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Analysis and Design of an Improved
UHF Amplifier
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Abstract

A new mode of operation is cbserved in this paper which involves the active wave interaction

between a cyclotron wave and a synchronous electron beam.

by using both electron dynamics and coupled-mode methods.

The wave interaction is analyzed

The gain expression derived from

the analysis proposes a new type of improved uhf amplifier with low noise and high power.

Based on the theoretical analysis, experimental tubes have been designed,

constructed and expe-

rimented. As a result, a low noise amplifier is anticipated well into millimeter wave region.

1. Introduction

Microwave beam devices are mostly designed on
the principle of longitudinal interaction between
slow space charge wave on the electron beam and
a propagating electiomagnetic wave circuith%®
The noise figure of such devices has a typical lower
limit of several db.

The reason is that the beam

noise of the slow space charge wave, which carries

negative kiretic power, cannot be removed from

the beam by an zpproprinte circuit. The interaction
described here involves an active counling between
a fast cyclotron wave and a positive synchronous
wave of a beam, both of which carry positive
kinetic power and thus presents a low noise
possiblity.

The device consists of five principle parts: a
multianode gun to provide a small-diameter beam,

input and output quadrifilar couplers, a quadrifiiar
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helix pump structure, and a collector.

2. Coupled Mode
Interaction

Analysis of the Wave

Consider a filamentary electron beam in spatially
varying electrostatic field and constant axial mag-
netic field. Small signal analysis and e** type of

variation are assumed. The equationt of electron

motion is:
7
du =
7 == (E+uxb €))]

where #, 7, E, and B are the velocity of electron

heam, the ci

to mass ratio, electric field, and

magnetic respectively, Let all quantities

invoivid contain de and ec components in the form
— -, —
A=y 4, (2)

and assume that 4;<€A, where subscription 1 and 0
represent g¢ and ¢ quantities respectively.
The ac parts of ©q. 1 are decomposed into the

and Z-componenis as:

g T (EvxtuoyBys+uu;yBos—u0:Byy—11:Boy)

(3
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d 1
- y =~ {Eyy—to: By —t1xBoc+20: By s+ 11.Bos)
(4)

du.,
—ar = — 9 {E e+ t12Boy+ 1z Bry—ttoy By s — 15 Bo3)

(5)
where u, and », are the dc and ac beam velocities,

The' transverse displacements and velocities are

related by
d
d;c =ts (6)
d
=u, )

Conveniently, we define

Us =gk Jilyy

E.=FE,+jE,
B.=B.xjB,
F.=FE.=juB.

To simplify the analysis, assume that the ac
magnetic fields in the transverse direction are
negligible, i.e., B=0, that the cyclotron frequency
w, 1S a constant, ue=u.Z, and By=2BoZ. The coupled

mode equations from Egqs. 3 through 7, become

7
(j‘"}f ——jwc)ﬂr—‘ —nkE, (8)
d oD .
(T +ch)a2= —yrE_ (9
d.
7= —kE- (10)
{
=L (11)

where a,,,=1fast and slow cyclotron modes
=y, 7RO
a;,,=negative and positial synchronous
modes=A3,4e'””

Io(u

k=beam impedance=
Nwe

W,

=—, J,=—
I

w,=cyclotron frequency=75B,, 3, -
0

SinceTu, is assumed to be constant, d/dt=u;(d/dz).

Eqs. 8 through 11 are rewritten as:

< q —idc)a= (12)
(~Z-+js. az—~~;0—E (13)
A g, (19
o - ;lf E. (15)

Differentiating Eqs. 12 and 14 with respect to Z.

and combining them together yield:

d2A .. dA, d2A dA

dz21 +ide ab:1 eI~ dzza +iBe a’z3
=—jB.ME, (16)

d2A dA; _. d’A .. dA
~22 —JBe ; eI — dz; '“1:3:_(1;4‘
=j3ME (17)

where M= 7k
#o

For a quadrifilar pumpfield, the transverse electric
fields E. are
2V,

L= Twﬁ—(Ag—

o (A= Agesiig? (18)

where 3,=pump field phase constant= —2;}*, p=
pitch of the helices,

The coupling between the fast cyclotron mode
and positive synchronous mode can be found by
using ,quéﬂjc in Egs. 16 and 17.

