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This paper studies the properties of a kind of portable ultra-bright microfocus x-ray source with the Monte-Carlo

method in detail. The new x-ray source consists of an electron-emission system, an electrostatic focusing system and

a metal target. A crystal Lanthanum Hexaboride cathode, a Wehnelt grid and an extracted electrode compose the

triode electrode electron-gun system. Two equal radius cylinder electrodes form the focusing system. The key factors

determining the focus properties of the electron beam such as the ratio Dw/H, grid bias Vg, and the properties of

the extracted electrode are numerically studied. The calculated results reveal that when Dy /H, Vg, the length of the

extracted electrode, and the distance between the grid and the extracted electrode equals 5, —0.6 kV, 10 mm, and 8 mm

respectively, the electron beam focal spot can be concentrated down to 9 um in radius and a reasonable focal length

about 72.5 mm can be achieved, at the same time, the cathode emission currents can be as high as 30 mA.
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1. Introduction

A microfocus x-ray source with high-brightness is
the primary component for modern x-ray optics such
as x-ray microscopy, x-ray CT, x-ray phase contrast
imaging and micro x-ray absorption spectroscopy. ~*
These microfocus x-ray sources enable researchers to
achieve high spatial resolution and high magnification
in the studies of biology, biomedicine, material sci-
ence, and life science. In the last two decades, mi-
crofocus x-ray sources have been greatly developed in
the types of operating instruments as well as their

capabilities.[>—8]

However, potential applications of
most current high brightness microfocus x-ray sources,
e.g., the synchrotron light source and the laser plasma
x-ray source, are restricted to research laboratories be-
cause of their large size, high costliness and complex

working conditions.[9~11

X-ray photons can be radiated by a beam of high-
energy electrons bombarding upon a metallic target
(anodes). Further, x-ray photons radiating with a mi-
croscale focus can become true by a beam of high en-
ergy electrons with a microscale focal spot. This is one

of the most effective and simplest methods which has
been widely adopted in the manufacture of microfo-
cus x-ray sources and has made fruitful achievement.
However, most current commercial portable microfo-
cus x-ray sources are unable to achieve hard x-ray
emission with high luminance simultaneously.['>13] In
order to reduce the focal spot and meanwhile in-
crease the intensity of electron beam, scientists have
exploited some new approaches to improve the fo-
cus of the x-ray and utilize new materials as emis-

sion cathodes.!14:19]

Researchers have displaced ther-
mal electron emission with electric field emission in
conventional x-ray tubes, and employed carbon nan-
otubes as emitting cathodes in these high-field emit-
ting x-ray tubes. Reference [16] reported that Beg
and his colleagues added a focusing electrode behind
the grid in a traditional x-ray tube to obtain small
focus.['8] Previously, we have also theoretically and ex-
perimentally studied a kind of microfocus x-ray source
which radiated hard x-ray photons with a focal spot
size about 10 pm,['718] the smaller emission current
(~50 pA) of the prototype source was regrettably im-
perfect.
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In order to carry out more emission of x-ray pho-
tons, high intensity electrons are necessary. Thus, the
key issues of an ultra-bright microfocus x-ray source
are following: the first is to employ an excellent elec-
tron emitting source that produces enough electrons,
and the second is to have a powerful focusing system
to concentrate electrons down to a microscale spot.
For integrating a unitive x-ray source, it is another
compulsory subject to match the two parts mentioned
above and other components precisely. Here, we will
introduce and study properties of the portable ultra-
bright microfocus x-ray source which we designed with
the Monte-Carlo method.

2. Structure of the microfocus x-

ray tube

The designed portable x-ray tube is composed
of three parts, an electron-beam emission system, an
electrostatic focusing system and a metal target. The
emission system is a triode electrode gun which con-
sists of a cathode, a Wehnelt grid and an extracted
electrode. The focusing system consists of two equal
radius cylindrical electrodes. Figure 1 is the schematic
drawing of the microfocus x-ray source.
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Fig.1. Sketch diagram of the microfocus x-ray
tube.

There are many advantages to our microfocus x-
ray source. On one hand, the triode electrode emission
system includes a Wehnelt grid and an extracted elec-
trode, the voltage of the extracted electrode can be as
high as 100 keV, so there is a higher electric field in
the electron gun system with which the space charge
effects at the cathode tip can be overcome and thus
the high brightness cathode can be maintained; and
more, the electron currents emitted from the cathode
can be controlled easily by adjusting the small value

of the grid bias. On the other hand, two equal radius
cylindrical electrodes as the focusing system will not
only ensure the x-ray photons radiate with a micro
scale focal spot but also benefit the whole x-ray tube
portability.

