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PURPOSE

The purpose of this program was to study the feasibility
of developing a high power, broadband, C-band electrostatic-
ally focused klystron (ESFK) suitable for use in pnased array
systems,

Specifically, thls program investigated the feasibility
of employing higher perveance beams in ESFK's. A higher beam
perveance results 1n better galin times bandwidth and efficien-
cy times bandwldth characteristics and in lower beam voltages
for a given beam power level,

Even though the ultimate application for this device was
in C-band. the experimental work of this program was done in
S-band to utilize exlisting designs and test equipment. The
experimental resuits, however; were evaluated with the view
of determining the operating limits cf C-band ESFK's.

The electrical design objectives were as follows:

Frequency S-band

Peal: rf power output (nom) 250 kv

Cathode voltage 40 xV (max)

Modulating anode voltage Variable between
30 and 56 kV

Beam perveance Varlable between

1.0 x 1070 to
2.5 x 1070 A3/2
Gun perveance 1,5 x 1n-6 A/V3/2

The work under this contract was made possible by the
support of the Advanced Research Projects Agency under Order
No. 436, under the technical guidance of the United States
Army Electronics Command.
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ABSTRACT

This repor. covers a 15-wonth program of experimental
sfudy to establish the feasibility of employing higher per-
veancc beams in ESFK's, which together with other broadband
techniques (filter, extended interaction cavity) would lead
to ten percent bandwidth. In order to keep the tube design
as simple as possible, this program was undertaken only to
study the feasibility of employing higher beam perveances
in ESFK's.

In addition to the experimental study, .urther theoret-
ical studles were made on a triple gap extended interaction
cavity leading to a 1 MW peak power C-band klystron with ten
percent bandwidth. Studies of beam power and perveance lim-
its for ESFK's were made. An improved method was developed
for calculating small-signal gain of ESFK!s which aczounts
for the effrct of the electrostatins field of the lens on the
electron bunching process.

During this program, one beam tester and one electro-
statically focused klystron were built, By utilizing very
low perveances (.8 x 106 A/V3/2) efficiencies of up to 43
percent were achleved. By increasing the perveance to
1.5 x 10-6 13./",3/2 the efficiency dropped to 36 percent.

Beam perveances higher than approximately 1.75 x 10'6 A/V3/2
do not appear useful in ESFK's.
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GLOSSARY

Arbitrary constant

Drift tube radius

Arbitrary constant

Beam radius

Average beam radius

Gap length

Frequency

Beam conductance
Transconductance between cavity n and n-1
Height of resonator

dc beam current

dc current density

ac current density
Convection current density
ac current

ac current at entrance »lane
ac current at exit plane
Beam perveance

Drift distance (lens period)
Gap coupling coefficient

dc beam power

Resonator quality factor

Resonator shunt resistance
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GI.OSSARY (Cont.)

Beam radius

Iens gap width

Thickness of lens electrode
Time

ac velocity

de beam voltage

Voltage at potential minimum
ac velocity at entrance rprlane
ac velocity at exit plane

dc beam power

Resonator wall thickness

Beam lmpedance

um3/2ﬁneyq€

Position of potential minimum
Distance variable

Propagation constant
Bandwidth

Dielectric constant c¢f free space
Electron charge-to-mass ratio
Wavelength

Space charge density

dc charge density

ac charge density
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GLOSSARY (Cont.,)

Velocity variable

dc beam velocity

de velocity at entrance Plane
Normalized.value of mirimum potential
Angulsr frequency

Reduced plasma frequency



1.0 FACTUAL DATA

1.1 INTRODUCTION

This program was a continuation of the study of high
power electrostatically focused klystrons, where 1 MW peak
power was successfully demonstrated. The primary goal of
thls new program was to investigate the feasibility of em-
Ploying higher perveance beams in ESFK'S. Until then only
beam perveances of up to 1.0 x 1O /V3/2 had been success-
fully employed in ESFK's. Since this new type of tube does
not require any external ragnetic focusing structures and
since all “2e electrostatic focusing flelds are ent*rely en-
closed witrin the metal envelope of the tube, it 1s ieasible
to operate tubes 1in cloge proximity to each othe.. This sug-
gests that it may be practical to stack a large numler of
ESFK's together in a matrix with center-to-center spacings

commensurate with that required for phased array radar sys-~
tems,

The specific electrical performance obJjectives for the
tube (L-5114) were =2s follows:

Frequency 3000 MHz (Kom)
Peak rf power output Variable between
130 and 320 kW
Cathode voltage 40 kv
2 — -6 3/2
Gun perveance 1.5 x 107" A/V
Bean perveance Variable between
1.0 x 1077 an
2.5 x 10-6 /Vj/2
Modulating anode voltage Variable between
30 and 56 kV
Beam current Variable between
8 and 20 Amps
RF pulse length 10 usec
Duty .001
Gain 36 dB
1
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Thils report will first discuss the ger~ral design
approach to the objectives of this program, then specific
areas such as the design of the focusing system, the mech-
anical design of the tube, the beam tester, the test re-
sults and further studies of important design considera-
tion for ESFK's will be discussed in detail.

