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ABSTRACT 
The objective of this NASA-sponsored program with 
the Hughes Aircraft Company is to develop a high- 
efficiency, low-power TWTA operating at 32 GHz 
and meeting the requirements for the Cassini 
Mission to study Saturn, planned for launch in 
1995. The required rf output power of the helix 
TWT is 10 watts, while the dc power from the 
spacecraft is limited to about 30 watts. This 
performance level will permit the transmission to 
Earth of all the data produced in  the mission. 
In order to achieve this efficiency, several 
novel technologies are incorporated into the TWT. 
These advances include an advanced dynamic 
velocity taper (DVT) characterized by a non- 
linear reduction in pitch in the output helix 
section o f  the TWT and a Lewis-designed 
multistage depressed col lector (MDC) employing 
copper electrodes treated for secondary electron 
emission suppression. Preliminary program 
results are encouraging: rf output power of 10.6 
watts has been obtained at 14 mA beam current and 
5.2 kV helix voltage with overall TWT efficiency 
exceeding 40 percent. 

INTRODUCTION 

Ongoing programs at the Lewis Research Center 
(LeRC) continue to provide the technologies 
needed for high-efficiency millimeter wave 
traveling wave tube amplifiers (TWTA's) for 
planned NASA deep space missions. One of the 
current objectives of this program is to develop, 
in a contractual and cooperative effort with the 
Hughes Aircraft Company, Electron Dynamics 
Division and the Jet Propulsion Laboratory, a 
very high-efficiency low-power TWTA operating in 
the Ka-band (32 GHz) and meeting the requirements 
for the Cassini Mission to the environment of 
Saturn planned for launch in late 1995. Parallel 
contracts were awarded in 1990 to both Hughes and 
Varian Associates, Inc. .for this program; 
following the acquisition in 1991 of the Varian 
space TWT product line by Hughes, the two 
programs were consol idated. The required rf 
output power of the TWT, which has been given the 
designation 955 H, is 10 watts, while the dc 
input power to the power supply, or electronic 
power conditioner (EPC) is limited to about 30 
watts. Hughes has the responsibility for the 
design of the EPC. Table I presents a listing of 
the major objective requirements o f  the TWTA. 
Achieving these performance goals will more than 
double the efficiency of Ka-band TWTA's presently 

available at this power level and will permit the 
transmission to Earth of all the data produced in 
the Cassini Mission. Several Lewis-developed 
efficiency-enhancing technologies are applied 
throughout the TWTA to accomplish this, including 
computer-aided design and experimental 
development efforts. A major LeRC contribution 
is the design of an advanced helix dynamic 
velocity taper (DVT) to significantly improve the 
interaction between the electron beam and 
electromagnetic wave in the TWT. LeRC also 
supplied the design of a spent-beam refocusing 
section and a multistage depressed collector 
(MDC) and will provide in-house treatment of the 
electrode surfaces to suppress secondary electron 
emission. In addition, Hughes has incorporated 
other performance-improving features, including 
the reduction of the TWT's interaction section 
magnet period to provide for better beam quality 
and a more efficient cathode support assembly to 
reduce required heater power. Hughes has the 
responsibility for the thermal and mechanical 
design of the TWT. 

TWT DESIGN FEATURES 

In the helical TWT, the electron beam formed in 
the electron gun passes through the helical 
interaction section and the final magnetic 
section where it is focused for optimum entry 
into the MDC. The spent beam entering the MDC is 
then collected at potentials depressed from the 
circuit potential. Efficiency-enhancing features 
being incorporated in the this TWT are treated in 
the following paragraphs. 

Electron Gun and EPC: The electron gun is a 
brazed assembly incorporating an M-type cathode. 
This cathode consists of a sintered tungsten 
pellet matrix which is impregnated with BaO (5 
parts), CaO (3 parts), and A1,0, (2 parts), and is 
osmium-coated. The electron gun utilizes an 
isolated focus electrode for electron beam 
control, enabling the beam to be turned on and 
off with a voltage swing of only 150 volts rather 
that full cathode potential in excess of 5000 
volts. This enhances EPC efficiency by 
eliminating the need for additional transformers 
and circuitry and also reduces EPC mass. For 
very low-power tubes such as the one being 
developed in this program, the cathode heater 
power required has a significant effect on 
overall efficiency. The cathode ac heater in 
this TWT uses a single lead wire with the return 
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l e g  being t h e  molybdenum/rhenium cathode support 
c y l i n d e r  i t s e l f .  In a d d i t i o n ,  t h e  support 
c y l i n d e r  w a l l  th ickness used i n  t h i s  heater  
design i s  0.0008 inch  (as compared t o  t h e  more 
t y p i c a l  0.001 t o  0.002 inch)  t o  min imize heat 
loss  from t h e  cathode and thus conserve energy. 
The ne t  reduc t ion  i n  requ i red  heater  power i s  
about 0.5 wat t  r e l a t i v e  t o  more t y p i c a l  designs. 

