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Abstract: This study investigates neutron-induced (n,a) nuclear reaction channels in ZnO nanoparticles
with emphasis on the stable isotopes of zinc and their transmutation products. Natural zinc consists
primarily of Zzn, %zn, ¢7Zn, and %Zn, which can undergo neutron-induced alpha-emission reactions to
form different nickel isotopes. The analyzed reaction channels include %4Zn(n,a)®Ni, %Zn(n,o)®%Ni,
67Zn(n,a)®Ni, and Zn(n,a)®*Ni. The cross-section data demonstrate that each isotope has a distinct
neutron-energy-dependent behavior, indicating that the transmutation yield is governed by both isotopic
abundance and neutron energy spectrum. In ZnO nanoparticles, these reactions may contribute to local Ni
formation, alpha-particle-induced damage, recoil effects, oxygen-related defects, and lattice distortion.
Therefore, neutron-induced (n,a) reactions should be considered an important mechanism for isotope-
dependent transmutation, radiation damage accumulation, and possible nuclear-assisted modification of
ZnO nanomaterials.
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1. Introduction

Zinc-based oxide nanoparticles are important functional materials because their structural,
optical, electrical, and surface properties are strongly influenced by intrinsic defects, impurity
centers, and external irradiation conditions [1-5]. Among these materials, ZnO nanoparticles are
of interest due to their nanoscale morphology, high surface-to-volume ratio, and sensitivity to
radiation-induced modification [6-8]. When such nanoparticles are exposed to neutron fields, their
properties may change not only through conventional displacement damage, but also through
nuclear reactions involving the stable isotopes of zinc. Natural zinc consists of several stable
isotopes, mainly 4zn, %6zn, 87zn, and %8zn. Under neutron irradiation, these isotopes can undergo
alpha-emission nuclear reactions. As a result, zinc nuclei are converted into nickel isotopes, while
energetic alpha particles and recoil nuclei are produced. The main reaction channels considered in
this study are %4Zn(n,a)%'Ni, *6Zn(n,a)**Ni, 8’Zn(n,0)®*Ni, and %8Zn(n,a)%*Ni. These reactions are
important because they may cause isotope-dependent transmutation, formation of Ni-related
impurity centers, and local radiation damage in the nanoparticle structure.

The probability of each (n,a) reaction is determined by its neutron-energy-dependent cross
section. Therefore, the final transmutation yield in ZnO nanoparticles depends on both the natural
abundance of each Zn isotope and the neutron energy spectrum. For example, 54Zn is the most
abundant stable zinc isotope and can be an important source of stable ®'Ni formation, while ®Zn
is significant from the activation viewpoint because it produces long-lived radioactive %Ni. In
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contrast, the ®8Zn(n,a)®®Ni reaction becomes more relevant under fast-neutron irradiation
conditions.

In nanoparticles, the consequences of these nuclear reactions can be different from those
in bulk materials [9-14]. The emitted alpha particles and recoil nickel nuclei can contribute to the
formation of localized defects, oxygen-related vacancies, lattice distortion, and near-surface
disorder. At the same time, transmutation-produced nickel atoms may modify the local electronic
structure and chemical environment of ZnO. Thus, neutron-induced (n,a) reactions provide a
possible pathway for nuclear-assisted modification and defect engineering of ZnO nanoparticles
[15-21]. The aim of this article is to analyze the neutron-induced (n,a) reaction channels of stable
zinc isotopes in ZnO nanoparticles using the available cross-section data. Special attention is given
to the isotope-specific behavior of 84Zn, %6zn, ¢7zn, and %8zn, their corresponding nickel products,
and the possible role of these reactions in radiation-induced structural and compositional changes.

2. Radiation effects in ZnO nanoparticles and cross-section behavior of stable Zn
isotopes

The (n,a) reaction in ZnO nanoparticles may influence the material through several
mechanisms. First, the emitted alpha particle deposits energy locally, producing ionization and
displacement damage. Second, the residual Ni nucleus receives recoil energy and may become
incorporated into the ZnO lattice in a substitutional or interstitial configuration. Third, the local
chemical environment around the transmutation site changes because a Zn atom is converted into
a Ni atom. This process can generate Ni-related defect complexes, oxygen vacancy centers, and
local lattice distortion. In nanoparticles, these effects may be enhanced because the particle size is
comparable to the range of some secondary particles and recoil events. As a result, part of the
alpha-particle energy may be deposited inside the nanoparticle, while another part may escape to
the surrounding medium. This can create a non-uniform defect distribution between the
nanoparticle core and surface region.

