
BE0000023

SCK'CEN
STUDIECENTRUM VOOR KERNENERGIE
CENTRE D'ETUDE DE L'ENERGIE NUCLEAIRF.

A combined method (RAPJA) based
on Rossi-Alpha and Prompt Jump
Analysis for the measurement of the
dynamic parameters J5eff and / in
source driven subcritical facilities
loaded with MOX-fuel

P. Baeten, H. Ait Abderrahim

December 1998

BLG-798



A combined method (RAPJA) based
on Rossi-Alpha and Prompt Jump
Analysis for the measurement of the
dynamic parameters ^ej^and / in
source driven subcritical facilities
loaded with MOX-fuel

P. Baeten, H. Ait Abderrahim

December 1998

BLG-798



Abstract

The renewed interest in Accelerator Driven Systems (ADS) world-wide, has given a new
increased effort in several related research domains. One of the most important aspects which
has to be addressed is the safe operation of future ADS. Therefore an expert knowledge with
regard to the stability and control of reactor power levels in ADS has to be obtained. The
dynamic behaviour of the neutron population in a reactor core is determined by its dynamic
parameters, among which the effective delayed neutron fraction y^-and the mean neutron life-
time I are the most important ones. In this paper, an absolute measurement technique for the
simultaneous determination of these parameters in a subcritical facility loaded with MOX-fuel
and driven by an external/intrinsic source is presented. This method is based on the
combination of two well-known techniques : the Rossi-alpha method for reactor noise
fluctuation analysis at stationary subcritical level and the Prompt Jump analysis of the time
evolution after source withdrawal. The combination of both techniques, called RAPJA (Rossi-
Alpha & Prompt Jump Analysis), allows to determine the reactivity together with the dynamic
parameters pe^ and / without relying on code calculations to provide absolute information on
additional parameters. It is shown that the RAPJA-technique is applicable for the
determination of the dynamic parameters in a subcritical facility loaded with MOX-fuel.

1 Introduction

Accelerator Driven Systems gain an increased interest world-wide due to the potential for
possible uses: energy amplification, transmutation of minor actinides and fission products,
neutron sources and related applications such as activation, radioisotope production, neutron
beams, and others. Although current research is mainly focused on conceptual aspects and
design of major systems intended for these applications, the need for knowledge with respect
to the safe operation of future facilities becomes apparent.

One of the key-issues in the operation of nuclear facilities is a safe control of the reactor
power and this not only at steady-state power levels, but also during power transients. A safe
control is based on a profound understanding in the dynamic behaviour of the envisaged
subcritical facilities driven by an external/intrinsic source (also ADS). The time evolution of
the neutron population, caused by reactivity changes and/or source-strength modifications, is
mainly determined by the magnitude of the applied perturbation, the effective delayed neutron
fraction fiejj and the mean neutron lifetime /. Hence, a correct determination of these
parameters is necessary. The dynamic parameters peff and / can be obtained by using reactor
codes, but these codes also have to be validated by independent measurements. The large
majority of techniques for the determination of /?ej?-and / need the knowledge of the reactivity
levels. These reactivity levels are explicitly or implicitly determined by reactor codes which
make these methods dependent on the code calculations and subject to bias generated by the
codes [1].

Two absolute methods for the determination of Pejy and /, the slope method and the Nelson-
number method, can be found in literature and were developed by G.D. Spriggs [2]. Since the
driving source for the subcritical facility in these methods is an uncorrelated source, the
methods cannot be applied for ADS where a strong correlated spallation source acts as the
driving source.
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The first method we developed is an improved version of the slope method, since it
incorporates a correlated source and is not restricted to near-criticality (k«l). This method
relies on Rossi-alpha measurement at sufficiently different reactivity levels and therefore
needs to assume that the different parameters and flux distributions do not vary over the
chosen reactivity range. In order to circumvent this problem, G.D. Spriggs proposed a second
technique : the Nelson-number method. This method combines the different measurement
quantities determined in the Rossi-alpha method to a dimensionless number, called Nelson-
number, which is only a function of the reactivity level and the effective delayed neutron
fraction /?e^. If the reactivity is determined independently, /?ej^can be derived from the Nelson-
number.

The RAPJA-method, we propose, is an extension and practical implementation of the Nelson-
number method. By combining a Rossi-Alpha measurement with a Prompt Jump Analysis,
the Nelson number and the reactivity in dollars can be determined. Also the formulae, we
derived in the RAPJA-method, allow to include a strong correlated source as present in ADS.

