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Abstract. In support of an online reactivity monitoring experiment, also presented in this conference, this work
presents the reactivity calibration measurements performed with a pulsed neutron source in the coupled fast-
thermal subcritical facility YALINA-Booster. These experiments reveal the complexity of experimentally
obtaining a global reactivity from a highly heterogeneous core. Moreover, the effect of varying the source
multiplication at constant reactivity on the area ratio technique is explored. It is found that the reactivity
obtained with the area ratio technique carry strong spatial dependence, but it can be handled by calculated
correction factors. On the other hand the method is showed not to be sensitive to changes in the source
multiplication. It is also shown that the prompt neutron decay constant does not vary strongly over the core
except at deep subcritical states.

1. Introduction

An extensive experimental program devoted to reactivity monitoring of accelerator-driven
systems has been carried out at the zero-power subcritical facility YALINA-Booster. This
work is a part of a joint collaboration between several European research institutes through
the European research programme for the transmutation of high level nuclear waste in an
accelerator-driven system (IP-EUROTRANYS) in the 6th EU Framework Programme. One of
the main objectives of the IP-EUROTRANS experiments at the YALINA-Booster facility is
to validate and test a possible online reactivity monitoring technique'™. For this purpose, a set
of reactivity determination measurements was performed to obtain reference reactivity values
for the configurations studied. The methods applied are the area ratio technique by Sjostrand”
and the prompt neutron decay fitting technique™.

Besides obtaining reference reactivity values, the scope of the experiments has been to
investigate the performance of the reactivity determination techniques in a broad range of
subcriticalities and for different source multiplications. The Ilatter was obtained by
substituting highly enriched fuel in the centre of the core (close to the neutron source) by low
enriched fuel at the core periphery. In this way the effective multiplication factor (k. could
be kept constant while altering the source multiplication (k). This was done at k.~ 0.95. In
addition, two configurations at subcriticality levels 0.977 and 0.85 were investigated.

2. Experimental Setup

The YALINA-Booster is a subcritical fast-thermal core coupled to a neutron generator’. The
neutron generator uses a deuteron ion accelerator impinging on a, in these experiments, Ti-T
target to produce 14 MeV neutrons. The deuteron accelerator can be operated in both
continuous and pulse modes and gives thereby the possibility to perform both pulsed neutron
source (PNS) measurements and continuous wave measurements. The maximum beam
current in continuous mode is around 1.5 mA giving a maximum neutron yield of
approximately 10'' neutrons per second.
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The core, depicted in FIG. 1, consists of a central lead zone (booster), a polyethylene zone, a
radial graphite reflector and a front and back biological shielding of borated polyethylene.
The fast-spectrum lead zone and the thermal-spectrum polyethylene zone are separated by a
so called thermal neutron filter, or valve zone, consisting of one layer of 108 pins with
metallic natural uranium and one layer of 116 pins with boron carbide (B4C), which are
located in the outermost two rows of the fast zone. Hence, thermal neutrons diffusing from
the thermal zone to the fast zone will either be absorbed by the boron or by the natural
uranium. In this way, a coupling of mainly fast neutrons between the two zones is maintained.
The different experimental channels (EC or MC) used in these experiments are indicated in
FIG. 1.

The three B4C-control rods that can be inserted in the thermal zone allow to change the
reactivity of the system by about 0.58. Hence, the sensitivity of the different reactivity
monitoring techniques can be tested.

Four different loadings, described in TABLE I, were investigated. The aim when choosing the
different loadings was to have one configuration as near critical as possible (taking into
account regulation restrictions), two configurations with similar k.; but different &, and one
deep subcritical configuration. The fuel in the innermost part of the booster zone could be
uranium oxide of 36% enrichment or metallic uranium of 90% enrichment, whereas the rest
of the fast booster zone consisted of 36% enriched uranium oxide fuel. The thermal zone was
loaded with uranium oxide of 10% enrichment. All configurations, except SC6 were studied
with the control rods both inserted and withdrawn, thus giving in total seven configurations.
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FIG. 1. Schematic cross-sectional view of the YALINA-Booster reactor core (SCO).