Dynamic V e l o c i t y  Taper (DVT): The rf i n t e r a c t i o n  
(ampl i f y ing)  sec t ion  o f  t h e  TWT cons is ts  i n  p a r t  
o f  a sec t ion  o f  cons tan t -p i tch  h e l i x  from t h e  
s i g n a l  i n p u t  p o i n t  t o  a sever, fo l lowed by 
another sec t ion  o f  h e l i x  w i t h  a synchronous 
constant  p i t c h  t o  t h e  be i n n i n g  o f  t h e  DVT h e l i x .  
Th is  p i t c h  d i s t r i b u t i o n  ?shown as turns-per- inch)  
i s  presented i n  f i g u r e  1. The h e l i x  p i t c h  i n  t h e  
i n p u t  sec t ion  o f  t h e  tube was des i  ned f o r  
optimum ga in  from smal l -s igna l  theory !ref. 1 ) .  
I n  t h i s  sec t ion  o f  t h e  h e l i x ,  t h e  b e a d c i r c u i t  
i n t e r a c t i o n  produces modulat ion, o r  bunching o f  
t h e  e l e c t r o n  beam. Immediately a f t e r  t h e  sever 
and preceding t h e  DVT i s  a shor t  sec t ion  of 
cons tan t -p i tch  he1 i x  which causes a gradual 
growth i n  s igna l  s t rength  and a t i g h t e r  bunching 
o f  t h e  beam. The DVT used i n  t h i s  TWT i s  
charac ter ized  by a continuous, non-1 i n e a r  
reduc t ion  i n  h e l i x  p i t c h  from i t s  i n i t i a l  
synchronous va lue a t  t h e  beginning o f  t h e  output  
sec t ion  t o  near t h e  end o f  t h e  h e l i x .  The 
c i r c u i t  was designed us ing  a two-dimensional 
la rge-s igna l  computer code o r i g i n a l l y  developed 
by Detwe i le r  ( r e f .  2). The reduc t ion  i n  p i t c h  o f  
t h e  DVT slows t h e  c i r c u i t  wave, r e s u l t i n g  i n  
b e t t e r  synchronizat ion between t h e  c i r c u i t  wave 
and e l e c t r o n  bunches t h a t  form i n  t h e  e l e c t r o n  
beam than can be r e a l i z e d  w i t h  a cons tan t -p i tch  
h e l i x  ( r e f .  3) .  Independently, both Hughes and 
Varian have computa t iona l l y  modeled t h i s  taper  
e f f e c t .  The ou tpu t  c i r c u i t  ends w i t h  a s h o r t  
sec t ion  o f  h e l i x  hav ing a constant  p i t c h  
e q u a l l i n g  t h a t  o f  t h e  end o f  t h e  DVT, causing t h e  
favorab le  energy exchange t o  be cont inued over  a 
g rea ter  length.  The o v e r a l l  a c t i v e  length  o f  t h e  
h e l i x  c i r c u i t ,  i n c l u d i n g  t h e  sever, i s  4.504 
inches (see f i g .  1). The h e l i x  i n s i d e  diameter 
i s  0.0232 inch: t h e  m a t e r i a l  i s  tungs tedrhen ium 
0.003 x 0.006 inch  tape which i s  copper-plated t o  
minimize losses. The he l i x -suppor t ing  d i e l e c t r i c  
m a t e r i a l  i s  p y r o l y t i c  boron n i t r i d e  rods which 
are  o r i e n t e d  t o  p rov ide  f o r  minimum losses. 

