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1.0 INTRODUCTION

This is the second volume of the final report on contract

No. N00123—75—C—l294. The effort on this contract has encompassed

combined experimental and computer modeling studies of forward

wave, crossed—field amplifiers. An instrumented version of the SFD—

261 CPA is being used as a vehicle in these studies. The overall

objectives of the effort and the experimental studies were described

in Volume I of this report. This second volume describes the computer

modeling studies which were conducted in parallel with the experi-

mental effort. The results of correlation studies between the

computer model and an instrumented CFA are also described in this

volume.

The computer model is of the two dimensional, single

traveling wavelength variety. A program of this type was originally

developed by Yu, Kooyers and Buneman)’
2 

~n updated version of

this program was obtained from G.P. Kooyers of Universal Computer

Applications and modified by Varian——particularly in the area of data

presentation procedures. Mr. Kooyers, operating under a subcontract

from Varian to Universal Computer Applications (UCA), then assisted

us in applying the program to the SFD—26l CPA and in installing

the program on a Navy IBM 360/65 computer at the Naval Ocean Systems

Center (NOSC), San Diego, California. After completion of the UCA

subcontract, Varian further modified the program , most significantly

in the areas of emission and taper procedures. The successive

program modifications were installed on the Navy IBM 360/65 and



subsequently the Navy Univac 1110 computer at NOSC. Most of the

results presented in this report were obtained using the Navy faci-

lity. Mr. H. Sorem of NOSC assisted us in submitting these runs

and in transmitting results to Varian. Additional results were

obtained by Varian using a commercial computer service in the

Boston area.

The computer model is described in Section 2 of this

report. The various assumptions involved in the use of this type

of model are aLso discussed. The two dimensional, single wavelength

model contains a number of simplifying assumptions, the use of

which appears justified——at least for uniform interaction geometries

operated in a space charge limited regime——by our ability to obtain

a satisfactory correlation (within ±10%) between computer model

and instrumented CFA results. These correYation studies are dis-

cussed in Section 3 of this report.

When computations were conducted in an emission—limited

regime or when the interaction geometry was not uniform around

the circumference of the CFA, the correlations betwe’~n computer

model results and CFA results were not satisfactory. The problem

with emission—limited calculations lies partly in a numerical

instability in the program and partly in the validity of the secondary

emission data supplied to the program. We believe the program problem

has been correc ted, but have not had the opportunity to verify the

correction under this contract. The problem of what secondary

emission data to use remains a significant one because the yield

—2—
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obtained in an operating CFA environment frequently appears to

d i f fe r  from results obtained ur .der ideal conditions in secondary

emission testers. Recently , the Naval Research Laboratory (NRL)

has obtained secondary emission data for beryllium which is used

as the cathode secondary emitter in the SFD—26l CFA.3 These data

show an initial lower yield for a clean cathode than we used in our

computations . In addition , the NRL data show the possibility of

further yield reduction by poisoning . Fortunately, the calculations

do not appear sensitive to the exact secondary emission yield in the

space charge—limited regime. The problems with identif y ing the

proper yield and making the simulation run correctly in the emission—

limited regime must, however, be resolved before the computer pro-

gram can be used to predict the maximum available currents from a

postulated design.

The problem with tapered geometries may lie e!ther in

the computer model or in the secondary emission data. A study of

our uniform geometry results suggests that the tapered geometries

studied may be entering the emission—limited regime over part of

the circumference. A further study of these problems is contem-

plated.

The ability to obtain a satisfactory correlation between

the computer model and instrumented CPA in the space charge—limited

regime is an important result. The existence of such a correlation

has permitted us to use the model to further examine the mechanisms

of amplification in a CFA . The results of such studies are presented

in Section 4 of this report. These studies are leading us to

—3— 
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revise our understanding of forward wave CFA amplification in a

number of respects. One of these revisions lies in the nature

of the interaction bet ween weak RF input signals and the space charge

hub. The model suggests that weak signals cannot draw charge from

the hub and that consequently there is no small signal regime of ampli—

fication under normal operating conditions. Instead , fo r gain levels

above 10 to 13 dB , the input signal appea rs to interact f i rst  with

recirculating charge above the hub level . The computer model

suggests that  much of the tapering of interaction space geometries

that we do is for the purpose of optimizing the interaction with

such recirculating charge . Another revision to our thinking lies

in the view of steady state conditions . The computer model suggests

that the reentrant CFA may not really have a steady state in the sense

that the output power settles to a fixed value. Some preliminary

correlations between noise output and fluctuations in the computed

output have been obtained . It begins to appear as if the model

includes some rough modeling of certain noise related phenomenon.

This was not expected when we started on this e f fo r t .

The computer model , whi le not yet completely satisfactory

fo r cer tain taper ed geomet r ies , has star ted to be a useful design

tool . It can be used to study uniform interaction space designs

which may be the basis for a design . The model also provides

enough information fo r tapered geomet r ies to suggest roughly a unif orm

design should be modified to improv e its performance . Some preliminary

results on modeling of improved CPA designs are presented in Section 5.

—4—
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Results on both reentrant and non—reentrant designs are presented.

The latter are found to have surprisingly high gain under the pro—

per conditions and may merit reconsideratior’. The designs in

Section 5 are not intended to represent suggestions for specific

CFA developments. Rather they are intended as being illustrative

of how the computer model may be usefully employed in the design

process.

Some information in this report was acquired prior to

the period of this contract. In particular , much of the computer

program described in Section 2 existed prior to our effort . A

description of the complete modif ied program is presented in Section

2 for the convenience of f u t u r e user s and as doc umentation of

the app roach in obtaining the results presented in subsequent

sections. In addition , compute r modeling results obtained on

two Air Force—sponsored study programs are quoted at several

points to complete the descriptions of CFA performance in Section

4 and add to sample designs in Section 5. The computer model developed

on this program was used in these studies. Information taken from

these othe r contracts is so identified when it is presented .

There have been two former semi-annual reports issued on

this contract. 7 ’8 The discussion of the computer model in the f i rs t

of these reports is supplanted by the discussion in this final report.

The second semi—annual report , however , contains info rmation which

is stil l applicable and will not be repeated in this report.

Specifically , the second semi—annual report contains a detailed

—5—

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



discussion of the numerical instabilities encountered early in

the ef for t  and shows examples of these instabilities. It also

conta ins  a di scuss ion of third dimensiona l e f f e c t s  and how they

can be minimized by proper end space design.

—6—



2.0 DESCRIPTION OF THE CONPUTER MODEL

2.1 General ~~~~oach

The computer model of the CPA follows a single RF wave-

length , as shown in Figure 1, ..~ rough the CPA . The wavelength

“interaction box ” is advanced along the CFA circuit in small t ime

steps (1/8 to 1/10 of a cyclotron period——about 1/10 to 1/40 of an

RF wavelength depending on the frequency). The motion of the

electrons, the growth of the RF wave, and the dissipation on the

anode and the cathode are computed for each of the time steps.

The model is two—dimensional. An interaction width (perpendicular

to the paper in Figure 1) is assumed , but no motion of electrons

or variation of the RF field in the third dimension is permitted.

The space charge in the interaction box of Figure 1 is

represented by finite rods which are assigned vari&~le amounts of

charge. (They are rods because the model is two—dimensional.) Up

to 4000 rods in a single wavelength may be employed , though closer

to 2000 rods have been used in many of the simulations discussed

in this report. The anode circuit is represented by a smooth sur-

face supporting a single simusoidal RF wave which is allowed to

grow as the wave progresses through the CFA. The potentials in

the interaction space due to the d.c. field , the RF circuit field ,

and the space charge are simultaneously computed from Poisson’s

equation using a finite array with 48 vertical points and 96 horizon-

tal points. The charge of the rods in the interaction space is

—7—
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assigned to the points in this array , and then Poisson’s equation

is solved numerically to determine the potential at all points in

the interaction box. The RI and d.c. poten t ials at the anode sur-

face enter into the solution as a boundary condition at the anode

surface. From the poten tials at the array points , the fields

with which the charge rods interact may be determined. The cathode

in Figure 1 is represented as a smooth surface having both

thermionic and secondary emission capabilities which are deter-

mined from the input data.

Figure 2 shows a simplified block diagram of the computer

program . First the input data is read and normalized for use in

the computation and the program constants are calculated . The pro-

gram then enters a loop in which the major program procedures are

r epeated for each time step. The first of these procedures is the

Poission equation solution from which the potentials in the interaction

box are determined . This is followed by the trajectory procedure which

calculates ~.he motion of each charge rod and the in—phase and quadrature—

phase components of the RF current induced on the anode. If any rods

are collected on the anode or cathode, the dissipated energies are com-

puted , and in the case of cathode collection, the number of secondary

electrons to be emitted on a subsequent time step is computed. The

next procedure in Figure 2 increments the circuit wave by adding the

induced currents to the wave current algebraically. The phase shift

of the circuit wave as a result of the induced current is also calcu-

lated at this time and the position of all the rods corrected in

—9—
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accordance with the phase shift of the interaction box. The emission

procedure now emits new rods from the cathode in accordance with

the assumed thermionic emission and 8econdary emission properties

of the cathode. The output data for the current time step is

then written. Finally , the sever and taper procedures revise the

interaction space geometry if the start or end of a circuit sever

or attenuator is encountered on the current time step or if the

interaction space is tapered.

In the case of a reentrant, emitting sole CPA, the compu-

tation described above must be repeated for a number of passes of

the RI wave through the CFA. If the CFA uses secondary emission only,

a small thermionic current is assumed for a few time steps in the

first pass calculation to get the charge build up started . The

thermionic emission is then “turned off” and the charge allowed

to build up using secondary emission alone. The charge distribution

at the end of the first pass calculation is then stored on a disk

file. This charge distribution is used as part of the input to a

second pass calculation. This procedure is usually repeated for

four to six passes. This chaining of passes is shown schematically

in Figure 3.

The computer model contains a number of assumptions

which depart from physical reality , but which are necessary if

a CFA is to be modeled with a reasonable amount of computer resources.

Validation of the model by comparing results with those obtained on

actual CFA ’s is, therefore, essential. Such comparisons are pre—

sented later in this report. The principle assumptions used in the

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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computer modeli ng are:

1. Granu1ari~y Assum~~~on——The assumption that the gran—

u1~irfty used in the coitiputation is adequate to represent the physica l

situation. The three components of the granularity assumptions

are:

a. use of finite time steps of about

1/10 cyclotron period .

b. use of 2000—4000 rods of char ge in

place of the essentiall y continuous

charge distribution .

c. use of a 48 x 96 finite point array
to represent the potential distribu-

tion in the interaction space.

2. Single RF Wavelex~g~th Assumption——When computing the

potentials in the wavelength interaction box, the computer model

assumes that the wavelengths adjacent to the one being computed are

the same; i.e., the model assumes that on any given time step the

potentials are periodic with a one wavelength periodicity. This is

obviously not the case for a growing wave. This assumption is believed

not to cause serious error if the gain per wavelength is relatively

small. The potential computation procedure also results in what might

be called discontinuity errors at the ends of the circuit or at points

where a sever occurs or there is a change in geometry. The model

assumes that the change takes place suddenly on one time step and

occurs simultaneously over a full wavelength. Thus, for example, at

—13—
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the input the RI is applied suddenly over a full wavelength rather

than gradually as the RI wavelength passes the input port. The

point of application of the RI wave corresponds to the time when

the center of the interaction box passes the input. The same type

of discontinuity problem occurs at the output. As the interaction

box passes the input or output, half of the rods are subjected to

an RI field for half a cycle too long and half of the rods for half

a cycle too little. Again, this is not believed to be a serious

source of error.

3. Single RI Wave and Smooth Anode Assumption——The model

considers only the fundamental component of the RI wave. Space

harmonics, time harmonics, and backward waves are all neglected .

The neglect of space harmonics means that we are not considering

the finite geometry of the vane tips. The use of a smooth anode

surface (which corresponds to the neglect of space harmonics) also

means that penetration of the electron trajectories between the

vane tips is being neglected .

4. Two—Dimensional Assumption——The model represents the

CFA in only two dimensions. Variations in RI field , d.c. electric

field, and magnetic field in the direction parallel to the magnetic

field are not included and electron motion parallel to the magnetic

field is not permitted.

The degree of variation in the axial direction in the

SPD—261 was discussed in the second semi—annual report on this

contract.8 The discussion on these suggests that the effects

—14—



of axial variations will be second order. A method of designing

the end space regions to further minimize the effects of axial

variations (usually believed to be deletions) was also discussed

in the second semi-annual report and will not be repeated in

this report.

5. Linear Geometry Assumption——The model represents a

CFA in a linear format only and does not include the effects of

cu rvature.  For many circular forma t , forward wave CPA ’s , the

dimensions of the interaction space are such that curvature effects

are minimal and the use of a linear format model does not greatly

ef feet the results. To use the linear format model for CPA’s with

small curvature, a first order correction is made to the magnetic

flux density before it is supplied to the model. This correction

is commonly about 5%.

6. Slow Wave Assumption——The model assumes that the RI

circuit wave has a velocity which is slow compared to the velocity

of light. This means that the RF magnetic field can be neglected

throughout the calculations and the electric fields expressed as

the gradient of a potential.

It is believed that the essential features of CFA

interaction are reasonably well modeled by the computer in spite

of the above assumptions. The discussion in Section 3 will show

that the results of the computer modeling are correlating well with

experime n tal CFA results for a CFA with a uniform interaction space.

—15—



In the following subsections each of the major program

procedures will be described in further detail. The procedures

will be taken up in the order they appear in the block diagram

in Figure 2.

—16—
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2.2 Initialization Procedure——Input Data

The initialization procedure reads the input data (normally

from punched cards) and the input rod population data (if required)

saved on a disk file by a previous pass calculation. The input

data is then normalized and all the necessary program constants

are calculated . The input data, normalized input data , and key

program constants are printed in the output. The normalizations

used will be presented as part of the discussion in the subsequent

subsections.

The required input data describing the CFA is listed in

Table I. The table shows that provision is made for up to two severs

or circuit attenuators. Tables describing the secondary emission

ratio as a function of incident energy of the electrons are part of

the input. Provision is made for up to four such tables——each of

which applies over a different portion of the length of the calcula-

tion. Tables describing any tapering of the interaction space as

a function of distance are also supplied . Provisions are made for

simultaneously tapering anode—cathode spacing, circuit phase velocity ,

circuit interaction impedance and magnetic flux density .

In addition to the data describing the CPA, additional

parameters describing the computation must be provided as part of

the input data . These program parameters are listed in Table II.

They include the time step size, number of rods to be emitted per

time step, and certain smoothing parameters used in the emission

process. (The use of these parameters will be described in Section 2.6.)

— 17—



The detailed procedure for setting up the input data is

not included in this report, but is described in a separate User’s

(6)
Manual.

—18—
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TABLE I

INPUT DATA REQUIRED BY THE COMPUTER MODEL

SLOW WAVE CIRCUIT DESCRIPTION

1. Circuit pitch .

2. Circuit width—parallel to magnetic field .

3. Frequency of RF input signal for this run.

4. Phase shift per section at above frequency.

5. RI interaction impedance at above frequency .

6. Attenuation in dB per inch at above frequency .

7. Length of circuit.

8. Location of up to two severs or attenuators plus attenuation
values for the attenuators.

INTERACTION SPACE DESCRIPTION

1. Anode—cathode spacing.

2. Magnetic flux density.

3. Cathode voltage.

4. RF input power.

CATHODE DESCRIPTION

1. Primary emission current density (if any).

2. Length of cathode for which primary emission occurs.

3. Location along cathode of up to four different types of secondary
emitters.

4. Secondary emission tables consisting of pairs of bombardment
energy and secondary yield for each of the above secondary
emission regions.

(continued)
—19—



TABLE I—-INPUT DATA I~EQUIRED
BY THE COMPUTER MODEL

INTERACTION SPACE TAPER DESCRIPTION

Value of tapered parameters relative to their value at the

input. Data supplied as a table of distances and values of

following four parameters relative to their value at Input :

1. Anode—cathode spacing .

2. Circuit phase velocity (represents either pitch or phase
shift per section taper).

3. Interaction impedance.

4. Magnetic flux density.

I

—20—
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TABLE II

PROGRAM PARAMETERS REQUIRED BY COMPUTER MODEL

MAJOR PARAMETERS

1. Time step size—-fraction of a cyclotron period .

2. Rods emitted per time step——alternately decision to let
model establish this value .

MINOR PARAMETERS WITH BUILT IN DEFAULT VALUES

1. Charge adjustment factor to correct for granularity of Poisson
solution in determination of cathode field. (See Section 2.3)
Default is 1.0.

2. Adjustment to Child ’s law constant. (See Section 2.6) Default
is 1.0.

3. Smoothing parameter for charge app lied befo re Poisson solution .
(See Section 2.3) Default is no smoothing.

4. Factors to determine number of rods emitted per time step
when program decides this value. See Section 2.6 for defaults.

5. Minimum normalized charge which may be assigned to a rod . See
Section 2.6 for defaul t .

6. Spacing smoothing parameter for  secondary emission. See
Section 2.6. Default is no smoothing.

7. Time smoothing parameter for secondary emission . See Section
2.6. Default is no smoothing.

8. Size of normalized charge unit. Default is 10,000 units to
fill interaction box to Brillouin density .

9. Frequency of Poisson equation solution. Default is every
time step.

OTHER CONTROL VARIABLES

1. Frequency of outputs to each of the files described in Section 2.10 .

2. Presence or absence of input rod population data.

3. Presence or absence of data to restart  an interrupted calculation .

—21—
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2.3 Poisson Equation Procedure

The first step in the main loop of the program is the

solution of Poisson ’s equation to yield the potentials at all

poi nts in the potential array . Poisson ’s equation is:

2.3-1
2 2 c

3x ay o

which must be solved subject to the boundary conditions :

V (o,y) = 0 at cathode

V (a,y) = Va at anode

V (x,o) = V (x~A)~)
at left and right boundaries

av av_
a

(x
~
0) = -

~~~ (x~A)j

Here x is the vertical coordinate and y the horizontal coordinate.

No rmalized values of these coordinates (x ’ and y ’) are used in the

computation as shown in Figure 4.

Here also , a is the anode—cathode spacing

A is the slow wave wavelength

Va is the potential at the anode

The potential V includes the rf potential which varies along the

anode surface in the interaction box and which is computed from

the rf power and the interaction impedance by~

V f =1~/c T  sin -
~f ~ 

2 . 3—2
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where

Vrf is the rf ~,oltage

P is the r f power

K is the interaction impedance (an input variable)

x is the distance f rom the st ar t of the inte raction
box in the moving reference frame

The potential Va also includes a part of the d.c. potential——that

part which differs from the potential necessary to yield space

charge—free average electron velocity (E/B dr if t  velocity) equal to

the circuit wave velocity. This d.c. potential is given by :

V = V  — V  = V  — v B a 2.3—3m ak s ak s

where

Vm is the d.c part of the potential used in the Poisson
solution

Vak is the anode—cathode voltage (an input variable)

V5 is the anode—cathode voltage for snychronism

is the synchronous velocity

B is the magnetic flux density

a is the anode—cathode spacing

The phase velocity , v5, is in turn given in terms of input variables

by:

wd
V = 

2.3—4
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where

w is the radian frequency

d is the slow wave circuit pitch

6 is the slow wave circuit phase shif t per circuit section

The reason for including only a portion of the d.c. poten-

tial in the anode potential will become clear in the next section.

It will be seen there that the portion of the d.c. potential corres-

ponding to the synchronous potential (V5 
= v5Ba) drops out of the

equations of motion when they are converted to a frame of reference

moving in synchronism with the circuit wave. The remaining portion,

is the d.c. field in the moving reference frame.

The potential at the anode in the Poisson solution is

the sum of the rf potential and the moving frame d.c. potential.

V = V + V f 2.3—5

The boundary conditions listed above also express the

fact that the potential is zero at the cathode and the assumption

that the potential is periodic with a one wavelength periodicity .

Expressing Poisson’s equation in finite difference form

gives:

V(I + 1,J) — 2V (I ,J) + V(t — l,J)

+ r2 
E~~~~

i, J + 1) — 2V(I ,J) + V(I , J — l~~~J

= ______

C 2.3—6
0
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where I is the index corresponding to the x dIrection and J is the

index corresponding to the y direction , and V(I,J) is the potential

at the Ith row and Jth column. (See Figure 4.) The factor is is

the ratio of the cell size in the x direction to the size in the

y direction.

The computer program utilizes normalized variables in

the computation. All potentials are normalized by dividing by

the Hull cut—off voltage. Thus , the normalized anode—cathode

d .c .  voltage is:

- 

2nV k
2

0ak 
— 

2 2.3—7
(auc)

where

~ 
is the charge to mass ratio for electrons

Vak is the unnormallzed cathode—to—anode voltage

a is the anode—cathode spacing

is the cyclotron radian frequency which is given by:

0 = flB 2.3—8

where

B is the magnetic flux density

The normalized rf voltage is:

— 

2TlV f
0rf — 

2 2.3—9
(auc)

L . ..~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



where Vrf 
is the voltage glen by:

Vrf 
= 2PK 2.3-10

where P is the circuit power and K is the interaction impedance.

The normalized synchronous potential is:

= 2 (vBa) 2.3—11
(au

~
)

using

V
5 

= = 
2: A 2.3—12

where A is the slow wave wavelength , the normalized synchronous

potential becomes:

= 
~ 

(
~

—) (-h) 2.3—13

The quantity 0/Oc is used throughout the progr am f or normalized

frequency . The quantity 2a/A which we will designate by r is the

ratio of the vertical to horizontal dimension of a cell of the

potential array. The quantity occurs repeatedly In the computer

program .

The normalized moving refernce frame d.c. potential

~ 0ak 
— 0 and the total normalized potential applied to the

—27—
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Interaction box is 0ak 
— 0s 

+ 0rf~
A further set of normalized potentials is defined in the

computer program . These potentials (0
’
) are obtained by multiplying

the above normalized potentials by 576r . This normalization is used

in supplying the rf potential and the d.c. potential above the syn-

chronous potential to the Poisson procedure . This is done so that

the normalized fields used in the trajectory procedures may be

obtained directly from differences in the normalized potentials .

Multiplying both sides of the finite Poisson ’s equation

by the two normalizing factors——i.e. by:

F 
2ir 

2 
576r 2.3—14

(auc)

yields the normalized potentials (0 ’) in place of the unnortnalized

potentials (V) on the left side. The right side may be further

manipulated using for 1~x in 2.3—6:

= a/48 2.3—15

and further by defining N
b 
as the number of negatively charged

rods of unit normalized charge required to fill the interaction

box to the Brillouin density. The charge per unit normalized

charge then becomes:

2
q ’ = 

—(a~h) (r1c0B ~ 2.3—16
Nb
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where h Is die Interaction width and the remaining variables have

been previously defined .

The charge density corresponding to one normalized charge

unit assigned to one point in the 48 x 96 charge array then becomes:

p ( I ,J) 
a 

g 
= —

~~~~ (48)(96) 2.3-17
(-
~

-
~

-) (~~)h

or using the expression for q ’ from 2.3—16:

2
p(I,J) = 

(r ic0B ~ (48)(96) 2.3—18
Nb

For N normali zed charge un its assigned to a poin t in the charge

array the charge density is N times this value.

Inserting this value for p and using 2.3— 14 and 2. 3—15

above, the expression for the right hand side of the normalized

Poisson equation becomes:

2
RHS = N(I,J) (-

~
-
~~

—-
~~) 2.3—19

b

where N(I,J) is the number of normalized charge units assigned

to the point (I,J). (The complete right hand side is referre—

to as L(I,J) in prior descriptions of this procedure.~
”2) Here

r = 2a/A as defined previously .
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The Poisson procedure first evaluates the N(I ,J) values

at each point in the array . This is done by summing the contributions

of all the rods with the charge of each rod assigned to the four

surrounding matrix points as shown in Figure 5. The charge contri-

butions to each of the surrounding points is weighted by the distance

to the corresponding point as shown in the figure.

Once the N(l,J)’s have been evaluated , we are left with

47 (vertical) by 96 (horizontal) points with known charge, but unknown

potential. This yields 47 x 96 = 4512 equations in as many unknowns

which must be solved simultaneously. These equations could be

directly inverted using standard numerical techniques. Instead,

however, a much more rapid technique due to Hockney which takes

advantage of the periodic nature of the potentials is employed.~
1 ’2~

This procedure is described in the references cited and will not

be repeated here.

Once the O’(I,J)’s have been determined by the Rockney

technique, they are stored by the program in the same array as

was used by the N(I,J)’s. These values of O’may subsequently

be used by the trajectory procedure to determine the force on a

charge rod .

Because of the limited number of cells in the potential

array across the width of the space charge hub , there is a numerical

error in the computation of the fields from the potential array .

The magnitude of this error has been found by setting up a charge

distribution equivalent to an ideal Brillouin hub and then solving

—30—
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for the field at the cathode using the program ’s Poisson procedure.

Id eally , this field should be zero. In most cases , we have found

that it departs from zero. It can be reduced to near zero by

reducing the right hand side in equation 19 by about 5%. The exact

value to use appears to depend on the case being studied——we have

found values of 4 to 6% over the cases investigated . The program

includes the capability for making this correction to the constant

in equation 19 with the value of the correction factor being an

input variable. While we have used this correction in our

calculations, omitting it appears to have only a minor effect on

the computed results.

— 31—



Il

HALF CELL OFFSET x—y
COORDINATE SYSTEM

1+1 — 

I

~~~~~~~~~~~~~~~~~~~~~~

7

POTE~~ IAL

— — — —

J—l Y ’ j  y’+l J+l J+2

óx = (x’ — 0.5) — I

= (y ’ — 0.5) — J

Q(I ,J) Q(l - 6x ) ( l  - 
~y)

Q(1+1, J) Q( ôx)(l  - ~y)

Q(I , J+l) = Q(l — ox) (O y)

Q(I+ 1, J+1) = Q(O x) ( O y)

FIGURE 5

MPThOD OF ASSIGNING CHARGE OF A ROD TO THE POINTS IN THE POTENIAL

ARRAY .
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2.4  Traj ectory Procedure

The t rajectory procedure consists of a program loop over

all of the rods as shown in Figure 6. The procedure advances the

rod trajectories, collects rods which have intercepted on the elec-

trodes and calculates their dissipation and calcualtes the induced

RF currents .
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1

FROM POTENTIAL PROCEDURE

LOOP OVER ALL RODS

CALCULATE FIELDS BY
INTERPOLATION BETWEEN
POTENTIAL ARRAY POINTS

I

CALCULATE TRAJECTORY
iNCREMENTS

COLLECTION?

CATHODE 

NO 

ANODE

CALCULATE BOMBARD- CALCULATE

MENT ENERGY AND DISSIPATI N

DISSIPATION 
__________ __________

CALCULATE
SECONDARY EMISSION
CHARGE-ADD TO
EMITTED CHARGE
ARRAY

CALCULATE IN PHASE
AND QUADRATUR E
INDUCED CURRENT

NO
ALL RODS
CALCULATED YES

TO INCREMENT WAVE
PROCEDUR E

FIGURE 6--BLOCK DIAGRAM OF TRAJECTORY PROCEDUR E
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2.4.1 Trajectory Equations

The equations of motion for the negatively charged rods

in a fixed frame reference are:

x - r
~
E
~ 

— ~By 2.4—1

y = — flEw 
+ ~Bx 2.4—2

where the x and y coordinates are as defined in Figure 4 and the

dots indicate differentiation with respect to time. Also,

~~ 
E~ are the x and y components of

electric field (dc + rf) and

n is the charge to mass ratio for

and electron.

In the computer model it is desired to follow the motion

of the charged rods in the interaction box which is traveling at a

velocity synchronous with the rf circuit wave velocity . Therefore,

the equations of motion are transformed into a moving reference

frame at the synchronous velocity. This means that we define a

new y coordinate in the moving frame of reference defined by:

= y~ f~ v d t  2.4—3
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where y is the y coordinate in the moving frame and v5 is the

reference frame (circuit wave) velocity in the presence of the inter-

action.

The integral is used in place of v
5 
t because the synchron-

ous velocity in the presence of the interaction may differ from the

cold circuit velocity and may change slightly as a function of dis-

tance. Substituting the above transformation into the equations of

motion and using

v5 
= -j— 2.4—4

we obtain the following transformed equations of motion:

x = —n (E~ — v B )  — r)B~ 2.4—5

1
— n(E~, + 

— j—
~ 

) + flB]C 2.4—6

Now define a quanti ty E by

B = E — v
~

B = E
~ 

— 
i— B 2.4—7

This is just the x directed rf field plus the effective d.c. f ield

as seen by an observer in the. moving frame. This value E,~ is given

by

E = V / a + E  2.4—8mn m rfx

—36—
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where Vm is the moving frame d.c. potential defined in the last

section and

a is the anode—cathode spacing

E fx is the x directed rf field

The term ~ —~~L is a y directed d.c. field which arises out of the

transformation when the reference frame velocity is not constant.

This field may be visualized as trying to speed up (or retard)

electrons to reposition them in a frame of reference which is

changing its velocity. This term arises in practice because the

phase pushing of the space charge causes a small shift in the cir-

cuit wave phase which is equivalent to a small velocity change.

Normally this is a very small term. In the past it has been

included in the transformed equations of motion. Experience with

such equations has shown them somewhat unstable. The phase of

the circuit wave tends to oscillate about an equilibrium. A

numerical instability apparently occurs with the phase changes

(and hence velocity changes) giving a significant oscillating

l~~vs— —i--- term which when applied to the space charge sets up oscilla-

tions in the trajectories which reinforce the cyclic phase variations.

This numerical instability has seemed to cause hunting of the solu-

tion about the proper value.
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In reality the term 
~~

- -j-j
~
- should be quite small. Thus

in the present computer model , the term is neglected in the force

equations and the shift of the wave relative to the space charge

is taken into account separately by repositioning the rods relative

to the wave on each time step af t e r  the wave phase shif t  is calcu-

lated . This procedure is discussed in the next section. This

approach to the trajectory equations has also been previously

used in computer programs for injected beam CFA ’s.

With the elimination of the term in ~v5/~t and with the

definition of E~~ given above, the moving frame equations of

motion become:

x — f l E  —~~B~ 2.4—9xis in

= — flEy + riB~ 2.4—10

These equations look like the original equations of motion in the

fixed frame (equations 2.4—1 and 2.4—2) but with the moving frame

coordinate y replacing the fixed frame coordinate y and the

modified d.c. field E,~ replacing the original field Ex~ 
The value

of E,~ and Ey may be determined from the potential array computed

using Vrf and Vm as defined in the last section as boundary conditions

at the anode.

The above equations may be combined into a single equation

which then may be solved directly by introducing :

—38—
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z x + j y  2.4—li
m

E = E  + jE 2.4—12x y

After substitution , the combined equation of motion becomes:

z — j W~~Z = —~E 2.4—13

where = riB has also been introduced . This equation will be

repeatedly applied to each charge rod on each time step to calculate

small trajectory increments. During the calculation for a particular

time step it will be assumed that E is constant over the trajectory

Increment. This implies constancy of E in both space and time

over the trajectory increment. This is one of the granularity assump-

tions inherent in the computer model.

For E constant 2.4—13 has a solution of the form:

ju t
z.~ A + ~~~— t + B e 

c 
2.4—14

JO c

where A and B are constants which may be determined from the initial

conditions:

when t = t0

z = z0 and

z =

— 39— 
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Usi ng these condit ions to evaluate A and B we find :

= + ~~
-
~~~
- (e~

6 - 1) - (1 - e~~ + j9) 2.4-15

where 9 = w(t — t0). 2.4—16

This gives the new position z in terms of an old position z0 and

the angle 9 which is a time increment. For 9 negative the old posi-

tion is gIven in terms of the new position by a similar equation

with the positions of z and z
~ 

interchanged and the sign of 9

reversed. These two equations may then be decomposed by sub-

stituting z = x + jy to obtain four equations——one pair relating

x and y to x0, y0, k~, and 
~

‘ and another pair relating * and ~
‘

to (x — x0) and (y — y0). (All y’s in m oving frame.)

