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Abstract

The development of a reactivity monitoring system for sitloal reactors is a major task prior to industrial scaleedeator driven
system (ADS) construction. Within the 6th European Fram&®wogram, the IP-EUROTRANS project has performed a sefies
experiments at the Yalina-Booster subcritical assemlagtied at the Joint Institute for Power and Nuclear ResedtBINR) of the
National Academy of Sciences of Belarus, using a continDyE) (fusion) neutron source in pulsed and continuous meite
short interruptions (beam trips). In this paper, the impatation and results of threefidirent monitoring techniques intended to
operate with continuous neutron sources will be presengtgly the source-jerk technique, the prompt decay coristelmique
and the current-to-flux technique. The results will be coragavith the values of the reactivity obtained using the @dilsource in
PNS experiments, discussed in detail in another paper.
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1. Introduction of an industrial ADS, the power must be stable and continuous
and these techniques can not be applied. Hence, it is negessa
Over the last decades, there has been considerable intergstuse other techniques compatible with a continuous oriquas
in accelerator-driven subcritical systems (ADS) due t([ft[bﬂ- continuous operation of the accelerator.
tential capability to stabilize or reduce the volume andotax- In the final conclusions of the MUSE-4 experiments carried
iCity of hlgh level nuclear waste and thus to contribute tkena out during the 5th European Framework Programme (Me”ier
nuclear energy more sustainable (OECD-NEA (2002, 2006)¢t al. (2005)) it was proposed to combine two independehttec
Lensa et al. (2008)). niques for continuously monitoring the reactivity of an ADS
One of the requirements to license and operate an industrighe first of these techniques is the so-called current-to-flu
ADS is the ability to monitor the reactivity of the system €ur technique. The current-to-flux technique is based on the-mod
ing operation (Baeten and Ait Abderrahim (2003)). Most of fied source method (MSM), which is commonly used in the cal-
the techniques applied up to now to determine the reactivitybration of control rods (Bignan et al. (2010)), adapted @S\
of a subcritical system that cannot become critical are dasecharacteristics. This method has the drawback that only pro
on Pulsed Neutron Source (PNS) experiments. PNS expeRjides relative measurements of the reactivity and theegfior
ments have been carried out in the MUSE (Soule et al. (2004hould be complemented with another technique that can pro-
Villamarin (2004)), TRADE (Jammes et al. (2006)), RACE vide absolute values for the reactivities. One possibitiy
(Jammes (2007)), Yalina-Thermal (Persson et al. (2005)) Ope obtained using very short interruptions of the beam atirre
Yalina-Booster (Talamo et al. (2009); Berglof et al. (20I&-  (beam trips) and applying slightly modified PNS methodolo-
lamo et al. (2012)) subcritical assemblies to validate Pé¢Bt  gjes.
niques and therefore they are today well documented and canTwo experiments have been included in the EUROTRANS
be taken as reference. However, during the normal operatioproject of the 6th European Framework Program IP-Eurotrans
(2005) to explore this measurement scheme: a measurement
n . . o ~ campaign at the Yalina-Booster subcritical assembly, whis
correspondlng author. Tel+84)913460936; Fax:+34)913466576; vi- already finished, and the Guinevere experiment at the VENUS
cente.becares@ciemat.es ) ] .
2present address: Tecnatom S.A., Avenida Montes de Oca, 70328an  e€actor, which has started in 2011. The EUROTRANS experi-
Sebastian de los Reyes (Spain) ments at Yalina-Booster were carried out during 2008, with t
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Yalina-Booster subcritical assembly coupled to a (D,T)dos this measurement requires thétis calibrated at specific con-
source capable to produce 14 MeV neutrons in pulsed or corfigurations. Furthermore, neith&r nor S will be experimen-
tinuous mode with beam trips. tally measured but some related measurable magnitidasd
The purpose of this paper is to present and discuss thesesuR (e.g. detector counting rates or current intensitiéd).and
obtained during the Yalina-Booster experiments usinginont R are respectively proportional té andS and are related with
ous beam with short interruptions. The results of the reigti  them through the correspondinfiieiencies, namelM = epN
monitoring will be presented in two parts. First, in sectign andR = sS. Hence, in terms ol andR, equation 3 becomes:
the results obtained in experiments performed when the reac
tor was in steady state will be shown. In these experimests th Ketf=1— ¢ =2 .o R (4)
reactivity and neutron source production remained cohstian s M
variations were slow compared with the delayed neutrorie sca
of time. Results are compared with those obtained using PNS
techniques, already presented in Berglof et al. (2010) aéd B
cares et al. (to be published). Second, in section 5, thdtsesu

obtained during fast variations of the reactivity of theeamsbly energy, shape and density of the spallation target and blpba

and the neutron source intensity are presented. .
Finally, in section 6 the first beam trip measurements usin@.ﬂ.‘erfaCtorSED will also be dfected by the detector nature, po-

current mode detectors will be discussed. This mode of epera ition and other factors. Some of these parameters can be mea

tion of detectors is expected to be the most common one durin§ rf:aﬁt?rsalllt)l/otr)lucgfcltr?:resni:e*\f réfgt]g:t \t/(\/)ltrk?gntletzcéiwingehg&ﬁ
normal operation in commercial plants. ¢ 4

than the current-to-flux, is needed from time to time.
In any case, these factors usually evolve slowly and they can

The neutron source is expected to be deduced from a mea-
surement of the intensity of the charged particle beamdallyi
protons) generating the neutrons in the spallation taiGeh-
sequently, the value et and¢* depend on the beam position,

2. Reactivity monitoring techniques be considered constant during a period of time. Therefbee, t
current-to-flux method is useful for online monitoring okth
2.1. Current-to-flux reactivity. The diference of reactivity between two configura-

The current-to-flux technique to measure the subcritigalit ions of a system will be given by:
of an ADS is based on studying the relationship between the
power level (or the neutron population) in the system and the Akett = kerrz ~ Keffa =
external neutron source intensity. Li¢tbe the total number of G2 b
neutrons produced by multiplication in the system afteritiae _ (1 _ kem) (1 2es; M1/ 1] 5)

troduction ofS source neutrons from an external source, then @12 M2/Rp
the neutron source multiplicatiotks, is defined by Herrera-

Martinez (2004): If both configurations are similar enough as to assume that
€p1 = €p2, €s1 = €s2 andg] = ¢, then equation 5 can be
S 1 ; .
ks=1l-—-=N=S ) approximated by:
N 1-ks

My RZ) 6)

In generalks is dependent on the neutron source characteristics Akeff = (1 - kefﬁl)( R, M
and its position within the assembly.

