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Abstract

The prompt decay constant method and the area-ratio (&fiiftmethod constitute the reference techniques for miegstire
reactivity of a subcritical system using Pulsed NeutronrfSeexperiments (PNS). Howeverflérent experiments have shown that
in many cases it is necessary to apply corrections to theemeetal results in order to take into account spectral madial efects.

In these cases, the approach usually followed is to develdgrent specific correction procedures for each method. $wibirk
we discuss the validity of prompt decay constant method heditea-ratio method in the Yalina-Booster subcritica¢agdy and
propose a general correction procedure based on Monte §iarlgations.

Keywords: accelerator driven system (ADS), reactivity monitoringhippt neutron decay constant method, area-ratio (Sjadtran
method, MCNPX, Yalina-Booster

1. Introduction PNS experiments investigate the evolution of the neutron

population in the reactor after the injection of very shatin

tron pulses (ideally instantaneous injection) from an ek

source. Although this is not intended to be the normal mode

of operation of an industrial ADS, which will rather operate

a continuous or quasi-continuous way, PNS experimentsfare o

twofold interest. First, the response of a linear systenuths

Short neutron pulses provides the Green’s function (or isgu

I - ... response) of the system, from which the response of thersyste
Thg devglopment af‘d .val|dat|on of reactivity monitoring to any neutron pulse with arbitrary time dependence can be de

techniques is a key point In the roadmap to a ﬂf" scale ADSriveQG. Second, PNS techniques have already been extensively

Hence, a n.umber of experiments ha\{e been ca_rrled outover tr\'/eollidated experimentally and thus constitute a reliatdetisig

Ia;'; years In qrdgr to evaIuaFe theffdrent techniques of sub- point for further analysis of reactor kinetics.

((:znct)lé):z;l-ty wwgnqg?ir;n?éogz)iy 'II'nF(Q:,IAuI(DjE t(rj](;r‘r,\f#essEe(tSa?IUI(ezggg)l). Previous experiments have shown that PNS techniques can

RACE (Jammes (2007)), Yalina-Thermal (Persson et al. (9005 provide very precise measurements of magnitudes related to

) ) N the reactivity of the system, such as the prompt neutron de-
and Yalina-Booster (Talamo_et al. (2009),_Berg|of etalyap cay constant or the prompt-to-delayed area ratio. They have
Talamo et al. (2012)) experiments. In this paper we focus o

so shown the dependence on the knowledge of fieeta/e

the results of the application of Pulsed Neutron Source oPNSidnetic parameters of the system to extract the reactiviynf
techniques to experiments carried out at the Yalina-Bosste these measurements. However. in most cases. it is Vi

critical assembly in the framework of the EUROTRANS (IP- to determine these kinetic parameters from experiments, sp

Eurotrans (2005)) project of the 6th European Framework ProciaIIy if the system cannot be made critical, so they areiobth
gram.

from detailed computer simulations of the system.
Furthermore, those experiments have shown that the devia-

Accelerator Driven Systems (ADS) consist in subcritical re
actors driven by an external spallation neutron source ledup
to a high intensity accelerator. It is widely recognizedr{ta
et al. (2008); OECD-NEA (2002, 2006)) that ADS could play
an important role in the reduction of the volume and radietox
icity of high level nuclear waste and therefore make nuclea
energy more sustainable.
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tion from point kinetics behavior due to local or spectral ef
fects implies additional corrections to obtain unbiasellies
of the reactivity of the system. Several approaches have bee;
proposed to deal with thes@ects, such as considering correc- =0
tion factors (Jammes (2007); Talamo et al. (2009); Berdlaf.e
(2010); Talamo et al. (2012)), multi-region kinetic mod@/g- )
lamarin (2004); Jammes et al. (2006); Berglof et al. (2000)) o©10
using the neutron intergeneration time distribution (Rextal.

(2003)). However, these approaches are usually specifiifor

ulse

p

ounts/us

ther the prompt decay constant or the prompt-to-delayeal are 10 ity i

ratio reactivity estimators and cannot take into accoupeex A,

mental uncertainties due to composition, geometry or sess ]

tions. Vo2 % 6 8 10 1z 14 16 18
Hence, in this work it is proposed a complete methodology Time (ms)

to determine the criticality constaky; of the system from PNS

experiments that takes into account both the spatial ardrsppe  Figure 1: Typical evolution of the counting rate in a deteato
effects present in actual systems and removes the need to kndlag core of Yalina-Booster after a neutron pulse (accuredlat
the dfective kinetic parameters of the system. This method asfor many pulses) with indication of the prompt decay shayk an
sumes that, close to the experimental conditions, thera is athe area ratio methods.