In the computer program the equations are normalized as

follows:

— 
48x

X normalized 
2 4—17position

96y 48ry
y A a 

—

T = w t normalized timec

where x’ and y ’ are the normalized coordinates corresponding to the

real coordinates x and y and

—40—
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a is the anode—cathode spacing

A is the slow wave wavelength

r = 2 a / A

o
c

The normalized velocities are given by:

= ~~-~~-- + ~~~~~~~~ 2.4—18
dT

96~’ 48r~’., ~~~~~~~~~~~~~ ni 
= 

in

~ dT w A
C C

In place of these velocities, the program uses finite difference

quantities.

v ’ 1 c ’9x
2.4—19

v ’ =~~’9

where

g g

and g is the number of time steps per cyclotron period

The program also uses normalized field variables given by:

C = -
~~~~~ 

—f --  E 2.4—20x a w
~
B xin

= 
96 1 Ey a o B  y

—41—
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These normalizations make the normalized x dimension

of the interaction box equal to 48.0 and the normalized y dimension

equal to 96.0. The interaction box used has the cathode position

arbitrarily set at x = 2.5 and the anode at 50.5. The left side

of the box is placed at y = 2.5, and the right side at 98.5. These

definitions make available rows of the potential array outside of

the interaction box for use in matching boundary conditions and

determining fields at the electrodes (see Figure 4).

Substituting the above normalizations into the four

equations obtained by decomposing the z equations above, we

obtain the normalized trajectory equations:

Ax ’ = x2
’ — x1

’ = K
1
V ’ + K2v

’ + K
3
Gx1 + K4Gy1

= y2 
— y1 K5v

’ + K6
v~ ’ + K7

Gx1 + K8
Gy1 2.4—21

v
2
’ = K9(Ax ’) + K10 

(Ay’) + K11Gz2 + K12Gy2

v 2
’ = K

13 
(Ax’) + K14 (A y’) + K15

Gx
2 + K16Gy2

In these equations the subscript 1 refers to the start of a trajectory

increment and the subscript 2 to the end of the increment.

The Ax ’, Ay’, and vs’, V y
’ normalized variables are now

both expressed in terms of normalized position differences which occur

in one time step——i.e., they are in matrix units in Figure 4 per time

step. As shown in Figure 7, the Ax ’, Ay’ variables are actual
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position differences whereas the v ‘ , V ‘ variables are slopes
x y

of the trajectories.

The normalized potentials have previously been defined

so that the normalized fields (C ’s) may be obtained directly from

the differences in normalized potential at points in the potential

array . Thus for a rod located as shown in Figure 8, the values of

the C’s are given in terms of differences in the normalized poten-

tials (0’) by:

C = C + (~ —4) a + (~~~~;-~~) b

where a and b are defined in Figure 7 and

G = oI (j  + l,J) — 0’ (I — l ,J)

(~~
—

~~
) = 2 0’ (I = 1, J) - 2 Ø’(i,J) + 0 (I - l,J)

(
X
) = l/2~~~ ’ (I + 1, J + 1) - 0’ (I - 1, J + 1) +

0’ (I - 1, J - 1) - 0’ (I + 1, j  -

and

G~ = C + (
~
-4) Ox ’ (—

~~~
) Oy ’

wi th

= 0’  (I, J + 1) — O’(I, J — 1)
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TRAJECTORY 
_____

SEGMENT _ 
~~11

-~~~~~ 
1 v 

VELOCITY
2 — 

~,,[ x 2 VECTORS AT 2

Y1 1

‘
1~

FIGURE 7

POSITION AND VELOCITY VARIABLES FOR A TRAJECTORY SEGMENT.

When rod reaches Point 2, the values of x2’, v2’, and Ax’12
and Ay’12 are saved . The velocities are calculated as part

of the trajectory procedure , but are not saved.

L_ .i:
~-



- - -~~~~~~~~ -- -_ _ _ _  -~~~~~~~~----~~~- -- --- -~~~---- --~~~~

1+1 ______ _____________ ______________ ______________ ______

Ii, —.

Ox ’

A —

o~’ 4-

I—i — _ _ _ _ _  _ _ _ _ _ _  _ _ _ _ _ _ _  _ _ _

J—l J J+l

Ox ’ = (x ’ — 0.5) — I

= (y ’ — 0.5) — J

FIGURE 8

LOCATION OF ROD IN POTENTIAL ARRAY SHOWING QUANTITIES EI1PLOYED

IN FIELD DETERMINATION EQUATIONS.
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= (
X

)‘Ax’ Ay ’

= 2 (Ø’(i , J = 1) - 2 0’ (I,J) + 0’ (I, J - 1)

With the C’s so defined, the values of the constants in the traj-

ectory equations become:

K
1 

= sin 9/0

K2 
= —(1 — cos 9)/rQ

K
3 

= (1 — cos 9)/r

K4 
= (9 sin 9)

K5 
= r (1 — cos)/9

K6 
= K1

K7 
= K4

K8 
= r(l — cos 9)

K9 
= 0 sin 9/2(1 — cos 0)

K10 
= —9/2r

K
11 

= 92/2r

K
12 

= -9 (1-9 sin 0/2 (1 - cos 9))

K
13 

= r9/2

K14 
= K9

K15 
= —K 12

K K
16 11

2 .4 — 23
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The manner in which these equations are applied is

shown in Figure 9. Arrays in the program contain the last calcu-

lated values of x ’ and y ’ and Ax ’ and Ay ’. The values of v
~
’ and

Vy~ are not saved . On each time step the values of v
~
’ and v~ ’ are

first calculated using the Ax ’ and Ay ’ values from the last time

step and the field at the rod location which corresponds to posi-

tion 2 of the last trajectory Increment. Using the x’, y’, v
~
’ and

values and the fields at this position which also corresponds

to position 1 of the present trajectory increment, the new values

of Ax ’ and Ay ’ are calculated and the trajectory is advanced .

A source of error in trajectory calculations is the

fact that the field over a trajectory increment calculated on a

given time step is not constant , but varies from one end of the

increment to the other. This is in violation of the condition

assumed when equation 2.4—14 was solved . Reference to Figure 9

shows that the v~locities at the end of a given trajectory m ere—

ment are calculated from the field at a point ahead of the midpoint

of the increment while the position increments are calculated from

the field at a point behind the mid point of the increment. This

apparently causes a first order correction to the errors which occur

because of a spacial variation in electric field over a trajectory

increment.

The trajectory equations have been checked by determining

tha t they cause rods to properly trace theoretical cycloids in space

charge—free fields. They have also been checked by releasing rods

into a linearly varying field with a charge density somewhat less

—47—
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Step N——Rod goes f rom Point 1 to Point 2

Ax12 
= F

1 
(E
1
, v ’1, v~

’
1)

Ay12 
= F2 

(E 1, v ’1, v ’
1)

Step N+l——Rod goes f rom Point 2 to Point 3

v
~
’
2 

= F3
(E 2 , Ax 12, Lv 12)

v
y 2 

= F4
(E 2 ,  Ax 12 ,  Ay 12)

Ax 23 
= F

1
(E 2 , v ’2 ,  v ’2 )

Ay 23 
= F2 (E 2 ,  v ’ 2 ,  v ’

2
)

FIGURE 9

FUNCTIONAL FORM OF TRAJECTORY EQUATIONS . Position increment

from Point 1 to Point 2 is calculated from field and velocities

at Point 1. However , velocities at Point 2 are calculated

from field at Point 2 rather than at Point 1.
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than that In a Brillouin hub——see Figure 10. We have not solved

for  the theoret ical  t ra jec tory  shape in this field configuration.

but we do know that  the rods sould return to their starting point.

This they do wi th in  good accuracy. Using a time step of 1/10

cycloid , rods released with an initial energy of four volts returned

and s t ruck the cathode with an energy of about two volts after

having reached an energy of over 3000 volts at the top of the

trajectory.
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Test Traj ectory
In Moving
Reference Frame

CATHODE 
E ________x -

~~~~

FIGURE 10

TRAJECTORY EQUATION TEST. Trajectory is traced through electric
field having a gradient about two—thirds that in a Brillouin

hub as shown at right. Trajectory should return to its starting

point.
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2.4.2 Collection of Rods on Cathode or Anode

If a trajectory intercepts the anode or the cathode it

becomes necessary to calculate the energy dissipated . This can

be done from a knowledge of the charge of the rod and the velocity

at the point of interception. There is, however, a problem in

knowing the correct velocity. This problem is particularly impor-

tant for rods returning to the cathode because they are rapidly

loosing kinetic energy as they move against the d.c. field while

approaching the cathode. As shown by Figure 11, taking the velocity

at the end of the last trajectoiy increment before striking gives

much too high an energy when we use a typical time step value of

one—tenth of a cyclot ron period . Similarly taking the velocity

at the end of the increment which is actually below the cathode

surface gives to low a value of bombardment energy . To obtain an

accurate value for the cathode bombardment energy it is necessary

to take very small trajectory increments as the trajectory approaches

the cathode. To use such small increments over the full trajectory

would be uneconomical of computer time. Thus, a procedure for sub-

dividing the last trajectory increment before interception of the

t rajectory before interception of the trajectory has been devised.

When the program senses that a rod has been collected by

its trajectory going through the cathode or anode surface, it is

first backed up to the end of the last segment before interception.

The time step for the t ra jectory calculation is then halved and a

—51—
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CATHODE

V
n+1

FIGURE 11

TRAJECTORY APPROACHING CATHODE. For normal trajectory steps

of one—tenth cyclotron period , the potential V~ at the point

prior to collection or the potential V~~1 
at the next point

below the cathode surface can be significant relative to

the kinetic energy . Thus, neither the kinetic energy at n

nor n+l gives an adequate measure of the dissipated energy .

To obtain the dissipation accurately , the trajectory segment

must be subdivided into smaller increments. At the last

point above the cathode, the potential energy must be much

less than the kinetic energy. The kinetic energy at this

point may then be taken as the energy dissipated .
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half trajectory segment is calculated . If this half segment does

not reach the electrode , it is accepted and the trajectory corres-

pondingly advanced . If the half segment intercepts on the elec-

trode it is rejected and the rod is not advanced. The time size

for the trajectory calculation is then halved again and a quarter

segment calculated an accepted or rejected depending on whether

i t  intercepts the cathode. This process is repeated a total of

eight times so that the last trajectory segment before collection

is 1/256 of a normal trajectory segment . For a time step of

1/10 cyclotron period . The last trajectory segment is 1/2560th

of a cyclotron period . The last trajectory segment accepted by

the procedure will always take the rod to a position slightly

above the cat hode or below the anode . The rod will , however , be

so close to the electrode that the d.c. potential will be very

close to the electrode potential and negligible error will result

from taking the bombardment energy equal to the kinetic energy at

this point .  In the simulations to be discussed in this repo~t,

the error in cathode bombardment energy arising from stopping

the trajectory above the cathode surface is a maximum of about

L 

4 volts in the space charge—free case or about 2 volts in the

presence of space charge . The average error is less than this.

The average bombardment energy for these cases is about 100 volts.

The trajectory procedure calculates a normalized energy (W’) dissipated

per rod intercepted as:

(v ‘ + v ‘)
= 1/2 Nq ~~ x

t)2 + ~ 
r
2 2.4—24
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where

v5’ and v~
’ are the normalized velocities

in matrix units per time step.

is the normalized frame velocity——to be

further defined in the next subsection

N
q is the normalized charge per rod

r=2a/ A

This energy is used in the generation of secondary emission. It

is also accumulated over all ords collected to give the dissipation

per time step. The collected charge, Nq~ is also accumulated over

all, the rods and later used to calculate collected current.

The normalized incident energy per unit charge (V’) is

given by:

— __j_ .____ . —
N
q

where ri is the charge to mass ratio of an electron and the remain-

ing quantities are as defined.

The initialization procedure normalizes the incidnet

energies in the secondary emission table in the manner of V’ defined

above so that the normalized incident energies may be used directly

to determine the secondary emission ratio. The normalization con—

stant may be determined from:

= 
1 (.2 + ~ 2

) 2.4—26
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where k and ~‘ are the real velocities upon collection and V is the

incident energy per unit charge.

Usi ng 2.4— 18 , 2.4—19 , 2.4—24 and 2 .4—25 we find :

V ’ = 2r~ ~~~~~~~~ (_
~

_
~J 

V 2.4-27

where

g is the number of time steps per cyclotron period

a is the anode—cathode spacing

o is the radian cyclotron frequency = nB

V ’ is the normalized incident energy per unit charge

V is the actual incident energy per unit charge

Once a rod has been intercepted on the cathode and its

incident energy calculated, the secondary emission table appropriate

for the current distance of the wavelength interaction box from the

input is used to calculate the secondary emission ratio. Linear

interpolation between points in the table is employed. The charge

of the incident rod is multiplied by the secondary ratio to determine

the new charge to be emitted . This charge value is stored In a 96

element array (emitted charge array )—— one position for each cell of

the potential array along the cathode. The charge may all be stored

in the array element corresponding to the nearest column of arrival

of the trajectory or alternately it may be spread over the array

elements correspond ing to several cells of the potential array .
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Spreading the charge is known as space smoothing of the emitted

charge. This is done to help compensate for the granularity of

the collection process in which on the average less than one rod

per time step is collected per column of the potential array .

If the space smoothing procedure is employed , the charge

to be emitted is spread over three cells on either side of the

array cell at which collection occurs——a total of seven cells.

The charge (q) to be emitted is spread over these cells in

accordance with the following procedure.

Center Cell Charge = Sq/D 2.4—28

Cell ±1 Charge = S2a/D

Cell ±2 Charge = S3q/D

Cell ±~ 
Charge = S4q/D

D -  S + 2S
2 + 2S

3 + 2S4

The parameter S has been made an input variable . For S = 0 no

smoothing occurs. For 0 < s < 1.0 smoothing takes place in accordance

with the above procedure. In all of the calculations discussed in

this report an S value of 0.5 has been employed .
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2.4.3 Induced Current Calculation

In addition to incremen ting the trajectories and

collecting rods, the trajectory procedure calculates the RF current

induced in the anode by the motion of the rods. The expression for

induced current may be deduced from conservation of energy . Thus,

the energy lost by a rod averaged over an RF cycle is:

w = ~ 1
T 

A~ . dt 2.4—29T o rf

where

W is”the energy lost

q is the rod charge

Az is the vector position change of the rod = z —

where z0 is the position at t 0.

Erf is the vector electric field

T is the RF period

Dividing by time t we obtain:

= AP = 
~~~~

, 1
T 

~~~ 
Erf dt 2.4-30

where

Is the vector velocity

AP is the time averaged power per cycle
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For finite time steps the integral may be replaced by a sum over

the finite time steps. The power lost per rod per time step

becomes:

= 
~~~~~ 

‘ . E
:f 2.4—31

Now if we consider all the rods in the interaction box, the power

lost by the rods and delivered to the wave in one time step

over a length AL is:

= E —q~ (~~~~) . E:ffl 2.4—32

where

the sume is taken over the N rods within the
interaction box and :

q
~ 
is the charge of the nth rod

is the vector velocity of the nth rod

E is the RF field at the position of therfn
nth rod

AL is the distance the interaction box moves
forward in one time step

The power is related to rf voltage Vrf by:

= 2.4—33

where

is the interaction impedance
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Differentiating :

dl’ 
V~~ dV

~~ 2.4-34
d i Z  di

0

For finite time steps we use:

V AV
AP rf rf

-

~~~~~ 

= -j
~

- —a-- 2.4—35

or

Z AP
AV = 

0 2.4—36
rf Vrf

Substituting the expression for AP:

+
z -

~ E
= ~~~~ E 

— 2.4—37
rf T N q

~ dt’ Vn rf

Defining a wave current by:

I = v /Z 2.4—38
rf rf o

We obtain:
+

E1 dz rfnAI f 
= ‘i d d  = ~ —q

~ 
(~ j) . i— 2.4—39

n rf
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+
As is usual with induced current calculations , the factor E /Vrfn rf

is a geometrical factor which depends on the location of the rod

but not on the amplitude of the rf field.

The induced current given by the above relation is not

usually in phase with the current of the rf wave. The induced

current is thus split into in—phase and quadrature components

of induced current.

The ratios Erf/Vrf may be evaluated by simple field

theory for the x and y components of Erf• The components of

induced current per rod are then given by:

In phase component:

8qV

I = —~~ cosh (
~~j~ sin

T sinh (na)

+ -
~~~~~~

-
~~ ~~~~~~~~~ ~~~ cos (2vy /A )  2.4—40

quadrature component:

i = ___i cos (2ry/X)

~qv
— sin (2lTy/A) 2.4—41

T sinh (na)

where y is the distance of a rod from the left side of the interaction

box and the velocities and v~ are in a fixed reference frame.

The x velocities are the same in the fixe~i and moving frame, and

we can thus replace vx by k as obtained from the trajectory equations.
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For v we wr ite:

where
+
y is the veloc ity in the mov ing frame of reference

is the frame velocity

o is the radian frequency

~ is the phase constant of the rf wave

The quadra ture componen t of induced curren t as defined above lags

the in—phase component in space as shown in Figure 12. In the

computer program the sine , cosine , and hyperbolic functions are

precomputed at locations corresponding to each point in the potential

array . The functions for the point closest to the trajectory

point and prior to the incrementing of the trajectory are used in

calculating the induced current resulting f rom the subseq uen t rod

motion. (See Figure 13a.) The contributions of the motion of each

rod to the induced currents are calculated as soon as the trajectories

are incremented and are added to the cumulative sums of the induced

current.

The induced current calculation takes place in normalized

coordinates. The charge is normalized so that Nb rods of unit

normalized charge are required to fill the interction box to the

Brillouin density. A value of Nb 
= 10,000 has been used in all
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/ 1/2 UNFAVORABLE

/ PHASE

~~ 
/ + FAVORABLE PHASE 0

— ANODE

S
A B I  C D

_______________________________________________ — CATPODE

ONE WAVELENGTH lrp,.J

FIGURE 12

LOCATION OF RODS FOR DIFFERENT PHASE3 OF INDUCED CURRENTS.

Rods moving forward at “A” produce Induced currents 180 degrees

out of phase with circuit wave. Rods moving forward at “C”

produce induced currents in phase with circuit dave. Rods

moving forward at “B” or “D” produce induced currents in

quadrature with circuit wave. Rods A & C produce positive

quadrature components which slow down the circuit wave and

increase phase relative to the cold circuit phase . Rods

at “D” produce negative quadrature components which speed

up the circuit wave and reduce phase relative to the cold

circuit phase.
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Traj ec tory Movement

Velocity at 
- - 

x’, y ’ Coordinate
Starting Array

_

Field Functions at this Point Used

FIGURE 13a——VELOCITY AND FIELD FUNCTIONS USED IN INDUCED
CURRENT COMPUTAT ION .

Quadrature Induced 
ACurren t q 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  —

A A
i In—Phase Induced

Curren t

Norma lized RF Curren t

FIGURE 13b--ADDITION OF IN PHASE AND QUADRATURE COMPONENTS OF
INDUCED CUR R ENT .
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the calculations discussed In this report. (Nb 
= 10,000 is a

default value written into the program . It may be overridden by

an inpu t variable if so desired.) The Brillouin density is

given by:

= TI S B 2.4—42

where

is the Brillouin charge density

n is the charge to mass ratio for electrons

is the permittivity of free space

B is the magnetic flux density

The normalized velocities are defined in equation

2.4—19 replace the velocities * and ~~. The normalized frame

veloci ty becomes the normalized y distance the frame moves in

one time step .

= 2 2.4—43

where AT is the time step length.

Using:

AT =
go~

where g is the number of time steps per cyclotron period and
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wc obtain:

v~ ’ 
= 

~~
-
~~

- 
~~~~~ 

( giL) 2.4—44

The normalized induced current contributions for each rod are

then given in terms of the normalized finite difference variables

by:

In—phase component

A = —N ~ 
, cosh (irx’/48) sin(1Ty~jE+8)

i q x sinh (‘irr)

+ N r (v
37’ 

+ v5
’) sinh (i~x’/48) cos(iry’/48) 2.4—45

q sinh (~r)

Quadrature component

A = N v
~
’ cosh (irx ’/48) cos(lTy ’/48)

q q 
sinh (irr) 2.4—46

(v ‘ + v ’) sinh (irx ’/48) sin Ory ’ /48)
+ N rq sinh (~ r)

where A~ and A
q are the normalized in—p

hase and quadrature components

of induced current.
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Nq 
is the number of normalized charge units per

rod .

N
q 
is assumed to represent a negative charge and the

signs of 2.4—41 and 42 have thus been reversed as compared with

2.4—36 and 37 which were for the general case of a positive charge.

The above expressions can be taken as defining the

amplitudes of the nornilaized cutrents. The necessary factor

required to relate these normlaized currents to the normalized

rf voltage will be presented in the next section.
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2.5 Incremen t Circuit Wave Procedures

Once the contributions of all the rods to the induced

currents have been calculated , the circuit current wave may be

incremented by algebra ically adding the induced current. (See

Fibure 13b.) The magnitude of the new current wave is thus:

A ’ = 

v
iR

~
+ A1)2 + A

q
2 2.5—1

where

A ’ is the new normalized current amplitude

A is the old normalized current amplitude

Ai 
is the in—phase component of induced current

Aq 
is the quadrature component of induced current

The wave is also shif ted in place by:

= arc tan A + A ~ 
2.5—2

where

AQ is the phase shift during the current time step

The angle of the induced current relative to the circuit wave is

also calculated :

A
= arc tan 

2.5—3

I
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The program assumes the favorable phase to remain in the

center of the interaction box . Hence, when the wave phase shifts

we must introduce a corresponding shift in the phase of the rods——

i.e., if the wave phase shifts forward we. must shift the rods

backwards by a corresponding amount. The amount the rods are

shifted is given by:

= ~~
-
~~

- A9 2.5—4

where Ay’ is the shift in the normalized y coordinate.

The 
~
y ’ shift is positive for positive A9. A positive

9 means the phase of the circuit wave is increased. This corresponds

to a slowing down of the wave or a relative motion of the interaction

box to the left. The compensating motion of the rods is thus

to the right.

These shifts in rod positions are now introduced . Both

this procedure and the trajectory procedure move some of the rods

outside of the interaction box across the right or left hand boundaries.

The computer model assumes the space charge in the wavelengths to

the right or left of the one being calculated to be the same as in

the interaction box. Thus, when a rod moves out of the box across

the right hand boundary a similar rod is assumed to move into the

box across the left hand boundary . Similarly , if a rod moves out

across the left boundary a similar rod is assumed to move in across
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the right boundary. All the rods which have moved outside the

interaction box are, therefore , now brought back inside the

box by adding or subtracting 96.0——the normalized y dimension

corresponding to one wavelength.

At this point the effect of circuit attenuation is

introduced by decreasing the normalized current by the attenuation

factor per time step . The power lost is temporarily represented

by an amplitude A1 given by:

A1 
= A fT~~ 2.5-5

where a is the attenuation per time step .

The rf voltage may now be calculated from the rf current

and the interaction impedance. In the case of the unnormalized

quantities.

Vrf 
= ZI f 2.5—6

where

V is the voltage and I is the rf curren trf rf

The normalized voltage is similarly related to the normalized

current by:

0rf = KA 2.5—7
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where

0rf is the normalized voltage

A is the normalized current

K is a normalization constant

The value of the constant K may be determined from a

comparison of the unnormalized equations 2.4—36 and the normalized

equation 2.4—41. From these equations we find :

2
(aoc) 

_____V f 
= 

2fl 0rf = 
O~~~~~~~ Z(~~-) A 2.5—8

where q ’ is the real charge per unit normalized charge.

2
(Ti c B )ahA

q’ = 
N 2.5—9
b

Substituting 2.5—9 in 2.5—8 yields for the constant K in 2.5—7.

K = (2ri c0hBZ) (-~j ~~~~
- 

~~~ 
) 

- 

2.5—10

where all quantities have been previously defined. The quantity

in the first parenthesis is treated by the program as a normalized

impedance. The quantity In the second parenthesis is treated as

a program constant, i.e.

Z = 2ric hBZ 2.5—11norm o

where Z is the normalized impedance.norm
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2.6 Emission Procedure

In Section 2.4 we described the creation of the emitted

charge array. This is a linear , 96 element array having one entry

for each of the columns of the potential array. When a rod is

collected on the cathode, the charge of the rod is multiplied by the

secondary emission ratio. This ratio is in turn determined from

the calculated incident energy and a supplied secondary emission

table. The resulting charge array is added to the charge in the

emitted charge array——either being added to the array element corres-

ponding to the column where the rod is collected or optionally spread

over several array elements as described in Section 2.4.

Figure 14 shows a schematic representation of the arrays

used in the emission procedure. In the middle is the “interaction

box” shown divided into the 48 x 96 cells of the potential array.

Above the interaction box we show two linear arrays containing the

field at the cathode for each of the 96 columns of the potential

array . One of these arrays contains the field directly as computed

from the Poisson solution. The second contains the field after

smoothing using the following function:

CSj 
= 

~~~~~ (c~~3 
+ C~~3

) + -
~~

— (C j ..2 + C
j~~2

)

2 S
+ 

~k 
(c~_1 + e~~1

) + c~ 2.6—1

where

is the smoothed field for “cell” j
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Unsmoothed Field — Field Controls

Array 99 Amoun t of Emitted
- -.-- 

____ 
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‘Smoothed Field
- Therniionic Charge

Array Emitted Rod Add d
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‘
~Enitted Charge Smoothing Procedure

Array J Partial Interchange

~~~~~~~~~~~~~ 
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- — 1

of Charge

‘Stored Charge
Array

FIGURE 14

SCHEMATIC DRAWING OF ARRAYS USED IN THE EMISSION PROCEDURE.
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~~ ~~~~ etc . are the unsmoothed fields for cell

j, j+l, etc.

S is the same smoothing parameter as discussed in

connection with 2.4—28

D is as defined in 2.4—28.

Below the interaction box in Figure 14, we have shown

the emitted charge array——a linear array of 96 elements or “cells”.

A rod striking the cathode is shown contributing charge to several

cells of this array . Also shown is a stored emitted charge array

used in connection with time smoothing of emitted charge as will

be described below. Figure 15 shows a block diagram of the complete

emission procedure——part of which is located in the trajectory cal-

culation and part in the emission procedure. The first line of

boxes occurs prior to the emission procedure discussed in this

section. The field at the cathode is calculated subsequent to

the solution of Poisson’s equation. The loop following this repre-

sents the procedure for rods collected on the cathode as discussed

in Section 2.4.

The first part of the emission procedure under discussion

in this section is an optional time smoothing of the emitted charge.

If this procedure is invoked, the secondary charge collected on a

given time step will be emitted spread over several successive time

steps. This procedure makes use of the second 96 cell array called

the stored emitted charge array . This array contains charge from
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prior steps which is to be emitted on the current step. For each

cell of the array , the charge stored in !he emitted charge becomes:

q = uq~ + (1 
— u) q5 2.6—2

where

q is the new charge placed in the emitted
charge array

is the charge previously accumulated
in the emitted charge array as a result
of rod interception during the current
time step

• q5 is the charge stored from prior time
steps

u is an input variable (time smoothing factor)
under control of the user

Once revised emitted charge values are determined , the

stored charge array values are set equal to the emitted charge

array values (q5 set equal to q).

We can see how this procedure works for a charge q
1

placed in the emitted charge array at time step M as follows:

Step M uq1 emitted

uq1 stored

Step 11-1-1 u (1—u) q1 emitted

u (1—u) q1 stored
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Step M-f2 u (1—u) q1 emitted

u (1—u) q1 stored

etc.

The total emitted charge is thus :

uq1 (l+ (l-u) + (1-u)2 + ) 2.6—3

The infinite series In parenthesis sums to 1/u so the total emitted

charge sums to the original charge q1 accumulated at step M.

