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1. INTRODUCTION I
The orotron ’ ’  is a new type of electron

device for generation and amp lification of
mil limeter wave radiation. The device consists of
an electron beam generator and collector and a
Fabry-Perot resonator containing one grooved 

________

mirror (grating ) and one smooth mirror. The 
1 1~~~~~~~~~~l~~ _______prin dp le of operation of the orotron is based on ,,, ,,~_•,,, 

-

the Smith-Purcell effect. 4 
~ -]

A previous stud y 4 describes the physica l ~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~

principles of orotron operation and surveys the
existing experimenta l and theoretical literature
(most ly from the Soviet Union ) . To augment the
in formation in that report , quanti f y its conclu-
cions, and aid in the development of the first Figure 1. Orotron oscillator amplifier ,
operating orotron i n the United States (at the schematic diagram.
Harry Diamond Laboratories ), t h is series of
reports wi ll cover theoretical aspects of the The essential components of the system are as
orotron problem. This first report covers the follows:
power and spectra l chracteristics of the orotron
operating bot h as an oscillator and as an Electron gun .— A uniform sheet
amp lifier , beam of electrons is produced by the electron

gun. The beam is typically 0.03 x 1.0 cm in
Section 2 of this report describes the cross section and carries a current of 10 to

operating princi ple of the orotron and its relation 500 mA. Upon exiting from the gun region , the
to a simple equivalent circuit representation. electrons in the beam have traversed a potential
Feedback in the device (via bunching of the elec- difference of 1000 to 5000 V.
tron beam by the rf field in the open resonator ) is
represented by a negative conductance . Section 3 Electron collector .—The final resting
derives t he chracteristics of the orotron as an place for electrons in the beam , the coll ector ,
osci llator by using the equivalent circuit of sec- must dissipate several hundreds of watts. The
tion 2 coupled to a noise source representing the electron collector has no relevance to the rest of
Smit h-Purcel l radiation. Section 4 describes the this discussion.
tharacteristics of the orotron as an amplifier for
both monochromatic drivers and drivers with a Input waveguide .— When the oro-
finite spread in frequency. tron is operated as an amplifier , some means

must be arranged to provide preliminary
2. EQUIVALENT CIRCUIT OF OROTRON modulation of the electron beam by the signal to

be amplified . The arrangement shown in figure 1
A diagram of the orotron is shown in is one way to provide modulation; electrons

figure 1. passing by t he input waveguide are bunched by
the incoming rf field , and this bunching leads to

‘I- S Ru’.,., ppn~J (, I) If.,g.,m,,I.o 5,,p~.’t 1’g~
,,p

~f ~~
,, ,‘4’5557 . .an electron density variation at the rf .

‘N 1s.tu’.hu ..a 5 (in ., , R. ’p~.rt .4 R, ’w’ur. I. (
~r..u~u on I I , , tr,,n

V I’ ‘,h,. ’.iopul.’~’. I l ’f f r w ? , o n  I I,’, l r..n,r ’. RI’..’ I’0,, (!976~ f1runs Reflecting grating and mirror .—One
us I.,,.,, i’uh!,,..u,,n S.’r”ur.’ ApnI 1s’~n; of the mirro rs of the Fabry-Perot open .resonator

‘S / Sm,?1, u,uJ 1 M I’ur’ , ’Il 1~
,,,... R.’v - 92 ~~95f, 10,59 . . . .

‘1) 1- W.~rpn,un and I? 1’ I ..a, ,,, N...., Millum, ’?,., Wai’.’ Oro?r.,n contains a reflecting diffraction grating, which
I.’,-,. ’ur, f, 5~,,Jy. I Ia,,,,. l),am,.pvJ l.uI,,, rut,.,,, ”. (iku,d,,., 1975 1 idruf u converts density fluctuations in the electron
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beam into radiation. The wavelength , A, of the In the vicinity of a resonance at frequency o~ , the
radiation upward in the diagram is approximate- admittance may be approximated by
ly determined by the Smith-Purcell formula

C0 + iB~(cu - w0) , (3)
A — 1 4 , (1)

where the quantit ies C0 and B~ are constants (in-
where ? is the period of the grating. c is the speed dependent of frequency? . The output coupling is
of li ght in vacuo , and v is the velocity of elec- represented by an additional conductance , C....,,
trons in the beam. For accelerating voltage in parallel with Y,,.