univocal functional relationship that relates the reatiof the

system and either the prompt decay constant or the prompt to

delayed area ratio. These functional relationships canbse o ¢’ as:

tained from simulation using the Monte Carlo code MCNPX 0 a 1 1
(Pelowitz et al. (2005)) by varying fierent parameters of the Bett  Peit/Neit + @)
system as density, enrichment, geometry and cross sections

this paper, the Yalina-Booster experiments are used tdatali whereA¢ is the dfective mean neutron generation time and
the methodology proposed and the results are compared withs is the éfective delayed neutron fraction. Equation 1 con-
previous methods. stitutes the basis of the prompt decay constant technique fo

reactivity determination (Simmonns and King (1958)). Fur-

thermore, the point kinetics model also provides a relation
2. PNStechniques ship (Sjostrand (1956)) between the ratio of the areas uhder

prompt, A, and the delayed, A neutron population evolution

. o L curves and the reactivity:
A PNS experiment consists in the injection of neutron pulses

in the system, repeated at a given frequency, in such a way p A o)
that the duration of the pulse is shorter than the neutron gen  Bgf A4
eration lifetime and the time elapsed between successigepu
is long enough to let prompt neutrons die away. With these In principle, the area ratio technique has the advantage ove
conditions, the neutron population in the system will fallan  the prompt decay constant technique that it does not rethere
initial fast rise during the introduction of the pulse, trefast ~knowledge of the kinetic parametégy to obtain the reactiv-
decay driven by prompt neutrons and finally a much slower deity in units of dollars. However, it has been shown repegted|
cay driven by delayed neutrons and their multiplicatiorgtth (Soule et al. (2004); Villamarin (2004); Jammes et al. (3006
can be approximated by a constant level during the short timéammes (2007); Talamo et al. (2009); Bergl6f et al. (2018); T
between consecutive pulses. An example is shown in figure 1amo et al. (2012)) that spatial and spectritets change the
which corresponds to an actual PNS experiment performed &le relationship between the measured parameteasd %)
Yalina-Booster, where the results after many pulses haea be and the reactivity of the system. When this occurs, one can ex
averaged in order to improve statistics. In the figure, we capect that non exponential prompt decays are observed or that
observe the fast decay and the constant level marked witk thi area ratios dfer from one detector position to another. Hence,
lines. In this way, prompt neutron evolution and delayed-neuthe estimation of reactivity will be biased and correctiogtim
tron evolution can be decoupled. ods are needed.

The main techniques available to determine the reactifity o
the system from PNS experiments are based in the study qf the The Yalina-Booster subcritical assembly
shape of the prompt neutron decay and the study of the ratio of
the areas below prompt neutrons and delayed neutrons. A schematic view of the Yalina-Booster subcritical assgmbl

In the point kinetic model approximation, prompt neutrons(Bournos et al. (2007); Kiyavitskaya et al. (2005)) is preasd
decay exponentially and the system reactivity,can be ex- in figure 2. This assembly consists of a core with two well dif-
pressed as function of the decay constant of their populatio ferentiated regions: a fast spectrum region in the centarrat
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femi Table 1: Core configurations during the experiments: number
60 & Target BaC- controlrods  Thermal zone e L of fuel pins in each region.
Y EC1B EC7T r
7 ™ e - i | | Inner booster| Outer boostel Thermal zone]
[ e r SC3a 132 563 1077
o o SHgaaceacatons B8 | SC3b 0 563 1090
o Uner oty T RS : s L | SC6 132 563 726
104 U02 (36%) o ecior
o _ g: __ i formed by B,C absorbing rods.
e <o | The facility offers great flexibility in core loading patterns,
-10 EC8R MR L i it i i
thus allowing dfferent levels of subcriticality by adding or re-
20 EC6T ccon moving fuel rods in the dierent zones of the assembly. Three
o o L experimental configurations, designated SC3a, SC3b and SC6
= are considered in this work. SC3a and SC3b were intended to
7 5 i have the sameffective multiplication constant d&;~0.95 but
so-] - / - L different source multiplications. This is achieved by removing
N e ECas | EC3B T — MCa | part of the highly enriched uranium of the SC3a inner booster
Inner booster Graphite reflector and compensating the decrease of reactivity with more fuel i

R S S S the periphery. The third configuration (SC6) was intended to
have an &ective multiplication constant d¢~0.85, which is
Figure 2: Schematic of the Yalina - Booster subcritical asse a value characteristic of |oading or refue”ng procedufﬂse
bly in the SC3a configuration. composition of the core in each of these configurations is de-
scribed in table 1. The reactivity can also be slightly chethg
by using one array of three control rods of @ The values of
the neutron source (known asoster) surrounded by a larger kg calculated with MCNPX for these configurations with the
thermal spectrum zone, where the essential part of theaieactcontrol rods inserted and extracted are presented in table 2
power is produced. The motivation for this kind of configura-  PNS experiments were performed with a (D-T) source, con-
tions is that the booster can increase the source imporéatte  sjsting of a tritium target coupled to a 250 keV deuteron hcce
consequently it could allow reducing the accelerator isityn  erator (NG-12-1). The accelerator was operated in pulsetemo
required for a given power level in the reactor. Such assesibl at repetition rates of 50 Hz (in the SC3a configuration), 57 Hz
can be considered as a system of two coupled reactors, beif the SC3b configuration) and 166 Hz (in the SC6 configu-
one the booster and the other the thermal zone around it. ration), with pulses of s of duration and 6 mA of deuteron