Because %4Zn is the most abundant stable isotope, the %Zn(n,o)® Ni reaction is expected to
be one of the most important stable-Ni-producing channels in natural ZnO. The ®Zn isotope is
also abundant, but its product, ®Ni, is radiologically important because it is a long-lived
beta-emitting isotope. Although ©’Zn has low natural abundance, its cross-section behavior may
still be important under specific neutron-energy conditions. The %Zn channel becomes
increasingly relevant in the fast-neutron region. Their contribution to neutron-induced
transmutation depends on both natural abundance and neutron-energy-dependent reaction cross
section.

3. Results and discussion

Figure 1 shows the neutron-induced %4Zn(n,a)®Ni reaction cross section as a function of
incident neutron energy. This reaction is one of the most important (n,o) channels in natural ZnO
nanoparticles because ®Zn is the dominant stable isotope of zinc, with an abundance of about
49%. As shown in Fig. 1, the cross section strongly depends on neutron energy. At low neutron
energies, the cross section is relatively higher and gradually decreases with increasing energy. In
the intermediate energy region, the reaction probability becomes very small. At higher energies,
resonance-like fluctuations and step-shaped changes appear, indicating the influence of
compound-nucleus processes and nuclear-level structure. For ZnO nanoparticles, this reaction has
two main effects. First, it produces stable nickel atoms inside the nanoparticle matrix through
nuclear transmutation. These Ni atoms act as impurity centers and modify the local electronic
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structure and defect distribution. Second, the emitted alpha particle and recoil ®*Ni nucleus can
generate localized radiation damage, including atomic displacements and oxygen-related defects.
Therefore, the 84Zn(n,a)®*Ni reaction can contribute to both compositional modification and defect
formation in neutron-irradiated ZnO nanoparticles.
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Fig. 1. Neutron-induced %Zn(n,a)**Ni reaction cross section as a function of incident neutron energy in
ZnO nanoparticles.

Figure 2 presents the neutron-induced ®Zn(n,a)%*Ni reaction cross section as a function of
incident neutron energy. This reaction is important for ZnO nanoparticles because Zn is the
second most abundant stable isotope of natural zinc, with an abundance of about 27.7%. As shown
in Fig. 2, the cross section of the ®Zn(n,a)®Ni reaction remains very low over most of the
investigated neutron-energy range. A gradual decrease is observed from the low-energy region
toward intermediate energies, followed by a small increase at higher energies. Compared with the
®47Zn(n,0)®!Ni channel, the reaction probability for ®Zn is considerably weaker. The main
significance of this reaction is related to the formation of 5Ni. Unlike ®*Ni, ®3Ni is a radioactive
isotope with a long half-life. Therefore, even a low reaction cross section can be important under
high neutron fluence or long irradiation period. In neutron-irradiated ZnO nanoparticles, this
channel may contribute to low-level activation and the formation of Ni-related defect centers. The
emitted alpha particle and recoil ®3Ni nucleus can also generate localized displacement damage,
oxygen-related defects, and lattice distortion. Thus, the ®Zn(n,a)**Ni reaction should be
considered mainly from the viewpoint of activation, transmutation-induced impurity formation,
and radiation damage accumulation in ZnO nanoparticles.
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Fig. 2. Neutron-induced ®Zn(n,a)*Ni reaction cross section as a function of incident neutron energy in
ZnO nanoparticles.

Figure 3 shows the neutron-induced ’Zn(n,a)®Ni reaction cross section as a function of
incident neutron energy. This reaction converts the stable zinc isotope 6'Zn into stable %Ni isotope.
Although ®7Zn has a relatively low natural abundance of about 4%, this channel is still important
because the produced ®*Ni is a stable nickel isotope.
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Fig. 3. Neutron-induced °'Zn(n,a)**Ni reaction cross section as a function of incident neutron energy in
ZnO nanoparticles.