• V 2500 kV , we get v = 3 x 10~ cm/s . -—______

and , to obtain radiation at A 4 mm , we must r— 
~ichoose ? = 0.4 mm.

Smooth reflecting mirror  — The (
..L.’.\ 7

smooth reflecting mirror forms the other half of - 

~~~ 
) ‘. I “ ‘  “

the Fabry-Perot resonator and contains the out- 
~

“

~

“

put coupling. The resonator formed by these
mirrors is an overmoded cavity having several
resonances in the region of interest. By varying - - - -  - _ - - ______— -

•

the beam accelerating voltage or the mirror spac- Figure 2. Orotron equivalent circuit.
ing, it is possible to excite different resonances;
generall y, however, for a fixed configuration , The important element in the circuit is
only one resonance is excited at a time. the negat ive  conductance , -GA.,,.. , which

• Therefore, in what follows, we concern ouselves represents the effect of the ri oscillations in the
with a single resonance. resonator on the electron beam. We can show by

the rigorous theory of electron bunching that ,
Output coupling and waveguide with proper synchronism of the dectron speed

Coupling out of the radiation in the orotron is and the phase velocity of rf r ad -  ion , the beam
performed by means of a slot in the smooth mir- bunching leads to radiation in ti • resonator.
ror of the resonator. Dimensions of the slot are The theory predicts linearity of Gh..... with elec-
generally chosen so that losses due to the slot are Iron beam current and also a saturation effect
comparable to all other losses in the system . depending on the total rf energy density in the

resonator.
The orotron may be represented by an

equivalent circuit ,~ as shown in figure 2. The The equivalent circuit of figure 2 can
current source , i(w), may represent a noise be used to derive the power and frequency char-
source due to fluctuations in the electron beam acteristics of orotron oscillation and amplifica-
current (in the oscillator case) or the modulation tion. The following sections explore these
in the electron beam due to the driver input (in characteristics.
the amplifier case). The passive open resonator is
represented by a complex admittance,

3. OSCILLATION CHARACTERISTICS
Yo(w) Go(cu) + iBo(w ) .  (2)

The orotron operates as an oscillator when
_______________ the current source is a low-level noise source

‘A. Yarn’ in Quantum Electronws , 2nd ed / ohn W,l.w and Son’.. (fi g. 2). Physically, the noise arises from elec-
In. Ne~. YnrI’ (19 75) . 300 If

• D F Wort man and R P Leav,tt . Near Mill imeter Wave Orolron tron beam current fluctuations , which are
Researc h Study 1-I..,~,, Diamond Laboratories (0,1, 1,,, 197$) (draft; transformed into radiation via the Smith-Purcell6
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effect. One may analyze the operation of the Equation (6) may be written in terms of more
oscillator in .e firs t approximation by neglecting familiar quantities. Identifying
this low-level noise.

,~~ )
_,, .. ~! (7)

Consider the equivalent circuit of figure 2 in 00 0 5

the absence of the current source. i(w) . one obtains
Kir chhoff ’s current equations then require that , if
the voltage drop across the circuit is nonzero , the 0 1. <1
sum of the admittances must vanish. This imp lies ~~~~‘ — 

‘ ‘ 

(6’)
that (eq 3)

I. ’
(4a)

Thus, I. represents the threshold current (starting
current) below which oscillation does not take

C.. + G...,, - C.,.,.. — 0 .  (4b) place. P_., is the maximum power obtained from
the oscillator by letting I.. -

~~ —
~ in equation (6’) .

Equation (4a ) requires that the oscillation be at
the resonant frequency. w0. To interpret equa- Equation (4a) states that the output radia-
