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Can water burn?

S.A. Rakityansky** and J. Dicks*

We investigate the possibility of a spontaneous collapse of the nuclei
constituting the water molecule. We show that, due to a practically
exact agreement of the energy of the p + p + 'O threshold and a
resonance state of the '®Ne nucleus, the probability of nuclear
fusion involving p + p + '°0 -'®Ne*(4.522, 1°) in the rotationally
excited H,0 molecule is significantly enhanced. The calculation of
the fusion probability is performed using a scheme analogous to
the linear combination of atomic orbitals (LCAO), well known in the
theory of molecules.

Introduction
More than a century ago, the French writer Jules Verne wrote':

...I'believe that water will one day be employed as fuel, that
hydrogen and oxygen which constitute it, used singly or
together, will furnish an inexhaustible source of heatand light,
of an intensity of which coal is not capable.... I believe that
when the deposits of coal are exhausted we shall heat
and warm ourselves with water. Water will be the coal of the
future.

In his science-fiction stories, Verne created many technological
fantasies. Astonishingly, most of them, such as submarines or
flight to the moon, have been realized in our time. The burning
of water is one of his predictions that has not yet been realized.
Meanwhile we are approaching the time he foresaw, when our
consumption of fossil fuel will decline because we will exhaust
our reserves of oil, gas and coal. The looming energy crisis forces
us to look for alternative sources of energy. Undoubtedly, the
most important of them is nuclear energy.

Nuclei can produce energy via two different types of reactions,
namely, fission and fusion reactions. Fission is possible for heavy
nuclei and fusion for very light nuclei. This is because any physi-
cal system tends to move into a state of minimum energy by
getting rid of the energy excess. For light nuclei, this is achieved
via fusion to form intermediate nuclei; for heavy nuclei, the
energy is minimized when a nucleus splits into fragments of
smaller masses. These fragments are more tightly bound and
therefore occupy lower energy levels. This is because nucleons
are most tightly bound in nuclei with A ~ 56, which corresponds
to iron. When moving towards smaller or greater A in the
periodic table of the elements, the binding energy per nucleon
declines. Iron therefore is on the border separating light and
heavy nuclei. The borderline nuclei are a kind of ‘ultimate
ashes’ that cannot produce energy by either fusion or fission.

For a given mass of fuel, a fusion reaction yields several times
more energy than a fission reaction. Itis, therefore, a much more
powerful source of energy. Moreover, it is environmentally
clean because it does not produce radioactive waste. As soon as
this was understood, attempts were made to fuse nuclei in
laboratories. So far, they have succeeded only in producing
uncontrollable fusion in the form of the hydrogen bomb. In such
a bomb, fusion is achieved by the explosion of an ordinary
(fission) plutonium bomb, which heats up the fuel to solar
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temperatures. In an attempt to make fusion controllable, most
researchers have tried to do essentially the same. They have
succeeded in producing high-temperature plasmas, but only for
a relatively short time. In spite of such efforts and ingenious
tricks, all such attempts till now have failed. This straightfor-
ward approach to controllable fusion is probably doomed.

The difficulty with fusion is that nuclei are positively charged
and repel each other by the Coulomb force. As a result, at
temperatures achievable in our laboratories, they keep apart. For
a fusion event to occur, however, the nuclei must be close
enough to feel the strong attraction. Nuclear fusion occurs when
two or more light nuclei approach each other to a distance of a
few fm (1 fm = 10" cm), where they then experience a strong
attraction that overpowers the Coulomb repulsion. To approach
each other within such a distance, they must have enough
kinetic energy to overcome the Coulomb barrier (the energy
hump between the strong attraction and the Coulomb repul-
sion). The height of the Coulomb barrier is approximately 1 MeV.
The necessary kinetic energy is achieved at a temperature of
~10billion degrees.The nuclei, however, need not vault the bar-
rier as they can penetrate through it due to the quantum tunnel
effect. In the Sun and other stars, for example, fusion occurs at
15 million degrees. Of course, the higher the temperature, the
thinner the barrier is and the more easily a particle can penetrate
it.

There is another way of forcing nuclei to fuse. Instead of lifting
the particle against the barrier (which means increasing the
temperature), we can try to make the barrier thinner or keep the
particles close to the barrier for such a long time that even a low
penetration probability would work. This can be done by placing
the nuclei we want to fuse inside a molecule, where they can stay
close to each other for a long time. Moreover, in a molecule the
Coulomb barrier becomes thinner because of the electron
screening. In this way, fusion may proceed even at room temper-
ature. This notion of ‘cold fusion” was originally (in 1947)
discussed by EC. Frank? and, in 1948, put forward by A.D.
Sakharov.?