48



As seen in Fig. 3, the cross section decreases from the low-energy region toward
intermediate neutron energies, where the reaction probability becomes very small. At higher
neutron energies, distinct resonance-like fluctuations and sharp changes are observed. These
features indicate that the reaction show strong dependence on neutron energy and compound-
nucleus excitation processes. In ZnO nanoparticles, the 6’Zn(n,a)%*Ni reaction may contribute to
local nickel formation and radiation-induced defect generation. The emitted alpha particle and
recoil ®*Ni nucleus may produce localized displacement damage, oxygen-related defects, and
lattice distortion. Therefore, even with the low abundance of 6’Zn, this reaction can play a role in
neutron-induced compositional and structural modification of ZnO nanoparticles, especially under
neutron spectra containing suitable fast or resonance-energy components.

Figure 4 shows the neutron-induced %Zn(n,a)®°Ni reaction cross section as a function of
incident neutron energy. This reaction converts the stable zinc isotope ®Zn into radioactive ®Ni
isotope. The %8Zn isotope has a relatively high natural abundance of about 18.5%, so this reaction
can contribute noticeably to neutron-induced transmutation in natural ZnO nanoparticles.
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Fig. 4. Neutron-induced ®Zn(n,a)®°Ni reaction cross section as a function of incident neutron energy in
ZnO nanoparticles.

As seen in Fig. 4, the cross section is very low at lower neutron energies, but it increases
strongly in the MeV energy region. This indicates that the ®8Zn(n,a)%*Ni reaction is primarily
driven by fast neutrons rather than thermal or low-energy neutrons. For ZnO nanoparticles, this
channel is important because it produces ®*Ni atoms together with energetic alpha particles. The
recoil ®Ni nucleus and emitted alpha particle can induce localized lattice disorder, oxygen-related
defects, and near-surface damage. Since ®°Ni is radioactive but short-lived, this reaction may also
contribute to temporary post-irradiation activation. Therefore, under fast-neutron irradiation, the
%87n(n,0)®°Ni reaction can play an important role in both transmutation-induced Ni formation and
defect accumulation in ZnO nanoparticles.

49



4. Conclusion

The neutron-induced (n,a) reactions of stable zinc isotopes represent an important nuclear
transmutation pathway in ZnO nanoparticles. The evaluated cross-section data show that each zinc
isotope has a different neutron-energy-dependent behavior, indicating that the final transmutation
yield is governed not only by isotopic abundance but also by the neutron energy spectrum. The
®47n(n,a)%!Ni reaction is particularly significant because ®4Zn is the dominant stable isotope of
natural zinc and produces stable ®*Ni. The ®Zn(n,a)®®Ni reaction has a lower reaction probability
but is significant from an activation point of view because it forms radioactive ®*Ni. The
®77Zn(n,a)®*Ni channel contributes to stable nickel formation, while the ®8Zn(n,a)%Ni reaction
becomes more relevant in the fast-neutron energy region. In ZnO nanoparticles, these reactions
may lead to simultaneous compositional and structural modification. The formation of Ni isotopes
inside the nanoparticle matrix may introduce impurity-related centers, while the emitted alpha
particles and recoil nuclei can generate localized radiation damage, lattice distortion, and oxygen-
related defects. Therefore, ZnO nanoparticles exposed to neutron irradiation may undergo isotope-
dependent nuclear modification, defect accumulation, and transmutation-induced changes in their
physicochemical properties. Overall, the Zn(n,a) reaction channels should be considered as an
important mechanism for understanding radiation effects, activation behavior, and possible
nuclear-assisted functionalization of ZnO-based nanomaterials.
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N30TOMHO-3ABUCHUMBIE KAHAJIBI PEAKIIUH Zn(n,a) B HEUTPOHHO-
OBJIYYEHHbBIX HAHOYACTHIAX ZnO

