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The article examines the processes of radiative neutron capture by nuclei of atoms of metallic rhodium and
hafnium. Rhodium is used as the emitter in the direct charge detectors of neutrons, which are used to control the
energy yield in the core of nuclear power reactors. A new Compton direct charge detector (DCD) (so-called SPND —
Self Powered Neutron Detector) with the emitter of the metallic Hf is proposed. The specifics of the signal
formation of the B-emission and Compton neutron detectors are considered. The signal lag time of the rhodium
detector was calculated and the respective published data was studied, and the conclusion was made that the use of
B-emission detectors for the detection of rapid changes of the neutron flux density is inappropriate. The main
advantages of the hafnium emitter is a long “burnout” time of the emitter material and the instantaneous response to
changes in the neutron flux in the reactor core. Therefore, the use of detectors with such emitters will simultaneously
enhance the reliability and safety of operation of the reactors that are in use currently and those that are being

developed.

INTRODUCTION

The technology of the electrical energy production
in nuclear power field reached a very high level. The
evidence to that, for example, may be the Tianwan
Nuclear Power Plant (NPP) built in China, which can be
characterized as a completely automated production of
the electric energy with a new improved safety level. In
this NPP all processes capable of provoking severe
accidents and the destruction of the containment are
excluded: the steam explosion in the reactor vessel; the
hydrogen detonation; the repeated criticality of the
active zone or melting; steam explosions outside of the
reactor vessel. The level of the nuclear fuel burnout is
more than 55 (MW-days)/kg U, the fuel campaign is
> 5 years, the technical resource of the reactor vessel is
60 years [1].

The further possibility of the improvement in the
WWER-1000 (block 466) efficiency is to increase the
energy Yyield in the core with respect to its calculated
value, i.e., to achieve the maximum possible energy
yield in the safe nuclear reactor operation mode.

The non-homogeneity of the energy yield profile
related to the fluctuations of the technological
parameters (pressure, temperature, flow level of the
nuclear reactor coolant) changes the physical parameters
of the active zone, influencing the process of neutron
moderation, the flux density and the neutron spectrum.
The listed processes do not allow to lower the safety
margin (Fig. 1).

To control the profile of the energy yield, the direct
charge detectors (DCD) (so-called in literature SPND)
of neutrons with rhodium emitters are currently used.
They are installed in the fuel assemblies (FA) of the
core and act as the sensors of the core monitoring
system (ICMS). Further, the information received from
the DCDs is used in the reactor control and protection
system, which controls the position of the control rods
of the nuclear power reactor.

The article discusses in detail the processes of the
radiative neutron capture by the atomic nuclei of the
electron emitter made of the precious metal rhodium

and of the emitter of gamma rays from the metallic
hafnium.
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Fig. 1. Spatial distribution of the thermal neutrons
flow ®(¥) in PWR reactor’s active zone with the
partially immersed Reactor Regulators:

1 —elementary cell of active zone;
2-FAcell [2]

A Compton detector based on metal Hf is proposed
to be used as a DCD. This detector has a very long time
of the “burnout” of the emitter material and the
instantaneous reaction to changes of the neutron flux
density in the core of a nuclear reactor. The use of such
detectors would simultaneously enhance the reliability
and safety of operation of the reactors that are in use
currently and those that are being developed.

1. SIGNAL FORMATION OF THE
P-EMISSIVE NEUTRON DETECTOR

There are two DCD types: the B-emissive DCD, in
which current is caused by the B-radiation of radioactive
nuclides, and Compton DCD, in which current is
created by the electrons, appearing due to the dispersion
of the y-quanta, which are emitted during the radiation
capture of neutrons.

Fig. 2 shows the schematic diagram of a DCD. This
detector has a set of advantages [3]: no power supply is
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required; a simple design; compactness; good stability
with respect to temperature and pressure; reproducibility
and linearity of the generated signal; relatively low
isotope (or isotopes) burnout in the emitter material.

In the WWER-1000 reactor (block B-320), the
rhodium DCDs [4] numbering 448 pieces are used.