1.2 TECHNICAL DISCUSSION

The broadbanding of klystron amplifiers has received
considerable atrention. Because the basic operating prin-
ciple of a klyzsron depends on the use of resonant struc-
tures, there are inherent bandwldth limitations on any
klystron design.

The bandwidth of a klystron amplificr is essentially
determined by the Rsh/Q of the output circuit with the beam
impedance Zb:

R
OC——ah X

N
NI -

b

The beam impedance Zb 1s related to the beam perveance
K and the beam power N through the following relation:

v
G, = KON _ -7~1-H7_

As one :an see from this equation, the beam impedance ig a
strongly varying fun-tion of the beam berveance, but varies
much less as a function of the beam power,



Increasing the beam perveance is therefore a crucial
design consideration for brcadbanding klystrons. A higher
beam perveance also has the added advantage of reducing the
required beam voltage for a given beam power level. A lower
beam voltage 1s, of course, also attractive for an ESFi. amp-
lifier, because it reduces the voltage holdoff gradient in
the foecusing lens housing. A lower beam vcltage is also de-
sirable from other considerations, s'ch as lower X-ray level,
reduced voltage gradients in the gun and gun insulator, and
lower insulation requirements ir the power supply. The heam
voltage, Vo’ the beam power and cthe beam perveance are re-
lated by:

0

1275
d

Limitations on the beam perveance 2 : imposed both by the
gun design and the focusing system. In conventional magnet-
ically focused klystrons, beam pcerveance values of up to
3 x 10-6 l‘./‘V’B/2 have been sucressfully used with solid beams.

The highest beam perveance which had been successfully
used up to that time with electrostatic focusing was 1 x
10'6 A/V3/2. This program was therefore primarily concerned
with an evaluation of the fea ;ibility of using higher beam
perveance values in ESFK amplifiers.

1.3 GENERAL DESIGN CONSIDERATIONS

A schematic layout of the tube 1s shown in Fig. 1. The
test vehicle was a modified version of an existing ESFK, the
L-3668H. The main difference was the addition of a modulat-
ing anode, so that the beam perveanrce cculd be changed over
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a wide range,
optimized at a beam perveance of 1.5 x 10-6 A/V3/2. The

gun perveance was also 1.5 x 10'6 A/V3 2

The design of the experimental tube was

Therefore,

for a beam perveance of 1.5 x 1076 A/‘V‘3/2 the modulating

anode was operated at body potential.

The nominal beam

voltage was 40 kV and the beam current for a 1.5 x 1076

berveance was 12 amps.

1.4 ELFCTRICAL DESIGN

1.4.1 Gun Des:gn

A moiified Pierce gun, conslsting of a cathode, focus
electrode and modulating anode was designed for this tube.
This electron gun was designed with the following character-

istics:

Perveance
Modulating anode voltage

cathode current

Beam power

Cathode diameter
Cathode area
Cathode half-angle

Beam diameter at min,
and 40 kv

Convergence ratio .rea

1.5 x 1o‘6 A/V3/2

Variable from 30.5
to 56 kV, 40 kV
deslign center

Variable betwecn 8
and 20 Amps, 12 Amp
design center

Variable between
320 and 800 kW

1.97 cm
3.19 cm2
259

.9 cm
5.0

The electron gun was designed by using a precision
reslstance network analogue in conjunction with a high speed
digital computer.

Since this gun had to operate at different




mcd-anode voltages, it was important that the location
and diameter of the beam minimum did not change nmuch as

a function of mod-anode voltage. Trajectories were cal-
culated for mod-anode voltages of 40, 50 and 56 kV, which
corresponds to beam/perveances of 1.5 x 10'6, 2.1 x 10'6
and 2.5 x 10"6 A/'V'3 2. Figure 2 shows the electron tra-
Jectories for a gun, with the mod-anode operating at 40 kV,
The beam diameter at the minimum position is .355", By
increasing the mod-anode voltage to 50 kV, and to 56 kV,
the beam dlameter changed slightly to .368" and .384",
respectively.

1.4,2 PFocusing Structure

Four negative Einzel lens systems were used in this
tube, with the first lens system located adjacent to and
upstream from the input cavity. The other three lens s5ys-
tems were located between cavities.

