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Abstract: Cold fusion is very important and complex. One of main difficulties of cold
fusion is the explanation on appearance of nuclear reaction. Based on the standard quantum
mechanics, we propose the physical-chemical-nuclear multistage chain reaction theory,
which may explain cold fusion. Since cold fusion is an open system, synergetics and laser
theory can be applied, and the Fokker-Planck equation is obtained. Using the
corresponding Schrödinger equation and the nonlinear Dirac equation, and combining the
multistage chain reaction theory, the quantitative results agree completely with some
experiments on cold fusion. Finally, we discuss some new researches, for example, the
nonlinear quantum theory, catalyzer and nanomaterial, etc., and propose the three laws of
cold fusion: (1) The time accumulate law, (2) The area direct ratio law, and (3) The
multistage chain reaction law.
Keywords: cold fusion; physics; chemistry; multistage chain reaction; quantum
mechanics; synergetics; equation; theory.

1. Introduction
Since Fleischmann and Pons proposed the experiments of cold fusion [1], its development is
undergoing much rise and fall. On the one hand, cold fusion has been confirmed by more and more
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various experiments [2-4]. On the other hand, early stage Ziegler et al. observed no nuclear fusions in
the electrochemical experiments in cold nuclear fusion [5]. Sun and Tomanek calculated and found a
cold-fusion reaction of deuterium very improbable [6]. The rate of tunneling of nuclei to classically
forbidden small relative separation, in a fully interacting quantum-mechanical many-body system in
equilibrium, is rigorously bounded above by a value calculable in terms of the Born-Oppenheimer
potential between the nuclei. Leggett and Baym applied exact upper bound on barrier penetration
probabilities in many-body systems to cold fusion, in which the bound can be related to the affinities
of helium and deuterium atoms to the metal in question, and shows that the allowed rate of tunneling
of deuterons is far too small to be consistent with inferred rates of fusion [7]. Szalewicz et al. analyzed
the fusion rates for hydrogen isotopic molecules of relevance, and found that in light of the reported dd fusion rate, the excess heat is difficult to explain in the experiment of cold fusion [8]. Hassam and
Dharamsi examined semi-classically the reduction in bond length of the deuterium molecule in the
presence of electronic charge concentrations, and discussed implications for cold nuclear fusion [9].
Burrows discussed the enhancement of cold fusion in metal hydrides (deuteride) by screening of
proton and deuteron charges [10]. Horowitz calculated the rate of nuclear fusion from tunneling in
very dense metallic hydrogen in the core of Jupiter, and discussed cold nuclear fusion in metallic
hydrogen and normal metals [11]. Deakin et al. searched X rays excited by charged-particle fusion
products in a Pt-Pd electrolytic cell with Li  D2O electrolyte [12].
Chambers et al. discussed an upper limit on cold fusion in thin palladium films, and found no
evidence to support the hypothesis that the heat-producing reactions within deuterium-charged
palladium are nuclear in nature [13]. Southon et al. obtained an upper limit of 10 23 s 1 for neutron
emission for the cold fusion rate per d-t pair [14]. Balke et al. obtained the limits on neutron emission
from cold fusion in metal hydrides [15]. Roberts et al. obtained the energy and flux limits of coldfusion neutrons using a deuterated liquid scintillator [16]. Ichimaru reviewed nuclear fusion in dense
plasmas [17], in which the fundamental nuclear reactions are classified to the usual binary processes
and few-particle processes, and the possibility of electron-screened cold fusion is remarked. Those
analyses are applied to the dense astrophysical plasmas.
In the experimental results some new elements, which do not exist in the beginning of
experiments, appear. For instance, a large number of triton appears [18], the abundance ratio of Sr-88
to Sr-86 shifts [19]. It shows that the nuclear reaction, including nuclear fusion and fission, must exist
in those experiments. Jeitler et al. compared experimental data with theoretical calculations for
epithermal effects in muon-catalyzed fusion, which predicted strong resonances and shown qualitative
agreement with the observed experimental data, but yielded molecular formation rates that differed
substantially from the observed values [20]. Gupta et al. studied nuclei at the neutron-drip line, and
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found that the light neutron-halo nuclei play an important role for both cold fusion reactions and exotic
cluster decay studies of heavy nuclei at the neutron-drip line, and used the quantum mechanical
fragmentation theory for cold fusion reaction [21].
Smolanczuk investigated the production of even-even superheavy nuclei in cold fusion
reactions [22], and proposed a relatively simple model which reproduces the measured formation cross
sections of deformed superheavy nuclei synthesized in cold fusion reactions [23], and calculated the
excitation functions for the production of superheavy nuclei in cold fusion reactions [24]. Further, he
calculated the formation cross sections of superheavy elements in cold fusion reactions [25], and
proposed a handy formula and calculated the cross sections for asymmetric and symmetric cold fusion
reactions for producing superheavy nuclei [26]. Some new approaches of theoretical mechanism are
researched. For example, Kozima considered neutron Mossbauer effect [27]. Kirkinskii and Novikov
developed a nuclear fusion mechanism in metal crystal structures at low energies, which uses an
approach for the estimation of electron screening in metals which is based on the dynamic account of
the outer metal electronic shells deformation during counter motion of two deuterons near their sites
boundary [28]. Computer simulation agrees with experimental data on excess hear output. Li proposed
the selective resonant tunneling model, and calculated the cross section of deuteron-triton sub-barrier
fusion with a square-well nuclear potential [4].
In 21 century, Hofmann and Munzenberg described the experimental methods for the discovery
of the heaviest elements, and measured excitation functions for the one-neutron evaporation channel of
cold-fusion reactions [29]. We introduced some experimental progress and theoretical researches on
cold fusion [30]. Grillon et al. studied deuterium-deuterium fusion dynamics in low-density molecularcluster jets irradiated by intense ultrafast laser pulses, and shown that nuclear fusion occurs not only in
the hot plasma core, but also in the cold outer region by collision processes in some conditions [31].
Gherghescu et al. studied the charge density influence on cold fusion barriers [32], and the shell effects
in cold fusion reactions [33], and investigated the isobaric cold-fusion channels for synthesis [34].
Adamian et al. investigated the isotopic composition of the projectile nucleus in the production of
superheavy nuclei in cold fusion reactions [35], and possibilities of production of new isotopes of
superheavy nuclei in cold and hot complete fusion reactions [36], and discussed the transfer-type
products accompanying cold fusion reactions [37]. Naranjo et al. observed nuclear fusion driven by a
pyroelectric crystal [38], and Saltmarsh reviewed the technology on warm fusion [39]. Gupta et al.
discussed theory of the compactness of the hot fusion reaction

