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Introduction

The dicentrics and centric rings assay allows to estimate the absorbed dose in people
exposed to ionizing radiation from peripheral blood. In accidents with multiple victims, there
are methodologies that lead to increase the speed of response. One of them is the scoring of
dicentrics chromosomes with triage criteria, which makes it possible to reduce analysis time.
The aim of this approach is the classification of the victims in dose ranges of clinical
importance. The validation of this methodology was carried out through the participation of
the Biological Dosimetry Laboratory (BDL) of the Nuclear Regulatory Authority in three
intercomparison exercises: two of them organized by the Ministry of Health of Canada
(international) whose objective was the determination of the absorbed dose at 10 dose points
with an X-ray source, in the range of 0 to 5 Gy; and one regional exercise organized by the
BDL in which 2 dose points were evaluated with an Ir-192 source in a range of 0to 0.5 Gy.

Objective

Evaluate the participation of the Biological Dosimetry Laboratory (BDL) of the Nuclear
Regulatory Authority (ARN) of Argentina in different intercomparison exercises with triage
criteria

Materials and Methods

. Irradiation Conditions for the Intercomparison Exercises:

Doses
e ofiradiston

Ministry of Health of Canada —
2014y 2015 Xray (252 kVp — 15 mA) in vitro
Biological Dosimetry Laboratory, " Homogeneous exposure
ARN-2016 (OIEARLAQ075y 2 I 1(59::;:?: T:qsﬁ?i ) Phantom Alderson RANDO 80 cm of
9076 Projects) 9y, the source.
2. Laboratory Methodology- Dicentrics and Centric Rings Assay
Blood sampling ; 15
o e ) High
¥ \"-‘“ ; 8 12 LET, y=c+
- -3 4 oD + BDZ
Dicentricand ~ §
Irradval\on centricring S Low
Lymphocyte's Cullufe da identification G 0.75 LET
\ and scoring >
. Coloemid A Sw“mg §- 05
\ {\ P '
4 1 2 3 4 5
Hypotonic: N et
treatment and =) Dose [Gy]

fixation samples

Figure |. Packaging procedure and labeling of blood samples for transport and dicentric assay process: cell culture, dicentric
scoring and determination of absorbed dose from laboratory in vitro calibration curves.

3. Statistical Analysis

L2152

Questionable
“warning signal”

Z Score Test
i =xref

“Percentage

= Difference” (D%)

2<|z|<3

x: reported value,
X:

Xi: Laboratory results Non satisfactory =
x ref: Reference values 12|23 “action signal”
s": Robust standard
CEET Figure I1. Per tatistics applied in the of the results of the intercomparison

exercises carried out

Autoridad Regulatoria Nuclear - Buenos Aires - ARGENTINA

e
Results

International Intercomparisons - Ministry of Health of Canada

: (i = o 50 calls -

O TR T T T L L BV . T R TR
|

: =k |
i TR 1
— T mumi .
i i b |1

- f AT

Physical Dose (Gy) Physical Dose (Gy)
Figure Ill. Estimated Absorbed Dose (Gy) vs Physical Dose (Gy) by triage 2014 (left) and

2015 (right).

< 2014: Data show high sensibility for doses < 2.5 Gy and a lower sensibility for higher doses,
based on the criteria of 20% error of the administrated physical dose.

< 2015: Data show a better estimation for all evaluated point of doses, in agreement with z-
score performance analysis except for 2 Gy, which was not included in the intercomparison
analysis by the provider.
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Figure IV. Scoring time per dose per scorer. Left figure 2014 intercomparison: scorer 1 and 2- manual scoring and scorer 3- automated
scoring ; Right Figure 2015 intercomparison: scorer 1-manual scoring and scorer 2-automated scoring .

< Overall, a lower scoring time was observed for automated scoring processes

Regional Multiparametric Intercomparison
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« z score results (Dose I: 0.18 Gy and Dose II: 0.36 Gy) indicate that the BDL was satisfactory
for the estimation of both doses regarding the conventional criterion (500 cells).

< For dose I, the proximity to the detection limit of the assay (= 0.1 Gy), and the low number of
metaphases analyzed in the triage mode (50 cells), led to larger uncertainty in the estimation
of the dose and its 95% confidence interval, in relation to higher doses.

< For dose | and dose II, the statistic "percentage difference" (D%) was used for the
performance analysis of each laboratory.

Conclusions

v These findings demonstrate that the analysis of 50 metaphases provides enough information to perform a classification of victims in dose ranges for medical
decision, allowing the use of this methodology in cytogenetic biodosimetry laboratories networks for mutual assistance purposes.
v’ As triage purpose is to classify/categorize victims, the criterion adopted is to focus on further scoring in cases in which the confidence intervals include two

categories (<1 Gy and > 1 Gy in the same interval).

v Although the data are not shown, consistency was evidenced among the results provided by physical, computational and biological dosimetry.
v  These intercomparison exercises enable to demonstrate the BDL capability of providing timely and accurate dose estimates in an emergency situation.
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En quimica radioanalitica, la espectrometria a se encuentra entre las técnicas
radiométricas mas importantes. Presenta buena sensibilidad y gran variedad de
aplicaciones [1]. La obtencion de espectros con buena resolucion, es de gran
valor para la elucidacion de mezclas de radionucleidos en distinto tipos de
matrices [2].
Los espectros a se ven afectados de acuerdo a la calidad de la fuente. Es de
interés contar con metodologias que contribuyan a mejorar la resolucion de los
picos del espectro, por ejemplo, para evitar la superposicion de “colas”, debidas
a la degradacion energética de los picos de mayor energia sobre los de menor
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Variacioén en los espectros

Obtenidas las variables que afectan la respuesta, estas pueden ajustarse a
valores especificos para obtener r i
eleccién de factores significati
agregando algunos experimentos adicionales. El método general se describe
de la siguiente manera:

La
un modelo y

EXPERIMENTAL

Electrodeposiciéon
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Variables experimentales

Catodo (disco de acero

inox.) pulido (PP)

S
ele

Anodo (alambre
de Pt enrollado)

olucion
ctrolitica

i(A) |o1|-1]05 |19 1 |+
t(h) 05| -1 | 1 [-13| 2 |+1

Soporte plastico

Factores experimentales: amperaje = i, tiempo = t,
distancia anodo-catodo = d, y tratamiento de pulido =
TP. Cada factor fue empleado en tres niveles, como
muestra la tabla siguiente:

Levels®

/ariables

d (mm) 5| 8 | +1
PP I -1 1 0 1| +1
1 = Electropulido con H,PO,/H,SO, 1:1

w
I
e

Variables respuesta

A,;; = Ancho a mitad de pico de la
sefial a 5485.56 KeV del 24'Am, y

R = % Recuperacion

Homogeneidad del area activa

Dy=17.0mm ‘ D=20.0

- X1

mm

1 = Electropulido con H;PO,/H;SO, 3:1
1l = Pulido manual

“Niveles codificados E—

= valor original = valor céntrico
= valor codificado = mitad del rango
de niveles

Matriz de Disefio 342 [3]

Exp? i d t TP
1 2l 2l -1 =
2 -1 -1/5 -3 0
3 2l +1 +1 +1
4 =119 ol -3 +1
5] -1/9 -1/5 +1 -1
6 =1/9 +1 ol 0
7 +1 -1 +1 0
8 +1 -1/5 -1 +1
9 +1 +1 -13 =1

4 Cada experimento se realizd por triplicado

Calculo de Efectos

Para el célculo de efectos
se empled la ecuacion

Efectos considerados
y Efectos en los semientornos (-1,c) y (c,+1)

Efecto en dominio (-1,+1)

Cuentas

1000 1500 2000

500

El espectro de 24Am muestra diferentes
formas en i i
llevados a cabo para preparar la fuente a. Es
de interés obtener condiciones en las que
resulten espectros estrechos y reproducibles.

los

. . Effects and deviations effects corresponding to A,;, Effects and effects deviations cor ing to %R
Los gréaficos de caja de A, y %R, a -
da - ErySe i d t TP ErySe i d t TP
[EIE) & G c;“‘ o ‘ 21677 | 0483 | 7.862 | -14.643 1212 | 7900 | 0918 | 5502
CErY Ee Ve GRHEREE EEHED 15555 | 9327 | 2335 | 5.408 0182 | 8219 | 0432 | 2622
respuestas cuando se modifican 20470 | -14.607 | 11317 350 0697 | 8060 | -0.243 | 4062
T § las condiciones a'es: 19.234 | 11139 | 7171 | 9134 0728 | 0226 | 0954 | 2.036
E1E2 E3 4 E5E6 £7E8 E9 3243 | 3004 | 4531 | 4869 7908 | 2.667 | 22308 | -12.892
27.625 | -0.805 | 13.055 | -11.115 9.633 | 0952 | 24408 | -10.717
22002 | 7515 | 16422 107 8771 | 0857 | 23358 | -11.804
Valores de %Ry A, _ | 24158 | 1808 | 8305 | -6472 1220 | 2559 | 1485 | 1538
Exp 2., |%RSDa,| %R |%RSDyy 24595 | 3376 | 12504 | -8231 9120 | 10567 | 21390 | -7.390
1 1312 76 622 3 2837 | 3619 | 4078 | 2517 9815 | 7.267 | 24840 | -8.095
5 : s z 49302 | -10.288 | 20917 | -25.758 9468 | 8917 | 23115 | 7.742
2 302:04| 13 275 .5 37557 | -16.842 | 18.757 | 12515 0491 | 2333 | 2440 | 0498
311 32 42+8 .0 20628 | -16.415 | 19.622 | -13.822 0813 | 1706 | Le2s | 4073
4 52+6 1.5 8+1 .5 43829 | -14515 | 19.765 | -17.365 BTes
M7 9.8 45+4 8.9 5913 | 3667 | 1087 | 7.298
6 39+4 10,2 42+20 | 476 3.998 3430 3232 2.895
7 98+4 4.1 7117 239 3.889
s 500 50 so00 s et [ 17 [w0ss [ tor Amalisis de Ef e si
E/Kev £ g = , 3
X 55,9 34,2 nalisis de ectos Para %R Para %R
S 6,0 97 “11o
10,7 284 115
#RSDooo & 2 Tt M0 e 1 ffen/%ea)*S] 0 9 .
Spoor = {Z11(0,— 1) - S/ (n — m)}2, n observations and m samples. T o ety Tic Y Foy distancias euclideas
F"P 89 08 (25403 entre niveles codificados
%RSD = (s/x) - 100. B s B5 e
t 23 a3 [200£0.3] Eirel = [Efe,on)! / Ef1.0)!

Modelo de regresién lineal

g4 ©
Modelo para 4,;, b = - N
8 <«
¥ Kl R
R2=0,9742 : 2 -
& ® N
Modelo para %R ° . .
2 3 40 60 80 100 100
Az
R2 = 0,9665 Gréficos diagnésticos para %R
' 8 . o 2
Valores de A,/, en algunas per adicionales. é 4 . - b .o -
Experiments| i | d | t | PP |dipeg)| Ay | | || dipay| | | 58 4 : N R
Extral |19 [-15] 13| 0 | 541 76 52 £ R -
Extra2 -9 |-15] -3 | 0O 5235 50.0 48 51,3 23 <1 -
Extra3 -1/9|-1/5]|-13| 0 52,6 49 25 o b
Extrad 1 |-/5] 4 | -1 | 326 | 320 | 34 | 315 | 34 24 0 1 2 10 20 30 40 50 60 10 30 50 70
Extras | 1 |-U5] 1 | 1 | 569 | 584 | 16 | 578 | 16 B i %Rui

Optimizacion propuesta para 4,,,
Se fijaron niveles de TPy t.
Se eligié TP correspondiente al nivel TP = 0, y
Se eligio t en el nivel t =-1/3.

05atend.

Condiciones experimentales para minimizar A, ,:
Area rectangular delimitada por: -1 a-0,8 en iy

CONCLUSIONES y planes
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ABSTRACT

Embalse Nuclear Power Plant (NPP) is a single unit CANDU-6 reactor located at Cérdoba
Province, Argentina. It began commercial operation in 1984. As well as supplying electricity,
Embalse NPP is used to produce Cobalt-60, a radioisotope used in medical and industrial
applications. A comprehensive refurbishment of the reactor took place between 2016 and 2018.
The modernization work included reactor retubing, replacement of the steam generators and
other important upgrades. During this process, all 380 fuel channels and Calandria tubes, along
with the 760 feeder pipes, were replaced. As a result, the gross electrical power generation
capacity increased from 648 to 683 MWe. On January 4, 2019 the first criticality after
refurbishment was reached. This life extension process presented several regulatory and
safeguards challenges.

The Argentine Nuclear Regulatory Authority (ARN) is the State agency responsible for issuing
the reactor operation license, including safeguards requirements. Embalse NPP, as well as all
the other Argentinean facilities, is under the safeguards control by the Brazilian-Argentine
Agency for Accounting and Control of Nuclear Materials (ABACC) and the International
Atomic Energy Agency (IAEA). To tackle these challenges, in particular the ones related to
safeguards implementation, cooperation between ARN, ABACC, IAEA, and the facility
operator (Nucleoeléctrica Argentina S.A.) is fundamental.

This paper presents the lessons learned and the main challenges associated with the life
extension of a CANDU reactor from the perspective of safeguards and the different scenarios
that should be considered for the establishment of the relevant safeguards measures that may be
applied during and after refurbishment, until all fuel bundles pertaining to the initial core are
discharged. The licensing process from the national safeguard’s perspective is also described.

