BIF L —LrHEBEIZRLND
XD IS HEMEM AT L2, infrared B B 5 BFHE 71, SHHTEH 13T 100% £
WEDFES, Lich> THEOBME L LB E-> T infrared HOEFHEE & L TIEFIK
FNTVB, LOALAREBCLIIEHTHY, F/cv4 7 0ikic B0 % C OFf photodiodes
DEAEHT Req 1ML, BEHBEE D XS P°Reg 13 10 ohms PUF THETF € — A FEICHA~TH
WITEN, L d LI bulk semiconductors D < 4 7 9 RIC B1F 5 Rey 5 1000 ohms Fj#
ERLTEYD, A%ORELHMFEINS,

4.

il

v A 7 OEE IO BAERIERAE B XUHIEEE T 2800 OB E®R
~NTz,

BFE—A%EIX 01 Ge XY 100 Ge HFOBTFRBRIEL ELN TN S, L LEIEE
B~ LD0BHRBEOMENS, COHEER 1000Ge PToEd ARSI EEIAEND
THHH, TRBIEBELHYSFEHREBET €~ -0 Cerenkov radiation &, %731
B XU infrared R TRETEEBDLNS, o

BEABETEEE, <4 7 0BEOEOERTHRIZHIED power ZBTEY, HATEIY
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BT HHMTS power A LTS, T E junction devices 1 I HIR THEIEIL I AL
i} N TH D, bulk semiconductors (F S #1 T 3w milliwatts @ power % 7R L, infrared iz
B AEEIC DTS BBEH 5 EREMESNTVS, ¥ phonon traveling-wave amplifiers
1%, transducer DA EH L WOME ORI L > THEEL <4 7 o RERELA S,

IRIEZS 30 M EE# % 5 17 72 coherent Y OWEIHER I, SHMUEREERIT THAH M
EINERAERLTEERD,

MO photodiodes & B — &%

BHODICEMMEhD, kEBXURMNCET 2MEORREEA T TS, duilgd
KETHHERFEEE, LA RECHABEMTENERAKSEE S S IERET THEH
D RICHELRMT S, dhmiEET e~ 2B CRAETRECHELEAMBE T2
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