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INTRODUCTION 

Delayed neutrons are of fundamental importance in the field of nuclear reactor dynamics and control. 

Although only a small fraction of the neutrons emitted by fission are not prompt, the knowledge of the 

delayed neutrons parameters is essential for transient analysis, such as startup or shutdown of the reactor, as 

well as for accidents analysis and control system design [1]. One of the main delayed neutron parameters 

used in the point reactor model equations is the effective delayed neutron fraction , which incorporates 

both delayed neutron spectral properties and core geometrical configuration [1,2]. Additional delayed 

neutron parameters include the fraction of fission neutrons emitted in each delayed group , and the 

delayed neutron precursors decay constants . 
 

Experimental efforts aimed at determining the value of , which provide experimental support for the 

evaluation of delayed neutron parameters, are extremely valuable. This is due to the fact that unlike other 

fields in reactor physics, e.g. criticality safety or shielding, the availability of experimental data and 

benchmark problems for validating delayed neutron parameters and its implementation in different models 

is highly limited [3,4]. Furthermore, the existing experimental data exhibit significant discrepancies between 

the different sets of parameter, which lead to substantial disparity in the analysis of kinetic experiments and 

reactor dynamic behavior [5]. 
 

In this work, a method for determining the effective delayed neutron fraction  using in-pile reactivity 

oscillation and Fourier analysis is presented. The method is based on measurements of the reactor's power 

response to small periodic in-pile reactivity perturbations and utilizes Fourier analysis for reconstruction of 

the reactor zero power transfer function. Knowledge of the reactor transfer function enables the estimation 

of the  value using multi-parameter nonlinear fit. The method accounts for higher harmonics, which are 

excited by the trapezoidal reactivity signal, thus showing that it is possible to reconstruct the reactor transfer 

function over a wide range of frequencies using only a single oscillation at a low frequency. 

 

THEORETICAL BACKGROUND 

Study of the reactor power level response to small reactivity perturbations is of great importance regarding 

the stability and control of the reactor. The reactor power level response is described by a transfer function, 

which summarizes the main physical parameters controlling the reactor's dynamics. For a critical reactor 

operating at low power (such that the reactivity is not affected by the reactor's power level), the transfer 

function is given by [1,2,6] 
 

 

(1) 

 

where  is the Laplace transform of small reactivity perturbation ,  is the Laplace transform 

of the consequent small power response ,  stands for the mean power,  is a complex variable, and 



 is the zero power transfer function. Note that the transfer function  is complex and its explicit 

representation in the frequency domain  is obtained by substituting  for  [6].   

 

 

EXPERIMENTAL SETUP 

The oscillation experiments were performed at the MINERVE Zero Power Reactor located at CEA 

Cadarache Research Centre. MINERVE is a pool-type (~120 m
3
) reactor operating at a maximum power of 

100W with a corresponding thermal flux of 10
9
 n cm

-2
 s

-1
. The core is submerged under 3 meters of water 

and is cooled through natural convection. The core is composed of a driver zone, which includes 40 standard 

highly enriched MTR type metallic uranium alloy plate assemblies surrounded by a graphite reflector. An 

experimental cavity (70x70 cm), in which various UO2 or MOX cladded fuel pins can be loaded in different 

lattices, reproducing various neutron spectra, is located in the center of the driver zone [7]. 

 

Our measurements at the MINERVE lasted 6 days using the MAESTRO core configuration. The experiment 

was performed using 16 different oscillation frequencies in the range of 510
-3

 to 0.25 Hz, with 100 full 

period cycles obtained for most frequency. The average power level during our measurements was 

approximately 10W, with maximal power oscillation of ± 2% and an average power level drift of less than 

1% per minute. The reactivity oscillations were introduced into the reactor using a dedicated mechanical 

piston, mounted with a light water sample. The water sample acted as an additional moderator, which 

introduced an additional reactivity of 3.79±0.02 pcm into the core [8]. The neutron count rate was measured 

using a 
10

B based Ionization Chamber (IC) and a high sensitivity Fission Chamber (FC). 

