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Abstract: The sine quo non of terahertz (THz) vacuum electron beam devices is a high current density thermionic
cathode, the development of which has been a major focus of our efforts. As a specific application, we have
fabricated a high current density, long life scandate dispenser cathode to develop a 220 GHz sheet beam electron gun
for a high power traveling wave tube (TWT) amplifier for the DARPA High Frequency Integrated Vacuum
Electronics (HiFIVE) program. Using the solution-gellation (sol-gel) method, Sc,0s-added tungsten powders were
made for use in high current density thermionic cathodes. The particle size of the powders was uniform, spanning the
range from nanometers to micrometers, and was controllable by adjusting the sol-gel processing parameters. The
densified cathode matrix fabricated from the powders has high porosity, uniform grain size and scandia dispersion,
and open pore distribution.

By using the Mori Seiki NN1000 nano-CNC (developed by DTL, Davis CA), high current density nano- and
micro-composite scandate dispenser cathodes were machined with high precision resulting in good surface
smoothness, tight tolerance, and sharp edges. Sc,0s-added tungsten dispenser cathodes were tested in both UHV
cubes employing a closely-spaced diode (CSD) configuration under pulse mode and in Cathode Life Test Vehicles
(CLTV) with a Pierce gun configuration under CW mode. Space charge limited current densities of 38 A/cm® at
915°C,,, and 80 A/cm? at 1050°Cy, were obtained by using Sc,0z-added (3.56 wr.%) tungsten powders. The cathode
was sintered at 1700°C by using a batch of Sc,03-W powder with an initial particle size of 700 nm yielding cathode
pellets strong enough for machining. In CLTV #1, owing to a perveance issue (there is a 100 micron gap between the
focus electrode and cathode emission surface), 10 4/cm® dc current density can be achieved at practical temperature
of 1120°Cy, for more than 2000 kours. In CLTV #2 with a reduced focus electrode gap (30 um), 45 A/cm? dc current
density has been obtained. The collector pulse current density with 56 A/cm? at 960°Cy, at 4 k¥, and up to 104 A/cm®
at 1040°Cy,, was obtained in the CLTV #3 gun with a cathode out of 70 microns beyond electron focus. This CLTV
will be under CW life testing with 40 A/cm” current density which is the design value for the 220 GHz sheet beam
TWT.

Keywords: Scandate cathodes, High current density, CLTV (Cathode Life Test \ehicle), Nano CNC machining.
doi: 10.11906/TST.240-252.2011.12.27

1. Introduction

Cathodes are used as electron sources in a wide variety of vacuum devices. The cathode is the
performance limiting component in high frequency linear beam amplifiers such as traveling wave
tubes and klystrons. For any type of cathode, a difficult problem is controlling the work function
uniformity of the emitting surface. Typically, in the tungsten-based modern dispenser cathode,
the porous tungsten pellets are produced by pressing tungsten powder and sintering the pellets in
a high temperature furnace at over 2000°C. The porosity of the tungsten pellets can be controlled
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by the initial particle size, shape, and uniformity of the tungsten powder. However, typical
commercial tungsten particles have an average diameter of 4-5 microns with a wide distribution
between submicron and more than 10 micron size and are irregularly shaped. As a result, there is
no precise control of the porosity of most cathodes made by using micron size tungsten powder
with resultant loss of direct control on the uniformity and amount of refractory barium calcium
aluminate compositions that are impregnated and diffused into the porous regions of the tungsten
matrix. Several techniques have been used to improve the quality of commercial tungsten
powders [1-3] with specific attention given to control of particle size, distribution, and
morphology, all of which are major factors determining the cathode performance.

