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Preliminary design of the low cost TWT Included a cost analysis ,
which Indicated the division of approximately 50% for material and 50% for
labor at the manufacturing cost level was appropriate to medium power
TW” ’s. It was observed during this analysis that a signifi cant percentage
of the labor was devoted to alignment and testing of the tube. Thus, in
addition to reducing the cost of material in assembly labor going in tube
construction, consideration must be given to the realization of design
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which would minimi ze alignment and test time. Mechanical and electrical
designs for the electron gun and focusing structure were considered in
detail. Al ternative designs were studied to determine which would yield
the lowest cost, without compromising shelf life and performance. This
study led to a stacked metal-ceramic electron gun construction capable of
withstanding the high bake-out temperatures required to obtain the shelf
life. The study of the metal-to—ceramic vacuum seal was confined to a
beaded header utilizing Hybralox, a new inexpensive material capable of
wi thstanding high temperatures. The PPM focusing structure constructed
independent of the vacuum envelope was shown to be the lowest cost focusing

$ method, which could be realized with reasonable weight and efficiency.

A detailed trade-off study on the methods of fabrication for the
major cost items In the gun and focusing structure was considered. Thep parts cost for the gun and focusing system was shown to be approximately
$30.00 for quantities In the 2000 to 5000 range. Some initial estimates
of construction of the circuit and body indicated that it would be feasible
to realize a $250.00 tube manufactured in those quantities. The estimates
were exclusive of tooling and packaging of the completed tube, although
estimates of parts fabrication tooling are included in the report.

Alignment or shinining of the PPM focusing structure to obtain satis-
factory performance and beam focusing over the operational range of the
tube contributes several hours to the manufacturing labor. Study of non—
ideal PPM focusing was conducted to determine the means and degree of
control required on the dimensions , ali gnment, and magnetic field to
reduce this alignment time to a minimum. The study utilized both analytical
techniques and numerical studies utilizing a digital computer programed
for the analysis of electron beam forming and focusing.

A beam tester was also constructed, which enabled observation of
electron beam behavior Inside of a PPM focusing field. Initial test
results obtained were limi ted due to reduced beam current and voltage, but
were consistent with analytical study. Further verification of the
analytical resul ts by the beam tester will enable the specification of
electron gun alignment and concentricity as well as the tolerances on the
dimensions of the PPM stack and the magnetic field ampl itude.

Preliminary investigation of means of constructing the Interaction
circuit and tube and body, RF seals , and collector were conducted pre-
paratory to determining the work required to complete a low cost NT
design. A 11111 shaped helix wi re locked into a dielectric barrel was shown
to have the possibility of eliminating the expensive precision helix
support rods and to provide the interaction impedance required to achieve
acceptable performance. This approach also has the possibility of simpl i-
fying construction of the input and output couplers collector insulator.
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Prelimi nary design of the low cost TWT included a cost analysis, which m di-
cated the division of approximately 50% for material and 50% for labor at the manu-
facturing cost level was appropriate to medium power TWT’s. It was observed during
this analysis that a significant percentage of the labor was devoted to alignment
and testing of the tube. Thus , in addition to reducing the cost of material In
assembly labor going In tube construction , consideration must be given to the real-
ization of design which would minimi ze alignment and test time. Mechanical and
elec trical des igns for the elec tron gun and focus ing structure were cons idered in
detail. Alternative designs were studied to determine which would yield the lowest
cost, wi thout compromising shelf life and performance. This study led to a stacked
metal ceramic electron gun construction capable of wi thstanding the high bake—out
temperature required to obtain the shelf life. The study of the metal-to-ceramic
vacuum seal was confined to a beaded header utilizing Hybralox a new inexpensive
material capable of withstanding high temperatures. The PPM focusing structure
constructed independent of the vacuum envelope was shown to be the lowest cost
focusing method which could be realized wi th reasonable weight and efficiency.

A detailed trade-off study on the methods of fabrication for the major cost
Items in the gun and focusing structure was considered. ~ The parts cost for the gun
and focusing system was shown to be approxima tely $30.00 for quantities in the 2000
to 5000 range. Some initial estimates of construction of the circuit and body indi-
cated that lt ’would be feasible to realize a $250.00 tube manufactured in those
quanti ties. The estimates were exclusive of tooling and packaging of the completed
tube, although estimates of parts fabrication tooling are included in the report.

Al ignment or shiming of the PPM focusing struc~ure to obta in sa tisfactory
performance and beam focusing over the operational range of the tube contributes
several hours to the manufacturing labor. Study of non-ideal PPM focusing was con-
ducted to determine the means and degree of control required on the dimensions,
alignment , and magnetic field to reduce this alignment time to a minimum. The study
utilized both analytical techniques and numerical studies utilizing a digital corn-
puter programed for the analysis of electron beam forming and focusing.

vii 
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~ beam tester was also constructed , which enabled observation of electron beam

I behavior in-ide of a PPM focusing field. Initial test results obtained were limited
due to reduced beam current and voltage, but were consistent wi th analytical study.

~~ Further verification of the analytical results by the beam tester will enable the
specificati on of electron gun alignment and concentricity as well as the tolerances
on the dimensions of the PPM stack and the magnetic field amplitude .

I
Prelimi nary investigation of means of constructing the interaction circuit and

$ tube and body, RE sea l s , and collector were conducted preparatory to determining the
work required to complete a low cost NT design. A ~ TII shaped helix wire locked

1 into a dielectric barrel was shown to have the possibility of eliminating the exoen-
sive precision helix support rods and to provide the interaction impedance required
to achieve acceptable performance. This approach also has the possibility of simpli-
fying construction of the input and output couplers and collector insulator.

viii 4 .
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I. INTRODUCTIO N
The aim of the study is the development of a l ow-cost expendable TWT with the

fol l owing characteristics:

RE Output Power 50 Watts
Bandwidth 4-8 GHz
Temperature

Non-operative -55 to +120°C
Operative* -20 to +80°C

Efficiency Maximum

Life 30 minutes

*Assumed to be temperature of body
Moreover , the tube must be operative even after a shelf life of 10 years with a

short warm-up time and no further processing.

The principal consideration in this development is the reduction of cost, so
that the ultimate selling price will be consistent with application to expendables.
The initial design goal is a selling price of $250.

In order to approach the design goal , the following guidelines have been estab-
lished :

(1) Use components which are in large production for commercial devices , if
the to l erances are acce ptab le. For examp le :*

Magnets: Strontium or barium ferrites and Alnico 8 are used in
millions/year quantities for loud speakers.

Ceramics: Used in large quantities in the automobile industry .

DC Headers: Used for other dev i ces suc h as triodes.

* In a recent article in Countermeasures, October-November , 1975, on “Ex pendable
Jammer ” , the problem of the “functionabi lity ” of the jamer for a shelf life of
ten (10) years and the necessity to use commercially available components in
non—critical areas is emphasized .

1
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(2) Use techniques for stam~1ng electrodes and/or pole pieces as in CRT ’s.
(3) Use jigs with sufficient precision to eliminate adjustments of gun and/or

the focusing system. The cost of the jigs can be a substantial part of
the tooling, and i s a functi on not only of the requi red tolerances , but
also of the life cycle of the jigs.

(4) Limit quality assurance , superv is ion , engi neer ing and acce ptance tests.
Poor quality assurance procedures decrease the yield; too severe control
i ncreases the cos t.*

The main efforts during the first phase of this program were directed to the
following:

(1) Design and analysis of the cost of the components of the gun and the PPM
focusing system.

(2) Consideration of non—ideal conditions of the PPM focusing and their in-
fluence on the beam.

3 (3) Check of calculated tolerances by means of a real size beam tester, which
was developed and fabricated during this phase.

Not much information on th~ tolerances of the different parameters is known)and
the tube designer generally has the tendency to impose the tightest tolerances
possible. This leads to expensive tube parts. Moreover, on many parameters , the
tolerances achieved in the sub-assembly operations are insufficient , then adjustment
0’ the gun and the PPM stack by shimming becomes necessary , thereby increasing labor
cos t.

During the engineering phase of many manufacturing contracts, (1 2) “the
establishment of tolerance limits on the electrical parameters of subassembl ies,
which will still yiel d tubes meeting specification , has to be made.

* As an exampl e , many customers require the crossed-fields of a bare magnet to
be bel ow about 5 Gauss. The measurements show that the crossed-fields in a
PPM stack is determined by misalignment , and not by the crossed—field of a bare
magnet, i.e., a quality control on crossed-fields of the bare magnets is not
necessar y.

2

_ . _ - -,_

~

_ --,-~~~---~~~



- _ - -
~
--

~~
--..•-—-- -- .-•

. 1
I

However , only very limi ted information has been obtained by computer or experiments.
The establishment of tolerance limits is a complicated and expensive task, and gen-
erally cannot be done with the time and the limi ted funds available. This is also
true with the present study described in this report, in spite of the fact that the
main work was directed to this item. This is even more difficult if quantitative
results , applicable to other designs , have to be established . There is no doubt
that such a general study will be extremely effective for cost reduction , not only
for low-cost expendable TWT’s, for examp le , but also for more sophisticated tubes.

3
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2. PRE-DESIGN OF LOW-COST TWT
2.1 Previous Cost Experience and Preliminary Analysis

The relative distribution of cost of material and labor required to build a
low power NT at the Electron Tube Section of Northrop were analyzed and com-
pared with cost distribution data from other manufacturers. Some important dif-
ferences appeared. The labor cost presents about 60-70% of the cost for low power
tubes and 40—50% for high power tubes (see Table I).

Table I. Labor and Overhead Costs for Various
TWT ’s Percentage of Total Cost.

Northrop low power tube 61%
MEC low power tube~

3
~

For 100 60%
For 1000 62%
For 3000 63%

MEC power tube~
4
~ 40%

Average of 3 Drive Tubes~
5
~ 68%

Average of 2 Power Tubes~
5
~ 53%

The expendabl e tube wi th an output power of 50 Watts is at the low end of power
j tubes, and the expected labor can thus be predicted to be about 50% of the overall

cost of the tubes.

Table II shows the labor hours of two production tubes, one made at Northrop
and the other at MEC~

3
~ . Both tubes are low power tubes and older models. For the

Northrop tube, a large part of the labor is for packaging, which includes shimming
of the PPM stack and testing (12.5 hours); for the MEC tube, a large part of the
labor is for testing and adjustment (11.5 hours). In more recent tubes, pre—testing
is much reduced due to improved control of the alignment of the pole pieces by an

integral pole piece structure and by pretreatment of the magnets. Pre-testing of
the tube for meeting the specifications of voltage, current, and gain represents
about 10% of the labor time. In any case, the required labor for the construction
of an actual TWT has been about 30 hours.

4
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Table II. Labor Breakdown for Various TWT’s.

WARNECKE:
VACUUM ENVELOPE : HOURS TOTAL

Cathode Assembly 2.3
Gun 6.5
Hel ix 1.6
Helix & Gun .9
Exhaust Assembly 2.
Exhaust Ageing 3.

