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Abstract 

 Dosimetry in stray radiation fields outside the shielding of hadron accelerators is a 

difficult task due to the complex nature of the radiation field. An instrument desirable in 

operational health physics should measure dose equivalent of any composition of radiation 

components in the entire energy range. A promising candidate for single detector dosimetry in 

complex radiation fields is a recombination chamber. Performance of a REM-2 recombination 

chamber was investigated at the CERN-EU high-energy Reference Field (CERF) facility of 

CERN. The sum of dose equivalents measured with detectors sensitive to only one component 

of the mixed radiation field was compared with the total dose equivalent obtained with the 

recombination chamber. In addition the results were compared with Monte Carlo (MC) 

simulations. 

 

1 Introduction 

 Stray radiation fields outside the shielding of hadron accelerators are of complex 

nature. They consist of a multiplicity of radiation components (neutrons, photons, electrons, 

pions, muons, etc.), extending over a wide range of energies. All these particles contribute to 

the total dose equivalent, H. This makes dosimetry difficult, since it would be desirable to 

have one radiation monitor, sensitive to all particles in the entire energy range, which 

determines correctly the total dose equivalent. An instrument that fulfils these requirements 

well is the recombination chamber [1]. 

 The performance of a recombination chamber was investigated at the CERN-EU high-

energy Reference Field (CERF) facility. CERF provides a mixed field of mainly neutrons and 

photons ranging from thermal energies up to hundreds of GeV [2]. The energy spectra of the 



  

different particle components are estimated with Monte Carlo (MC) simulations and have 

been experimentally verified in the past with a range of different instruments [2].  

 In this work we measured the total dose equivalent at the reference exposure position 

CT6 of CERF with the recombination chamber and compared it to calculated values. In 

addition, we measured separately the dose equivalent for low and high LET radiation, with 

dedicated detectors.  

 

2 The CERN-EU High Energy Reference Field (CERF) Facility 

 CERF was designed to resemble the radiation environment at subsonic aviation 

altitudes. It provides a well-known mixed high-energy radiation field for the calibration of 

various instruments. The reference field is created by a positively charged mixed hadron beam 

(61% pions, 35% protons, 4% kaons) with a momentum of 120 GeV/c fired onto a copper 

target, which is located either below 80 cm of concrete or below a 40 cm iron shield [2]. The 

beam intensity is monitored by a Precision Ionisation Chamber (PIC). One PIC-count 

corresponds to 2.2x104 ±10% primary particles. The secondary particles produced in the 

copper target traverse the shielding where on top several reference exposure positions are 

available. At these reference positions, the particle fluences and spectra are well known from 

simulations with the MC program FLUKA [3,4] and measurements [2].  

 

3 Instruments 

 For measuring the different components of the total dose equivalent, several 

instruments were used. The neutron ambient dose equivalent was determined with an 

extended-range Bonner sphere spectrometer [5,6], with the extended-range REM counter 

LINUS [7] and with a HANDI TEPC [8]. For measuring the low LET component of the dose 

equivalent the HANDI TEPC was taken. The REM-2 chamber [1] is capable to determine the 

total dose equivalent. 

 

2.1 Recombination Chamber 

 The REM-2 chamber is a high-pressure ionisation chamber filled with a mixture of 

methane and nitrogen (5%) under a pressure of about 1 MPa. The chamber is operated under 

the conditions of initial recombination where volume recombination is negligible. The degree 

of initial recombination can be related to the LET of the radiation. This fact is used to 

determine the average quality factor of a radiation field. Employing a method developed by 

[9] and [1] the ratio of the current measured in recombination and saturation mode at 



  

appropriate chosen voltages provides a measure of initial recombination. Combining the 

quality factor and the measured absorbed dose a total dose equivalent Htot can be evaluated. 

 

2.2 The LINUS 

 The spherical LINUS (Long Interval NeUtron Survey-meter) is an extended-range 

REM counter consisting of a spherical 3He proportional counter within a moderator sphere 

made of shells of polyethylene, lead and boron doped plastic (details of the construction can 

be found in [7]). The response function of the LINUS follows very well the fluence to 

ambient-dose-equivalent curve, especially in the region above 10 MeV, where conventional 

rem counters underestimate the ambient dose equivalent dramatically. Thus, it can measure 

directly H*(10).  

 

2.3 Extended-Range Bonner Sphere Spectrometer 

 At CERN a new extended-range Bonner sphere spectrometer with sensitivity up to 1 

GeV was developed recently [5,6]. It uses a Centronics 3He proportional counter connected 

via a preamplifier to a compact acquisition system from Münchner Apparate Bau – MAB, 

which can be set and read out by a PC. The counter is coupled, step-by-step, with a set of 7 

moderator spheres. 5 moderators are conventionally made of polyethylene. Their diameters 

are 81 mm, 108 mm, 133 mm, 178 mm and 233 mm, from which the smallest one was also 

exposed with 1 mm cadmium cover. An overall measuring range of the system with these 

moderators is limited to ca. 10 MeV. The other two moderators, named Ollio and Stanlio, 

expand the measuring range up to ca. 1 GeV. 'Ollio' is a sphere with a diameter of 255 mm 

and consists of shells of 3 cm polyethylene, 1 mm cadmium, 1 cm lead, and 7 cm 

polyethylene thickness (from the 3He proportional counter outwards). 'Stanlio', with a 

diameter of 118.5 mm, consists of shells of 2 cm polyethylene, 1 mm cadmium, and 2 cm lead 

thickness. The response functions are given elsewhere [5,6]. The ambient dose equivalent is 

determined by folding the measured spectrum with fluence to ambient-dose-equivalent 

conversion coefficients of ICRP74 (up to 19 MeV) [10] and above 19 MeV of Pelliccioni 

[11].  