For the development of vacuum electron devices (VEDSs), especially for high power amplifiers
at frequencies ranging from 30 GHz to 1000 GHz, the cathodes are required to provide high
current density (up to 100 A/cm?). However, the conventional thermionic cathode technology falls
short of that current density by about a factor of 5 or greater [4-6]. Because of its low work
function, a scandate cathode can provide a high emission current density at a low operating
temperature. Scandate cathodes offer a way to increase emission from current limits of 10 4/cm®
to about 100 A/cm® [7-10], and even higher [11]. The quality of the tungsten matrix and
uniformity of scandium distribution are of the utmost importance for the uniformity and density
of the emission. To provide the required advances in cathode technology for THz VEDs, the
University of California Davis (UCD) and Beijing Vacuum Electronics Research Institute
(BVERI) have been collaborating on the basic science. In the UCD/BVERI collaboration, the
developmental efforts on scandate cathodes have concentrated on improving uniformity in the
emission and robustness in the performance. We adapted and developed the sol-gel technique to
produce the Sc,0s-added tungsten powders with spherical shape and uniform controllable
particle size ranging from nanometers to micrometers. As a specific application for the DARPA
High Frequency Integrated Vacuum Electronics (HIFIVE) program [12], the team developed a
very high current density cathode employed to form a well confined, 25:1 aspect ratio sheet beam
having a current density of 750 A/cm”.

Compared with other types of scandate cathodes such as mixed-matrix scandate cathodes [13],
impregnated scandate cathodes [5], and top-layer scandate cathodes fabricated by thin-film
technologies [14-15], the Sc,03-added tungsten dispenser cathodes made by our sol-gel technique
have important advantages including [9-10]: (1) uniform nanometer size tungsten particle
distribution with uniform nanometer size Scandia dispersion; (2) rapidly sintered cathode matrix
with uniform nanosize grains and high open nano pore distribution; (3) high capacity of active
substances with uniform distribution; (4) a uniform layering of Ba, Sc, and O on tungsten grains
after activation to improve the emission capability and uniformity of these cathodes; and (5)
controllable fabrication process with good reproducibility.

Here, we report results of sol-gel synthesis of both nanosize and microsize Sc,Os-added
tungsten powders with controllable uniform particle sizes that are well-suited for use in high
current density thermionic cathodes. By judicious control over sintering conditions, these
powders were densified into nanostructured and microstructured Sc,Os-added tungsten matrices
with uniform tungsten grains and homogenous pore distribution. The cathodes machined and
tested in closely-spaced diodes (CSD) with the pulse mode revealed very high current density.
Nanocomposite Sc,0s-doped tungsten dispenser cathodes were also tested in Cathode Life Test
\ehicles (CLTV) with a Pierce gun configuration under CW mode.
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2. Sc,03-added tungsten dispenser cathode fabrication
2.1 Cathode matrix preparation

Techniques for fabricating porous cathode matrices require close control of powder particle
size, particle-size distribution, particle shape and purity of the powder, as well as sintering
temperature and compaction pressure. One of the factors, which largely influences the quality of
the tungsten matrix, is the starting tungsten powder. The quality of the tungsten matrix was
improved by using graded commercial tungsten powder [1]. The shape and particle distribution
of the tungsten powder will affect the distribution and densities of pores and specific areas of the
matrix. The porous tungsten matrix with uniform pores is the foundation of a cathode to obtain
uniform electron emission and high current density. Since the Ba-Sc-O layer formed on the
tungsten substrate is responsible for the high emission density, the uniformity of the monolayer
coverage will be essential to the uniformity of the electron emission [16-19]. Different particle
size Sc,03-added tungsten powders have been made using the sol-gel method, including ~72 nm,
146 nm, 272 nm, 587 nm, and even micron size 1-2 um [10][20]. These powder particles are very
uniform and have spherical shape with high purity, leading to a very uniform high porosity after
sintering and precise control of the porosity of the cathodes. By this sol-gel method, the scandium
can be uniformly dispersed through the tungsten body and/or the cathode surface.

Typical commercial tungsten powder with a wide size distribution and irregularly shaped with
large agglomerations may require additional operations, such as powder grinding, sieving to get
rid of the agglomerate particles and fine powders, or hydrogen firing before use. The powders
made by the sol-gel method and followed by hydrogen reductions, can be directly pressed into
pellets.