By analogy with the MSM method, routinely used to evaluate In the case of the experiments at the Yalina-Booster assembl
rod worth in critical reactors, equation 1 is normally retem  presented in this work, the requirement of source stahilig
in terms ofke introducing the concept aource giciency de-  generally not met (section 4) for long periods (minutes torkso

fined as: range) and thus the application of the current-to-flux tégpie
1- ke will be limited to monitor the reactivity during short peds
¢ = ff (2)  (seconds to minutes range) (section 5). Some additionasinv
1 - ks

tigation on the applicability range of the current-to-flech-
resulting in: nigue was presented in Villamarin et al. (2009).

LS 2.2. Beam trips
Ketf=1-¢ N (3 P , . .
Pulsed neutron experiments have shown that it is possible

From this equation it is possible to evaluatekeof the sys- to determine the reactivity of the system using the kinegic r

tem by measurindd andsS or the ratio between them. However, SPonse of the neutron flux after a short source injectionlSou
et al. (2004); Villamarin (2004); Jammes et al. (2006); Pers

son et al. (2005); Talamo et al. (2009); Berglof et al. (2010)
30ther authors (Gandini and Salvatores (2002)) define thecsdmpor- — Mellier et al. (2005)). Conceptually, this situation is egu
tance alternatively ag* = 1%% & In this paper the definition given by lentto a continuous source produced with an accelerat@tevh
equation 2 is always used. the beam is interrupted very quickly and restarted agaer aft




This equation holds as well for PNS experiments, so the
value ofa should be similar in both situations. Notice that the

- @
5?, 1 et 415 § determination of the reactivity with this technique regsithe
E H 5 knowledge of the kinetic parameters of the systégnandAegr,
E 08F 1 g or the ratio of them to obtain the reactivity in units of dofla
= 108 & The other available technique to determine the reactivitly w
2o06f T beam trip experiments is the source-jerk technique. Itistsis
lo6< of comparing the counting rates in a given detector befoge th
0.4r beam trip and after it, when the prompt neutron component has
104 disappeared and the constant level of delayed neutrons, men
02t {02 tioned above, has been achieved. If they are denoteq bpd
n; respectively (see figure 2), it can be derived from the point
0 20 20 50 80 100 kinetic model (Keepin (1965); Ott and Neuhold (1985); Hzkri
Time (ms) (1993)):
Figure 1: Graphical scheme of the point kinetics response of g = £ - o~ ®)
the flux (thick line) during a trip of the beam current (thind). Bett ny
This technique is equivalent to the Sjéstrand (area-ratio)
_ technique used to determine the reactivity in PNS experisnen
g L The source-jerk has in principle two advantages over theapto
= decay constant technique. The first is that it does not requir
= Aet but onlyBe¢ s to obtain the absolute value of the reactivity
§081 ] of the system. The second is that simgeandn; are deter-
E 06 no-n,| | mined by accumulating detector counts over a period of time,

a larger statistics can be accumulated and hence it is appdic
n(t) = n, +(ny - n,) e™ with lower counting rates.

It is important to remark that both techniques are derived
from point kinetics, and hence any deviation from this sim-
ple model in a real system will lead to spatial gordspectral
0 ‘ ‘ ‘ dependence in the detector response. Consequently, thee sam
25 30 35 o 45 corrections applied in the PNS experiments corresponding ¢

Time (ms) rections will be usually needed to obtain the actual redgtiv

Figure 2: Graphical scheme of the source-jerk and the promqu the system from the experimental results. The applioatio

decay constant techniques to determine the subcritichlityng of such correctpns }‘or the case of the Yalina-Booster vell b
a beam trip. discussed later in this paper.

I
I

o
)

a few milliseconds. These interruptions happen naturally d 3. The Yalina - Booster subcritical bly

ing the operation of most accelerators and are called bepsn tr A schematic view of the Yalina-Booster subcritical assgmbl
but they can also be induced by the accelerator controlrsyste(Boumos et al. (2007); Kiyavitskaya et al. (2005)) durihe t
when needed (if designed to do so). This type of situation i yROTRANS experiments is presented in Figure 3. The facil-
presented in figure 1. It can be observed that after the beam, consisted of a core with two well fierentiated regions: a
interruption, the countin'g rate in the flux monitoring deét®s  contra| fast zone with 36% enriched W@mbedded in a lead
shows a fast decay until a constant level is reached. The faglatrix (booster) with two packing densities and a thermakzo
decay is due to prompt neutrons disappearing from the SySteghrrounding the booster consisting in polyethylene blawitis
YVh”? the constant_level (in fact, also decaying, but veoyy 1004 enriched U@Mg fuel. In addition, there are a radial
in this time scale) is due to delayed neutrons. _ graphite reflector and a front and back biological shieldifg
There are two major techniques available to determine thgg ateq polyethylene.
reactivity of the system from the beam trip response, both de The fast and the thermal-spectrum zones are separated by a
rived from the well known point kinetic model (Keepin (1965) thermal neutron absorber, or valve zone, consisting of ayer|
Ott and Neuhold (1985); Hetrick (1993)). In this model, ity pins of metallic natural uranium and another layer with
prompt neutrons decay exponentially after the source 185 W s of boron carbide, which are located in the outermost two
a prompt decay constant, which is related to the reactivity by 4\vs of the lead bifier. Hence, only fast neutrons can be ex-

the equation: changed between the two zones.
_ o a 1 7 Small changes of reactivityAp ~ 300 p.c.m) can be
p®) = Bett  Peit/Neti * (") achieved using three B-control rods that can be inserted in



