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Summary-The progress which has been made in recent years
in analyzing and understanding the electromagnetic properties of
helical structures is reviewed here. After a brief account of work
prior to about 1950, the results obtained from an analysis of the
sheath helix model are summarized. The more physically realistic
tape helix model and its characteristics-forbidden regions, space
harmonics, etc.-are discussed. Recent extensions to the analysis
of the sheath helix model including the effect of radially stratified
mediums, both isotropic and anisotropic, are noted. Also, additional
work using the tape or finite wire helix model is reviewed. Finally,
the recent investigations of filter helixes and contrawound helixes
are discussed.

INTRODUCTION
ALTHOUGH helical structures have long been used

in various ways as electromagnetic devices, their
recent use in traveling-wave tubes and in an-

tennas has stimulated a renewed interest in their prop-
erties, particularly at frequencies higher than those
normally used in the past. It is the purpose of this paper
to describe some of the recent progress which has been
made in analyzing and understanding the electromag-
netic properties of such structures.
As in the case of others configurations which can sup-

port electromagnetic waves, one desires to know the
characteristics of those solutions of Maxwell's equations
which match the boundary conditions prescribed by the
helix or related devices.
The properties of those waves with harmonic time de-

pendence e1"' which propagate as e-t#, with real and
z the axial co-ordinate, are of interest. In particular, it
is important to know the values of 3 as a function of the
frequency and the various electrical and physical prop-
erties of the system. These waves with exponential de-
pendence, which also are called natural waves, free
modes, or residue waves, are of great significance in
traveling-wave tubes, since it is with these waves that
an axial electron beam interacts, and gain results. In
this paper we shall be concerned only with electromag-
netic wave propagation on helical structures in the ab-
sence of an electron beam. However, as Pierce,' among
others, has shown, a knowledge of the characteristics of
these modes enables many of the properties of operating
traveling-wave tubes to be calculated.

Incidentally, it appears that the free modes are also
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important in the radiation from a finite helix in that, as
in other finite radiating structures, they transport
energy between the driving source and the ends. How-
ever, considerably more analysis is required of this prob-
lem before the details of the role played by the free
modes in the operation of a finite helix can be clarified.

HISTORICAL REVIEW OF PROBLEM
In order to place the recent advances in their proper

perspective, some discussion of past work is necessary.
Only a small number of the papers which appeared prior
to about 1950 are mentioned below. For more extensive
reviews the reader is referred to reports by Kline,2
Kornhauser,3 Roubine,4 and Sensiper.A

Up to About 1940
The earliest work on the helix problem seems to have

been done by Pocklington.A In his analysis the helix wire
was assumed to be very thin and a perfect conductor.
An integral equation for the free modes was derived and
approximate solutions obtained which predicted a trav-
eling wave whose axial phase velocity is near the ve-
locity of light c (assuming the helix is immersed in free
space) for low frequencies, and whose axial phase ye
locity is reduced to c sin 41 (where 41 is the pitch angle of
the helix) for high frequencies. This latter is equivalent
to a wave with a phase velocity c traveling along the
wire. Although these solutions are more or less correct in
view of present knowledge, the fine structure of the
solutions was completely missed. Pocklington's ap-
proach is representative of what can be called the thin
wire approximation.

Ollendorf7 analyzed the so-called sheath model of the
helix which replaces the helix by an anisotropic current
conducting sheet and obtained solutions for the n =0
mode which are essentially equivalent to those obtained
by more recent investigators.

2 M. Kline, "Theory of the Traveling-Wave Tube," Final Rept.
New York Univ. Math. Res. Group; October, 1953.

3 E. T. Kornhauser, "Electromagnetic Wave Propagation in Heli-
cal Structures," D.Sc. Thesis, Harvard Univ., June, 1949; also Cruft
Lab. Tech. Rep. No. 88, August, 1949.

E. Roubine, "Study of elettromagnetic waves guided by helical
circuits,' Ann. des Telecommun., vol. 7, p. 206, May, 1952; p. 262,
June, 1952; p. 310, July-August, 1952.

6 S. Sensiper, 'Electromagnetic Wave Propagation on Helical
Conductors," Sc.D. Thesis, Dept. of Elec. Eng., MIT, May 1951;also in abbreviated form as MIT Res. Lab. Elec. Tech. Rep. No. 194;
certain portions reviewed by R. G. E. Hutter, "Traveling-Wave
Tubes, Advances in Electronics," Academic Press, NeW_York, N. Y.;
vol. VI; 1954.

