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We report a detailed study on the design of carbon nanotube based microfocus x-ray tube with one
electrostatic focusing electrode. Based on the electron optics simulations, such parameters as
geometrical distances and applied voltages among all the electrodes are considered, respectively, in
relation to the size of x-ray focal spot. The stability of the x-ray focal spot size is also examined with
respect to the variation of gate and anode voltages. Experimental results that agree well with the
simulated data are also provided to corroborate the design method. We also discuss the operating
stability and limitations when designing a carbon nanotube based microfocus x-ray tube with only
one electrostatic focusing electrode. The designed x-ray tube with an isotropic focal spot sees wide

applications in in vivo medical imaging studies. © 2006 American Institute of Physics.

[DOL: 10.1063/1.2198793]

I. INTRODUCTION

X-ray microcomputed tomography (micro-CT) plays a
key role in small animal imaging for disease studies and
genetic manipulation.l’2 A reliable correlation between the
model structures and anatomy in small animal studies re-
quires high spatial resolution, which depends primarily on
the x-ray focal spot size, the pixel pitch of the detector, and
the imaging geometry. By choosing the optimum geometry
magnification and given the pixel pitch of current detector
technology, the spatial resolution is really limited by the pen-
umbral blurring of the x-ray focal spot.3 Thus reducing the
focal spot is essential in achieving high resolution for an
x-ray micro-CT scanner. The x-ray focal spot is usually re-
duced by focusing the emitted electrons that impinge on the
anode. Comparing to the electrostatic focusing,4 magnetic
lenses offer lower aberrations and better focusing
properties.s’6 However, the magnetic focusing unit is usually
very awkward in size and requires complex power control
unit. In contrast, electrostatic focusing only requires one or
more simple metal electrodes and can be easily miniaturized.
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Conventional x-ray tubes usually implement thermioinic
cathode, where electrons are boiled out by heating the fila-
ments to more than 1000 °C. This type of x-ray tube has
been a reliable work horse for x-ray radiology with relatively
low cost and high flux. However, they have several inherent
limitations: (a) the tube cannot be easily miniaturized due to
the high temperature cathode; (b) they have limited temporal
resolution due to the slow response time of the thermionic
emission; (c) high operating temperature reduces the lifetime
of the x-ray tubes and increases the operating costs. These
deficiencies limit the size, the speed, the flux, and the overall
design flexibility of x-ray imaging systems.

Contrary to thermionic cathodes, carbon nanotube
(CNT) based cathodes utilize field emission to generate elec-
trons instead of high temperature heating. CNT usually has a
small diameter of nanometer but a length of micrometer. This
unique structure makes CNT excellent field electron
emitters.””"" In addition, owing to the intrinsic instantaneous
response time of the field emission process,12 CNT based
cathodes are able to offer improved temporal resolution. It
has been demonstrated that CNT based x-ray source with a
triode structure can generate diagnostic quality x-ray radia-
tion with temporal resolution up to nanoseconds,"*” which
is significantly better than that of the thermionic x-ray
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tubes.'® By gating CNT based x-ray source with physiologi-
cally monitored signals, the motion-induced blurring during
the process of imaging can be minimized, which is essential
for the development of in vivo imaging systems.lg’20

With the successful demonstration of ultrahigh temporal
resolution, the achievement of high spatial resolution in the
development of CNT based x-ray scanner depends critically
on the focal spot size. In the prototype x-ray scanner devel-
oped in our group, a simple electrostatic electrode was in-
serted between the gating electrode and anode to harness the
electron trajectories, thereby providing focused electron
probe on the anode. An x-ray focal spot with a diameter of
250 um has been illustrated for a cathode of 1 mm in
diameter.”! However, this system has yet been optimized
with respect to further reducing the x-ray focal spot size. A
systematic study of the parameters that affect the electron
focusing in the CNT based x-ray tube is necessary for our
further development of the x-ray imaging system.