A Lanthanum Hexaboride crystal (LaBg, Kimball
Physics Inc.) was chosen as the cathode in our x-ray
source, mainly because it has high beam currents and
thousands of hours (~5000 h) of stable operation. The
emission area of the LaBg crystal surface is the first
factor to be considered in the study. However, it is
conflictive. The emission area of the LaBg crystal is
fundamental for the cathode emission currents. There
is a higher emission current with a bigger emission
area. In contrast, the size of the cathode emitting area
influences the properties of the electron beam focus,
with a bigger emission area, it is difficult to achieve a
smaller focal spot. Taking into account the case of our
project, the emission currents must approach 30 mA,
so we chose a reasonable LaBg crystal cathode with
emission area as big as 330 yum in diameter.

Besides the area of cathode surface, there are
other factors, such as LaBg cathode temperature, the
ratio Dy, /H (the ratio of the Wehnelt grid aperture di-
ameter Dy, to the cathode setting height H, the height
H is defined as the distance between the cathode emit-
ting surface and the outer surface of the Wehnelt aper-
ture) and grid bias Vj, which determine the amount
of the electrons bombarding upon the anodic target,
and thus influence the intensity of x-ray photons. In
addition, the properties of the electrostatic focusing
system, such as the voltage and spatial position and
geometric configuration of every electrode, influence
the properties of the focus strongly. The functions of
these factors will be discussed in the next section.

3. Numerical calculation and dis-

cussion

The Monte-Carlo method was used to track the
trajectories of electrons within the whole x-ray tube,
and the numerical finite element method (FEM) was
utilized to calculate the distribution of electrical-field
intensity and potential of every point. In the calcu-
lation, we made several reasonable approximations.
Firstly, electron emission occurs only from the top
facet of the LaBg crystal facing the anode side, and
the emission exhibits a uniform distribution from the
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area of the truncation. Secondly, the LaBg cathode
tip was centred in the Wehnelt grid accurately, and
the other components have a stringent alignment, so
the tube maintains a coaxial symmetric system.

We developed software written with the MAT-
LAB language, tracing an amount of 10* electrons
emitting in the tube, then the distribution of elec-
trons on the anode surface was statistically studied.
We have successfully used this software in our previ-
ous work where we designed and fabricated a proto-
type of the microfocus x-ray source. The experimen-
tal results of the electron beam focus were very much
in accord with the calculated data.['”'8] The electron
optical system of the x-ray tube is of perfect coaxial
symmetry. Equations used in the three-dimensional

reference coordinates are
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where E, (E;, E,) and E, stand for the radial and
axial field intensity, respectively.

We calculated the trajectory of every electron
emitted from the top surface of the LaBg crystal cath-
ode and then statistically analysed the electron local

Focal radius R/ pm

4.0 4.5 5.0 5.5 6.0
Ratio Dw/H

position bombarded on the anode. The results of elec-
tron trajectories within the x-ray tube revealed that
electrons are launched from the LaBg crystal surface,
then these electrons move forward and form a small
cross spot near the grid aperture under electrostatic
field (the cathode emission system approximated a
convex lens). Then, electrons are accelerated into the
electrostatic-field focusing system and strongly con-
centrated. Finally, these electrons with high kinetic
energy bombard upon the metal target to irradiate
the x-ray photons. The objective of the following is
to discuss the properties of the electron beam focus,
e.g., the focal spot size and the focal length.

Figure 2 is a group of charts showing electron
beam focal spot size versus the ratio Dy, /H. Figure
3 is a group of charts of electron beam focal length
versus the ratio Dy /H. In these cases, the focusing
system frameworks and pole potentials are steady. In
Figs.2 and 3, the first focusing electrode voltage is
10 kV, 12.5 kV, 15 kV, 17.5 kV, and 20 kV respec-
tively, which is marked by a reversed triangle, dia-
mond, circle, pentacle, and triangle. The solid curves
are guides for the eye.

It can be noticed that the focal spot size and focal
length of the electron beam are influenced strongly by

Focal radius R/pm
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Ratio Dw/H

Focal radius R/ pum

4.0 4.5

5.0 5.5 6.0
Ratio Dy /H

Fig.2. The electron beam focal spot size versus the ratio Dy /H for different grid bias. The grid bias Vg is (a)

-0.5 kV, (b) -0.6 kV, and (c) -0.7 kV, respectively.
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Fig.3. The electron beam focus length versus the ratio Dy /H for different grid bias. The grid bias V; is (a)

-0.5 kV, (b) -0.6 kV, and (c) -0.7 kV, respectively.

the value of ratio Dy,/H. Figure 2 reveals that the
focal spot size is changed nonlinearly with the ratio
Dy, /H, however, an optimal value for the minimal
focal spot size exists. In all sorts of conditions, a
smaller focal spot can be always achieved when the
ratio Dy /H equals 5. On the other hand, the focal
length is directly proportional to the ratio D, /H, that
is, the bigger the value of Dy, /H the bigger the focal
length. It can also be noticed from Fig.3 that the focal
length changes evidently as the voltage of the first fo-
cusing electrode increases from 10 kV to 20 kV while
the grid bias V; maintains a constant value.

