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ABSTRACT

A general design procedure is developed for the design of both
low-power and high-power high-efficiency traveling-wave amplifiers. The
process is based on the selection of optimum values (for highest efficiency)
of the design parameters C, QC, B and b from the large-signal curves and
design of an amplifier with the particular type of r-f structure specified
by power and bandwidth requirements and operating parameters as near the
optimum values as possible. In cases where the optimum design parameters
cannot all be realized simultaneously the design engineer will be able to
select the parameter that he wishes to compromise.

The procedure is first developed for helix-type tubes and then
correction factors are derived that permit the design of amplifiers with
any type of r-f structure from the same set of curves.
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EXPLANATORY NOTES

1. Theoretical Development of Design Procedure. In Part I of this report

a general design procedure is developed for the design of high-efficiency
traveling-wave amplifiers. The procedure is first developed for helix-type
tubes and is then extended to cover traveling-wave amplifiers with other
types of r-f structures. The same design curves are used for these disper-

sive structures with appropriate correction factors.

2. Design Curves. In Part II all of the available design curves useful in

the actual design of high-efficiency amplifiers are compiled. Immediately
preceding each section of curves there is a list of parameters for which the

particular curves have been calculated.
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GENERAL DESIGN PROCEDURE FOR HIGH-EFFICIENCY
TRAVELING-WAVE AMPLIFTIERS

INTRODUCTION

Both low-power and high-power traveling-wave amplifiers are used in
a variety of applications and high-power tubes in particular must frequently
operate at as high an efficiency as possible. Hence a simple design procedure
is much to be desired. Heretofore, high-power traveling-wave amplifiers have
been designed using Pierce's small-signal theory and the design then modified
according to previously obtained experimental results in order to achieve high
saturation output and a reasonable efficiency. In this paper large-signal
results?»Z>3 on the theoretical performance of traveling-wave amplifiers are
used as the basis of a general design procedure to cbtain near-maximum power
output and efficiency at any frequency range. The large-signal curves are
independent of frequency and apply to all forms of traveling-wave tubes pres-
ently in use, within the limitations noted in the developments. The chief
limitation in the theory is that the electric field is assumed constant
across the stream radius. This assumption is considered valid for values of
the stream diameter parameter B up to 0.5 to 0.75 as indicated by experimental
studies of traveling-wave tube efficiency reported by Cutler*. Other exten-
sive experimental results on traveling-wave tube efficiency have been presen-
ted by Caldwell® for a wide range of operating conditions and attenuator con-
figurations. If it is assumed that the electric field varies as I (yr) across
the stream small-signal relationships can be used to predict that the effi-

ciency will be reduced from the uniform field value by a factor 0.8 when B = 1.

The true reduction factor is probably between 0.8 and 0.9.



The large-signal efficiency curves apply to tubes with all types of
r-f structures; hence, to design a high-power amplifier of a particular struc-
ture, the multi-dimensional efficiency curves must be intersected with a sur-
face determined by the impedance vs. ya' curve for the structure. The inter-
section of these two surfaces defines the maximum efficiency that can be
achieved with the particular structure.

Helix~type tubes have the advantage of a relatively broad bandwidth
of operation (2 to 1 in frequency) and have sufficient power-handling capabil-
ities, subJect to thermal limitations, for many applications. However, when
very high power levels are needed the helix cannot be used and the designer
must resort to other structures such as various forms of modified helices
(loaded) or periodically loaded waveguides. These high-impedance structures
unfortunately have inherently narrow bandwidths of operation compared with the
helix.

The design procedure for the helix-type tube is based on evaluating
the helix impedance from the usual reduction factors on the sheath-helix imped-
ance. In the case of modified helix or periodically loaded waveguide struc-
tures, the structure impedance is also related to the sheath-helix impedance
by appropriate factors.

In order to design a traveling-wave tube with the particular type of
r-f structure specified by power and bandwidth requirements, optimum (for high
efficiency) values of the design parameters C, QC, B and b are selected from
the large-signal curves and the design adjusted to produce operating parameters

as near the optimum values as possible.

LARGE-SIGNAL RESULTS

The large-signal curves have been computed assuming a ratio of helix-

to-beam diameter a'/b' equal to 2; thus ya' = 2yb' where B = yb'. Values of



a'/b' between 1.4 and 2.0 are typical in experimental tubes, depending upon the
type of focusing used and the means of suppression of backward-wave oscillations.
Fortunately the large-signal curves are relatively independent of a'/b'.

A typical set of large-signal efficiency curves in which g is a func-
tion of QC and B is shown in Fig. 1 for C = 0.1. The value of the velocity pa-
rameter b has been optimized at each point to give maximum.ns. It is seen that
for ¢ = 0.1 the maximum saturation efficiency occurs for QC =~ 0.125 and B = 1.0.
Extensive comparisons have been made between the above theoretical results and
experimental results from several laboratories and reasonably good agreement has
been found over a considerable range of the parameters. Tien® has also presented
large-signal calculations on the traveling-wave amplifier based on a one-

dimensional model.

