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ABSTRACT
Weak interactions transforming protons to neutrons
or vice versa were considered in terms of developed
polaronic exciton concept and chemical physics.
The suggested model describes events of neutron
β-decay and the spectrum and explains why free
neutron is the most long-lived among the other
meta-stable particles. Gas-phase water as the
environment for the β-decay reaction mimicking
that in Earth atmosphere implies that neutron β-decay
occurs under mediation of hydrogen-bonded water
molecules since neutron hydration is impossible
to avoid because water forms clusters even at
high vacuum. Proton sharing frequency of
3.45238 ± 0.01016 THz found earlier in the
hydrogen-bonded molecules of water clusters
generates the charge oscillations. The oscillation
or microwave photon absorption produces energy
gap between 2S1/2 and 2P1/2 electron levels in the
hydrated neutron generating a meta-stable state.
An estimate of the energy gap and the consideration
of neutron β-decay events allowed to calculate
neutron lifetime that is found to be 882.118 s. The
latter is in a good agreement with averaged neutron
lifetime of 881.5 ± 1.5 s. The energy gap estimation
allowed to conclude that the spectrum of cosmic
microwave background radiation corresponding to
that of blackbody radiation originates under neutron
creation from strongly coupled opposite charges
located on the oxygen atom of hydrogen-bonded
water molecule. Distribution of kinetic energy of
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the electrons glued with antineutrino emitted under
neutron β-decay is found consistent with the
measured β-decay spectrum.
KEYWORDS: neutron β-decay, neutron lifetime,
β-decay spectrum, polaronic exciton, cosmic
microwave background.
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1. Introduction
Free neutron is the most long-lived among the metastable particles; it has a lifetime ca. 14-15 min, at the
same time neutron β-decay and the simplest nuclear
reactions play an important role in cosmology [1, 2].
Weak interactions, which are the subject of
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nuclear physics, transform protons to neutrons and
if the transformation occurs in gas-phase water,
then the interactions are the subject of chemical
physics too. Neutrino and antineutrino, the elementary
particles with half-integer spin, which have no electric
charge and pass through usual matter unimpeded
and undetected, are usually involved in the reactions
with participation of neutron. Experimental mean
lifetime of neutron is 885.7 s [3], although the later
average value is 881.5 s [4], while a measurement
with a gravitational trap for ultra cold neutrons
gave 878.5 s [5]. The reaction of neutron β-decay,
which takes place in the Earth atmosphere [1], in
fact occurs in gas-phase water environment that
implies the presence of hydrated neutrons. Neutron
hydration is impossible to avoid because its lifetime
is long [2-4]. Thus, neutron lifetime and the βdecay reaction are of interest to many researchers
because both have important implications in particle
physics and cosmology.
According to the Standard Model of particle physics,
neutron β-decay reaction occurs via the so-called
virtual W– boson, which possesses a high energy
and therefore a large mass [2]. In electrodynamics
particle mass is considered as the coefficient of
proportionality between the velocity and the particle
momentum that can be the sum of mechanic and
electromagnetic momenta [6]. Theoretical evaluation
of neutron lifetime gives 951 s [2] and that estimation
did not consider the meta-stable state of virtual
W– boson. In contrast to the virtual particle, a natural
boson is generated in super-cooled water [7, 8] or
in amorphous glass materials with hydrogen-bonded
molecules [9, 10]. Behavior of such boson is
described in terms of polaronic exciton concept [11,
12] and spin correlation effect [13] that is valid
for the opposite charges too and plays a key role.
Therefore, hydrogen bonding between molecules
in gas phase containing the hydrated neutrons,
which is a cause of charge oscillations, affects the
processes involving neutron participation. This paper
reports further results in the development of polaronic
exciton theory applied for an estimate of microwave
radiation energy, evaluation of neutron lifetime
through consideration of meta-stable state, and
behavior of real boson generated between hydrogenbonded molecules that will reveal the important
role of water in the Universe evolution.
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2. Theory
Polaronic exciton-coupled model was suggested
for the description of vacuum ultraviolet spectrum
of gas-phase water under incident photon interaction
with water resulting in polaronic exciton generation
[14], where the absorption spectrum in the energy
range 8.5-10 eV is interpreted in terms of polaronic
exciton rotation coupled with proton sharing. In
the excited state polaronic exciton has kinetic
energy that equals excitation energy when a photon
is absorbed. Therefore, polaronic exciton kinetic
energy can be defined via momentum pex =ћk as
depicted in Scheme 1b depending on the interaction θ
angle [14]. Then polaronic exciton radii, which
are defined as the average distance between hole and
electron, are proved dependent on the interaction
angle and therefore angular momentum quantum
number is defined by number of electrons in the
external electronic shell. Thus, polaronic exciton
kinetic energy (Ek) can be written via the momentum
of polaronic exciton [15].
Ek = pex2 /(2Mef)

(1)

or
Ek = 2ћ2 (2π/rex)2 /Mef

(1a),

where Mef is polaronic exciton effective mass,
Mef = mhef+ meef (Mef =10.5me), pex = 2π(ћ/λ) or
pex = ћk, k=2π/rex, where k is the wavenumber.
The masses of hole (mhef ) and electronic polarons
(meef ) in condensed matter are mhef = 10me and
meef = 0.5me (or mhef = 9.51me for more accurate
calculation) [16, 17], me = 9.1093819×10–31 kg.
As known, relation similar with Eq. (1) is given
for exciton in quantum well that is called the
confinement energy, which is increased by the
amount ΔE= ћ2 k2 /(2Mef) relative to the unconfined
state. However, in the case of polaronic exciton,
the strong coupling between the opposite charges
allows to consider the wavenumber as a combination
of four harmonic oscillators resulting in harmonic
mean of polaronic exciton radius (rex) [15].
Therefore, kinetic energy depending on the rex
value according to Eq. (1a) (or excitation energy),
which includes energies of polaronic exciton
generation and proton sharing (Ek,sh or Eν,sh), defines
which proton is shared when an electron absorbs a
photon [11] as displayed in Scheme 1, inset. Thus,
two possible modes of proton sharing can happen
in water depending on the excitation energy.
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Scheme 1. Illustration of the incident photon interaction with water: a) resulting in polaronic exciton
generation under a photon absorption that leads to vibrational mode of proton sharing with Eν,sh = 0.81422
eV; and b) producing electron coupling with proton that is accompanied by the electron orbit rotation after
the photon absorption (with momentum pex and θ angle) or the photon scattering on the electron, where φ
and hν' are the scattering angle and the outgoing photon, respectively. Inset shows two modes of proton
sharing in the local structures, which require different energies Ek,sh and Eν,sh.