TABLE I: CORE CONFIGURATIONS.



3 ADS/ET-5

Zone: Inner booster Outer booster Thermal zone Expected”
Enr: 90% | 36% 36% 10% keg
SCOo 132 - 563 1141 0.977
SC3a - 132 563 1077 0.950
SC3b - - 563 1090 0.950
SC6 - 132 563 726 0.850

* Based on MCNP? calculations.

3. Experimental Results
3.1. Reactivity Determination

By operating the neutron generator in pulse mode and registering the detector signals after
each pulse, histograms of pulses were produced by adding data from all pulses to each other.
From such PNS histograms the reactivity of the system can be found in two ways. Firstly, the
reactivity can be found from the prompt neutron decay constant™:

a:p_ﬂeﬁ )

! M

In Eq. (1), all symbols follow those usually used in reactor physics literature. Secondly, the
reactivity can be obtained from the ratio of the areas under the pulse described by the flux
caused by prompt neutrons only (4,) and the flux caused by delayed neutrons only (4a)*:

P A )

3.2. Experimental Results

Some characteristic PN'S histograms acquired by fission chambers of 500 mg and 1 mg *°U
deposit are shown in FIG. 2. The most interesting behavior can be found in the data from the
fission chamber located in the booster region (EC2B). A very fast flux decay can be found
within a few microseconds after the source pulse. During this time, the flux decreases about
two orders of magnitude. Then, in all detectors, a prompt neutron decay follows for about
7 ms (SC3a). During this decay, the flux is, in the entire core, driven by the fundamental
mode of the thermal region. This means that despite the complex heterogeneity of the core,
there seems to exist a global prompt neutron decay constant. This is true for the booster zone
and the thermal zone, however, the decay constant as measured in the reflector (MC2) is
slightly lower than in the rest of the core. This effect becomes more pronounced at deep
subcriticality as can be seen in FIG. 2 for configuration SC6. Fitted values for o as well as
reactivity values from the area ratio method (ps) can be found in TABLE II.

The most important observation from these measurements is the large deviation in area ratio
reactivity as obtained from the detectors in the booster region. As can be seen in TABLE II,
the reactivity when measured in the booster region can be up to a factor of two larger than the
corresponding measurement in the thermal region. The explanation to the large deviation
comes from the large prompt area caused by the peak during and shortly after the neutron
pulse. A zoom of PNS histograms in the booster zone during the first 30 ps after pulse
insertion is given in FIG. 3. In the same figure, the shape of the source is given in blue.
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FIG. 2. PNS histograms for the configurations SC3a (control rods inserted) and SC6 (control rods

withdrawn).
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FIG. 4. Area method reactivity differences
FIG. 3. PNS histograms for conf. SC3a and between SC3b and SC3a. The magnitude of
detectors in the booster zone during the first the source reactivity change is indicated
30 s after pulse insertion. with a dashed line.

3.3. Source Multiplication Effects

The layout of configurations SC3a and SC3b was iterated be means of MCNP calculations to
give the same value of k.4 with as large perturbation of the inner booster zone as possible. The
source multiplication, defined as

B M
S M+S

€)

where M is the total neutron source in the system and S is the external source strength’, was
also estimated by MCNP calculations. It was found that the difference in k; between SC3a and
SC3b is approximately 500 pcm (~0.6$). The purpose of the measurements on SC3a and
SC3b was to identify a possible influence from k; on the area ratio technique. In FIG. 4, the
difference in reactivity between SC3b and SC3a are shown. When comparing, one must keep
in mind that it is assumed that a possible difference in effective delayed neutron fraction
between the two configurations is negligible. As can be seen, the area ratio reactivity is
comparable in all channels. Consequently, the area ratio method preserves the reactivity value
when changing the source reactivity (indicated by dashed line).
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als'] ps [8]