t ion (4h) , recall that the electron beam conduc- lion from the oscillator is monochromatic at fre-
lance, -C...... is a function of the electron beam quency u~ . However, the presence of the noise -

•

current , L and the total energy density in the source in figure 2 leads to a finite spectral width
resonant cavity. U. Thus, for a given beam cur- ~f the output and also modifies equation (6 ’).
rent . U adj usts itself unti l equation t4b) is
satisfied. Equation (4b) is an implicit equation Consider the equivalent circuit in figure 2 .
for U in terms of 1,~. Since the energy density is where i(w) represents broadband noise. The
directly proportional to the power output . P.,,,, noise may be parametrized by recalling~ that the
of the device , one may write C.,.... as a function Smith-Purcell radiation (which this noise
of 1 and P.,.,. rather than I. and U. represents) is proportional to the square of the

electron beam current. Thus , the power
In an application to a particular examp le . dissipated by the resistive elements C,, and (, , ,

( th at  is . without the resonant cavit ~’ and the teed-
— l..(ao - ~,p ,) , (5) back) is given h

where 
~~0 and o~ are constants depending on the i

geometry of the orotron. Substituting equation p .(w) dw = --i- — - — -—- di. ’
(5) into equation (4h) . one obtains for the output ~~ + ~~~
power Ur . dw , (81

C., + G...,, where p .(w) is the spectra l density of the noise .
0. I~ < and r, is a parameter characterizing the Smith-

Purcell radiation due to fluctuations in the elec-
— _.L_ 

11.00 - (C.. + G,,,,)~. tron beam. The voltage drop across the circuit in
l.,o, figure 2 at frequency w is given by

I., > ~~ + ~~~~“ . (6) V(w) — 
i( w) 

-

-- 
C.. + C,,., - C... ,, + iB~(w - cii.)

rh ,. ~. ‘ii. ’.,- ’ fl .’’.’ a ts’u’,. ., ’,.- ’.’ ~~~~~~~ ‘I the eb’, n ’. I’r~n, ~ ‘ 4 7 ’ .. ~,.&,.‘ s ‘ T ,i.t y,.&,’ #nd I’ ‘, ,- . - i .  - ‘ - ~~..- -,,, p1,,. ‘I ,- ,-, p . s ,  t~,’lj I ~~ l i t,,.,, i’ I,~~
, H’ - 1*41
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and the spect ral power density dissipated in the Recalling that equation t 1 2 )  detines Q.,. and
output conductance is that  G.,.,_ i~ dependent upon l’ ,, one sees that

equation ( 15) must be solved self -consistently t~~
ohtj in li.,,,. Th is solution net.essitatcs stating a

p_ ..(w) — ., C_,, ) V( w) J 1  ( 10) specific form for C..,,.. as done in equation ( 5)
- However , equation ( I S )  may be inverted to give

the effective qual i ty  factor

2 (C0 + C..,-G...._)’ + ~3~i(w w )J
— - -  

- (It ’)
- - . -The resonant av i ty  is characterized I’v its quali-
ty factor . Q. given by whence one can get the line width’  of th e output

radiation from equation ( 14 )

B~wo
2(C~. + (L,) ( I I )  — — nA r .w~U 

- ( 17 )
2Q,,. 8Q3P_..,

and one may define an effective Q. Q.,,. for the
beam-cavity system by This relation holds in gener al, independent ol the

specific function al form of GA.....

B~w.,
— -• —- - -•• —--—-— - ---—-———~ - ( 12) To take a specific examp le . C...,, of the form

2(C. + C.... - C.....) given by equation (5) . use of equation (7) in
equation ( 12 ) leads to

Furthermore, the output coupling factor is de- -
m e t  as Q.,, — , ( 18)

L I  P.,.,
C,.. , ~~~~ ~~~~~~~ 

I ,,,,
A — —— -—-———- . (13)

C... + C., and therefore equation ( I n )  becomes

Using equations ( 1 1 )  to ( 13) and (8) in equation Q 4Q9’
( 10), one arrives at t he- spectral decomposition of — - - - — — - . (1’) )
the output powe’ I - 

I~ ~ - 
1’.,., tiA r ,w..U

L~~~ P.._. /
AUr .w~p_,(w) — — - ——— — —  -

~~ 
- . ( 14)  which is a quadratic equati on in P..~, The solu -

8Q w - w ., ; ’ + tiO n i s
\ 2Q.4 J

and the total power output is 
~~~~, — .!~~ - — -  (20 )