16.3
PACKAGE:

Magnet & Coupler 2.4
Magnet & Tube, wi th adjustment 12.7
Housing .2

15.3
31.6

M.E.C.:
VACUUM ENVELOPE:

Sub—assemblies 7.0
Final Assembly 3.0
Process 3.0
Machine Shop 1.0

14.0

PACKAG E:
Magnet 2.0
Magnet & Tube 2.0
HousIng 1.0

L. Adjustment & Testing 11.5 I]
16.5
30.5

5
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Based on the design goal for the low cost TWT of a price of $250, Table III
shows the cost breakdown for material and labor. Taking into account profit, G and
A , yield and overhead , the cost of the material should be about $72, and the direct
labor about $34.

Table III. Cost Breakdown.

Material $72 Direct Labor 34
Yield Factor - 10% 8 Yield Factor - 15% 5
Material Handling - 7% 5 Labor Overhead - 118% 46
Sub Total Material Cost $85 Sub Total Labor Cost 85

Sub Total Manufacturing Cost $170
G & A  23% 42
Sub Total $212
Profit 15% 38
Target Price $250

2.2 Electrical Design
The electrical parameters of the beam have been ca lcu lated under the follow ing

assumptions :

Output power 50 Watts
Frequency 48 GHz
Beam efficiency 10%
Perveance 0.5 x io 6
Beam diameter/average helix diameter 0.4
va rnaximum 1.5
(a = helix radius, G =  2t /A
where A is the wavelength along
the helix.)

6
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Table IV shows the electrica l parameters for these conditions .

Table IV .

Electrical Parameters of the Beam

Anode vol tage 4,000 Volts
Cathode current 0.125 Amperes
Average hel ix diameter (0.087 inches) 2.2 mm
Beam diameter (0.035 inches) 0.9 mm
Plasma frequency 1.45 GHZ
Pl asma wavelength 2.6 cm
Brillouin field 730 Gauss

2. 3 Mechanical Des ign
Figures 1 and 2 show two designs taken into consideration. Figure 1 represents

a classica l design in which the electrodes are mounted by ceramic spacers. Brazing
problems will occur If the electrodes are not made out of Kovar. At the beginning
of the contract, molybdenum electrodes were considered , however , test performance
showed leaks and/or cracks of the ceramic-molybdenum bond (moly—manganese process).
Kovar electrodes must be far enough from the gun so that the induced magnetic fields
(crossed-fields) do not perturb the beam forming process. This leads to relatively

expensiv4’ electrodes.

Figure 2 corresponds to a design commonly used in CRT ’s. In this design , the

electrodes can be made out of stainless steel by stamping . The tolerances can be
held by proper jigs. Di fficulty exists for high temperature bakeout If glass Is

used to support the electrodes and/or for the feedthroughs of the header.

Many discussions arose concerning the most reliable design , espec ially related

to leaks and l ong shelf life. The brazIng surfaces of the Figure 1 design are rela-
tively large , so tt’at microleaks have a higher probability of occurring in this
des ign than in the second design, particularly if long shelf life is desired,

However , thin pin holes (Figure 2) are diffi cult to metal lize and are one of the
main sources of potential leaks.(6)
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- -—- -.-•.--••,~
, 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ — — ._—--..-._._ _~~~~~. 
— —‘-  — -

CAT H ODE

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

________  — I — —
~~~~ 

F 
_____ - _________ — ____________

ENVELOPE INSULATOR RODS

Figure 2. Gun Design CRT Type.

9



— - ————— - 
~~—~———~ ~~— — ~ -——~~ — -~~ ——.-— ~~-—- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ —

An estimate of the labor and material costs shows that both designs are equiva-
lent. The design of Figure 2 was finally chosen, particularly because a higher
probability for shelf life survival is expected wi th proper headers, using Hybralox
(see section 3.5). Figures 3 and 4 show two proposed gun designs . The ceramic
spacers for the gun assembly are similar to those produced in large quantities for
pumps in the automobile Industry ; the beam forming electrodes are made by stamping
and the alignment between the gun and the helix barrel is obtained by a “snout” . The
cathode body is made by sintered nickel and held In place by a ceramic disk as in a
CR1. The ceramic disk Is a good thermal insulator compatible with short “warm—u p”
times. In Figure 3, the distance between the anode and the cathode is controlled
to ÷0.0005” by individually selected spacers, a method which Is used at Northrop for
scan converters and assures a tolerance of +0.00025”. In Figure 4, a cathode body
is mounted in a sleeve. Snout, anode, beam-focusing electrode and cathode sleeve
are mounted together. The cathode-anode distance is obtained by a jig wi th toler-
ances of +0.0005’. The cathode to cathode sleeve fixture is obtained by laser
welding . An oxide or “Medicus ’ cathode and a SAES getter type ST lOl~~ will be
used . The header insulators are Hybralox , which allows a high bake-out temperature.

In modern 1141’s, the vacuum envelope incorporates integral pole pieces, and
Aln ico 8 or rare earth—cobalt magnets are used . The advantages and disadvantages
of this technology are discussed by Burgess and Conquest.(8) If ferrite magnets
are used, it is not possible to mount the magnets in halves , and consequently it
was decided to mount the pole pieces and magnets by slip fitting them on the exter-

nal barrel (Figures 5 and 6). The main problems of this design are the input and

output connectors which present a serious probl em for potential leaks and high labor
cost. For this reason, it is proposed to completely change the design of the RF
circuit and to study this technology in Phase II of this program. The proposed
circui t design is described in Section 7.

2.4 Gun Des ign
The required short operational life of the expendabl e NT presents an advantage

to the designer. Since high current densities are required only for a short amount
of time, a small beam compression ratio can be used to overcome the divergent lens
effect of the anode of the Pierce gun .

10
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The predesign of the Pierce gun was made by following the design procedure

described by Pierce~
9
~ and Gittins .(10) The trajectory calculations were made by

Shared Applications , Inc. (SAl) with the Rowe program. Figure 7 shows the dimen-
sions of three computed guns. The main objective of the design was the simplicity 

- 

-

of the electrode wi thout severe sacrifices in the beam properties . Table V Is a
sunii~ary of the results . Gun No. 1 was also computed by G. Konrad with the Stanford
program written by Hermannsfe]dt. The SAl and the Stanford program calculate the
same perveance. - The intercepted current is higher in the SAl program and the varia-
tion of the current density larger in the Stanford program. The Stanford program
shows a discontinuit y of current density at 0.6 of the cathode radius; for the SAl
program the current density is a monotonically increasing function of the radius ,

which seems physically more realistic (Figure 8).

The angle of the Pierce electrode of gun No. 2 was changed from 540 to 450 as
proposed by Stevens (SAl). In gun No. 3, no beam interception occurred , the homogenity
was good , and the gun has a perveance of 0.49 x i0 6. Gun No. 2 had a perveance of
0.34 x as calculated by following the Pierce procedure.

As of yet only gun No. 1 was mounted in the beam tester. The results were in

• good agreement wi th the computation (see Table V , gun No. 1). Gun No. 3 has been
constructed , however , it has not been tested due to heater problems of the cathode.

2.5 Focusing
A large number of focusing methods were considered , and the PPM focusing was

found to be the best compromise between cost, weight , and tol erances . The Harr is
flow was used in the spirotron by Tschernov~~

1) who reported excellent results with
efficiencies up to 30% and output power of more than 10 watts between 1.5 and 3 GHz.

(1,’)However, Kirstein , Kino and Waters ‘ descri bed the difficulty of the beam launch-
ing and the poor stiffness of the flow for the outer el ectrons of the beam so that 

-

high beam interception in high power tubes occurs , which eliminates this type of
focusing.

15
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Table V. Electron Gun Calculations.

GUN I GUN 2 GUN 3

STAN- 08- STAN-
SAl FORD SERVED SAl FORD SAl

TOTAL CURRENT (AMP) .197 .20 .196 .163 .163 .125

PERVEANCE (10 ’) .78 .80 .78 .65 .65 .49

INTERCEPT CURRENT .039 .020 .050 .050 .32-~ 8 .00

CATHODE LOADING 1.43 1.65 .40 1.65 1.09
RATIO

(Imox/cm 2

~\ 
‘min /cm~

1sS.0217gsco,

17

—.5 .5_rn — —5—- . 5— -  .5. —
~~~ 

-



-, __.5_
~

__ 
~~~~~~~~~~~~~~~~~~~~~ 

,- ‘-.5—- .- - - -—5-—- ..— -- -_~~•._~~
_J-5__ _ ,- —F-- - —~~~ 

.5
-’

____________________I/,c.m 2

I mm /cm 2

1.8 -

1’
_ _ _ _ _ _  _ _ _ _ _ _  - _ _ _ _ _  _ _ _ _ _ _

— STANFORD

1.4 :
12 i

i 

_ _ _ _  SAl

.‘
‘ 

I
___.,_

1.0

.8 0 0.2 0.4 0.6 0.8
R/R (MAX)

156.021799.029

Figure 8. Current Density Distribution of Gun No. 1.

18

- . - .5



•
-
~~~ir

