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The electron assisted low energy dd reactions in deuterized metals are investigated. It is shown
that if a metal is irradiated with slow, free deuterons then the e + d + d → e′ + p + t and e + d + d →
e′ + n+ 3 He electron assisted dd processes have measurable probabilities even in the case of slow
deuterons. The cross sections and the yields in an irradiated sample are determined. The results
are connected with the so called anomalous screening effect. It is concluded that the electron dd
processes have to be taken into account when evaluating the experimental data of low energy fusion
reactions in metals.
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Astrophysical factors have great importance in nuclear
astrophysics [1], [2]. In the last two decades, investigating
astrophysical factors of nuclear reactions of low atomic
numbers, in the cross section measurements of the dd reactions in deuterated metal targets extraordinary observations were made in low energy accelerator physics [3].
The phenomenon of increasing cross sections of the reactions measured in solids compared to the cross sections
obtained in gaseous targets is the so called anomalous
screening effect. A few years ago a systematical survey
of the experimental methods applied in investigating and
the theoretical efforts for the explanation of the anomalous screening effect was done [4] from which one can conclude that the full theoretical explanation of the effect is
still open. Here it is shown that the electron assisted dd
processes in metal environment produce yields which are
considerable in the energy range investigated in [4].
Let us consider the following dd nuclear reactions
d + d → p + t + ∆,

d+d→ n+

3

He + ∆.

(1)

(2)

(Since the work [4] focuses to reactions (1) and (2) the
d + d → 4 He + γ reaction is not discussed in this paper.) Here p, d and t denote proton, deuteron and triton, respectively, and ∆ is the energy of the reaction,
i.e. the difference between the rest energies
of the initial

(d + d) and final p + t and n + 3 He states, ∆(pt) =
4.033 M eV and ∆(nHe) = 3.269 M eV , respectively.
The energy dependence of the cross section (σ) of the
processes (1) and (2) reads as
σ (Er ) = S (Er ) exp [−2πη (Er )] /Er ,

(3)
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where Er is the relative kinetic energy of the deuterons,
S (Er ) is the astrophysical factor and η (Er ) is the Sommerfeld parameter,
s
m0 c2
m0 c
η (Er ) = αf
,
(4)
= αf
~k (Er )
2Er
where k is the magnitude of the wave vector of the relative motion of the interacting deuterons in the center of
mass coordinate system. The reduced rest mass md /2
of two deuterons of rest mass md is approximated as
md /2 = m0 c2 = 931.494 M eV which is the atomic mass
(energy) unit. ~ is the reduced Planck constant, c is the
velocity of light and αf is the fine structure constant [1],
[2]. In the laboratory frame of reference the energy E of
the deuteron in the beam is E = 2Er .
The exp [−2πη (Er )] dependence of σ (Er ) appears
since the relative motion of the two deuterons is described
by the Coulomb solution ϕ(r) ∼ e−πη/2 Γ(1 + iη), and the
cross section of the process is proportional to
2πη (Er )
= FC (Er ).
exp [2πη (Er )] − 1
(5)
Here Γ is the Gamma function [5]. FC (Er ) is the square
of the deuteron-deuteron Coulomb factor. The rate of
nuclear reactions (1) and (2) decreases rapidly with decreasing beam energies in consequence of FC (Er ) becoming small.
However the situation changes in the case of the electron assisted versions of (1) and (2) which read
e−πη/2 Γ(1 + iη)

2

=

e + d + d → e′ + p + t + ∆,
e + d + d → e′ + n +

3

He + ∆,

(6)
(7)

where e denotes a conduction electron of the metal and e′
stands for it after assisting the reaction. The cross section
of reactions (6) and (7) is proportional to the square of
the electron-deuteron Coulomb factor expressed in the
variable E
2πηe (E)
(8)
Fe (E) =
exp [2πηe (E)] − 1