1. INTRODUCTION

Under a bilateral agreement, Argentina and Brazil decided to establish a common system of
accounting and control of all nuclear materials (SCCC) and created ABACC in 1991, as an
independent international organization responsible to implement the bilateral safeguards
established by the SCCC [1]. The countries also took another key high-level policy decision
consisting in the negotiation and conclusion of a comprehensive safeguards agreement (CSA)
with the IAEA in which ABACC has been taken part together with Argentina and Brazil. This
CSA is known as the “Quadripartite Safeguards Agreement” [2].

A fundamental characteristic of the Quadripartite Agreement is the promotion of cooperation
among all parties to achieve and maintain effective and efficient application of safeguards. In
this framework, the introduction of new concepts, methods and approaches is fundamental. The
implementation of safeguards at the restart of a refurbished CANDU type reactor in Argentina
was one of the utmost safeguards’ negotiation achievements for Argentina, ABACC and the
IAEA.
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2. EMBALSE NUCLEAR POWER PLANT (NPP)

Embalse NPP was the second nuclear power plant built in Argentina. The commercial operation
started on January 20, 1984. The reactor is located on the southern shore of the river Tercero,
nearby the city of Embalse, Province of Cérdoba.

The decision taken to perform a comprehensive refurbishment at Embalse NPP was based on
three principles: life extension of the plant for another 30 years; to adapt the facility to improved
regulatory requirements and to increase the electrical power.

The plant remained on shutdown mode for maintenance and refurbishment during from 2016 to
2018. The following main activities were carried out during that time: change of the pressure
tubes, fuel channels, steam generators and the process computers. Embalse NPP is the third
CANDU-6 reactor to undergo full refurbishment after Wolsong 1 in South Korea and Point
Lepreau in Canada.

2.1. DESCRIPTION OF THE FACILITY

Embalse NPP is an on-load Pressurized Heavy-water Reactor (PHWR) reactor (CANDU type)
fuelled with natural uranium bundles when at stead operation. A few depleted uranium bundles
may be used at the restart due to reactivity distribution purposes. The core capacity is 4560 fuel
bundles and the refuelling frequency at full power is nearly 15 bundles per day. Each bundle
contains about 19 kg of uranium equally distributed in 37 fuel pins with approx. 0.5 m of active
length. The reactor core consists of 380 pressurized horizontal fuel channels enclosed in a large
cylindrical vessel (Calandria) filled with heavy water, which functions as neutron moderator,
coolant and radiation shielding. Each channel holds 12 bundles.

The facility has one main spent fuel storage pond. The irradiated bundles are stocked in trays
(24 bundles per tray), which are piled up in the bay. In addition, irradiated fuel bundles can be
transitorily stored in a reception bay just after discharge. In this bay some type of fuel inspection
or measurement can be performed, if needed.

The refuelling machines receive fresh fuel bundles and push them into a selected fuel channel in
the reactor core. After a period of irradiation, the refuelling machine located on the opposite
side of the Calandria retrieves the irradiated fuel bundles pushed out on the opposite side of the
same channel. The discharged spent fuel bundles are then pushed via discharge port to an
intermediary room and then to trays placed in the bottom of the reception bay. After some days
resting in the reception bay, the full trays are transferred to the storage bay through an
underwater tunnel. The loadings and discharges of fuel bundles are normally done in pairs. Each
refuelling operation may include 2 or 4 pairs (4 or 8 bundles).

After a few years resting in the storage bay for radiation decay and cooling, the spent fuel
bundles are transferred to a dry storage system composed by cylindrical silos for interim
storage. The silos are located outdoors, but still within the perimeter of the plant.

3. SAFEGUARDS IMPLEMENTATION IN A CANDU NPP

The main diversion scenarios in a nuclear power plant are typically associated with the spent
fuel and the reactor core. In a CANDU reactor the spent fuel bundles have to be continuously
monitored since the moment of the discharge into the pools using the refuelling machines all the
way to the dry storage system (silos). Operational information to confirm the transfers and the
operation of the reactor is also considered. .

Therefore, the main diversion scenarios to be considered for this facility are:

o Undeclared removal or substitution of declared spent fuel bundles by undeclared fresh
fuel bundles or dummies.
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) Undeclared production of Pu by undeclared irradiation of undeclared uranium.

According to applicable safeguards criteria [3], the absence of the above scenarios has to be
confirmed every 3 months (timeliness detection goal), which is the estimated time needed to
process the deviated direct use material and produce the material suitable for use in a nuclear
explosive device.

The diversion pathways for fresh fuel bundles in an NPP are not as relevant as for the irradiated
ones, but still have to be considered. In this case, continuous monitoring of those bundles is
usually not required, but the verification of the declared fresh fuel inventory has to be performed
annually with focus on book auditing and attribute test to simply confirm the presence of
unirradiated uranium. Design information verifications are also performed annually or whenever
significant changes/renovations are implemented.

The usual safeguards measures applied at the facility are composed by quarterly routine
inspections (timeliness detection goal) when inspectors verify containment and surveillance
(C&S) systems permanently installed at strategic points, as well as radiation measurement
devices (gamma and neutrons) to monitor all core discharges (CDM), count all irradiated
bundles (BC) transferred to the reception bay, as well as monitor other strategic points where
surveillance is not effective or cannot be installed, but still could be used for undeclared
removal of irradiated bundles, i.e. fuel transfer ports. Fresh fuel bundles are randomly verified
by non-destructive gamma-ray spectrometry using portable monitors for simple identification of
fresh uranium. During the campaigns to transfer spent fuel bundles from the storage bay to the
silos, some additional C&S and radiation measurement systems are installed to monitor all
transfer steps and maintain the continuity of knowledge (CoK) of all irradiated bundles. Once
the storage silo is full and the upper lid is welded, a vertical gamma-ray fingerprint of the silo is
performed and recorded for future re-verification of the silo, if needed.

4. ADDITIONAL MEASURES APPLIED AT EMBALSE NPP DURING THE
LIFETIME EXTENSION PERIOD

During the period of the lifetime extension activities, some changes to the usual safeguards
approach were implemented at Embalse NPP as follows:

e Complete removal of the CDM radiation detectors installed close to both sides of the
Calandria. This was required due to the complexity of the refurbishment activities in
that area;

e More frequent design information verification visits (DIVs) were performed in order to
confirm the shutdown status and the absence of undeclared reactor operation. Emphasis
was given to the following strategic points: reactor building, including the Calandria
room, the turbine building and the control room;

¢ Installation of extra stand-alone cameras to strengthen the reliability of the surveillance
system, in particular in the main access points to the reactor building and in the spent
fuel bays. Stand-alone systems have the advantage of being not affected by the external
power cuts that are usually more frequent when the facility is on shutdown mode for
maintenance.

All the other well-established safeguards measures (see section 3) were maintained during the
refurbishment period.

4.1. Preparation for the Initial Core Loading and Startup of the Reactor

Once the refurbishment activities were completed, the CDM radiation detectors were promptly
reinstalled and a few more safeguards measures were agreed taking into consideration that:

15



Access of personnel to the Calandria room after reactor start-up is very limited due to
radiological reasons. Visual observation of the Calandria for measuring sizes, checking
connecting pipes, channel plugs etc is even more complicated;

Most of the fuel bundles used in the first core may remain inaccessible for a long time,
since the first discharges are supposed to occur several months after the reactor starts-
up. Therefore, timeliness requirements and quantitative limits for inaccessible material,
applicable to fresh natural and depleted bundles, may raise a follow-up according to
current safeguards criteria for the facility [3];

In case of irradiated fuel bundles with very low burn-up are discharged, there is some
chance that the CDM and/or the BC detectors are not capable of detecting them.
Therefore, alternative measures have to be considered in order to allow the verification
as promptly as possible and by an equivalent method, as specified in the current
safeguards criteria.

Based on the above conditions, the following safeguards measures were agreed and
implemented:

Detailed DIVs in the Calandria room. The size and the quantity of fuel channels were
determined to confirm the designed capacity. The absence of new fuel transfer ports or
similar points that could be used to remove spent fuel bundles from the reactor building
was confirmed,

Verification of all fresh fuel bundles to be used in the first core by item counting,
identification and random attribute testing;

Implementation of a special procedure to be in force during the time that the reactor
operates with bundles pertaining to the first core map. The goal is to allow verification
of the discharged bundles, the consistency with the declared initial loading map and
daily discharges, as well as attribute testing by radiation measurement in case the CDM
and the BC are not effective in doing that. This procedure is presented in more detail on
the next section.

It is important to mention that any type of verification of the first core based on the full
unloading of some channels just after complete core loading was not possible due to operational

reasons.

4.2. Measures Applied during Reactor Operation with the First Core

In order to close the set of measures aiming at verification of the first core, all discharged
bundles should be verified not only by attribute testing as usual (CDM and BC detectors), but
also by item counting and identification as a mean to establish the consistency with the loading
map. In order to accomplish it, a special inspection regime complemented by additional
verification tools was agreed as follows:

Installation of underwater cameras (main and backup) to monitor the channel used to
transfer discharged bundles from the reception bay to the main storage bay. In Embalse
NPP, the installation has been easier in the reception bay. However, either of the two
bays would be acceptable. By doing that, the inventory of bundles in the reception bay
(typically small amount) during a certain period can be isolated from the inventory in
the storage bay (typically a very large amount) in case the verification of the recently
discharged bundles is performed. Otherwise, the possibility of undeclared borrowing
could not be eliminated and the verification of the entire population of bundles stored in
both bays would be needed.

Short notice random inspections (SNRI), in addition to the routine ones, to confirm the
mailbox declarations on all discharges (bundles identification, day and time of the fuel
discharged).
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Retention time (typically 3 to 5 days, to be agreed) of the discharged bundles in the
reception bay to allow opportune verification at discretion of the agencies by: item
identification of randomly selected bundles using a special underwater camera, as well
as attribute testing by radiation measurement using a CdZnTe detector in case of
ineffective detection by the CDM and BC.

It is important to mention that the operator cannot maintain discharged bundles under retention
in the reception bay for long periods, like the time interval between routine inspections. This is
why a special inspection regime was needed. The option of performing unannounced
inspections instead of SNRIs was considered, which would eliminate the requirement of any
retention time, but it was not agreed due to the degree of complexity for implementation.

4.3. Implementation Experience at Embalse NPP

As result of safeguards implementation at Embalse NPP during and just after the comprehensive
refurbishment, the following lessons learned can be mentioned:

More frequent DIVs in the reactor building and other strategic points are required to
monitor all relevant steps of the renovation activities and confirm that the design of the
facility is as declared. However, although the refurbishment period seems to be the ideal
moment to access those areas without major radiological limitations, due to other
technical reasons such as heavy equipment in place or excess of technicians working
together in small areas, the access of inspectors for the DIVs may not be so easy as
expected.

Power cuts during the refurbishment period may be more frequent. Therefore, the
safeguards monitoring systems in place, i.e. surveillance, have to be strengthened with
more cameras, power supply and backup illumination to ensure continuity of knowledge
of the spent fuel stored in the ponds or transferred to the dry storage.

Due to operational reasons, some of bundles pertaining to the first core may have to be
discharged with very low burnup levels and much earlier than expected. Then, the first
days after the first criticality are very important to ensure the required core discharge is
well monitored by the CDM and the BC. The corresponding gamma and neutron signals
obtained for those discharges will certainly be more difficult to analyze by the
associated software. Therefore, inspectors have to be well trained to perform visual
evaluation of the collected radiation signals, if needed.

Installation of underwater surveillance cameras in the reception or storage bay to
monitor the flow of irradiated bundles between them or perform item identification may
require the installation of auxiliary equipment (data collecting computer), pipes and
cables close to the spent fuel pool edges. Therefore, this activity must be planned
carefully and well in advance considering the limitations for installation of any
equipment in that area.
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e Implementation of a special inspection regime based on unannounced or short notice
random inspections certainly requires strong support from the operator and the state
inspectors. This is to allow the access of the inspectors into the spent fuel building and
other places where safeguards equipment is installed with no major delays. As a result,
all tasks can be completed within one working day. In Embalse NPP, the presence of
resident safeguards inspectors is essential for accomplishing this goal.

4.4. Argentina‘s License issuing process.

The Nuclear Regulatory Authority is the federal organization of the Argentine government
responsible for establishing, developing and enforcing a regulatory system applicable to all
nuclear activities carried out in Argentina, including nuclear safeguards.

The regulatory framework is based on a License issuing process that enforces operators to fulfill
a performance standard approach in order to obtain its operation license.

Safeguards related documents are part of the mandatory documentation, as established in the
operation license. Design Information Questionnaire, Safeguards Facility attachments, among
other specific procedures, are considered part of those documents.

In the case of Embalse NPP refurbishment process, specific safeguards considerations were
introduced in the license as follow:

e Administrative control for the application of the procedure.

A detailed description of mailbox is provided, as well as the exact time frame when the
mailbox should be sent in order to properly inform the agencies. Specific situations not
covered in the procedure are also detailed in these regulatory documents with the final
objective to avoid misinterpretations.

e Inspection regime and entrance procedures for short notice access.

This section is focused on the inspection itself and the support that the operator should
provide to safeguards inspectors. The maximum time to enter the facility once the
inspectors arrive in the main gate, as well as the procedure to be followed, are clearly
established.

e Containment and surveillance systems.

Requirements for power supply and special cares to avoid any interference in the
safeguards C&S systems are defined, as well as contingency plants in case of potential
C&S failures.

All above mentioned subjects are included as requirements in the facility operation license and
other specific regulatory documents. The main purpose is to ensure safeguards implementation
as agreed among all parties, with particular emphasis to the facility operator which compliance
is key for attaining the safeguards goals.