———
~~~~~~”T : ’ - - — - - - — -  5-_.5 -, 5--5--.- ---— ,.-.5—.——-5. .-_--,- -~~~~~~~~~

The estiatron (13) , an electrostatic focused TWT, uses bifilar helices for
focusing. Output power of 20 watts has been obtained . in bifilar helices , two

f modes exist, with zero and v phase between the two helices , having slightly dif-
ferent phase velocities . Irregularities in the helices and/or asyninetric electron
beams will excite the asylTuietric mode even if the helices are syninetrical in phase
and amplitude at the input. In a broadband TWT, this l eads to power holes in the

f band , and therefore, the yield becomes so low and the required tolerances so high
that the tube becomes expensive .

• - Immersed flow in solenoid focusing systems is the least expensive. However,
the DC power for the soleno id leads to too low values of effic iency.

Permanent magnets can be made relatively compact, and wi th field strtighteners ,
the crossed fields can be reduced to less than O.2%.(14) The weight and cost
eliminate this type of permanent focusing.

Glance (15) studied the quadrupole lens for high perveance beams. Satisfactory
beam ripple can be achieved , but the adjustment is critical. This focusing may be
interesting if samarium cobalt magnets can be used, however, more theoretical and
experimental work is necessary to justify such focusing for low cost TWT’s .

Fiel d reversal or multiple field reversal reduces the weight, and is used In

coupled cavity TWT’s and millimeter wave Twr’sJ16~ In order to compensate for the
influence of the transition region on the trajectories, the magnetic field is slightly

decreased (dip compensation) or increased (peak compensation). In this case, the
beam ripple is very sensitive to crossed-fields (as In the permanent magnet), and -the
weight is greater than for the PPM focusing.

3. COST REDUCTION STUDY
In the first phase of this study only the gun and the focusing system have been

studied , and the cost analysis was made on these components only.

3.1 Beam Focus inq Electrodes
The beam focusing electrodes can be made by machining, by using temporary dies ,

which limit the production for each die to about 500, or by using permanent dIes
with which more than 10,000 parts can be produced .

19
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The tolerances achievable with permanent dies are:

Aperture diameter ±0.0005”
Ovality of the aperture 0.0005”
Outside diameter +0.001”
Tolerances of angle ±1

0

Some samples of stainless steel electrodes were heat cycled between room tem-
perature and 1050°C without any measureable permanent deformation .

Table VI shows the quotes obtained from three companies in 1975 dollars .
(Note: In this table , and in several others which follow , there are omiss ions in
quantities quoted by various vendors , mainly because the method of manufacture is
not suited to the quantities involved).

Table VI . Quoted Prices Each Beam Focusing Electrode.

FOR: 10 PIECES 1,000 PIECES 5,000 PIECES TOOLING

Machined $45.00 * * -

Temporary Tooling $15.00 * * $ 325
Permanent Tooling $ .85 $ .14 $ .06 $3,000
(Two Suppliers ) $ 1.29 $ .324 $ .185 $1,590

ANODE

Machined $30.00 * * -

Temporary Tooling $10.00 * * $ 250 -

Permanent Tool ing $ .85 $ .19 $ .05 $1,640
(Two Suppliers ) $ .96 $ .28 $ .133 $1,144

*Not Quoted

3.2 Ceramic Spacers
Table VII shows quotes of different companies for ceramic rings. The cost

depends slightly on the tolerances imposed on the thickness, and on the metalliza -
tion . With rnoly—manganese metallization , the tolerance gi ven by the vendors Is
±0.001” when both sides are metallized .

20
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Table VII . Cost of Ceramic Spacers.

Tolerances 100 1000 5000 ToolIng
Non Metallized :

±0.0005” $4.58 $3.26 $2.84 $360

+0.0005” 6.65 2.40 1.65 595

+0.0005” 7.85 2.58 2.17 360

±0.002” 3.65 2.60 2.30 595

±0.001” 1.70 .62 .283 710

Metal 1 ized:

±0.0015 5.83 3.76 3.19 360

±0.00150 8.10 3.05 2.15 595

±0.0020” 4.00 2.75 1.80 -

±0.0020” * 1.83 .91 710

+0.0031~ 4.90 3.10 2.65 360

±0.003” 7.65 2.90 2.05 595

Metal ization Only:

±0.001” 2.30 1.15 .63 200
4 *Not Quoted

F Note: Where multiple rows of data occur corresponding to be same tolerance l evel ,
data from more than one vendor is included .

21
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The least expensive ceramics are the rings used in large production. In this

case the thickness is fixed at 0.250 inches. The price of the ceramic spacer hold-
ing the cathode (See Figures 3 and 4) is less than $0.30. Table VIII shows the
measured thickness.

Table VIII. Tolerances of Cerami c Spacers.

Outside diameter ±0. 0007”
Ovallty outside 0.0002”
Inside diameter ±0.004”
Ovality Inside 0.0006”
h R  max. <0.004”

If a TIR of less than 0.002” is required , the price of the spacer increases :

100 pieces $3.00
1000 pieces $1.43
5000 pieces $1.20

3.3 Cathodes
In modern TWT’s, mainly the impregnated tungsten aluminate cathode is used be-

cause tight tolerances and high reliability can be achieved , however , the cathode is
expensive. Three other cathodes can be envisioned , the classical oxide cathode, the
coated powder cathode (CPC) by W. Maurer and C. M. Pleass of the Bell Laboratories ,
and the Medicus cathode, a nickel matrix cathode invented by Medicus and under study
at Northrop. The main parameters are the cost, the reliability and the low getter
function of the cold cathode. Unfortunately, the barium is an excellent getter at
low temperature and after long storage the ca thode in operat ion will rel ease the
absorbed gas. No quantitative measurements of the getter functions of di fferent
cathodes in a same environment were available. The choice of the cathode depends on
the cathode getter activity compatible wi th the activity of a cold getter (e.g.,

- - 

ST1O1 and S1170) and the outgassing process during the processing of the tube. It
is expected that quantitative results wil l soon be made available by NRL.

22 



The proposed cathode-gun assembly is shown in Figures 3 and 4, while Figure 9
shows the cathode structure in detail. An investigation related to the cost of

- oxide cathodes compatible wi th the proposed TWT performances was made. The com-
panies contacted are not even interested in the fabrication of such cathodes in
small quantities , a small quantity being less than 5,000 pieces. One ar~swer to this
problem is to fabricate those cathodes by nickel sintering . Fi gure 9 also shows the
tolerances promised by the manufacturer.

Table IX shows the evaluated cost of the cathodes. No definite prices could be
obtained by vendors for the oxide and CPC cathodes. It is expected that the cost of
the cathode will not appreciably exceed the cost of the cathode body, since the

- sprayi ng of the active emissive material is expected to be quite i nexpensive. The
- CPC material is about $50/lb. and the misch-crystal carbonates about $3/lb; thus ,

CPC cathodes may be slightly more expensive.

Table IX. Cost of Cathodes.

100 1000 5000 Tooling

Impregnated Cathodes $20.00 $12.00 $10.00 -

Cathode Body * .42 .13 $2000

Heater 1.30 .90 .60 -

- 
* Not Quoted

- 
3.4 Getter

Many glass TWT’s are provided with flash getters because the bake-out tempera-
ture is limi ted to about 450°C. Ceramic-me tal TWT’s are baked out at higher tern-
peratures and there is not enough space for a flash getter. It is proposed to use

- 
non—evaporable getters in the low—cost NT’s for the long required shel f life .

- Gases from virtual leaks or micro-leaks will be partially absorbed by the
- barium in the cathode. During warm up time, no increased pressure in the tube can
- be allowed. Non—evaporable cold getters such as the ST1O1 or ST171 of SAES are

proposed for this purpose. During processing, the getter will be activated , re-
quiring one or two additional feed—throughs . The S1171 getters have a much higher

- 23
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absorption capacity than the ST1O1; however, they are much more expensive ($6 -

$35.75 each). The ST1O1 getter costs $0.40 for quantities above 5000 and $0.51 for
small quantities.

3.5 header
Three different kinds of headers were considered . In Figure lOa , the base is

made of ceramic wi th 3 or 4 feed-throughs and a pumping tube. In Figure lOb, the
base is made of metal and the feed-throughs are ceramic wi th metallic pieces , and
Figure lOc shows pins insulated by Hybralox. Hybralox Is a hybrid alumina-glass and
can be baked-out above 600°C. Figure 11 shows a dummy header. Twenty-seven feed-

throughs made by Elecpac , Inc., of Gary, Ill inois, were made wi thout leaks. Twelve
feed—throughs were fired several times at 600°C wi thout a leak occurring. High
vol tage arcing occurred at 9 kV.

Table X shows the cost per header for various quantities , and also the cost of
the required tooling. Only the Hybralox header seems to be acceptable.

Table X. Cost of Headers.

VENDOR 100 1000 5000 Tooling

Al berlox (Pins) $15—20 * $5.85 $ 985

Ceramaseal (Pins) 25.81 9.63 7.93 6500

RW-Product (Feedthroughs Only) (24) (19.50) (17.86) -

Elecpac (Hybralox) 12 2.00 1.75 950
* Not Quoted

3.6 Barrel
To obtain low crossed fiel ds in the PPM stack, the concentricity (TIR) between

the PPM stack and the beam center is an important factor. Table XI shows the cost
of the barrel for different values of TIR (twice the eccentricity). As can be seen,

the cost is much greater for low TIR.
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Tabl e X I. Cos t of Barrel .

$ 
h R  1 100 1000 5000

Monel 0.0025” * $ 3.10 * $ 1.30
Molybdenum 0.0005” * $55.00 * $22.00
Monel 0.0005” $390 * * *

* Not Quoted
3.7 PPM Stack

Table XII shows the cost of the PPM stack. The tolerances of the thickness of
the magnets is ±0.001”, which should be sufficient for low beam perturbation. The
outer diameter tolerance is 0.020” - 0.030” and the inner diameter is 0.010” -0.015.”

The pole pieces are relatively expensive because the inside diameters are honed
for a slip fit on the barrel . This is important for obtaining low crossed fields.

As shown in Sec tion 4, high random variation of the peak magnetic field is an
important factor in causing poor beam transmission . To reduce variations of the
magnetic field , an automatic calibrated magnet charger should be used . The price of
this machine is between $3500 and $8500, depending on the required performance, on
the speed of operation , and on the manufacturer.

Tab l e XI I. Cos t of PPM Stac k.

100 1000 5000 Tooling
MAGNETS

Ferrites $0.25 $0.25 $0.25 -

(2 Suppliers ) 0.42 0.40 0.38 -

Aln Ico 8 0.80 0.80 0.80 -

POLE PIECES
Iron Disc 0.137 0.085 0.076 $450.00
Hub 0.050 0.046 0.040 $150.00
Honing 0.350 0.200 0.150 -

SPACER 0.030 0.020 0.015 -
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3.8 Conclusion

Table XII I shows the cost breakdown of the components required for the pro-
posed NT if the lowest price for each i tem is used (the prices correspond to 1975
dollars). It is not possible to achieve the goal of a sales price of $250 for
quantities below 1000 tubes . It seems not impossible to achieve the goal for
quantities of 2000-5000. However, tooling and capital investment are not included
in this price. The magnet charger should be considered as capital investment. If
higher precision and closer tolerances are required on components , a drastic price 

-

increase can be expected , e.g., for a barrel with a h R  of 0.0005”, the price is
$22; for a TIR of 0.0025” , it is only $1.30. If more expensive components are re-
quired , the net increase of the sales price of the tube will be higher than the
cost increases of the component, as shown in the following :

Increase of sales price = increase of component cost:

x material handling 1.08
x G a n d A 1.23
x profi t 1.15
= 1.53 x increase of component price

Table XIII. Parts Costs.

100 1000 5000 Tooling
Ceramics (3) $12.00 $5.50 $2.75 -

Barrel 3.10 2.10 1.30 -

F Beam Forming Electrode 1.29 .34 .19 $1640
Anode .96 .28 .13 1144
PPM Stack

Magnets (40) 10.00 10.00 10.00 -

Pole Pieces 21.40 13.40 10.50 600
Washer 1.20 .80 .60 -

Cathodes & Heater 7.30 1.84 1.48 3000
Header 12.00 2.00 1.75 950
Getter ST1O1 .51 .51 .40 -

69.76 36.77 29.10 7334
Automatic Magnetization & Stabilization $ 3500—8440
Total Parts Fabrication Tooling ~~$12,000-14,00O
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4. NON-IDEAL ELECTRON BEAM
4.1 Introduction

The main effort of Phase I was the study of non-ideal forming of the beam.
Not much previous work has been done on non-ideal beam forming , and there is almost
nothing available in the literature .

All analyses have been made on axialally syn~netric beams , and quantitative
results which can be applied on new designs are quasi non—existent. Burgess and
conquest(8) calculated the influence of variations of the distance between the
cathode and the beam forming electrode and of the distance between the cathode and
the anode for the miniature TWT ’s. However, how the perveance , the position of

J minimum beam radius and its va lue, and radius change for different beam compression
or current densities of the cathode have not been established as yet.

Hechtei ( 17) analyzed the non-laminar beam for mi crowave tubes and he measured
the spherical aberration and the transverse velocity components. He defines a
l aminari ty factor F as a ratio of the measured perveance to an apparent perveance ,
which corresponds to the observed beam spread in the beam minimum. The laminarity
decreases rapidly with increasing beam convergence , and considerable variations
exist from gun to gun wi th the same beam convergence. However , two main questions
have to be considered :

I
(1) What is the infl uence of the beam l aminarity on the beam transmission

and the RE performance?
(2) What are the parameters which affect the l aminarity ?

It is only after these questions have been answered that the required tolerances
can be determined.

In Section 3, the cos t of the components for various to lerances have been
given , and it is evident that the tighter the tolerances are, the higher the cost
will be. However, the difference in price is not great for axial tolerances, but
is extremely large for concentricity tolerances . In the following section , the
non-idea l conditions of the PPM stack are discussed . Most of these results are
theoretica l1 based on a modification of the paraxia l flow equation assuming a lamina r
beam of circular cross section. For verification of the calculation and for experi-
mental determination of other non-ideal parameters, a beam tester was built and is
discussed in Section 5.
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4.2 Non-Ideal PPM Focusing
4.2.1 Introduction

It is the purpose of the calculation methods presented here to evaluate depar-
tures from ideal PPM focusing simply and rapidly using a time-shari ng computer. The
results make it possible to determine many of the dimensiona l tolerances allowable
in TWT construction and in the magnet stack. To reduce cost in a TWT, It is neces-
sary to determi ne as well as possible what tolerances are acceptable in manufacture
of parts and in assembly, and to eliminate or minimize the time—consuming , and
therefore costly, procedure of “shiming ” the magnet stack, or adjustment of the gun
to overcome variations from the ideal.

Those departures from ideal conditions which have been dealt wi th by these
methods of calculation include :

(1) Variation of magnetic field , for example by thermal effects, above and
below the optimum value.

(2) Non-ideal beam diameter and convergence or divergence of the beam at the
entrance to the PPM stack.

(3) Gun tilted wi th respect to the axis of the PPM stack.
(4) Random variations of fields from magnet to magnet .
(5) Beam injection eccentric to the axis of the PPM stack.

A general method of approaching this problem has been described by Harker (18) and is

based on paraxial flow. He assumed that:

(1) The beam is axially symmetric.
(2) Current dens ity and electron veloc ity are uniform over the beam cross

section.
(3) The PPM stack is periodic and uniform.
(4) The emitted beam at the cathode may be either partially or totally

shielded from the magnetic field.
(5) The beam is l ami nar.
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I The conditions listed above led to a differential equation which could be expressed 

-

~

in closed form. However, the solution can not be expressed in closed form.
Harker~~

8) used an analog computer to achieve c ome numerical results. The differ-
ential equation is:

2 2~ a -
~~ + aaf - 

~~
-

~~
— - - u (1)a

In the above:

a = normalized beam radius r/r0
r = radius to outside of beam
r0 = radius to outside of beam at beam injection
X = normalized distance along the z-axis = 2~r z/L
L = magnet period
a = lens strength parameter = 1/4 (LI X H )2

= cyclotron wavelength = 2-iT ~/ -ii B

‘1 = charge-to-mass ratio of an electron (magnitude)
= electron velocity in the axial direction, assume d uniform
= RMS value of the periodic magnetic field
= space charge parameter = 1/2 (LI Xp)2
= plasma wavelength = 2 -ir~/
= plasma frequency = /n p ie0

P = charge density in the beam, assumed uniform
e = permittivity of space
° 4 2  A2 4

= cathode shielding factor = r B / 2 B

= magnetic field distribution function
rc = radius at the outside of the emitter
B
~ 

= magnetic field perpendicular to the emi tter surface

The prime denotes d/dX , where X is the axial distance normalized wi th respect to the
period of the magnet. The notations are those used by Kirstein , Kino and waters)12)
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I
This differential equation is very easily solved by numerical integration using

digital computer equipment , wi th large numbers of solutions possible at low cost.
We have used Equation (1) as it stands to determine results for all but one of the
non—ideal conditions listed at the beginning of this section. The last of these,
the beam eccentricity with respect to the axis of the PPM stack, requires modifica-
tion of the expression to take into account radial and circumferential components
of magnetic field which exist relative to the frame of reference of the beam (see
Appendix I). The conditions applied to the equation to reach an appropriate solution
are as follows :

.5 (1) Magnetic field: variation of a
(2) Non-ideal beam diameter and convergence/divergence: variation of initial

conditions.
(3) Gun tilt: variation of initial conditions.
(4) Random variation of fields: random variation of a from half-period to

half-period (i.e., from magnet to magnet).
(5) Beam eccentric to PPM axis: modify equation per Appendix I.

Any of these conditions may be considered separately or simultaneously in any combi-
nation.

An assumption implicit in all of the calculations described here is the defi-
nition of the point of entry to the PPM stack. There is always some magnetic field
present extending from the stack toward the gun , and there may or may not be a
significant field normal to the emi tter. Going toward the PPM stack from the gun ,
the beam encounters a montonically increasing magnetic field which reaches a maxi-
mum approximately at the mid-point of the first magnet gap. This point is defined
as the entrance to the PPM stack, where z = 0, in al l calcula tions di scusse d here .
It is assumed that beyond this point , the magnetic field is described by a cosine
function , and then in Equation (1) f2 becomes equal to 2 cos 2 X.

The ideal conditions for injection are considered to be:
(1) At z = 0, the beam is neither converging nor diverging; i.e.,

dr/dt = 0 or da /dX = a = 0.
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(2) The relationship between sand a is such that minimum ripple is produced .

The va l ue of ?tends to be slightly less than a. Some representative
optimum combinations are:

a : 0.01 0.05 0.10 0.20 0.30
S: 0.00996 0.0491 0.0959 0.184 0.263

As a first step in verifyi ng the computer program, the conditions for which
Harker publi shed results were used. All of his results were duplicated .

The calculations reported here are all based on a shielded gun , so that B
~ 

= 0
and K = 0. However, all of the computer programs written allow for non-zero values
of sc .

4.2.2 Comparison with Al ternative Method of PPM Focusing Calculation
It is of interest to compare the results achieved by paraxial beam calculations

with those based on an entirely different approach. A calculation was made by
McGregor of Shared Appl ications , Inc. (SAl), for the purpose of estimating varia-
tions of beam ripple in consequence of ±10% thermal dri ft of the magnetic field wi th
ferrite magnets . (See Second Quarterly Progress Report on this project.)

The beam input to the PPM stack comes from the output of an electron gun for
which SAX already had a program set up. The beam trajectories in the PPM stack were -