 

RESULTS AND DATA ANAYSIS 

An example of the reactivity perturbation worth and the corresponding IC and the FC acquired signals (total 

neutron count) for a 60s oscillation period is shown in Fig. 1. The prompt response of the neutron flux to the 

piston movement, as well as the delayed neutron dynamics, can be clearly observed. The sharp trapezoidal 

(nearly square) waveform of the reactivity perturbation is also evident (Fig. 1a). The statistical precision of 

the IC is significantly higher than that of the FC (Fig. 1b and 1c). 
 

There are three main independent contributions for the experimental error associated with the transfer 

function measurements. The first contribution is due to the drift in the reactor power level during the 

oscillations with an average value of 2% (1 ). The second one is due to statistical fluctuations 

characterizing the neutron flux, the detectors response, and the electronic acquisition system, with an 

average value of 1% (1 ). The last one stems from the uncertainty in the reactivity worth of the induced 

perturbation with an average value of 1.5% (1 ). These errors are estimated for each value of the transfer 

function, i.e. for each harmonic value for each oscillation period.  

 
 

Figure 1. Example of the reactivity perturbation (a) and the corresponding IC and FC counts (b and c, 

respectively) obtained for a 60s oscillation period. 
 

In order to determine the transfer function amplitude we apply Fourier transform to both the reactivity 

perturbation and the power response signals. An example of the 60s oscillation period analysis is shown in 



Fig. 2 (left), where the power spectrum of the reactivity perturbation (Fig. 2a), and of the IC and FC 

detectors (Fig. 2b and 2c) are plotted. The fundamental mode and the higher harmonics are obtained at 

 rad/s for odd . The transfer function amplitude values, corresponding to the first 17 

harmonics of the 60s period measurement, are shown in Fig. 2d, along with the calculated theoretical curves 

plotted using ENDF/B-VII.1 JEFF-3.1.2 neutron data libraries. In all measurements, the number of 

harmonics obtained from the FC count is significantly smaller than that obtained using IC count, due to the 

large statistical uncertainty in the former. The obtained values of  using all oscillation periods with 

their respective harmonics are presented in Fig. 2e (right). Also presented are calculated curves using 

available neutron data library. In addition, the calculated curve based on the neutron data derived in the 

present work is plotted. This curve exhibits good agreement with those of the literature. 
 

The data points of the transfer function amplitude were used to fit curves of the theoretical form described in 

Eq. 1. The fitting procedure was applied using multi-parameter nonlinear weighted least-squares fit, where 

for each library, the delayed neutron precursors decay constants  were fixed and the inverse of the errors 

were used as weights. The effective delayed neutron fraction is calculated according to  for each 

library. The uncertainty in  results from the propagation of the statistical errors, the uncertainty in the 

induced reactivity perturbation, and the uncertainty in the j sets taken from different libraries. Assuming 

that these uncertainties are uncorrelated, the total uncertainty in the derived value of  is ~17 pcm. The 

obtained value of  is 711±17 pcm (1 ), in agreement with the calculated value of 716 pcm [9].  

 

 
 

Figure. 2. Left: Power spectrum of the reactivity perturbation (a), the corresponding detectors signals (b,c), 

and the resulting transfer function amplitude compared to theoretical curves(d). Right: The obtained values 

of  using the IC (open) and the FC (closed), including all oscillation periods and their higher 

harmonics (e). 

 

CONCLUSIONS 

A method for determining the effective delayed neutron fraction  using in-pile oscillations and Fourier 

analysis is presented. The method developed in this work extends a previous work [4] by accounting for the 

higher harmonics excitation by the non-sinusoidal reactivity perturbation waveform. This work 

demonstrates that although previously overlooked [1,4], these higher harmonics store valuable information 

regarding the reactor transfer function. Furthermore, it is shown that the transfer function can be 

reconstructed with satisfactory precision over a wide range of frequencies using non-sinusoidal perturbation 

and a single oscillation frequency. The method is applied to a set of in-pile measurement performed at the 

MINERVE ZPR in order to determine the value of  for the MAESTRO core configuration [7,9]. The 

obtained value of  is 711±17 pcm (1 ) which agrees with the calculated value of 716 [9]. The 

uncertainties associated with this result are small enough so that the method presented in this work can be 

regarded as qualified technique for this kind of measurements [3]. 
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