When proton of the excited molecule is borrowed
for proton sharing, the energy (Eν,sh) required for this
(vibrational) mode calculated at elastic approximation
with the coefficient ke = meef ωa2 is 0.81422 eV
[15]. But when proton of the neighboring
hydrogen-bonded H2O molecule is borrowed for
proton sharing as depicted in Scheme 1, inset (to
the left), the required energy (Ek,sh) is 2.55795 eV
for the kinetic mode of proton sharing [18],
Ek,sh /Eν,sh = π exactly [15, 18]. Polaronic exciton
can be stabilized in the ground state that is defined
by the bound state energy (Eex,b), for gas-phase
water Eex,b = – 2.052 eV [14, 18]. Physical model
used for the description of inelastic interaction
under the photon absorption as displayed in
Scheme 1b is similar to the model of Compton
scattering on electron. The similarity of the models
allows to describe the interactions through θ angle,
the angle between the incident photon direction and
the electron momentum (see Scheme 1b) that is
considered in details in Ref. [14]. Thus, the coefficient
(β) that is proportional to Compton wavelength
assumes the meaning of the spin-orbit coupling;

so √β for electron and proton both forming the
quasiparticle gives (√β)2, β = 1.19100654 [14, 19].
In the case of the incident x-ray photon interaction
with water, the spin-orbit coupling parameter
β= 1.19100654 involves six 2p-electrons of the
oxygen atom and only one external electron of the
hydrogen-bonded molecule; therefore this parameter
is almost independent of the quaternary molecule
coordination. Angular momentum of the electron
operating like electronic polaron with the mass
meef is meef υ r = ћ[l(l+1)]1/2 that can be rewritten as
follows taking into account a proportionality [19].
2π meef ω rex2 = ћ [l (l +1)]1/2

(2),

where ω is the angular frequency and l is the angular
momentum quantum number, l is an integer in the
range 7 ≥ l ≥ –7. The form of Eq. (2) is constrained
by the proportionality between [l (l +1)]1/2 /2π =
1.19100654 obtained with the quantum number
l = 7 and spin-orbit coupling β =1.19100654 defined
as β =1/[2π(cos θm – cos θm–1)], where Δcos θm = cos
θm – cos θm–1 = 0.13363062 (see details elsewhere
[12, 19]). The angular frequency (ω) for electron
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operating like electronic polaron is given by Eq. (3)
[19].
ω = ωa,el + Δω = ωa,el + [2ΔEk/(meef rex2)]1/2

(3),

where ΔEk is the difference of kinetic energy
calculated with the decrease of rex by λC /2π step
[18, 19] and ωa,el is the angular frequency obtained
under elastic interaction with the incident photon,
ωa,el = 1.13105×1016 s–1 [15]. Eqs. (2) and (3) represent
the system, the solving of which allows to estimate
both rex and ω [19] (see Appendix A1). A peculiarity
of the frequency behavior is that the angular
frequency of the electron unrestrictedly increases
with the decrease of the polaronic exciton radius and
this is a prerequisite for deuteron [19] and therefore
for neutron creation.
We should consider important characteristics such
as s–p-splitting between 2S1/2 and 2P1/2 electron
levels in polaronic exciton again because it has
direct relation to microwave radiation called cosmic
microwave background [20, 21]. Earlier a diagram
[19] for the illustration of levels of electron coupled
with hole polaron as compared to the energy levels
of hydrogen in the ground state was depicted
according to Feynman’s explanation of 21 cm
wavelength [22]. However, spin-spin interaction
under strong coupling between the opposite charges
exhibits similar behavior as that of nuclear forces.
That is to say, the opposite charges with antiparallel
spins tend to avoid one another at a short distance
that is compared with Bohr radius. While at
resonance conditions under strong coupling in the
hydrogen-bonded molecules, energy levels of the
opposite charges are governed by golden section
(Rgold = {1+√5)}/2) according to experimental
results [11]. Then, we can connect the energy gap
that arises in hydrogen atom in the ground state
and the s–p-splitting between 2S1/2 and 2P1/2
electron levels in hydrogen atom known as Lamb
shift [23]. The simplest explanation of Lamb shift
consists in that the effect originates because the
electron and proton with antiparallel spins tend to
avoid one another like two electrons with the
parallel spins [12]. Therefore, similar nature of the
spin-spin interactions allows to connect both in a
relation, namely the frequencies for the ground
state ƒH = 1420405751.8 ± 0.028 Hz [22] and for
the hydrogen in the excited state (Lamb shift)
ƒL =1057.864 MHz [23]. On one hand, the
opposite charges with antiparallel spins in the

ground state should tend to avoid one another
increasing the energy gap proportionally to the
golden section that governs energy levels under
the strong coupling. While in the excited state, the
distance between the opposite charges is larger;
therefore, the repulsive spin correlation effect
should be diminished. Hence, taking into account
spin-orbit coupling parameter (√β) for the coupling
of proton and the electron in the excited state to
each other (√β)2, we can write the following relations,
where the spin-orbit coupling (β) for the ground
state with the frequency (ƒgH) should be excluded
with the factor β–1.
ƒgH = Rgold ƒL /β

(4),

or
ƒL = βƒgH /Rgold

(4a)

With β = 1.19100654 and experimental ƒH =
1420405751.8 the calculated ƒL = 1045.53585
MHz. The latter is an agreement with theoretical
frequency of 1052.1 MHz obtained by Bethe,
Kroll & Lamb, French & Weisskopf [24]; the
deviation from 1052.1 MHz is 0.6%. The ratio
(Rgold/β) means the repulsive effect between the
antiparallel spins of the opposite charges in hydrogen
ground state relative to that when its electron is in
the excited state.
Thus, the energy gap (ΔEsp) between 2S1/2 and
2P1/2-electron levels under proton moving in the
hydrogen-bonded water molecules as depicted in
Scheme 2 accompanied by proton spin turnover,
which is estimated using Eqs. (4) and (5), is
somewhat changed in comparison with the previous
value of 1.41149 cm–1 theoretically derived earlier
[12, 25]. Under hydrogen bonding, which leads to
an increase of the confined energy, the energy gap
is proportional to the energy gap of the generated
polaronic exciton (ΔEpln) with the coefficient Rgold
under three-dimension walk of the electron
(β3/2) coupled with the proton [12].
ΔEsp = Rgold ΔEpln = ΔEL (√β)3 Rgold (mhef /meef)

(5)