During the experiments presented here, the booster wgseak intensity.
formed by 36% enriched UCfuel rods inserted in lead blocks.  Several experimental channels are availablefi&idint posi-
The amplification of the neutrons coming from the source istions throughout the assembly. The location of these cHaime
achieved through the fission reactions in the uranium and theepicted in figure 2. The experimental results presenteisn t
(n, xn) reactions in the lead, leading to a fast neutron spect  paper were measured with detectors at locations EC1B, EC2B
The booster is subdivided in twoftkrent regions with dier-  and EC3B in the booster; EC5T and EC6T in the thermal zone
ent spacing between fuel rods: an inner region with a smalleand MC2 and MC3 in the reflector. Large (500 mg deposit) U-
spacing (inner booster) and an external one with largetispac 235 fission chambers (KNT-31) were used in the booster and
(outer booster). The central part contains no fuel and s re reflector. In the thermal zone, where the thermal flux was much
half is empty to hold the neutron source. The zone surrogndinhigher, 1 mg U-235 fission chambers (KNT-5) were used. Peak
the booster is formed by a fuel consisting of mixture of JO counting rates during accelerator pulses reachdd2countgs
(10% enrichment) and Mg in polyethylene blocks which acts asn the most sensitive fission chambers. Hence, dead tifeete
moderator, leading to a thermal neutron spectrum. As state@ere relevant during the pulse. Dead time is specially slev
above, this zone produces most of the power of the reactoto the area-ratio technique, since it requires an accuett-d
Finally the whole system is radially surrounded by a graphit mination of A,. Therefore, experimental counting rates have
reflector and axially and radially by a borated polyethylbire  been corrected to take into account tifi@et of the dead time.
ological shielding.

A key point in the design of these booster assemblies is the
need to prevent, or at least minimize, thermal neutrons frondt
the thermal zone to return back into the booster, partiadly d
coupling the fast and thermal cores. Thus, a so called valvé'
zone formed by thermal neutron absorbers is placed between Figures 3a, 3b and 3c show the time evolution of the count-
the booster and the thermal zone. This valve zone consiats of ing rate in a U-235 detector after a D-T pulse in each of the
inner layer formed by natural uranium rods and an outer layethree regions of the assembly: the booster, the thermal zone
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1. Prompt decay constant method



and the reflector. The results of the simulations of the count
ing rates at these positions performed with MCNPX are shown
alongside for comparison. In all cases, the constant lewel d
to delayed neutrons has been subtracted. Observing thedigur <
corresponding to the booster and the thermal zone, it can b&
noticed that after about 1 ms the neutron population decays e £
ponentially. However, in the reflector it takes more time tstfi G
rise and then approach an exponential decay.

Equation 1 defines the relationship between the prompt de-
cay constan& and the reactivity in the point kinetics model.
Hence, it is possible to perform an exponential fit to the ltesu
of each detector in the time region where an exponential de-
cay is observed and use the kinetic parameggrand Aegs t0
obtain the reactivity. However, g&g and A¢r could not be
measured experimentally, their values were estimatedulsa
Monte Carlo code MCNPX.

The delayed neutron fractiofier, has been computed using
the k-ratio method (Talamo and Gohar (2010)), also referred

ulse

as theprompt method in Klein Meulekamp and Van der Mark &
(20086). In this methodBes is obtained according to equation 3: 2
%]

o 2

Bett =1-— (—) (3) 5

Ket t /\cnpx 8

where k is defined as theftective multiplication factor due
to prompt neutrons only, which can be calculated with MCNPX
disabling the delayed neutron emission, égglis the total ef-
fective criticality constant estimation of MCNPX.

On the other hand, the mean neutron generation tikag,
has been calculated using the perturbative methodology pro
posed in the bibliography (Verboomen et al. (2006)). The re-
sults of Ber and Aeg With different cross sections libraries for
the diferent configurations of Yalina-Booster are listed in table
2.

The prompt decay constanésand the estimatelle; with
the ENDFB-VII.0 nuclear databases are shown in table 3. The
results show that the prompt neutron decay constant, arcehen
the reactivity values, obtained forfthrent detector positions
in the fuel region are compatible among each other. Henee, th
reactivity estimates are also compatible among themseles

nts/us/pulse

=]
o

JEFF-3.1 and JENDL-3.3 databases have also been analyzedlo.

and give similar results.
In the reflector region, prompt decay constants show a clear
trend to provide lower values than in the fuel region. Thi-in
cates that the point kinetics hypothesis is not valid fodatlec-
tor positions and corrections are required.
It must be also noted that thefidirence in reactivities due
to the control rods insertion, estimated by MCNPX in 305
15 pcm, is clearly noticed and consistent with the calcdlate
values. This shows the high sensitivity of the method and its
reliability to estimate reactivity changes of this ordentdgni-
tude.