DERIVATION OF HELIX DESIGN EQUATTONS

In order to develop a traveling-wave amplifier design procedure it is
necessary to obtain an expression for the helix impedancé as a function of fre-
quency. The impedance of an actual helix mounted in its supporting structure is
calculated by multiplying the sheath-helix impedance as calculated by Fletcher’
by the appropriate reduction factors to account for wire size, wire spacing and
dielectric loading. The impedance vs. ya' curves for a sheath helix of various
a'/b' ratios are shown in Fig. 27. The ordinates of the curves are related

to the sheath-helix impedance by

2 3/2
o - 2(e) (1)
where B = w/c,
72 = B% -8, end
K. = +the sheath-helix impedance.
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Since the helix retarded wavelength is usually small compared to xo, Eq. 1

may be written as
B
0
K'=K —. 2
> (2)

The wave phase velocity may be approximated as v = vO(l+Cb)/(l—Cy), where

1l +Cb =1 - Cy; hence the sheath-helix impedance can be written as

- 506 Kg' (1 + Cb) , (3)
v 1/2
O

K

where C the gain parameter,

It

b = the velocity parameter,
V = the beam voltage, and
y = the phase constant of the r-f wave.
It 1s known experimentally that the impedance of an actual helix
is always less than KS, sometimes as small as KS/E. In most instances a
good approximation to the actual helix impedance may be found by multiplying
the sheath-helix impedance KS by the reduction factor F calculated by Tien®.
Tien's reduction factors F; and Fy are for a sheath to a tape helix and con-
sider the effect of both dielectric loading and space harmonic fields. He
has of course made some approximations and hence there is some restriction
on the range of validity of his results. However, good agreement with experi-
mental results has been found at many frequencies and for both wire and tape
helices.
Tien presents the reduction factors as F vs. Boa' curves, but they

may be plotted vs. ya' with voltage as the parameter in the following way.



The phase constant is written as

Ba'=?—o'73a' -
% 7

olg

ya' . (k)

Using the approximate expression for the wave phase velocity given before

Eq. 3, we can write Eq. 4 as

S 107% v t/2 ya'(1 -
gt - LT X Vo ya'(l - Cy) (5)

Usually both Cy and Cb may be neglected in comparison with unity. Also, as

pointed out earlier (1-Cy)/(1+Cb) =~ 1. Thus Eq. 5 may be simplified to
B,a' = 1.977 x 1073 . Vol/2 . ya' . (6)

Tien's calculations of the helix-impedance reduction factors were
not extensive enough to determine F vs. ya' curves over a wide range of helix
voltages. The impedance reduction factor F = F;°*Fz shown in Fig. 5 was cal-
culated for a wide range of kia and DLF from Tien's data using 6/p = 1/5 and.
a value of Fo assumed independent of kia. The data shown in these figures
are then used to calculate curves of the helix-impedance reduction factor vs.
ya' for particular values of beam voltage and dielectric loading factor. A
typical plot of F vs. ya' is shown in Fig. 4 for a DLF of 90 percent.

Using the reduction factor F calculated above gives the actual

helix impedance X as

_ 506 F Ks' (1 + Cb) ] (7)

S v 1i/2
0

K=FK
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The traveling-wave-tube gain parameter may then be written as
3 _ o]
¢ =gy (&)

where IO = the d-c stream current. Combining Eqs. 7 and 8 yields an expres-

sion for beam perveance in terms of the helix impedance and the gain param-

eter:
_ 7905 ¢®
Pp T F Ks' (1 + Cb) (9)
Io
where P“ =g537E " 10%, beam micropervs.
o

The small-signal space-charge parameter QC may be expressed in

terms of the gain parameter and the radian plasma frequency as

1 (Dq/(l) =
L =1 <i +(Dqﬂ;> ’ (10)

where mq/w = (wpﬁb) R, = an effective normalized plasma frequency. The nor-

malized plasma frequency is given by

1 I
< “Te b'2 uwe u.w2 ’ (11)

where 1 = e/m, the charge-to-mass ratio for the electron, and the beam diam-

eter or space-charge range parameter B 1is

_@ l_w(l"CY)b'
=-b' = 5 . (12)
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Then the normalized effective plasma frequency’wq/& may be written as

2 2
2 2 (L-cy)ep
(“32 R 2. <‘£&> _ , (13)
(@) h w (2)3/2 nl/Z B2

ne
O

where P = IO/VOS/z, the beam perveance.