I Table 2: Calculated values kf; (KCODE module of MCNPX)

6o ey Taroet B4C- control rods  Thermal zone L with different cross section libraries.
MC2
: D EC1B EC7T : :
1 1 ! H‘: oa\uc. elele 3 1 - i cha
. i L : CR.Out | CR.In
o BC & o N : ENDFB-VII.O | 0.94873+ 0.00011| 0.94588+ 0.00015
oy 1B ” JEFF-3.1 | 0.94905+ 0.00004| 0.94600+ 0.00015
B JENDL-3.3 | 0.94908+ 0.00011| 0.94593+ 0.00011
10- UO2 (36%) ~un
o d SC3b
CR.Out | C.R.In
RS B ENDF/B-VII.O | 0.94851+ 0.00011] 0.94544+ 0.00012
w] e T JEFF-3.1 0.94909+ 0.00011| 0.94584+ 0.00012
: ifiliiin i / JENDL-3.3 | 0.94891x 0.00011] 0.94601+ 0.00011
50 ) \ ) B cations throughout the assembly. They are depicted in figure
o mcs EIC“B / FC8 i Mca | 3. The experimental results presented in this work were mea-
pnerbooster Graphite reflector sured with detectors at the locations EC1B and EC2B in the
< s 40 0 2 0 o 1 % m 4o s e lm booster and EC5T in the thermal zone. Twéfatient types of

U-235 fission chambers operating in pulse mode were used, one
containing 500 mg of U-235 (KNT-31) was used in the booster
and other containing 1 mg of U-235 (KNT-5) was used in the
thermal zone. The (D,T) neutron source was monitored with
a BC501A liquid scintillator. Due to the high counting rates
(~ 1P countgs) dead time ffects were relevant. Therefore,
measured counting rates were corrected to take into acttuant
effect.

Figure 3: Schematics of the Yalina - Booster subcriticabass
bly in the SC3a configuration.

the thermal zone. This allows testing the sensitivity of dife
ferent reactivity monitoring techniques to reactivity ogas of
this magnitude.

For the beam trip experiments twofiirent core configura-
tions have been used (table 1), denoted by SC3a and SC3h. The
two configurations have been designed to have sirkilaval-
ues but, in the SC3b configuration, part of the fuel in the beros
was removed to explore possibldfdrences due to changes in
the source importance. The valuesgf for each of these con-  As mentioned in the introduction and in section 2.1, the
figurations as calculated with the Monte Carlo code MCNPXcurrent-to-flux technique is suitable only for relative athity
(Pelowitz et al. (2005)) are shown in Table 2. measurements. Therefore, steady-state experiments bawve b

The experiments presented here were performed with a (D, Tognly applied to validate the absolute reactivity deterrtiora
source, consisting of a tritium target coupled to a 250 keVtechniques with beam trip interruptions. Steady-stateeexp
deuteron accelerator (NG-12-1) impinging on a tritium &rg iments were performed in the two main configurations SC3a
The tritium in the target was embedded in a titanium diskhwit and SC3b and the two sub-configurations obtained by the-inser
45 mm diameter and cooled by water. It was placed in the getion or extraction of the control rods. In addition, for thé 3
ometrical center of the assembly to maximize the source imeonfiguration, dferent intensities were explored to investigate
portance. It provides 10 neutrons per second at maximum possible &ects of the neutron source intensity in the reactivity
intensity. It must be pointed out that during operation somejetermination using beam trips. Beam trips were forced at a
deuterium is implanted in the target, and hence, a fractfon orate of one per second with a trip duration of about 40 ms.
the source neutrons are produced in (D-D) reactions. This ef |t js important to notice that the accelerator beam durireg th
fect may have implications for reactivity monitoring, adlwe  experiments was not perfectly constant. As it can be obderve
discussed later in the paper. in figure 4, a large 50 Hz oscillation in the neutron sourcdaou

Several experimental channels are available fiedint lo-  not be avoided. This oscillation was due to an oscillation in
the deuteron beam impinging position. Nevertheless, dimee
period of this oscillation is much larger than the charaster
decay time of the prompt neutrons (about 1 ms) but still aeiord
of magnitude shorter than the shortest of the decay peribds o
any of the delayed neutron families (between 0.23 and 55.72 s
in a six group model (Hetrick (1993))), the oscillation ig p&-
pected to significantlyféect the reactivity determination when
it is properly time averaged.

4, Steady-statereactivity monitoring

Table 1: Number of fuel elements in thefférent regions of
Yalina-Booster during the beam trip experiments.

| | Inner boosterl Outer booste] Thermal zong]

SC3a 132 563 1077
SC3b 0 563 1090




~160 [ that spatial or spectralffects are not present). Furthermore,

5 the results are also compatible with the results obtain€&NS
> 140 experiments.
g 120 From the prompt neutron decay slopes it is possible to com-
3 pute the reactivity using equation 7, provided th\at+ and
© 100 Bets are known. However, a new methodology has been pro-
80 posed (Bécares et al. (to be published)) that removes tlieafee
knowing these two parameters and better takes into acdoeint t
60 - ;
"* presence of local and spectrdfexts deviating from the point
40 © kinetic model. This methodology is based on the assumption
20 | that there exists a a universal relationship between thetivea
| ity and the prompt decay slope = p (@), at least within a cer-
00~ —10 20 30 20 50 80 70 tain range of perturbations from a reference configurafire