10
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8 Il MCNPX simulation

M Experiment

Il MCNPX simulation

Time (ms)

(a) EC1B

I Experiment

45 5
Time (ms)

(b) EC5T

I Experiment
Il MCNPX simulation

Time (ms)

(c) MC2

Figure 3: Evolution of the counting rate after a D-T neutron
pulse measured with a U-235 fission chamber in SC3a config-

Compared with the simulations, it can be observed that th@ration with the control rods extracted. The result of the-MC

average experimentély are slightly lower (about 300 pcm) NPX simulations with the END#B-VI1.0 library is included for
than the values calculated with MCNPX (table 2). This is con-comparison.

sistent with the larger absolute values of the exponentiehy
constants in the simulations as noticed in figures 3a and 3b.
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Table 2: Computeller and kinetic parameters for thefidirent core configurations of Yalina-Booster.

| | Library | ke, C.I. out | Kefr, C.I. IN | Ber (107°) | Aerr (u9) |

ENDFB-VII.0 | 0.94873+ 0.00011| 0.94588+ 0.00015| 729+5 | 60.8+0.4

SC3a JEFF-3.1 0.94905+ 0.00004| 0.94600+ 0.00015| 747+6 | 60.8+0.4
JENDL-3.3 | 0.94908+ 0.00011| 0.94593+ 0.00011| 734+5 | 60.9+0.4
ENDFB-VII.0 | 0.94851+ 0.00011| 0.94544+ 0.00012| 728+6 | 61.6+0.4

SC3b JEFF-3.1 0.94909+ 0.00011| 0.94584+ 0.00012| 742+6 | 60.4+0.3
JENDL-3.3 | 0.94891+ 0.00011| 0.94601+ 0.00011| 741+6 | 63.4+0.4
ENDFB-VII.O | 0.85070+ 0.00012 — 757+7 | 67.0£0.5

SC6 JEFF-3.1 0.85133+ 0.00012 — 772+ 7 | 68.1+ 0.5
JENDL-3.3 | 0.85180+ 0.00010 — 754+ 7 | 69.9+ 0.5

In addition to the direct application of the prompt decay-con A possibility to overcome this problem is the extension of
stant method presented in this section, it has been promosedzquation 2 using correction factors that relate the promget
generalization (Bécares et al. (2010)) of the method thatval  layed area ratio with the reactivity for every detector fiosi
the extension of the applicability of the prompt decay canst that s, a relationship of the form:
method beyond the limits of the point kinetics approximatio

= (Ap/Addmc _ (Ap/Ad)mc

The extension, that will be denoted as the prompt decay shape (5)
method, consists in replacing equation 1 by a general liresar lomcl |%|
lationship betweep anda: e
And the experimentdds; is obtained as:
p=ax+b 4) 1
. . . keff,exp = T (Ao/Aew (6)
where parametesandb are not necessarily the kinetic pa- 1+ ="

rameters\er Or Ber. TO determine parameteasandb it is nec-
essary the use of simulation codes. In our case, we have usedA complete discussion of this extension can be found in
detailed MCNPX simulations where, for simplicity, we have Berglof et al. (2010). There, the MCNPX code was used to de-
fixedb = Bes. In this way, the value o& can be determined termine these correction factors for the case of Yalinasero
from a pair of values, @) obtained from the simulations. For It is worth mentioning that the large spreadl@f estimators
completeness, we show the results obtained with the prompas reduced and compatible values were found for all detecto
decay shape analysis with the ENIBFVII.0 database in table after corrections. We have included the updated resultheof t
3. Note the similitude of the values afobtained in this way application of this technique in table 4 for comparison wita
with the values ofA¢ for all the channels in the core, where New method we propose in next section.

the point kinetics is known to be largely valid. The value of

a obtained for the reflector is Iarge_r, howevgr, an.d when it i%. Generalized method

used, the experimental values obtainedigrwith this detec-
tor become similar to those obtained with the detectorsén th
core.

In the previous section, we have shown that in addition to the
standard analysis of the experimental results based orothe p
kinetics approximation, it is possible to extend both thenppt
decay constant method and the area ratio method by consider-
ing different spatial and spectrafects (equations 4, 5 and 6).