CROut | CRIn CR Out CR In

ECIB -636+1 -699:+2 - -

SCO | EC2B -639+1 - - -
MC2 -612+1 - -3.51+0.01 -
ECIB -1051.4£1.6  -1117.1£2.2 -14.89£0.20  -17.12+0.27
EC2B - -1112.0£1.9 - -15.2740.17
EC3B - -1096.7+1.0 - -10.13+0.05
SC3a | EC5T -1053.4+9.3 -1081£15 -8.68+0.34  -9.42+0.21
EC6T - -1090.9+2.9 - -7.46+0.14
MC2 -984.9+54  -1031.7+7.6 -7.21£0.03  -7.83+0.06

MC3 -944+19 -1009+27 -7.23+0.94  -7.86x1.11

ECIB -1034.9+3.7  -1113.0£3.8 -14.97+0.47  -17.24+0.63
EC2B -1041.1£1.7  -1099.5+2.0 -13.7740.16  -15.11+0.18
sc3p | EC3B -1035.7£0.9  -1086.5+1.3 -9.59+0.04  -10.16+0.05
EC5T -1042.9+4.5  -1095.0+£6.6 9.24+0.23  -10.05+0.27
EC6T -1026.2+£3.7  -1088.0+4.7 7402020 -7.60+£0.21
MC2 -969.8+2.9  -1010.142.7 -7.29+0.04  -7.96+0.05
EC2B 2607+5.6 - -41.93+0.67 -

SC6 | EC5T 2614+13 - -23.49+0.85 -
MC2 -1568+29 - -20.12+0.18 -

4. Two-Region Point Kinetic Model

The simplest way to describe the deviating results obtained by the area ratio method in the
fast booster zone is to extend the point kinetic equations to two regions. By treating the flux
caused by delayed neutrons separately, the solution to the area reactivity, Eq. (2), can be
obtained. A two-region point kinetic model with prompt and delayed neutron fluxes can be
expressed as follows:

dn, (t) o, (0)+ flnpz ) +5(2)
dt 3}

dndl (t) _ 051”(11 (t) + &ndz ([) + ﬂ“cl (t)
dt 3}

ac@) _ B _

S O 0,©) =260 )

dnpz (1) _ &

7 an,, (1) + 7 1, (1)

dn,, (1) =a,n,(f)+ findl O+ AC,(2)
dt ]

dc,(t) p,

T A a0 na0)=2C,0)

In these equations 7, is the prompt neutron flux density in region i, ny; is the delayed neutron
flux density in region i, C; is the delayed neutron precursor density in region i, a; is the
prompt neutron decay constant in region i, f; is the probability that a neutron escapes from
region i to region j, 7; is the neutron lifetime in region 7, S is the external source strength, f; is
the effective delayed neutron fraction in region i, A; is the mean neutron generation time
(reproduction time) in region i and /A is the one delayed neutron group decay constant. In the
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case of YALINA-Booster, region 1 is the booster region, where the source is located, and
region 2 is the thermal zone.

The neutron flux areas of Eq. (2) are obtained by integrating the neutron fluxes from zero to
infinity. If assuming a Dirac source pulse, the left hand side of Eq. (4) will be zero:

0=a4, +&A
T

2

p2 + SO

0=a,d, Jr&Ad2 +ﬂ(Ap1 +4,)
7 A (5)
/i

- Jio
0= oczAp2 + "
7

A B
0=a,4,, +T—'2Ad] +A—2(Ap2 +4,,)

1 2

An expression for the area ratio reactivity in each region can be derived by solving for the
prompt and delayed areas in the two regions: A,;, Aas, Ap2 and Ag>. By assuming

ARAR (6)
which is the case in YALINA-Booster, the area ratio reactivities can be expressed as
4, p (1
Py =———~LE —ara,r —1]—1, (7)
$1 Adl ﬂ2 f 1% 1772%2
A, p, [ 1 j 1
. Ry ®)
. 4n B o atf,

where p; is the local reactivity in region i (obeying Eq. (1)) and f is the return probability
given by the product f;,/>;.

In both regions the area ratio reactivity is based on the local reactivity in the thermal region
with a factor and a term describing the coupling effect with the booster region. One should
notice that, in the booster region, the return probability appear in the denominator, thus
affecting the result stronger than in the thermal region where the return probability appear in
the nominator. Numerically, it can easily be verified that ps, is the best estimate of the
combined global reactivity of the subsystems 1 and 2. The combined global effective
multiplication constant, %, is given by

2
RN ("IZ’QJ if, )

where k with sub-index is the effective multiplication constant of each region respectively'’.
Consequently, the reactivity value obtained in the booster region, ps;, is the biased result.

