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Abstract
In reactor physics tests, it is important to monitor sub-criticality continuously
during criticality approach. Reactivity measurements by the inverse kinetics
method are widely used during the operation of a nuclear reactor. This technique is successfully applied at sufficiently high power level or to a core without an external neutron source where the neutron source term in point reactor kinetics equations may be neglected. For operation at low power levels or
in the sub-critical domain, the increase in the fluctuation of the neutron signal
may cause difficulties in the evaluation of reactivity and the effect of direct
emission from the external neutron source may not be neglected. Therefore,
contribution of the neutron source must be taken into account and this implies knowledge of a quantity proportional to the source strength, which calls
the source term and then it should be determined. The research work has
been conducted to measure reactivity with source term using a dedicated
reactivity measurement system by the Least Square Inverse Kinetics Method
(LSIKM). Application to a simulator of HANARO research reactor, Korea
Atomic Energy Research Institute (KAERI), with known source strength and
reactivity worth has showed consistent and satisfactory agreement.
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1. Introduction
The inverse kinetics (IK) is widely used for reactivity measurement during nuclear reactor operation. The IK method is a reactivity measurement based on the
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point reactor kinetics equations. The IK equation involves the neutron source
term, and then determination of the neutron source strength is required. Since
reactor is been operated in a steady-state condition, the reactivity can be determined using the point kinetics equations and the source term can be neglected
in this case. However, for operation at low power, [1] [2] for instance at start-up,
the contribution of the neutron source must be explicitly taken into account.
Therefore, for operation at low power levels, the contribution of external source
term must be taken into account to get accurate reactivity calculation.
It was seen that the source term is not so easy to be determined and so the
procedure is still under determined. In general, the first step is to construct the
program which is able to calculate the reactivity neglecting source term using the
signal from reactor core. For this purpose a dedicated on-line reactivity measurement system has been developed that can acquire instantaneous neutron
flux signal from reactor instrumentation channel and calculate reactivity. Using
this reactivity without source and the signal value, the external source term is to
be determined by least square inverse kinetic method. After determining source
term, its value has been added to the algorithm and the reactivity has been calculated again with developed reactivity meter, considering the source term. The
new measured value of the reactivity is more precise than the measurement
which neglects source term [3] [4]. A simulation of the rod drop experiment that
was done in Research Reactor Design and Engineering division, Korea Atomic
Energy Research Institute, where the reactor was modelled and simulated, had
the objective to determine the numerical value for the source term and reactivity. The value of the reactivity determined by the reactivity meter for HANARO
research reactor has discussed in the related section.

2. Inverse Kinetics with Source Term
The point kinetic equations describe the kinetic behavior of the reactor. That
means these equations describe the change in the neutron density within the
reactor due to a change in reactivity and are the most fundamental [5] relations.
The standard point kinetics equations can be written as:
6
dn ρ ( t j ) − β
=
n ( t j ) + ∑ λi Ci ( ti ) + S
dt
Λ
i =1

(1)

And
dCi
β
=
−λi Ci ( t j ) + i n ( t j )
Λ
dt

(2)

where n ( t j ) is the total number of neutrons in the core, which is directly proportional to the reactor power at time tj, Ci ( t j ) is the total number of precursors of delayed neutrons of group i. S is the total neutron source strength sup-

posed to be constant in time, Λ is the prompt neutron generation time and ρ
the reactivity to be determined. The constants βi and λi are the fraction and

decay constant of delayed neutron precursor of group i, respectively, and
6

β eff = ∑ i =1 βi is the effective delayed neutron fraction.
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In practice, for discrete time series data, assuming that the reactor power

( )

change for the time interval Δt is given by n t j= n0 +

n ( t j ) − n ( t j −1 )
∆t

tj

The inverse kinetics equation can be written as:

ρ=
(t j )

Λ dn
Λ 6
Λ
+β −
S
λi Ci ( t j ) −
∑
n ( t j ) dt
n ( t j ) i =1
n (t j )

(3)

where
C=
Ci ( 0 ) exp ( −λi ti ) +
i ( ti )

t

j
Bi
exp ( −λi ti ) ∫ n ( t ′ ) exp ( λi t ′ ) dt ′
Λ
0

(4)

Equation (3) is suitable for on-line digital reactivity meter provided that the
quantity ΛS is known. This term is called source term and its dimension is the
same as that of the measured quantity n ( t j ) . In general, n ( t j ) is not meas-

ured directly, but a quantity proportional to n ( t j ) . The measured quantity will
be denoted by P(t) which is equal to cn(t), with c a proportionality constant. Al-

though the notation P suggests that the reactor power is measured, P can in fact
be any quantity proportional to the number of neutrons in the reactor [6]. For
reactor operating at sufficiently high power the effect of the source term on the
calculated reactivity can be neglected. However, at a lower power the source
term should be considered, because otherwise zero reactivity will be obtained for
a subcritical reactor at constant power.