Figure 2 just shows the better focal spot size of
the electron beam when the value of ratio Dy, /H varies
from 5 to 7. In fact, we have also calculated the fo-
cus under other working conditions, e.g., ratio values
equal to 2, 3, 4, 8, and 9. The calculated data are com-
plex. When the ratio Dy,/H < 3, results show that
only a few of the electrons can arrive at the target
surface (data not shown). The reason is that the grid
aperture in these cases is too small to transfer elec-
trons and the grid wall blocks a large amount of elec-
trons. Another dramatic phenomenon is that there is
no electron beam crossing spot near the grid pinhole
when Dy /H > 8, thus there is no effect of electrons

pre-focusing, and the ultimate electron beam focusing
radii are all bigger than 100 pm (data not shown).

The electron beam focal length is a key factor
which determines the volume of the microfocus x-ray
source. Notice that the focal length increases with the
increase of voltage applied to the first focusing elec-
trode, no matter what the value of ratio Dy, /H or
grid bias is. In Fig.3, it can be noted that the focal
length increases with the increase of Dy, /H though
this change is not prominent.

Figure 4 shows the electron beam focal spot size
versus grid bias value as the ratio Dy, /H = 5. Figure
5 shows the electron beam focal spot size versus the
first focusing electrode voltage. The properties of the
electron beam focus are dependent on the grid bias
and the voltage of the first focusing electrode. Fig-
ure 4 shows that the smallest focal spot size can be
achieved when the voltage of the first focusing elec-
trode is 15 kV. In Fig.5, it can be noticed that there
is a smaller focal spot when the grid bias value is
Ve = —0.6 kV no matter what the value of the first
focusing electrode potential is.
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Fig.4. The electron beam focal spot size versus grid bias
voltage for different values of the first focusing electrode
voltage.
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Fig.5. The electron beam focal spot size versus the first
focusing electrode voltage for different values of grid bias.

As a united system, two parts of the electron
beam emission system and the focusing system should
be functionally and integrally coupled. The extracted
electrode acts as the concatenated bridge between
these two sub-systems. The properties of the ex-
tracted electrode such as the spatial position and geo-
metric configuration are important for the properties
of electron focus. Figure 6 shows the electron beam
focal spot size varying with the length of the extracted
electrode. Figure 7 shows the focal spot sizes varying
with the spatial position of the extracted electrode.
In the calculation, other parameters such as the ratio
Dy, /H, radius of extracted electrode Ry, grid bias,
and the voltage of the first focusing electrode are 5,
1 mm, -0.6 kV, and 15 kV, respectively.

In the cases shown in Figs.6 and 7, the radius of
the extracted electrode (Ry1) is 1 mm. For choosing
the optimal extracted electrode, we have analysed the
properties of electron beam focus under various ex-
tracted electrode radii (Ry; = 0.5 mm, 1 mm, 1.5 mm,
2 mm, etc.); the results reveal that the focal spot sizes
are approximately equivalent when R,; = 1 mm and
R,1 = 1.5 mm. However, when R,; = 0.5 mm or

2 mm, the focal spot radii are bigger than 10 ym and
the focal length are larger (data not shown).
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Fig.6. The electron beam focal spot size versus the length
of the extracted electrode for different values of distance
between the grid and extracted electrode Lg_v1.
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Fig.7. The electron beam focal spot size versus the
distance between the grid and the extracted electrode.
Length of the extracted electrode is 2 mm, 5 mm, 8 mm,
10 mm, 15 mm, and 20 mm, which is marked by an open
circle, square, diamond, pentacle, filled circle, and trian-
gle, respectively.

In Fig.7, it is important to note that the radii of
focal spots are ~10 pm when the distance between
grid and extracted electrode (Lg—e) is ranged from
6 mm to 10 mm. In fact, the focal spot radii are statis-
tically stabilized 9 ym when the length L, _. is ranged
from 7 mm to 9 mm. We have numerically analysed
the properties of electron beam focus when the length
of the extracted electrode (L) is ranged from 2 mm
to 20 mm (data not shown) when the length Lg_.
increases from 2 mm to 15 mm (partial data shown
in Fig.6). We noticed that the focal spot size has a
stabilized radius when L. = 10 mm.

