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ABSTRACT

The g igatron Is a new ct a m p l i f i e r tube
designed for l lnac c o l l i d e r appl icat ions . Three
design features permit extension of the
laaertron concept to very high frequencies.
First, a gated field-emitter array is employed
for the modulated cathode. Second, a ribbon
beam geometry mitigates space charge depression
and facilitates efficient output coupling.
Third, a traveling wave output coupler is used
to obtain optimum coupling to the ribbon bean.
This paper describes recent developments In the
gigatron design, and progress towards experimen-
tal testa.

I. INTRODUCTION

This paper describes recent progress in the
development of g i g a t r o n as a hlgtv-power
a i c r o w a v a d r i v e r for f u t u r e e e l i n a c
col l iders . The gigatronjdeslgn concept has
Been described previously. We have evaluated
Its design for the parameters required for most
TeV llnac collider designs:

rt frequency 10-30 GHz
r f power >100 HW
efficiency >50%.

The only rf devices with comparable-capability
are the r e l a k l v i s t 1 c k l y s t r o n and the
gyroklystron . By comparison to e i ther of
these the gigatron ofrers a simple, compact
structure and low capital cost.

In the gigatron a bunched electron beam is
e x t r a c t e d from a f i e l d emitter array (FEA)
cathode, and a c c e l e r a t e d through a p u l s e -
nodulated high-voltage diode as shown In Figure
1. Tha result ing beam i s fu l ly modulated at
h i g h energy wi thout the requirements of
modulator and drift region that characterize a l l
conventional amplifier tubes. RF energy is then
extracted from the beam in an output coupler.
Since the bunching process Is a dominant limita-
tion to high power-hlgn frequency operation in
conventional tubes, th i s approach resul ts in

h igh p e r f o r m a n c e for the above d e s i g n
parameters.

Th-ee features of the g i g a t r o n design
extend I t s performance to very high frequency
and peak power. First, a ribbon bean geometry
Is adopted rather than the conventional round
beam. Second, a traveling wave output coupler
i s used to ach ieve optimum output coupling
across a wide bean. Third, a gated f i e l d emit-
ter array (FEA) i s employed for the cathode;
this appears to offer a simple, r e l i a b l e modu-
lated cathode for microwave applications.

By tne beginning of the past year we had
calculated the beam dynamics in gigatron and
verified the impressive performance estimated _
earlier. During the past year we have addressed
three design Issues raised in reviews of the
gigatron technology. F irs t , i t was suggested
that the ribbon beam might be unstable, since
many previous ribbon beam devices have proven
u n s t a b l e . D e t a i l e d c a l c u l a t i o n s have
demonstrated that the gigatron beam is in fact
extremely stable to a variety of perturbations
over the. ful l range of parameters contemplated.
The reason for this is simply that the gijatron
approaches a switch tube geometry: the beam has
no time in which for i n s t a b i l i t i e s to grow.
From cathode to collector is "6 rf cycles.

Second, i t was suggested that the traveling
wave coupler might have p a r a s i t i c modes that
could compromise the coupling to the desired
loop-resonant travel ing wave. We have shown
that, by dis tr ibut ing the beam-wave coupling
along " h a l f the c ircumference of a loop-
r e s o n a n t c i r c u i t , h i g h e r - o r d e r modes
(corresponding to different harmonics of the
loop-resonant frequency) are in fact naturally
suppressed. Only transverse harmonics remain;
these occur at multiples of the operating fre-
quency and are weakly couplsa to the seam. The
waveguide coupler thus appears to be a par-
t i cu lar ly benign structure for this traditional
tube designer's headache.

ss, ColoradoPresented by Peter M. Mclntyre at the 1988 SSC Summer Studyy£no,

aiAOTrn Q-uM d i - u u k ^ . . , l i U 0
fl/l A h I j - K CTSTRIBUT1ON OF THio L;4(cUi«EWT IS UNLIMITED



DISCLAIMER

This report was prepared as an accoun; of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily stale or reflect those of the
United States Government or any agency thereof.



