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ABSTRACT

A new type of forward-wave traveling-wave amplifier has been devel-
oped which offers moderate gain (10 to 20 db) and high operating efficiency
coupled with a very short length (4 to 6 wavelengths), thus reducing the size
of focusing magnet required. The operation of the device depends upon the
beating effect produced when the three forward waves described in the traveling-
wave tube theory travel along the slow-wave structure. The device, named the
Crestatron, operates with voltages sufficiently high so that there are no grow-
ing waves and the gain is determined by the beam injection velocity and not by
the length of the tube. The operation of the Crestatron has been analyzed with
both a large-C linear theory and a large-signal theory of traveling-wave tubes.
The effect of circuit loss on gain is to reduce the beating gain at a rate of
12 db per unit d from the d = O gain. Large-signal calculations indicate that
high saturation efficiency characterizes this mode of operation.
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THEORY OF THE CRESTATRON: A FORWARD-WAVE AMPLIFIER®

INTRODUCTION

It is well known that the operation of backward-wave devices, both
O-type and M-type, depends on an interference phenomenon resulting from the
beating between waves propagating along an r-f structure. It can also be
shown that in forward-wave devices such as the traveling-wave amplifier gain
can occur due to the beating of waves traveling on the r-f structure, providing
that the length is correct. The magnitude of this gain for any given set of
circuit and operating parameters is determined by the relative injection velocity
b rather than by the length of the tube as in the case of the conventional
traveling-wave amplifier.

A voltage gain 1s produced in the Crestatron by a beating between the

three forward waves propagating on the slow-wave structure. The device is

operated with a beam velocity such that b'> bx o and hence there are no growing
1=

waves., The gain is achieved by adjusting the tube length to the proper value

such that all the waves, one of which is out of phase with the others at the in-
put, add together to give an r-f voltage greater than that at the input. Hence
there is not voltage gain in the sense of that produced by growing waves but there
is gain if the tube 1is considered to be a two-port network. The amount of gain is
determined by the value of b and decreases as the beam velocity is raised above

that at which growing waves cease to exist. The gain characteristics of the

k"2
Presented at the Sixteenth Conference on Electron Tube Research, Quebec, Canada;
June 25-27, 1958.
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Crestatron can be calculated from the small-signal theory and these calculations
also give information on the CN bandwidth achievable in the device.

The large-signal theory of traveling-wave amplifiersl has been used to
calculate the nonlinear performance of the Crestatron in terms of the gain
achievable and the expected operating efficiency.

Ample experimental evidence® has already been offered to verify the
theory and indicate that high efficiency is obtained with short length and
moderate gains. During the course of this work it was learned that Mourier and
Sugai have shown that a similar type of operation is possible with the forward-

S They treated the special case of small C, no space

wave magnetron amplifier.
charge and zero circuit loss. These conditions in the magnetron amplifier give
rise to two forward traveling waves which under certaln conditions can beat with

one another to produce gain.

DERIVATION OF THE GAIN EQUATION

The three forward waves propagating on a traveling-wave tube r-f

structure are known to vary in the following manner: *

Tz _ -z | PCBz , (1)

where B is the wave phase constant aud is equal to Be at synchronism. The
normalized voltage VZ/V at any point along the r-f structure may be written in
terms of the amplitudes of the three waves, neglecting space charge, as

\

.0
Z _ - Ja‘ A 1 o) 19
V—— = € liv— e +

<1I<!
\Y

ECIEN \\_;26539] (2)

1. Rowe, J. E., "A Large-Signal Analysis of the Traveling-Wave Amplifier:
Theory and General Results", Trans. PGED-IRE, ED-3, No. 1, 39-56, January, 1956.
2. Caldwell, J. J., and Hoch, O. L., "Large-Signal Behavior of High Power
Traveling-Wave Amplifiers", Trans. PGED-IRE, ED-3, 6-18, January, 1956.
5. Mourier, G., and Sugai, I., private communication.
4, Pierce, J. R., Traveling-Wave Tubes, D. Van Nostrand Co.,, New York; 1950,




where 61 = X + jyi, i=1,2,3;
Vi/V = normalized voltage amplitude of each wave;
6 & poz = oncn;
N = structure length in wavelengths; and
C = gain parameter.

