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Absiract

This paper reviews the early experiments on the photoelectric mixing process and
reports on the recent trends of photoelectron-beam demodulators in the United States of
America and Europe.

Rapid advances in detection techniques are expected. Microwave photoelectron-beam
systems and photodiodes are the leading contenders.

=] R
ADSELACE -« eeeerermeaeae ettt e et ettt et et e e et e e e ettt ettt e h et 95
1. B et e 96
2. Photomixing Process «rvreoeeeiem a6
2.1 B e e 96
2.2 PhOtOMIXINg PrOCESS +rrerrrtereemssresmmrsitirentiiii e 98
3. Optical Heterodyne Detection ««-weorer teomimmimiiiiii 100
3.1 Optical Heterodyne Systems -oeeooereererni 100
3.2 Equivalent RESISLANCE « v reoverremrrarmas ittt 101

3.3 Conversion Gain - B 102

3-4 Frequency Selectivity -- PR e 102

"3.5 Noise Considerations «««rr e EERETERE 103
306 DIIFECHIVILY ++vrrererererremmreamranitt ettt rb e h et 105
3.7 Electron-Transit-Time Effects ¥ X O

Secondary-Electron Multiplication «-+eeooveeviin 106

4. Photoelectron-Beamn Demodulators oo 107
4.1 FF S P 107
4.2 Linear-Photoelectron-Beam Systems. «-«c--rereerreeimeeii, 109

* T I RE AT L



96 B — 1 2

4.3 CEF-Type Photoelectron-Beam Systems. «-ooeooeroerroin 116
44 Scannable SySTEITIS ««rreeteerroimrreti 117
5. &b B o 117
BB LR e 118

1. # =

Laser OFEW” 27 7By L O LEW LR T hic» TP &ivie, £0 55
2 T# 7% photoelectric process IZ & % coherent light ¢ photomixing @ #3213, opti-
cal communication OEH L 5 T, F 7z laser OFEIEHEE O WIE 7o & @ spectroscopic
tool & LT, XKIiZ photoelectric process i A& DL & 5 T, IFFICHBRD 2 B
ThHhbH, ELITMEFROSIT 0T, Siegman & McMurtry” 0% L7 microwave
phototubes &, #hiz->-3< photoelectron-beam demodulators s I OV KSEHR HEEE
BHFELL, microwave TZE# L7z coherent SEIT X 2[Rk optical heterodyne systems ]
Ped 4 7o 8 U7s, ¥ 7= Gemini VII 7 Hawaii B b2 290 km 12 0 C, b R & oflic Laser
FHFHOME QTR L CDTRII L2 Z L7, 2 b OEN 4 B— G LT 2 3
DEFEZ D,

Licio> T2 2Tk ¥4 photomixing 122 T—YE L% {17l >, 2\ T photoelec-
tron-beam demodulators =2 CTIRGEDRE A N5 - LW HMNTH A, TolARELIL 1965
4E The University of Michigan ¢ Graduate School ¢ “Microwave and Quantum Electron
Devices” DFtHO—f& L TR LIc L OB LD TH D, Lics> THARIC KT S
DA IFO I L TiE, SR H < T A L - oo THOBAI TS o &
&L

2. Photomixing Process
2:1 i E

5z photoelectricity, photoconduction & % \ i3 photovoltic effects 236 D = &
WEIFIH X T & 7, W d s © photoelectric current 25 light power 1 64 2 o ©
B, LiA - T optical electromagnetic field 12 L square-law detection &% 4,2,
Forrester, Parkins 3 1 0% Gerjuoy® |}, photoelectric effects 1251 % square-law L,

RS T WD B D D WP D beat w5 2 185 L7z, T 7i> b photocurrent A3, P
Bov, & v, O total electric fields DT TS 5 I b 22 R EL f= v, —v.] TEH & 172K 5
DT L ES I ETHD, LHL o photoelectric process iZix “ o O EE BT 4
AT B, #H—12 photocathode F (LD A6 —{H electron 23 4t L # 2 fE& ik, A/f)
I TIER S N X P o U L 7o average light intensity T B &5 2 & T
Y, 42 photoemission @ life time (% (L)) ICHNTHAE N EWASRETH S, bLIh
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BOREISMIE X s s, beat i34 UZgu L, Ffoii» & D L f beat pattern % 1§ 212
X, XN &g linewidth #3894, LaL laser o SEHDIRIL, 0 X 5 e x
B TEMETH > 7203, WHEDEFD L 5 7eE 2R AT, 10* gauss DRI #1F 5 5461 A
@ mercury {ZJ}\ T, Zeeman pattern ¢ -D¢ outside component (% 1 Ge Tiv» & ? line-
width & 10 Ge Tu» & frequency separation %42, I b O % photocathode 121y
Wak, ZEEHECTAI & e photocurrent A F4: L, 0 BMHENC R L 7z 2Rt iR 2
ER LI, AN EE o/t noise |, photocurrent ¢ shot noise * Z2jA3LiE% 0 ther-
mal noise TH-71z, ZOX 5B, buncher £ photocathode & N—fim7c- Tt # 2
b1 photoklystron &0 &2 L A3HK Y 5,

FORI O X 5 Ig beat 1B B FERAY, T {ATleb ™0, H D UIEE W,
photocurrent (X4 MM B D ML R OFTF OFNTLILGIT 206, 2 PR 371 L
WEER LA, FRENDOWEZIL T oONHE DA H D%, cathode i granularity, ¥
L UF photoelectrons O E DL £ X > THERBERST » wash out I hn EERLI,
Lo L OBEOPIGUC I\ T, 1573 OGRS S 28 B0 L, FFFCHEA b Lh
oA HE Tl S s S hote, BiFoORRCE L L, BRI total electric field in-
tensity I LB B & L AR IE TH D U TH D LB BRI HICHE - 1Y, F 75461
A @ mercury line @ Zeeman split components 1= & % S fs T, 29 iAIRENT X 0 By
LiS7ed» 7o 2 ik, spectral lines 230 %2 % UV 2RI BB IENT, FATLEHRL w2
&, cathodes D& A0 OEMPHEOMMNLALT 2 & &, FLERIMRHC KT 2 SN L
DT 3X107° T ETH LI E L bhfc, £ORYES R-ERHFKC X - T For-
rester, Gudmundsen ¥ X O Johnson™ B3 FHBE NI BEER S 2 L, LicaisT
photoelectric process =B B REAIE L & fsh S hre, 2512 Brown & Twiss™ o9k
LI RBORERAIR Lich, —8icounTogMAE b > Tute, & it < on o ERITR
Xtk 5T, photomixing process @ time dalay 107° sec TWEH D, Lichi» T ;};’g)gﬂigﬁj‘y
B2 Ge e Hh A5 X STl 3 X T L 5 D Clikfouv v BRI CH - 1o,