The justification for using the time smoothing procedure

is, again, the granularity in the number of intercepted rods per

cell. One—half to one rod is intercepted per cell per step on the

average. This number is a function of the granularity (time step

size and number of rods) and not of the input parameters of the

particular CFA under study . Because this number is relatively small,

it is possible to go for several steps without intercepting a rod In

a given cell and then to intercep t several in one step. The time smoothing

procedure smooths the secondary emission resulting from the fluctuating

number of intercepted rods. Again , the smoothing procedure is a means

of reducing fluctuations in the model which arise from program granu—

larity and are a great deal larger than the random fluctuations which

occur in nature.

This time smoothing procedure is the one we have found

necessary to invoke to eliminate the instabilities arising in the

secondary emission procedure. By successive trials we have found
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that a value of the parameter u of 0.125 accomplishes the required

smc~ thing . The procedure described above is an infinite series

which emits the total charge in an infinite number of steps. The

decay rate of the series with u of 0.125 is such that 75% of the

charge generated on a given step is emitted over the successive

10 steps which constitute one cyclotron period of the calculation

for the time step being used . Over a total of 25 steps, 96% of

the charge is emitted . Use of this degree of smoothing is justified

by the fact that space charge distributions in the moving frame

of reference change slowly over a cyclotron period .

In the second semi—annual report~
8
~ we discussed the effects

of emission procedure instabilities i.i some detail. It was shown

that if we did not invoke time smoothing , traveling voids developed

in the space charge distribution and the V—I curve uf the CFA was

displaced from its proper location along the voltage axis.

The next procedure in Figure 15 is the addition of any

thermionic charge to the emission array. Input variables set the

amount of charge per cell to be emitted and the number of time

steps over which emission occurs. The current represented by one

rod emitted per time step ca’i be computed from the program parameters

and normalization constants. The number of time steps corresponds

to a physical distance the interaction box has traveled . Thus, the

initial therinionic charge can be associated with a value of total

priming current and prim ing curren t dens ity employed on the first

pass. Most of our subsequent computations have used 48 thermionic
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rods of 0.1 normalized charge per step for 10 steps to prime the

first pass calculation. The corresponding priming current is

0.24 amps and the priming current denstiy is 0.75 amps/cm2. This

is , of course, much more priming current than really exists in

the first pass of the build up process in a cold cathode CFA. (l0~~

amps resulting from field emission appears more reasonable.) However,

the use of priming sources having comparable emission capability

has not appeared to affect the performance of some experimental CPA ’s

as long as the RF drive power was adequate to insure cold cathode

starting. From the nature of the model , it Is expected that the

choice of priming current for the first pass calculation will not

affect the computed values to which subsequent passes settle down.

The next procedure in Figure 15 is an optional space

charge—limiting procedure. This procedure limits the maximum charge

emitted per cell to one equivalent to the space charge—limited current

from Child ’s law:

I = 2.33 x 10
6 V~

”2/d413

In the computation of this current , the potential one matrix unit

above the cathode surface is emp~oyed for V and matrix unit spacing

is employed for d. The u~~ cf Chi~~ ’s law near the cathode surface

is justified by the fact Lhat e;ectron trajectories (in the laboratory

reference frame) travel t’~rough the first ~~11 of the potential array

—78—

- — • --~~~~~~~~~~~~~ -~~~~~~~~~~~~



-

~~~~~~~~~~~~~~~~

--•----

~~~~~~~~~~

-- - -

~~~~

-• - - •

~~~~

-

~~~~ 

-.—-

~~~~

-

in a direction almost vertical to the cathode and without

significant deflection caused by magnetic field forces. Thus,

Liii ’ tralectories in the first row of cells are similar to what they

would be in a space charge—limited diode.

A departure from the conditions in the first row of

cells from a diode occurs because current is flowing in two

directions——away from the cathode and back towards the cathode.

If these two currents provided equal contributions to the charge

in the first cell, the one way current flow should be calculated

by dividing the total Child ’s law current given above by two.

In an operating CFA the returning electrons have significant kinetic

energy gained from the PS interaction, Thus, the charge density

associated with the returning current is low compared with that

associated with the outgoing current. As a consequence, we have

neglected the contribution of the returning current to the charge

in the first row of cells and computed the space charge—limited

current from the normal form of Child ’s law shown above. The pro-

gram calculates the Child ’s law constant normalized as required

by the emission procedure. An override procedure is provided so

that this constant can be adjusted if conditions are such that

the contributions of the returning current to the charge in th.~

first row of cells is not negligible. This would be the case,

for example, if computations were to be conducted with zero RF drive.

The permissible range of adjustment of this constant is from the

- A
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value computed by the program to half this value.

The Child ’s law procedure examines the charge to be

emitted in each element of the emitted charge array , and if it is

larger than permitted by Child ’s law, it replaces the charge by

the maximum charge permitted by Child ’s law. If the space smoothing

of emitted charge described in Section 2.4 is employed, the smoothed

cathode field array is used in the Child ’s law procedure . Otherwise,

the unsmoothed array is used. If the electric field at the cathode

is retarding at any columns of the potential array , the emission

procedure sets the charge in the corresponding element of the emitted

charge array to zero.

As an option, the Child ’s law emission procedure contains

a means of neglecting elements itt the emitted charge array which

will not contribute significantly to the interaction. Electric

fields which are accelerating , but of small value, are not permitted

to cause emission. The minimum field for emission is set at a

value which results in emission of 1/20th of a normalized charge

unit. This value can be overridden by an input variable and the

whole minimum charge procedure skipped if so desired.

There has been considerable discussion about whether

or not a Child ’s law limit should be imposed on the emission. At

the start of the program we did not impose such a limit. In the

absence of an imposed limit , space charge limiting occurs when

suff ic ient  charge has accumulated to cause the field at the cathode

to become retarding . At this point , the original program suppressed
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emission from the corresponding cell along the cathode. The space

• charge then drained until the cathode field again became accelerating.

At this point , emission ~as reinstituted . This procedure resulted

in a cathode field which periodically fluctuated from accelerating

to decelerating. The same result would have occurred if we had

attempted to model a space charge—limited diode by emitting disks

of fixed charge with zero initial velocity . In our CPA model, the

f luctuat ions appeared almost at random from cell to cell so that

the cathode field varied from positive to negative as a function

of distance in the moving reference frame. We believed this type

of self—limiting imposed by the model was more arbitrary than

the imposition of the Child ’s law procedure . Since imposition

of the Child ’s law procedure, we have found that the cathode field

still fluctuates somewhat erratically , but rarely become retarding.

These fluctations will be discussed further in Section 3.6

An alternative to the use of the Child ’s law procedure

would have been an attempt to model the phenomenon in the vicinity

of the potential minimum. Such a procedure would have involved giving

initial rods random initial velocities in accordance with a half

Maxwellian distribution . One objection to such a procedure is

that with 48 to 96 rods emitted per time step , we don’t have enough

rods to effectively implement random statistics. Another objection

lies in the distance of potential minimum from the cathode relative

to the mesh size of the potential array .
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For thermionic emission this distance is given by:

Xm 
= 0.0156 (l000J)

_h/2 

~~~â~
314 2.6-5

where

xm is the distance from the cathode surface
to the potential minimum

J is the current density in milliamps/cm2

T is the absolute temperature in °K

For a typical CFA assuming T 1350°K and J = 10 amps/cm2

peak, the value of S
m 

is less than 0.00025 inch. For secondary

emission we can assume an equivalent temperature higher by about

a factor of 40 because of the higher initial velocities which are

known to exist for secondary electrons. (The temperature in the

above formula is a measure of the initial energy.) This increases

X to about 0.0016 inches. The mesh size of the potential array

in the direction from anode to cathode is 0.0018 inches. Thus,

for thermionic emission the potential minimum lies much less than

one matrix unit away from the cathode while for a secondary emission

it lies just under one matrix unit away. For a simulation of potential

minimum phenomenon by the computer program we should have several

matrix cells over the region from cathode to potential minimum.

This would require constructing a fine grain matrix just over the

cathode surface. This would be possible , but would have involved

a very substantial Increase in the program complexity . As an

L 
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alternative , the use of the Child ’s law procedure rather than

a detailed simulation of phenomenon at the potential minimum

appeared adequate.

The next step in the emission procedure is the determina—

F 

tion of the number of rods to be emitted . This number controls

the total number of rods which become active in the simulation.

The emission procedure contains two options for the determination

of the number of rods to be emitted . The first option specifies

a number to be emitted per step as an input variable which remains

constant throughout the run. The second option allows the program

to de termine the number to be emitted based on the number already

active in the simulation. This option results in a variable number

emitted per step during the course of the run. Most of the results

reported were obtained using the first of these options.

With either emission option an interpolation procedure

associates charge from one or more elements of the emitted

charge array with a rod to be emitted. This procedure permits

splitting the charge in any element and associating different

fractions of it with two adjacent rods. Thus, there does not have

to be an integral relationship between number of rods to be emitted

and number of elements in the emitted charge array. The emitted

rods are spaced at. uniform increments along the cathode surface.

in the case of a fixed number of rods to be emitted

per time step , the number of rods (up to 9~ .0) is taken from the
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value specified in the input data. If , however , the charge of

any rod is zero, emission of that rod is skipped . In the case

of a variable number of rods per time step, the number of rods

is determined from:

Ne 
— R2 N

where

N is the number of rods to be emittede

R1 
and R2 are constants

N is the number of rods currently active in
the simulation

Default values of R1 and R2 are provided by the program

as follows:

R1 
= 132.0

= 0.042

These values may be overridden by the user using input variables

to establish other values for R1 and R2. The variable number

of rods procedure is intended for use when the cathode is emission

limited . As discussed in Section 3, use of a fixed number of

rods per time step under these conditions leads to a drift of the

total number of rods in the simulation to an unacceptably low

number.

Once the number of rods has been determined , the charge

per rod is determined from the emitted charge array using the

interpolation procedure and the location of the emitted rods along 

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



the cathode is calculated and stored. Associated with each rod

there is also a control variable of six—digit length known as

the age.

This variable contains the column of origin in the first

two digits and the age in time steps in the last four digits. To

signify emission the column of or igin is entered , the last four

digits are set to zero and the whole variable is set negative.

The rod charge , normalized coordina tes , and “age” have thus

been set. The initial velocities are subsequently set in the

trajectory procedure when the first segment of the rod ’s trajectory

is calculated .

The last block in Figure 15 is located in the trajectory

procedure and occurs on the subsequent time step. When the nega tive

age is encountered by the trajectory procedure , the rod is treated

as newly emitted and the v~ ’ and v
,,
’ calculations are skipped .

Instead , V
y
’ is given a value equal to the negative of the frame

veloc ity and Vx
’ is given an init ial value which is 1/20th of the

frame veloci ty as might be typical for secondary electrons for the

designs studied . Use of zero initial v
~
’ has been used in earlier

calculations reported in the second semi—annual report. Little

difference in results of the simulation appears evident for v
~
’ varied

from 0 to 1/20th the frame velocity. The age is then set positive

to indicate that the rod is active in the interaction space.
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A rod is not recognized as contributing to the space

charge until it has been emitted and the age has been set positive .

If after emission the rod has moved less than one matrix unit——i.e.,

if it lies between x = 2.5 (th. cathode) and x = 3.5, its charge

is distributed between two adjacent points in row 3 of the potential

array . Once the rod has moved beyond x = 3.5, its charge is distri-

buted to the four surrounding points of the potential array as

described in Section 2.3.
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2.7 Main Output List Procedure

The program is now ready to write the output data for

the time step under consideration . The main output data as read

to the printer is listed in Table III. All of this data is in

unnormalized form. An auxiliary list of data is also (optionally)

read to a d isk f ile and may later be printed . This list contains

some of the normalized variables and several variables relating

to the taper procedures described in Section 2.8. The variables

in this auxiliary list are summarized in Table IV.

The main outpu t procedure must recover the real values

of power , curren t, and dissipa tions from the normalized values and

the real distance from the input from the time step number .

The rf power is calcula ted f r om the rf vol tage by:

= .~~~~~-~~—-- 2.7—1

with

— 

aw 2

V
f (—f— ) Ø~~ 2.7 2

where

Vrf is the actual rf voltage

0rf is the normalized rf voltage

A similar unnormalization gives the power lost in circuit attenua-

tion from the value of Af defined in equation 2.5—5 in Section 2.5.
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TABLE III

MAIN OUTPUT LISTING

Following output data is provided f or each time step of the calcu—

lat ion:

1. time step number

2. distance of center of interaction box from PS input

3. RF power on slow wave circuit

4. cumulative power dissipated on cathode to present point
in calculation

5. cumulative power dissipated by electron interception to
present point in calculation

6. cumulative power dissipated in circuit attenuation to
presen t po in t in calcula tion

7. power dissipated on cathode during current time step

8. power dissipated by electron in tercep tion on anode during
curren t time step

9. cumulative anode current collected to present point in
calcula tion

10. phase of RF circuit wave relative to tie cold circuit wave

11. phase of induced current wave relative to the RF cold circuit

12. average energy of rods incident on cathode in the current
time step

13. total number of rods participa ting in the calcula tion

14. number of rods emitted during the current time step

15. number of rods collected on the cathode during the current
time step

16. number of rods collected on the anode during the current time step

17. number of charge units emitted during the current time step

18. number of charge units collected during the current time step
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TABLE IV

AUXILIAR Y OUTPUT LISTING

Following output data is provided for each time step of the

calculation .

1. time step number

2. distance in wavelengths

3. four taper parameters describing anode—cathode spacing,
phase veloci ty ,  interaction impedance and magnetic flux
density relative to values at input

4. normalized anode—cathode voltage

r 

5. normalized d.c. potential in moving reference frame

6. normalized impedance

7. noruialized charge unit size

8. current value of time steps per cyclotron period

9. normalized RF circuit current

10. normalized in—phase induced curren t

11. normalized quadra ture phase induced curren t
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To recover the power dissipated on the anode and cathode

from the kinetic energies accumulated from 2.4—24, we proceed

as fol l ows:

mas s per rod = 
charge~p~ r rod 

= 
q 

2.7—3

where

Ti = e/m for elec tron

Nq 
= number of normalized charge units

q ’ = charge per unit normalized charge from equation 2.3—16

From the normalizations introduced in Section 2.4:

, a 1 , a 1v = v
~ ~~ --i, 

v = v -
~

-
~

-- ~~ 2.7-4

where

= 2~r/gw~ 2.7—5

and where g is the number of time steps per cyclotron period .

Using 2.4—24, 2.3—16 , 2.6—3,4,5 we find the energy

dissipated to be:

52c (au )
° C ~- — W ’ 2 7—6

(48) 2~
2 

(r)(2a/h)(&!~)
2w N b

where W ’ is the normal ized energy defined by 2.4—23.
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2.3—16 gives the charge per unit normalized time. Using 2.6—8:

2~ (aw
~
)
~~
(w/w )

flN~ r (2a/~~
j 

Nq 2.7—10

where Nq is the number of normalized charge units collected.

The distance the interaction box has traveled is found

from :

D = Vt = (
~

) (
~~

—) = A (-!~-) (1) 2.7.-li

where

D is the distance traveled per time step

A is the slow wave wavelength

g is the number of time steps per cyclotron period

The wavelength, A , is found from the input quantities

from:

2iTd 2.7—12
= (8d)

where

d is the pitch

(ed) is the phase shift per section
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2.8 Taper Procedure

If the interaction space is tapered, a final step in

the computation for each time step is the revision of the normalized

variables and program constants for the revised interaction space

parameters. The program permits tapering of anode—cathode

spacing, circuit phase velocity, circuit interaction impedance

and magnetic field as a function of length. These quantities

may be simultaneously tapered if desired. The taper shape is

read in as Input data giving the values of the above four variables

relative to their values at the input as a function of distnace from

the input.

Figure 16 shows a block diagram of the taper procedure.

This procedure approximates the actual situation In which the geometry

varies continuously by changing the interaction space parameters

on every time step. With the exception of a first order correction to

the d.c. electric field , the interaction space parameters are considered

constant over the interaction box on a given time step. These para-

meters are gradually changed from step to step in accordance with

the taper functions.

This procedure departs from the real situation in which

the interaction space parameters vary over the length of the inter—

action box in the direction of propagation. Thus, the use of

the taper procedure introduces additional assumptions into the

model. If the slooe of the taper functions are not great, it is

believed that these assumptions will not greatly affect the results.
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Implementation of the taper procedures involves a great

deal of “housekeeping” to correct the normalized variables and

program constants. It simplifies keeping these corrections simple

If we think in terms of two sets of normalized parameters——one set

in terms of the input parameters of the interaction space and one

set in terms of the local parameters which vary In accordance

with the taper function. The normalized RF voltage, normalized

RF and d.c. current, the normalized dissipation are all expressed

in terms of the Input normalization. The constants relating these

normalized variables to the real variables are thus not affected by

the taper.

The results as calculated on each time step are in local

normalization and they must be corrected to the input normalization

before being added to the cumulative variables. Such corrections

must be app lied to the induced currents and the dissipated energies .

The energy corrections are made immediately on collection of a rod.

Thus , the normalized energy remains in the input normalization and

the secondary emission routine is entirely in input normalization.

The corrections to the induced currents are made as soon as they

are calculated .

The first  step in the normalization procedure is the

calculation of four taper parameters as follows :

Ta ratio of anode—cathode spacing to spacing at
the input.

— ratio of slow wave wavelength to wavelength

at the input.

T5 — ratio of interaction space impedance to

impedance at input
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Tb 
ratio of magnetic field to field at the input.

These ratios are obtained by linear Interpolation between points in

the supplied taper tables.

The revisions to the normalized parameters describing

the interaction space are now made. These revisions may be derived

directly from the definitions of the normalized variables.

Normalized Frequency W/W
c 
x~~- 2.8—1

b

Normalized Anode Voltage = x 1 
2 2.8—2

(TTb)

4e (aw )Z
Normalized Impedance Z’ = 

(~a/h~ 
x TbTZ 2.8—3

T
Ratio 2a/A x~~ 2.8—4

Parameter g (time steps per cyclotron 2.8—5
period x 1/Tb

Parameter Nb number of normalized

charge units to fill interaction box

to Brillouin density x T T T 2 2.8—6
a w b

The correction to g is an arbitrary decision which is

made to keep the distance in wavelengths the interaction box travels
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f orward in a t ime step constant as the magnetic field is tapered .

When specify ing g for a calculation In which the magnetic field

Is tapered , the variation of g must be kept in mind and a large

enough g specified so that the smallest g occurring during the cal-

culation Is still adequately large for an accurate simulation.

The correction to the parameter 
~b is made so that the

charge of a given rod retnatns fixed .

The maximum charge per step in the Child ’s law procedure

must also be corrected . By following through the normalization

equations this correction may be found to be:

charge per step x Tv/Ta
2 2.8—7

The attenuation factors are corrected assuming the attenuation

per wavelength is constant.

The correction factors for induced current m d  dissi-

pation are next found by tracing the equations through the normali-

zations . These factors are :

T = induced current correction T 1/2 2 .8— 8

T — x directed energy correction T~2 2.8— 9

— y directed energy correction 2.8— 10

A correction factor to the constant which relates the

normalized potential 0’ which must be in local normalization to the

normalized potential 0 in input normalization must also be calculated .

This correction is calculated by the taper procedure and applied by
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the procedure which calculates the program constants. This correc-

tion is again found by tracing through the normalizations and is

equal to:

T = 

T 112

e ¶1 ~T 
2 2.8—li

a b

Once these factors have been calculated , the routine

which calculates the program constants is recalled and the constants

are calculated for the current interaction space dimensions.

Next, a first order correction for the variation of the

d.c. field across the width of the interaction box and velocity correc—

tions f or rods crossing the left or right boundaries of the interaction

box are calculated . The taper routine calculates the frame velocities

at the left and right sides of the interaction box and from this finds

the values of 0m ’’ the moving frame of d.c. potential at the left

and right side of the box. From these potentials a correction factor

for the normalized field is obtained as follows:

m r m i  2 8 1 2S — (2)(24) . —

where 
~m

’
r is the normalized moving frame d.c. potential at the

right hand side of the box, Ø ’
~ 

is the potential at the left

side and S is the correction factor .

The factor of 2 in the denominator arises because the

correction is applied as a ± value from the center of the interaction

box. The factor of 24 in the denominator is required to convert a



normalized potential to a normalized field . The correction factor

is applied to the normalized electric field used in the traj-

ectory procedure as follows:

G = C
~ 

+ ~~ 

(y’~~ .5) - S 2.8—13

where

G is the corrected x directed field on a rodxc

C is the uncorrected x directed fieldx

y ’ is the normalized y coordinate

This correction is the first order correction f or field variation

across the interaction box referred to above.

Two velocity correction factors are also calcualted

as follows:

a B
C1

=l.0— ~~~~—~~~- 2.8—14

a B
C = 1.0 + + 2.8—152 a~ Bi

where ar and a~ 
are the anode—cathode spacings at the right and

left sides of the interaction box and Br and Bi are the magnetic

filux densities at the right and left sides of the box.

When a trajectory leaves the interaction box along the

right hand boundary, it is reintroduced at the same distance from
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the cathode along the left boundary , but with the velocity corrected

by the factor C1 to account for the differing average velocities

along the left and right boundaries. Similarly a rod crossing

the left boundary reappears at the right boundary with the velocity

changed by the factor C2.

The next step in the taper procedure is to correct the

normalized velocity of all the rods for the new local normalization.

These corrections are:

= v~ ’ T~~ /T~~ 2.8—16

~~~~ = vs,’ T 2/T 1 2.8—17

where

and v~~ ’ are the corrected normalized velocities

v~ ’ and v 
‘ are the normalized velocities before

correction

Ta2 and Tw2 are the spacing and wavelength correction
factors which have been calculated
for the next time step

T and T are the correction factors used on theal wl present step

In the case of a wavelength change , there is a fu r ther

correction to be made . Ag shown in Figure 17 we visualize the rods

as moving with a constant average velocity while the wavelength

changes. This means that the relative position of the rods in the
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of wavelength change in a single step greatly exaggerated.
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frame shif ts by:

= (y ’—2.S) T 2/T
1 

2.8—19

where

is the corrected normalized y coordina te

y’ is the uncorrected normalized y coordinate

and T
~i 

are the wavelength correction factors
f or the next step and the present
step respectively

If the wavelength taper is such that the wavelength

decreases, there will be a region, as shown in Figure 17A, where

rods originally inside the interaction box are now outside the

box. These rods are simply removed from the simulation. If the

wavelength increases there will be a region , as shown in Figure

17B , where the interaction box is devoid of rods. In this case,

rods from a region of similar length on the left side of the box

are duplicated into the vacant region. These procedures for adjust-

ing the rod popula tion may seem a bi t unsa tisf ying, bu t they seem

to be the best we can do with a single wavelength model. If the

wavelength change is gradual, the error they cause should be minimal.

There are two other corrections which could be made, but

have not been made in the present model. The first of these is a

first order correction to the normalized field G~ for a d.c. component

of y directed field resulting from a tapering of the anode—cathode

spacing. Preliminary estimates show this d.c. term to be of
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the same order as the PF electric field at the BrIllouin hub

surface. Thus consideration should be given to adding a

correction for this y directed d.c. field. The second correc-

tion not currently employed is for the normalized position

change when the anode—cathode spacing is changed . As shown in

Figure 18, a change in the anc..i-”cathode spacing changes the nor-

malized x coordinate even though the actual position remains unchanged.

The original reason for leaving out this correction was that the

centers of electron trajectories are known to follow eguipotentials

for gradual changes in spacing. This corresponds to the normalized

x coordinate remaining constant . In retrospect , we believe that

this correction should also,be added . The effect of the fields in

the tapcr region will properly place the rod on the correct equi—

potential without its artificially being moved as is the effect of

the present procedure.

—103-- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - - - -~~~~~~.



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  - -. -- 

- 

-

F4 

— One Wavelength

-4

I 
X +l X

L a
Cathode LocationL__ _ __ I______

~ Cathode Location
Step N

x
, n+lx =48 —n+l a

x

fl a

FIGURE 18
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tine step is greatly exaggerated .
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2.9 Sever and Exit Procedure

The remaining blocks in Figure 2 are the sever and

exit procedures. The sever procedure checks to see if the

current time step is one at which a logical operation such as the

beginning or end of a sever, the beginning or end of an attenuator,

or the end of the tube occurs. A table of the time step numbers

for these operations has been prepared by the input data from the

initialization procedure. At the beginning of a sever, the amplitude

of the circuit wave is set to zero and a control variable is set

to indicate to the trajectory procedure that the incrementing of

the circuit wave is to be skipped. Trajectory calculations are

continued through the drift space under the influence of the d.c.

and space charge fields. At the end of the sever, the control

variable is reset to allow incrementing of the circuit wave.

Build up of a circuit wave from any residual bunching in the

space charge is then possible. An option for randomizing the

space charge distribution in the y direction while maintaining

the x coordinate may be invoked at the end of the sever. This has

been used in some special studies to investigate the effect of

complete debunching of the space charge in the drift space. It

has not been used in the majority of studies discussed in this

report.

When the end of the tube is reached, the sever procedure

directs the computation to the exit procedure. This procedure makes

a correction to the rod population data which is necessary if this

data is to be used as the input to a subsequent pass calculation.
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If the interaction box moves other than an integral number of

wavelengths in a full transit around the CFA, it does not

arrive opposite the input at the end of the pass at the instant

the input fields have the same phase as they did at the start of

the pass. Thus, the center of the favorable phase will not

be at the center of the interaction box at the start of

the subsequent pass. Since we assume the center of the

favorable phase at the center of the box in the subsequent

pass calculation, we must correct the rod locations. The

amount of the correction is the fraction of a wavelength

by which the interaction box travels around the CFA departs from

an integral number of wavelengths. The correction to the normalized

y coordinate is thus:

Ay ’ = —96 (At-) 2.9—1

where

Ay’ is the correction to the normalized y coordinate

is the fractional number of wavelengths beyond an
integral number which the interaction box has
traveled in one transit around the CFA

If this correction shifts any rods outside the interaction

box (i.e., to another wavelength) they are shifted back into the

box by adding an additional Ay ’ of ±96 as required.
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2.10 Additional Outputs

The program provides a number of optional outputs in

additional to the main and auxiliary listings described in

Section 2.7. The rod action data described below is written

directly to the printer and intermixed with the main output.

The remaining outputs are written to auxiliary disk files and later

processed by a post processor program to produce additional out—

put listings. The auxiliary file outputs occur at a number of

points in the program . Figure 19 shows the block diagram of

Figure 2 modified to show the outputs to the auxiliary files.

A description of each of these auxiliary outputs follows.

Rod Action Data——This data is written on every rth step

where r is a control variable provided in the input data. This

data summarizes the average number of rods emitted and collected

in each of the 96 cells of the interaction box along the cathode

over the last r steps. It also summarizes the average charge den-

sities and average velocities of rods in each of the 48 rows of

the interaction box during the last r steps for this rod action

listing.

Trajectory Data (KFILE)——Trajectory data including the

position, velocities, charge and age of every kth rod is written

to this file on every time step——where k is a control variable

provided in the input data. These data are subsequently processed

by a system sort utility to group all the data on each individual

rod sequentially and they are then processed by the post processor

to produce trajectory listings and a rough trajectory plot of the

—107—
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kind shown in Figure 20. These data are written immediately follow-

ing the main output procedure.

Field at the Cathode (MCFILE)——Th e field at the cathode

in each of the 96 cells is written to an auxiliary file——usually

on every time step. These data are subsequently processed by the

sort utility and then by the post processor to provide a listing

of the fields.

Trajectory End Points (MOFILE)——Data on the origin and

termination of every tth trajectory is written to this file——where

£ is an input control variable (usually equal to k used in KFILE

write). These data are subsequently processed by the post processor

to produce a listing telling where and how each trajectory begins

and ends. The emission (starting point) data are written by the

emission procedure and the collection data are written by the tra—

j  ectory procedure .

Potential File (MPF ILE)——The normalized potential at every

point in the potential array is written to this file every in steps——

where in is an input control variable. These data are processed by

the post processor to produce listings of the potential array data.

These data are written immediately following the main output procedure.

Charge Profile Pile (NQFILE)—— The charge assigned to every

point in the potential array is written by the Poission equation

procedure every n steps where n is an inpu t control variable. These

data are processed by the post processor to produce charge profile

plots such as shown in Figure 21. These plots are extremely useful

in visualizing the space charge configurations and the nature of the
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interaction. We have made it a practice to always prepare these

plots, even if the remaining auxiliary outputs are skipped .

Rod Profile ~~~~ (MTFILE)--The positions, velocities,

charge and age of all the rods are written to this file every p

steps——where p is an input control variable. These data may be

processed by the post processor to produce rod population plots

which appear much the same as the charge profile plots . Each

rod contributes to a symbol in one cell of the 48 x96 print array.

The symbol represents the sum of the charges or rods located in

each cell. By contrast, the charge array continued in MQFILE

reports the charge in each cell of the potential array. A single

rod contributes charge to four cells and thus the rod profiles

and charge profiles are not identical. In general, for a given

number of rods, the charge profiles appear denser. Both rod pro-

file and charge profiles are included in this report. In practice,

they can be used interchangeably. We changed from the preparation

of rod profiles to the preparation of charge profiles part way

through the effort because the latter are more economical to pro—

cess.

The post processor may also use the contents of MTFILE

to produce listings of the data if desired. These files may also

be used as “checkpoints” where the program may be restarted . rhe

post processor contains a feature which will pick the rod population

data for a particular time step from this file and rewrite it as

an NFILE (see below) suitable for reading as input data.

L __ I_ _ . _~_..~._
~.~~

_
_ _ _ _



Final Rod Profile File (NFILE)——This file is written

by the exit procedure as described in the last section. It contains

the positions, velocities , charge and age of all the rods in a

form suitable for use as input data by a subsequent calculation.