With ƒL = 1045.53585 MHz (energy gap ΔEL =
0.03487532 cm–1) the calculated ΔEpln = 0.8621840
cm–1 and ΔEsp =1.395043 cm–1.
Thus, s–p-splitting between 2S1/2 and 2P1/2 electron
levels of polaronic exciton in hydrogen-bonded
molecules (ΔEsp) under the excitation originates like
in hydrogen atom. Therefore, an energy gap (ΔEmwr)
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Scheme 2. Illustration of proton moving accompanied by the nucleus spin turnover exhibiting boson
behavior [12] that results in the energy gap ΔEsp between 2S1/2 and 2P1/2-electron levels (on the right) (ћω–
ћω')/2π = ΔEsp and short-living polaronic exciton (in the upper water dimer). Inset shows a bend of H-bond
under libration of hydrogen-bonded molecules with proton/hydrogen deflection on γ angle from the
straight hydrogen bond that diminishes the orbit overlapping under the spin-orbit coupling.

in the quasiparticle composed by hole polaron
strongly coupled with the electron with antiparallel
spins in the ground state should be proportional to
the s–p-splitting in an excited state (ΔEsp) with the
same coefficient (Rgold/β). The ground state of the
quasiparticle emits a microwave photon when the
energy gap ΔEmwr disappears under neutron creation
(see below). Thus, the following relation defines
this energy gap.
ΔEmwr = (Rgold/β)ΔEsp

(6)
–1

With ΔEsp = 1.395043 cm the calculated ΔEmwr =
1.8952263 cm–1 that corresponds to the temperature
2.726805 K. The spectrum of the microwave radiation
with a maximum at 158.6 GHz calculated using
Planck law has been reproduced with the obtained
T=2.726805 K (see Appendix A2). The spectrum
is found in good agreement with COBE FIRAS
Data [26]. Thus, the spectrum of cosmic microwave
background radiation corresponding to that of the
blackbody radiation originates from strongly coupled
electron and proton located on the oxygen atom of
hydrogen-bonded water molecule under neutron
creation. Nowadays the temperature of cosmic
microwave background (CMB) is 2.725-2.726 K,
which is well consistent with the result of COBE
FIRAS [21]; therefore the obtained T=2.726805 K
is in good agreement with the latter.

In the hydrogen-bonded water molecules proton
can operate like boson [12], which absorbs in the
infrared region of spectra [7-8, 27-28]. Description
of the real boson behavior allows to estimate
proton-sharing frequency in tetrahedron, i.e.
tetrahedral hydrogen bonding oscillations that is
3.45238 ± 0.01016 THz averaged with earlier
obtained values of 3.448024, 3.4574081, 3.4582796,
and 3.4458 THz [12, 29]. The model suggested
below implies that only antineutrino, which has
the positive spin projection on its momentum (positive
helicity), can glue the coupled electron and proton
with parallel spins in polaronic exciton or hydrated
neutron, since in this case antineutrino has the positive
spin projection on the electron momentum too.
3. Results and discussion
3.1. Polaronic exciton generation in hydrogenbonded molecules of gas-phase water
Fig. 1 shows x-ray absorption spectrum of gas-phase
water published earlier [30] with energy levels
evaluated with the use of polaronic exciton concept
discussed in Ref. [18]. In gas-phase water, an electron
absorbing x-ray photon should accumulate kinetic
energy like in the case of liquid water [18]. The energy
accumulated by the electron in liquid water is
14.005934 eV [19], which is calculated through
the energy (Ek,sh) of kinetic mode of proton
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Fig. 1. X-ray absorption spectrum of gas-phase water reproduced using data from Ref. [18], where a band of E1,G is
located at 534.17 eV due to the electronic bonding Ee-Hb = 0.425566 eV. Insets show (to the right): diagram of
energy levels for gas-phase water, where Eg and Ek are the ground state level and kinetic energy, respectively,
evaluated using Eq. (1) that is Ek,g = 534.556 eV without inelastic effect [18, 19]. Upper: simulation of x-ray
emission spectrum of water molecules fitted using two Gauss functions with σ = 0.81422 eV and a maximum
around: (1) 521.0 eV; (2) ca. 519.4 eV; and (3) the difference between their sum and data calculated using
experimental spectrum reported in Ref. [32]; the pressure in the experimental chamber was 1×10–9 Torr.

sharing, spin-orbit coupling (βq) depending on
quaternary molecule coordination that is βq = πβ
[11, 12], and Rydberg constant (R∞). In gas phase
the difference between kinetic energy Ek,g =
534.556 eV and main emission at 521.0 eV as
displayed in Fig. 1, inset, curve 1 attests the
accumulation of the less energy which is 13.556 eV.
But with inelastic effect of libration (Ek,g +395
cm–1/8065.544 = 534.60497 eV, νL1 = 395.5 cm–1
[31]), the same difference of 13.60497 eV is close
to Rydberg constant (R∞=13.60569172 eV). Similar
calculation for the emission around 519.4 eV (Fig. 1,
inset, curve 2) gives 14.02225 eV (534.60497 –
Eν,sh – ћω – 519.4 = 14.02225 eV) taking into account
proton sharing energy (Eν,sh) and longitudinal optical
(LO) phonons with the energy ћω, i.e. inelastic
effects decreasing the kinetic energy. The energy
of LO phonons generated by hole polaron moving

along hydrogen bonds is ћω= 0.3685 eV [19]. In
this case the value of 14.02225 eV is in agreement
with the above 14.005934 eV. Thus, the emission
of the second component at ca. 519.4 eV implies
the presence of at least water dimers in gas phase
because of proton sharing, but not single molecules
under a high vacuum of 1×10–9 Torr [32] (1 Torr
= 1/760 atm). However, in fact this emission
implies the presence of water tetrahedrons in which
LO phonons can move along hydrogen bonds [16].
Thus, both components of the emission spectrum
attest the energy accumulation by the electron of
the same water molecule being in the excited state
or by the other electron of the neighboring hydrogenbonded H2O, which is coupled with the same proton.
In the latter case, the accumulated kinetic energy
is the same as that in liquid water with the deviation
of 0.1%. The energy accumulated by electron can
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be retained for some time in the ground state of
hydronium ion after x-ray photon emission because
of the stabilization of polaronic exciton in the bound
state due to proton sharing between hydrogen-bonded
molecules. Hence, the formed activated state with
polaronic exciton confined in tetrahedron can serve
as a molecular reactor like in the case of deuterium
creation in the liquid under x-ray absorption [18].
Relaxation time (τr) for the generated polaronic
exciton stabilized in the bound state as hydronium
ion (H3O+) within the tetrahedron can be estimated
with Eyring equation.
τr = ktr (h/kBT) exp(–Eac /RT),

