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ABSTRACT 

 
This work aims to determine experimentally the subcritical reactivity levels of several 

configurations of the IPEN/MB-01 reactor in an approach based on the subcritical kinetic model 

developed by Gandini and Salvatores. The procedure employs the measurements of the APSD 

(Auto Power Spectral Density) using pulse mode detectors. The proposed approach is based only 

on measured quantities such as counting rates and the parameters arising from the least square 

approach of the APSD. Other difficult quantity such as detector efficiencies is not needed in the 

method. Several measurements of APSD were performed in varying degrees of sub-criticality (up 

to around -7000 pcm). The APSD data were least-square fitted to get the prompt decay mode (α). 
Beside the startup source, an external neutron sources of Am-Be was installed near the core in 

order to improve neutron count statistics. The final experimental results are of very good quality. 

The experiment shows clearly that the classical one point kinetic theory cannot describe the 

measured reactivity. MCNP Keff results were compared to the corresponding experimental results. 

The agreement was fairly good.  
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1. INTRODUCTION 

 

In recent years there has been a great deal of interest in subcritical systems [1, 2]. This interest 

was, in part, due to the development of hybrid concepts called ADS (Accelerator Driven System) 

[3] and also due to the enormous interest to experimentally quantify the reactivity when a reactor 

is in a subcritical state. 

 

The physical tests of a PWR in which the reactor starts up and approaches criticality is one of the 

situations where the knowledge of the subcritical reactivity is of great importance. In these 

situations the reactivity is monitored by the inverse multiplication method [4], however the 

determination of reactivity is performed only in a relative way, because there is no methods to 

determine the initial reactivity of the process of the physical test. 
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There are two important items related to reactivity measurement in the reactor physical test: the 

subcritical measurements and the control rod worth measurements of the reactor. The subcritical 

measurement consists of the monitoring and prediction of the subcritical multiplication 

conditions which are essential to assure the safety in the control rods withdrawal operation or 

boron dilution process during the criticality approaching of the reactor. On the other hand, a 

digital subcritical reactivity meter could estimate each control rod worth. In this way, the reactor 

physical test could be performed with previous estimation of each control rod worth, and 

procedures for detailed control rod worth measurement could be simplified or eliminated from 

the physical test. 

 

The subcritical reactivity is closely related to the kinetic model applicable to the system. Several 

models [5,6] were proposed to characterize the kinetics of subcritical reactors especially in 

regard to the item reactivity of the system. Theoretical models suggest the unfolding of the 

reactivity of the system in two components: first, the reactivity of a system as normally obtained 

through the generalized perturbation theory [7] and second, the reactivity due to the source 

present in the system. This last component is extremely complex to obtain experimentally due to 

the questions of the detector’s efficiency that is altered when the level of subcriticality of the 

system changes. 

 

Besides the difficulties mentioned, a major complicating factor in the verification and validation 

of the models proposed to deal with subcritical systems is the lack of experimental results 

providing appropriate physical quantities that can be described and treated by these models. In 

this aspect the IPEN/MB-01 reactor can be of extreme importance because it is an installation 

with very well established geometric features and material content. The IPEN/MB-01 reactor has 

been considered an international benchmark in various experiments of critical configurations [8, 

9] as well as in several classical experiments of reactor physics [10]. Thus, the IPEN/MB-01 

reactor can be considered extremely important to establish experimental parameters for the 

validation of kinetic models for subcritical systems. 

 

The purpose of this work is to present a new method to measure subcritical reactivity of a 

multiplying system based on the subcritical kinetic model of Gandini and Salvatores [1, 5]. The 

proposed method relies only on measured quantities. Difficult quantities to be determined like 

detector efficiency are not needed in the approach. 

 

 

2. MEASUREMENT METHOD 

 

The experimental method used is based on virtual machines using data acquisition boards with 

the LABVIEW graphical language. The pulses from the detectors pulse mode were acquired by 

data acquisition board and converted into digital language and then they were read and 

interpreted by LABVIEW. 

 

A diagram of the electronics and the data acquisition and processing system are illustrated in 

Figure 1. According to this figure, neutron pulses from the detectors are formatted and amplified 

by preamplifiers and amplifiers, and subsequently discriminated from the γ-radiation through the 

Lower Level Discriminator of the single channel module (Single-Channel Analyzer - SCA) 
24

. 
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Negative logical pulses are generated in the output of the single channel (standard NIM fast 

negative) 
24

 with 25ns of width and -5Vof amplitude on 50 of impedance. A multichannel scaler 

(MCS) 
24 

with PCI registers the time interval between a trigger signal and each subsequent 

logical pulse. The minimum value for the dwell time of MCS is 100ns and the number of 

channels can vary from 4 to 65536. The dwell time gives the maximum frequency to be analyzed, 

and the number of channels gives the corresponding frequency resolution. Furthermore, this 

board has dual-port type memory which allows direct access to spectral data for processing and 

analysis, without stopping the acquisition. 

