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TO SAFETY - IN-CORE INSTRUMENTATION: CHARACTERISTICS
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TEST METHODS OF SELF-POWERED NEUTRON DETECTORS

FOREWORD

1) The Intg v
all natnal eIectrotechmcaI comm|ttees (IEC Natlonal Comm|ttees) w

this engl and in addition to other activities, IEC publishes International Standards, Technical Sp4d
Technidal Reports, Publicly Available Specifications (PAS) and Guides (hereafter (réfefred t

in the [subject dealt with may participate in this preparatory work. International,|'\governmenta
governmental organizations liaising with the IEC also participate in this preparationn IEC collabora
with the International Organization for Standardization (ISO) in accordance _with’ conditions det
agreemgent between the two organizations.

2) The forfnal decisions or agreements of IEC on technical matters express, as‘ne€arly as possible, an i

3) IEC Puplications have the form of recommendations for international use and are accepted by IE

4) In ordef to promote international uniformity, IEC Natjonal Committees undertake to apply IEC H
transpafently to the maximum extent possible in their national and regional publications. Any
betweeh any IEC Publication and the correspondingational or regional publication shall be clearly
the latter.

5) IEC its¢lf does not provide any attestation of conformity. Independent certification bodies provide
assessinent services and, in some areas, ‘access to |[EC marks of conformity. IEC is not responsi
service$ carried out by independent certification bodies.

6) All usens should ensure that they have\the latest edition of this publication.

7) No liabjlity shall attach to IEC or its directors, employees, servants or agents including individual €
membefs of its technical committees and IEC National Committees for any personal injury, property
other dpmage of any natureswhatsoever, whether direct or indirect, or for costs (including lega
expensges arising out of sthe~/publication, use of, or reliance upon, this IEC Publication or any
Publicafions.

8) Attentign is drawn to)the Normative references cited in this publication. Use of the referenced puj
indispepsable forthé, correct application of this publication.

9) Attentign is drawn to the possibility that some of the elements of this IEC Publication may be the
patent fights, IEC shall not be held responsible for identifying any or all such patent rights.
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control and electrical power systems of nuclear aC|I|t|es of IEC techmcal commlttee 45:

Nuclear instrumentation.

This second edition cancels and replaces the first edition, published in 2000,
Amendment 1, published in 2003. This edition constitutes a technical revision.

This edition includes the following significant technical changes with respect to the
edition:

a) Title modified.
b) Justify the requirements for SPND characteristics in terms of influencing factors.
c) Align the terminology with the current state of the regulatory framework.

and its

previous
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The text of this International Standard is based on the following documents:

FDIS Report on voting
45A/1381/FDIS 45A/1383/RVD

Full information on the voting for its approval can be found in the report on voting indicated in
the above table.

The language used for the development of this International Standard is English.

This document was drafted in accordance with ISO/IEC Directives, Part 2, and developed in
accordance with ISO/IEC Directives, Part1 and ISO/IEC Directives, IEC Supplement,
available| at www.iec.ch/members_experts/refdocs. The main document types devdloped by
IEC are described in greater detail at www.iec.ch/standardsdev/publications.

The coanittee has decided that the contents of this document will remain\unchanged until the
stability ¢late indicated on the IEC website under webstore.iec.ch inqthe data relatged to the
specific Jocument. At this date, the document will be
e reconffirmed,

e withdfawn,

o replaged by a revised edition, or

e amended.
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INTRODUCTION
a) Technical background, main issues and organisation of the Standard
This International Standard focuses on self-powered neutron detectors (SPNDs).

It is intended that this document be used by operators of NPPs (utilities), systems evaluators
and by licensors.

b) Situation of the current Standard in the structure of the IEC SC 45A standard series

IEC 614 Q o o third IauaAl IEC/IQOC ALN dociiman 3
O To o tH T U oV T T O oo o7 v GOCoOT o e

IEC 61468 is to be read in conjunction with IEC 61513 which establishes| general
requiremgnts for 1&C systems and with IEC 60568 which establishes general requirements for
in-core instrumentation for neutron fluence rate (flux) measurements in power'reactors.

For morg details on the structure of the IEC SC 45A standard series, see item d) of this
introduction.

c) Recgmmendations and limitations regarding the application of the Standard

To ensure that the Standard will continue to be relevaat in future years, the emphasis has
been plag¢ed on issues of principle, rather than specjfic\technologies.

d) Desgription of the structure of the IEC.SC 45A standard series and relatjonships
with(other IEC documents and other bodies documents (IAEA, 1SO)

The top-level documents of the IEC SC.45A standard series are IEC 61513 and IE|C 63046.
IEC 61513 provides general requirements for I&C systems and equipment that arg used to
perform functions important to safety:in NPPs. IEC 63046 provides general requirefnents for
electricall power systems of NPRs; it covers power supply systems including the supply
systems pf the 1&C systems, I[EC 61513 and IEC 63046 are to be considered in copjunction
and at tHe same level. IEG61513 and IEC 63046 structure the IEC SC 45A standard series
and shape a complete._framework establishing general requirements for instrumentation,
control and electrical systems for nuclear power plants.

IEC 61513 and |EC 63046 refer directly to other IEC SC 45A standards for genefal topics
related t¢ categorization of functions and classification of systems, qualification, sgparation,
defence pgainst common cause failure, control room design, electromagnetic comlpatibility,
cybersecprity; software and hardware aspects for programmable digital systems, coqrdination
of safety an y req g geing. € standards referenced
directly at this second level should be considered together with IEC 61513 and IEC 63046 as
a consistent document set.

At a third level, IEC SC 45A standards not directly referenced by IEC 61513 or by IEC 63046
are standards related to specific equipment, technical methods, or specific activities. Usually
these documents, which make reference to second-level documents for general topics, can be
used on their own.

A fourth level extending the IEC SC 45A standard series, corresponds to the Technical
Reports which are not normative.
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The IEC SC 45A standards series consistently implements and details the safety and security
principles and basic aspects provided in the relevant IAEA safety standards and in the
relevant documents of the IAEA nuclear security series (NSS). In particular this includes the
IAEA requirements SSR-2/1, establishing safety requirements related to the design of nuclear
power plants (NPPs), the IAEA safety guide SSG-30 dealing with the safety classification of
structures, systems and components in NPPs, the IAEA safety guide SSG-39 dealing with the
design of instrumentation and control systems for NPPs, the IAEA safety guide SSG-34
dealing with the design of electrical power systems for NPPs and the implementing guide
NSS17 for computer security at nuclear facilities. The safety and security terminology and
definitions used by SC 45A standards are consistent with those used by the IAEA.