Equation 10 for the space-charge parameter thus becomes

59.91 . (14)

e = 1/2 1/2 2
K !
[B_R__ (_____F = > (1l+_cg; +15.L8 c}
h °

Again 1 + Cb = 1 - Cy; also, the second term in the denominator of the above
equation is usually small compared to the first. Hence Eq. 14 may be simpli-

fied to

60 (1 + Cb)

[B Ks'>l/2 }2
— + 15.5 C
R (e

A further simplification of Eq. 15 can be made by neglecting Cb

QC = (15)

compared to unity. This approximation is usually valid for values of C up
to about 0.1. Figures 5 and 6 are typical graphs of Eq. 15, with ordinates
of QC/(1+Cb). ZEach group assumes particular values of a'/ot, VO and dielec-
tric loading.

Figure 7 1s a plot of the optimum value of the electron velocity
parameter b vs. QC both for maximum small-signal gain and for maximum satura-
tion efficiency when B = 1, d = O. The value of the injection velocity parameter
that gives maximum small-signal gain is shown vs. x; for particular values
of QC and C in Figs. 8 and 9. It is noticed that the effect of increasing

the loss factor is to shift the entire set of curves to the left®. The value
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of b for maximum small-signal gain changes very little with increased loss
but the value of xiymax. decreases nearly linearly with C at fixed QC. The
data shown in Fig. 7 permit computation of the 1 + Cb correction factor and
construction of a QC vs. QC/(1+Cb) curve (Fig. 10). It should be noticed
that the correction factor is essentially independent of the velocity param-
eter b.

In Figs. 11 and 12, QC is plotted vs. B using the approximate form
of Eq. 15 and also using the exact expression given in Eq. 14. Points have
been calculated using this exact expression for QC for two different values
of the velocity parameter b, (1) the value of b that gives maximum small-
signal gain, and (2) the value of b that gives the maximum saturation effi-
ciency. The 1 + Cb factor is important only for large values of B (peam
diameter) and C (gain parameter) and may be omitted when B < 1.0 and C < 0.1.
Comparison shows that the agreement between the exact and approximate expres-
sions 1s essentially independent of a'/b! and V,e It has also been found to
be independent of the value of DLF. That the results are essentially inde-
pendent of the value of b chosen is due to the fact that there is a factor
1 - Cy in the equation that nearly cancels out the influence of the 1 + Cb
term. The y used is a negative number and varies as b does.

An alternative expression to Eq. 13 may be found by solving Eq. 10:

2c (qc)*/= i (16)
[1 - 2¢ (QC)l/Z] R,

Equating the expressions for wpﬁn in Egs. 13 and 16 and solving for Pp gives

wpﬁb =
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P - 132.11 (CB)Z (Qc) i (17)

[1 - 2C (Qc)l/a]z R, (1 - cy)?

Equation 17 may be simplified by assuming that the quantity (1-Cy)® may be

replaced by (1+Cb)2:

(1 +Cb)2P = 132 (¢B)® (Qc) . (18)

“ [1 - 2c (ch)lfg}2 Ry

From the above expression for P“, curves of the beam perveance vs.

the beam diameter B are computed and shown in Figs. 13 and 14 for representa-
tive values of the parameters. It is seen from Eq. 17 that these curves are
independent of VO and dielectric loading. A correction factor for use in
determining a more accurate value of the beam perveance when Cb is not small
compared to unity has been calculated assuming that the quantity (1-Cy)® in
Eq. 17 may be replaced by (1+Cb)2. The perveance correction factor curve

is shown in Fig. 15, where it is seen that for values of QC less than 0.5

the correction factor is critically dependent upon the value of b chosen.

DEPENDENCE ON HELIX VOLTAGE

The basic design curves of Figs. 5 and 6 show the variation of
QCc/(1+Cb) with the beam diameter for particular values of the helix voltage
Vo' No curves of this type were calculated for values of QC > 1.0, since
the saturation efficiency decreases rapidly at large values of QC. In the
curves shown it can be seen that for a given helix voltage VO and a partic-

ular value of the beam diameter B the space-charge parameter increases
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rapidly as the ratio of helix-to-beam radiil is increased. Since b' is fixed

by B, this implies that QC increases as the helix radius is made larger. As

long as the gain parameter is maintained constant the increase in QC must be

due to an increase in the value of the plasma-frequency reduction factor, and
hence an increase in the effective plasma frequency. In the limit, when the

helix is removed to infinity, the reduction factor is unity and wq = wp.

Typical values of B for maximum theoretical efficiency in exist-
ing tubes are around 1.0, and it is not desirable to have a'/b' > 1.k to 1.6
because of the resultant high values of QC and consequent lowering of effi-
ciency. The lower limit on a'/b' is determined by the degree of beam inter-
ception and the tendency to backward-wave oscillate due to extremely tight
coupling between the circuit and stream.

The dependence of the space~charge parameter on the helix voltage
can be seen by plotting QC/(14Cb) vs. V_ for particular values of the beam
diameter, as is done on an expanded scale in Figs. 16 and 17 for DLF = 90 per-
cent. From these results it is apparent that the variation with voltage is
most significant at large beam diameters. When B = 1.0 the space-charge
parameter increases by approximately 4O percent for a 10-to-l1 change in volt-
age. As the voltage is increased the term FIO in Eq. 8 must increase at the
same rate in order to keep C constant. Since B is fixed Rh remains constant.
The impedance reduction factor F decreases as Vo is increased at fixed 7ya';
hence IO must increase at a greater rate than the voltage does to keep C con-
stant. This increase in IO results in an increasing QC with voltage. The
variation of F with B is greatest at relatively high values of B.