The primary problem was to develop a lens system which
focused beams of variable perveances (from 1.0 to 2.5 x
10-6 A/V3/2) over a fixed lens period with a minimu. of
spherical aberration. The design of the focusirg system
was carried out by means of a resistance network analogue
in combination with a high speed digital computer., In
Fig. 3 the trajectories for perveances between 1.5 x 10~
and 2.5 x 10-6 A/V3/2 are shown, This Figure indicates
the system might not be stable at a perveance of 2.5 x
10—6 A/V3/2, because the zlectrons do not come back to
their original dianeter,

6

. At the design center for a beam perveance of 1.5 x
107° A/V3/2, the significant design parameters for tnese
lenses were:

T e T T s e —
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Fig. 3
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Focusing period, p 3.25 ¢m
Minimum beam ‘iameter, Qbmin .9 com

Maximum beam diameter, 2bmax 1.15 cm
I.D, of interaction gap, 2a 1.395 cm
I.D. of lens electrode 1.92 cm
Ratio = 1.55
min

Propagation constant y 1.59 x 1072
Gap length, d .7 cm
Normalized drift tube

radius, ya 1.11
Normalized gap length, yd 1.11

1.5 TUBE CONSTRUCTION AND PROCESSING

The tube was constructed tfrom the following mator
subassemblies:

a. Main body (Fig. 4)

b. Gun with gun ceramic (Fig. 5)

c. Collector with collector ceramic (Fig. 6)

d. RF output window (Fig. 7)

e. Exhaust tubulation with 1 4/sec vacion pump.

The main body of the tube consists of the modulating
anode, three buncher cavity assemblies with capacitive tuner
and lens system, and the output cavity with an inductive
tuner. To reduce instabilities, the first two buncher cav-
ities were partially iron-nlated. The measured Qo of these
cavities was 1600 compared with the all-copper penultimate
cavity Q, of 3200. The unloaded Q of the output cavity was
4000, the loaded Q was 45; therefore the circuit efficilency
was 98.9%.

i
)
i
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The rf output window and collector, with slight mod-
ification for the new beam profile, were taken over from
the L-3975, a 1 MW peak power tube.

The ceramic chosen for the gun envelope provicded a
minimum 3-inch air gap between the high voltuge header
flange and ground. The cathode emission coating was a
stan.ard barium-strontium carbenate mixture, cataphoret-
ically deposited onto an electronic grade 220 nickel base.
The gun, collector, rf outoput window and exhaust tubulation
were attached to the tube by means of weld rlanges.

The tube was exhausted with standard Litton exhaust
procedures which included bakeout at 625°C,

1.6 EXPERIMENTAL RESULTS

Figure 8 shows the tube (L-5114) ready for test. Dur-
ing testing each lens was tied to a separate dc power supply,
which allowed greater flexibility in optimizing the beam fo-
cusing. An E-H tuner was used between the tube output cir-
culit and load in order to match the output coupling over the
entire operating levels,

First of all, dc transmission tests were made at differ-
ent voltages and perveances. As can be seen in Fig., 9, the
dc beam transmission dropped badly between voltages of about
30 and 35 kV and at perveances higher than 1.3 x 10-6 A/V3/2.
This indicated that something in the focusing system did not
work as anticipated. The space charge limited perveance was
measured to be 1.73 = 10-6 A/V3/2, which was considerably
higher than the design perveance of 1.5 r 10_6 A/V3/2. All
important dimensions, which could have influenced the per-
veance value, were checked and it was fourd that the cathode
head was .020" too close to the modulating anode. To be sure

14
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that this was the only error, a check run with the gun
dimension actually used In the tube was made on the re-
sistor network analogue and digital computer. The result
was a perveance of 1.74 x 10_6 A/V3/2, which was very
close to the measured value of 1.73 x 10_6 A/V3/2. The
beam diameter at the minimum position was now ,400", which
was .O40" greater at that particular perveance than the
diameter used for designing the focusirg lens system. It
was concluded that this may have been the reason for the
noor dc beam transmission. Nevertheless, befor. making
further decisions, it was found worthwhile to make rf tests
with the tube.

RF output power as a function of rf drive power is
shown in Fig. 10. The beam voltage was 25 kV and every-
thing, including lens voltages, cavity tuners and E-H tuner,
was optimized for each drive level. For the second curve,
the tuning was held fixed and it shows a typical klystron
drive characteristic. The tube was operated at 25 kV,

In the next curves, Figs. 11 and 12, rf output power
versus cathode voltage is shown, The perveance was 1.2 x
10'6 and 1.73 x 10_6 A/V3/2, respectively. At higher volt-
ages, it .:as impossibie to get useful results at higher per-
veances.

