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Abstract 
 
An overview of the investigation of parasitic-X-ray (Bremsstrahlung) from 
high-voltage electron vacuum tubes in military radar transmitters is given. 
From technical inspection, data evaluation and measurements maximum dose 
rates for work places of the personnel are calculated. With dedicated 
workplace surveys the maximum dose H*(10) per month for the personnel is 
estimated for the entire time of use of the different radar sets. 
 
 
 
1 Introduction 
 
In Germany a discussion of the extend of possible exposure of military 
personnel to ionizing radiation came up, when German Armed Forces 
contingents entered areas in the Balkans where depleted uranium (DU) 
projectiles were used in former conflicts. Subsequently a comprehensive study 
was initiated [1]. It covered not only the discussed exposure to DU but also 
the possibility of occupational exposure of personnel of the German Armed 
Forces to ionizing radiation from radar sets many decades ago – in the fifties, 
sixties and seventies of the last century – and, quite generally, the exposure 
to hazardous substances in weapon systems during non-conflict service.  
 
However, in that study the possible exposure to ionizing radiation from radar 
equipment, i.e. parasitic X-rays (Bremsstrahlung) from high-voltage vacuum 
electron tubes was treated only for Western type radar sets. Further there 
was no quantitative dose reconstruction accomplished, as it is the legal basis 
for any decision for approvals for compensation of occupational diseases. This 
short coming was indicated in the report itself and the necessity of the base 
for adequate retrospective dose reconstructions was stressed. 
 
In this paper the most important results are presented in a generalized 
overview. In the first section the types of emitters of parasitic X-rays in radar 
sets are summarized. The most important types of high-voltage vacuum tubes 
are shown and their dominant emission characteristics are reviewed. In the 
third section the available data sources are reported. Then the identification 
of the personnel possibly exposed and the retrospective evaluation of dwell 



times in the radiation field will be reported. Finally the maximum dose at the 
working place of each radar set will be presented in a summarized overview 
and some conjectures will be discussed.  
 



 
2 High-voltage electron tubes in radar sets and emission of parasitic X-rays 
 
2.1 Radar-sets and high-voltage components 
 
Military radar sets cover a large variety of applications. On one hand there 
are portable nearly backpack-sized radars for close battle field 
reconnaissance with a range in the order of a few kilometres. On the other 
hand, long range high power surveillance radars for the detection of flying 
objects with a small radar cross section at some hundred nautical miles 
distance occupy an entire building. The application of detection and ranging 
of flying objects is complemented by radars for target tracking and 
illumination. 
 
The technical data of military radars thus vary considerably and parameters 
as for example frequency and power vary by orders of magnitude. The 
frequencies of the investigated radars are between 100 MHz and 10 GHz, the 
pulse peak power is between about 7 kW and 20 MW. This is reflected in a 
broad variety of different types of transmitter tubes, high voltage rectifier 
tubes, and switching tubes.  
 
A principal set-up of a “classical” radar transmitter of a pulse radar is 
depicted in figure 1. The transmitter tube (here a magnetron) is supplied with 
high voltage power from a pulse transformer. The low voltage input of the 
pulse transformer is fed by a pulse forming network, which is loaded by a high 
voltage dc power supply. In table 1 the approximate high voltage values for 
tubes in such a radar transmitter are summarised as they follow from the 
supply voltage Uin and the pulse transformer ratio TP. Across the clipper 
diodes the high voltage spikes at the edges of the HV pulse are similar to the 
voltage at the transmitter tube. 

 
Figure 1:  Principal set up of a “classical” pulse radar with typical 

applications of high voltage electron tubes as switches, pulse 
formers and transmitters 

 
Table 1: Relations of HV-values in a classical radar modulator and transmitter 
 

tube HV 



rectifier tubes in HV 
supply 

Uin 

thyratron 2 Uin 
transmitter tube 
(magnetron) 

TP Uin 

 
It should be noted that the switching can also be achieved with a tetrode 
instead. In this case a direct control of the high-voltage pulse duration is 
possible. 



 
A high microwave output power and a flexible frequency switching can only be 
achieved with amplifier tubes as for example travelling wave tubes and 
klystrons. The electron beam focussing system of these tubes generally 
requires a more complex high voltage power supply. A comprehensive 
overview of radar generator and amplifier tubes is given in [2].  
 
This report covers radar sets in use in German Armed Forces from their 
introduction in the mid-1950s up to the present, and both, NATO- (Western-) 
type radar transmitters as well as Warsaw-Pact- (Eastern-) type radar 
transmitters are investigated. The study was extended to high power 
transmitters equipped with high voltage vacuum electron tubes as they were 
used in directional beacon emitters for aircraft navigation and in jammers for 
electronic warfare. For brevity no further difference will be made between 
these non-radar and the radar-transmitters. 
 
