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Abstract. We describe the calculations and preliminary measures made for the 
installation of a X-ray generator tube. This device is going to be used for the secondary 
electron production from photonic primary radiation of up to 125 keV. With this 
experimental system, we will study the energetic and space distribution of produced 
secondary electrons by obtaining its spectrum of energies and its angular distribution. 
This method of measurement is going to be applied in different targets of radiological, 
environmental and biological interest. Calculations in the present article include: 
theoretical yield of X-rays production of the designed equipment, necessary shielding 
for the radiological safety of the installation staff, and an estimated dose due to their 
use. Characteristics of the installation and the equipment are described with this 
purpose. 

 

1. Introduction 

Models of secondary electron energy loss will allow improving the 
precision of instruments in which measurement is based on the absorbed 
energy by the matter when irradiated by high energy radiation. The 
inclusion of the transport produced by secondary electrons through the 
material allows an improvement in the description of the radiation 
absorption processes. It is necessary to know, among other parameters, 
the spectrum of energies and the angular distribution of produced 
secondary electrons. 

The aim of the general project is to study the damage by radiation 
produced by secondary electrons in biomolecular systems. For this 
purpose we are going to install an experimental device that will allow the 
analysis of the energetic and angular distribution of secondary electrons. 
It will irradiate condensed and gaseous targets with high energy photons 
(up to 125 keV), which are produced by an X-ray tube. This method of 
measurement will be applied to targets of radiological, environmental 
and biological interest. 

                                         

* Correspondance author. E-mail: abo@csn.es  
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This work comprises the titled project: "Production and Analysis of 
Secondary Electrons", and it participates in the action of the European 
group COST-P9 "Damage produced by the radiation in biomolecular 
systems". COST is “European Cooperation in the field of Scientific and 
Technological Research”. 
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2. Methods and materials. 

2.1. Experimental set – up. 

Secondary electrons are generated by collisions of photonic and 
electronic radiation in a wide range of energies (1 eV - 125 keV) with 
different targets of interest. Electronic primary radiation will be 
obtained with an electron gun of up to 10 keV. Photonic primary 
radiation will be obtained with an X-ray tube of up to 125 keV. 

We will measure the generated spectrum of secondary electrons and its 
angular distribution by usage of an electrostatic energy analizer which 
can rotate perpendicularly to the direction of the incident radiation 
beam. This electrostatic energy analizer is connected to a MCP detector, 
within a collision steel chamber of 8 mm thick. Photonic spectrum will be 
measured with a Si(Li) detector. 

 
Initially, the targets of interest will be tissue – equivalent gases, later 
condensed molecular targets of biological interest (acetic acid, 
formaldehyde, DNA). 

As the high voltage generator can provide a voltage greater than 5 kV, 
the use of an  
X-ray equipment as a primary radiation source make necessary to 
consider certain legal security aspects related to radiological safety [1] 
[2] . In order to reach this, it has been necessary to make a previous 
study of necessary shielding. Permitted dose limits to the public and 
exposed personnel can be not exceeded [2] , optimizing its exposition to 
the radiation. Furthermore, a calculation of doses has been made 
considering a normal operation of the equipment. 

2.2. HV generator. 

 
Figure 1. Experimental set – up 
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High voltage generator is a commercial model manufactured by Sedecal 
S.A. and provided by Philips Medical Systems. Technical characteristics of 
the generator are specified by the manufacturer and showed in Table 1. 
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Table 1. Characteristics of the generator. 

SEDECAL 
SHF 310 

Power 
supply kV range mA range 

Expostion 
time (s) 
range 

mAs range 

 

 
32 kW 

 
4 – 125 

± (5 % + 1 
kV) 

 
10 – 400 

± (5% + 1 mA) 

 
0.001 – 10 

± (1 % + 1 
ms) 

 
0.1 – 500 

2.3. X-ray tube. 

The X-ray tube is a non – commercial prototype designed by our group for 
the specific aim of the related experiment. It has been made in Centro de 
Investigaciones Energéticas, Medioambientales y Tecnológicas – CIEMAT, 
in Madrid. It is made in steel according to Figure 2a and it will be joined 
to the collision chamber. The tube is connected to the generator with a 
maximum voltage Vmax = 125 kV and a maximum intensity Imax = 400 mA. 

