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ABSTRACT 
Reactor dosimetry is a method used to determine neutron flux or fluence in experimental 

or power reactors by measuring irradiated samples activities. Flux is then computed by 
solving Batemans equations of evolution with the appropriate nuclear data. Samples are often 
pure metal materials with different reactions of interest (capture or inelastic). Some samples 
may also be diluted alloys to limit neutron self-shielding. By combining information from 
different foils (with reactions having different energy responses function), a multigroup 
neutron spectrum can be determined by using unfolding methods. 

CEA and IJS have decided to validate methodologies of unfolding flux through 
collaboration between the two institutes [1]. One major step is the realization of an 
experimental dosimetry program in TRIGA Mark-II at IJS. This paper will focus on the 
analysis of the experimental measurements (reaction rates determination)  and compare at last 
the experimental results to the monte-carlo computation. 

 

1 INTRODUCTION 

Neutron spectrum determination is a very important challenge for any reactor irradiation 
channel. Among the various existing methods , foil activation  has been chosen to characterize 
a TRIGA reactor channel at the Jozˇef Stefan Institute (IJS). A whole set of foils has been 
chosen to cover the entire energy range of the spectrum, with the use of neutron covers, 
especially for a better information in the epithermal range. Experimental  reaction rates are 
computed from foils activities that must be determined by applying  a well established gamma 
calibration procedure. These experimental  points are the key points to adjust the Monte Carlo 
computed spectrum of the channel.  So all nuclear data and calibration  factors - included in 
these measurements - should appear as clearly  as possible in the analysis process.  
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2 EXPERIMENTAL CAMPAIGN

The experimental campaign was performed during the month of october 2011 at The Jožef
Stefan Institue in the TRIGA-Mark II reactor. The samples were irradiated in the pneumatic
tube channel (F24 location) in the F-Ring channels (see figure 1).
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Figure 1: Triga Mark II reactor core configuration

2.1 Irradiation campaign

The set of foils (Table 1) has been chosen to characterize the entire spectrum, from thermal
to fast neutrons. A complete set of non threshold detectors has been tested with a large range
of resonant parameters. Diluted Al-X alloys were chosen to lower the self-shielding factors and
thus lower corrections in reaction rates measurements. For threshold reactions, a new reaction
of interest is tested, the inelastic reaction on 117Sn with a threshold about 0.3 MeV. Few useful
reactions present such a low threshold. The 117Sn(n, n′)117mSn reaction which is mainly used
for medical use of 117mSn radioisotope, has only few application in core characterization [2].
This fact has implication on the quality of available nuclear data. An enriched tin sample (
92.7% at. 117Sn ) was bought from Campro Scientific.

All dosimetry foils were irradiated bare, with a 1 mm thick cadmium (Cd) box, and with a
4 mm thick boron nitride box (BN).

2.2 Gamma measurements

All foils were measured shortly after irradiation at IJS, on the detectors of Environmental
Science Department and the Reactor Physics Department. Some samples were counted several
times, with different cooling times, according to half-lives of isotopes of interest. For long lived
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Table 1: List of irradiated foils and associated reactions
Al − 0.1%Au 197Au(n, γ)198Au, 27Al(n, γ)28Al, 27Al(n, p)27Mg, 27Al(n, α)24Na
Al − 1%Mn 55Mn(n, γ)56Mn
Al − 0.2%U 238U(n, γ)239U −239 Np
Al − 1%Th 232Th(n, γ)233Th−233 Pa
Al − 0.1%Co 59Co(n, γ)60Co
Al − 2%Sc 45Sc(n, γ)46Sc
117Sn∗ 117Sn(n, n′)117mSn
Fe 54Fe(n, p)54Mn, 54Fe(n, α)51Cr,58Fe(n, γ)59Fe

isotopes, samples have been sent to CEA Cadarache for counting, allowing a comparison of
methodologies for activity determination.