~~~

calculated by an iterative process using Lagrange methods and solving Poisson ’s -

equation . The beam was simulated by five concentric electron l ayers, wi th condi-
tions at the input to the PPM stack (z = 0) matched to the result of the gun pro-
gram . The beam is slightly convergent at this point. The program was in fact a 1141
ca l cula tion program, wi th RF power set to zero in this case. Results for one case
are shown in Figure 12 for the five layers (solid lines).

For compar i son , the results of paraxial beam calculations have been superim-
pos ed on the SA X resul ts in Figure 12, and are shown by the broken line. This
represents non—optimum radius and beam convergence at the entrance to the stack. To
match the SAl entrance cond iti ons a’ = (da/dX) is -0.077, a = 0.195, and P= 0.0338,
so that the beam is strongly over-focused. It was the original intent in this
design to confine the beam wi th an RMS magnetic field twice the Bril louin value.
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I

(The Bril louin value corresponds to a~~~; at twice the Brill ouin value , a= 4g.)
The conditions at the entrance to the PPM stack were more rigorously matched to the
beam emerging from the gun in the SAl method than was possible by our simpler
method , and SAl takes into account radial space-charge effects upon axia~l beam
velocity . Comparison of the general shapes of the trajectories shows excellent
agreement in principle.

4.2.3 Magnetic Field Variations
Figure 13 shows the trajectory patterns obtained wi th a ±10% variation in

magnetic field , assuming i deal beam injection and fully shielded cathode. This
amount of field variation corresponds to the extremes foreseen as the result of
thermal drift . Assuming ?= 0.0959, the optimum value for a: 0.1 ( a

0
), tra-

jectories were calculated for a= 0.081, 0.1, and 0.121. The quantities plotted
represent normalized radius at the outside of the beam. Fi gure 14 summarizes the
results obtained for maximum and minimum beam diameters wi th +10% magnetic field

.5 variation for several values of the space charge parameter s. The uppermost curve
shows the maxima of a for low magnetic field , the l owest curve shows the minima of
a for high magnetic field , and the shaded area shows the range of excursion of the
outside of the beam for optimum magnetic field. The curve for a= 0.1 represents
the condition for injection with optimum beam diameter , and the others represent
injection with non—optimum beam diameter.

Another view of these calculations is related to optimum beam diameter for the
various values of magnetic fields . For minimum ripple when a = 0.081, ~ should be
0.078 instead of 0.0959; since ~~is proportional to h r 0 , then the optimum beam
radius at injection in Figure 13 would correspond to a = 1.11, and this value would
correspond to the outermost excursion of beam radius. Similarly, for minimum ripple
when a = 0.121, ~~should be 0.115, and the optimum beam radius at injection would
correspond to 0 =  0.913.
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Figure 14. Extremes of Beam Excursion for ±10% Thermal Drift of PPM Magnetic Field.
B0 = Optimum Magnetic Field
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4.2.4 Beam Convergence/Divergence

The effect of a diverging or converging beam at the entrance of the PPM stack
is quite readily taken Into account by setting the initial conditions appropriately.
Figure 15 shows a plot of the outer edges of the beam for the conditions of~~= 0.0959
(A~/L 2.28), a= 0.10 (optImum) and the Initial values of da/dX are equal to ±0.0876.
It is observed here, and for other cases as well , that for the same initial magniti~de
of di~1X, the maxima and minima of the beam edge excursions are equal for either the
diverging or converging case. To compare the effects of different magnet periods, It
is necessary to Introduce a new reduced variable for the rate of convergence or
divergence which does not depend on the magnet period. We have chosen to normalize
with respect to plasma wavelength instead. The new reduced variable in the axial
direction is defined according to:

W = 2 ~z/X~ 
-

Based on this reduced variable , da/dW = 
~~. 
0.20 in Figure 16. In Figure 16 are

plotted the maximum and minimum excursions of a for a variety of conditions . The
effects of beam convergence or divergence at the entry to the PPM stack are only
slightly sensitive to magnet period when a is less than 0.2.