Here we report a detailed study on the design of a CNT
based microfocus x-ray tube with one focusing electrode.
Based on a series of simulated data, several design criteria
are proposed in achieving x-ray focal spot of various sizes.
Experiment following a modeled x-ray tube design was
implemented to verify the simulated results. We also discuss
the operating stability and limitations of the thus-designed
x-ray tube.

Il. MODEL DESIGN AND SIMULATION

The model system of the microfocus x-ray tube studied
here comprises a field emission cathode, a gate electrode, a
focusing electrode, and an anode housed in a vacuum cham-
ber as shown schematically in Fig. 1(a). The gating grid is
modeled as equally spaced rings as shown in Fig. 1(b). The
diameter of each ring is 40 um, while the radial distance
between two neighboring rings is 150 um. Electrons are ini-
tially extracted from the CNT-deposited cathode by the
strong electric field between the cathode and the gating grid
(voltage set as V,), and are then focused by the focusing
voltage (V) before reaching the high-voltage (V,,) anode for
the generation of x rays. A single focusing electrode, which
is made of a metal plane diaphragm, was used in the current
design of x-ray tube for electron focusing. The x-ray focal
spot size is controlled by adjusting the various geometrical
parameters as illustrated in Fig. 1(c) and the applied voltages
on all electrodes.

The relation between x-ray focal spot size and the re-
spective geometrical parameters is simulated in the commer-
cial electron optics software (LORENTZE developed by Inte-
grated Engineering Software Inc.). The electrostatic potential
distribution and electric field among all electrodes are calcu-
lated based on the finite element analysis with about 3000
triangular meshes, while the electron trajectories are simu-
lated according to Newton’s equations. Electrons are field
emitted from the CNT-deposited cathode due to the electric
field between gate and cathode. After electrons transmit the
gating grid with some divergence angle, their trajectories are
controlled by the focusing electrode and anode. In the simu-
lation, we ignore the field emission properties of electrons
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FIG. 1. (a) Schematic of a microfocus x-ray tube consisting of a cathode, a
gate, a focusing electrode, and an anode. All the apertures in the electrodes
are rotationally symmetrical with respect to the cathode-to-anode axis. (b)
Enlarged view of the emission grid inside the circled area in (a). (c) Cross-
sectional view of the x-ray tube in (a) where D,,_. denotes the axial distance
between the anode and cathode, Dy, the axial distance between focusing
and gate electrodes, d,. the diameter of cathode for field emission, dg,. the
diameter of the focusing aperture, and Th, the thickness of the focusing
electrode.

from the carbon nanotube cathode and focus on the electron
focusing behavior between gate and anode. Divergent elec-
trons passing through the gating grid are evenly distributed
with a radial spacing of 50 um. A one-to-one correspon-
dence between cathode diameter and electron distribution di-
ameter above the gating grid is also assumed.

Figures 2(a)-2(e) shows the variation of the x-ray focal
spot relative to the divergence angle of electrons emitted
from the gating grid, where the cathode diameter is set at
1 mm and all the other parameters used in the simulation are
listed in Table I. At the focusing voltage of 1000 V, the
electron crossover position on the cathode-anode axis just
impinges on the anode surface generating the x-ray focal
spot of the minimum diameter. Figure 2(f) shows the varia-
tion of the focal diameter with respect to the divergence
angle. When there is no divergence, i.e., all emitted electrons
travel along the tube axis, the smallest x-ray focal diameter is
achieved for a certain cathode size. Then the focal spot size
increases monotonically with the divergence angle. Due to
field emission, extracted electrons from cold cathode usually
travel along the electric fields and thus a small divergence
angle is usually observed. In all the following simulations, a
divergence angle of +4° will be readily assumed, which is in
agreement with the experimental results as discussed later
on.

