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ABSTRACT 

Within the bilateral collaboration between the CEA and the JSI we will analyze and 
improve the power calibration process of the JSI TRIGA reactor by using absolutely 
calibrated CEA fission chambers. In addition the TRIGA irradiation facilities will be used to 
perform a test irradiation campaign of new activation dosimeters and neutron/gamma flux 
measurement devices recently developed by the CEA, which will help to improve the nuclear 
data for neutron dosimetry and spectrum characterisation. The experimental campaign will be 
supported by a series of calculations providing guidelines for designing the experiments and 
evaluating experimental uncertainties and biases. 

1 INTRODUCTION 

The TRIGA Mark II research reactor [1] at the Jožef Stefan Institute (JSI) is extensively 
used for various applications, such as: the irradiation of samples, training and education, 
verification and validation of nuclear data and computer codes, testing and development of 
experimental equipment used for core physics tests at the Krško Nuclear Power Plant.  

The CEA Cadarache LDCI laboratory is devoted to nuclear instrumentation research 
and development for material testing reactors and power reactors [2][3]. Main activities 
concern neutron flux measurements using on-line detectors or activation dosimeters. The 
LDCI laboratory runs also a fission chamber manufacturing workshop and a fully accredited 
gamma spectroscopy measurement platform [4]. 

Recently, a bilateral project was started as part of the agreement between the French 
Commissariat à l'énergie atomique et aux énergies alternatives (CEA) and the Ministry of 
higher education, science and technology of Slovenia. The project involves the irradiation of 
CEA-developed neutron detectors in the JSI TRIGA Mark II reactor. The first objective of the 
project is to analyze and improve the power calibration process of the JSI TRIGA reactor 
(procedural improvement and uncertainty reduction) by using absolutely calibrated CEA 
fission chambers (FCs). The second objective is to use the TRIGA irradiation facilities to 
perform a test irradiation campaign of new activation dosimeters and neutron/gamma flux 
measurement devices recently developed by the CEA, which will help to improve the nuclear 
data for neutron dosimetry and spectrum characterisation. In addition, the experiments will 
provide a unique opportunity to investigate the measurement to calculations ratios in a pool 
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type reactor and validate the calculational tools and models used and developed at the JSI for 
neutron transport calculations in the TRIGA reactor. 

In the paper we describe the project’s specific objectives and present the first 
preliminary results of the joint campaign, i.e. the planning of the experiments, the envisaged 
instrumentation set, the computational analysis tools and the expected outcomes. 

 

2 ABSOLUTE POWER CALIBRATION 

Accurate knowledge of absolute reactor power is important for monitoring and 
evaluation of reactor operation as the reactor power signal is used by the reactor automatic 
control system, evaluation of reactor experiments, accurate determination and calculation of 
fuel element burn-up and isotopic composition of burned fuel, normalisation of calculated 
neutron fluxes and dose rates, etc.  

The thermal power of the TRIGA Mark II reactor at the Jožef Stefan Institute is 
monitored by neutron detectors, calibrated by the calorimetric method [5]. Five independent 
detectors located on the outer side of the graphite reflector, surrounding the core, measure the 
neutron flux and the gamma-ray intensity, both of which are assumed to be proportional to the 
reactor power.  

In reality, the relationship between the signal from neutron detectors and the thermal 
power of the reactor is not simple as it depends on many parameters, most importantly the 
neutron flux distribution, which changes during the reactor operation. Hence the thermal 
power calibration has to be performed regularly, especially after every change in the core. The 
uncertainty in the absolute power due to uncertainties in the calorimetric method can be up to 
30 %, and the error due to the presence of the control rods can be up to 15 % [5].  

The calibration can be improved by using absolutely calibrated neutron detectors to 
measure absolute fission rates at various locations in the reactor core. In the calibration 
process much is to be gained by neutronic calculations to support the physics, safety and 
engineering efforts. Many techniques are based on the use of advanced Monte Carlo transport 
codes, such as MCNP [6]. In addition, we will improve the absolute power calibration by 
measuring the thermal capacity of the reactor. This will be done by placing an electrical 
heater inside the reactor tank and measuring the temperature versus time dependence at 
known thermal power of the heater.  