In this paper, we will also investigate whether it is possible to use the RAPJA-technique with
subcritical facilities loaded with MOX fuel type SUPERPHENIX. Since the RAPJA-
technique is intended to be used for measurements at the MASURCA (or VENUS) zero-
power facility, the feasibility study will be focused towards application at MASURCA.

Before highlighting the RAPJA-method and examining the feasibility of the method in
subcritical facilities with MOX-fuel, the principles of accelerated or source driven subcritical
facilities will be recapitulated.

2 ADS or source driven subcritical facilities

Accelerator Driven Systems (ADS) consist in fact out of three important parts :
• a linear accelerator or cyclotron for the production of an intense beam of charged particles
• a spallation target for the generation of neutron groups with a high neutron multiplicity
• a subcritical facility for the multiplication of the neutron population

Source driven systems only differ from ADS by the fact that in stead of an accelerator and
spallation target a neutron source is used. This source can be correlated (252Cf) or uncorrelated
(14 MeV neutron-generator, Am-Li, ...). Since the dynamics of both systems is similar and
can be treated with the same equations provided that the equations allow a correlated source,
we can make abstraction of the system type in our derivation.

To illustrate the working of ADS, the Myrrha-design, an accelerator driven system aimed at
being developed at SCK>CEN, will be explained in somewhat more detail.

The basic design makes use of a cyclotron of 250 MeV, 2 mA proton-beam injecting this
beam on one or more targets. In case of a spallation target, a liquid lead-bismuth design is
currently proposed. This lead-bismuth target is made of a single closed loop system where a
free surface is in contact with the upper evacuated beam transport line. No direct window is
currently used. However, to reduce potential hazardous transport of volatiles to the cyclotron
complex, a very thin double-walled He-cooled window is placed in the beam line some meters
away from the direct spallation source, enabling simpler design of this window. The spallation
target is surrounded by a sub-critical assembly made of two concentric zones (Figure 1). The
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internal one is a fast neutron spectrum zone made of FBR-MOX fuel pins type (28% Pu)
cooled by lead. The external zone is a LWR neutron spectrum zone made of UO2-fuel pins
type (4% 235U) cooled with light water. The envisaged keff values are ranging between 0.75
and 0.9.

Figure 1 : Conceptual scheme of the subcritical assembly

In the following paragraphs, we will describe how the dynamic parameters f5eff and / of such a
subcritical facility driven by a external/intrinsic correlated or uncorrelated source can be
determined using a combination of the Rossi-alpha method and prompt jump analysis.

3 The Rossi-alpha distribution for a subcritical facility driven bv an
external source

The Rossi-alpha method for the determination of dynamic parameters of reactor cores is a
commonly used technique in reactor physics. When an external/intrinsic driving source is
present and the detection of correlated delayed neutrons is neglected, the expression of the
Rossi-alpha distribution per triggering event is given by [3] :

P(t)dt = NAfsfdt
2a

v

g

-at dt
(i)
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with N: the neutron density,
Xr: the probability to induce a fission (s"1),
Xd : the probability to be get detected (s" ),
Sf: the detection efficiency defined as £f=Xd/Xf,
k : the neutron multiplication factor,
p: the reactivity defined by p=(k-l)/k,
J3: the effective delayed neutron fraction (/?is used instead of peff for simplifying the
notation),
K: the prompt neutron multiplication factor defined by K=k(l-fi),
I: the mean neutron lifetime,
A : the neutron generation time defined as A=l/k,
a: the Rossi-alpha decay constant defined by a=(K-l)/l,
P(v) : the neutron multiplicity distribution for thermal induced fission,
P(g) : the neutron multiplicity distribution of the external/intrinsic source,

v : the average number of neutrons released per fission given by v = ̂  vP{v),

g: the average number of source neutrons given by g = ̂  g P(g),

v(v-l): defined by v(v-l) = ̂ [v(l- p)\v(\ -J3)- l]P(v),

i ^ R ) : defined by gTf^Tj = ̂ g(g- l)P(g).

Expression (1) is based on a point-model approximation for the description of the detection of
correlated neutrons emitted by either the driving source or by the induced fissions. This point-
model approximation does not allow to account for the source or flux distribution and the
relative neutron importance throughout the reactor core. Such correction should be included to
obtain unbiased results and are reported in literature [3].