The post processor is capable of providing a listing of these

data if so desired.
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2.11 Energy Balance Procedure

On time steps for which the rod action outputs are

written, the program does a computation of the kinetic and potential

energy of all the rods in the interaction space. The results are

reported following the rod action output and together with the 
I 

-

circuit power, cumulative dissipations and the cumulative anode

current may be used to do a conservation of energy balance as a

check on the model ’s accuracy. The energies of the rods in the

interaction space are reported as equivalent powers so that they

m ay be used with the other reported powers in the energy balance

calculation. For the kinetic energy this conversion is done by

calculating the power which would be dissipated if the rods were

collected with their current velocities. For the potential energies,

we convert to an equivalent kinetic energy using eV = 1/2 my2 and
then convert to an equivalent dissipated power as we do for the

kinetic energy.

The computation of the kinetic energy amounts simply

to a summation of 1/2 my2 over all the rods and the conversion to

a dissipated power as done for an intercepted rod using the normalization

factor described for dissipation in Section 2.7. The computation of

the potential energy is less straight forward since the system

contains time varying fields. Thus, if a rod has reached a potential

V11 it does not mean that it has been accelerated along a trajectory

for which ;

feE - ds = V1 (not required)
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The possible departure from this condition is greatest

when a hub is forming and charge is building up in the interaction

box. Since the potential at points in the interaction box varies

with time during the charge build up, the above equality is not

required .

We have been able to derive what appears to be a correct

expression for the potential energy in the following way .

First, we subtract the RF circuit wave component of the

potential at each rDd location and find the remaining portion due

to the d.c. voltage and the space charge. The potential energy of

the rod distribution represents the energy required to set up the

distribution including the effects of the space charge depression

of potential. Now we consider each rod to be made up of many smaller

rods of lesser charge. Assume we move one of these smaller charges

for each rod to the final rod position. Since space charge is small

for these charges we will be moving them essentially through the

space charge—free d.c. field. We continue this process for the

small increments of charge for each rod , and as we do so the poten-

tial in the space changes as space charge accumulates. The final

increment of charge for each rod is moved through the potential

in the presence of space charge. This process is shown schematically

in Figure 22. Looking at the process in this manner we find that

the correct potential to use in the energy balance procedure is a

value midway between the space charge—free potential and the potential

in the presence of space charge. (This arrangement is analogous

to the one which leads to the factor of 1/2 in the energy storage

in a dielectric = l/2cE 2) .  -
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When the energies are calculated in this manner we find

that energy balance is obtained to within a few percent . This is

true even for initial passes in which the space charge hub builds

up very rapidly .
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FIGURE 22

COMP UTATIO N OF THE POTENTIAL ENERGY OF A CHARGE DISTRIBUTION.

Assume distribution to be made up of N rods. Subdivide each rod

into C smaller rods at the same location. Set up the charge

distribution by first moving one of the C increments of charge

for each of the N rods from the cathode to its proper position

in space. Repeat for each of G increments of charge. The first

N increments will be moved through the space charge—free potential

(An increment moved to y will be moved through a potential V
1
.)

The last N increments will be moved through the potential in the

presence of space charge (V
3
at y). The average potential will

lie midway between the space charge free and the full space charge

potentials (V2 at y).
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2.12 Normalizations and Scaling Rules

From a study of the way the variables in the program

combine to make normalized variables, we can draw conclusions

about the scaling rules for crossed—field amplifiers. The nor—

malizations used in the program differ from the characteristic

scaling variables long used for magnetrons and CFA ’s, but they

are directly related to them as we shall show below. As would

be expected , the scaling rules derived from the program normali-

zations give the same type of scaling as is obtained using the

characteristic variables. Additional information on the effect

of impedance and circui t height is, however, forthcoming from

a consideration of the normalized variables.

The interaction space design is described to the

computer model by a set of unnormalized variables as follows:

a cathode—anode spacing

h circuit width parallel to magnetic field

d circuit pitch

9/it phase shift per section divided by pi

K interaction impedance

f frequency

V
K 

cathode—to—anode voltage

B magnetic flux density
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The nature of the equations for the CFA is such that the

above eight variables may be reduced to six normalized variables

which are adequate to both run the computation and recover the

unnormalized values of the output variables. In shrinking the

original eight—variable input set to the six normalized variables

some information is lost——the original eight variable input set

cannot be recovered from the six normalized variables. The nor-

malized variables are defined as follows :

1. Normalized Voltage (Va) = 2 2.12—1
(aw )

where U c = riB is the cyclotron frequency and the other

variables are defined above. The normalized voltage is

equal to the ratio of the actual voltage to the Hull cut—off

voltage.

2. Ratio (r) = 2a/A 2.12—2

where A is the slow wave wavelength given by A d(~)

3. Ratio 2a/h 2.12—3

4. Ratio (ft) =

where w radian frequency 2rf 2.12—4

5. Product aw 2.12—5
c 
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6. Normalized Interaction Impedance

Z = 4s (aw)K/(2a/h) 2.12—6

where is the primittivity of free space

A further reduction in parameters occurs when the equations

for the CFA are written in normalized form. These equations involve

only four of the above variables. The reduced set of normalized

variables consists of:

V~, r, f~~, Zn

Without the additional two normalized variables (2a/h and auc) it

is, however, not possible to recover the unnormalized values of the

output variables. It is seen that cases involving the same set

of the above four variables are closely related . If, in addition,

the normalized input conditions and the normalized secondary emission

curves were the same, the calculations would be identical even

though the unnormalized variables may be quite different . The

normalization procedure thus provides a means of scaling designs——i.e.,

interpreting the results of a calculation in terms of a whole series

of designs having different values of aw
~ 

and 2a/h.

To completely specify a design, we require the input

power and the length, in addition to the interaction space descrip-

tion discussed above. Within the program the input power is normalized

in terms of the RF votlage which is, in turn, normalized by dividing

the Hull cut—off voltage (as was the case for the d.c. voltage).
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The RF voltage is given by:

Vrf j i K 2.12—7

where

Vrf 
is the input voltage

is the input power

K is the interaction impedance

The normalized voltage is given by:

2riV f
Normalized rf Voltage (Vrffl) = ‘

~2 
2.12—8

(awe)

The program calculates a normalized secondary emission table in

which the actual values of bombardment energy are replaced by

normalized values defined by:

Normalized energy = (9671) ~ 
2n 

2~ 
Vb 2.12—9 - 

I

(aw )

where

Vb is the actual bombardment energy

g is the number of time steps per cyclotron period

and the remainder of the variables are as defined
above.

The length data supplied to the program is normalized

in terms of wavelengths. A review of the procedures in the preceding

sections for recovery of the unnormalized variables from the normalized

variables ’shows no new combinations of variables. Thus, designs which
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maintain the above normalized variables (i.e., the four which describe

the interaction space, the normalized RF input , the normalized secon-

dary emission table and the length in wavelengths) the same will look

identical to the computer model. A single design may thus be scaled

by changing the real variables so that the normalized variables remain

the same . The commonest form of scaling is frequency scaling. A

review of the above normalized variables shows that they are unchanged

if all dimensions are scaled proportional to wavelength and the

magnetic field is scaled inversely proportional to frequency.

Another type of scaling is power scaling. We will maintain

the normalized variables constant if we scale the pitch , length and

anode—cathode spacing by a factor k; all voltages (including the incident

voltage for a given secondary emission ratio) by k2; and all powers

by k4. The height k is not scaled in this case. This type of scaling

is never exactly accomplished since scaling of the secondary emission

ratio is not possible. However , as long Qs the secondary emission

is adequate, this scaling rule is a useful design tool.

A third type of scaling maintains the hZ product constant.

Multiplying h by a factor k and Z by a factor 1/k results in the

input and output powers being multiplied by k. The bombardment energy

for a given secondary emission ratio is unaffected in this case.

Constancy of the hZ product is characteristic of a number of slow

wave circuits so this type of scaling may sometimes be encountered .
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The program could have alternately used variables

normalized in terms of the synchronous rather than the Hull cut—off

voltage. A common set of variables used to describe the interaction

is:

Vh/VO 
— ratio of Hartree voltage to synchronous
voltage

V/VH — ratio of operating voltage to Hartree
voltage

2ira= anode—cathode transit angle =
where a is the anode—cathode spacing and

A is the slow wave wavelength

The Hartree voltage is given by:

vH/Vo = - 1 2.12-10 
—

wehre

B is the magnetic flux denstiy

v0 is the circuit synchronous velocity

The Hartree voltage is the anode—cathode voltage for

which the surface of a Brillouin hub becomes synchronous with

the circuit wave. It is the approximate voltage at which interaction

begins in a CFA or magnetron.

The above three parameters can be related directly to

three of the four normalized parameters which describe the interaction

space.
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Thus:

VH /V O — (w
~

/w) —1 2.12— 11

V(VH/V + 1)
V/VH = V 4(v /v

0
) 
— 2.12—12

= irr 2.12—13

The above three parameters do not constitute a complete description——

a normalized impedance involving a hZ product is needed to complete

the description.
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2.13 Versions of the Comi ter ~~ggrarn

The computer program has gone through seven versions

during the course of the effort. The first three versions were

described in the second interim report. The first version (DECFA)

appeared to work satisfactorily when thermionic emission

was employed , but not with secondary emission. This version used

a fixed charge per rod . Version DECFA1 introduced a variable charge

per rod in an attempt to better model the secondary emission process.

This attempt was not successful in eliminating the instabilities

in the secondary emission process. Version DECFA2 for the first

time introduced the emission of a fixed number of rods per time

step and the space and time smoothing of secondary emission. This

version gave us good correlation of the computer model and CFA per-

formance. These calculations were described in the second interim

report. Version DECFA3 further refined the emission procedures

including the uniform spacing of emitted rods, the charge correction

described in Section 2.3 and the addition of a small initial velo-

city. Version DECFA4 had the taper procedure added and the output

formats revised. Version DECFA5 contained a further revision to the

taper procedures. This version was used for most of the studies

described in this report. Versions DECFA6 and DECFA7 included correc-

tions to a number of small problems in the outputs of earlier

versions. The energy balance procedure was also put in its final

form. These programs were made compatible with the Univac 1110

computer. DECFA7 was made with rod arrays dimensioned for 4,000
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rods rather than 6000 as in DECFA6 to save storage space. For

all the calculations discussed in this report , the 4000 array

size has proved adequate.
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3.0 CORRELATION OF COMPUTER MODEL AND INSTRUMENTED CFA

In t h e second semi—annual report we presented the results

of computations on a CFA wIth a uni form interaction space geometry

using program version DECFA2 . These computations showed a good corre-

lation between computed and measured results at mid band . These results

will not be reproduced here . Subsequently, we have conducted further

correlation studies on both the SFD—26l CFA both at mid band and at

band edges. These studies employed program version DECFA5 and were

conducted using the IBM 360/65 computer at the Naval Ocean Systems

Center , San Diego. Table V lists the input conditions for the uni-

form interaction space cases studied using DECFA5 . The magnetic

flux density is not that actuall y used in the CFA. it has been

corrected downward from the value of 2530 gauss used in the CFA to

provide a correction for the fact that the CFA is in circular for-

mat while the computer model is linear . The correction is made in

accordance with the following formula:

B = B R  3.0-IC

2r 3.0-2
2r —r
a

where :

B~ is the magnetic flux density for a given

voltage and current in circular format

Bi 
is the flux density for the same voltage

and current in linear format

r is the anode radius
a

a is the anode-cathode spacing.
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TABLE V

COMPUTER SIMULATION INPUTS USED

IN THE UNIFORM INTERACTION SPACE CORRELATION STUDIES

I. Circuit pitch 72D
1

2. Width parallel to field 400 D1

3. Frequency f0+0.1 f0+0.3 f0+O.5

4. Phase shift/pi 0.4333 0.5055 0.5805

5. Interaction impedance 68.0 45.0 30.0 ohms

6. Attenuation dB/inch 0.35 0.35 0.35 dB/inch

7. Cathode voltage 1.325 1.365 1.28 V1
1.300 1.20
1.200

8. Length of circuit up to drift space 4.52 D2

9. Length of drift space 0.66 D2

10. Anode—cathode spacing 92 D1

11. Magnetic flux density 2400 gauss

12. RF input power 0.08 Po

13. Primary emission

1st pass——O.45 amps over first O.14 D2
remaining length none

remaining passes——none

14. Secondary emission table

Incident Energy Secondary Yield
(volts)

0.0 0.0
100.0 2.2
200.0 4.2
300.0 5.0
500.0 5.0
2500.0 1.0

(continued)
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TABLE V-—COMPUTER SIMULATION INPUTS USED
IN THE UNIFORN INTE RACTION SPAC E CORR ELATION STUDIES

p

P ro~ ram Parameters

Time steps per cyclo tron period 10

Rods emitted per time step 48

Charge adjustment parameter 1.06

Space smoothing of emission parameter 0.5

Time smoothing of emission parameter 0.125

Remaining arameters——default values

Note : Normalizing par ame ters P0, f0, D1, D2 and V1 are emp loyed

to permit this report to be published in unclassified form . Values

of these parameters are classified confidential. They may be ob tained

from NOSC upon presentation of proper clearance and need— to—know.
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This correction arises directl y from Lhe expression for the charac-

teristic magnetic f l ux density B0 of a circular format interaction

space and the limiting value of this flux density as the radius of

curvature goes to infinity.

Table VI summarizes the results of the calculations on

the CFA with uniform interaction geometry. For each case studied

we calculated six passes of the interaction box (one RF waveleng th)

through the CFA . Figures 23 through 24 show V-I curves for the

instrumented CFA with the computed points added. These points are

the average of the second through sixth passes -- the first pass
during the build up of charge being atypical. The computed and

measured powers for equal currents are provided adjacent to the

points in the V-I plane . Again , the computed points are the aver-

age value for the second through sixth pass. The computed points

in the V-I plane lie within 3 per cent of the measured V-I curve

along the voltage axis. The departure along the current axis is

grea ter ( e.g. 20 per cent) because of the flatness of the V-I

curves. In practice , however , one tends to increase the voltage

to a CFA until the desired current is obtained and then measure

the voltage . If the voltage so measured came within 3 per cent of

the design value , we would be quite satisfied with the result. The

3 per cent value is within the accuracy of the combined measure-

ments of magnetic flux density and phase shift per section which

enter into the calculated points in the V-I p lane .
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TABLE VI

DESCRIPT iON OF TABLE HEADINGS

P—OUT is the output power.

P—DISS ANODE is the power dissipated by electron interception on
the anode.

P—DISS ATT is the power dissipated in the circuit attenuation.

P—PIGS CATHODE Is the power dissipated by electron bombardment
of the cathode.

P—DC (1) is the D.C. power input determined from the voltage times
the current plus the RF input power .

P—DC (2) is the D.C. power determined from the sum of the output
power , the three dissipa ted powers, and the RF input power.

All power values are normalized to Po.

P—I C RATIO is the ratio of P—DC(2) to P—DC(l). Ideally this should
be 1.0.

EFF is the eff iciency determined f r om 

%E = P-OUT-P--IN X 100%

and using average of P—DC(l) and P—DC(2) above.

PHASE is the phase of the RF output wave relative to what it would be
for the cold circuit alone.

N i is the maximum number of rods which has ever been ued in the
computation on both present and prior passes .

L 
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The powers actually computed lie about 7.5% higher than

the computed values shown in Figures 23—25 and Table VI. The compu-

tations used a value of attenuation taken from the data on one of

the best of the standard tubes. The value for the instrumented

tube is somewhat higher (0.5 instead of 0.35 dB/inch). We can

correct approximately for this increased attenuation by increasing

the power lost in circuit attenuation by the ratio of 0.5 to 0.35

and by subtracting the increased dissipation from the circuit power.

This correction is included in Figures 23 through 25 and Table VI.

When this correction is made, the calculated power is generally

within a few percent of the measured power.

Figure 24 for the CFA at band center shows a deviation

of the measured and calculated results at high currents. The cal-

culated curve continues with a flat slope to high currents, whereas

the measured curve develops an upward curvature. This upward cur-

vature is characteristic of the CFA when the cathode emission is

not adequate to provide the current called for by the interaction.

It is believed that the failure of the computer model to show the

upward curvature is an indication that too high a secondary emis-

sion ratio was being provided to the computer model. Data on beryl-

lium cathodes recently obtained by the Naval Research Laboratories

indicates the values we used were too high. To see if a lower

secondary emission yield would improve the correlation at high cur-

rents , we arbitrarily reduced the secondary emission by a factor

of two. (This was done before the NRL data was available.) The
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FIGURE 25

COMPARISO N OF INSTRUM ENTED CFA RESULTS (SOLID CURVE) WITH COMPUTER

j MODELING RESULTS (0) AT THE HIGH END OF THE BAND FOR THE CENTERED,

ROUND CATHODE, INSTRUMENTED CPA .
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resulting simulation using a fixed number of rods emitted per time

step (48) drifted toward a small number of charge rods in the simu-

lation with a large charge per rod . This yielded an altogether

unacceptable degree of granularity . The results showed a slight in-

crease rather than a decrease in current , but they were not credit-

able because of the granularity problem . Another series of calcula-

tions was made with the secondary emission ratio doubled from the

value in Table V. These calculations produced almost the identical

result to the first set of calculations . Apparently tue calculated

high current point in Figure 24 is in a space charge limited region

in which an improvement in secondary emission does not affect the

current drawn. The measured point for the CPA is apparently in an

emission-limited region which occurs for a lower secondary emission

ratio. With program version DECFA5 which emitted a fixed number of

charge rods per step to represent the secondary emission, we were

not able to carry the calculation into the emission-limited region

because of the granularity problem described above. An improvement

intended to avoid this limitation was incorporated in program vet-

sion DECFA7 which is capable of emitting a variable number of rods

per step with the number emitted depending on the number of rods

currently active in the simulation . Preliminary tests suggest that

this modification will avoid the granularity problem and permit us

to conduct simulations in the emission-limited region. However, a

complete set of calculations had not been completed by the end of

this effort.
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Figure 25 shows that at the high end of the band the CFA

will not operate to as high a current as at midband . An attemp t to

operate the CFA at a peak current above about 12 amperes results in

it oscillating at low frequencies. The computer model predicts cor-

rectly that the CFA will not operate at high currents——though it

is, of course, unable to predict that it will oscillate at low fre-

quency. The computed power output decreased from pass to pass until

a low value was reached . (See Figure 36.) The computer model shows

that the reason for the low gain lies in the space charge distribu-

tion recirculated from output to input. Figure 26 shows a computer

prepared rod profile plot for this recirculated charge (see Figure

21 for explanation of a rod or charge profile plot). The charge

becomes very diffuse with a continuous distribution of charge from

hub to anode. This charge distribution produces a d.c. electric

field distribution as shown in Figure 27 (combination of d.c. and

space charge fields). Figure 27 is plotted from potential array

data written by the computer model. The figure shows that much of

the charge has an average E/B drift velocity significantly above

the circuit wave velocity. At the high end of the band , the RF

fields are not strong enough to capture this charge and form spokes.

From Figure 27 we would expect that tapering the inter-

action space so that the charge velocity is descreased at the input

to synchronize it with the RF wave would improve the interaction .

Thus the model would suggest, for example, an interaction space

taper which yields a larger anode—cathode spacing at the input than
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FIGURE ~6

ROD PROFILE PLOTS GENERATED BY TUE COMPUTER FOR THE START OF A MID

BAND AND START OF A HIGH FREQUENCY COMPUTAIION .
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at the output. This is what has evolved in the actua l SFD—26 1 by

ocher means. Incorporation of the taper permits the CFA to operate

to higher currents. The computer model appears to be telling us

that the taper works because it provides more favorable conditions

for interaction with the recirculating space charge than are obtained

with the uniform geometry .

Figure 28 shows the computer power and the cumulative com-

pu ted dissipations as a f unction of di stance for a midband case at

1.3V1 anode—ca thode voltage. These results are for a third case

which has an output power about midway in the range produced by

the second through sixth passes. The computed power as a function

of distance is shown compared with the measured power as a function

of distance from the instrumented CFA in Figure 29. The two curves

compare very well. Figure 30 shows the envelope of all the curves

of the second through sixth passes. The curves for different passes

vary largely because of the state of the recirculating space charge

from pass to pass. More will be said about these pass—to—pass

variations in Section 4.

The anode dissipation density can be derived by taking

the slope of the cumulative anode dissipation curves from Figure 28.

The computer model prints the dissipation at every time step from

which a dissipation density is directly obtainable. However , because

there are a limited number of rods intercepted on the anode in each

time step , this dissipation per step varies erratically from step

to step. The technique of plotting the cumulative dissipation (also

printed by the computer on each time step) and then graphically

—141—
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CIRCU IT POWER , CUMU LATIVE DISSIPATION BY ELECTRON INTERCEPTION

ON ANODE , CUMULATIVE DISSIPATION BY ELEC1’RON INTERCEPTION ON

CATHODE AND CUMULATIVE DISSIPATION IN CIRCUIT ATTENUATION AS

A FUNCTION OF LENGTH FROM COMPUTER SI?~ LATION. - f — f +0.3, Vo K

1.3 V 1, VK /V H 1.13 , 1
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COMPARISON OF POWER AS A FUNCTION OF DISTANCE FOR INSTRUMENTED

I
CFA AND COMPUTER MODEL. Conditions are slightly dh f eren t

for the two cases. Current was higher for CFA. Computer

model results contain correction for excess attenuation

of instrumented tube . f = 
~~0 
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differentiating it to obtain the density has been used as a smoothing

technique. The resulting curves of cumulative dissipation are shown

in Figure 31. From the slope of this curve which yields dissipation

density and the thermal impedance of the vane which has been deter—

min ted separa tely by a d i f fe ren t type of computer model ing, we then

obtain the temperature as a function of distance. This result is

shown together with the measured temperature from the instrumented

CFA in Figure 32. This procedure should give a sligh tly higher

temperature for the computed result since all of the power dissi-

pated in the circuit attenuation is assumed to flow through the

thermocouple instrumentation . Actually some of this power is

dissipated near the vane base and does not flow through the thermo-

couple in the stub near the helix. This error is believed to be

rela tively small.

The calculated temperature distribution in Figure 32

lies slightly lower ra ther than higher than the measured distri-

bution. The shape of the two distributions is, however , very

similar. The correlation of the two distributions is reasonable

in view of all the experimental erros which may be involved in the

comparison. Certainly , the resul ts are good enough to warren t use

of the computer model in approximate dissipation density calculations .

Compar isons of computed and measured power growth and

dissipation density at the lower and upper ends of the operating

band are presented in Figures 33 through 35. These curves show

that results of the computer model and the instrumented CFA correlate

well for the low frequency case. We do not have an instrumented CFA

—145—
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run for the conditions of the high frequency case. However , as dis-

cussed earlier in this section , the output power and the portion

of the V—I curve over which the CFA will work are properly predicted

by the computer model.

Figure 36 shows the peak power output variation from pass—

to—pass for the cases we have been discussing . Included is a mid—

band case with the RE input power decreased to 0.OlP~ which we have

not previously discussed . In this case, large pass—to—pass varia-

tions occur , and it does not appear that the calculation is going

to settle down to a steady state. Under these conditions an actual

CFA produces an extremely noisy output . The magnitude of the pass-

to—pass variations also increases at O.O8P0 input when the voltage

is raised. Again, this is a region where the CFA becomes noisy.

There appears to be a rough correlation between regions of operation

which yield high pass—to—pass variations and regions of operation

where the CPA is noisy. This subject will be considered further in

the next section.

Correlation studies have also been conducted using

tapered interaction space geometries. Both tapered anode—cathode

spacings and tapered pitch have been investigated. Table VI

presents the input data for a tapered spacing calculation , and

Table VIII summarizes the results for six—pass calculation. Figure

37 compares a typical calculated power growth curve with a measured

curve obtained using an instrumented CFA having the same spacing

—151— 
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COMPARISON OF POWER AS A FUNCTION OF DISTANCE FROM

COMPUTER MODEL AND INSTRUMENTED CFA FOR TAPERED ANODE-
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TABLE VII

TAPER TABLES USED FOR
ANODE—CATHODE SPACING SIMULATION

DISTANCE/D
2 ______________

0.2878 1.0098

0.5756 1.0098

0.8633 1.0000

1.1511 0.9804

1.4389 0.9509 Magnetic Flux

Density = 2480 gauss
1.7266 0.9118

2.0144 0.8725
Remaining Inputs Per

2.3022 0.8330
Table V

2.5900 0.8137

2.8788 0.7941

3.1656 0.7843

3.4533 0.7843

3.7411 0.7941

4.0289 0.8137

4.3167 0.8431

4.6044 0.9706

4 .8922 0.9902

5.1800 1.000
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TABLE VIII

TAPERED ANODE—CATHODE SPACING CFA

CORR ELATION OF COMPUTER MODEL AND INSTRUMENTED CPA

COMPUTER MODEL

Frequency f 0
+O.1 fo+O. 3 fo+O. 5

VK 1.325 V1 1.300 V
1 

1.270 V
1

Power 1.78 Po 1.54 Pa 1.49 Po

Current 27 a 23 a 24 a

INSTRUMENTED CPA

Frequency f0+O.1 fo+O.3 f0+O.5

V
K 

1.33 V
1 

1.304 V
1 

1.270 V
1

Power 1.20 Po 1.51 Po 1.57 Po

Current 22 a 22 a 22 a
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profile. Although t~ie final output powers compare favorably in

Figure 37, the overall correlation is poor with the power growing

very much more rapidly in the instrumented CFA than It does In

the computer model. This result illustrates the desirability

of having an instrumented CFA with which to compare results. Had

we compared only the final outputs, we would have been led to

believe the correlation was satisfactory . Figure 37 shows the

correlation to be far from satisfactory .

A similar problem arose when we attempted to compare

computed and measured results for the tapered pitch CFA. This

CFA had a pitch of 7.9D1 
at the input which tapered linearly to

0.72D1 at the output. Figure 38 shows a comparison of a typical

calculation with measured results obtained from an instrumented

CFA with a pitch taper. Again , we see that the power growth

in the CPA is much more rapid than predicted by the computer

model.

The reason for the failure of the computer model to

correctly predict the power growth for tapered geometries is as

yet unknonw. The problem may be in the taper procedure or, alter-

nately , it may lie in the data we are providing to the computer model.

The lack of knowledge of the proper secondary emission ratio may be

important in the tapered cases because the CFA may be operating

into the emission—limited region near the output.

A brief study was conducted of the conditions of the

recirculating space charge which would lead to a rapid power growth

at the CPA input as is observed in the experimental tubes. A first
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pass calculation was conducted until a broad—charge distribution ,

as shown In the charge profile plot of Figure 39, was obtained .

This charge was then passed through a drift space to obtain

~i debur.c~ted charge distribution as shown in Figure 40. A second

pass calculation was then started using this recirculated charge .

This was done using three different anode—cathode voltages to

provide different conditions of relative synchronism between the

RF wave and the recirculating space charge. The computer power growth

Is shown in Figure 41. The results show that a broad—charge distri-

bu tion of the kind shown in Figure 40 can yield rap id power growth

at the input. By contrast , the charge distr ibut ions at the ou tput

of our tapered calculations showed well—formed spokes which , in

turn , yielded only small amounts of space charge above the hub level

at the end of the drift space——see Figure 42. The cases in which

there is rapid power growth at the input thus appear to correspond

to cases in which sharply defined spokes have not yet been formed

at the output. The computer modeling stu~Ies appear to show that

efficient power transfer can occur even without sharp spoke formation.

The results reported in this section show that the compu-

ter model correlates well with the instrumented CFA for a uniform

interaction space geometry operated in a space-charge-limited region.

The compu ted results correlate well with the measured results where

thc- CFA operates well and they also correctly predict where the CFA

will not operate at the high frequency end of the band . When the

CFA enters an emission-limited region , the computer model did not
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FIGURE 39

CHARGE PROFILE GENERATED FOR STUDY OF POWER GROWTH AT THE IN PUT .

This profile was obtained by stopping a Pass 1 buIld up calculation

after 150 time steps.
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FIGURE 40

CHARGE PROFILE OF FIGURE 39 AFTER DEBUNCHING . Studies of debunching

as shown in Fi gure 26 demonstrate tha t significant debunching occurs

for a broad charge distribution . For this study the above charge

distribution was arbitrarily generated by randomizing the horizontal

position of the rods in the distribution of Figure 39.
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CO?IPUTED POWER GROWT H AT TWO VOLTA GES WHEN THE ROD

POPULATION OF FIGURE 40 IS USED AS AN INPUT CONDITION .
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FIGURE 42

ROD PROFILE AT THE END OF THE CIRCUIT FOR A TAPERED CATHODE CAL-

CULATION. This distribution does not provide enough charge above

the hub when recirculated to the input to account for the rapid

power growth observed In the instrumented CFA.
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of performance in the emission-limited range must be conducted to

confirm this. The computer model does not correlate well with the

CFA for tapered geometries. The problem of program performance in the

emission-limited range needs to be addressed and a more reasonable

set of secondary emission ratios tried before returning to a stud y

of why the cor rel ation for tapered geometries is not satisfactory.

In spite of the lack ot correlation for tapered geometries , the

computer mode l appears to be giving us useful physical insight into

how these geometries improve CFA performance .
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4.0 COMPUTER MODELING STUDIES OF CPA INTERACTION

The computer model has started to yield significan t insights

into the interactions in the CFA. These findings are beginning to

change our view of CFA interaction in a number of respects. This

section dIscusses these various findings.

4.1 Hub Buildup——Energy Exchange

The f irs t pass calculations for all of the cases studied

have shown significantly more cathode dissipation than subsequent

passes. (See Table VI.) This observation led to the speculation

that buildup of the space charge hub had associated with it an

energy exchange mechanism which enhanced cathode bombardment.

Studies were then conducted of the hub buildup when thermionic

emission is present but RF power is absent. It was found that even

in this case there is substantial energy exchange and cathode bom-

bardment. Finally studies were conducted with just a few layers

of charge to gain intuitive insight into the energy exchange process.

We will present the results of these simplified cases first.