 
In contrast to any commercial tube, this one needs an additional vacuum 
system and adaptation of HV cables to connect it to the generator. As 
advantages to the commercial tubes, the anode filament is 
interchangeable and it is possible to adapt the tube in different 
configurations to the experimental set-up showed in Figure 1. 

It is necessary to cool the X-ray tube with oil. Feedthrough are made of 
macor, an insulating and high temperatures resistant material. A 
collimating housing has been installed in the cathode with the double aim 
to reduce the emitting electron current and to direct the electron beam 
towards the anode. This collimating housing is connected to a voltage of 
12 V that gathers the cathode electron emission, except electrons which 
are emitted through its opening. According to Figure 3, the cathode 
housing opening has a diameter of 3.2 cm, situated to 10 mm of the 
cathode. The field of the radiation beam is S = 8 cm2 and this geometric 
distribution has a solid angle Ω = 0.0707 strad. For a current I = 250 mA, 

Figure 2. a) X-ray tube design.   b) X-ray tube cover. 
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the effective current of emitted electrons is Ieff = 2.81 mA. The distance 
from the centre to the target is dp = 30 cm. 
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2.4. Characteristics of the installation. 

The installation is placed at the Laboratory of Radiation - Matter 
Interactions, in the Faculty of Sciences of the Universidad Nacional de 
Educación a Distancia – UNED, in Madrid. Laboratory includes a student 
zone and a research zone. The X-ray equipment is placed in the position 
indicated in Figure 3. Installation barriers and their characteristics are 
showed in Table 2. 

The semibasement and the ground are inaccessible, therefore T = 0 is 
taken as an occupancy factor [6] . The rest of adjacent rooms, as well as 
the own laboratory, are working places of the university staff, thus T = 1 
is taken as an occupancy factor.  
T = 0,25 is taken for the entrance corridor, because it is considered an 

occasional occupation zone. 

All accessible adjacent rooms are occupied by public, therefore it will be 
necessary to consider the annual dose limit in these zones H = 1 mSv/yr 
according to at the present Spanish legislation [2] . Equipment will be 
exclusively used without students in the laboratory, and it will be 
operated only by licensed exposed personnel. Because of this, the annual 
dose limit within the laboratory (operator place and others) can be 
considered  

 
Figure 3. Plan of the installation 
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H = 20 mSv/yr, not considering that it can be exceeded to 50 mSv in 1 
year, but not exceed to 100 mSv during 5 years, also according to at the 
related spanish legislation. 

The test disposition is going to be arranged according to the designed 
set-up, thus the directional beam is going to have the direction towards 
wall A (Figure 3). This barrier is the only primary barrier, therefore the 
use factor is U = 1 [6] . The rest of barriers are secondary, so the use 
factor is also U = 1. 

Table 2 shows the constructive characteristics of these barriers as well 
as the rest of parameters necessary for the shielding calculation and dose 
estimation. 

Table 2. Characteristics of the barriers. 

Place Room Barrier 
Use 

factor 
U 

Occupancy 
factor 

T 

Person 
occupancy

Weekly 
dose-

equivalent 
limit  

Hw (mSv) 

Material 
wallboar

d 

Shielding 
instalate
d (mm) 

Pb 
equivalen
t* (mm) 

A 
Laborato

ry Primary 1 1 Public 0.02 Brick 120 1.0 

A' Ground 
Secundar

y 1 0 Public 0.02 Concrete 1000 6.0 

B 
Laborato

ry 
Secundar

y 1 1 Public 0.02 Brick 120 1.0 

B' Cround 
Secundar

y 1 0 Public 0.02 Concrete 1000 6.0 

Door Corridor 
Secundar

y 1 1/4 Public 0.02 Wood 100 0.0 

Up 
Laborato

ry 
Secundar

y 1 1 Public 0.02 Concrete 260 2.4 

Down Ground 
Secundar

y 1 0 Public 0.02 Concrete 260 2.4 

* DIN 6812 - Medizische Röntgenanlagen bis 300 kV. Strahlenschutzregeln für die 
Errichtung [5] . 