IEC 61513 and IEC 63046 have adopted a presentation format similar to the basic safety
publication IEC 61508 with an overall life-cycle framework and a system life-cycle framework.
Regarding nuclear safety, IEC 61513 and IEC 63046 provide the interpretation of th¢ general
requiremgents of IEC 61508-1, IEC 61508-2 and IEC 61508-4, for the nuclear) application
sector. Ip this framework IEC 60880, IEC 62138 and IEC 62566 correspondto-IEQ 61508-3
for the nuclear application sector. IEC 61513 and IEC 63046 refer to ISO"as wgll as to
IAEA GSiR part 2 and IAEA GS-G-3.1 and IAEA GS-G-3.5 for topics(related tpo quality
assurancke (QA). At level 2, regarding nuclear security, IEC 62645 isthe” entry document for
the IEC/$C 45A security standards. It builds upon the valid high level principles and main
concepts|of the generic security standards, in particular ISO/IEC 27601 and ISO/IEC|27002; it
adapts them and completes them to fit the nuclear context.'and coordinates |with the
IEC 62443 series. At level 2, IEC 60964 is the entry document for the IEC/SC 45A control
rooms standards and IEC 62342 is the entry document for the ageing management sfandards.

NOTE It i$ assumed that for the design of 1&C systems in NPPs that implement conventional safety funftions (e.g.
to address|worker safety, asset protection, chemical hazards¢ process energy hazards) international [or national
standards Wwould be applied.
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NUCLEAR POWER PLANTS - INSTRUMENTATION SYSTEMS IMPORTANT
TO SAFETY - IN-CORE INSTRUMENTATION: CHARACTERISTICS AND
TEST METHODS OF SELF-POWERED NEUTRON DETECTORS

1 Scope

This document applies to in-core neutron detectors, viz. self-powered neutron detectors
(SPNDs), which are intended for application in systems important for nuclear reactor safety:
protection,—i i i i istics and
test methods. In this document, the main sources of errors, and the possibilities| for their
minimization are also considered.

Self-powered neutron detectors can be used for measurement of neutran.‘fluence rate and
associatgd parameters in nuclear reactors. Most popular for the indigated applications are
detectorq with rhodium emitters.

In this pPocument dynamic characteristics, emitter burn-up,“identity and othef factors
influencing operational characteristics of detectors are considered.

Besides SPNDs with rhodium emitters, SPNDs with emitters from other materials pnd their
main chafacteristics are also considered in this document.

This dog¢ument contains requirements, recommendations and instructions cqncerning
selection| of SPND type and characteristics for various possible applications. This document
about SHNDs uses the basic requirementssof IEC 61513 and IEC 60568 and complements
them with more specific provisions in compliance with IAEA Safety Guides.

2 Normative references

The following documents are _referred to in the text in such a way that some or a|l of their
content ¢onstitutes requirements of this document. For dated references, only the edition
cited applies. For undated-references, the latest edition of the referenced document (Fncluding
any amefndments) applies.

IEC 60515:2007,\ Nuclear power plants — Instrumentation important to safety — Radiation
detectord — Characteristics and test methods

IEC 605 2:-2006 Nuyclasy nowny nlanfc Ipnotriimanpiatingy jmanartant fo oofafi, /n_Core
Oz oo Ivo Croar — P oW T —poraritS ot g critat O ortatit—to—oarcty

instrumentation for neutron fluence rate (flux) measurements in power reactors

IEC/IEEE 60780-323:2016, Nuclear facilities — Electrical equipment important to safety —
Qualification

IEC 61226, Nuclear power plants — Instrumentation, control and electrical power systems
important to safety — Categorisation of functions and classification of systems

IEC 61513, Nuclear power plants — Instrumentation and control important to safety — General
requirements for systems

3 Terms and definitions

For the purposes of this document, the following terms and definitions apply.
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ISO and IEC maintain terminological databases for use in standardization at the following
addresses:

e |EC Electropedia: available at http://www.electropedia.org/

e |SO Online browsing platform: available at http://www.iso.org/obp

3.1

background-compensation <of a self-powered neutron detector signal>

method employed for compensation of background contribution to the self-powered neutron
detector current

Note 1 to entry: This is usually accomplished by placing an "emitterless" background detector in the in-core
assembly, or by using detectors with an internal compensating lead wire.

Note 2 to eptry: An equivalent term is “lead-compensation”.

3.2
beta deciay
radioactiye decay process in which mass number A remains unchanged, but the atomic
number 4 changes

Note 1 to ¢ntry: Processes include electron emission (b— decay), electron capture, and positron erpission (b+
decay).

3.3

burn-up
depletion| or reduction of target atoms when exposed:to' a thermal neutron flux density over
time, dud to conversion to other radioisotopes

3.4
burn-up Jife
time aftef which, at a given value of the neutron fluence rate of given energy distribution, the
amount df emitter sensitive material wili'decrease to such an extent that the charactgristics of
the detedtor go beyond the tolerance established for their given application

3.5
Compton effect
effect whiich occurs whengan-incident high-energy photon is deflected from its origingl path by
an interagtion with an electron

Note 1 to egntry: The éleetron is ejected from its orbital position and the x-ray photon loses energy becphuse of the
interaction |but continues to travel through the material along an altered path. Energy and momnjentum are
conserved [in thiseprocess. The energy shift depends on the angle of scattering and not on the nafure of the
scattering medium,* Since the scattered photon has less energy, it has a longer wavelength than the incident
photon.

Note 2 to entry: An equivalent term is “Compton scattering”.

[SOURCE: IEC 60050-395:2014, 395-02-07]

3.6

cross-section

(o}

measure of the probability of a nuclear reaction of a specific type, stated as the effective area
which targets particles present to incident particles for that process

Note 1 to entry: The standard unit for measuring a nuclear cross-section is the barn, which is equal to 10-28 m?
or 10-24 cm?.

Note 2 to entry: A microscopic cross-section can be measured for each process of nuclear reaction (capture,
fission, n-n’, n-2n, n-g,etc.).
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Note 3 to entry: The macroscopic cross-section allows the calculation of the number of interactions for a given
nuclear reaction in a given material; this value is the produce between the corresponding cross-section and the
number of particles in volume of this material; it is expressed in m™! or cm™.