The simplest example of energy exchange occurs when we

emit rods from the cathode for only two time steps and run the calcu-

lation for slightly longer than one cycloid (ten time steps) when

the rows of rods have returned to the cathode. These calculations

have been conducted with zero RF input power. The two rows of rods

then proceed around a cycloid as shown in Figure 43. The electric

field forces of the second row push the first row rods along their

trajec tories. On the upward portion of the trajectories of the
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FIGURE 43

SPACE CHARGE FORCES ON TWO LAYERS OF RODS RELEASED INTO AN OTHER-

WISE SPACE CHARGE—FREE DRIFT REGION.
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first row rods, they are pushed upward by the following second row.

On the downward portion of the trajectories, the f i r s t row is

pushed downward by the second row. The second row rods are corre-

spondingly pushed backwards along their trajectories by the first

row rods. As a result of these space charge interactions, the

first row rods gain energy, and the second row rods lose energy.

Because they have gained energy , the first row rods subsequently

strike the cathode with a finite energy which is dissipated as

heat on the cathode. Because they have lost energy, the second row

rods cannot return to the cathode and continue to execute cycloidal

trajectories as shown in Figure 44. The energy gained by the first

row of rods is equal to the energy lost by the second row , and thus

energy is conserved . No energy exchange occurs with the circuit

because there is no longitudinal bunching.

When we run the computation with rows of rods of equal

charge emitted for a series of steps over several cycloids, we find

a very similar effect. The first row to return to the cathode does

so with significant energy. The second row now also returns with

significant energy as a consequence of the push it has received from

following layers. However, because of the backward push of the first

row , the second row strikes the cathode with less energy than the

first row. This process continues with decreasing energy per layer

until we reach a row of rods which no longer has enough energy to

reach the cathode. These rods recirculate around a cycloidal tra-

jectory a second time in the process contributing a space charge push
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ANODE
______ ____________________________ Row 2 Trajectories

Miss Cathode and
Continue to Execute

— 

Modified Cycloid

— Row 1 Trajectories
2 • • Stroke Cathode

Row l . • . .~~~~

CATHODE

FIGURE 44

CONDITION WHEN ROW 1. RODS RETURN TO CATHODE. Row 1 rods strike

cathode dissipating energy gained as a result of space charge

force of row. Row 2 rods have lost energy as a result of space

charge forces and cannot return to cathode. These rods continue

to execute a modified cycloid above the cathode surface and are

trapped in the interaction space.
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to other rods ahead of them. Successive rows miss the cathode as

we continue the computation until we reach rows which have received

an extra push from the rows which have circulated around a trajectory

for the second time. Figure 45 shows the bombardment energy of the

rows striking the cathode for the first few cycloids for hub buildup

in the absence of RF drive. This computation assumed secondary

emission so that the charge emitted per step grows in accordance

with the secondary emission ratio.

The above process has been allowed to continue for many

time steps both with and without additional secondary emission.

After a few cycloids we lose track of the individual rod layers,

but we can still plot the average bombardment energy as a function

of time. Either with or without secondary emission the charge

trapped in the interaction space builds toward a value which repre—

sents a space charge limited condition. The buildup occurs more

rapidly If secondary emission is present because then the charge

per rod is multiplied by the secondary emission process. If the

energy exchange in the space charge is sufficiently large to yield a

cathode bombardment energy greater than the value for unity secondary

emission ratio, the charge buildup will continue if we turn off the

therinionic emission after a few time steps. This is the case even

If we assume a drift space in place of the slow wave circuit. This

is the condItion which corresponds to the primed smooth bore magne-

tron In which charge buildup has experimentally been observed.

As the total charge per wavelength grows, the emission

from the cathode begins to become space charge limited. This
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FIGURE 45

AVERAGE BOMBARDMENT ENERGY OF RODS STRIKING CATHODE IN ONE

TIME STEP FOR THE FIRST FEW CYCLOTRON PERIODS OF THE HUB

BUILD UP. These results show the cyclic nature of the bombard—

ment during the Initial build up.
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phenomenon is incl uded in the comp uter model which limi ts the amoun t

of charge per rod emitted in accordance with a 3/2 power ealsslon :~

law when the field at the cathode drops below a value which can draw

the full charge generated by the secondary emission process. When

a certain maximum charge has been reached , the f ur ther gr owth of

charge ceases. At the same time the rate of energy exchange and

the cathode dissipation density decrease.

Figure 46 shows the hub buildup over a distance approxi—

inately equal to the length of the SFD—261. Both thermionic and

secondary emission are assumed. There Is no RF drive . The figure

shows the bombardme nt energy , cumulative dissipation , total normalized

charge in the interaction space and the location of the hub surface

as a function of length. These computations assume a drift region;

i.e., the slow wave circuit has been replaced by a smooth metal

surface. The sudden charge buildup which can occur with a high

yield secondary emitter together with the peak in cathode bombard-

ment energy is clearly evident in these results. The sudden buildup

of charge oc curs when the cathode bombardmen t energy has increased

to a value significantly greater than that required for unity

secondary emission ratio. When this occurs , the charge per unit

time released by the cathode is increased. As shown by Figure 46,

this further increases the bombardment energy . Because the secondary

emission yield initially increases with increased bombardment energy

(up to about 500 volts energy), the rate of charge Injection further

increases. Thus, a type of avalanche process occurs which builds t~’e

charge up very rapidly.
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FIGURE 46

COMPUTED BUILD UP OF HUB IN A DRIFT REGION WITH SECONDARY EMISSION .

Curves show hub surface location , normalized charge , average bombard-

ment energy and cumulative peak dissipatl.nk on cathode as a function

of distance in cyclotron wavelengths. Primary current density was

1.3 amps/cm
2
. Secondary emission characteristics were those of

beryllium (Table V).
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Once a certain value of charge has been obtained , the rapid

charge buildup process ceases. At this point we have space charge

limitation of the emission process. A sheath of charge extending

about 25% of the way from cathode to anode now exists. This sheath

of charge superf icially resembles a theore tical solu tion known as

a Slater solution but departs from it in the detailed distribution

of charge within the hub (it is lumpy in the computer model).

At this point it is worthwhile to digress to a short

summary of the theoretical solutions for the space charge distribu-

tion. The lowest order solution is often called a Brillouin hub .

This solution is sketched in Figure 47. In it the hub trajectories

are parallel to the cathode surface. The electron velocity is a

maximum at the hub surface and tapers linearly to zero at the ca thode

surface.  The hub surface elect ron veloci ty and the thickness of the

hub are functions of the anode—to—cathode voltage. The voltage

which makes this velocity equal to the circuit synchronous velccity

is known as the Hartree voltage. The charge density within the hub

is constant at a value known as the Brillouin density . The expres-

sions for the charge densi ty, Har tree vol tage , and hub thickness

are given in Figure 47. Within the hub the d.c. electric field

varies linearly from zero at the cathode surface to a maximum value

at the surface. This value then remains constant in the charge—

free region between the hub surface and the anode.

The next higher order , theoretical solution to the space

charge distribution is called a first order Slater solution . The
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Anode

HUb

Cathode
_V
H

FIGURE 47

IDEAL BRILLOUIN HUB. Charge sheath of thickness , T, and unif orm

charge densi ty , , exists above cathode. There is not charge above

the hub . Hub trajectories are parallel to cathode as shown by

arrows. Electron velocity is equal to circuit synchronous velocity ,

v0, 
at hub surface and tapers linerly to zero at cathode surface.

Following rela tions hold for  the ideal hub:

p = r~ is charge to mass ratio fe.
-

an elec tron

c is perniittivity of free space

T~ is magne tic flux density

2

— 1 V0 = -f-— synchronous voltage

t/a = 
VH/V

O 
+ 1 V

H 
is the “Har tree Vol tage” ; i . e . ,  -

tne cathode voltage required to

make the hub surface velocity

equal to v0.
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nature of this solution is shown in Figure 48. The trajectories

execute loops which start and return to the cathode. These loops

are twice as long and half as high as is a space charge—free cycloid.

The hub surface thickness is the same as for the lowest order Brillouin

solution as is the total charge in the hub. The charge is, however ,

distributed differently with maxima in the vicinity of the cathode

and the hub surface. This solu tion has a higher total kinetic energy

than the lowest order Brillouin solution. For this reason it has

sometimes been argued tha t the initial charge dis tribu tion would

look like the first order Slater solution which would permit charge

to be drawn from the cathode and that the charge distribution would

subsequently settle toward a Brillouin solution as energy is lost

through collision processes.

In Figure 46 we see the gradual pull—in of the surface of

the space charge from the thickness of the space charge—free cycloid

to a value close to the theoretical hub thickness as the space charge

density builds up. This occurs during the first eleven cyclotron

waveleng ths in Figure 46. At the point of minimum thickness the

hub trajectories resemble first order Slater trajectories, bu t wi th

an important difference. Since energy exchange has taken place,

some of the rods will have given up energy and cannot therefore

return to the cathode. There is consequently a distribution of

trajectory shapes as sketched in Figure 49. FIgure 50 shows a charge

profile plot obtained at this time. The charge is seen to be uniform

in the longitudinal (y) direction but to have variations in the trans-

verse (x) direction.
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Anode

Trajectories

Cathode

Charge
Dens ity Charge

DistributionHub Surface

Cathode Distance

FIGURE 48

FIRST ORDER SLATER SOLUTION FOR THE HUB. Trajectories are twice

as long and half as high as a space charge—free cycloid.
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Anode

Trajectories

Cathode

Charge Charge
Density

Ca thode Anode

Distance

FIGURE 49

SKETCH OF HUB SOLUTION OBTAINED FROM THE COMPUTER MODEL . Because

of energy interchange there are different kinds of trajectories——only

some of which return to cathode. Edge of charge distribution is no

longer nharp .
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Beyond the point of minimum hub thickness in Figure 46,

the energy exchange process and the cathode bombardment continue.

This results in some rods losing more and more energy and thus

moving away from the cathode. As this process continues the hub

surface , which was well defined up to the point of minimum th ickness ,

becomes fuzzy. At the sametime , the uni form rows of charge wh ich

existed earlier (top of Figure 50) have broken up. The bottom

prof ile in Figure 50 shows the charge distribution after 30 cyclo-

tron periods. Figure 51 shows the charge distribution at this

oint relative to the location of the ideal Brillouin hub surface.

At the end of the computation in Figure 46 energy exchange

was still taking place though at a decreasing rate. This implies

that rods are continuing to move away from the cathode and that the

surface of the charge distribu tion is continuing to move toward the

anode. We suspect that ii we continued the calculation, we would

find that rods would eventually reach the anode ani that a steady

state condition would be reached. In this condit .on , the d.c.

current drawn would provide the d.c. input power to supply both

anode and cathode dissipation. We would thus have a condition simi—

lar to that observed in smooth bore magnetron experiments.

The existence of substantial energy exchange in the hub

is compatible with a number of observations. Experiments have been

conducted in which smooth bore magnetron geometries are primed with

small amounts of therniionic curren t and yet generate large amounts
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FIGURE 51

CHARGE DISTRIBUTION BETWEEN CATHODE AND ANODE FOR THE

HUB GENERATED IN THE ABSENCE OF RF INPUT.
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of current through secondary emission.
9’10’11 A typical experimental

geometry is shown in Figure 52, and the currents generated are shown

in Figure 53. The generation of large amounts of current by secondary

emission requires substantial bombardment energy of electrons return-

ing to the cathode. This energy has sometimes been ascribed to

“space charge modes.” Our model appears to be showing that these

modes need not represent coherent effects but instead may represent

a more chaotic state of the space charge. The statistical theories

of hub space charge may be reasonably representative of conditions

after the initial transverse bunching has broken up. 
12

The energy exchange in the space charge may also be

responsible for the phenominon of delayed starting which is some-

times observed in CFA’s. As shown in Figure 54, a delay in turn—on

is sometimes observed in a cold cathode CFA followed by a very rapid

buildup of the charge. The following is a possible explanation for

the phenominon. During the initial period before buildup of the

charge, a few electrons are being generated at the cathode by field

emission. Electrons in the unfavorable phase return to the cathode

but apparently not with sufficient energy to initiate secondary

electron buildup, i.e., the bombardment energy is less than the

energy for unity secondary emission ratio. At the same time,

electrons in the favorable phase are losing energy to the RF wave

and cannot return to the cathode. This charge is stored in the

interaction space. When the stored charge becomes high enough , the

energy exchange process is initiated and some charge returns to
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Thermionic ,
,— Smooth Anode

Priming Source

B Cold Secondary
Emitting Cathode

Perpendicular
to

Paper

FIGUR E 52

SKETCH OF A SMOOTH BORE MAGNETRON DIODE. Anode is

as a smooth cylinder. Cathode consists of a main

sec tion with secondary emission only plus a small

area thermionic priming cathode.
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FIGURE 53

CURRENT DRAWN BY SMOOTH BORE MAGNETRON DIODE AS A FUNCTION OF

MAGNETIC FIELD . A VERY HIGH CURRENT IS D RAWN AS SOON AS THE

MAGNETIC FIELD IS INCREASED TO ABOVE THE CUT—OFF VALUE.
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RF Output Pulse

RF Input Pulse

il
Voltage Pulse

FIGURE 54

SKETCH OF THE PHENOMENON OF DELAYED STARTING WHICH IS SOMETIMES

OBSERVED WITH CFA ’S OPERATED FROM A D.C. POWER SUPPLY OR A HARD

TUBE MODULATOR . Starting is delayed for a fixed period and then

occurs very rapidly . —183—
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the cathode with an energy greater than that required for unity ‘ -~

secondary emission ratio. The buildup is then Initiated . Once

the buildup Is started , the energy exchange is further enhanced ,

the bombardmen t energy increases, and we observe the rapid switch

on characteristic of the CFA.

All of the effects observed in a smooth bore magnetron

are not explained by the energy exchange phenon~ non as described

by our computer model.

In reentrant smooth bore inagnetrons, coherent oscillations

are often observed. This effect is not picked up by our model in

its present form. It is possible, however , for the charge distribu-

tion generated by our model to have instabilities for waves at a

velocity different from the frame velocity used in our computation .

With the present model these instabilities would only show up if

we used a reference frame at the proper velocity and possibly also

assumed some input modulation at the right wavelength. If an

ins tabili ty were present, the modulation would be found to grow.

This is a possible course for future investigation.

We have attempted to check the validity of the computer

model of the energy exchange in several ways. The first is to
I

examine the validity of the trajectory procedure when rods are

traced through a varying electric field. As discussed in Section

2.4.1, the procedure does not appear to cause any substantial error

in the energy of rods returned to the cathode.
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The second means of tes ting the energy exchange phenomenon

was to compute several cycloids of charge buildup employing therm—

ionic emission and no RF input. The bombardment energy of the charge

layers returned to the cathode was then determined with the computa-

tion run with different degrees of granularity. In one set of compu-

tations we started with a time step size of 1/8 cyclotron period and

then decreased the time rtep by factors of two and four . We also

increased the number of rods emitted per step by a factor of two.

We adjusted the initial charge per rod in these computations to

yield the same value of emission current density in each case. The

changes in granularity had little ef fec t on the compu ted cathode

bombardment energy . These results showed that the energy exchange

observed was not simply a result of program granularity.

A third test we subjected the energy exchange process to

is the conservation of energy. The energy balance procedure des-

cribed in Section 2.11 was developed for this purpose. Applying

this procedure to the run described in Figure 46 , we obtain an

energy balance to within better than 10%. (See Table IX.) While

less than perfect , this result is believed to be good enough to

provide confidence that the basic energy exchange mechanism des—

cribed by the computer is correct.
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ThBLE IX

ENERGY SUMMARY FOR THE COMPUTER
GEN ERATED HUB OF FIGURE 50

At Tine Step 300

Cumula tive Peak Ca thod e
Dissipation 15.7 kW

Kine tic Energy of Rods
In Interaction Space 14.1 kW

Total Energy Converted
(Sum of Above) 29.8 kW

Po ten tial Energy Input 27.2 kW

Ratio Energy Converted to
Energy Input (should be 1.0) 1.09
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4.2 Capture of Charge From the Hub-Spoke Formation

The space charge hub of Figure 50, which was generated

in the absence of RF drive , was then used to investigate the mecha-

nism of charge capture from the hub and spoke formation. The hub

of Figure 50 was used as an input condition for a series of calcu-

lations using different power inputs and voltages. Since the hub

generated in this manner had not been exposed to RF, there was no

RF bunching present and no current welk above the hub level. Thus

we could study the mechanisms by which charge is bunched and drawn

up from the hub separately from the interaction with recirculating

charge.

Prior to conducting these calculations, it was believed

that even very small RF input signals could draw current from the

hub and form spokes. It was believed that to obtain spoke forma-

tion at low signal levels, the anode voltage had to be close to the

Hartree value. This model was based on space charge free trajectory

calculations starting from a Brillouia hub (Figure 47) which were

conducted by Feinstein13 many years ago before the computer modeling

techniques we have employed were available.

The present computer model showed quite different behav-

ior from the simple model described above. The major differences

are apparently the result of starting from the real space charge

condition in the hub rather than the ideal Brillouin model. The

present model showed that it is very difficult for weak PS signals

to draw charge from the hub. Figure 55 shows the power growth in

150 time steps (15 cyclotron periods) at four different input power
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FIGURE 55

POWER GROWTH IN 150 TIME STEPS STARTING FROM AN UNNORMALIZED

HUB. f f +0.3 , V~ — 1.3 V, VK/VH = 1.13
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levels. It is seen that the growth is very small at the lowest in-

put level. Figure 56 shows the gain as a function of input power

for the conditions of Figure 55. The gain is shown to increase

with increasing input power until a “saturation level” is reached.

The variation in gain with voltage above Hartree is also

different than had been expected. Figure 57 shows the power growth

as a function of distance for different ratios of cathode-to-Hartree

voltage for a peak input power of 0.03 P0 (a relatively low value).

The power growth is seen to increase as the voltage is increased

above the Hartree value rather than when It decreased toward the

Ilartree value.

There is a straightforward explanation for the results

described above. The trajectories of electrons in the hub are sub-

synchronous relative to the circuit wave. In a frame of reference

synchronous with the wave, as is followed by the computer simula-

tion, these trajectories appear as shown in Figure 58. The lack

of synchronism is a consequence of the reduction of the d.c. field

within the hub caused by the hub space charge. (The variation of

this field is shown in Figure 29.) Because of the reduced d.c.

field in the hub , the average E/B drift velocity of hub electrons

is substantially lower than the E/B drift velocity for any electrons

above the hub. As a consequence of their lack of synchronism, a

significant RF field strength is required to capture the charge and

draw it out of the hub. One such charge capture has occurred and

electrons have been drawn above the hub , they enter a region of
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FIGURE 57

GAIN IN 150 TIME STEPS AS A FUNCTION OF THE CATHODE—TO-HARTREE

VOLTAGE RATIO FOR THE COMPUTATIONS STARTING FROM AN UNMODULATED

HUB. — 0.03 Po, f f 0+0.3
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higher d.c. field and subsequently drift at a velocity approxi-

mately synchronous with the circuit wave. Thus, an RF field strength

of significant amp litude is required to draw charge from the hub

and initiate interaction.

In the simplified model used by Feinstein a

Brillouin hub was assumed. As a consequence the top layer of

charge was synchronous with the circuit and the charge capture

problem did not occur. The computer modeling studies show that

the Brillouin hub model is far from the correct one. When the

proper trajectories in the hub are taken into account, the charge

capture problem described above becomes evident.

The studies conducted by Feinstein showed that a problem

existed with the ability to form spokes when the RF field is low

and the field above the hub is above that for E/B drift velocity

synchronism with the circuit wave. This led to the concept of us-

ing a low VK/VH ratio near a CFA input and increasing this ratio by

tapering either anode-cathode spacing or pitch as the power grew.

The present computer model appears to show that the criteria for

proper spoke formation once charge has been drawn above the hub

are less stringent than had previously thought to be the case.

This may be a result of electrons starting out with a backwards

velocity in the moving frame of reference in the present model.

Our subsequent discussion will show that tapering the VK/VH ratio

as originally suggested by Feinstein is useful. This technique has

long been used to improve CFA performance . The reasons for its
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effectiveness appear, however, to be different from those

originally suggested. Rather than improving interaction with

charge newly drawn from the hub , the tapers appear to optimize

interaction with recirculating space charge at the input. This

concept will be further discussed in Section 4.4.

We do not have enough information on the charge capture

phenomenon to generalize with a high degree of confidence on the

location of the knee of the gain versus power curve as shown in

Figure 56. As a working hypothesis it appears that this point

should be primarily dependent on the ratio of the RF voltage at

the hub surface to the synchronous voltage . The energy which must

be added to the electrons to bring them up to the synchronous

velocity is proportional to the synchronous voltage, V0, and the

ability of the RF wave to affect the trajectories in one RF cycle

is proportional to the RF voltage. This PS-to-synchronous voltage

ratio at the hub surface may be calculated from:

= 2PK sinh~~y 4 2 1
V0 V~ sinh 8a 

-

where:

VRF is the RF voltage at the theoretical hub surface

V0 is the synchronous voltage

P is the RF power on the anode
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K is the anode circuit impedance

$ is the phase constant

a is the anode-cathode spacing

y is the hub thickness (see Figure 47)

The hub thickness may be calculated from the expression in Figure

47.

For the cases studied , the knee of the gain versus RI

power curve appears to be c~~se to a VRF/VO ratio of 0.05. We

suspect that this is a good first order approximation for most

practical designs.

The above arguments lead us to the conclusion that we

cannot reduce the RF input power requirement for a given CFA inter-

action space design by simply making the circuit longer to increase

the gain. This conclusion is in marked contrast to the situation

in TWT’s or injected beam CFA’s where the theoretical gain can be

indefinitely increased by increasing the circuit length and the

practical gain levels achievable depend on how much small signal

gain may be tolerated while maintaining stability against oscilla-

tions. The emitting sole CFA as described above has no small sig-

nal gain and requires a significant RF input power to initiate

amplification.

The above expression for the VRF/VO ratio shows how we

can lower the usable input power. We can reduce the syttchronous

voltage, V0, (K, the interaction impedance, is roughly proportional

to so VRF/V O = (l/V0)3’
~
’4) or we can reduce the anode-cathode
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spacing , a. If we want high gain in a CFA and as a consequence try

to reduce Vo so that the criterion described above is met for low

input powers (eg. 20 dB below the output), we find that the circuit

pitch often becomes very fine graitted . In addition, the reduction

of V0 reduces peak output power so that a long circuit may be re-

quired to obtain the full peak output. Losses in circuit attenua-

tion could then become very high.

There are alternatives to designing the CFA so that the

V0 criterion suggested above is met. One alternative is to use

charge above the hub surface recirculated from output to input in

a reentrant CFA to provide usable charge near the input. This

charge should be enough to provide an initial gain of about 10 dB

from the 1 kW peak input level. Beyond this point , the RF circuit

wave will be strong enough to draw up fresh charge from the hub .

We believe that this is the mechanism for gain at the input which

currently exists in several of our CFA’s. If this approach is to

be followed, we must insure that enough charge above the hub is re-

circulated and that this charge is sufficiently debunched so that

regeneration is minimized. We will discuss a CFA design of this

type in the next section.

An alternative approach to the CFA design is to allow

only the hub to recirculate in a reentrant design, but to change

conditions at the input so that charge may be drawn from the hub .

This means increasing the VK/VH ratio at the input to bring the

average drift velocities within the hub closer to synchronism with

Ti



the circuit wave. The electric field above the hub is then far

above that required for synchronism. Thus once charge has been

drawn above the hub , the VK/VH ratio must be reduced so that this

charge can interact with the circuit wave. A CFA design of this

type is discussed in Section 5.
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4.3 RF Interaction with the Space Charge Hub

Space charge hubs similar to the one described in Section

4.1 have been derived for several applied voltages and two frequen-

cies and these hubs used as the input rod population for a series

of calculations which cover the full length of a CPA. These con-

ditions are artificial in that they eliminate recirculating charge

above the hub level. However, they permit us to examine the inter-

action without the additional complexity of the effects of recircu-

lated charge. We will first describe in detail a calculation of

this type for band center and normal operating voltage. We will

then describe how performance is altered when we change voltage or

frequency.
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4.3.1 Simulation at Band Center and Normal ~~~~ating Voltage

The input conditions for the run to be described in this

section are the same as for the midband case in Table V except

that the input rod po~’ulation is the hub of Figure 50. Figure 59

shows the power growth and the cumulative dissipations for this

run. Table X summarizes the results of the calculation. Figure

60 presents typical charge profile files for this computation.

These plots are described in Figure 21. They differ from the

rod profile plots presented in Section 3 in that they represent

a picture of the charge array rather than the rod positions.

Since each rod contributes charge to the four surrounding points,

the charge profile plots appear more dense than the rod profile

plots. Figure 60 shows the formation of a broad spoke at low

power levels with the spoke center riding forward of the center

of the favorable phase. As the RF power increases, the spoke

becomes more sharply bunched by the RF wave and becomes more

nearly centered in the favorable phase. This behavior is typical

of all the computations we have run.

Figures 61A through 6lC show trajectories of typical rods

moving up through the spokes. Figures 61A is for a rod moving

into the broad spoke at low power level. Figures 61B and 61C

are the trajectories moving into the spoke at high power levels.

Time step numbers are shown on the trajectory plots. These steps

may be associated with the charge profiles in Figure 60.
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FIGURE 59

RESULTS OF COMPUTATION STARTING FROM UNMODULATED HUB.

CIRCUIT POWER , CUMULATIVE DISSIPATION BY ELECTRON INTER—

CEPTION ON ANODE AND CATHODE AND CUMULATIVE DISSIPATION

IN CIRCUIT LOSS ARE SHOWN AS A FUNCTION OF DISTANCE.

f = f +0.3, V
K 

1.3 V
1
, V

K
/VH 

= 1.13
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TABLE X

RESULTS OF COMPUTATION STARTING FROM

UNHODULATED HUB OF FIGURE 51

Input conditions of Table V excpet for length of 5.6D2.

V = 1.3 V1
, V/V 11 

= 1.13.

Peak Output Power 1.47 Po

Peak Input Power 0.08 Po

Gain 12.6 dB

Dissipation by Electron Interception
on Anode 0.62 Po

Dissipation in Circuit Attenuation 0.25 Po

Dissipation on Cathode 0.09 Po

Anode Current 18.51 Amps

Output Phase——Departure from
Cold Circuit Phase 46.5 degrees

D.C. Input

Voltage x Current 2.41 Po

Sum of Powers and Dissipation 2.51 Po

Ratio 1.04

Average Efficiency of Pass 60 %
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G E  60

CHAR GE PROFILE PLOTS GENERATED BY THE COMPUTER FOR A COMPUTATION

STARTING FROM AN UNMODULATED HUB AT MID BAND . f fo+0 . 3, V~ =

1.3 V
1
, VK /V H 1.13. Twenty one charge profiles taken every

twenty time steps follow. Time step numbers are shown at the top

of each plot.  For each twenty t ime steps the interaction box moves

forward O.28 D 2 . Circuit  length for 400 time steps is 5.6 D2 .
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FIGURE 61A

TYPICAL TRAJECTORY IN LOW POWER REGION WHERE SPOKES ARE BROAD .

Time step number ’s along s ide t ra jec tory  correspond to time steps

in Fi gure 60.
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FIGURE 61B

TYPICAL TRAJECTORY IN HIGH POWER REGION WHERE SPOKES ARE WELL

DEFINED . Time step numbers along side trajectory correspond to

time steps In Figure 60.
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FIGURE 61C

TYPICAL TRAJECTORY IN HIGH POWER REGION WHERE SPOKES ARE WELL

DEFINED. Time step numbers along side trajectory correspond

to time steps In Figure 60.
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In the case of the broad spokes, the trajectories may

circulate within the spoke before they are collected on the

anode. This circulation is the result of space charge forces

and is similar to that which has been observed in the computer

simulations of the injected beam CFA’s.

Table XI summarizes the velocities of rods just prior

to collection. These velocities have been converted to energies

per unit charge using:

v = .Lv 2
X 2n 

X 
4.3—1

v~~= Lv ~
2

where V~ and Vi,, are the energies and v~ and Vy are the velocities

and r~ is the charge to mass ratio for an electron.

The energies have then been further expressed as a

percentage of the synchronous voltage, V0. Table XI includes sum-

maries of the energy dissipated on the anode in the broad and narrow

spoke regions. The relative ratios of the energy associated with

the x and y velocities change in these regions (i.e., the angle of

approach of the rods to the anode changes), but the total energy

which will be dissipated is not greatly changed. Thus, the effi-

ciency of the interaction in the region of the broad spoke is not

markedly different than in the region of the well formed spoke.

Thus, it does not appear to be essential to design a reentrant CFA

so that the spokes are well defined at the output.
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TABLE XI

AVERAGE ENERGIES OF COLLECTED RODS

COMPUTATIONS STARTING FROM UNMODULATED HUB

Case l__V
K
/V
H 

= 1.13 v/v0 
V/V

0

30 Steps Prior to D/D2 = 2 . 5 2

(P/Po = 0 . 4 0)

x directed (toward circuit) 0.36 0.13

y directed (propagation dirction) 1.59 2.52

Total Energy 2.65

30 Steps Prior to DID 2 = 5 .46

(P/Po = 1.38)

x directed 0.73 0.54

y directed 1.26 1.58

Total Energy 2.12

Case 2__V
K

/VH 1.3

30 Steps Prior to D/D2 = 4 .2

(P/Po = 3.7)

x directed 1.18 1.39

y directed 1.47 2.16

Total Energy 3.55
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Figures 62 and 63 show typical distributions of the RF

field along the cathode of the one wavelength interaction box.

Figure 62 shows conditions near the input, and Figure 63 shows

conditions near the output. Each figure shows the field distri-

bution for a single time step and the field distribution averaged

over a number of time steps. The fields for a single time step

show considerable variation along the surface of the cathode.

The fields at a particular location in the moving reference frame

show a similar variation as shown in Figure 64. The fields in

Figures 62 through 64 which have been averaged over a number of time

steps are relatively smooth and vary as would be expected from

the space charge distribution.

It is not known whether the field fluctuations at the

cathode are representative of fluctuations which occur in the real

CFA or whether they are greatly enhanced by the granularity of the

simulation. The fluctuations are a property of the model and not

the computer; if the same data is used and the calculation is

repeated, exactly the same results are obtained for the fluctuation

patterns.