P_, — J ~~~,(w) dca 

~~~~~~~~~~~~~~~ 

~~~ ~ 

.

nArw .IjQ.~ I’,t, ,. .. t ie,’ I at t ~1t S h tJi.
— — . (15) .t,~. t ’-wi ,’. ‘ .-.- ‘  .i,-.,.,t ~ Fall. i- hal’ ,r. “M%t~~~N’~, that ,. ti,, ,,,~~ ‘

4Q . .~.- i....

8
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One then defines the parameter where d~~ — wo /2Q is the line width of the
passive resonator. Figure 4 shows the line width

= 
nAr,w 0I~ (21) characteristics of an orotron with P~°’/P _,, =

4Q ‘ 10~ compared with those of an idea l oscillator.
Ideally, the line width should decrease from d1~The physical significance of ~~~ is that it is the in a linear fashion to zero at threshold and re-

output  power that would be detected in the main zero after threshold. However, the line
absen ce of feedback at l~ = 1.. It is a measure of width attains a minimum at I~ 1.51. and in-
the noise power level in the system. Using equa- creases slowly with increasing current beyond
tion (2 1) . equation (20) becomes that point. In fact . it can be shown from equation

(23) that , if ~~~~~~~ << 1, there is a minimum at
I. 1 / i I., — 1.51. with a value

~~~
_ _  + I l 1 — — - - — l

2 1 L0 J._~ I,,!
i,, ~~~ 1 = 6.75 — — —  d~ ’~ . (24)

+ 4 —  — I i .  (22) P,.,
1. P_ . . .J )

Figure 3 shows the output characteristics of an N
orotron with P.~’°/P _.. 10~ compared with ‘

~ \
those of an ideal oscillator. Recause of the \
relative weakness of Smith-Purcell radiation , the , ..

~ \
ratio P~”/P ,..,. is more likel y to be “lO ”; thus ,
the orotron should behave as an idea l oscillator .

The alue IF Q i c u ,
— 

. 

- - ‘. - figures 3 and 4 so that the salient features .n thc
Figu re 3. Power characteristics of orotron oscillation, current dependence are clearl y visible. A more

likely value is 1O~~. To choose a specific example.
The line width of the oscillator output is one may take P..... 10 W. P~” 10 fIW , and

given by equation (17); substituting equation Q = 3000. At frequency f — 75 GHz, equation
(22) into equation (17), one gets (17) gives ~~ 12.5 MHz. The minimum line

width above threshold , from equation (24 ) . is

I ~ I i i,, ~ pt” 1~ 
d~~ 84 Hz. Thus, if the above conditions

d ,,j -~- d~~ j — - I ) + 4 —  — — hold , the actual line width of the orotron
I L ‘ 1, ~

‘ 1 1’ = J oscillator above threshold is determined by the

~
‘ I. ~ 

stability and the regulation of the orotron power
- — - 1)  ( (23) supply (unpublished data), rather than by ~h ~n1, herent noise characteristics of the ‘.\-stc ’m

9 

---- 
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4. AMPLIFICATION CHARACTERISTICS where Q.,, = Q.,Ii - lo l l . ] ’ . When cii,,, —

The orotron operates as an amplifier when 
~~~~~~~ ‘2the current source in the equivalent circuit P.... — P,.A~1 k - ’  