6 H. C. Pocklington, "Electrical oscillations in wires," Proc.
Camb. Phil. Soc., vol. 9, p. 324; 1897.

7 F. Ollendorf, "Die Grundlagen der Hochfrequenztechnik,"
J. Springer, Berliti, Ger., p. 79; 1926.
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Nicholson8 attempted to solve the helix problem by
finding a proper co-ordinate system to define the helix
surface, but did not obtain useful results. His analysis is
representative of what can be called the exact approach.
Among the very early experimenters, Hertz measured

the velocity of propagation along a helix and, as noted
by Kornhauser,3 obtained a value which is quite ac-
curate. Experiments were also performed later by Hof-
meier, as noted by Roubine.4

1940 to 1950 Approximately
The results of an analysis of the n =0 mode of the

sheath helix by Schelkunoff were given by Pierce and
were reviewed in his book.' It is this mode which has
proved so useful in normal helix traveling-wave tube
amplifiers. Schulman and Heagy9 discussed the sheath
model and considered the n =0 mode, as well as the
higher modes, those in which the field components vary
in angle. Phillips and Malin"0 also analyzed the higher
mode problem in some detail.

Further attempts to solve the helix problem by
means of the exact approach were also reported by
Bagby" and Sollfry.12 However, the intractableness of
Maxwell's equations in the required co-ordinate sys-
tems was great, requiring relatively drastic approxima-
tions and giving results of only limited utility.

In addition to more analytical work, more extensive
measurements were being made in this period. Cutler'3
reported measurements of phase velocity which agreed
quite closely with predictions obtained from the sheath
model for a relatively wide range of frequencies. Cutler
also noted that the impedance (E.2/2j2P, as defined by
Pierce') was lower than that given by the sheath model,
and Pierce' indicated how this reduction could be com-
puted. Kraus'4 and his co-workers noted that, although
for low frequencies the measured phase velocity of the
only observable wave on a helix corresponded to that
predicted by the sheath theory, for frequencies above
the point where the helix circumference is approximately
a wavelength, an anomalous change in the phase ve-
locity occurred.

1950 to the Present
In this period an increasing number of reports have

appeared. Rather than continue the historical approach,
it appears more useful to describe the work of the writer

8 J. W. Nicholson, 'Resistance and inductance of a helical con-
ductor," Phil. Mag., vol. 19, p. 77; 1910.

9 C. Schulman and M S. Heagy, "Small signal analysis of travel-
ing wave tube," RCA Rev., vol. 8, p. 593; December, 1947.

10 R. S. Phillips and H. Malin, "A Helical Wave Guide II," Res.
Rep. 170-3, New York Univ. Math. Res. Group; August, 1947-June,
1948.

11 C. K. Bagby, "A Theoretical Investigation of Electromagnetic
Wave Propagation on the Helical Beam Antenna," M.S. Thesis,
Ohio State Univ., 1948 (unpublished).-

12 W. Sollfrey, "Propagation Along a Helical Wire," Rep. TW-10,
New York Univ. Math. Res. Group, June, 1949; also Jour. Appl.
Phys., vol. 22, p. 905; July, 1951.

I3 C. C. Cutler, "Experimental determination of helical-wave
properties," PROC. I.R.E., vol. 36, pp. 230-233; February, 1948.

14 J. D. Kraus, "Antennas," McGraw-Hill Book Co., Inc., New
York, N. Y.; 1950.

and the relationship of his analyses to those of others,
and then to discuss very recent work, some still unpub-
lished, by several investigators.

THE SHEATH HELIX
Even though the properties of the sheath helix, most

particularly for the lowest or n=0 mode, have been
extensively covered elsewhere, many characteristics of
this model warrant additional consideration. This is so
not only because such consideration serves as an excel-
lent introduction to the more exact representation now
available, but also because at least one of the higher
mode solutions has become important in connection
with the backward-wave oscillator.

Boundary Conditions; The Determinantal Equation and
its Solutions; The Inhomogeneous Problem
Boundary Conditions: Consider a helix wound of a

perfect conducting wire, as shown in Fig. 1(a), with the
axis of the helix along the z axis of the circular cylindri-
cal co-ordinate system. A developed view is shown in
Fig. 1(b), where the unit vectors de and d, are drawn
with do and d- defined in an obvious fashion. It will be
assumed that the helix is immersed in free space, al-
though if other surroundings are considered, for ex-
ample a cylindrical dielectric tube enclosing the helix,
the method used to obtain solutions can be the same.
The simplest case will be considered here to avoid un-
necessary complications. In addition to p, a, y-=cot'
(2vra/p) the pitch, radius, and pitch angle of the helix,
respectively, k = 2X/X with X the free space wavelength
will be used. Harmonic time dependence like ei"'t should
be understood.

()

(b)
Fig. 1-(a) Helix; (b) Developed helix.

Now assume that a second helix is wound parallel to
the first but displaced slightly in the z direction, then a
third parallel to the second, etc., until the entire pitch
distance is filled up. If, now, the spacing between wires
is assumed to become infinitesimal, and the number of
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