Cold fusion in molecules is not a purely theoretical idea. It has
been performed in many laboratories via the formation of
muonic molecules.* The muon is an elementary particle with the
same characteristics as the electron. The only difference between
them is that the muon is 200 times heavier. When an electron is
replaced with the muon, a molecule becomes 200 times smaller,
which makes the Coulomb barrier 200 times thinner and the
nuclei 200 times closer to each other.

Although the fusion of hydrogen isotopes, catalysed by
muons, hasbeen observed by many experimental groups, unfor-
tunately it cannot be used for energy production by industry.
The obstacle is the negative efficiency, that is, to make muonic
cold fusion we have to spend more energy than it produces. The
reason is that muons do not exist like protons or electrons. We
have to produce them in accelerators. Moreover, the muon is not
a stable particle. Its lifetime is only ~107 s. This means that a
muonic molecule cannot exist longer than 1 microsecond.

Research on muon-catalysed fusion was not in vain, however.
From research over several decades, many theoretical and
experimental methods were developed, and new features of
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Fig. 1. Part of the "°Ne spectrum (energies are given in MeV) and two break-up
thresholds (dashed lines).

molecular systems were discovered and understood. For exam-
ple, it was noticed™” that for certain systems there is a possibility
of resonant nuclear transitions that can significantly amplify the
fusion probability. Studies of these resonant transitions in
muonic molecules has led to the conclusion that under certain
conditions, nuclear fusion can arise even in ordinary (electronic)
molecules.® In particular, the ordinary water molecule possesses
the properties that are necessary for the resonant fusion of its
nuclei®"

If we fuse two protons and O constituting a water molecule,
H,O, the resulting compound nucleus is "®Ne. Among other
levels, the spectrum of the 8Ne nucleus has an excited state at
4.522 MeV with angular momentum 1 and negative parity'' (see
Fig. 1). The surprising fact about it is that the threshold for the
break-up into two protons and oxygen is at the same level. This
means that this excited state of neon is actually a three-body
resonance of the system pp'°O with zero collision energy. In the
molecule the nuclei are practically at rest relative to each other.
Thanks to this resonance, therefore, they should be able to over-
come the Coulomb barrier and undergo the transition

p+p+ 00 — ¥Ne*(17) (1)

much more easily than it would be in the absence of such a reso-
nance. Thus, water molecules, in principle, can spontaneously
collapse — that is, water can ‘burn’ via this nuclear reaction. If it is
indeed so, a question then arises: Why do the oceans still exist?
Why did they not ‘burn out’ during the billions of years of their
existence?

The answer can be found if we look at total angular momentum
and the parity of the resonance, given in brackets in Fig. 1. The
transition is only possible if these quantum numbers are the
same in the initial (molecule) and final (compound nucleus)
states. The state of the water molecule with angular momentum 1
and negative parity is such that the molecule rotates around the
axis through the oxygen nucleus, as shown in Fig. 2. For the
fusion process to occur, therefore, the molecule of water must
rotate. In ordinary water, however, there are no individual mole-
cules. Our drinking water consists of small groups of molecules,
the so-called clusters, in which several dozen molecules are
tightly bound to each other. This prevents the rotation of indi-
vidual molecules. A molecule can be liberated from a cluster if
we warm water up to ~1000 degrees or higher.

What happens if we prepare steam at this temperature and
force the molecules to rotate by exposing them to microwave
radiation of the appropriate frequency? Will that lead to an
explosion, a fire, smouldering, or just some rare fusion events?
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To answer this question, we need to know the rate of reaction (1).
This is what we estimate in this paper. To calculate the reaction
rate for the nuclear fusion inside a water molecule, we use a
scheme analogous to the linear combination of atomic orbitals
(LCAO) widely used in the theory of molecules."

Reaction rate

Consider an ordinary water molecule. For the purpose of
estimating the fusion rate, the oxygen nucleus can be treated as a
structureless particle. We therefore have a system of 13 particles,
which consists of two protons, one '*O nucleus, and 10 electrons.
There are many possible states for these 13 particles. We are
interested, however, only in the transition between the two
particular states both having total angular momentum 1 and
negative parity. The initial state for this transition is the rotating
water molecule and the final state is the *Ne atom with an
excited nucleus, i.e.