(7)

or
τr = ktr (h/kBT) exp(–εac /kBT)

(7a)

where εac is the activation energy, h and kB are
Planck and Boltzmann constants, respectively and
ktr is the transmission coefficient. After x-ray photon
emission, the generated polaronic exciton falls in
the bound state on the next level E2,G with proton
sharing, energy of which is 0.81422 eV [18].
Therefore, the activation energy (εac) corresponds
to the barrier of 0.84913 eV (see Fig. 1, inset, to
the right) that is the sum –1.66335 + 0.81422 = –
0.84913 eV. In Eq. (7a) the coefficient ktr = 1
because de-coupling of the paired spins of the
polaronic exciton occurs if the energy required for
the activation is absorbed producing irreversible
decay of the polaronic exciton bound state. Thus,
with εac = –0.84913 eV (6848.695 cm–1) and
kBT=203.6454 cm–1 (T=293 K) the calculated
τr = 66.045 s. In contrast, the relaxation time of the
bound state in Earth atmosphere at –10 °C (T=263 K)
is expected to be 56.837 min.
3.2. Consideration of neutron β-decay and the
backward reaction in gas-phase water under
polaronic exciton generation in hydrogenbonded water molecules
Free neutron β-decay into proton and electron is
described according to the Standard Model of
particle physics as follows, where υ e is electronic
antineutrino [2].
n→p+e+υe

(A)

According to well-known Feynman diagram, neutron
transforms into proton and a virtual W– boson that
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itself decays into the electron and υ e. There is an
alternative instead of virtual W– boson, because an
actual boson can be generated in the excited state
of hydrogen-bonded water molecules [11, 12].
This natural boson originates from a water molecule
under proton sharing because of tetrahedral hydrogen
bonding oscillations [12]. Nucleons and electrons
are spin 1/2 fermions, which means their intrinsic
angular momentum projected on an arbitrary
direction can take on only the values of ±(1/2)ћ.
In the hydrogen-bonded molecules, proton moving
confined between oxygen atoms as displayed in
Scheme 2 should be accompanied by the nucleus
spin turnover induced by THz frequency absorption
with ћω energy that produces a short-living
polaronic exciton state [25]. The hydrogenbonding relaxation requires one more spin turnover
in the course of the process of proton moving in
the backward direction that is accompanied by ћω'
emission (see Scheme 2); hence the angular
momentum projected on the z-axis gives the
integer spin. This process of proton moving defines
the second (or fast) Debye relaxation time (τ2),
which is 0.17902 ps calculated using the averaged
frequency (ƒtHb =3.45238 THz, see above) of
tetrahedral
hydrogen
bonding
oscillations
(τ2 =1/(Rgold ƒtHb) [25]). The relaxation time 179.02 fs
is consistent with the experimental value 182 fs
measured by Mischa Bonn’s group [12]. So the
behavior of the confined proton is described to be
like that of bosons [11, 12]. However, in the case
of the hydrated neutron, the s–p-splitting between
2S1/2 and 2P1/2 electron levels inside the neutron,
which is produced by a microwave photon absorption,
should be retained until β-decay acts as described
below in spite of the hydrogen bonding oscillations.
Under strong interaction between the opposite
charges, the confined proton exhibiting boson-like
behavior can mediate weak interactions as evidenced
below. Therefore, it can be called w-boson too.
It should be stressed that formalism of neutron βdecay implies that the emitted neutrino particle
has positive helicity, that is antineutrino [2]. The
w-boson moving within four-dimension quantum
well of the hydrogen-bonded water molecules in
tetrahedron implies that the formed meta-stable
state should be the same as for the β-decay,
reaction (A) as well as for the reaction (B). In the
backward reaction of neutron creation antineutrino
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collides with proton that eliminates the s–p-splitting
between 2S1/2 and 2P1/2 electron levels.
p + e + υ e → n + νmwr

(B),

where νmwr is a microwave radiation (mwr) photon
that is emitted when an energy gap (ΔEsp) [12],
which arises because of repulsive spin-spin interaction
between proton and electron composing the
quasiparticle, i.e. s–p-splitting between 2S1/2 and
2P1/2 electron levels (see Appendix A3) disappears
producing neutron. Note that antineutrino collision
with proton is required for neutron creation; so the
microwave photon is emitted in the ground state.
Therefore, in fact the energy gap ΔEmwr disappears
generating the mwr-photon. The model suggested
below for the description of weak interactions in
the meta-stable state suggests that antineutrino
glues the opposite charges in neutron.
In neutron β-decay reaction, mwr-photon absorption
or charge oscillations because of hydrogen bonding
in tetrahedron converts the hydrated neutron into
the meta-stable state with the energy gap between
the 2S1/2 and 2P1/2 electron levels. Therefore, the
meta-stable state of the hydrated neutron, which
exists due to hydrogen bonding oscillations in
tetrahedron, defines the longer lifetime of the neutron
as compared to the other meta-stable particles. The
neutron lifetime is considered in the next section.
Under antineutrino collision with proton in the
reaction (B), the energy of neutrino particle that is
Eν = pν2/(2mν) is transformed into the proton
momentum (pp) and a residual momentum (pmwr).
The energy of the latter Emwr = Eν – pp2/(2mp) should
be emitted when the oscillating opposite charges
disappear producing neutron. Therefore, according
to the law of energy-momentum conservation, we
can write the following relation with momenta
before and after the collision, where ktrW is the
coefficient of the coupling in the w-boson, or ktrW–1 is
the transmission coefficient in the course of mwrphoton generation (νmwr).
pν2 = pp (pmwr ktrW–1)
(pν /pp) = ktrW–1 (pmwr /pν)

or,
(8)

Without the contribution of pmwr, which is negligible
as compared with pp, the transmission coefficient
is defined as ktrW–1 =1/(√β+√β) = 0.458155528.
Microwave radiation emitted by the oscillating
charges in the meta-stable state under neutrino

creation should depend on spin-orbit coupling of
the opposite charges. There are two electrons in
the O---H+–O moiety coupled with the same proton
in the tetrahedron; this means that two polaronic
excitons with the energy gap ΔEpln under strong
coupling with proton sharing (or bipolaron) should
have the increased energy gap as ΔEmwr = 2√βΔEpln
since the proton is coupled with both electrons.
According to Pauli principle, this state can exist only
with antiparallel spins of the electrons, therefore
until antineutrino collision or the state relaxation.
In fact, the latter relation is the definition of above
transmission coefficient expressed as follows.
ktrW–1 = (2√β)–1 = ΔEpln/ΔEmwr

(9)