The coupling equations are

424 . dA .

e s g =N A (19)
°A .. dA,

S iR = —iNA, (20)

and a is the radius of the quadrifilar helixstructure,
V, is the pump voltage.
The propagation constant I of the modes has

positive real part when the pump parameter N>

B¢
4

The gain expression is found to be

- Lo 2nV, A(0)
G=10log 1{cosh[’~ + 2w A, (0) sinh

:Jdb (21)
The derivation of Eq. 21 is given in Appendix A,

3. Electron Dynamic Solution in the pump
region

The equation of electron motion in the pump

region can be better described by using cylindrical

coordinate system due to the geometrical configur-

ation of the structure. The equation in cylindrical

coordinates can be written in the three component

forms.
o 50 \? A% d
ot r( ot > “"7<—_677+B"’“z ) (22)
o, or 89 19V l’)
oE 2w __’7( o By (23)



ANALYSIS AND DESIGN OF AN IMPROVED UHF AMPLIFIER

%z av

KA @9
where V(r,6,2) is the pump potential distribution
which is given by

V0, 0,2) = 7 oy P (28ar)Sin (20 ~25,5) (25)
where J; is the Bessel function of order two.

The computer solution of the energy variations is
shown in Fig. 1. It is interesting to note that the
axial energy remains almost constant during the
amplification process, while the rotational energy
increases rapidly when the pump strength is above
the critical value. The critical pumping voltage
obtained from the computer solution checks closely

with that from the coupled-mode analysis.

|
|
|

i
\

Fig. 1. Energy variations of the
synchronous inode interaction.

cyclotron-

4. Electron Dynamic Solution in the
Transition Region

The fields in this region consist of an axial d—¢
magnetic field and the fringe electrostatic pump
field at the end of
field important to the
operating principle of the device. We first obtain

the potential distribution in the transition region

the pump section. The fringe

is rather complex and

and then solve for the energy variations in that

region. The potential distribution is found to be

7 2 ' ! a,,l‘___ 1 —
Vi 0.2y =F Vot bV V) (st T3
1 1N, R
STV ITE) VeV
1 . |
<«/MU+T+~/U~T T 7))

where U=a?+r2+3%, V=a?+r24+(2L—2)%, S=2ar

cosf, T=2arsing and & is the radius of the helix
wire, L is the length of the transition region, and
V. is the d—c potential on the output coupler.
The computer solution of the rotational and
axial energies as a function of distance along the
transition region is shown in shown in Fig. 2.
The rotational energy is practically constant as
expected, while the axial energy depends on the
relative potential between the cuiput coupler and
the point at which the beam leaves the quadrifilar
helix. This result confirms the belief that the
is the

will carry on into the output coupler.

rotational energy, which amplified signal,

Fig. 2. Energy variations in the transition
region between the pump section and the
output coupler. (The beam leaves the pump
section at a potential of approximately 600
volts.)

5. Results and Discussions

The schematic diagrams of the experimental tubes
are presented in Figs. 3 and 4. The electronic
gain as a function of pump voltage is shown in
Yigs. 5 and 6.

There are several attractive characteristics of
this interaction. Frst, an extreme Ilow noise
amplifier is possible, since this interaction involves
two positive kinetic power beam waves whose
beam noise can be stripped before the amplifying
process. A possible arrangement is shown in Fig. 7.
Here the beam noise from the positive synchronous

mode is removed by the matched synchronous
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1. Electron Gun 7. Quadrifilar Helix

2. Signal Lead-In 8. Output Cuccia Coupler
3. Input Cuccia Coupler 9. Collector

4. Supporting Ring 10. D-C Pump Leads

5. Aligning Rod 11. Signal Lead-Out

6. Glass Enevelope 12. Ion Pump Figure
Fig, 3. Schematic diagram of the experimem-

ental UHF cyclotron-synchronous wave amp-
ifier.