The cathode field fluctuations and any consequent emitted

current fluctuations do not contribute to output noise in the same

manner they might in a beam tube. In the latter a sheet of charge

emitted from the cathode at a given instant tends to maintain its

identity in its travel through the tube. Thus, an instantaneous

fluctuation in cathode current results in a fluctuation in the

—218—
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charge density reaching the output plane at a later time and a

corresponding fluctuation in the RF output. In an emitting sole

CFA the charge at any plane transverse to the wave velocity has

originated from many points along the cathode, and there is thus some

spacial averaging of the effects of the fluctuations.

The secondary emission conditions near the input and near

the output are summarized in Table XII. The table gives the average

bombardment energy and the average secondary emission yield over

a period of 20 time steps. The distributions of bombardment energies

are shown in Figure 65. It is to be noted that the bombardment

energy varies relatively little from input to output (by a factor

of 1.5) whereas the RF electric field strength varies by a factor

of 4.5. Moreover, the bombardment energy is less than that at the

input in the absence of space charge. The latter can be estimated

from the following:

V = 2n 
~~~~

—) iY ---~~~~ 4.3—2b v sinh~~a

where Vb is the bombardment energy

u is the radian frequency

is the cyclotron frequency NB

P is the RF power on the circuit

K is the circuit impedance

y is the radius of a space charge free cycloid

a is the anode—cathode spacing.

This equation wag originally obtained by the author by integrating
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TABLE XII

INCIDENT ENERGY AND SECON DARY YIELD

SPACE—CHARGE LIMITED CONDITIONS

Average Incident Energy——Inpu~’

20 steps near input (P = 0.O8Po) 8.65 volts

Average Secondary Yield——Input 1.63

Average Incident Energy——Output

20 steps near output (P = l.4Po) 118 volts

Average Secondary Yield——Output 1.81
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30

DISTRIBUTION AT INPUT

Average Incident Energy = 86.5 Volts

20 
‘
~~

‘ Average Secondary Yield = 1.63

FROM 0 50 100 150 200 250 300 350 400 450 500

TO 50 100 150 200 250 300 350 400 450 500 550
INCIDENT ENERGY——VOLTS

30 
____________________________________________________________________

DISTRIBUTION AT OUTPUT

20 
, 

Average Incident Energy = 118 Volts

Average Secondary Yield = 1.81

f l uz 10 H 1~1Ii ~1

FROM 0 50 100 150 200 250 300 350 400 450 500

TO 50 100 150 200 250 300 350 400 450 500 550

INCIDENT “NERGY--VOLTS

FIGURE 65--TYPICAL ENERGY DISTR I BUTIONS OF RODS INCIDENT ON
CATHOD E AT INPUT AND OUTPUT
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TABLE XIII

INCIDENT ENERGY—-SPACE CHARGE—FREE

CONDITIONS--START OF CHARGE BUILD UP

RF Power = 0.O8Po

Incident Energy Incident Energy
Frequency Equation 4 .3 —2 Computer Model

fo+O.l 513 341

fo+0.3 333 262

f o+O.5 229 197

Note that these energ ies are much higher than incident energy

at output under space charge—limited conditions .
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the RF field across the width of a cycloid at its midpoin t and

later derived more rigorously by Shaw.1’4 For the present case it

is found tha t this equa tion predic ts the bombardmen t energy at

the start of the buildup approximately . Values of measured and computed

bombardmen t energy as obtained from this formula are compared in

Table X I I I .

The results of cathode bombardment suggest that because

hub t ra j ectories in the presence of space charge lie closer to the

cathode than the space charge free cycloids, they see a lower RF

field strength and thus gain less energy from the RF field than they

do in the absence of the RF field. On the other hand , there is a

component of bombardment energy which is caused by the energy

exchange between rods in the hub. This is the source of cathode

bombardment in the absence of RF drive as discussed in See r on 4.1.

The relative constancy of the bombardment energy from input to

output suggests that the energy exchange within the hub which is

independent of the circuit wave is the major contributor to cathode

bombardment and that the energy gained from the RF wave is a lesser

contributor to the bombardment . This result was unexpected , and

further review of this point is necessary before it should be

accepted as properly representing the situation in the real CFA.

Another newly observed phenomenom which deserves comment

is the fluctuation in the charge traveling through the spoke in

the high power region of the CFA as shown in Figure 60

Consideration has been given to whether these fluctuations represent

—226—
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d real e f f e c t  or simply  a numerical instability in the computer

model. It has been found that such fluctuations persist when the

number of rods emitted per time step is increased from 48 to 64

and then to 96. The number of rods in the simulation increases by

a factor of about 2.5 times over this range. It has also been

found that the effect persists when the number of rods per step

remains at 48 but the time step size is halved. Elimination of

space charge smoothing at the cathode does not change it. Smooth—

iñg of the charge array by averaging every charge with the four

surrounding charges——with up to four smoothing passes through the

charge array——was also tried and found to have no effect on the

spoke charge fluctuations . Finally, it has been found that the effect

is also present when uniform therinionic emission and no secondary

emission is assumed . It Is our present belief that the spoke charge

fluctuations are probably a real effect. These fluctuations have a

significant effect on the pass—to—pass variations as will be discussed

in Section 4.4.

Physically the spoke charge fluctuations appear to result

from an instability at the base of the spokes. As rods pass under-

neath, the base of a spoke at branch point is reached where the rod

either enters the spoke or returns to the hub. How this branch

is taken may depend critically on the total x- directed field .

Thus, for example, consider a trajectory in the moving frame of

reference as shown in Figure 66. If the rod velocity at the top

of a cycloid is less than the local EX /B , where E
~ 

is the sum of

the d.c., RF a~.d space charge fields, there will be a net upward

force on the rod, and it will proceed along the upper branch of

—2 27—

_ ,4.S’~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



Anode

P

__  - ._

Cathode

FIGURE 6F

POSTULATED MECHANISM FOR INSTABILITY AT THE BASE OF THE SPOKE.

Trajectory reaching top of a trajectory loop can either go

upward (solid curve) or downward (dotted curve) depending on

whether —Ex is greater or less than Bv~. Small changes in E
~

can, therefore, make a l arge change in current drawn into a

spoke.
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the trajectory. If the rod velocity is greater than the local

Ex/B velocity, the net force will be downward, and the rod will

return to the hub along the lower branch in Figure . Thus,

small changes in the local E~ 
can appreciably change the amount

of charge entering a spoke.

It is postulated that the f luctuation in charge flowing

through the spoke is a result of space charge fields af fec t ing  the

amount of current entering the base of the spoke. Thus, a group of

charges moving through the spoke produces a field at the base of

the spoke which lowers the E~ in this region and shuts off entry

of fur ther  charge into the spoke. Once the group of charges has

reached the anode and been collected, E
~ 

at the base of the spoke

increases, and a new group of charges starts through the spoke.

The first rarification of charge in the spoke always

starts immediately after the spoke has shrunk to a narrow width

and the circulation of spoke charge shown in Figure 60 has stopped .

Apparently charge is drawn to the anode faster than it can be

supplied into the base of the spoke. This rarification is imme-

diately followed by a group of charges entering the spoke, and

the fluctuations described above begin.
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4.3.2 Effect of Increasing the Cathode Voltage

Increasing the cathode voltage causes an increase in the

E.~ field at the base of the spoke and draws additional current into

the spokes. As a consequence the current increases rapidly as a

function of voltage and the typical “flat” V—I curve of a CFA or

magnetron is obtained. Figure 67 shows how the power growth varies

with distance as the ratio of cathode to Hartree voltage (VK/VH

ratio) is increased. The lowest V/VH ratio in Figure 67 represents

the case discussed in the last section. As the V/VH ratio Is

increased up to 1.3, the spokes remain stable, although in the

broad spoke region they move further forward in the Interaction

box. Figure 68 shows charge profile plots at the input of approxi—

niately the greatest forward position of the spoke. The charge dis—

tribution has almost moved to the forward quadrature phase location

in these plots.

As the voltage and power increase, the energy of collected

electrons increases and efficiency decreases. The energy associated

with both x and y directed velocities increases. The y (longitudinal)

of velocity is increased because of the Increase in average E/B

velocity resulting from the increase in cathode voltage. The x

(transverse) velocity is increased because of the higher RF fields

which cause the Es/B drift velocity toward the anode to increase.

Table XI summarizes the rod energies just prior to collection at the

output for lowest and highest voltage of Figure 67. Figure 68 provides a

F V— I curve for these three runs. Efficiencies are shown beside the
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FIGURE 67

PEAR POWER AS A FUNCTION OF DISTANCE FOR CALCULATIONS STARTING

FROM AN U NMODULATED HUB--DIFFERENT CATHODE VOLTAGES.

f f0+0.3, Pj~ = 0.08 Po
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calculated points. This type of behavior with a very flat V—I

curve and decreasing efficiency at high currents is typical of

CFA’s. The essential nature of this behavoir appears to be properly

modeled by the computer program.
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4.3.3 Effect of Increasing Frequency

A series of runs similar to those discussed in the last

section were made with the frequer’cy increased to th e top edge of

the operating band. The input conditions were as presented in Table

V except that the voltage was increased in steps and a previously

generated hub was used as the input rod population. The results

of these calculations are shown in Figure 70. The power increased

with increasing voltage except at the highest voltage . Here we

finally reached a point where the broad spoke near the input cannot

be contained by the RF fields and moves forward into the unfavorable

phase. Figure 71 shows charge profile plots for this region of the

calculation.

A comparison of the power growth curves for the tnidband

and high frequency case is given in Figure 72. These curves are

plotted for approximately the same ratio of cathode to Hartree

voltage The power gorwth is considerably more rapid at midband .

The ratio of power at midband to power at the high frequency f or

D = 5D
1 
is 1.76. A ratio of only 1.26 would be expected from the

characteristic current difference (~V
3’12). The higher ratio apparently

results from the difference in interaction impedance and the more

rapid EF field decay away from the anode in the high frequency case.
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FIGURE 70

PEAR POWER AS A FUNCTION OF DISTANCE FOR CALCUlATIONS STARTING

FROM AN LTNMODULATED HUB--DIFFERENT CATHODE VOLTAGES AT UPPER BAND

EDGE. F — f04O.5, Pin 0.08 Po. Note vertical scale difference

relative to Figure 67.
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FIGURE 71

CHARGE PROFILE PLOTS FOR CALCULATiON START I NC FROM 1,TN1’IODULATED

HU B AT TUE UPPER END OF THE VAND W iTH VK /V }l = L3. These plots

cover the region from 0.78 to 1.81 inches in Figure  70. Plots

are presented for every 20 t ime steps of the calculation . These

plots show the center of the charge distribution moving toward

a position leading the wave by about 90 degrees. From step 140

on the charge distribution remains approximately the same. As

shown in Figure 70, this condition does not result in power growth .
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FICURE 71 (continued)
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4.3.4 Effect of Varying Anode—Cathode Spacing and Interaction
Width

Two brief stud ies were conduc ted a t the h igh f requency

end of the band on the effect of varying anode—cathode spacing

or interaction width. The results are shown in Figure 73 and 74.

We have included a curve for the same voltage from the results of

the prior section in Figure 73 and a curve from Figure 73 in Figure

74 for comparison.

Figure 73 shows that decreasing the interaction spacing

significantly increases the rate of power growth . Figure 74 shows

that doublirtg the interaction width  (without changing the impedance)

increases the power by more than a factor of two. This occurs

because at each point along the interaction space in the double

width calculation, the fields are higher than in the comparison

calculation because of the higher rate of power growth . The dis-

cussion in Sec tion 2.12 showed that the power should increase by a

factor  of two if the width were doubled and the impedance halved .

Thus the presen t calcula tion also represents the ef fec t of increasing

impedance. The results are reproduced in terms of an impedance

comparison in Figure 75. Both Figures 74 and 75 show that the

magni tude of the RF f ields are significantly affecting the power

growth.  This conclusion is at variance with the point of view some-

times expressed that circuit impedance variations have little

e f f e c t  on the performance in thc high power reg ion of a CFA .
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FIGURE 73

PEAK POWER AS A FUNCTION OF DISTANCE FOR CALCULATIONS

STARTING FROM AN UNMODULAT ED HUB--DIFFERENT ANODE-CAThODE

SPACINGS AT UPPER BAND EDGE. f = fo+O.5 , P~~ = 0.08 Po.

Note vertical scale change relative to Figure 70.
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PEAK POWER AS A FUNCTION OF DISTANCE FOR CALCULATIONS
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WIDTHS AT UPPER BAND EDGE . f = f0+0.5, P1~ 0.08 Po.

Note further vertical scale change.
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4.4 Effect of Recircu1at~~~ Charge

In this section we have so far discussed the interaction

in the absence of charge recirculating from output to input above

the hub level. In practice there can be significant amounts of

such charge . The recirculated charge can have important effects.

It can both increase gain and increase noise. How we go about

using the recirculated charge can thus make major changes in the

performance of a CFA.

4.4.1 Effect of Recirculated Charge Power Growth

Figure 76 shows the “debunching” of charge in

the drift space for the mid—band case of Figure 28. When the RF

fields which focus the spoke are removed , the spoke rotates forward

and downward. The charge is not completely “debunched” by the time

it reaches the input , but there is substantial reduction in the

bunching and a further decrease in the effect of the charge because

it has moved away from the anode. There is essentially no anode

dissipation in the drift region. Cathode dissipation continues,

however, at about the same rate it occurred in the main interaction

space.

Variations in the distribution of recirculated charge at

the input are responsible for the pass—to—pass variations in the

computed Output. Figure 77 shows the variation in

charge distribution at the input for successive passes of the mid—

band case. The pass number corresponds to the pass number in

Figure 36. The peak output power of the pass is recorded on each

of the charge distributions of Figure 77. -
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FIGURE 76

ROD PROFILE PLOTS SHOWING DEBUNCHING OF SPOKE IN DRIFT SPACE.

These plots are for a mid band case as shown in Figures 28 and

29. End of circuit occurs at time step 323 and end of drift

space (i.e., start of next pass) occurs at time step 370. Plots

are shown every 10 time steps. Interaction box moves forward O.14D2

in 10 yime steps.
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FIGURE 76 (concluded)
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FIGURE 77

ROD PROFILE PLOTS AT THE START OF SUCCESSIVE PASS CALCULATIONS FOR

PASSES 2—6——MID BAND CASE. f = f0+0.3, VK 1.3 V1, VK/V
H 1.13,

0.08 Po. Powers generated by the end of each pass are listed

at the top of each profile plot. Under these conditions, there is

only a slight dependence of the output power on the input charge

distribution.
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FIGURE 77 (continued) ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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FW LJRE 77 (concluded ,) ThISPAGELS1 .STQ~~~~~~~~~~~~~~~~~
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The location of the residual bunching at the input is

not simply related to the effect it has on the power growth at the

input because the residual bunch drifts in the interaction box

early in the calculation. This drifting is shown In Figure 78

which shows the charge distributions at the input over a

number of time steps. This drifting occurs because the electric

tields above the hub surface are h~ ghcr than requIred  for  E!B

synchronism of the recirculating charge with the circuit wave.

The location of the level for E/B synchronism is shown in Figure 7 8 ,

and the actual field at the center of the interaction box is

shown in Figure 79. As a result of the d r i f t i ng  of the residual

bunch , the worst  place for it to return is not in the center of

the unfavorable phase but rather jus t  at the point it is going to

drift into the unfavorable phase.

Figure 80 compares the power growth for a low power reentrant

pass with the power growth without recirculating space charge which

was previously presented in Section 4.3. It Is seen thai”. e’ien

for the worst case of phasing of the recirculated bunch with the RF

wave , the rate of power growth is greater  than it is in the absence

of recirculated charge . Regardless of the phase of the recirculated

bunch , the RF input wave appears to eventually capture it in the

favorable phase and use it to enhance the gain at the input.

If the input signal amplitude is decreased so that  the

circuit cus’rent wave amplitude is more nearly comparable with the

induced current caused by the residual bunching at the input, then
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FIGURE 78

ROD PROFILE PLOTS N EAR THE INPUT OF A MID BAND CALCULATION. Plots

are presented for every 10 time steps . Interaction box moves for-

ward O.l4D2 in 10 time steps. These plots show charge distri-

bution above hub drifting forward in the interaction box. On rod

is circled in these plots so that its position may be followed.
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FIGURE 78 (concluded)
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the residual bunching can have a much greater effect on pass—to—pass

variations than was evident in the profiles of Figure 77. A set

of eight passes was computed for a midband case with the peak input

power reduced to O.OlPo. Under these conditions the details of

the residual space charge bunching had a significant effect on the

power computed . The pass—to—pass variations for this case were

shown in Figure 36. Variations from no gain to over 20 dB of gain

were observed depending on the ariiount and phase of the residual

bunching . Figure 81 shows a set of rod profiles at the start of

successive passes similar to those in Figure 77, but with the input

power reduced to O.OlPo.

These results suggest that operation may never settle to

a steady state. Previously , it had been believed that if debunching

were imperfect we would obtain stable gain, but with large variations

as a function of frequency as the phase of the feedback changed. Instead

the results of Figure 78 suggest that even at a single frequency , the

problem may continue to fluctuate erratically as a function of time.

As discussed in the next section, such a signal could be represented

as a sine wave plus random noise. A problem in a high gain design

is how to avoid these deleterious effects of incomplete debunching in

the drift space. Two possible approaches to this are discussed in

Section 5.

If the output  of the CFA occurs in the region of a broad

spoke, the debunching takes place somewhat differently . The same

tumbling occurs in the drif t space, but the debunching seems more
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FIGURE ~1
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input power charge distribution.
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FIGURE 81 (continued)
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• .7 1. 4 2 t 5 c..b cc. 4 31 4, ) .5 ~ ‘.4. 1 .5 ‘. 4 ~ ‘c6 1334  11 2 41 331  33.

1 13 .3 (1. 3111.. ci .3 I lL  2 .‘ ci .3 31 , .54 .1 2 cc 3 41c 1 3 4 ci35152 72 6 9431 .

• 12 4 433 1 7 3228’. 43 ,133 ‘.41 452C[ ’-5F cc 49 7. .3 0 & & b ’ 9 ’ .3314 8 4 s7I2A Ac . ‘cc 3t..i43 C 4 1 cc
I’. • 26 32C5 ‘.4 4F3( 3., 2422 /3 4 ci 3/ ~~ 5) S 1, ~ 1. t~~3 139 34.. 4 31 ~ 3 9

• 13314 I 43 .3 .3 2 313.5 331 c 4 13,1 1 i F ci ’ .cic.6?S 3 .5 231) ci 4,13 652.3.c?H3’. 31 4
12 • 31 51 54.3 ,~, 374 78 4 ci 51 12 ccl 2 13 ~ 4cc.. 9~~1 1 2o4 .3 I 2 263 12 *3  3 2 5311 *3 1.

• 14’.543458 21 .3 45 .53~ 64, 1 54 2 445 4 2(14 31 & 41, 4 55.91 9 3 9I~!75.-51 445)33133. 41 4 546 ca
10 .8 .3’.’ 5. 242 #23 6 ~ .13 13 091? 5.4 5432 23 ,3 o l c.4ciIl .11’4 43 42 24 67 319 ,.,263331 .34 1 I

• 1 3 1  311 311) 33,. ,  3 /3 ’, bi, 9 A 721? ‘ 3 4 / 3 1 5 . , J L : , l c i 3 . ..3 1 5 . 3 o , 5 l  ‘13 IC I  1 25 31? 3 14 3  4 1.18 l)14Bci31.
8 • ‘. 239643 1 3 -4 .3 4.711~~4?5 ,,24 4$7.3.,4 5C~~j3b 2 31 .3 131c,3? ‘. 1I3lc.l~~2 3S15. 31 78 3357844)1135 .

.ci 34 13 1 643- 3 2 3 )4 1 3 1 3 ?  ‘.ci312 *5 6483134442 7.519 4’J.,I ‘5414 .3 .5362 (3 33 6 *1 39.31’ 44~~5J 4388
6 • &13454s 3,761. 9 Pc ‘11’. 3.. 4 *9 *535 3444... 4349 ., LlS3b.~ci31.5AA12 67 433 314331 3194 335153192..12 8.

•3 1 l 1 9~-’..C ci31314 3 1 2635’.4 40C .1 ‘.3143 31ci33131i4 17.45.1-2)243.64548 C’. 44 ci55293)1S?3 1 33 1  ‘,t 1 1761 .
4 .24 12 6 Aci4 9 41’slM 7...)? 9 53192)?) I 3 4. ‘.1 1. 5 Ii.) 4~”9 43 4C’. 3-3,2228t31 3131 388,5’,4424 6311$.2 7 24 21 8 2123 .341.211 /)26,633443/i337’7 Sl~1.S’~ .1 2 3  45 ’.  3 9 45’.43 33~~~o/ ,.ilLi5&44?1 831712*544 ..I • 4 4131 311.213 5?’, 11 9/ 1 .3 11 2~~t 5 t 5 S  I ‘...‘. . i  I j c .~~~~~3 1 ’ . & , 5 . I o I 2 !  .. 3 3 1 i d S ~~~.~~~&1’. L L U L 2 1 .

• —262—

-- 
-



-- ---- ~~- ~~-- ---- --- 
-- — .

~ ICU~ E !1 (.....m.±’4 rwaA)

r “ILl I S  cc 41 f’4 •

‘.1~.’., • .3’..,’. 5 52 .3 .  1,UW 44L 3211’ C14A ’(GI • 5.145.1.7 *918*03- CHAKG I PER #04) — 2.12

31 1

Fass 5 P = 0.14 Po

7*3  ~

• 2 9
5 5 , •  1 5 cc

• 2 31 .3 6*
9 4 9  cc

• 
1 8.

5. .1 I. 4 4 2 2.
• 31 6 6  3171 cc

6 3 1  o i l  2 9  2 b 5 66 4
3 . ’ .  6 1 Ii ~ 6 9 * 7  6

• ‘cc 4 ~ ‘~~i 2 9 1 A B
a S  7 cc c i 3 1  5 314 2

ci cc. 31 )3 4 5 )  4 5 5  9 5
‘c.. . 5 , 3 1  ci 9. ‘.6 13 32 1

.‘. I, ‘. ‘cc 9 9, 1 5 1 9  cc cc

. 5 4 3  (S~ 5 3 , / S 4 9 6
‘p 3 1 4 4 cc I ‘9 .2 (~~~s 9 ?  1 ~~ 7S C S

4 • ‘cc..) .3 4.4 d U 3~ 5 1. 13. 3 5 ~. 6
. 3- - 4 1 3  4 1  cc, * 8  is .,40L 7 8  3 M~~ 9 2 .

.5 5 • a ? . , o ’ ) , . . 4C  •. .i..5 45, A 4 3 0  16
.~~~~ Cc.L  Cci ‘cc 1 5. ‘. 1 1 9 3 7 8  4. ‘33. j  ~. B 33 5 3 54~~ 31K R

9 , , ,, .cc ~ I .‘ ‘.cc.. 5. A ~&,4 5/ 4 4, cci .5 3 4 U A l 3 11 9 9
1, 3 . - c. -. -c c. s 15/LI c.IC 5 , 3. ci M, 31 3335 43.4 1 4 .. 61 3313

.51 .3 r - . , .., I SAL ~, cc. .3 ‘.5 13 5, 
- 9C ~ cc, 9 ~. 4 7

• . .,  , 31 54)1 3 / ,. 5 ci cii ’. 6 33 31 ISo ., 5.3 / 13.1 4313 7* .1 3 A l 211 C 4! 2 9F 1-. • 1 ‘ 1 1’. ci a’.,,Y ~ ccl., 19 5 1 3- I ‘cc ciT4 cc.. 7 Cli 3 64 31 81A186 #211 89010
• /4-. c. 5/ ~~~ I I  1 1 ‘- ccc cc 9. ‘cc 5 A cc u431 41 31. 4 3- 33*1 11431 97 &

14 .3’’ .’ SI 3.9 ci ci? 3IiA) 44ci111 31 9 8 s 11 11 & ‘cc )‘p 3 3-N 143 3- 42 .2 354 9 6 44 8* cc
. - - . ,  e / 1 9 c . c . . 4 5 ’.. .37. 7 * 31 4 5’ 3M i 1 4 11 #4 4 d C  4 4 1 6 1 13 90

I I • I ’ 4 142.4 ‘cc 4. 4 1 1.. G~ i .3 IF .3126 3 ‘.44 13 4, ~ JA9E4N .2 A 1 5 733
.. . - .-. ?4 ’ cc .. cc~~ 9.. .5’.. I 331 4 3.. 1. i~~ ,l3 -3 1 3.143.. 3. C/ 6 4 1 3 1 C c 2  A II? A ccl) 68536.
• ‘ 2 41 ( u S A 1 -  c. ’cc 73 j ~ . 1 29 63111..cc...7 ‘cc.’ It 1 3 8 313 o G9M33II 9318 ci cc

. I ’ 
~. 

“.7 lil A 1 1 31 43 A 2 FLcI c, 6 4 58 4,13, 420337 8 0 8 A
.. • ~,: F ’ t I ~~’. i 145cc ,  ,~ 13 1133 9 , 4. 1 4 C C. I-I d A[ I 9ccb1’t.6 0 936 31 #1 84 617 cc

• . , _  3’ 3 071 3 -c,,’. AciG /P1 3 03 3, ii 9. ci 1)4 ‘cc /, 1 3-9. /4 0 6 2 4* 6 1440 C.
1 5 ci ..-,57 S ~, 1.’ 13 1 I. ‘ s 4* P cc4 , 333.65.493 I SIc, 25 4 d c c  13 7 4 33 33 4.

. 5 /  , 7. ‘ 55 ,, 1 ~ ‘cc ‘ I ut- I -  .3 4. 11433 9134 1 .i t’ ’. /’ . ‘. 1) 31 I) I’.15 4 769 4, 114 9 3- 3 -B )4 cc
4 / -., “ 31 13, 4, s I A Sr 3 L.o (.  ci C 6 cc, I ci I-cc ciA 4 3. 919. B cc. cc 9 4 F 4,20 A F 1. 31 .3

‘ ‘ ‘1 3 1 1 3 1 1 , 1 4 . ’. • T I ’ c c~’ • . P c~j .
,c,’.,c l• -~ 

4 .13,31 • Z ’ .cc.’s (,.‘T.’.L .4.’cc.’l9.l. 3 2.5 L r A c . i.... cc 4 .4.15 A3114’6c.,1 9.Hcll(.(. 7.~~I. 
c. ,,j cc

Pass 6 P = 0.004 Po 4
.4 • A 4

• 5/ 1 9 2
‘4 . 3 4

6 4
31 3,

.3 2 3 ~ 2
-. 5. . - - 5 . e 9 3  1 437 3 ’ .  2

• 1 1 .  .3 1 1 Scclci B 1 2 1 .
St • ci ., .3 .c / .)tcc 4 4  2 4 i * )4

‘3 1 ..l ’cc 4 ‘. 5  ci 2 4  13 cc
I c  • 1 7., ci 4 5, 7 ‘cc 7 2

• 5, ., c. ‘cc 4 • 1 4’ c’.’.’. 9.41. 6630 3
• .• 7 ‘3 

- oC d l  5. 4 5 5.0 4.
1 • s. cc, ,)  1 A F 2 GA

• 45.5, 4 ‘cc 4 5 1  H 6 9 St.
• ~ ‘. .

~ 
, 

~ 5 4 ‘, 3 43 1 I 3.
I’ • 1 2’. 3 l Is 3 6 3 4 0 4464

.5 ,, ‘c c c ,  4 • 2 I ‘3 . 3 9 3  1. 33 31 3 4 9 .
5, 3 5 ,  .4’,, .‘~~‘. 7 31 1 3 1 9 .

‘cc .4 t,5.. 4 t , ’ . 3 4  1 7 4  6 7.
1 ‘- ., . .s  2 1. 4’ .17. ‘cc 1 II 54, 7 7 7  54 3.1 4 4
‘cc 1 I. 1 3 ci Sc I 31 C 7 31 j  •, c.. 47 1 7 5.

2’. . .1 4) ‘.2 -..s 3 / 3 ci 5/b 3* 4 .3.
• 1’. 1 c’ •.3 c., 2 .~ s .1 c. 1.. 5314 ci 3 ‘7 12 31.
• 4 3.~ 3. ..‘I’2occ,~ -cc 3. 25. 4i 13. (.1 1 ‘ I ‘. ‘3 6 .1 ci 1.
• ‘cc 3’.’ .14 P -i /ci l, f~ 3 / 3., 4 7.7 1, • .7 ,S5~~~’ ..// ,~4 .-./s, .3 .3 cc # 3  1 31 1 2 43
• ,1 ‘cc .3 .c c.. II.’ , .3 & I S A  ?.. ,s ci .‘, 7 1 U 9 6 ) 4. C ‘cc

I ”  . , . , 5 , c c ~~~~~ . c . ’.. ’ , c . ,  .3 -cc ,c 3 ~ i c •  ‘. ‘. 5 .5 , .  • ci ’ . 5 ‘.7 3 3
• ., - I’.,. s d  .5cc_. c , . ..,  11 ~13” .~ .114 c c  / ,, . 4.. .7 1 1 1. 4 7 •1.~ . . .. - . c,. ‘.1 ‘.s , . ci ‘ cc.. . .. ~ c. ,~.1 1’. ~ ...4l.,... I Cci 1 il 110 A ~ 5..3 5, 5. 4, • ~~4, 4..4~ ,c .3 1’. *3 i ,,ci _ / ,.‘cc ,)’j /3.. 5. 4 31 31 ,u3 ~ 4 ‘ .cc

1’. • ‘.. 7.... ccc / .,t-34 1 ....5 ‘93’ 1’. .,rc’ cc..-.,, cc c ’ .lc.. . ‘. 8’, 3 8 52 A 316 ac. ‘3 8.
• 5, ~,)  ‘, ..‘c c i  45 .5 ,, ..C.”.4 . .c .c i  c. ~ r) IA’ .? ‘cc ‘4 3~ ‘./9 1/. t~ 9 ‘3 75 43 31.3 .3 C4t42 94

1c. . cc c . . j  c.,  .S c . . c 3  ci, .- ,5~.’3 4 ~~~~ -. 5.41 ) 5,4 4 .5) . ‘ , f~~j l  
~~‘, 4 35, .2 1 3/4433 31,8 4 ~• I • c c , I  / ,‘ .. .‘,c I - c /  ci... ci ,~~F ,~ cc.,.. / 7 7  7 1 ,~ ‘~7t. t ‘.2 ci ~4, ~ s 4 4  2’. 5)’,

• . . ‘ ‘. ‘ l ’ c & , ’ .3 5 )..1 .. 1~~ d c ’  1..’. ) . cc. .. I cc/ I l ‘. -. ‘c 31 31 .1453 c.434 23 31
• - I c/ • -c ‘ -- ‘cc .4 7. , 1.c cic. I I I ’. , . . .  , ,~ .,, S .,... 1 7’. s).’.. .. 3’.4,cc. ~~u ..3 83.ci .. , ‘.c ~~l •5 ,,, 4. 4. .1 !‘cc )cici’, - Sc ’,(,I,.ci.’ l cI. ...., (. 5 . 1 4  .,, ‘... l,c t ’s “1.41., 383143 *  313449. I A  11 53.,..3” ‘ ,c. , ~~,, cc 1,,.. 7 .. ,, 2 c~~~, ,.,, ,) I ..i,s.. , .... , 5 5. A’, 1) 231o14393 - )2/?2 ,‘6u214 9 92 2.
.1 , c , . .  . . . •1..~ • .1’,.3...1 , 7 ,j,’ .~‘1F ,. 43 1,. 5’ . 3 5 41 ’  l~ ,-cL. c ’ s /5,..,,.. 12 IIci.eU..ic,’:’cc 4 •,c$ 7 4 ‘/4,5.05 ‘ccl.
• I,, , 1 5 .,, 5cc 2 ..t- 4..’.” I 71 ,. 3.4 ,3 I’. sIl * 1 ‘ cc ’ -  ,c.’.4’, ‘cc ’ • i)’2 cc 5,J2/c) 4 2) 24 1 24 2
• 5,’ ‘‘.,‘ ,~ • 1 ‘ . 1 - c / s  I 1 - c ’ .  .~,1 .3 .11’, ... ,,,.3c,c)~’ 3’.) ‘. . . ‘, “3’,’. ?5)~ c.3” SI  isv. 

9
,) 991, C *34.

cc 3 4 24 ‘cc .4 .“. ~).3 - l..3 ‘. 1 5 4,47). Sc cc.2 ’i  7’. 0’. ~u )/~ A
.3 .~~~~ . -, ‘ . ‘.,-ISc1. * 3~~5 .,.’II 1 , 4 . I c  / ,Ic..c ,~’jc i c c c i  J . . - . . ,../ u 4 , c i u t . 3 . , c .-~ ‘ I t , 1 I ) 4 ) ’ 3 , )1 4 9 9 .
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FIGURE 81 (concluded)
II I  4 1 . 5 5 I t.,,. MI !~4l cc ‘4

,,,‘,.‘, II ..r.US • 4.’j4’, 1 ., T . ’c L  li,,1.,l6t. 1.1,) C.-IA’~I,.” • 9.1313. Ad CH3.4sGI PER P00 • 1.27

Pass 7 P = 1.05 Po
._ J

• .1 1
ci 

• 1 4
• 2’.. .1

• , 2
• II 631 1 3 c c
• ‘. 31 4 9
• 3 1 3 6
• 5.) 23 cccl l 5. 3 3
• I I ,.-c .‘ - .2 1 4 A 1 25 ‘cc .
• cc, 5. 1 ‘. c -, .5 1 5 3 cc I
• 4 ci 5 _  .. 3 4 3 ‘cc 1 4 1  31 3 31 2
• ‘cc ci 7 31 ‘cc 31 ‘cc & .7 .c .5 lci ‘cc 2 ci J3 S
. 2 . 5  1,. ‘) ,-. 1 ,‘ ‘3 ci 3 5~~~~ 5 . 1  23 7 5

‘.5 . ,. . 1  ‘c c ,  .1 7 4. 6 3 4 5 31 l . A
• . 3 3 7 . 5  .2 .2 4 / 7 & 3 .14, 3 0 3 317 33 A
.3 . ’  I, 9 4  3, ‘c ‘cc 3 .  21 ‘cc 1 64 1 .
• ~ 5,~. 5~~ t ,, 1 1  s ci 7 ci ._/ 8 5 ‘cc4 1 1 4 .

. 4 . ~c c ’ . 4  -c c”. 5 . 1 4 - 1 ) 0 4 ,  ‘cc ‘cc / 3131 4 3 .
• / 7. - ,  ‘cc 3 .4 .4 ci 1 ‘.c.s 3 2 4 ci ’~ 31 b d A S c c 3 4 A

‘ci • 44,, 5. 4, I’I /5 A 54, .7 .2 4’.! .‘ 7 -s F cci 5 4 41
• ‘ ‘c .. c, ‘. 11.’ -l cc -‘.3 .2 ci -. 1.3 25 4 4 5, 31 4

‘ ‘cc • .4-, 1 ‘.c )  ci 1 1.’ , .c 1. A 3 1 3 ,  ‘cc ‘. 5/So 1 393,2 , I ~ 1331 0 1.
• . ,, ,, / ‘cc, ,, ‘3 ’97.J4 4 34 (~c,l) ,. 7 1 I’. 4 ‘cc 1 ‘cc 3 5 4 3

— . - c I .55... 75. 5 1. ‘cc ‘cc & ,, Hcc 34ci .1.4 5, /84,73 6 .3313 22
• I C. ~~~ 3’. ~ ‘.il’. ’.. -cc 3 3 2.~ .5, Sc ,) ~~~ 7 125)4 2 A S
.3 5.’, ‘.5 ‘cc 3., 7.., ‘cc iS 1~ I cc.. - .u . ... ... ci3 .4 4431 .5/ 414
• ‘. ccl ‘. , 5 5, 7. ,, ‘, I 22 4 Ii 7. 1 ‘cc 5/ 41uc, I2FP4 4 3 2.
• .2 A 5,, 5 5, ~‘cc c . 5. -,, .1 ‘.4., .‘ 31 ..1 .1 cc 1,-co .3 ‘.5, 6 ci 42 4 4 ci._ . . . . .  cc. Sc 17.,, 1A , I’, ‘,‘c~ ,,,, J ‘..,. 3 cc ci 311 1’ 41 31 25 3 3 c c

Icc. • ... .5 / 2  43 4  5~~’.,44 44 ‘-3 1 14cc, -, I 4’.. .L, s’ 5’. .7 4 4,72 j 3 3 5/ ‘37 44 ‘.5.’,.
• ~. ‘.3 4,4 4 ~~~~ 5 ‘cc ci 1.,,. Icc,. .3 c i ’ ccc i4  .33 ..,L...) .5 ’..’ 31 7.’, (41 3 3 4 A 9 4)32,31 3

1’. ., ‘.c,. ,,’ .7 /4 54 ci-. )~~l,,4)c.3’.5. ..5c ‘ - .  Ic, .1 ci 5, ‘ccl 3ccc24 4 C Cc ci 44 2cc 43 043 ‘.4
• , .5 1 3 2 5 .  ‘..c. ‘cc ’. u 1 5 s , 1~~, ‘..‘- ,3 i  -. .3 -cc .14 cc ci .3 13 Z3ciI 21 s / S  731423o22 5,-~3 .3 2 & 3Z i i .

A ’ .  .,.7 9.’ 5 ‘.145.7 -I ,.c l  & -cc II .5/ / .1 1,,! sjc..,.3,, 31 c,4cc 4,3 i4ciu1’,604 3 &II3C 2 31)
13 7K-. 2 I c ,,1u~~4 / ‘ .‘cc~~’_l / 17. .  l.ciJ .rc , c12c. #1 / 234 ’cci/3 5.3 , s 3124/ 2.33s08435..

3 ,’.. 7..’., , 4 cc,. .7 53. .’. ‘.7 1,5. 47. .04. .’ 3 .5 ,., 5.,,,I’ ‘,‘,/4,cI ‘cc 4 45/44 SoccSIcc, S ,4 ‘,C s S  1 •
• I., , . ‘ . e , . -.. ,..‘9..., ..- . ‘. I ....5L4(,, , ..c..l ‘,c ..,,J.ci..l ‘cc s,,. .7 7 -c 3’cc .c l. 0/ .5 ‘cc s. 2 3 .52194 4’ 31 3133 2 n4o .3 ‘.3.

ci • . 117,, ,, 1 5/ci .‘ ‘cc2 ( ‘ 3 , 5  1I.,t, 1,, .1 ‘c c l i ’ , ,“cc 13.7’7.2 . 1 7 . . 5.~’ccc. 2 1 .33.25.36 cc~~34’.C’1&c.3t. 4214471 3313’.’..
• 3 ....,..5..’.5.’clIS..’.i& .3.. ’cci’cc .,.~c’cc......,Sc’ ” s - l ’ .Il, ’ ‘.7.7 t c,. ,-S(ll&c,,.IA I (45’.s4&2 (‘.5.11.31347) ASh 43,5A

4, . 2 / ’ .  j P c i~~.,s,,, ..,,,,j/ 5/ /3 ’,,,j’,37.-c-334,cc.... ’.A ’..4’ccl, ,..cill ’.c3 ~~, c i . s . c , , 3 3 t..3 4 4. 5.1)434 O S l o  333441(24.cc”cc6424 4 3 c c
• ,.2,.,, ..,~~‘ l ’ - , 3 4 .1 ‘cc...S334c/3!, 5,7 4 1 , 2 /  $, -,I44’..-..Sj..- , $  7 A 5 , s 3~ 4034 2,476344 81S~’.cc c.62324408.

* . . .I ,,’, ’ l t S ’. - , .. ‘,i’.~~~ci 3 7, ’., . . 3 , s 2 /* , . 1 , , . . 3 c i 4 . 5 3 1 . . . . . 5  3 9 . 1 1 .,, K s’. - cc /37u 13162 ci 4 c. So’.Ic,4I’.. I’.I’.II 3.
• ‘ c i . 5  ,‘4.55 .5) ~~,5. c,,- , 2 - ..c.., . ‘ , j c c l S 5 . r c  ..,,.. Sc ‘,ci - l7.,.141 *,/ -c 3., _ ,.33,, l dl 55’. 74444 3o14b ‘.3 ), ‘, ‘.,OII1 6 4.

cci.. ‘.~.(.,, . .5 5.4,3 4, ~~~~~~~ LI, 1, 44i’.s.,.. 31 5, ‘. .. ,‘2,.17.?I cc .. .3 .. 424 .3 * .35,31 7 .ccci2 4 1 .c34

, ‘1i.~ c l i . ) 4 CIc M l  I M -  cc I

‘-1. ” ’- ‘ 5 ’.4 -i ’5. ,.1ci9 T -1
~~~ 3 1 1 PM ) !  ! 1 E ~ CH A RG I cc A V I11A43I CHARGE PER ROD = 1.83 P6