[SOURCE: IEC 60050-395:2014, 395-01-23]

3.7

decay constant

y)

number of disintegrations per unit time dN/dt for an atomic nucleus divided by the number of
nuclei N existing at the same time t

1 dN
N dt

Note 1 to eptry: The decay constant is expressed in reciprocal seconds (s™').

Note 2 to gntry: The decay constant may be considered the total probability of radioactive’decay (digintegration
and/or nuclear transition).

[SOURCE: IEC 60050-395:2014, 395-01-11]

3.8
fluence rate

[
quotient f d® by dr where d® is the increment of particle‘fluence in the time interval {:

A

= a

[SOURCE: IEC 60050-881:1983, 881-04=19]

3.9
in-core rjeutron detector
detector,|fixed or movable, designed for the measurement of neutron fluence rate at p defined
region of|a reactor core

3.10
integral self-powered neutron detector
self-powegred neutron detector in which the lead cable section is an extension of the detector
section, |f.e. ghe emitter is directly attached to the core/signal wire; both sectiops share
common [ingulation, and the collector of the detector section is also the outer shedth of the
lead cable_section (see Figure 1)

Note 1 to entry: An equivalent term is "cable-type self-powered neutron detector".

3.11

modular self-powered neutron detector

self-powered neutron detector made by mechanically joining, welding or brazing a detector
(emitter, insulator, collector) to a lead cable (core/signal wire, insulator, outer sheath)
(see Figure 2)

Note 1 to entry: An equivalent term is "prefabricated self-powered neutron detector".

3.12

isotope

variants of a chemical element that differ by atomic mass, having the same number of protons
and differing in the number of neutrons in the nucleus
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EXAMPLE 13C refers to a carbon atom that has an atomic mass of 13.
Note 1 to entry: Radionuclides or nuclides with a non-natural isotopic ratio are shown in the structural

representation with the nuclide number displayed. Natural abundance isotopes are represented by an elemental
symbol without a nuclide number.

[SOURCE: ISO 11238: 2018, 3.37]

3.13
photoelectric effect
complete absorption of a photon by an atom with the emission of an orbital electron

[SOURCE: IEC 60050-395:2014, 395-02-08]

3.14
prompt rlesponse
signal geheration from a self-powered neutron detector based on the (n, y, e) reaction

3.15
radioacti{ve half-life
time reqyired for the activity of a radioisotope to decrease to half of'its initial value

Note 1 to eptry: The radioactive half-life is related to the decay constant A iyythe expression: T'.= In2/} = 0,693/A.
This quantify is expressed in seconds (s).

[SOURCE: IEC 60050-395:2014, 395-01-12]

3.16
radioisofope
isotope of an element with the property of, spontaneously emitting particles of gamma
radiation|or of emitting X-radiation

[SOURCE: ISO 5576:1997, 2.104]

3.17
self-powered neutron detector
neutron-gensitive radiation-detector that requires no external power supply, consistg of three
basic elgments: an emitter that interacts with neutrons to emit electrons; a collgctor that
collects these electrons~and an insulator that isolates the emitter from the collgctor and
converts [the neutron fluence rate into electrical signal

Note 1 to eptry: _See Figure 1 and Figure 2.

3.18
self-shielding

self-absorption which occurs in the emitter: as emitter diameter increases, the escape
probability of an electron born in the interior of the emitter decreases, and current-producing
efficiency drops

3.19

in-core detector assembly

mechanical arrangement for positioning different detectors inside the core of a nuclear
reactor. In-core detector assembly may contain both single-type detectors as well as
detectors for various purposes and designs, for example, SPND and thermoelectric converters

3.20

sensitivity <of a detector>

characteristic measure of the signal of a detector to radiation. If in a given range of radiation
quantity, the response of the detector depends linearly on the applied radiation, then in this
range the sensitivity is given by the ratio:
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§=—
Ag
where
Al is the variation of the output signal (detector response);
Ag@ is the variation of the quantity of applied radiation (neutron fluence rate or gamma dose
rate)
3.21
sensitivity to conditional neutron fluence rate <of a detector>
sensitivitmmwwwmmwm&mm%neutmns
having the most probable velocity equal to 2 200 m/s corresponding to thergnergy of
0,0253 e}V
Note 1 to gntry: It is convenient to use the Westkott formalism! to determine the sensitivity,'of the detgctor to the
neutron flux density with a soft spectrum other than the one indicated above.
3.22
thermal peutron
neutron With a kinetic energy close to that of neutrons in thermalequilibrium with the atomic
nuclei of the surrounding medium
Note 1 to gntry: In the case of a maxwellian nuclei distribution, the.most probable energy is equal to §,025 eV at
293 K, whi¢h corresponds to the neutron velocity equal to 2 200 m/s.
Note 2 to eptry: In practice the upper limit is about 1 eV.
[SOURCIE: IEC 60050-395:2014, 395-02-17]
3.23
useful life
operatiorfal life, under irradiation and environmental conditions restricted within |specified
limits, after which the detector characteristics exceed the specified tolerances
Note 1 to gntry: The limitation of.thre useful life is associated, as a rule, with burn-up process and the fapabilities
of the meaguring equipment.
Note 2 to eptry: Useful life,.can be expressed in incident particle flux, time, etc.
4 Abbfleviated terms
BWR beiling water reactor
CANDU Canada—Beuterivm—Uranrium{(Canadianreacter—designfeaturinrgratural uranium
fuel and heavy water moderator and coolant)
HWR heavy water reactor (heavy water (D,0) cooled and moderated reactor)
ICDA in-core detector assembly
LWR light water reactor (light water cooled and moderated reactor. Commercial types
include the pressurized water reactor (PWR) and the boiling water reactor (BWR))
PWR pressurized water reactor
RBMK graphite moderated light water-cooled reactor

1

See Westcott C.H., Walker W.H., Alexander |.K., "Cross-Sections and Cadmium Rations for the Neutron

Spectra of Thermal Reactors", Proceedings of the Second United Nations International Conference of the
Peaceful Uses of Atomic Energy, Geneva, 1958, V.16, United Nations, 1959.
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SPND
VVER

self-powered neutron detector

abbreviation from the Russian name "water-water power reactor" — PWR reactor

type

5 Self-powered neutron detectors general advantages and disadvantages

In self-powered neutron detectors (SPNDs), the interactions of neutrons and atomic nuclei are
used to produce a current which is proportional to the neutron fluence rate. The principles and
characteristics of SPND design and operation are given in Annex A.

