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ABSTRACT 

This report is a summary of work performed under the sponsorship of 

Rome Air Development Center (Contract AF30(602)-?663) to design and 

develop a breadboard model of a 100 kilowatt S-band phase shifter.    The 

phase shifter utilizes an electron beam of input power much lower than the 

microwave power transmitted through the structure.    The variable current 

beam interacts with the slow-wave structure to perturb the propagation 

constants of the combined beam and slow-wave structure system. 

A model was constructed and operated at a 100 kilowatt power level. 

The performance of this model was limited by low beam current; however, 

measured performance was in excellent agreement with theoretical values. 

From this work,  it can be concluded that a device in S-band operating at 

a 100 kilowatt power level and providing 360° variation in phase shift is 

feasible.    The physical size and relatively high Insertion loss of such an 

electron beam phase shifter tend to make it unattractive in comparison with 

recently developed solid-state phase shifters. 
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1.0     INTRODUCTION 

In 1962,  Raytheon Company demonstrated that variation of electron 

beam current would produce a variable phaae shift characteristic In a slow- 

wave structure at a low ratio of phase shift control power to electron beam 

power.   A study program was Initiated In July 1963 and completed In August 

1964 under the sponsorship of Rome Air Development Center (Contract 

AF30(602)-3161).    On March 15,   1965,  Raytheon was awarded a contract by 

RADC (AF30(602)-3663) to design and develop a breadboard model of a 100- 

kllowatt S-band phase shifter using the results of the Initial contract as a 

starting point.    The device is shown in Figure 1-1. 

During the first phase shifter program the theoretical study was carried 

out.    First an appropriate solution of Maxwell' s equation was employed to 

predict phase shift to within a constant value.    Because of the complexity of 

the solution, the constant was determlred experimentally on three widely 

different models, and excellent agreement (within 10%) was attained.    Secondly, 

in a parallel effort,  a computer program was set up to solve the Individual 

electron trajectories which, by ev?luation of the electron beam currents, could 

determine phase shift.    Results were attained for a single combination of 

parameters. 

The results of this program were used to design a phase shifter meeting 

the requirements of RADC Purchase Request No.  65-209.    As outlined In 

Raytheon1 s proposal (PRP1230-2),  the combination of 100 kw peak rf power, 

360 degrees phase shift, 0. 5 db Insertion loss, and permanent magnet focusing 

dictated a method of approach.    The electron beam power level was determined 

by utilizing the specified phase control power (maximum of I/5th of the 

microwave power) coupled with a reasonable degree of collector depression. 

Permanent magnet focusing of this level of beam power, within a 3. 0 - 3. 3 GHz 

slow-wave structure forced utilisation of a high perveance hollow electron 

beam.  Injected Into a slow-wave structure of propagation constant yA   ~   3. 3. 

n •  
See Appendix A, 
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This large beam diameter and slow-wave circuit beam aperture resulted in 
an area In which extrapolation of the phase shift theory had to be taken with a 

certain degree of precaution,  since no experimental information was avail- 

able.   Furthermore, no data were available to indicate the effect on slow- 
wave circuit coupling impedance using such a large beam aperture.    With 
these potential problem areas anticipated, the program was Initiated. 

- ^ _ _ . : , .  ,      '  



2. 0     DESIGN APPROACH 

During an «arller program '     an expression for the Incremental change 

In phase shift through an electron beam loaded alow-wave structure was 

derived and experimentally verified.    This equation is 

r o A«  «Ol^Lf   /   y    g^ (1) 

vdiere 

Aö ■ Phase shift in radians 

a • Empirically determined constant ■ 20 

I ■ Electron beam current in amperes 

L * Length of slow wave circuit in centimeters 

f ■ Frequency in GHa/sec 

K ■ Slow-wave circuit coupling impedance in ohms 

V0 ■ Beam voltage in volts 

Prf ■ Rf power on the slow-wave circuit in watts 

An alternative form to equation (1), which is useful for discussion, Is 

(2) 

where 

=   Pierce* s    gain parameter (3) 

N        ■  Number of circuit guide wavelengths 

P.       B   I V   ■ beam power in watts 
D o   o r 

a'        B   149   B  a multiplied by physical constants. 

It is important to remember that equation (2) determines phase shift only in 

the phase shifter type mode of operation (rf power on the circuit greater than 

dc beam power). 

1 *^11"" ■ ■     i '^ 



Th« design approach, at par equation (2) is as follows: 

a. At maximum phase shift let the heam power equal the rf circuit 

power.    This will guarantee the linear phase vs beam current 
charactsristic while mlnlmiBlng beam power.    Therefore, the 
beam power is 100 kw. 

b. Circuit length, N, is to be a compromise between being high to 
achieve the phase shift but low to achieve a short circuit length to 
minimise else and weight. 

c. Maximise the gain parameter C.    This goal implies u«age of the 
highest rf circuit coupling impedance and electron beam perveance. 

The requirement of 0. 5 db maximum rf insertion loee eliminate» usage 
of a helix.    The 3. 0 - 3. 3 GHz operating bandwidth lends Itself admirably to 
a periodic type of slow-wave structure such as a coupled cavity circuit.    This 
choice compromiser the higher coupling impedance of the helix for the lower 
rf insertion loss of the coupled cavity circuit. 

The magnetic field was set at 600 gauis to assure the capability of 
permanent magnet focusing, although this breadboard model la to be solenoid 
focused. 

The collector was designed tobe consistentwithahigh level of collector 
depression.    If the phase control po»«er is to be a maximum of 1/5 of the rf 
power, and the beam power Is to equal the rf power, a high degree of collector 
depression is required. 

The phase shifter   will be operating at 180 degrees phase shift,  on the 
average, where only half the maximum beam power is required,   since phase 
shift is proportional to beam current.    Therefore, the collector depression 
is to be consistent with 2/9 of the maximum beam power, or 40 kw peak of 
collector plus rf circuit dissipation, at maximum phase shift. 



S. 0    ELECTRON BEAM AND GUN 

The «Uctron b««m wat cboMa to be VQ "10 kV and 1*10 amperes, 

giving the required 100 kw at the reUtlvely high but readily achievable value 

of beam perveence of 10 mlcroperve«.    To focus tbie beam in a magnetic 

field of 600 gauss require designing for a 400 gauss Brillouin field.    The 

maximum beam current density is then 

»b^ 
1/4   2 

Jo "   i   UTS 
400 (10. 000)1/4 

 TTH!  — .   7.35   amPejre'       (4) 
cm 

Fortunately, this is a high but reasonable cathode current density for pulsed 

operation.   A nonconvergent  electron gun is therefore suitable.    A tubular 

electron beam with OD and ID of 1. 60 and 0. 91 cm, respectively, was chosen, 

since this produced a cross-sectional area consistent with the 7. 35 amperes 

cm   and total current of 10 amperes as well as a perveance per square of 

0.875 microperves/square.   M this point, an estimate of the maximum 
4 

velocity spread which could be tolerated in the beam was required.    Dunn    gives 

the ratio of maximum and minimum beam velocities, (I - p), as: 

1-p   «^     (^     x   106) (5) 

or 1 - p   =  ^   (0.875)   ■  0.05 

Later it will be shown that C «e 0.1.    Dunn gives two methods of estimating 

the maximum velocity spread before meaningful gain loss in a TWT.    These 

indicate p should be less than 6% and/or p less than C.    It was not clear at 

this time that eithev of these criteria were directly applicable but at least it 

supplied a probable benchmark.    The validity of this early estimate is borne 

out by the results shown in Figures 7-3 and 7-5 of Appendix C,   A reduction 

in velocity spread could have been achieved by an increase in electron beam 

diameter, while holding beam area constant.    This would reduce beam 

perveance per square,    S0      , at the expense of a reduced coupling 

impedance. 

 _-__- ——i — ;  
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The gun la a parallel plane triode with an Intercepting meah grid.    The 

design la baaed on the work of Spangenberg and Wolkatein.      The design 

parameters are shown in Table 3-1.    The gun ia gridded ao that the phaae 

shifter may be operated by dc high voltage suppliea.    Modulation may then be 

applied to the grid at relatively low voltage and current.    The advantages of 

grid pulsing over usage of cathode pulsing are: 

a. Cathode pulsing requires a 10 kv,   10 amp pulse capability.    Grid 

pulsing requires only a 405 volt peak pulse at 1. 7 amperes, a 

50 volt grid bias supply, and a 10 kv dc cathode aupply.    In the 

former case,  modulation Is superimposed on the 10 kv pulse; 

while. In the grid modulation, the modulation Is superimposed on 

the 405 volt pulse.    The simplification In circuitry la therefore 

considerable. 

b. In cathode pulsing,  especially with periodic type structures auch 

as the coupled cavity circuit, oscillations are seen on the rise and 

fall portions of the voltage pulse.    This Is due to synchronism with 

higher order slow-wave circuit space harmonics at the lower beam 

voltages.    This problem la sidestepped In grid pulsing since beam 

voltage Is fixed, but beam current Is pulsed. 

TABLE 3-1 

Electron Gun Design Parameters 

V o =   10 kV *kg 0. 018 Inch 

I o =   10 amperes ^a 0. 218 Inch 

Jk «   7. 35 amperes/cm 
"g 

0.0017 inch 

V«co a   -55 volts. d 0. 020 inch 

vg »405 volts rb 0.315 inch 

=   1.7 amperes 

Cathode - oxide coated 

Grid - gold plated molybdenum wl re mesh. 

- .uA". .* ■.■■■.-*' 'i ' 



The cathode it an active nickel body sprayed with a triple carbonate 

coating.    The heater it a terpentlne wound tungsten wire utilizing a standard 

Raytheon heater support. 

The ceramic heater supports trap the heater mechanically, producing 

a rugged heater design with complete assurance of freedom of heater-to- 

cathode short circuits.    The grid is a standard 0. 0017 Inch diameter gold 

plated molybdenum wire mesh of 50 wires per Inch.    This mesh is brazed to 

a copper grid support ring which produces both a firm support and heat sink 

for the grid.    The anode is a 0. 015 inch thick molybdenum washer which has 

been photoetched by Raytheon1 ■ Materials and Techniques Group.    The anode 

washsr is braaed to a copper support ring. 

Figure 3-1 shows heater current and cathode temperature vs heater 

voltage. 

lOOOr 

&    900 

t I   wo 

700 

2 % 6 
NEATER VOLTAGE - VOLTS 

FIGURE 3-1    QR1242 Heater Characteristic 
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4. 0     SLOW - WAVE C IRC UIT 

The coupled cavity «low- wave circuit waa «elec ted bec#u«e of it* low 

insertion lois a* well as it» expected capability to eupply adequate bandwidth 

and coupling impedance.    Aa indicated previoualy, the focuaing and beam 

power requirements dictated uae of a large electron beam diameter and 

therefore large beam aperture in the circuit.    To evaluate the effect of thia 

large aperture and evolve a circuit design, a cold teat phase waa undertaken. 

Thr coupled cavity geometry ia defined in Figure 4-1.    The beam aperture 

ra.aus waa deaigned to accommodate the electron beam deacribed in aectlon 

3. 0, with a beam radlua to aperture radlua, 'w/r« " 0. 8.    The circuit period 

waa adjuated for beam synchronism with the circuit wave.    Evaluation of 

coupling hole alse waa evaluated experimentally.   The circuit w-ß diagram 

and variation of phase and group velocities va frequency with change in 

coupling hole alse are ahown in Figures 4-2 to 4-4.    The coupled cavity 

circuit deacribed in Table 4-1 with an 85° coupling hole angle, covered the 

frequency range.   A circuit bandwidth which ie wider than operating bandwidth 

is desirable so that rf matching difficulties and the increaaed circuit los«, both 

obtained near circuit band edges, becauae of the low group velocity, are 

avoided. 