In the rhodium detector, the stream of electrons is
registered by the collector of the device. The stream

arises from the radiation during the p-decay of ‘% Rh

(T2 =42.3s), which is formed in the nuclear reaction

of the radiative capture of neutrons by the stable mono
isotopic ‘% Rh nuclei of the emitter (see the schematic,

Fig. 3).
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Fig. 2. The schematic of the
electron-emissive direct charge
detector of neutrons:

1 — emitter; 2 — insulator;

3 — collector; 4 — current measuring
instrument
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transformation of daughter
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In general, the unstable short-lived elements in the N
process of the radioactive decay are transformed to Z =) N (t) - ) N, ().
daughter elements with the rate of A= In2/T]/2 . dt
. . . The solution of this differential equation looks as:
Therefore, the concentration of the atomic nuclei of the
unstable elements is the result of the competition of two N (t) = AN, -[e’” 3 e%zt]
processes — their formation with the rate of 4 = o - D, ’ A =2

respectively (where o, is the cross-section of the nuclear
reaction of the radiative neutron capture (n, y); @ is the
beam flux of thermal and decelerating neutrons) and

their decay with the rate of /1 = In2/T1/2. The
concentration of these atoms in a time point t is the

difference between the number of the formed and the
decayed atoms:

The atomic concentration of the radioactive
elements of the emitter, in the beginning of the
irradiation with neutrons, increases and reaches the
saturation level, which corresponds to the balance
between the mentioned above processes (the formation
and the decay). A change of the neutron beam flux @
results in the increase or decrease of the radioactive
atoms formation rate and raises or lowers the level of
their equilibrium concentration because the rate of the



radioactive decay remains a constant (Fig. 4). Due to
this, the DCD output signal changes, registering the
change of the electron stream according to the level of
the equilibrium concentration N, of the radioactive
p-particle emitting **Rh and ®™Rh atoms, which are
formed by neutrons. This change of the DCD signal is

NN,

delayed, relative to the moment in time when the
neutron beam flux @ changes, by the approximate time
~10 Ty,. For a detector with the rhodium emitter
(*®Rh), this delay is ~300s for the instant neutron
beam flux increase, and ~ 400 s for the instant decrease
(see Fig. 4).
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There is a decrease in the unbalanced equilibrium
concentration of the '™Rh atoms with a sharp decrease
of the neutron flux density from @, to @, and from @&, to
@;. Also, there is an increase of the equilibrium
concentration of the '®Rh atoms with a sharp increase
in neutron flux density from &, to @, and from @&; to @,
when transitioning from the respective equilibrium
levels @, and @s.

The analysis of the results leads to the conclusion
that, due to rhodium DCD’s high inertia, its output
signal reflects the intensity of the neutron flux
accurately only in the event of a slow flux change.

2. THE SIGNAL FORMATION OF THE
COMPTON NEUTRON DETECTOR

The design of the Compton DCD does not differ
from the design of the B-emissive detector type. The
fundamental difference is the use of the instant y-quanta
radiation from the reaction of the radiation capture (n, y)
of the emitter atoms, which are emitted by the
compound nuclei over the life-time 7=10"s [5].
Further, the y-quanta, during their interactions with the
atoms of the emitter (and, partially, the insulator and the
collector), generate electrons in the independent
processes of the photoeffect, the Compton dispersion
and the generation of electron-positron pairs.

The generated electrons are collected on the detector
collector and form its electric signal (Fig. 5). The main
role is played by the electrons from the following
reactions that take place. 1). The reaction in the emitter
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(n, v)e — (v, €)¢ — ee, in wWhich the electrons pass
through the insulation layer to the collector. 2). The
reaction of the y-rays generated in the emitter with the
insulator atoms (n, ). — (v, €)i — Aej.. 3). The reaction
(n, v)i — (v, €)ei — ejc Of the generation of y-rays during
the interaction of neutrons with the atoms of the
insulator, which in turn form the electrons in the process
of their photoproduction on the atoms of the insulator.
4). The process of (n,y); — (y, €)e — Aeg, in which
y-rays, generated in the isolator produce the electrons on
atoms of the emitter, which also flow to the detector
collector.