3 ACTIVITY MEASUREMENTS AND REACTION RATES DETERMINATION

The activity determination from the gamma measurements with Hp-Ge detectors is the pro-
cess that converts counts acquired in the spectrum to the activity in Bq/mg. This process relies
on basic formulas with whole calibration procedure including corrective factors.

3.1 Basic formulas

The activity Aj for the jth peak of an isotope at the end of irradiation (EOI) of the samples
(expressed in Bq/mg) is determined according the relation of equation (1) [3]

Aj =
N(Ej)

mTliveIγ(Ej)ε(Ej)

λTreal
1− e−λTreal

eλTdecayCgeomCabs(Ej)Csum(Ej) (1)

where :

• N(Ej): net area under the photopeak at Ej (counts)

• Tlive, Treal: spectrum real and live time (s) .

• Tdecay: decay time between the EOI and the acquisition start (s).

• Iγ(Ej): emission probability of the photon

• ε(Ej): detector efficiency at the energy Ej

• λ: measured isotope decay constant (s−1)

• Tdecay: decay time from EOI to acquisition start (s)

• Cgeom: correction factor for the shape of the foil which is different from point sources
standards used for the yield curve elaboration

• Cabs(Ej): correction factor for self absorption of photon at energy Ej in foil

• Csum(Ej): correction factor for summing effects due to cascade emission of photons

• m: mass of foil (mg)
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In case of parent-daughter decay, parent isotope activity at EOI has to be computed with the
filiation formula that gives the ratio between activity ratio between parent and daughter at time
t (equation 2).

AD(t)

AP (t)
= B

λD
λD − λP

(1− e−(λD−λP )t) (2)

where:

• B: branching ratio for parent decay to this daughter

• λP : parent decay constant (s−1)

• λD: daughter decay constant (s−1)

For a large time compared with 1/(λD − λP ), the last term of equation reduce to 1.
The reaction rate per atom target R is then computed with irradiation parameters, and foils

characteristics (Equation 3).

R =
AEOI10

24

Nat/mg(1− e−λt)
(3)

where:

• AEOI : End of irradiation activity for produced isotope (Bq/mg)

• λ: produced isotope decay constant (s−1)

• Nat/mg: number of target atoms per mg foil .

Equation 3 assume two major hypothesis : the irradiation history is a perfect step and the burn-
out of the produced isotope is neglected.

3.2 Tools for computing corrections

Calibration procedure of detectors with point source standards is a well known method.
The availability of monoenergetic standards is a condition to obtain an efficiency curve without
strong corrections. The global calibration, i.e. with all correction factors specified in equation
(1), is then called semi-empirical method. The tools used by two institutes are listed in Table 2.
The calibration procedures with slightly different tools should lead to same processed results.

Table 2: List of tools for activity determination
Step IJS Tool CEA Tool References
Acquisition Maestro32 Genie-2000 [4]
Peak Deconvolution Hyperlab Genie-2000 [5], [4]
Solid Angle correction (Cgeom) SOLCOI SACALC [6], [7]
Self absorption (Cabs) kayzero XCOM + Excel R© [6]
True Coincidence summing SOLCOI ETNA [6] , [8]
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3.3 Nuclear Data

From equation (1), the activity value is directly affected by the values of nuclide’s nuclear
data, especially the emission probability of photons. The CEA uses the NUCLEIDE database
([9]) and IJS uses the Nudat database included in kayzero [6]. For well known isotopes, dis-
crepancy between databases is quite low and within the experimental uncertainties. The 117mSn
isotope has discrepant values for half-life (table 3) which has been recently upgraded to 14.00
days in ENDSF data [10], march 2012).

