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Abstract: Sc2O3 doped tungsten matrix dispenser cathode prepared by liquid-liquid doping method exhibits high 
emission property, i.e., space charge limited current density reaches 48 A/cm2 at 850 oCb together with the slope 
of 1.44 has been obtained. Scanning electron microscope observation shows that the matrix has sub-micrometer 
microstructure, which is favorable for the diffusion of active substance from the inner part of cathode to the 
cathode surface. A multi-layer of active substance of Ba, Sc, O formed on the surface of the cathode leads to its 
conspicuous emission performance. Based on this kind of cathode, rectangular electron beam of 100 μm × 600 
μm and square beam of 600 μm × 600 μm have been obtained. A uniformly distributed space charge limited 
current density of more than 50 A/cm2 can be drawn out from the emitting area at 950 oCb and keeps stable for at 
least several hundred hours. 
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1. Introduction 

Terahertz (THz) has been aroused more and more attentions around the whole world due to 
the numerous present and future applications in the fields such as time-domain spectroscopy, 
biomedical, security, imaginings, and ultrahigh speed electronics. Among all the methods for 
producing Terahertz radiation, vacuum electronics is considered as one of the most promising 
way due to their compact structure, relative higher output power of the terahertz vacuum 
electron devices. THz vacuum electron devices place intense demands on cathode current 
density capability because it is necessary to reduce the cathode area to minimize convergence 
when generating the required sheet electron beams, which have the current densities of 
50-100 A/cm2, high transverse aspect ratios, and dimensions of a few hundreds micrometers. 
Current widely-used Ba-W or M type cathodes have difficulties in meeting these requirements 
as they normally are limited to a current density of 10-20 A/cm2 at an operating temperature 
low enough to give acceptable life. It was found that impregnated scandate cathode, in which 
scandia was added to the barium calcium aluminates impregnants, has exhibited much higher 
emission property than Barium-tungsten cathode, is considered as the next generation high 
emission cathodes. 

The research on scandate cathodes have sustained a continuous advance since the end of 
1970s[1-8]. A common problem referring to emission non-uniformity exists in all kinds of 
scandate cathodes. The non-uniform emission could mainly be attributed to the uneven 
distribution of scandia or scandium which played an important role in the improvement of 
cathode emission. Our work on the improvement on the performance of scandate cathodes 
started in 1999 and still continue today[9-12]. The research is aimed at the development of a 
scandate cathode with a scandia mixed tungsten matrix having sub-micron structure since it is 

mailto:wangjsh@bjpu.edu.cn
http://www.tstnetwork.org/10.11906/TST.050-058.2011.06.07


Terahertz Science and Technology,  ISSN 1941-7411                                       Vol.4, No.2, June 2011 

51 

believed that such structure is favorable for the diffusion of active substance to the surface to 
obtain the high emission property. The microstructure and emission property of the cathode 
will be introduced.  

High current shaped beam electron source has attracted great attention for its possible 
application in THz vacuum electron devices like Backward Wave Oscillator [13] and other 
devices, since direct generation of sheet beam from cathode has the advantage of simplifying 
the focus system so as to compact the devices. Generation of shaped beam from scandate 
cathode with a scandia mixed tungsten matrix also has been investigated in this work. 

 

2. Experimental Methods 

The fabrication process and characteristics of scandia doped matrix scandate cathode have 
been described in previous work[9,10]. In brief, high mixing quality of Sc2O3 doped W 
matrices (Sc–W matrices for short in this paper) was obtained by using Sc2O3 doped W 
powders produced by liquid–liquid doping (Sol–gel) technique[10] and carefully controlled 
pressing and sintering procedures. The 4BaO.1Al2O3.1CaO was impregnated into Sc–W 
matrices with porosities of about 26–28%. After impregnation, the residue on the surfaces of 
cathodes was removed by ultrasonic water cleaning instead of mechanical polishing. 

Emission properties of the cathodes were tested in close-spaced diode configuration in 
either an Ultra High Vacuum system with a Mo-anode or in sealed testing tubes with a 
water-cooled copper anode by a computer-controlled automatic emission-testing apparatus. 

 

3. Results and Discussion 

3.1 Emission Property 

The cathode was activated at 1150 °Cb for about 3h before measurement. Fig. 1 shows typical 
I-V plots together with related slopes at temperatures from 750 °Cb to 900°Cb with a pulse width 
of 5 µs and a 100 Hz repetition frequency. During the measurement, 3 mm diameter cathodes 
were mounted into Mo sleeves and set in front of a degassed Mo anode with an adjustable spacing. 
The anode was moved away from cathode during activation to lower the contamination by 
evaporants from the cathode and was normally kept at a distance of 0.5mm from the cathode 
during emission testing to minimize the effect of edge emission, which is usual in cathode 
research. It could be seen from Fig.1, the electron emission current density of this cathode could 
get to 48.8 A/cm2 at 850oC with the slope of 1.44 which could be used to demonstrate the 
emission uniformity of the cathode. The more close to the ideal slope of 1.5, the more uniform 
the emission current density. No obvious current degradation was observed on the I-V curves 
as the duty cycle varied from 0.1% to 2.5% with pulse widths from 10 to 250µs. By 
extrapolating zero field current density under different temperatures according to Richardson 
equation shown in equation (1), the parameters of the Richardson equation of this 
impregnated cathode were calculated. 
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Where, Jo was zero field current density and T was the temperature. The low work function 
Φ0 was as low as 1.14 eV, with Richardson constant A of 6-7Acm-2K-2, indicating that this 
kind of cathode had good emission property. The emission capability is at the same level as that 
of laser ablation deposition scandate cathode, if the so-called 10% method is applied for 
emission evaluation [4]. 