8)

(fig.  2) represents the effect  of an external driver
( f ig .  I , input waveguide) . The input signal is and so the power gain of the amp lifier is
assumed to be large enough so that the noise may
be ignored, yet small enough so that  we may per- /Q•,, \
form a small signal analysis of the equivalent cii- A,, = A,j (—— J . (29)
cult .  \ ,‘

From equation (27). the half bandwidth of the
We consider the orotron operating below amplifier is

threshold. ’ If the input  signal is sufficientl y
weak , one may neglect the dependence of the = = d

u ll  (30)
beam conductance on power and simply write ‘ 

2Q.,, “ Q.,, ‘

C0.... = (C,, + C....) I - -

~

- 

) 
- (25) and so the root gain-bandwidth product is

Two cases are now considered: excitation of the “ 0 — (Ap i) , (31)
orotron by a monochromatic driver and excita- 2Q

t ion by a source of f in i te  spectral width.
which depends onl y on the passive resonator

4. 1 Monochromat ic Eccitatzon properties (through w0, Q, and A) and the
method of coupling the input driver to the

Cons ide r  e x c i t a t i o n  b y a system (through ,j ). It is independent of electron
monochromatic source of frequency ci ,,,. Let P,. beam current. To get appreciable gain from the

— be the power absorbed by the electron beam at amplif ier , it is necessary to operate the orotron
the input  waveguide ( fi g. I ) ,  and let ~i be the effi- very close to threshold to overcome the factors A
cie n y  in converting input  power into Smith- and p1 in equation (29) (both are less than unity ) .
Purcell radiation. The current , i(cii,,), may be However , in so doing, the bandwidth of the
related to P,, by considering the power dissipated device is reduced appreciably iii comparison with
in the load conductance , Go + C.,, : the bandwidth of the nonfeedback system. For

instance , with I,, 0.951,, Q = 3000, 1
75 GHz . and optimum output coupling * A

—_________ = i~P,. . (26) 0.5, one gets Q.,1 = 60,000 and do 0.63 MHz.
2(G1, + C.,,,) If p

~ 
= 0.1 is chosen (a not unreasonable value),

the gain is A,, 20.
The output power is derived in the same manner
as in section 3; the result is 4.2 Excitation by Source of Finite Spectral

Width

= r , (27) II the driver is not monochromatic ,
4Q2 I ~~~~ + ( w 0 \ one must perform an integral over frequency of a

L ‘ \ 2Q.,,/ J quantity similar to that given in equation (27)
—  - —-— multiplied by the line shape of the dri ver to ob-
‘I,, ti, ,, ,, .,, t l , . ’ ’a ’us r .., . pu- ru l. ’s as a !,, t,-ar an,p!,(,. ’r Al.~,..- ,~,, I.- Id a. ’.phfu- ’ ’ut ~.ul p,, t,,, ’, ~

,. ,t,, I,,n5,’r J,~l,, t15. ~~~~~~~~~~ t,, ‘I) 1- l/V,,rl,nun and I? I’ L, ’u, ’,tt . Npar Mil l imeter Wa,,.- ()r.’tron
Rr’a’ar,-i, Study ,  h arry  l) ian,,,nd Lah,,rat,,r,e’. tOri,,h, ’r 1975) (draftj

10
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- .- 
-- -- 

~~

-- - ‘l
tarn the total power output. One ~ay consider a —

source of Lorrntztan line shape such that “~~“ “s” ..

