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Abstract— A major challenge for glass X-ray tube makers
is the reduction in the tube size for portable or handheld
applications.Size reduction is difficult mainly due to contact
size restrictions for glass-to-metal welding. In high-voltage
(60–70 kV) portable applications such as dental imaging, a
distance of at least 5 mm should be maintained between
the anode and the glass envelope to prevent the latter
from burnout, which further limits reduction in the tube’s
diameter. In this study, reduction in the size of a dental X-ray
tube by approximately 43% is achieved by replacing the
glass envelopewith ceramic. Insteadof welding, the ceramic
body permits the use of brazing, which supports extremely
small contact sizes. Additionally, due to the higher dielec-
tric constant of ceramic, even less than 1 mm spacing is
permissible between the envelope and the anode, enabling
further size reduction. Despite the 43% reduction in size,
limiting spatial resolutions of approximately 8 and 7 lines
per mm are obtained for the ceramic and glass sealed
tubes, respectively. Moreover, the two tubes obtain similar
X-ray images of human teeth, verifying the potential of the
compact-size ceramic X-ray tube in dental imaging.
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I. INTRODUCTION

FOR more than a century, X-ray tubes have been known
to consist of a vacuum-sealed glass tube containing a

filament-based electron source (the cathode) and an electron-
absorbing anode [1], [2]. The filament is typically a tung-
sten coil, which creates free electrons through thermionic
emission [3]. Electrons from the cathode collide with the
anode material, usually molybdenum, tungsten, or copper.
Upon collision, some of the energy of the electrons from
the cathode is transferred to the electrons within the anode
material, thereby exciting them to higher energy levels [4].
A small amount of the energy generated (about 1%) is emitted
as X-rays when these excited electrons fall back to lower
energy levels inside the anode material [5].

The glass tube is important as it creates an air-free vacuum
around the cathode and anode to prevent the scattering of
electrons by air particles and protects the anode and cathode
from oxidation and corrosion [6]. However, the use of glass
as the envelope for X-ray tubes has its limitations. The most
notable limitation is that glass-to-metal welding is restricted
to contact sizes not less than a few millimeters [7], [8].
As a result, it is particularly difficult for glass tube makers
to reduce the tube size for portable or handheld applications.
Additionally, the mechanical and thermal properties of the tube
envelope become especially important, as problems associated
with bonding and heat storage start to arise when the size of
the tube decreases [9].

In high-voltage applications such as dental imaging, the
reduction in the tube size is even more challenging. In den-
tal applications, for example, tube voltages in the range of
60–70 kV are required to generate X-rays with photon energy
that is large enough to penetrate teeth, which are one of the
hardest materials in a human body [10]–[13]. Application of
such high voltages may cause charge to build up on the inner
surface of the glass tube due to scattered electrons. As this
built-up charge can deflect the electron beam near the anode,
a distance of at least 5 mm is required between the glass
tube and the anode to prevent that from happening [7], [8].
This imposes further restriction on the minimum diameter
achievable with glass tubes for dental imaging.

In this study, we investigate the use of a ceramic envelope
instead of the conventionally used glass to reduce the size
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of the X-ray tube for dental imaging. Ceramic-to-metal seals
have several properties that allow for a more robust, durable
hermetic seal, and better electrical insulation than glass-to-
metal seals [14], [15]. Professionally designed ceramic-to-
metal seals can maintain hermeticity in a variety of harsh
conditions, such as high- and low-temperature, corrosive, high-
pressure, and high-vacuum environments [16]–[18]. Further-
more, the use of ceramic instead of glass enables to seal the
X-ray tube by brazing, which supports higher temperature and
throughput than conventional welding.

The initial use of ceramic tubes was reported by
Hartl et al. [6], [7] in the early 80s, where they achieved a
25% reduction in the size of their industrial purpose X-ray
system for nondestructive testing. In recent years, the use
of ceramic has increased among X-ray tube makers using
carbon nanotube (CNT) emitters [19], [20]. For CNT-based
X-ray tubes, the high vacuum maintained by the use of
ceramic envelopes is especially important as CNTs get easily
oxidized at high voltages. However, comparisons between
the performances of ceramic and glass tubes are lacking in
these reports. In this study, we perform a direct comparison
of a ceramic X-ray tube and a commercially available glass
X-ray tube to fully understand the benefits of using ceramic
envelopes in dental imaging.