The Sc,0s-added tungsten powder with small nano size need be sintered at very low
temperature, less than 1200°C for a porous matrix with 25% porosity. The cathode matrix after
this low sintering temperature is quite fragile causing considerable problems for future machining
and engineering. Both the 500-700 nm and 1-2 um powders were chosen for current applications.
The Sc,03-added tungsten powders were die-pressed into porous matrices at a pressure of 2.0
ton-cm™. Figure 1 shows the surface of the cathode matrix sintered at 1700°C by using 500-700
nm material for 20 min under a hydrogen atmosphere. The porosity of the sintered matrices was
measured by a mercury intrusion-method (Micromeritics AutoPore 1V 9500). The porosity of
cathode matrix is a major controlling parameter in the dispenser cathodes industry defined by
open pores, pore size, and pore distribution. The average pore diameter of this nano composite
matrix is 212 nm. This nanometer pore size is 10 times smaller than that of normal matrices made
from 4-6 um tungsten particles, which have pore diameters in the range of 1.5-2 um [21]. The
bulk porosity of the sintered pellets is 28.2% and the average grain size of the matrix is ~800 nm
after sintering.

The cathode matrix sintered at 2000°C by using 1-2 um material is shown in Fig. 2. The
porosity of this pellet is ~ 25%. The grain size in the micro composite cathode is around 2-3 um.
However, the scandia in the matrix is around 50-100 nm, still retaining nano size. The nano size
scandium will have faster diffusion rate to migrate from the body matrix to the emission surface.
It can be seen that the tungsten grain and pore size in the matrix are very uniform by using these
powders made by the sol-gel method. The electron emission active materials, barium calcium
aluminates (BaO-CaO-Al,O3) with a molar ratio of 4:1:1 are impregnated into the tungsten matix
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at 1650°C for 1 min in a hydrogen atmosphere. Subsequently, the cathodes were cleaned in water
to remove residual impregnates at the surface of the cathodes, and then annealed at 1000°C under
dry hydrogen for 20 min to remove remaining absorbed water and decompose any barium
hydroxide and carbonate formed in the pores.

The high porosity of the tungsten matrix and the uniformity of the open pores directly control
the uniformity and amount of the compound impregnated, and consequently affect the electron
emission of an impregnated cathode. The uniform pore distribution makes the emission surface
acquire more uniform barium, oxygen, and scandium distribution, thereby improving the
emission uniformity and lowering the work function of the emission surface. This kind of
cathode in which nano size Scandia is dispersed uniformly may be more resistive to ion
bombardment [17].

Fig. 1 (a) and (b) SEM images of scandate dispenser cathode pellet made from 500-700 nm powder with different
magnifications.

Fig. 2 (a) and (b) SEM images of scandate dispenser cathode pellet made from 1-2 um powder with different
magnifications.

2.2 Cathode nano machining

The last operation in the cathode fabrication process is machining the sintered pellet to the
desired cathode shape. Since the porous tungsten with impregnated active materials is hard and
fragile, this is a difficult procedure. In the DARPA HiFIVE program, the small size elliptical
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cathodes are required to be manufactured with a smooth surface, sharp edges, and high tolerances
(0.813 £ 0.013 mm x 1.016 + 0.013 mm emission surface). Nanocomposite scandate dispenser
cathodes have excellent performance; however, the cathode pellets are very fragile since they are
sintered at low temperature to have nanosize structure in the matrix. During the machining
process, the surface of the porous material often appears to be smeared by the cutting tool, which
closes the pores. The collapsed cathode pores will cause poor or low electron emission. This
smearing effect is due to cathode material being distorted and pushed into adjacent cavities by the
tooling, rather than being cut away cleanly. A similar issue can manifest itself in a different way
near the edges of the cathode. Along the edges there is little material support for the machining
operation, so there is a strong likelihood for cathode material to break away, leaving behind a
chipped, rough edge. Specail attention must be given to the maching operation to ensure the final
dimensions are precisely adhered to without smearing metal over the pore opennings on the
surface [22-24]. The solution for these machining difficulties is to reduce the cutting pressure,
through the use of diamond tooling and a steady, precise machine. Conventional computerized
numerical control (CNC) mills have difficulty meeting these critical fabrication tolerances. Thus,
we developed a micron size Sc,Os-added tungsten powder technique and an appropriate
microcomposite scandate dispenser cathode fabrication process to produce high current density
cathodes. The larger size particles offer a structure that is more robust, which greatly alleviates
fabrication difficulties regarding edge and surface quality [20].