Ca  244Pu292 114 * as the next

48

possible best reaction for forming the cold compound nucleus [40]. Gherghescu and Nagame
investigated cold-fusion reactions for synthesis of

276

114,286 114 and

290

114 [41]. For the nucleus-

nucleus interaction in Pb-based cold fusion, Mitsuoka et al. measured excitation functions for
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32
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Zn projectiles on a

208

Pb target, and derived the

barrier distributions from quasielastic backscattering [42]. Within the concept of the dinuclear system,
a dynamical model is proposed for describing the formation of superheavy nuclei in complete fusion
reactions by incorporating the coupling of the relative motion to the nucleon transfer process. Feng et
al. [43] calculated the capture of two heavy colliding nuclei, the formation of the compound nucleus,
and the de-excitation process by an empirical coupled channel model. They investigated systematically
evaporation residue excitation functions in cold fusion reactions and compared with available
experimental data, and obtained maximal production cross sections of superheavy nuclei in cold fusion
reactions with stable neutron-rich projectiles. They analyzed systematically isotopic trends in the
production of the superheavy elements Z=110, 112, 114, 116, 118, and 120, and proposed optimal
combinations and the corresponding excitation energies.
In this paper the physical-chemical-nuclear multistage chain reaction theory of cold fusion is
proposed, and some new researches are discussed. Furthermore, the three laws of cold fusion are
proposed.

