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ABSTRACT 

At the TRIGA Mark II research reactor of the Jožef Stefan Institute the fission chain 

reaction is controlled by four control rods. Their integral and differential reactivity-worth 

curves are commonly measured by the rod-swap and the rod-insertion methods. A comparison 

of the experimentally measured values with those obtained from numerical simulation by the 

Monte Carlo method was performed with differences analysed and uncertainties estimated. It 

was found that the simulation of the rod-swap method gives results, which are in very good 

agreement with the measurements, while in the simulation of the rod-insertion method a 

considerable discrepancy is observed. The deviation between the experiment and simulation for 

the latter method is found to be due to the static computational model used. In the course of the 

analysis some incorrect assumptions about the geometry of the control rod drive were identified. 

The computational model was corrected accordingly. 

1 INTRODUCTION 

Time evolution of the neutron population and the delayed neutron precursors’ 

concentrations in a nuclear reactor is adequately described by the point kinetics equations, 

especially in the asymptotic regime. In reverse, reactivity 𝜌(𝑡) can be calculated by solving the 

inverse kinetics equation 
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where 𝑇(𝑡) is the neutron amplitude function, 𝛽𝑖 and 𝜆𝑖 are the delayed neutron fractions and 

decay constants, respectively, for the 𝑖-th group of precursors, 𝑄(𝑡) is the neutron source 

strength and Λ is the (prompt) neutron lifetime [1]. Following this equation the reactivity values 

were obtained using the Digital Reactivity Meter (DMR) system DMR-043 [1] by analysing 

the flux signal from the measurements with both, the rod-insertion and the rod-swap method. 
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When measuring control-rod worth by the rod-insertion method [2, 3] the control rod is 

continuously inserted into the reactor core. No reactivity compensation is needed as the method 

relies heavily on the ability of the measuring system to satisfactorily account for the background 

in the signal and the source term 𝑄 contribution. Integral and differential rod worth curves are 

then calculated off-line from the recorded neutron flux signal [4]. 

During the continuous insertion of a control rod the spatial distributions of prompt and of 

delayed neutrons change with time in a manner where the distribution of the latter is no longer 

in equilibrium with the former. This is due to the slower changes in the delayed neutron source 

because of the finite decay rates of the precursor concentrations. As the inverse kinetics 

equation (1) originates from the point kinetic representation of the reactor, which attempts to 

treat the whole reactor correctly “on average”, the differences in the spatial distributions of the 

prompt and delayed neutron source introduce an error. The magnitude of this error is the subject 

of investigation. 

2 MEASUREMENTS AND CALCULATION 

2.1 Measurements 

The measurements were performed at the TRIGA Mark II research reactor at the Jožef 

Stefan Institute [5]. It is a LEU-fuelled pool-type reactor controlled by four control rods: three 

of them – designated R, C and S – have fuel followers, while in the remaining T rod the neutron 

absorber is followed by air. The (cylindrical) geometry of the reactor is shown in top view on 

Figure 1 and in side view on Figure 2. The flux signal was taken from an ionisation cell which 

lies well outside of the reactor core (behind the radial reflector) in the y-direction. The integral 

and differential reactivity worth curves were measured with both, the rod-swap method and the 

rod-insertion method (rod-swap only for rods R and C). 

 
Figure 1: Geometry of the TRIGA research reactor core with the positions of the control rods. 

2.2 Calculation 

Calculated values were obtained using the Monte Carlo code MCNP5 1.40 [6]. The 

contribution of neutrons from the external source was assumed negligible and was thus not 
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modelled. Rod-insertion was simulated for 35 equidistant insertion steps. Conversely, to yield 

a common basis for comparison with the rod-swap method, the insertion depths of control rods 

in the simulation were intended to match the insertions during the measurements. However, in 

the course of the analysis an error in the assumed positioning of the control rods was discovered, 

which required a correction for the true control rod position by interpolation. This led to an 

important additional source of uncertainty. 

