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Summary

Nuclear fusion reactions of D-D are examined in an
environment comprised of high density cold fuel embedded in
metal lattices in which a small fuel portion is activated by hot
neutrons. Such an environment provides for enhanced
screening of the Coulomb barrier due to conduction and shell
electrons of the metal lattice, or by plasma induced by ionizing
radiation (y quanta). We show that neutrons are far more
efficient than energetic charged particles, such as light particles

* This paper was published by American Physical Society (APS) as
Phys. Rev. C 101, 044609 (20 April 2020), and can be found at:
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.101.044609.
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(e, €") or heavy particles (p, d, o) in transferring kinetic energy
to fuel nuclei (D) to initiate fusion processes. It is well-known
that screening increases the probability of tunneling through the
Coulomb Dbarrier. Electron screening also significantly
increases the probability of large- versus small-angle Coulomb
scattering of the reacting nuclei to enable subsequent nuclear
reactions via tunneling. This probability is incorporated into the
astrophysical factor S(E). Aspects of screening effects to enable
calculation of nuclear reaction rates are also evaluated,
including Coulomb scattering and localized heating of the cold


https://journals.aps.org/prc/abstract/10.1103/PhysRevC.101.044609

fuel, primary D-D reactions, and subsequent reactions with both
the fuel and the lattice nuclei. The effect of screening for
enhancement of the total nuclear reaction rate is a function of
multiple parameters including fuel temperature and the relative
scattering probability between the fuel and lattice metal nuclei.
Screening also significantly increases the probability of
interaction between hot fuel and lattice nuclei increasing the
likelilhood of Oppenheimer-Phillips processes opening a
potential route to reaction multiplication. We demonstrate that
the screened Coulomb potential of the target ion is determined
by the nonlinear Vlasov potential and not by the Debye
potential. In general, the effect of screening becomes important
at low kinetic energy of the projectile. We examine the range of
applicability of both the analytical and asymptotic expressions
for the well-known electron screening lattice potential energy
U., which is valid only for £ > U. (£ is the energy in the center
of mass reference frame). We demonstrate that for £< U, a
direct calculation of Gamow factor for screened Coulomb
potential is required to avoid unreasonably high values of the
enhancement factor f(E) by the analytical—and more so by the
asymptotic—formulas.

1.0 Introduction

Electron screening is essential for efficient nuclear fusion
reactions to occur. Screening effects on fusion reaction rates as
measured in deuterated materials have been demonstrated to be
important. The nuclear reaction rate includes two primary
factors: the Coulomb scattering of the projectile nuclei on the
target nuclei as well as nuclei tunneling through the Coulomb
barrier. During elastic scattering of charged projectiles on a
target nucleus, such as a deuteron, some of the energy of the
projectile particle is transferred to the target nucleus, hence
heating it. Depending on the projectile particle energy and the
efficiency of kinetic energy transfer during the scattering event,
the target deuteron may become energetic enough to enable
subsequent nuclear fusion reactions via tunneling through the
Coulomb barrier. Electron screening may play a significant role
in this process because of hot fuel interacting with lattice nuclei
in the highly screened environment, as has been demonstrated
in the companion experimental work reported in Steinetz et al.
(Ref. 1). In the current work we analyze the electron screening
effect on Coulomb scattering and the tunneling process
involving charged projectiles. We then demonstrated the
superior efficiency of the kinetic energy transfer by energetic
neutrons on the target deuteron nuclei resulting in subsequent
nuclear reactions. Such a process is a key ingredient in
achieving and sustaining nuclear reactions.