From the small-signal theory of the traveling-wave tube, the following expres-
sions for the r-f convection current and velocity are obtained by retaining

terms proportional to C:

(14JC81) (1+3002) v . (1+JC®s) _ (dwoC) ¢ (3)
81 82 63 T]
and
1+3C8 1+3CB j -2VoC2\ ~
( 32 l) Vl ( J’g 2) Vo + (1+JC63) Vs = < IQ > i, ()_l_)
61 62 532 o]
where n o= e/m, charge-to-mass ratio of the electron,
v = r-f velocity in the stream,
T = r-f convection current in the stream,
VO = d~c stream voltage, and
IO = d=-c stream current,.

If an unmodulated stream is injected at z = O and an r-f signal level V is
applied to the r-f structure at that point, the boundary conditions require

that the right-hand sides of Egs. 3 and 4 be zero and that

V = V, + Vo + Vs . (5)

Equations 3, 4, and 5 may be solved simultaneously to give the normal-

ized amplitudes of the individual waves. The general result is shown below.

-1

Vi [1 14300, <'51+1> 1+1 N 1+3C84 <51+2> °i" 1+1} (6)
v l+JC6:L+l 1+l +2 l+3051+2 1+l i+2
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6i+s' Equation 6 gives the total voltage associated with each

where Bi
wave and in the absence of space charge also gives the circuit voltage. The
effect of passive modes or space charge is to reduce the circuit voltage from
the value predicted by Eq. 6. The ratio of the circuit voltage to the total
voltage is found from the ratio of the second term on the right-hand side of
the following familiar quartic determinantal equation to the total right-hand

side® of Eq. 6:

52 _ (1+305)° [1+C(b-3d)] -hQC (1+4C8)2 . (7)

- . b2 g2 62>
[-b+3d+36+0 <§bd -5 + 5 + §i

The general result for the circuit component of voltage is

Vi (1+jcai)2
i 5.2

i
Equations 6 and 8 have been obtained by Brewer and Birdsall.®
Thus the voltage along the r-f structure may be written in general,

including the effects of finite C and space charge QC, as

\s 9 < .
N OGO R )
i=1

where 6i = 51+3' When C is small and the effect of passive modes or space

charge is negligible, Egs. 6 and 8 reduce to the following familiar form.

<

. .2
= = i (10)
<61 - 6i+l) ‘(6i - 51+2)

5. Ibid., p. 113, Eq. T7.13 with corrections.

6. Brewer, G. R., and Birdsall, C. K., "Normalized Propagation Constants for &
Traveling-Wave Tube for Finite Values of C," Tech. Memo. No. 331, Hughes
Research and Development Laboratories, Culver City, California; October 1953.



and

= 1 . (11)

The voltage gain is written as

VZVZ VZ -
Ggp, = 10 log W;> = 10 log <\T’> . (12)

It is important to note that, unlike conventional standing waves on a transmission
line, each wave sees the r-f structure characteristic impedance at all points
along the line.

The gain that occurs when the velocity parameter b is greater than
that for which the growth constant of the growing wave is zero is, as mentioned
before, due to a beating effect between the three small-signal waves which are
set up at the input and propagate along the r-f structure. The interaction 1s
primarily between the circulit wave and the slow space-charge wave. It will be
seen later that the fast space-charge wave is excited to a negligible extent.
This is the same basic mode of operation as in the backward-wave device of both
the traveling-wave tube and crossed-field types. As the three waves travel along
the structure the phase relationship between the r-f current in the beam and the
r-f field on the circuit changes and at certain points along the circuit the
phase is such that energy is transferred to the circuit. At the same time there
are certain regions along the tube where the phase relationship between the beam
current and the circuit field is such that energy is fed from the circuit back
to the beam. The gain in this mode of operation depends upon the relative injec-
tion velocity b for any given set of tube parameters rather than on the length
as in the case of the conventional traveling-wave tube.

The Crestatron is inherently more efficient than the backward-wave

devices which operate on the same principle because the modulation in the stream
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and the field on the circuit producing the modulation travel in the same direc-
tion, whereas in the backward-wave device the modulation in the beam and the
circuit field travel in opposite directions. In the backward-wave device the
circuit field is strongest where the modulation is weakest and vice versa.
Mathematically speaking all the energy is abstracted from the beam
at the input since in satisfying the boundary conditions energy is put into
setting up the three circuit waves. Then the circuit length is simply adjusted
so that at the end of the tube the wave energies all add in phase. It should be
recalled that in this region of operation the propagation constants are purely
imaginary, giving rise to real voltage amplitudes, and at the input one voltage

component is 180 degrees out of phase with the other two.