2
where
ηe (E) = −αf

me c
= −αf
~kr (E)

r

m0 c2
E

(9)

with me the electronic rest mass. kr is the magnitude
of the wave vector of motion in the center of mass coordinate system of the interacting deuteron and electron.
Here the reduced mass µ = me md / (me + md ) is approximated as µ = me . In the cases (5 keV < E < 50 keV )
investigated [4] Fe (E)) = |2πηe (E)|. Although the processes (6) and (7) are second order processes it is expected
that the disappearance of the small exp [−2πη (E)] quantity from the cross section of processes (6) and (7) may
make the order of magnitude of their cross sections become comparable with or higher than the order of magnitude of (3) with decreasing E.
In the processes investigated a low energy deuteron
beam bombs deuterized metal targets. The interaction between an ingoing deuteron and an electron of the
metal is a Coulomb interaction of potential V Cb (x) =
−1
R
−1 2 2
exp (iq · x) dq with coupling
− 2π 2
e q + qs2
p
2
strength e = αf ~c and qs = 4πe2 ̺ (εF ) the ThomasFermi screening parameter, where ̺ (εF ) is the density of
electron states at the Fermi-energy εF in the metal [6].
The order of magnitude of qs is 108 cm−1 for metallic elements. The other interaction that is taken into account
between the nucleons of the deuterons is the strong interaction of potential V St (x) = −f exp (−s |x|) / |x|, where
the strong coupling strength f = 0.08~c [7] and 1/s is
the range of the strong interaction.
In the second order process investigated a free electron of the conduction band of the metal takes part in
a Coulomb scattering with an ingoing deuteron of the
beam. In the intermediate state a virtual free neutronproton pair is created in the (6) and (7) processes. The
virtual neutron or proton corresponding to the processes
(6) and (7), respectively, is captured due to the strong interaction by an other deuteron located in the solid. The
reaction energy ∆ is shared between the quasi-free final
electron and the proton and tritium or neutron and 3 He
corresponding to the processes (6) and (7), respectively.
Since the aim of this paper is to show the fundamentals
of the main effects, the simplest description is chosen.
The transition probability per unit time (Wf i ) of the
P
2
processes can be written as Wf i = 2π
f |Tf i | δ(Ef −∆)
~
P
St Cb
Cb
with Tf i = µ Vf µ Vµi /∆Eµi . Here Vµi is the matrix
element of the Coulomb potential between the initial and
intermediate states and VfSt
µ is the matrix element of the
potential of the strong interaction between intermediate
and final states, furthermore ∆Eµi = Eµ − Ei + ∆µi .
Ei , Eµ and Ef are the kinetic energies in the initial,
intermediate and final states, respectively. ∆µi is the
difference between the rest energies of the intermediate
and initial states.
In reactions (6), (7) the Coulomb interaction virtually breaks up the deuteron and produces a virtually free
proton and neutron. Correspondingly, ∆µi = 2.225 M eV

which is the binding energy of the deuteron. The method
Cb
of evaluation of matrix elements Vµi
, VfSt
µ and the transition probability per unit time is similar to the method
discussed recently [8] determining the cross section of
electron assisted neutron exchange process.
The cross section σpt of the electron assisted d + d →
p + t process has considerable contributions if
|k1 + k2 | . qs

(10)

where k1 , k2 are the wave vectors in the final state of the
proton and the triton. In the cases which fulfill condition
(10) kp
1 = −k2 + δk with |δk| = δk ∼ qs and k1 ≃ k2 ≃
k0 = (3/2) m0 ∆/~, which is determined by the energy
Dirac delta, resulting δk/k0 ∼ qs /k0 ≪ 1. Evaluating σpt
the Weisskopf and the long wavelength approximations
are used, i.e. for the
pinitial and final bound neutron states
we take ΦW (r) = 3/ (4πR3 ), if |r| ≤ R and ΦW (r) = 0
for |r| > R, R = {Rd or Rt } where Rd = 4.31 f m is the
radius of the deuteron and Rt ≃ R3 He = 2.26 f m is the
radius of the triton [9] and exp (−ik0 · r) = 1 is used if
|r| ≤ R. Furthermore s = 1/r0 with r0 = 1.2 × 10−13
cm is applied. The further details of the calculation are
similar to those made in [8]. So
σpt = Cpt

u
E

(11)

with E the kinetic energy of the deuterons in the beam,
u the deuteron over metal number densities and
Cpt = h
1+