 
2.1 Calculations 

The absolute power calibration with absolutely calibrated FC will be performed by 
comparing the measured signal of the absolutely calibrated FC at various locations in the 
reactor core with the calculated ones.  

The calculated results are commonly normalized to one source neutron. In order to 
normalize the calculated fission rate with respect to the steady-state thermal power of a 
critical system, the following scaling factor in units of fission neutrons per unit time should be 
used:  
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where P is the reactor power, ν is the average number of neutrons released per fission and wf 
denotes the effective energy released per fission event. Although the value of wf will vary 
somewhat with the type of reactor and the detailed core composition, it is typically of the 
order of 198 MeV for steady state conditions [7]. 

Note that the ratio between the measured fission rates and the calculated fission rates, 
which are normalised per one source neutron and integrated over time is exactly the scaling 
factor. By knowing ν and wf the steady state reactor power level during the irradiation of the 
FC can easily be obtained.  

It is important to note that calculations will be performed with the MCNP computational 
model of the TRIGA reactor, which has already been verified and validated for criticality and 
reaction rate distributions [8]. Hence we assume the future results to be reliable. 

The calculational model will also be used for the evaluation of experimental 
uncertainties, determination of biases and calculations to support planning and design of the 
experimental equipment. The effect of specific experimental uncertainties on the 
measurements, such as the effect of the uncertainty in the FC position, will be evaluated. 
Estimation of biases will include calculations of correction factors due to uncharacteristic 
calibration conditions, e.g.  Al guide tubes which will slightly change the neutron spectrum, 
temperature effects, possible Xe buildup, etc. The Al guide tubes and the FC positioning 
system are designed in such way to minimize the above-mentioned uncertainties and biases to 
an acceptable level, i.e. ~ 1 %. More results of the calculations that have already been 
performed can be found in the paper entitled “Calculations to Support Absolute Thermal 
Power Calibration of the Slovenian TRIGA Mark II Reactor”, which is also presented at the 
conference. 

Two different FC types (one containing 98.49 % enriched 235U and the other containing 
99.96 % of 238U) will be used to perform axial measurements of the fission rate along the 
complete core height at more than 15 radial measurement positions. These measurements as 
well will be used for verification and validation of our computational model.  

By measuring the fission rate at various positions we will verify the calculated spatial 
fission rate distribution. By using two different FCs we will verify and validate neutron 
spectral ratios. 

 
Figure 1: Measuring positions in upper supporting grid.  
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2.2 Experimental setup 

The FCs will be deployed into the reactor core by using a specially designed FC 
positioning system, composed of Al guide tubes, the drive mechanism and the data 
acquisition system. The schematic view of the system is shown in Figure 2. The FC will be 
connected to the data acquisition system by a stainless steel cable, which will also be used for 
inserting and withdrawing the FCs into and out of the reactor core. Accurate radial 
positioning will be ensured by the Al guide tubes, into which the FC will be deployed. 

The FC will be moved by a commercially available pneumatic drive consisting of a 
series of valves and pistons, all controlled by a microcontroller. The axial positioning will be 
ensured by two independent positioning systems: an incremental system which measures the 
FC position relative to the reference position, which is at the end of the Aluminium guide tube 
and a linear system for absolute position measurements through the use of a magnetized strip. 

            
Figure 2: Schematic figure of the FC positioning system  

The absolute power calibration experiment will be performed in the following way. The 
reactor will operate at steady state power of approx. 10 kW according to the reactor 
instrumentation. Next, the FC positioning system will be used to drive the FCs into various 
positions. The absolute reactor power will be determined from the comparison of the 
measured and the calculated fission rates.  