 

To ensure a satisfactory rate of data acquisition, minimizing the dead time of processing, the 

characteristics of the acquisition PC is very important. For this reason, the MCS board is 

installed on a PC with 3.0GHz processor which is devoted exclusively to data acquisition.  

 

The data acquisition control is performed using virtual instruments (VI's) developed in G 

language (Graphical programming language) using the LabVIEW 5.1 (Laboratory Virtual 

Instrument Engineering Workbench) software of the National Instruments on a Windows XP 

platform. 

 

A second PC (3.0GHz), for which data are transferred via Ethernet communication (TCP / IP) is 

used for data processing. The data processing and analysis are done through code C/C
++

 on a 

Windows XP platform. Thus, the IPEN/MB-01 correlator provides an on-line analysis of spectral 

densities obtained with the pulse mode detectors. 
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Fig.1 Diagram of electronics and acquisition and data processing system of the IPEN/MB-

01 Correlator, used in noise analysis measurements of the reactor 
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Example of such experimental data already achieved with pulse mode detectors in the IPEN/MB-

01 reactor is shown in Fig.2. These data were used just for illustration of a least squares fit using 

a standard point kinetics model [11]. In Fig.2 the dwell time was set at 2 x 10
-4

 seconds, which 

gives a maximum frequency of 2.5 kHz (single-sided spectrum), and the number of channels, in 

the time domain, was chosen to be 8192 which gives a resolution in the frequency domain of 

about 0.61 Hz. The error bars shown are given by 1/   (%), where N is the number of averages 

of the final APSD [12]. 

 

The experimental data of Fig.2 were fitted in a standard function as: 

 

              (1) 

 

Were Φkk(f) represents the APSD,  is the frequency, and A, B and C are constants to be 

determined by the least square method. 
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Fig.2 APSD acquired in a typical level of subcriticality for 70.5% of two control banks 

withdrawn (– 897,07pcm) with an external source of 1Ci. 

 

 

The experimental approach developed in this work considers the subcritical kinetics model as 

described in references 5, 6 and 7. Here, it is shown the proposed model to obtain the subcritical 

reactivities employing the subcritical kinetic model of Gandini and Salvatores [1, 5]. According 

to the kinetics of subcritical systems proposed by these authors, the equations for the relative 

power and for the concentration of delayed neutron precursors are: 

 

           (2)
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                (3) 

 

where: 

leff   : the prompt neutrons generation time,  

PN(t) : the relative power of the reactor, 

gen : the generalized reactivity, 

 pd: the relation between prompt and delayed neutrons spectra, 

 : the effective fraction of delayed neutrons, 

j : the effective fraction of j
th

 family of delayed neutrons, 

j : the precursor decay constant for the j
th

 family ofdelayed neutrons,  

j : the concentration of  the precursor of the j
th

 family of delayed neutrons, 

 : the subcriticality index, and 

source : the reactivity due to the variation of the source.
  

 

The APSD can be obtained by procedures similar to those extremely discussed in References 13 

and 14. The final result can be written as: 

 

  

            

 

             (4) 

 

where: 

Φkk (f) represents the APSD,  

D  is the Diven ś factor, 

ν is the mean number of neutrons emitted per fission,  

N is the total number of neutrons, 

εk is the detector eficiency, and 

q is the mean charge generated per detecte neutron. 
 

He(f) = 2V/Scale of the detector signal is the transfer function of electrometers in volt/amp for 

current mode detectors or scaler in volt/counting rate for pulse mode detectors. Hf(f) = Gain, is 

the transfer function of the other electronic modules. 

 

In a theoretical point of view, the model of kinetics of subcritical systems proposed by Gandini 

and Salvatores is the most comprehensive, because in addition to several other aspects, this 

model introduces the subcriticality index which is a function of source position and its neutron 

emission characteristics. 
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In the case of the pulse mode detectors a transfer function of the associated electronics is reduced 

to Hpre(f), which represents the transformation of the detector ś current pulse in voltage pulse in 

the pre-amplifier given in volt/amp. 

 

Consider two subcritical consecutive subcritical states of the IPEN/MB-01 reactor. The previous 

state is considered as the reference state and the state under consideration is considered the state 

after the perturbation. In the following equations the subcritical index (ζ) refers to the previous 

state and ρgen is the generalized reactivity between these two states.  