However, we were fortunate to have access to the prototype NN1000, a CNC mill newly
developed by Digital Technology Laboratory Inc. (DTL), a subsidiary of Mori Seiki [25-26].
This machine offers technology that can machine nanocomposition scandate dispenser cathodes
to the required shape with high quality. The NN1000 is a 5-axis CNC mill with nanometer
command resolution. It features air bearing guideways, laser scale position sensors, linear drive
motors, and anti-vibration technology that provide a very precise and stable platform for
machining.

Cathodes are machined in two stages: a roughing operation, followed by a finishing operation.
For roughing, the material can be aggressively removed with conventional tungsten carbide
tooling. Some smearing and chipping will occur, but so long as sufficient stock material remains
it will not adversely affect the final product. We found that a stock allowance of 50 microns was
sufficient. After roughing, the tools are switched for the finishing operation. First, the sidewalls,
base, and transition contours are machined. To facilitate this operation, a 0.762 mm, carbide ball
mill with an amorphous diamond coating was used. The cutting parameters used were a spindle
speed of 55,000 RPM, feed rate of 100 mm/min, axial depth of cut of 5 microns, and the radial
depth of cut was 20 microns. This tooling allowed a smooth contour for the elliptical to round
transitions with minimal chipping. Some smearing occurs here; however, since these sections of
the cathode are not the emission surface, it is of no consequence. The top emission surface
received special treatment, since this surface must have open pores and excellent edge definition.
A mono-crystal, single flute, 4 mm diamond face mill was used. The cutting speed was 55,000
RPM; however, the depth of the cut and feed rate varied depending on the specific material. The
depth of cut started at 10 microns per pass to remove blemished material, but as the final
dimension is approached, the depth of the cut is reduced to minimize cutting pressure, with the
final pass at a depth equal to the grain size of the material. The feed rate was calculated so that
the leading edge of the tool should contact any particular cathode grain only once per pass;
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therefore, the tool advance per revolution is the same as the grain size. For example, with a grain
size of 500 nm, we would use a feed rate of 27.5 mm/min.

Figures 3 and 4 shows the SEM images of the machined elliptical scandate dispenser cathodes
with nano and micro composite, respectively. It can be seen that the use of the NN21000 in
conjunction with diamond tooling produces a smooth surface finish without surface smearing of
the pores. Traditionally, the dispenser cathode would be machined using an infiltrant, usually
plastic or copper, which acts as a lubricant during machning and maintains an open-pore structure.
After machning, the infiltrant has to be completely removed from the tungsten matrix wihout
introduction of any contaminants. The infitration and subsequent removal process are time
consuming and a possible source of contamination. Our cathode fabrication process does not
require the use of any infiltrant materials; consequently, no contamination is introduced.

Fig. 3 SEM images of the machined elliptical scandate dispenser cathode made from 500-700 nm powder with
different magnifications.

Fig. 4 SEM images of the machined elliptical scandate dispenser cathode made from 1-2 um powder with different
magnifications.
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3. Cathode testing apparatus

A number of vehicles have been used for cathode testing. These include: cathode testing
UHYV cubes with a CSD configuration, modified UHV cubes with a real gun structure, and Pierce
CLTYV for cathode testing.

3.1 Cathode testing cubes with a CSD configuration

The cathode testing UHV cube systems with a CSD configuration are shown in Fig. 5. The
simplicity of design, comprised of a rectangular copper anode and heater assembly, provides ease
of fabrication. This assembly was designed and built to test the cathodes fabricated by using
different recipes. In order to compare the performance of different cathodes, all cathodes
including commercial ones were fabricated with the same size pellets (3.50 mm in diameter, 3.0
mm in thickness as the same as the heater cup inner dimension), and are tested under the same
conditions. The distance between the copper anode and the cathode in each CSD was fixed at 1.0
mm. Great care was taken to eliminate as many problems associated with CSD tests as possible
[27]. The cathodes was machined to fit very well with a titanium-zirconium-molybdenum (TZM)
heater cup that was surrounded by heater shield to prevent the heat radiation under high vacuum.
The cathode temperatures, in degrees centigrade brightness (°Cyr), were measured on the pellet
surface using a disappearing-filament optical pyrometer through the glass window. The CSD was
only designed for pulsed measurement. It is very convenient to install and remove the cathode
from each CSD. One can therefore quickly and efficiently obtain comparative cathode testing
results to select the correct fabrication procedures of cathode for high current density emission.