3 IRRADIATION CAMPAIGN 

3.1 Activation measurements 

Activation measurements of dosimetry reactions are often used for neutron flux 
measurements and spectrum characterisation. Within the scope of a previous collaboration, 
the techniques for spectrum unfolding were elaborated, using a combination of computational 
methods to determine the spectrum and covariance matrix prior, unfold the neutron spectrum 
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and constrain the variances of the covariance matrix, supplemented with activation 
measurements. The problems of the treatment of self-shielding have already been addressed 
and verified by the inter-comparison of independent calculations at CEA and JSI [9]. The 
present campaign of activation measurements is intended for the validation of the dosimetry 
reaction cross sections, which will make the results of spectrum unfolding more reliable. 
Candidate reactions, which will be considered, include 27Al(ng), 27Al(n,a), 55Mn(n,g), 
113,115In(n,g), 113,115In(n,n’), 186W(n,g), 45Sc(n,g), 58Fe(n,g), 54Fe(n,p), 56Fe(n,p), 117Sn(n,n’) 
with enriched sample, 59Co(n,g), 232Th(n,g), 238U(n,g) and 197Au(n,g), which is a standard. 

Activation foils are manufactured by using materials with a well-known composition 
(certified by the manufacturer) and are weighed with high precision in order to minimize 
uncertainties in the number of atoms. In order to lower self-shielding and self-absorption 
effects, the shape and the dimensions are defined for each irradiation location with respect to 
the expected activity. Both the irradiation duration and power are tuned in accordance with 
the calculated reaction rate in the location and the predicted activity. 

To shorten the withdrawal times, the activation foils, contained within aluminium 
capsules with an inner diameter of 6 mm, are transported to and from an irradiation position 
in the F ring of the reactor core (marked F26-IC on Figure 3) by the “fast rabbit” pneumatic 
device, which the reactor is equipped with. The irradiations are monitored by operational 
radiation counters in order to record the power history diagram. 

 

 
Figure 3: Configuration of the TRIGA reactor core with rod and irradiation channels 

locations labeled 

After withdrawal - how soon depends on the decay periods of specific reaction products 
- the activities of the foils are measured and the reaction rates are calculated. The reaction 
rates corresponding to the irradiation power level are derived using Bateman’s equations and 
the irradiation power history diagram. These results are directly compared to the calculated 
ones and biases are analysed. Then the spectrum unfolding process is applied, and a more 
detailed multi-group analysis of the cross section knowledge reliability is performed. 



407.6 

Proceedings of the International Conference Nuclear Energy for New Europe, Bovec, Slovenia, Sept. 12-15, 2011 

The spectrum unfolding method is detailed in the paper # 315 at this present NENE 
conference [10]. 

 
3.2 Fission chambers measurements 

Considering the operational constraints and the expected neutron flux, LDCI laboratory 
will use water-tight Fission Chambers (FC) with an integrated mineral cable, based on the 
PHOTONIS CFPR reference (see Fig. 4). Mechanical parts will be purchased from the  
PHOTONIS France SAS Company. Fissile deposits, detectors assembly and preliminary tests 
are performed at CEA Cadarache. 

 
Figure 4: Schematic view of a PHOTONIS CFPR fission chamber assembled at CEA 

Cadarache 

Mechanical and physical characteristics of the fission chamber: 
Materials: 

Structure:   Stainless Steel 
Insulator:   Al2O3 
Fissile deposit (mass):  Enriched 235U (~10 μg) or 238U (~100 µg) 
Filling gas (pressure):  Argon 96 %/Nitrogen 4 % (500 kPa) 

Detector dimensions: 
Nominal diameter:  3 mm 
Detector length:  ~55 mm 
Sensitive length:  ~4 mm 

Integrated cable: 
 Nomenclature:   coaxial mineral insulated cable 

(Copper core and a double copper/SS sheath) 
 Outer diameter:  2.2 mm  
 Length:   20 m overall  
 Impedance:   50 ohms 
Connector:     HN 
Reference:    THERMOCOAX 1CCAcSi22 50Ω  

 
The steady state power of the TRIGA reactor is chosen at 10 kW in order to keep the 

fission rate in FCs below 1.105 c.s-1. That way, fission chambers will be operated in pulse 
mode, using two different acquisition systems: a spectroscopy amplifier to measure the 
detectors fission spectrum (Pulse Height Analysis mode) for FC operational tests after 
shipping to Slovenia and mounting on the experimental rig and a fast current amplifier to 
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measure detectors counting rates over time (MultiChannel Scaling mode) for neutron flux 
measurements. 