5. CONCLUSIONS

The refurbishment of the Embalse NPP was a challenge for all involved parties in terms of
safeguards implementation, in particular during the very last stages when the loading of the first
core was close to begin. The most critical activities at that stage were the reinstallation of the
CDM detectors and the final design verifications in the Calandria room. As these tasks are very
dependent on the loading schedule, all parties had to be in continuous communication in order
to accomplish the objectives without imposing unnecessary delays for the starting of the loading
activities by the operator. Based on the good cooperation among all, i.e. the State Authority, the
facility operator and the safeguard agencies, an affective safeguards procedure was timely
agreed, which allowed for safeguards implementation with minor impact on the operational
schedule. Finally, it is important to remark that the early involvement of the operator in
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safeguards evaluation and later during its implementation process is fundamental for an
effective outcome. The agreed procedure is being successfully implemented since the reactor
resumed operation in January 2019.
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INTRODUCCION

La radiosensibilidad individual (RS) es una caracteristica inherente al sujeto, asociada con una reaccion aumentada a las radiaciones ionizantes. Se sugiere que la incidencia y severidad de estas reacciones esta
principalmente influenciada por la susceptibilidad genética a la radiacién, aunque diversos factores relacionados con el paciente como estados de alteracion de la microvasculatura y alteraciones de la respuesta
inmune pueden modificar la respuesta tisular a las radiaciones ionizantes (RI).

Las inmunodeficiencias primarias (IDP) son enfermedades genéticas con defectos en el desarrollo, funcion y/o regulacién de uno o méas componentes del sistema inmune, que se manifiestan con infecciones,
autoinmunidad, alergia, linfoproliferacion, inflamacién y malignidad. Un grupo de estas IDP se caracterizan por presentar defectos en la reparacion del ADN con aumentada RS y para su tratamiento, requieren
frecuentes estudios de imagenes y drogas que pueden impactar en la integridad del ADN.

La utilidad de tests predictivos de RS proporcionarian una herramienta adicional para la proteccién radioldgica del paciente, personalizando el tratamiento médico.

OBJETIVO

Evaluar la aplicabilidad de los ensayos de micronticleos (CBMN) y el ensayo de Cometa (SCGE) como ensayos predictivos de RS en pacientes pediatricos con sospecha de IDP

MATERIALES Y METODOS RESULTADOS

Se describen las evaluaciones realizadas mediante el ensayo CBMN y el ensayo de Cometa Alcalino (SCGE)

de 2 casos clinicos de pacientes pediatricos con diagndstico de IDP combinada paciente 1 |}
Paciente 1 Paciente 2 J (G
. Frecuencia i i i
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N oS ame ec i anhare . Tabla 1.Los datos obtenidos de la aplicacién del Test de MN fueron analizados comparando las frecuencias

esperadas de MN (curva de calibracién de individuos sanos) con los valores observados después de la
irradiacién in vitro, aplicando el test de x? . El valor 1,79 indica diferencias no significativas entre las
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e (2,640,3) (4,7+2,9) (24,9+10,4)
as 12,55+1,42 0,20+0,02
- Tabla 3.Comparacién del T, , obtenido para la muestra evaluada con las medias de los T, , de tres subpoblaciones, previamente
gjtan caracterizadas en el laboratorio. El pardmetro TMy indica que aproximadamente el 20 % de los linfocitos no reparan el dafio
= el inducido in vitro.
Bea{ R,
[

000
s Yy »
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i SE= o
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M_‘ reparacion reparacion
CBMN

2
J) _1 Frecuencia | Frecuencia | Frecuencia | Frecuencia v

>3,84 (GL=1; p<0,05) En estudios previos en nuestro laboratorio se identificaron 3 Observada | Observada | Esperada Esperata Sifo>fe | Testdey® | Testdey?
subpoblaciones de individuos respecto a su RS clinica e in vitro, Control 26y invitro 06y e 0Gy 06y 26y
caracterizadas por las medias de sus T % Y

. e T4 Controles | Ppacientescon || Pacientes con respuesta 0,023 0,209 0,017 0,183 1 1,92 73,43
Hipersensibilidad a las R.| sanos | respuesta promedio aumentada

(2,6+-0,3) (8,7+-2,9) (24,9+-10,4) |
CONCLUSION

La caracterizacion de la reparacion del ADN en los linfocitos mediante la aplicacion del test de microntcleos con bloqueo de la citocinesis (CBMN) y el ensayo de cometa alcalino (SCGE) podrian ser
aproximaciones apropiadas para evaluar la radiosensibilidad in vitro.

Estos resultados permitirian determinar la aplicabilidad de los ensayos predictivos como una herramienta para la evaluacion de pacientes con sospecha de IDP que requieran procedimientos
radiantes, drogas radiomiméticas o trasplante de precursores hematopoyéticos para su tratamiento
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ABSTRACT

The events in which individuals can become internally contaminated with I-131 may cover a
wide range of possible situations, ranging from an accidental exposure in a medical, industrial
or research environment that involves only a few people to an accident at a nuclear power plant
or a radiological terrorist event, with dozens of potentially contaminated individuals.

Dose evaluations of these individuals may include the analysis of bioassays: such as the
measurement of thyroid, urine and/or nasal samples. These measurements may support medical
decisions, which may be based on the projected thyroid dose and / or the effective dose. The
purpose of dose assessment in these situations is to provide objective information that
contributes to make decisions about follow-up actions after an incident, to comply with legal
regulations and to improve conditions in the workplace.

In this work, it is proposed a nine-step guide for the assessment of exposure to I-131 after real
or suspected abnormal events or in the case of a positive result during triage or routine
monitoring. This methodology allows giving recommendations on the type, number and time at
which measurements should be made. This guide provides an effective handling of I-131
accidental exposures, contributing in the support for decision-making on follow-up actions (e.g.
thyroid blockade with KI), as well as it allows verifying compliance with the legal regulations.

Keywords: 1-131 accidental exposure, thyroid dose, dose assessment

l. Introduction

The events in which individuals can become internally contaminated with [-131 cover a wide
range of possible situations. On the one hand, an accident at a nuclear power plant or a
radiological terrorist event involving the dispersion of this radionuclide with potentially dozens
of contaminated individuals. To handle this type of larger events, the estimate of the potential
dose can be calculated through specialized software. On the other hand, the event can be an
accidental exposure in a medical, industrial or research environment that involves only a few
people. In this case, dose evaluations of these individuals include the analysis of bioassays, such
as the measurement of the thyroid gland, nasal samples and / or urine. These measurements can
support medical decisions based on the projected thyroid dose and / or the effective dose [1].

Currently different recommendations or evaluations exist at the international level to guide the
actions and dose assessment after exposure to I-131 in an accidental situation. In this work, the
last recommendations from IAEA, ICRP, NCRP, REAC/TS, EURADOS, ISO, and WHO were
compiled and analyzed to produce a harmonized guide based on new trends on internal
dosimetry to support regulatory bodies and final users.
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1. International recommendations for iodine prophylaxis

As internal contamination with radioactive iodine does not cause by itself early clinical signs
and symptoms, three important quantities must be evaluated during an internal exposure
situation involving I-131:

1. AD (A) tuy: RBE-weighted averaged absorbed dose in thyroid for evaluating deterministic
effects, calculated using a 30-day commitment period.

2. Hryy: Thyroid equivalent dose to assess the probability of occurrence of stochastic effects in
the thyroid.

3. E: Effective dose to evaluate the detriment related to occurrence of stochastic effects.

IAEA [2] provides a generic criteria for doses received due to an acute intake of 2 Gy of
AD(30d)rny, to avoid or to minimize severe deterministic effects in thyroid (hypothyroidism),
and 50 mSv of Hryy in the first 7 days, as indicative to thyroid blockade with KI [3]. These
generic criteria are estimated to a reference person. Due to the strong evidence of an age-
dependent risk induced by radioactive iodine the administration of stable iodine may be
recommended at significantly lower levels of projected dose to recognize the higher sensitivity
of children and the unborn [4].

Table 1 shows a specific guide that recommends the treatment of radioactive iodine intake
considering the projected thyroid dose, with different guidance according to the risk group [5].
In this work, the reference levels of projected dose recommended by FDA were taken as a basis
to develop the reference levels of intake of I-131, which are the intake values for which iodine
prophylaxis is recommended.

Table 1. Reference levels of intervention and recommended doses of KI for different risk
groups by WHO and FDA [5,6].

Reference Level_s: Projected dose K1 Mass (mg)
Group to thyroid [mGy]
WHO FDA WHO FDA
Adult>40 5000 5000 130 130
Adults 18- 40y 100 100 130 130
Prfagcr;g{‘i%” 10 50 130 130
Age 12-18y 10 50 130 130
Age7-12y 10 50 130 65
Age3-T7y 10 50 65 65
Age 0.5-3y 10 50 32 32
Age <05y 10 50 16 16

In particular, the administration of stable iodine is recommended previous the release of this
radionuclide into the environment (in case of a nuclear accident) or as soon as possible after the
intake. In some countries, it is suggested the intake of KI several hours before the start of the
release of I-131 into the environment up to 12 hours after the intake of this radionuclide when
intervention levels are exceeded [5].

In relation to adverse effects, a thyroid block can lead to a reduction in metabolic activity and
eventually, a compensatory increase in the volume of the gland. In general, these effects are not
observed in normal individuals after administration of KI for a period not exceeding two weeks

[3].

The reference levels of intake of 1-131 for which iodine prophylaxis is recommended were
estimated, and are depicted in table 2 as Reference Levels of Intervention (RLIs) for each age
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group, as well as the dose coefficients to estimate the effective dose and the projected dose to
thyroid from a known intake of I-131 [9].

Table 2. Reference Levels of Intervention (RLIs) and Dose coefficients for acute intake of

I-131.
Group RLI (Bq) hray(t) (SV/BQ) (Sev(/%q)
Adult>40 1.30E+07 3.90E-07 1.10E-08
Adults 18 - 40y 2.60E+05 3.90E-07 1.10E-08
Pregnancy or lactation 1.30E+05 3.90E-07 1.10E-08
Age 12 -18y 8.10E+04 6.20E-07 1.10E-08
Age7-12y 5.30E+04 9.50E-07 1.90E-08
Age3d-T7y 2.60E+04 1.90E-06 3.70E-08
Age 0.5-3y 1.60E+04 3.20E-06 7.20E-08
Age<05y 1.50E+04 3.30E-06 7.20E-08

"where 1 is the time period in years over which the dose is calculated, i.e. 50 y for adults and
from intake to age 70 y for infants and children.

1. Proposed Guideline for dose assessment after exposure to 1-131

After real or suspected abnormal events or in the case of a positive result during triage or
routine monitoring a dose assessment is needed. A nine-step guide for the assessment of
exposure to [-131 is proposed (Fig.1). At each level a question is made and the actions to be
taken depend on the answer.
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Fig. 1. Nine-step guide for the assessment of exposure to I-131.

Step 1: Is life at risk? Yes, stabilize

Monitoring of vital signs and the control of hemorrhages, if they occur, are a priority over
considerations of exposure and / or external or internal contamination.

Clinical signs and symptoms can be used to estimate a radiation dose to a patient. This includes
time to emesis and a decline in the lymphocyte count post-irradiation [7].

Step 2. Are there contaminated wounds? YES, monitoring and evaluating Hsk,y and E

Once all the lesions have been stabilized, radiological triage should be performed. When open
wounds are present, they should be treated on a case-by-case basis. Monitoring of local activity
around the site of the wound should be implemented, and if it is appropriate, the object that
caused the wound, dressings, compresses and excised tissue to assess the equivalent dose in the
area of the injured skin [8].

If all the measurements on the individual or the object that caused the wound are above the
detection limit, the estimated risk of exposure is significant [8]. If the measurements are
above 100 Bqg/cm® decontamination or showering is advised but if the measurements are
above 1000 Bq/cm® or 0.2 uSv/h iodine prophylaxis is recommended (Table 3).
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Table 3. Recommended actions based on the measurement levels of contaminated wound or

skin [9].
Bgcm™ uSv ht
(nCi cm-?) (urem h-1) Actions
[dpm cm-?] in low background area
No actions
<100 *Assure people that there is no significant
(<2.7) Not detectable health risk and inform them where to get
[<6,000] additional information.
*Allow release
Intervention optional
*Decontaminate or advise to shower and
>100 wash clothing.
2.7 Not detectable *Assure them that there is no significant
[>6,000] health risk and inform them where to get
additional information.
*Slow release
Intervention advisable
*Prevent inadvertent ingestion and
inhalation, limit spread of contamination
and decontaminate.
>1,000 +Give stable iodine prophylaxis if
0.2-0.3 LR
(>27) (20— 30) radioiodine is involved.
[>60,000] *Consider registry for long term medical
follow-up.
*Perform comprehensive psychological
counselling (in particular for pregnant
women).
Intervention required
*Prevent inadvertent ingestion and
inhalation, limit spread of contamination
and decontaminate.
*Give stable iodine prophylaxis if
>10,000 23 radioiodine is involved.
(>270) (200 — 300) *Perform medical examination and
[>600,000] indicated treatment
*Registry for long term medical follow -
up
*Perform comprehensive psychological
counselling (in particular for pregnant
women).

As the person is decontaminated, skin dose can be assessed. In order to do this, the activity
spread over the skin, the contaminated skin area, and the contamination duration (t) should be
considered.

In the case of skin surface contamination, the skin dose H, (0,07) uSv, is calculated using the
expression 1 defined in ISO 15382[10]:
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Hy(0.07) = Apg X Ic X At x (1 —e™) )
Where

Agois the activity per unit area at the beginning of the contamination, in Bqem™;
Icis the localized skin dose rate factor (1.4 pSv cm” h” Bq'for I-131);

A is the decay constant, in hours;

t is the duration of skin contamination, in hours.