2. Quantum Cold Fusion, Physical-Chemical-Nuclear Multistage Chain Reaction
Mechanism and Synergetics
At the present one of main difficulties is impossible explanation of appearance of nuclear
reaction by a standard theory, because the penetration factor is too small. But, cold fusion is very
complex, and includes possibly different nuclear, physical and chemical processes. The chemical
reactions include also oscillation, condensation, catalyst and self-organization, etc. [44]. We have
proposed the physical-chemical-nuclear multistage chain reaction mechanism [45]: (a) The electrons
appear, which may combine the internal conversion theory of cold fusion; (b) The electrons react with
deuterons or protons, and form bineutrons or neutrons; and (c) The bineutrons or neutrons enter into
nuclei, and then nuclear reactions happen. According to this theory, the first chain reactions are:
e   D  2n   e ,
2n  D 4 H * 4 He  e    e ,

(1)

e   D  2n   e

The second reactions are
e  p  n   e ,
n  p  D,

(2)

e   D  2n   e

Of course, neutrons may react with other nuclei, e.g., Pd. But, in this case Pd seems to be mainly an
absorbent by which deuteron plasmas are formed. From this we discussed the multistage ignition
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condition in cold fusion [46].
The process of the synthesis of superheavy elements (SHEs) is not yet understood completely.
Denisov and Hofmann made an attempt to describe the cold fusion reactions [47]. The process of the
formation of SHEs is subdivided into three steps. (1) The capture of two spherical nuclei and the
formation of a common shape of the two touching nuclei. Low-energy surface vibrations and transfer
of few nucleons are taken into account in the first step of the reaction. (2) The formation of a spherical
or near spherical compound nucleus. (3) The survival of the excited compound nucleus due to
evaporation of neutrons and γ-ray emission in competition with fission. A lowering of the fission
barrier was taken into account, which arises from a reduction of shell effects at increasing excitation
energy of the compound nucleus. The following reactions were analyzed in detail: (58Fe,
78

207

Pb, (50Ti,

Ge) +

(58Fe,

64

Ni,

70

Zn,

78

54

Cr,

Ge) +

58

210

Fe,

59

Co,

62,64

Pb, and (50Ti,

Ni,
54

65

Cr,

Cu,
58

66,68,70

Fe,

64

Zn,

Ni,

70

71

Ga,

Zn,

78

74,76,78

Ge) +

Ge,

209

75

As,

80,82

64

Ni,

Se) +

70

Zn,

208

Pb,

Bi. The presented model

describes well the available experimental cross-section data and allows for predicting cross-section
values for the synthesis of so-far unknown heavier elements. Swiatecki, et al., described a method of
estimating cross sections for the synthesis of very heavy nuclei by the fusion of two lighter ones [48].
In order to verify methods of calculating the fission-evaporation competition in reactions used to
synthesize new super-heavy nuclei in cold and hot fusion reactions, Siwek-Wilczynska et al. analysed
experimental data and tests the fission-evaporation competition in the deexcitation of heavy nuclei
[49]. Ichikawa et al. estimated the fusion-barrier for approaching ions in cold-fusion reactions in a
model [50]. They calculated the fusion potential for approaching ions in the two-body channel in the
macroscopic-microscopic model with the quadrupole vibrational zero-point energy, and compared
results with data from 10 experimental cold-fusion reactions and with the Bass barriers. It shown wellestablished fission and fusion valleys, and the calculated quantities are consistent with the observed
optimal energies for evaporation-residue formation. Ichikawa and Iwamoto estimated the decrease of
the Coulomb-barrier height between colliding partners due to charge polarizations in the entrance
channel for cold-fusion reactions, and shown the difference between the charge polarization of light
and heavy nuclei and the decrease of the Coulomb barrier height [51]. Ismail and Seif discussed a
simple straightforward method, which predicts the dependence of barrier distributions on different
deformations and interprets nuclear orientation for Coulomb barrier distributions, and estimated the
configurations of the interacting nuclei which lead to hot and cold fusion, respectively [52].
In synergetics a basic equation is the Fokker-Planck equation [53,54]:
f
1
2
  q [ A(q, t ) f ]  
[ Bij (q, t ) f ] .
t
2 i , j q i q j