By replacing glass with ceramic, a 43% reduction in X-ray
tube size is achieved in this study. The current–voltage (I–V )
characteristics of the glass and ceramic X-ray tubes are com-
pared, and the latter is found to outperform the former despite
the reduction in size. Furthermore, similar X-ray images of
human teeth are obtained for the glass tube and the ceramic
tube, as well as better limiting spatial resolution for the latter
(7 versus 8 lines per mm), verifying the potential of using
ceramic envelopes and the brazing process in mass-producing
robust X-ray tubes for portable dental imaging.

II. EXPERIMENTS

Fig. 1 shows a step-by-step fabrication process flow of the
X-ray tube investigated herein. The target (anode) [Fig. 1(a)],
which is made of a tungsten (W) and copper (Cu) alloy
(W:Cu = 7:3), is attached to a kovar (nickel–cobalt ferrous
alloy) supporter and a ceramic (93% Al2O3) body via brazing
with a AgCu filler at 800 ◦C–850 ◦C in high vacuum (<10−7

Torr) [Fig. 1(b)]. The anode target angle is 12.5 ◦C and the
tungsten filament (cathode), which is 8.6 mm ± 0.3 mm in
length, has 23 turns and an impedance value of 93.5 m� ±
30 m� [Fig. 1(c)]. For the glass tube (not shown), the anode
target angle is also 12.5 ◦C and the tungsten filament is
approximately 5.4 mm in length and has 14 turns and a cold
resistance value of 145 m� ± 5 m�. The rim of the ceramic
tube is covered by Mo–Mn metallization with nickel platting
for hermetical sealing between the ceramic envelop and the
kovar focuser [Fig. 1(c)–(f)].

Simulation of the electron trajectory with CST Charged
Particle Studio Suite is used to optimize the tube design
before fabrication. For stable performance, the filament
undergoes an aging process before brazing. The aging process
is achieved by repeatedly biasing the filament and the anode

Fig. 1. Fabrication process of an X-ray tube with a ceramic vacuum seal.
(a) Tungsten target. (b) Target attached to a ceramic body and a kovar
supporter. (c) Tungsten filament. (d) Filament attached to electrodes.
(e) Attachment of a kovar focuser to the filament. (f) Finished X-ray tube.

in an open-type high-vacuum chamber (10−7 Torr) to outgas
the filament and anode as well as evaporate any native oxides.

To measure the I–V characteristics of the glass and ceramic
X-ray tubes, the anode and the filament are connected to
the Spellman high-voltage source S60 and Agilent dc voltage
source E3632a, respectively. The measurement is performed
in the worst possible case scenario to check the robustness
of both the tubes. This is achieved by holding the anode
voltage at 5 kV, while sweeping the filament voltage from 1
to 5 V until the anode current reaches 6 mA. Following this,
100 consecutive I–V cycles are performed under the same
conditions to investigate the robustness of the tubes.

Anode voltage of 50 kV with 2 mA anode current and
exposure time of 0.4 s are used to generate X-ray images
of a human teeth phantom; 50 V instead of 60 or 70 kV is
used for the laboratory setup as the specimen is placed near
(25 cm) the X-ray tube and there is no additional filtration.
X-ray dose measurements are performed by placing an RTI
Black Piranha Dosimeter 25 mm from the X-ray tubes, while
applying 70 kV to the anode and having 2 mA of anode
current. The resolutions of the X-ray tubes are estimated by
taking images of a line pair (LP) phantom. An exposure time
of 0.4 s (with 35 kV, 4.5 mA) is used, and the LP phantom
is placed right above the X-ray detector, while keeping the
source-to-detector distance at 25 cm.

III. RESULTS AND DISCUSSIONS

Fig. 2(a)–(c) shows, respectively, the side, front, and top
(anode end) views of the simulated electron trajectories. The
parameters used in the simulation are summarized in Table I.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.
GUPTA et al.: COMPACT X-RAY TUBE WITH CERAMIC VACUUM SEAL 3

Fig. 2. Simulation of the electron trajectory with CST Charged Particle
Studio Suite. (a) Front view. (b) Side view. (c) Top view of the actual focal
spot size on the anode.