TABLE 4-1 

Coupled Cavity Circuit Dimensions 

r. »  0.125 Inch 

g ■  0. 106 inch 

t «  0.196 inch 

a «85 degrees 

Note:   Dimensions defined in Figure 4-1. 

The coupling Impedance of thia circuit waa evaluated by means of 
a 

dielectric rod perturbation techniques.      The coupling Impedance va frequency, 

aa ahown In Figure 4-5,  varies from 20-43 ohma, aa evaluated at r ■ »«• 

rl ■ 0. 393 inch 

r?. ■ 0. 527 inch 

r3 
m 0. 928 Inch 

r4 
m 0. 728 inch 

■■■ 
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Figure 4r2 QR1242    Cold Test  Structure 
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FIGUaE 4r4     Phase and Group Velocities vs Phase  Shift 
per Cavity 
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FIGURE    4-5   QR1242     Coupling  Impedance 
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When evaluated at the beam (aee Appendix B)the coupling impedance if 3.1 - 
10. 6 ohm«.   At the outeet, it had been aaaumed that a 50 ohm coupling 

impedance would be achieved.    Equation (1) ahowf that the phaae ahift will 

be J 3/50, or approximately 1/4 of the expected amount.    Alternatively, the 

rf circuit muet be made four time« aa long to achieve the 360 degree phaae 
shift. 

The rf circuit was matched to WR284 (1. 5 x 3. 0 inch) waveguide.   A 
maximum VSWR of 1. 5:1 waa meaeured on the cold teat model in the 3. 0 to 
3. 3 GHz frequency range.   A matching cavity was inaerted between the 
coupled cavity and waveguide.    Drift tube gap and inductive iriaet have been 
u«ed in the matching cavity to optimise the transition from coupled cavity to 
0.360 inch height waveguide.   A three-etep, quarter-wave tranaformer 
increaaed impedance up to that of the full height waveguide.    In the actual 
phase shifter,  further adjustment of drift tube gap was required to optimise 
the match.   VSWR was < 2 over the lower 85% of the frequency range. 

The rf insertion loss was lerr than 2 db at 3.15 - 3. 24 GHs, dropping 
to a minimum value of 1. 2 db.    Increased Insertion loss at the band edges 
is attributable both to reduction in circuit group velocity near circuit high 
and low frequency cutoffs and to rf miamatch, especially in the circuit out- 
put. 

15 
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S. 0     DESIGN REVIEW 

After coupling Impedance measurements wer« completed, It became 

apparent that the coupling Impedance, at averaged acroae the electron beam, 
waa 3* 1 - 10* 6 ohms compared with tha SO ohm value estimated In the initial 
design.    Equation (1) showed that phase shift la proportional to the square 
root cf coupling Impedance.   We therefore expect a factor of 2. 2 to 4. 0 

reduction In phase shift or alternately, a requirement chat circuit length be 
Increased by this factor to obtain the same phase shift goal.   Alternative 
mr'hodw of approach were investigated to aee if an effective gain in coupling 
impedance   at an equivalent circuit length ware feasible. 

An  analysis was carried out in which PPM focusing was to be applied 
to the folded waveguide type rf circuit.   Utilizing the coupling impedance 
mfaaurement^ made earlier, it was possible to scale impedance with circuit 
ya with reasonable confidence.    Unfortunately,  this results in an even longer 
tube than the earlier approach.    The reason for this is that «he rf circu't 
design requires operation at ßL ■ 3v/2 while the magnetic field design 
requires oper: Hon at a ratio of plasma wavelength to period of over 2,  for 
a reasonable level of beam ripple (e.g. 5%).    These two constraints coupled 
with the requirement that peak field be below the coercive force of seme of 
the higher coercive force magnetic materials (oriented ferrites were used), 
were computed and the results shown in Figures 5-1 through 5-4.    The 
significant quantities plotted on the abcissa are Xp/L (which must be over 2 

for beam transmission conaiderations); rf circuit length,  and Brillouin value 
of magnetic field which should be maintained at or below 1200 gauss as a 
first approximation to what can be generated.    The figures show that nc 
matter how we adjust yr., ya and r/a, while staying within the limits imposed 
by Xp/L and B., the rf circuit length Is well over the 80" circuit length we 

started with.   The conclusion is that the combination of constraints forces 
too low a phase shift per unit length of rf structure. 

To obtain a higher coupling Impedance than achieved earlier in this 
program with a folded waveguide structure, we may conaider use of a ring- 
bar structure, since this latter circuit will have adequate bandwidth, coupling 

16 
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impedance almost twice as high as « unifllar helix, but insertion loss com- 

parable with a helix.    To obtain an experimental benchmark, QR1242 #2, a 

ring-bar phase shifter, was measured for rf match and insertion loss.    The 

Insertion loss was 0. 1 db/inch at 1000 MHz.    Therefore, we see that 20 - 30 

inches of this contrmwound helix would have 2 - 3 db insertion loss.    Scaling 

this structure up in frequency by a factor of 3 would result in further inser- 

tion loss. 

If deviations in magnetic focusing were to be considered, it appeared 

that a good direction wouxd be to maintain use of a thin hollow beam, thus 

achieving a high value of C and therefore high phase shift per unit length.    A 

solid beam would not allow achievement of as high a gun perveance and there- 

fore not as high as C.    Utilising an available magnetron injection gun, and 

scaled versions therefore, and a ring-bar slow wave structure, operating at 

10 kv shows that a magnetic field of 1200 and 1940 gauss would result In rf 

structures of 30 and 19 inch lengths respectively.    Producing these levels of 

magnetic field over the Indicated lengths would result in a rather large 

focusing structure. 

A parallel effort was conducted to carry the theoretical study of the 

phase shifter to a higher level of tinder standing.    This work was carried out 

and is described in detail in Appendix C of this report. 

At this point, it was determined that the best experimental approach 

would be to continue with the original structure while holding the rf circuit 

length below 2 feet long, thereby preventing the construction of what might 

have been a prohibitively large device. 

a 



4.0     MECHANICAL DESIGN 

6. 1     Ofr«»!! Conc»pt 

Th« phaae shifter ia constructed entirely of metal and ceramic, 

Whererer po««lble, available parts and/or aubaaaambliaa have been Incor- 

porated Into the design. Thla breadboard model la baaed on electric design 

principle« directed toward« minimum else and weight. However, whenever 

dUc/etlon indicated, «xcesa weight may have been added to aaaure adequate 

mechanical strength« 

Major aubaaaembllea are of braasd construction and designed to 

allow inspection.   Final assembly uses hellarc welding.   No aesembly con- 

taining the cathode Is furnace brased so that the cathode Is never exposed to 

high temperatures until bake out on the pump. 

A one liter Vac Ion pump la incorporated aa a vacuum appendage 

pump to allow pumping of any gaa which might be liberated during Initial 

phase shifter operation. 

The aeaembled phase shifter la 36 5/8 inches long and fit« Into a 

a even inch ID solenoid. 

6.2     Electron Gun 

The cathode ia an active nickel aprayed with a triple carbonate 

coating.    The heater ia serpentine formed tungsten wire which la trapped 

between two ceramic«.   Thla atandard Raytheon design result« In a rugged 

heater with eome thermal conduction between heater and cathode.    The 

cathode-heater euhaaaembly ia aupported by four tab« made of Haatalloy B, 

a low thermal conductivity material with high atreagth at elevated tempera- 

tures.    The resultant heater-cathode eubaeaembly ia efficient thermally, 

and mechanically rugged. 

22 



The grid uses gold plated molybdenum mesh (0.017 inch diameter 

wires with 0.020 inch pitch) which is brazed to a copper grid support ring. 

This ring provides both a heat sink for the  mesh and a welding lip to join the 

grid with the cathode subassembly.    Jigging slots are placed in the outer 

sleeve to allow precise control of cathode to grid spacing during assembly. 

This subassemblv is jigged with respect to the anode support ring and welded 

in place. 

The anode is a 0.015 inch thick molybdenum disc which has been 

photo-etched to the proper geometry.    The anode is braced to a copper ring 

which results in a good thermal conduction cooling path for the anode.    The 

anode and anode ring are welded into the anode support ring. 

By careful jigging and machining operations,  «pacing« and concen- 

tricity between cathode, focus electrode, grid, anode, and gun welding flange 

are assured. 

6.3     Rf Circuit 

The coupled cavity structure Is fabricated out of 38 identical 

copper laminations.    The laminations are so designed that a 180   rotation of 

successive laminations produces the coupled cavity structure.    The lamina- 

tions are silver plated at the surfaces of contact when stacked.    Alignment 

pins are used to position the laminations during assembly and to strengthen 

the coupled cavity circuit.    The 38-lamlnatlon coupled-cavity structure,  and 

the similarly silver-plated Input and output matching cavitle« are braced as 

three separate subassemblles at 850oC.    After Inspection, these three sub- 

assemblies are braced at 8250C into the total coupled cavity circuit aub- 

assembly. 

The Input and output waveguides are made of OFHC copper with 

cupronlckel bracing straps.   Copper transformer blocks are hellarc welded 

Into the waveguide.    Welding flanges are eutectlc silver-copper braced to 

both ends of the waveguides. 
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Til« window assembly contain« the ceramic vacuum window in a 

pokar chip In circular waveguide design, a welding flange on one side and 

waveguide flange on the other aide. 

The coupled cavity, waveguide, and window aubasaemblies are 

welded together.   Bracing straps and mounting blocke are welded on at this 

time to assure a rugged structure. 

6.4    Collector 

The collector ie a piece of copper tubing with molybdenum plug 

and poet braaed on the inside.   The center post is inserted to raise the 

potential within the electron beam and thereby Improve collector depression 

capability.    The post is made of molybdenum to provide mechanical strength 

at the potentially high operating temperatures.   A ceramic insulator bushing 

is used to allow depreeaed collector operation. 
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7. 0     TEST SETUP 

The rf teat setup la ahown.  In block diagram form,  in Figure 7-1.   A 

phaae bridge ia formed auch that the QR1242 phaae length ia compared with 

that of a fixed length of coaxial cable.    Thia ia done by aplitting the drive 

aignal in a 30 db directional coupler.    Part of the drive signal passes through 

the phase shifter and ia then coupled to the alotted line creating a wave moving 

from right to left in the alotted line of Figure 7-1.   A aample of the drive 

aignal ia coupled out, paaaea through a delay line setting up a wave moving 

from left to right in the alotted line.   A atanding wave pattern is set up in the 

alotted line, with the phaae of the atanding wave pattern dependent upon the 

relative lengths of tne two arma of the bridge. 

The atanding wave pattern ia aampled with a pair of probes with fixed 

relative spacing.    When the probes exactly straddle the standing wave pattern 

minimum, a null is observed on the oscilloscope.   As the null is tracked in 

position, a aenaitive indication of differential phaae shift is achieved. 