(3)

Here f is the probability distribution function of particles, q is the space place, A and B correspond to
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the drift and diffusion coefficients. This is also an important equation in plasma. Its solution of the
steady state is:
q

2
2
f (q)  N exp[ V (| q |)]  N exp[  A(q)dq] .
Q
Q q0

(4)

Let the vector of probability current density is
S i  Ai f 

1

( Bij f ) ,

2 j qi

(5)

the equation (3) becomes to a conservative form:
f
 qS  0 .
t

(6)

This corresponds to the conservation equation of particle number.
The nonlinear Dirac equations describe fermion with interaction, whose simplified form is

     m  l02 |  2 |   0 .

(7)

Here l02 is a general nonlinear factor. Using a way like soliton-solution [55], let

  (  x   0ut ) /(1  u) ,

(8)

in which u is the soliton velocity, so the Eqs. (7) becomes

d
 m  l 02 |  2 |  .
d

(9)

Its solution is
|  |2 

m
.
2l [1  exp(2m  c)]
2
0

(10)

When x  0,   0ut /(1  u) ,
|  |2 

m
2l [1  exp(at  c)]
2
0

(11)

where a  (2m 0ut ) /(1  u) . When t=0, |  |2  m / 2l02 (1  e c );t  , |  |2  m / 2l02 . The solution (11) is
a jump soliton, and is analogous to the Fig. 7 and Fig. 9 of Ref. [56], which are the relations between
time and the heat transfer coefficient. Here |  |2   * is a probability density, which is direct
proportional to the particle density and to the particle number of reaction. Heat is bigger with the
bigger number, which shows the bigger heat transfer coefficient. So |  | 2 is direct proportional to the
heat transfer coefficient, Eq. (9) can approximately describe the experimental results of cold fusion.
Since cold fusion is an open system, into which the input of energy is sustained, and which is
kept far from an equilibrium state, we suppose that cold fusion is analogous to laser. Therefore, for
cold fusion we introduce the amplitude equation of single-mode laser [53]:
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4 g 2k
 (C0  kD)b 
b * bb  F (t )  b  b * bb  F (t ) ,
dt


35
(12)

where b is the amplitude, D is the reversal number of atom, F(t) is a random force,  is a relaxation
time. The Eq. (12) is analogous to the nonlinear equations of fermion, in which the amplitude
corresponds to the wave function. Conversely, if the Eq. (9) adds a random force F(t), it will become
the Eq. (12). For the equation (12), we introduce a potential [53]:
1
1
V (b )   b 2   b 4 .
2
4

(13)

1). If  =0, the equation is namely linear, the phase transformation does not appear. 2). If   0, the
equation is nonlinear. When V=0, b    2 /    m / l02 corresponds to the steady limit cycle.
The non-equilibrium phase transformation will happen.
The laser equation depends on three factors: field strength, polarization and reversal number of
atoms. While the conditions realized cold fusion are a certain voltage, electric current density and the
deuterium-palladium ratio. If two types of conditions are one-one corresponding, on a similar plan to
laser, we will obtain the equation of cold fusion and corresponding conclusions. Based on the above
conditions, when the keeping time of electric current approaches a threshold value, cold fusion may be
realized. Therefore, the order parameter is   C0  kD . When the reversal number, i.e., the D-Pd ratio
D is very small, D < C0 / k and  > 0, the potential of cold fusion is symmetrical and unsteady, the
nonlinear part may be neglected, the nuclear reaction is preserved only by the quantum stochastic
process, which is analogous to self-radiation. If D = C0 / k and  = 0, the phase transformation will
appears, and the phase of cold fusion is formed. If D > C0 / k and  < 0, the potential, which likes to
the Higgs mechanism, will form a sub-steady state of breaking symmetry.