For the same tube design, we also note that the x-ray
focal spot size is proportional to the diameter of the field
emission cathode, as illustrated in Fig. 2(g). For a cathode as
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FIG. 2. For a set of given parameters for the x-ray tube as listed in Table I,
the x-ray focal spot diameter d varies with the divergence angle of electrons
passing through the gating grid (a)—(e), and the results are shown in (f). (g)
Variation of the x-ray focal spot size relative to the diameter of the emissive
cathode at the divergence angle of +4°, which is in agreement with the
experimental measurement.

small as 0.2 mm in diameter, the x-ray focal diameter d; can
be reduced down to 71 um, while d increases up to 311 um
for a cathode diameter of 1 mm. Considering the takeoff
angle of 6° in the x-ray tube projection geometry, a projected
focal spot size of less than 10 um can be easily achieved
with a 0.2 mm diameter cathode as illustrated in Fig. 2(g).
Therefore, given the potential of offering high current den-
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TABLE I. Parameters in the experimentally designed microfocus x-ray tube.

D,e Dy,  Thy  dpy D, v, Vv, v,
(em)  (em)  (cm)  (em)  (em) (V) Vv &)

2.5 0.3 1.0 0.6 0.1 1000 1000 40

sity in CNT based field emission cathode, decreasing the
cathode dimension provides a viable way of reducing the
x-ray focal spot size.

The x-ray focal spot size is also very sensitive to the
variation of the geometrical parameters that are illustrated in
Fig. 1(c). In order to pursue an optimum geometry for de-
signing microfocus x-ray tubes, we choose to separate them
into individual factors in relation to the x-ray focal spot di-
ameter. For comparison convenience, we assume that the di-
ameter of the field emission cathode is 1 mm and that the
emission divergence angle from the gating grid is +4°.

Figure 3(a) shows the variation of the x-ray focal spot
size with respect to the distance D;., between the focusing
electrode and gate. X-ray focal spot diameter decreases in a
nonlinear way relative to the increase of Dy ,. However, the
x-ray focal position on the cathode-anode axis is independent
of Dy, and thus the focusing voltage keeps unchanged at
1500 V during the variation of Dy, as shown in Fig. 3(a).
The focal diameter is reduced to 250 um for a Dy, of
0.7 cm. The effect of increasing the thickness of focusing
electrode Th, on x-ray focal spot size is similar to that of
increasing Dy, as shown in Fig. 3(b). The x-ray focal spot
decreases against Thy, although the axial focal position re-
mains the same at 1500 V. The similarity between D, and
Th; originates from their same mechanism in electron focus-
ing. By varying either Dy, or Thy, the focal length of the

2 600 1650

2

g 500 =

& 1550 2

s 2

S 400, -

& . 4

= 1450

g 300 p .

=

2001 1350

06070809101112

®) Thy(cm)

g 500 . 1400

=

S 400 . -

wn e e

= 1200 S

& 300 . =

5

1%

£ 200 ° ' 1000
1.8 22 26 30 34

(d De-c(cm)

FIG. 3. Relationship (solid circles) between x-ray focal diameter and various geometrical parameters: (a) Distance between focusing electrode and gate D;_;
(b) thickness of the focusing electrode Thy; (c) diameter of the aperture of the focusing electrode dj,; (d) distance between anode and cathode D,... The
variation of the optimum focusing voltage is also illustrated as the rectangles in (a)—(d), where the gate voltage V|, is kept at 1000 V. In (a)-(d), the default
values for D,.., Ds_,, Thy, and dy, are set as 2.5, 0.3, 1.0, and 0.4 cm, respectively.
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focusing electrode varies resulting in different magnifications
that change the focal spot size. In this respect, reducing the
distance between the upper surface of the focusing electrode
and the anode offers stronger focusing, thereby resulting in
smaller foci.

X-ray focal spot can also be reduced by decreasing the
diameter dy,. of the focusing electrode aperture as illustrated
in Fig. 3(c). By reducing dy,. from 1 to 0.4 cm, the x-ray
focal spot is decreased by up to 30%. Further reducing dg,,
would sacrifice a large amount of marginal electrons on the
focusing electrode, although slight improvement in focal
spot is still observed. Since varying d;,. changes the axial
position of the electron crossover on the cathode-anode axis,
the focusing voltage V, needs be changed accordingly to
keep the focal position on the anode surface. A linear rela-
tionship between V; and dy,. can be deduced with a slope of
about 2000 V/cm from Fig. 3(c).