In Figs. 13 and 14, the efficiency and rf output power
versus perveance for cathode voltages of 25 and 42 kV are
shown. These data clearly demonstrate that the efficiency
is dropping off as the perveance 1s increased. Figure 15
shows efficiency versus cathode voltage for different per-
veance values. The degradation of efficiency with increas-
ing beam perveance can be largely attributed to the poor

17
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beam transmission (see Fig. 9), plus the normal reduction
in efficier y resulting from higher perveance,

The variation in efficlency with beam voltage may be
explained by reference to Mihran's(l) paper, It appears
that high voltage, high perveance ESFK designs which re-
sult in short drift distances, because of lens design re-
quirements, will protably not provide as high efficiency
as at first expected.

1.7 BEAM TESTER

As mentiloned in the previous section, the gun used in
the tube did not have the correct design dimensions. At
this point, it was decided to tuild a beam tester to com-
pare the results with those obtained from the computer and
tubé cests.

A cross-sectional vieu and a photograph of the beam
tester can he seen in Figs. 16 and 17. The beam tester
essentlally consisted of a gun, with the dimensions used
in the tube, and a moculating ancde operated at ground
potential., A carbon target, made from cigarette paper,
was Incated behind the ancde and wes movable a-cund the
expected beam minimum position. In the beam tester, this
fraglle target was held together by two moly grids. Car-
honizing the cigarette paper was quite a problen, because
the paper shrinkage was about 30 percent. The carbonlizing
‘ras done in a vacuum furna e at about 600°C, and the pape.
was held between two graphite blocks tc keep it from wrink-
ling.

Before weldling the glass window assembly to the beam
tester body, the target was calibrated with a telescope tc
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eliminate any optical errcrs. Because a lot of outgassing
was expected dus to beam bombardment of the target, a 5 4/sec
appendage vacion pump was Jrlded to the beam tester,

The beam toster was exhausted and processed like a reg-
ular tube, but the bakeout temperature was kept around 1400°¢C,

Tke gun was pulse tested up to 20 kV, but the average
beam power was only 5 to 10 watts, At these power levels the
target was nicely 1lluminated and it was possible to measure
the beam diameters within .005",

Because the X-ray radiation level started to be danger-
ous at voltages over 20 kV, it was decided not to go higher
in voltage. Another reason that made it unnecessary to go
higher was the very close agreement of the results obtained
between voltages of 12 and 20 kV,

Surprisingly, as one can see from trhe following table,
the results obtained were very close to those expected from
the computer,

Network and Beam
Computer Tester Tube
Perveance x
1076 a4 372 1.74 1.70 1.73
Beam diameter
at minimum . h4oo" o™ -
Beam minimum
position 0 +.100

It appears that the beam minimum position in the beam
tester may have shifted away from the computer vredicted
position; however the beam profile (see Fig. 2) was vary
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flat in that region and it was difficult tc measure. Since
very good agreement between computed and measured data for
this inccrrect gun was established, it was decided to re-
build the tube with the correct gun and hopefully get better
tube performance.

1.8 EXPERIMENTAL RESULTS OF REBUILT TUBE

As mentioned above, the tube was rebuilt but, again, the
obtained results did not show any improvement, This time the
space charge limited perveance was 1.39 x 10'6 A/V3/2, which
indicated that the cathode may have been partly inactive.

DC transmission test results, as well as rf test results,
were very much comparable to the ones obtalned before re-
building. In conclusion, the tube performance was not 1im-
proved at all by placing the gun in the proper position.

1.9 GENERAL THEORETICAL STUDIES ON ESFK

1.9.1 Evaluation of a Triple-Gap Extended Interaction
Output Cavity in C-Band

The eventual goal of this program was to study the feas-
ibility of a high power, broadband, C-band ESFK. Therefore,
some theoretical work has been done on “,cusing a 2.5 MW beam
through a C-band triple-gap exterded interaction output cavity.
In this study we used the Litton Resistance Network Analogue
in combination with a high speed digital computer. The follow-
ing deslign obJectives were assumed:

28




Frequency 5500 MHz

RF output power 1 MW

Pbeam 2.5 Mu
Efficiency 40%

Perveance 2 X 10_6 A/‘V‘o’/2
Drift angle y4 JIT

Transit angle vyd o7

With these assumed values, the following data could
be calculated:

Vbeam 69 kV
Tpeam 36.2 Amps
Yrelativistic 2,42 em™ L
t .91 cm
d .22 cm

As can be seen, the length of this triple-gap sectic
is rather long for focusing a high perveance beam through.
Since it was undesirable to use focusing lenses within the
triple-gap output cavity, it became necessary to taper the
drift tube corresponding to the beam spread curve. Also,
a focusing lens was then placed between cavity and collector,
as can be seen in Fig. 18.

Several runs were made and are described in the follow-
Ing section.