2.3 Additional measurements 

Preliminary results have shown a significant discrepancy between the measured and 

calculated reactivity curve for the T rod (see the uncorrected curve from Figure 4, right). It drew 

our attention to the fact that for the first 100 steps – which amounts to approximately 4 cm of 

insertion – the measured reactivity remained almost negligible. This implied that in reality the 

T rod starts its insertion high above the active core (i.e. fuel meat). Hence, additional physical 

measurements of the initial (i.e. fully withdrawn) insertion depth and the total insertion length 

were made in the reactor. 

 

  
Figure 2: a) Initial and b) final insertion depths of control rods relative to the core. 

The 𝑦𝑧-plane of the reactor core is shown on the left and 𝑥𝑧-plane on the right side. 
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Consequently, the values not only for the T rod but for all rods had to be corrected, with 

the insertion length of the T rod being as much as 3.6 cm longer than previously assumed. The 

corrected state of fully withdrawn and fully inserted control rods is visualised in Figure 2. It 

can be seen that the fuel-follower/absorber does not align with the active core neither in the 

fully withdrawn (case “a”) nor in the fully inserted state (case “b”). This, of course, does not 

pose a threat to safe reactor operation as criticality can be re-established by simple adjustment 

of control rods. For accurate simulations, however, knowledge of control rod positioning is 

crucial. 

3 RESULTS 

The initial insertion depth and the total insertion length of the control rods were corrected 

(Figure 2) as described above. The effect on reactivity curves can be seen on the right graph of 

Figure 3. Despite general adequacy of the correction, the calculated integral curve for T rod 

retained the aforementioned discrepancy. The exact reason is not known yet. We can speculate 

that the axial positioning of the neutron absorber in regard to the control-rod casing is not as 

reported in the blueprints available. Another approach to this problem would be to do a 

sensitivity study on the boron content. 

An analysis can now be performed on the corrected reactivity curves. As seen from Figure 

3 (left) the simulation of control rod worth measurement by the rod-swap method yields very 

good results that are qualitatively and quantitatively comparable to the experimental values. 

Slightly higher calculated reactivity values in the middle of the core could be attributed to the 

approximation of axially homogeneous fuel burnup used in the simulation. It is well known that 

in reality the burnup is approximately cosine shaped, but this detail was not accounted for in 

the computational model. 

 
Figure 3: Integral reactivity worth curves for the C rod (left) and T rod (right). “DMR” stands 

for measurements and “MCNP” stands for calculations. Also, a curve uncorrected for initial 

insertion depth and total travel length is plotted to illustrate the magnitude of the correction.  

 

Simulation of the rod-insertion method suffered from inadequate physics modelling. We 

used the MCNP in the usual steady-state mode, which meant that the distributions of prompt 

and the delayed neutrons were in equilibrium throughout the entire simulation. Consequently, 

simulated reactivity curve for the rod-insertion method progressively underestimates the 

measured values. To explain this, note that when (in an actual measurement) the control rod is 
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inserted a few steps further into the reactor core, it “cuts” into not only the prompt and delayed 

(“equilibrium”) neutrons from that small axial region, but also into the excess delayed neutrons 

from all previous axial regions. In other words: control rod worth W and the reactivity worth 

curve depend on the insertion speed – as compared to precursors’ time decay constants. 

From Figure 3 one can also see the magnitude of difference between measured (dynamic 

for rod-insertion and static for rod-swap) and calculated (always static) total reactivity worth 

𝑊. The relative differences are collected in Table 1. Apart from an unexplained exception for 

the S rod the difference between static and dynamic reactivity worth (i.e. for the rod-insertion 

method) can be approximated to be of the order of ten percent.  

 

Table 1 Relative difference between calculated and measured total control rod reactivity 

worth. Rod-swap was not performed for control rods T and S. For a control rod it holds 

𝛥𝑊 = (𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 − 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑)/𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑. 

 R C T S 

Rod-swap  -1.85  %  -1.09  % N/A N/A 

Rod-insertion -11.0    % -10.3    % -7.6 % -0.4 % 

 

Measured and calculated differential reactivity curves for the rod-swap method are 

comparable (Figure 4, left). A slight shift of the calculated values towards lower insertion 

depths is indicated, but it is somewhat inconsistent with what one would expect to be the effect 

of axially homogeneous fuel. Given the uncertainties, nothing conclusive can be said. 

