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Abstract: To control the electron beam emitted from the carbon nanotube (CNT) cathode, four different electron

chunnels are designed. A common basic structure used in the simulation is an insulating chunnel. When primary

electrons hit the surface of the chunnel, secondary electrons are generated, which make the electron distribution

at the exit hole of the chunnel more uniform. By analyzing and comparing the state of electrons emitted from the

exit of chunnel among the four structures, an optimal structure is obtained. In the optimized structure, the

electron distribution at the exit hole of the chunnel is more uniform and the electron beam is rather slim.

Furthermore, by adding a magnetic field along the slow wave line, the electron beam can be constrained. In the

optimized structure, a very small magnetic field is needed to make most of electrons pass through the slow wave

line.
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Normally, the field emission array (FEA) and the
carbon nanotube are studied to be applied in micro-

U221 For the FEA cathode, there are several

wave tube
important problems that have not been solved, such as
sensitivity to ion bombardment, destruction by the large
current etc. Carbon nanotube is an ideal field emission
material because of its high electrical conductivity,
ideal high aspect ratio and remarkable thermal stabili-
gy
can generate high emission current'®. Therefore, the

. After several years’ development, a CNT cathode

cold cathode has potential to be applied in the micro-
wave amplifier as the electron source'"”'.

However, the initial status of the electrons emitted
of a CNT cathode is quite different from that of a
thermionic cathode. Because of the large transverse ve-
locity of electrons emitted from the CNT cathode, it is
difficult to control the electron beam by using ordinary
electron lens. In this paper, we use an inverted funnel-

o
71 The chunnel’s

shaped chunnel as a basic structure
wall is dielectric, and secondary electrons are generated
when electrons hit the chunnel’s wall. On the basis of
the funnel-shaped chunnel structure, we developed four
different structures. The velocity and position distribu-
tion of electrons traveling through the chunnel is ana-
lyzed. From the simulation results, an optimal and ap-

plicable structure is obtained.
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1 Four Simulation Models for Electron
Beam Controlling

In our simulation models, a basic structure is an
insulating chunnel. The inner wall of the chunnel is
coated with MgO, being a material with a high second-
ary emission coefficient. When primary electrons hit
the surface of the chunnel, secondary electrons are gen-
erated, which makes the electron distribution at the exit
hole of the chunnel more uniform.

In this section, four different models are simula-
ted. In each of the four models, first the electrical field
is calculated, then electrons emit from the cathode and
hit the dielectric wall, secondary electrons generate and
travel through the chunnel under the influence of the
electrical field.

1.1 Model A

Fig. 1 shows the structure of Model A. It consists
of a cathode, a grid, an insulating chunnel and an
accelerating electrode. In our study, the inner wall of
the chunnel is coated with MgO. The voltages added on
the cathode, the grid and the accelerating electrode are
0,200 and 2 000 V, respectively. The primary electrons
emit from the cathode with emitting angles which satis-
fy the cosine distribution.

Fig.2 shows the electron equi-potential lines and
trajectories in an almost steady state for the simulation
of Model A. From Fig.2 (b), we can see that some pri-
mary electrons go through the chunnel without hitting
the wall of the chunnel. Others hit the chunnel’s wall
and produce secondary electrons.
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Fig.2 Plot of equi-potential lines and electron trajectories
in Model A. (a) Equi-potential lines; (b) Electron trajectories

1.2 Model B

The structure of Model B is shown in Fig. 3. The
difference between Model A and Model B is that in
Model B there is a filler-shaped part. The inner wall of
this part is coated with metal. The voltages added on the
cathode, the grid, the metal part and the accelerating
electrode are 0,200, 1 500 and 2 000 V, respectively.

Fig. 4 shows the electron equi-potential lines and
trajectories in an almost steady state for the simulation
of Model B. From Fig. 4 (a), we can see that along
the filler-shaped part, the equi-potential lines are down
bended. When electrons travel to this part, there will
be an additional axial force. This force will lower the
transverse velocity of the electrons.

0.68 |
<—>i __+» Equi-potential electrode
S | ‘i
NINNNER
" i > Metal
m' |
Y 0.2

-9 Insulating material

| » Grid

i Cathode
Fig.3 Structure of Model B (unit: mm)
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Fig.4 Plot of equi-potential lines and electron trajectories

in Model B. (a) Equi-potential lines; (b) Electron trajectories

1.3 Model C

Based on Model B, we add another focusing met-
al electrode in Model C as shown in Fig. 5. The volta-
ges added on the cathode, the grid, the lower metal
part, the upper metal part and the accelerating
electrode are 0, 200, 1 500, 2 000 and 3 000 V, respec-
tively.

Fig. 6 shows the electron equi-potential lines and
trajectories in an almost steady state for the simulation
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Fig. 6 Plot of equi-potential lines and electron trajectories

in Model C. (a)Equi-potential lines; (b) Electron trajectories
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of Model C. From Fig.6 (b), we can see that the
shape of the electron beam is improved. But in this
model, there are two more electrodes than in Model
A, and it is difficult to realize in technique.

1.4 Model D

By comparing and analyzing the simulation results
of Models A, B and C, we propose the structure of
Model D (see Fig.7). In this structure, besides the fun-
nel-shaped chunnel, there is a column-shaped chunnel.
The inner wall of the column-shaped chunnel is coated
with insulating material (MgO in our study). The volt-
ages added on the cathode, the grid and the accelera-
ting electrode are 0,200 and 2 000 V, respectively.