The delay line ia a length of coaxial cable which ia ao made that the two 

arma of the phaae bridge are approximately equal.    If the two arma were 

exactly the aame electrical length, and all components frequency insensitive, 

a atanding wave minimum would be found which did not move as frequency is 

changed.   Alternatively, with equal length arms, changes In frequency, within 

the rf pulse or from pulse to pulse, introduce negligible error because of 

differential phase changes in the bridge components.   Since the phase length 

of the phase shifter is a function of frequency, only its sensitivity dictates 

the frequency stability requirements for the drive aignal source. 

The attenuators on each aide of the alotted line are Inserted to reduce 

the VSWR aj seen looking out from either end of the alotted line.    Theae 

attenuators are inserted to reduce rapid variations in phaae with frequency 

due to long line effects. 
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The RK5657 ii capable of an 800 kw peak power output.    The 6 db 

attenuator ie inserted to reduce this drive signal to the QR1242 to a maximum 

of 200 kw.    Reduction of RK5657 anode current is used to drop the drive 
power to lower levels. 

QR1242 power output Is monitored by a water load.    Since insertion loss 

of the directional couplers,  6 db pad, and QRI242 have been previously 
measured, QR1242 input power can be determined at QRI242 current cut off. 

Frequency has been measured by breaking the bridge and using a wave- 
meter. 

The QR1242 power supply is set up with a dc voltage applied from cathode 
to ground«    Anode, rf circuit, and collector are all operated at ground potential. 
A 0-300 volt dc power supply biases the grid to cutoff.   A pulse is super- 
imposed on the cathode-to-grid bias, pulsing the beam on. 

Collector depression capability can be tested for by biasing the 
collector negative with respect to ground, all other voltages being maintained 
as described. 

Peak collector and rf circuit currents are monitored by calibrated 
viewing resistors.   Peak cathode current is measured by means of a trans- 
former which encircles the cathode lead.   AU other pertinent currents and 

voltages are monitored by metering the power supply console. 
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8. 0     THAT RESULTS 

Comple*« ft data wer« not tok«n b«c«us« of «mlsalon limitation« of 

the cathod« which b»cam« wer«« with tlm«.   Data ahowad that tha phaae 

•hiftar did hava a b«am voltaga at which maximum phase shift occurred, aa 

theoretically predicted In Figure 7-3 of Appendix C,  and experimentally 

obeerved on an S-band phaae shifter shown In Figure 7-5 of Appendix C.    In 

th« QR1242, optimum phas« shift occurred at II KV.    A measurement at 

t ■ 3.127 OHa,  100 kw, and 0. 00106 duty resulted In a 4. 28° of phase shift, 

where equation (1) predicts 2. 94°.    This level of phase shift la directly 

attributable to the low cathode current and, in fact,  ahowa good agreement 

with the theory that, with full current, 118 degreea of phaae ahiftwouldhave been 
theoretically achieved at this frequency. 
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9. 0     MANPOWER LEVEL 

The l«vel of effort expended during thl« program la shown In Tuble 9-1. 

The discrepancy between the projected manhour» determined prior to program 

■tart and actual manhours reflects an increased percentage of engineering 

effort expended In attempting to determine alternative design approaches to 

achieve the deelgn goals. 

TABLE 9-1. 

QR1242 MAN HOUR SUMMARY 

Description Projected 
(hr) 

Asssmbly 800 

Exhaust 100 

Cold Test 
Hot Test 400 

Engineering 17S0 

Machine Shop 800 

Drafting 500 

Technical Writing 
Cathode Manufacture 84 

Materials and Techniques 127 

In st rumentatl on 170 

Quality Assurance 

Actual 

166 
2 

4 

207 

29 
8 

9 

30 

13 

TOTAL 4711 4491 
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10.0  SUMMART 

A program directed towards the design and development of a breadboard 
model of a 100 kw 8-band electron beam phaae shifter haa been carried out. 
A phaae ahlfter waa dealgned and built, but teat data limited due to an emiaaion 
limited cathode.   A aingle data teat point ahowed good agreement with the 
predicted theoretical phaae ahlft.   Operation at rf drive of 100 kw and 0. 001 
doty waa demonstrated.    The rf inaertion lota for thia long rf circuit waa 
1. 2 db at snldbaad.   To keep the phaae ahlfter to ita 36 5/8" length the alow- 
ware circuit waa choaen to be conaiatent with a predicted 112° phaae shift. 
The electron beam phaae ahlfter, haa been analyzed in terma of phs^e ahlft, 
harmonica, and other non-linear phenomena. 
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APPENDIX A 

ROME AIR DEVELOPMENT CENTER 
ORIFFISS AIR FORCE BASE 

NEW YORK 

12 August 1964 

Purchase Request Continuation Sheet 

For:   High Powsr S-Bsnd Elsctron Bsnm 
Phaee Shifter Technique»  

Continuation Sheet No. 1 For P. R. No. 65-209 

DESCRIPTION OF SUPPLIES OR SERVICES TO BE PURCHASED     ~ 

ITEM     QUANTITY DESCRIPTION 

I DESIGN AND DEVELOPMENT of a breadboard model 
(as defined In Note 1) of a high power S-band Electron 
beam Phase Shifter.    The Information obtained under 
Contract AF30(602)-3I61 shall be ussd as a starting 
point.    This phass shifter shall have the following 
design objectives: 

a. Operating Frequency Range - 3000-3300 megahertz 
(MHs) 

b. Peak Power • 100 kilowatts (kw) 

c. Avsrage Power - 100 watts 

d. Low Level Insertion Loss - Max 0. 5 decibel (db) 

e. Electronic Phase Control - 360° 

f. The phase control power shall be a minimum 1/5 
of the microwave power. 

g. Focusing Structure - Permanent Magnet 

h.    The voltage standing wave ratio of the helix 
structure with couplers shall not exceed 1. 3. 

THE INFORMATION CONTAINED HEREIN SHALL NOT BE RELEASED TO 
UNAUTHORIZED PERSONS PRIOR TO RELEASE OF THE INVITATION FOR 
BIDS (IFB) OR REQUEST FOR PROPOSAL (RFP), AFPI 1-465 (d) (1) 
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Accuracy - UM pbaa« ahlftar shall have an absolut« 
accuracy of plus or mlans 3 dsgrsos of phas« shift. 

Th« phase shift la dafrsss shall b« a linear function 
of the beam currant. 

Phas« control power supply with appropriate and 
aceurata iadlcatiaf motors shall bo included. 

The phase shlflor shall be designed for minimum 
weight,  slsa and power consumption commensurate 
with optimum electrical performance. 

ENOINEERINO SERVICES to Investigate the following: 

Th« contributions and effects of noise to the perform- 
ance of the phase shifter. 

The generation and effects of spurious and harmonic 
frequency contributions to the performance of the 
phas« shifter: 

Data shall be delivered as documented on the 
attached DD Form 1423 entitled:   "Contractor 
Data Requirement« List".    Th« essential data 
requirements are a« follows: 

1.     CONTRACT STATUS REPORT shall be 
prepared In letter form and «hall Include at 
least the following: 

a. A summary of the work performed during 
the reporting period. 

b. Conformance or nonconformance to 
projected work schedule 

c. An analysis of work progress covering th« 
reporting period. 

d. A short statement of work effort planned 
for th« aext reporting period. 

«.    A statement describing significant changes 
In th« contractor« operating personnel. 
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2.     TECHNICAL DOCUMENTARY REPORT shall 
be provided to record til« tcchnlc»! effort« and 
achievement« under Items 1 and 2.    Each TDR 
•hall be prepared in accordance with the 
requirement« of Chapter 2 of AFSCM 5-1 
entitled:   "Technical Documentary Report«", 
dated 1 November 1961 and Interim Change I 
to AFSCM 5-1 dated 31 July 1963 except for 
the following: 

a. Reproduction shall not be considered a 
function of the contractor so references to 
printing shall not apply except as to intent. 

b. The only copy submitted shall be the "draft 
copy" (and carbons). 

c. The "draft copy" shall be an "edited" draft 
suitable for typesetting and prlnt'.ng with a 
minimum of review on the part of the 
procuring activity.   Art and linework shall 
be in final form. 

d. Disregard the references to the AFSC 
document number or leave a space as 
applicable. 

Note 1 - Breadboard Model - An assembly 
of preliminary circuits and parts to prove 
the feasibility of a device, circuit, or 
principle in its simplest possible form. 
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APPENDIX B 

Omp Factor for Thick B«ams 

The gap factor is a maana of corroctlaf coupling Impodaac« for transit 
time and radial flold variation.    Piarca show«   that In the caaa of a uniform 

axial flald acting oa a aoagriddod gap th« alactrlc flald la medlflad by the gap 
factor: 

- ■ [W] M M^ (B-l) 

(B-2) 

The interaction impedance,  K,  la proportional to the aquare of the 
electric field, aad therefore proportional to M .   The coupling impedance 
la tc be evaluated over that portion of the gap which ia Intercepted by the 
electron beam.    The mean afuared value of the radial portion of the gap 
factor ia gh en by 

r - 

'   " ^" J rj I0
Z (7») 

where A^ ia beam area for a beam of Inner and outer radii r^ and r , 
reapectively. 

A eolid beam of radiua b (r   ■ b, r. ■ 0)  has 

M2 . -2 i  (B-3) 
raolid I0' (7a) 

*    Pierce, J. R., "Traveling-Wave Tube a, " D. Van No atr and Company, Inc., 
1950, p.  17, equation (2-43). 

**  Puts, J. L., and Luebke, W. R.,  »'A High Power S-Band Backward Wave 
Oaclllator, N Technical Report No.  182-1,  Stanford University,  Feb.  24, 

1996. 
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In a hoUow thin «Uctron b«am of radlu» b (b ■ r   * r. » r    - r,) we find 

- (B-4) 

Equation (B-4) proporiy fits th« omluation of coupling Impedance at a given 
radlfu position.   In the caa« of a thick hollow beam, (r   ■ b( r^ * c) we obtain: 

'*"        pT^    .o«U        (   ' 
Equation (B-S) reduce« to the «olutlon lor «olid and thin hollow beame when 
c ■ 0 or when b ■ c reepectively. 
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ABSTRACT 

Th« «toctroa be «on pbaa« «hiftar 1« aaAlymed by cftlculating the ballistic 

• l*ctron bunching producad by th« circuit tlectrlc fi«ld »nd than finding th« 

voltage ir.iucad in th« circuit by th« fundamental frequency component of elec- 

tron current.       Th« method •>! ^ucceeeive approximation of th« electric field 

solution 1« shown to yi«ld an «ccurat« d«slgn «qiuition for phase shifters.   One 

solution is obtain by computer calculations of electron trajectories and several 

analytical solutions are developed wb'ch are valid only for reasonably short 

devic««. 

Th« computer calculated solution is used to produce an accurate solu- 

tion for Operation with th« beam velocity slightly less than th« circuit wave 

velocity and this solution is seen to produce nearly maximum phase «nift with 

small circuit amplitude change.     Th« «ffects of electron space charge and 

beam synchronism ar« discussed.     Calculations ar« given for the early test 

vehicle« and the agreement is found to be good.     The empirical design relation 

previously developed in earlier «tudl«s is verified.    Finally, harmonic output 

power and otbe   non-linear phenomena are discussed. 
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1,0        INTRODUCTION 

The linear-beam phase shifter was conceived at Raytheon Company' aa 

a new element for phase control in phase array radar Systeme.   It was envisioned 

a« a device utilising a broadband traveling-wave circuit whose phase characteristic 

could be varied by use of a low power linear beam.    Such a device will have con- 

tinuously variable phase control and tie capability of phase changes in nano- 

seconds.  Early devices did, in fact, provide phase control at high power levels 

with low insertion loss, although their design was not understood very well. 

