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Summary

Power carried by the helitron waves on an E-type filamentary electron
beam and dispersion curves were discussed. It was found that similar expres-
sions for the charactristic of each wave component to those of O-type and
M-type electron beams can be obtained by this analysis.

1. Introduction

Recently, a number of new techniques have been discussed for low-noise
detection of microwave signals. The new techniques are making it possible to
obtain much higher sensitvities than previously attainable. The discovery of
these techniques have been timely, because simultaneously with their discovery
a need for higher sensitivity has developed. The numerous applications that
demand lowmoise detection are intercontinental communication by means of
active or passive satellite repeaters, radio astronomy and satellite-based radars
and so on. At the present time there are a number of new devices capable
of substantially better performance. One of them is an electron-heam parametric
amplifier. Great interests have been shown in the parametric coupling on O-and
M-type beams. FEspecially, low-noise figures have been obtained from the
M-type beam of the device. The disadvantage of these types of beam is that
the magnetic field requirement adds a good deal of bulk to the system, either
in the form of a solenoid or a permanent magnet. An alternative is to use an

#* Received September 29, 1962.
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electrostatically focused beam which has-
been termed “E”-type by Heffner and Wa-

‘9 /C

tkins®. The electron beam of this type N
traces the path of a helix between two .
conductors which are maintained at a po-

tential difference as shown in Fig. 1. Se- ¢
veral theoritical and experimental results i\ N T =

of the E-type electron beam appear in the W ¢ /A 77;;7_ 77';7_ /s
(4] o

literature®®®.  Recently, waves on this

type of beam in a transverse-field circuit  Fig. 1. Electrons form a right circular

have been pointed out by Pantell®, who hollow beam, thin in the radial
R direction with an electron tracing

found the existence of the fast and slow the path of a helix between co.

space-charge waves, but did not analyze the axial cylinders.

kinetic power flow of each wave.

It is the purpose of this paper to show that the charactristics on the E-type
filamentary electron beam can be expressed in a normal mode from. Especially,
the author has termed these space-charge waves the “helitron waves” and the
discussion applies to both dispersion curves and kinetic power flow®"®,

2. Space-Charge Wave Equations

In a drift space of the E-type beam as shown in Fig. 1, the following
euqations are obtained from the force equation for electrons which are traveling
in the z-direction with dec velocity u,, under electrostatic focusing conditions.
It is assumed that the electron traces the path of a helix between coaxial
cylinders and all electrons form a right circular hollow cylinder which is thin
in the radial dimension,

d’x _ z A

a1 24

d*y Y 4
v, Y

de? 7 a2+t (1)

dz VoV

—— =ApVst

7 i an ¢

where the definitions are given as follows:

n=1.759 x 107" coulombs/kg
Vo= (V.—V)/In(s/c), V.>V,
V, = voltage between outer cylinder and ground,
V, = voltage between inner cylinder and ground,
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¢ = electron pitch angle.

. Under a small signal theory, the motion of the electron is given as a sum
-~of a dc quantity and an RF disturbance.

xr=x,+x, l
Y=Y+ Y1 (2)
. I

The subscript O refers to the dc quantity and the subscript 1 refers to the
RE motion.
Using equation (2), equation (1) becomes

e
(3)
d*y
LY 4 2uky, =0
ar Y

where w, is termed “helitron angular frequency”,
o, = A Vo5 +3).

These are the fundamental equations that describe the types of waves that
can propagate on the electron beam in the form of a transverse disturbance
when the beam is subject to an electrostatic field. They are in a form analogous
to the space-charge wave equations of the O-type beam.

Equation (3) can be rewritten by transverse velocities v,, and v,, as follows :

d;t + 2w, =0
(4)
dv,, .
2 4 205y, =0
dt ! J
dx,
= Vi
dt (5)
dy, _
B vly
dt

Now, we introduce the effective transverse current® K, as well as Chu’s
kinetic voltage U.
2U = U,+jU, |

. 6
2K = K,+jK, J (6)
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U, = —euvif/m } (7)
U, = —euyv,,/m

I{'v :jwaoxl ] ( 8 )
K, = jwoyy, J

where ¢, is the total charge of the electron beam per transverse unit area.
The subscript & denotes a x component and the subscript y denotes a 7y
component. .