In the calculation of Model D, G =0. 1 mm, L, =
2.2 mm, L, =4. 0 mm, and R, =1. 0 mm. The value of
R, is inconstant. We calculated four situations with
different R,(R, =0. 05,0. 10, 0. 15, 0.20 mm).

Fig. 8 shows the electron equi-potential lines and
trajectories in an almost steady state for the simulation
of Model D. From Fig. 8 (b), we can see that the
electrons travel along the column-shaped chunnel and
the diameter of the electron beam is rather small.
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Fig.7 Structure of Model D

Fig.8 Plot of equi-potential lines and electron trajectories
in Model D. (a) Equi-potential lines; (b) Electron trajectories

2 Comparing the Proportion of Electrons
Passing through Slow Wave Line

2.1 Using magnetic field to control electron beam
Electrons traveling through the chunnel have
transverse velocity; it is necessary to apply a magnetic
field to electrons traveling through the slow wave line
as shown in Fig. 9. We suppose that the magnetic field
is even, and the direction of the magnetic field is par-
allel with the slow wave line. The magnetic force of

the electron is
F=qvxB (1)

Magnet

Slow wave line
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Fig.9 Structure of magnet and slow wave tube

The magnetic field only changes the direction
that the electrons travel, not the energy of electrons.
So electrons travel along a circular track in the plane
that is vertical to the axis. The velocity of electrons v
can be set to v, and v,. v, is the velocity parallel with
the axis, and v, is the velocity vertical to the axis. B =
B.. So

2

vr
F=qv,xB =m— (2)
R="2 3
= 4B. (3)

From Eq. (3), the radius of electrons circumgyration
is influenced by v, and B..
2.2 Comparison of simulation results

Besides the fact that the radius of electrons cir-
cumgyrate will influence the radius of the electron
beam that travels along the slow wave line, the distri-
bution of the electrons that leave the exit of the chun-
nel is also an important factor. Fig. 10 gives the plot
of the ratio of average transverse velocity and axial
velocity V,/V,_ and the number of electrons in each
mesh in Models A, B and C.

In Fig. 10(a), the maximum radius of electron
distribution when they leave the exit of the chunnel is
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Fig. 10 Plot of V,/V, and the number of electrons in each
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mesh. (a) Model A; (b) Model B; (¢) Model C

about 0. 15 mm, but most electrons are at the edge of
the region, and the transverse velocity is large.

In Fig. 10(b), the maximum radius of electron
distribution when they leave the exit of the chunnel is
about 1. 3 mm, it is greater than that of Model A. Be-
cause of the focusing metal part in Model B, the trans-
verse velocity is smaller than that of Model A.

In Fig. 10(c), the maximum radius of electron
distribution when they leave the exit of the chunnel is
about 0. 35 mm. And the transverse velocity is smaller
than that of Model B. But in Model C, there are two
more electrodes than in Model A, and it is a more
complex structure.

In our calculation, when the electrons travel
along the slow wave line, if the the radius of electrons
circumgyration is larger than the radius of the slow
wave line, we assume that this electron disappears. So
we calculate the proportion of electrons that pass
through the slow wave line in different magnetic field
intensities among Models A, B and C, as shown in
Fig. 11. The length of slow wave line in our calcula-
tion is 1.2 m. The magnetic field intensity changes
from 0. 08 to 0. 50 T. In Model A, when the magnetic
field intensity is large enough, almost all of the elec-
trons can pass through the slow wave line; while in
Models B and C, the proportion of electrons that pass

through the slow wave line is rather low. From Fig.
11, it implies that between the two parameters: the
transverse velocity of electrons and the position distri-
bution of electrons, the latter one is more important to
control the trajectory of the electrons.
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Fig.11 Comparison of the proportion of electrons pass-

ing through slow wave line in different magnetic field in-
tensities
In Model D, electrons that leave the exit of the

chunnel distribute in a small region. If the magnetic
field intensity is set to be 0. 08 T, the relationship be-
tween the proportion of electrons that pass through the
slow wave line and the parameter R, is shown in Tab.
1. From Tab. 1, the smaller the parameter R,, the high-
er proportion of electrons that pass throught the slow
wave line. When R, =0. 05 mm, the proportion is high
enough although the magnetic field intensity is not
very high.

Tab.1 Relationship between the proportion of electrons

passing throught slow wave line and R,

Magnetic field Proportion of electrons passing

. . R,/mm .
intensity B/T throught slow wave line/ %
0.08 0.20 71.5
0.08 0.15 87.6
0.08 0.10 95.1
0.08 0.05 96.7

3 Conclusion

As a kind of excellent cold cathode material, car-
bon nanotubes have the potential to be applied in the
microwave tube system. To use CNTs as electron
source, corresponding structures must be developed to
control the electron beam. In this paper, four different
models are simulated. Model A is an inverted funnel-
shaped chunnel; in Model B, a focusing electron lens
is added; Model C has two focusing electron lenses.
We analyze the transverse velocity of electrons and
the position distribution of electrons that leave the exit
of the chunnel. We also calculate the proportion of e-
lectrons that pass through the slow wave line. By ana-
lyzing and comparing the simulation results, we find
that between the two parameters ( the transverse veloc-
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ity of electrons and the position distribution of elec-
trons), the latter one is more important to the beam
performance. So in Model D, one more cylinder-
shaped chunnel is introduced to control the trajectory
of the electrons within a small region. From the calcu-
lation results, Model D is an optimal structure. It re-
quires a very small magnetic field for beam focusing
and the proportion of electrons that pass through the
slow wave line is very high. Model D is expected to
be applied in practice.
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