54T helium,neon CW laser DL, spectral lines [ 2% U B4 2 18 A R o
WTH A WER A L0 Ui, T 7cbhb laser (b Tc B » 1CE R O RIBRIE A Lo
HLie - - modes % [MEHZ FgIR L T\ B A5, Javan, Bennett 5 X OF Herriott™ (3.36%% @ photo-
multiplier @ cathode 12 laser Y&\ T, TR I IIcRIE mode Mo 2 B FOR 5 G4
LW N EEI, Licsi-> T photomixing OEMNSHC TR 5 2 L &b, laser BH DJ
IR O PUZE 2", Forrester” i & » TIRE & e linewidth oWE R SwEMEhs = &
s o,

Lo Lie i b inds b @ o MBS 2 TR WIS L avb b IIE LIS s Bk
300 Mc THh - 7o, Fhild - it/ o FEHE modes 2 7EFE L7\ 4y, photomultipliers o JE
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BB SR IS By, & 721k photomixing Z 1 H 23D O B BECH TIEENIZ sharp 7 cut
off L 27l LW EOMIBNEZ LR, ZhbH D IBATFELOOFNNL>E L5
LuveEzb iy, E=Z0RAOWTE ILIETXE L3 2 MEEEbL VI, EHIT
ruby laser ™ JJ% high-resolution spectrometer TH~7-f58, linewidth 600 Mc LIF o
lines 10 f2% 2.4 Gec o ElE THE S iz, (2D & ¥ D spectrometer ¢ resolution % 600 Mc
TH - 72) 24T Fox & Li™ 1%, ruby rod = L » T X A3LHESIE % < © modes % 1,
DI EHEML, Wagner & Birnbaum'™ X F NSRBI RIET A2 &R LTz, 420
X 5708l g% gaseous optical maser CTL M X iz, LAt T—-2>? mode % signal & #
Z HUE, 125 9 modes 1% local oscillator & 3 % & 1 % 5, microwave phototubes % i\ i
Y Ge BOHNINELR LT TH 5, O\ T Maiman®™* |1 Fabry-Perot interferometer
TME L 7c#E R, linewidth (3 40 Me AN CH B & Eic, b D L&A Siegman & Me-
Murtry & BT L - T S X 1 T U 7o S-band BT 4F TW 530 T& X 553 cm ruby
rod OFEIRIEME TN DB E 7 - 7277,

= O ruby cavity O il 7] modes OEfRIL, 605 Mc TdH B H:5H, TW 530 @ pass band
L O e V&S, BEX DB modes XHIET 200 TH B, b OWEMRIC L h
(1.8, 24, 30, 36, ®IUV 42 Ge OFTICIR 20 Me LTOH AN ED 1, Bk X
% —50~—70 dbm TH -7, 1T X x { 42 Ge ¥ COERBERSNEN S iz b1 TH
D, FRMEFZ I L oDl modes DIREIEANTHE TH O EHHMELE b L <~ T 5,
F 7-{@ 4 0 spectral component @ linewidth (3 5Mc Tuws & TH b, ¥ D high-resolution
spectrometer TILHIE LB/ DO TH -7z, Zhb OFEA S photocathode # & DHEFT¥
EOPFEHHED B, DI T photoelectron-beam demodulators ?»BRF, F 7= photodiodes
<2 bulk photoconductor 7¢ K12 X 2P IEDFER L, BEHER A A HITE - 12,

2.2 Photomixing Process

photoelectric emission & bulk photogeneration % & 4, 1= —#§1y7c photoelectric process
Td b, optical input power P(z) i3 photocurrent i(t) # %43 %, (Fig. 1 £B) #15» op-
tical square-law effects % 4L, 22 & TH 9,

i) = KE*(0), (1) e
TiR&R A, 2T E@) 1 optical electric oet) , U
field T b E*() ZBROTFH B % W5H E—_~> — e L] A
L Lt

Pt TRES iz O Th 5, 0 4
T [T —A#1Z optical period HNRT X4, T @) (b)
£ ¢, microwave 0 period 12 T IEEIZ Fig. 1. An optical input power P(f] generates

’ ' i a photocurrent #{#) in two common
L E2 BB, photoelectric processes of photoelectric

emission (a) and bulk photogeneration

W EELD o T o OFRARN 7o E (b).
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W OFIEH X P> T/ X L photosensitive region IZ A » T & o b #x L 5%, FOLE KR
E{t) = E, cos 2nvyt+¢,)+ E, cos (2av,t+¢,). (2)

I T & v, bk optical frequency 2R L f 2 ¥ 0 w/2x=f |X microwave frequency % 7R
boeT s, Thig B0k

E*) =5 E+-3- E3+ EE, cos[ 27 (va—1,) t+¢2~¢1]
+ f2v)+f(2v)+f (v, +1a). (3)

ERoB—HE FTHRIEREXR L, “2o0N T X %5 photocurrent OERG %52 5,
FZEHIT 0 3>@ % photomixing DETH H, ERER f=v.—v LD, b A A averaging
process T f&(1/t) #RFE LT\ 5, 1ZHOHEL, optical frequency 2v,, 2v, 6 X 82,4+, &
1, ZHBIL averaging process THEEL I Z LR B EMEIN S, b 22T MLT
< T BUAE D HiAf T optical frequency T & I fz photoelectron beam & FfH Hi 270 v 2s
BRI,

X T photomixing ML, E, & E O TRIN 505, optimum ZE{FX ¥ 51T,
IS O T polarization H A Uied A48 058 5, ¥ 7c optical power Pl) vk, E¥2 12t
B a6 @) i,

P(t) = P,+P,+2/P, P, cos (ot +¢,— b)), (4)

Ll b, EEHRFET S photon O A nlt) LI iu

ey =2 (5)

