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Abstract

This study aimed to investigate the use of carbon layers (cold cathode) as an 
alternative to tungsten metal (hot cathode) for electron production in miniature X-ray 
tubes in the field of electronic brachytherapy. The structural impact of these tubes on 
X-ray production was also analyzed. Using a Monte Carlo code, hemispherical-conical, 
hemispherical, and truncated-conical miniature X-ray tubes were simulated. Both 
cold and hot cathodes were utilized as electron sources to calculate the X-ray spectrum 
and dose in two directions. The results showed that the ratios of axial and transverse 
doses of spherical to cylindrical cold cathodes were respectively 5.4, 4.8, and 4.6, and 
2.4, 2.2, and 1.9 in the hemispherical-conical, hemispherical, and truncated-conical 
miniature sources. In conclusion, the structure of the hemispherical-conical miniature 
X-ray tubes demonstrated better performance compared to the hemispherical and 
truncated-conical tubes. The different shapes of the cathode and anode in miniature 
X-ray tubes had a significant impact on the generation of output X-rays.

Keywords: hot and cold cathode, Monte Carlo, miniature X-ray tube, electronic 
brachytherapy, anode

1. Introduction

Electronic brachytherapy [1] is a new form of electrotherapy using X-rays to 
deliver a dose of radiation to target tissues at a distance of a few centimeters through 
the intracavitary, intraluminal, or interstitial approaches [2]. In X-ray tubes with a 
hot tungsten cathode create a high potential difference between the cathode and the 
anode. The electrons produced in the hot tungsten cathode collide with the anode, 
leading to generation of an X-ray. The cathode current density, energy consumption, 
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and response time play important roles in the production of X-rays. One of the 
major hot cathodes is the tungsten filament [3]. The current density equation of 
the tungsten filament is given in the Appendix 1 [4]. The hot tungsten cathode can 
work even in non-ultra-high vacuum environments containing a large number of gas 
molecules. However, hot cathodes are exposed to chemical reactions that generate 
tungsten oxides, which become thinner over a long period by sublimation of oxides 
[5]. Therefore, X-ray production with this method faces limitations such as gradual 
response time, high energy consumption, and time limit.

In the mid-1950s, replacing cold cathodes with hot cathodes was suggested to 
overcome the disadvantages of hot cathodes [5]. Accordingly, the X-ray production 
using the field emission method was first reported in 1956 [6]. The necessary equa-
tions and explanations in this field are given in Appendix 2 [7]. The carbon layer can 
be used as a cold source to generate the flow of free electrons so that the electrons can 
be quickly removed from the surface. As a result, no oxidation reaction or deforma-
tion is required in the appearance of the carbon layer. Equations A1 and A2 shows that 
carbon and tungsten layers both have the same work function (Φ = 4.5ev). Tungsten 
is currently used as an electron generator in conventional X-ray tubes and miniatures, 
despite its limitations. Since the work functions of tungsten and the carbon layer are 
the same, in this study, the X-ray output of a cold carbon cathode was evaluated in 
comparison with the X-ray output of a hot tungsten cathode. Next, the effect of the 
geometry of different cathodes and anodes on this issue was discussed.

2. Methods and materials

2.1 Simulation of miniature X-ray tubes and the MCNP code

In this study, hemispherical-conical, hemispherical, and truncated-conical 
miniature X-ray tubes [6, 8] simulated with the Monte Carlo code MCNPX (2.6.0) 
were used (Figure 1). In these simulations, the densities of tungsten, beryllium, and 
water were 19.3, 1.84, and 0.998 g/cm3 according to the Reference [7], and the density 
of the carbon layer was 1.35 gr/cm3 according to the Reference [8, 9]. The F6 tally was 
applied to calculate random heat as an absorbed dose estimator. We simulated the 
transport of photons and electrons (Mode: P E) with the cut-off energy of 1 Kev 1). 
According to Figure 2, each miniature X-ray tube included two main parts called the 
electron production source (cathode) and anode (the electron collision site). Thus, 
the hemispherical (r = 0.8 mm radius), cylindrical (height = 0.8 mm and r = 0.8 mm), 
and disk-shaped (r = 0.8 mm and thickness = 0.1 mm) cathode structures were used 
in all stages of the work. The name of the tube indicates the anode structure. In all 
phases of the study, miniature tubes were placed in the spherical water phantom.