NASA/TP-20205001617

2.0 Nuclear Fusion Cross Section of
Bare Nucleus Ions

In the standard case of subbarrier quantum tunneling through
the Coulomb barrier between positive nucleus ions, the nuclear
fusion cross section of bare nucleus ions G44.(E) can be written
(Ref. 2) as

S(£)

Opare (E) = exp[—G(E)J (1)

where E is the energy in the CM (center of mass) reference frame,
G(E) is the Gamow factor, and S(E) (Refs. 2 and 3) is the
astrophysical S-factor containing the details of nuclear
interactions. It is noted that the theoretical development proceeds
in Gauss units (not SI). In the nonrelativistic case, the relation
between energy E in the CM frame and the kinetic energy K. of
the projectile nucleus ion in the laboratory (lab) frame takes the
simple form

m2
Ky =1 =(1+Z—;j5 @)
In the lab frame, the target nucleus ion with mass m; is at rest
(i.e., v, =0), and the projectile nucleus ion with mass m; has
velocity vy, at infinity.
In the Wentzel-Kramers-Brilloin (WKB) approximation,
G(E) involves the evaluation of the following integral (Ref. 2):

Tetp

G(E)=2 [ {2u[vc ()-E]) " ar 3)

ro

Here, Uc(r) is the Coulomb potential energy (or the Coulomb
barrier), Uc(r) = Zie Zye/r of a projectile nucleus with charge
Zie in the Coulomb field Ze/r of the target nucleus;
Q= mumy/(m; + my) is the reduced mass of projectile and target
nuclei; 7o = (R + R») is the classical distance of closest approach
with nuclei (effective) radii Ry and R»; and 7., is the classical
turning point, determined from the following expression:

E=Uc(rdp)—>r

wp = 21eZye[E (4)

Evaluation of the integral in Equation (3) gives the standard
expression for the Gamow factor (Ref. 2), as derived in
Equation (6):

o) P ()] o



where Ve = ZieZselry is the full height of the Coulomb barrier,
Eg=2ucX(noZi Z,)? is the Gamow energy, and o = e’fic.

In the limit of \/E/V < 1 (which is usually the case), the
Gamow factor reduces to the simple Sommerfeld expression
(Refs. 2 and 3):

1/2 12
E, 4 / E E,
GC,asymptotic (E) = (?Gj (1 —; Z + J RN ( 5 ) (6)

3.0 Nuclear Fusion with Electron
Screening

3.1 Coulomb Barrier Screening by Lattice
Electrons

In experiments with deuteron beams and deuterated targets,
when target deuterium nuclei (D) were embedded in insulators
and semiconductors (Refs. 4 and 5), a relatively small enhance-
ment of nuclear reaction rates was found for the D(d,p)T
nuclear fusion reaction compared to reactions with gaseous D,
target experiments (Ref. 6). These enhancements of reaction
rates for the D(d, p)T nuclear reaction in host insulators and
semiconductors is naturally explained by the screening of
interacting nuclei with static electron clouds localized in atomic
shells of host materials (Ref. 4). Collectively, shell electrons are
producing a negative screening potential for the projectile
nucleus, effectively reducing the height and spatial extension of
the Coulomb barrier between interacting nuclei (Ref. 5).

However, much larger effects have been readily measured
with deuterated metal targets (excluding the noble metals such
as Cu, Ag, and Au) (Refs. 5, 7, and 8). A large enhancement of
the nuclear reaction rates for the D(d, p)T fusion reaction in host
metals can be considered as the result of an additional dynamic
screening by free-moving conduction electrons, which are read-
ily concentrated near the positive ions (Ref. 5). These screening
effects are collectively referred to as “lattice screening.”

Electron screening of target nuclei either by atomic shell
electrons or conduction electrons, are usually both approxim-
ated by a negative uniform shift —U. of the Coulomb barrier
Uc(r). Here U, is the electron screening potential energy and is
given by the simple formula (Ref. 9)

_ ZIQZZQ

U
‘ KSC

(7

where Z; and Z, are the atomic number of projectile and target
nuclei, respectively, and A, is the corresponding screening
length. The standard derivation of Equation (7) and the effect
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of electron screening can be straightforwardly estimated by
recalculating the Gamow factor G(E) in Equation (3) by
replacing the Coulomb potential energy Uc(r) with the general
expression for the screened Coulomb potential energy Uc s(7)
(Ref. 10):

Ve (r) zﬂexp[_%j ®)

Since the radial distance » in Equation (3) is smaller or equal
to the classical turning point r.,, given by Equation (4), which
in turn is generally much smaller than the characteristic distance
of electron cloud distribution from reacting nuclei, which is the
corresponding screening length A, that is