It aas since been possible to explain the operation of these devices with both a 

simple first-order design equation and amore e^borate theory which predicts 

both amplitude and phase changes through computer calculation of the large signal 

beam and circuit interaction.   The calculated phase characteristics are in good 

agreement with measurements whereas no amplitude meaeuriments are available 

for comparison. 

Figure 1-1 Illustrates the electron beam phase shifter.     The device 

consists simply of a section of slow-wave structure without attenuation, an 

electron gun with a current control electrode,   and a collector.   Careful experi- 

ments to measure the change produced in phase shift as beam voltage and 

current   were varied for an  rf drive power level of one-half to fiv  times the 

beam power  showed the following characteristics  (for  experimental data, 

see Reference 1): 

1. Maximum phase increase always occurred at a beam voltage near 

the voltage corresponding to beam and circuit wave synchronism. 

2. No significant phase control was measured when the beam and 

circuit power flow were in opposite directions. 

3. The phase increase was very nearly a linear function of the beam 

current value. 

4 Maximum phase shift occurred with low increaeed insertion loss 

(typically less than 1 db). 

5. The maximum phase shift varied inversely as the square root ox 

the rf drive power for a fixed beam power. 

6. Neither the polarity nor the magnitude of the magnetic focusing 

field had a strong effect upon the phase change. 
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FIGURE 1-1  The Electron Bea« Phase Shifter 
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7.        One test vehicle consisted of two operable and separate helix 

sections.     The phase shift was doubled by using both sections in 

series, and the phase shift was independent of cable length between 

the two sections. 

An analysis of operation was sought that would reasonably explain these 

observations and provide criteria fo? design purposes.     The obvious dependence 

upon some synchronism condition suggests that a suitable theory of operation 

should be obtainable through the analysis of the large signal bunching of the 

electron beam by the circuit fields.     Significant ac current should result *• irly 

in the device.     By assuming that this ac current persists at some saturation 

level throughout the remainder of the device,  a derivation was made based up- 

on the perturbation of the usual field equation of the slow-wave structure. This 

derivation resulted in an expression for phase change which agreed with the 

experimental observations.     The analysis presented herein verifies that this 

assumption and solution is valid to a first approximation and furthermore 

presents a more accurate method for calculation of phase and amplitude changes 

in such a device. 

2. 0       ASSUMPTIONS FOR THEORETICAL DERIVATION 

Several restrictive assumptions are made to simplify the analysis.    All 

are consistent with the experimental observations.     The fundamental assump- 

tion utilized here is that the electron beam influences the slow-wave circuit 

fields only as a perturbation.      That is, the circuit field change (produced by 

the electron beam) per unit length of the circuit is small   (Typically the phase 

increase observed divided by the total circuit phase length is one to six percent 

and the total increased insertion loss is less than 1 db).     Thus a crude 

approximation to the circuit field is the "cold" circuit field, that is, the field 

present when the beam is absent.     The next approximation is then the cold 

field with a small phase lag in time aivi so on.      The true solution for the cir- 

cuit fields will show a more complicated phase and amplitude function of beam 

current. 
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Election bunching at beam and circuit synchroniam will occur due to 

the strong circuit electric field.     The bunching reaulte in a fundamental 

component of ac current which will induce a email voltage into the circuit. 

This voltage ia approximately 90* phase lagging the original circuit voltage 

(i. e. the cold field) and the actual circuit electric field is then the vector sum of 

the original voltage plus the induce 1 voltage.    The actual circuit field therefore 

lags th » cold circuit field and a phase shift has been produced. 

The preliminary analysis will assume synchronism.    That is, the elec- 

tron dc velocity and the forward circuit-wave velocity are assumed equal.    The 

non-synchronous case will be discussed later.     The electron bunching will be 

considered from a ballistic point of view and the effect of electron space 

neglected until later in this report.     This procedure has several advantages. 

First,   the  equations of interaction are greatly simplified.     Second,   and 

probably most important, the ballistic analysis handles electron overtaking 

with no difficulty (See the discussion by D. R.  Hamilton ).    This is important 

because overtaking will occur early in such a device. 

The experimental observations concerning the magnetic focusing fields 

show that the device does not depend upon transverse phenomena (such as 

cyclotron waves) for its basic operation.    Therefore, a one dimensional prob- 

lem is considered and minor corrections are made for finite beam else effects 

as in the usual analysis of a TWT.     Electrons are then assumed to be con- 

fined by an infinite magnetic field which will not allow transverse motion. 

Likewise, other focusing effects such as velocity differences due to space-charge 

depression of potential and beam interception effecte due to large signals are 

not considered.    Relativistic effects are neglected since no tubes are envisioned 

that require large beam voltages. 

3. 0        THE DERIVATION OF EQUATIONS 

The equation of motion for each electron is simply 

*».   ~f   8   "   H   Ez(a,t) (1) 

where   m. = ele ctrvon mass 
C 

% a distance from the beginning of the slow-wave structure 
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t   ■    tlflM 
(•I*    absolut« valu« of «Uctron spac« charg« 

B. (■•  *) ■     th* longitudinal circuit «lactric field present at «ach electron. 

defining u0at the average electron velocity, we find that th« initial velocity 
condition for Equation (1) la «imply ^-» u0 at « ■ 0.   But becauee th« electric 

fl«ld la aaaumed to b« a sinusoidal time function, the entrance time for -rach 

electron must also bs «pecified to compute this trajectory. 

Because the actual electric field is dependent upon circuit voltage in- 
duced by the fundamental component of rf current. Equation (1) requires that 
the solution for Ez(z,t) be known before deriving the electron motion.     The 

method of succassive approximation will be used to develop the actual solution 

for  EgCtfft).     The seroth approximation for the  electron field is the cold 
circuit field.     A solution for ac beam current and induced circuit voltage can 
be obtained using the cold field.     The solution will show that electric field is 
not much different than the cold field and the principle difference will be a 
phase lag.     This solution may then be used in Equation (1) to derive a more 
accurate solution, and so on, until the solution obtained converges to the actual 
solution.     Because the trial solutions are not very different, it has been found 

that accurate solution« are obtained on either the first c- sscund trial. 

The circuit field Is assumed to be 

Ea («, t) «  - E0 «in (wt -p0m), (2) 

where      E     *   the fundamental space-harmonic electric-field component for 
the "cold" slow wave structure which is assumed to be real 
for convenience. 

w    m   the angular frequency of the rf drive power 

0     »   the fundamental space-harmonic propagation constant of the 
cold circuit. 

It is convenient to define simpler variables as 
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T ■ ut 

and in addition let 

MP0
E 

m w 

o    o 

Equation (1) can then be seen to give the equation of motion aa 

AZ7 
S-£-a c  «inCT-Z). (3) 

dT2 

Defining the «tarting time of each electron as tg, the ftarting phase ia then 

wta or Tg.     The initial condition« for Equation (3) are then 

dZ 
- 1. (4) 

Z 3  0 

T = T 

Equation (3) with initial condition (4) can be jolved by various means for 

Z (T, Ti).     It is found that for values of c typically encountered (such as 

c a 0. 10), no electron» turn around.     Thus for each T , Z is a single valued 

function of T and likewise T is a single valued function of Z.     The fonction 

T(Z, T^) can then be obtained from Z(T,T  ) and will be used to compute the 
rf current. 

The beam current    is periodic and given by D. R. Hamilton   as 

i00, Jm(T-Z) 

-I" ^■Z"2""6 (5) 

ma 0,± 1, ±2, ... 

*   Current is taken as conventional current rather than electron current to 
maintain consistency with the equations of field theory. 
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1       ( -Jm{T-Z) 

\n- ^r   J     • dT. M 

X « " C (7) -m        m 

•lac« th« current is real (J =   /-I). 

Equation (6) with T(Z, T^) allow* calculation of Ij and 1^. 

Th« equation for th« interaction of a forward-wave circuit and the 
■% 

Amdamental ac beam currant for a circuit way« of form «xp J {wt - ßz} is 

2 
d   El{U)   +  P0

2 Ea(.) -     J P/ Kc ia(.) (8) 
ds 

where    P *  »ctuai "hot" propagation constant for th« circuit 

4 Eo2 
K ■  Pierce* • coupling impedance    =—7 

Pj,£        ■   »f drive power 

iB(«)     ■  the fundamental frequency component of ac beam current. 

Since only a small change in ß is observed, little accuracy will be lost by 
setting p = 0    on the right hand side of Equation ( 
Then using the variable Z, Equation (8) becomes 
setting P ■ ß   on the right hand side of Equation (8) for the first trial solution. 

d2 E (Z) 

dZ 
J—    +   Ea(Z) -     J ßo Kc is(Z) (9) 

The ac beam current by Equation (5) is 

I J{T-Z) j*       -J(T-Z) 
i, U.T)---r-e "    "T-   • (10) 
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Expression (2) for the cold circuit field can be written *• 

m 

JE J<T-Z,      JE •■»<T-Z> 
(11) 

It is sssumsd that the actual electric field can ba v ritten as 

Em (Z. T) - J  -^ 
Eor(Z) 

J(T-Z) 
. ^or*(z) 
J -2  

-J (T-Z) 

. (12) 

where F(Z) is a slowly varying function of Z and not vary different from unity. 

Substitution A the first term of expressions (10) and (12) Into Equation 
(9) gives the equation 

J   iff. +   ,  ^F   .        isüi 
dZZ dZ E 

(13) 

which is also obtained by substitution of the second term it expressions (10) 
and (12) into the conjugate form of equation (8). 

Equation (13) can be integrated once and the integration constant 
evaluated from the initial condition 

F(o)   «1.0 

dT 

Z «0 

(14) 
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The Integration of Equation (13) produces the equation 

Jar +2(r.i).-j 
ß    K ro    c I'« dZ. (15) 

The eolution to Equation (15) is 

r(Z) - 1 
P    K 

o 

■J2Z 

^ I •    '   I   ^ ) dZ2      dZj (16) 

however this expression resxilts in quite lengthly computations.    To simplify 

the computations, an approximation will he used.    Since F(Z) is a slowly 

dl* d  F d  F 
varying function of Z, nw- is small and —«  ^* very small.    If—« is set equal 

dZ dZ 
to aero In Equation (13),  an approximation for the first deviation is found to be 

dF 
az 

ß    K    I, ro    c   1 
■J^E (17) 

Using expression (17) in Equation (15) will give an accurate equation 

for the calculation of F(Z) and it is 

ß    K 
r(Z) - 1 -J -%X   ]    I, dZ 

ß    K    I. ro    c   1 
(18) 

O        "O o 

It can be shown that Equation (18) is an accurate solution to Equation (13) if 

1    d 

dZ' 

h 
o 

< < h 
(19) 

In subsequence by using derivations of Ij/I0t the quantity on the left hand side 

will be seen to be from 10 to 100 times smaller than the quantity on the right 

hand side. 
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Ucing the definition of c.  And the relationships 

-j-  m u0   ■ je| 

T—Ko 
O 

where      V      =    dc beam voltage 

I       s   dc beam current 
o 

K      »   dc beam impedance, o 

then it is easily shown that 

ß    K   I K 

o o 

and Equation (18) can be written as 

Z K p        I. K T _ c       .      4i 

o    ^ o        o 

Equations (3). (4),  (6), and (21)  constitute a set of equation« suitable 

for solution of this problem by eucceeuve approximation.     For each cycle a 

function F(Z) will be obtained.     The phase change produced by beam current 

is given by the angle between  the vector r(Z) and the unity vector and ampli- 

tude change« are given by the magnitude of jF(Z)   -1. 
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4.0 ANALYTICAL SOLUTIONS FOR ELECTRICALLY SHORT DEVICES 

It would be extremely useful to develop un accurate analytical iolutlon 
to the actual electric field in the electron beam phase ahlfter. However, the 

complexity of the problem becomes unreasonable for •lectrlca.Uy long devices 

and the only analytical solutions »ought will be those that apply to short slow- 

wave etructures. The long devices will be treated later in this report through 
computer computation. 