2.2  Calculation of the dose using cold carbon cathode (cylindrical and spherical) 
for production of electrons

Axial dose (parallel to the main axis of the X-ray tube) and transverse dose (perpen-
dicular to the main axis of the X-ray tube) were 0.5–10 cm from the active center of the 
electron generating source. These dosages were calculated and compared for miniature 
tubes (Figure 2) using the F6 tally for the energies of 40, 45, and 50 Kev. During the 
calculation of the axial and transverse doses using a cold carbon source (cylindrical 
and spherical) in all the three tubes, the average run times of programs were equal to 
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Figure 2. 
Simulated miniature tubes with electronic source.

Figure 1. 
A view of miniature X-ray tubes simulated for conducting the study.
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2670 min and 3660 min for cylindrical and spherical sources, respectively. Moreover, 
the average statistical error for the first 10 cells was equal to 2.5 and 3% for the cylindri-
cal and spherical sources, respectively. Finally, for the next 10 cells, in each axis, they 
were equal to 4.5 and 4.7% for the cylindrical and spherical sources, respectively.

2.3 Calculation of the X-rays spectra using a cylindrical cold carbon source

The X-ray spectra of the cylindrical cold carbon cathode (r = 0.8 mm and 
h = 0.8 mm) were obtained for miniature X-ray tubes using the F5 ring tally at a 
distance of 2.5 cm from the active center of the source (the origin of the coordinates) 
on the longitudinal and transverse axes for 50 Kev energy (Figure 2). The average 
program run times for transverse and axial dose calculations were 2600 min and 
2580 min, respectively. Moreover, the mean history of the target colloidal particles for 
the both axes was approximately 2 × 109.

2.4 Calculation of the axial and transverse doses using a disc-shaped source

To compare the axial and transverse doses and the running particles using hot and 
cold cathodes, a disk with r = 0.8 mm and thickness = 0.1 mm was evaluated in two 
stages: once with tungsten density (the hot cathode) and once with carbon density 
(the cold cathode). Tables 1 and 2 show the results.

3. Results

3.1  Doses of hemispherical and cylindrical carbon electron sources (the cold cathode)

As shown in Figures 3 and 4, the axial and transverse doses were obtained for 
hemispherical, hemispherical-conical, and truncated-conical miniature X-ray tubes 

The cold cathode (carbon) The hot cathode (tungsten)

Number of running particles Run time Number of running particles Run time

Hemispherical-conical 2,138,885,625 3950 1,362,548,727 6000

Hemispherical 2,142,968,016 4022 1,448,481,725 6000

Truncated-conical 2,141,088,748 4037 1,352,237,802 6000

Table 2. 
Comparison of the number of running particles with the tungsten and carbon cathodes during the calculation of 
the transverse dose.

The cold cathode (carbon) The hot cathode (tungsten)

Number of running particles Run time Number of running particles Run time

Hemispherical-conical 2,144,007,572 3782 1,507,221,585 6000

Hemispherical 2,139,594,043 4007 1,368,439,172 6000

Truncated-conical 2,139,299,717 4022 1,359,805,034 6000

Table 1. 
Comparison of the number of running particles with the tungsten and carbon cathodes during the calculation of 
the axial dose.
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using 50 Kev energy in the range of 0.5–10 cm, and an electron source (the cold 
cathode) was selected.

3.2 Spectra of a cylindrical carbon electron source (the cold cathode)

As shown in Figure 5, hemispherical-conical, hemispherical, and truncated-con-
ical X-ray spectra of miniature X-ray tubes were obtained along the longitudinal and 
transverse axes for 50 Kev energy at a distance of 2.5 cm from the active center of the 
source. Characteristic X-ray energy peaks appeared in 8.7 Kev and 10.2 Kev positions.

3.3 The axial and transverse doses of disc-shaped electron sources

The axial and transverse doses for hemispherical-conical, hemispherical, and 
truncated-conical miniature X-ray tubes using 50 Kev energy in the range of 0.5–
10 cm by selecting two disk-shaped electron sources (the cold and hot cathodes) are 
shown in Figures 6 and 7.

Figure 3. 
The axial and transverse doses using a hemispherical cold cathode.

Figure 4. 
The axial and transverse doses using a cylindrical cold cathode.
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Figure 5. 
Axial and transverse spectra using a cylindrical cold cathode.

Figure 6. 
The axial doses using the hot and cold cathodes.

Figure 7. 
The transverse doses using the hot and cold cathodes.
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3.4 Running particles of a disc-shaped source

Tables 1 and 2 present the number of running particles for hemispherical-conical, 
hemispherical, and truncated-conical miniature X-ray tubes using disk-shaped 
tungsten (the hot cathode) and carbon (the cold cathode) electron sources with the 
same radius and thickness.