1 S7 STy < Ay 9)

one can expand exp(—r/As) = (1 — r/Ay) in Equation (8) to find
that the screened Coulomb potential energy Uci(r) (the
screened Coulomb barrier) can be rewritten (Ref. 9) as

ente ] )

r Age
ZeZ ZeZ (19)
1€42€ 1€42€
= - =Uc(r)-U,
p n uelr)
with the standard Coulomb barrier Uc(r) as
ZieZ,e
Ue(r)= 2225 (11)

and the electron screening potential energy U., naturally
determined (Ref. 9) as

_ 216226

Ue
A

(12)

sc

Therefore, the concept of an electron screening potential
energy U, introduced above in Equations (7) to (11), can be
theoretically justified if the classical turning point ., is much
smaller than the corresponding screening length As. This
necessary condition, stated in Equation (9), can be rewritten as

E> U, (13)

using the definition of the classical turning point 7., given by
Equation (4).

Obviously for low energy, E < U., the concept of an electron
screening potential energy U, given by Equations (7) to (11) is



not applicable, and the direct numerical evaluation of the
Gamow factor G (E) in Equation (3) with the screened Coulomb
potential energy Uc () from Equation (8) is required.

It is well known (Refs. 5 and 9) that the lowering of Uc(r) by
U. is equivalent to the increase of E by U., as can be seen in
Equation (3), namely, [Uc(7) — Ue] — E = Uc(r) — (E + U,). The
uniform shift U, is called the “electron screening potential
energy”’ (Ref. 5).

Therefore, the experimentally measured tunneling probability
Cexp(E) in the screened target at the ion energy E in the CM
frame can be evaluated as the experimentally measured tunneling
probability for bare ions collision at higher energy (E + U,)
(Ref. 11):

Gexp (E) = GOcreen (E) = Obpare (E + Ue) 14

The experimental fusion cross-section Gep(E) can be written
(Refs. 11 and 12) as

Sexp (E) = Opare (E) [ (E) (15)

which is essentially the definition of the enhancement factor
J(E).

From Equation (1) the expression for an enhancement factor
fue(E) in the lattice potential approximation is found to be

S(E+U,)
" (E):W (16)

xLexp[Gc(E)—Gc(EJrUe)J

(E+U,)

In the case of S(E+U,)=S(E), which is usually the
general case, the enhancement factor fu.(E) can be finally
written (Ref. 5) as

fu, (E)= )exp[Gc (E)=Ge(E+U.)] (7

(E+U,

In the limit of \/E/V- <1, Equation (17) is further reduced to
the following asymptotic formula (Refs. 5, 11, and 12):
12
E U, ( Eg
asymptotic E —eXp| | — (18)
Socasmpore (E) (E+0,) " 2E[ E j }

following from Equation (6).
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For low energy (when E < U,) the concept of an electron
screening potential energy U, given by Equations (7) to (11) is
not applicable, and the direct numerical evaluation is required.
For the Gamow factor Guiec(E) in Equation (3) with
Uc(l”) i d UC,SL-(V),

2 'ﬁ:’f” 1/2
Gt (E) = Geoe (E) =1 [ {2[Ucse (r)=E]} ar 19)
o
where r:;p is the modified classical turning point determined
numerically from the following equation:

N ZeZ»e r
Uc,ye (7)) = %exp(—ﬁj =E (20)

Tep sc

where the screened Coulomb potential energy Uc,(r) is obtained
from Equation (8).
The enhancement factor in this case is obviously equal to

fdirect (E) = eXpI:GC (E) - Gdirect (E):| (21)

where G¢(F) is determined from Equation (5).

Table I presents the calculated values of enhancement factors
for deuterated erbium ErDs for various levels of energy of
interest. Note U, was calculated using Equations (46) or (54)
noted below and was found to be U, =347 eV.

Note, for example, that the value of 3U, corresponds to 2 keV
kinetic energy of the projectile in the lab frame, illustrating that
the analytical formula for fy.(E) is valid, but the asymptotic
formula for the enhancement factor is still inappropriate. Since
the electron screening effect becomes important at low kinetic
energy of the projectile, direct numerical calculation of the
Gamow factor is required for accurate results.