The second technique to determine the reactivity from therhese extensions, however, are still based in consideriing a
PNS experiments is the area-ratio technique. As explaimed iear relationship betweenand the measured quantities, as in
section 2, equation 2 can be used to determine the reaCtiVitfhe point kinetic model. Furthermore' since a sing|e sitnoma
of the system from the prompt and delayed counting rate afs ysed to calculate the parameters in equations 4 and & thos
eas. In Yalina-Booster both areas can be eaSin calculated s extensions do not provide a way to estimate the uncertamty 0
the frequency of the neutron pulses is high enough for the dehe bias present in the modelization of the experiment.

Iayed neutrons to be considered constant but low enough for Hence, we have deve'oped a further genera"zation of the
the prompt neutrons to decay to negligible values before thgrompt decay constant and the area ratio methods that takes
following pulse, as shown in figure 1. into account possible inaccuracies in the description efetk

The area ratio measured in configurations SC3a, SC3b arﬁbriment (geometry, density, composition and cross sesfio
SC6 for diferent detectors is shown in table 4. In this casewe propose to relax the conditions given in equations 1 and 2
the diferences in the values amongfdrent detectors due to assuming more general relationships:
spectral or spatialfeects are large (even a factor of two or more)
to allow the direct application of the area-ratio method.

4.2. The area ratio method

p=p1(a)



Table 3: Experimentdd; calculated with the prompt decay constant and the promgydgitape method in SC3a, SC3b and SC6
configurations with the ENDB-VI1.0 library. With prompt decay constant method it is methe direct application of the method,
using equation 1 with the experimental valuesxadind the calculated kinetic parameters (table 2). With praepay constant
shape it is meant the application using equation 4 with theegaofa calculated using MCNPX (also given in the table) and the
values ofBe¢ ¢ in table 2.

(a) SC3a configuration

Detector a(u9) Control rods out Control rods in Akeg(pcm)
position a(s?) | ke, pdc | Ker,p.ds | a(s") | Ker,p.dc [ ke p.ds pdc | pds
61.0 0.94609 0.94595 0.94223 0.94207
ECIB | 02| 10573 | [ 00042| +0.00028| 11284 | L 0.00045| +0.00030 | S87* 61| 38741
61.0 _ _ _ ] 0.94249 | 0.94231 _ —
EC2B | (02 124+3 | 500043 | +0.00027
61.2 _ _ _ ] 0.94393 | 0.94349 _ —
EC3B +0.2 1097+ 1 + 0.00040 | +0.00018
61.1 0.94409 0.94381 0.94193 0.94164
ECST +0.2 -1094+ 8 + 0.00060 | + 0.00046 -1134+6 + 0.00051 | +0.00035 216+79 | 217+ 58
61.2 _ _ _ ] 0.94385 | 0.94338 _ —
ECeT +0.2 1098+ 5 + 0.00048 | +0.00031
76.2 0.95643 0.94437 0.95354 0.94084
MC2 +0.2 -869+ 4 + 0.00038 | + 0.00028 921+ 6 + 0.00047 | + 0.00042 289+ 60 | 353+ 51
(b) SC3b configuration
Detector a(us) Control rods out Control rods in Akeg(pcm)
position a(s?) | ke, pdc | Ker,p.ds | a(s") | Ker,p.dc [ ke p.ds pdc | pds
61.6 0.94531 0.94530 0.94062 0.94061
EC1B +0.3 -1057=7 + 0.00053 | + 0.00046 1143+ 7 + 0.00057 | + 0.00050 469+ 78 | 469+ 68
61.7 0.94581 0.94568 0.94236 0.94222
EC2B | 03| 10483 | [ 00041| +000032 | 1H1=3 | 000043 | +0.00033| 34°% 59 | 346+46
61.9 0.94609 0.94584 0.94377 0.94351
EC3B +0.2 -1043+1 + 0.00039 | +0.00021 -1085+ 1 + 0.00040 | + 0.00021 23355 | 234+ 30
61.9 0.94443 0.94414 0.94161 0.94130
ECST | 02| 10736 | 00051 | +0.00039 | 112%%6 | 000054 | «0.00040 | 282% 74| 283+56
62.0 0.94639 0.94599 0.94347 0.94304
ECeT +0.2 -1038+ 7 + 0.00054 | +0.00043 -1091+7 + 0.00055| +0.00042 292+ 77 | 294+ 61
77.2 0.95653 0.94445 0.95334 0.94054
MC2 +0.2 -856+4 + 0.00038 | +0.00030 913+ 4 + 0.00041 | +0.00033 319456 | 39045
(c) SC6 configuration
Detector a(us) Control rods out
position a(s?) | ke, pdcC | ke p.ds
EC2B 69.9 -2624 0.85054 0.85043
+2.8 + 16 +0.00124 | + 0.00097
EC5T 69.5 -2659 0.84883 0.84943
+ 3.7 + 22 +0.00143 | +0.00132




Table 4: Experimental values of the prompt to delay area natvalina-Booster experimentkes t girect denotes the values calculated
using equation 2 and the ENIB=VII.O values ofBest (table 2). ketrcorr denotes the values calculated using equation 6 and
correction factorsq@) calculated from simulations using the same libraryffé&@ent correction factors have been applied for the
cases with the control rods inserted and extracted. Theglsoggiven in the table.