HN.B. U33aToBa

PesloMe: B JaHHOM WCCIENIOBAHMM PACCMATPMBAIOTCS KaHAIbl SJAEPHBIX peakuui Tuma (n,o),
VH/ILIIMPOBAHHbLIX HEWTPOHaMM B HaHodacTHIax ZnO,, ¢ aKIEHTOM Ha CTaOWILHBIE W30TOIbI IIMHKA
IPOAYKTHI MX TPAHCMYTAIUH. [[pMPOIHBIN IIMHK COCTOUT MPEUMYLIECTBEHHO M3 U30TONOB %4ZN, %Zn, ¢7Zn
u %8Zn, KoTopble MOryT BCTymaTh B pPeakiMH MCIYCKaHWsS 0-4acTHI] IO JEHCTBHEM HEWTPOHOB C
00pa3oBaHUEM pa3MYHBIX HM30TONOB HUKENA. [IpoaHAIM3MPOBAHBI CIEAYIOIME KAHAIBI PEAKIIHIA:
847Zn(n,a)®!Ni, *®Zn(n,a)®*Ni, Zn(n,a)%Ni u %Zn(n,0)®*Ni. JlanHbIe M0 CeYeHNIM peakimii MOKa3BIBAKOT,
4TO K&KIbIH H30TOI XapaKTEpU3YeTCss COOCTBEHHOW 3aBMCUMOCTBIO OT JHEPTMU HEUTPOHOB, YTO
CBHUJIETENBCTBYET O TOM, YTO BBIXOJ[ IPOIYKTOB TPAHCMYTAI[MHU ONPEIEISIETCS KAK U30TOIHBIM COCTABOM,
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TaK W DHEPreTHYSCKUM CIIEKTPOM HEWTpoHOB. B HaHouacTumax ZnO JaHHBIE pPEAKIMH MOTYT
CIOCOOCTBOBATh JIOKAILHOMY OOPa30BaHHUIO HUKENS, BOZHUKHOBEHHWIO PaJUAIlMOHHBIX MOBPEKIICHH,
00yCITOBIIEHHBIX O-9aCTUIAMH, TOABIEHHUIO 3((})EeKTOB oTAa4du, (HOPMHUPOBAHUIO KHCIOPOICOAEPIKAIIIIX
JNe()EeKTOB U HMCKKCHUIO KPUCTALTUYECKON pemérku. Takum o0pa3oMm, HEHTPOHHO-WHIYLIMPOBAHHBIC
peakiuu THmna (1,0) CieayeT pacCMaTPUBaTh Kak BaYKHBIM MEXaHU3M U30TOIMHO-3aBUCHMOM TPAaHCMYTAIHH,
HAKOIUICHUS PAJUAIMOHHBIX TIOBPEXICHHUH W BO3MOXKHOW SIIEPHO-CTUMYJIHPOBAHHON MOJTUPUKAIINU
HaHoMaTepuanos ZnO.

Knruesnie cnosa: nanovactuisl ZnO, akTHBANUS [IMHKA, peakiuy Zn(n,o)Ni, paarnoHyKIAIbl HUKEIS.

NEYTRONLA SUALANMIS ZnO NANOZORROCIKLORINDO iZOTOPDAN ASILI
Zn(n,a) REAKSIYASI KANALLARI

i.V. izzatova

Xiilasa: Bu todgiqat sinkin stabil izotoplarina vo onlarin transmutasiya mohsullarma xiisusi digqot
yetirmoklo ZnO, nanozarraciklorinds neytronla induksiya olunan (n,o) niive reaksiya kanallarimni aragdirir.
Tobii sink osason %4Zn, ®Zn, 7Zn vo %Zn izotoplarindan ibarotdir vo bu izotoplar neytronla induksiya
olunan alfa-emissiya reaksiyalarina moruz qalaraq miixtalif nikel izotoplarin1 amalo gatira bilar. Tohlil
edilon reaksiya kanallarina %4Zn(n,o)®*Ni, %Zn(n,o)%Ni, 8’Zn(n,a)%Ni vo ®8Zn(n,a)®**Ni daxildir. Kasison
saho malumatlar1 gostarir Ki, hor bir izotop neytron enerjisindon asili olaraq forqli davranig niimayis etdirir,
bu da transmutasiya ¢iximinin ham izotoplarin ¢oxlugu, hom do neytron enerji spektri torofindon idaro
olundugunu gostorir. ZnO nanozarraciklorinds bu reaksiyalar yerli Ni yaranmasina, alfa-hissaciklorin
yaratdig1 zorora, gerigokilma (recoil) effektlorino, oksigenlo olagoli defektlora vo kristal gafasin
deformasiyasina sobab ola bilor. Buna goro, neytronla induksiya olunan (n,a) reaksiyalari izotopdan asili
transmutasiya, siialanma zorarlorinin toplanmast vo ZnO nanomateriallarinin miimkiin niivo-vasitali
modifikasiyasi {i¢iin mithiim mexanizm kimi nazare alinmalidir.

Agar sozlar: ZnO nanozarraciklori, sinkin aktivliosmasi, Zn(n,o)Ni reaksiyalar1, Ni radionuklidlori.
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