Magnetic S t r u c t u r e  (Magnet Stack) : The e l e c t r o n  
beam i s  conta ined w i t h i n  t h e  h e l i x  o f  t h e  TWT by 
means o f  a magnetic f i e l d  imposed by a p e r i o d i c  
permanent magnet stack. Recently-developed 
c a p a b i l i t y  t o  machine samarium c o b a l t  magnets 
t h i n n e r  than prev ious ly  and w i t h  good accuracy 
enables t h e  i n d i v i d u a l  annular magnets t o  be 
p r e c i s e l y  f i t t e d  around t h e  h e l i x  b a r r e l .  Th is  
i n  t u r n  permi ts  e x c e l l e n t  c o n t r o l  o f  a x i a l  beam 
a l i g n m e n t  and r e p e a t a b l e  t u b e - t o - t u b e  
performance. The a b i l i t y  t o  f a b r i c a t e  t h i n  
i n d i v i d u a l  magnets a l s o  a l lows a reduc t ion  i n  
magnetic per iod,  which i n  t u r n  improves beam 
s t a b i l i t y  by reducing e l e c t r o n  beam sca l lop ing .  
The samarium c o b a l t  magnets used i n  t h i s  TWT are  
0.060 inch  t h i c k .  F igure  2 d isp lays  tube ou tpu t  

c i r c u i t  bodies w i t h  recessed magnet s l o t s  which 
c o n t r a s t  t h e  magnet th icknesses o f  t h e  most 
recent  development tube and an e a r l i e r  
development model. It should be noted t h a t  as 
t h e  magnet m a t e r i a l  i s  machined t h i n n e r  t h e  
diameter must increase t o  produce t h e  requ i red  
magnetic f i e l d  t o  conta in  t h e  e l e c t r o n  beam. This 
r e s u l t s  i n  a small  t r a d e o f f  between increased 
beam qual i t y  and TWT mass. 

M u l t i s t a g e  Depressed C o l l e c t o r  (MDC): A f t e r  i t  
e x i t s  t h e  TWT's i n t e r a c t i o n  h e l i x  sec t ion ,  t h e  
spent beam passes through a re focus ing  sec t ion  
which i s  in tended t o  improve t h e  MDC e f f i c i e n c y  
by debunching t h e  beam. The re focus ing  sec t ion  
i s  a s h o r t  d r i f t  tube w i t h i n  a magnet s tack and 
i s  loca ted  between t h e  rf output  coupler  and t h e  
MDC p o r t .  The Detwe i le r  program was employed t o  
design t h e  re focus ing  sec t ion  t o  c o n d i t i o n  t h e  
spent e l e c t r o n  beam f o r  optimum e n t r y  t o  the  MDC 
( r e f .  4 ) .  Wi th in  t h e  MDC, t h e  beam i s  slowed by 
a r e t a r d i n g  e l e c t r i c  f i e l d ,  and t h e  e lec t rons  
a r r i v e  a t  t h e  e lec t rodes  w i t h  reduced energies. 
E lec t rons  hav ing t h e  h ighes t  energies w i  11 reach 
e lec t rodes  a t  o r  near cathode p o t e n t i a l ,  w h i l e  
those e lec t rons  having l e s s  energy w i l l  be 
c o l l e c t e d  on e lec t rodes  a t  lower energies ( r e f .  
5) .  To a t t a i n  a h igh  c o l l e c t o r  e f f i c i e n c y ,  t h e  
c o l  l e c t o r  e lec t rodes  must have low secondary 
e l e c t r o n  emission y i e l d .  The MDC design was 
performed w i t h  t h e  use o f  a computer program 
developed by Herrmannsfeldt,  mod i f ied  t o  inc lude 
cons idera t ion  o f  t h e  e f f e c t s  o f  t h e  secondary 
e l e c t r o n  emission c h a r a c t e r i s t i c s  o f  t h e  
c o l l e c t o r  sur faces ( r e f .  6). The c a l c u l a t i o n  
procedure p r e d i c t s  t h e  e l e c t r o n  t r a j e c t o r i e s  and 
e l e c t r i c  f i e l d  p o t e n t i a l s  w i t h i n  t h e  c y l i n d r i c a l  
boundaries o f  t h e  MDC geometry as shown i n  f i g u r e  
3. The MDC w i l l  employ oxygen-free, h igh-  
c o n d u c t i v i t y  copper e lect rodes which w i l l  be 
t r e a t e d  a t  LeRC f o r  secondary e l e c t r o n  emission 
suppression by means o f  an ion-bombardment 
process ( r e f .  7 ) .  A scanning e l e c t r o n  microscope 
photomicrograph o f  t h e  t r e a t e d  sur face i s  shown 
i n  f i g u r e  5. The sur face,  which d isp lays  sharp ly  
lower secondary e l e c t r o n  emission p r o p e r t i e s  
r e l a t i v e  t o  t h e  unt reated sur face,  i s  
charac ter ized  by a dense un i fo rm ar ray  o f  
s t r a i g h t - w a l l e d  b l u n t  p r o j e c t i o n s  w i t h  average 
f e a t u r e  he igh t  and separat ion being about 5 and 3 
micrometers, r e s p e c t i v e l y .  
Program Status and Concluding Remarks: This  i s  an 
ongoing development program, w i t h  new hardware 
being f a b r i c a t e d  and new performance r e s u l t s  
emerging on a cont inu ing  bas is .  Test r e s u l t s  
obta ined part-way through t h e  program have been 
very encouraging . Recent t e s t s  w i t h  a 
development TWT e s s e n t i a l l y  i d e n t i c a l  t o  t h e  one 
p i c t u r e d  i n  f i g u r e  5 i n d i c a t e  sa tura ted  rf outpu t  
power t o  be 10.6 wat ts  a t  near design cond i t ions  
w i t h  o v e r a l l  TWT e f f i c i e n c y  o f  40.8 percent .  O f  
p a r t i c u l a r  i n t e r e s t  t o  t h e  system designers i s  
t h e  very low AM/PM convers ion r a t i o  o f  less  than 
1 degree/dB. Some selected r e s u l t s  o f  these 
t e s t s  a r e  presented i n  Table 11. With planned 
f u r t h e r  design m o d i f i c a t i o n s ,  t h e  o v e r a l l  program 
o b j e c t i v e  performance goals  are expected t o  be 
f u l l y  rea l i zed .  
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TABLE I. - OBJECTIVE REQUIREMENTS FOR THE 
HIGH-EFFICIENCY Ka-BAND TWTA 