To derive the number of counts in the Rossi-alpha distribution S(t) at a certain arrival time t
after the triggering pulse and per time unit, we have to multiply expression (1) with the
number of trigger-events, which is equal to the total count-rate. Hence, expression (1)
becomes:

When the following relations :

Sg=NvAf(-p) (3)

2 P - 6

AfSf ~ y (4)
k
= £f-£ (5)

with S: the event-rate of the external driving source,
s: the neutron detection efficiency in counts per neutron population [2],

are substituted in expression (2), one obtains :
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s(t)dtdtm=\&]di*_+s-' l - l / ( v " 1 )

\-k. la V -p

Expression (6) can be rewritten in the following general form of a Rossi-alpha distribution

S{t)dt = Adt + Re03 adt (7)

with : - the accidental count-rate A defined by

A =
(8)

- the reals count-rate R defined by :

2(1 - K)' v -p

- the Rossi-alpha decay-constant a equal to :

K-\
a = I

(10)

(9)

When however a complete ADS-systems is envisaged, the driving source will in fact be the
neutron spallation source, which is in fact a highly correlated source.

Expression (7), which is illustrated in Figure 2, consists of a constant contribution and an
exponential decay.
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Figure 2 : The typical shape of the Rossi-alpha distribution
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The constant part is due to the detection of uncorrelated neutrons, whereas the exponential
function is related to the detection of correlated neutrons, originating from a common fission.

The measurement of the Rossi-alpha distribution allows to determine three independent
measurement quantities : the accidental-rate A, the reals-rate R and the decay constant a
(known as the Rossi-alpha). By fitting the measured distribution to the theoretical model
given by expression (7), the different quantities can be obtained. When however, the relative
contribution of the reals-rate to the Rossi-alpha distribution is small or negligible compared to
the accidental-rate, the fitting procedure will fail. Hence, a minimum signal-to-noise ratio on
the reals-rate is necessary in order to determine the three different measurement quantities. In
the following paragraph, we will investigate the measurement conditions which allow to
obtain a favorable relative uncertainty on the number of detected reals (reals).

4 The relative uncertainty on the reals

The relative uncertainty on the reals r determined from the Rossi-alpha distribution can be
approximated by [4]:

a) + a _ \
R.T + 2A.2— 2

a a
r r R.T R.T

When we substitute expressions (8) and (9) into equation (7), the relative uncertainty on the
reals equates:

cr(r) 1-Jfc V a

2(\-KYK v l-k

When the correlated source is due to spontaneous fissions of plutonium and the subcritical
facility is near critical (k»0.95-0.98), expression (12) can be further reduced to :

2
a(r) 4(1 -K)2

V

To evaluate numerically the relative uncertainty on the reals, reference values for the different
parameters are needed. Since in the upcoming MUSE-experiments at the MASURCA facility
a multiplication factor of k=0.97 is envisaged, this value will be taken as a reference value.
The mean neutron lifetime / for fast reactors as MASURCA is of the order of 10"6 s [5].
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The nuclear data for thermal induced fission on respectively 235U and 239Pu yield the value
v(v-l) v(v-l)
n _ ; = 1.92 and n _ } = 2.35 [3].

v v
To evaluate the detection efficiency to be used in the experiments, we first have to determine
the average count-rate due to the presence of an intrinsic source in the subcritical facility. As a
reference configuration, we take the MOX-core loading used in the MUSE-1 experiments [6].
For this configuration, the total count-rate due to the spontaneous fissions of plutonium in a
subcritical assembly with k*O.96-0.98 equals 1010 n/s. Since the maximum count-rate a
detector can handle without saturation is of the order, a detection efficiency (counts per
neutron population) of e=10~5 is envisaged. We know from previous measurements at the
VENUS facility at SCK>CEN that a detection efficiency of s=10'4 is feasible if the total
count-rate allows it [1]. When a detection of e=10'4 should be necessary, one could use
several detectors with separate detection chains to achieve this higher detection efficiency
without increasing counting losses due to detector saturation. For our estimation of the
relative precision on the reals, we will take s=10's.

Given these reference values, an estimation of the minimum measurement time expressed in
seconds as a function of the desired relative uncertainty on the reals can be obtained and is
expressed by:

Expression (14) shows that for a relative uncertainty on the reals of 1%, a measurement time
of about 104 s or 3 hours is needed. Hence, it is feasible to determine the three independent
measurement quantities from the Rossi-alpha distribution with still acceptable measurement
times.