Table 3: Half-live measurements for 117mSn
T1/2 (d) uncertainty (d) Author Year Ref
14.00 0.5 Cork 1951 [11]
13.60 0.04 Kato 1977 [12]
14.00 0.05 NIST 2002 [13]

4 RELATIONAL DATABASE FOR ACTIVITY AND REACTION RATES COMPUTA-
TION

To store and compute all activities and reaction rates, a common and useful way is to build
a table in a spreadsheet. This method works fine for a small dataset, but in our case, with more
than 300 measurements, managing data without automatic data checking may lead to systematic
errors: copy errors between lines, non consistent nuclear data, . . .. We have then decided to store
all this results in a relational database [14] which can help us in managing data.

4.1 Relational database characteristics

A relational database management system (RDBMS) is a computer tool to store data in
tables, in a relational way. This implies :

• no redundancy, for example decay constant is stored once, and this value is used for all
computations.

• integrity check through constraints between tables. For example, one gamma line is
linked to the corresponding isotope through logical constraint.

This type of RDBMS is already implemented in Nucleide [9] and Hyperlab [5] with the MS
Access c© database engine. In our case, we choose the file oriented RDBMS SQLite [15]. This
RDBMS mainly implements SQL standards [16], is fully portable and is embedded in well
known software such as Firefox. Server type RDBMS has been disqualified because of system
administration and dedicaded server needed.

4.2 Logical structure of the database

The logical structure of the database (figure 2) has been designed by following the rules
defined at 4.1.

All computations described at section 3.1 are built with SQL views, using the links between
the tables. If nuclear data is updated, all values are automatically updated.
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Figure 2: Relational database structure : tables and constraints

5 EXPERIMENTAL RESULTS

5.1 Activity measurements

The results of activity measurements performed by the two institutes are presented table 4:
They are consistent within the experimental uncertainties.

The use of Al− 0.1%Co alloy induced measurement difficulties (very low activity for sam-
ple V049) and increases uncertainties. On the opposite, dilution lowers neutron self-shielding
corrections factors,thus may be negligible compared to the associated experimental uncertain-
ties.

Table 4: Activities in Bq/mg , computed at EOI
Sample Isotope γ-line JSI unc CEA unc JSI/CEA-1
Name (keV) (Bq/mg) % 1σ (Bq/mg) % at 1σ %
V038 54Mn 834.83 8.111 10−1 1.4 8.113 10−1 1.0 0.999
V039 54Mn 834.83 1.247 100 1.4 1.249 100 1.0 0.998
V040 54Mn 834.83 7.930 10−1 1.4 7.980 10−1 1.0 0.993
V038 59Fe 1099.25 1.227 101 1.5 1.241 101 1.1 0.988
V039 59Fe 1099.25 8.469 10−1 1.5 8.534 10−1 1.2 0.992
V040 59Fe 1099.25 3.188 10−1 2.6 3.288 10−1 2.9 0.970
V041 117mSn 158.56 1.856 102 2.7 1.874 102 2.7 0.990
V042 117mSn 158.56 1.858 102 2.4 1.907 102 2.1 0.974
V043 117mSn 158.56 1.833 102 2.4 1.864 102 2.1 0.983
V047 60Co 1173.23 4.540 100 2.2 4.539 100 1.0 1.000
V048 60Co 1173.23 7.972 10−1 2.3 7.689 10−1 1.1 1.036
V049 60Co 1173.23 not measured 1.650 10−1 1.9
V050 46Sc 889.27 1.861 103 2.1 1.835 103 1.1 1.014
V051 46Sc 889.27 7.593 10−1 2.1 7.523 10−1 1.1 1.009
V052 46Sc 889.27 6.353 100 2.1 6.296 100 1.4 1.009
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5.2 Reaction rates

Reactions rates have been derived from these activity measurements (eq. 3) and have been
compared to computed reactions rates. The computed rates have been deduced from a spectrum
computed with MCNP [17] and response functions extracted from IRDFF 1.02[18] and from
JEFF3.1 [19] when unavailable in IRDFF. Results are given at reactor full power (250 kW) in
Bq per atom target in table 5.