4.2.5 Beam Injection at an Angle (Tilt)
The effects of a gun slightly tilted are cal culated by using one value of

a’ on one side of the beam at the entrance to the stack , and the negative of that
value on the other side. Figure 17 shows the effect of beam injection at angles of - .5

1~ and 30~ The upper curves and the lower curves show respectively the opposite
sides ~,f the same beam. The maximum excursion of the outside of the beam as a
function of the angle of Injection is shown in Figure 18 for three different values .5

of beam perveance. Al though the maximum excursion appears less for greater per-
veance , the differences between the curves Is accounted for by the fact that the
higher perveance beam is relatively larger to start wi th; i.e., for the same charge
density, the perveance is proportional to the beam radius. The curves shown here
are for a: 0.15 and X~/L = 1.9. The results for other values of a(and corres-
ponding optimum X~/L) are not significantly different from these.
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (U~~2)

(2) ~ =0.1 , ?~p/L : 2. 28
(3) ~.= 0.2 , 1~p/L : 1.65
(4) ~~:0.3,1~p/L 1.38

0
0 0.2 0.4 - 0.6

± do /d W 51.02 711.023

FIgure 16. Effect of Convergence/Divergence at
Entry to PPM Stack Upon Beam Excursions.
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Figure 18. Maximum Peaks of Beam Excursion for Beam Injected at an Angle.
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4.2.6 Random Variations of Fields

.5 Figure 19 shows three curves of beam trajectories in which the magnetic field
vari es randoml y in a range of 

~ 
5% from magnet to magnet , each curve representing a

different set of random variations . The distri bution of random values was uniform
over the + 5% range. The value of a0 

= 0.15 corresponds to the averaqe magnetic
field , and the broken line corresponds to the trajectories for the ideal case of
uniform magneti c field. The pattern shown in Figure 19 appears to indicate a
gradually increasing divergence of the beam . Accordingly, calcu l ations were carr i ed
out for a length of 25 magnet periods , a l ength more representative of a useful

t traveling-wave tube . Figure 20 shows the maximum peaks of the outside beam radius
over 25 periods for random variations of magneti c fields uniformly distributed over
a 
~ 
5% range. There are five different curves , each representing a different set of

random numbers. The foll owing parameters were assumed:

Lens-s trength parameter (mean) = a0 = 0.100
.5 Space-charge parameter = ?= 0.0959; X~/L = 2.28

To study the beam divergence pattern further, curve No. 1 of Figure 21 was extended
to 70 magnet peri ods. The results are shown in Figure 21. An effort was made to
find a mathematical pattern which best fit these points . Of the several functions
tried, the best fit was obtained using a curve of the form y = axb , where y = a-i.

.5 

- Fitting the 24 points plotted in Figure 21 by least-squares method led to:

a = 0.0865
b = O . 5 2 0

The latter curve is also plotted in Figure 21. These results show that the beam
diverges approximately in proportion to the square root of the distance it travels
along its length. This is the kind of result which might be expected intuitively.

Base d on these resul ts , a random variation in magnetic field values of + 5% is
clearly not acceptable for a useful beam . The calculati ons were repeated for 

~
± 1.5% , and +1% for 10 sets of random numbers In each case, and for several com-
binations of a

~ 
andy. The appearance of the trajectory curves does not differ

.5 44 
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significantly from Figure 19, except the divergence of the beam is less. Results
are sumar i zed in Ta ble XIV , in each case over a length of 12 plasma wavelengths for
10 different runs.

Table XIV . Effect of Random Magnetic Fields.

.5 Max imum Excurs ion of

Magnetic Field a 0 
= 0.01 0.05 0.10 0.15 0.20 0.30

Random Var iation X p/L 
= 7.09 3.19 2.28 1.88 1.65 1.38

~ 
1% 1.050 1.087 1.090 1.137 1.143 1.111

~~. 
1.5% 1.060 1.124 1.153 1.177 1.138 1.137

1.171 1.209 1.245 1.431 1.372 1.513
± 5% 1.174 1.568 1.470 1.622 1.489 1.852 

.5

The maximum deviation appears to vary approximately in linear fashion with the
amount of magnetic field variation . The trend appears to be toward greater devia-
tion wi th increasing 

~~‘ 
but from = 0.05 to = 0.2, the range of greatest

practical interest, there is little significance to the variations of maximum
with In general , these calculations suggest that random magnetic field varia-
tions should be limited to 

~ 
1% (or 

~ 
1.5% at the most) to avoid a large contri-

.5 
bution to beam scalloping. Uniformity of ± 1% or better is within the state of the
art for conventional magnets (e.g., ferrites, Aln ico), and uniformity of ±1.7% for
samarium-cobalt magnets appears to be the limit of the present state of the art.

Similar calculations were made in which the magnet thickness and , therefore ,
the magnetic half-period , was varied in random fashion. If it is assumed that each
magnet is stabilized to produce the same magnetic field in the gap, small va ri ations .5

in pitch were found to have negligible effects. If instead , the variations in
thickness generate corresponding variations in magnetic field , then the resul ts are
substantially equivalent to those described above for variations from magnet to
magnet with constant pitch.
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Some calcula tions for random values of magnets were made previously by Mina—
kovic U9), using the same method of analysis described here. His calcul ations were .5

limited to 15 half-periods . The greater computing power whi ch is now readily avail—
able makes possible the much more extensive set of results we have presented here.

.5 4.2.7 Off-Center Beam Injection
When the beam is injected off center, it is subjected to significant periodic

crossed magnetic field components, Br and B~. Figure 22 shows three trajectories for
a beam injected off axis by an amount 6, IndIcating how significant an eccentricity
of the magnetic field with respect to the beam may be. The results of calculati ons
are suninarized in Figure 23, where the maximum deviation of the outside of the beam
as a function of relative eccentricity, 8/r0, is plotted for a number of beam
conditions. If a is less than 0.2, the amount of excurs ion is relatively insens iti ve

.5 

to the value of a. If a is greater than 0.3, the beam become s unstab le very rapi dly,
even for small values of & /r0. The conclusion to be drawn is that it is most desir-
able to keep & /r0 no greater than 0.1.

4.2.8 Sumary and Conclusions
This kind of analysis may be extended to take into account magnetic field

patterns other than simple sinusoids . The random distri bution of fields may be made
gaussian rather than linear. The effect of RE field on trajectories is obviously
beyond the scope of this method. Examination of the detailed resul ts has shown that
a more sophisticated treatment of the effect of space charge (the term s/a) is
desirable when the beam is off the magnetic axis.

The results clearly provide some very useful i ndi cations as to what conditions
and tolerances are acceptable in designing a PPM focusing system which will require
l ittle or no adjustment at test. For example, the suninaries of calculations of
magnetic field variations , of beam ti l ted when injected, of random varia tions of
magnetic field , and of converging or diverging beam at entrance to the PPM stack , all
show that for a value of a less than 0.15, there is little to be gained by reducing

.5 a further, or in other words, further reducing the magnet period.
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Figure 22. Trajectories—Beam Off Center wi th Respect to Magnetic Field 6
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4 .3 FERRITE MAGNETS
Ferrite magnets have the advantages of high coercive force and low cost, s ince .5

they are produced In large quantities for loud-speakers . The main disadvantage is .5

the thermal drift of the magnetization. The first PPM focused tubes were made wi th
ferrites and the thermal drift was compensated by magnetic shunts . Since the shunt
absorbs part of the flux , the efficiency of the magnet is decreased and therefore
the cost of the magnet is increased at least by a factor of two .

4. 3.1 Irrevers ib le Effects
Ferri -tes have both an i rreversible and a reversible drift. Irreversible 

.5

thermal effects are important only at low temperatures. They are relatively small

for magnets wi th linear demagnetization curves like Arnox 7 or Indox 7 (which are 
-

used in the low cos t TWT ’s). These effects are more severe in a magnet config— .5

uration in which B/H is low , whi ch is the case for a PPM stack. M.A. Boh lmann* of
Indiana General has measured the irreversible effects of Indox ferrite rings and

blocks . The rings were tested by exposing them to -20°C and the +80°C temperature,
and measuring the axial flux and density wi th a Hall probe centered in the hole. A

block was cut from one of the rings and temperature effects were measured by pu lling

a searc h co il off the samp le:

Irrevers ib le effec ts .5

-20°C +80°C

Rings 5.5 — 7.1% 0 %

Bl ock 0% 0% .5

Measurements in the laboratory on a PPM stack has shown that the irreversibl e

effects are less than 1% after one thermal cycle between -550C and room temperature.

* We thank Mr. Bohlrnann for this information .5
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4.3.2 Revers ible Effects

Vendors specify a reversible thermal drift of the ferrites as follows :

AB/B < -0.2%/ 0C

M.A. Bohlmann of Indiana General coninunicated to Northrop a thermal drift of Indox
given by: 

.5

LB/B = -O.19%/°C ±0.003%

On a large number of measurements made in the laboratory on Arnox 7 on several
different stac ks and several thermal cycles , max imum var iations were obta ined:

-0.158%/°C <~B/8 ~~-0.192%/°CL
• This means that the statistical variation Is much higher than the values obtained

by Bohlmann. This strong variation may be due to unreliable measurements. Although
possible, this hypothesis is not very probable because similar measurements made on
Alnico 8 show good agreement wi th the figures published by vendors.

Tabl e XV is a sumary of the thermal effects of the ferrites .

4.3.3 Random Variation of the Magnetic Field

The calculations of the infl uence of the random variation on the peak magnetic
field (see Secti on 4.2) indicates that the random variation should be less than 

~~if an acceptable small beam ripple Is desired. The ferrites meet these specifica-
tions if the stabilization resistance has a tolerance of ±1%.

Table XVI shows the random variation of PPM stacks found in the literature or
measured in the laboratory. Only the first PPM stack from Mendel and Quate meets
the tolerance requi rements for random var iation.
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Table XV . Ferrite Magnets .

ABSOLUTE VARIATION : ±. 10% FOR -20°C TO +80°C

THERMAL RANDOM VARIATION : 
~~ . 

1.7% FOR -20°C 10 +80°C

STABILIZATIO N MACHINE : ±. 1.0%

TOTAL RANDOM VARIATION: 
~~ . 

2.7% BETWEEN -20°C TO +80°C

Table XV I.  Random Magnetic Field Variations. 
.5

MENDEL AND QUATE (20) < ±~‘~

R C A < ÷7.5%

20 WATT “5” BAND < +7.5% a = .11 14 PERIODS

100 WATT “S” BAND TAPERED a ~ .076
FIELD a =  .15 17 PERIODS

200 WATT “S” BAND < +12% a= 15 14 PERIODS .5

300 WATT II 5 1I BAND WIT HOUT SHIMS
DUAL MODE ±11%

a = .3 22 PERIODS
WITH SHIMS .5

+5%
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In the 100 watt “S” band tube, the magnetic field is increased from the gun to
the collector. Figure 24 ~~~~ the measured magnetic field distribution and figure
25 the corresponding calculated traj ectories. The avera ge beam rad i us i s smal ler
near the collector and compensates for the increase of the beam radius by the RF.

Figure 26 shows the electron trajectories of the 200-watt tube calculated by
the method of section 4.2 for the measured magnetic field pattern . All measured
tubes needed more or les s shims ; more shims were used for the 200 watt “C” band

.5 

tube .

In the 300 watt CW 600-watt pulsed tube , a large amount of shinining was used .5

to reduce the random variation from +11% to +5%. .5

In conclus ion , the random peak field distribution is a very sensitive factor .5

for the beam transmission. In many coir~nercial tubes , the variation of random peak
field distribution is greater than 

~ 
3 ~, the value which we have calculated to be

a desirable upper limit.