(a) SC3a configuration

Detector Control rods out Control rods in Akeg (pcm)
position | Aj/As | C | kefrdret | keftoor Ap/Ad | C | ketrdiret | Keftoor direct | corr
15.31 | 269.58] 0.89960 | 0.94626 | 17.64 | 292.83| 0.88606 | 0.94318
ECIB | 003| +2.19| +0.00064] +0.00045 +0.04 | +2.67| +0.00073| +0.00053 13°4% 97 | 30870
Ecop | _ | 24470 _ _ 15.63 | 252.94] 0.89771 | 0.94180 _ _
+1.83 +0.03| +£2.03| +£0.00065| +0.00048
Ecag | _ | 16673 _ 10.20 | 165.11] 0.93079 | 0.94182 _ _
+1.55 +0.01| +£1.59| +£0.00045| +0.00056
8.70 | 150.26| 0.94036 | 0.94527 9.44 | 152.91] 0.93561 0.94185
ECST +0.06| £1.95| +£0.00055| +0.00080| +0.04| +2.11| +£0.00049| +0.00084 475+ 73 | 342+ 116
EceT | — | 12941 _ 7.48 | 128.86) 0.94829 | 0.94514 _ _
+1.48 +0.03| +1.54| +£0.00039| +0.00069
7.23 | 125.26] 0.94993 | 0.94543 | 7.85 | 129.60| 0.94587 | 0.94289
MC2 +0.01| £1.39| +0.00033| +0.00061| +0.01| +1.55| +0.00036| +0.00069 406+ 49 254+ 92
7.24 | 126.90] 0.94987 | 0.94578 7.88 | 125.71] 0.94568 | 0.94102
MC3 +0.18| £1.41| +0.00123| +0.00148| +0.21| +1.57| +0.00141| +0.00174 419+ 187 | 477+ 228
(b) SC3b configuration
Detector Control rods out Control rods in Akeg (pcm)
pOSition Ap/Aq | C | Kef f direct | Kef f corr Ap/Aq | C | Kef fdirect | Kef f,corr direct | corr
EC1B 15.17 | 286.89] 0.90055 | 0.94978 | 17.48 | 310.69| 0.88711 | 0.94673 1343 304+ 107
+0.03| £3.39| +0.00076| +0.00064| +0.09| +4.76 | +0.00097| +0.00086 +123 B
13.92 | 259.96| 0.90799 | 0.94918 | 15.28 | 270.41] 0.89990 | 0.94652
EC2B | [0.02| +2.43| +0.00070, +0.00048| +0.03| +2.77 | +0.00076| +0.00056 509 103 | 26674
9.64 | 168.81] 0.93442 | 0.94598 | 10.21 | 167.03] 0.93081 0.94240
EC3B +0.01| £1.42| +£0.00051| +0.00046| +0.01| +1.47| +0.00053| +0.00051 361+ 74 358+ 69
9.26 | 151.53| 0.93684 | 0.94241 | 10.07 | 153.67 0.93170 | 0.93850
ECST +0.04| +£1.85| +£0.00055| +0.00075| +0.05| +2.00| +0.00061| +0.00086 515+ 82 | 391+ 114
7.42 | 128.17| 0.94875 | 0.94528 7.60 | 127.74| 0.94757 0.94385
ECeT +0.04| £1.26| £0.00048| +0.00061| +0.04| +1.32| +0.00049| + 0.00065 118+ 68 143+ 89
7.31 | 128.38] 0.94947 | 0.94613 7.97 | 130.52| 0.94516 | 0.94245
MC2 | 0.01| +1.26| +0.00040 +0.00053] +0.01| +1.37 | +0.00043 +0.00061| 31%59 | 368x81
(c) SC6 configuration
Detector Control rods out
pOSition Ap/Ad | C | keff,exp | keff,corr
EC2B 43.63 | 268.15| 0.75172 | 0.86006
+0.07 | +7.74 | £0.00175| +0.00404
EC5T 23.96 | 138.88| 0.84647 | 0.85287
+0.85| +6.34 | £0.00476| +0.00674



and for the case of the generalized version of the prompt decay
constant method and