— 
p 1d0 

— . (32)
2(C., + G...) ~I(w - w~) i + ot.)

which is normalized so that the power dissipated a. - - . . . .  s.-~. -~~

in the load conductance , C, + G_.., is ~P,,, as ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ,.-“ 
- 

~~~~~~~~

before. The quanti ty d,,, is the driver fine width , L~
—’~ - - 

-

The spectra l density ot the output power ‘~ 

- - - 
- - 

- - 
- - 

- - 
- - 

- 
- - 

-

4v Q~f (w-W ~~)~ + d~oJ I (w-w,)’ + Af I

and the total output power is ‘~~ ‘ 
- 

~~~~~ ~~~‘ “-

Figure 5. Orotron amplifier frequency response:
A n P ,.d,Q~ d0 + d,, d~. — — A.

p..,—
Q~ A~ + (d, + o0)~ - “a- ~~~~. - . ~~~~~~~~~

where A — - w,. For sufficientl y small d0, the 
-

output power of equation (34) approaches that of
a monochromatic source as given by equation
(27) . Figures 5 to 10 depict the frequency spec- ‘

tru m of the output radiation for various values
of di,. 6,. and A . Also shown are the individual  - ,~~ - -...,

spectra of the driver and the amp li fier. To ac 
~“~

‘
~N .

~

-

curately reproduce the spectral characteristics of ‘.5the driver , the width of the orotron response  ,.‘ \ ..‘

must be much larger than the driver width. In  - 
- “

fact, it can be shown from equation (33) that to / _ “N~ 
.5,,
’hrst order in di, the shape of the response curve is

unchanged, but is shifted relative to the driver by 
-  

— - - 
- - 

-

di,
IAw ..,l — -A . (35) FIgure 6. Orotron amplIfier frequency response:

d,, — d , , , A — 2 , , 1,.
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a- - 4. ’. 0 ‘.4 .. . — a — , - a s. - a,,, .4,’# a~ ,,nw.s~

— — ‘ ‘~. A’~l ‘,- — - , 5 ’ S  *4 11

FIgure 7. Orotron amplifier freque ncy response: Figure 9. Orotron ampl ifier freque ncy response:
6,, 6,, A — 56,,. 6,, — 0.46,, A — 0.56,.

L’Mu) ,M, 4N MtSPO’SI .)‘4~~~l’l snc,auu
,‘l~~~ a ”. II~~5PQP,5~

401 ‘ ,~ ., ~~~~~~~ *R~

FIgure 8. Orotron amplifier frequency response: FIgure 10. Orotron amplifier frequency response:
— 6,, A — 0. 6,, — 0.26~, A — 0.5~ ,,.
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5. CONCLUSIONS geometry of the system and not on the electron
beam current. Amplification characteristics were

The orotron operates as a nearly idea l determined when the orotron was excited by a
oscillator if P’°’ << P..,, , where P’°’ and P..,. source of finite spectral width. For the orotron to
characterize , respectively, the noise level and the faith full y reproduce the spectral content of the
power output from the system. The line width of input , the source width must be much less than
the output radiation above threshold is reduced the bandwidth of the orotron response.
by a factor of 6.75 P~°’/ P,_., relative to the line
width of the passive open resonator. The The pheriomenological parameters intro-
dependence of output power and line width on duced in this report (that is, P °1 , 1., and P~..a) are
electron beam current was determined. For in principle calculable from the fundamenta l
reasonable signal-to-noise ratios, the calculated theory of orotron operation. In particular . P~”
line width above threshold is so small that the ac- may be determined from the theory of Smith-
tual line width of the system depends on the Purcell radiation. The threshold current , I ,, is
stability of the orotron power supply rather than determined fro m the linear theory of electron
the inherent noise characteristics of the orotron. bunching , and P.... can be obtained from a

nonlinear bunching calculation. These calcula-
A small signal analysis (neglecting the tions will be the subject of future reports .

power dependence of the electron beam conduc-
tance) has been performed to determine the
amplification characteristics of the orotron. ACKNOWLEDGEMENT
Below threshold , the orotron behaves as a linear
amplifier with a gain that increases as the The author thanks Donald E . Wo,~.nan ,
threshold current is approached . The product of Clyde A. Morrison , and Nick Karayianis for par-
the square root of the power gain and the hail ticipating in useful discussions on the subject of
bandwidth is a constant , depending onl y on the this report.
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