4.3.4 Crossed Fields
It is generally assumed that crossed fields are a major obstacle to achieving

good beam focus ing . However , very little by way of theoretical or experimental
results on the influence of crossed fields on the focusing of the beam in 0-type 

.5

devices is found in the literature. -
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Figure 26. Ripple of the Beam Vs Length wi th the Measured PPM Profile.
Beam Radius = 0 ,5 X Helix Radius. Fine Structure of the Beam Ripph� Neglected.
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There are two reasons for crossed fields:

(a) The magnetization of the ri ng magnets is not homo-
geneous over their cross section. As an
approximation , the crossed field can be considered
as a dipole field (Figure 27). The crossed fields
are in one direction. Figure 28 shows the crossed
fields of the ferri te magnets wi thout pole pieces
along the axis of the magnet*. The crossed fields
on the axis are in one direction and are of
the order of 5 to 10 Gauss for a maximum field of
800 Gauss . The crossed fields are of the order
of about 1%.

(b) In the stack of magnets with pole pieces , one pole
piece may be off center wi th respect to another.
The crossed field changes in sign as the probe
moves axially through the magnet.

* The crossed fields were measured by mounting a probe to measure the field
perpendicular to the axis , and the magnet was rotated on the head of a high pre-
cision lathe. If the field measured at 00 is B 0and the field at 180° is B180 ,
the symmetric field Bs and the crossed field BC can be calculated by:

.5 B5 + B ~~~ Bo, Bs Bc Bi8o

59

- -.5—— —— —  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
.5 ~~~~~~~~~~~~~~~~~ 

-



‘5-’ 5 - ’  ‘ ‘ ‘ ‘~ 
‘~~~~~~~~~~~~ “ ‘-‘~~~ ‘

-~~~%-

-_

__

-
.5

_  

-,
~~~~~~~~,

-

INHOMOGENEOUS OFF AXIS

POLARIZATION
A B

.5 
156-021799.042

Figure 27. Crossed-Field Configurations.
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Fi gure 28. Crossed— Fields 0f Four Ferrite Magnets Without Pole Pieces.
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In Figure 29, the magnetic field of the magnet wi th pole pieces is shown for
.5 different angles of the probe. There are no crossed fields in the center of the

magnet. All inherent crossed fields of the bare magnet are short-circuited by the
pole pieces and the crossed fields are due only to the eccentricity of one pole
piece wi th respect to the next. The crossed fields due to eccentricity are given
by: /

It — (2irô l irö
om A

’ om t~
.5 where:

8 = eccentricity
L = period of the magnetic field
1 1 = modified Bessel function
Born = maximum field on the axis

For the case of Figure 29, the measured crossed field corresponds to a value of TIR
(two times 8) = 0.0008 inches. If the crossed fields are not completely shunted by
the pole pieces or if the magnets are tilted , then the magnetic field distribution
is no longer symmetrical. The crossed field measured in the center of the magnet is
the crossed field due to tilt.

Figures 30 and 31 show the field variation perpendicular to the axis of a stack
of 3 magnets, measured along the axis. The parameter is the rotation angle of the
stack wi th respect to the fixed Hall probe. For any gi ven value of distance, the
maximum crossed field is the difference of the minimum and maximum field divided by
2. In Figure 30, the alignment of the stack was poor and a maximum crossed field of
32 Gauss was measured. In Figure 31, the alignment of the magnet was improved and
the max imum crosse d field was measured to be 7 Gauss. In both cases , the peak
magnetic field was 1400 Gauss.
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I

Because the c rosse d fi eld s are s~..rongiy infl uenced by the misalignment of the
magnets and by tilting, a slip -fit PP~’ stack is necessary. Therefore, the cost of
the pole pieces is relatively high (see Section 3).

In Section 4.�.7, the infl uence of the eccentricity on the ripple of the beam
has been calculat ed . For the proposed tube, the average beam radius , 0.018 inches, .5
and the variation of the beam rippl e as a function of the TIR of the barrel for .5

var ious va l ues of beam “stiffness”, A~/L~ or for corresponding values oft, is
shown in Figure 23. For a TIR of 0.0025 inches , a value which can generally be
held by suppliers of drawn tubing , the ripple is relatively small and can be accepted.

4.3.5 Crossed Fields in the Gun Area
Most TWT’s have a shielded gun wi th no magnetic fl ux through the cathode ,

and the magnetic field distribution in the gun area is a critical factor for good
injection. Some measurements were described by Villotte~

21). He found a dissyrn-
metry of 5 Gauss in the gun area near the cathode for a peak field of 1300 Gauss.
He obtained a beam transmission of 66%. After shimm ing , the crossed fields were
reduced and a beam transm i ss ion of 85% was obta ined. .5

On a magnet stack for a PPM focussed TWT made at Northrop, the longitudinal .5

.5 
field and the crossed field for the pole piece shield were measured wi thout shims
and wi th the shims introduced to meet performance specifications. Figure 32 shows
the longitudinal field near th~ cathode area wi th and wi thout shims . The differ-
ence between the fields is less than 1 Gauss. In Figure 33, the crossed fields are
shown for different rotation angles of the magnet plus the shielding barrel . In
the center of the cathode surface, the crossed fiel ds are 1.5 Gauss wi thout shims
and 0.75 Gauss wi th shims. These measurements show the extreme sensitivity of the

.5 crossed fields for beam transmission.

A calculation of the influence of a crossed field on the deviation of elec- .5

trons in a spherical space-charge limited diode discharge was made. The deviation
from the radial trajectory in the presence of a crossed field is given by 

.5
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ra/rc

= 
0.3r~

2 B ( (1-.r/r)
~ [- a

2(r /rc~ 
2/3 

(d 

~
)

‘
~~

‘)  [_~~(r / rc~j 2 1’3 c

V = Voltage between the two spherical electrodes
.5 B = Magnetic field in gauss

= Deviation at the inner sphere in cm

ra = Radius of the anode sphere
r = Radius of the cathode sphere

The (-a 2) functions for spherical diodes are presented by Kirstein , Kino and
Waters 12; for rc/ra 

= 2 , the integral is 0.25.

.5 

In the Northrop tube , using the magnetic field distribution shown in Figures
32 and 33, r

~ 
= 1.8 cm and V 1300 volts. For a constant crossed field B, the de-

viation is x = 0.0037 inches , a value quite high. In all re 3nt T14T’s, the mea-
.5 sured crossed fields are 0.2 to 0.5 Gauss or less.

Section 4.4 Conclus ions

The fol l owing conclus ions can be d rawn : 
.5

(:) The random variation of the peak magnetic field is the principal reason
for variation of performance characteristics from tube to tube , and shim-
ming is necessary to obtain the required performance. The random vari-
ations must be less than +3%, and values of +1.5% or less are desirable.

.5 
(2) Variation of the pitch of stacks is not critical if the peak field does

not change.

(3) Variation of the magnetic field of the ferrites with temperature change
between -20° and +80°C can probably be tolerated . In the design of the
proposed tube , Brillouin
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1

beam diameter is 0.4 time the average n elix diameter .
Due to the thermal dri ft between _200 and +80°C , the
average beam diameter relative to the helix diameter
changes from O. 6 at -20°C ~o T . -~ a~ ~~C°C and the
ripple is + 0.1. Therefor e , t~ie 1,ax ’~’um diameter
is 0.5 of the average hel ’x diamete r at 80°C and the
minimum diameter is 0.32 ~t -20°. Calculations by L.
W ins low * show that only slight changes in efficiency
occur for a variation of the average beam diameter
between 0.36 and 0. 45 times the helix diameter.

(4) The crossed fields in the PPM stack for either
ferrite or Alnico 8 magnets are caused mainly by
misalignment of the PPM stack wi th respect to the

.5 axis of the beam . For a slip — fit assembly of the
PPM stack , the TIR of the barrel of 0.0025-0.003”,
commonly available on the market , is adequate for
experimental tubes to be built. **

(5) Crossed fields in a. shielded gun have a large in—
influence on the injection of the beam into the PPM
stack. All modern tubes have crossed fields of less
than 0.2 to 0.5 Gauss in the gun area.

(6) Calculations wi th the paraxial flow equations and
.5 the calculati on of the trajectories for a gun and

PPM stack by SAl using 5 layers of electron charge
show comparable results in terms of beam variations
for the same set of conditions .

A ll of these conclusions are primaril y based on calcula tions. Additional
experimental verification is necessary .

* We thank L. Winslow of the Naval Research Laboratory for computing the efficiency
of the proposed tube under these extreme conditions.

** In Figure 23 , the h R  or eccentricity of the proposed tube is Indicated.
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5. BEAM TESTER
5.1 Introduction

Most companies fabricating linear beam devices use more or less sophisticated
and complex beam testers which evaluate the beam behavior accurately in the gun
region , but which have very limited usefulness in evaluating the beam in the PPM
stack. Generally these beam testers are manj times oversize so that the required
tolerances wi thin the electron gun are easily achieved . The results are then scaled -

to the real-size tube dimensions by using experimentally and theoretically deter-
mined design factors. Such beam testers can be used and sometimes are used to
determine the required tolerances of the gun design for the required beam perveance,
the beam minimum position , and the beam diameter tolerances. However, the beam —

testers do not answer two problems which are inherent in a PPM focusing system:

- What are the tolerances necessary and sufficient for the beam transmission
in the PPM stack and for the RE efficiency , i.e., tolerances of the random -~

peak magnetic field , of the pitch of the PPM stack , of the crossed fields ,
of the eccentricity , of the injection conditions into the PPM stack , of 

-
.5

the thermal drift, etc.?
- Is the technology used in the real size focusing system precise enough to

obtain reliable and reproducible beam transmission and efficiency wi thout
any supplementary adjustment or wi th minimum labor for the adjustmentf If -

the measurements of the beam structure ~re consistent and repeatable , but
not reproducible from one gun to another where the gun and E’~~~ stack are .5
of the same design , the technology used is not adequate for the construc-
tion 3f the TWT.

An alternative approach using this same type of beam tester is to build a large 
.5

scale model and intentionally vary the critical dimensions from one test to the
next. This approach also will aid in determing the required tolerances.

The beam tester deve~oped under this program is of real size and has the
capability of examin’rg ~ e eiectron beam wi thin the PPM structure . Experimental
results obtained wit’- such a beam tester thus allow the determination of the quality
of the electron gun and t”e ~PM focusing stack and their combined effect on the

71 .5
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current distribution in all three dimensions (r, 4), and z) in the interaction space.
Furthermore , the determination of all critical tolerances for real tubes can be
established . 

.5

5.2 Construction
Figure 34 shows the cross section of the beam tester and Figure 35 is a photo-

graph of the beam tester as actually constructed. A movable probe assembly con-
sisting of 5 individual current probes can be freely rotated (angle 4)) and displaced
in the z direction. The measurement of the individual probe currents as a function
of 0 and z determi nes the current distribution in the interaction space. Measure-
ment of current distribution in radial dimension , r, depends on the fact that each
individua l probe is set at a different radius.

Care has been exercised in the construction of the beam tester to insure that
the dimensional accuracy is sufficient for the reoeatab ility of the data . The probe
assembly has been made very precise so that the rotation is concentric and the dis-
placement along the z-axis can be achieved wi th negligible backlash.

Figure 36 shows the probe electrode assembly. The collector was made of
alumina , and small holes were drilled wi th a laser beam wi th a little ellipticity ,
the diameter varying from 0.004” to 0.005 ’. Nickel wi res of 0.003” diameter , in-
sulated by glass tubes of about 0.004” inside diameter , were melted at the head to
form a ball of about 0.008 to 0.010” diameter to serve as the current probes . The
ceramic collector disc was meta llized by evaporation of aluminum to suppress charges
on the ceramic. During evaporation , the areas to be behind the probes were masked .
Several difficulties were encountered :

.5 
- Short circuits between the probes and the meta llized collector.

- Evaporation of the aluminum during operation wi th a duty of 1O~ to 10~~.

- Difficulty with the activation of the cathode because the bake—out tem-
perature was limi ted to 1000C by the 0-rings.
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I
A redes ign has been made , as shown in Figure 37. The collector is a metallic

cap with holes , and behind it is a ceramic disc on which the probes are to be
deposited as in the beam tester actually built. “Viton ” 0-rings will be used to
allow a bake-out temperature of 200°C.

In case that a lea k in the 0—ring assembly occurs during the rotation and dis-
placement of the collector , differential pumping as shown in Figure 38 protects the
cathode from contamination by poor vacuum . No problem wi th respect to leaks in the
0.-ring assembly was found.

5.3 Experimenta l Results
Only a few measurements could be made because of the difficulties described in

5.2. The operating conditions under which measurements were made were as follows :

Cathode Voltage: 1 kV
Cathode Current: 28.7 mA
Collec tor Current: 17 mA

.5 Pea k Magnetic Field : 1120 Gauss
Beam Radius for Brillouin Beam

.5 
(calculated using RMS magnetic field): .248 m
Magnetic Field at Probe Position : 600 Gauss

The eccentricity of the PPM stack was less than 0.001” hR. In the first test,
onl~ three probes were operable. The probe wi res used in this test were platinum ,
coated wi th alumin L~fl ox ide, and the aluminum oxide flaked off because of brittle-
ness. Figure 39 shows the position of the three probes and their tolerances, meas-
ured after the operation of the tester. Table XVII summarizes some of the results
obtained , the values indicated having been averaged over three di fferent experi-
mental runs.

.5 
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THE ACTUAL DISTANCES Pj CAN BE CALCULATED AND ARE :

PROBE 1: p = 5.20

PROBE 2: p2 = 8.63

PROBE 3: p 3 =12.8
.5 

THE ANGLES ARE AS FOLLOWS :
= 90~ + ~ 

+ = 157
0 

(l~/ ’ 22.6°)

= 1800 ~~~~ + .~ 3)= 108° (~~~~2 44
0 )

= 900 
— 14) 1 + 14)3 = 950 (lp ~~ = 27. 9

C)

Figure 39. Measured Locations of the Probes as Referenced to Center Point C.
The Center Point C is Referenced to Outside Diameter of Tubing

Holding the Probe Assembly. Dimensions are Given in MILS.
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I

Tab l e XV II. Exper imental Resul ts Beam Tester .

Angle of Rotation d 00 90° 1800 270°
Measured I (mA) on 1 2.4 3.5 5.2 2
Measured I (mA) on 2 2.4 1.3 .8 4.45
Measured I (mA) on 3 1.1 1.4 .4 .25
Total Current (mA) 5.85 6.3 6.35 6.60

.5 
Under ideal conditions , (i.e., the current distribution having cylindrical sym—

metry and both the current distribution and the current probe assembly being per— .5

fectly centered) the current measured by each probe should be constant as a function
of the rotation angle 0. Obviously, this is not the case. The first probe is about
5.2 mils away from the center. The mechanical eccentricity of the probe assembly is
less than 1 niil. Therefore, the first probe is always less than 6.2 mil s from the
center , and yet an appreciabl e variation of probe current was found.

Let us assume that the beam itself is idea l , i.e., it has cyl i ndrical symmetry ,
abou t its center, and that the current varies as a function of the distance R from
the axis of symmetry according to the fol l owing proportion :

I ex p

where r is a measure of the beam ~ize. Let us assume furthermore that the beam is
off center with respect to the probe assembly by a distance y0. The current I;
measured by each probe will then be given by: 

.5

.5 

= 10 exp [~ 
2 

+ ~~2 - 2y0 p~ cos (d~ - d~) ] /r
2 

= 10 exp (1) .5

.5 
where p

~ is the distance of the probe j from the center of the probe assembly, 0.~ 
.5

is the ange that the beam center makes with the positive horizontal axis , 10 is the 
.5

current which would be collected by a probe of the center of the beam , and is
the angle of probe j with respect to the positive horizontal axis. The conditions
assumed so far are equivalent to the assumption that the probe assembly is perfectly
centered and the beam, which although symmetrical , is off center by the distance y0.
It is i rrelevant at this point to discuss whether the beam or the probe assembly is
off center.
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Considering equation (1), it follows that the logarithm of the measured I .~
.5

- 
varies sinusoidally as a function of ~1

n~ = in ( I ~II 0 ) = 
_ _ _ _  

co s (0~ - 

~~ 
- 

r 

y02 (2)

For each probe j, 4 data points (as shown in Tabl e XVI I) were taken . In fitting the
natura l logarithm of these measurements tj using the least-square law method accord-

ing to:
= b~ + ~~ cos 0.~ -‘- ~~ sin = + ,

~ 
cos (d~ —

one obtains the following results:

Probe (1); 
~~
‘ = 1.12 + .48 cos (0 -143°)

Probe (2): 
~2 

= .60 + .79 cos (0 +52°) (3)

Probe (3): = .47 + 1.04 cos (0 -55°)

These ~‘s are referenced to an I~
’ of 1 mA , which accounts for the positive b0

values . The angle 0 in the cosine arguments of (3) represents the angle of rotation

of the probe assembly with respect to some reference. If for example the probe 1 .5

was started coincident with the positive horizontal axis , which is assumed fixed

with respect to the barrel , then the angle of 0.~ in that frame of reference would be

1430. Figure 40 shows the current variations as computed from the least squares
approximation using:

/

exp (ii
i

) (4)

for the three probes, as wel l as the measured experimental results. The fact that

the experimental points are above or below the best fitting curve can be attributed

to experimental errors and to the finite size of the current probes . For example ,

i-f the current probe is close to the center (maximum current), the current density

will not vary as much across the probe area as if the current probe is further away

from the symmetry axis where the current density varies more rapidly with p, i.e.,

across the probe area.

81

.5 .5-- .5.5 .5- ——-.5 .--- -.5- .5—-—.- - . 5  —----.5--- ,fl .5 ~~~~~~~~~~~~~~~~~~~~~~~~~



___  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~‘ ‘~~~‘ _ _ _ _

‘
~~ 

(~~) ‘2 ~~~~:
4 / \.

I” \
3 3

2

I

1

PROBE 1 PROBE 2
o ; 0 •

0 90 180 270 360 
~ 

90 130 270 360

[ 1
3 

( m A )  I~~ (rC~~.)

PROBE 3

: ~~~~~~~~~~~~~~~~~~~~I ~ o go 180 270 360 0 90 4)~ 180 270 360
1US.~~1 7~S.O19

Figure 40. Best Fitting Sine Curves for the 3 Probes.
The l ower right graph shows the current distributions referenced
to the beam center.
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Considering relation (3) it follows that the maxima of the currents occur

at rotation angles 0~m given by:

.5 

~ m 
= l43~; ~ 2

m 308°; 0 m 
= ~~~ (5)

The difference angles between the probes are:

eval uated measure d

12 
= ~~m~~~m = 165° 157°

.5 

~13 
= - 0 m 

= 253° or 107° 108°

~23 
= 0 m 

- 0 m 
= 880 or 272° 950

Relation (2), shows that the amplitude of is proportional to p~. 
Fi gure 41

shows tne amplitudes obtained from relation (3) as functions of the three distances
p
~ as obtained from Figure 40. From ~~~~ 2y0 ~~/r

2 the following relation can be

.5 
determined :

r2 = 23.5 y (6)

Relations (1) and (2) furthermore imply that the normalized DC component ofy~
is a function of p~ (see rel ation 3)

= 

L 

Y0
2

r2

+ P~~~ +k= n~~+k (7)

where k is an arbitrary constant.

Therefore , if one plots the DC-component as a function of p
~
2
~ 

a straight line

should be obtained , and from the slope , the value of r can be determined. This has

been done in Figure 42 with the result :

r 9.3 mils = 0.24 mm (8)
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Figure 41. Plot of 
~~~~ 