In total over 140 NATO-type radars and over 80 Warsaw-Pact-type radars 
were investigated.  
 
The inspection of the technical set up of a radar set yields a catalogue of high 
voltage vacuum electron tubes to be treated as parasitic X-ray emitters. Any 
radar set with operation voltages above 5 kV was closely inspected. In Figure 
2 the distribution of the maximum HV value in a radar is shown for all 
inspected radars from NATO-type and Warsaw-Pact-type radar sets, 
respectively. It should be noted that the tube with the highest operating 
voltage is not necessarily the tube with the highest dose rate emitted. 
 
It was found that in military radars from both origins an operating HV 
between 20 kV and 30 kV is the most common. Among the Warsaw-Pact-type 
Radar sets no maximum operation voltage above 120 kV occurs: This might be 
due to the requirement of a transportability of these radars. The NATO-type 
radars with maximum HV values above 100 kV are fixed installations. 

 
Figure 2:  Distribution of the maximum of HV values of the tubes in each of 

the investigated Western type (left panel) and Eastern type (right 
panel) radars. 

 
 
2.2 Parasitic X-ray emission characteristics of electron tubes 
 



As shown in figure 1 diodes are used in radar transmitters for different 
applications. The results of investigations of parasitic X-ray emission by glass 
tube diodes with respective use in related equipment apply for radar 
transmitters [3].  



 
The parasitic X-rays from thyratrons have been studied in detail [4]. The 
radiation is emitted in a narrow beam perpendicular to the cylindrical tube 
housing and the emission is pulsed according to the switching.  
 
The emission characteristic of the microwave generator and amplifier tubes 
shows also an extreme spatial inhomogeneity. Magnetron tubes consist 
predominantly of a cavity made from massive copper, which is mounted in the 
joke of a magnet. The feed through for the high voltage supply and for the 
microwave guide are possible pathways for the parasitic X-rays off the cavity. 
The same observation holds for other high power amplifier tubes [5]. The 
necessity of a proper shielding as a part of the tube which is not removable 
even during technical inspections under high voltage has been the lesson of a 
respective accident in early military use of high power klystrons [6]. 
 
Dose and dose-rate measurements have to take into account the specific 
emission characteristic outlined above. The dose/dose-rate meter has to cover 
a large range of photon energies, even less than 10 keV. Due to the pulsing of 
the X-ray emission a large dynamic range of dose rates has to be covered. 
Further, at the points of measurements there may be strong electric, magnetic 
or electro-magnetic fields with a broad distribution of frequencies due to high 
voltage generation and switching in the close vicinity which could influence the 
results of the measurements. Thus complementary dose/dose-rate measuring 
techniques should be used, for example TLD or film exposure. 
 
 
 
3 Dose-rate data 
 
3.1 Data sources and available data  
 
The dose assessment presented here is based predominantly on dose/dose-rate 
data from former technical inspections. The majority of the radars  which had 
to be analysed is no longer available and even the documentation is often poor 
or has been changed due to technical modifications during the time of use. 
Further, in some of the early reports the dose/dose-rate value is taken only 
just at the accessible surface of a housing or cabinet. Dedicated measurements 
at several distances, e.g. at the real workplaces, are scarce. 
 
In order to fill gaps in the data, radar transmitters from museums and 
collections were put to operation for detailed measurements. In some cases 
technical improvements of radiation protection were removed in order to 
obtain data on the 'old' configuration. In total over 15 'historical' radar 
transmitters were thus put to operation for a retrospective dose/dose-rate 
measurement. 
 
 
3.2 Example: X-ray emission from the transmitter of the radar set AN/MPQ-
50 
 



For illustration the results of a radar studied in detail will briefly be 
summarized. The pulse acquisition radar (PAR) AN/MPQ-50 was used in the 
mobile air defence missile system HAWK of the German Air Force. The 
hydrogen thyratron type JAN 5949 is the dominant X-ray emitter. It is 
operated at a maximum voltage of 18 kV and it is located in the lower cabinet 
in a trailer. Figure 3 and 4 show the trailer and the typical position of a 
technician during inspection and control of the modulator.  



 
The emission characteristic of the thyratron as investigated by film exposure 
is shown in figure 5. The measured rates of the photon equivalent dose (Hx ) at 
the reference distance of 5 cm from the cabinet front. The values cover the 
large range from 1 µSv/h to 600 µSv/h. The distribution of the available data 
(n = 42) can be described by a logarithmic distribution as illustrated in figure 
6. The mean value is 80 µSv/h and the standard deviation 7 µSv/h. 
 

 
Figure 3: Trailer mounted PAR. The 

modulator with the 
thyratron is in the lower 
right cabinet in the front. 

 

 
Figure 4: Position of the technician 

during inspection of the HV 
part of the PAR. The 
thyratron is in the height of 
the technicians chest behind 
the right side of the 
transformer (grey box). The 
dis-tance between the 
technician and the thyraton 
is about 80 cm. 