Time (ms) existence of this functional relationship has been ingastid
through detailed simulations of the system with MCNPX. More
Figure 4: External neutron source (pale gray) &) detec-  specifically, we have started from a description of the afbem
tor response (dark gray) before and during a beam trip. BotlBonfiguration (SC3a or SC3b), where we have calculated val-
signals have been averaged over periods of 0.1 ms to reduces for the reactivitypg, and the prompt neutron decay slope
statistical fluctuations. Notice that the source has a gt&h  for every detector positionyy. Then additional configurations
Hz oscillation, which drives thé**U detector between beam varying some characteristic parameters (moderator gensit-
trips. nium enrichment, height to width ratio) have been simulated
order to obtain a series of paifap, Aa) from which the shape
of the relationship = p (@) can be inferred.
4.1. Prompt decay constant method Using this methodology, it has been found that, within un-
First of all, it must be remarked that the accurate determinacertainties, the relationshjp = p (@) can be described with a
tion of the prompt neutron decay constants, that are usdttin t linear dependence of the shape pg = A* (o — ap), with the
prompt decay constant method, requires large statistieacél  values ofap andA* being specific of each detector position. In
the histograms of counts per unit time after a large number oparticular,A* is obtained from the linear fit of the paif&p, A)
beam trips £ 1000) have been superimposed in order to havebtained after perturbing several parameters from theaeée
enough statistics. The prompt decay slopes have been efitainconfiguration. An advantage of this procedure is that the dis
as shown in equation 7 simply by fitting the slope of the de-{ersion of the results of* obtained from the variation of each
cay of the prompt neutrons after a beam trip to an exponentiglarameter alone can be taken as a measure of the range of the
plus a constant. An adequate range for the fit must be chosesystematic uncertainty in the value af. Therefore the final
to get rid of the non point-kineticsfiects present at the very error given for the reactivity (or alternatively thigr) can in-
first microseconds after the beam interruption. The 50 Hz oselude an estimate of the systematic uncertainty due to ttwd lo
cillation described above is not expected fieet the results of or spectral &ects, in addition to the statistical uncertainties.
the prompt decay constant method, which is only function of The values ok thus obtained are shown in table 4, along-
the neutron population just a few prompt neutron decay dsrio side with the values obtained in the PNS experiments, for-com
before the beam trip. parison. As the values of obtained in beam-trips experiments
The results of the application of the prompt decay constanivere largely compatible with the ones obtained in PNS exper-
method are shown in Table 3, alongside with the values ofments, the results df,; are also compatible. It can also be
the prompt neutron decay constants obtained in complemeibserved in table 4 that, with the exception of the two cases
tary PNS experiments in the same configuration of the systerabove mentioned, the results fig are about 300-400 p.c.m.
(Bécares et al. (to be published)). It must be remarked kieat t lower than the MCNPX results, with an uncertainty of the orde
slopes have been found to be largely compatible, withinrgyro of 100 p.c.m., taking into account both statistical errard the
for different detector positions. There are only two exceptiongstimated range of systematic uncertainties‘inFurthermore,
that deviate considerably from the others (position EC18iwi the diference irkyg due to the change in the control rods posi-
1.2 mA beam intensity and position EC5T with 0.5 mA inten-tion is of the order of magnitude of the expected value (about
sity, both in the SC3a configuration with the control rods in-300 p.c.m).
serted) and that can be considered spurious results.
The similarity of the prompt neutron decay slopes among dif4.2. Source-jerk method
ferent detector positions is a remarkable finding sincejilies The source-jerk method (equation 8) has been applied to
that, at least for the case of Yalina-Booster and for thealete the Yalina-Booster experiments. It is important to reméuet t
positions investigated, the same values for the reactiitppe  thanksto the large statistics available for this methodis wos-
obtained at these detector positions, in spite of spaffatts  sible to determine the reactivity at every single beam trijn w
(notice, however, that the similitude of the results dfeslent  a precision better than 2$. An example of the distribution of
detector positions remarked above does not necessarily impthe source-jerk results every beam trip for a given expartme

5



Table 3: Prompt decay constant results for SC3a and SC3lgcoations, compared with the results of the PNS experiments

Table 4: ks estimations from the prompt decay constant method for SG8e8&£3b configurations compared with the results of

(a) SC3a configuration
Detector| Beam inten-| Control rods extracted| Control rods inserted
position |  sity (mA) a (s apns(s ) a(sh apns(sT)
1.2mA -1059+ 7 -1053+ 9
EC1B 1.0 mA -1042+ 11 | -1057+ 3 | -1121+ 14 | -1128+ 4
0.5 mA -1054+ 10 -1126+ 12
1.2mA -1066+ 7 -1094+ 8
EC2B 1.0mA -1062+ 9 — -1105+ 10 | -1124+ 3
0.5 mA -1055+ 14 -1118+ 15
1.2mA -1062+ 18 -1105+ 21
EC5T 1.0mA -1033+ 23 | -1094+ 8 | -1116+ 27 | -1134+ 6
0.5 mA -1050+ 41 -1054+ 10
(b) SC3b configuration
Detector| Beam inten-| Control rods extracted| Control rods inserted
position |  sity (mA) a (s apns(s ) a (s apns(sT)
EC2B 1.0mA -1035+5 | -1048+ 3 | -1085+5 | -1111+3
EC5T 1.0mA -1034+ 12 | -1073+ 6 | -1073+ 14 | -1125+ 6

the PNS experiments.