First a solution Z(T, T^ must be found for Equation (3).     Because the 
equation is transcendental, a suitable method for finding an approximate solution 

Is again the method of successive approximation.     Assume that the electron 

motion Is approximately described by its trajectory in the absence of an elec- 
tric field, that Is 

Z-T-T, {22) 

The right hand side of Equation (3) i% then approximately c sin T    and 
the solution for this equation subject to the boundary conditions (4) Is 

2 
Z«(T.Ti)+  -J-  slnTi   (T-Ts) (23) 

Equation (23) expresses Z aa the appraxlmatlon (22) plus a correction term. 

A more accurate expression for Z Is obtained by using (23) In the right hand 
side of Equation (3).     The result is 

Z - (T-T^ +   -£-  sin T- (T-T/ „ ! (T-T/. (24) 

Obviously this method generates a power ••riss expansion for Z In terms of 

T-T^.     Since c Is typically 0. 10 or smallsr, this ssriss will be a good approxi- 

mation for some range of T-T0.     To calculate the ac currsnt, the expression 

C-l»-l 



T{Z,T ) matt ba obt»ln«d.     This can be don« ft* * •erles expaniion.    Assuming 

that 
oo 

•T.- 1 «„ Z». (25) 

n ■  0,   1,   ... 

and araluating tha first four terms, It can ba shown that 

c sin T         >            c   sin   T . 
T-Ti «Z j—t    ZT   ♦     j 1   ZJ 

c3 sin2 T    cos T c3 sin3 T 

Equation (26) caa also ba written as 

♦( rr B !)Z4 (26) 

T-T                    slnT. si^T. , 
Z
J     • 1 y-i- (cZ)   ♦ z     '   (cZr 

sln2T 
Yj-5-  (cos T^ - 2 sin TJ (cZ)3 (27) 

T-T 
Equation (25) ahows that—W~~^% really being expanded in p. . er« of cZ and 

accuracy will dacreaae aa cZ Increases.     Since Z represents the normalised 

length of slow-wave structure, the expansion will only be accurate from the 

beginning of tha structure up to same value of Z determined by the magnitude 

of c.     Small c allows accuracy to larger values of Z. 

By Equation (6), the fundamental current component is 

I p" -i(T-Z) 

TT ■ -r J     • dT. <"> 
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Using the definition» 

X ■ 

Y = 

cZ' 

273 c  Z 

(29) 

and employing only the first three term* in expansion (26), the integral (26) 

can be shown to be 

Ij "^   (2 Jo (Y) J^X) - 2J2(Y)   [ J5(X) - J3(X)] 
y— •  e ( 
o 

.J2J1(Y)[ J,(X) - J3(X)]j 
(30) 

It is not reasonable to proceed further analytically since the substitution 

of expression (30) into Equation (21) results in untenable integrals. 

Assuming, as previously done, that F(Z) is close to unity magnitude 

and not changing rapidly,  then it is further assumed that 

F(Z) •   e 

It follows from Equation (31) that 

dF        \dd 

d2F 

je(z) 
(31) 

(32) 

and if it is assumed that   ^—^   is zero, then Equations (13) and (32) give 
dZ^ 

d$\m     Äc 
(33) 
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Later golutloai will ihow that 6 ia monotonic increasing ao there ia 

no difficulty in equating the abeohite value of the derivative to the derivative 

of the a be olute value of 0 or 

d|0| 
(34) 

Uaing expreaeion (34) in Equation (33) and integrating producea the final 

approximate equation for   6 : 

M irr T dZ (35) 

1 
r 
o 

from Figure 4-1 preaenta the reaulta of the calculation of 

Equation (30) for three value• of c.    Each curve lu plotted to a" value of Z at 

which the approximation begin» to become inaccurate.    Because the integral of 

each curve ia ueed,  the inaccuraclea at large values of Z do not greatly affect 

the calculation of  |ö| .    Notice also that all three curves,  in Figure 4-1 are 

essentially the same except for a scaling of the Z axis. 

I1! I Figure 4-2 showa the value of the Integral of «— for three values of c 
'^o ' 

uaed in Figure 4-1.    All curvea appear to follow a atraight line after an initial 

buildup length.    The slope of this line la approximately 0. 64.    Thus, after the 
ill | 

initial build-up length«  y—I ia approximately constant and equal to 0. 64. 

At this point it ia worthwhile to check Figure 4-2 and Equation (35) againat 

an experiment.     A UHF helix type traveling wave tube waa operated with the 

following parameter» 

c           ■ 0. 10 

Kc      ■ 300 n 

Ko      - 23.8 KQ 

Z 18. 0 radian 

observed j • 24. 5 0 

Equation (35) predicts 0. 327 radian« or 18. 7°,     This reaulta in an error of 

-24%.     The inaccuracy in this case can be directly traced to the aaaumption 
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d2F that «- = 0 in Equation (13).  Considering the total circuit length (18. 0 radian«) 
dZ^ 

the predicted phase shift is quite close to the observed value.   Tnat is to sty, there 

are apparently no major errors in the theoretical development or drastic inaccu- 

racies would occur in the calculations.   Therefore, Equation (35) with Equation 

(30) is useful f-»r short devices. 

5. 0        COMPUTER COMPUTATION OF SOLUTIONS 

A program was written and executed on an IBM 7044 Computer for 

Z (T,T  ),  a solution to Equatit ns (3) and (4), for a value of c of 0. 10.      The 

computer also performed the inversion process to give T (Z, T   ) for c » 0. 10 

and evaluated the real and imaginary parts of I. (See Appendix A).   Figure 5-1 
Ij * 

presents the results for   -y— .     Equation (21) for F(Z) can now be evaluated for 
1o 

any given device. 

More accurate calculations can now be made for the UHF phase shift 

device cited earlier.      Using the values given in Figure 5-1 in Equation (21) the 

angle and magnitude of F(Z) were calculated for the san e operating condition« 

mentioned earlier.      Fig-are 5-2 shows these results.    The calculation predict« 

24.6° phase  lag  for an 18. 0 radian circuit length which is so close to the 

measured value of 24. 5° ^stobe embarrasing.      The closeness is an accident 

since a correction must still be made for electron space charge.   Space charge 

will only decrease the calculated phase shift by 4%.    (See Appendix B) 

Figure 5-2 also predicts an amplitude change with circuit length: how- 

ever, this effect is not large.     Both amplitude and phase with vary with beam 

current.      Figure 5-3 shows the calcula ed variation of phase with beam current 

obtained simply by allowing Ko to charge in Equation (21).      Notice that the 

predicted phase shift is almost exactl) linear which agrees with the experi- 

mental observation«. 

The first trial solution for the hot circuit fields is then in reasonable 

agreement with experimental measurements on the short UHF device.    In 

addition, the   substitution of this solution back into Equation (1) would not lead 

to a very different second solution since the total amplitude and phase changes 

are quite small 
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The situation is considerably different when the first trial solution is 

found for relatively long slow wave structures.      An electron beam phase 

shifter was constructed for S-band operation, using a circuit of 72.2 radian 

length.      The operating parameters were 

K     =    125 O 
c 

K    =   9. 0 Kfl o 
c     =    0. 10 

The results of calculations, using Figure 5-1 and Equation (21) are shown In 

Figure 5-4.    Two difficulties are apparentfrom Figure 5-4.    The first trouble 

is seen to be the prediction of gain.     For this example the beam power is 

approximately 60% of the drive power so voltage gain greater than V   1. 6 =  1.255 

must be non-physical.     Likewise the phase calculation predicts that the phase 

shift increases very slowly after 30 radians and will never reach 90° no matter 

how long the circuit (assuming that the Ii/I0 solution remain similar for 

Z > 70 radians).     It must be concluded that this trial solution is not accurate 

for long circuits and a second trial solution is needed by using the first trial 

solution in Equation (1).     The next discussion will describe the derivation of a 

more accurate solution by this procedure. 

Where the previous solutions have been accurate they have shown the 

principle effect of the ac beam current is to produce a phase increase which is 

nearly proportional to circuit length.       This basic property will be used to 

generate a more accurate solution.  The increase in phase shiil can be represented 

as an increase in the circuit propagation constant.     Call this increase Aß, then 

the "hot11 circuit field is better approximated by 

Ez(«,t)= -Eo sin[(Jt - (ßo+  4J)s] (36) 

where Aß is yet to be determined but assumed constant.     By defining 

ßo. . ßo   +   Aß 

Z'   » Po'« (37) 

T    » wt. 
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the equation of motion (1) becomes 

d2z' 
« c' eind-Z«) (38) 7F 

where 
i rt   i 

O        O 
C a (39) 

At time T s T   .the starting time,  Z =  0 and 

dZ«       ^o' 

If u0 is not set equal to the cold circuit phase velocity ( -B—) but instead 

lowered to a velocity  -B-T (which is approximately the "hot1' phase velocity) 
then 0 

dZ1 

■  It (41) 

- J Z1» 0 

T« T ■ 

and phase shift should be maximised.    In addition«  the last assumption on 

velocity allows use of the previous computer solution (Figure 5-1) since 

Equations (38) and (41) are exactly the same as Equations (3) and (4). 

An approximate value of Aß must first be determined.     The circuit 

electric field and ac beam current are given as 

E        J(wt-P0'«)        E        -J(«t-P0'.) 
E U.t). J -^   e "J   -r   * 

4 (42) 
I.       J^^o1») ie      -J<«-V«) 

iB(«.t)--f   e -   4   • 
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Potting th«s« «xprcsslon« into Equation (8) and equating imagirary parts give 

^       2        WofKc 
{    Had,). 

o 

Using expreaaion (39) and the tact that  ~ u0    «2 Vo.  u0 =   -rr » &nd 

KQ" -J—, Equation (43) becomea 0 

o o 

Define the constant + aa 

If p  ' in Equation (44) la expressed in terms of f and P   and the equation solved 

for ♦, the reault ia 

K I. 

o o 

Thia reault aaya aaaantially the earns thing as Equation (35). Figure 5-1 showa 

that the value of Raf-»—) ia aaaantially conatant aa a function of Z* for Z' larger 
*o 

than 8 radiane.  Thua f can be taken conatant and good accuracy maintained. 

With f evaluatac,  it is poealhle to find the eecond trial eolution for E . 