Ap
p=r(3) o (2]
Aq Pexp = po + B (A (8)
Ad exp

The advantage of this methodology is that, even if high spa- for the case of the generalized version of the prompt to de-
tial modes have a relevanffect in reactor kinetics or there are layed area ratio methodoy denotes the reactivity of the ref-
significant spectralféects on the measurement, such functionalerence non-perturbed system configuration and the paresnete
relationships may still exist. These relationships can ife d A* andg* are obtained by the linear fitting of the pafrsy, Ap)
ferent for each detector position due to spati@ets, but for and(A%,Ap), respectively. They have been denoted in this
being useful for reactivity determination purposes, thaysin way by analogy with the parametesss andges in equations
be universal for a certain position. By universal we mean thal and 2. The results fok* ands* obtained with this method
the same function relates the reactivityand the measurable are presented in table 5. In principle, the comparison cfehe
parametersr or % for any variation of the reactor configura- parameters with\e andSer provides a way to estimate the
tion or of some physical constants. Such a strong hypothesiglidity of the point kinetics approximation.
is not expected to be true for the whole range of configuration In the case of th&* parameter, we observe twdfi#irent be-
and the whole range of reactivities. Nevertheless, we densi haviors in Yalina-Booster. First, in the fuel region, whéhne
that it is reasonable to make a less restrictive hypothasid, calculated value of\g; is about 15% lower than* for SC3a
search whether such universal relationship exist for peatu  and SC3b configurations and 30% in the case of SC6 configu-
tions made around a given configuration with independence afation. This &ect is consistent with the fact that point kinetics
the perturbed parameter. provides worse results as reactivity lowers. Second, irrehe

In the case of Yalina-Booster, the search of this relatigmsh flector region, where the value af is very diferent fromAes
has been performed with a series of simulations of the systeven for SC3a and SC3b configurations. In this case, the dif-
using MCNPX. Starting from the most accurate description ofference is produced by the thermalization in graphite abasel
configurations, SC3a, SC3b and SC6, we have made small vaihe low absorption cross section.
ations of diferent parameters, namely the polyethylene density, For its part, the obtained values gf vary largely with the
the fuel enrichment and the geometry (height to width ratio) detector position. For the case of Yalina-Booster, it isagn

For every variation of these parameters, values, ef and % able, however, its nearly positive monotonic tendency ftben

are calculated. Notice that bothand 2 are detector depen- centermost to the outermostdetgctor position and the texyde
rto take much lower values th#@gag in the booster.

dent. The valu [ . L .
e of has been obtained as the decay constan Finally, it is important to remark that the generalized noeth

resulting from the fit to an exponential function of the siated o . . .
detector counting rate after a neutron pulse for a fixed time i propoged n th'S.SECt.'On also proyldes away to estimateytiie s
terval. tedmaf[lcdl{[?]certa}mty |.ntr0dbuc$rc]j in the:= va:;fed]lgff. V\/be thave
. . Ao adopted the value given by the maximu ence between
e e o o £, e mean value k- andsand anyofhe values o ands
and MC2 for the SC3b configuration. The origin of c’oordi—that would be obtained by considering the variation of. any of
nates corresponds to the non-perturbéd configuration tséng thg system' parameters (polyethylene d§n§|ty, fuel gnmﬂm
ENDF/B-VII.0 database. As we can observe, for smal Varia_he|ght to width ratlo) alone. The uncertainties calculaietthis
tions in the three parameters, there exists a ,universalcnsﬂa way are presented. n tqble 5 It can be observed that the sys-
. . ' A e tematic errors obtained in this way may range from less to 10%
ship betweenp and eitherAa or Azf. Similar results have 4 ahout 509% for the dlierent configurations and detector po-
been obtained for SC3a qnd SC6. ) ) sitions. This variation is to be considered as well to deteem
ATO r.emarll< that the universal relationship betweten and _ the best position for placing a detector for determiningrene
Axf with Ap is only locally true, we have performed large vari- activity with the generalized method.
ations of the polythene density. As it can be observed indigur  The generalized method provides absolute values for the re-
4, this leads to a multi-valued function for the case of thiede  ctivity, rather than values in units of dollars, withoué theed
tors in the core (EC1B and EC5T), while it remains a well de-gf knowing the value offsr;. Therefore, values foker can
fined linear relationship for the detector in the reflectoQ®).  pe obtained directly. In table 5 we present the resultkéer
Hence, we have obtained a way to determine the range of valigtained with the generalized versions of both the prompt de
ity of the generalized method atfférent detector positions.  cay constant and the area ratio techniques. It can be olaserve
Furthermore, it can be observed in figure 4 that the relationthat the generalized area ratio technique significantlyiced
ship betweemp and the measured parameters keeps a googhe dispersion of the direct area ratio results. An impdntan
linearity up to about\p = 1000 pcm. This linearity allows ob- mark is that regardless of thes; absolute values, for a given
taining the reactivity from the experimental measuremesitts  detector position both methods are capable to clearly ingtic

