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1. Introduction 

 

In this study, we investigate the feasibility of the 

subcritical rod worth measurement (SRWM) [1] to UTR-

KINKI (University Training Reactor, Kindai University, 

[2]) through a virtual numerical experiment. 

To train human resources for the future nuclear field, 

we have been developing an advanced educational 

program for reactor physics experiments by utilizing 

Japanese educational reactors with recent measurement 

techniques. The control rod calibration measurement is 

one of the important reactor physics experiments, to 

convert from the control rod position to the negative 

reactivity worth and to confirm the shutdown margin. 

For this purpose, after a target core maintains a critical 

state, the period method and the rod drop method are 

typically utilized. Note that these methods require a long 

measurement time, although the experimental period is 

limited during the reactor physics experiment program. 

To reduce the experimental time for the control rod 

calibration measurement, we aim to reuse the 

experimental result of the “approach to criticality 

experiment using the control rod,” which is firstly 

conducted for a source-driven subcritical core. In 

addition, we try to estimate the negative reactivity worth 

based on an improved method of simplest reactivity 

estimator (SRE) [3], even if the external neutron source 

strength 𝑄 and the point kinetics parameters (the neutron 

generation time Λ  and the effective delayed neutron 

fraction 𝛽eff) are unknown in advance. 

 

2. Methodology 

 

2.1 Improved Simplest Reactivity Estimator 

In a subcritical core with an external neutron source 

(e.g., Pu-Be neutron source), the point kinetics equations 

are described as follows: 
𝑑𝑃

𝑑𝑡
=

𝜌(𝑡) − 𝛽eff

Λ
𝑃(𝑡) + ∑ 𝜆𝑖𝐶𝑖(𝑡)

 

𝑖

+ 𝜀𝑄, (1) 

𝑑𝐶𝑖

𝑑𝑡
= −𝜆𝑖𝐶𝑖(𝑡) +

𝑎𝑖𝛽eff

Λ
𝑃(𝑡), (2) 

where 𝑃(𝑡) and 𝐶𝑖(𝑡)  represent neutron count rate and 

delayed neutron precursor; 𝜆𝑖 and 𝑎𝑖 are decay constant 

and relative yield (∑ 𝑎𝑖𝑖 = 1   for the 𝑖 th rroup of the 

delayed neutron; and 𝜀 means the detection efficiency. 

By dividinr Eqs. (1  and (2  by 𝛽eff Λ⁄   (i.e., prompt 

neutron decay constant at a critical state  and nerlectinr 

the time derivative of 𝑃(𝑡), the following equations for 

the improved SRE are obtained: 

0 = (
𝜌(𝑡)

𝛽eff

− 1) 𝑃(𝑡) + �̅�(𝑡) + 𝑆, (3) 

𝑑𝐷𝑖

𝑑𝑡
= −𝜆𝑖𝐷𝑖(𝑡) + 𝜆𝑖𝑃(𝑡), (4) 

𝐷𝑖(𝑡) ≡
𝜆𝑖Λ𝐶𝑖(𝑡)

𝑎𝑖𝛽eff

, (5) 

�̅�(𝑡) ≡ ∑ 𝑎𝑖𝐷𝑖(𝑡)

 

𝑖

, (6) 

𝑆 ≡
𝜀Λ𝑄

𝛽eff

, (7) 

where �̅�(𝑡), 𝐷𝑖(𝑡) and 𝑆 are introduced for convenience. 

Based on Eqs. (3), (4), and (6), we improved SRE to 

estimate 𝜌(𝑡) 𝛽eff⁄  without prior knowledge of Λ  and 

𝛽eff for the target subcritical core. Note that the values of 

𝜆𝑖  and 𝑎𝑖  are already known because the major fission 

reaction in UTR-KINKI is due to 235U induced by 

thermal neutrons. When the time series data of neutron 

count 𝑃𝑛  are successively measured for the 𝑛 th time 

steps during a counting gate width Δ𝑡, the procedures of 

our improved SRE are described as follows: 

1. Each 𝐷𝑖,0  value is initialized as 𝐷𝑖,0 = 𝑃0  by 

assuming the steady state. 

2. 𝐷𝑖,𝑛 is recurrently estimated based on the analytical 

solution of Eq. (4) with the linear approximation for 

the measured time variation in 𝑃(𝑡) during Δ𝑡. 