When compared to other types of detectors, they have the following advantages:

— no nefed of power supply;

— simple and robust construction;

— relatiyely small mechanical "size" well-suited for in-core installation;

— good stability under temperature, pressure, radiation and other condijtions.

The mainp disadvantages of SPNDs are the low signal level and the~inertia of thg neutron

component of the signal.

6 Conlposition and construction

A typicall| SPND consists of an emitter, made of a material with a large neutron irlteraction

cross-segtion, its surrounding insulator, collector andead cable.

SPNDs afe divided into two types according to\their design and manufacturing technqlogy:

— integnal (or cable-type) SPND (see Figure 1), in which the signal wire of the Iqad cable
mateg directly to the emitter; isolation around the emitter is identical to the isolatjon of the
signa| line, and the collector is aniextension of the signal line sheath;

— modular (or prefabricated) SPND (see Figure 2), which is made from separate| detector
and Ig¢ad cable sections.

Hermeticseal Signal wire - Emitter -
; - \ /‘ ST 3;?322‘..’&:\;‘\
Collector/outer sheath Insulation Hermetic|end cap
IEC
Figure 1 — Typical integral self-powered neutron detector
Hermeti(ﬁa\l Signal wire | _ Emitter _ Insulation
Outer sheath Insulation Collector Hermetic end cap

Figure 2 — Typical modular self-powered neutron detector

IEC
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SPNDs are available in a variety of designs with sensitive lengths ranging from a few
centimetres to full core height. The design of an SPND shall incorporate proper selection of
emitter type and thickness, as well as sheath and insulation material types and dimensions, to
optimize the mechanical design for a specific task.

SPND emitters shall be fabricated with materials resistant to operating conditions of
detectors, with cross-sections of interaction with neutrons suitable for measured neutron
energy range.

For power reactor applications, typical emitter materials used in SPNDs include vanadium,
cobalt, rhodium, silver, platinum and hafnia. These materials should be used because they
possess relatively high melting temperatures, relatively high cross-sections to thermal
neutrons -ahd-are r\r\mpnﬁhln with the SPND ms\nllf:r‘hlring process Qther emitters such as
cadmium| gadolinium and erbium may be used in SPNDs for low temperature expgrimental
reactors,|but are not practical for power reactor applications.

Table 1 gives an overview of some of the important characteristics of SPND-emitterg used in
power reactor applications.

Table 1 — Characteristics of SPND emitters

Emitter Stable |[Composition Cross- Resulting Half-life Applicationg
material isotope % section o isotope
Vanadium 2350 0,24 100 23V51 Stable HWR fluence rate mapping
23V51 99,76 4,9 23V/52 3,76 min LWR fluence rate mapping
Cobalt 27C059 100 37 27C080 5,27 years LWR fluence rate mapping
LWR contro
LWR local core prgtection
Rhodium|| ,5Rh103 100 11 (8 %) 45Rh104 4,4 min LWR fluence rate mapping
135.(92"%) 45Rh104 42s
Silver 47Ag107 51,82 35 47Ag108 2,42 min Upgraded RBMK flugnce rate
47Ag109 48,18 93 47Ag110 24,45 mapping
Hafnia 7oHf174 0,18 390 7oHf175 70d LWR contro
7oHf176 5,20 15 7oHf177m 51,4 min HWR contro
7oHf177 18,50 380 7oHf178m 31 years
7oHF178 27,14 75 7oHf179m 25,1d
N 13,75 65 7,Hf180m 5,5h
7,Hf180 35,23 14 7oHf181m 42,44d
Platinum 2gPt19¢ 0,78 14 7gPtT93m 4,3d RBMK'fluence rate mapping
7gPt194 32,90 2 7gPt195m 4,1d RBMK local control
7gP1195 33,80 24 7gPt196 Stable RBMK local protection
7gPt196 25,30 1 7gPt197m 1,3h
7gPt198 7,22 4 7gPt199 30,8 min

The material of the collector and lead cable sheath shall be resistant to radiation and
corrosion effects, the latter is especially important for detectors placed directly in the primary
coolant. To eliminate the effects of corrosion and extend the lifetime, SPNDs may be installed
in assemblies in which the SPND elements are not in contact with the primary coolant.
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The collector may be fabricated from nickel-based alloys, characterized by excellent corrosion
resistance. When choosing the material of the collector (as well as insulator), it shall be borne
in mind that the presence of even a small amount of impurities with a large cross-section of
interaction with neutrons can contribute to the detector reading.

The insulation should have an extremely low probability of interaction with neutrons or gamma
rays. Under operating conditions, the insulation resistance of the detector should be
substantially greater than the resistance of the signal line conductor and the input resistance
of the measuring device in order to avoid leakage current through the insulation. Ceramic
oxides are the preferred materials because they have a high resistivity and can withstand the
hostile environment inside a nuclear reactor.

Typ|Ca||y three materials are used for the insulation-in SPNDs nmplnynr'l in powser reactor

applicatigns, namely, Al,O3, MgO and SiO,. Al,O5 has been chosen for most applicptions as
it is readily available and, in powder form, is less sensitive than MgO to the gffects of
humidity.| However, the currents of the signal line using Al,O4 insulation may|be larger than
the currgnts of the signal line with MgO insulation due to the formation-of the bgta-active
isotope {sAI22. MgO is hygroscopic and is therefore sensitive to cable|swelling if |moisture
penetratgs the cable sheath. SiO, may be used in some applications(because its loy density
enhances emitter to collector electron transmission and thys, "maximizes densitivity
charactefistics. However, SiO, has lower insulation resistance atthigh temperature than MgO
or Al,Os.

The SPN[D connection cable should be a single-wire or tworwire cable with mineral insulation
and a metal outer sheath. In order to minimise the contribution to the SPND signal|from the
interactign of neutrons and gamma radiation with the signal cable, appropriate materials
should bge selected in the cable design and construction, taking into account the relative
geometri¢ dimensions of the wires and cable sheath.

For SPNDs using a single core cable, the contribution to the SPND signal from the irjteraction
of the sjgnal cable with neutrons and~gamma radiation may be minimised by| using a
background detector to provide a compensation signal. The background detector ghould be
constructed without an emitter and using the same cable (see Figure 3).