Fig. 5 (a) Cathode testing UHV cube systems with four cubes; (b) One cathode testing cube employing a CSD
configuration.

3.2 Modified cube in an actual gun configuration

Most of the reported emission properties have been obtained with CSD structures. However, it
has been found that the anode effect in diode structures impacts the cathode emission to some
extent, especially during life tests. In contrast, testing cathode performance in electron gun open
structures will minimize the influence from the anode. Furthermore, the testing results are useful
reference for application of cathodes in VEDs. This work is intended to design an electron gun
type assembly comprised of cathode, focus electrode, and anode/collector to test the high
emission current density cathodes synthesized in our group in an actual electron gun type
configuration. The simple geometry of this gun structure and anode design provides for ease in
fabrication and accommodates the electron beam gradually in the collector for better power
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dissipation and cooling channels design. An actual electron gun configuration was designed for
cathode pulsed test of 3.50 mm diameter scandate cathodes for a maximum current density of J ~
50 A/cm®. The modified cube system was designed and developed as shown in Fig. 6, which is
very similar to an actual gun configuration, but allowing for ease in cathode installation and
removal. The anode with an adjustable spacing is moved away from the cathode during activation
to minimize contamination by evaporation from the cathode. The system is under testing.

Fig. 6 (a) Modified UHV cube with real gun configuration; (b) schematic drawing of the inner structure of the
Modified cube including the collector, focus electrode, cathode and heater etc.

Fig. 7 (a) Electron gun model that includes cathode, focus electrode, and anode/collector; (b) Electron beam
trajectory being dissipated in the anode/collector; (c) Extracted current 5.073 4; (d) Electric field lines
contour plot showing a maximum field of ~ 185 kV/cm.

As the design was required to test cathodes operating up to ~ 50 A/cm?, further optimization of
the gun assembly was conducted for a gun voltage of 20 kV. The CST particle studio software
simulation model is shown in Fig. 7 (a) and the beam transmission is shown in Fig. 7 (b). For 20
kV gun voltage, a current emission of 5.073 4 (J ~ 52.73 A/cm?) is produced as shown in Fig. 7 (c)
with a gun perveance of 1.793 uP. The electric field contour plot is shown in Fig. 7 (d); this
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shows a maximum field of 185 kJV/cm, which is a reasonable number to prevent arcing and
electric breakdown in pulsed mode cathode testing.

3.3 CLTV with a Pierce gun construction

The CLTV with a Pierce gun construction was employed to test the cathode emission
properties and their life time at high current density and CW operation. The schematic drawing
and picture of the CLTV for both pulsed and CW testing are presented in Fig. 8 (a) and (b). The
CLTV employs metal-ceramic construction and is provided with a conventional linear-beam-tube
anode, a beam tunnel, and a collector. To measure temperature easily and accurately, a sapphire
viewport is configured in the electron gun testing vehicle. The temperature was monitored by an
optical pyrometer. It is designed to replicate the cathode operating conditions in VEDs.

Fig. 8 (a) (b) schematic picture and drawing of cathode life testing vehicle for both pulsed and CW testing.

4. Cathode testing results

The emission performances of Sc,0s-added tungsten dispenser cathodes have been tested in
both CSDs with pulse mode and CLTVs with a Pierce gun construction with CW mode.

4.1 Pulsed tests

In the CSD testing system shown in Fig. 5, the cathode with 3.5 mm 1D and 3.0 mm thickness
was assembled with a TZM heater. The anode-cathode distance was fixed at 1.0 mm. The cathode
temperature was measured by an optical pyrometer. The cathode was activated up to 1150°Cy, for
several hours. The system pressure was maintained at <10° Torr during cathode testing. A
high-voltage, 2 us duration pulse with a repetition rate of 20 Hz from a modulator was applied to
the cathode/heater assembly. Electron emission current was measured by an oscilloscope
observing the voltage through a current transformer.