Tha electric fiald is assxuned as before to be 

E J(T-Z)      E .J(T-Z) 
EB-J-^r(Z)e -J^.r*(Z)e . (47) 

where tha prime ia not uaed on Z since F(Z) ia defined to include the fir et order 

phaaa ahift.     Tha fundamental component of ac beam current ia given by 

Equation (42) and can be written aa 
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-j*Z     j(T-Z) »       j*Z       -J(T-Z) 
1 1 

is---—   e e "     "Z-     e e ^^ 

Substiution of Expressions (47) and (48)  into the circuit Equation (9) produces 

d2F dF {1 + *)K
C       ll '^ 

dz. o o 

Following the same procedure as used for Equation (13), the expression for 

F(Z) can be shown to be approximately 

(1 + 4)K      p2      I.        -^ d + ^K      I.      -J*2 

F(Z)3  1 -J   4C.K \ 1^  • dZ  '      Be' R    C   T" e      (50) 

o 0 o o o 

Equation (50) now enables calculation of a second trial solution for F(Z)itorthe 

particular condition ofbeam velocity below cold circuit synchronism.  The accuracy 

will be considerably better than previously obtained.      It is a simple task to show 

that Equation (50) predicts low Insertion loss (or gain) for circuits of length 

greater than 8 radians. Consider the example where Ii/I0 1« approximately a 

real constant and using Equation (46),  Equation (50) can be shown to be 

Z        -J^Z -J^Z 

r(Z)-l -J (!♦♦)♦   J        e dZ - (1 + ♦)   -^. e (51) 

which is easily shown to be 

F(Z)  •   (1 +   .J-)e - ♦. (52) 

Because + is typically smaller than 0. 10, the phase of F(Z) is approximately 

-4 and the magnitude of IF(Z)| is close to unity.     The new solution satisfies the 

original assumptions regarding the electric field and must therefore be quite 

accurate.    The new solution describes operation near "hot" circuit synchro- 

nism and should then give the maximum phase shift. 
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Aa an example, the S-band device mentioned earlier was considered. 

The vmlue of Re (I,/I ) was taken a* 0. 65 and 4 found to be 0. 0226.  I, /I e'J^ 
to i    o 

waa computed from Figure 5-1 and is shown on Figure 5-5.    Computation using 

Equation (50) produces the results shown in Figure 5-6.    The magnitude of the 

circuit electric field remains within 20% of unity and Its phase Is nearly a linear 

function of circuit length.   The phase shift predicted for a circuit length of 72 

radiant le 96° whereas about 80° was measured.   Some pa. t of this error will 

be eliminated when the correction due to space charge Is made.    It Is seen In 

Appendix B that the correction amounts to a reduction In phase shift by 7%. 

The calculated phase shift Is then 89. 6°.    The actual insertion gain would 

probably be reduced by circuit losses (not Included In the calculation) and was 

not measured.   Figure 5-7 shows that as beam current is varied thr calculated 

phase shift is still nearly a linear function although definite deviation from 

linearity i* present. 

It is useful to evaluate further the simple approximation for phase shift, 

4*   From Figure 5-1, a value of Re (IJ/IQ) can be taken as 0. 65.    The phase 

shift indicated by Equation (46) Is then 

0.65 K Z 

♦Z   "      4c' K (53) 
o 

This result Is the same as Equation (35) applied to long structures.    Note that 

the value of   Ui/IJ   determined from Figure 3 was 0. 64. 

Using the definition of c1,  Ko, u0, and Pierce Impedance,  Equation (53) 

Is eaeily shown to express the phase lag near synchronism per unit length of 

slow wave structure as 

0-ä"w  ",/v^- (") w«   <* m* m* m 

Oi 

m 
e 

Notice that expression (54) says that phase shift is proportional to the average 

beam current and inversely proportional to rf drive power. Both effects are 

observed in experiments (See Appendix C for comparison of Equation (54) with 

the earlier design equation). 
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6. 0    COMPARISON OF CALCULATIONS AND EXPERIMENTS 

Although conjide.ahle data ia available for «ach of the three phaae shifter 

device» conetructoJ, a companion between experiments and theory will be 

mad« for typical operating conditiona.     In each case the dc beam voltage is 

adjusted for maximum phase shift.     This comparison is made in Table I.    The 

design equation uaed for each of these tubes is essentially Equation (44) and it 

had bean developed independently from a perturbation theory assuming that the 

ac current solutions are regular.     The computer computation gives the 

ac current  solutions to good accuracy and verifies this assumption. 

Equation (53) is therefore believed to be sufficiently accurate for long circuits 

to alleviate the need for an extensive computer study.     The computer compu- 

tations made enabled verification of the simple design criteria which simply 

state   that large phase control results from using long circuits, high beam 

perveance,  and large Pierce impedance circuits.     To achieve 360° at S -band 

proves to be the practical problem of finding the best electron gun and circuit, 

rather than a theoretical problem. 

TABLE   1 

3evic '    fo 
Mc 

Vo 
V A 

Kc 
Z 

RAD. 

PRF 
W 

K 
c 

Phane Shift,in Degrees 
Obs. Eq.1 

(53) 

Eq.' 

(50) 
4cRo 

UHF 
600 930 0.039 300 18.0 65 

250 

0.0314 

0.0160 

24.5 

12.0 

19.9 

10.2 

23.5 

12.0 

S 2,800 7,200 0.80 125 72, Z 10,000 0. 0347 80.0 86.9 89.6 

L 1.350 10.500 6.0 100 73.7 65.000 0. 0803 215.0*^08.0 229,0 

•    Including reduction due to space charge given by Appendix D. 

**   The agreement between theory and experiment is probably not as good as 
indicated    because the value of Pierce impedance is uncertain within a 
factor of two.     It was possible in these experiments to achieve 290° at 
5. 0 amperes fay proper adjustment of the magnetic field which controlled 
the beam focuffiug and greatly affected the interaction impedai.ce. 
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7. 0     THE EFFECT OF NON-SYNCHRONOUS OPERATION 

It was observed in all of the experiments that maximum phase shift 

occurs at a beam voltage very close to the synchronous voltage (likewise it 

was demonstrated that no phase control results from feeding rf power in the 

direction opposite to the electron flow).    These observations support the 

preceding analysis since the basic beam bunching equation assumes synchronism 

of electron velocity and circuit wave velocity.     For quite non-synchronous 

operation the basic bunching equation would   show negligible beam bunching 

and result in negligible phase shift.    No computer calculations were made for 

general non-synchronous conditions.     However, it's simple to derive the 

analytical solution for short devices, and it dor'» provide insight to the problem. 

As discussed previously, the analytical solutions for electron trajectories 

are only accurate for short slow-wave structures or for the first part of a 

long structure.     However, it can be shown that the synchronism effects at the 

beginning of a structure are the same type as occur all the way along the 

structure.    Thus,  if the phase shift does not initially build up as fast for a 

non-synchronous condition, the solutions for longer sections continue to show 

a smaller phase shift per radian   of slow wave structure, i.e.    no sudden rise 

in phase shift per radian will occur. 

The derivation of non-synchronous operation proceeds in the following 

manner.    Both the circuit electric field and the bunched current are still 

assumed to be described by exp {jut - jp >}   or exp {jT - jZ}( however« the 
beam velocity, u  ,  is not necessarily the same as the cold circuit velocity, 

v   (or w/f* ).   Call 
c u« 

c 

and assumes that 1-k is small. 

The first approximation for electron motion is then 

T r- T,   ♦  TT (56) 
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i 

»ad th« «atranc« cond'tion it: 

dZ 

Jz = o 
T ■ T 

(57) 

Tb* «quation of «lactron motion is again Equation (3): 

d2Z a^-» c ainlT-Z) 
dT 

(3) 

Th« right hand aid« can b« expanded in powers of (T-T  ) and the 2nd order 

■ nlotion for Z is found to be 

Z w k(T-Ti)   ♦ 
c sin T 2 II  w\ % 
 2 iCT-TJ     +    1^*L£ (T-Tg)3 

(58) 

whore terms involving (1-k)    have heen dropped since (1-k) is small.    The 

Inversion of the last equation gives 

T-T. -  f. 
c sin T 

'-ZZ   + 
2k- 

2    i 2 ^ c    sin   T 

2k" 6k T^r- co> 'I * z" 

(59) 

The expression T-Z can now be approximated and the value of the beam 

curr, nt at the fundamental frequency is found to be approximately 

■JY' I ' 
ji- •  e {2J1(X)   ♦  J Y [ J3(X) - J^X)]] (60) 

or 
I, 

Re (yi-)«  2 JjpC) cos Y'   +      [ J3(X) - J^X)]    YsinY« (61) 
o 

fa» ( ^L, e, .zj^X) sin Y'   ♦   [ J3(X) - J^X)]     Y co. Y' 

C-7-2 



where 2 

X »   —Y 
2k3 

C2Z3 

yi, Y + 4- (^^~, * z 

Further analytic»! derivation will get far too complicated to Juatify the 

reeulta.      Therefore, to llluatrate the effect of k upon the ac beam current and 

the final phase shift, a set of curves for various values of k have been calcula- 

ted.     Because the expansions are accurate to larger Z if c is smaller, a value 

of 0. 05 is chosen.    Figures 7-1 and 7-2 show the results   of theee current 

calculations.       By comparing these curves with the computer solution for 

k « 1. 0, it was ettimated that these curves should be accurate for computa- 

tion   of phase for 

0 ^  Z S 7, 

and the least accuracy occurs in the k a 0. 85. 

A value of Z * 7. 0 radians will bo taken for computation o' phaae shift. 

Phase shift is found by calculating the angle of the vector F(Z) where 

K pZ     I. K I. 
r(Z).  1 -J   j^-  J        jJ- dZ    -    v^r-      Ti-. (21) 

o .       o 

The results of this calculation is given in Figures 7-3 and 7-4 for three values of 

Kc/4c K(>. 

Figure 7-3 shows that near synchronism the phase shift is larger than 

well away from synchronism.     In addition, as the parameter K /4c K    ig 
increased, larger phase shift is observed at a beam velocity »lightly below cold 
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« s 
Z (IN RADIANS) 

FIGURE 7-2      Calculated  AC  Beaa Current   (laaginary Part)   vs 
Circuit  Length  for c  s  .05 
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FIGURE 7-3 Calculated Phas« Shift vs The Ratio of 

Beaa Velocity to Circuit Nave Velocity 
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•ync hr onous velocity.  Tlgure 7-4 demonstrate« a tendency for Insertion gain above 

eynchroniem and insertion loss below synchronism and the effect is stronger 

the larger the value of K /4c K   .      This insertion loss change with beam 

velocity has been observed but no quantitative data is available.     Some data 

for phase shift as a function of beam voltage is shown in Figure 7-5. 
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FIOUAB 7-4     Calculated Circuit Aaplltude   vs   the  Ratio of 
Bea« Velocity  to  Circuit Wave  Velocity  for 
Z *  7.0,   c   ■   .05 
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FIGURE  7-5     Phase Shift  vs Circuit Voltage  for 
S-Band Device 
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8. 0     OTHER PHENOMENA 

All the experimental phenomena mentioned In the introduction have been 

explained hf the preceding analyti* except number 7 which relates to two alow- 

wave aectiona in a «ingle device.       A complete explanation of the effect would 

involvr computer calculation which include! the effect of a short drift region. 