The maximum helix voltage that may be used (which determines the

retarded wavelength) is dependent upon several factors and therefore cannot



V/eVVo = 3dild VUUI=~ag viI =479
'H31LIWVHVYC NIVO JHL 40 S3NTIVA SNOIYVA H04 IOVLII0A XIT3IH SA 3I9NVHI 3IIVdS 9] 914
AM - A‘39VIT0A XIT3H
o} 6 8 L 9 S | 4 € 2 [ 0
- 00
800
e
\\r\
- 910
800=0 e
|
. ' 020
010=90
. \\
/nn/_u_ — \Illl\\ %20
— ——— 820
020 =0
\lu..llllL e 0

(Q0 + 1) /00 ‘394 VHO 390VdS



/
-l
e

4 ) 4 0 0 :
OOOOOO

HELIX VOLTAGE, V, - KV
SPACE CHARGE VS. HELIX VOLTAGE FOR VARIOUS VALUES OF THE GAIN PARAMETER.

C=005
(@'/b=1.4, B =150, DLF = 90 %)

A.J/

FIG. 17

(@2 +1)/20 ‘I9ONVHI 3IDVdS



-28-

be rigidly set. As the operating helix voltage and helix diameter are in-
creased at any given frequency, the pitch of the helix increases, and it can
be shown that the fundamental impedance is lowered and the effect of the
harmonic fields is increased. The presence of a dielectric or metal shield
surrounding the helix also influences the maximum usable helix voltage. OFf
course some of these difficulties can be overcome by using multi-filar or
cross-wound helices.

Because of the above adverse effects, the maximum useful operat-

ing voltage for a unifilar helix is between 10 and 15 kv.

UNIVERSAL HELIX-DLF CURVE

One of the two reduction factors used in determining the actual
helix impedance from the sheath-helix impedance depends upon the DLF. The
DLF is defined mathematically by Tien'© for helices of the same radii and
ya' as

cot ¥
DIF & T (19)
sh
where (ahwd) refers to the actual helix with dielectric and
(sh) refers to the sheath helix in free space.
Since the pitch distance for any helix is given by Qﬂa’vo/c, Eq. 19 may be

written as

oralt

DIF = . o
(pitch) cot ¥

(20)

The DLF for a particular helix may be calculated from Egq. 20 using the

value of cot Von found from Fig. 18 for a particular ya'. Both ya' and ka' may
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ya'

FIG. 18  ka' COT yg), VS. ya' FOR A SHEATH HELIX.
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be calculated on the basis of a measurement of the phase velocity along the
actual helix in the presence of the dielectric at a given frequency. This
measurement may be accomplished by any of the standard techniques.

In the design of traveling-wave tubes it is necessary to calculate
the pitch or turns per unit length of the helix assuming a value for the DLF.

Equation 20 can be written as

DLF _ Pra’

ka' - pitch (Ea' cot y_) (21)

With the aid of Fig. 18 and Eq. 21, a universal DLF curve is plotted. This
universal curve, Fig. 19, permits calculation of the DLF from experimental
data on the helix phase velocity and also calculation of the helix pitch for

a given DLF and (7a')ah.

EXTENSION TO PERIODICALLY LOADED WAVEGUIDES AND MODIFIED HELIX STRUCTURES

In applications of traveling-wave tubes where the bandwidth needed
is less than can be obtained with a nondispersive helical slow-wave structure
but the peak or average power requirement is greater than a helix tube can
yield due to thermal limitations of the helix, it is frequently desirable to
employ some one of the varied forms of the periodically loaded waveguide or
other dispersive structure. For many of these structures, such as the contra-
wound helix*' structure, the impedance vs. frequency relationship may be ex-
pressed as a constant times the sheath-helix impedance. The procedure devel-
oped here will be to relate the structure impedance to the sheath-helix imped-
ance by an impedance gain factor, G, which in general is a function of fre-
quency. This is similar to the determination of the actual helix impedance

from the sheath-helix impedance using the impedance reduction factor.
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It is important to point out once again that the large-signal re-
sults apply to traveling-wave tubes independent of the r-f propagating struc-
ture as long as these structures can be represented by an equivalent circuilt
that is an LC transmission line even though L and C may both be functions of
frequency. This is true because the circuit serves only to present a longi-
tudinal electric field at the beam position and retard an electromagnetic
wave. In the longitudinal theory the helix has been assumed nondispersive.
In the event that the resonant or dispersive structure being used has an im-
pedance curve that is not approximately parallel to that of the sheath helix,
then G will be a function of ya' and hence of B.