The main advantage of the Compton y-emission
DCD is its immediate response to rapid changes in the
neutron flux density in the core of a nuclear reactor,
making it preferable for the use in the automated control
systems, the control and safety of nuclear reactors [6].
Fig. 6 shows the change in signals of the Compton
y-emission detector (1) and the B-emission detector (2).
The immersion of the reactor power regulation rods
(RR), which absorb neutrons in the fuel assembly, to the
depth from 0 to 1.8 m does not cause the delay of the
Compton detector signal within the time of the
introduction and removal of the rod (At = 4.5 s). The
time of the signal change of the Compton detector
during the rapid change of the neutron flux density from
high to the low (and vice versa) is 0.2...0.3 s. The
inertia of the DCD was tested in the core of a nuclear
reactor RBMK-1000 with the constant thermal power
2900 MW [6].
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Fig. 5. The main processes of the electrons generation,
which form the signal of the Compton emission detector
of neutrons:

E — emitter; C — collector; | — insulator;

(n, p)e — (n, y)-reaction in emitter material;

(n, p)i — (n, y)-reaction in insulator material;

(7, €)e — (y, €)-reaction in emitter material;

(7, €); — (y, e)-reaction in insulator material

Such rapid response of the Compton y-emission
detector is related to the instant decay of and the y-ray
emission from the compound nucleus (lifetime
~10™s), which is formed as a result of the radiative
neutron capture (n, y) by the nucleus of the detector
emitter atom or the isolation atom, as well as the time of
the collision of y-rays with the electrons of these nuclei
in the process of the photoproduction (times for
transitions of the electrons from a bound state in the
atoms of the material to the continuum are ~10%s
[7,8]).

The electrons in a Compton y-emission detector are
formed in the sequence of two nuclear processes: the
formation of y-rays in the reactions of neutron capture
by atoms (n, y); and the formation of electrons by the
generated y-rays in the reactions of photoproduction
(v, e), which both occur with the probability of less than
one. In this regard, the total probability of the
production of the electrons, which is equal to the
product of the probabilities of the sequential processes,
is less than the probability of each process. Therefore,
the signal of the Compton y-emission detector is by
~5...6 times lower than that of the p™-emission DCD,
as calculated per one neutron (see Fig. 6). Therefore, the
materials of the emitter for the Compton y-emission
detector should have high enough cross-sections for the
radiative capture of neutrons ¢, and the values of the
resonance integrals I,. At the same time, the emitter
material must maintain its emissivity for quite a long
time (years). The multi-isotope material hafnium
practically meets the listed requirements.

In the developed Compton detectors [6, 9], which
are described above, a HfO, powder emitter was used.
These detectors were obtained mainly via the cable
technology.

3. COMPTON DETECTOR OF NEUTRONS
WITH THE EMITTER OF METALLIC Hf
The hafnium isotopes absorb thermal and resonance

neutrons in the radiative capture reaction (n, y). The
maximum absorption cross-section for thermal neutrons
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Fig. 6. Changes of the Compton and B-emissive
detector signals in the course of the immersion of a
RR from 0 to 1.8 and its subsequent return to the
initial position [6].

At = 4.5 5 is the calculated time of a RR movement,
1 —signal of the Compton detector;