 

 

 

 

 

 

 

 

Fig.1 Emission capability of Sc2O3 doped W matrix cathode. 

In order to find out the emission stability of this cathode, a life test was carried out with a 
continuously pulsed loading of 70 A/ cm2 at 950°Cb.  After the cathode had operated for 526 
hours under the above conditions, the current density kept almost stable, as shown in Fig.2. 
R.E.Thomas et al reported that as for ordinary Ba-W cathode, it could operate 50h under the 
condition of 45A/cm2 at 1373oC[14]. Therefore, Sc2O3-W matrix impregnated cathode could 
provide the lifetime about 10 times longer with a continuously pulsed loading of current density 
about 1/3 times higher at a temperature about 300-400°C lower than Ba-W cathode. 

These results demonstrated that this kind of cathode was able to provide the highest current 
density together with proved emission uniformity and good reproducibility compared with 
currently used impregnated scandate cathodes.  

 

Fig. 2 Life curve of 70A/cm2 loading at 950oC. 
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In order to get the understanding of the surface layer of active substance of Ba, Sc, O and 
the role of the surface layer in the emission, depth profiles of Ba, Sc, O on W grains of a fully 
activated cathode and that after life test, were obtained using a PHI 700 Auger microprobe 
with an electron beam of 10 kV, and ion beam of 500-1000 eV rastered over an area of 3mm 
×3mm. The atomic concentrations of the elements were calculated by the following equation 
(2). 
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Where, Ii is the peak to peak height of the element, and Si is sensitivity factor of the relative 
element. Fig.3 illustrates the depth profiles taken from the Sc2O3-W matrix cathode (a) and 
the cathode after 526h life test (b). It was clear that Ba, Sc and O covered the W substrate in 
thickness of about 80 nm, with Ba:Sc:O concentration ratios of about 2.0:1:2.7 at the 
outermost surface, as shown in Fig.3a. After life test, the thickness of the surface layer 
decreased to about 20 nm and the content of Sc decreased with the change of Ba:Sc:O 
concentration ratios at the outermost surface to 2.6:1:4.2. It was reported that the thickness of 
the monolayer of the M-type cathode was about 10 nm[14], therefore, a Ba-Sc-O multilayer 
having certain ratios of Ba:Sc:O was formed at the surface of Sc2O3-W matrix cathode after 
activation, which was considered to be responsible for copious emission capability. Both the 
decrease of the thickness of active surface layer and the decrease of the content of Sc could 
lead to the degradation of current density.  

 

Fig. 3 Depth profiles of elements on the surface of Sc2O3-W fully activated cathode (a) and depth profiles of 
elements on surface of the cathode after life test (b). 

Fig. 4 shows the surface microstructure and fracture microstructure together with related 
EDAX of Sc2O3-W matrix cathode after water cleaning. It could be seen that the cathode 
composed of sub-micron quasi-spherical tungsten grains and lots of pores. These pores were 
formed during the sintering process. In the initial period of sintering, new linking areas 
(sintering neck) among particles were formed. These sintering necks grew with time and 
blocked the grooves among the linking pores, so the individual pores were formed. As for the 
impregnated cathode, a certain amount of pores is indispensable for the matrix to meet the 
requirement of Ba,Ca aluminate impregnating. Furthermore, these pores could provide 

 1 1 
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corridors for the active substances to diffuse from the inner part to the surface during cathode 
activation and operation periods. Figs.4b and d display that the impregnants composed of 
elements of Ba, Sc, O, Ca existed in the pores. Spherical tungsten grains had low surface energy, 
so the growth of tungsten grain could be hampered to a certain extent during activation and 
operation periods, and thus the sub-micrometer microstructure could be kept. Therefore, 
sub-micrometer microstructure of matrices with quasi-spherical tungsten grain shape played a 
dominate role in emission capability improvement of such cathodes.  

 

(a)                               (b) 

 

(b)                             (d) 

Fig. 4 Microstructure of Sc2O3 doped W matrix cathode. (a) Surface morphology, (b) EDAX result of (a), (c) 
Fracture morphology, (d) EDAX result of (c). 