HyO(17) — ®Ne*(17) + 10e . 2)

The Hamiltonian of this system can be represented in two
equivalent ways, namely,

H=H +V* (3)
or
H=H,+H°. (4)

Here V° is the sum

VS =V, + Vo + Vo )

of three strong potentials that describe nuclear interaction
among the two protons and '°O, and H* is the total Hamiltonian
of the electron subsystem (10 electrons). The representation (3) is
convenient for treating the initial (molecular) state, where the
strong forces are unimportant, while (4) is more natural for the
final state, where the electrons moving around the compound
nucleus *Ne do not affect its internal state. The main terms of
these representations,

Hy = Ho+ Vo + Vigo + Viip, + H (6)

p1p2
and

Hy=Ho+Vio+ Voo + Vi, +V7, (7

pip2

include the kinetic energy operator H, of the nuclear subsystem
and the Coulomb potentials Vj;,, and V,;o between the two
protons and the oxygen nucleus. Let ¢, and v, be the eigen-
functions of H; and H,, i.e.

Hi; = B, i=1,2, ©)

such that they describe the initial and final states, respectively.
The terms V® and H* in Equations (3, 4) can be treated as pertur-
bations for these states. Since E, practically coincides with E, (see
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Fig. 2. Rotating water molecule in which the nuclei are in the state 1.
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Fig. 1), when these perturbations are taken into account the
solution of the Schrodinger equation

Hiy = EY )
can be found as a linear combination
Y = Crip1 + Crihp

of only these two states. This way of finding the solution is
known as the linear combination of atomic orbitals (LCAO)"?and
is used in the theory of diatomic molecules to calculate wave
functions of electrons having two centres of attraction. Substi-
tuting (10) into (9) and projecting onto vy, and y,, we derive the
system of linear equations for C, and C,:

(10)

Cl(HH 7E)+C2(H12*EI) = 0, (11)
01(H21 — El*) + CQ<H22 — E) = 0, (12)
where
Hij = (WilHWYy) . (13)
I = (il , (14)
and we assume that both 1, are normalized, i.e. <1/)l- zp,-> = 1. The

homogeneous system of Equations (11) and (12) has non-trivial
solutions if and only if its determinant is zero,

(Hyy — E)(Hyy — E) — (Hyy — EI*)(Hi2 — EI) =0 . (15)

This quadratic equation determines the two ‘perturbed’
energy levels

E®M = Bi+A, (16)

=
|
I

By + A, (17)

that emerge from E; and E, as a result of mutual influence of
the molecular and nuclear states. The A, and A, terms are small
corrections to the corresponding energy levels. These corrections
can be obtained by solving Equation (15) where, in accordance
with Equation (8), the H; terms are expressed in terms of the
matrix elements of the potentials,

Hy = E+V, (18)
Hy = EI+Vf, (19)
Hy = E\I*+Vy, (20)
Hyy = IEp+ HS, . (21)

Here H3, is just the energy (negative) of 10 electrons in the "*Ne
atom, i.e. the energy of its total ionization taken as a negative
value. Thus, the corrections obtained,

Ar = Vi +gHn+(1+9)|(Vits—1)(E1 - B

+ Vi = H,) ~Re (IHa) (22)
and
Ay = HSy+gHy — (1+9)[(VI+s - 1)(Br — By
+Vii — Hsy) +Re(IH21)] ) (23)
where
1 .
- - 1= 2 4 6 4
9= 12+ 1%+ 1+ (24)
and
4
s = ; I1?Hy1Hog + |Ho|? 25
(El—E2+VfS1—H§z)2{H 11 Hz + |l (%)

—(H11 + Ha2)Re (IHa1) + [Im (IH21)}2} ;
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are different from what one would expect using the simple
perturbation theory, namely, from A, =V} and A, = H,. The
difference is, however, small because of the smallness of the
overlap integral (14).

Therefore the ‘perturbed” wave function describing the initial
state of the system, can be written as

) = Py + gy (26)

where C Y) and C ;H are solutions of Equations (11) and (12),
corresponding to the energy E = E™). Then the probability P for
the transition (2) is obtained by the projection

P o= [(golp™)P
|fI+ 1
= i 2
I[P+ fI*+ f«I+1" 27)
where
B Hy AT -V 28)
 Hy - E® T v§ A

The reaction (2) can be viewed as the transition through a
‘potential barrier’. The total wave function 1/)(+)exp(—iE(+>t/ n)
oscillates at such a barrier with the frequency v= ‘E“) /27th.
Hence, in order to obtain the reaction rate ), the probability P
should be multiplied by v, which finally gives