With ΔEpln =0.8723500855 cm–1 (see Appendix
A3) the calculated ΔEmwr = 1.9040479 cm–1 that
corresponds to temperature T = 2.739497 K, which
is somewhat higher than T0 = 2.725-2.726 K or
2.728 K of cosmic microwave background [21, 26].
In the reaction (B), after antineutrino collision
with hydrated proton confined in tetrahedron that
results in the proton spin turnover and microwave
photon emission, the proton has the right-handed
spin. In this case, the antineutrino interacting with
the coupled proton and electron is glued with the
latter because spin projection of the neutrino particle
on its momentum (positive or right helicity)
coincides with the electron moving direction as
depicted in Fig. 2, inset b). In the relativistic case,
the vertexes of the interacting neutrino particle and
the electron should create a new vertex because of
the different velocities of these particles, i.e. should
create a gluon. This type of gluon is created in the
course of the spin-spin interactions between
antineutrino and the electron; therefore, instead of
colored gluons partaking in hard interactions, it
should be colorless because it is a ninth linear
combination. According to quantum chromodynamics
and the Standard Model of particle physics, the
strong nuclear force, which binds quarks together
inside the nucleons, is mediated by gluons that
must carry a color-anticolor charge. So the particles
carrying this force (called gluons) must occur in
color anti-color units, i.e. the linear color-anticolor
combination gives nine types of gluons. But the
linear combination red anti-red + blue anti-blue +
green anti-green (the ninth combination) must be
non-interacting since the combination is colorless.
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Fig. 2. Plot of angular frequency (see Appendix A1) for the electron coupled with the proton shared in the
tetrahedron versus the interaction (θ) angle as displayed on the right. In Eq. (2), the expression ћ[l (l +1)]1/2 =0 when
l = 0 or l = –1, therefore both values imply rex → 0 while the corresponding angular frequency increases unrestrictedly
(depicted by black dots out of the range). The direction rex → 0 of the electron moving mediated by w-boson defines
resonance angular frequency (ω0) approximated by the pathway rex2 → rex1 → rex2. Insets show illustration of:
a) neutron creation in the reaction (B); and b): spin correlation effect (to the left) and antineutrino interaction with the
electron coupled with the proton in polaronic exciton when the interacted vertexes create a gluon (to the right).

Thus, there can only be eight gluons mediating the
strong interactions. At the same time, the colorless
gluon can exist only as the confined elementary
particle that originates due to the interaction
between the vertexes moving with different velocities.
This confined gluon, which glues neutrino particle
with the electron, most likely cannot have an
antiparticle because the nature of the vertex
creating the gluon is independent of left or right
helicity of neutrino particle, i.e. the vertex nature
remains the same for both cases. As known neutrino
particle participates only in weak interactions,
while gluons participate in hard interactions
accompanied by gravitation. Furthermore, the
gluon does not carry a fixed energy, since they are
massless particles [2, 4]. Thus, antineutrino properties
provide the gluon creation when the electron
occupies 2P1/2-electron level as displayed in Fig. 2,

inset b) (to the right). Then with the decrease of
polaronic exciton radius, when the angular
frequency increases unrestrictedly as displayed in
Fig. 2, the glued electron can acquire a velocity
close to relativistic while the w-boson fluctuating
state exists in the tetrahedron.
The energy initiating these reactions, antineutrino
momentum or mwr-photon, defines the direction
of the electron moving with rex → 0 correlated with
w-boson motion or in the backward direction. As
mentioned above, the model implies that antineutrino
glues the opposite charges in neutron. Therefore,
the w-boson formation should involve the electron,
proton and antineutrino simultaneously as depicted
in Scheme 3a. Thus, antineutrino collision with
the proton of the short-living polaronic exciton
(depicted in Scheme 3 with the spins of ↓e ↑p↑e)
changes the nucleus spin direction to the opposite
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Scheme 3. Illustration of the meta-stable state with ћ√2 height barrier and the steps of neutron creation according to inset
a) that illustrates the reaction between electron, proton and antineutrino producing neutron, where the overturned
W is the actual w-boson, whose movement within the four-dimension quantum well outlined by tetrahedron
structure mediates the weak interactions. The w-boson itself decays into neutron and microwave radiation photon.

that leads to the meta-stable state formation and
w-boson fluctuations. As mentioned above, the
collision of antineutrino with the proton eliminates the
s–p-splitting between 2S1/2 and 2P1/2 electron levels
that result in mwr-photon emission and neutron
creation.
In addition, the suggested model explains why
antineutrino passes through usual matter unimpeded
and undetected. Proton moving between hydrogenbonded molecules produces short-living polaronic
exciton [25] that can create neutron if antineutrino
collides with the proton. The collision produces
the nucleus spin turnover and microwave photon
emission. But if antineutrino collides with the
proton in the lower structure of hydrogen-bonded
molecules as depicted in Scheme 2, then this
action results in short-living polaronic exciton state
because of the nucleus spin turnover. However, the
latter state is rapidly relaxed because it has very
short lifetime [25].
3.3. Evaluation of neutron lifetime at β-decay
reaction
Neutron β-decay is the reverse reaction of neutron
creation considered above. As mentioned in Eq. (2),
the expression ћ[l (l +1)]1/2 =0 when l = 0 or l = –1,
both values imply unrestricted increase of the
angular frequency as depicted by black dots in Fig. 2