 

2.4 HANDI TEPC 

 The HANDI-system developed by the Universität des Saarlandes in Homburg is based 

on a low-pressure tissue equivalent proportional counter (TEPC) [8]. The spherical TEPC is 

filled with propane based tissue-equivalent gas simulating a density of 1 g/cm3 and a diameter 



  

of about 2 µm. The TEPC is operated together with a data processing system based on pulse-

height analysis using only 16 channels of nearly logarithmically increasing width. The system 

is able to measure in real time absorbed dose and the lineal energy y. 

 

4 Results and Discussion 

 Measurements of the dose equivalent were carried out at position CT6 of CERF. 

Emphasis was put on measuring low LET particles (photons and muons) and neutrons. The 

fluence of other hadrons as well as of electrons and muons, which are originating from beam 

interactions in the copper target, is much lower than that of neutrons and photons [2]. 

However, a significant muon component is present, which appears as intensity independent 

background. This is mainly due to pion decay in the beam line or neighbouring beam lines.  

 The measurements with the HANDI TEPC and the REM-2 chamber were performed 

at beam intensities of 2200, 4000, 6000 and 7500 PIC-counts per pulse extracted from the 

accelerator. Values of the low LET component of the total dose equivalent Hlow obtained by 

the HANDI TEPC are given for each beam intensity in order to see the influence of the muon 

background. The results of the high LET component of the total dose equivalent Hhigh 

obtained by the HANDI were averaged over all beam intensities, as well as Htot obtained by 

the REM-2 chamber. Measurements with the LINUS and the Bonner spheres were carried out 

at one intensity, ~1500 PIC-counts per spill. The given uncertainties include statistical errors 

of the measurements and simulations and calibration uncertainties of the instruments.  

 Table 1 shows the dose equivalent for low LET radiation normalized to incident beam 

particle. The photon component was calculated by folding the simulated photon spectrum 

obtained by FLUKA [2] with the conversion coefficients of [11] for ambient dose and 

maximum dose equivalent. The background contribution due to the muons was determined by 

[12] and the entire low LET component by the HANDI TEPC. We see that the sum of Hμ and 

Hγ reproduces very well the value of the dose equivalent Hlow for the entire low LET 

radiation. Table 1 also points out the consequences of the muon background, which is 

obviously more important for low intensities. It appears as a non-constancy of the normalized 

detector responses for different intensities of the incident hadron beam. 

 Table 2 shows a comparison of the neutron dose equivalent at CT6, measured by the 

HANDI TEPC, the LINUS and the extended-range Bonner sphere spectrometer and 

calculated by folding the neutron spectra obtained by FLUKA with the fluence to ambient-

dose-equivalent conversion coefficients of ICRP74 (up to 19 MeV) [10] and above 19 MeV 

of Pelliccioni [11].  



  

 The agreement between the different methods is very good. We also see that the sum 

of Hlow and Hhigh, which corresponds to Htot, is very well given within the uncertainties 

directly by the REM-2 chamber.  

 

Table 1: Measured low LET and muon components of the dose equivalent and calculated 

photon component at the position CT6 of CERF for different beam intensities. 

Beam Intensity 

[PIC/pulse] 

Hlow 

[pSv/PIC] 

Hµ 

[pSv/PIC] 

Hγ 

[pSv/PIC] 

7500 53.9 ± 3.8 24 ± 1  

6000 63.1 ± 6.3 30 ± 2  

4000 78.4 ± 5.5 45 ± 2  

2200 116 ± 12 82 ± 5  

Average 78 ± 33 45 ± 29  

Simulation 
Amb. Dose Equivalent 

Max. Dose Equivalent 
  

17 ± 2 

27 ± 3 

 

 

 

Table 2: Dose equivalent values measured with different instruments and calculated by MC 

simulations for different components of at position CT6 of CERF. 

 Hlow 

[pSv/PIC] 

Hhigh 

[pSv/PIC] 

Htot 

[pSv/PIC] 

Measurement 
HANDI 

78 ± 33 

HANDI 

242 ± 11 

LINUS 

259 ± 26 

Bonner 

287 ± 20 

REM-2 

314 ± 14 

Simulation  282 ± 28  

 

 

5 Conclusions 

 The recombination chamber represents a radiation monitor sensitive to all particles in 

a mixed radiation field. The total dose equivalent measured with the recombination chamber 

agrees very well with the total dose equivalent either obtained by Monte Carlo simulations or 

coming from the sum of measurements with particular detectors for neutron and low LET 

radiation. The measurements showed that the recombination chamber alone is able to replace 

a number of radiation detectors for determining the total dose equivalent.  
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