5 The determination of the dynamic parameters /? and / from the measured
quantities

When the measurement time is chosen properly, the three quantities A, R and a can be derived
from the Rossi-alpha distribution. In this paragraph, we will show how the measurement of
these quantities can be used to determine the dynamic parameters /? and / of the subcritical
assembly.

Besides the parameters ft and /, also in general the detection efficiency e and the reactivity
coefficient p (total multiplication factor k or prompt multiplication factor K) should be
considered as unknowns. Detectors can of course be calibrated with reference fields or by
means of supporting code calculations for the core fluxes. Reference fields will however never
entirely represent the actual neutron field and hence the detector response and efficiency will
be biased. By using code calculations to perform the calibration, the determination of /? and /
will no longer be independent of reactor codes calculations. Moreover, /? and / become
dependent on the absolute value for the detection efficiency determined with the reactor
codes, which can be significantly biased.
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A value for the reactivity level can often be provided by calibrated control rods or similar
devices, but one mostly forgets that for the calibration of these elements values for the
different dynamic parameters, among which ji and /, have to be used, which results in circular
reasoning. Again reactor codes can be used to calculate reactivity levels which has to same
disadvantages as mentioned earlier. Other semi-experimental methods are known to yield the
reactivity levels, but they all explicitly or implicitly rely on parameters generated by reactor
codes [1].

Since the source-strength can be considered to be known for source driven subcritical
facilities, on ends up with four unknowns /?, /, s and p and only three measurement quantities
A, R, and a. Since this set of equations cannot be solved for the different unknowns, we will
derive a relation between the measurement quantities from which the unknowns can be
derived when performing measurements at different reactivity levels.

To eliminate the detection efficiency s from the equations, we calculate the ratio of the reals-
rate and the accidental-rate which is given by the following expression :

R 1 (-p) v(v-l) g(g-l)

Since the determination of the reactivity level p (or k) is not the objective, we will also
eliminate this quantity from relation (15) by expressing p (or k) as a function of the decay

1
constant a. By choosing x = — as a new variable, expression (15) can be rewritten as :

aa

— = /(x) = —= -fgte-1) V(V-l) 2

v

The measurement of the Rossi-alpha distribution at different reactivity levels will generate
different couples (x, f(x)) which all have to obey expression (16). Hence, a least-squares
fitting of the different points (x, f(x)) to the model given by expression (16) will yield the
parameters y/j and y/2. From the parameters y/t and y/2, the quantities J3 and / can be derived
using simple arithmetic.

This method allows to determine the quantities J3 and / from a series of Rossi-alpha
measurements at different reactivity levels without using any information obtained from
reactor codes. In this respect, this method for the determination of the dynamic parameters can
be considered to be an absolute measurement technique.
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The main disadvantage of this method is linked to the fact that measurements have to be
performed at different reactivity levels. The different reactivity levels should extend over a
range which is large enough to have enough significantly different couples (x, f(x)). Over this
reactivity range the flux distribution and other important parameters should remain
approximately constant.

When these disadvantages become of significant importance and hence one prefers not to
measure at different reactivity levels, an additional and independent measurement quantity is
needed to determine the quantities fl and /. This additional measurement quantity can be
provided by a Prompt Jump analysis [7]. In the next paragraphs, we will discuss how this
additional quantity can be obtained from a Prompt Jump analysis and how it allows to
determine the quantities /? and /.

6 Prompt Jump analysis

The Prompt Jump method is an analysis technique which determines the fraction of neutrons
which are immediately removed from the neutron population in the reactor core after
antireactivity insertion or withdrawal of the external source. By removing the external driving
source, the prompt neutron population will be eliminated and the resulting neutron population
will entirely be governed by the decay of the different precursors. This effect is known in
reactor physics as the prompt jump of the neutron population [5]. The neutron fraction which
is directly removed from the system allows to determine the reactivity expressed in dollars

defined by ps = . In the following subparagraphs, we will derive the prompt jump

neutron fraction as a function of the reactivity, expressed in dollars, in the case of the
withdrawal of the external source which drives the subcritical facility.

It is known from reactor physics [5] that the kinetics of a reactor core and hence the time
evolution of the neutron population n(t) can be described by the following set of differential
equations :

dt A
dc(t) j3 (19)

dt A

when only one group of precursors c(t) is taken into account and an external/intrinsic source
S(t) is considered. In our case, we want to describe the behaviour of the neutron and precursor
populations when the external source has been withdrawn and therefore S(t) has to be set to
zero.