If the wound is measured within the first 3 hours after exposure, it can be assumed that the
measurement corresponds to 27% of the intake and the coefficients register in table 2, can be
used to estimate Hryy and E. NCRP 156 [9] describes a more precise model for workers, and the
following coefficients can be used assuming that I-131 is weakly retained in wounds: hryy(50) =
4.24 x107 Sv/Bq and e(50)=2.13x10" Sv/Bq.

Decontaminate the wound: Local decontamination with plenty of warm water and neutral
soap.

Collect and measure nasal swabs: Once the wounds have been evaluated or in the absence of
it, proceed to collect the nasal swabs. A general estimation can be done assuming that the
average activity measured on the nasal swabs represents the 5% of the intake [7]. Table 4 shows
and the nasal swabs measurements values corresponding to the the RLIs, calculated in Bq and
dpm for each group.

Table 4. Nasal swabs measurements values corresponding to the RLIs.

Nasal Swabs Nasal Swabs
Groups RLI (Bq) Measurement Measurement
(Ba) (dpm)

Adults>40 1.30E+07 6.50E+05 3.90E+07
Adults18 -40 y 2.60E+05 1.30E+04 7.80E+05
Pregnancy or lactation 1.30E+05 6.50E+03 3.90E+05
Age12-18y 8.10E+04 4.05E+03 2.43E+05
Age7-12y 5.30E+04 2.65E+03 1.59E+05
Age3-7y 2.60E+04 1.30E+03 7.80E+04
Age 0.5-3y 1.60E+04 8.00E+02 4.80E+04
Age <05y 1.50E+04 7.50E+02 4.50E+04

A negative test (nasal or oral swabs) does not rule out the possibility of internal contamination.
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Step 3: Is intervention level exceeded? YES, iodine prophylaxis.

Iodine prophylaxis is recommended if the measurements are performed within 10 hours after
intake (See table 1).

If the answer is no, go to step 4.
Step 4: Is there external contamination? YES, decontamination and assessment of Hgyin.

The removal of all clothing will generally eliminate approximately 90% of external
contamination [11]. If contamination persists, a shower may be required. If the water and soap
do not eliminate all contamination, there is a possibility that the contamination is internal.
Assessment of Hy, is performed as shown on step 2.

In case of negative results, internal contamination cannot be excluded.

Step 5: Are contamination levels acceptable? YES, Urine samples and direct thyroid
measurements.

Urine samples: Urine bioassay is one of the most commonly used methods for assessing the
intake of I-131. 24 hour samples are preferred as biokinetic models, used for interpretation of
the data, are based on daily excretion rates. However, during an emergency that involves a large
number of individuals, spot samples are more convenient. The measurements from spot samples
can be normalized by using volume levels to reflect daily excretion, as shown in table 5.
Usually, the first sample is collected as soon as possible after the exposure and additional
samples will be required during the following days, which may be spot or 24 hours. Sequential
samples are necessary for the assessment of the intake and would be used in the future to follow
up the efficacy of the treatment.

Table 5. Reference values for 24 h urine volume [12].

A Excretion (ml d™)

e

g Male Female
Age <0.5y 300 300

Age0.5-3y 400 400
Age3-7y 500 500
Age7-12y 700 700

Age12- 18y 1200 1200

Adult 1600 1200

In vivo thyroid measurements: It is the most accurate bioassay to assess internal
contamination with I-131. These measurements should be made until 20 days after the intake as
further measurements may not have a proper sensitivity.

First, a triage of the internal contamination should be performed positioning the detector as
close to the neck as possible. If a properly calibrated spectrometric instrument is available, the
value of activity retained in the thyroid can be obtained directly at the time of measurement.
Recommendations about correction factors and considerations about the calibration of these
instruments to measure the different age groups can be found in the CAThyMARA report:
"Technical guidelines for radioiodine in thyroid monitoring" [13].
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If it is not possible to perform the measurement on a child, the dose should be calculated from
the measurements of an adult that accompanied at the moment the intake occurred. The intake
can be inferred from the intake of this adult, taking into account the relationship between the
respiratory volume between the adult and the child.

Step 6: Is the dose rate on the thyroid significant? YES, Standard dose assessment

Dose rate assessment: If the thyroid measurement is performed with a monitor in dose rate, the
value of the dose rate measured on the thyroid can be compared with the predetermined
operational intervention level (OIL) for thyroid monitoring provided by the IAEA [14]. The
default value for OIL for thyroid monitoring is 0.5 uSv/h above the background and is
applicable for gamma dose rate meters that meet the following criteria:

An effective window area <15 cm?.

A response greater than 0.1 uSv / h per kBq of I-131 in thyroid.

If the measurement is made within 10 hours after intake.

if the background environmental dose is less than 0.25 uSv / h.

IAEA [12] indicates that: - If the dose rate is less than 0.5 uSv / h, no action is necessary. - If
the dose rate is greater than 0.5 puSv / h, stable iodine should be taken and a medical
examination should be performed.

Thyroid activity assessment: If a positive value of I-131 activity is obtained on the thyroid,
considering the person age and the estimated time between the intake and the measurement t,

and the dose coefficient per unit of activity measured in the thyroid corresponding to

zﬁﬁio d)(t, age), the committed dose absorbed in 30 days in the thyroid can be assessed using

this expression:

Thy(30d Thy(30d
D,_1y3(1 ) = M(t) x ZI_1y3(1 )(t, age) (2)
Thy(30d)

The coefficients z,_;,;" ' (t, age) can be found in the CAThyMARA report [13]. In addition,
an online tool allows estimating the committed dose absorbed in 30 days in the thyroid, based
on the age and time between the measurement and the intake [15].

During a nuclear emergency, the intake of I-131 may be accompanied by other short life iodines
1-132, 1-133, I-134, I-135, and Te-132. In this case, the dose in the thyroid gland can be adjusted
with the use of correction coefficients, which are available also in the CAThyMARA report

[13].
Step 7: Is intervention level exceeded? YES, iodine prophylaxis

Proceed to thyroid block with KI if it has not already been administrated and if the measurement
has been performed within 10 hours after intake. Next go to step 8.

If intervention level is not exceeded go directly to step 8.

Step 8: Is estimated dose above 1 mSv? YES, perform additional thyroid and urine
measurements and estimate the dose.

The number of measurements and the time range, in which they should be performed, depends
on the potential dose received in the thyroid, as shown in Table 6:
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Table 6. Number of measurements and time range, depending on the potential dose received in the
thyroid [8, 16].

Monitoring Required Data
Radio- o E < 1mSv 1mSv < E < 6mSv E > 6mSv
nuclide Monitoring Range Range Range
Plan Number Number Number
(days) (days) (days)
I-131 | Thyroid 1 - 2 7 4 14
Urine - - 2 7 4 14

If the dose is less than 1 mSv, document the dose and the intake. If the dose is above 1 mSv, go
to step 9.

Step 9: Is estimated dose more than 20 mSv? YES, sophisticated evaluation (consult
experts).

To determine if the dose limit for workers is potentially exceeded, each measurement (M)
should be compared with the values in Table 7.

Table 7. Iodine -131 range of thyroid activities (Bq) for a dose reference level of 20 mSv [17].

. . . Thyroid activity (Bq) for a dose reference level of 20 mSv
Time after intake in days A*: Minimum Value B*: Maximum value

1 2.27E5 2.29E5

2 2.27E5 2.27E5

5 1.72E5 1.72E5

10 1.07E5 1.07E5

20 4.20E4 4.21E4

50 2.58E3 2.59E3
100 2.52E1 2.53E1
180 1.53E-2 1.54E-2

If M <A¥* it can be affirmed, with a high level of confidence, that E (50) is below the annual
dose limit of 20 mSv.

If A* <M <B*, E (50) could be below or above the annual dose limit of 20 mSv.

If M> B* it can be affirmed, with a high level of confidence, that E (50) is above the annual
dose limit of 20 mSv.

In other words, even though the committed effective dose in this point could be greater than 20
mSv, the absorbed dose committed to 30 days in the thyroid is already calculated in step 6
(expression 2), which is the pertinent measure of risk in this case because it is more restrictive
than the effective dose [18]. What is done in this step is to give more precision to the calculation
of the committed effective dose with a greater number of measurements. Then, if the committed
effective dose is still greater than 20 mSyv, it is necessary to use advanced methods to specify it,
and therefore it is recommended that experts perform these calculations. Nevertheless, at this
point an estimate of the committed absorbed dose to thyroid has already been given and it has
been evaluated whether it is necessary or not to take a protective measure (thyroid blocking).

If the dose does not exceed 20 mSv, the intake should be estimated using with the Maximum
Likelihood Method [16].
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V. Conclusions

In this work, it was proposed a nine-step guide for the assessment of exposure to [-131 after real
or suspected abnormal events or in the case of a positive result during triage or routine
monitoring. This methodology allows giving recommendations on the type, number and time at
which measurements should be made, highlighting when the urgent protective action of the
thyroid block should be taken. Therefore, this guide provides an effective handling of I-131
accidental exposures in a practical way. It gives support for decision-making on follow-up
actions for regulators and final users, as well as it allows verifying compliance with the legal
regulations. Finally, this guidance attempt to assist internal dosimetry laboratories, health
physics and medical staff to deal with internal exposure to I-131 in Argentina, and could be
used in countries without specific criteria or guides for the assessment of these situations.
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DEL COMBUSTIBLE DE UN REACTOR CANDU-6 CON MCNP
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RESUMEN

En este trabajo se calcul6 el Coeficiente de Reactividad por Temperatura del Combustible (CRTC) de
un reactor CANDU-6 utilizando el cédigo Monte Carlo MCNP. Se calcul6 el CRTC mediante un modelo
tridimensional de un Canal Combustible (CC) para dos condiciones de quemado del reactor, con combustible
fresco (Q= 0 GWd/MTU) y con quemado medio proximo al de equilibrio (Q= 3,9 GWd/MTU). Se utiliz6 el
cédigo MAKXSF para crear bibliotecas de secciones eficaces correspondientes a la composicion promedio
de todos los is6topos presentes en el combustible para las diversas temperaturas evaluadas. Los CRTC
obtenidos se compararon con resultados logrados mediante el modelado de una celda bidimensional estandar
con el cédigo MCNPX-DBRC (MCNPX modificado incorporando el esquema de “Doppler Broadening

Rejection Correction”)

1 INTRODUCCION

Para la obtencion del CRTC se utilizaron tres
codigos: MCNPX, MAKXSF y MCNP.

Con el codigo MCNPX se obtuvo la composicién
isotopica del combustible para la condicion de quemado
medio de equilibrio y con el programa MAKXSF (que se
distribuye junto con el MCNP) se obtuvieron las
secciones eficaces (XS) de los distintos is6topos
presentes en los combustibles correspondientes al canal
modelado para distintos valores de temperatura dentro
del rango evaluado.

El MCNP se utilizé para obtener los valores de
reactividad para dos condiciones de quemado (Q= 0,0y
3,9 GWd/MTU) y distintas temperaturas del combustible.

A continuacién, se describe el procedimiento de
calculo empleado.

2 MODELO TRIDIMENSIONAL DE CANAL
COMBUSTIBLE (CC)

Con el cdédigo Monte Carlo MCNP [1], se realizo
un modelo tridimensional de un CC de un reactor
CANDU-6 con los doce elementos combustibles, el
refrigerante y el moderador asociado. Las condiciones de
contorno utilizadas lo vuelven un arreglo tridimensional
infinito de CC. En la Figura 1 se muestra el esquema de
un corte longitudinal de CC.
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Figura 1: Modelo tridimensional de CC de la CNE realizado con
MCNP (Corte longitudinal)

En la Figura 2 se presenta un corte en un plano
perpendicular al eje de simetria del CC.

Figura 2: Modelo tridimensional de CC de la CNE realizado con
MCNP (Corte axial)
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La temperatura del combustible en el estado
nominal es de 687 °C. Se realizaron varios calculos
modificando la temperatura del combustible en pasos de
aproximadamente 200 °C, manteniendo la temperatura
del resto de los materiales constante para calcular la
variacion de reactividad exclusivamente debida a la
variacion de la temperatura del combustible.

Para obtener resultados precisos con el MCNP, se
consider6 una gran cantidad de historias de neutrones de
manera que la desviacion estandar de los valores de k-
infinito sea menor a 3 pcm.

2.1 COMPOSICION DEL COMBUSTIBLE PARA
QUEMADO MEDIO

La composicion del combustible para la condicién
de quemado medio (Q= 3,9 GWd/MTU) se obtuvo
quemando combustible fresco con el cddigo MCNPX.

Se corri6 en el codigo la geometria del CC
descripta anteriormente en condiciones de operacion
nominales hasta obtener el grado de quemado buscado.
Como resultado se obtiene la composicién promedio del
material combustible dentro del canal, una lista de ciento
veintiocho (128) is6topos con sus correspondientes
fracciones masicas.

2.2 BIBLIOTECAS DE SECCIONES EFICACES

Las secciones eficaces a las temperaturas
necesarias se obtuvieron con el programa MAKXSF
incluido en el paquete de programas que viene con el
MCNP.

El cddigo MAKXSF [2] es un programa Util para
manipular las bibliotecas de secciones eficaces del codigo
Monte Carlo MCNP. Tradicionalmente MAKXSF se ha
utilizado para convertir archivos de datos ACE
(comprimidos) entre formatos ASCII y binarios y para
crear bibliotecas de secciones eficaces personalizadas que
contienen conjuntos de datos seleccionados. La capacidad
de crear conjuntos de secciones eficaces a nuevas
temperaturas se agregd a MAKXSF a principios de 2006
incorporando varias rutinas de los codigos NJOY [3] y
DOPPLER [4].