The two different acquisition systems synopses are presented below: 

 

 
Figure 5: Scheme of the FC acquisition systems.  

During neutron flux measurements, MCS acquisition system output will be connected to 
the reactor data recording device in order to synchronize FC measurements with reactor 
parameters. 

LDCI laboratory manufactured fission chambers are all tested and calibrated in the 
MINERVE zero-power reactor at CEA Cadarache site. The calibration technique used relies 
on a primary calibration at SCK•CEN Mol site (Belgium) and a secondary calibration at 
MINERVE reactor facility. This technique leads to a fission rate per deposited fissile mass 
quantity calibration. 

The reference FCs are shipped to the fully qualified Mark 3 thermal thimble device in 
the BR2 reactor to be absolutely calibrated. Then, they are used in the MINERVE reactor for 
new FCs to be secondary calibrated: reference and new FC are both irradiated one after the 
other, in the same location of the thermal column while a third monitoring FC is operating for 
possible reactor power fluctuations (see example of output signal on Figure 6). 

This calibration technique is detailed in ref. [11] and has previously showed suitable 
results. The 235U reference FC is calibrated with an overall uncertainty of 1.4 %, so we may 
expect for especially manufactured FCs for CEA/JSI measurement campaign absolute 
uncertainties less than 3 %. 

MCS mode 

Current 
Amplifier and 
Discriminator 

TTL pulses 
counting module 

Acquisition 
Software 

Counting 
rates vs time 

Bias 
voltage 

PHA mode 

Charge 
Preamplifier 

Spectrometry 
Amplifier and 
Digitaliser 

Acquisition 
Software 

Fission 
spectrum 

Bias 
voltage 

FC 

FC 



407.8 

Proceedings of the International Conference Nuclear Energy for New Europe, Bovec, Slovenia, Sept. 12-15, 2011 

0

100

200

300

400

500

600

700

800

900

0 500 1000 1500 2000 2500 3000

Channel

C
ou

nt
s

FC to be calibrated

Monitoring

Reference FC

FC PHA Spectra

 
Figure 6: Fission chambers PHA spectra used for FC secondary calibration 

Absolute neutron fluxes levels in irradiation channels will be validated using 
Aluminium-Gold activation foils. This latter measurement represents also an opportunity to 
quantify the effect of minor changes in neutron spectra between two water pool type reactor 
(MINERVE and Slovenian TRIGA Mark II) on uranium fissile deposit FC response. 

4 CONCLUSIONS 

The scientific team from CEA acquired over several decades very good skills at 
manufacturing neutron detectors and measuring neutron fluxes in several different material 
testing reactors. The JSI scientific team has long-term experience in the field of reactor 
calculations, Monte Carlo transport of neutrons and photons and has an appropriate research 
reactor. Hence our knowledge is very complementary and together we present an ideal 
combination for improvement of existing measuring methods and development of new 
measurement devices under well defined conditions. 

For the CEA, this collaboration will allow to validate neutron flux measurement 
techniques mastered within their laboratory in representative conditions (unknown reactor), 
which could be applied at the future French JHR reactor qualification. Resulting international 
publications will also promote the CEA Fission Chamber workshop. 

For the JSI counterpart, the collaboration will provide an upgrade in the power 
calibration of the TRIGA reactor and improve the international visibility of this reactor 
(international publications). Uncertainties afflicting reactor operation, e.g. the uncertainty in 
fuel element burn-up, and uncertainties burdening neutron activation analysis and the 
irradiation of samples for external customers, will be reduced. 
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