Figure 19 shows the beam trajectories under dc condi-
tions and compares the cases where the lens was at body
potential (ground) and at +10 kV above ground. It is ob-
vious that the lens does not have much focusing effect.
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Focusing
Lens

a2 - Lens at Body Potential (Ground)
b - Lens at +10 kV

ELECTFON TRAJECTORIES UNDER DC CONDITION
FOR TRIPLE GAP OUTPUT CAVITY

Fig. 19
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The next figure, No. 20, shows the same cavity configura-

. tion, but the beam trajectories are under ri conditions.
For these cases, a beam perveance twice as high as that
under dc conditions was assumed. Here three different
cases are shown, First the lens 1s at body (ground) po-
tential, second the lens is at +10 kV, and third the lens
is at -20 kV with regard to body voltage. Again, the lens
does not have much effect and could be eliminated. If the
collector nozzle were redesigned by opening up its diameter
and by bringing it closer to the cavity, 1t appears possible
to collect the beam completely in the collector,

1.9.2 Beam Power and Perveance Limits for ESFK's

Many times the question arises as to what maximum peak i
beam power one can expect from an ESFK. Certainly this is
dependent upon the frequency and the perveance, It was i
found worthwhile to study these questions 1n order to get . ]
a rough ldea what the limits are. These studies are de-
scribed in Appendix I. -

1.9.3 Calculation of ESFK Small-Signal Gain

Electrostatically focused klystrons consistently ex-
hibit small-signal gains whicli are significantly in excess
of calculated values. Conventional kinematic and space-
charge wave theorles of klystron bunching are based on the
assumption of a constant average velocity of the electrons.
In the ESFK this assumption 1s certainly violated. The
Introduction of an electrostatic lens into the drift space
' between cavities alters the rf bunching process since the |

LALLM stttk bl b et

drift space 1s no longer field-free. ) ’
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In order to adequately predict the small-signal gain
of an ESFK a space-charge wave analysis, which accounts for
the potential minimum produced by the focusing lens in the
drift space, has been made. Details of th: analysis are
presented in Appendix II.

Simple space-charge wave theory for a field-free drift
tube ylelds the following relationship for the current at
A
the exit plane, 12:

where: w = rf frequency
w_ = reduced plasma frequency
= dc charge density
vy = a- electron velocity at the entrance plane
4 = drift distance T
My = dc beam velocity

This expression may be written in terms of parameters
defined in Appendix II as:

+ 13/2 %
g A L Vq mgL
o o o

The dc¢ beam veloclty “o has been substituted for the dc
veloclity at the entrance plane of the lens, Hqs since they
are ldentical.
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A
The maximum value of 12 1s obtalined at the optimum value
of drift distance which causes the sin term to be unity.
| Therefore:

| ! ) A

/
2 = -
opt. J (u o

0

| This optimum value of rf current at the exit plane

is now compared to that of a drift tube of the same length
containing an electrostatic lens. Using equation (18) of
| Appendix II and assuming zero ac current modulation due to

the input rf gap (1 = 0, v1 = v ), the foilowing relation
is obtained:

" 2 [u 1/2
; w4 %12(_E)* -9 _ 1) 1/2
2 _ o {\Mo Hm = o\2 (1 m)
1 - 372 B "oy
120p'c. -] (ﬂm) (l_) ©
Ho zo

Electron velocity is directly prcportional tc the
applied potential, thus:

My !!Vm
Mg \/—V_ m
o}
1
r———j =22 (1 - ¢m1/2)1/2
2opt.




in tie lens and is given by the solution of Pcisson':
tion fer a cylindrical beam between lens eatrance and

, planes,(2’3’ as:

h m

2 ra
.0341 ( L ) S V- V.-
ave o

| where: k = beam microperveance

{ L lens period

. l bave = average beam radius

where m is the normalized value of the minimum potential

equa-
exit

Since the lens fleld cannct penetrate the drift tube

usad

made

ail

)
!

TR Y S A, T

much over one tunnel dlameter, the maximum value cf L
, in calculacing ﬁm must be restricted. The following con-
j straints have been placed on L as a result of studies
} orn several el=zctrostatically focused klystrons:
; L=1L for L< 5.8 a
; L=5,3a forLs5.8a
where a 1s the drift tube radius.
The small signal transconductancz expresslion for
FSFK may be written as:
2 ( 1/2)1/2
G M -
g , = \2 %o !~ om cin (-D-‘?i
n,n-1 wqﬁn lug
36
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Figure 21 may be used to solve for ¢m for a particular
beam microperveance and lens geometry. Figure 22 relates
JE- 1 - ¢m1/?)1/? to ¢m for convenlence in solving the
transconductance equation.

In summary, the small-signal gain of an ESFK will be
different from that of a conventional klystron because the
urift tube 1s not dc fie’d-free and the rf bunching process
1s altered. Higher microperveance beams lecd to lower values
of ¢m which result in higher values of galn per stage. The
‘mproved accuracy in srall-signal gain calculations when the
lens correction is made may be seen in the following tatble.