3. Rod Drop Experiment with Reactor Simulator
The method for determining reactivity with source term has been tested with the
reactor core simulator of Research Reactor Design and Engineering Division,
KAERI based on Least Squares Inverse Kinetics Method (LSIKM). According to
this method first the reactivity without the source term was determined implementing an indigenous on-line reactivity meter. Let all terms except the source
term on the right side of Equation (3) be ρ ′ ( t j ) for simplicity. Then Equation
(3) is rewritten as Equation (4). Let ρ ′ ( t j ) denote a reactivity without source

hereafter:

ρ=
(t j ) ρ ′ (t j ) −

Λ
S
n (t j )

(4)

The two unknown constants, ρ ( t j ) and S, in Equation (4) can be solved
when the time series data, n ( t j ) are provided and ρ ′ ( t j ) calculated by the
digital reactivity meter. To apply the least squares approximation, Equation (4)
is rearranged as given as given in Equation as a fitting model:
′ (t j ) ρ (t j ) +
ρ=

Λ
S
n (t j )

(5)

Following simulation conditions of rod drop experiment has been used to
demonstrate the evaluation of reactivity and source strength:
Initial power: 0.1%FP
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Source strength: 2.6%FP/s
Initial reactivity: −1.0 × 10−3 $
Scram reactivity worth: −4.0 × 103 $

For this power transient data, first the reactivity without source, ρ ′ ( t j ) is
calculated using the constants of delayed neutron precursors as given in Table 1
and the neutron generation time, Λ, of 0.000039. Then with the data of ρ ′ ( t j )
and n ( t j ) , ρ ( t j ) and S are measured with four different fitting models as
listed in Table 2, to find out the best fitting model. The variables of each model

are plotted in Figure 1. The non-fluctuating values should fall on the 45 degree
line crossing these points on respective ordinate. For model-1 the fitted line is of
negative slope, resulting in negative value of neutron source strength. Although
the same variables are used in model-2 and model-3, the results are different.
This is because variables are used in different axis. Only the fitted line of model4 falls on the 45 degree line. As a consequence only model 4 provided the closest
agreement with simulation result.
With this fitting model the value of reactivity with source and the external
source were obtained as −4.0 × 103 $ and 2.6%FP/s respectively and match the
given condition. Once source is obtained, substituting S in Equation (3), the

reactivity, ρ ( t j ) , is re-calculated for all the data and is plotted as “with source”.
Reactivity now is a constant value, depending only upon the fluctuation of the
signal [7] [8], but not giving zero reactivity. Figures 2(a)-(c) shows the signal
versus time, reactivity without source and reactivity with source curve respectively.
Table 1. Constants of delayed neutron precursors.
Group i

λ

β

1

0.0124

0.033

2

0.0305

0.219

3

0.111

0.196

4

0.301

0.395

5

1.14

0.115

6

3.01

0.042

Table 2. Fitting models.
Model
1

Fitting Model
n (t j )
=

ρ ′ ( t j ) ΛS
=

3
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ρ ′ (t j ) n (t j ) −

ΛS

ρ (t j )

ρ (t j )
1
1
=
ρ ′ (t j ) −
ΛS
n ( t j ) ΛS

2

4

1

ρ (t j )

{

}

1
+ ρ (t j )
n (t j )

g (t ) =
β − ρ ′ ( t j ) n ( t j ) − ΛS where g ( t ) − C ( t ) × Λ

1/𝑛(𝑡𝑗)

𝑛(𝑡𝑗)

N. Jahan et al.

𝜌`(𝑡𝑗 )

𝑛(𝑡𝑗 )𝜌`(𝑡𝑗 )

Model-2

𝑔(𝑡)

𝜌`(𝑡𝑗)

Model-1

𝑛(𝑡𝑗)

1/𝑛(𝑡𝑗)

Model-3
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Figure 1. X-Y coordinate plot of variables and fitting line.
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Figure 2. (a) Signal versus time; (b) Reactivity without source; (c) Reactivity with source.

4. Result and Discussion
The precision of measured reactivity from reactivity meter has been validated
from the differential rod worth curve. Figure 3 provides the differential rod
worth curve of HANARO research reactor. From the differential curve, reactivity worth at 75 mm rod position is .019767 $. And the experimental data of reactivity worth from HANARO research reactor on the same position is about
0.0045$ which is one forth of that from differential curve. Similarly experimental
reactivity value at 275 mm control rod position is about 0.011$ and from
133
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Figure 3. Differential rod worth ($) versus position (mm) curve.

differential curve it is 0.0414$ which is about four times higher than experimental value. As the differential curve considers the effect of four control rods whereas reactivity meter produces calculation considering the impact of only one
control rod, obviously, the reactivity worth from reactivity meter is four times
less than the value from graph. Therefore, it is proved that experimental data has
good agreement with differential curve which consequently indicates that the
develop reactivity meter can measure reactivity with source accurately.

5. Conclusions
The reactivity measurement with source term by least square inverse kinetics
method for sub-critical domain has been studied. For low levels of neutron signal, the degree of fluctuation of the signal increases and will cause difficulties in
the evaluation of the source strength as well as reactivity. The drawback of this
method is that the regression would be based on the two variables x(t) and y(t)
which both may contain considerable noise. However, it may be concluded that
the Least-Squares method is well suited to estimate the reactivity with source
term of a research reactor, especially when strong noise is present in the measured reactor power signal, which will normally be the case at low power.
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