THE 2 bhA, T2 Thik Planck’s constant TH %, Lichio> T
n(t) = n,+m+20nn, cos{wt+p,—@,) (6)
= o photomixing ®IEIL " photons O interference /KL Tk », EPWH f %L
D, FeRE LI T () & (L) EDEBNEE LT v=y=y LRELI,
> ¥yz photoelectric process D ETHH 7 (LM electrons O & A4 photons DF &
DL TERINSHD (W<£1.0) photocurrent %
it) = Yen(t) = eP(t)/hy = OP,+0P,+20yP, P, cos(wt+¢,—¢,)
= I+ I, +2/1 I, cos (wt+p,— @), (7)
Lich, T I TP L responsivity & vibi,
0 = Tefhy (8)
TE#RKEN D, Fh I, & I, X F R FhoRGkc X » CfES b de photocurrent Th %,
—>p A% E LT 6000 A oY % L C, photon energy hvfe 134 2 volts T %,
F i TR ER 1009 1% L T photocurrent it optical input power % 2 volts THl - 7-fii &
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7e %, iz visible light = X - C{EE 1 % photocurrent (Lidsd & % 7X 0.5 amperes/watt of
light Tz bhnz & Eis, Fig. 2 2lH)

~por—— ==
= 20 -
g 5-2 to %
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WAVELENGTH ( MICRONS)

Fig. 2. Typical spectral response curves for S-1, S-4 and S-20

photoelectric cathodes. (McMurtry)

#F 7= photomixing ® 4, > KRR ) TH LB b, - O photoelectric averaging
time v 1%, JCEMEBID atomic process I A— 2D EAY RT3 L @ TH hH, collision %
scattering {Z X % quantum-mechanical phase memory %42 5 ¥ ¢ life time & %, photo-
electric emission O FEM7c BRI BIET DAL 20C S TU a0,
EhHTHEL 10 M~10 Psec LEEHNTE D, Lo THRABERIL 10°~10' Ge &%
Zbhd, LrLEOXSeE MBI &1 % photo effects 12 B9 2 JURE Bl 3 B AR 78
ERTHIRn™,

Z @ average time T {1

3. Optical Heterodyne Detection

3.1 Optical Heterodyne Systems
photomixing D& HH|D>—2n% optical heterodyne detection CTdh H, photocathode &
photoelectron beam system # > %54 Fig. 31—l 733, Z ¢ system T\ Tifius
local laser X » ¥ P,=P;, & 55\ 2 5560 P,= Py 73 [[#:i= photocathode #» 414 %,
— R P> Py Td %7 photocurrent #(¢) {1

i(t) = PPy, 4 0Pg+ 204 P1, Py cos(wt+ps— o)
= [+ 1; cos (Wt + ps—Puo).

I I T w=2nf=2n(vg—v1,) »° optical heterodyne receiver O I E & 70 5,
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PARTIAL MIRROR

SIGNALS PHOTODEMODULATOR
Ps Z
L 2 U/ PHOTOCURRENT -
(FREQUENCYS) 7 D,f | biFFeRENCE
7 g FREQUENCY
v PHOTO CATHODE 0UTPUT
B, t= vy -,

LOCAL LASER
0S5CILLATOR
(FREQUENCY v, )

Fig. 3. Schematic drawing of an optical heterodyne receiver.

3.2 Equivalent Resistance
photoelectron beam devices O—fIYELE % Fig. 4 12783, [Kic s TASHEL photo-
cathode 1 A % & photocurrent 23784 L, gun region <= interaction region % #&T collector
WEH, ZOB/F—CETETHBE PP ZRETMEERY 510 505, Th bl B c#

LtIGHT MICROWAVE
SIGZAL SIGNAL

PHOTOELECTRIC | ELECTRON INTERACTION
) " Eement  |ouw mecion | REGlon )

PHOTOELECTRIC ELEMENT
PHOTOEMISS IVE CATHODE
PHOTOCONDUCTIVE MEPIUM

GUN ReGLON
ELECTRON MULTIPLICAT|ON
TRANSIT-TIME EFFECT

INTERACTION REGLON
MLCROWAVE SLOW-WAVE CIRCUIT.

Fig. 4. Schematic drawing of a generalized photodemodulator.

BT AL LTWEIALOEENLVCHRLEAYEZ L5, LWEIODOAGEAELEKL co-
directional T3 9, spatially coherent THh A EHE L, photocathode |0 57c » fo fic st
5 oOEFOMMHPARIC X 5 cancellation effects AT 7- & &, EEE S % § - 7o peak

ac photocurrent (LR OFGHE L b
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iy = 204/ Py, Ps (10)
FRig i AiisnaiiE photodemodulator 23R EEFE L % microwave output power Pou

7&)}&&)?%50 ZD il & Pout &0)&1{7‘?\‘01
P = L . R 11
our = ‘“"?Z—ZI €q ( )

TEFE XM 5 equivalent resistance R, W T/RT OAEY TH 5™, I D R 1k photo-
demodulators O & BIFSRMNC L > TIRES b
3.3 Conversion Gain
optical heterodyne systems & EEEM & IR 2700 ic, 100% RIBZEFH I AT
BE PsuEL %D, Z0OBH video detection & WHEh 2EERPE T X » TLEMH K
% ortical input power %
P(t) = Ps(1+cos wt) (12)
& ¥ photocurrent (%
it) = 0 Pg(1+cos wi) (13)
Ll BCHTADARER o ks 28 o i

Power output, heterodyne case _ [ZJPIOPS:’ _ 4 P (14)

Power output, video case Ps “Ps
THREN D, TihbbIEOEIEIC 17 % square-law heterodyne & 4 < [Al #1C optical
heterodyne system i3\~ T b, JREHEOHIIL, local laser I X » T L5, *7-
EXo X 51 conversion gain 4, FFE L, Pu/Psic i+ %, X5 output power 13 Py i
4 % 2% linear receiver & 7c %,
3-4 Frequency Selectivity
optical systems & T 4 — % D heterodyne detection & @ <m0 B S A r T,
(Fig.5 &) mE/cM'EHiX, microware TIAWAEIEWEEHETER B tH-> T L, optical /o373
0 ZAUEIEE AR & 7o 2, fok 2 B=1Ge & ¥ 2 KIS T 2B, 6000 A ©