From equations (4), (5) and (6), the following space-charge wave equations
are obtained :

(<L +jp)U=—j 2 g

dz wea,

d wo.e (9)
LB K= —j 222
<dz ][8> ]'muﬁ

These expressions are very similar to those for the longitudinal beam (one
dimensional)'®.
Next, we define the helitron normal mode a, using U and K,

=——(U+£ZK 10
Ay W7 ( ) (10)

where Z, is the charactristic beam impedance for the small signal quontities
of the helitron waves,

7, = 2V, V2 8, , o . (11)
L] g
where I, is the dc beam current (|| = —ag), B. = 0fu,, and B, = w./u,.
Using equations (10) and (11), equation (9) then becomes
(4 6,7y p)) ay=0. 2
ldz ](ﬁe i ‘/ ﬁh)J ay ( )

These are the normal mode forms of the helitron waves. Accordingly,
for an arbitrary excitation in terms of the mode amplitudes at the input plane
z =10, the solutions of equation (12) are

Ay = Ay €XP (—7P12) |

= au exp{—j (B. T2 p) 2} |

From this equation (13), U and K may be expressed as follows:

(13)
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U == QRG {\/Z (a—i—(z) + (l,(z)) ej"’t}
1 i
K= ZRe{ﬁ (@1—a-@) C’M}

3. Dispersion Charactristics

The phase velocities of the helitron waves in equation (12) are given by

e U _ _
e 1T W2 arfe) (15)

It is easy to see from equation (15) that the ¥ /u_ fast forward
(2}

a, mode travels with a phase . velocity slightly helitron wave
greater than the dc velocity, whereas the a_ mode 3t ' ‘
travels with a phase velocity slightly less than the 2F :

dc velocity. Accordingly, the a, mode is called y) i _________

the fast helitron wave, and the a_ is called the

]
slow helitron wave. These phase velocities are oK 2 [3 # “Yidy
sketched in Fig. 2. -/ H
e ) 1 Slow forward
The group velocity is given by ) -
-3 1 telitron wave

9B\’ — W2w >"1
g+ = = Uy l+————]L
Y= e ) ”( o

= u, (16)

Fast backward
helitron wave

. Fig. 2. The helitron mode
since By = p.F42 P, and B, is independent of dispersion curves.
frequency. '

It is a charactristic of waves that energy is propagated at the group velocity,
which in this case is the dc beam velocity.

Let us consider the fast helitron mode. If w>42w,, then v, >u, so that
this is a fact forward helitron wave. If 0<w<<y/2w,, v,, is negative and the
wave travels backward. Tt is seen that the phase velocity for this mode is zero -
when the signal frequency is zero and approaches minus infinity as e—>4/2 ,
from the left. As w—42 w, from the right, the phase velocity approaches plus
infinity. When o> 42 o,, the phase velocity approaches the dc beam velocity.
Next we will consider the slow helitron mode in the same way. From equations
(15) and (16), it is seen that the wave travels forward with a velocity less
than u«,.

4, Kinetic Power Flow in Helitron Waves

The power carried by helitron waves can be given by the generalized Chu’s
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power theorem as follows :
P = —;—Re [UK*]. (17)

Using equation (14), power P then becomes
P =2 (|, '—la_ ). (18

It is seen that the a, mode, the fast helitron wave, carries positive kinetic
power, whereas the a. mode, the slow helitron wave, carries negative kinetic
power. These correspond to those in the power flow in O-and M-type electron
beams. In order to show that P, is independent =z, we differentiate equation
(14) with 2z and equation (13) and their complex conjugate substitute into this
expression. It then follows immediately that

dP &
dz

=0 (19)

In conclusion, the power flow on the E-type filamentary electron beam in
the drift space discussed here is given as equations (14) and (19).

In order to excite a fast helitron wave, kinetic power must be given to
the beam ; to excite a slow helitron wave, kinetic power must be extracted
from the beam, since the slow helitron wave carries negative power. Conversely,
to remove a fast helitron wave from the beam, power must be extracted from
the beam, and to remove a slow helitron wave power must be added to the
beam. Further, from equation (18), it is seen that no net power is required
from the driving source if both modes are equally excited.

5. A Comparison of Helitron and Cyclotron Waves

The analysis developed in this paper showed the dispersion curves and
power flow in helitron waves. The charactristic is analogous to the cyclotron
waves'” on the M-type electron beams. Table 1 gives a comparison of cyclotron
and helitron waves.

The M-type electron beam has the disadvantage in that the magnetic field
requirement adds a good deal of bulk to the system. But in the E-type electron
beam no magnetic field is required. Advantages for eliminating the magnet are
fairly obvious : reduction in overall weight of the tube and absence of power
supply for the magnet. Then this type of beam is suitable for satellite repeaters,
satellite-based radars and electronic research equipment of aircrafts.
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TABLE 1. Comparison of cyclotron waves and helitron waves

465

Cyclotron Waves

Helitron Waves

Equations of Motion

d*z/dt* = wildy/dl)
d?y|di? = — wldy/dt)
dzfdt=A29V,

d*x/di* = whx
dyldt* = iy
dz[ di=+1V,tan @

Small-Signal Assum-
ption

=X+ 21, Y=Yt ¥, z=2,

Space Charge Wave
Equations

A2, — ol s ) =0
dz’y]/dlz + wc<dx1/d¥) =0

drxy[dtt 42082, =0
a2y di+ 205y, =0

Mode Amplitudes

aj::(U'c:i:jUg/)