  

The APSD as given in Equation (4) can be written for high frequencies in the following function 

[11, 15] as: 

 

           (5) 

 

where A and C were defined as: 

 

 

 

 

 

Following the procedure as extensively discussed in references 11 and 15, an expression for the 

relative power between these consecutive subcritical states can be obtained as:
 

 

                 (6)       

 

The subscript "ref" denotes the reference state; the previous state, and the subscript k refers to the 

state under consideration; i.e., the state after the perturbation. The parameters B and C are 

determined experimentally fitting the experimental APSD in Equation (5). Here, Φkk represents 

the average value of the APSD in the first plateau level.  

 

Furthermore, in a steady-state condition, the equations (Eq. 2 and 3) for the amplitude of the 

relative power and the concentration of precursors of delayed neutrons can be written as: 

 

               (7) 

 

But, considering Eq.4 for high frequencies it can be shown that: 

 

                                                    (8)
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Now assuming that ρsource is negligible or nearly zero for the experiments performed at the 

IPEN/MB-01 reactor, and solving the set of Equations (7) and (8), ζ and ρgen are readily obtained 

as:  

 

                 (9)
 

 
              

 (10)
 

 

Equations (6), (9) and (10) are the necessary equations for the determination of ζ and ρgen. The 

measured parameters are the detector counting rates (Count), Φkk, B
2
, and C. The parameters leff 

and β are known from previous experiments [16] and they are assumed at the present moment 

independent of the subcritical level. It should be noted that the proposed method relies only on 

measured quantities. Difficult quantities such as detector efficiencies as utilized in several other 

subcritical method are not required in the method. 

 

The parameter α represents, as previously mentioned the relationship between the prompt 

neutron spectrum and the delayed neutrons spectrum and it is given by: [1]. 

 

                (11)
 

 where: 

     
 

 

       
 

The symbols of Equatiuon (9) are presented in reference 1.  This parameter is considered unitary 

for the purposes of this work. 
 

 

 

3. EXPERIMENTAL CONFIGURATION AND PROCEDURE 

 

Fig.3 illustrates the configuration of the core of IPEN/MB-01 reactor used for this experiment. 

The standard core of the reactor consists of an array of 28 x 26 positions out of that 680 of them 

are filled with fuel rods. A detailed description of the reactor can be encountered in the reference 

8. For this experiment one outer row of fuel rods in each face were removed, i.e., 104 fuel rods. 

Thus almost all of excess of reactivity was removed from the core (Keff=1.00010, with control 

banks and safety banks completely removed). The reactor core remained immersed in a 

demineralized light water tank during the operation. The reactivity was controlled by two control 

banks of Ag-In-Cd alloy. The safety banks of B4C were always kept in the outermost withdrawn 

position. This new core configuration was used for two reasons: firstly, to allow the control 

banks to be initially at the outermost withdrawn position possible, and secondly, to get a 

subcriticality level as low as possible when the control rods are totally inserted. 
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The result shown in this paper considered the utilization of three pulse mode detectors: one of 

BF3, near the criticality (0 to ~ -1700 pcm); another of 
3
He, in the middle region (-1900 to ~ -

3200pcm); the other of 
3
He more sensitive, in the most subcritical region (-3900 to ~ -7500pcm). 

To reach this reactivity range (0 to -7500 pcm), the two control banks, BC1 and BC2 (always 

kept aligned), were inserted simultaneously in steps of 5% or 2.5% (the unit % represents the 

percentage of withdrawn position) each one, depending on the worth of the bank at a given 

position. 

 

In order to improve the statistics of the detectors counts, and so the resolution of the APSD ś, 

additional external neutron sources of Am-Be of 100mCi or 1Ci were placed in the middle of the 

east face of the core close to the outermost fuel rod row as shown in Fig.3. 

 

The measurement was divided in four parts: 

i) From 93 % to 75.5% with the BF3 detector and an external source of 100 mCi; 

ii) From 70.5% to 65.5% with the same BF3 detector and an external source of 1Ci; 

iii) From 63% to 50% with the intermediate 
3
He detector and two sources of 1Ci; and 

iv) From 45.5% to 0% with the most sensitive 
3
He detector and a source of 1Ci. 
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Fig.3 Upper view (a) and side view (b) of the core of the IPEN/MB-01 reactor, showing 

detector and neutron sources locations. 

 

 

The measurements start with the two control banks at the 93% withdrawn position. This position 

was chosen due to the compromise between a control bank position as close as possible to the 

critical condition and the saturation of the detector. Any other position closer the critical state 

would saturate the detector. Then the control banks were simultaneously inserted in carefully 

chosen steps so that the counting rates on two nearest states were significantly different, and also 

the conditions for the 1
st
 order Perturbation Theory were not violated. In each of these subcritical 

states the APSD and counting rate were measured. 

 

 

4. RESULTS 
 

The parameters B and C of the Eq.1 were obtained by mean of the Least Square method.  Φkk, the 

upper plateau on the Fig.2, was graphically obtained. Therefore, PN, the relative or normalized 

power, and, consequently, ρgen and ζ, for each subcritical state relatively to the previous state 

could be determined in a straightforward fashion. The reactivity of each state relative to the 

initial state was considered as the sum of ρgen between these two states, i.e., Σρgen.  