2 — signal of the -emissive detector

has the '™Hf isotope, whose content in the natural
mixture of isotopes is 0.161%. The maximum resonance
integral has the '"’Hf isotope (18.56%). During the
irradiation of natural hafnium in the core of a nuclear
reactor, its “burnout” takes place, and the isotopes are
sequentially transformed one into another with
increasing of the mass number. Simultaneously, during
the irradiation by neutrons, the hafnium isotopes form
metastable states with different half-lives of Ty, which,
when turning into stable isotopes (isomeric transitions),
mainly emit y-rays. The exception is '®°Hf isotope,
which is transformed through the capture of neutrons to
the radioactive isotope ‘®'Hf with a half-life Ty,= 42.4
days, and its decay results in the formation of a stable
isotope of tantalum '*Ta with the emission of
p-particles and y-rays. The hafnium isotope "“Hf
during the neutron capture forms the radioactive isotope
YSHf (T, = 70 days), the radioactive decay of which
occurs with the capture of an electron from the orbit of
the atom with the emission of a y-quantum, which leads
to the formation of a stable isotope of lutetium *"Lu.
With the growth of its concentration in the irradiated
natural-composition hafnium, the isotope reacts with
neutrons to form a stable isotope of lutetium *"°Lu and
the metastable state "*"Lu (T,,= 3.68 hours), a
radioactive B’-decay of which leads to the formation of
stable isotope "®Hf. In turn, the'®Lu stable isotope
interacting with a neutron in the capture reaction (n, y)
forms a radioactive isotope of lutetium *Lu (Ty, =
1:776.71 days), whose B’-decay leads to the stable isotope
Hf.

Figs. 7 and 8 present the diagram of the successive
transformations of hafnium isotopes in the steady
neutron flux in the reactor core. The analysis of this
diagram shows that all isotopes of hafnium are
gradually and consistently turning into its heaviest
isotope '®°Hf. The rate of “*Hf transformation into the
radioactive isotope ®'Hf (. ~ 10° s™) is by 1-2 orders
of magnitude lower than the transformation rate of other
(lighter) Hf isotopes into the heavier ones.
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Fig. 7. The schematic of the consecutive transformations of hafnium isotopes under a steady stream of
neutrons of the active zone of the WWER-1000 nuclear reactor (see the continuation of the chain in

Fig. 8)
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Fig. 8. The continuation of the transformation chain of Fig. 7

During a prolonged irradiation of hafnium of the
natural  isotopic  composition, an  equilibrium

concentration of the * Hf isotope is formed. This

occurs as a result of the competition of the processes of
its generation in the nuclear reaction (n, y) and its

p~-decay into the stable isotope &, Ta (T, = 42.4 days).

73

The continuation of the transformations of hafnium
isotopes in the steady neutron flux leads to the
formation of the isotopes '®2 *®Ta in the isomeric state
(Ty = 115 days and Ty, = 5.1 days respectively), and
the stable isotopes of tungsten &% 183 184y (Fig. 9).

All these elements, as the hafnium isotopes, are also
the capture emitters of y-radiation [5].

The accumulation of W and Ta at a rate of 3% per
year changes the elemental composition of the natural
hafnium. This has little effect on the level of the
emission of y-quanta. Under the same conditions, the
presently used DCD with the '®Rh emitter burns out
with the rate of about 14% per year. In this process, it
loses its emissivity, which requires the continuous
calibration adjustments while working in the core
monitoring system.
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Fig. 9. The generation of atoms products of the
natural hafnium transmutation under the
irradiation by neutrons in the active zone of the
WWER-1000 reactor [5]

4. THE SELECTION OF THE INSULATOR
MATERIAL FOR THE COMPTON NEUTRON
DETECTOR

The insulator resistance has a significant importance for
the current generation process in the y-emission detector
[9, 10]. The reading of the y-emission detector with an
insulator made of magnesium oxide becomes unreliable
when its resistance drops to < 5-10° Ohm. The insulation
resistance in a healthy Compton y-emission detector, in the
case of close-to-nominal power of the nuclear reactor and
the temperature of ~ 650 °C, is > 10...10°0Ohm.

During the operation at high temperatures (up to 700 °C)
in the core of a nuclear reactor, all components of a DCD
are subjected to the irradiation by neutrons, y-quanta and
electrons, which leads to changes in their main electrical and
physical properties.