Hern eti& Background wire

Collector/outer sheath Insulation

Hermetic end|cap
IEC

Figure 3 — Typical background detector

For SPNDs using a two-wire cable, one wire should be connected to the emitter of the SPND
with the second wire being used as a background detector. In this case, the identity of the
material and the geometry of the wires plays an important role. Special attention should be
given to the selection of the materials and the geometry of the wires to minimise effects on
the SPND signal. In order to compensate for possible differences in the irradiation conditions
of the two wires, they should be arranged in a twisted pair arrangement (see Figure 4).
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seal Signal wire | _ Emitter _Insulation

/ Insulation 7 ) '\

Outer sheath Collector Hermetic
Background wire

Figure 4 — Typical SPND with built-in background detector

7 Application recommendations
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specific task, an SPND shall be selected with optimal characteristics for the

e emitter is essential. High burn-up may be acceptable if a. calibration s
or burn-up is accounted for by the calculation method.

7.2 Fluence rate mapping — Core monitoring and surveillance

SPNDs may be used for fluence rate mapping and core monitoring and surveillang|
without ap associated calibration system.

7.3 Power regulation — Feedback control

SPNDs may be used for feedback control purposes, however, acceptability of a sig
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7.5 Reactor noise analysis

SPNDs with a large prompt signal response may also be used to analyse the reactor noise,
this providing additional information about the reactor core and its elements.

7.6 Classification

SPNDs may be used as sensors in measurement channels that provide safety functions
having different degrees of importance for safety. These safety functions should be
categorised according to IEC 61226 and the SPNDs shall be designed to meet the appropriate
safety class of the system.
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8 Design recommendations

8.1 General

SPNDs shall withstand the effects of radiation, temperature, pressure, vibration, seismic and
chemical corrosion caused by the environment present in the reactor core.

The design of the detector should, if necessary, provide for the possibility of fixing it in the
core, and also provide the necessary resistance to bending and stretching during
transportation and installation.

8.2 Reproducibility of SPND characteristics

The design of the SPND shall ensure the reproducibility of the SPND characteristi¢s, which
may be gchieved due to the high accuracy of manufacturing of the SPND elements’and taking
into account the effect of changing the geometry of the SPND elements and.the pufity of the
materials| used for sensitivity.

A high dgegree of reproducibility of the sensitivity of the SPND makes$)it possible t¢ provide
high accuracy in relative measurements.

Confirmafion of the identity of the geometric dimensions of thelZSPNDs and the mateifials used
in their pfoduction can be used as an indirect calibration method.

8.3 Bagkground signal

A backgrnound signal is generated primarily by néutron and gamma induced currerts in the
signal cable. Compensation may be achieved by using a separate background SPND
(identicall device without an emitter) and subtracting its signal from the SPND signal|f Another
techniqu¢ involves the use of twin-wire ¢ables (with twisted or not wires) in the SPND
construc}on, with one wire connected- to the emitter and the second wire usef as the
background wire.

8.4 El€ctrical interference naise

Electrical interference noisé:shall be minimized by adequate grounding and careful fgesign of
cables, ejectrical connectors, cable trays and cable routing.

8.5 Lifetime

The lifetime ofsan "SPND may be expressed either as burn-up life or useful life. The detector
burn-up |ife- (see definitions in Clause 3) is dependent on the burn-up rate of the SPND
emitter matérial, on the signal-to-noise ratio and the required value of the measurerrTent error
in a particular application.

The useful life of the SPND is dependent on the stability of the detector to operating
conditions and on the burn-up rate of the emitter.

9 Test methods

9.1 General

Proposed test methods for SPNDs should follow the guidelines stated in IEC 60515, and
IEC 60568. Qualification of SPNDs shall be done in accordance with the technical
specification as defined by the user. In the absence of any specific instruction from the user,
the qualification tests shall be performed in accordance with the methods and procedures
provided in IEC/IEEE 60780-323.
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9.2 Prototype testing

Prototype testing of SPNDs should take into account all the critical mechanical and electrical
characteristics shown in Clause 6 and Clause 8. Emphasis should be given to performance
characteristics relevant to long-term operation under in-core conditions, to demonstrate
long-term stability of mechanical and electrical characteristics. Tests simulating in-core
ambient conditions, including pressure and temperature cycling, shall be performed so that it
is demonstrated that the SPND design can be expected to meet requirements with regard to
the probabilities of failure in a power reactor application.

It is recommended for prototype testing that a minimum of three SPNDs of a particular design
should be prototype tested according to their mechanical and electrical specifications.

9.3 Prqduction tests

SPNDs 3nd assemblies shall undergo final testing to ensure that all established-requirements
have been met.

The following characteristics shall be measured on all production SPNDs:

— SPND sheath and detector envelope integrity under maximum -hydrostatic pressure and
tempegrature conditions (for wet assembly designs);

— insulgtion resistance at the temperature corresponding to, the normal climatic confditions of
the tgst: in the range from 15 °C to 35 °C (acceptableihsulation resistance valugs should
meet the requirements for this detector);

— in some cases, it is necessary to measure insulation resistance at the maximum pperating
tempgrature (typical maximum operating temperature is 350 °C);

— continuity of emitter-to-signal wire connection (by detecting a decrease in the insulation
resistance of the SPND when the emitterfocation is heated, by capacitance meagurement
or other suitable method);

— the ¢mitter's location within the §PND. This is typically performed using radiography
technjques (in two or more planes):

In additipn, the variability of SPND neutron sensitivity within a production lot should be
establishpd. This may be performed by calibrating a statistical sample of the productjion lot or
by contrglling in the produetion process the geometric dimensions of the detector elements
that affedt the sensitivity value and the subsequent calculation of the variability.

10 Detgctor calibration

10.1 Pljce of‘calibration

The calibration of self-powered neutron detectors may be performed at the installation site, or
in a test reactor prior to final installation. When testing in a research reactor, it should be
borne in mind that detectors after irradiation should be kept for some time before transport to
the installation site and installation in the place of operation to reduce the induced activity.

Since the magnitude of the SPND signal depends on the neutron spectrum, either the
calibration signal shall be done in an identical spectrum, or the differences shall be taken into
account during the calibration procedure.
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10.2 Absolute calibration

The absolute neutron sensitivity of an SPND may be determined by activation analysis. The
basic method involves exposing the SPND to a source of neutrons (typically thermal) and
measuring the resulting output current. Neutron fluence rate during exposure is determined
from activation analysis of high accuracy by using thin foils or wires with a well-defined
capture cross-section for the neutron energy range of interest, e.g., cobalt or gold for thermal
neutrons.