3. Quantitative Calculations on Cold Fusion
The Fokker-Planck equation [54] corresponds to the Schrödinger equation of the steady state

d 2 8 2
 2 m[ E  U ( x)]  0 .
dx 2
h

(14)

According to the barrier penetration of quantum mechanics, the penetration factor is
d  exp[ 

4
h

b



2m(U  E ) dr ] .

(15)

a

If U is the Coulomb potential ke 2 / r ，a = R is the distance of interaction between incident particle
and target, b = r0  ke 2 / E ,
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4
h

2m (

ke 2
E

arctg

36

ke 2
ke 2
1  R
 E )] .
RE
R

(16)

For D  Pd 106 , because m = 1876.0289MeV/ c 2 , R = 1.25 A1/ 3  5.9158  10 13 cm, k = Z = 46, even if
E = 240 KeV, d  9.64827  10 52 . It is too small. According to the physical-chemical-nuclear
multistage chain reaction theory, for the reaction (1a), m = 0.511 MeV, E = 220 eV is the energy of
electron, k = Z = 1, R = 1.5749 10 13 cm, so the penetration factor of electron-deuteron is d =
1.7767 10 13 . Since the section ratio between deuteron and D-atom is about 3.814 10 11 , the
penetration probability of nuclear reaction between an electron (whose energy is E = 220 eV) and a Datom is 6.777 10 24 , and the number of D-atom is 1.6  1015 / cm 2 . It is consistent with Jones
experiment [2] and with Manduchi result [57]. Since the current density

  400mA / cm2 =2.5  1018 electron / scm 2 ,

(17)

the size of a rod cathode 0.4  1.25 = 0.5 cm2 , and t = 6 day = 6  24 h = 5.184 105 s in Fig. 1 of Ref.
[56], the total rate is 2.712 1010 / scm2 . From the total reaction

i.e.

D  D4He   e   e ,

(18)

D  D 4 He  23.9 MeV ,

(19)

the total released energy is 2.69 10 4 J. It agrees completely with this result 26 KJ in the Fig. 1 [56].
Moreover, the physical-chemical-nuclear multistage chain reaction theory agrees qualitatively
with the following experimental facts on cold fusion: (1) A large number of neutron and photon does
not appear, since no photon produces in the theory, and neutron joins the chain reaction. (2) The
released heat is delayed, since the chain reaction needs a process, and must provide electrolysis long
time. (3) The three deuterons react, which is a result of the chain reaction. A main characteristic of this
mechanism is that helium and neutrino appear in a final state, which is an important judgment on the
theory.

4. New Research on Cold Fusion
Recently, Zagrebaev and Greiner discussed nuclear reactions leading to the formation of new
superheavy elements and isotopes, and analyzed cold and hot synthesis, fusion of fission fragments,
transfer reactions, and reactions with radioactive ion beams along with their abilities and limitations
[58]. Wang et al. investigated the orientation effects of interacting deformed nuclei on the interaction
potential energy surfaces, and the evaporation residue cross sections of some cold fusion reactions
leading to superheavy elements within the dinuclear system model [59]. Pei et al. investigated the
fission barriers of compound superheavy nuclei [60]. Feng et al. analyzed systematically the
production of new superheavy Z = 108-114 nuclei with

238

U ,244Pu , and

248, 250

Cm targets [61]. Denisov
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and Khudenko calculated the  decay of even-even superheavy elements, which can be formed by
possible cold and hot fusion reactions [62]. Dworschak et al. measured the penning trap mass on
nobelium isotopes, in which the heavy nuclides were produced in cold-fusion reactions [63]. Umar et
al. investigated the entrance channel dynamics of hot and cold fusion reactions
48

70

Zn 208Pb and

Ca  238U , and calculated excitation energies and capture cross sections of superheavy formations