3. Calculations. 

A theoretical estimation of necessary shielding has been done according 
to the following parameters: X-ray tube yield, workload and terms source 
of radiation. The necessary shielding calculated assures that the received 
doses by the operating personnel and by the members of the public do not 
exceed 3/10 parts of the permitted limits. Thus, the radiological safety 
of the installation is assured. Finally, it has been calculated the doses 
due to the use of the X-ray equipment with the shielding to be installed. 

3.1. X-ray tube yield. 
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Efficiency of photon production by electron of an X-ray tube ε is fixed 
from the energy of the incident electron E, and the atomic number Z of 
the material [10] : 

)MeV(107
e
γ 4 EZ ⋅⋅⋅=



 −

−ε  

The most unfavourable case is when voltage is Vmax = 125 kV with a 
tungsten filament (Z = 74), material to use with the greater atomic 
number. In this case, efficiency results ε= 6.48⋅10-3 photons by electron. 

Calculated data of effective current and efficiency allows determining 
the activity of photon production Aprod: 

s
γ

1014.1 14⋅=⋅= εeffprod IA  
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For an activity of photon production Aprod., an electron energy E, at a 
distance r, X-ray yield of the tube results [4] : 

)m(

)keV()Bq(
1018.1

h
mmSv

2
13

2

r

EAprod ⋅
⋅⋅=







 ⋅Γ −  

Thus, considering the indicated effective current of the tube, the X-ray 
tube yield results: 

minmA
mmSv

93.9
2

⋅
⋅=Γ  

3.2. Workload 

For the calculation of workload W, a very conservative estimation of the 
use of the equipment is considered. We considered a use of 2 h/day, 
during 3 days a week and 40 weeks to year. Operation conditions are also 
considered conservatively, so we take the higher effective intensity I = 
2.81 mA. 

Therefore, with these premises, an annual workload W is obtained: 

yr
minmA

40500
⋅=W  

Figure 4. Operation set – up. 
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This is a conservative and approximated value to the purpose of shielding 
calculation. In operation conditions, we will be able to consider annual 
workload in a more realistic way. 

3.3. Terms source of radiation 

Table 3 shows the values of primary and secondary terms source of 
radiation obtained according the calculation method indicated in the 
NCRP Report No. 49 and the CSN Guide 5.11 [4] [6] [7] . 

In order to determine the term source of the leakage radiation, we 
suppose that the leakage factor of correction f = 1 and the tube has 
maximum leakage radiation of 1 mGy in 1 hour at 1 m [3] , therefore the 
value of the maximum workload supported by the tube will be Qh = 240 
mA.min [4] [5] . 

Table 3. Terms source of radiation. 

Secondary 
radiation Primary  

radiation 








 ⋅⋅⋅Γ
week

mmSv 2

UW  

Scattered  
radiation 








 ⋅
⋅

⋅⋅⋅Γ
week

mmSv
400
002,0 2

2
pd

SW  

Leakage 
radiation 








 ⋅⋅
week

mmSv 2

hQ
Wf  

1.01⋅104 4.47⋅10-4 4.22 

Due to its small value, contribution of the scattered radiation is 
considered negligible, we will only consider the leakage radiation as 
secondary radiation. 

3.4. Attenuation and neccesary shielding 

Initially, attenuation of the radiation due to shielding of 8 mm thick steel 
of the chamber collision has been calculated for a maximum voltage V = 
125 kV [9] . 

Necessary shielding (mm of Pb) to reduce the radiation to 3/10 of the 
equivalent dose limits is obtained from tables provided in ICRP Report 
No. 33 [8] . 

Table 4. Attenuation of radiation by the chamber of collision. 