Sensitivity is readily calculated as measured output current divided by neutron fluence rate.
The accuracy of absolute calibration of the SPND is usually in the range 5 % to 10 % due to
the large number of factors affecting the measurement. These factors include the error in the
measurement of the fluence rate, the error due to the location of the SPND in the neutron field
and the drror due to the natural variation in the neutron flux with time (See Annex A).

10.3 Comparison calibration

The absqglute neutron sensitivity of an SPND may be determined through{comparispn with a
standard[SPND. The basic method involves exposing the SPND undergoing calibration (the
test SPND) and a standard SPND (a detector of known absoluie neutron sensiJivity and
physical characteristics identical to those of the test SPND) under-the same conditions to a
source of neutrons (typically thermal) and measuring the resulting.output currents.

Sensitivitly is readily calculated as the measured output of\the test SPND times the[absolute
neutron sensitivity of the standard SPND divided by<{the€ measured output currept of the
standard|[SPND.

In this cgse, the calibration error is greater than~in the case of absolute calibration| since in
addition {o the absolute calibration error of the, standard SPND, the errors in the plagement of
the SPNI) and errors due changes in the neytron field over time are added.

The comparison calibration can be perfermed indirectly by comparing the parametgrs of the
detectorq affecting the sensitivity; the geometric dimensions of the component pafts of the
detectorqd and the materials from-which they are made. Comparison calibration elimipates the
error asspciated with ensuring the’identity of the conditions for irradiating the detectors.

10.4 In-¢ore calibration

There afe several «well-proven in-core calibration systems that use fixed, or |movable
detectord, as well.as-activation techniques. These include:
— fixed jn-core.detectors characterized by no or low burn-up factors;

— singlg Oor_multiple movable in-core fission chambers, or self-powered detectors Ipcated in
calibratiomtubeswithimeachsetf-powereddetector assembly;

— columns of steel balls with vanadium content moved by air or another gas which are
irradiated in-core and later have their induced activity measured out-of-core;

— calibration by normalization to the final controlled parameter.

The most widely used method of calibration in operating conditions is normalization to the
final controlled parameter (for example, power density). This procedure requires a special
steady-state mode of operation of the reactor for precise measurement of thermal power.

10.5 Calibration procedure

The test reactor (activation) method may be used to obtain relative or absolute calibration
results depending on the calibration of the reference detectors.

In-core calibration methods provide relative data which can be correlated to the integrated
power of the core.


https://iecnorm.com/api/?name=0a12813221fa1540460b55ff2bb8d163

- 20 - IEC 61468:2021 © IEC 2021

Several corrections may be necessary to obtain accurate results due to the nature of the
calibration system, concerning for example:

10.6 Regcommended calibration periods

shielding correction due to the detector overlap or "shadowing";
corrections due to lead cable sensitivity;

spatial correlations (distances, locations);

sensitivity with respect to the neutron spectrum;

time dependencies of the measurement;

allowable time limit for the entire core fluence rate map;

radiation decay during the transport and measuring process;

SPNDsensitivity togammma-radiation:

For in-cqre calibration systems, the calibration period should be choseniaccording to the
burn-up rate of the specific SPND emitter material and the assignment:.of the signal to a

particular function.
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Annex A
(informative)

Self-powered detector principles and characteristics

A.1 SPND response mechanisms

All SPNDs react to neutron and gamma fluence rate to some degree. The main current-
producing mechanisms are: beta decay (delayed response), neutron capture (prompt
response), Compton effect (prompt response), and photoelectric effect (prompt response).
Beta decay and neutron capture are caused by the neutron fluence rate, while the
photoele¢iric and Compton effects are caused by the gamma fluence rate.

A.2 Beta decay (delayed response)

SPNDs which are based primarily on beta decay of products of n-gamma reaction, always
have a delayed response. Beta decay occurs when an atom breaks ‘down after absorbing a
neutron. On breakdown, the atom releases an electron. A portion,of_the electrons lepving the
emitter generates an output electric current. Of the four relevant'\processes, beta decgay is, by
far, the most efficient at producing current.

Delayed response SPNDs, such as those with rhodium onvanadium emitters, producg most of
their current by this mechanism.

A.3 Neputron capture (prompt response)

SPNDs that generate current primarily from neutron capture (the n, y, e reaction) give a
prompt response. Compared to beta-decay SPNDs, neutron capture SPNDs have| emitters
with inteqmediate sized cross-sections ‘and a relatively long half-life. The long half-life results
in very litle beta-decay current beirig*generated. Instead, these SPNDs generate thejir current
from the|initial neutron capture. Because of the emitters intermediate sized crosg-section,
many nelitrons are captured. Upon capture, these newly created radioisotopes emit|a photon
which in furn collides with an-electron. A number of these electrons can travel to the [collector.
Compared to beta decay,this is a very inefficient process. Typically, only about 2(% of the
neutrons|captured contribute to the output current.

SPNDs with cobaltyor hafnia emitters generate most of their current via neutron captufre.

A.4 Phptoelectric effect (prompt response)

The photoelectric effect takes place when atoms of large atomic number (i.e. high electron
densities) are exposed to low energy photons. This interaction occurs in the emitter, the
insulator and the collector. Electrons knocked out of the collector travel to the emitter and
cancel some of the electrons leaving the emitter. Electrons ejected from the insulation can go
in either direction. The total current that leaves the SPND is the difference between the
outward current from the emitter and insulator and the inward current from the collector and
insulator.

A.5 Compton effect (prompt response)

The Compton effect is much like the photoelectric effect except that it involves smaller atoms
and photons of medium energy. Like the photoelectric effect, the Compton effect takes place
in all three regions of the SPND: the collector, insulator, and emitter. The SPND’s actual
output is the difference between the inward and outward flow of electrons.
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Detectors with platinum emitters generate current from both Compton and photoelectric
effects as well as neutron capture.

A.6 Nature of SPND response

The nature of the response of an SPND to any neutron or gamma interaction, is determined
primarily by the (capture) cross-section of its emitter. Generally, the larger the cross-section,
the greater the probability of interaction and the greater the output current of the detector
(also, for neutron interactions, the faster the emitter burns up). Elemental cross-sections are
readily available from most standard isotope tables.

A.7 Thermmateutrominmteractions

For thermal neutron interactions, the effective capture cross-section, denoted o4 is
dependent on the isotope cross-section, emitter shape and dimensions, _and’ self-ghielding.
Emitter geometry is directly related to self-shielding. Generally, as emitter.diameter ifcreases,
the betancape probability, or chance that an electron freed from the"interior of thie emitter
reaches the collector, decreases.