_ D) |fI+ 12
To2rh |fRH I+ I

Matrix elements

To obtain the reaction rate A from Equations (29) and (28), we
need to know the values of I, V};,V}3, V,,, and H,. As already
mentioned, H, is just the ionization energy of the atom **Ne.
According to ref. 13, we therefore have H3, = 962 eV. The calcula-
tion of the other integrals, namely,

(29)

1= [ ddgvi (@)@, ) (30)
and
Vif:/ di df [v;,% (gf §>+I{§o <ﬁ+ §>+V,,f, (f)}
Vi (2, 9)¥;(Z,9) (1)

requires knowledge of the wave functions v, (X,y) and y,(x,v)
as well as the strong parts VpsO and Vpsp of the proton-oxygen
and proton-proton potentials. Here X and y are the Jacobi vectors
representing spatial configuration of the nuclei as is shown in
Fig. 3.

® P2

160

Fig. 3. Jacobi vectors representing spatial configuration of the three-body system
pp'°O.
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The H,O(17) wave function

An accurate evaluation of the three-body wave function v,
describing relative motion of the nuclei in the rotating water
molecule requires a separate cumbersome calculation. For the
purpose of our estimate, however, it is sufficient to use an
approximation that correctly reflects the behaviour of the wave
function at short distances. An approximation of this kind was
suggested in ref. 14, namely,
B2 oyl
where F is the regular Coulomb wave function, p = y/x* +y? is
the hyper-radius, k=2 u|¢,, | represents the momentum
corresponding to the binding energye,, , =10.087 eV of the H,O
molecule® with the reduced mass u =16 m, /33, n =pe’/k is the
Sommerfeld parameter, Y is the elgenfunchon of the total
angular momentum ] = (7+X)+S with 7 and X being associ-

W{M(Z,9) = Ny (32)

ated with ¥ and y, respectively, and S is the total spin of the pp
pair. The normalization constant N, can be found via simple
integration:

1= foe [ i (2 07)

The approximation (32) takes into account the Coulomb repul-
sion among the particles at short distances, as well as the
geometric size of the water molecule. For the rotational 1~ state,
we use it with ] = 1. Since the protons are identical fermions, the
wave function must be antisymmetric with respect to their
permutations. If we assume that the rotation is associated with
the coordinate X, asis shownin Fig. 2, then /=1,x=0,and S=1.
Therefore, the angular dependencein Equation (32) is given by

1.2y2e—2m/zz+y

T2+J )o/?

2

i (@) = \/7 ZCu 1o Y10, (@) 10

where y,, is the spin function.

The "Ne*(17) wave function

Since O is a closed-shell nucleus, it is reasonable to assume
that the nucleus '®Ne has the cluster structure “O+p+p.
Considering the harmonic oscillator model, it is easy to show
that in the ground state of "*Ne both protons occupy the 2s state.
Indeed, this immediately follows from comparison of the
oscillator representation of the ground states of 'O,

'0) = |(1s)*(1p)"?) ,
and ®Ne,
|'*Ne) = |(15)* (1p)"(25)?) -
Therefore, the ground state wave function of *Ne is
@) = 02 (74 5) 62 (7= 5 ) xon (39)
where

oL BB (7P 3 NE
%‘S(Z)mwwﬁ/z(r% T2) P\ T2

is the standard harmonic oscillator function for the 2s state, and

(34)

Zoo is the spin function of the two protons with total spin
| i/ m,w, is related to the
frequency w,, which in turn is determined by the atomic number
A as follows.!

40 MeV
Al/3

zero.The oscillator parameter 7, =

hwg ~
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To form the excited state "®Ne(17), we can put one of the protons
into the 2p state. The excited state has negative parity, which
means that the spatial part of the corresponding wave function
must be antisymmetric and, therefore, the spin part symmetric.
Thus, for this state we obtain

1A[ €,y Z-A {@29 (y + ) ¢2p < % Ez) } CllztjlaXIJ )
(35)
where the (2p) function of the oscillator is given by

—'2 .
208 ( %—g>exp< 2|2>Y1£z(5)7 (36)

al/Ay 0/2
and the antisymmetrizer A consists of the two permutation
operators,

A=7P(@1,2)

d)Qp(Ea pz)

~P1).

Therefore, for the wave function of the final state, we obtain

@D = N3 [on (74 3) o (7-5)

LT\, (LT )
7¢25 (Z/ - 5) b2p <y + §~[z>:| Clléhz[laXla 5

where N, is the normalization factor, which can be found by
numerical integration, similarly to N;.