Frequency, GHz ...................... 31.8 t o  32.3 
Min. sa t .  rf output  power i n  band, W....... ... 10 
Max. dc i n p u t  power t o  EPC, W ................. 30 
Overa l l  e f f i c i e n c y  ( i n c l .  h t r . ) ,  % ........... 43 
Saturated gain,  dB. ......................... 38.5 
Beam t ransmiss ion a t  s a t u r a t i o n ,  %...........>99 
Dispenser cathode type ....................... ..M 
H e l i x  vo l tage,  kV ........................... < 6 
Max. heater  power, W...... .................... 3 
Beam focus ing ..........p e r  od ic  permanent magnet 
Refocusing system.. . ...p e r  od ic  permanent magnet 
Design l i f e t i m e ,  years.... .................. >10 
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Figure  1. - H e l i x  tu rns-per - inch  d i s t r i b u t i o n  
f o r  t h e  h i g h - e f f i c i e n c y  Ka-band TWT. 

F igure  2. - Ka-band TWT ou tpu t  c i r c u i t  bodies 
showing cur ren t ly -used shor t -per iod  magnet 
s tack c o n f i g u r a t i o n  ( r i g h t )  and e a r l i e r  s tack 
vers ion.  
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Figure 3. - Computed electron trajectory traces 
for multistage depressed collector for high- 
efficiency Ka-band TWT. Stages are numbered 
(circled) from spent beam entry port. Lines 
of constant potential are also shown. 

Figure 4. - Scanning electron microscope 
photomicrograph of molybdenum-masked, ion- 
textured copper. Angle with surface, 30'. 

Figure 5. - Development model high-efficiency 
Ka-band TWT. Multistage depressed collector 
is at left end of tube. 

TABLE 11. - SELECTED TEST RESULTS FROM 
DEVELOPMENT TWT AT 32 GHz, CW 

Helix voltage,V .............................5200 
Helix current, mA ..........................0.479 * A  

Beam current, mA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

MDC electrode 1 voltage, V .................2050 

current, mA ................. 7.73 
MDC electrode 3 voltage, V...................700 

current, mA ................. 3.64 

current, mA ................. 2.24 
MDC electrode 2 voltage, V .................. 1750 

MDC electrode 4 voltage, v.....................~ 
Saturated gain, dB .........................36.46 
Saturated rf output power, W................10.6 
Beam efficiency, %.........................14.56 
Overall efficiency (incl. htr.), % .......... 40.8 
Heater power, W,...........................2.988 

current, mA ........... negligible 

Phase shift at saturation, deg/dB.. . .less than 1 
* MDC electrode voltage shown i s  difference 

between he1 ix (cathode) and electrode 
potentials. 
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