E 
(keV) 








g
cm2

Feρ
µ   x 

(cm) 








3cm
g

Fe
ρ  Attenuation 

factor A 

125 028405 0.8 7.874 5.99 

 

Table 5 shows obtained values of necessary shielding. 
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Table 5. Shielding. 

Radiation 
Term of source 

radiation at 1 m 
(mSv m2 /sem) 

Source of 
radiation 
filtered 

(chamber 
attenuation) 

3/10 Hw 
 

(mSv/week)

Attenuation 
factor A 

Shielding 
(mm Pb) 

Primary 1.01⋅104 1.68.103 0.12 1.4.104 2.7 

Secondary 4.22 4.22* 0.12 35.1 0.6 

* Attenuation of the chamber collision is not considered in the leakage radiation 
term. 

According to the exposed results and considering as much the primary as 
the secondary radiation, an additional shielding of 3 mm thick lead is 
considered. Estimated doses received at 1 m of distance from the focus 
will never exceed 3/10 of parts of permitted dose limits for exposed 
personnel. That is the reason why the room can be signalise as a Watched 
Zone of Irradiation Risk [2] . 

This additional shielding has been attached on a lead cover of 3 mm thick 
which covers the experimental set – up. 

3.5. Dose estimation 

Focusing in the related shielding, doses to be received can be estimated 
in the operator place, within the room and in the adjacent rooms. A 
summary of these results is showed in Table 6. 

Table 6. Dose estimation. 

Place 
Term source of 

radiation         
(mSv m2/sem) 

Source of 
radiation filtered* 

(mSv.m2/sem) 

Distance 
(m) 

Annual 
dose 

Work place on 
direction of 

primary 
radiation 

1.68⋅103 (a) 5.6⋅10-2 1 2.24 mSv 

Operator place 4.22 (b) 1.41⋅10-4 2 ∼  2 µSv 

A 1.68⋅103 (a) 4.2.10-6 8 ∼  3 µSv 

B 4.22 (b) Negligible 1 Negligible 

Door 4.22 (b) Negligible 1 Negligible 

Up 4.22 (b) Negligible 1 Negligible 
* Considering the attenuation due to structural barrier shielding. 
(a) Primary and secondary radiation. 
(b) Leakage radiation. 

Doses to be received in the adjacent rooms can be considered negligible. 
Considering the restrictive case of laboratory staff which is working in 
front of the direction of the primary beam of radiation, to 1 m of 
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distance, during all time while the equipment is operating, doses to be 
receive would not exceed than 3/10 parts of the annual dose – equivalent 
limit for exposed personnel. 



 
14 

4. Preliminary tests. 

Figure 5a shows the verification test and the vacuum test for the tube 
set-up. A HV source of 5 kV has been used as heating source of the 
filament. Also a microampere-meter has been used to detect the cathode 
– anode electron current. 

The tube has a vacuum system installed composed of a rotatory pump, a 
turbo-molecular pump, and a measurement system. After the tests, a 
vacuum of 10-7 torr has been achieved, and the electron current was 
detected (very weak, but detectable for the used voltages). This proves 
the correct operation of the tube. Figure 5b shows the anode after 
irradiation, it is possible to distinguish the focal spot of the incident 
electron beam and a spot of irradiation electrons of smaller energies, due 
to the parasitic magnetic fields of the system which turn aside the direct 
electron beam. 

 
Furthermore, additional tests with the generator connected to the X-ray 
tube have resulted satisfactory marks. 

5. Conclusions 

A generator X-ray tube has been designed and installed operating with 
guarantee and versatility under the intentions described for the study of 
secondary electron, assuring the necessary radiological protection. 

In the project future, the next tasks will consist of: 

 Installation and verification of the described high voltage 
generator. 

 Preliminary measurements with the Si(Li) detector of X-ray, 
produced using different anode materials without targets. The 
objective of these measurements will be to determine the optimal 
operation energies range to irradiate targets with characteristic 
radiation. 

 
Figure 5. a) Test set – up   b) Irradiated anode 
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 Study of secondary electron obtained by irradiation of gaseous and 
condensed targets. 
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