(a) SC3a configuration
Detector| Beam inten- ke C.1. extracted Ke C.I. inserted Akeg (p.Cc.m.)
position |  sity (mA) BT PNS BT PNS BT PNS
L2mA | o006 - -
ECLB | 1OMA | 00078 | +0.00058 | +0,00130 | +0.00108 | 488%152 | 4385115
05mA | 00078 000104 445 146
L2mA | 500070 000092 171+ 116
EC2B | 1OMA | ‘yhoozs| T | 4000107 +000108| 2574131 | =
OSmA | % 00097 000132 386 164
L2mA | o001 000136 2641 162
ECST | LOMA | ooras| 1000072 | 1 0.00176| = 000077 | 514227 | 2462106
05mA | o oozse - -
(b) SC3b configuration
Detector| Beam inten- ke C.I. extracted Keg C.I. inserted Akeg (p.Cc.m.)
position | sity (mA) BT PNS BT PNS BT PNS
com | toma | OSSO | 05 | 0S| siras | ane
cosr | soma | e | Osr | S | 0L | suseer | e




Table 5: Source-jerk results for SC3a and SC3b configurstmmympared with the results of the PNS experiments

(a) SC3a configuration

Detector| Beam inten- Control rods extracted Control rods inserted
position | sity (mA) Source-jerk | Area-ratio (PNS)| Source-jerk | Area-ratio (PNS)
1.2 mA 15.17+ 0.03 17.99+ 0.03
EC1B 1.0mA 15.63+ 0.03 15.31+ 0.03 18.26+ 0.04 17.64+ 0.04
0.5mA 16.12+ 0.04 18.65+ 0.05
1.2 mA 13.75+ 0.02 15.37+0.03
EC2B 1.0 mA 14.02+ 0.03 — 15.66+ 0.04 15.63+ 0.03
0.5mA 14.61+ 0.04 16.31+ 0.04
1.2 mA 8.89+ 0.06 9.68+ 0.07
EC5T 1.0 mA 9.01+ 0.08 8.70+ 0.06 9.64+ 0.08 9.44+ 0.04
0.5mA 9.07+ 0.09 9.99+ 0.09
(b) SC3b configuration
Detector| Beam inten- Control rods extracted Control rods inserted
position | sity (mA) Source-jerk | Area-ratio (PNS)| Source-jerk | Area-ratio (PNS)
EC2B 1.0 mA 13.84+ 0.02 13.92+ 0.02 15.45+ 0.02 15.28+ 0.03
EC5T 1.0mA 9.39+ 0.04 9.26+ 0.04 10.22+ 0.04 10.07+ 0.05

Table 6: kg estimations from the source-jerk method for SC3a and SC&hgrorations, compared with the results of the PNS
experiments.

(a) SC3a configuration

Detector| Beam inten- ke C.1. extracted Ke C.I. inserted A Keg (p.c.m.)
position |  sity (mA) SJ PNS SJ PNS SJ PNS
1.2mA 106.9;07011:)1 106?5516813 749+ 188
ECIB | LOMA | 00063 | 000056 | 000107 | +0.00100 | O07* 207 | 6215172
05mA | 500087 000217 671234
1.2mA iod?:goli 106?0451259 4882+ 155

EC2B | 1OMA | iooen| T | sboolss| s0oo1se | 4924179 |
0SmA | 500008 2000212 508 234
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2 Hence, the application of corrections methods to obtainesl
§ 90t ] for the reactivity of the system becomes mandatory. Sinee th
S sof ] source-jerk technique is equivalent to the area ratio tigcten
§ 70t ] applied to a source interruption instead of a source puifee, t
5 same correction method described in Bécares et al. (to be pub
g 0F 1 lished) has been used for the source jerk experiments.
50 b ] Therefore, a linear relationship between the variations of
a0k ] the reactivity and the source-jerk result has been coresiler
o — po = B ((no/n) —(no/Ny) o) for configurations close
30F : , . .
enough (smallA (ng/ny)) to the reference configuration with
20 ] ((ng/ny), po). As in the prompt decay constant method, the
10} ] parameters* is evaluated from the linear fit of the pairs
0 ‘ P ‘ ‘ ‘ ‘ ‘ (A (no/ny), Ap) obtained after perturbing several parameters
20 F19 A8 AT A6 A5 A4 A3 A2 reaierkl from the reference configuration. The systematic uncetain

due to spatial or spectraifects can be estimated from the dis-
Figure 5: Distribution of source-jerk results every beaimfior ~ persion of the results gf* obtained after the individual varia-
a given experiment (SC3a configuration with the control rodsion of each parameter.
extracted; EC2B position). The fit to a lognormal distribati The results of the application of this method are presemted i
is plotted alongside. table 6. It can be observed that after this correction theedlis
sion in theker results is considerably reduced.

Thekes values obtained are largely compatible with the PNS
is presented in figure 5. This might be an advantage with rezrea-ratio method. Still, the results obtained with therseu
spect to the prompt decay constant method, that needs mugdyk technique show systematically a larger variation leet
higher system power to allow single beam trip determinadion  getector positions than the results of the prompt decaytaohs
the reactivity with the same precision. method.

The 50 Hz oscillation in the beam already mentioned should The diference in reactivity between the results with the con-
not afect the results of the source-jerk technique, since theyo| rods inserted and extracted for a certain detector yabo
half lives of the diferent families of delayed neutrons are much400-500 p.c.m in most cases) is somewhat larger than the ex-
longer than the period of the oscillation. Thus the delayeatn pected value from the MCNPX simulations (300 p.c.m) and
tron |eVe|n1 iS determined by the aVerage neutron ﬂUX. Con'from the prompt decay constant method. However, the uncer-
sequently, the prompt neutron lewgj will be determined by  (ainty in the results is too large for being conclusive (ddes
the average neutron flux over one or several oscillationesycl ing both statistical errors and uncertaintiegij
before the beam trip. Itis interesting as well to remark that a dependence of the re

Other aspect to take into account when applying the sourceyctivity with the source intensity can be noticed, parelylin
jerk technique is that beam interruptions reduce tliective  the detector at the EC1B position, which was the one with the
neutron source. Inthe case of the experiments at Yalinast®oo highest counting rate. Although this dependence is rathetls
presented here, there was a beam trip of about 40 ms every sqfess than one dollar), it is always in the same sense, slgowin
ond, that is, the source is down 4% of the time. To take this efigwer values of the reactivity as the source intensity inses,
fectinto account, a duty cycle factpiis defined as the fraction making it unlikely to be only statistical fluctuations. Seale
of time the accelerator is working at average intensity.d&gm  explanations for this behavior are being evaluated. Ingiple,