En el presente trabajo se us6 el programa
MAKXSF para crear el conjunto de secciones eficaces a
nuevas temperaturas, necesarias para obtener una
biblioteca dependiente de la temperatura del combustible
para la determinacion del CRTC. La creacion de esta
biblioteca con secciones eficaces a nuevas temperaturas
implica 3 operaciones basicas:
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1. El ensanchamiento Doppler de los datos de
resonancias resueltas a una temperatura mas alta.

2. Interpolar cualquier tabla de probabilidad de
resonancias no resueltas a la nueva temperatura.

3. Interpolar los datos del “kernel” de “scattering”
térmico S (a,p) a la nueva temperatura.

Para obtener las secciones eficaces a temperaturas
de las cuales no se posee informacion basica, es necesario
utilizar dos bibliotecas, una correspondiente a una
temperatura inferior a la que se busca calcular y otra a
una temperatura superior. Se tomé como biblioteca de
referencia predilecta para realizar las interpolaciones la
ENDF B-VII1.0. Se cred un nuevo y completo directorio
de secciones eficaces (xsdir) para atender los
requerimientos de nuestro problema en particular.

3 RESULTADOS

A continuacion se presentan los resultados
obtenidos al utilizar la metodologia descripta para el
calculo del CRTC para las condiciones de nucleo fresco y
con quemado medio de equilibrio.

3.1 CRTC PARA COMBUSTIBLE FRESCO

En el Grafico 1, se presentan la variacion de
reactividad normalizada (p=0 para la condicion de
operacion normal del reactor) y el CRTC obtenido (der.)
en funcién de la temperatura del combustible para el
nucleo fresco. Se presenta un ajuste cubico de la funcion
al igual que en los casos siguientes.
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Grafico 1: Variacion de reactividad normalizada (curva roja ord.
izg.) y CRTC (curva azul ord. der.) en funcién de la temperatura
del combustible con combustible fresco.

Se verifica que entre 100 y 1000°C de temperatura
del combustible el CRTC se encuentra dentro del rango
de -1,55<CRTC<-0.95 pcm/°C. Dentro del intervalo de
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temperaturas evaluado el CRTC no se alcanzan valores

positivos.

3.2 CRTC PARA EL NUCLEO CON QUEMADO
MEDIO DE EQUILIBRIO (Q=3,9 GWD/MTU)

Al igual que en el punto anterior, en el Grafico 2,
presentan curvas analogas a las del Grafico 1 pero para el
CC en condiciones de quemado de equilibrio, Q=3,9
GWd/MTU.
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Grafico 2: Variacion de reactividad (izq.) y CRTC (der.) en
funcion de la temperatura del combustible con quemado
promedio Q=3,9GWd/MTU.

Se verifica que entre 100 y 1000°C de temperatura
del combustible el CRTC se encuentra dentro del rango
de 0<CRTC<-1 pcm/°C. En el intervalo de temperaturas
evaluado el CRTC no alcanza valores positivos.

Los CRTC que se obtuvieron en condiciones de
quemado de equilibrio resultaron ser mayores que en el
caso de combustible fresco, aunque siempre negativos en
todo el rango de temperaturas estudiado. En el Grafico 3
se muestran los CRTC en funcion de la temperatura del
combustible para ambas condiciones de quemado.

El valor del CRTC para la temperatura nominal
combustible (TC= 687°C) es CRTC= -1,09 pcm/°C para
el ndcleo fresco y CRTC= -0,22 pcm/°C para el ndcleo
con quemado de equilibrio.

4 COMPARACION DE RESULTADOS

A continuacion, se comparan los resultados
obtenidos por la ARN con dos evaluaciones del CRTC
realizadas por otro grupo de célculo con una metodologia
distinta.

4.1 CALCULO MCNPX-DBRC

Se compararon los resultados obtenidos con los
presentados en los trabajos [5] y [6] donde se ha
modelado una celda bidimensional estdndar correspon-
diente a un reactor CANDU 6 para calcular el CRTC con
el cédigo MCNPX-DBRC que es una modificacion al
codigo MCNPX original en el que se implementa el
esquema de “Doppler Broadening Rejection Correction”.

El método DBRC [7, 8, 9, 10] se ha desarrollado
para tratar el movimiento térmico de los ndcleos blanco
de U* en las simulaciones de Monte Carlo de una
reaccion de dispersion de neutrones. Es un enfoque
estadistico basado en el uso de una técnica de “rechazo
correctivo” en la simulacién de Monte Carlo.

El quemado del combustible se realiza usando
MCNPX y el valor CRTC se evalUa para varios valores
de quemado, incluido el quemado medio de equilibrio del
nucleo. En los trabajos usados para la comparacion, el
efecto Doppler se ha evaluado utilizando varias
bibliotecas de secciones eficaces, entre ellas la ENDF/B-
VI.8 y la ENDF/B-VII.0. En el Grafico 4 se muestran con
CRTC calculados por ARN junto con los resultados
obtenidos con el MCNPX-DBRC.
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Grafico 3: CRTC en funcion de la temperatura del combustible
para nuacleo Fresco y con quemado medio de equilibrio
Q=3,9GWd/MTU.
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Grafico 4: CRTC en funcion de la temperatura del combustible
para quemado Q=3,9GWd/MTU y combustible fresco.
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El calculo de la ARN para quemado cero es mayor
en aproximadamente 0,1 pcm/°C al realizado con
MCNPX-DBRC y ambos negativos en todo el rango de
comparacion, en cambio para el quemado medio de
equilibrio el calculo de ARN es ligeramente inferior que
los obtenidos con MCNPX-DBRC con ambas
bibliotecas.

5 CONCLUSIONES

Las curvas obtenidas por la ARN se desarrollan en
el interior del espacio que separa las curvas obtenidas por
Kim; su comparacion indica que se subestiman
ligeramente los valores para quemado medio de
equilibrio y se sobrestiman los correspondientes al nucleo
fresco en aproximadamente 0,1 pcm/°C. Se considera que
las diferencias de geometria no deberian influir, en ambos
calculos la distribucién de temperaturas y el quemado son
uniformes.

El esquema DBRC trata el efecto Doppler para las
reacciones de “scattering” de neutrones con el **®U,
mientras que las XS obtenidas con MAKXSF ajustadas a
las temperaturas indicadas tienen en cuenta el ensancha-
miento Doppler para todos los tipos de reacciones
nucleares y nucleidos con resonancias, presentes.

Futuros trabajos de investigacion permitiran
realizar conclusiones mas concretas y acabadas sobre los
resultados presentados cuya precision podria evaluarse
mediante un célculo neutrénico termohidraulico acoplado
sobre un modelo de nucleo completo tridimensional.
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Abstract. The Nuclear Regulatory Authority (ARN) was established as an autonomous body reporting
to the President of Argentina by Act 24,804 known as the Nuclear Activity National Act, which came
into force on April 25, 1997, and is empowered to regulate and control the nuclear activity with regard to
radiation and nuclear safety, physical protection and nuclear non-proliferation issues. It must also advise
the Executive on issues under its purview.

The objective of the ARN is to establish, develop and enforce a regulatory system applicable to all
nuclear activities performed in Argentina.

The construction, commissioning, operation and decommissioning, as well as important modifications of
nuclear reactors, shall be previously authorized and licensed by the ARN.

The ARN controls seven research reactors: three research reactors in operation, one under construction,
two critical facilities in operation, and one critical facility under decommission.

The operation licenses for research reactors and critical facilities, issued by the ARN, have a fixed
validity.

As a condition to renew the operation license, the regulatory authority requires the operating organization
to perform a comprehensive safety review.

This review process shall be done in accordance with a specific guide, prepared by the ARN.

This requirement was established for the first time in a in a staggered way, selecting the research reactor
RAO as the first step.

This document describes in general terms the guide for the safety review, and presents the most relevant
results arising from its application to the case of the RA-0 research reactor-.

Key Words: Safety review, Research Reactors, Safety guide.
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1. Introduction

As the competent national authority for radiological and nuclear safety, physical
security and control of the use of nuclear materials, licensing and control of nuclear
facilities, international safeguards and transport of nuclear materials, the Nuclear
Regulatory Authority (ARN) grants authorizations, licenses or permits, corresponding
to practices associated with radiation sources, and controls and supervises that those
responsibilities for each practice comply with the standards and other regulatory
documents issued by the ARN.

The regulatory standards establish that a license granted by ARN is required for the
construction, commissioning, operation, and decommissioning of research reactors.

The operation license of the research reactors has a limited validity, typically 10 years,
and for its renewal it is required the operating organization to perform a comprehensive
safety review.

In order to regularize the processes of safety reviews, a guide for research reactors was
drawn up (Reference 1), in agreement with the operating organizations, taking as a
reference the IAEA SSG-25 Periodic Safety Review for Nuclear Power Plants
(Reference 3). At present there is no standard that regulates the safety review as a
condition for renewing the Operating License. This requirement is included in the draft
of the new standard for licensing of research reactors.

The aforementioned guide was presented to the responsible entities and operators before
being issued, was discussed with the appointed reviewers, and was included into the
annual retraining plans for the staff of the reactors.

2. Brief description of the guide

SCOPE

It applies to the recommendations for the planning and development of radiological and
nuclear safety reviews, and to the implementation of the safety improvement plan
arising from this review.

It covers recommendations for heterogeneous reactors with a power of a few tens of
MW, in special cases additional recommendations could be applied, and includes
recommendations in relation to the application of the graded approach.

THEMES AND FACTORS

v’ Structures, systems and components (ESC): design, physical conditions and aging,
technical information
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- The design review should permit to determine whether the relevant design
characteristics of the installation comply with the standards defined as a reference for
the review.

- The review of the physical conditions and aging should permit to evaluate the
degradation of ESC, determining whether any deterioration is observed that might
affect the fulfilling the safety related functions.

- The review of the technical information of safety-related ESC consists of
determining the existence of an adequate set of updated technical information
(manuals, plans, technical specifications, etc.).

v' Safety: classification of ESC, safety assessment, radiological assessment.

This subject includes the revision and update of the safety report. In addition to
updating the descriptive information on the site and systems, the following factors
should be emphasized: ESC classification, safety analysis (deterministic and
probabilistic) and radiological impact.

- The revision of the classification of ESC includes the reassessment of the
assignment of safety classes, in accordance with a specific methodology, the
identification of requirements for each class and comparison with the original
requirements. For this task, the methodology presented in the guide "Classification
of Esc’s for Research Reactors"”, indicated in Ref. 2, should be used.

- For the review of radiological impact in normal and accident scenarios, the source
term and exposure pathways should be re-evaluated., updating the impact on workers
and the public.

- For the review of the safety analysis, the postulated initiating events, the
deterministic and probabilistic analyses should be re-evaluated in the light of the
modifications suffered at the facility, new experiences, effects of ageing, and new
regulatory criteria.

v' Management: organization, qualification and training of personnel, safety
management, tasks management

- The organization's review evaluates the availability and effective participation of
support groups necessary for safe operation, and the adequate provision of
infrastructure, resources and independent control by the operating organization.

- The review of staff qualification and training evaluates the adequate availability of
sufficient and qualified staff to fill the different positions and replacements, and the
programs for staff qualification and training.

- The review of safety management aspects evaluates the treatment carried out for
the detection, recording, analysis and adoption of corrective measures, in relation to
abnormal situations and events with impact in safety.

- The review of the management of tasks or activities evaluates the content and
updating of the plant manuals: operations, maintenance, radiological protection,
emergencies and quality management.

v Justification of the activities: Use of the facility
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This topic includes the review and evaluation of aspects related to the use of the
installation, during a certain period of time, with the objective of detecting a possible
underutilization and verifying its justification.

STAGES

- Planning: includes the preparation of the review plan by the operating organization,
containing the project organization and the appointment of the coordinator. This stage
would also include the necessary interaction with regulatory authority for the
presentation and acceptance of the plan.

- Review: includes all the reviews and evaluations established in the review plan, the
issuance of partial evaluation reports, and the issuance of the final evaluation report.
These reviews and evaluations have the main objective of diagnosing the factors.
Consideration should also be given to the evaluation of information related to future
uses and applications, as available, and their implications for safety.

- Implementation: based on the evaluation reports, and taking into account the
categorization of the findings (indicated in the same report), an implementation plan
should be prepared to correct them within a limited period of time. The implementation
period should not exceed three years.

3. Application example

The first case of application of the safety review process is being developed on the RA-
0 research reactor, Argonaut type, zero power, located in the engineering faculty of the
National University of Cdrdoba.

In October 2014 the ARN granted a new Operation License, valid for three (3) years,
wherein the performance of an integral safety review was included as a requirement for
renewal.

In particular, the following was required:

- Submit to the ARN the Review Plan, 2 (two) years before the expiration date of the
License.

- Submit to the ARN the Review Report, 1 (one) year before the expiration date of the
license.

- Submit to the ARN the Implementation Plan, 4 months before the expiration date of
the license.

The Operating Organization submitted the documentation required by the ARN, within
the time limits set out in the license, and in accordance with the review guide.

From the beginning of the process until the approval of the Implementation Plan there
was a permanent exchange of information and periodic meetings between the ARN and
the operating organization, to discuss the scope of the documents, the results of the
reviews, and the measures planned in the Implementation Plan.

In October 2017 the ARN issued a new Operating License, valid for three (3) years,
subject to compliance with a set of requirements related to the corrective actions
indicated in the approved Implementation Plan.

48



In the new License, it was established, as a condition for renewal, that the ARN must
considers the aforementioned requirements to have been met, and must accepts the
results of the commissioning corresponding to the planned modifications to the facility.