N
LocAL LASER
OSCILLATOR
PHOTODEMODULATOR
BANDWIDTH IMAGE
[abte!
: I
- B f— — B i E
! t
1 ‘ —
% Ve FREQUENCY

Fig. 5. The frequency selectivity of a heterodyne receiver.
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A1 =0012 A & ¢ %, ZHILREH D passive optical filters i XTI/ NS fliTth 5, +
Mk optical heterodyne system 1% Z 258 T\ selectivity % 4 % background light #if < &
IxBhIEERD,
3.5 Noise Considerations
\» ¥ photocurrent OSE¥EEA I, &4 Y, devices DRI WK B W 51 5 mean
square noise current fluctuation I, 1% X < 415 217z shot noise D

I = 2eL,B. (15)

TH % 5, photomixing process I 35t 5 FAR M e bR & 7¢ 5***. X T photocathode %
Z >3 £ interaction region T photocurrent % 4% , interaction region 5% microwrve

output 735 5 3% L 5 7 photoelectron beam systems ## 2% X 5, (Fig.6 &) i oo

(Al B
PHoTo CATHODE H
7 S— y
L e INTERACTION REFlo
[ ¢ S B —>
/ X H % ,ajut
Pin, 2
GUN REGION

Fig. 6. Schematic for discussing noise in photodemodulators.

iz photocathode X b Hi7z peak ac photocurrent ¢ 75 gun region THEE ST/ & FHEL,
F o ¥ % interaction region ~A Y, W) P 52 5 & THUE, Z O DL R 2 TH
woK (11) RSN D,

20k 5 e system I\ C noise WP 2 =00 R FNrEL LN S, ETHE—KC
optical laser oscillator & optical input power (X & 4,12 dc photocurrent I, #-2< %45, —fi%
& P> Ps THBME, 1m0 P, %1%, = @ de photocurrent {% shot noise fluctuations
I =2e I.B % % bt, gun region THEB X interaction region & A % & {HE 4l sys-
tem O H 7T k) A shot noise output ik P, =2el,BR,, L 755, 2 XIT dark current ¥ X
U background light i X % dc photocurrent [y 237453 A5, @ FBC L THDECE
7 % shot noise output P, (3 Py, =2eBLRe & 155, =10 H 2 A D &L system I (T
BFOWHIT X o TEH I A thermal noise % interaction region ~A % %(li#fiFEA I TH 5,
B DS BLHRENTELLOTH BHH, —# L T systems 12 noise power input k T, B & L
£ 5, 22T To VLB MM 783~ T D noise source 75 49" % SEEE D noise input power (4§
Luwh 5im&ed b, X5 interaction region (LIEW /i€ level TEIWET % & RETHE, H
J)#i0> power output L HUC k Ty B &7 %, L7chs-» T photoelectron beam systems o /)

MRy 5 SN ik
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1 42
S z 1 Ra (16)
N 2e B(I,+ 1) Reg+k T B~

gz

22 o> optical heterodyne system i, local laser M1 P 3 KE L, Thic k5 de

photocurrent 7, i1, background @ light i £ % dc photocurrent & dark current & OF [; iz

NI EETREWERE LS A, F 7 photoelectron-beam systems @ R 1k 2370 ok E L
2372 P b RAWCKE DD 2eB1,Rq&k Ty B LRELHE D, #ic SN ik

1,
,‘SAN 2 L,ch — pPsz‘a
N 7 2eBLR, eB”

(17)

L 75 %, optical heterodyne T fst3 % conversion gain & shot noise power & P, i L3 5%
b, FEFCRE P b & SN ik P @iz b ic b, MHEARABAEZ ST W@ 3
equivalent noise input power (¥ 3% & »

. .. B h:
Equivalent noise input power = LR s (18)
0 TR

Tr=B"" (19)

2% o A7 maser amplifier @ equivalent noise input power |3 —1{# ¢ photon ® energy
% resolution time Tr CHE L7 D CTH Y, optical heterodyne system i (1/7) #2515, FEAHRY
7c maser amplifiers X » B/ 42, Fiile SN tha (1/9) #5002k 51, optical hetero-
dyne receiver O HICH A8 7c optical preamplifiers % & < 7c & O FENEBINCTHE CTH %,
LA U7 255 Bk ¢ BAB A maser amplifiers % {F 5 = &%, dark current % noise % % X %
BHI L Lo THEI N HANCT L optical heterodyne receiver #{E5 Z & & 0 EH R
LN %,

D XVLEKEE D photoelectron beam systems & 3\ T, BAETHHR 2 By 7 ERHE
7o & D72, interaction region {Z A % ac photocurrent (¥, photocathode [f_RiZ4E U718
Lo bmieh Pielie s Bbha, WENDITRBMAE I & BNE, R (RFEHC I %
XhabsELHRA, fBJ shot noise current fluctuation 4 A UMK EE 7 722500003 5 H

B, R signal & noise (%, L LH UL 5 ABMAROMEL ST 5 2 & & 5,

Anderson® (% = DR A OB B A & A7 equivalent resistance Ry, A HIC WE LS5 -
&R LTz, T704>% photodevices 73 incoherent ¥ 7-id coherent 7ecIEZE A AL, dc
photocurrent I, #->< % & shot noise output (% P, =2e [ BR,, & 7c b, radiometer T& 5
CHELE S, £ Pu, L BXO BEMSZICUE LG L2200 Ry BBRFHCRELE D, 25
{Z photocurrent A M\ JHFL T chopped X C\us7eid T, 340 k& K& 7 noise source
D> THHE G HINTTES 70 5
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3.6 Directivity
D FWCHE /L 2 &%, photomixing i s\ T directivity ORIMAFAET 52 & ThH B,
photocathode D~FEENIIH OWEBICHLNTCK XV 7o, Bl b TEBEROGHEI LML,
photomixing 23 FETITichiics, LA LI OoORENEHCEE TH o LEI e, 1o
optically {725 2> THh LT lc, b HD UERMIHEEL MO THELL L 5, (Fig.
7TEIR) o0 AR -z SEEICE A B E S 7 photocathode A 1T A ST A F
nER G, O, L0 E%% % X5, ¥ photo-

¥
cathode 1% = Il d %L b vy Hiic —kk L% \
X h, ZOBET-ODWHE U polarization % 3, R
2 & T ac peak current 4, i3 o ";, R
4 oy

i = D(t,, 0,) 20{P, P, (20) g o

LB oot P, P, Lt optical power A
I =
T D, ¢,) 1}k directivity factor b %, -djz o /2 x
D E Fig. 7. Geometry for evaluating the
. directivity properties.
D(,; 0,) =sin dkd|dkd, (21)
1 . . oy
4k = 7—2—</¢, sin ¢, —k, sin 02>. (22)