-Ampl i tude Versus distance p~.
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I compared to a computed 8rlllouln beam radius of 0.248 m. It follows now from

I 
relation (8) that the eccentricity y0 can be calcula ted to be:

= 3.7 mIls = 0.095 m (9)

From this evaluation it fol lows that the current distri bution seems to have the

1 cyl indrIcal synuietry assumed and can be represented by the relation
I I~~exp[~ (R-r0)

2 /r2]. The probe radii are about 0.125 nm . The current density at
the center of the beam can be evaluated from the probe position and the measured

1 probe current. Using the measured distribution of beam current density and integra-
ting over the cross section of the beam , a total beam current of 21.5 mA is calcu—
lated, compared to a measured beam current of 17 mA.

The observation that the beam is off center with respect to the probe under
these conditions of beam voltage and current Is consistent with the analytic results
of Section 4.2.7. In the present case, with reduced beam velocity , exceeds 0.4,
and any small deviation from concentric injection is magnified in the PPM stack.

The agreement between the measured beam diameter and the Brlllouin beam diam-
eter calculated from voltage current and magnet fields may be valid or may be a
coincidence.

More measurements are necessary to determine the flow and the PPM stack under
different conditions. It is easy to visualize a computer program to perform the
calculations described above, for one set of measurements.
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6. SUMMARY OF THE RESULTS ACHIEVED DURING THE FIRST PHASE

6.1 Low Cost Components for the Gun and the PPM Stack
Sources of low cost parts for the gun and PPM stack were systematically ex—

plored. The lowest cost parts which have been found are:

[ - Beam focusing and anode electrodes, made by stamping
U - Cerami c rings , as used In the auto Industry

- Oxide cathodes, CPC cathodes, or Medicus cathodes made by powder metallurgy
- SAES getter ST1O1
- Header with Hybralox Insulators
- Ferrite magnets , as used In loudspeakers
- Barrel made from drawn tubing with eccentricity no more than 0.0025” TIR

If the above components are used, the cost of the parts for the gun and PPM

stack is about $30 each for 5,000 tubes. The main cost driver is the PPM stack. To
meet the goal of $72 or less for the total bill of materials for the tube, It will
be necessary to demonstrate that ferrite magnets can be used in spite of the thermal
drift c-f the magnetic fields.