8 then becomes: the most likely explanation seems to be an incomplete correc
Ny — Ny tion of the dead timeféects, but there are other possible causes,
p(¥)=-¢ (9  suchas spectralffiects due to dferent relevance of the D-D

n
' reactions with the beam intensity (due tdfdient distribution

with an estimated value, from the previous argumeng, of  of the tritium or the implanted deuterons in the target, for i
0.96. stance). The lack of information on the neutron generater ta
In table 5, the experimental results obtained with the ssurc get components does not allow to confirm or reject any of these
jerk technique are presented. It also includes, when dlajla explanations, but it can be worth mentioning it to help irufet
the results obtained with the PNS area-ratio techniquedor-c  experiments such as the FREYA experiment at the VENUS fa-
parison purposes. Comparing the results froffedént detec- cility of the Belgian SCK-CEN.
tors, it is found that the dtierences between results affei-
ent detector positions can reach.a factor of up to two. Thesg Reactivity monitoring during system perturbations
large diferences are due to spatidfexts. Spatial @ects are
expected to fiect any subcritical assembly to a greater or lesseb.1. Fast variation of the system reactivity
extent and in the case of Yalina-Booster they have already be  To determine the capability to measure the reactivity and de
found to largely &ect the area-ratio technique in PNS experi-tect changes during a fast variation in the reactivity ofshs-
ments (Berglof et al. (2010); Bécares et al. (to be publiphed tem, a series of experiments have been performed in the SC3b

8
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Figure 6: Reactivity values measured using the curreffiistq-source-jerk and prompt neutron decay constant tectaesigluring
the fast movement of the control rods in SC3b configuratidre detector is located in the EC2B position in the boostéoreg



Table 7: Estimates of the changes due to control rod move- thates does not depend on the control rod position (which is
ment (p.c.m.) observed byftgrent techniques (SC3b configu- normally true), equation 5 becomes:
ration; detector position EC2B (booster zone)).

EDZ(P; M1/Ry
A =(1- 1-—= 10
Control_rod Cpntro! rod Kef ( keff,l)( 016, Ma/R, (10)
extraction insertion
Current-to-flux 194+ 8 -194+ 8

The factor%i% can be determined with MCNPX using equa-

Source-jerk 416+ 81 -399+ 80 tion 4 dint o /Mo
Prompt decay constant| 808+ 182 | -492+ 182 lon 4, expressed in terms M1/Mo:
MCNPX (ENDFB-VII.0) 307+ 16 €D2¢) (1—Ker2) M2/S;
= : 11
(601¢§)MCNP (1 —Kert1) M1/Sq (1D

configuration inserting and extracting the control rodsriby
these experiments, a beam trip per second was still produce
Hence, it was possible to apply both the current-to-flux an
the beam trip tgchnlques (spyrce-prk and prompt decay co fhe expected value of about 300 p.c.m.
stant) to determine the react|y|ty during control rods nmoeet. The source-jerk technique also allows obtaining an estimat
For the cases of the source-jerk .and the prompt decay cmnsta& the reactivity every trip, although the low statisticglie de-
methods, the same methodologies described in section 4 haye Co :

. . L ermination of the delayed neutron levglcauses larger uncer
been applied to translate the experimental results inticality

. : ; - tainties than the current-to-flux technique. Another intaot
constant and the uncertainties given include statistxalell as : ) . ) .
. remark is that the source-jerk technique requires someftime
an estimate of the error due to systematfiteets. The current-

to-flux technique, for its part, has been applied using the apthe delayeq neutrons level to stabilize after a reactiigrnge.
. i . o - From the figure it can be observed that while the control rod
proximate equation 6 (i.e., considering that the faégs@r does

) . extraction takes about 6 seconds to complete, the source jer
not change as a result of the change of configuration caused . ~ .

. estimation ofker takes more than 50 seconds to fully adapt to
by the movement of the control rods) and using as referen

C ) ;
ke for calibration the source-jerk results before the contod| fhe new vaIue,.due {0 the time reqwr.ed by dglayed neutrons to
insertion stabilize to their new level. The continuous line represéné

I . theoretical evolution of the source-jerk results obtaiselging
The results are shown in Figure 6. With the current—to-ﬂuxthe point kinetics equation, where the initial and final ead

ant(:] the belartq trip ftichnlqu((ajs the reactlvd|t.y hastrt:ttaﬁn t;nqdlt?r theke have been fixed to the experimental values. The exper-
with a resolution of L Second, corresponding wi €DeIAM I i ental data follow closely the theoretical model. Hentés i

frequency, while with the prompt decay constant method Clatﬂecessary to stress that the source-jerk technique wikkmrind
of five consecutive beam trips have been accumulated to eedu%stimate thek for some time after & increase and it will

i:ﬁ'ﬁ“é%gﬁﬁg?g;ﬂﬁlIatf?é?fhtgccrg;:ggffozlovmv:\ggégtean overestimate it for some time after a decrease, which has to b
9 dtaken into account for safety analysis.

allow having estimates ofky; (table 7) compatible with the : .
values measured in steady state (tables 4 and 6) and of tae ord Finally, the prompt decay constant technique has muchrarge

of magnitude of the MCNPX estimate. Statistical errors t'han 'the source JerI§ t'ech'nlque, gv.erageel.
. : - over 5 seconds time intervals, and it ighdiult to distinguish
The current-to-flux technique is lesffected by statistical

fluctuati than the other two techni hich allowbbi the dfect of the control rod position due to statistical fluctua-
uctuations than the other two techniques, which allowsiarg ;5 - Tjs imits the maximum frequency of reactivity mon-
monitoring frequencies. This is due to the large statistied

b lated with both the fl q tori itoring, although this may not be an issue in a power ADS,
can be accumuiated wi 0 € flux-and source monitoring o e 1y ch larger statistics will be available. Howeveritas
detectors. In the present case of Yalina-Booster, the otirre