SMALL-SIGNAL GAIN

It was pointed out above that the normalized voltage amplitudes are
purely real since the propagation constants are purely imaginary when b > bxlzo'
For fixed values of C, QC, and d the gain may be calculated from Egs. 6 and 21
as a function of © for particular values of b. Typical gain curves are shown
in Figs. 1 and 2. The above gain equations are valid for all values of b and
it is seen from the figures that the normal exponential gain is obtained when
Xq % 0. The gain curves were plotted over a range of 6x radians to indicate
their repetitive nature. The effect of circuit loss on the gain vs. length is
shown in Figs. 3 and M, and it is seen that the presence of loss reduces the
gain particularly for large values of ©. However, for small values of d the
gain at the first maximum is not appreciably reduced.

The results plotted in Fig. 3 do not show the large negative dip in

the gain curve for b = O that Brewer and Birdsall’ found. The fact that they

7. Brewer, G. R., and Birdsall, C. K., "Traveling-Wave Tube Propagation
s ,Tve ) ’
Constants", Trans. PGED-IRE, ED-4, No. 2, pp. 140-1kk; Apriil, 1957
(Figure 2).
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assumed a QC = 0.25 whereas the above data are for QC = 0.125 is of little con-
sequence to this discrepancy. It is believed that these results of Brewer and
Birdsall are incorrect since to compute gain they used the small-C equations,
which are not valid when C = 0.2 and QC = 0.25. It should be pointed out that
only very small dips in the gain curves were noted in the large-signal calcula-
tions, as is predicted here. Large negative dips in the gain seem to occur at
b = =1 for most values of C and QC and for positive values of b when d is large.

The gain curves of Fig. 5 show that gain is also achileved for negative
values of b such that x; = 0. Negative values of b correspond to operating
voltages less than the synchronous voltage; and the resulting gains are less
than those obtained with large values of b.

When the loss parameter is zero all maxima of the gain curve are
approximately equal (the slight variations and lack of periodicity will be ex-
plained later), but when 4 % O the first maximum will be highest and subsequent
peaks will generally be lower, This merely emphasizes the fact that when circuit
loss is significant the Crestatron length should be chosen so as to operate on
the first maximum of the gain curve.

It is seen from the gain curves that for fixed b and variable © the
curves are nonperiodic within the interval 6xn and exhibit periodic undulations
in amplitude. The explanation of this phenomenon is contained in Eq. 9 for the
voltage amplitude vs. distance. The lack of periodicity with 2x and the undulat-
ing peak amplitudes are a result of the product of exp(-j 6/C) and exp(SiO),
where each represents a vector rotating about the origin as a function of 6. The
rate of rotation of the first vector is related to l/C, which is typilcally be-
tween 5 and 20, and the rate of rotation of the second is determined by Si,
which varies between 1 and 3. The first, then, perturbs the second as a modula-

tion and the fact that 61 is nonintegral in general means that it is not
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periodic with 2x. It may be that © must travel through 2mn radians with m very
large before a periodicity is apparent, if ever,

The above phenomenon indicates that there 1s something more than a
simple beating effect occurring between the waves. In fact there is a continual
slipping of one wave with respect to the others along the tube. This process
accounts for the fact that there is or may be a net interchange of energy
between the beam and the circuit in a device of infinite length. It is inter-
esting to examine the condition necessary for the gain curve to be periodic
with period 2mnx and also the condition required for the peak amplitudes to be
constant. In fact these two conditions would result in a gain curve that is
exactly reproduced every 2x radians.,

In Eq. 9 for VZ/V, when b is held fixed, the phase condition is deter-

mined by the pI'OdllCt
C 1 = e i-Cc (13)

since X = 0. Thus in order for the phase to be periodic with 2mxn

n<yi - %)= emt . (14)