[64]. Smolanczuk evaluated chances of synthesis of transactinide nuclei in cold fusion reactions using
radioactive beams [65].
Cold fusion used often the resonance tunneling theory, which includes coherent tunneling and
sequential tunneling. Wersinger et al. studied a simple model for the nonlinear saturation of instability
by nonlinear mode coupling, whose solutions of the resonant three-wave coupling equations show that
changes include bifurcations to increasingly complicate periodic motions, the chaotic motions and a
strange attractor [66]. It is possibly related with cold fusion.
It is known, when the ionization component is exceeded 1/1000, plasma may be derived from
electric, thermal or optical action. The ionization energy of deuterium is about 150 eV, and the
ionization wavelength is  = 12400A/15 = 800A. In cold fusion the characteristics of plasma are: 1).
The room temperature is T = 300 K, and the electron (ion) temperature is 220eV  2.552  106 K. 2).
The Debye length is D  6.9 T / n cm. 3). The electric potential is V = Qe r / D / 4 0r . 4). The
oscillation frequency of plasma is f = 9000 n /s, here n is a density. The cold fusion phenomena
through electrolysis should be related with plasma, and produce the nonlinear wave and resonance.
Therefore, cold fusion phenomena should be related with the nonlinear quantum theory [55]. Cold
fusion may be obtained from the nonlinear effect, which derives from the nonlinear quantum
mechanics and the nonlinear electromagnetic force. In plasma and its equations, cold fusion is obtained
from the strange attractor of energy, which is derived from chaos.
The soliton, which is easier for penetration, chaos and synergetics [53] may be obtained from
the nonlinear wave, the nonlinear equations and the nonlinear interactions. Cold fusion corresponds to
a condensed state, which may be described by the fractal. The nonlinearity possesses the self-focusing,
the self-induced transparency and the recurrence of system under the periodic boundary condition, etc
[67].
Existed part of electronic cloud is redounding to the barrier penetration. Cold fusion appears
under the critical conditions for the D/Pd ratio and the time accumulate, and it is a chaos point, which
corresponds to the chain reaction.
The cold fusion phenomena and its cycle should be related with catalyzer, and produces the
nonlinear term. The cold fusion catalyzed by  is also a possible multistage reaction. In the room
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temperature a distance between D-D is 0.74A, and a fusion rate is 1064 sec1 /D-D. Schwinger
proposed p+D 3 He +energy of crystal lattices, and the nonlinear process exists.
Cold fusion is also a macroscopic quantum effect. We research the possible relations between
various macroscopic quantum phenomena and the extensive quantum theory, which has different
quantum constants but similar formulations with quantum mechanics. Using the geometric average
method, three different values of the quantum constants of man, cell and macromolecule with different
scales may be derived [68]. In cold fusion deuterium and helium (pp + nn) are probably composed of a
similar Cooper pair way. Now a key of cold fusion is the penetration factor d, which depends on mass
m, energy E, electric potential U and time accumulated according to Eq. (15). Such cold fusion may be
controlled.
For the nanomaterial, their exteriors and adsorption effect may increase bigger, it should be
beneficial to cold fusion. Because the nanomotes as catalyzer may raise the reaction rate 10~15 times,
and usual metal catalyzers are just Fe, Co, Ni, Pd and Pt.

5. Discussion and Conclusions
Cold fusion seems to show the imperfection of quantum mechanics. It is probably related with
the extensive quantum theory [69-72]. According to Eq. (15), ln d  h 1 , if h is bigger, and ln d will
also be bigger.
The nuclear reactions and the nuclear phenomena are the complex process. For instance, we
have discussed a possibility on violation of Pauli exclusion principle in nuclei and their collisions at
high pressure, high energy and so on [73]. In particular, time accumulate continuously in cold fusion.
According to the physical-chemical-nuclear multistage chain reaction theory, the explanation of cold
fusion is also possible based on the known quantum mechanics. Finally, we propose the three laws on
cold fusion: (1) The time accumulate law, (2) The area direct ratio law, and (3) The multistage chain
reaction law.
In a word, cold fusion as a new possible energy is very important, and is worth further
researching.
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