According to the relations 

 𝐷𝐼𝐹(𝑧) = 𝛥𝜌/𝛥𝑧 ,  𝜎𝐷𝐼𝐹 = (1/𝛥𝑧) ∙ √𝜎𝛥𝜌
2 + (𝐷𝐼𝐹 ∙ 𝜎𝛥𝑧)2, (2) 

where 𝜎Δ𝜌 is the estimated uncertainty of reactivity in a given control rod configuration, the 

experimental uncertainty rises when smaller insertion steps Δ𝑧 are made, e.g. in the middle of 

the core height. (Here the relative uncertainty of the flux signal is not accounted for.) So the 

considerable uncertainties of the measured values could be reduced if fewer measurements 

along z-axis were made. The emphasis was on frequent sampling of the integral worth though. 

Alternatively, averaging of two (already measured) differential reactivity values into one would 

reduce the uncertainties by a factor of approximately √1/2 . 

 
Figure 4: Data for the C rod by the rod-swap method. Left: Differential reactivity curve. 

Right: Absolute difference between measured and calculated integral worth – “mismatch”. 
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On the right graph of Figure 4 the quantity referred to as the “mismatch” is presented 

along its uncertainty. This is point-by-point comparison of the measured and calculated integral 

reactivity values; essentially an absolute difference between the two of them: 

  𝑀𝐼𝑆𝑀𝑠𝑤 = |𝐼𝑁𝑇𝑀𝐶𝑁𝑃.𝑠𝑤 − 𝐼𝑁𝑇𝐷𝑀𝑅.𝑠𝑤|. (3) 

 

In a statistical sense the calculated value is considered to agree well (or reasonably well) with 

the measured one when the mismatch is smaller than its own 1𝜎 (or 2𝜎) uncertainty. A 

minimum in the mismatch around 800 steps is due to crossing of the two curves being compared 

(see Figure 3, “rod-swap”). The reader should also not be confused by one exceptionally low 

value of the mismatch uncertainty 𝜎𝑀𝐼𝑆𝑀.𝑠𝑤; it occurred when a corrected insertion depth 

coincided with the original mesh (i.e. linear interpolation was not needed). The percentage 

match for the whole curve is then defined as 

 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑚𝑎𝑡𝑐ℎ =
𝑁𝑚𝑎𝑡𝑐ℎ𝑖𝑛𝑔 𝑝𝑜𝑖𝑛𝑡𝑠 (𝑒𝑥𝑐𝑙𝑢𝑑𝑖𝑛𝑔 𝑡ℎ𝑒 𝑓𝑖𝑟𝑠𝑡 𝑜𝑛𝑒)

𝑁𝑎𝑙𝑙 𝑝𝑜𝑖𝑛𝑡𝑠 (𝑒𝑥𝑐𝑙𝑢𝑑𝑖𝑛𝑔 𝑡ℎ𝑒 𝑓𝑖𝑟𝑠𝑡 𝑜𝑛𝑒)
 (4) 

and is given in Table 2. The 2𝜎-match for the C rod amounted up to 84 % – an encouraging 

result indeed. 

 

Table 2: Percentage match of the integral curves obtained for the rod-swap method. 

Matching criterion R C 

1𝜎 3.9 % 10.0 % 

2𝜎 7.8 % 84.0 % 

Findings for the reactivity curves of other control rods are similar to those presented. 

They are omitted here due to length constraints and can be read from other sources [7, 8]. 

4 CONCLUSION 

A systematic comparison of measured and calculated reactivity worth curves was made 

for two different measuring methods, namely the rod-swap and the rod-insertion method. It was 

found that with the Monte Carlo computer code MCNP5 it is possible to adequately reproduce 

values for the rod-swap method. Conversely, due to the time delay of delayed-neutrons spatial 

distribution, a kinetic simulation tool is needed for the rod-insertion method. Without it the 

difference between static and dynamic reactivity worth amounts to approximately ten percent. 

Comparison of measured and calculated values proved useful also for validation of the 

geometrical model of the reactor. Additional measurements provided corrected values for 

accurate axial control-rod positioning. 

On the whole we can say that some features of the reactivity worth curves can be 

explained. To provide more answers the plans for future work include full 3D kinetic simulation 

of the rod-insertion method. 
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