. . ) is based on prompt neutrons only, the prompt decay constant
to-flux tec?maﬁe aIIc(Jjwstf?Iltzww;g the CtOT“:O' rOdi _dun\r:lt%etr method should not beffected by the slow adaptation to a new
movement with good statistical uncertainty, as it 1S evidan 5, ofkeg after a reactivity change as it was the case of the
figures 6a and 6b. In a power ADS with larger statistics highe

toring f ) b ivle. Th q Léource—jerk technique and therefore it should be capalgeosf
e e s s o sty s oo capacy Nevertrlss, s o
e Yalina-Booster experiments do not permit to confirm it.

to be about 200 p.c.m., lower than the MCNPX result (300 P P

p.c.m) and the changes measured with the source-jerk and the _

prompt decay constant technique (table 7). It must be taken-2: Fastvariation of the neutron source

into account that in addition to the statistical errorstasystic In addition to the fast movement of the control rods, during

errors due to localféects are also present. These lodéets the Yalina-Booster experiments it was also possible tordete

have been neglected by assuming that the fa@;ésérremains mine the capabilities of the reactivity monitoring techungg to

constant during the control rod movement. measure the reactivity after a long (several seconds) bepm t
Actually, it is possible to estimate the variation of thetéac interruption. This is equivalent to a fast variation of thean

% with the control rod position using MCNPX. If we consider power.

10

Using equation 10 it has been observed that the variation in
ke s measured with the current-to-flux method increases in 60
p.c.m, which is enough to explain most of thdéfeience with
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Figure 7: Corrected values of the reactivity obtained bysthierce jerk method and the prompt decay constant methodglanie
experiment, alongside with the counting rate during the=ggs and the current-to-flux reactivity monitoring. Tleason why
the points are not equidistant is because the data acquisigstem required some time to write the measured data tmattedisk
during which additional data could not be measured.
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In Figure 7 it is shown the reactivity monitoring during more  The main challenge of this setup was the current to volt-
than 1000 seconds of the Yalina-Booster reactor in the SC3age conversion. It was necessary to design a specifically ded
configuration. In the experiment, the beam was lost for appro icated module interposed between the high voltage sourte an
imately 30 seconds and recovered afterward. It can be obdervthe detector. This module derived the high voltage of the fis-
that both the current-to-flux and the prompt neutron decay co sion chamber to the carcase of the detector instead of theg wir
stant techniques (in the last, beam trips every 10 secon@s hawhich remained at 0 V, and therefore, it could be connected to

been accumulated to increase statistics) continue pruyitie
same estimation of thiey after the beam recovery following
the interruption. On the other hand, as it was already enpthi
in section 5.1, the delayed neutrons require about 50s lbd- sta
lize after a modification of the reactor conditions or the pow
level and hence the source-jerk method requires this tirpesto
vide correct values for the reactivity. Thiffect must be taken
into account if it is intended to apply the source-jerk tagae
for monitoring the reactivity in non-steady conditions.

6. First measurementsof abeam trip experiment using cur-
rent mode detection

a the commercial fast current amplifier (Femto DHCPA-100).

It is worth noting that this solution presents many problems
that had to be solved. First, since the high voltage is in #re ¢
case of the detector, we had to use an isolator surroundéng th
detector. Second, the electronic pick-up noise increasses d
tically due to the antenndtect. As we will show next, at the
current level generated in the detectopA, this last dfect re-
duced largely the signal-to-noise ratio.

6.2. Results

Figure 8 shows a single beam trip measured with a 500 mg
235 current mode detector in the MC2 position (reflector re-
gion) in SC3a configuration. The deuteron accelerator was

As we have seen in previous section, in order to have an a@fepared to produce a continuous 1 mA deuteron current with

ceptable statistical uncertainty during a single beameixjperi-
ment, very high counting rates are required. In fact, it widag

beam trips of about 40 ms duration. It can be observed that
the average current level in the detector is approximatedy O

uncertainty, which in general will befacted by a larger uncer-
tainty than the source jerk method, remains below 0.5 dollar
However, above a given counting rate, dead tiffieats be-
come important and achieving this uncertainty is not fdasib
using pulsed mode electronic chains. A typical solutiorvimic

5 x 10° fissiongs, in agreement with the fission rate at this po-
sition.

The detector current was measured using a 1 MHz low pass
filter in the current amplifier and a sampling rate of 10 MSam-
ple/s. The low pass filter was necessary to reduce the large pick-

dead time fects while increasing the detection rate consists irHP noise that can be appreciated in figure 8. In addition to the

the use of detectors operating in current mode detectiatiidn
mode, instead of identifying single detection events, trerall
electric currentis measured.

In this section, the description of the electronic chainedev

hardware filter, two types of data processing filtering haaerb
tested, a median average filter and a simple average filteais|It
been observed that both filters provide compatible restilis.
result of a 100 kHz simple average filter is shown in figure 8. As

a beam trip using a current mode electronic chain will be pre
sented.