Figure 8 shows the electron beam focal length
varying with the length of the extracted electrode. It
can be noted that the focal length increases with the
increase of the length of the extracted electrode.
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Fig.8. The electron beam focal length versus the length
of the extracted electrode. The voltage of the first focus-
ing electrode is 15 kV. Lg_y1 is 5 mm, 7 mm, and 10 mm
which is marked by a circle, triangle, and pentacle, respec-
tively.

In order to estimate the properties of electron

beam focus, we also calculate the focal spot size and
the focal length changing with the change of geomet-
ric configuration (length of extraction electrode) and
the spatial position (distance between grid and extrac-
tion electrode) when the potential of the first focusing
electrode has other values, e.g., 13 kV, 14 kV, 16 kV,
17 kV, and 17.5 kV (data not shown). Comparing the
calculated data, we find that the results reveal that
the focal spot size and the focal length are all bigger
than in the case when the first focusing electrode is
15 kV.

In addition, we studied the focus properties of an
electron beam in the x-ray tube when the focusing
system only comprises one electrode. The calculated
results reveal that the focal spot radii are all no less
than 80 pum (data not shown).

Table 1. The electron beam focus versus the extracted electrode (Dw/H = 5, Lyg = 0.1mm,
Vg =—0.6kV, V1 =V3 = 10°kV, Vo = 1.5 x 104kV).

Ly1—vg L1 Rv1 focal spot size focal length cross spot
/mm /mm  /(mm)x0.1 /(radius mm)+0.001 /(mm)+0.001 /(radius mm) £0.001

8 5 10 0.010 70.9 0.013

15 0.010 70.9 0.013

10 10 0.009 72.5 0.013

15 0.009 72.5 0.013

15 10 0.009 74.8 0.013

15 0.009 74.9 0.013

We have studied the properties of the electron
beam focus in various structures of x-ray tube with
different ratio D,,/H, grid bias V; and parameters of
the extracted electrode, and the results indicate that
the minimal focal spot is able to condense to 9 ym in
radius when the ratio Dy,/H = 5 and Vy = —0.6 kV
and Ls_o = 8 mm and L, = 10 mm. The properties of
the extracted electrode contributing to the focal spot
size and the focal length are shown in detail in Table 1,
where the mean error is about 0.5 x 1073, We noticed
that the focal spot size of the electron beam focused
on the anode target is similar when the distance be-
tween the grid and the extracted electrode changed
from 7 mm to 9 mm; in these cases, the length and
the radius of the extracted electrode are constants,
10 mm and 1 mm, respectively.

In our new microfocus x-ray source, a crystal

LaBg cathode is chosen as the electron emitting cath-

ode due to its many superior qualities, the greatest of
which is its great emission current. Thus, we can real-
ize x-ray photons emitting with ultrahigh brightness.
A Wehnelt grid is chosen because this component can
easily make the microfocus x-ray source work in pulse
mode which is beneficial to the acquisition of x-ray
images for moving objects. The unique features of
configuration and high potential of the extracted elec-
trode can not only greatly accelerate the electrons but
also avoid the space charge effects in the electron emis-
sion system. The focusing system consisting of a cou-
ple of equal radius cylindrical electrodes avoids several
fundamental disadvantages of conventional microfocus
x-ray source such as unwieldiness and big spot size. In
the new x-ray source, the energy of the electrons can
be accelerated to 100 keV without defocusing, hence,
hard x-ray irradiation with a microscale focus can be
obtained.
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4. Conclusion

A kind of portable ultra-brightness microfocus x-
ray source was designed and numerically analysed.
The x-ray tube consisted of an electron-emission sys-
tem, an electrostatic focusing system and a metal tar-
get. A crystal Lanthanum Hexaboride cathode, a
Wehnelt grid and an extracted electrode composed the
electron emitting system. Two equal radius cylindri-
cal electrodes made the focusing system. The Monte-
Carlo simulation results indicated that the novel x-ray
source can achieve hard x-ray photons (100 keV) emis-

sion with a focal spot 9 pm in radius. At the same
time, the LaBg crystal cathode emission current can
be as high as 30 mA. These results offer the promise
of manufacture and accomplishment of an ultra-bright
microfocus x-ray source which is smaller, portable,
more cost-effective and more powerful. This kind of
x-ray source will be very useful in the fields of x-ray
optics fundamental research and medical imaging. As
an extension of this work, we are currently working on
a kind of novel structural target system for microfocus
x-ray photons irradiating with high spatial coherence.
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