Pass 8 P 1,48 Po

2 .
• A
. 2
• 1
• ci 4 2Sc , • .~~~i 1 2 4
• .53, 4 ‘3 .. 0

.4. • 4 313 cc. 4
• 1 ‘cc 0 5. 3 . 7 3 1

, 7. 5. ccc ‘ c c l  ~• 4 3 5.7 3 31,, 5, 3 43.7 • r 4 .54 C, 4,55 1 1 s 31.. ‘.17 3
• ‘cc ‘.7 ‘,,‘,,L ~ 5c~ 3.~S3 I 4 3 1. .~ 6

“ . 5  • 7. 45~~~~(4  s. ~. ‘.3 ’) 0 4 ;-. ,S 4  4 4 3
• 4 cc .4 3 14 3131 ).~~c c L  I cc. cc ) (.2 C• * cc 5, 4, ., 5~ 314,, (3 1 ,‘i 5 ‘cc CS  8 .s
. ,  7 4., 4, 51 ‘5. / . ,. ,.l ’,. i 31 / 5,/ .,, ‘, A c ,, 4 7 ‘cc 4 4•4.~~ , 4. .5 1. 1 ‘9 0’. 1,, cS’c c S I  a ’ . . .  I , 4, .7 31 15 .31 F 6 13 C

- , 
.1 4’. cc -cc - cccl .7 5. .3 -c 31 7 . 3  IL., 2 ‘3 I 431 iS 1 3.. 1 31 2.

- . -, ,‘ 7. ci 31’. ci 34,5, 1 5, 1 145 54 395 9L’ 8 3 5 1 a.3 Is. .~ 4 ci ,.4 .4 3- 6 /,41 31 ,, 1’,cia 5 .314 3a3 5
. 4 • ‘, S’cc ci ci .1 1 1 4 c i ~,.. . c A  ~ ‘ . ‘ 9  3 4 3  CS 312 64 3 C  1

• -3 ‘ (Id 4 5’. /‘.I 7. .2 ‘cc 2 ‘~ (3 C 9 A 3 I.
• ..‘.. 3 1” ( c i .  ~c I . 3 5 ,  3 ,.,,‘cc ccl s l ob  5 4,, .513 45 1 (5.,,. &, cc 1, ‘ I l ., ’,’. Sc A 4cc, ‘43 t.C 4 2 8/ , , c i I  5 . 1 . ,  1 4 , ’. c c l  7 ,. L . 3/  ~. 0 . 3  K 9 7 a  5 4 2 1 9 4 3 . 3
• 5,4- 13 C ‘.. ‘c c )  .1 J cc 3. s C 11 ,1.’/ • ‘.443, 7 1 475. C.5 cc. G ci i 11I’. • i l l  31 ’. ’. 4, 4 5. ‘ c c ,  2.,, / 25 1 ci 21 .15 52 9 132 31 14 61 c.’. 3 1 1 5 ’.  s’ s.. .5/ Ec c i l  / 1 3 5/3 ‘.. 3’. 4 34’. G d J icc 6 52 96 )I, . -., 14 II S - C c . .  ~C 7’. ‘.1 t4 cc/PS U cc ‘4 ‘ 1 ) ’ . ?  3 022131,, (3 I., 44...,1413 M ‘..c ‘ . ‘  .2 .‘cc’.~~ ‘4,4 1’. 6 /3 4’ 4,14 ci 9 ~ (5 44.43 A /44/. 433 JA 4 Li. ,.. / sC’... 5 4 c ,  cc - i ,cc. S. 4., C i  ‘3 5 Sc ,, ci! c,,/93,3 ‘. C 4 A c . 4 15’,’. 3.5 099 414 ci ‘cc
• . J ‘, cc, o ‘4 .7 , I ,cA ~ I I 4)5,4 ,4 ,.,c 1 2 ., .1 1 411513 (.41 31 b 9 33 823.I • ,. c, ... ‘cc ~1 / p. 5..’,,c... ‘cc 39)4. .? 31 C, ,.c. ci 1 .. ..3’ ‘. ci i ‘3 ii’. cil oSu A A C 1 cc’
• P 

- 
/ c’ .c - ci cc (.-‘ ‘.5 1 ‘,.,I $55 f- ,.,5-).2’, 4c.31- 112 ‘2 ‘9 3 143 ciBCco*2 ccci . 4 3 .  4-. (314 1’ Icc, c.. t “s 7 5’. 1 cc., ,4 ‘94. ci 7’- ’. P ‘cc ‘.C I A 31~ ‘.‘,ccl B 412 0I ,4 ‘cc J c ’~ ,, 5’ Fi1 .,,...sk . . (  I, ..c.. c,,,’ 1 1 ,, .5 1443-3. 31 5 7310 (.44414391 4,

• S , ci ’, ..4 .5’. ‘.t-c /4’ 5,. 4-c s I U 0 4.7 I I S - c .  c.,Q cc, cc.. Icc ’ 0413 3’ 3 6F35 & 21 C
• - 

ci “/ ‘3 I 1 •~4 - .5//c. , 3,1 ‘ . I / 7. So 1~ I,,t. 4 ,  7, ,c, 5s., ’. ,, 311’, IC .5/31 Uts 427 1 1, cc 31.• 1. .
, 

i, c. Cc I,, cc -‘ * ci . , cc,, I ‘),‘.5,~ 4 I’c. 4 / 7/7.  1- C,, 1 ... C ‘34, 314-94 lDOcc b 4 2 7 A 1 43 ‘9
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complete, and the entire region from the hub surface to the anode

becomes filled with charge. Figure 82 shows the charge at the

end of the interaction space for Pass 4 of a calculation at the high

end of the band . Figure 83 shows the debunching of this charge in the

drift space.

A charge distribution of the kind sh~ tn in Figure 83 can

lead to either very high or very low gain on the subsequent pass,

depending on the location of the level within the charge at which

the Es/B ratio is equal to the circuit wave velocity . If this level

is close to the anode, the recirculated charge will interact with

the wave, and the gain will be high. If the synchronous layer is

far from the anode, there will be a substantial charge above this

layer which has a velocity greater than synchronism. This is the

problem which developed in the high frequency case for V/VH = 1.18.

(See Figure 40.) On the early passes there was substantial gain,

but the calculation ended where the spoke was still broad . This

gradually led to a broad recirculated charge distribution with a

synchronous layer far from the anode and thus essentially no gain.

The attainment of a broad charge distribution at the input

is not bad is we adjust the synchronism conditions to properly

utilize it. This is apparently what we are accomplishing with the

anode—cathode spacing taper in the SFD—261. This tube is made to

perform satisfactorily over the band by changing from a uniform

to a tapered interaction space geometry . (The taper is that of Table

VII.) This taper increases the spacing at the input and hence reduces

the velocity of the recirculated charge near the anode so that it

interacts properly with the circuit wave. The computer modeling
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FIGURE 82

ROD PROFILE PLOT OF BROAD CHARGE DISTRIBUTION EXISTING AT THE

END OF THE FOURTH PASS OF A CALCULATION AT THE UPPER END OF

THE BAND . f = f 3+O.5, VK = 1.28 V1, VK/Vg = 1.185.
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FIGURE 83

ROD PROFILE PLOTS SHOWING DEBUNCHING OF THE DISTRIBUTION OF

FIGURE 81 IN THE DRIFT SPACE. Drift space starts at time

step 350 and ends at Step 400. Plots are shown every 10 time

steps . Interaction box moves forward 0.13 D 2 in 10 time

steps.
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studies thus suggest that  the main role of the taper is to optimize

the in teract ion space fo r  in teract ion with the recirculated charge

at the input and the hub at the output .

In Section 5 we will discuss a possible design which

ut i l izes  a broad charge dis tribu tion at the input which was , in

turn , generated by tapering the interaction space just before the

output to draw charge above the hub surface.
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4 A . 2  E f f e c t  of Recirculated Charge on Noise

It has been suggested tha t  pas s—to—pass  var ia t ions  of

the type shown in Figure 36 ac tual ly  occur in a real CFA . Our dis-

cussion up to now has taci t ly  assumed that the effect is a real one

and not jus t  a numerical e f f e c t .  If such variat ions do occur , they

will make themselves evident in the form of noise. Band l imited

noise in the presence of a coherent signal shows up in the tine

domain as amplitude and phase modulat ion of the signal at a rate

whose maximum frequency is limited by the bandwidth. Using the

circuit bandwidth (about twice the operating bandwidth of the

CFA) , we find that the maximum modulation period is about o n e — f i f t h

of the time it takes for  one t ransi t  of the RF wave around the CFA.

The computer model implies output variations (the pass’-to—

pass vai’i.ations) which occur at a per iodic i ty  correspondillg to the

t ransi t  time of the space charge around the CPA ( typ ica l ly  18

wavelengths) .  Thus if in the computer model we s ta r t  a calculat ion

and fol low one wavelength through the CFA , 18 similar ones fol low

it before  the space charge of the f i r s t  wavelength has re turned  to

the input . Whe n this charge has returned to the input , the input

condit ions change and remain f ixed for  a new 18 wavelengths. The

pass—to—pass variations in the computer model thus imply a random

step function of output as shown in Figure 84. A random function

L 

of this n a t u r e  wi th  i ts harmonics could well f ill the CFA pass

band with the broadband noise th~ir. i.s observed.

cc- - 
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FIGUR E 84

SPECTRUM OF THE OUTPUT WAVEFORM IMPLIED BY THE COMP UTER

SIMULATION MODEL. Sudden changes occur when there is a

change in recirculated charge distribution .
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The waveform of Figure 84 could not actually be trans—

m~ tted by the CFA because of i ts bandwidth l imitation. There

would be some smoothing of the sudden transitions . In addition ,

over a long period of time the de~ail of the 18 succeeding wavelengths

probably changes so that they are not as identical  as shown in

Figure 84. A waveform such as shown in Figure 84 would suggest

periodicities In the spectrum with a per iodic ity  of 1/18 the base

frequency. No such period icity is observed in the measured spectra.

There appears to be at least a rough correlat ion of the

conditions which lead to high pass—to—pass variations in the computer

model with those which produce noisy operation of a CFA . Figure 36

shows the pass—to—pass  variat ions for  the calculations reported in

Section 3. Also shown are the pass—to—pass  var iat ions obsarved when

the input power is dropped to 1 1KW. Low input powers or high applied

vol tag es are reg ions of high noise in a CFA , and they are also

reg ions of hi gh pass— to—pass variations in the computer model .

The correlat ion is , however , imperfect , e. g . ,  fo r  the lowest vol tage

at mid—band the percc ’.ntage variat ions are larger than they are for

the next highest voltage , whereas the noise ou tpu t  increases continu-

ously wi th  increasing vol tage.

We have a t t empted  to es t imate  the order  of magni tude  of

t h e  envelope var ia t ions  wlIlch might ur.cur in a ru a l  CFA in the

pieselIce of b roadba n d  randor ,i ~o i se  to s”e how they compare to

~I .i ’s s ’- to— pass  \ ‘a r l a t i,orls t,c1’,, (’r P I t . 5 d  b y the compute r  model .  It

appears  t h a t  the  b ro a dban d  noise. in the rou~’.d cathode in s t rumen ted

___ _______________  - 
A
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CFA integrated over the full frequency spectrum could amount to

as much as 1% of the total output . (This is a crude estimate from

spectrum photographs.) Using a broadband noise output , we have

tried to estimate the magnitude of the envelope fluctuations by the

method shown in Figure 85. We have started with an interfering

coherent signal 20 dB down on the carrier and have found that it

results in a modulation envelope with a ratio of a maximum—to—

minimum instantaneous power of about 1.5. If we split the inter-

fering signal into two coherent sidebands having the same total

power, we find the ratio increases to 1.75. For the higher peak to

rms ratios characteristic of random noise, we could expect ratios

of maximum—to—minimum power as high as two for only 1% noise power

content. Thus a real CFA appears capable of substantial short term

variations in power.

The above type of analysis has led us to question whether

the pass—to—pass variations as determined from the computer model

are perhaps too small. Since there are no random inputs to the

model, this is entirely possible. The possibility of adding

randomness to the emission procedure should be considered in the

future.

Correlation of CFA noise with the space charge recircula—

tion and the consequent pass—to—pass variations would be compatible

with the finding that noise may be reduced by a scraper electrode

on the anode side of the drift space.

If the pass—to—pass variations are indeed a source of U

noise , they appear to represent a source of noise other than at
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FIGURE 85

SKETCH OF [LL 1JSTRAT IM’~ INT ER FERF NCE OF A CARRIER AND A SI NGL E

COHERENT SIDE BA N D.  Spec t rum is shown a t  top .  Vect or  d i n ~~ ‘cim

of a d d i t i o n  of c a r r i er  and side hand in a f r a m e  of I e f c rt - 1 /ce

r o t a t i r l p  a t  t he  c a r r i e r  f r eq u e n c y  is sh ccwn in th e  r c [  ‘

R e s u l t i n g  m o d u l a t e d  wavefo rm Is rhown at bott om .
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the cathode. The variations may be enhanced by other variations

such as the var ia t ion  in spoke density at tile output which may in

turn relate to var i a t ions  at the cathode. However , there is the

possibility that some of the variations lie in the feedback process

i t se l f .  The variations may actually have a pseudo—random nature

similar to that of a random number generator used in computer

modeling .

It is our present hypothesis that the pass—to—pass

variations represent an imperfect model of an instability which

is capable of causing noise in a real CFA. It is possible that a

real CFA includes addi tional effec ts which are no t included in the

model because of the lack of random inputs to the model. A correlary

to this hypothesis is that changes to a CFA which permit the computer

model to run with smaller pass—to—pass variations will in turn reduce

the noise output of a CFA. It is to be emphasized that this is a

hypothesis——not an established result.

The discussion of noise and pass—to—pass variations hclps

shed insight on how noise will eventually be represented in a

computer model; it will simply appear as random variations of

amp litude and phase of the output wave. Processes which are

capable of producing such variations are thus potential sources of

noise. Processes which do not readily affect the output are not

likely sources of noise.
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5.0 APPROACHES TO CFA DESIGN BASED ON THE COMPUTER MODELING
STUDIES

The computer modeling studies are as yet incomplete , and

in the case of the tapered interact ion cases , they are cer tainly

flawed. However, the general description of forward wave CFA

performance which is ar ising from these studies will probably not

be basically altered by future refinements to the modeling. It

is therefore meaningful to see what the modeling s tudies  tell us

about how we should go about designing a CPA for 20 dB gain.

The discussion in Section 4.2 showed that we cannot

increase gain simply by increasing length. The interaction in

an emitting sole CFA is not the usual coupling of circuit and

space charge waves which gives rise to small signal gain but is

ra ther  a large signal e f f e c t  which requires “cap tur ing ” of the

space charge by the RF f ields.  Below certain values of input power ,

the RF f ields become too weak for the in terac tion to take pl ace

ef fec t ive ly .

We could design a CFA in which the input power is adequate

to draw charge from the hub. Unfortunately ,  the ou tpu t  power which

may be efficiently obtained from such a CFA is only about  13 to 15

dB above the input power. Many CPA’s, the SFD—261 , included work

in this mode of operation.

One could consider improving L I C  interaction at the input

by incteasing the hub velocity until it becon-~es more nearly synchro-

nous with the RF wave. A design of the  type  shown iii Figure 86 was

investi~ ated on a study program for the U. S. Air Force Avionics
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RF In  A

Large Scaling——Spokes Par t ia l
A go asychronous and Collector

current is no
longer drawn into spokes

RF Out

Anode I

Cathode

A A

Uniform Spacing
Permissible for Hi gh
RF D ~. 

Increased spacing synchronism
r ye 

of spokes above hub wi th
circuit wave

Close Space Design——S ynchronism
of hub charge with circuit wave
requ ired for  low RF drive

FIGURE 86

SKETCH SHOWING REGIONS OF A PARTIALLY REENTRANT CFA . Sketch

is unwrapped into linear form . Actual CFA is in circular

format and is joined at Planes A—A . Sketch is not to scale——

vertical dimension greatly exaggerated .
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Laboratory.
5 The concep t here was to skim off  r ec i rcu la t ing  charge

above the hub by a skimmer electrode in the drift space to minimize

noise. Interaction with a weak RF signal was to be obtained by

increasing the cathode to Hartree voltage ratio near the input to

about 1.4 by using a relatively close anode—cathode spacing. Once

charge was drawn above the hub level , the anode—cathode spacing

was to be increased to lower the VK/VH ratio to the normal operating

range fo r  the format ion of spokes.

The computer simulation showed that  20 dB of gain could

be obtained in this manner. However , it was difficult to control

the amount of charge drawn above the hub at the input. Our simu-

lations resulted in a large amount of charge drawn from the hub

over a short distance. Further down the tube , this charge impinged

on the anode in a highly concentrated manner. The high dissipation

density would have severely limited average power capability. This

study is repor ted in de tail in the f i nal repo r t on the Air Force

contract. While the approach of Figure 86 was not ruled out by our

failure to arrive at a satisfactory design in this initial study,

it did appear that the approach is more difficult to successfully

implement than some other possible approaches.

The alternative to making a weak input signal interact

with the hub is to have it interact with recirculating space charge

above the hub 1 .‘ -~~~~. This is apparent ly what is be ing  accomplished

with the various taper geometries discussed in Volume 1 of this

report , which describes the expe ri~:i~’i -~tal effort. On the above
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referenced Air Force contrac t we made a preliminary design simula-

tion of a CFA having an anode—cathode spacing tapered as shown in

Figure  87. The spacing at the input was intended to optimize

interaction with the recirculating space charge. Further down the

CFA the spacing was changed to a value which would draw fresh charge

from the hub and continue the interaction. The change in spacing

was introduced at a point where most of the recirculating charge had

been drawn up to the anode. By the end of the second region,

narrow well formed spokes were formed. If these spokes were allowed

to proceed into the drift space , they did not yield enough charge

above the hub at the input to provide the required gain. Thus ,

another spacing change was made over a short distance at the output

to draw additional charge from the hub. This provided the charge

required above the hub required to obtain the desired gain at the

input.

U The simulation of this des ign was of a prelim ina ry

nature without the calculation of a number of passes. Simulations

were conducted only at the highes t frequency in the band where

it is hardest to get gain . The process of synthesizing the design

and the de tailed resul ts are pr esented in the f inal repor t on

the Air Force study~ The design was for an X—band CFA at the

150 kW peak output  power level . This design employed a double

hel ix , slow wave circuit of the type sketched in Figure 88.