SUMMARY OF SMALL-SIGNAL GAIN CALCULATIONS

Tube Type Calculated Values Measured
No Lens Correction With Lens Cor.
(dB) (aB) (dB)
L-5114 45,4 57.6 59.0
L-5044 36.8 48.8 Lr.2
L-5101 g .6 56.5 58.8
L-397° 49.9 65.9 59.6
37
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2.0 CONCLUSIONS AND RECOMMENDATIONS

This program has demonstrated that high perveance
el2ctron beams can be focused by electrostatic lenses.
These beams can be successfully utilized in high-power
electrostaticaily focused klystrons. High perveance elec-
tron beams present some difficulties because they are not
stiffly focused under large-signal rf debunching. This
study program has resulted in valuable new knowledge con-
cernine the advantages and limitations of high perveance
ESFK's.

The experimental tube constructed during this program
performed quite well at voltages lower than the 40 4V de-
sign voltage. For instance, at a cathode voltage of 25 kV,
for which va is 1.41, the tube performed as expected. At a
perveance of 1.5 x 10'6 A/VB/2 the efficlency was 36 percent
and at a perveance of 1.72 x 10'6 A/V3/2, the efficiency was
still 31 percent. For klystron applications where broad
bandwidth 1s badly needed, a high perveance ESFK could pro-
vide the solution, possibly wilth some reduced efficiency.

It should be postible to improve the high perveance ESFK
performance further by applylng all of the new knowledge
gained during this program and on other recent ESFK programs.
On several new tubes we were able to improve the beam trans-
mission under full rf drive by 30 percent and more. This was
possible by redesigning the focusing lens system to compen-
sate for beam spread due to rf debunch’ng. These techniques
were unfortunately not known when this program was started.

As the next step it is therefore recommended to builld
another tube in S- or C-tand which inccrporates these improve-
ments. We helieve that a tube with a perveance of 1.75 x
10"6 A/V3/2 could be successfully bullt., Since an earlier

40
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program definitely demonstrated the feasibility of multiple
gap and multiple resorant output filters in broadband output
circult designs, it 1s felt that 3 comblination of these cir-
cuits with a 1.75 x 10-6 A/V3/2 perveance beam would lead to
an ESFK with up to 8 percent bandwidth at moderate efficiency.
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APPENDIX I

BEAM POWER AND PERVEANCE LIMITS FOR ELECTROSTATICALLY
FOCUSED KLYSTRONS

A fundamental requirement for periodic electron beam
focusing systems is that there exists a maximum permissible
axlal spacing between lenses,which cannct be exceeded with-
cut resulting in beam blow-up. An excellent insight into
this requirement has been given by Pierce.5 He considers a
sequence of thin electron lenses, separated by an axial
spacing L, through which an electron beam flows. {(Plerce's
Fig. 11.6). 1In the plane of the lens the electron beam has
a radius ry and, in that plane, each electron receives a
radial impulse toward the axis Of symmetry due to the action
of' the lens field., Between lenses, the only dc forces act-
ing on the beam are those due to its own space-charge, which
causes it to spread.

Pierce's Fig. 9.2 shows the beam spread action as pre-
dicted by the "universal beam spread" equation, This figure
illustrates the fact that there exists a maximum axial dis-
tance beyond which the beam cannot travel without exceeding
its original radius, If the radius is not to be allowed to
grow larger, then another lens must be placed at this maximum
distance., Pierce's Fig,., 11.8 shows the initial negative slope
required to cause an electron beam to return to its original
radius as a function of distance between lenses., The maximum
distance expressed in normalized units is 2.16. This may be
stated as:

(AT Ky 1 ¢ o6
(e}
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where: k = beam microperveance
ro = beam radius ai lens

L, = spacing between lenses

This expression is valid provided the lenses are thin
and have no spherical aberrations. This is not true in
practice., In addition, when a density-modulated electron
beam must be focused hy such a lens system, the effective
microperveance may be up to twice the value for a dc beam.
The expression r the maximum lens spacing for an electro-
statically foc. klystron will be assumed to be:

LT
(J_lll:._jk) L=1.5

o)

It is now instructive to express the maximum lens spac-
ing in terms of klystron design parameters. The beam radius
ry at the lens plane can be expressed in terms of the nor-
malized klystron gap radius <ya and the electron wave number,

(Relativistic effects are ignored).
To 1
ro = (3) (va) (3)

where: a = gap radius
v =2 - (B (2%
0 V. 2
o
VO = dc beam voltage

» = free-space wavelength
The dc beam voltage 1s related to the dc beam power, W
and the beam microperveance k as follows:

0
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1
Substituting for Vo2

v = | {21 (506) (10)Y/5 1/5 ‘
102 AW 1/5
kw
Substituting for w:
AW L5
Yo = 1o G () (22
°  [(em) (506) (10)%/5 K L/5 a

Substituting for r, in the maximum lens spacinr expression:

' [m.m) (2r) (506) (10)1/5] /5 Vi
e Wy /7 (va) (52)
kw

r
For a typical klystron design, the product of —9 and ‘ya

would be very close to unity., Therefore, by assuming

r,
(Er) (va) = 1.0, the maximum lens spacing relation becomes:

W 1/5
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Flgure 1 1s a plot of the maxlimum permissible axlal
lens spacing normalized by the free-space wavelength, vs
peak beam power, with microperveance as a parameter., It
may be observed that the cholce of electron beam micro-
perveance has a pronounced effect on the maximum permissible
lens spacing,

Having determined the maximum lens spacing as a functioa
of Veam power, microperveance, and wavelength,1t 1s now possi-
ble to determine the ultimate limits of ESFK design., Figure 2
deplcts the cavity-lens configuration of an ESFK. 'the spacing
between lenses must allow for a lens electrode of thickneass T,
two hilgh voltage gaps of width S, two cavity wells of thickness
¥, and a cavity resonator of height H. The lens spacling may
be expressed as:

L=2(S+w)+T+H .

''he lens-gap spaclng depends upon the operating voltage,
which will be assumed equal to the beam voltage, and the allow-
able voltage gradient, For a maximum voltage gradient of
118 kV/em(300 v,./mil.):

L oy /5
S=2_9. (k )

A typical cavity gap transit angle, vd, would be 1,1
radlans, For reasonable values of R/Q,the cavity helght
should not be 1less than 2 yd. Therefore, the assumption of
H= 2 vd 1s made, or:

W
2,28, Olgny /5
H =251 (=) .
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The lens electrode thickness may be approximated by

assuming that its radius of curvature should be no less than
S/2 in order to prevent excessive local electric field gradi-
ents, Therefore, it is assumed that T = S,

The minimum cavi*y wall thickness, W, 1is not easy to
specify because it depends on the cavity diameter and the
average power of the klystrcn. The following values will
be used in the analysis which follows:

w=,03 2\ at 10 cnm
W= ,04 A at 5 cm
w= ,06 A at 3 em.

The minimum lens spacing may now be exp.'essed au:

L=3S+2yd+2W

or
W W
o, 2/5 0 1/5
L=t (5277 + o365 (27" s om
where: N = ,03 at AN = 10 cm

N=,04 at A= 5 cm
N= .06 at A = 3 ecm,

Normalizing with respect to free-space wavelength:

W 2/5 W 1/5

o o
I/ o= sl () 4 Lou36 () s on
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This expression was solved for v.ricus values of peak
beam power and microperveance at wavelengths of 10 ~-m, 5 cm,

~and 3 cm, The values of normalized maximum lens spacing are |

plotted along with the values of minimum lens spacing in
Figs. 3 through 6. Where the two cirves intersect determines
the maximum beam power 1limit for an ESFK for a given micro-
perveance and wavelength., Similarly, the maximum beam micro-
perveance for an ESFK may be determined for a given peak beam
power and wavelength.

An expression for the maximum microperveance and/br
maximum peak beam power for an ESFK at a given wavelength
may be obtained by equating the expressions for maximum and
minimum lens spacings.

W, 1/5 W, 2% w,ooo1/5
.71 k—,,ﬁ‘—— -l () 4036 () 4 ow |

Examination of Fig. 3 indicates the maximum beam micro- o |
perveance for high power klystrons in S-band to be equal to,
or greater than, 2,5, Figure 4 indicates that megawatt kly- “
strons are feasible in C-band with microperveance 1.0 beams,

Inicreasing the microperveance tc 1.5 in C-band reduces the
feasible klystron power level, as ceen in Fig,., 5. At X~band,
it 1s no longer possible to construct a high power ESFK with
a2 desirable beam microperveance, Figure 6 indicates a maxi-
mum beam power limit of 650 kW for a 0.7 microperveance beam
at 3 cm,

The limitation of beam perveance with frequency implies
a limitation on the klystron bandwidth since it can be shown
that bandwidth is directly proportional to k4/5.

This analysls of beam power and perveance limits for
the ESFK 1is, of necessity, based on manhy assumptions whose I

I-8
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valldity is open to question. The assumption of (ro/a)(va) =
1,0 15 very conservative; whereas, the assumption ¢f T = S is
not conservative, Practical considerations such as voltage
breakdown, body cooling, and cavity conductance requirements
will doubtless alter the 1limits defined herein, However, it
is hoped that this analysis will provide a useful "ballpark"
estimate of the ultimate 1imits of the ESFXK.
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APPENDIX II
SPACE-CHARGE WAVE ANALYSIS OF THE ESFK LENS CELL

The following expresslons are defined:

‘:[z’tj = “io[z] iy |z e
R
fort] <y [1] oy [ee

conveztion current density

space-charge density

electron velocity

By making the

transformation of wvariables:

4y [z] =

where:

o[

it can be shown thai the follov

apply for L(z) and v(z).