Solving for ¥; glves

1
Y = =— + 'é') (15)

where n and m are independent integers. Thus for phase periodicity the value of
Y3 must be equal to a constant plus some integral or subintegral multiple of 2m.
When C —- O, vy = l/C and all the waves travel at approximately the same rate,
thus maintaining the same relative phase positions with respect to one another.
This results in a constant-amplitude vector rotating about the origin with a

period of 2m radians. Thus the gain curve will be periodic in amplitude also.
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Under very restricted conditions a simplified expression for the gain
of the Crestatron may be obtained from Eq. 9. When C —- 0, QC = 0, d = 0, and
b is sufficiently large that the propagation constants are purely imaginary, it

can be determined that the 6i's are given approximately by

81 ~ -3/pY2,

82 = -jb,
and dg ~ /o= . (16)
Substitution of Eq. 16 into Eq. 9 yields for the gain, after some simplification,

vV |2 2
2 = <_].‘._8..> [1 + b8 + (bs-l) sin® ° - 2p3 {COS 6b cos °
Vv 1-b pl/2 pl/2

bf/ EH : (17)

Since b 1s usually greater than 2.5, Eq. 17 can be further simplified to

+ b3/2 gin @b sin

v |2
VE = 1 + %5 {sinz ® . 2 cos b cos —2— + 1B3/= gin 6b sin 2 } . (18)
-bl/2 -bl/2 bl/2

A useful expression for predicting the value of CN at the first maxi-
mum of the gain curve may be obtained by differentiating Eq. 17 with respect to

@ and setting the result equal to zero. In this way

sin [cos - b° cos Ob} =0 . (19)
'bl/2 ‘bl/2
Thus maxima and minima in the gain occur for
sin = 0
pl/2
or
bl/2
N = 22 n = 0,1,2,... (20)
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The other condition is

cos
'bl/2
cos b = ————— =~ (O for large b
b3
or ov = n = 0,1,2,... (21)

Equation 21 predicts quite accurately the distance to the first maximum in the

gain curve when n = 1. Thus

CN to first maximum = 9%12 . (22)

Equations 20 and 21 coupled with information on the second derivative of the gain
curve may be used to determine subsequent maxima in the gain vs. @ curve.

In addition to gain vs. length curves for fixed b, a set of gain
curves may be obtained for fixed tube length with variable voltage or b.
Typical curves of this type are shown in Figs. 6 and 7. The main hump in the
gain curve vs. b is of course due to exponential gain and the other lower peaks
correspond to gain through beating waves. When C -0, QC = 0, and d = O the
gain vs. b curve will be symmetrical with respect to b since maximum exponential

gain occurs at synchromnism.

MAGNETIC FIELD REQUIREMENT

The limiting stream perveance which can be transmitted through a

cylindrical drift tube or helix due to space-charge spreading is given by®

-6 [a\?
Perveance = 38.6 x 10 7 , (23)
where & = helix diameter, and
! = helix length.

8. Pierce, J. R., Theory and Design of Electron Beams, D. Van Nostrand Co.,
New York? 1954, p. 151.
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The following familiar relations for traveling-wave tubes are recalled

KINY® ¢
s O
CNS = <F!iv > T’ (2ka)
o) o
u = (2qvo)1/2 = AT, (24p)
uO
— = 1+Cb , (2ke)
o
and ra = 21ra/>s.g . (2kd)

The helix impedance FK  used in Eq. 2ha may be written as

506 FK! (1+Cb)
5 y 1/2
o]

where F = the impedance reduction factor due to dielectric loading and space

harmonics and

Ké = sheath-helix impedance as given in Fig. A6.5 in Pierce.®
Combining Eqs. 23 through 25 yields
(FK 1)/ @ 1/8
CN, = 0.054 ——Zeu <> (26)
(1+Cb)2/3

From Eq. 26 can be calculated the maximum length of structure which
can be used when no magnetic focusing field is present and the stream is allowed
to spread under the influence of space~charge forces. Of course, the stream must
be injected in a convergent manner aimed toward the center of the structure and
then it is allowed to expand, resulting in a divergent stream at the output end.
Allowance will also have to be made for stream spreading due to the presence of
r-f fields on the structure. The following typical values of the parameters in

Eq. 26 are used to evaluate CNS:

9. Pierce, J. R., Traveling-Wave Tubes, D. Van Nostrand Co., New Yorkj 1950.
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ya = 1.5

(FK;)l/s = 2.2

(1+Cp)3/2 = 1.3

1/3
(O . 25 .

CN, = 0.34 .