 

3.2 Shaped Beam Generation 

For the micro-fabricated Terahertz (THz) vacuum electron devices, a high current density 
sheet beam source is a crucial component among the challenging technologies that must be 
mastered to enable the realization. Sheet beams can be obtained from normal cylindrical 
cathodes by means of specially designed compression systems. However, direct generation of 
sheet beams from cathodes, which are capable of providing sufficiently high current densities, 
has the advantages of simplifying the focus optics which makes the devices more compact 
and facilitates the formation of high-quality, high aspect–ratio electron beams. Direct 
generation of sheet beams from these cathodes thus becomes the most promising approach to 
meet the requirements for advanced vacuum electron devices like THz sources. The shaped 
electron beam like rectangular or square beams in dimension of several hundreds of 
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micrometers had been developed based on Sc2O3-W matrix cathode. The cathode had an 
electron emitting area in a special shape, which was surrounded by non-emitting surface, so 
that it could provide a shaped electron beam. Fig. 5a shows the outline of rectangular electron 
beam. It showed that the emission area had rectangular shape with the size of 200 μm×800 μm, 
which was consistent with our original design. It also showed that the emission current 
density distributed uniformly in the center but much lower than that in the edge, in other 
words, edge emission was very strong, as shown in Fig. 5b. CAD simulation had been applied 
for the simulation of the distribution of electronic field and electron movement orbits to find 
out the reason for the edge emission. Fig. 6 shows the simulation results of electronic field 
caused by the space charge distribution during the electron emission by using EBS5.0 
simulation software. The simulation result shown in Fig. 6b was consistent with the 
measurement result illustrated in Fig. 5b. The electron fields accumulated at the edge of shape 
beam when the non-emitting layer thickness was large, leading to the higher emission current 
at the edge. Therefore, decreasing the thickness of the non-emission layer or changing the 
beam shape might improve the distortion of edge electron field.   

 

 

 

 

 

                    (a)                              (b) 

Fig.5 (a) Rectangular electron beam with the size of 200 μm×800 μm and (b) distribution of emission current 
density. 

 

 

 

 

 

(a)                                (b) 

Fig. 6 Simulation results for the shaped beam shown in Fig.5. (a) Electron field, (b) Section of electron beam. 

Fig. 7 shows the micrograph of emission area and electron emission current density of 
rectangular beam of 600 μm×100 μm with the space charge limited current density of over 60 
A/cm2. The local current densities from areas of 5μm in diameter had been measured and used 
to evaluate the beam current density. By covering the cathode with a antiemission mask 
possessing special shape, a proper thickness and proper angel (Fig.7a), the desired high 
current density electron beam had been obtained. As shown in Fig.7b, the electron beam 
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exhibited a regular rectangular shape of 600 μm×100 μm with a distinct boundary between the 
emission area and non-emission area. Life test was performed for the sheet beam at a cathode 
operating temperature of around 950oC with continuous pulsed loading of above 50 A/cm2. 
Fig.8 illustrates the cross section of shaped beam measured at 70 h and 500 h during the life 
test. As shown in Fig.8, the sheet beam had regular shape of 600 μm×100 μm and no emission 
was found in the surrounding area after operating for 70 h (Fig.8a) and kept stable even after 
operating for 500 h (Fig.8b), indicating that the antiemission mask could hamper the emission 
from the cathode and no electrons were emitted from the surface of antiemission mask, since 
we worried that active substance like barium and oxygen might diffuse through the 
anti-emission mask onto the surface of this mask so as to cause unexpected emission from the 
surrounding areas during cathode operation.  In addition,  the current density of the electron 
beam was checked at intervals and the results are illustrated in Fig.9. It is clear to see that 
both beam shape and current density remained stable for more than 500 h. The local current 
densities from areas of 5μm in diameter had been measured and used to evaluate the beam 
current density. I-V curves drawn from different spots of the emission area indicate that over 
the entire cross section of the beam, the cathode operated in the space charge limited region 
during the life test. 

 

 

 

 

 

 

(a)                                      (b) 

Fig. 7 Picture of the cathode with an emission area of 600 μm×100 μm (a) and distribution of emission current 
density of the cathode(b). 

 

(a)                         (b)  

Fig. 8 Variation of beam shape measured at operating for 70 h (a) and 500 h (b). 
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Fig.9 Measured beam profile from a cathode during operation period at 950oCb. 

 

4. Conclusions 

1) Scandia doped porous tungsten matrix cathode with a sub-micron matrix composed of 
quasi-spherical W particles and uniform distribution of active substance of Ba, Sc and O had 
been prepared by liquid-liquid doping method.  

2) Scandia doped tungsten matrix cathode had excellent emission property. Jdiv of 48 A/cm2 
at 850℃b with the slope of 1.44 was obtained.  

3) The lifetime performance of the cathode shows that the cathode could provide stable 
emission with a continuously pulsed loading of 70 A/ cm2 at 950°Cb. 

4) Shaped electron beams like rectangular beams in dimension of several hundreds of 
micrometers had been developed based on this kind of cathode. The beam kept stable for 
more than 500 h with continuous pulsed loading of above 50A/cm2.  
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