A.8 Gamma interactions

Gamma |[nteractions depend on the gamma ray interaction cross-section, emitter geometry
and self-ghielding. For the Compton effect, the interaction cross-section increases wjth Z (the
atomic nyimber, i.e. the number of protons in the atom) and decreases with £ (photon energy).
Fgr the pghotoelectric effect, the interaction cross-section increases as Z° and decregses with
E°, i.e.

ope~ 25(h1)=3

A.9 Dyphamic characteristics:of ' SPND

Detectorg with emitters of different materials have different dynamic characteristi¢gs. Some
detectorqd have a predominantly instantaneous signal (for example, a SPND with an ¢mitter of
platinum jor hafnium), the other SPNDs have the prevailed activation component.

The actiyation component of the SPND signal can be formed both due to the decay of
predominantly one’isotope (for example, an SPND with an emitter of vanadium), ¢r due to
several igotopes (for example, an SPND with an emitter of rhodium).

H 4 L_£ 2l + H FH £ 4+l + £l 4 b S DAL N H
For the 'imertitat-free—determimatiom—of—thernettron—fluence—rate Oy—oT 1Y WHTH revailed

activation component, it is necessary to solve the formula which, for SPND with emitter of
rhodium, has the form:

dq+Ay  dip 1 d? i, My +22) malde Ty a2,
In+ X + X =P+ + + X
11 X 12 dt¢ /11 X 12 dt2 2,1 X 12 12 ds ﬂ»] X 12 dt2
where
in is the neutron induced current, A;
0 is the neutron fluence rate in the detector’s emitter location place (m=2-s~1);

n, is the detector’s neutron sensitivity (A-m2-s);

is the prompt component of neutron sensitivity (A-m2-s);
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n1a is the activation component of neutron sensitivity determined by Rh,y, direct generation
(Am2s);

A4 is the Rh104 isotope disintegration constant (s=1);

A, is the Rh104 mjsotope disintegration constant (s=1);
A= 0,693/T1/2;
T4o is the isotope’s half-life;

t is the time.

The solution of this formula by analog or digital methods enables practically immediate
determination of the neutron fluence rate.
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A.11 Measurement errors

A111

Different

A.11.2

General

types of errors can occur.

Error for determination of SPND actual response

It is determined by the accuracy of entering corrections on the burn-up or error of the SPND
in-service calibration. Error of determination of SPND actual response (d7;) is determined as

follows:

(68 +8q)xBxQ
100 -BxQ

ony =
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t
Q = Jipdt is the sum of the electrical charges generated by an SPND;
0

is the change of response due to burn-up in respect to a unit of electrical charge

generated by an SPND due to interaction of the emitter’s material with n

og and oq  are the fractional errors of determining B and Q.

eutrons;

The value of 55 tends to grow with the increase of error of definition of SPND current induced
by neutrons. The value of Sz depends on the reproducibility of the SPND parameters
determining the scattering of the initial response characteristics (emitter’'s diameter and

length, t
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Anufacturing technology is used which does not ensure reproducibility
cal dimensions, neutron calibration may be used following fabrication to g
neutron response of a batch of SPNDs.

Error determined by gamma-component of SPND current

s on the ratio of the neutron and gamma response valuesvof SPND detector
of the detector, it is all but impossible to measurecthe contribution of th
by gamma radiation in the SPND current. In _the steady-state mode o
, the current generated due to gamma-quanta is.proportionate to the SPN
bd by its neutron response.

Error determined by leakage currents

age current (i; ) of SPND detectorsyto a first approximation, is determine

il = (lO + lcl)[1 —-r / (7” + RS + Rl)]

e SPND signal current;

e current of connecting line (background current);
e SPND insulation resistance;

e connegting line resistance;

e input resistance of the measuring device.

r is th
Ry isth
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To minin

bf SPND
etermine

5. During
e current
f reactor
D current
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formula (see Figure A.1, which shows a simplified equivalent circuit of the §PND)

ze the error associated witir feakage CurTents, it s ecessary to ensure the

of the relation r » (Rg + R)).
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Figure A.1 — Simplified equivalent circuit of the SPND

Error determined by signal wire current
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SPND eIIctric current correction that takes into account the contribution to:the detec
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General
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are given in Table A.1.
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Table A.1 — Examples of specifications for typical SPNDs used in power reactors

Emitter material
Vanadium Cobalt Rhodium Silver Hafnia Platinum
(HfO,)
Emitter diameter mm 2,0 2,0 0,46 0,65 1,24 0,51
Emitter length mm 100 210 400 7000 7000 3050
Insulator type Al,O, Al,O4 Al,O4 MgO MgO Al,O4
Collector material Inconel Inconel Inconel Stainless Stainless Inconel
steel steel
Collector diameter mm 3,5 3,5 1,57 3,0 3,0 1,6
Thermal nputron 4.8 2,6 9,0 6,0 1,1 0,008
sensitivity, reduced to 1 m
emitter length,
1024 A/(mf-s)
60Co gamrl1a sensitivity, 4,0 2,7 1,8 1,9 0,4 1,1
reduced t¢ 1m emitter
length, 10[2° A/(Gyxh)
Response|time 5,5 min Prompt 1,1 min 0,5 mif Prompt Prompt
(0-63 %)
Burn-up rate 0,01 0,09 0,39 0,16 0,30 0,03
% per mohth at 10'7 m-2.s""

A.12.2

51V has an n-gamma interaction with a thermal feutron cross-section of 4,9 b featur

characte
The burn
99 % of t
There is

An SPNL
long del
gamma-r

A.12.3

Vanadium emitter characteristics

istic without resonances in the energy, range of thermal/epithermal neutrons
Lup rate is 0,012 % per month in a thermal neutron fluence rate of 1017 m-2 §
he signal has a half-life 0f.3;76 min, 1 % of the signal is prompt.
A parallel beta emission of 2,6 MeV.

with a vanadium emitter has a relatively low sensitivity, low burn-up rat

Adiation has-polarity opposite to current generated due to neutrons.

Cobalt emitter characteristics

0

ing a 1/v

1
-

B, a very

byed signalk.and high sensitivity to gamma-radiation. Current generated due to

59Co hasd

gamma-photon reaction.

an. a0
o T gotrit

h parallel

The burn-up rate is 0,094 % per month in a thermal neutron fluence rate of 1017 m-2 s-1.