6.1. Experimental setup

Due to the very short time interval of a beam trip, usually
a few milliseconds, the current-mode electronic chain far t
Yalina-Booster experiments was designed keeping in miad th
following minimum specifications:

1. Bandwidth of 10 MHz to ensure that all thexts at the
mean neutron generation lifetime level are respected.

2. Asampling rate of at least 1 MSamysewhich is required
to have enough points for fitting the prompt decay.

3. 12-bit ADC resolution, which ensures a 1% precision for
samples in the lower part of the beam trip.

appreciated. It is important to remark that in a power reacto
the detector current is expected to be three orders of matmit
larger while the electronic noise remains basically cantsta

To compare the result obtained using the current mode de-
tector with the pulsed mode detectors, we have performed a
source-jerk estimation of the reactivity. The total andaglet
neutron densities have been determined from the best fieof th
current in the detector to a constant level. In a similar vieant
for pulsed mode detectors, the large 50 Hz oscillation of the
core power has been averaged for a complete cycle so it is not
affecting significantly the mean value. In this particular ¢ase
the source jerk ratio value was37+ 0.6$ before spatial cor-
rections, being the first time that the reactivity of a sutial
core is determined within a single beam trip using currerdeno
detectors. This value is compatible with the standard P&-ar
ratio method 23+ 0.01$ (Bécares et al. (to be published)) for

The requisites enumerated above excluded usual nucledC2 detector. It is worth noting that gamma background on

power plant electronic chains, with bandwidths in the kHz
range. Hence, it was necessary to design a whole new ele
tronic chain to be used in Yalina-Booster. The system ctetis
of a modified large 500 mé&*°U fission chamber, a linear fast
current amplifier and a 14-bit 125MSamfddast ADC (Gage
Octopus) connected to a PC.
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the detector can bias the result of the source jerk. However,
the dfect in Yalina-Booster experiments is much lower than the
uncertainty of the measurement.

In the case of the prompt decay constant method, the result of
the fit is highly dfected by the 100 kHz filter, so no conclusion
can be obtained.



provide absolute reactivity measurements and hence tley ar
able to complement the relative reactivity measurementis wi
the current-to-flux technique. Hence, in addition to for bam

ing the reactivity during system perturbations, they haserb
applied to obtain absolute reactivity values with the sysirea
steady state.

The prompt decay constant technique and the source-jerk
technique are based in analyzing the system response tb shor
beam interruptions (beam trips or induced interruptioBsith
techniques are based on the point kinetic model and arescesp
tively, equivalent to the prompt neutron decay constantthad
area ratio and techniques applied in PNS experiments. Becau
both techniques are based on the point kinetic model, thiby wi
be dfected by spatial and spectrdfects in a practical system.
Figure 8: Beam trip measured with a detector in current moddhe same correction techniques based on detailed Monte Carl
located at the reflector region in SC3a configuration. The desimulations already validated in PNS measurements have bee
tector current was measured using a 1 MHz low pass filter antised to take into account theseets. Once corrected, both
a sampling rate of 10 MS. We can appreciate the large fluc- the prompt decay constant and the area-ratio techniques pro
tuations produced by the pick-up noise and the result of a 100ide largely compatible results for the reactivity and catitple
kHz first order filtering. with the values obtained with the PNS experiments.

In comparing the source-jerk and the prompt decay constant
techniques, it has been found that for the neutron flux of lefve
7. Conclusions Yalina-Booster the source-jerk technique provides moeeipe
data than the prompt-decay constant technique and thwssallo

One of the requirements to license and operate an indusnonitoring the reactivity during fast variations of the ctie-
trial ADS is the ability to monitor the reactivity of the sys- ity or the assembly power. In the case of Yalina-Booster, the
tem during operation. In this work the experimental demon-source-jerk method is precise enough to monitor the ragctiv
stration of diferent techniques to determine the reactivity of aevery second. However, for more powerful ADS with higher
quasi-continuous accelerator driven subcritical corei@drat  flux levels both the source-jerk and the prompt decay cohstan
the Yalina-Booster facility has been presented. techniques could reach similar levels of precision. Thavera

Yalina-Booster is a partially coupled fast-thermal asslgmb back of the source-jerk technique is that it requires some ti
which allows testing reactivity monitoring techniques iprac-  for delayed neutrons to stabilize after fast variationshef te-
tical assembly where spatiaffects are present. Twoftirent activity or the assembly power and hence it requires some tim
situations have been analyzed: when the system is in a steatty provide correct reactivity values after a system pegticm
state and during system perturbations. while the current-to-flux and the prompt neutron decay @ontst

Three diferent techniques for reactivity determination havemethod can be applied during and immediately after the pertu
been applied: the current-to-flux technique, the prompaglec bation. Hence, our recommendation is to use both the source-
constant techniqgue and the source-jerk technique. Themtrr jerk and the prompt decay constant methods for the interlm ca
to-flux technique is the most likely to be used for continuousibration of the reactivity, and use the current-to-flux teicjue
reactivity monitoring in a large-scale ADS since itonlyuggs  for the continuous monitoring of the reactivity.
the system operating in a steady state. However, this tech- Finally, the first results of a beam trip experiment measured
nigue can not provide absolute reactivity measurementstand with a current mode detector have been presented. This nfode o
is largely dependent on having a stable external neutrortsou operation is more likely to be used during ADS power operatio
Furthermore, to measure the reactivityfeience between two since the detector can operate at much higher detector, rates
different configurations, it requires that either the parametewhich reduces the uncertainty in the source-jerk and prompt
% is conserved between the two configurations or that it i-dlecay constant estimations of the reactivity. Our estiomati
possible to determine its variation between these two config indicate that operating at 50QuA (1000 times more than in
rations (e.g. through detailed Monte Carlo simulationgnét,  Yalina-Booster) could be enough for determining the reigti
this technique has been applied only to monitor the change iper beam trip with sficient accuracy. This will ensure that the
the reactivity during system perturbations, more spedifica current-to-flux method can be re-calibrated instantarigous
during the fast movement of the control rods and fast vaneti
of the neutron source. T.he current-to-flux technique has bee8_ Acknowledgments
found to be able to precisely track the control rod movement
within one-second intervals and should work even at higher This work was supported by IP-EUROTRANS contract no.
rates. FI6BW-CT2005-516520; the ENRESA-CIEMAT agreement for

The other two techniques, namely the prompt decay constatthe Transmutation Applied to High Level Radioactive Waste;
technique and the source-jerk technique, are both capable Svensk Karnbranslehantering AB (SKB, the Swedish Nuclear
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