If one of these parts has to be replaced by a more expensive one, it is esti-
mated that the selling pri ce Of the tube will increase by the price difference
multiplied by a factor of 1.53.

6.2 Non—Ideal PPM Focusing
It has been shown experimentally that, for both ferrites and Alnico 8, crossed

fields due to inhomogeneous magnetization can be neglected with a proper design and
alignment of pole pieces.

Under all of the conditions investigated, paraxial flow equations were used to
study the effect of non—idea l beam injection. In addi tion, calculati ons were made
for one particular case by Shared Applications , Inc. (SAt) using a 5—layer electron
beam and iteratively solving Poisson ’s equation. Comparisons of the paraxial flow
calculations with the SAl calculations show that the results are substantially equiva-
lent. The calculations have led to the following conclusions :
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I
- Eccentricity of the beam wi th respect to the magnetic field introduces

crossed-field components which are tolerable for an eccentricity of less
than 0.001” (hR less than 0.002”) for X ~/L greater than 2.
( 

~ 
plasma wavelength , L = l ength of the magnet.)

- If crossed fields in the gun area are held below 0.5 Gauss, a val ue found
to be achievable, the beam may be injected properly.

- The angle of Injection must be below 1°, which can be held by the mount-
ing of the gun wi th a “snout” (Figures 3 and 4).

- The most important factor for good beam transmission is the regularity
of the peak magnetic field in the periodic stack.

- The random of the variation must be less than +3% and most desirably,
no more than +1.5%. The PPM stacks in several conmnercially ava i lable
TWT ’ s were measured and none met the +3% requirement.

6.3 Beam Tests
The real size beam tester showed that the measurements are repeatable and pre-

l imi nary results appear to be in good agreement with calculations.

A c omplete analysis of the validity of the computation could not be done because
of the difficulty wi th the cathode heater , which did not allow high enough cathode
temperature for full emission.

6.4 Construction
With respect to construction, the principle di fficulty Is seen in leaks in the

RF connectors. It is proposed that In the second phase, a completely different
technology of constructing the RF circuit be used as compared with that proposed
during the first phase, in order to eliminate this difficulty.

I
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7. PROPOSED WORK FOR ThE SECOND PHASE

7.1 Beam Tester
To finish the program outlined In Section 2.3, an estimated time of 4 - 5

months is requ i red.

7.2 Delay Line Technology
A new approach to the technology of the delay line Is proposed. Figure 43

shows the new approach to be considered.* The helix tape is T-shaped (Figure 44)
and the helix Is inserted into a ceramic tube whi ch could be metallized on the
outside. The ceramic of the tube can be of BeO, Al2 031 glass , or Hybralox (a
mixture of glass and A1203) depending on the RF power requirements. The locking of
the helix in the barrel can be achieved by heat shrinkage, by cementing , or by

J shrinkage of the insulator tube If glass or Hybralox Is used as material .

This proposed technique has the advantages of low cost and reliable construc-
tion ; no supplementary insulators for the collector and for the RF output are needed.
The RF output can be either a pin , as in most TWI’s, or a coupled helix outside of
the tube (Figure 45). The coupling between both helices must be made strong so that
matching becomes less critical. The coupled helix system eliminates possible leak
failure and reduces the cost of the matching system.

Continuous support of the helix can result in improved helix cooling, which
will enable appl ication to higher powered TWT’s. It may also eliminate filter
effects which produce output power variations In high powered Ni’s using rod sup-
ported helices.

7.3 Cold Test Study
The main probl em related to the proposed type of technology Is the dielectri c

loading of the helix. It is wel l known that a flat helix inserted into a dielectri c
cyl inder exhibits high dielectri c loading. This was confirmed by the low gain mea-
sured on printed circuit Ni’s.

*The 1-Shaped helix was fi rst descri bed by L. Winslow , as an alternative to
notching support rods in high power TWT ’ s to Increase interactive impedance.
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To evaluate the dielectri c loading by the 1-helix , a simple model was built.
The simplest possible equivalent circuit of the helix Is an L-C filter line (Figure
46). In this schematic , the impedance reduction factor Is the square of the die—
lectric loading factor. Figure 47 shows the exact calculation of lien (22) of F2
versus the normalized helix radius wa/c. As a first approximation , the reduction
factors are equivalent.

To evaluate whether the dielectri c loading factor of the T-helix is too small ,

J three rings have been mounted on Teflon , which has ~ low dielectri c constant , as
shown In Figure 48. The rings simulate three pitches of the helix. In Figure 49b,
three rods of stycast 6 ( E = 6) were attached to the rings simulating the rods of
the classical helix. In Figure 48a, three 1-shaped rings were surrounded by a tube
of stycast 6. Table XVIII shows the ratio of coupling Impedance of the 1-shaped
helix in a cylindrical barrel to the flat helix with three rods. If the width of the
I is about 1/4 of the width of the tape, the two coupling impedances are approxi-
mately equal .

TABLE XVIII

Reduction of Coupling Impedance of 1-Shaped Helix in Cylindri cal Barrel to Flat Helix
with Three Rods ( e 6)

Width of T 0.090” 0.045” 0.022”

i-Shaped .
~~~

ZFlat 0.65 0.84 0.90

0.72 j 0.85 

5 
0.91

The dielectric loading increases when the distance between helix and dielectric
barrel is increased, i.e., when the 1-shaped wire height is increased. However, the
technology In fabricating hell ces with large 1-shaped wi re height is complicated.
The ideal case is to draw the h-shaped wire, but if the height must be relatively
great, then two or three taped wires with different widths can be brazed together,
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~~~~~~~~~~~~~~~~~~~~~~~ ~~eff.
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FIgure 46. Simulated Helix by 1-C Circuit.
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one on top of another. The main cold tests, therefore, to be performed are as

• fol lows:

- Measure the di electric loadi ng
- Measure the ~ -j3 diagram
- Measure the coupling impedance
- Measure the tolerances of pi tch, diameter and concentricity
(mechani cal stresses)

- Determine the matching by pins and by coupled helices

7.4 Technology of the Attenuati on
The pyrolytic deposition of carbon as commonly used in modern TWT’s might be

adapted to this technology. It is also proposed to evaluate evaporation of thin film
tantalum , as described by Amand and Morrls.~

23)

7.5 Cost Anal ysis
The dielectri c barrel is one of the most expensive parts. Although a BeO

barrel does not appear to be necessary, vendor quotes were obtained from two sup-
pliers on such barrels and are shown in Table XIX .

TABLE XIX

Ceramic Barrel (Two Suppliers )

100 1000 5000

Length 6”
ID .110” + .002
concentricity TIR 0.002” $ 7.10 $ 4.96 $4.05

Length 6”
ID .110” + .005 $35 $12 $9.50

In both cases, the inner diameter is not held to sufficiently tight tolerances
for a proper fit between the T-helix and the cerami c barrel . However, the TIR seems
to be satisfactory. No further investigation of BeO, glass , or Hybralox barrels has
been made .

I
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APPENDIX I

Beam Trajectories in PPM Focusing

In a magnet stack for PPM focusing , we shall assume a magnetic field in the z direc-
tion (axial) of the form:

B
~ 

= B
~ 

cos (2 t Z 10 (
21 r (1)

where L is the period of the magnetic field.

The radial component has the form:

Br 
= B0 sin 

~ L ~ 
~ ~I ~ L 

r (2)

It Is convenient to replace 2 1 z/L by X. The rms field, ~~~, is equal to B0//i It
will be assumed that deviations from the axis are small compared wi th L so that (1)
and (2) may be replaced by:

B
~ 
=12 B cos X (3)

Br =v’~ ~ sin X (4)

If the center of the beam does not coincide wi th the axis of the magnetic field by
an amount 5 , we transform the coordinates to the axis of the beam. In (4) above,
expression r is replaced by (r + S cos 9) so that:

Br 
h s/~ ~ 

-
~~~ (r + 5 cos 9) s In  X (5)

There also now appears a component of B in the 9 direction:

89 = & sin 9 sin X (6)

In cylindrical coordinates, the expressions for acceleration of particles of mass m,
when subjected to forces Fr and F9, respectively, are given by:

Fr 
= m (

~ 
- r92 ) (7 )

F9 
= m (2 ~ 4 + ~!9) (8)

r 9 - m dt r

In the above expressions, the dots above the symbols represent derivatives with
respect to time.
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• In the TWT beam, it is the forces due to the circumferential magnetic field which
cause signifi cant deviation from the trajectories which would be present with the
beam on the axis of the magnetic field. Replacing F9 in (8) with the forces due tothe magnetic field, we obtain:

d 2r (e~ B~ + e
~
Br) 

= 
m 
~~~ 

(r 0) (10)

‘~ (B~rdr + Brr dz) 
= d (r29)

where fl = elm , -e is €he charge of an electron, and m the mass of an electron.

If (10) is solved for S = 0, we have the results given by Busch’s Theorem. To carry
out the solution for = 0, it is convenient to reduce variabl es, taking r as the
beam radius when entering the magnetic field and = r/r ; z is replaced 0by XL/2
We shall define as do/dX. Equation (10) may then be wr?tten:

/ 2
d(c 2~) 2 i~ B ( a cos X - s in X - —

~~~~~-— sin X cos 9) dX (11)

The fi rst two terms in the parentheses are integrated into a closed form solution ,
equ ivalen t to Busch ’s theorem. Integration is from 0 to .X , and the magnetic field ,
B , and the radius at the cathode, rc~ 

must be taken Into account at the 0 limi t of
i~tegration. The third term remains In integral form, and we have the following
solu tion:

4 = (cos X -}~~ 2 - 2 j~ci cos 0 sin X dx) (12)

Two more normalization factors are introduced . The first, the cathode-shielding
parameter, is given by:

c =  r 4 B 2 / 2 ~~r 
‘ (13)C c o

The second, the lens-strength parameter , Is given by:

a 1/4 (~—);X 
= 

2 1~~ (14 )
H H 11~~
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Since ~~~, the electron velocity in the axial dirçction, may be assumed constant and
much larger than r0, it is possibl e to convert 0 into dO/dX. Then, introducing the
above normal i z ing parameters , we have :

.
~~~~~~ ~~~~ (cos X - 4- - r0 o2 ,/

“
:cos 9 sin X dX) (15)

When the beam is injected on axis, the following expression for electron motion in a
cylindrical beam is given :

a” +-a of 2 - — = 0 (16)

In the above, f represents the distribution of magnetic field , given here byv’~cos X. S is the space charge parameter, given by:

5= 1/2 (L • )2; A = 
2 tz (17)

“p p p

where c~~ ,the plasma frequency,i s equal to~/~p/e0, p = charge density , and
= the permittivity of space.

For the c~ase of beam injection off axis, the following expression replaces (15):

4 - 2agcos2 + 
2ica

— (2 a )  1/2 
~~ sin x cos (9 - 0~)

- 4 ~~‘~j~sin X cos (9 - 00)dX 
• (18)

$ For a numerical solution to (18), it is necessary to integrate (15) numerically to
find 0 at each step, then determine a value for the integral in (18), and then to
integrate numerically twice to determine o
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