 

Since there is no experimental reference yet, the results were compared to those calculated by 

MCNP. The Fig.4 illustrates this comparison. The numerical values for βeff and Λ used in the 

experiment were 0.0075(±0.0005) and 32.02(±0.58)μs, respectively [16]. 
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Fig4. Graph of the experimentally obtained reactivity (This Work); the result of MCNP 

calculation; the result obtained using the definition of α (Classical Point Kinetics); and 

negative ζ (-Zeta). 

 

 

Fig.4 shows also the reactivity obtained using the classical definition of the parameter α (green 

line), {parameter B in Eq.1}, which is: α = (ρ - β)/Λ, thus, ρ = αΛ + β as well – ζ as well. All the 

initial values of ρ were adjusted to be equal to the first ρ obtained by mean of the definition of α 

in classical point kinetics. As noted in the figure, the classical method does not give a good 

approximation in this case, especially in lower subcritical states.  

 

Fig.5 illustrates the deviation, expressed in %, of the calculated (MCNP) values relatively to the 

experimental. The largest deviation of the calculated values is -9.68% that occurred for 80.5%, 

but considering that the reactivity is small in this point (~ -700 pcm). It can be asserted that the 

most significant deviations occur in the large subcritical states. In this case, this deviation 

reaches up to 6.18%. 
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Fig.5 Deviation of calculated values (C) from the experimental (E): 100x(C-E)/E. 

 

 

Equations 9 and 10 show that ζ and ρgen are directly proportional to PN and 1- PN, respectively.  

Therefore, if the value of PN is close to the unity, which occurs when the step of control banks 

insertion is too short, ρgen will be small and, consequently, its value becomes much more 

sensitive to the resolution of the measurement and the uncertainty of the involved parameters. 

For this reason, it is necessary to introduce external source with an adequate intensity in order to 

keep PN away from the unity and, thus, to improve the accuracy of the measurement. Fig.6 

shows this effect of external source intensity on the value of PN. The PN values are shown for 

three different source intensities and the same position of control banks (60.5% withdrawn). The 

intensity of the external neutron source has to increase in the more subcritical region, because 

there the counting rates in each state are lower and the differences between two subsequent 

counting rates are smaller; thus, the values of PN are closer to the unity in this region. Fig.6 

shows this effect clearly. When the source intensity is weaker, PN is closer to one. When the 

source intensity increases, the PN values tend to stabilize. This is the desired situation because 

accuracy and precision of the measured data are obtained simultaneously. Fig.7 shows the 

overall effect of the source intensity effect. This figure shows the reactivities measured in the 

same system with only an external neutron source of 100mCi. As noted in the figure, the 

experimental result, in this case, is more distant from the calculated result in the more subcritical 

region, relatively to the previous case, where the intensity of the source intensity was much 

higher. It is evident that the resolution in the more subcritical region is worse when the source is 

weaker. 
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The physical meaning of the parameter ζ is still in a point to be discussed. Fig.4 shows that its 

negative values are quite different from the experimental and MCNP’s reactivities, and they are 

in some extent parallel to the classical reactivity. Since MCNP does not take into consideration 

the neutron source in the calculation of Keff, a more detailed study about this parameter will be 

left for a moment as future work. 

 

 

 
Fig.6 The values of the relative power, PN, in the position of 60.5% for source intensity of 

100mCi, 1Ci and 2Ci. The insertion step was 5% and the intermediate 
3
He detector was 

used in all cases. 
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Fig.7 Result of the experiment carried out with an external neutron source of 100mCi 

 

 

5. CONCLUSIONS 

 

The experiment for the determination of the subcritical configurations of the IPEN/MB-01 

reactor has been successfully performed. The proposed approach is based only on measured 

quantities such as counting rates and the parameters arising from the least square approach of the 

APSD. Other difficulty quantities to be obtained such as detector efficiencies and other quantities 

related to the detector are not needed in the method. The experiment shows clearly that the 

classical one point kinetic theory does not describe the measured reactivity. This experimental 

procedure although in a beginning stage has provided very good and encouraging results. A lot 

of aspects have still to be made clearer. The fact that the experimental results are close to those 

of MCNP still does not make the experimental procedure adequately enough, because the MCNP 

simulation does not take into account the external neutron source. In order to include the external 

source it is necessary to deal with adjoint functions, but MCNP does not do that. So, new 

simulations employing a deterministic code like TORT [17] that can calculate adjoint functions 

and consider the source effects will be needed. In this way the equations to calculate ζ and ρgen 

can be obtained in a straightforward fashion.  
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