𝐷𝑖,𝑛 ≈ 𝐷𝑖,𝑛−1e−𝜆𝑖Δ𝑡 + (
1 − e−𝜆𝑖Δ𝑡

𝜆𝑖Δ𝑡
− e−𝜆𝑖Δ𝑡) 𝑃𝑛−1

+ (1 −
1 − e−𝜆𝑖Δ𝑡

𝜆𝑖Δ𝑡
) 𝑃𝑛 . 

(8) 

3. Using Eq. (3) with measured 𝑃𝑛  and estimated �̅�𝑛, 

reactivity in dollar units can be inversely estimated: 

𝜌𝑛

𝛽eff

= 1 −
�̅�𝑛 + 𝑆

𝑃𝑛

. (9) 

 

2.2 Calibration of External Source Strength in SRE 

In the improved SRE of Eq. (9), the external source 

strength 𝑆  should be appropriately calibrated to 

determine the reactivity. To calibrate 𝑆 by a data-driven 

approach, we apply the least squares method for 

measured 𝑃𝑛  and estimated �̅�𝑛  [4]. Let us assume that 

𝑃𝑚  is successively measured durinr a transient period 

after the control rod withdrawal at the last step (i.e., the 

shallowest subcritical state of 𝜌last   in the approach to 
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criticality. Then, Eq. (3  can be transformed into the 

followinr linear relationship between 𝑃𝑚 and �̅�𝑚: 

𝑃𝑚 = (�̅�𝑚 + 𝑆) (1 −
𝜌last

𝛽eff

)⁄ . (10) 

Therefore, by fittinr Eq. (10  for the dataset of (�̅�𝑚, 𝑃𝑚), 
the unknown 𝑆 can be obtained as the intercept value. 

 

3. Virtual Numerical Experiment 

 

3.1 Calculation Conditions 

Using the virtual console of UTR-KINKI, typical 

digital data of shim safety rod (SSR) positions 𝑧𝑛 were 

recorded in an experiment of approach to criticality, 

where the SSR was withdrawn step-by-step from the 

fully inserted state to the near-critical state. A reference 

value of SSR worth Δ𝜌ref(𝑧) was virtually given for  0 ≤
𝑧 ≤ 100 based on the following empirical formula: 

Δ𝜌ref(𝑧) = Δ𝜌ref(100)
1 − cos(2𝐵𝑧)

1 − cos(200𝐵)
, (11) 

where we assumed that Δ𝜌ref(100) = 0.74 $  and 𝐵 =
0.014  in this study; and 𝑧 = 0 and 100 correspond to 

the fully inserted and withdrawn SSR positions, 

respectively. Then, the target core was assumed to 

become a critical state at the SSR position 𝑧 = 90. By 

applying the frequency transform and Crank-Nicolson 

methods with Δ𝑡 = 0.2 s to Eqs. (1) and (2), the time 

series data of 𝑃𝑛 were numerically calculated using Eq. 

(11) with recorded time series data 𝑧𝑛 and. Finally, the 

virtual experimental data of 𝑃𝑛 were generated by adding 

statistical noises based on the Poisson distribution as 

shown in Fig. 1.  

 
Fig. 1. Virtual experimental data simulating the 

approach to criticality. 

 

3.2 Numerical Results 

As can be seen from Fig. 1, the statistical error of the 

neutron count becomes relatively larger as the 

subcriticality −𝜌 deepens, because the magnitude of the 

neutron count decreases inversely proportional to −𝜌. In 

order to mitigate the statistical variation of 𝑃𝑛 , the 

median filter technique [5] was applied to the time series 

data of 𝑃𝑛 . After that, as shown in Fig. 2, the external 

source term 𝑆 was calibrated by the least square fitting of 

Eq. (10) within a period after inserting SSR at 𝑧 = 80. 

Figure 3 shows the estimated SSR worth using the 

improved SRE with the calibrated 𝑆. Consequently, we 

demonstrated that the estimated results by the improved 

SRE were in good agreement with the reference values 

using Eq. (11). Note that the estimated rod worth 

statistically fluctuates due to the statistical errors of 𝑃𝑛. 

Therefore, some kind of smoothing procedure is 

necessary to obtain the rod worth curve, e.g., the least 

squares method using a fitting formula (e.g., Eq. (11)). 

 
Fig. 2. Calibration of 𝑆 by the least squares method. 

 
Fig. 3. Estimation results of SSR rod worth. 

 

4. Conclusions 

 

Through this virtual numerical experiment simulating 

the approach to criticality in UTR-KINKI, we suggested 

that the experimental data of the approach to criticality is 

also available for the SRWM using our proposed method. 

Future research topics are to analyze the actual 

experimental data measured at UTR-KINKI and to 

investigate the spatial higher mode effect on the SRWM. 
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