Using the above values gives

This value of CNS is compatible with the lengths required for Crestatron opera-
tion. Hence under some conditions it may be possible to operate the Crestatron
with little or no magnetic focusing field. ZElectrostatic focusing systems are

sometimes possible depending upon the structure type.

BANDWIDTH
The bandwidth of the Crestatron may be determined from the gain curves
shown in Figs. 1 through 4. The CN bandwidth can be as large és +50 percent be-
tween 3-db points on the gain curve. If the impedance of the structure remained
constant over this range then the Crestatron would have a frequency bandwidth of

35:1. In general impedance variations will limit this figure to some lower value.

MAXIMUM GAIN VS. C AND QC

It was pointed out earlier that the voltages are purely real in the
Crestatron and at the input one voltage is 180 degrees out of phase with the
other two. Thus the maximum gain will occur when the three waves all add in
.phase. The value of b for which x; = 0 has been computed from the quartic de-~
terminantal equation and is shown in Fig. 8 for a range of values of C and QC
with zero loss. When d f 0 x; 1is not exactly zero anywhere but does drop to less

than one percent of its maximum value for large b.
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Maximum-gain curves for various values of C, QC, and d are shown in
Figs. 9, 10, and 11. The gaih decreases with increasing voltage and for very
high voltage approaches zero asymptotically. As would be expected the gain
increases with C and decreases as QC is increased. The effect of loss on the
circuit is also seen to reduce the gain. The greatest gain occurs for a b
slightly greater than that for which growing waves cease to exist. There is
a smooth transition from the region of exponentially growing waves to the
region in which the gain is a result of the beating of the three waves.

The effect of circuit loss on‘Crestatron gain 1is illustrated in
Figs. 12 through 14 for a wide range of parameters. It is seen that the rate
of decrease of gain is relatively independent of b, C and QC and is approxi-

mately 12 db per unit d. The loss in the absence of a stream is given by
Loss indb = IN = 54.6CNd . (27)

Since typical Crestatron lengths are in the vicinity of CN =~ 0.4 to 0.5 these
data show that the signal decreases at the approximate rate of 24 db per unit
d with no stream present. Hence the effect of circuit loss is to reduce the
galn at only one-half the rate when the stream is present as compared with the
rate of decrease of the signal in the absence of the stream. This compares
favorably with the one-third figure for conventional traveling-wave tubes.

The gain for large positive values of b is a result of the combining
of VCl/V and ch/V, since VCB/V is usually negligible. The magnitudes of these
normalized voltages for a typical range of parameters are shown in Fig. 15. For
large values of b it is seen from Fig. 15 that Vcl/V approaches zero and VCB/V
is still small, so that almost all the energy is in the second wave (circuit wave )
ch/V. On the other hand for’negative values of b (voltage below synchronism),

the third wave (fast space-charge Wave)Vcs/V predominates, as shown in Fig. 16.



-0~

20

QC =IO
QC=0.125

I I

,QC= 0.25
|

QC=0.5

0 0.5 1.0 1.5 2.0 2.5 30 35

FIG.9 MAXIMUM GAIN VS. b-by .o WITH SPACE CHARGE
AS THE PARAMETER. (C=0.05, d = 0)



..25 -

o
QC=0.125

20

18

gy 4

14

e le

e 0 =

3.5

3.0

25

20
b- bx|=°

1.5

1.0

0.5

FIG. 10 MAXIMUM GAIN VS. b-b,(l

o WITH SPACE CHARGE

AS THE PARAMETER. (C=0.l,d =0)



-Dlp -

\\\\ N
NN
N\,
—l
2
S e S
o 0.5 1.0 1.5 2.0 2.5 3.0 35
b'bx|=o

FIG. I MAXIMUM GAIN VS. b-by =0 WITH SPACE CHARGE
AS THE PARAMETER. (C=0.2,d=0)



GAIN AT THE FIRST MAXIMUM

—25=

\ b=25

N QC:=0.25

6 \
\
N
\\\
\ :
\\
N
\\
-20 0.05 0.1 >0.l5 0.2 0.25

LOSS FACTOR, d

FIG. 12 EFFECT OF LOSS ON CRESTATRON GAIN.(C= 0.05)