Decreasing the distance (D,_.) between the anode and
cathode can also assist in reducing the size of x-ray focal
spot as illustrated in Fig. 3(d), where the focal diameter de-
creases at the rate of 160 wm/cm relative to D,_.. in the range
between 2 and 4 cm. For example, the focal spot diameter is
211 pm with D,_. being 2 cm, while the focal diameter in-
creases to 470 um at a D,_. of 3.5 cm. Although the varia-
tion of the focusing voltage is necessary to keep the electron
crossover on the anode surface, no direct relationship be-
tween V,and D, is observed in Fig. 3(d).

lll. EXPERIMENTAL RESULTS

A CNT based field emission x-ray tube has been con-
structed in experiment based on the simulated model system
with the detailed parameters listed in Table I. The field emis-
sion CNT cathode was formed by depositing a uniform layer
of randomly oriented small-diameter multiwalled carbon
nanotubes (obtained from Xintek Inc.) on a metal substrate
by electrophoretic deposition with fine control of the film
thickness and morphology.22 A commercially available tung-
sten grid with rectangular holes was used as the extraction
gate electrode with the side length of each hole and the grid
diameter being 180 and 40 um, respectively. A slice of insu-
lated mica spacer with a thickness of 150 wm was inserted
between gate and cathode. The cathode-anode axis, mounted
vertically in the vacuum chamber, was tilted by 6° relative to
the source to detector direction in the x-ray imaging acqui-
sition setup.

The emission properties of the field emission CNT cath-
ode were characterized at the dynamical vacuum of
1078 Torr. As shown in Fig. 4(a), electrons start to emit when
the electric field is lower than 2 V/um. The current-voltage
relation follows the classic Fowler-Nordheim behavior as
shown in the inset of Fig. 4(a). An emission current density
of 10 mA/cm? was obtained at a threshold electrical field of
~2.6 V/um. The emission stability and lifetime were also
tested. After the initial aging process where arcing frequently
occurs, the emission current becomes stable without elec-
tronic compensation at current levels required for small ani-
mal imaging. Figure 4(b) shows the variation of the emission
current versus time measured under the dc mode (100% duty
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FIG. 4. (a) Field emission characteristic of a fabricated CNT based cathode
of 2.5 mm in diameter. (b) Lifetime measurement of a CNT based cathode
under the tube current and anode voltage of 0.6 mA and 40 kV, respectively.

cycle) with the anode voltage and tube current set at 40 kV
and 0.6 mA, respectively. With a ballast resistor, the emis-
sion current decays from 610 to 550 uA over a 40 h period
with a local current fluctuation of 1%.

The focal spot size of the CNT based x-ray tube was
studied by measuring the edge spread function of a tungsten
cross wire that has a diameter of 1.0 mm. In the imaging
setup, the metal wire was mounted onto the center of the
circular beryllium window where x rays exit. Then the pro-
jection angle of the x-ray focal spot at the center of the cross
wire is about 14°. The x-ray intensity was recorded on the
x-ray flat panel detector with the pixel pitch of 50
X 50 um? (Hamamatsu Model C7921CA-02). Along the
X-ray imaging axis, the distance between source and detector
is 120 cm, while the distance between source and the metal
wire is 12 cm. This gives a total imaging magnification of
10. To obtain enough x-ray flux for a significant signal-to-
noise (SNR) ratio, the x-ray detector was operated at the 2
X 2 binning mode which results in the imaging pixel size of
100 X 100 wm?. Thus the error of measuring x-ray focal di-
ameter is =10 um.