The impedance gain factor will be defined in such a way that it
takes into account the effect of the mounting method on the impedance.

The structure impedance is written as

K, =GK_ , (22)

where G = the impedance gain factor expressing the ratio of the structure
impedance mounted in the vacuum envelope to the sheath-helix im-
pedance.

Proceeding through the derivation using the above impedance relation and

assuming the same values of C and B for the dispersive structure as for the

helix yields, in place of Egs. 14 and 15,

c), = , 2
(@) G Ks"\/2 (1 + Cb)l/2 - (23)
[ < > Tt 15 C]

and
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60 (1 + Cb)
nN\1l/2 2
[%— <§¥%§;> 4+ 15.5 C]
d

For periodically loaded waveguide structures the dielectric load-

(Qc)y =

ing factor is unity and the geometric reduction factor on the radian plasma
frequency is different from that for the helix tube. The plasma-frequency
reduction factor will generally be larger for loaded-waveguide structures
than for the helix, since the effective circuit radius will be somewhat
greater than the radius of the center hole in the structure for the beam.

The ratio of (Qc)d to (Qc)h can be written as

Qe | /2 15.5 C Ry
[l + Cb}d [l *

1/2
L L ; (252)
QC 1/2 15.5 C Rg
——— 1 4+ ==
1 +Cb y Gl/2
where
2
A (R F
§=<'Ri‘> 5 b (25b)
A Kg "\1/2
Rh = the radian plasma-frequency reduction factor for a helix of
equivalent B and a'/b', and
Rd = the radian plasma-frequency reduction factor for the resonant

or dispersive structure.
Since the second term in the denominator is small compared to unity, Eq. 25a
is expanded in a power series, neglecting higher-order terms. The binomial

series is used then to give the following expression:
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o)
1 +Cb R
S 3 [l + 30.96 ¢ (;1%2> <’3}2 - l>} . (26)
QC v /7 \&
1l +Cb

The space-charge reduction factor for dispersive structures, £, defined in
Eq. 25b, is shown in Fig. 20 for particular values of G and Rd/Rh' It is
evident that the first-order correction term in Eq. 26 is negligible in
most instances. If the radian plasma-frequency reduction factor is the

same for the dispersive structure as for the helix, Eq. 26 may be written as
Qc
1 +Cb
QC
1 +Cb

The value of G above includes the effect of dielectric loading when

~ g =t - (Ry = R). (27)

structures such as the contra-wound helix are used. Thus G is analogous to
F G*, where in the presence of a dielectric F is the same as for a helix and
G* 1s the impedance gain factor. In Fig. 21 is shown a graph of Eq. 25a for
representative values of G and Rd = Rh. It is apparent that the F/G approxi-
mation is very good except for large values of B. The correction factor is
somewhat dependent upon a’/b’ but not on the voltage or DLF. The effect is
also shown for large C.

Since the stream perveance, as expressed in terms of the design
parameters in Eq. 21, is a function of the reduction factor R, there will
also be a perveance correction factor for the structures where Ry # R -

The perveance expression for dispersive structures is, from Eq. 17,

. 132 (CB)® (QC)g , (28)

" {1 - 2C (Qc)dl/z} R,® (1 - cy)?
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where (QC)g = & (QC)y, the space-charge parameter for the dispersive struc-
ture, and

Rd = the plasma-frequency reduction factor for a dispersive structure.
Since the QC/(l+Cb) curves and the perveance curves have already
been constructed for a helix structure, the design procedure will be to se-
lect the desired values of C, QC and B from the large~-signal efficiency
curves and then determine the equivalent space-charge parameter for the

helix in order to use the existing curves. Thus the perveance curves are

entered using (QC)h and the perveance correction factor is given by

. P (1 + Ce)? _ &\2 . (9)

\2 "R
Puh (1 + Cb) Rg,

PROCEDURE FOR USE OF DESIGH CURVES

General

Usually the desired power output (pulsed or cw) and operating fre-
quency range are determined by the proposed use of the tube. The large-sig-
nal analysis as previously discussed is independent of the operating frequency
and the operating structure and hence has a wide range of application. The
choice of a particular structure is usually made on the basis of the power
level expected and the desired bandwidth.

The design procedure is here outlined for a helix-type tube, but
can be adapted for the design of other traveling-wave tube structures using
the space-charge and perveance correction factors developed in the previous
section. A flow diagram illustrating the design procedure using the three
classes of curves, namely the efficiency, space-charge and perveance curves,

is shown in Fig. 22. The procedure involves an iteration technique around
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the loop indicated in the above figure. From the design requirements a
structure and means of mounting is selected which in the case of the helix
then determines the values of a'/b' and DLF. Also a realizable value of the
gain parameter C is chosen consistent with operating frequency and efficiency
requirements. This value of C is then used in conjunction with the efficiency
curves to tentatively declde upon values for QC and B. The space-charge and
perveance curves are then used to determine if the chosen parameters can be
realized. If the combination of parameters selected is not realizable for
the chosen r-f structure, a new value of QC associated with the perveance is
taken and the iterative loop is traversed again. This process converges
rapidly to a design consistent with physical limitations and design require-

ments.