 

 
Figure 5: X-ray film exposed during 12 h in front of the lower right cabinet 

with the thyratron. The perforated interior cabinet doors were 
closed. The cables in front of the thyratron can be distinguished. The 
area of radiation emission is limited in a vertical interval of about 
12 cm. 



 
The variation of the dose rate is due to variations of the high voltage applied, 
the transmitter performance, of the material and the electrode design of the 
thyratron. In the thyratron JAN 5949 the anode is coaxially surrounded by a 
cylinder with windows. The position of the windows has no influence on the 
specified function of the tube and their position is different for different 
tubes. Yet the position of the window has substantial influence on the 
direction of the X-ray field. 

 
Figure 6:  Cumulative distribution of the rate of the equivalent photon dose 

(Hx) of the thyratron JAN 5949 in the modulator of the radar set 
AN/MPQ-50. 

 
As mentioned above, operation voltage and switching have a large influence 
on the emission of X-rays. Therefore the data obtained for the JAN 5949 in the 
radar modulator of the AN/MPQ-50 can not directly be taken as reference 
values for the dose rate for all applications of this thyratron in other radar 
modulators. 
 
In the subsequent dose-reconstruction regarding health-effects, the maximum 
dose rate value was applied. Further the dose was related to the maximum 
HV-value, i.e. the maximum photon-energy of the Bremsstrahlung-spectrum. 
This extreme overestimation of the thus attributed occupationally acquired 
doses was taken in terms of a very conservative evaluation which postpones 
detailed consistency tests. 
 
 
 
4 Dwell time in X-ray field and maximum dose values 
 
4.1 Identification of personnel with exposure and dwell time evaluation 
 
The central issue of a retrospective dose assessment is the proper 
identification of the role of the personnel which could have access to the 
radiation field during their work.  
 



The present study covers a large variety of involved military organization of 
this work. Within the four decades the role of military as well as civilian 
personnel in charge of radar in two armed forces the radar-personnel was 
investigated. The coarse division of radar personnel into the users of radar 
equipment and the technicians, who install, maintain and repair the radar 
equipment, i.e. the division into operators and maintainers prevails. However, 
in some mobile radars both, technical installation and military operation of 
the radar was the task of the same personnel. In any case extend of the access 
to X-ray emitters in the technical work due to close contact and/or opening of 
cabinets with HV switched on, is due to investigation specific for each radar 
set and technical work to be done. 
 
This identification and description was achieved by experts for each radar 
system. It was performed by experts comprising mostly military technicians. 
The dwell time data for the dose calculations stem from interviews and the 
inspection of work sheets. It should be noted that the interview and estimate 
based data of the monthly dwell time in the vicinity of a transmitter was in 
accordance with a calculated one. The calculation was based on the 
documented number of radar sets of the specific type, the documented man 
power of technicians and a system related estimate of failure rates of the 
transmitter and the respective repair time. 
 
 
4.2 Maximum dose at the work places 
 
For a retrospective dose evaluation for the workplaces at the radar 
transmitters the maximum dose per month was calculated. Its location is given 
with respect to the position of the hands, the head, the chest, and the legs of 
a member of the personnel. With the evaluated maximum of the HV of the 
respective dominant parasitic X-ray emitter the equivalent dose H*(10) per 
month can be given  for the entire period of use of a radar set [8]. The time 
scale of a month corresponds to the documentation of the career of military 
personnel. However, the technical changes and the fading out of the use of 
radar-sets was adopted to the scale of years. The dose H*(10) per month is the 
base of the organ specific retrospective dose calculation in a regular decision 
making on approvals in terms of extreme 'worst-case' assumptions. 



 
Figure 7: Overview of the distribution of the worst case estimated 

maximum dose H*(10) (mSv per month) at two selected locations for 
all investigated radar-sets in a normalized representation.(D0 denotes 
that background level was the working place. The fraction of radar 
sets were no data were available is indicated.) 



 
The results of the dose H*(10) per month can thus be given for the investigated 
radars over their entire duration of use. Figure 7 represents the overview in 
terms of sorting radar to specific dose intervals. In order to offer a close 
inspection of the dose distribution a normalized representation was chosen. 
The maximum number of radar sets used in the German Armed Forces occurred 
in 1990. 
 
As a result, the radar transmitters with elevated doses are identified. The 
radar sets and workplaces with possible exposure to parasitic X-rays above 
tolerable levels concern a small minority of radar and it is limited to the first 
two decades.  
 
The result further shows, that the dose reduction expressed in terms of the 
classification given above proceeded gradually rather than in distinctive 
phases. 
 
It is noted that the finding of a epidemiological study on a large cohort of 
radar technicians [9] gives no significant hint to an elevated mortality of 
personnel having worked on NATO-type radar sets in their early period of use. 
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