out of the range. The latter is the prerequisite for the
transformation of proton into neutron. Eq. (2) is
valid for both reactions since the meta-stable state
should be the same. Then for the reaction (B), the
resonance angular frequency (ω0) can be
estimated for the extreme conditions that are l =1
(rex1 = 0.186666 Å) and l = –2 (rex2 =0.178896 Å)
just before rex → 0 leading to neutron creation.
Therefore, the direction of the electron moving with
2π turn within the four-dimension quantum well
outlined by tetrahedron structure defines the
pathway rex2 → rex1 → rex2 and the frequency ω0 (see
Fig. 2). Thus, we arrive to ω0 = 1.5941057×1017 s–1
with rex =0.180808 Å obtained at harmonic
approximation according to the pathway. In the
case of β-decay reaction, the electron in the metastable state moves in the direction with the increase
of rex. So the pathway rex1 → rex2 → rex1 defines the
resonance angular frequency ω0 = 1.5276903×1017 s–1
obtained with the harmonic mean rex =0.184696 Å
(see Appendix A1). Thus, both angular frequencies in
neutron creation and β-decay are quantized
according to driving force and the resonance
frequency ω0 for each case is calculated at harmonic
approximation. Note that the magnitude of the
angular frequency ω0 in the cases with l =1 and
l = –2 is ћ√2 as defined by Eq. (2).
Under meta-stable state generation, the width
(Г1/2) at a half of the height in the bound state
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should be proportional to the relative driving
force, i.e. the ratio of antineutrino and the electron
momenta, i.e. Г1/2 ~ pν /pe and the energy gap
ΔEpln that arises in the hydrated neutron because
of mwr-photon absorption. According to the
model, antineutrino is glued with the electron under
the coupling with the w-boson. Therefore, we can
write the relation pν /pe = mν ωL /(me ω0) since the
radii for the glued particles in the meta-stable state
should be equal, where ωL=2πƒL (ƒL = 1057.864
MHz) indicates the allowed level for the glued
electron and neutrino particle in the excited
hydrogen atom under the s–p-splitting. The charge
oscillations provide the meta-stable state existence
in a wide range of the angular frequencies.
Neutron β-decay most likely occurs because of the
attractive spin-spin interaction with the external
electron under the coupling in the ↓e ↑p↑e moiety
as depicted in Scheme 4, while the other coupled
spins tend to avoid one another because of the s–
p-splitting. The interactions result in neutron
decay act when angular frequency of the electron
reaches resonance frequency of ω0 in the course of
the charge oscillations. Then taking into account
that the spin-orbit coupling (β) in the O---H+---O
moiety between two electrons and proton in the
meta-stable state is retained before the final act
and that the barrier height is ћ√2, the width at a
half of the height can be written as follows.

Г1/2 = (2√2)–1 ΔEpln β(ωL /ω0)(mν /me)
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where the height ћ√2 has been normalized on ћ to
apply Eq. (11). According to the suggested model,
absorption of microwave radiation photon with
the energy νmwr generates the s–p-splitting in the
hydrated neutron. So then, the relation (10) for the
resonance width can be rewritten taking into
account Eq. (9).
Г1/2 = (ktrW 2√2)–1ΔEmwr β(ωL /ω0)(mν /me)

(10a)

Thus, the w-boson mediates neutron β-decay as
displayed in Scheme 4a, where νmwr is mwr-photon
producing the s–p-splitting. As known, the width
Г1/2 of a resonance produced by a meta-stable state is
related to the resonance lifetime (τ) as follows.
Г1/2 = ћ/τ

(11)

With neutrino particle mass (i.e. neutrino/
antineutrino) mν =3.43026×10–37 kg [18], ΔEpln =
0.8723500855 cm–1 (or 1.732876055×10–23 J),
ωL = 6.6465554×109 s–1, and ω0 =1.5276903×1017 s–1
the calculated resonance width is Г1/2 = 1.195499×10–37
J using Eq. (10). The same Г1/2 =1.195499×10–37 J
is obtained with Emwr =1.90404793 cm–1
(3.7822877786×10–23 J) and ktrW =2.18266492 using
Eq. (10a). Then we obtain the neutron lifetime τ =
882.118 s, which is in good agreement with the
lifetime of 881.5 s (deviation is 0.07%) averaged
with the best seven results [4]. If we take

Scheme 4. Illustration of meta-stable state that arises after generation of the energy gap ΔEpln due to mwr-photon
absorption depicted in the scheme of hydrated neutron β-decay and ћ√2-height barrier with the resonance width
(Г1/2) around ω0 resonance frequency. Reversible arrows show transitions with H2O displacements between the
meta-stable states, one of which depicted as H2O...H+...OH2 is perturbed by proton sharing oscillations. The metastable state produces hydrated proton (H3O+), electron (e), and electronic antineutrino (υ e) according to the diagram
of the process shown in the inset a) where the driving force depicted as νmwr produces the energy gap ΔEpln.
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ƒL = 1045.53585 MHz, which leads to ωL =
6.5692955×109 s–1 and ΔEpln = 0.8621840 cm–1
(or 1.71268168×10–23 J), then the calculated width
Г1/2 = 1.167797×10–37 J and the lifetime τ =
903.043 s.
It should be noted that the measurement of the
frequency ƒ = 1.4204057518 GHz was published
in 1963 [22], when the mean neutron lifetime was
1013 s (or half-life of the neutron was 11.7±0.3
min [1]). At the same time the frequency
ƒL =1057.864 MHz is a precise theoretical value
of Lamb shift [23]. Therefore, with the latter using
Eq. (4) the calculated ƒgH =1.437154 GHz. In this
case, we obtain a good agreement for the energy
gap (ΔEnsl) that arises because of different nucleus
spin orientations in hydrogen-bonded molecules
calculated by two different modes [11]. One of the
modes is derived to describe the proton motion
along single hydrogen bond, as depicted in
Scheme 2, (see theory section) that is accompanied
by the nucleus spin turnover since the absorption
in the low-frequency range of Raman spectra; this
mode explains the origin of boson peak in Raman
and inelastic neutron scattering spectra [11, 12].
While the other takes into account hole polaron
properties using Eq. (12) and the frequency
ƒ=1.4204057518 GHz (or ΔEH in cm–1) [22] that
gave ΔEnsl = 40.7660 cm–1 [11].
ΔEnsl = ΔEH β (mp/mhef)βq

(12)

However, with ƒgH =1.437154 GHz (ΔEgH =
0.047938297 cm–1) using Eq. (12) the calculated
ΔEnsl =41.247 cm–1. The same ΔEnsl is obtained by
the former mode for hydrogen-bonded water
molecules in gas phase [11, 12]. Thus, it seems
that the frequency ƒ= 1.4204057518 GHz measured
more than fifty years ago, in fact has somewhat
been changed.
Note that the resonance frequency ω0 can be
approximately obtained with the relation ω0 = α c/rB
too like for electron of hydrogen atom, where α and
c are fine-structure constant and speed of light,
respectively. However, the latter should take into
consideration three-dimension walk of the electron
(β3/2) and rex1 =0.186666 Å (see above) instead of
Bohr radius (rB), i.e. ω0 = β3/2 α c/rex1 = 1.52332×1017
s–1; the deviation from ω0 =1.5276903×1017 s–1 is
0.3%.