This has not been done; however, it is expected that such calculation would 

bear out the following hypothesis.     Appreciable ac current is assumed to 

enter the second structure.       Because the external phase length between the 

output of the first structure and the input of the second structure is variable, 

the rf drive power for the second structure can be adjusted for any arbiträr, 

phase with respect to the entering ac beam current.     Equation (9) shows that 

the ac current will induce a circuit voltage of a certain phase which is again 

of arbitrary phase with respect to the rf drive signal.      By considering the 

energy exchange process it seems clear that the ac be V.M current will auto- 

matically »djust its phase for reactive loading or the production of phase shift 

similar to the first section. 

The reasoning is as follows.     Electron entering in a phase to induce 

energy   into the circuit will do so and slow down.    Likewise electrons entering 

in a phase to extract energy from the circuit will do so and speed up.    Because 

the circuit fields and energy are quite large compared to the beam energy it is 

probable that only a short length is needed for the effect to be completed and 

for the electron to be "captured" by the rf circuit fields.    Once captured,  th 

same type of electron ballistics will occur in the second section as occurred 

in file first section and phase control will be observed. 

Because the electron beam in the phase shifter is operated in an " over- 

satuia'ed" coniUion,    many non-linear phenomena will be present that couli be 
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more Important than uaoal in TWT' a.    The mot obrloui effect la the generation 

of harmonic power within the beam which can be coupled to the device* a critput 

if the alow-ware circuit haa appreciable Fierce impedance at harmonic frc- 

quenciea.    Equation (6) allowa calculation of the narmonlc current, and the 

value» will probably be large aince bunching la atrong the whole length of the 

device.   No experimental data ia aTailable: howeror, one expecta that long 

device« will have worse harmonic output than short devlcea.    A "worst case" 

estimate was made for the S-baad helix type phase shifter, and the result was 

second harmonic power 6 db below th s tundamental and third harmonic power 

15 db below the fundamental (aee Appendix O). 

The other difficulty of non-linear operation is that strong T«t»i«g effects 

will occur,    hfulti-frequency operation will produce disastrous amounts of 

croa a-modulation and inttr modulation.    Unleaa the modulation rates are low, 

strong AM to PM conversion will also occur.    For some phase arrey radar 

systems this may present no problems. 
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9.0       CONCLUSION 

It was shown thst the bsllistlc squations of motion coupled with the cir- 

cuit «quAtlon for induced voltage produced accurate solutions for phase shift in 

the «IsctroB phase shifter.    A computer solution was shown to be accurate for 

loBf circuit« and sereral analytical solutions were derived for short circuit 

lenfths.    A simple design equation was verified as being reasonably accurate 

lor most cases. 

The phase shifter is not a "fast wave" device in the sense that the TWT is 

a "slow wave" device.   Qualitatively,   it is a device that produces phase ahi't 

by the reaction of bunched electron current upon the circuit field.    The funda- 

mental component of electron current induces a voltage approximately 90° 

phase lagging the original circuit voltage that caused electron bunching. Opera- 

tion near synchronism allows a strong fundamental component throughout the 

device and in such a phase as to produce an increasing phase lag of the circuit 

fields.    Operation well removed from synchronism produces negligible phase 

shift.    Because all the phenomena observed in these devices can be explained 

with this simple model, it is felt that no fundamental principle of operation has 

been overlooked.   Thus difference between devices employing different slow- 

wave structures and electron guns will depend mainly upon the beam perveance, 

Pierce impedance, and the drive power level much like the design of TWT' s. 
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APPENDIX A 

COMPUTER SOLUTION BY J,  MYERS 

The actual program executed by J.  Myers found the ac current defined by 

'.c'l     «"^  dT. 'A-,' 
O 

which is different than I, defined In the text.    The computer solution for I „ Is 

shown in Figure A-l.  Figure 5-1 of the text was computed from Figure A-1 by use 

of the relation: 

^   =    ^   cJZ (A.2) 
o 
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APPENDIX B 

THE EFFECT OF SPACE-CHARGE UPON THE OPERATION 

OF THE PHASE SHIFTER 

The analysis of the operation of the phase shifter has been made, using 

ballistic equations of motions.    The effects of electron space-charge have not 

been included.    It will be shown in this section that the space-charge introduces 

a correction to the preceding equation that results in a minor decrease in phase 

shift with no fundamental change in the operation. 

The electron space charge will accumulate in the electron bunch to form 

an electric field which opposes the formation of the bunch.    The Initial current 

bunch must then be produced somewhat further away from the beginning of the 

slow-wave structure than in the ballistic case.    For conventional values of space 

charge density«  this change is small, being of the order of 10% in klystrons. An 

analytical analysis was made Including space charge in the short phase shifter 

and the result was the same.    The first current bunch formed later but It was of 

the same amplitude.    Since the short phase shifter is relatively unimportant,  only 

the results of the analysis will be presented.    Equation (30) indicates that the 

bunching parameter for a short phase shifter may be approximated as 1/2 cZ 

for X < 3.    When space charge is Included in the analysis, the new bunching 

parameter,   X' ,  becomes 

J   cz^ 
-är 

(B-I) 
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as long as eZ « 1. 0( where 7—  w    " the reduced plasma frequency.    A simple 

mathod of Including this effect Is to say the length Z Is effectively reduced by 

•pac«-charge to the value Z*, where 

z ■to l-^rl 
Z»    -       .„Z (B-2) 

Sine« most phase shifters will be long devices,  Equation (B-2) does not apply 

end such initial effects are miniscule. 

The most Important effect of space charge must then be Its effect upon 

the ac current in the remainder of the slow-wave structure.   In particular, 

bunched electrons will produce an electric field which will oppose further bunching 

and reduce the phase shift.    An estimate of the magnitude of thle reduction can be 

mad» 

Maxwell* s equation for the continuity of total ac current In one dimen- 

sion gives 

^   (JB(B.t) + DB(.tt))-0 (B-3) 

where 
J     ■ ac electron current density 

D     ■  displacement ■ €    E 
8 Ol 

The bracketed quantity In Equation (B-3) can be thought of as the equivalent 

displacement current,  D  ' (s, t), for an equivalent sero space charge case.   The 

displacement current due to space charge, D    (s,t),  Is then just 

D,c(«.0 -^'(s.t) - Da(«,t) - JB(a,t) 

or 

8E     (a,t) J(«.t) 

—F      " -7  <B-4) o 
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For a beam of cross-sectional area A,  Equation (B-4) becomes 

8E     (z,t) sc    * 
 5t  Ac o 

(B-3) 

Equation (B-5) shows that ac beam current at the fundamental and harmonic 

frequencies will produce an equivalent space charge field at fundamental and 

harmonic frequencies.    The only electric field component that will produce 

any appreciable effect is the fundamental frequency component.    The funda- 

mental current component Is 

I,      j(«t - Po«)      \        "j(«t - ß «) 
(B-6) 

so that integration of equation (B-5) produces 

E,c(..t).-    -y-J        (l 
j(«t.PoB) „     -J(«t-P0« 

e - I.    e J(B-7) 

which can be rewritten as 

E.c^   »   -   ^ Re [ Y^-     sin (Wot - Po«) + Im| yi-   cos (wot - Po«)l    (B-S) 
o ' ,   o I J 

Using the following relations 

m o e 
~u    A c o        o 

{B-9) 

2 |e| Vo - me u 

ßo»-     - 
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M '   i        , in 

th« fractional quantity In Expression (B-8) can be rewritten as 

i /« • 2 

o 2 V   6      -E • (B-10) « e. o Ko |  « 

Equations (B-8) and (B-10) can be made to Include radial effects by replacing 
W   by W   which Is W   times the plasma frequency reduction factor.    The result is 

E,c(».t).-2VoPo(^a)    kj^ij  sln(«t.ßo.) + Im(^.)   cos («t-ß0«)j   •       (B- 

The total equivalent circuit field is then approximately Just the sum of E     (z, t) 
and the "cold** circuit field,  - Eo sin (wt - ßor). 

For Z > 20 radians, the computer solution for c * 0. 10 shows that 

Re    yM Ä 0. 65 

11) 

ia 
(2-12) 

Im lyiJ ^»   0 

and E    (B,t) Is approximately 

The net circuit field Is then approximately 

Egc(«,t)^  -1-3P0V0   JJ      sln(üt-Po£)- (B.13) 

E'(«,t)2<- I 1 + l.S-Jr-S-   (-^|      I    Eo sln(wt - ßo«).      (B-U) 
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Therefore, the major effect of «pace charge in long phaeeshifterf !• to produce 

an electric field which is of constant amplitude and in phase with the circuit field. 

The increase in electric field strength reduces the amount of phase shift obtained. 

For the usual values of operating parameters, the reduction is small (i. e.  less 

than 10%).    Since the total phase change is approximately inversely proportional 

to the electric field (Equation (53)), the phase change is reduced due to space 

charge multiplication by the factor 

1 + 1.3 
P   V o    o 1*4 

-i 

(B-15) 

This factor may then be applied to a ballistic computation to correct for the 

major effects of space charge. The correction Is a reduction in phase shift 

which is usually less than 8%. 
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APPENDIX C 

EVALUATION OT THE EMPIRICAL CONSTANT o 

Aa earlier theoretical derivation of an expression for phase shift was 

given la the Final Report on the Research Program on the Electron Beam Phase 

Shifter (PT-815).    Using field theory, and making certain assumptions as to the 

form of the ac current solution. It was shown that 

/ 
e-oioif   Jv  ^ (c-i) 

where 

a «  empirical constant. 

I =   circuit length In cm. 

f ■   frequency In Qc. 

Comparison of Equation (C-l) with Equation (54) of the text shows that 

aw0.325^109 (c.2) 

|el 

wfalch Is 

a   M   24. 2 . 

Experimental values of a were usually close to 22, which Indicates that the 

fundamental ac beam current has been accurately approximated. 
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APPENDIX D 

HARMONIC OUTPUT POWER 

Because the beam saturates very close to the beginning of the slow-wave 

structures, the beam will have a large harmonic current content which will 

probably be maintained over the greater portion of the Interaction region.   Harmonic 

power will be built up on the circuit If the circuit wave associated with the harmonic 

frequency has appreciable Interaction Impedance ^.ud a phase velocity not too 

different from that of the fundamer.al frequency, as is the case of the helix.    In 

this case fie harmonic power will Increase toward the output end.    For usual 

design values, the circuit harmonic power will not cause significant rebunching of 

the beam, and the bunching due to the drive power will dominate.    (Because the 

harmonic power Is quite low over most of the length of the tube, whereas the 

fundamental (drive) power Is large throughout the tube..) 