The most relevant findings from the review were as follows:

- Physical condition of ESC: Design, physical condition and ageing, documentary
backup
Masonry shields out of seismic specifications.
Floors deterioration.
Obsolescence of nuclear, radiation protection, conventional and safety
instrumentation.
Power supply system out of industrial standards.
Frequent equipment failures affecting availability.
Incomplete or out-of-date technical documentation.
- Safety: Qualification, Safety assessment, Radiological assessment.
Lack of ESC safety classification
Outdated safety report
- Management: organization, qualification and training of personnel, safety
management, task management.
Absence of independent audits to the management system.
Absence of training of staff in management issues.
Absence of a formal methodology for safety management.
Outdated or incomplete plant manuals

- Justification of the activities: Use of the facility
Insufficient utilization

The most relevant corrective actions set out in the Implementation Plan are as follows:

Complete instrumentation replacement

Redesign and reinforcement of biological shields

Floor repair

Power system replacement

Update of the safety report

Update of plant manuals (Operation, Maintenance, Radiation Protection,
Emergencies)

Drafting of a procedure for safety management

Increasing of activities using the reactor (education, training)
Annual audits to the management system

Training of staff personnel on management issues

4. Conclusions

The comprehensive safety review has proven to be an effective tool for detecting
weaknesses, updating and improving the safety of research reactors.
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The use of a guide for the planning, development and implementation of corrective
actions has allowed:

- share criteria between the operating organization and the regulatory body,

- facilitate the development of the process, because of the detailed description of scope,
contents and stages,

- homogenize the safety review process for different operating organizations (National
Atomic Commission, Universities),

- allow an adequate control by the regulatory body.
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Resumen. En el marco de la extension de vida de la Central Nuclear Embalse (CNE), ARN ha
desarrollado un modelo termohidraulico con cinética puntual de la planta completo en RELAP5
mod. 3.3 patch4 con el fin de simular accidentes dentro de la base de disefio. Este modelo se
utiliza para verificar, de manera independiente, el comportamiento de la planta en la etapa de
puesta en marcha para distintos escenarios planteados en el disefio. Uno de estos escenarios
corresponde al disparo manual de turbina con el reactor operando al 80%PP. Para verificar la
respuesta del modelo, se efectuaron simulaciones del disparo manual de turbina para luego
comparar resultados con mediciones observadas en la planta durante el mismo escenario. Se
representd el cambio de estado desde el 80%PP hasta la bajada de potencia al 50%PP
(estabilizada). Las evoluciones proyectadas por el modelo reproducen la progresién de los
parametros medidos por la planta y se comportan de acuerdo a lo esperado por disefio.

Abstract: Within the framework of the life extension of Embalse Nuclear Power Plant (CNE),
ARN has developed a thermohydraulic model with punctual kinetics of the complete plant in
RELAP5 mod. 3.3 patch4 aiming to simulate accidents within the design base. This model is
now being used to verify the expected behavior of the plant at the commissioning stage and
independently verify that the response of the plant for different scenarios is that expected by
design. One of these scenarios corresponds to the manual turbine firing with the reactor
operating at 80% of full power. To verify the response of the model, the results for manual
turbine trip were modeled, simulated and compared with the results observed in the plant. The
objective of this comparison is to verify that the important thermohydraulic parameters of the
plant and the predictions from the model are consistent. The change of state was simulated from
80% until the power drop to 50% of full power (stabilized). Comparison showed that the
evolution of relevant process parameters from the model are consistent with that of the
parameters measured in the plant and that these evolve as expected by design.
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1. INTRODUCCION

La Central Nuclear Embalse (CNE), del tipo CANDUS, se encuentra finalizando la
etapa de puesta en marcha luego del proceso de reacondicionamiento. Como parte de los
estudios a realizar durante el proceso, se encuentran la actualizacion y las verificaciones
del andlisis de seguridad. A la solicitud de la Autoridad Regulatoria Nuclear (ARN), el
operador tuvo que realizar un conjunto de pruebas funcionales, las cuales incluyen
transitorios de potencia en distintos estados. Los datos de planta generados en estos
transitorios fueron utilizados para validar el modelo de planta completamente
independiente con el que cuenta la ARN.

Para el desarrollo de esta tarea se utilizé el codigo de sistemas RELAP5 mod3.3
patch 4, distribuido por la Comisién Regulatoria Nuclear de los Estados Unidos (US-
NRC) y de la interfaz grafica SNAP2.5.8 (también distribuida por la US-NRC). El
codigo de célculo RELAPS es utilizado muy ampliamente en la industria nuclear, tanto
por reguladores como por disefiadores, por lo que existe una gran experiencia de uso y
de validacion del mismo (Eletcher et al. 2010).

El objetivo principal de este desarrollo es generar conocimiento sobre el
comportamiento de la CNE frente a distintos eventos y proveer una herramienta para
realizar célculos independientes a los del disefiador y operador de la CNE. EI modelo
validado puede ser utilizado para proveer informacion del comportamiento de la planta
sobre diversos eventos postulados.

En este marco, el presente trabajo analiza un disparo manual de turbina al 80%PP.
Este escenario, conduce a que el vapor sea desviado al condensador en vez de ir a la
turbina, y se dé un escalonamiento hacia una potencia menor. El evento se caracteriza
por una rapida despresurizacion del sistema primario de transporte de calor (SPTC) y la
Ilegada a un nuevo estado estacionario al 50% de potencia.

El objetivo de este trabajo es validar el comportamiento de la planta segun el disefio
para este escenario.

2. MODELO DE LA CENTRAL NUCLEAR

La CNE, tendra luego de la extension de vida, una potencia térmica de 2064 MW en
condiciones nominales y una presion de 100 bar. EI nicleo consiste en 380 canales con
elementos combustibles dispuestos horizontalmente. EI SPTC tiene dos circuitos
cerrados de refrigeracion en forma de “8”. Estos circuitos, si bien son independientes, se
encuentran interconectados en varias ubicaciones. Una descripcion extensa del
funcionamiento y de los componentes de un CANDUG6 puede encontrarse en
(https://canteach.candu.org).

El SPTC contiene las cafierias de transporte del refrigerante, cuatro generadores de
vapor verticales (GVs), cuatro bombas principales, cuatro colectores de entrada y cuatro
colectores de salida. Entre las ramas calientes de cada circuito se encuentran dos lineas
de interconexion o de “by-pass” cuyo objetivo es mantener la estabilidad en el SPTC.
Un esquema del SPTC se muestra en la Figura 1. La temperatura de entrada al ndcleo
oscila entre 260°C y 267 °C y egresa a aproximadamente 309°C, como una mezcla
bifasica con un contenido bajo de vapor. El caudal de circulacion por lazo es
ligeramente superior a 2100 kg/s.
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Figura 1: Esquema un circuito de refrigeracion del SPTC de un CANDUS.

En cada uno de los canales o tubos de presion se encuentra el combustible, el
refrigerante entra y sale por tubos de alimentacion (denominados “feeders”) que llevan
o toman el refrigerante desde o hacia un colector. Adicionalmente, en el SPTC existen
conexiones con el sistema de control de presion, el sistema de purificacion, el sistema
de control de inventario (F&B), el sistema de enfriamiento de emergencia del nucleo
(ECCS) vy el sistema de refrigeracion de parada (SEP). A continuacion, se describe
resumidamente la implementacion de cada uno de estos sistemas, los detalles del
modelo pueden ser encontrados en (Lazarte et al. 2015).

2.1. Sistema primario de transporte de calor

La Figura 2 muestra un esquema del modelo en RELAP5 del SPTC. Las cuatro
bombas principales fueron modeladas usando bombas tipo “Bingham”. El sistema de
control de presién consiste en el presurizador con los correspondientes calefactores, el
tanque desgasificador con las valvulas de alivio de vapor y las valvulas de descarga de
alivio liquido del SPTC hacia el desgasificador.

El nucleo de la CNE se modeld en 5 zonas hidraulicas equivalentes por circuito y
cada zona corresponde a dos canales promedios, dando un total de 20 canales (Ver
Lazarte et al. 2015).

Figura 2: Esquema de la nodalizacion del SPTC del modelo de la CNE.
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2.2. Sistema secundario

El modelo contiene gran parte del sistema secundario de planta, aunque se han realizado
un conjunto de simplificaciones en algunos componentes. Este sistema consiste en: las
lineas de agua de alimentacion (incluyendo bombas de alimentacion principal y
auxiliar), GVs, lineas de vapor vivo, valvulas reguladoras de nivel de los GVs, valvulas
de admisidn al condensador (CSDV) y valvulas de admision a turbina (TGV). También
se cuenta con valvulas de seguridad (MSSV) y las valvulas de alivio a la atmésfera
(ASDV). La turbina, el normal y de emergencia y el condensador son asumidos como
condiciones de contorno.

El ingreso del agua de alimentacion a los GVs se produce mediante un conjunto de
valvulas reguladoras por cada linea de alimentacidén. Un esquema de una de las cuatro
lineas del sistema de agua de alimentacion y vapor incluidos en el modelo de planta se
muestra en la Figura 3:

La légica de control de nivel de los GVs se realizd siguiendo los pasos que se
ejecutan en la computadora de procesos para establecer cual debe ser la posicion del
vastago de la valvula de regulacion.
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Figura 3: Circuito secundario: una linea de agua de alimentacion, GVs, y la correspondiente de vapor.

3. SIMULACION DEL TRIP DE TURBINA

Para realizar la simulacion se utilizd el dato de la evolucién de la potencia
monitoreada por la planta. Se asumio que en la evolucion de la potencia se encuentra
embebida la informacion de la respuesta neutrénica de la planta y se accion0 el cierre de
la valvula de descarga a turbina en el mismo instante en que ocurrio en la planta. La
Figura 4 muestra esquematicamente la posicion de las valvulas en el sistema secundario
correspondiente al modelo.
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Figura 4: Esquema de la conmutacion de valvulas turbina condensador.

En el momento en que ocurre el disparo de turbina se produce en forma simultanea el

cierre de las valvulas 41113 y la apertura de las valvulas de admision al condensador
64331. Esto ocurre como accion del control de planta.
Al reducirse el caudal de vapor, las extracciones usadas en el precalentado del agua de
alimentacion disminuyen, por lo que la temperatura del agua de alimentacion decrece
durante el evento. Esto se verifica en las mediciones de planta. De este modo se asume
una condicién de contorno utilizada en el modelo de la temperatura de agua de
alimentacion, idéntica a los datos tomados en la planta durante el transitorio.

Entre las hipdtesis generales del modelo se considera un reactor con nucleo
envejecido (4015 DPP) y no se da crédito al modelo del sistema de regulacion de
potencia del reactor (RRS) ya que esta informacion esta embebida en la evolucion de la
potencia.

Se listan a continuacion las condiciones iniciales y de contorno implementadas en el
modelo para este evento:

e Se considera la inercia térmica de las cafierias y componentes mas
importantes del Sistema primario y del sistema secundario.

¢ La potencia inicial del transitorio es 80% PP.

e De abrirse las valvulas MSSV, fallan al ser demandadas 8 de las 16. (Esta es
una aplicacion de un criterio conservativo)

e Se le da crédito al “stepback”

e Se toman como condiciones de borde la temperatura de agua de alimentacion
(mediciones de planta) y un valor de presion constante en el condensador.

3.1. Estado estacionario y modelado del disparo manual de turbina

La simulacion y evolucion de la planta ante un evento determinado, depende de las
condiciones iniciales de planta en el instante en que se produce la falla. Por lo tanto, la
primer parte de la evolucion de la planta (en el analisis) corresponde a la planta en
estado estacionario, donde se verifican en todos los casos (en los primeros instantes de
la simulacion) los valores de los parametros de planta relevantes y las condiciones
iniciales con una simulacion del estado estacionario del modelo. Los apartamientos
entre ambos valores, son analizados.
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4. EVOLUCION DEL TRANSITORIO

Aqui se describe la evolucién del evento y los fendmenos mas relevantes para un
disparo manual de turbina. Luego de ocurrido el disparo de turbina, se produce una
disminucion escalonada de la potencia, el valor de referencia del reactor es controlado
directamente por medio de la sefial de reduccion, y se pasa al modo alternativo. El
aspecto mas destacado del evento es la accion del sistema de control de planta para
bajar la potencia desde el 80% al 50%, conmutando la descarga de vapor vivo desde la
turbina hacia el sistema condensador.

Para la comparacion de resultados entre los datos de planta y los resultados obtenidos en
la simulacion, se estudié la evolucidn de la presion y la temperatura en el SPTC, niveles
de los GV, el nivel del Presurizador, Presiones en los GV y la apertura de las valvulas
de descarga a condensador. El analisis de la presion y la temperatura del SPTC se
realiz6 en el HDR1. El andlisis de los pardmetros involucrados con el sistema
secundario se realizo sobre el GV1. Estos datos se muestran en la Tabla 1.

Est. Estac. 80% PP Est. Estac 50% PP
Parametro Medicion | Estimacion |Medicion [Estimacion
Planta Modelo Planta | Modelo
Presion Inlet Header [kg/cm?] 114,5 1145 113,3 113,0
Presion Outlet Header [kg/cm?] 100,9 101,3 99,7 99,7
Nivel del Presurizador [m] 6,6 6,5 5,2 54
Presion en los GV [kg/cm?] 47,0 46,9 46,6 46,8
Nivel de los GV [mm] 933 866 488 25
Apertura de valvulas de By-
Pass al condensador [%)] 0.0 00 422 32,5

Tabla 1: Caracteristicas principales del evento sobre los distintos sistemas.