5. Spatial Correction Factors

In the previous section, a two-region kinetic model has been presented to explain the
deviations observed in the reactivity estimation provided by the Sjostrand area ratio method at
different detector positions. Even more, it has been shown that, in general, even taking
detectors where the dispersion is small, the area method returns a biased estimation of the
reactivity. Hence, it is necessary to obtain a correction factor which takes into account the
complete description of the system. This correction factor can be obtained from MCNP®
calculations (other simulation tools can be used to investigate spatial and energy effects for
the area method as shown by. M. Carta. et al.'").
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Let us start by rewriting Eq. (2) in the form:

-1

p__4 4,

py=—=—"=1--"F| , (10)
Y By A ( AJ

»
where 4, denotes the area due both to prompt and delayed neutrons, that is, 4, = 4, + 44. 4,
and A4, can be calculated for every detector location with MCNP just enabling or disabling the
delayed neutron transport. In this way, MCNP can provide an estimator of the area method
reactivity, pPMcNp, detector, 10T any detector position.

On the other hand, a criticality calculation can also be performed with MCNP to obtain a
value for the effective multiplication constant and the effective delayed neutron fraction of the
system, which allow us to calculate the global reactivity, pmene. Thus, a correction factor for
the area method in every detector location can be obtained in the following way:

tostor _ p MCNP, detector . (1 1)
p MCNP

Once these correction factors have been obtained, the reactivity of the system can be

estimated in a straightforward way, just replacing in the last equation the reactivity estimates

by MCNP for every location by the experimental ones:

_ Pexperimental, detector . (12)
Cdetector

The correction factors have been computed using the JEFF3.1 nuclear data library and the
reactivity values thus obtained are listed in TABLE III. It must be pointed out that the
observed uncertainty in the determination of the correction factors decreases much slower
than the statistical uncertainty, hence, to obtain a good estimation, it is necessary to run each
case for the equivalent of 800 cpu-days.

By inspecting TABLE III it can be observed that the dispersion of the data is greatly reduced,
and most of the detectors are compatible among themselves. Furthermore, the reactivity
values obtained for the SC3a and SC3b configurations are close, as it was expected according
to MCNP simulations.

6. Conclusions

A set of pulsed neutron source measurements have been performed in the subcritical assembly
YALINA-Booster. The reactivity values obtained carry a strong spatial dependence as an
effect of the heterogeneity of the core. On the other hand, it was found that the prompt
neutron decay was comparable in all detectors except for the detector in the reflector at deep
subcriticality. When altering the source multiplication at constant reactivity, the area ratio
method still gave the same reactivity value. The strong spatial spread of the area ratio method
could be handled by applying correction factors obtained through Monte Carlo simulations.
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SC3a SC3b
Cdetect pwrrected [$] - pcorrected [$] -
or CR out CR in Cgetector CR out CR in

ECIB | 1.81£0.03 -821+0.16 -944+020 | 1.94+0.03 -7.71+028 -8.87+0.36
EC2B | 1.63+0.02 939+0.17 | 1.73+£0.03 -7.98+0.16 -8.76+0.18
EC3B | 1.10 £ 0.02 921+0.15 | 1.12+0.02 -8.56+0.14 -9.07+0.15
EC5T |0.98+0.02 -8.86+038 -9.62+027 | 1.00+0.02 -9.23+0.28 -10.04+0.32
EC6T | 0.85+0.01 878+022 | 0.85+0.01 -8.70+027 -8.93+0.29
MC2 |0.85+0.01 -845+0.14 -9.17+0.16 | 0.85+0.01 -8.56+0.15 -934+0.16

MC3 | 083001 -8.66+1.13 -942+1.34 | 0.86+0.01
Weighted -839£0.10 -9.24+0.08 842+0.08 -9.11+0.08

average
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