Typical I-V plots at different temperatures are used to evaluate the emission capability. The
space-charge-limited (SCL) current densities were determined by Child-Langmuir (three halves
powder) law, from the 1.5 slope of the Logl-LogV plot. Figure 9 shows that the emission
characteristics of a cathode made by 500-700 nm Sc,Os-tungsten powder at different cathode
temperatures. The SLC current density at 915°Cy, is up to 38 A/cm? and up to 80 A/cm?® at
1050°Cyy. Actually, the upper current limit is due to the occurrence of arcing when the high
voltage is applied and not cathode emission capability. The grain size of the tungsten in the
cathode is 800-900 nm after being sintered at 1700°C. This cathode pellet is mechanically strong
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enough for machining. The concentration of Sc,O3 in the initial Sc,03-added tungsten powder is
3.65 wr%. From our experience, the Sc,0O3 concentration with 5.0 wz. % is optimum. For example,
space-charge-limited current densities of 40 A/cm® at 850°Cyr and 170 A/cm? at 1050°Cy, have
been obtained using a 300-nm Sc,03-added tungsten powder with 4.77 wt.% Sc,03 [10]. We will
test some cathodes with 5.0 wt.% Sc,03 concentration and made by using the larger particles
around 500-700 nm. These cathodes will be sintered at high temperature to form the porous
matrix that is mechanically strong enough to be final machined. These cathodes are expected to
have high current density and long-life time at low operation temperature. However, the Scandia
concentration has a significant effect on the morphology of the tungsten powder. The synthesis
conditions become more critical to obtain spherical shape of tungsten with high concentration of
Scandia.

Fig. 9 Emission characteristics of nanocomposite cathode made by using 500-700 »m powder at different cathode
temperatures.

4.2 CW Tests

In order to reduce the heat power to the collector because of the high current emission, the
CLTV is designed to have: 0.4 mm diameter emission, ~ 4 kV DC, 1.0 mm distance between
anode and cathode, 0.2091 P, and 42 A/cm® current emission into a water cooled collector. The
cathode matrix with 3.5mm diameter is covered by the focus electrode with a 0.4 mm diameter

Fig. 10 (a) Cathode life testing vehicle #1 under CW testing; (b) The life testing results of CLTV #1 at 1120°C and 5
kV.
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Tab. 1 The comparison of the simulation data and experimental results based on the gap between cathode emission
surface and focus electrode in the CLTV #1.

Design Simulation imitating Experimental
values experimental setup Results
Vb 4 kV 4 kV 4 kV
D 1.08 mm 1.08+0.1=1.18 mm 1.08+0.1=1.18 mm
Ib 52.89 mA 10.89 mA4 11.20 mA
P 0.2091 uP 0.043 uP 0.043 uP
J 42 A/em? 8.67 A/cm’ 8.92 A/cm®

hole in the center for the low capacity collector. Consequently the emission surface is 0.4 mm
diameter and the space from the cathode to the anode is about 1.0mm. In CLTV #1 shown in Fig.
10 (a), the emission current density was above 10 A/cm? in CW mode for more than 2000 /hours
shown in Fig. 10 (b). There is a gap of 100 microns between the cathode emission surface and
focus electrode in the CLTV #1. From CST simulation, we found that the perveance was
consequently smaller than design goal, and the emission current density is much lower than our
expected value. The experimental testing results are matched very well with the simulation data
shown in Tab. 1. The second CLTV gun with reduced FE gap (30 micron) was tested. The
electron emission is very sensitive to vacuum pressure. When the vacuum reached to 10° Torr,
the current emission finally rose to 47 4/cm® CW. Unfortunately, the test time at the high current
density was only ~50 Ars due to a vacuum leak. From our CST simulation, it is suggested that
with a cathode move of 100 microns toward anode, this new design will allow for up to 100
A/em* CW. The CLTV #3 gun with a cathode out of 70 microns (measured after assembly)
beyond focus electron is under testing. Preliminary results in CLTV #3 show collector current
density 104 A/cm® at 1040°Cy at 4 kV, and up to 56 A/cm® at 960°Cy. We plan to start
conditioning for 40 A/em®* CW which is the design value for the 220 GHz sheet beam
traveling-wave tube (SBTWT) amplifier.