En términos generales, un disparo de turbina corresponde al cierre de las valvulas de
gobierno el cual lleva al accionamiento del “Step back” (un salto de potencia hacia una
potencia menor) realizado por el sistema de control de la planta. Se espera que la planta
luego de esta accidn, pase a un estado de potencia menor y se mantenga en este estado
en forma estable. Esto refleja la capacidad de la planta para el control de la potencia.

La Figura 5 muestra la evolucion de la potencia, extraida de los datos de planta para
realizar el andlisis. En esta figura se presenta la potencia neutronica en funcion del
tiempo. La potencia utilizada para el analisis fue la potencia lineal, la cual contiene
variabilidades temporales de mayor rapidez, comparables con la velocidad de variacion
de los parametros del SPTC.

Potencia Lineal
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60%

40%

500 600 700 800 900 1000 1100
Tiempo [s]

% Plena Pot. Lineal

Figura 5 Determinaciones de Potencia lineal por parte de planta
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En el momento en que se produce el disparo de turbina, el sistema de control de
planta acciona el salto de potencia desde el 80%PP hacia el 50%PP mediante el “step-
back”. Como consecuencia de la bajada de potencia, el sistema de control del sistema
secundario produce la descarga de vapor al condensador, el cual despresuriza el GV
produciendo un enfriamiento rapido del sistema primario. De esta manera la presion en
el SPTC bajay lo hace a la misma velocidad que baja la potencia térmica.

Presion Inlet Headers
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'~ 115 J Medicion en Inlet
g 114 Header 2
Y ol e Y o
.f_‘." 113
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‘g 111 Modelo
% 110 V

109

500 700 900 1100

Tiempo [s]
Figura 6. Evolucion de la Presidn en los Colectores de Entrada del SPTC.

Las diferencias en el transitorio se atribuyen a las simplificaciones realizadas en los

controles de presion y del nivel del generador de vapor y a la presion constante en el
condensador asumida como condicién de borde en esta simulacion.
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Figura 7. Evolucion de la Presion en Colectores de Salida del SPTC.
Aun después de la bajada de potencia, la presién aumenta como consecuencia de la
energia generada por los productos de fision, (Figura 6 y Figura 7) haciendo que la

presion suba nuevamente hasta alcanzar un valor de equilibrio como consecuencia de la
accion del control de presion a través del presurizador, segin se muestra en la Figura 8.
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Figura 8. Evolucion del Nivel en el Tanque del Presurizador.
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Figura 9. Evolucion de la temperatura en los colectores de salida del SPTC.

En la Figura 9 se observa la evolucion de la temperatura del SPTC correspondiente a
un colector de salida. En el resto de los colectores el comportamiento es similar. Al
producirse la bajada de potencia y la extraccion de calor repentina del sistema
secundario, hace que la temperatura del SPTC baje al ritmo de la presion.
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Figura 9. Evolucioén de la temperatura en los colectores de salida del SPTC.

Finalmente se muestra la evolucion del nivel del GV. La primera parte (entre 0 y 700
seg.) corresponde al estado estacionario antes de producirse el disparo manual de turbina.
Luego el nivel baja como consecuencia de la despresurizacion del GV al producirse la
conmutacion de la descarga de vapor desde la Turbina hacia el condensador.
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Figura 10. Evolucion del Nivel de los Generadores de Vapor.

En los primeros instantes (Figura 10) la prediccion del modelo es similar pero luego
se aleja del valor de planta. Esta diferencia se justifica en que para el modelo se utilizo
una condicién de contorno de presién constante de 1x10° Pa para el condensador,
mientras que en la planta la presion del condensador varia a medida que va perdiendo

vacio.

La Figura 11 muestra el comportamiento predicho por el modelo de las valvulas de
descarga a turbina y la de descarga al condensador en el momento del disparo de
turbina. En la Figura 12 se muestra la comparacion de la apertura de la valvula de
descarga al condensador contra los datos de planta.
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Figura 11 Conmutacion de la descarga de vapor desde turbina (en azul) hacia el condensador (en rojo)
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Figura 12. Evolucion de la apertura de las Valvulas de descarga al condensador.
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5. CONCLUSIONES

Se presentd el desarrollo, estudio y resultados de un evento de disparo de turbina
manual de la CNE. Se realiz6 una validacién con resultados de planta suministrados por
NA-SA, manifestando que los valores de los parametros de procesos analizados, las
tendencias y los tiempos caracteristicos de la evolucion son coincidentes con los valores
registrados en la planta.

Los resultados obtenidos se corresponden con los datos de planta lo que demuestra
que el modelo realizado por ARN tiene el alcance necesario para realizar analisis del
comportamiento de la planta para un disparo manual de turbina. Los sistemas de control
de potencia en conjuncion con los sistemas de proceso, muestran su capacidad de
mantener el ndcleo refrigerado y estable durante el tiempo de analisis.
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CORRESPONDENCE BETWEEN ATOMIC LEVELS LS AND jj COUPLINGS'

Di Rocco, H.O.; Aguiar, J.c’

! Autoridad Regulatoria Nuclear
Argentina.

Abstract

His work aims at determining the correspondence between LS and jj couplings for some typical
configurations without explicitly calculating level energies. To understand this article, an
introductory course on quantum mechanics and an intermediate—level text on atomic physics
are sufficient. Our method is based on a simple parallel analysis of Breit schemes and complex
atom formation genealogy, by means of one-electron quantum numbers.

" Publicado en: Spectroscopy Letters; vol. 52, no. 3-4, p. 175-182, 2019.
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DOES THE USE OF REFERENCE ORGANISMS IN RADIOLOGICAL IMPACT
ASSESSMENTS PROVIDE ADEQUATE PROTECTION OF ALL THE
SPECIES WITHIN AN ENVIRONMENT?"

Amado, V.A. et al.

Autoridad Regulatoria Nuclear
Argentina.

Abstract

Non-human biota in radiological risk assessment is typically evaluated using Reference
Organisms (ROs) or Reference Animals and Plants (RAPs), for all exposure situations.
However, it still remains open whether the use of an increased number of species would
improve the ability to demonstrate protectiveness of the environment. In this paper, the
representativeness of a broader list of fauna is tested in terms of the geometrical characteristics
and habits for radiological risk assessments in the case of routine discharges from a nuclear
installation: the Cadarache centre. A list of terrestrial animal species, compiled from ecological
inventories carried out around it was evaluated. A first survey around the centre inventoried
>400 terrestrial fauna species, which were then filtered to reduce the number to 28 species for
which dose assessments were carried out. Despite the differences between geometries for
those site-specific species and the ROs (including RAPs), the absorbed dose rates calculated
for both were very close (within a factor of two). Regardless of the studied organism, the
absorbed dose rates calculated for the discharge scenario were mainly related to internal
exposure, particularly for tritium (3H) and carbon 14 (14C), showing that there would be an
acceptable dose rates difference between species from the same organism group. Additionally,
sensitivity analyses were conducted to determine if the use of generic, predefined ROs was
enough to assure an adequate protection of endangered species. It was observed that for every
radionuclide the difference between assessments for site-specific species and ROs are unlikely
to exceed a factor of 3. Hence, the result of this evaluation indicates that the use of generic ROs
for non-human biota radiological risk assessment covers sufficiently other species, including
endangered ones.

" Publicado en: Science of the Total Environment; vol. 658, p. 189-198, 2019.
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MODELO PARA ESTIMAR LA DOSIS EFECTIVA A MIEMBROS
DEL PUBLICO DEBIDO A LAS DESCARGAS LIQUIDAS
DE LA CENTRAL NUCLEAR EMBALSE

Amado, V.A. y Lépez, F.O.

Autoridad Regulatoria Nuclear
Argentina

I. RESUMEN

En este trabajo se propone un modelo para la evaluacion de la dosis a los miembros del publico
mas expuestos, debido a las descargas liquidas de la Central Nuclear Embalse (CNE). El mismo
se basa en el modelo empleado actualmente en la Autoridad Regulatoria Nuclear (ARN), Dosis
Liquida [1], que utiliza los modelos del SRS N°19 del Organismo Internacional de Energia
Atémica (OIEA) [2].

Debido a las condiciones meteorologicas de la zona es necesario recurrir al riego artificial para
llevar adelante la produccion de alimentos. En forma conservativa se considera que el agua de
riego proviene del lago Embalse de Rio Tercero; por consiguiente, la concentracion de
radionucleidos en vegetales y frutas tendrd una contribucion adicional debido a las descargas
liquidas. Por esta razén, en el 2009 se actualizd el Modelo Dosis Liquida para tritio;
incorporandole la via de ingestion debido a vegetales y frutas regadas con agua del Lago
Embalse de Rio Tercero. En el modelo propuesto en este trabajo se extiende la incorporacion de
esta via a todos los radionucleidos y se actualizan los valores del factor de bioacumulaciéon en
pescado, del coeficiente de distribucion agua dulce - sedimentos, y de los factores dosimétricos
por ingestion e irradiacion externa de acuerdo a las referencias vigentes [2, 3, 4, 5].
Adicionalmente se incorpora el C-14 a los radionucleidos disponibles para evaluar.

Il. INTRODUCCION

II.1 Persona Representativa

La estimacion de la dosis efectiva a miembros del publico se realiza mediante el concepto de
persona representativa definido en [6].

La persona representativa “hipotética” (PRH) adoptada para las descargas liquidas de CNE es
un adulto ubicado a orillas del lago Embalse de Rio Tercero, a 1 km del punto de descarga [7].

La persona representativa “real” (PR) considerada, es una familia que vive en el Club Nautico
de Rio Tercero, ubicado a 1,5 km aproximadamente de la central y en direccion NE.

Si bien se definié la ubicacidén precisa de la persona representativa en cada caso, para este
modelo resulta irrelevante puesto que considera que la dilucion en el lago es completa [2]. En
este caso, la diferencia entre la PRH y la PR esta en el porcentaje de alimentos consumidos de
produccioén local. Para la PRH se asume que el 100% del consumo de vegetales y fruta proviene
de la zona [7]; mientras que para la PR este porcentaje se reduce al 50%. Estos porcentajes son
consistentes con los considerados en el modelo empleado actualmente por la ARN para la
evaluacion de la dosis efectiva a miembros del publico debido a las descargas gaseosas.
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I1.2 Vias de Exposicion
El modelo propuesto considera las siguientes vias de exposicion:

- Ingestion de agua del lago.

- Ingestion de pescado.

- Ingestion de vegetales de hoja y frutas, regadas con agua del lago.

- Irradiacion externa por exposicion a los sedimentos de la orilla (ésta es la mas relevante,
si bien existen otras vias de exposicion como la inmersion en las aguas del lago).

En este modelo no se considera la componente de la via de ingestién de vegetales de hojas y

frutas afectados por el deposito atmosférico. Esta se tiene en cuenta al evaluar la dosis efectiva a
miembros del publico debido a las descargas gaseosas.

11.3 Factores de Consumo y Habitos

Los factores de consumo y habitos para la PRH se pueden ver en la Tabla 1 [7]. En la tabla
también se incluyeron los valores correspondientes a infantes (< 1 afio de edad).

Via de Exposicién Adultos Infantes
Ingestion
Vegetales de hoja (Kg/a) 135 45
Frutas (Kg/a) 135 45
Pescado (Kg/a) 65 5
Agua (1/a) 730 290
Irradiacion Externa
Exposicion a sedimentos de la orilla (h/a) 2000 1000

Tabla 1. Factores de consumo y habitos de la PRH

IIl. DESARROLLO

Las ecuaciones generales del modelo se presentan en el punto III.1. Las mismas se basan en el
SRS N° 19 [2] y son aplicables a todos los radionucleidos, con algunas excepciones para H-3 y
C-14.

Para H-3 y C-14 la SRS N° 19 recomienda el empleo del modelo de actividad especifica [2]. No
obstante, el documento se encuentra actualmente en revision. En particular, una de las
principales dificultades que presenta el modelo de actividad especifica para H-3 es que no tiene
en cuenta la formacion de tritio ligado organicamente (organically bound tritium - OBT) que es
menos movil en el ambiente que el agua tritiada (HTO) considerada por dicho modelo. Las
comparaciones entre los modelos dindmicos, que consideran OBT, y los de actividad especifica
muestran que los segundos no son conservativos. Las predicciones de los modelos de actividad
especifica para H-3 resultan aproximadamente 25% menores a las de los modelos dinamicos [8].

Las ecuaciones del modelo para H-3 se basan en el modelo de actividad especifica, de acuerdo a
las recomendaciones aiin vigentes y se presentan en el punto I11.2.

En el caso del C-14, a partir del estudio del comportamiento del carbono en los diferentes
compartimentos de los ecosistemas terrestres y acuaticos [9, 10, 11, 12, 13, 14], se propone
utilizar las ecuaciones presentadas en el punto I11.3.
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I1l.1 Ecuaciones del modelo general

En el punto III.1.1 se presentan las ecuaciones que permiten estimar las concentraciones de
actividad en las distintas matrices ambientales, mientras que las ecuaciones de I11.1.2 calculan la
dosis efectiva para cada via de exposicion.