3.4. Simulation of the energy spectrum of
electrons from neutron β-decay according to
the suggested model
It is suggested that the meta-stable state possessing
antiparallel spins of the opposite charges (↓e ↑p↑e)
as displayed in Scheme 4, which is perturbed by
tetrahedral hydrogen bonding oscillations, can be
decayed as follows. The antiparallel spins of the
nucleus and the electron glued with antineutrino
tend to avoid one another because of repulsive
spin correlation effect as mentioned above. At the
same time the external electron, which has the
parallel (therefore, attractive) spin with the nucleus
in the hydrated neutron, destroys the coupling of
the opposite charges in the neutron when the
resonance angular frequency ω0 happens. The
attractive spin-spin interaction, which should be
proportional to the spin-orbit coupling (√β),
involves the perturbed meta-stable state in the
interaction with w-boson fluctuating state in the
tetrahedron. As known, the difference between the
masses of neutron and proton in the energy
equivalent is mn –mp = 1293.3317 keV. The
electron glued with antineutrino in the meta-stable
state should have similar maximum energy (meglued),
because the confinement energy of the electron is
proportional to the spin-orbit coupling parameter
depending on quaternary molecule coordination
(βq) under strong coupling in the tetrahedron. While
under resonance conditions, golden section (Rgold)
governs energy levels of the opposite charges [11]
that should be taken into account with the factor
(Rgold)–1. Therefore, the energy of the electron
released at resonance angular frequency ω0 is
proportional to the coefficient (βq√β/Rgold). Thus, the
maximal energy of the glued electron is meglued =
kqc Ee = 1.28959523 MeV, where Ee =me c2 and kqc
is the constant of four-dimension quantum well,
which is defined as kqc =βq√β/Rgold [25]. On the
other hand, in hydrogen atom, where Bohr radius
is the threshold for neutron β-decay, the relative
energy of the electron is αme=3.728939132 keV,
where α = 7.297352533×10–3 is thin structure
constant. Then in the sum with αme, the maximal
kinetic energy of the released electron is the value
excluding the energy equivalent of the electron
mass, Δme = αme +meglued –me =782.3253 keV; while
w-boson fluctuations under the coupling in fourdimension quantum well lead to a decrease
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of the kinetic energy of the released electron. The
latter is considered as follows.
The 2p4-electron orbit overlapping providing
tetrahedral orientation of hydrogen bonds is
diminished under H-bond bending as depicted in
Scheme 2 (inset, where γ angle indicates H-bond
bending) that weakens the bond strength. In general,
there is no quantitative evaluation of hydrogen
bonds depending on γ angle that is characterized
only as ‘weak’ and ‘strong’ H-bonds. That is why
this dependence has been fitted with an approximation
corresponding to extent of the external electron
orbit overlapping with the meta-stable state (i.e.
proportionally cos γ), spins of which are depicted
as ↓e ↑p↑e in Scheme 4. In water tetrahedron at
the moment of the neutron decay act, the released
electron remains glued with antineutrino, while
the spin-orbit interactions possessing different orbit
overlapping at the different γ angle immediately
dissipate the energy of the glued electron over the
tetrahedron proportionally to the extent of the
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orbit overlapping. Therefore, in the case of straight
hydrogen bond, i.e. when the state with γ = 0 and
cos(γ) = 1 is realized during the molecule libration,
the kinetic energy of the glued electron is dissipated
over the tetrahedron proportionally to the spinorbit coupling parameter (βq) depending on quaternary
molecule coordination, βq=3.741657387. So the
expected most probable kinetic energy of the
released (glued with antineutrino) electron should
be Em,k =(Δme /βq) = 209.0852 keV. With the
increase of γ angle in the course of the libration, the
extent of the orbit overlapping is decreased (at
first approximation) proportionally to cosine γ that
leads to the less energy dissipation of the released
electron. Thus, probability of the electron energy
dissipation (pγ) was assumed linear, namely pγ = cos(γ)
when –30° < γ < 30°, while pγ = cos(1.07257γ) when
γ < –30° and γ > 30°. Thus, the kinetic energy of
the released electron glued with antineutrino is
retained close to Δme (782.3253 keV) if β-decay
act happens at a large γ angle like γ ~ 60° because
of the molecule libration as displayed in Fig. 3,

Fig. 3. Distribution of the kinetic energy of the electrons glued with antineutrino (1) under neutron β-decay as
described above and calculated using Eq. (14), and the energy spectrum of electrons measured from neutron βdecay, which was reproduced using data calculated from the spectrum reported in Ref. [2]. Curve 2 was calculated
using Eq. (14) in the form P(Ek)= dN/N, i.e. without the contribution of pγ = cos(γ). Inset shows plot of the pγ
probability versus γ angle under the hydrogen bond bending (see details in the text).
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inset. In the latter case, a small orbit overlapping
prevents major energy dissipation of the released
electron.
Thus, distribution of the kinetic energy of the
electrons released from neutron β-decay, i.e.
emitted by the perturbed meta-stable state, when
the released electron is still glued with antineutrino,
is proportional to the pγ probability and the
distribution, which is similar with that of MaxwellBoltzmann on the velocities (υ) of molecules. The
corresponding relations can be written as follows,
where the parameters in Eq. (14) have been
replaced by the following analogues.
P(Ek)= pγ dN/N= pγ 4π{(m/(2πkBT)}3/2 υ2 exp
(–Ek/2kBT)dυ
(13),
P(Ek)= pγ dN/N= pγ4π{(me/(2πEm,k)}3/2
(Ek /me1/2) exp(–Ek/Em,k) (dε/me1/2)

(14),

where the electron mass is in the energy equivalent,
me = 510.998902 keV, me1/2 = me/2 for electronic
polaron as mentioned above, Ek and dε are the
kinetic energy parameter and the energy interval,
respectively. The calculated distribution of the kinetic
energy is found consistent with the experimental
spectrum of neutron β-decay [2] as displayed in Fig. 3.
In Fig. 3 the calculated curve 1 is somewhat different
from the experiment that can be connected with
the used linear dependence of pγ probability of the
electron energy dissipation under the H-bond bending.
The hydrogen bonding is substantially weakened
with the increase of γ angle; however, small
deviations from linearity in the bond angle (such
as γ ~ 20°) possibly have a relatively minor effect
[33]. Thus, hydrogen-bonding depending on the
bond angle for water was fitted at the first
approximation. It should be stressed that neutron
β-decay and the backward reaction of neutron
creation under antineutrino collision with proton
take place in water tetrahedron, which can serve
as a molecular reactor in the case of deuterium
creation under x-ray radiation [18].
4. Conclusions
Thus, the suggested model for neutron β-decay
describes the events of the reaction in details. This
model takes into consideration that mwr-photon
absorption by hydrated neutron or charge oscillations
because of hydrogen bonding, which produces the
s–p-splitting (ΔEpln) between the 2S1/2 and 2P1/2