TABLE I
CST CHARGED PARTICLE STUDIO SUITE SIMULATION PARAMETERS

From the top view [Fig. 2(c)], an actual focal spot size (length)
of 0.8 mm is estimated for the tube. Experimentally, the effec-
tive focal spot size (length) is estimated to be approximately
0.4 mm, which is compatible with dental applications [10].
The effective focal spot size of an X-ray tube depends on the
anode angle (β) such that the effective focal spot size = actual
focal spot size × sin(β) [21]. However, the simulated actual
focal spot size of 0.8 mm corresponds to an effective focal spot
size of 0.16 mm for an anode angle of 12.5◦, which is different
from the experimental value of 0.4 mm. The discrepancy is
often due to the space charge effect caused by the electron
cloud around the focusing cup, which can deviate electrons
from their original path and thereby increase the effective focal
spot size [22].

Fig. 3(a) and (b), respectively, shows the optical images of
the ceramic-sealed X-ray tube developed in this study and a
glass-sealed (Canon D-045) X-ray tube that is commonly used
in handheld dental X-ray imaging systems. The length and
diameter of the ceramic-sealed X-ray tube proposed herein are,
respectively, 56 and 27 mm. The dimensions of the glass X-ray
tube are 75 and 31 mm, respectively, making the ceramic-
sealed X-ray tube approximately 43% smaller than the glass-
sealed X-ray tube in volume.

It should be noted that smaller glass tubes (e.g., 17 mm ×
17 mm, Sunje) have been developed [23] but these cannot be
applied in dental imaging as they are only capable of low-
voltage (11 kV) applications. In the case of ceramic tubes,

Fig. 3. Optical images of the dental X-ray tubes used in this study.
(a) Ceramic tube developed herein. (b) Commercial glass X-ray tube
(Canon D-045). (c) Focusing cup of the ceramic tube (focuser depth =
2.5 mm). (d) Focusing cup of the glass tube (focuser depth = 3.8 mm).

the smallest in the market is Xoft Inc., 50 kV miniature
(10 mm × 2.25 mm) [24], [25]. The exceedingly small
diameter (2.25 mm) of this ceramic tube underscores the high
electrical insulation of the ceramic envelope. Fig. 3(c) and (d)
shows the optical images of the focusing cups of the ceramic
and glass sealed X-ray tubes, respectively. Relative to the
size of the filament, the focusing cup of the glass tube is
much wider and longer than that of the ceramic tube. Among
other factors, which include the filament to anode distance,
the smaller focusing cup size of the ceramic tube could be the
reason why the effective focal spot size of the ceramic tube is
smaller than that of the glass tube.

Despite being smaller than the glass-sealed, the ceramic-
sealed X-ray tube shows better tube (anode) current stabil-
ity during 100 consecutive I–V measurements (Fig. 4). The
anode current of the glass X-ray tube degraded by 5.21%
during the 100 consecutive measurements, whereas that of
the ceramic-sealed X-ray tube decreased by only 0.01%. The
better performance and stability exhibited by the ceramic-
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Fig. 4. Consecutive current–voltage (I–V) characteristics of (a) glass
and (b) ceramic X-ray tubes. 100 consecutive I–V characteristics were
measured, and for clarity, only the 1st, 10th, 20th, and so on (as indicated
by the Plot Number ) are shown. The anode voltage was 5 kV for all
measurements.

sealed X-ray tube are attributed to a damage-free brazing
process.

Maintaining high vacuum inside the tube is crucial for high
and stable current. Compared with the conventional glass-to-
metal welding, ceramic-to-metal brazing supports hermetical
sealing at higher temperature and thereby achieves higher
vacuum [14]–[18]. This significantly reduces oxidation of
components inside the ceramic X-ray tubes and leads to a
decrease in the outgassing phenomena and arcing during the
emission of electrons at high voltages.

The lower turn-on voltage exhibited by the glass-sealed X-
ray tube compared with the ceramic-sealed tube is related to
the smaller filament size of the former, which translates to
a lower resistance value. To protect the anode from melting
under constant bias, it is desirable to operate the tube with

Fig. 5. Waveforms of the current–voltage characteristics of the ceramic
X-ray tube. The frequency was 30 Hz, and the duty cycle was 50%.

pulsed anode voltage. The 50 kV anode voltage pulses with
a frequency of 30 Hz yielded stable tube current of 9 mA
(Fig. 5), indicating good response to input pulses for the
ceramic-sealed X-ray tube.