CATHODE
-QU-SCTOR

30 cm

Flgus* 1. Croaa section of gigatron.

The third problem is more substantial:
microwave modulation of the FEA cathode.
cathodes have been built by several groups,
and have achieved impressive performance.
Currents of >i00A/em* have been achieved.
Extended life-cycle teats show no deterioration
during a year of continuous operation. But
these results were obtained In DC operation.
The FEA sate structure presents a highly capaoi-
tive load to a modulation driver. The charging
res i s tance R through the s i l i con substrate
appears in series with the gate capacitance C
and renders the FEA cathode configurations built
by previous authors unworkable at microwave
frequencies.

During the past year we have developed
several specif ic Improvements to FEA cathode
design that together overcome this problem.
First, a base layer metallzatlon is incorporated
so that charging currents flow in metal rather
than s i l icon. Second, we configure the cathode
as a lumped-constant resonant circuit (Q " 100),
which is matched to a 50 Q modulator input.
With these improvements the system gain of
gigatron Is "25-30 dB.

II . GIGATRON DESIGN CONCEPT

The g igatren i s a design for a compact,'
e f f ic ient inicrowa/e power amplif ier tube. I t
employs the laaertron concept, in which a
bunched electron beam is extracted from a modu-
la ted cathode and acce lerated through a high-
voltage diode s t r u c t u r e . Several s i g n i f i c a n t
Innovations have been Introduced to achieve high
efficiency, high frequency, and high power. The
pr inc ip le of operation i s i l lustrated in Figure
2. A fully modulated ribbon e lec tron beam i s
produced from a s t r i p catnode of gated f i e l d -
e m i t t e r array (FEA). The ribbon beam la
acce lerated through a high-voltage diode struc-
ture, and enters a d r i f t s l o t leading to the
output coupler. The output coupler consis ts of
a slotted waveguide connected to form a resonant
l o o p . The waveguide s l o t i s configured to
permit passage of the ribbon beam through the
waveguide, p a r a l l e l to the e lectr ic f ie ld of a
t r a v e l i n g w a v e . The e l e c t r o n beam l a
decelerated by the wave, and thereby drives the
wave amplitude. Optimum phase match to the
e lec tron beam i s maintained over an arbitrary
Beam width by phasing the electron Seam emission
from the cathode to t i l t the ribbons with
respect to the direction of acceleration. By a

Figure 2. Ribbon beao geomacry and traveling wave
coupler.

su i table matching condition, the transverse
position of the electron packet traversing the
coupler slot can be made to move sideways at the
same rate as the phase velocity of the traveling
wave. The beam "surfs" wltn the wave, and =
optimum coupling can be preserved over an ar-
bitrary bean width. "..:

The advantages of the gigatron include a)
low-loss coupling of input power to the FEA
structure; b) e-beam fully modulated before
acceleration; c) elimination of space-charge
limits to high power/high frequency by using
ribbon beam geometry; d) close coupling to the
ribbon beam in tne output coupler reduces phase
dispersion at high frequency; e) prevision of
optimum output coupling over a wide beam front,
using the traveling wave coupler; e) elimination
of the requirement for static guide fields that
characterize nearly a l l high frequency power
tubes; f) simple, compact structure. Table I
summarizes the important parameters of a par-
t icular design which has been evaluated
recently. The following text describes sach
aspect of the gigatron design. Numerical cal-
culat ions are specific to the parameters of
Table I.

I. Gated field-emitter cathode. The gated
field-emitter (FEA) cathode appears to offer an
attractive new technology for achieving a high
current, fully modulated electron oeam Qirectiy
from a cathode structure.. C.S. Spindt et al.
and H. Gray et a l . have deve loped
microfabrication techniques by which they can
prepare planar arrays of field-emitting points.
Gray uses directional etching techniques to
produce atomlcally sharp needle and knife-edge
arrays d i r e c t l y on s i l i c o n . A a i l i c o n -
Insulator-meeal gate structure Is then deposited
on the cathode substrate, and plasma-etched to
form a planar array of micro t r l o d e s .
Application of a modest (25 V rms) gate-cathode
voltage results In full modulation of emission
current. Currents of >1OO A/cm* have been
routinely achieved. There la no evidence of in-
service deterioration during extended l i f e
tests. ;

We have Improved upon the fabrication
procedure of Gray In two respects that ara
cr i t i ca l to achieve high-frequency modulation.