Outline 9£ Iterative Procedure

Once the power output, frequency range and type of structure have
been selected, the procedure is according to the following steps.

1. The design is based on the given power output (PO).

2. The large-signal efficiency curves, where efficiency is presented as
a function of QC, B, d and b for various values of C, are used to
select the operating parameters desired and to find an efficiency.
Usually the d = O curves are used and then values of C, QC, B and
b are found. The correction for loss is included at a later point.
An idea of the ideal operating point is obtained from these curves;
it now remains to see if these ideal parameters can be achieved simul-
taneously using a particular type of r-f structure.

Values of B and QC are selected from the large-signal curves to

give maximum saturation efficiency. There is a fairly broad plateau
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in the efficiency curves around the maxima so that there is some
freedom of choice. High gain per unit length and high efficiency
require as large a value of C as can be realized. The selection of
B = yb' = ya' (b'/a') is also dependent upon the operating band-
width desired, since the bandwidth for constant gain is dependent
upon ya'. For broad-band tubes the optimum ya' is around 1.8 and
for highest saturation efficiency B =~ 1.0. Using these values of
B and ya' would dictate a b'/a' of 0.56, which would result in a
weak interaction between the circuit and stream, thus lowering the
impedance C and the gain. A B = 1 and b'/a' = 0.7 would give con-
siderably stronger interaction and result in ya' = 1l.43. It has
been found in this laboratory, experimentally, that operation over
a 1.5 to 1 frequency range can be obtained at s-band with this
value of ya'. The tendency for a particular tube to backward-wave
oscillate and the feasibility of using mode suppression techniques
will determine the maximum usable b'/a' ratio.

Values of C, QC, B, b, a'/b' and DLF are tentatively selected.
Then from the large-signal curves a theoretical saturation efficiency
is found. Thus the beam power may be calculated on the basis of the
theoretical efficiency and the power output PO.

Practical values of a'/b' lie somewhere between 4/3 and 2. It
was pointed out earlier that the large-signal results are relatively
independent of a'/b'.

The next step in the design procedure is to consult a curve or nomo-
graph of Vo VS IO with beam perveance and beam power as the param-

eters. From this curve the other beam quantities can be determined
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using the beam power as calculated in (2) above and assuming a value
of beam perveance or beam potential, since the beam power and an
assumed value of perveance will automatically determine VO and IO.

On the other hand, the beam perveance and beam current are also ex~
plicitly determined by the beam power and a chosen value of Vo'
Whether beam voltage or beam perveance is selected as the independent
variable depends upon the limitations encountered in the electron gun
design. The perveance is in general limited by the type of electron
gun used and the limitation on emission density imposed by the duty
cycle. The beam voltage, Vo’ is usually limited by power supply re-
quirements and voltage breakdown between electron gun electrodes.

In applications of traveling-wave tubes where minimum weight of
the tube and its solenoid are of primary importance, the type of
focusing to be employed will be influential in the choice of electron
gun perveance and voltage. The minimum magnetic field required for
focusing (Brillouin flow)'® is shown in Fig. 23 as a function of the
voltage and perveance. For magnetic field strengths greater than
that required for Brillouin flow the space-charge wave propagation
could be affected and QC increased through an increase in the mag-
nitude of the plasma-frequency reduction factorts,

The next step is to check the assumption on QC, B and C. Several
steps are required. First decide whether the design is to be based
on b for maximum small-signal gain or on b for maximum saturation
efficiency. This determines the (1+Cb) correction factor. It should
be recalled that ya' is equal to a'/b' times B. It is well known
that ya' is selected on a compromise basis since both wideband opera-

tion and high circuit impedance are desired simultaneously.
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Denote the temporary values of the design parameters selected
in (2) and (3) above by the subscript 1. If an r-f structure
other than the helix is involved then the value of QC used is
the value taken from the large-signal curves divided by the QC
for a helix tube. Thus for nonhelix structures
Qc
(Qc)y = o
Use (QC)l to find the perveance correction factor from Fig. 15.

Then

P
Pu1(1+Cb)2 ~ (ordinate g; Fig, 15)

Enter the appropriate curve of the type shown in Figs. 13 and
14 with Pul(l+Cb)2 and B; to find (QC)s.
If (QC)2 # (QC)1, then change to a P“2(1+Cb)2 such that
(QC)2 = (QC)y for the same B;. Using (QC)s determine Pu2
from Fig. 15.
Find Igs and Voz to give Pgie.
From the appropriate curve of QC/(1+Cb) vs. B, find
(QC)s/(1+Cb) for Voo and Ci.
If (QC)s/(14+Cb) # (QC)1/(1+4CDb) then select (QC)s/(1+Cb) and
find (QC)s using the correction contained in Fig. 10.
Find PM8(1+Cb)2 using (QC)s and B;. Use Fig. 15 to get Pua.
Find nso from the large-signal curves using (QC)s, C; nnd Bj.