Charac ter istics of th is assumed circuit were ob tained by freq uency
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V /V 7. 23 j________________
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~~~~ O.35
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FIGURE 87

ANODE— CAT h ODE SPACING TAPER SYNTHESIZED FOR A RELN’I’R\NT

X—BAND D E S I G N .  I nt e r a c t i o n  space in c i r c u l a r  fo rma t is

closed on itself at. p lane X—X. Vertical scale is exaggerated

by a factor of 20.
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Magnetic 0.230 
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_  
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FIGURE 88

DOUBLE HELIX, COUPLED VANE CIRCUIT WITH DIMENSIONS FOR

AN X—BAND CFA. Pitch of the circuit at the anode bore

is 0.024 inch for the forward wave CFA designs studied.
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and power scaling an existing circuit. These characteristics are

summarized in Table XIV. This circuit had about twice the normalized

width (width/free space wavelength) and half the interaction impedance

of the circuit used in the SFD—261. The input conditions of the

simulation are listed in Table XV. The power growth and dissi-

pations as a function of distance from the input computed for this

design are shown in Figure 89. The final results of the simulation

are summarized in Table XVI. These results are reproduced directly

from the final report on the Air Force study. They show that a

peak power of 1 kW was adequate to develop a peak output power of

150 kW. This is a gain of approximately 22 dB. Efficiency of this

X—band design was about 50%. This CFA had an electrical length

(length in wavelengths) about 50% greater than the SFD—261. The

relative anode—cathode spacing in the output region is also about

10% less than in the SFD—261. These changes, together with the

taper design to optimize recirculating chatge , are responsible for

the higher gain.

If this design were scaled to the frequency and output

power level of the SFD—261 , it would operate with about 1/8th of

the present input power and have an average power capability several

tines that of the SFD—261. The price paid for these improvements

would be a physically larger tube . These results are quoted only

to show how the computer model may in the future be employed in

CFA design . No suggestion that this specific design should be
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TABLE XIV

PROPERTIES OF FORWARD WAVE, SLOW

WAVE CIRCUIT ASSUMED IN THE DESIGN CALCULATIONS

Circuit Pitch (d) 0.024 ins.

Circuit Height (parallel to B) (h) 0.230 ins

Properties as a Function of Frequency

Frequency 9.5 10.0 10.5 GHz

Phase Shift per Section (9) 90 103 116 degs.

Interaction Impedance (K) 20 16 15 ohms

Attenuation per Inch 1.39 1.39 1.39 dE/in

PHase Velocity/C 0.076 0.070 0.066

Synchronous Voltage (Vo) 1525 1290 1121 volts
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TABLE XV

PRELIMINARY REENTRANT CFA DESIGN

SIMULATION-—CONDITIONS OF THE SIMULATION

Circuit——Double helix coupled vane——See Figure 88 and Table XIV.

Anode—Cathode Spacing 0.030—0.022

See Figure 80 j
Active Circuit Length 90 periods

2.154 inches -‘

Drift Space Length 15 period

0.360 inches

Anode Bore Diameter 0.802 inches

Diameter at Vane Root 1.300 inches
(approx.)

Vane Thickness Tip 0.012 inches
(half of period)

Vane Thickness Root 0.026 inches
(slot width fixed
vane tapers)

Vane Thermal Impedance 5.7 °C/watt

Frequency 10.5 GHz

Cathode Voltage -9262 volts

Magnetic Flux Density 7632 gauss

Peak Input Power 1.0 kW

Ratio V
H
/V
O 

in Power Generating Region- —

.024 a—R spacing 7.23

Ratio VK/VH
__O.024 spacing 1.14

continued
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TABLE Xi

PRELIMINkRY REENTRANT CFA DESIGN

SIMULATION——CONDITIONS OF THE SIMULATION

Anode Cathode Transit Angle——na
0.024 spacing 1.99 radians

Cathode Secondary Emission Table Employed

Values for Beryllium Cathode

Secondary
Incident Emission
Voltage Yield

0.0 0.0

100.0 2.2

200.0 4 .2

300.0 5.0

500.0 5.0

2500.0 1.0
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TABLE XVI

PRELIMINARY REENTRANT DESIGN RESULTS

OF THE COMPUTER SIMULATION

Peak Output Power 158.8 kW

Dissipation by Electron Interception
on Anode 91.5 kW

Dissipation by Electron Interception
on Cathode 21.0 kW

Dissipation in Anode Circuit Attenuation 34.1 kW

Total Input Power-—Sum of Above Powers 305.4 kW

Peak Current (I) 35.5 amps

Cathode Voltage (VK) 9 ,262 volts

D.C. Input From VKI 328.5 kW

Should equal sum of powers and dissipations if spoke
charge conditions at start and end are identical.
Unbalance of 7.5% is acceptable for preliminary calcu-
lation.

Gain 22.2 dB

Efficiency——based on average of above 50 %
d.c.  inputs

Average Output Power at .01 Duty 1,588 watts

Worst Case Average Dissipation per Vane
by Electron Interception 20 watts

Worst Case Average Dissipation per Vane 100 watts
in Attenuation

Estimated Thermal Impedance of Vane 5.7 °C/watt

continued
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TABLE XVI

PRELIMINARY REENTRANT DESIGN RESULTS

OF THE COMPUTER SIMULATION
(continued)

Estimated Temperature Rise Vane
Root to Tip 150 °C

(Assumes power dissipated in attenuation flows
through half of thermal impedance, power dissipated
by interception through whole thermal impedance.)

Estimate Root Temperature 200 °C

Maximum Average Temperature 350 °C

stimated Transient Temperature Rise
Above Average for 10 Microsecond
Pulse Length——(copper vane with
maximum dissipation density on vane =

14 x average over vane). 150°C

RF Voltage and Field Ratios

Input Output

ERF/E
DC 

at anode 0.045 0.565

ERF /E DC at Brillouin hub
surface level 0.004 0.051

VRF /VO at anode 0.154 0.935

VRF /V
O 

at Brillouin hub
surface level 0.013 0.163
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implemented is intended.

Another type of design simulated gave somewhat unexpected

results. This is a non—reentrant design of the kind shown in

Figure 90. A thermionic priming source is assumed near the input

to initiate the charge build up. Our first pass calculations simu-

late a design of this type. Studies of this type of CFA have been

undertaken on Air Force contracts both for Rome Air Development

Center4 and for the Avionics Laboratory.5 On the first of these

contracts , depressed collector designs for minimizing the efficiency

penalty incurred by eliminating reentrancy were studied briefly.

Such ~ collector is shown in the sketch of Figure 90. The simu-

lations of this type of design have shown a surprisingly high

gain with efficiency reduction of only 5 to 10 percentage points

below a reentrant design . It is conceivable that the elimination

of noise associated with reentrancy could make such a design useful

for some applications.

Several non—reentrant designs have been studied on the

Air Force contracts. Table XVII summarizes conditions for a design

using the same slow wave structure as the reentrant design discussed

above . Figure 91 shows power and dissipations as a function of length

and Table XVIII summarizes the results of the simulation. Figure 91

shows the high dissipation on the cathode near the input which

occurs when the hub builds up. Such high cathode dissipation appears

to be characteristic of these non—reentran t designs . Cathodes for
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FIGURE 90

SCH~~1ATIC OF A NON—REENTRANT , EMITTING SOLE CFA. Such a CPA

is simulated by the first pass calculations .
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TABLE XVII

PRELIMINARY NON-REENTRANT CFA DESIGN--CONDITIONS

OF ThE COMPUTER SIMULATION

Circuit——Doubl e helix coupled vane——See Figure 88 and Table XIV.

Anode—Cathode Spacing 0.024 inches

Active Circuit Length 84—104 sections

2.01—2.507 inches

Tube Format—-Linear

(Alternate design in circular format
maintaining non—reentrant electronics
is possible——circular format thermal
impedances would be lower because of
thickening of vanes at root.)

Vane Thermal Impedance 9 0C/watt

Frequency 10.5 GHz

Cathode Voltage —9262 volts

Magnetic Flux Density 7632 gauss

Peak Input Power 1.0 kW

Ratio VH/VO 7.32

Ratio VK /V H 1.14

Anode—Cathode Transit Ang le——~a 1.99 radians

Cathode Secondary Emission Table
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XVIII

PRELIMINARY NON-REENTRANT CFA

DESIGN--RESULTS OF THE COMPUTER SIMULATION

84 104
Sections Sections

Peak Output Power 133.4 209.9 kW

Gain 2 1.2 23.2 dB

Dissipation by Electron
Interception on Anode 76.9 117.2 kW

Dissipat ion by Electron
Interception on Cathode 32.8 37.7 kW

Estimated Collector Dissipation
(See , Table XI) 8.8 8.8 kW

Total D.C. Input 279.2 440.8 kW

Efficiency 47.8 47.6 %

Cathode Voltage —9262 volts

Peak Anode Current 28.1 47.8 amps

Depressed Collector Voltage
Relative to Cathode +850 volts

Depressed Collector Current 5.2 5.2 amps

Assumed Duty 0.01 0.01

Average Output Power 1334 2099 watts

Worst Cast Average Dissipation Per
Vane——Electron Interception on Anode 18.4 14.8 watts

Worst Case Average Dissipation Per
Vane——Attenuation 6.4 15.6 watts

Estimated Thermal Impedance of Vane 9.0 9.0 °C/vatt

Estimated Average Vane Tip Temperature 395 404 °C

(Assumes power dissipated in attenuation
flows through half of thermal impedance——
power dissipated by interception through

L 
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TABLE XVIII

PRELIMINARY NON-REENTRANT CPA

DESIGN--RESULTS OF THE COMPUTER SIMULATION
(continued)

84 104
Sections Sections

whole thermal impedance.
Vane root at 200°C.)

Estimated Transient Temperature
Rise for 10 Microsecond Pulse 150 150 °C
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such CFA’ s would have to be designed with cathode cooling cap-

ability near the Input comparable with the anode cooling capability.

Figure 91 and Table XVIII show a gain on excess of 20 dB and an

efficiency only slightly less than a reentrant design. It should,

however , be pointed out that the assumed capability of the depressed

collector has only been roughly estimated and subjected to neither

computer simulation nor experimental verification. (The method

of making the estimate is discussed in Reference 4.) Again,

Tables XVII, XVIII and Figure 91 are taken directly from an

Air Force report.4

The non—reentrant CFA obtains its gain at the input in

an entirely different manner than the reentrant CFA. The gain

mechanism has been considerably clarified by the computer sImu—

lation results. It involves initial bunch formation by secondary

emission multiplication of the charge near the input In the pre-

sence of an RF field . The mechanism is sketched in Figures 92—96

which show sketches of the space charge configuration at various

points along the length of the CPA . Each sketch shows one P.7

wavelength of the CFA . The “favorable phase”——the half wavelength

in which electrons give up energy to the RI wave——is shown on the

left in each sketch. The “unfavorable phase” is shown on the right.

FIgure 92 shows the space charge conf iguration just

downstream from the priming source. The cathode voltage is adjusted

for  synchronism between the E/B dr i f t  velocity of the electrons and

the circuit wave. In this region , electrons in the unfavorable

phase are absorbing energy from the circuit wave . If the resulting
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FIGURE 92

EARLY STAGE OF CHARGE BUILD UP-—ELECTRONS IN THE UNFAV ORABLE PHASE

EXECUTE CYCLOIDS AND STRIKE THE CATHODE WITH ENERGY GAINED FROM THE

RF WAVE. Sketch shows t r a jec to r ies  in a re fe rence  f rame moving at

the c i r c u i t  wave velocity. Electrons in the favorable phase do not

r e t u r n  to the ca thode .  Charge m u i t i p lication occurs in the unfavorable

phase.  29 8—
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cathode bombardment energy per electron is greater than that

required for unity secondary emission ratio, the charge in this

phase multiplies. The charge in the favorable phase delivers

energy to the circuit wave and does not return to the cathode.

Since the charge delivered by the priming source is small , the

charge in the unfavorable phase where multiplication is

occurring rapidly grows until it far exceeds the charge in the

favorable phase. During this part of the build up, energy is

absorbed from the circuit wave and a bunch is forming in the

unfavorable phase.

One of the results of the computer modeling studies

is that substantial interchange of energy takes place between

electrons within the space charge . Once a significant amount

of space charge has built up (e.g. ,  10% of the ultimate charge) ,

this interchange results in an increase in the average cathode

bombardment energy per electron. The energy for the increased

bombardment comes from other electrons which lose energy and no

longer return to the cathode even though they remain in the unfavorable

phase. At the input of the CFA, the cathode bombardment energy per

electron is typically less than the value for maximum secondary

emission yield. The increase in bombardment energy thus causes

an increase in secondary emission yield, and the charge build up

proceeds at an increased rate. The charge multiplication in the

unfavorable phase now becomes self—sustained by the energy exchange
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within the space charge. At the same time, the cathode power

dissipation density rises to a high value (5 to 10% of the d.c.

input power Is dissipated over a short length of cathode). A large

bunch of charge thus grows in the unfavorable phase and attenuation

of the circuit wave continues. This region of the CFA is sketched

in Figure 93.

Once a substantial charge bunch has built up in the

unfavorable phase, charge transfer to the favorable phase begins.

This region is sketched in Figure 94. This charge transfer occurs

by two mechanisms——one is space charge forces in the bunch which

tend to make the trailing edge of the space charge cloud rotate

upward and backward . The other is a shift in phase of the circuit

wave as a result of currents induced in the circuit by the charge

bunch in the unfavorable phase. Once such charge transfer has pro-

ceeded to an adequate degree, amplification of the circuit wave

begins. As the circuit wave grows its fields gradually focus

an increasing amount of charge into the favorable phase.

Figure 95 shows a sketch of the space charge after

transfer to the favorable phase has occurred . Amplification of

the circuit wave is taking place, but the space charge bunch is

still rather diffuse. Electrons are circulating within the cloud

as indicated In the sketch. Anode dissipation begins when these

electrons are first intercepted . In some cases , an initial peak

in the dissipation density occurs because of the kinetic energy
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FIGURE 93

SUBSEQUENT STAGE OF CHARGE BUILD UP——ENERGY EXCHANGE OCCURS

BETWEEN ELECTRONS IN THE UNFAVORABLE PHASE . This exchange is

capable of supplying the cathode bombardmen t energy required for

the build up. At this point , the build up becomes self sustaining .
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BEGINNING OF CHARGE TRANSFER TO THE FAVORABLE PHASE. Space

charge forces  cause r o a t i o n  of the charge cloud in d lr ect ~~on shown

by arrows . At the same time , the circui t wave phase shifts forward

br ing ing par t o f the f avorabl e phase over the cha r ge cloud .

—302

~ 

~~~~~ - - - -
~~~~~~~~~~~~

•- • - - - --
~~

- ,
~~~

- - -



ARROWS ARE IN DIRECTIOt~ OF
FORC E ON AN ELECTRON • -

ONE WAVELENGTH 01.-I

ANODE

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~ RF FIELDS

CATHODE 
_______________________ _______________________

k FAVORABLE _________ UNFAVORABLE 01—
PHASE I PHASE

ANODE

CATHODE

FIGURE 95

CHARGE DI STRI BUTION AFTER TRANSFER OF CHARG E TO THE FAVORABLE

PHASE-—A DI~~ USE BUNCH FORMS INITIALLY ~~TH ELECTRON CIRC~~ATION

IN THE BUNCH AS SKETCHED .
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associated with electron circulation in this diffuse cloud .

Further down the CFA the growing circuit wave field has

organized the space charge into the typical hub and spoke pattern

which exists in the high power region of a CFA. This region

Is sketched in Figure 96. The existence of space charge in this

region has changed the d.c. fields so the E/B drift velocity

at the hub surface is now slightly (about 10%) higher than the

circuit wave velocity. This is the condition we require for high

power generation in a CFA.

This model of the interaction leads to computed power

grow th and dissipation density curves as sketched in Figure 97.

A max imum cathode dissipation occurs near the Input . A maximum

of anode dissipation occurs at the output with a secondary (lower)

maximum just downstream from the cathode maximum. The model also

leads to a view of the charge multiplication process as a non—

linear one. The internal energy exchange in the space charge during

build up maintains the process once it is started . An amount of RF

power is delivered to the RF wave by tile end of the build up which

depends on the interaction space parameters , but is relatively

independent of the input power——as long as the input power is adequate

to initiate the charge build up. Thus, a type of RF satur~ition occurs

early in the CFA.

The bunching which occurs during secondary emission

mul tiplication of the space charge is essential to the gain mechanism

in this rype of CFA. Our computer simulations have shown that the

gain is greatly redti i ed (e.g., from 20 to 6 dB fot the same ]ength)
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CHARGE DISTRIBUTION IN THE HIGH POWER REGION OF THE CFA SHOWING

HUB AND SPOKE FORMATION .
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SKETCHES OF POWER GROWT H AND DI SSIPATION DENSITY AS A FUNCTION OF

LENGTH ALONG THE CIRCUIT . FIGURE NUN BERS ON UP PER CURVE SHOW

APPROXIMATE REGIONS CORRESPONDING TO F I(;URES 92-96.
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if the cathode has substantial thermionic emission. If such

thermionic emission exists , current Is emitted in all phases

of the RI wave during the charge build up and the initial bunch-

ing does not occur.
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6.0 CONCLUSIONS

The computer  model has been found to corre la te  well

w i t h  an in s t rumen ted  CFA when the in t e rac t ion  space geometry

is u n i f o r m  around the  CFA c i r cumference  and opera t ion  occurs

in the space charge—limi ted  reg ime . The computer model in

its present form is a u se fu l  tool for  study ing such designs .

F u r t h e r  v e r i f i c a t i o n  of the computer model for  emission—

limited conditions is requi red . Proper values of cathode secondary

emission ra t io  are needed for  such s tudies . It  is believed that

no f u r t h e r  modi f i ca t ions  to the computer  model will be required fo r

studies in the emiss ion—limi ted  reg ion . However , some t r ial  and error

adjus tment  of the input program parameters  which control  the number

of rods emit ted  may be required  to assure tha t  enoug h rods are

always present in the s imula t ion .

The computer model has not proper l y s imulated designs

wi th  a tapered in te rac t ion  space. To ob ta in  a proper  s imula t ion

it may be necessary to both  improve tile accuracy  of the  i n p u t s

descr ib ing the cathode and to modif y the taper  procedures in

the program .

Use of the computer  model has begun to provide an inipro ve d

unders tand ing  of the  i n t e r ac t ion  mechanisms in an e m i t t i n g  sole

CFA.  Our f i nd ings  mus t  he taken as t e n t a t i v e  at t h i s  t ime  and

s u f j e ct  to f u r t h e r  vL r i f i c a t i o n  and possible m o d i f i c a t i o n  as

both  fu r t h e r  compute r  s i m u l a t i o n s  and f u r t h e r  exper iments  ;ire

c o n d u c t e d .  These f i n d i n g s  may be descr ibed in terms of three

summa:v findings and s ixteen more detai led f i n d i n g s  as fo l lows .
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Three Summary FindinEs

1. The basic interaction mechanism used to generate

high power in an emitting sole CFA does not have a small signal

regime. This comes about because electron trajectories in the

hub are subsynchronous with respect to the circuit wave. Signif i--

cant RI field strengths are required to pull electrons from the

hub. This means that CFA gain cannot be increased solely by

increasing circuit length. Instead some other means must be found

to provide some synchronous charge above the hub near the CFA

input. Recirculated charge froni output to input may be used for

this purpose. Modification of the interaction space near the input

is necessary to make best use of this recirculated charge. (This

is what our taper appears to do in the SFD—26l.) Alternately,

the interaction space geometry near the input may be modi f ied

in a different manner so that charge may be drawn from the hub.

Designs with 20 dB gain have been simulated using both of these

approaches .

2. The recirculation of charge from output to input

may be associated with a noise generation mechanism. The amount

of charge in a spoke tends to fluctuate because of an instability

at the base of the spoke. The amount of charge in the sr~ ke at

the CFA output determines the amount of charge recirculated to the

iapu t above the hub surface. In the computer model this charge

instability leads to pass—to—pass variations in the computed power.

These variations are belived to be symptomatic of noise in an

actual CFA. Reduction of noise from this source might be
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accomplished either by modif y ing the in terac tion space near the

output to draw fresh charge into the spokes or alternately eliminat—

log charge recirculation above the hub and chang ing the in terac tion

space near the input to draw fresh charge from the hub .

3. A different type of gain mechanism exists near the

input of a non—reentrant CFA. Selective build up of charge in the

phase of the wave for which energy is absorbed by the electrons

creates charge bunches . These bunches subs~.quently transfer to

the favorable phase for delivery of RF energy to the circuit wave.

This mechanism can give the CFA a gain boost near the input. Designs

wi th 20 dB gain have been simulated on the computer. This type of

CFA may incorporate a circuit sever .

De tailed Findings

The detailed findings may be divided into four major

areas :

• understanding of charge build up effects
in a non—reentrant CFA.

• understanding of hub charge distribution
and trajectories in the hub .

• understanding of how spokes form out of
the hub .

• understand ing of what happens when spokes
recircula te through the drift space from
output  to input .

Findin~s Concern i~~ char~~ Build ~~

I . Thoce is substantial energy exchange beiweer, electrons

and c o rt s e qu e o t i v  h i ~~h ca thode  bomb ardment  ene rgy  d u r i n g  the

st a b l i s h m e n t  o~ .1 ~~~~~ cha r ge hub . In a n on —r e e n t r a n t  CFA

_ _ _ _ _ _ _  —_- ---_-.-- - -_~~~ ----—__ - --.-



the hub must be continuously re—established near the input of

the tube . As a consequence , non—reentrant , emitting sole CFA ’s

will have higher cathode bombardment than emitting sole CFA ’s.

2. If RI fields are present during the charge build up as is

the case in a non—reentrant CIA (or a reentrant CFA during startine~

and if the cathode is primarily a secondary emitter, the charge build

up occurs selectively in the “unfavorable phase” in which electrons gain

energy from the RF wave. Subsequent transfer of this charge to the

favorable phase can result in a substantial “gain boost” to the CFA.

3. A non—reentrant CFA may incorporate a circuit sever

at the point where the charge bunch has built up and is starting

to transfer to the favorable phase. (See Reference 4.)

Findings Concerning the Hub

4. The charge distribution and trajectory shapes of

electrons in the hub are different from those suggested by simple

theoretical models. Because of energy exchange between electrons

in the hub, some of the electrons do not return to the cathode.

5. The amount of charge in the hub readjusts rapidly

to any change in anode—cathode spacing. Advantage may be taken

of this fact in designing the collector of a non—reentrant,

emitting sole CFA——i.e., by increasing the spacing prior to the

collector to reduce the charge entering the collector region.

Findings Concerning Spoke Formation

6. Weak RF fields cannot draw charge from the hub

into the spokes at the normal operating voltages of the CFA.
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This finding is in direct contradiction with the view previously

held . It had been thought that if the E/B drift velocity at the

top of the hub were made equal to the circuit wave velocity (V—

cathode equal to V—Hartree), charge could be drawn from the hub

by weak RF fields. The reason this does not happen is that the

average velocity of the electrons itt the hub is much less than

the velocity of the circuit wave. Significant RF field strengths

are required to overcome the lack of synchronism and draw charge

out of the hub. A consequence of this finding is that the

required input power may be not indefinitely decreased (gain

increased) by increasing circuit length.

7. Charge can be drawn up into the spokes by increasing

the space charge velocity relative to the circuit wave. The

ratio of these velocities is usually expressed in terms of the

ratio of cathode voltage (VK
) to Hartree voltage (VH

) wh ich is

approximately equal to the ratio of the E/B drift velocity at

the top of an ideal Brillouin hub to the circuit wave velocity .

Increasing the average electron velocity decreases the degree

of asynchronism between the hub charge and the circuit wave. For

the SFD—261 at mid band , an increase of cathode voltage to about

• 35% above Hartree is required to draw substantial charge from

the hub with a 0.01 Po peak input signal. With a 0.08 Po peak

input the cathode voltage need be only 10% above Hartree. The

reason why the charge drawn into the spokes is critically dependent

on the velocities and fields may be seen be reference to Figure 66.
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As a trajectory approaches the base of the spoke a branch point is

reached where the trajectory will either go up into the spoke

or back down into the hub. The relative values of the electron

velocity and the local E/B velocity computed using the sum of

d.c., RI and space charge ields determines which way the electron

goes. If the electron velocity is greater than the local E/B

velocity, the downward magnetic forces will predominate and the

electron will return to the hub. If the electron velocity is less

than the local E/B velocity, the upward electric f ield for ces will

predominate and the electron will go upwards into the spoke. Small

changes in the fields can make a large change in the number of

electrons drawn into the spokes. This is why the V—I curve of

the CFA is so steep.

8. Stable spoke formation occurs only below a certain

ratio of cathode—to—Hartree voltage. The higher the RI fields, the

higher the maximum ratio of cathode—to—Hartree voltage. This

phenomenon had been expected based on space charge—free trajectory

studies conducted many years ago. The details differ somewhat from

our expectations. For the SFD—26l at th~ upper end of the operating

band a peak input power of 0.08 Po will result in stable spoke formation

for a V
K
/V
H 
ratio of 1.2, but not for a V

K
/V
H 
of 1.30. Normal

operation is at a Vk
/VR ratio less than 1.2. As the peak input

power is decrased the permissible V
K
/V
H 
ratio is reduced . As

peak power is further reduced we reach a situation where we cannot
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draw a useful amount of charge into the spoke at the maximum

V
K
/V
H 

ratio for which stable spokes form. At 0.01 Po peak inpu t ,

a V
K/VH ratio of about 1.35 is required to draw useful charge into

the spoke. Stable spokes will , however, be formed if the

ratio is dropped to 1.15 once charge has been drawn up front the 
H

hub. The reason a lower VK/VH ratio is required for spoke formation

than for drawing up charge at 0.01 Po drive is that the electric

fields above the hub are higher than they are in the hub . Thus

a lower voltage is required to obtain wave than is required to

obtain synchronism of hub electrons. The requirements for drawing

charge and forming spokes are incompatible in the SFD—26l at

the 0.01 Po peak input level. They are compatib le at the rated

drive level of 0.08 Po. Ways around this incompatibility will

be discussed below .

9. The flow of charge through the spokes in the high

power regime of the CFA is not smooth. Art instability occurs at

the base of the spokes which causes the charge to flow through the

spokes in pulsations. This effect contributes to pass—to—pass

variations In our computations and possibly to noise in a real CFA.

This phenomenon has been subjected to a number of tests

to detrmine whether it is a numerical instability of the computer

model rather than a property of the real CFA . Neither changes in

program granularity nor introduction of substantial smoothing of

of the potential array have any effect on it. The period of the
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instability is relatively long (30 time steps) and does not appear

to be related to short time numerical fluctuations. At this

time, it appears to be a real phenomenon.

The nature of the instability can be seen by referring

to Figure 66. An increase in spoke charge depresses the potential

and reduces the fields at the base of the spoke . This , in turn ,

reduces the charge drawn into the spoke and subsequently results

in a spoke of sparse charge. The amount of charge drawn into the

spoke tends to be self compensating, but with hunting about an

average value.

Findings Concerning Charge Recirculation

10. Debunching of charge in the drift space is incomplete.

Debunching is improved when there is a large amount of charge recir-

culating above the hub surface. The incomplete debunching produces

less regeneration than might be expected at first because the

recirculating charge is not synchronous with the RI wave at the

input. (The reason for this is described in Finding 12 below.)

11. Differences in the space charge distribution at

the output from pass—to—pass in our computations causes differences

in the amount and distribution of charge at the input of the next

pass which affect the gain of the next pass. The pulsations of

charge flow through the spokes contributes to charge variations

at the output. As a result, the computations show pass—to—pass

variations. It is believed that these variations may also exist

in a real CFA and that they may be correlated with noise output
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of a CFA. If so, this means that the recirculation of charge

is associated with a mechanism of noise generation in a CFA .

Design modifications which reduce pass—to—pass variations may , • 
-

therefore , reduce CFA noise. This is a highly tentative hypo-

thesis at this time.

12. The E/B velocity above the hub at the output is

greater than the circuit wave velocity. The spokes are kept

synchronous with the wave by the RF fields. This condition is

necessary to keep charge flowing into the spokes. The charge

recirculated above the hub rotates forward and downward and

debunches in the drift space. In the case of a uniform interaction

geometry it returns to the input with a velocity higher than the

circuit wave velocity. If the RF fields at the input are weak ,

they may have difficulty In interacting with this asynchronous

charge. The situation may be improved by tapering the interaction

space as shown in Figure 87. The electron velocity relative to

the circuit wave velocity is reduced at the input to make it more

nearly equal to the wave velocity. Once the rercirculating charge

has interacted with the wave, the relative electron velocity may

be increased to tha t required in the high power region of the CFA.

13. Since weak RF fields cannot draw power from the hub

at the normal voltages, some other source of charge above tha hub

must be provided to obtain gain at the input In a high gain CFA .

One method was discussed in Finding 7 above. Another method is

to use the recirculating charge. To insure that there is enough

re irculating charge it appears necessary to increase the V1.
1
~~ 

ratio
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for a short distance at the output to draw additional charge into

the spoke. This charge then recirculates to the input where it

can be used to provide the gain until the RF level has grown to

a point where additional charge may be drawn from the hub . The

use of a fairly large amoun t of recirculating charge will improve

debunching in the drift space. Additional debunching can be

accomplished by making the drift velocity slightly variable over

the height of the drift space parallel to the magnetic field .

Findings Concerning the Cathode Properties

14. The secondary emission yield of the cathode does

not appear to affect performance as long as it is high enough——space

charge limitation occurs as long as the emission is adequate.

The secondary emission yield does affect the maximum current which

may be drawn.

15. The energy of electrons incident on the cathode comes

largely from energy exchange within the hub and only secondarily

from energy exchange with the RF fields of the circuit wave. As

a consequence, the variation in energy of electrons collected on

the cathode as a function of disance is comparatively small. Under

full space charge—limited conditions, the energy of incident electrons

at the output may be no more than the incident energy which results

from interaction with the RI input wave during starting and before

space charge build up.
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Finding Concerning Axial Variation

16. The interaction may be made uniform over the axial

8height of the circuit by properly shaping the end hats. The

design technique involves using the potential distribution in

the interaction space as computed by the large signal program

and then performing a boundary matching procedure at the edge

of the space charge similar to that done when designing art 0—type

Pierce gun.

Sample Designs

The computer model has also been used in preliminary studies

of possible CFA designs having 20 dB of gain. These exercises have

indicated how such modeling may in the future become an important part

of the CFA design process.
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