11. Coupler Supporting

1. Coupler Cavity

2. Cavity Flange Rod
3. Helix Housing 12. Feed Through
Flange 13. Collector

4. Cavity End Plate 14. Xovar Tubing

5. Cavity End Plate 15. Gun End Flange

6. Helix Assembly 16. Gun Supporting Ring

7. Joint for Q.H. 17. Cavity Plunger
Housing 18. Bellows

8. Quadrifilar Helix 19. Tuning Assembly

9. Helix Support Rod. 20. Tuning Screws

10. Coupler Plate 21. Copper Glass Seal

Fig. 4. Schematic diagram of the S-band
cyclotron-synchronous wave amplifier.

Fig. 5. UHF amplifier gain vs. pump voltage.
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Fig. 6. S-band amplifier gain vs. pump
voltage for a cyclotron-synchronous wave
interaction.

Fig. 7.

A proposed low-noise scheme.

wave coupler, while the beam noise of the cyclotron
wave is removed by the input coupler. Secondly,
a broadband, high frequency operation is anticipated
this comes from the fact that the structure is
frequency independent, :nd wide-band cyclotron
wave couple is available® Finally, the interaction
presents a possibility of high power operation,
This can be explained as follows.

the energy

From the computer solution of

variations in both the quadrifilar helix and the
transition region, it is clear that the rotational
energy gained by the beam is equal to the additional
amount of energy supplied by the collector for
keeping the axial energy constant during the entire
process. It is therefore the collector d—c source
which supplies the rotational energy of the beam,
In view of this, together with the fact that the
r—f energy on the beam is proportional to the

square of the radius and the d—c¢ beam current,
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the proposed device will have a high power handling
capacity if a high d—c pump field and consequently
a high collector d—¢ supply and a high beam
current are uzed,

This mcde of intsraction can be cbtained by

adjusting he Le.in voitage of a conventional d—¢

pumped quadrapele asmplifier. Several investiga-
tors%® have reported unexplained anomalous gain
phenomena under certain operating conditions,
which can now be identified from the above analysis

as the proposed mode of interaction.
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APPENDIX A. GAIN EXPRESSION

The second-order, coupled-mode equations for

this coupling are written as

”defel +iﬁc‘%L=jMA4. (A 1)
d;flf —jB] dAz = —jMA,, (A 2)
2A3 Jﬁc - =iMA (. 3)

and
d;f; +J/5c7?~—JMA1 (4. 2).

The propagation constants are found to be

Flz"j*%c—'i"/M—-ﬁ—c

_ B
v
—_ ‘BC ﬁ:l
Fs= =5 4
Iy=—j-te —j«/M+~%2« (A. 5)

Since I'; and I'y are purely imaginary, they can
be neglected in calculating the gain expression,
The coupled-mode amplitudes for the fast cyclotron

wave and the positive synchronous wave can be

written as
Aj=B el "+ B,e I'* (AL 6)
and
A;=Byel'*+Bype I'* (A. 7
Now substituting Egs. A. 6 and A. 7 into Eq.

A. 1 yields
2By el + "By I'*+ j3(I' By el —=I'52¢ %)
=jM(Byel'*+ Bye™I'*). (A. 8)
When terms with the same exponential factor

are equated,

1 .
By= M +jB:I") By

1 .
B42:W(FZ_]ﬁcF)sz (A. 9)

Applying initial conditions gives
A(0)=B+ B,
1 . 1 . ea
A4(0)=TT(FZ+Jt3¢F)Bn+W(F"JPEF)BE
(A._10)

The sclutions for Bj; and B, are

. M
Buy=—44,(0) +i554 0) 35,0 A4 (0) (A. 1D
and
M
Byy=~— _‘A4(0)+ A1(0) —J 25 A1(0)
(A. 1127
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The fast cyclotron wave coupled-mode amplitude

2Be 4 (Q)er

becomes
A1(2)=(%‘A1 0)+ 2',3 i A4(0))2F‘+]
+(—-§—A1( 25T A4(0)>e I"—J—Ei (0)e I
(A. 13)
and the gain for the fast cyclotron wave is then
Gain =————RAAE é; )
M

(240 +ggpa@)er+ ($40 -

A

A©)er MA,(0)
————=coshl'z+ B.TA, (msmh Iz

(A. 14)
For zero synchronous wave input, [4,(0) =01,

Gain=cosh 'z

—cosh 37— 54‘2 (A. 15)

By taking log Eq. A. 14, the gain is obtained in
decibel as shown in Eq. 21.