Calculate sz to give Py using Moo as the efficiency.
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k. Find Vps and Igs using sz and P s

l. Compare Vps and Voo if they differ appreciably determine (QC)4
at Vos.

m. Repeat the above-outlined process until Vpos = Voo. This is
usually not necessary after some experience in using the curves
is acquired.

If success is not achieved after several iterations, then
the values of B and C selected are not consistent with the
desired power output. In this case compromises are obviously
necessary. Usually the difficulty will be remedied by increas-
ing B, which has the advantage that for a fixed value of a'/b'
the value of ya' is increased.

The value of y corresponding to the value of b chosen earlier is found
from the small-signal solutions. Since the beam voltage has been
determined and the center frequency is known, the value of Kg and
hence the value of a', the mean helix radius, can be calculated

assuming that the phase velocity of the r-f wave is given by

1 + Cb
ol - Cy °

vV =V
From this point on the design procedure will be directed toward

helix-type tubes. Other r-f structures will require different methods

for determining actual structure dimensions.

Since a'/b' has been fixed, the beam radius b' is also determined and

the stream current density is specified.

The value of xg found under part 5 and the value of ya' are used to

find the helix T.P.I. from Fig. 19.
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The helix wire diameter is usually chosen to be somewhere between one-
quarter and one-half the pitch distance. At s-band it has been shown
experimentally and theoretically that there is a broad minimum in the
attenuation curve for a ratio of wire diameter to pitch around one-
third**, 13,

The first estimate of the length of the helix structure in terms of
Ng may be found from the large-signal curves where d = O. The opti-
mum circult length as a function of the input-signal level is shown
in Fig. 24. The input-signal level is referred to CI,V, and the satu-
ration level is approximately 5 db above CIV,. The large-signal curves
for which 4 % O, shown in Figs. 25 and 26, may be used to estimate the
added length in terms of Ng's necessary to recover the gain lost in
the attenuvator region. These curves not only show the loss in satura-
tion power due to attenuation but also indicate the effect on the sat-
uration power level of the placement of the attenuator.

An alternate method for determining the helix length for a given use-
ful gain is to use the small-signal gain equation G = A + BCNg. Since
the value of C has previously been determined and A and B may be found
from Pierce's small-signal theory, the tube length for a given loss-
free small-signal gain may be computed. The large-signal (saturation)
gain in db down from the small-signal gain may be found from a large-
signal plot of the saturation power output in db down frém small sig-
nal for the particular values of C, QC and B previously selected. The
reduction in saturation level due to large-signal effects is shown in

Fig. 27.
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B=1,d=0.5,a"/b' = 2)
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Py IN db DOWN FROM SMALL SIGNAL AT SATURATION

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
SMALL-SIGNAL SPACE-CHARGE PARAMETER,QC

F1G.27 P, IN db DOWN FROM SMALL-SIGNAL OUTPUT AT
SATURATION VS. SMALL-SIGNAL SPACE-CHARGE

PARAMETER. (C=0.1,d=0,Ng= 5.5,B=1,a'/b' = 2.)
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APPLICATION OF THE DESIGN PROCEDURE

In the previous section the general procedure was outlined for the
design of either pulsed or cw helix-type traveling-wave amplifiers to operate
at as high an efficiency as possible. The procedure is applicable to either
low-power or high-power tubes but has greatest value in the design of high-
power tubes. The following is an illustration of the use of this procedure
in the design of a cw s-band amplifier to operate at high efficiency over a
broad frequency range. The design objectives are to achieve at least 200
watts cw output at a 30-db large-signal gain using a wire helix and a solid
electron beam. The following steps outline the design of the desired tube.

1. The design is based on PO = 200 watts and the objective is to obtain
as high a saturation efficiency as possible.

2. From the large-signal efficiency curves the following desirable
operating parameters are obtained (to give maximum efficiency):
C=0.1, QC = 0.125, B = 1.0, 0 = 556, b = 1.5, & = O.

The following parameters are assumed:

a. Ratio of helix-to-beam radii, a'/b' = 1.k.

b. DLF = 904 for a helix supported in glass by three quartz or

sapphire rods.

c. It is desirable to have 1.5 < ya' < 2.1 for broadband opera-

tion.

The beam power is then calculated to be

no

00
P.b = O—:S—S_ = 364 watts.

3. The beam perveance is assumed to be 1 X 10‘6, which gives the follow-

ing values of V_ and I for P, = 364 watts:
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<
I

2650 volts

H
il

137 ma.