Figure 3. Gated f ie ld emitter array cathode.

First, the s i l i con surface la metallzed after
format ton of the field-emitting t ips , as shown
In Fig. 3. This provides a metal base surface
for low-impedance charging of the FEA tipa. , In
the devices fabricated by Gray and Spindt ,
charging current must flow through the bulk of
the sil icon substrate. Even with heavy doping,
the s i l i c o n substrate presents an unacceptable
charging r e s i s t a n c e (p >.O1 Q cm) at high
frequency.

Second, a fabricat ion process has been
devised whereby an optimum field geometry can be
produced for quiesent electron o p t i c s . The
opt ics of the e lec tron beam emission from the
FEA cathode determines the in i t ia l emittance of
the beam in the glgatron. We have calculated
the beam dynamics during f i e ld emission using
the computer code MASK . Besm is assumed to
be emitted from the t ip Into a cone of half -
angle ir/U. Figure 4 shows the transport at
several time in terva l s after emiss ion. The
t ip /gate geometry of the cathode forms an ap-
proximate point-to-parallel optical l e n s . As a
result the emitted beam will have a much smaller
emittance than the previous est imates baaed
simply on assuming a transverse temperature T̂  "
etf .̂ The beam divergence produces neg l i g ib l e
transverse growth at the anode aperture, .and
hence does not pose a l imitat ion to gigatron
performance. If in fact the effective emlttance
13 very small, the improved FSA cathode may be
an excel lent candidate for electron sources for
linacs, FEL's etc .

2. Resonant Input coupler. The f ie ld-emit ter
array presents a highly reactive loaa to a
modulation driver. Matching can be optimized by
configuring the cathode within a sequence of
coupled lumped-constant resonant c i r c u i t s , as
shown in Figure 5. The gate/base junction of
tne FEA constitutes a capacitance C,. A met-
al ized quartz f iber is mounted adjacent to the
FEA, and the m e t a l - l n s u l a t o r - m e t a l l a y e r s
(without tips) are continued laterally to form a
tuning capacitance C2. The gate layer met-
a l l z a t l o n and quartz fl&er metalizatIon are
interrupted along the region where the fiber
contacts the insulating layer, so that rf cur-
rents to/from the gate layer mast flow around
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Figure 4. Acceleration of an electron bunch from
an FEA cathode.

the f iber - i t la an inductor L. The system Cj
- L - Ct then forma a resonant c ircui t whose
frequency can be control led by choice of the
radius r of the Inductive fiber:

U irr2/xo (1 )

The cathode and resonant coupler are divided
lengthwise into segments of equal length x • 5
rap. The metal izad inductor i s fabr ica ted
separately and bonded to the gate layers of C,
and Cj by conventional ultrasonic bonding.

Figure 6 shows an equivalent circuit of the
cathode system. Including dc bias network,
resonant network, and imoedance matching
network. Each resonant circuit is capacit ively
coupled (C ) to an impedance matching network
which matchia rf power from a waveguide into the
sequence of input couplers. Resonance occurs at
an angular frequency

(2)
"o

where C is the equivalent capacitance of C l f
C,, C °. The resistance R in the equivalent
circulS is the effective series resistance to
current flow in the resonant circuit:

R • (•!• w • 2wr) R 3 / x ( 3 )

where R - .01* (1 is the surface resistance of
the raetallzations.
The Q of the resonant, circuit^la

uC R
o

jC .R



Figure 3. FEA cathode, aitf-r««oaanc coupler.