,ﬁ[z] e~ JOT [z]

<

b[e)e-ter ]

‘g differential equations

A
def[] , 3 du[z] d,é[z] ™, {\[z] _ o (1)
dz2 u[z] dz dz eu3[z]
2 Ar 1
¥[#] - Jqu:] T (2)
where: 1 = —%l
II-1
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Using the Ilewellyn equations of motion,

where: I=4+ ¢ %%

the dc component can be separated out to obtain a differential
equation relating dec¢ velocity to the dc beam current density,
thereby taking complete account of the dec space charge effects.

2
ap _ :
dte = %} “o (3)

This expression can be integrated twice with respect to
time to obtaln an expression for u as a function of the cfansit
time of an electron. Ti.e instant at which the electron crosses
the plane of the potential minimum in the lens (e.g. its center)

will be t = O, Thus, by definition, at t = O the acceleration
is zero,

w
qE= (4)
. 2
nw ¢t
b= =25+ (5)
P43
nw t
zZ = _Eg ol umt + z (6)

where K and z, are the velocity and position, respectively,
of the pctential minimum,
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Following Kbsmah1(7), and transforming the independerit
variables in equations (1) and (2) from z to K, will require
an expression for du/dz. This is obtained from (4) and (5).

ot
= =-—€—H=K— (7)

o
N
Qo
N
jen) (o7
ctlct
=

Solving (5) for t, and substituting into (7) eliminates t.

g£=¢Vm«u-L5) (8)
dz u
™
where: K = —EQ (9)

The + sign in (8) applies to the right of the potential
minimuni, and cthe - sign applies to the left,

Equations (1) and (2) are now transformed to:

oA AA
: a4 - aL A
.L(LL - u-m) dp.2 + (S/EU- 2um) an r5 = 0 (10)
— A
(‘,=+Ju% VEK(U—‘Hm) & 1
= oL 12 du (11)
These equations have solutions of the form:
A 1/2
L= mmt (o - w)  +Bu 1 v12)

A M,
A ok [A(u My

1/2
=+ J Mou —2') - B(U' - U'm) (13)
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The arbitrary constants A and B must be chosen to match
the boundary conditions. Iet the ac curreRt and ?c velocity
at the entrance plane of the lens cell be 11 and vy, respec-
tively. At the same plane, the dc velocity is My Substitut-
ing these conditions into (12) end (13) and taking cognizance
of the fact that the entrance plane of the lens cell 1s to the
left of the potential minimum, the following results are
obtainead,

To the left of the potential minimum:

1/2 1/2
A A Mo e
V=T, (u—j;[(e SR e I gl ]

A 1/2 " " 1/2
+ IVE 71 [(ﬁ- D (e-gh -G G -ﬁ:)]
) 1/2 1,27
2v ,
i=s£1(%m)(§f)[(-§-1) - G- )

. 1/2
+1,(0) [(2 e R R (VA
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To the right of the potential minimum:

) 1/2 1/2}
A K A u1
V= vy [(L I R VB R
A 1/2 Mg W 1/2 ]
-Jﬁzoil[(f;-l) (e-ﬁ)uﬁ-i) (e-ff;)i

A 1/%
1. J@’lﬁ‘—’lxi") (& - 1)
o) it L um m
1/2
AW M
_m I SUPYS VI -1 _
+ 1, () [(2 g -2 - ) G
2
o um3/
where: V = and Z =
n °  weVK

" 1/2
(-1 ]

(16)

(17)

Equatior.s (14) through (17) define a general matrix relating
the ac current modulation and ac velocity modulation at any

plane in the lens cell where the dc velocity is u to the cor-
responding quantities at the entrance plane where the known dc
The dec velocity g is a known function of z

velocity is ul.

through the Fay, Samuel, Shockley solutions to Poisson's

equation. 2
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What 1s of primary interest is not the ac velocity and
current within the lens cell but the value of these quantities
at the exit plane., The dc velocity at the exit plane will be
equal to the dc beam velocity at the entrance plane., By set-
ting b = u, in (16) and (17), the following matrix relation
between the ac quantities ac the exit plane and the entrance
plane 1s obtalined:

T 120 |,
A % By W A
Vol (- 3) 23V zo(e-ﬁ)(u—; - 1) vy
, | (18)
_2V2 Mgt V2 Py A
Lie | 22 G G- 1) (42 - 3) L1y
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