electron levels, generates the meta-stable state.
The charge oscillations are caused by proton sharing
with the frequency 3.45238 ± 0.01016 THz in
water clusters estimated earlier (see above). Under
mwr-photon absorption, similar s–p-splitting happens
between the opposite charges glued by antineutrino,
i.e. in hydrated neutron. It should be noted that
neutron hydration in gas-phase water should occur
like hydration of neutral atoms of argon or neon
on the same reason [34, 35]. The suggested model
allowed to estimate neutron lifetime that is found
to be 882.118 s, which is in good agreement with
the mean lifetime of 881.5 ± 1.5 s [4]. This model
is based on the properties of the real w-boson
generated between hydrogen-bonded water molecules
and implies that at first antineutrino is glued with
the electron as considered above for the reaction
(B). The disappearance of the s–p-splitting with
the energy gap ΔEpln in polaronic exciton (or
ΔEmwr under hydrogen bonding with bipolaron
formation) is accompanied by the emission of
microwave radiation photon corresponding to
blackbody radiation with the temperature 2.739497
K. The latter is consistent with T0 =2.725-2.726 K
of cosmic microwave background (a deviation is
0.5%). The most probable energy of the emission
obtained with ΔEmwr = 1.9040479 cm–1 is νmwr =
5.38546 cm–1 (or 161.45 GHz, see Appendix A2),
which is in good agreement with a maximum of
the blackbody radiation at 161.0 GHz (νmwr =
5.37038 cm–1). Thus, according to the model, cosmic
microwave background radiation originates from
the reaction of neutron creation. Spectrum of the
electrons from neutron β-decay simulated using
Maxwell-Boltzmann distribution, in which parameters
have been replaced by corresponding analogues,
and the pγ probability of the energy dissipation of
the released electron glued with antineutrino, is
found consistent with the corresponding experimental
spectrum. In fact, the suggested model explains
why kinetic energy of electrons, which is equivalent
to the difference of (mn –mp – me), emitted under
neutron β-decay, is distributed in the wide energy
range and the distribution has the definite shape.
Appendix A1
After antineutrino collision with proton, when the
s–p-splitting between the 2S1/2 and 2P1/2 electron
levels disappears, behavior of the polaronic exciton
is defined by the system of two equations, Eqs. (2)
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and (3), see above. Solving that system, we obtain
relations for polaronic exciton radius rex and the
angular frequency ω [19].
rex = [(b2+4ac')1/2 – b]/(2a)

(A1.1),

kg s–1,
where
a=2πωa meef =3.2368352×10–14
e
1/2
1/2
b=2π(2m ef ΔEk) , and c'= ћ[l (l +1)] , and
ω = ћ[l (l +1)]1/2/(2πmeef rex2)

(A1.2)

In the case of l=1, c'=1.49138946×10–34 J s and with
ΔEk = 9.466476 eV estimated earlier [18-19], we
have b= 7.3853940×10–24 kg m s–1. Then with the
calculated rex1 = 0.1866663×10–10 m for this dot
denoted as ωa1 in Fig. 2 and using Eq. (A1.2) we
obtain the corresponding ωa1 =1.495617×1017 s–1. The
same calculation for l= –2 gives rex2 =0.1788963×10–10
m with ΔEk = 10.444571 eV [19] and ωa2 =
1.628356×1017 s–1. Then with harmonic mean
rex =0.184696 Å (see section 3.3), which is obtained
for neutron β-decay, the calculated resonance
frequency is ω0 =1.5276903×1017 s–1.
Appendix A2
The spectrum of blackbody radiation was calculated
using Planck law [36] expressed via the frequency
(ƒ) that is shown in Fig. 4.
ε(ƒ,T) = 2πhƒ3/c2 {1/[exp(hƒ/kBT) – 1]}

(A2.1),

where h and kB are Planck and Boltzmann constants,
respectively and c is the speed of light.
Under neutron creation, when resonance angular
frequency ω0 happens, the electron should overcome
the ћ√2 height barrier twice during the molecule
libration, i.e. in the course of 2π turns (see Fig. 2).
Therefore, the most probable energy of the mwrphoton emitted under neutron creation, when the
energy gap ΔEmwr disappears, should be proportional
to 2√2, namely νmwr =2√2×ΔEmwr =2√2×1.8952263
cm–1 = 5.3605 cm–1 (160.70 GHz). The same
spectrum of the microwave radiation but with a
maximum at 161.0 GHz has been obtained using
Eq. (A2.1) with the above temperature of 2.739497 K.
In the latter case, the most probable energy of the
microwave emission is νmwr =5.38546 cm–1 (or
161.45 GHz) that is obtained with ΔEmwr = 1.9040479
cm–1. Both calculated spectra of the blackbody
radiation obey the cosmic microwave background
spectrum reproduced using the full COBE FIRAS
Data Set [26].

Fig. 4. Plot of blackbody radiation using Eq. (A2.1) with
T=2.726805 K under neutron creation accompanied by
disappearance of the energy gap ΔEmwr; the arrow indicates a
maximum at the frequency of 158.61 GHz. Filled circles
show the spectrum of cosmic microwave background
radiation plotted using COBE FIRAS Data [26].

Appendix A3
The difference (ΔEL) between the 2S1/2 and 2P1/2
electron levels that arises as Lamb shift in the
hydrogen excited state directly implies the spinorbit coupling (√β) of the electron with proton in
polaronic exciton; therefore, the electron behavior
depends on the proton delocalization within the
tetrahedron. Then with the use of Lamb shift
(ΔEL) for atomic hydrogen, s–p-splitting (ΔEpln)
between the 2S1/2 and 2P1/2 electron levels in
polaronic exciton composed by proton and its own
electron should be written taking into account the
spin-orbit coupling (√β) for three-dimension walk
of the electron coupled with the proton and the
ratio of the effective masses.
ΔEpln = ΔEL β3/2(mhef /meef)

(A3.1)

For the hydrogen-bonded water molecules, where
golden section (Rgold) governs the levels of the coupled
electron and proton establishing the hydrogen
bond [11], the s–p-splitting between the 2S1/2 and
2P1/2 electron levels (ΔEsp) should be additionally
proportional to the golden section because of the
proton sharing as depicted in Scheme 2.
ΔEsp = Rgold ΔEpln = ΔEL β3/2 Rgold (mhef /meef) (A3.2)
With ΔEL = 0.0352865448 cm–1 (ƒL=1057.864
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MHz [23]), β = 1.19100654, mhef = 9.51me, and
meef = 0.5me the calculated ΔEpln = 0.8723500855
cm–1 and ΔEsp = 1.41149 cm–1, the latter is almost
the same as 1.41153 cm–1 on average estimated
with Eq. (A3.2) earlier [12]. Theoretical s–psplitting (ΔEsp) between the 2S1/2 and 2P1/2
electron levels obtained earlier is supported by an
experimental energy gap of 1.4176 cm–1 [25].
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