K0
2∆µi
3∆(pt)

i2

Nc
,
vc qs ∆ (pt)

(12)

where vc is the volume of the elementary cell of the metal,
Nc is the number of lattice sites in the elementary cell
2
12
and K0 = 0.598 236 π 2 α2f (0.08)2 (Rd /Rt )3 r04 m0 c2 .
The cross section σnHe of the electron assisted d + d →
n+ 3 He reaction reads
σnHe = CnHe

u
E

(13)

Nc Fpd
vc qs ∆ (nHe)

(14)

where
CnHe = h
1+

K0
2∆µi
3∆(nHe)

i2


with Fpd = 2πηpd / e2πηpd − 1 , which is the square of
the pd Coulomb factor
p before the action of strong interaction with ηpd = αf 2m0 c2 / (3∆ (nHe)).
The yield (dN/dt)pt of events of electron assisted
d + d → p + t process in an elementary small volume
Vs of the sample can be written as (dN/dt)pt = Nt σpt Φ,
where Φ is the flux of deuterons, Nt is the number of
target particles, i.e. the number of free electrons of the
conduction band of the metal. The number of elementary
cells in an elementary small volume Vs of the sample is
Vs /vc and the number of conduction electrons in an elementary cell is ge thus the number Nt = ge Vs /vc . Using

3
(11) the yield reads as (dN/dt)pt = ge Vs Cpt uΦ/ (vc E),
where the quantities ∆ (pt) and E have to be substituted in M eV units. The yield of the events of the
electron assisted d + d → n+ 3 He reaction produced
in an elementary small volume Vs of the sample reads as
(dN/dt)nHe = ge Vs CnHe uΦ/ (vc E).
The yield (dN/dt)usual of the usual d + d → p + t
process (without taking into account screening) can be
written as (dN/dt)usual = Nc Vs σ (E) uΦ/vc where Nc is
the number of atoms in the elementary cell and
p σ (E) =
(2S (0) /E) exp [−2πη (E)] with η (E) = αf m0 c2 /E.
Here σ (E) is expressed in the variable E = 2Er . In
the extremely low energy range the S(Er ) = S(0) approximation is valid and the S(0) values of processes (1)
and (2) are: 5.6 × 10−2 and 5.5 × 10−2 in M eV b units
[1].
It is useful to introduce the relative yield

dN
ge Cpt
dt pt
r = dN 
exp [2πη (E)] ,
(15)
=
2N
c S(0)
dt usual

normal d + d → p + t processes in an elementary volume of the sample. As model material we take P d. It
has vc = d3 /4 with d = 3, 89 × 10−8 cm and Nc = 2.
Using the data ρ (εF ) = 25 states/atom/Rydberg for
the density of states at the Fermi energy of P d at
u = 0.3 [4], [10], one obtains qs = 6.73 × 108 cm−1 and
Cpt = 3.8 × 10−13 M eV b. Furthermore, ge p
= 10 and
−11
r = 1.7×10
exp [2πη (E)] where η (E) = αf m0 c2 /E
resulting r = 1 at E = 3.186 keV . From this number one
can conclude that the yield produced by the electron assisted d + d → p + t process with decreasing beam energy
becomes comparable with and larger than the yield produced by the normal d + d → p + t process near and
below 3 keV . Since CnHe = 3.0 × 10−13 M eV b therefore
σnHe has the same order of magnitude as σpt has and
so similar statement can be made in the case of electron
assisted d+d → n+ 3 He reaction too. Consequently, one
can conclude that the electron assisted d + d → p + t and
d + d → n+ 3 He processes should be taken into account
when evaluating the data of low energy fusion reactions
in metals.
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[6] J. Sólyom, Fundamentals of the Physics of Solids, Vol.
III., Normal, Broken-Symmetry and Correlated Systems
(Springer, Berlin-Heidelberg, 2010).
[7] J. D. Bjorken and S. D. Drell, Relativistic Quantum Mechanics (McGraw-Hill, New York, 1964).
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