I11.1.1 Calculo de Concentraciones para cada radionucleido

Concentracion en agua del lago

El modelo asume que la concentracion de radionucleidos en el lago es uniforme y puede
estimarse a partir de la siguiente expresion [2]:

Q;
bw = qw + A Vi
Donde
C, (Bg/m®): Concentracion del radionucleido i en el agua del lago
Qi (Bg/seg): Tasa media de liberacion anual, para el radionucleido i
qw (m*/seg): Tasa de flujo mas baja en 30 afios
Ai (1/seg): Constante de desintegracion radiactiva, para el radionucleido i

V, (m*): Volumen del agua del lago

Concentracion en agua del lago, corregida por sedimentacién

Mediante la siguiente expresion se obtiene la concentracion del radionucleido i en agua
corregida por sedimentos o concentracion en el agua filtrada Cys (Bq/m®) [2]:

_ _Cw
ws 1+KgSs

Donde

K4 (I/Kg). Coeficiente de distribucion agua dulce — sedimentos, para el radionucleido i

S (Kg/l): Concentracion en sedimentos suspendidos

Concentraciéon en sedimentos del fondo

A través de la siguiente expresion se puede calcular la concentracion de radionucleido i en
sedimentos del fondo Cg (Bq/Kg) [2]:

o= 01K, Co i e Her
ST AW 10000, T, s
Donde

Ter (seg): Tiempo efectivo de acumulacion en el fondo

1000 es el factor de conversion de m® a
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Concentracion en sedimentos de la orilla

La concentracion del radionucleido i presente en los sedimentos de la orilla Ci(Bg/m?) esta
dada por la siguiente expresion [2]:

1 — e MTeo
Cso = 6K;C,ps m
Donde
Teo(seg): Tiempo efectivo de acumulacion en las orillas
1000 es el factor de conversion de m’ a 1

El factor 6 tiene unidades de Kg/m®

Concentracion en vegetales y frutas, regados con agua del lago

La concentracion del radionucleido i en vegetales y frutas Cijeqnum(Bq/Kg), regados con agua
del lago, se obtiene a partir de la siguiente expresion [2]:

‘d;o v ‘d;Fqy s
Civeghum = 7\‘11; ! (1 - e_kiefte) + ;\‘—sm(l - e_}hieftb) e hitn
ief Phier
Donde
AVier =i+ Ay
Niet = Ai + As
'di = CW IW
Donde

Aier (1/ seg): Constante de reduccion efectiva de la concentracion de radionucleido i en el
vegetal o fruta

Aw (1/seg): Constante de reduccion de la concentracion del radionucleido i en el vegetal

Xier (1/seg): Constante de reduccion efectiva de la concentracion de radionucleido i en el suelo
As (1/seg): Constante de reduccion de la concentracion del radionucleido i en el suelo

"d; (Bq/m’d): Tasa de deposito, sobre el vegetal o fruta, debido al riego

I, (m*/m*d): Tasa media de riego sobre el periodo de irrigacion.

Para el primer término se debe tener en cuenta el periodo de crecimiento de la planta; entonces
se multiplica I, por un factor p; = dias de riego/dias del periodo de riego

Para el segundo término, se debe tener en cuenta ademas un factor p, = dias del periodo de
riego/dias del afio

a,(m?*/Kg): Factor de intercepcion por unidad de masa vegetal/fruta

t. (d): Periodo de tiempo que el cultivo estd expuesto a la contaminacion durante su crecimiento

ty(a): Duracion de la descarga de material radiactivo
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Fi,: Coeficiente de transferencia del radionucleido i al vegetal/fruta
ty(d): Periodo de tiempo transcurrido entre la cosecha y el consumo

p(Kg/m?): Densidad del suelo

Concentracién en peces

El célculo de la concentracion en peces C, (Bq/Kg) se realiza a partir de la concentracion de
radionucleido i en agua Cy,, por medio de la siguiente expresion [2]:

CwB,
C., =
P~ 1000

Donde
B, (I/Kg): Factor de bioacumulacion, para el radionucleido i

1000 es el factor de conversion de m® a

111.1.2 Célculo de la dosis efectiva debida a cada radionucleido

Dosis debido a sedimentos de la orilla

La dosis debida a irradiacion externa por los sedimentos de la orilla E; ¢xi 0 cdad (mSv/a) estd dada
por [2]:

Eiextoedaa = Ci,SODFi,grOforill,edad
Donde
DF i,gr(mSvmz/an): Factor de conversion de dosis por irradiacion externa debida al depdsito en
suelo, para cada radionucleido i

Oforilledaa: Factor de ocupacion, por grupo de edad, en contacto con los sedimentos de la orilla

Dosis por ingestion de agua del lago

La expresion matematica para estimar la dosis debida a contaminacion interna por ingestion de
agua E; it w.edad (MSv/a) es [2]:

Ei,int,w,edad = Qagua,edadCi,wDFi,ing,edad

Donde
Qagua,edad(m3/a): Tasa anual de ingestion de agua, por grupo de edad
DFj ing,edad(mSv/Bq): Factor de conversion a dosis por contaminacion interna, debida a la

incorporacion del radionucleido i por ingestion

Dosis por ingestion de peces, vegetales y frutas

Para estimar la dosis por contaminacion interna debido a la ingestion de peces, vegetales y/o
frutas E; intalimedad (MSv/a) se emplea la siguiente expresion [2]:
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Ei,int,alim,edad = (Qalim,edadCi,alim)DFi,ing,edad

Qalim,edad(Kg/a), por grupo de edad: Tasa anual de ingestion de pescado Qe 0 Tasa anual de

ingestion de vegetales Qy., 0 Tasa anual de ingestion de frutas Qg

I11.2 Modelo para H-3

Para H-3 se utilizan las mismas ecuaciones que para los demas radionucleidos, con excepcion
de la ecuacion para estimar la concentracion en vegetales y frutas, regados con agua del lago.
Para este caso se usa la siguiente expresion:

Concentracién de H-3 en vegetales y frutas, regados con agua del lago
La concentracion de H-3 en vegetales y frutas Cyy3,.,(Bq/Kg), regados con agua del lago, se

obtiene a partir de la siguiente expresion [15]:

Cvaeg/frutafveg/fruta
CH—3,veg/fruta= 1000

Donde

Fyeg/fruta: Fraccion de agua que contiene el vegetal/fruta

fveg/fmta: Factor de transferencia del agua de riego al agua del vegetal o fruta

1000 es el factor de conversion de m® a Kg, teniendo en cuenta la densidad del agua

Los valores de los factores de transferencia y equilibrio para vegetales de hoja y frutas se
eligieron de manera conservativa, en coincidencia con los adoptados en diversos modelos [16,
17]. Por otro lado, se asumi6 conservativamente que los vegetales son de hoja, ya que estos son
los que poseen mayor contenido de agua [17, 18].

I11.3 Modelo para C-14

En el caso de C-14 (al igual que para H-3) se utilizan las mismas ecuaciones que para los demas
radionucleidos con excepcion de la ecuacion para estimar la concentracion en vegetales y frutas,
regados con agua del lago.

Para C-14 se asume que éste es incorporado a los vegetales y frutas a través del proceso de
fotosintesis, resultante de la emanacion de CO; del suelo. Entonces, la concentracion de C-14 en
vegetales y frutas Cc.isvegiua (Bq/Kg), regados con agua del lago, se obtiene a partir de la
siguiente expresion [9]:

Cw1w36ngveg/fruta
CC—14,veg/fruta = De_1y

Donde

Gyeg/fruta(Kg de C/Kg): Proporcion de carbono que contiene el vegetal/fruta

0: Fraccion del flujo de carbono del suelo que estd involucrado en el proceso de fotosintesis
®c.1,(Kg de C/m*a): Flujo de carbono que emana del suelo, en forma de CO,

365 es el factor de conversion de dias a afios
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Las proporciones de carbono que contienen los vegetales/frutas se eligieron de manera
conservativa, en coincidencia con los adoptados en [9]. Se asumi6 que los vegetales son de hoja,
ya que estos son los que poseen mayor contenido de agua [17, 18].

111.4 Valores de los Parametros

A continuacion se indican los valores asignados a los parametros del modelo propuesto,
validos para todos los radionucleidos, y; en particular, se indican los parametros de los modelos
para H-3 y para C-14.

qw (Mm’/seg) = 2,66 x 10"

V; (m*) =2,80 x 10

Ss(Kg/m®) = 6,00 x 10~

Ter (seg) = 3,15 x 107 [2]

Teo(seg) = 3,15 x 107 [2]

A (1/seg) = 5,00 x 107 [2]

As (1/seg) = 0 para todos los radionucleidos, excepto para Cs y Sr que vale A, (1/seg) = 1,62 x
107 2]

I, (m*/m*d) = 1,00 x 107 [19]

u = 16/120 = 0,133 (dato proveniente de agricultores de la zona)
w2 = 120/365 = 0,329 (dato proveniente de agricultores de la zona)
ay(m*/Kg) = 3,00 x 107 [2]

t. (d) = 60 [2]

ty(a) = 50; valor elegido consistente con el modelo vigente de evaluacién de dosis debido a
descargas gaseosas

tn(d) = 14 [2]

p(Kg/m®) = 2,60 x 107 [2]

Fyeg=10,9

Ffruta= 0,8

fveg = ffrua= 1

Greg (KgC/Kg) =30 [9]

Grruta(KgC/Kg) = 62 [9]

g=0,1[9]

®c.15(Kg de C/m*a) = 0,5 [9]

A continuacién se indican las referencias que se utilizaron para asignar los valores a los
parametros dependientes del radionucleido:

- Los valores de A; se tomaron de [2], excepto para Ba-140, Gd-153, Gd-159, Ni-65, Tb-
160, H-3 y C-14. Para estos radionucleidos se consideraron los valores de [5]
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- Paralos valores de Kgse utilizo [3]; excepto para Cr, Nb y Ni donde se us6 [8]; para Gd
se empled el valor previo [1], para H se uso [2] y para C [20]. No se encontraron valores
de K4 para Tb.

- Los valores de F, se tomaron de [4], excepto para Eu y Ni donde se considerd [2] y
para Gd, que se us6 [21]. Para Tb no se encontraron valores de F,,

- Los valores de B, se obtuvieron de [3]; excepto para Am, Nb, Np, Pu y Ru donde se usé
[2], para Gd que se tomo de [22] y para H, [8]. En todos los casos se consider? el factor
de correccidon K que tiene en cuenta el periodo de semidesintegracion especifico de cada
radionucleido. El mismo esta dado por [3]:

K=%/ A+ Ap)
Donde A es la constante de desintegracion biologica (~2.66 x 107 1/s)
Para C-14 el valor de B, corregido por K se tom¢ de [23]

- Los factores de conversion de dosis DF; g, se tomaron de [2]; excepto para Ba-140, Gd-
153, Gd-159, Ni-65, Tb-160, H-3 y C-14 en cuyo caso se tomaron de [24]

- Los valores de los factores de conversion de dosis DFjjngcaaa fueron extraidos de [5],
excepto para Zr-95 (adultos) que fue tomado de [25]. Esto se debe a que, en ese caso

particular, se encontr6 un error en el valor dado en [5].

IV. CONCLUSIONES

En este trabajo se propuso un modelo para la evaluacion de la dosis a los miembros del publico
mas expuestos, debido a las descargas liquidas de la Central Nuclear Embalse. Este se basa en el
modelo empleado actualmente por la ARN, que utiliza los modelos recomendados por el OIEA,
y comenz0 a ser aplicado a partir del afio 2019.

El modelo propuesto incorpora la via de ingestion debido a vegetales y frutas regadas con agua
del Lago Embalse de Rio Tercero para todos los radionucleidos ya que, hasta el momento, esta
via solo era considerada para el H-3. Adicionalmente, se incluye al C-14 dentro de los
radionucleidos disponibles para evaluar.

Finalmente se actualizaron los valores del factor de bioacumulacion en pescado, del coeficiente
de distribucion agua dulce - sedimentos, y de los factores dosimétricos por ingestion e
irradiacion externa de acuerdo a las referencias vigentes.
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Resumen

Esta publicacién elaborada por la Autoridad Regulatoria Nuclear recoge los principales
términos que forman parte del vocabulario empleado en el ambito de salvaguardias. El
documento incorpora el idioma portugués teniendo presente la relacién estratégica de
Argentina con la Republica Federativa del Brasil, y el idioma inglés, por los compromisos
comunes en materia de salvaguardias.

Esta es la primera edicion de un documento vivo que se enriquecera con los aportes de sus
usuarios.
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INTRODUCCION A LA CONTABILIDAD Y CONTROL
DE MATERIALES NUCLEARES”

Saraiva Marzo, M.A. (autor)
(Traduccién al espafiol por la Autoridad Regulatoria Nuclear, Argentina)

Resumen

El libro del Dr. Marco Marzo, traducido al espafol, editado y publicado por la Autoridad
Regulatoria Nuclear, consolida en una unica obra los principales elementos de contabilidad y
control de materiales nucleares, ofreciendo una comprension integral del tema. El libro
describe los principales elementos de un Sistema de Contabilidad y Control de Materiales
Nucleares, incluyendo los requisitos y procedimientos principales a nivel de Estado y de
instalacién nuclear. Asimismo, presenta los criterios basicos de las salvaguardias nucleares
incluyendo los procedimientos para la realizacién, verificacion y evaluacién del balance de
material en instalaciones nucleares. La publicacion describe los hipotéticos escenarios de
desvio de material nuclear y de uso indebido de instalaciones nucleares. Finalmente, presenta
los enfoques de salvaguardias para diversos tipos de instalaciones nucleares con ejemplos
practicos. Cada capitulo incluye preguntas y ejercicios.

Esta obra introductoria se considera imprescindible para el entendimiento de la contabilidad y
control de materiales nucleares, tema central en la implementacion de las salvaguardias, y es
la primera de su tipo en publicarse en idioma espaniol.

La traduccioén del libro se realizé con el objetivo de proveer una herramienta util a los agentes
involucrados en el mantenimiento del sistema nacional de contabilidad y control de materiales
nucleares y en la implementacion de las salvaguardias internacionales; pudiendo también
beneficiarse de la misma los profesionales de todas las areas del Estado vinculadas a la
negociacion y el seguimiento de los acuerdos de salvaguardias y a los estudiantes de las
carreras afines..
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