Given a circular focused electron probe of diameter d,
striking the anode surface, the projected x-ray focal spot be-
comes elliptical and is denoted as d, (vertical)
X dptan(14°) (horizontal). Figure 5(a) shows an x-ray pro-
jection image of a tungsten cross wire. Following the Euro-
pean Standard EN 12543-5 in measuring the size of x-ray
focal spot,23 line intensity profile across the vertical wire in
Fig. 5(c) gives a diameter of 320+ 10 um for the x-ray focal
spot size dy, while the projected x-ray focal spot diameter is
measured to be 80+10 wm from Fig. 5(b), which matches
very well the simulated data for this x-ray tube design. To
demonstrate the high spatial resolution of the CNT based
microfocus x-ray tube, we imaged a resolution phantom. By
setting the anode voltage at 40 kVp and using an exposure of
0.5 mA s, the source to object (STO) and source to detector
distances (STD) were set at 20 and 32 cm, respectively,
which results in a geometrical magnification of 1.6. Figure
5(d) shows an x-ray image of the resolution phantom where
10 Ip/mm (Ip denotes line pair) was clearly resolved as dem-
onstrated in Fig. 5(e).

IV. STABILITY AND LIMITATIONS

Field emission from carbon nanotubes is usually oper-
ated at a constant current mode to keep the stability of the
tube current. This requires that the gate voltage V, changes
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FIG. 5. (a) X-ray projection image of a tungsten cross wire (1 mm in diam-
eter) acquired in our homemade x-ray scanner operated at 40 kVp and
25 mA s. Line intensity profiles across the horizontal and vertical branches
of the cross are shown in (b) and (c), respectively. (d) Projection image of a
test phantom which tells the resolution of the x-ray scanner. (¢) Magnified
view of the area in the black rectangle in (d), which illustrates the clearly
resolved line pairs.

with time which may affect the focal spot size. Figure 6(a)
shows the relationship between the focal spot size and the
gate voltage given that the other parameters remain the same.
Increasing the gate voltage enlarges the x-ray focal spot size
linearly at a rate of 0.09 um/V, while the electron crossover
position on the anode-cathode axis keeps unchanged. Thus
for a CNT based x-ray tube operated at a gate voltage of
800 V, a 20% variation of the gate voltage distorts the x-ray
focal diameter by 1.4 um, which is only about 1% the nor-
mal x-ray focal spot size.

The x-ray focal spot size is also dependent on the anode
voltage as illustrated in Fig. 6(b). Higher anode voltage of-
fers improved x-ray focal size. For example, the x-ray focal
spot diameter decreases by up to 30% when we vary the
anode voltage from 30 to 60 kV. The change of x-ray focal
diameter is slower at high anode voltages than that at low
anode voltages. But an average rate of 2.3 um/kV is ob-
served for the variation of focal diameter with respect to that
of the anode voltage in the range of 30—60 kV. In addition,
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FIG. 7. Given the x-ray tube geometry: D,..=2.1 cm, Dy ,=1.4 cm, dy,
=0.4 cm, Thf=0.1 cm, V,=40 kV, Vg=]000 Vv, V/=9OO V, and the diver-
gence angle of +4° for electron emission from gate surface, the x-ray focal
spot size is 35, 65, and 145 um for the cathode diameter of (a) 0.1 cm, (b)
0.3 mm, and (c) 0.8 mm, respectively.

the axial focal position on the anode-cathode axis changes as
a result of the variation of the anode voltage. To keep the
axial focal position on the anode surface, we need to change
the focusing voltage at a rate of 20 V/kV relative to the
variation of the anode voltage as shown in Fig. 6(b).

Two practical limitations in x-ray tube design have to be
considered for reducing the x-ray focal spot size by optimiz-
ing the geometrical parameters listed above: (a) small gap
between the metal electrodes introduces arcing of x-ray tube
thereby causing the failure of x-ray generation; (b) small
apertures in thick focusing electrodes usually sacrifice a large
amount of divergent electrons resulting in the inefficiency of
x-ray production.