ThHEz b5, kb &k &£1X wave numbers TH A, WICH IR » % %2 B & DU, 0,)=
AW 2) THBHMS dkd<af2 Lich, WEMBIONLODDOHIHEL X5,

FF OO ELITETTH Y, A2 photocathode %) LT AL ¢ TAST 245
BOED h=0,=0 0L MM LT

A=2dsin ¥ (23)

@%%(‘Ffﬁ@f}v%}f’t Be T I T AFEMME SR B ETH D, LI microwave band Tik
T e S NEM RS feb Tev, 2 F D OO FEEATERIT T TH S, ThbD

photocathode b3 5 A gL, directivity 5 CEE T,

> FI i O F S 1F HY photocathode ENCTE A TH B 05, FLTSEFT Tl &D% D
=200 F LU ¢, =0 OB JIEMEiEx LT

80 < 4,/2d (24)

DELENRESLN S, o 210 A 1L optical wave length ©d %, —#ic cathode ¥t optical
wave length X O L 7D KE Wb, ThENHD ECLWEIBRE /o n, 7o& 2 0E 4 = 6000
A ¢ d=3mm 7t OOV 66 = 107 radian LLPRC AT Tl AUE B v L 5 X s
T severe feh D&M h, XD REToHEMRNHIUE, photocurrent i} Fig. 8 i/r& R
to Dy, O) o X 5T 5,
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% 5 & 7 & 7 @
s d

Fig. 8. The directivity factor D(f,, ¢,) as a function of dk-d
(Sakuraba and Chida)
—f%1Z local laser @ Y5i 1% photocathode HNCE A A4 LG % 25, directivity 12 X %
HAODOKIE M2 T AL, AGESREE 00 = 24/2d NI 32 5 ENH 5,
(Fig. 9 &/®) -2 ¥ b photoelectron beam demodulators (ZIEH 2\ » main antenna lobe % 1,

—280 = A,/2d
PHOTODEMODULATOR

SIlagNAL ——
> >
~— OUTPUT

LoCAL LASER
0SCILLATOR

Fig. 9. An optical heterodyne receiver is essentially
an optical antenna.

DI EETeh, Bl cathode Z#—-> antenna & L C# » 7= diffraction pattern & 7¢ %,
3.7 Electron-Transit-Time Effects 35 &) Secondary-Electron Multiplication
—f#ic gun region iZ ¥\ T, WFETHHZE (Fig. 10 ) 214 L % 7= dynodes
12 X - T multiplication 4 f77c\ 8 5, %+ peak ac photocurrent |3
iy = 0F(0T)-M-D(,, 8,) 2P, P, . (25)
TERRULG A, 2w TIRETFETHECH Y, FloT)zETHBIC X % reduction factor,

M % electron multiplication factor Td %, L 7:A%- T interaction region ¢> equivalent re-
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sistance R, % JH\~C photoelectron beam systems ¢ figure of merit {%

Figure of Merit = ¥ F*(wT) M*D*(#),, 0,) Re,

= 7R, (26)
Ry = F*(oT) M* D0, 0,) Re, 27
ERUE S, FloT), Mk XU Ry bk systems OFE 51 UNIT IMPULSE
XTI E B, WTHE DL, BT b photor
cathode IZ L » T & ¥ 5, —i#iC & 7} semicon- §
ductor @ ZRIICHNTHEL {{EO B EREHHET 5 Tive
FHEE LT < om0 dynodes 2B LT O §
WM AR BT B8, BFETEEZEO Y figure g
of merit 2SMAT B, 1 local laser D LM §
UGS P57 E ORI LA T 5, Ere gunres —

gion [ & MBAE R b o2 — BT level BhfF T Fig. 10. Unit impulse response of
AL X3 ETHEE 7 T, a photomultiplier tube.

4. Photoelectron-Beam Demodulators

41 F i
photomixing {3 —f%i= photocathodes % photodiodes &1z bulk photoconductor & X
2> Tl 7o 0%, RTEIERIESHREAZFIH L L oL H 5, BITEEEO mixing #T & L

M{ICROWAVE
ouTPUT
SLOW-WAVE \
LIGHT CIRCUIT
SIGNAL OTIITTTT COLLECTOR

@B —»0
PHOTOELECTRON
PHOTOCATHODE BE AN
ANODE
Fig. 11. Schematic of a traveling-wave
microwave phototube.

OHNLC
conTAcT [
OHMIC +h[ - , . I
LIG
CONTACT l STeNAL Lt
LiaHT —> -
sl
« Nl P Kk
OHMiC i
CONTACT OHMIC CONTACT | |
Fig. 12. Schematic of a PIN photodiode. Fig. 13. Schematic of a bulk

photoconductor.
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%, photocathodes & slow-wave circuits s %\ 13 dynodes & { & & 4>+ 2 microwave pho-
totubes (Fig. 11 22J&) <2, PN % #-13 PIN photodiodes (Fig. 12 &) % X ¥ bulk photocon-
ductor (Fig. 13 88R) /o &2dh b, -4 7 A% hlfic photodiodes 8k &L L Cit Ge,
Si B L GaAs 7c EHVHG B R, bulk photoconductor 121 CdS, Cd Se X512 PbS »3F)
X 5™, & LT/ R BT TR % <, dark current 4 4 7¢ ¢ heterodyne detec-
tion 1233 %, ¥ 7- photodiodes 13 7EFTHHIC X 2 SR A2 FEAE+ %55, bulk photocon-
ductor (LF D FEN D IO TR S,

> ¥z photocathodes & slow-wave circuits & % < % $Hi>47- microwave phototubes &
IEHHE IR RS, SN LB IFd X O heterodyne J53uz i3 270 E0 00 A S,
F U A AT space-charge waves DF|ADED 25, BT image devices & DL b
L, SHRAERTHLOLEbh 5, photomultipliers (X7 < 225 DR IC ] & 4T
Eiehs, WTFATEMCL O HERRAYH D, ZhrdEofcd & T IB FREN
TR L o THZ X AB IS R TELY, Ko FRE OB L Eh >/, Lol
MBS L dynamic crossed-field type®™ =2 static crossed-field type ¥ X OF cancellation-in-
pairs type®™ " e UG L b R A & X-band iR S iz, UL 2 B ik pho-
tocathode -C photomixing % 177: 5 optical heterodyne systems {23 L 7o\, fiiF transmis-
sion-type dynodes i & - CAEFTREF IR E ORI % @ L, slow-wave circuits & < L BHirgic
FHik LIEE X Lasecon LIEE N TL%, mixing | pumping power % slow-wave circuits
Nz TITTe» T 5,

photocathode % A\ 7o IR E AR R O 729 cathode B H OBARILETH 575,
photoelectron beam AZBEZEE & LT cathode J b st X v slow-wave circuits & OFHE
TERMIEFIZHER X { T7cbh 5729 solid state demodulators & & LS iFR D REA LS
N5, Fhig4E it photoelectron-beam demodulators % Tablel ® &k 3438 L, &<
microwave phototubes {2 D\WTEAME OB A & FHD O PR R LB~ B,