An estimate of the harmonic current present for the conditions as «he w- 

In the text Is then obtained from Equation (6).    For example, the second harmonic 

current Is 

I        7 
lZ   '-¥   }      e--i2(T-Z) dT, (D-l) 

The computer solution for electron trajectories could be used to obtain 

a computor calculation of the harmonic currents as a function of Z, but this has 

not been done.    By using the analytical expression for T-Z given In section  4. 0 

sin T ,       sin2T 

s   —2        cZ   + —T T-Z Ä  T —-   cZ" +    -—=■     c  ZJ   , (D-2) 
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-..  a 1—i 

th« analytical aTaloadon of the currant Integral« prodrces the following re». 
for short device»: 

o 

r-Ä •"J2Y   {2J2(2X) + j2Y [J0(2X) + J4(2X) ] } 

T2-^«"J3Y   {2J3(3X)+J3Y   [jjOX)* J5(3X) ]  }    .        (D.3) 
o 

wh^re X and Y are defined In Equation (29).   Figure D-l ahowe the harmonic 
currant amplitude« given by Equation (D-3) for the caee of c «0. 05.    h I« 

evident that the harmonic current amplitude« build up to level« nearly the «asne 
a« the fundamental current.   Further, hand calculation verifies the feet that the 

harmonic current amplitudee a*e maintained for large value« of Z (for example, 

at Z -31.4 radian«, c «0.10,     (VM    " 0< 6'     (VM     '   0* 62)* 

It i« worthwhile to estimate the «econd harmonic output,  assuming "worst 
caee*' condition«.    The circuit equation for harmonic interaction In a helix circuit 

1« 

—T    + ^2 E2   ■ JP23 K2 lz <D-4> as 

uhere 
£,   "   electric field component at «econd harmonic for elow wave structure 

K,   ■   Pierce'« coupling Impedance for second harmonic 

ß,    ■   propagation constant at «econd harmonic  for circuit and harmonic 
beam current. 
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it will be aoumed that 

Equation (D-4) then become« 

d Z 

Define 

d2E 
2
r   +   4 E2 - j 8PoK2l2 .. (D-5) 

(D.6) 

E2   -   A2(Z)e"j2Z 

l2   -   .I2{Z) e-^Z 

Substitution of these variables Into Equation (D-5) gives 

^^     -   4J   ^^    - -J ^0K2I2(Z) (D.6) 

Assuming that the amplitude of the second harmonic circuit field Is not 

changing too rapidly with Z then the »eco d derivative may be aet equal to zero 

and a single Integration of Equation (D-6) gives 

A(Z) Ä 2ß0K2 f   I2(Z) dZ • (D-7) 
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The harmonic circuit power is 

P2   " 
JAJZ)) 

2 ß/ K2 

(D.7) 

which with the previous results becomes 

P2~ K2 2     T 
r  i2(z) dz 

•   o 

(D-8) 

A crude estimate of this power Is obtained by aaaurnlng the second harmonic 

current Is about equal to 60% of the fundamental current and taking the Integral 

of the fundamental circuit equal to 0. 65 Z I   by Figure 4-2 or 

£ I2(Z) dZ »  0. 39 Z I (D-9) 

which gives 

P2~ 0.076 K2Z2Io
2 (D-10) 

and by a similar process, the third harmonic power it 

P3 Äi 0. 076 K3 Z2 Io
2 . (D-il) 

where K- Is the Interaction Impedance for third harmonic. 
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Harmonic Impedance rapidly decraaa«! with harmonic number because 

the •tractor« width become ■ a large fraction of a wavelength.   For a helix of 

Poa ■ 1. 5, It la estimated that 

K2 T=  ftf  0.08 

The normal operating conditions of the S-band phase shifter were 

Kj   ■   125 n 

I       •   0. 8 A o 

Z     «70 radians 

Pj   ■    10 kw 

P2 ^ 2. 4 Kw   or   - 6. 2 db from Pj 

Pj/y 0. 30 Kw   or   -15. 2 db from Pj • 

By studying the proportionalities In Eq.atlon (53) and Equation (D-10) it 

Is seen that an Increase In either dc current or circuit length will produce a 

proportional Increase In phase shift but twice as much Increase In harmonic 

power output.   However, an Increase In Interaction Impedance will Increase both 

phase shift and harmonic power output proportionally.    Therefore, a higher 

fundamental circuit Impedance Is desirable for less harmonic output In a helix 

type phase shifter. 
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II    AMTHACT 

This report Is a suanary of work perfomed under tht sponsor ship of Rome Air 
Development Center (Contract AF30(602)-36c3) to design and develop a breadboard 
model of a 100  kilowatt S-baad phase shifter. The phase shifter utilizes an 
electron beam of input power auch loner than the microwave pewer transmitted 
through the structure. The variable current beam interacts with the slow-wave 
st-ucture to perturb the propagation constants of the caablned bean and slow-wave 
structure system. 

A model was constructed and operated at a 100 kilowatt power level. The 
performance of this model was limited by low beam current; however, measured 
performance was in excellent agreement with theoretical values. 

From this work. It can be concluded that a device to S-band opnratlug at a 100 
kilowatt power level and providing 360° variation in phase shift Is feasible. The 
physical sice and relatively high insertion loss of such an electron baam phase 
shifter tend to make it unattractive in comparison with recently developed solid- 
state phase shifters. 
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1.   OtUOIHATINa ACTIVITY:   EM« ih. UM mm* m*tnmm 
mi Ik* coMrartoc, •akcoMraclar, craM*«, Da^artacM ol D» 
Immmm «ciiviiy o> »ÜMt wfl WM— (cmtpofmim mmlkot) immmimt 
Ik* n»«w. 

)«.   »EPOtir (BCUHTT CLAtUFK ATION    Knui Ih. sv*t- 
■11 Mcurii) CU«S>/ICMK» ol UM ™pon    tmtktmm «kMlMr 
"■«MriclW D«*" ;■ taclaML   Marinag u 10 b« in ■CCOT* 
•«i« "iih tunprimtm ••cmuj r«(iilMloa*. 

J6    GHOCF    AalwBaitc «■■■p««li^ >• •pmrUixl U DoO Di 
racti** SMO. 10 mm4 Atmm* Foren lariuslnal HM»*L   Km« 
Ik* iroop «aakcr.   Ala*, via* •fpllcabl*. «k*« ik*l opils**! 
markint« k*v* k*** «»«I for Groap J mmt Qro«v 4 aa aitfkar- 
umt 

V mPOBT TtTLX Eaar in. c*^al* rap*« ml. la all 
c«l*al iMiora. TW** la all eaaaa .i-~id k* aaclaaalfl*<t 
U a «iiaaf^al ml* caaaM b* aalact*« «tlkoal cla*ainca- 
■ .n, .ho» IIÜ. cl...ifu alion la all < .pil.l. I* p«t«Mk*all 
ia«n«ta«*ly loilo-in, Ika ml.. 

4.   DESCU1PTIVE MOTS»   If ^»loinlal». «atat Ih* i rp. of 
HHrt. ..».    lomtai. pro«!..«   aaaaaarT, aaaaal. at llaal. 
OlM llsa laclaalv* 4.I.. akia .    pacific r*partlii( p*tia4 I. 

la^oa*^ by a*c«.liy i I...I(K .uon. usinf aiaadard «t.t.m.ni* 
aack . • 

i.   AUTHOW»   Bioar Ik* aMM<a) of MMksKa) *• ahown on 
w la Ik* rapatl.   tmm I*« aaaw. I» « aaaa, aü4dl* lalllaL 
it »iin.ry   akaw raafc m»t Waatck of aanica.   Tk* aaaa of 
Ik* '..«' ip.i a «kar ta aa akaali* aUakaaai ra^uitaaMaL 

6.   h.  •OUT DAT!;   Balar tba data af Ika rapart aa day, 
awalk > -«   ar aoaih. »..t.   If aura ikaa oaa data appaara 
aa ika r.  on. aaa dai. af pöbln .uon. 

7a.   "OT ,L NUMBKII Of PACES    Tka lolal pa«a cooal 
«hould   olio» aiiaial paclaallaa pracadma. La., aalac ika 
auaibar of pa«aa crMalala« lafonwtlo« 

7k.   NUWtU OF MErUtCNCE*    Enlo. Ik* lolal aaa*at of 
lalataacaa cltad la Ik* fapatl. 
ta   rOWTRACT O* GH AKT NUMBK»    If ^^.op.^«.   .Mm 
Ik* ^pllcakla iiaiakii af Ik. conirart or (raat aadar ^Uck 

M. tc, k M. PROJECT NUMBEIb Ealar Ika approprlala 
aailtary a^artmaai idatiiiricaiioa. aack aa pratact mmtim, 
.at»ro)».-i mtmttmt   mymmm mmmbmn. laak aaadnr. a<c 

«a.   OmClNATOK*« IIEPOUT NUMBEXI):   Eatar Ika afß- 
clal r^on mr 1" by »Mck tka decaaM« «ill ba Idaialflad 
mmi caalrellad by Ik* wlalaMla« ac ilvttf,   Thi. a—Mt aaai 
ka am«ua la Iki* raport. 

«*    OTHER REPORT NUMDFJKt)     II ika raport K.« baa« 
aaalfaad «ay oiho» rapan maali ■ a (milhmt by ih* on« nator 
>r by ih. apaaaarJi alaa amar ihla aaaikaKa). 

10.   . VAa.ABa.ITT/UMrrA-nON NOTICE»   Eat« aay Ika- 
llalloaa oa Iwllur di.a.Btaaliari af Ika rapart, olbat ikaa ikoa* 
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"Qualillad raquaalar« may oblaia copiaa of ihla 
rapart Ira* DDC " 

"For.ijr. aimouncMa.nl and diaaaaunallon of Ihla 
raport by DDC la nor atakorlzaA" 

"U E Go.    nm.nl afanclaa may obtain copiaa of 
Ihla raport dlractly froa DDC   Othor qualiflad DDC 
uaara .hall rvqu..! through 

"■11   E adlllary agaaciaa •*» obtain copiaa of Ikl* 
rapart dlractly hoai DDC   Othar quallflad uaara 
akall raquaal Ihrouch 

"All dialnbolion of Ihla report i* controltad  Qual- 
iliad DDC uaara ahal. raquaal Ihroufh 

If ih. rapart ha. baan fmlakad lo lha Offlca of Tachnlcal 
Sartrtcaa. Dapartaiaia of Coauaarc for ..I. lo tka pid>llc, mdi 
cata thj. fact and aatar Ika pnea, if haowth 

IL SUPPLEMENTARY NOTES: Uaa for additional «apl ana- 
lory nela» 

IX SPONSORING MIUTARY ACTIVITY Ealar Ika naaw of 
Ik* dap art a>a ma I projaci offtc. or laboratory apoaaorlnc (par 
Ing for) tka raaaarcb and davalopmaat.   Includa modlet*. 

13 ABSTRACT:   Ealar .a abalracl fl.Uig a brlal Mid factual 
• uainary of tka docma**! indicaliva of lha raport. avan though 
II aay alao appaar alca«kara la Ika body of Ik. tackalcal ra- 
port     If addilioaal opaca la raquliad. a continuation akaal akall 
ka altackad 

It la higMr daairabla thai Ika abalracl of claaaifiad raporta 
ba uaclaaalflad    Sack paragrapk of lha abalracl akall .ad with 
an Indication of tka military tacurtty claaalflcalloa of lha in 
foraatloa la lha paragrapk. lapraaaatad aa <Tt>   (I). (C)   mr (V) 

TH.r» 1* ao lla'talloa on ika langlfc of Ik* abalracl How 
a.ar. Ika .ugg.rl.d laagtk ia froai ISO lo ]2S word« 

14 ESV WORDS:   Eay aoid« ara lachalcally Baaaingful lanaa 
or akort pkraaaa that ckaraclana. a raport and mmy ba uaad aa 
ind.i antrtaa for cataloging Ika rapart    Eay word, aiual ba 
aal*ct*d ao th.i ao aacunty claaalflcallon la raquirad.    Ldanti 
flara. auck aa aqmpaaal aodal daaiflMlion. trad, nmmm   aiilllary 
proj.cl coda nam., geographic locallM. «My ba uaad aa kay 
worda but will ba followad by an indication of lacknlcal con 
tail.   UM aaalgawiot of hak», ml.,   and walgkla la optional 
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