5. Conclusions

Sol-gel processing combined with careful sintering leads to nano- and micro-structured and
composite Sc,03-added tungsten cathodes with uniform grain and pore size, appropriate spatial
and chemical distribution of Scandia and other active species and improved uniformity of
electron emission. These cathode pellets can be successfully machined with high precision by
nano CNC machining without altering or plugging the pores. The emission performance of
nanocomposite scandia-added tungsten dispenser cathodes, have been tested both in the UHV
cubes with a CSD configuration under pulse mode and in CLTV with a Pierce gun configuration
under CW mode. A space charge limited current density of 38 A/cm? at 915°Chy, and 80 A/cm® at
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1050°Cyy have been obtained by using 700 nm Sc,03-added (3.56 wr.%) tungsten powders. The
cathode was sintered by using 700 nm initial Sc,O3-W powders at 1700°C, so the cathode pellets
are mechanically strong enough for machining. In the CLTV with a Pierce gun configuration
under CW mode, 45 4/cm? dc current density was obtained. The CLTV #3 gun with a cathode out
of 70 microns beyond electron focus obtained collector pulse current density with 104 4/cm® at
1040°Cy, at 4 kV, and up to 56 A/cm? at 960°Cyyr. This CLTV will be under CW life testing with 40
A/em? current density.

Acknowledgement:

This work was supported by MURI04 (NanoPhysics of Electron Dynamics near Surfaces in
High Power Microwave Devices and Systems), the DARPA HiFIVE (High Frequency Integrated
Vacuum Electronics) program through a subcontract with Teledyne Scientific, Grant No.
G8U543366, and Chinese Contract No. 9410A23020209DZ22.

References

[1] S. Yin, Y. Wang, “A method for manufacturing tungsten sponge”, Chinese patent, application number:
200610086550.5, (2006).

[2] J. Bao and B. Wan, “The tungsten powder study of the dispenser cathode,” Appl. Surf. Sci. 252, 16, 5873-5896,
(2006).

[3] S. Wang, “Scandate cathode for TWT”, Appl. Surf. Sci., 251, 1-4, 114-119, (2005).

[4] Y.Sin, J. So, K. Jang, J. Won, A. Srivastava, and G.Park, “Evanescent Tunneling of an effective Surface Plasmon
Excited by Convection Electrons”, Phys. Rev. Lett., 99, 14, 147402-1-147402-4, (2007).

[5] J. Li, S. Yua, W. Shao, Q. Chen, and M. Zhu, “Investigation and application of impregnated scandate cathode”,
Appl. Surf. Sci., 215, 1-4, 49-53, (2003).

[6] Y. Wang, J. Wang, W. Liu, K. Zhang, and J. Li, “Development of high current density cathodes with
scandia-doped tungsten powders”, I[EEE Trans. Electron Devices, 54, 5, 1061-10704, (2007).

[7] J. Gibson, G. Haas, R. Thomas, “Investigation of scandate cathodes: emission, fabrication and activation process”,
IEEE Trans. Electron. Dev., 36, 209-214, (1989).

[8] U. van Slooten and P. A. Duine, “Scanning auger measurements of activated and sputter cleaned Re-coated
scandate cathodes”, Appl. Surf. Sci.,111, 24-29, (1997).

[9] W. Liu, Y. Wang, J. Wang, Y. C. Wang, and B. Vancil, “Emission Characteristics of Nanosized Scandia-Doped
Dispenser Cathodes”, IEEE Trans. Electron Devices, 58, 4, 1241-1246, (2011).

[10] J. Zhao, N. Li, J. Li, L. Barnett, M. Banducci, D. Gamzina, Z.A. Munir and N. C. Luhmann Jr., “High Current
Density and Long-Life Nanocomposite Scandate Dispenser Cathode Fabrication. Electron Devices”, IEEE
Trans. Electron Device, 58, 4, 1221-1228, (2011).

[11] G. Gartner, P. Geittner, H. Lydtin, and A. Ritz, “Emission properties of top-layer scandate cathodes prepared by
LAD”, Appl. Surf. Sci., 111, 11-17, (1997).