GAIN AT THE FIRST MAXIMUM

26

10
a\\
N
\\\\ b=25
é QC=0.125
4\\::\\\\ b=3.0 ‘\\\\
- QC:=0.25
\\‘~:EE:<<;~ b= 3.0 ~
QC =0.125
S~ NN
\
\ \
0 b=35"+
QC: 0.25
b=3.5
QC = 0.125
3 |
0 0.05 0.1 0.15 - 0.2 0.25
LOSS FACTOR, d
FIG. I3 EFFECT OF LOSS ON CRESTATRON GAIN. (C =0.1)



GAIN AT THE FIRST MAXIMUM

-27-

i
/

\ \ \ b= 3.0'
\\ QC=0.1257
T Rc20.25
2 =0, —
\ be35
QC:=0.125
0
-2 .
(0] 0.05 0.1 0.15 0.20 0.25

LOSS FACTOR, d

FIG. 14 EFFECT OF LOSS ON CRESTATRON GAIN.(C=0.2)



2.5
\\ 1 T T 1
% ——— QC = O
\\
20 \\.\ QC=0.125
\)‘ ----- - QC=05
N\
1.5 ‘\
N
St Vez
V

1.0
>
~
5
ufa5
O
2
3 Ves —
a —_— —_— _ \Y)
R e A e =S R iy
: == w
= /%//' \
05| A

2
'O.
——
———
\\\.

L
(S
—— ———

-20

~2'5O 02 04 06 08 10 112 .4 16 i8 20 22 24 26 28
b-byx,=0

FIG. I5 NORMALIZED AMPLITUDES OF THE WAVE VOLTAGES
VS. INJECTION VELOCITY. (C=0.1,d=0)



~29-

] T | X
Sl>
~ > -
> s S o|>
\ VC_ ! V_ /_r
7 H S|
/] A
_ - _ .\ .‘-\ | ~d
_ e / \ / /¥ \
S et - § \ oo = N
i d 4N, -~ ™~
~<l - \l\\x\ \\ \\ ) A ~
P e 1 e Vo
”Ilnl‘ III. ] Ve \i
T — T —— — ”H — \\ \\ \\‘ %\\ o ; e o= l!J _
< f 1T |
\\ 7~ PO .. \ / o
\w‘\\ e RN { T
v R ™
771 ™~ i / N
Vi 17 _
s
/G NG,
’ Te]
e e s TN
' o o O W— L+ )
n n n 4//—— “ﬁ\ ]
(&) O (&) \ |t
e e ] Q _‘.q “
_ \
0 —
o> —— ! 5 <
> | Vw._v Vc_v _
| i
£ © N = o 90 ® K~ ¢ 9 ¥ wm & = ©° = & W ¥ ©w of
= = = - ©0 6 6o 6 © o ¢ o © ? ¢ o ¢ o o

A/YA ‘3aNLITdWY IAVM

16 NORMALIZED AMPLITUDES OF THE WAVE VOLTAGES

FIG.

VS. INJECTION VELOCITY. (C=0.1,d=0)



-30-

Typical plots of the distance to the first maximum of the gain curve
are shown in Figs. 17, 18, and 19 for several values of C and space charge.

The theoretical relation, Eq. 22, is also shown.

LARGE-SIGNAL PERFORMANCE

Saturation Gain. The large-signal performance of the Crestatron has

been evaluated using the large-signal theory of the traveling-wave amplifier.t

Significant large-signal gain is found for large values of b > bxl=0 when the
input-signal level, ¥, is appreciable compared to CIOVO. A typical gain curve
is shown in Fig. 20 with the input-signal level to the r-f structure as the
parameter. A periodicity in the large-signal gain vs.vdistance curves is
found similar to that previously shown with the linear theory. The gain is
seen to decrease as the drive level is increased, but the power output and
efficiency increase as the drive level is increased.

The composite results of the large-signal calculations may be plotted
in summary form to show several interesting facets of the large=-signal opers-
tion of the Crestatron. As seen in Figs. 21 and 22, the saturation gain as a
function of the drive level to the r-f structure goes through a maximum at a
value of ¥ dependent upon the value of b. When the tube is operated at a "b"
value which gives maximum small-signal gain or maximum saturation efficiency,
an increase in the drive level results in a smooth transition to the Crestatron
type of operation and the gain decreases smoothly.

It is useful also to plot the saturation gain vs. the velocity param-
eter with the drive level as the parameter. These results are shown in Figs.
23 and 24. For very high drive levels the gain is low and relatively independ-
ent of the injection velocity. This relationship is also in line with that
predicted from the linear theory. The value of CN to the first maximum of the

gain curve can also be plotted as a function of both the drive level and the
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value of b. These optimum-length curves are shown in Figs. 25 and 26.