4, The next step is to determine whether the desired operating parameters
can be achieved with a helix-type tube. Denote the assumed values by
the subscript one.
a. (QC); = 0.125, C; = 0.1, By = 1.0, Vo3 = 2650 volts and
Io1 = 137 ma.
b. From Fig. 15 for (QC)y = 0.125, B, (14Cb)2 = 67%58 - 1.32.
c. From Fig. 13 it is found that (QC)z = 0.25 # (QC);1.
d. Since (QC)z # (QC)1 the perveance is changed so that (QC)z = (QC):
for the same B;. This give Py2(14Cb)2 = 0.625. Using (QC)2 to

determine Py» from Fig. 15 gives

0.625 _
Pu= = m = 0.825.

e. For Pys = 0.825 and Py

f. Using C; = 0.1 and Vo2

]

364 watts, Voz = 2850, Ioo = 128 ma.

2850 and Figs. 5 and 6 gives

1l

%@%lgg = 0.18. Note that %gggéﬁ = 0.11.
g. Since (QC)a/(14Cb) # (QC)1/(14CDb), (QC)a/(14Cb) is selected
and (QC)s is found from Fig. 10. (QC)s = 0.202.
h. Pya(1+Cb)2 = 1.0k from Fig. 13 using (QC)s and By. Thus
Pys = 1.04(0.781) = 0.811 from Fig. 15.
i. From the large-signal efficiency curve shown in Fig. 1, (QC)s,

C, and By will give an efficiency nss = 45%.
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j. Thus Ppo = %ggg = L4l gives

Vos = 3120 volts and Ios = 143 ma.

k. Vos = 3120 volts is not equal to Vg = 2850 volts. However,
the values of QC do not differ appreciably; hence the process
is assumed to be complete.

Thus the final design parameters are:

C = 0.1 Vo = 3120 volts
QC = 0.202 I, = 143 ma.

B = 1.0 Pu = 0.811
ya' = B(a'/b') = 1.k b = 1.32.

Throughout the design procedure compromises in QC and
hence efficiency were made in order to obtain C = O.l.
The helix voltage corresponding to synchronism is calculated using

1+ Cb = 1.132 from the above material.

V% 3120
= {T3c5)2 = (T.132)2 =

V(vo) 2430 and

_ 5.93x105 (2k30)*/2

Mg 3x108

x 10 = 0.977 cm.

The mean helix radius is then found from
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The beam radius b' = 0.7 (0.0859) = 0.060 inch. The beam current

density is calculated as

I
Iy = —°2 -1.94 amps /cm= .
(b2
. ona' DIF _ 0.90 _ o
ka' = xo = 0,1375 and thus =T = 01575 - 6.55. From Fig. 19 for

ya' = 1.4 it is seen that the helix T.P.I. = 18.55.

The helix wire diameter is selected to be

3 _ Pitch _ 1
wire = 3 ~ 3(T.P.I

.)

No. 24 wire, which is 20.1 mils in diameter, will be used.
The helix length for d = O is estimated from Fig. 24 to be Ng = 18 to
obtain a gain of 60 db assuming a 30-db attenuator. Thus there is a
gain of 3.33 db/xg. The effect of the attenuator in reducing the
saturation gain is shown in Figs. 25 and 26. If the 30-db attenuator
is made approximately 2 inches long, Fig. 26 indicates there will be
no reduction in the saturation level. Additional curves of this type
are being calculated for other values of C, QC and d.

The helix length is

L = %%El (18) ~ 7 inches.

CONCLUSIONS

A general design procedure has been developed that facilitates the

design of both low-power and high-power large-signal traveling-wave tubes to
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operate at high saturation efficiency. The design procedure is directed pri-
marily toward the design of helix-type tubes, but modifications are also
presented that facilitate the design of tubes with any type of modified helix
structure or with any of the varied forms of periodically loaded waveguides.
The procedure permits the rapid design of a tube and has been found to give

very satisfactory results at varied frequencies.
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LIST OF SYMBOLS

mean helix radius

injection velocity parameter
space-charge range parameter
stream radius

velocity of light

gain parameter

helix-impedance reduction factor
impedance gain factor

d-c stream current

impedance of a modified helix or periodically loaded wave-
guide structure

sheath helix impedance
stream perveance
power output

stream micropervs

stream micropervs for tubes with modified helix or periodically
loaded waveguide structures

stream micropervs for a helix tube
space-charge parameter

space-charge parameter for tubes with modified helix or periodi-
cally loaded wavegulde structures

space-charge parameter for a helix tube
plasma frequency reduction factor

plasma frequency reduction factor for modified helix and periodi-
cally loaded waveguide structures
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LIST OF SYMBOLS
(Continued)
plasma frequency reduction factor for a helix tube
d-c stream velocity
undisturbed circuit phase velocity
d~-c stream voltage
small-signal phase constant of the r-f wave
wave phase constant
stream phase constant
k., = k free~space phase constant
(52-302)1/2 radial propagation constant
e/m charge-to-mass ratio for the electron
saturation efficiency, percent
perveance correction factor
space-charge parameter correction factors
helix pitch angle; also input-signal level relative to CIgVg
radian frequency
radian plasma frequency

pr effective radian plasma frequency
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