When using Laplace-transforms to solve this set of differential equations, one obtains :
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A +
s + X

As + ft- p - J5X
s + X

r(s) =
X

(20)

with N(s) : the Laplace-transform of the neutron population n(t),
F(s) : the Laplace-transform of the precursor population c(t),
n0 : the neutron population at the moment of source withdrawal,
c0 : the precursor population at the moment of source withdrawal.

At the moment of source withdrawal, the neutron and precursor populations were in a steady
state condition. The starting conditions n0 and c0 can therefore be determined by setting the
time derivatives in expression (19) equal to zero. In this way, we obtain :

S.A
(-P)
P (21)

= —n,n
With these starting conditions the expression for N(s) results in :

N(s) =
Is2 +(j3-p+Xl)s-Xp

(22)

By performing an inverse Laplace-transform and making use of the fact that l.A«j3, the
following expression for the evolution of the neutron population after the removal of the
external source is obtained :

n(t) = »0
p J-&L

(23)

Figure 3 illustrates the evolution of the neutron population when the driving source is abruptly
turned off.
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Steady-state sub ;ritical level

Prompt Jump fraction/

Decay of the precursor
population

Source withdrawel Time (ms)

Figure 3 : Time evolution of the neutron population after the withdrawal of the driving
source

Figure 3 shows that the prompt jump fraction / c a n easily be determined from the observed
time evolution of the neutron population. According to expression (23), the prompt neutron
fraction/equates to :

r _ P$

P$+l
(24)

From expression (24), the reactivity, expressed in dollars, can be determined as a function of
the measured prompt jump fraction and is given by :

(25)

The determination of the prompt jump fraction/ allows to determine in a straightforward way
and without any input from code calculations the reactivity level expressed in dollars. In the
following paragraph we will examine how a combination of a prompt jump analysis and the
measurement of the Rossi-alpha distribution allows to derive the dynamic parameters fi and /
of a subcritical facility driven by an external source.

7 A combined method (RAPJA) based on Rossi-Alpha and Prompt Jump
Analysis for the determination of the dynamic parameters B and /

In paragraph 5, we saw that the Rossi-alpha technique allows to measure three independent
measurement quantities, but introduces four independent unknowns. Hence, an additional
measurement quantity is needed to solve the system of equations. In paragraph 6, it was
demonstrated how the reactivity level can be obtained by a Prompt Jump analysis. Since the
Rossi-alpha experiment will be carried out at the stationary power level of the subcritical
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facility driven by the intrinsic plutonium source, a strong external source will be needed to
perform a prompt jump.

Hence, the following measurement procedure should be adopted to obtain four independent
measurement quantities :
• insert a strong external source (typically Sexl=1010 n/s) and stabilize the power level at the

specified reactivity level,
• withdraw the external source without changing the reactivity level and derive the prompt

neutron fraction/,
• stabilize the power level at the steady-state subcritical level driven by the internal

plutonium source,
• perform a Rossi-alpha measurement at this stationary power level of and derive the

measurement quantities A, R and a.

This measurement procedure allows to obtain the following set of equations :

R= i_ (~P) Kv_-i) g(g_-i)( .

(26)
« =

A
f

From this set of equations, the dynamic parameters /? and / can be determined and are
expressed as a function of the measured quantities by the following relations :

2Sg v R 1 l_g(g_- l )^ :

(27)

(-a) 1 - (1 + P)f

Expressions (27) allow to entirely experimentally determine the dynamic parameters fi and /
without relying on code calculations. In this way, the RAPJA-method can be considered as an
absolute measurement technique for the determination of the dynamic parameters j3 and / of a
subcritical facility driven by an external source.
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8 Conclusion

To assure a safe control of reactor power levels in ADS, the dynamic behaviour of the neutron
population in a reactor core has to be understood. This dynamic behaviour is determined by
several parameters, among which the effective delayed neutron fraction fieff and the mean
neutron life-time / are the most important ones.

An absolute measurement technique for the simultaneous measurement of these parameters in
a subcritical facility loaded with MOX-fuel and driven by an external/intrinsic source is
presented. The method, called RAPJA, is based on the combination of two well-known
techniques : the Rossi-Alpha method and a Prompt Jump Analysis. The RAPJA-technique
allows to determine the reactivity together with the dynamic parameters /?ej?- and / without
relying on code calculations to provide absolute information on additional parameters. It is
shown that the RAPJA-technique is applicable for the determination of the dynamic
parameters in a subcritical facility loaded with MOX-fuel.
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