The signal is prompt, but requires long-term compensation due to build-up of radioactive

isotopes

60Co and 61Co.

An SPND with a cobalt emitter has relatively low sensitivity, a moderate burn-up rate and a

prompt si

A.12.4

gnal.

Rhodium emitter characteristics

103Rh has an n-gamma interaction with a 145 b cross-section for thermal neutrons and a

resonanc

e at 1,25 eV.
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The burn-up rate is 0,39 % per month in a thermal neutron fluence rate of 1017 m=2 s-1,

92 % of t

8 % of th

The beta

he signal has a half-life of 42 s.
e signal has a half-life of 4,4 min.

emission has an energy of 2,44 MeV.

An SPND with a rhodium emitter has a relatively high sensitivity and high burn-up rate and
has a (two-fold) delayed signal.

A.12.5

Ag has 4
resonang

The burn
66 % of t
25 % of t
9 % of th

An SPNL
fold) delg

A.12.6

195pt hag
gamma-g

The burn

sil it | L

n-gamma interaction with a 64,8 b cross-section for thermal neutrons,a
es in the range 5 eV — 134 eV.

he initial signal has a half-life of 24,4 s.
he signal has a half-life of 2,42 min.
e signal is a prompt signal.

with a silver emitter has an average sensitivity, average burn-up rate an
yed signal.

Platinum emitter characteristics

hoton reaction.

The signal is prompt and-has both neutron and gamma components.

An SPNQ

with a platinum emitter is sensitive to both gamma and neutron radiation

of the si
respons

An SPN
prompt si

A.12.7

nal current due to gamma fluence rate response and 7 % due to neutron flu
in a_typical light water reactor core radiation environment.

rup rate is 0,16 % per month in a thermal neutron fluence rate of(41017 m=2 s

Lup rate is 0,03 % per.month in a thermal neutron fluence rate of 1017 m=2 s'.

hd a few

—

d a (two-

an n-gamma interaction withi.a 24 b thermal neutron cross-section and & parallel

—

vith 93 %
bnce rate

gnal.

Hafnia emitter characteristics

, and a

HfO, has an n-gamma interaction with a 115 b thermal neutron cross-section and parallel
gamma-photon reaction.

The average burn-up rate is 0,3 % per month in a thermal neutron fluence rate of 1017 m-2 s-1.

96 % of the signal is prompt, 4 % of the signal is delayed as gamma-radiation from fission

products.

An SPND with a hafnia emitter has relatively low sensitivity, a high burn-up rate and has a

prompt si

gnal.
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A.13 Self-powered detector assemblies

A.13.1 General

SPNDs may be located in the reactor core as single elements, or more typically, in
assemblies of several units located along the assembly axis or grouped around a central tube
in which the sensor of a calibration system can be located. Examples are described in
Figure A.2 to Figure A.6, showing typical assembly configurations used in light water and
heavy water nuclear power plants.

The following description and figures show typical self-powered detector assembly
configurations used in light water and heavy water nuclear power plants worldwide. These
Configur tions are nnly a few of the many combinations of self-powered detector elements
and mechanical geometries being used to provide in-core signals for flux mapping, control
and core|protection applications.

A.13.2 |Typical bottom-mounted rhodium self-powered detector assembly for
pressurized light water reactors

A typical bottom-mounted in-core self-powered detector assembly for pressurized water
reactors |s shown in Figure A.2. The assembly consists of five rhodium self-powered fetectors
(with emitters equally spaced over the total core height), one background detector [covering
the total gore height), and one core exit thermocouple. All sensing elements are housled within
an Incorlel 600 outer sheath tube. A calibration tube;~seal plug and multipin [electrical
receptacle complete the assembly.

A.13.3 |Typical top-mounted rhodium self-powered detector assembly for VVER-type
light water reactors

A typical|top-mounted rhodium in-core self:powered detector assembly for VVER rgactors is
shown in[ Figure A.3. The assembly consists of seven rhodium self-powered detectors, one
core inlef thermocouple, two thermocoUples at the outlet from the fuel assemblies|and one
thermocduple under the reactor cover.” All sensing elements are housed within a |stainless
steel outer sheath tube. A headet; seal plug and multipin electrical receptacle complete the
assembly.

The sma|l size of rhodium™SPND allows the production of assemblies not only with several
thermocduples, but als® with the installation in the assembly of a heat level indigator that
provides |the ability to\control the coolant level in the reactor, including in emergencly modes.
A typical|lassembly_of'an SPND with a level indicator having three control points is |[shown in
Figure A}4.

A.13.4 |Typical top-mounted cobalt self-powered detector assembly for pressurized

A typical top-mounted instrumentation assembly with Aeroball probes and self-powered
detectors for pressurized water reactors is shown in Figure A.5. There are eight lance
assemblies per core, each consisting of five fingers: one finger containing six cobalt self-
powered detectors, and four fingers for steel ball insertion thimbles of the Aeroball flux
mapping system, which also serves as the calibration system for the self-powered neutron
detectors. The self-powered detector assembly also incorporates three thermocouples for
core exit temperature measurements located in the same fuel element head in different levels
and different radial positions. The lance fingers are made of stainless steel while the self-
powered detectors and cables are constructed of Inconel 600.
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A.13.5 Typical heavy water reactor self-powered detector assembly

A typical CANDU pressurized heavy water reactor in-core self-powered detector assembly is
shown in Figure A.6. The assembly consists of a cluster of zircalloy dry detector well tubes,
designed to accommodate various quantities and types of self-powered detector elements and
one dry detector well tube which allows for installation of a travelling flux detector. Well shield
plugs are installed in all wells not occupied by detectors, and all detector wells are contained
within a protective zircalloy capsule.

Bullet
ullet nose —_
RH3
RH4 | __— Chromehthermoelgment
Rk el
RH5
B/G
RH1 | -
Y — Alumel thermoelerent
LT
B/ I -
Calibration tube | ..
""’}5 Filler cables
Fillgr cable Chromel -
Alumel 1 || |
\1 Calibration tube
A A
A-A Adapter — Outer sheath

Seal plug — ot

Cap/hose assembly —

g‘/ Pressure cap

Receptacle adapter ____

Receptacle Dust cap

IEC

Key
RH rhodium SPD
B/G  background cable

Figure A.2 — Bottom-mounted rhodium self-powered
detector assembly for pressurized water reactors
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Figure A.3 — Top-mounted rhodium self-powered detector assembly
for VVER reactors with four thermocouples
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