The resulting load Impedance Z. for cr i t ica l
coupling is

(5)

Using parameters of Table I ,
network has

C, - C, - 72 pF
C - 5 pF
L - 2.2 pH

• 5 0 urn
- 9 x 10~3 Q
- 28
• 2 0

each resonant

(6)
r
a
q
z.

The emission current corresponding to the
above modulation c h a r a c t e r i s t i c Is I 390 A
peak, I • 8 A from a (14 em x 1 ram? cathode.
The power supplied from the input modulator that
is required to supply this emission i s

sin (A»/2)
• 2 .2 kW (7)

The input power
resonant network is

required to drive each

- R(uC,V |a)1/2 - 350 W (8)

In the overall cathode there are N - 2i/x - 56
networks. The total Input rf power requirement
is

in NP
m

22 kW (9)

The rf gain of glgatron is therefore
G " l o s CPout /Pln) • 2 7 dB-

3. Traveling Wave Coupler. The traveling wave
coupler natural ly suppresses a l l parasitic
modes. The resonant loop of waveguide has a
total length chosen to be an Integral number M
of phase wavelengths:

Be
221 - 2irM ( 1 1 )

For the parameters of Tabla I , an appropriate
choice would be M a 14. In principle, parasitic
modes eould be exc i t ed at f r e q u e n c i e s c o r -
responding to neighboring Integral harmonics
M'« H. The coupling to each mode M' must,
however, be averaged over the length 1 of the
ribbon beam. The ribbon beam t i l t la adjusted

Figure 6. Equivalent c ircuit of FEA cachode
and resonant coupler.

to achieve the phase-match condition.
The phase shift between the electron bunch and a
trave l ing wave of harmonic M' varies linearly:
along the ribbon beam:

- M) (12)

Averaging over the width I of the ribbon
gives a coupling for each parasitic mode:

•r. _

-

0 M1 • M

1 H> - M
(13):

All parasitic modes H' • M thus receive no net
coupling. This feature i s a resu l t of the
dis tr ibuted beam waveguide coupling, and is
unique among electron tube designs.

I II . DEVICE PERFORMANCE

We have calculated beam transport through
the glgatron. Calculations were performed using
the MASK computer code . F i g . 7 shows the
t r a j e c t o r i e s of successive bunches through the
diode region. Fig, 8 shows the trajectories of
two s u c c e s s i v e ribbons through the coupler
s t ruc ture . Trajector ies are shown on f i v e
p o i n t s across each ribbon. Both transverse
pos i t ion and energy are shown for each
trajectory. Slot width and height, coupler peak
f ie ld , RF phase, and beam phase width were
var ied to opt imize RF e f f i c i e n c y whila
transporting residual beam to the col lector.
For the optimized parameters, RF conversion
efficiency of 74 i is obtained. No beam is
Intercepted before enter ing the collector
structure.

We now have operational FEA cathodes at
Texas A&M. The IV curves of these cathodes are
presented below. The cathodes were made for us
by C.S. Splndt, and employ the t rad i t iona l
fabrication approaches. We have built a vacuum
assembly for testing the IV characteristics of
cathodes in pulse mode, Including provision for
rf modulation. We have also built the complete
vacuum structure for a round-beam gigatron
prototype, with design parameters 12 GHz, ''0 kW. '
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Figure 7. Calculacad ribbon bean trajecto-
ries through diode region.
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Figure 8. Electron energy and bunch mocion
through the traveling wave coupler.
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TABLE I
Paraoetera of Example

rf frequency
rf peak power
power gain
rf efficiency
beaa volt»«e
peak beaa current
rf chase
beaa phase width
cathode s i z e
waveguide coupler (URU2)
s lot width, nelght
electron ve loc l ty / c
phase ve loc l ty /c
ribbon t i l t angle
magnetic bend angle
peak rf f ie ld

•
Glgatron

IB GHz
10 HW
27 dB
71*
200 kVDC
390 A
23O»
60*
ID x .1 cm1

1.1 x . t e n 1

.2 cm, . 3 cm

.70
1.37
27"
22*
125 MV/a
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