(37)

The proton-proton potential

The totalisospin of the pp pairis 1, which means that the strong
forces between them are represented by an isotriplet nucleon-
nucleon potential Vpsp(r) = Vlf,ll\;(r). In our calculations, we use the
N N potential constructed by Malfliet and Tjon."” Its isotriplet
part is given by

VAR (r) = Zexpl—r/r) — Zexp(—r/r)

where ¢ =1438.72 MeV-fm, 8 = 626:875 MeV-fm, 1/r, = 3.11 fm,
and 1/r, = 1.55 fm™.. Despite its simplicity, this potential proved
to be very reliable in various calculations concerning scattering
and nuclear structure problems.

The proton-oxygen potential

To describe strong proton-oxygen forces, we use the potential
constructed in ref. 18. This potential is rather general. It describes
the interaction between a nucleon and a spherical nucleus with
arbitrary mass and charge. Omitting the spin-orbit forces (which
are insignificant for our estimation), we obtain for the proton-
oxygen case the following potential

Vio(r) = Y + g
POV T Y exp|(r — R)/a)}? 1+ exp[—(r — R)/d]
where V = -42.466183 MeV, R = 1.55766369 fm, a =

0.670758192 fm, y = 0.577019974, 6 = 1.71551344.

Results and discussion

The numerical evaluation of the multidimensional integrals
for the potential matrix elements and the overlapping integral
gave the following values:

Vi = —5.35704941 x 107 eV |
Viy = —9.82139868 x 1077 eV ,
I = 249291260 x 1072 .

Apart from these integrals, the reaction rate (29) critically
depends also on the energies E; and E, of the initial and final
states. Actually, A strongly depends not on the values of these
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Fig. 4. The rate ) of reaction (2) as a function of the energy E, of the "*Ne resonance
within its interval of uncertainty.

energies but on their difference § = E, - E,. From Fig. 1, one may
guess that E; = E, and 6 = 0. This, however, should not be taken
for granted. In fact, the energy E, of the excited state of *Ne
is known with an uncertainty of =8 keV. Besides this, it is a
resonance with small but non-zero width I' = 15 keV.

A resonance can be excited within the interval +T" around the
central energy, and the relative probability W(E) of its excitation
is determined by the Breit-Wigner formula

r/2

WE) = Fomyr i

Assuming that the central energy of the resonance coincides
with E; and making variations of E, around it, we can obtain
different values A\(0) depending on the variation in 6. The
observable reaction rate is the average

\y = JW(EL—0)A() dd
= [ W(E - 6)ds

(38)

Although the virtual transitions are possible for any E,, the real
transitions, which we are interested in, are restricted to E, < E;
by the energy conservation law. The integration in Equation (38)
is therefore run over positive d.

The reaction rate A for virtual transitions from E, to different
E, around it is shown in Fig. 4. As expected, the dependence on
0 is strong. The transition advances by several orders of magni-
tude when E, and E, are correlated. For the average (observ-
able) reaction rate, we obtain

(A)=21x10" B, (39)
which corresponds to the life-time of
T=1/(\) = 1.5 x 10" years . (40)

Now, we can answer the question asked at the end of the
Introduction. If we liberate water molecules from their clusters
and force them to rotate, nothing catastrophic will happen:
neither an explosion nor even a smouldering. The molecules will
occasionally collapse, but only very seldom. If, for example, we
take 18 grammes of water (containing N, = 6 x 10* molecules)
and manage to excite the necessary rotational state in 0.1% of
them (which is extremely difficult to achieve), then every second
only 0.001 N A = 0.012 fusion events will occur, i.e. one event
every 83 seconds.
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From an academic point of view, reaction (2) is undoubtedly
valid and occurs in real life. It was observed in the experiment®
where the corresponding life-time T was estimated to be ~ 7 X
10" years.This value is even higher than our estimate. Its differ-
ence from the theoretical life-time (40) can be attributed either
to the approximations in our calculations or to experimental
challenges associated with the observation of extremely rare
events. In the absence of independent calculations or experi-
ments, it is impossible to decide which value is closer to reality.
Both results clearly show, however, that the ‘burning’ of water is
an extremely slow process, for all practical applications.

The impracticality of getting water to burn should not discour-
age further quests for molecular systems whose spectra are
correlated with the spectra of their compound nuclei. The
present calculation has proved our initial supposition that such
correlation enhances the reaction probability by several orders
of magnitude. The smallness of X for water can be explained by
the fact that the water molecule consists of three atoms, which
makes the overlapping of the molecular and nuclear wave
functions extremely small. What would it be in the case of a
diatomic molecule? This is an open question, the answer to
which requires further calculations and experiments.
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