Table 1 Photoelectron-Beam Demodulators

A. Microwave Phototubes
1. Linear Beam Systems (O-Type)
2. Centrifugal Electrostatic Focusing Systems (CEF-Type)
3. Scannable Systems
B. Microwave Photomultipliers
1. Dynamic Crossed-Field Type
2. Static Crossed-Field Type
3. Static Cancellation-In-Pairs Type




15 Photomixing & ¥l & — {1 58458 109

4-2 Linear-Photoelectron-Beam Systems

microwave THRIEZEH X 17z coherent G iz, Sk MEFT I DRt A FIH H 3 2
& Siegman HMER L TLI3E, % oP[%esiie X ufz, Forrester @ photoklystron ¢ 28z~
ST McMutry % @ photo-traveling-wave tubes, photo-velocity jump amplifiers, photo
parameteric amplifiers (Fig. 14 £:JH) 73R % X 7% 042,49,40 - % 4+ semitransparent pho-
tocathode # 4,258 4 Blattner Hiz I » THE X, X HIC transmission type dynodes % -
cathode & helix & OFNCE T T sensitivity OBEAR L > T 5, TR —HEOEBL Las-
econ LIFIh (Fig. 16 %), MO MENRE IR TL 59 4 McMurtry 5 &

LIGHT Si1gNAL. LIGHT SigNAL

0
P ad

|

PHOTO-KLYSTRON PHOTO-VELOCITY-JUMP AMPLIFIER

/ LIGHT SIGNAL / LIGHT SIGNAL

SLowW-WAVE >0
CIRCUIT +

PHOTO-TWT putp
PHOTO -PARAMETRIC AMPLIFIER

Fig. 14. Various possible forms of AM microwave phototubes. (McMurtry)

(a) (b)
LASECON we—p| LASECON
Lighf beam Lf?hé beam T,
modulated at f RFL—’.ou tput t;/;th mgc{e ; RF output
£ paration £ £
halg - Laser beam with light freguexcy ¥,
silvered

mirror Light beam modulated at ﬁ

LASECON weemnnpnl L ASE CON

Light RE output

beam with |___.> f l >

Itght freguency }'/S, 1y~ l/;[ RF TWP“; RF 74}15,:7:;: |
(¢) Yo (o ] Lo

Fig. 15. Four modes of operation of the LASECON.
(Blattner, Johnson, Ruedy and Sterzer.)
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B e, D FRHT & EERAEME L2 & - C linear beam systems o) — B E A EEL L 5,

gain parameter C 1IZx3 % R, /K OFB{H#% Fig. 16 [Z;r3, Ko dashed curves %

10°
SIMPLIFIED THEORY
104' P e | e T T /
< /
N /
& /
e
P S — _N=to
Q=2
~/0
“zo
102 \
103 10-2 !
[

Fig. 16. Dependence of equivalent resistance upon the gain parameter,
C; Cd=0.004, b= optimum value for each C, N, Q. {(Caddes,

McMurtry and Jacquez).
FEBEN, WRELNER X OsEeRMoOB ST kit 3B UEERERELYRT, 2D DR
LA, CN<0.3 ik T Reg v Cl2BI LT & 7c b, CN>0.4 T growing wave operation

T, ¥ CAZ o operation TS > THRMBH OBBEO b bHd 5 QCdip %

a=2 C=0o003
/0
20

C=000/
Q=2
0
20

2z
10 /00
N

1000

/0

Fig. 17. Dependence of equivalent resistance upon circuit length;
Cd = 0.004, b = optimum value for each C, N, Q. (Caddes,

McMurtry and Jacquez).
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L%, FLMEFHRNAE IgE RS Cofitdip AR TwwHE 5, DX Nickd s
R /K OFtHEE % Fig. 17 w5 2 7z, & Cla kX e N ofi© growing wave operation
Lieh, FhdHn NOWMT, R/KHUEE A EBEL LI 2 e MR & Bi%ia%k o

b EFrxbhs, ¥rERBAOBBEOIENY Fig 18 15kT, —RCHAERED AN

o
/0¢ N=32 C=0,00%
X
>
o
©°
C =0,0r0 \
2
0 . -
/o -4 10 -3 /0 <
Ce

Fig. 18. Effect of circuit loss on equivalent resistance; Q=10, s=op-
timum value for each C, N. (Caddes, McMurtry and Jacquez).

N=32 g-2
10
20

3
10 F N=/s0
Q=2

20

Reg /K

0* L : . .
-4 -3 -2 ~1 0 I4 2
b
Fig. 19. Effect of beam velocity variations on equivalent resistance.
C =0.003; Cd=0.004. (Caddes, MuMurtry and Jacquez).
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VI EREDOFEAM ST B, DFCHEMEIE L Ry/K & oMfsy Fig. 19527, o
W L AUEHEEHIE OB G EIEEE critical TH 9 PR E e B, F12C, N IO Q
I A & optimum A L L, & CN 3 QC o RECFHERLBO D, ZHGMHEAEF

HORERIERBROFE 12 L, out of phase 23K E (/e h, “HEMA,P—BREL T HLFH

zZbhb,
X C microwave phototubss Tii—fi#lZ microwave f‘?ﬁ:fi’fr.ﬂ X7z beam 7% photo-
cathode THAET 27056, BTHE TEO—HARELEMEIZZE(LT % partial conversion %