the simple equations: the diference inkes due to the control rods movement. More-
over, when both methods are compared, we also observe that
Pexp = Po+ A" (A@)exp (7)  they are compatible.
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Figure 4:(Aa, Ap) and(A(Ap/Ad), Ap) values obtained by changingfiirent parameters in the SC3b configuration obtained with
the ENDFB-VII.O library. The ranges in the variation of the paramistiat have been studied are up#0% in the polyethylene
density, up ta:7.5% in the uranium enrichment and up#&5% in the height to width ratio. The values correspondintatge
polyethylene density changes (L.P.D.C.) are highlightethe cases where they considerably depart from linearitye dross
sections have also been changed, by considertterdnt nuclear data libraries, but the range of variatioriy gmall in this scale.
The dotted lines are the result of fitting these pairs of pdinta straight line (in the range where they can be consideridlow

a linear relationship). The pairs of points resulting frdme aipplication of this generalized method to the experialesatiues of
(Aa, Ap) and(A(Ap/Ad), Ap) with the control rods inserted an extracted are also plotted



Figure 5 shows the results obtained with the generalizediques to determine the reactivity in systems with a strpngl
method compared with the results of the prompt decay constaspace or spectral dependent kinetics.
and the area ratio techniques (section 4) for the SC3a andd SC3
configurations with the control rods inserted and extracted
is found that the generalized methods, presented in thibsec
provides very similakes results for the prompt decay shape
method and the area ratio method using the correction facto
presented in section 4. Nevertheless, it can be also olubtrat
the generalized prompt decay shape method tends to slight
shift downwards the results &g with respect to the results
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Table 5:kgr calculated with the generalized method. Upper values haee balculated with the generalized prompt decay shape
method and lower values have been calculated with the gerextarea-ratio method.

(a) SC3a
N A (us) .
Detector position 7 (pem) Kerr, control rods out| ke, control rods in| Akeg(pcm)
EC1B 69.1+ 9.1 | 0.94558+ 0.00051 | 0.94119+ 0.00103| 438+ 115
299+ 60 | 0.94674+ 0.00047 | 0.94053+ 0.00165| 621+ 172
EC2B 68.6+ 9.5 — 0.94151+ 0.00103 —
338+ 77 — 0.94147+ 0.00166 —
EC3B 69.1+ 10.3 — 0.94282+ 0.00089 —
552+ 73 — 0.94285+ 0.00083 —
EC5T 69.2+ 5.9 | 0.94316+ 0.00072 | 0.94071+ 0.00077| 245+ 106
653+ 68 | 0.94534+ 0.00066 | 0.94104+ 0.00094| 430+ 114
EC6T 69.8+ 8.4 — 0.94264+ 0.00080 —
787+ 37 — 0.94529+ 0.00056 —
MC2 95.5+12.3| 0.94326+ 0.00077 | 0.93885+ 0.00135| 441+ 156
860+ 5 0.94518+ 0.00041 | 0.94044+ 0.00052| 474+ 66
MC3 Not enough statistics
839+ 50 | 0.94561+ 0.00142 | 0.94083+ 0.00168] 478+ 220
(b) SC3b
. A*(us) ;
Detector position & (pom) ket, control rods out| Keg, control rods in| Akeg(pcm)
EC1B 72.1+ 5.6 | 0.94476+ 0.00059 | 0.93928+ 0.00090| 548+ 107
276+ 55 | 0.94954+ 0.00040 | 0.94382+ 0.00102| 572+ 109
EC2B 71.6+5.8 | 0.94523+ 0.00043 | 0.94123+ 0.00067| 401+ 80
317+ 66 | 0.94908+ 0.00030 | 0.94521+ 0.00074| 386+ 80
EC3B 71.2+5.2 | 0.94544+ 0.00030 | 0.94276+ 0.00047| 268+ 55
560+ 81 | 0.94611+ 0.00044 | 0.94326+ 0.00080| 285+ 92
EC5T 70.4+ 5.1 | 0.94354+ 0.00055 | 0.94032+ 0.00073| 322+ 92
666+ 67 | 0.94236+ 0.00078 | 0.93759%+ 0.00120| 477+ 43
EC6T 71.1+ 7.5 | 0.94562+ 0.00057 | 0.94225+ 0.00081| 337+99
854+ 32 | 0.94497+ 0.00049 | 0.94360+ 0.00050| 137+ 70
MC2 97.1+ 14.7 | 0.94340+ 0.00085 | 0.93851+ 0.00155| 489+ 176
809+ 19 | 0.94604+ 0.00035 | 0.94129+ 0.00038| 475+ 52
(c) SC6
Detector position ,3[*\ (gﬁ) Keg, control rods out
EC2B 112+ 30 | 0.85028+ 0.00156
360+ 124 | 0.85972+ 0.00404
EC5T 110+ 29 | 0.84868+ 0.00214
1010+ 259 | 0.84876+ 0.00798
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Figure 5: Comparison of the reactivity results obtainedhlite direct and extended application of both the promptylsbape and the area ratio techniques for the SC3a
and SC3b configurations (all results have been obtainedthétEENDFB-VII.0 library).
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