Table 5: Measured and computed reaction rates (bare,Cd and BN covered)
Reaction Mbare Cbare C/M MCd CCd C/M MBN CBN C/M

27Al(n, γ)28Al 6.83 1011 6.11 1011 0.89 1.75 1010 1.85 1010 1.06 6.40 1009 9.56 1009 1.49
45Sc(n, γ)46Sc 7.94 1013 7.71 1013 0.97 1.62 1012 1.53 1012 0.94 4.09 1011 4.55 1011 1.11

55Mn(n, γ)56Mn 3.96 1013 3.88 1013 0.98 1.85 1012 1.90 1012 1.03 1.10 1012 1.20 1012 1.09
58Fe(n, γ)59Fe 3.78 1012 3.83 1012 1.01 1.74 1011 1.82 1011 1.05 1.00 1011 1.15 1011 1.15
59Co(n, γ)60Co 1.18 1014 1.14 1014 0.97 1.01 1013 1.11 1013 1.09 6.46 1012 7.52 1012 1.16

197Au(n, γ)198Au 4.90 1014 5.04 1014 1.03 2.09 1014 2.28 1014 1.09 5.38 1013 6.77 1013 1.26
232Th(n, γ)233Th 3.54 1013 3.29 1013 0.93 1.59 1013 1.27 1013 0.80 7.64 1012 8.51 1012 1.11

mean 0.97 1.01 1.20
117Sn(n, n′)117mSn 2.24 1011 1.97 1011 0.88 2.34 1011 1.97 1011 0.84 2.26 1011 1.97 1011 0.87

27Al(n, p)27Mg 4.29 1009 4.63 1009 1.08 4.49 1009 4.63 1009 1.03 4.28 1009 4.62 1009 1.08
27Al(n, α)24Na 8.44 1008 8.88 1008 1.05 8.46 1008 8.88 1008 1.05 8.33 1008 8.87 1008 1.06
54Fe(n, p)54Mn 8.43 1010 9.26 1010 1.10 8.63 1010 9.26 1010 1.07 8.29 1010 9.25 1010 1.12
54Fe(n, α)51Cr 1.02 1009 1.03 1009 1.01 1.00 1009 1.03 1009 1.03 8.82 1008 1.03 1009 1.16

mean 1.02 1.00 1.06

The values are quite consistent with the computation. However, the fast flux is quite overes-
timated by the computation. Threshold reactions ( 27Al(n, p), 27Al(n, α), 54Fe(n, p),54Fe(n, α)
are overestimated in all cases and the non-threshold reactions are overestimated when covered.
A small overestimation of the epithermal part leads to less than 10% overestimation for Cd
covered foils. Combined with fast flux overestimation, this gives a high C/M for non-threshold
boron covered foils.

Two reactions are clearly outliers: 232Th(n, γ) and 117Sn(n, n′)117mSn. For the first, the
content of thorium in the alloy was not clearly established and must be investigated. For the
second reaction on enriched tin, the cross section of inelastic reaction needs a reevaluation
because the behaviour differs from other threshold reactions.

6 CONCLUSION

The first part of analysis process of this campaign has lead us to store only raw data in a
structured way. This self-supporting structure can be filled in with the most newest nuclear data
to refine the results without modifying computing methods. First comparison with computation
results shows that the unfolding procedure is necessary to perform channel characterization.
The new foil test (117Sn enriched tin ) show promissing results, but this reaction has poor cross
section evaluations.

Next step will be the unfolding procedure. A special attention will be payed for covariances
preparation : experimental reaction rates, cross section and guess spectrum covariances. Cover
treatment should lead us to determine correlations between measurements for one side and
correlations between responses functions for the other side. The input data sets will be then
ready for unfolding computation and multigroup spectrum determination.
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[1] Gilles Grégoire, Christophes Destouches, Andrej Trkov, and Gašper Žerovnik. Compari-
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