Based on the above suggestions, we vary the geometrical
parameters such as D,_., Dy,, Thy, and dy,. simultaneously.
Figure 7 shows the results with one set of good tube designs,
where the x-ray focal diameter is 145 um with the cathode
diameter and emission divergence angle being 0.8 mm and
+4°, respectively. When the cathode size is narrowed down
to 0.3 mm, the x-ray focal diameter becomes 65 um as
shown in Fig. 7(b). A focal diameter of 35 wm can be
achieved by further reducing the cathode size to 0.1 mm as
shown in Fig. 7(a). The smallest x-ray focal spot size that
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FIG. 6. Stability of the x-ray focal spot size with respect to the gate voltate V, in (a) and the anode voltage V, in (b), respectively. In (a) the focusing voltage
kept at 1000 V, while in (b) the focusing voltage varies linearly with V,. The geometrical parameters D, ., D;_,, Thy, and dy, are set as 2.5, 0.3, 1.0, and

0.6 cm, respectively.
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can be achieved for the tube design is theoretically limited
by the spherical aberration of the electrostatic lens systems.24
Due to spherical aberration, an ideal point electron source
usually becomes a diffused crossover whose diameter is
0.5C,a’, where C, is the spherical aberration coefficient, and
a is the semidivergence angle of electron beams. For this
specific tube design, the spherical aberration coefficient is
calculated to be 10.5 cm. This means that, given a point elec-
tron source with a divergence angle of +4°, the smallest elec-
tron crossover after focusing would have a diameter of
18 wm. This theoretical limitation cannot be overcome with-
out a better design of electrostatic focusing electrodes.”
One important application of the microfocus x-ray
source is cone-beam micro-CT imaging,26 which desires a
small isotropic x-ray source for obtaining isotropic voxels in
volume image reconstruction. The capability of achieving
smaller focal diameter by reducing the size of cathode offers
us the capability of producing an isotropic x-ray focal spot
given the desired focusing geometry. By designing an ellip-
tical cathode with a dimension of 0.8 X 0.1 mm?, a focal spot
with the dimension of 145X 35 um? can be achieved. By
tilting the anode-cathode axis by 14° along the longer dimen-
sion (i.e., 145 pum), we obtain an isotropic x-ray focal spot of
35X 35 um?. Due to the observation that the maximum
power for a stationary-anode microfocus x-ray source ap-
proximately follows the empirical relationship:27

P = 1.4(d s pyyi) ™, for V,, < 40kV (1)

where P, is the maximum x-ray tube power in watts and
drpwnm 18 the focal spot size in microns, we find that the
isotropic x-ray source with a size of 35X 35 um? can deliver
a continuous tube current up to 1.5 mA at 40 kVp. However,
when the designed x-ray tube runs in the pulse mode, i.e., the
electron beam is switched on only during the x-ray exposure
which is a very small fraction of the total operation time,
much higher tube current than 1.5 mA can be achieved due
to more efficient thermal management. Given the potential
current density of 10 A/cm? for CNT field emission, a cath-
ode current up to 8 mA can be obtained with an effective
focal spot of 35 wm in diameter. Considering the limitation
of signal to noise ratio in micro-CT imaging, we are able to
generate x-ray pulses with a pulse width less than 10 ms.
This allows us to turn on a single pulse for x-ray exposure
only within a small portion of the physiological period of
small animals and thereby reduce significantly the motion-
induced artifacts. Combining the fast gating capability and
high spatial resolution, the CNT based microfocus x-ray tube
sees wide applications in in vivo four-dimensional (4D) im-
aging of small animals in medical studies.”*

V. DISCUSSIONS

X-ray focal spot affects tremendously the spatial resolu-
tion of a microfocus x-ray imaging scanner. By introducing
one focusing electrode in CNT based x-ray tube, it is pos-
sible to confine electron trajectories in a desired shape and
thereby form suitable electron crossover on the anode surface
for generating small x-ray focal spot. We found that a well-
designed microfocus field emission x-ray tube should pos-
sess the geometrical features of (a) a small distance between

Rev. Sci. Instrum. 77, 054302 (2006)

the anode and the focusing electrode, and (b) reduced focus-
ing aperture size. Such type of x-ray tube may be used to
generate x-ray focal spot of different sizes in control by vary-
ing the emission area on the cathode and the emissive diver-
gence angle at the gating grid. Experimental data that match
very well with the simulated data are provided in the design
of CNT based microfocus x-ray tube. This type of microfo-
cus x-ray tube can deliver stable focal spot size with high
enough flux and operate for an extended period of time.
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