Zo:(2V0/|Io|) (Bc/ﬁe)

ar =(U4=Z,K)|4Zy
U=Us+jUy
K =Ka+jiKy
Zy=(2Vo | 1]) (W 2 BafBe)

Normal Mode Form
of Wave Equations

{d]dz+j(BeF By at =0

{d|dz+j(B.FV 2 B} ax =0

Fa . .
Space Charge Waves V\{;;E; eCyclotron %\l]zvvve()yclotron 1;{(]1:‘; eHeh‘cron %c;vvveHehtron
Phase Constants| B+ =fe—fe A-=PRet+Pe Br=Re—A 281 | B-=PcFV2 P
Vopr=ul Vp-=ufl Vopr =uoll Vp-=ugfl
Phase Velocities vt r of rr ILO/ r 1_13/
—(wefw) +Hwo/w) — (¥ 2 walw) —~(WZ wnjw)
Group Velocities Vyg+ =1uo Vo-=u, Var =14 Vg—=u,
Sign of Kinetic
Power + - + -
we=cyclotron angular wr=helitron angular frequency,
frequency, 7B VoVt +yd)
Remarks

Be= w]u,, Be= weftto,

w=signal frequency

Br=wnfuy

uy=drift velocity

In this paper, a normal mode analysis of an E-type filamentary electron

6.

Conclusions

beam is presented. This beam was focused by introducing a potential difference
between two concentric cylinders with an electron tracing the path of a helix

between cylinders.

The normal mode analysis developed in this paper yielded the following

interesting results :
1)

The space-charge wave on this beam was termed “helitron wave”.
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where

3)

Ichiro SAKURABA

Two helitron mode amplitudes were defined as follows ;
a, = (U+Z,K)|WZ,

a, = mode amplitude of the fast hefitron wave

a_ = mode amplitude of the slow helitron wave

U= Chu’s kinetic voltage, —(m/e) vu,

v = transverse velocity of the electrons in the beam

u, = drift velocity

K = effective transverse current caused by the displacement of the
electron beam from dc value

Z, = characteristic beam impedance for the small-signal quantities of
the helitron wave

It was shown that the a, mode, the fast helitron wave, travels with

a phase velocity slightly greater than the drit velocity, whereas the a. mode,
the slow helitrcn wave, travels with a phase velocity slightly less than drift

velocity.
4)

It was shown that the helitron wave carries positive kinetic power,

whereas the slow helitron wave carries negative kinetic power.

Acknowledgment

The author is grateful to Dr. Y. Asami for several illuminating discussions.

References

1) H. Heffner and D. A. Watkins: “The practicality of E-type traveling-wave devices”,

Proc. IRE, vol. pp. 1007-1008 ; August, 1955.

2) D A. Watkins and G. Wada: “The helitron oscillator”, Proc. IRE, vol. 46, pp. 1700-

1705 ; October, 1958.

3) G. Wada and R. Pantell: “Design, theory and charactristics of the helitron, a new

type of microwave oscillator”, 1959 IRE WESCON Convention Record, pt. 3,
pp. 92-102; August, 1959.

4) R. H. Pantell: “Small-signal analysis of 3he helitron oscillator”, IRE Trans. on

Electron Devices, vol. ED-7, pp. 22-29; January, 1960.

5) R.H. Pantell: “Electrostatic electron beam couplers”, JRE Trans. on Electron Devices,

vol. ED-8, pp. 39-43; January, 1961.

6) I. Sakuraba: “Space charge waves on a filamentary electrostatic electron beam,

especially on helitron waves”, J. Inst. Elect. Commun. Engrs. Japan, vol. 45,
pp. 178-179 ; February, 1962 (in Japanese).

7) I Sakuraba: “The helitron waves on a filamentary electrostatic electron beam,

especially on dispersion curves ann kinetic power flow”, Bulletin of the Faculty

of Engineering, Hokkaido University, No. 29, pp. 17-23 ; March, 1962 (in Japanese). |

8) 1. Sakuraba: “Power carried by the helitron waves on an E-type filamentary electron



The Helitron Waves on an E-type Filamentary Electron Beam 467

beam”, Proc. IRE, vol. 50, p. 1839; August, 1962.

9) S. Saito: “Power carried by the cyclotron waves and the synchronous waves on a
filamentary electron beam, Proc. IRE, vol. 49, pp. 969-790; May, 1961.

10) W. H. Louisell: “Coupled Mode and Parametric Electronics”, John Wiley and Sons,
Inc., New York, N.Y.; 1960.