4. Discussion

4.1  Investigation of the source of carbon electron production in the form of 
spherical and cylindrical cold cathodes

In this section, the doses obtained from the spherical and cylindrical cold cathodes 
(Figures 3 and 4, respectively) with the same radius were compared on the longitudi-
nal and transverse axes. As can be observed, the mean ratios of the axial and trans-
verse doses were obtained as 5.4, 4.8, and 4.6 as well as 2.4, 2.2, and 1.8 for spherical 
to cylindrical cathodes in hemispherical-conical, hemispherical, and truncated-
conical miniature tubes, respectively. These results showed that the spherical cold 
cathode was more efficient in the production of transverse and axial doses than the 
cylindrical cold cathode with the same radial. Further, Figures 3 and 4 show that the 
hemispherical-conical X-ray tube compared to the two hemispherical and truncated-
conical miniature tubes was more efficient in producing axial and transverse doses 
(with a spherical cold source) and transverse dose (with a cylindrical cold source). 
This indicated that different forms of cathode affected the output of the X-ray source 
in the simulation.

4.2 Analysis of the spectra of the cylindrical cold cathode

The graphs in Figure 5 show that when using a cylindrical cold cathode, the 
peak of the hemispherical-conical and hemispherical graphs is higher than the rest 
in the transverse and axial spectra. Moreover, the larger area under the graph in the 
hemispherical-conical miniature tube confirmed the efficiency along the transverse 
axis. This means that when using a hemispherical-conical miniature x-ray tube along 
the transverse axis, the cylindrical cold cathode outperforms others.

4.3  Analysis of the application results of the disk-shaped carbon and tungsten 
electron sources

In this section, the axial and transverse doses (according to Figure 6) and 
electron production (based on Tables 1 and 2) were compared in terms of three 
hemispherical-conical, hemispherical, and truncated-conical miniature X-ray tubes. 
For this purpose, a disk-shaped tungsten and a carbon layer with the same thickness 
and radius as an electron source were used. The number of running electrons for the 
transverse dose of the carbon layer was 1.5, 1.47, and 1.58. Meanwhile, for the axial 
dose of the carbon layer, the number was 1.42, 1.56, and 1.57 times the tungsten layer, 
respectively, for hemispherical-conical, hemispherical, and truncated-conical X-ray 
tubes. In addition, the average run time of each program using carbon and tungsten 
layers based on Tables 1 and 2 was 3970 and 6000 min, respectively. The mean ratio 
of the transverse and axial doses of the carbon source to the tungsten source was 
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obtained to be 4.8, 4.1, and 4.4 as well as 7.4, 6.7, and 7.9 for hemispherical-conical, 
hemispherical, and truncated-conical tubes, respectively.

5. Conclusion

Overall, based on the results of this study, the following conclusions can be made:
The data of graphs, spectra, and tables show that the geometric structure (forms 

of cathode and anode and their material) affects the output of miniature X-ray tubes. 
In this work, this parameter had the greatest impact on the hemispherical-conical 
miniature X-ray tube.

The data in the tables show that the cold cathode responds in a shorter time than 
the hot cathode, and the number of running particles was much more with the cold 
cathode than with the hot cathode. In brief, the carbon cathode had a higher dose than 
the tungsten cathode.

According to the calculated dose, the hemispherical-conical miniature X-ray tube 
(similar to the tube used in the Axxent system) was in the first place, and the hemi-
spherical miniature X-ray tube (similar to the tube used in the Intrabeam system) was 
in the second place.

Appendix

Appendix 1: the flow density relation
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Φ (eV) is the cathode work function. Temperature and the work function had the 
greatest effect on thermionic emission, and the effect of Ac was negligible. To prevent 
cathode evaporation, the string temperature must have the lowest value; thus, it 
needs to have a small work function.

Appendix 2

The field emission of electrons from a surface to the vacuum using quantum 
mechanical tunneling is extremely high in response to an electric field. In general, in 
such a material, electrons at the Fermi surface must overcome the potential barrier 
applied by the work function (Φ) in the presence of an external electric field and 
change the potential barrier before escaping to the vacuum. In this process, the two 
quantities are of great importance: T (e), which is the probability of passing elec-
trons through the barrier, and N (e), which is the source of colliding electrons. T (e) 
depends on the width of the barrier, which, in turn, depends on the applied field and 
work function of the materials. On the other hand, N (e) depends on the bond struc-
ture of the materials and the distribution of the electron at a certain temperature. 
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Assuming that the free-electron band structure of a metal is at 0 K temperature, the 
emission current follows the Fowler-Nordheim law.

 
( ) ( )

1.5
2
Local2
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FN FN − Φ
=  Φ  

 (2)

To extract large currents, either Elocal must be increased or the work function (Φ) 
must be reduced.
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