A considerable amount of previously unexplained experimental informa-
tion has been obtained by Caldwell and Hoch? which verifies the existence of
gain in a forward-wave amplifier due to the beating between the waves propaga-
ting on the r-f structure. A comparison of the calculated gains using the
linear and nonlinear theories along with some data extracted from Caldwell and
Hoch's paper is presented in Fig. 27. It is seen that the agreement is very
good between the theoretical results and the experimental data. Since the value
of "d" was approximately 0,025 for the experimental data it is difficult to
choose a reference b where x; is nearly zero. A value of b = 2.9 was used but
had a larger value been used the agreement would have been even better.

Caldwell and Hoch found in addition that the saturation power output
increased as the drive level was increased, keeping the voltage constant. This
phenomenon is also predictable from the nonlinear theory; a comparison is shown
in Fig. 28. The amount of increase in the saturation'power level for input-
signal levels comparable to and greater than CIOVO is some 4 db over that for
very small input-signal levels. This increase in power output is probably due
to the fact that this type of operation extracts the energy associated with all
three circuilt waves rather than only that of the growing wave as in the case of
the conventional traveling-wave amplifier.

Efficiency. The éaturation efficiency also increases as the drive
level is increased, resulting in a relatively high efficiency for the Crestatron.
Efficiency curves as a function of the drive level for constant values of the
injection velocity are shown in Figs. 29 and 30. It is seen that the satﬁration
efficiency for high drive approaches a value relatively independent of the value
of b in the Crestatron. In calculating the saturation efficiency of the Crestatron

the input power is significant and hence one must consider only the energy conversion
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efficiency and subtract out the input-power level from the calculations. For
values of b Jjust slightly greater than that for which the wave.growth constants
become zero the efficiency is fairly constant as the drive level is varied.
Continual increase in the drive power when b is adjusted for maximum saturation
efficiency with small input-signal level results in a gradual decrease in the
saturation efficiency. It is also intefesting to plot the efficiency vs. b for
particular values of drive as shown in Figs. 31 and 32.

The saturation efficiency is apparently higher at high values of drive
when the voltage is adjusted for Crestatron-type operation than when the voltage
is adjusted for maximum saturation output for a small input-signal level., This
increase in efficiency is probably in part due to the fact that 1 + Cb is approxi-
mately 0.3 or O.4 in the Crestatron, as opposed to around 0.2 in the growing wave
mode of operation, and hence has considerably more energy to give up to the wave

while slowing down.

CONCLUSIONS

A new type of forward-wave amplifier device has been developed and
analyzed with both a linear and a nonlinear theory. The Crestatron operates on
the basis of gain being produced by a beating between the three forward waves
set up at the input of a traveling-wave amplifier operating at a high voltage so
that there are no growing waves. The gains achievable are moderate and increase
with increasing C but decrease with increasing QC. The gain also decreases as
the injection velocity as measured by "b" is increased.

Nonlinear calculations indicate the same type of behavior as both the
voltage and drive level are increased, and it has been éhown that the saturation
power output increased with the drive level. The saturation efficiency is high

for this type of operation and the CN bandwidth can be as large as +50 percent.
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The chief advantage of the Crestatron over the conventional traveling-
wave amplifier is that its length is quite short for reasonable gains (4 to 6
wavelengths), which means that the focusing magnet can be of minimum length and

weight and under certain conditions may even be eliminated.
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LIST OF SYMBOLS

injection velocity parameter

gain parameter

loss parameter

helix impedance reduction factor
frequency

d-c stream current

r-f convection current in the beam

sheath-helix impedance

normalized sheath-helix impedance

structure length in wavelengths
space-charge parameter

stream velocity

input r-f voltage amplitude

circult component of wave amplitude

wave voltage amplitude

d-c stream voltage

r-f velocity in the beam

circuit characteristic wave phase velocity

distance measured from the input
wave phase constant

stream phase constant

wave propagation constant in the presence of the beam
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LIST OF SYMBOLS
(Continued)

= X + jyi wave incremental propagation constant

charge-to-mass ratio of the electron

saturation efficiency

2nCN radian length of the tube

guide wavelength
stream wavelength

angular frequency
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