Using the ceramic and glass-sealed X-ray tubes, X-ray
images were generated for a specimen of human teeth (Fig. 6).
Interestingly, the X-ray images generated by the two tubes
show no significant difference in resolution, despite the size
differences. The resolutions of the ceramic and glass sealed
X-ray tubes are estimated by taking images of an LP phantom
[Fig. 7(a) and (b)]. An LP phantom consists of a thin foil
of lead sandwiched between plastic plates. Linear slits with
a range of widths are cut in the foil. The slits alternate with
linear bars of the foil of equal width, and one slit and one
bar are referred to as an LP. The numbers on the left side of
the LP phantom images shown in Fig. 7(a) and (b) specify
the number of LPs per millimeter (LP/mm). Limiting spatial
resolutions of approximately 8 and 7 LP/mm are estimated
for the ceramic- and glass-sealed X-ray tubes, respectively,
[Fig. 7(c)]. Although the ceramic tube has a longer filament
than the glass tube, the higher limiting spatial resolution may
be due to combinational effects of the shape of the focusing
cup and the filament-to-anode distance on the electron trajec-
tories, as explained earlier.

As the envelopes for both the ceramic and glass tubes are
different, the actual dose under the same conditions could be
different due to the differences in the attenuation character-
istics of ceramic and glass. Fig. 8 shows the radiation dose
comparison of both X-ray tubes during 1 s with 70 kV (tube
current of 2 mA). The results show that the ceramic X-ray tube
has an inherent (total) filter equivalent to 1.7 mm aluminum
(Al), whereas that of the glass tube is 1.2 mm Al [according
to IEC 60601-1-3 (IEC 2008)]. Because of this, the ceramic
tube produces an average of 1.6 mGy/s of dose, which is
slightly lower than the 2 mGy/s produced by the glass tube
under the same operating conditions. This is a drawback for
ceramic-sealed X-ray tubes and the effects may include poor
image brightness [compare Fig. 4(b) and (c)]. However, for
handheld dental imaging systems, a total filter of 2 mm Al is
required [10]. This implies that during the assembly of a dental
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Fig. 6. X-ray images of a human teeth phantom taken using the ceramic
and glass X-ray tubes. (a) Specimen. (b) Image of the ceramic tube.
(c) Image of the glass tube. Anode voltage of 50 kV, anode current of
2 mA, and exposure time of 0.4 s were used to generate the X-ray images.

X-ray system, comparatively thicker filters must be added for
glass than ceramic tubes.

The above results show that the reduction in size does not
affect the performance of the X-ray tube. As size reduction is
important for portable medical imaging and handheld dental
applications, the ceramic-sealed X-ray tube presented herein
paves the way for such applications. There are several other
advantages to using ceramic instead of glass as the X-ray tube
cover. Ceramic-to-metal fusing can be achieved via brazing,
which is more convenient for mass production than weld-
ing. Mass production will effectively reduce fabrication costs
and processing time. Additionally, brazing can be performed
at higher temperature than welding, which is desirable for
better hermetical sealing. Moreover, ceramic-sealed X-ray

Fig. 7. Limiting spatial resolution calculation using a plot profile of
X-ray images of an LP phantom. (a) Image taken by the glass tube.
(b) Image taken by the ceramic tube. (c) Line profiles of the gray values.
The numbers on the left side of the images in (a) and (b) specify the
number of LPs per mm (LP/mm). The same numbers are shown in (c).

Fig. 8. Radiation doses of the glass and ceramic X-ray tubes.

tubes have a longer tube life than glass-sealed X-ray tubes
due to the detrimental effects of tungsten deposits, which
can easily accumulate on glass than ceramic during opera-
tion [26]. Furthermore, the dielectric constant of ceramic is
higher than that of glass, enabling higher vacuum and process
tolerance.
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IV. CONCLUSION

We have demonstrated a ceramic-based X-ray tube that is
smaller and more robust than a glass X-ray tube used in dental
imaging. The ceramic tube is produced by brazing, which
is desirable for mass production compared with welding.
Using CST Charged Particle Studio Suite, we achieved an
optimized actual focal spot size of 0.8 mm. The ceramic
X-ray tube demonstrated herein was able to resolve 8 LPs/mm
at 35 kV and with a tube current of 4.5 mA. Because of
the ceramic envelope and the damage-free brazing process,
we achieved superior I–V characteristics and higher stability
of the filament, without compromising tube resolution, as seen
in the high-resolution X-ray images of a human teeth phantom
taken by the ceramic X-ray tube. These results verify the
potential of using ceramic envelopes in dental imaging to
reduce the size and improve the robustness of X-ray tubes,
as well as the use of brazing for their mass production.
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