#d, Liopi-> T slow-wave circuit {L{EE O KR X L OB HRAY Lo o0F KLY, 2
0 WL & HELTNE OWMZZ X > TR SR 5 E 5, TOFERS H&HED0L & TR
FRMEMO L & €L Ry iz dip 2495, ZTOMEO—FI% Fig. 20 1273, ik gun
region RAMCHIo ) B X HNEMBTH 5, FTio R, OWEE & FHHEE L o L% Fig. 21
WLt DNERERME CRIE—ETHD, D\ TEBERE L partial conversion D72

WAL, Fhnhb growing wave operation 1o A BN L { —3 LT~ 5b, EHLX
NI EED—2>TH 5 S-band i SYD 4302 A D EEE 4 Fig. 22 iBif 5,

> FZ semitransparent photocathods -& transmission type dynodes % /f\7z Lasecon

Peg./K

A

2
w0 - L/

-3 70 7”0

10
Cc
Fig. 20. (Rey/K) vs C with m, and N as parameters for the conditions
that QC=5b=d =0 and m, = 0. (Sakuraba and Rowe).
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OWTHEL LS, Hio—pil% Fig. 23 14 %2 7, photomultipliers o> SRR Hid—fitic
T WFEF o transit-time spread = L ) X ¥ %, I @ spread (LM ORE R L OTTTRE T
DOPEEDOARE T X » T3 A, reflection-type dynodes # i 5 %l {1, transit-time spread
ARNCT B ENFER EREETH B, OB ML, initial velocity 1= X % spread %475 <
+ A124Y dynodes BOBEITE 45 < 7 4UE L v py, current gain X—#ECH Y volts TR TH
%, Wz i minimum transit-time spread & high current gain (T o, X BT
reflection type dynodes =i AE FlLEIL—ciftch b, 27K ETOWMEELXE U X
ST AITILKRE W2 LS5, L7ai-> T reflection type dynodes % JH\ 7z photomulti-
pliers O AR FLZITLIGe itk &2 b h 5,

2
106 }—
s : “Theoretical
N=55

Reg, (0HHS)
ES

Experimental TWP No. |
Experimental TWP No.2
L34 8.6" Helix f=3Ge
Vo H5 volts  To=Teg o
Coupler loss= 0.5 db

Cold toss =l.4db/inch

I S B

ol ’ TS ’ * R TY =)
I, {pramps)

Fig. 21. Comparison of theoretical and experimental effects of photo current level on

equivalent resistance. (Torg, Caddes and McMurtry).

10©
SYD-4302A
£ =3 Ge

w
by
X
e )03 -
&
¢

0% I ] \

o 102 103 0%

Io(/uamps)
Fig. 22. Calculated equivalent interaction resistance vs. average

current for the SYD-4302 A traveling-wave phototube.
(McMurtry).
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Al,0;
(500 )

Fig. 24. Cross section of a transmission-type
(Blattner, Johnson, Ruedy

il

TRANSMISS IoN
TYPE
1 PYNODES
BEﬁg rl [{ d rl M COLLECTOR
= HELIX >0
LA —
———t oUTPUT
L ELECTRON COUPLER
OPTICAL GUN
Wikpow SEMITRANSPARENT
PHoTocATHoDE

Fig. 23. Schematic diagram of LASECON with transmission-type

dynodes.

Al

dynode.
and Sterzer).

- negoﬁms

™~
AN

EFFCTIVE  RESISTANCE

a.5

V,, oPTINIED

N CALCULATED
\

A

/.

Fig. 26.

o 2 LY L6 L§ 20O

FREQUENCY - GC

Effective resistance of L-band

LASECON as a function of frequen-

cy. |

Blattner, Johnson, Ruedy and

Sterzer).

KC|
(5004)

(150 A)

PHOTON FLUY —7x (PHoToNS /5Econ0)

Fig. 27.

(Blattner, Johnson, Ruedy and Sterzer)

4! Kcl
(5004),
23 L
a2
< Ms0
/t (5008)
« A
0o 7 2 3 % & é 7
DYNOPE-KILOVOLTS
Fig. 25. Current gain of KCl and

MgO transmission-type dynodes
as a function of dynode voltage.

(Blattner, Johnson, Ruedy and
Sterzer).
/0 /00 /000

BANDWIDTH - HC

Photon flux required for a signal-

to-noise ratio of db as a function of ban-

dwidth in the case where current gain
per dynode = 4, modulation index = 1.0,
Resr = 05M£2, and T = 300°K.
Johnson, Ruedy and Sterzer).

(Blattner,
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L /A1 transmission type dynodes (3 —f$IC T volts “C current gain 2\ KET 5D

B transit time spread LIEFIC A7 < L% 5, X512 dynodes T EHELE 4 WL e B
b, ZWETE, BIESROVGIEYE DB 5, LRIBHUEBIRR L 2780 & e B,
Blattner 5 ORI X AuE, thin-ilm # i\ 7 transmission type dynodes it 30 Ge & T}
e & A X Cu 5, dynodes o — % Fig. 24 =813 7-, JE X 500 A » aluminium oxide
(ALO,) o supporting substrate {2, J2X 150 A o> aluminium (Al) o film * 2% 500 A o
WM potassium chloride (KCl) & B LD 2, %72 KCl % magnesium oxide (MgO)
ok E e dynode LA G A, Thb o current gain OJE LR O —fi% Fig. 25 105k

4, iz L-band i ksi3 5 Rey O BEHAFE % Fig. 26 125 2 1,

KCl dynodes & photocathode S20 #{ifi » 7o & &, HFETHE = 0.2 & L ¥ current gain =
44 LT SN L%k 5 & ideal detector X H 82 db (x &£/ &\, dynodes OF % parameter
L LT SN H 10 db #8501 £ 8 # photon flux # ISR OBG E LT E Y 5 &
Fig. 27 © X 5127g %, %7 Fig. 28 (& JHWBHMA 100 Me & L 7o & &, dynodes o $ %
parameter & L C SN It%f photon flux @A FR Lic, THABOFKBEILISEDL /I &%
R, T SN e lh—iE &4 iE dynodes %79 % linear systems %, Thbx bl
systems {2 JEXTUoie b iR H 7 b photons TG THH I & w5,

% dynodes % f\ % 75 photocathode 2 local laser %z % = & 23RV, F il
slow-wave circuit 125 B O E B4 pump 5% - EiC & » T mixing %177 5 (Fig. 15 o—
W) 37 b slow-wave circuit ¢ pass band P4 AR foo TAGHEE SRR N %
ST AuE, B ) OB R E S Y slow-wave circuit A RNz THRIELE S, 2o
EE fo (futfo) ETE =Sl DT sdh B it & LI slow-wave circuit @ pass band
P AU, HIHERE £, & side bands ©—-> F flL 0 H A crystal mixer 12 & - T fo

20
P ~Y
3
Q -
8 /6 ~40 &
= 170
§ nr 1796 e ~50 o
= ouTPUT Rmc
e g power  ~60 0% ohms
=2 1=y dbm
=z (4 Y
§ 4L 110
1% 3/ 2 / o .