251



Terahertz Science and Technology, ISSN 1941-7411 \ol.4, No.4, December 2011

[12] M. Field, R. Borwick, V. Mehrotra, B. Brar, J. Zhao, Y. Shin, D. Gamzina, A. Spear, A. Baig, L. Barnett, N. C.
Luhmann Jr, T. Kimura, J. Atkinson, T. Grant, Y. Goren, and D. Pershing, “220 GHz 50 W Sheet Beam
Travelling Wave Tube Amplifier ”, IEEE International Vacuum Electronics Conference, 21-22, (2010).

[13] U. van Slooten and P. Duine, “Scanning Auger measurements of activated and sputter cleaned Re-coated
scandate cathodes”, Appl. Surf. Sci., 111, 24-29, (1997).

[14] S. Sasaki, T. Yaguchi, Y. Nonaka, S. Tagucchi, and M. Shibata, “Surface coating influence on scandate cathode
performance”, Appl. Surf. Sci., 195, 1-4, 214-221, (2002).

[15] E. Uda, O. Nakamura, S. Matsumoto, and T. Higuchi, “Emission and life characteristics of thin film top-layer
scandate cathode and diffusion of Sc O and W”, Appl. Surf. Sci., 146, 1-4, 31-38, (1999).

[16] P.M. Zagwijn, J.W.M. Frenken, U. van Slooten, and P.A. Duine, “A model system for scandate cathodes”, App!.
Surf. Sci., 111, 35-41, (1997).

[17] J. Hasker, and C. Crombeen, “Scandium Supply after lon Bombardment on Scandate Cathodes”, IEEE Trans.
Electron. Devices, 37, 12, 2589-2594, (1990).

[18] R.S. Raju, and C.E. Maloney, “Characterization of an Impregnated Scandate Cathode Using a Semiconductor
Model”, IEEE Trans. Electron. Devices, 41, 12, 2460-2467, (1994).

[19] W. Liu, K. Zhang, Y. Wang, K. Pan, X. Gu, J. Wang, J. Li, and M. Zhou, “Operating model for scandia doped
matrix scandate cathodes”, Appl. Surf. Sci., 251, 1-4, 80-88, (2005).

[20] J. Zhao, N. Li, J. Li, L. Barnett, M. Banducci, D. Gamzina, Z.A. Munir and N. C. Luhmann Jr., “Scandate
dispenser cathode for 220 GHz 50 W sheet beam travelling wave tube amplifier”, /[EEE International Vacuum
Electronics Conference, 41-42, (2011).

[21] I. P. Melinkova, V. G. Vorozheikin, and D. A. Usavov, “Correlation of emission capability and longevity of
dispenser cathodes with characteristics of tungsten powders”, Appl. Surf. Sci., 215, 1-4, 59-64, (2003).

[22] S. Chen, D. Head, M. Effgen, and I.S. Jawahir, “An Investigation of Sustained Machining Performance for
Controlled Surface Quality Requirements in Porous Tungsten”, IEEE Trans. Electron. Devices, 52, 5, 903-908,
(2005).

[23] “EIA-941: Engineering specification for dispenser cathodes”, Electronic Components, Assemblies, & Materials
Association, (2002).

[24] J.O. Tarter, M. Effgen, F. Pusavec, and 1.S. Jawahir, “Cryogenic Machining of Porous Tungsten for Dispenser
Cathode Applications”, IEEE International Vacuum Electronics Conference, 293-294, (2008).

[25] Y. Shin, J. Zhao, L. Barnett, and N. Luhmann Jr., “Investigation of terahertz sheet beam traveling wave tube
amplifier with nanocomposite cathode”, Physics of Plasma, 17, 12, 123405, (2010).

[26] D. Gamzinal, R. Barchfeld, L. Barnett, N. Luhmann Jr. and Y. Shin, “Nano CNC Milling Technology for
Terahertz Vacuum Electronic Devices”, IEEE International Vacuum Electronics Conference, 345-346, (2011).

[27] R. T. Longo, “Physics of thermionic dispenser cathode aging”, J. Appl. Phys., 94, 10, 6966-6975, (2003).

252


http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=5746865
http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=5746865