The radiation resistance of materials depends on their
chemical composition and the type of valence bonds
between the atoms.
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Fig. 10. The correlation of the density of the absorbed energy which leads to amorphicity (transition from
crystalline state to amorphous) of various substances, and the characteristic of their valent bonds [13, 14]

To determine the type and direction of the bonds
between the atoms, it is necessary to compare the values
of electronegativity [11, 12]. The most chemically
stable are the ionic structures, in which the atoms have a
large difference in the electronegativity values. The
atoms with a high value of the electronegativity attract
the electron pair stronger. In other words, during the
formation of the covalent bond between atoms of
different elements, the total electron cloud moves
toward the more electronegative atom. The portion of
the ionic bonding between atoms is determined by the
formula [13]:

i =1 - exp[-0,25(Xa - Xg)?],

where Xaand Xg are the electronegativities of the
atoms of the molecule. Fig. 10 shows the evaluation of
the radiation resistance of different materials taking into
account the dependence of their ionic bond fraction on
the specific absorbed radiation energy calculated per
single atom of the irradiated material. It can be seen that
the higher fraction of the ionic bond demands a

significantly higher energy density of the bombarding
particles to introduce the radiation damage.

The main materials for the DCD insulation are the
compounds MgO and Al,O; [3]. The values of the
electronegativity of oxygen, magnesium and aluminum
differ greatly: O — 3.5; Mg — 1.2; Al — 1.5 [14], and the
values of the share of the ionic bonding of these oxides
are great: MgO - 0.736; Al,O; — 0.632 (see Fig. 10).

It can be seen that HfO, should have an intermediate
ionicity value (dashed line in Fig. 10 at i~ 70%)
between those of the commonly used insulators, which
bares evidence in favor of its possible choice. Thus,
HfO,, alongside with the known oxides MgO and
Al,O3, can be used as the insulator material in a DCD.

CONCLUSIONS

This work represents the initial stage of the research
of a new Compton neutron detector with the emitter of
the metal hafnium intended for use as a DCD in the
energy yield control systems of NPP reactors.



The specifics of the signal formation in the
B-emissive and Compton detectors of neutrons have
been considered. The lag time of the rhodium detector
signal was calculated and the literature data analyzed,
and a conclusion was made that the use of the
B-emission detectors for the detection of the rapid
changes of the neutron flux density (for example, when
adjusting the energy yield profile) is not advisable.

The use of a new detector with the emitter of
metallic Hf and the insulator of HfO, was justified. Its
main advantages are the long time of the emitter
material burnout, and a high response speed in the
rapidly changing neutron fluxes.

The use of the proposed detector for monitoring the
energy Yyield profiles would simultaneously enhance the
reliability and the safety of operation of different types
of reactors (WWER, CANDU, and RBMK).
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KOMIITOHOBCKHI JETEKTOP HEﬁTPOHpB
JJI51 KOHTPOJISA QHEPTOBBIAEJIEHUSA B AKTUBHOMU 30HE BBOP

B.A. Hlunsees, A.JI. Ynviokun, A.B. Poioka, K.B. Kosmyn, B.E. Kymnuii, A.O. Ilyoos, K.B. Kymnuii