, | R ~¥o -30 -20 -0 o

9 10 i
/0 /0 10 /700 He. PUMP POWER - dbx

PHoToN ELUX = x (pHoToNs/sEcoND) .
. ional T ¢ . £ Fig. 29. Side-band power output versus
Fig. 28. Signal-to-noise ratio as a function o pump power input for r—f mixing op-

})hothon flux fo; various mimbe?rs of d)lmodelzs eration of LASECON. (Blattner, John-
in the case where current gain per dynode Ruedy and Sterzerl.
=4 and bandwidth =100 Mc. (Blattner, Johnson, son, Ruedy an erzer)

Ruedy and Sterger).
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DEBEB L, fob il 1~2Ge » band % { T, 0~4 Ge DEFxHH L1555, L-band
1= %1 %5 pump power & side-band power s X OF Ry OFEHMED — % Fig. 29 wr L,
4-3 CEF-Type Photoelectron-Beam Systems
O A EGCCHEREERE L P 5 CEF-Type photoelectron-beam systems (Fig. 30
SR IR S G E NI E b, LAl TIDEV TRy & L 2ICE D, TibbIo
devices @ R i3

SOLE ELECTRODE
PHOTOELECTRON BEAM

PHOTOCATHOPE

CoLLECTOR
SLow-WAVE
CIRCUIT

L1GHT SIGNAL GUN REGILON MICROWAVE OUTAUT

Fig. 30. A simplified schematic drawing of a CEF-type photode
modulator. (Sakuraba and Rowe).

2

K Do (28)

ERC D |

Req ==

ThHZ B A, I ke LESARE, Be i1 electronic circular propagation constant, C (%
gain parameter TH ", Dy & DIIHHE LB ESRMC L > TIRET 2R TH 5, Fio gun
region C partial conversion ¢X7c\~& U, BTH#ERHFH A RE L7=*®, linear systems iZ &1) %
R ix

Ra= 45 | 2], 29)

Eifeh, ¢ & e LEBEORS L BERAT IO EE 2, 0% CEF BEEE o ST
i CTI I L, O MBHE Tk O M 5, Thi& |Dy/DI* & |¢/el 7% beam DI
Lo THMRAALAZRT E LT, S2EEEEO L & Tk, CEF M K& g Lo
EWEHLE S, ez iud, WU R % B 514k, CEF Mo N B3Ebd TR TTa
Wi Eo b b EE b, FicZh b OBRENK level BifFOB R A IS4
O B o> ML PHERM O I i %5y, CEF B Cix FERMEC 2 mPA%R L 7 5,
STIhBDFERCONT, BEVWALARYELLIEI 205 508, I JICERR
Is BB AR~ L 5, linear systems Wk 2H 1L, KABLRATL B X9, Mz biicHE
S & PO H A ER T 5, Lcht - THERE T O MEMIC X 5 84%, debunch 42 X 5§
<o Laiz CEF RIOZEMBEFIC L AR O 0 FRKGLEFHBEL, Lich - TElgERE
HRAT B0, PEEREAMRET 20 o & Q[EEMEELBNT 2CE 5, Fhik
CEF RUEH A 5 ()72 beam o ¢ JFighniix, Ho ¢ FEMGEMUHRTH Y, TofhRs
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IR AL bunch 3 X S ili<iex 5, ChnNMEEORENLERTHY, &)k
FBHIL D BHLFM & LTH T < % photodemodulators (L #/NEF level TEIfE L CIFHE®R %
WMEFELE 5, ¥ oo CEF BoiE crossed-field 3B 12 #5175 phase focusing < dioco-
tron effects & & LICREMES LR L EL BR 5,
4.4 Scannable Systems

Doppler shift # i\ 7 optical radar {35t 2 8 #8118, 4 Ge O M EHR 2B L %
form b e R LB E ¥ %, —fk o photocathode < photodiode (XY RV & <, H NG
DFZE RIS 5 information % A DICARTES TH D, BILIY /e scanning %% %, image
orthicon *° vidicon (3 FZEHL*e scanning ICXT 5 HE A I TH 55, KERNC zero fre-
quency response THh %, F7 image dissetor (X gum section TH7g D JEV EEEHTIK % L
ST BAY, HHEI% photomultipliers % f s % 7o b Bl S 230 - 722,

L7=#'» T image dissector @ gun & slow-wave circuits % < ZdhirH i, microwave
THEMINICHEFTOIRGEZE N L 7 b, optical radar OFFELHEE L LT HFhizboL
72 %%, X-band i B 5 - o#EELL (Fig. 31 M) non-scanning mode & scanning mode

MICROWAVE ¥/ DEo
oUTPUT oUTPUT

—

ACCELERATING
GRIp
| CHIMNEY
—> 1l ELECTRODE
M&gﬁgfﬂi; — : SLOW-WAVE
CIRCUIT
LIGHT — |
|
1

” r

SEMITRANSPARENT APERTURE
PHOTOCATROPDE ELECTROVE

Fig. 31. Schematic drawing a scannable microwave photodetector. (Fisher).

DOMMBCIHI L CTE h, 055 =2 Ge o Doppler shift D ©4& o information A1 2 =
ENEHETH B, BAE incoherent DM RENI TS CTlev S, SH OB X » CIEHW
# i 7c optical radar OF(FEHF L /e b 5,

5. #&

il

photomixing D PFFEDOREM & LT DR A FE Lic, ERNETE — a5 e EMEC
L, F& LT X8 CEF B 4 0 TR 20Tk~ #e, coherent Y5 0 5 kst
HMHFETFE LT, BEFE — 2B LB AREEN LR a2 T 52 5,

B oEE w52 TTFX 0BT LFERN O 4, B IO ol IECmh
A THIEZYT & AR ISETCERT 2, Xbe, @ROMECH LN TS -1

Professor Joseph E. Rowe ¥s I OF preprints O i & 5% T F X - 7z Dr. Burton J. McMurtry
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