PaccMmoTpeHs! poIiecchl paiuaMoOHHOTO 3aXBaTa HEUTPOHOB ApaMH aTOMOB METAJUIMYECKUX POAUS U TadHUS.
Poauii ucnonw3yeTcst B KaueCTBE 3MUTTEPA B JETEKTOPAX HEMTPOHOB MPSAMOTO 3apsia, KOTOPbIE IPUMEHSIOTCS IS
KOHTPOJISI HEPTOBBIACIICHNAS B aKTHBHOM 30HE AnepHBIX peakTopoB ADC. IlpeanoxkeH HOBBIM KOMIITOHOBCKHH
JIETEKTOp MPSAMOTO 3apsAna ¢ AMHTTepoM m3 Metammdeckoro Hf. Paccmorpensr ocobeHHOCTH (QOpMHPOBaHUS
CHTHAJIOB f-DMHCCHOHHBIX M KOMIITOHOBCKHX JETEKTOPOB HEHTPOHOB. PaccunrtaHo BpeMs 3ama3jiblBaHUs CHUTHala
POAMEBOTO AETEKTOpa, TAKKe MPOBEICH aHAIM3 JIMTEPAaTYPHBIX JAHHBIX M CIEJaH BHIBOJ O HEIENeco00pa3HOCTH
WCIIONIb30BaHMS [-DMUCCHOHHOTO JAETEKTOpa B YCJIOBHSX OBICTPBIX M3MEHEHHMH IUIOTHOCTH IIOTOKa HEHTPOHOB.
OCHOBHBIMH TIPEHMYIIECTBAMH Ta(HUEBOTO 3MUTTEpA SIBISIOTCS. OOJBLIOE BpEMs «BBHICOpPAHUS» Marepuala
SMUTTEPA U MIHOBEHHAs pPeaklusl IETEKTOpa Ha W3MEHEHUE IUIOTHOCTH IMOTOKAa HEHTPOHOB B aKTUBHOU 30HE
peaxTopa. CrneoBaTeNbHO, HCIOIb30BaHUE AETEKTOPOB C TAKMMHU 3MUTTEPAMH MO3BOIUT OJHOBPEMEHHO YCHUIMTh
HAJIe)KHOCTH U 0€30IIaCHOCTh IKCIUTyaTallui COBPEMEHHBIX U pa3padaThIBaeMbIX PeaKTOPOB.


https://www.oecd-nea.org/science/rsd/ic96/4-2.pdf

KOMIITOHIBCHKHU JIETEKTOP HEI‘/‘ITPOI:‘IIB
JJI1 KOHTPOJIIO EHEPT'OBUAIJIEHHS B AKTUBHIN 30HI BBEP

b.A. Hlunsee, O.JI. Ynuokin, O.B. Puoka, K.B. Koemyn, B.€. Kymuiii, O.0. Ilyoos, K.B. Kymuii

Po3risHyTi mpouecu paiialiiiHOro 3aXoIIeHHsI HEWTPOHIB siApaMy aTOMIB MeTaliB poJito 1 raduiro. Poniit
BUKOPHCTOBYETBCS B SIKOCTI e€MiTepa B IETEKTOpax HEWUTPOHIB MPSMOTO 3apsily, SIKIi 3aCTOCOBYIOTHCS VIS
KOHTPOJIIO CHEPrOBUIUICHHS B akKTHBHIH 30HI sjepHux peakTopiB AEC. 3anpornoHOBaHO HOBHI
KOMIITOHIBCBKHH JIETEKTOpP IpsIMOro 3apsay 3 emirepom i3 meraneBoro Hf. Posrmsnyro ocoGmuBocTi
(opMyBaHHS CHUTHANIB B-eMiCIfHHX i KOMIITOHIBCBKHX JETEKTOPiB HEHTPOHiB. Po3paxoBaHo yac 3ami3HIOBaHHSI
CHUTHAJIy POJI€BOTO NETEKTOpPa, TAKOX IPOBEACHO aHANI3 JITEPaTypHUX MAaHWUX 1 3po0JIEHO BHCHOBOK IIPO
HEJIOIIFHICTh BUKOPUCTAHHS B-eMiCifHOTO JeTeKTopa B yMOBaX IIBHAKHX 3MiH IIUIBHOCTI IIOTOKY HEHTPOHIB.
OcHOBHIMH TiepeBaraMu Ta(HIEBOTO eMiTepa € BENHKHHA 4Yac «BUTOPAHHS» Marepially emiTepa 1 MHTTEBa
peaxiis JeTekTopa Ha 3MiHY HIUIBHOCTI IMOTOKY HEHTPOHIB B aKTHBHIHM 30HI peakropa. OTke, BUKOPUCTAHHS
JETEKTOPIB 3 TAKUMH €MiTepaMH JTO3BOJIUTH OJHOYACHO TOCHIINTH HAJIHHICTG 1 Oe3MeKy eKcIuTyaTamii CydacHuX
1 po3pO0IIIOBaHUX PEAKTOPIB.