The above equations show a sharp rise in enhancement factor
f(E) for deuterium interaction with host metals, especially at
moderately low deuteron energies. The enhancement factor
f(E) further increases with Z and with decreasing projectile
energy. This may enable Oppenheimer-Phillips stripping react—
ions resulting in the production of energetic protons and
neutrons, and a possible route for multiplication. Such
Oppenheimer-Phillips stripping reactions appear to have been
observed in the companion experimental work reported in
Steinetz et al. (Ref. 1).

Measured U, for Select Targets: The experimental values for
an electron screening potential energies U, are as follows:



TABLE . —ENHANCEMENT FACTOR VALUES FOR ErD3; AT VARIOUS ENERGY LEVELS

eE\’/ fE‘diVECngI) fU(, (E) fUL,,a.sympmzic (E) er (E) er,asymptaI[c (E)
(Eq-€21) (Eq. (17)) (Eq. (18)) Juree (E) Jureet(E)
%Ug 1.09%x10"? 2.36x10"3 1.9x103%? 215 1.7x10%°
Ue 9.89%x10° 3.09x10° 1.96x10'! 3 2x10°
2Ue 539 676 8286 1.25 154
3Ue 45.7 46.4 127 1.017 2.8
U.=25+15 eV for gaseous targets (Ref. 6), and U, =39 to 52 eV K > ‘U
e e
(22)

for deuterated insulators and semiconductors targets (Refs. 4, 5,
and 7). However, for deuterated metal targets much larger values
of electron screening potential energies U, are measured (Refs. 5,
7, and 8), ranging from U, = 180+40 eV (Be) to 800+90 eV (Pd).
The exclusion is observed for deuterated noble metal targets
(Refs. 5, 7, and 8): namely, U, = 43420 eV (Cu), U.=23£10 eV
(Ag), and U, = 61420 eV (Au).

Theoretical values for U,, considering screening by static
electron clouds localized in atomic shells of host materials, that
are calculated in the adiabatic limit utilizing differences inatomic
binding energies (Ref. 4) correlate well with experimentally
measured values for U, in gaseous targets as well as in deuterated
insulator and semiconductor targets (Refs. 4, 5, 7, and 8).

In contrast, theoretically calculated values of screening poten-
tial energies U, by static electron clouds in atomic shells of host
metals, are almost one order of magnitude smaller (Ref. 4) than
values of electron screening potential energies U, experimentally
measured for deuterated alkaline metal targets (Refs. 5, 7, and 8).
These discrepancies obviously require different physical mec-
hanisms for theoretical clarification of experimental results. The
novel physical mechanism, which takes into account the presence
of quasi-free moving conduction electrons in metals as an
additional source for screening of interacting nuclei (Ref. 5), will
be discussed in Section 3.0.

3.2  Coulomb Barrier Screening by Plasma
Particles

In deuterated materials exposed to ionizing radiation (y-quanta
or energetic electron e beam) dense plasma channels are created
inside an irradiated sample comprising non-equilibrium two-
temperature plasma with free-moving hot electrons and free-
moving cold deuteron ions.

Energetic electrons in plasma cannot create a bound state
with deuteron ions, because the mean kinetic energy of hot
electrons (K, ~ kT,) is much larger than the Coulomb inter-
action (U,, ~ ¢;q,)/7 between them (Ref. 13):
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The inequality in Equation (22) represents the necessary con-
dition for plasma existence and also can be written as

kT, > e2n'/3 (23)

using the obvious fact that the mean distance 7 between ions is
-173.

of the order of n
7 ~n 3 (24)

Introducing the electron Debye length Ap., which is defined as

12
Ae =( ki j (25)

4me’n

Equation (23) is rewritten with the help Equation (24) as

., _
Mpe > L > hpy > = 0.28F (26)

4r m

Equation (26) indicates that in plasma the electron Debye length
Ape 1s larger in order of magnitude than the mean distance 7
between ions.

It also follows from Equations (24) and (26) that the number
of electrons in the electron Debye sphere Np, in plasma is much
larger than 1 (Ref. 13):

Np, ~ n(%xgej > 1 (27)

Therefore, the statement A, > 0.287 as given by Equation (26)
and the equivalent statement N, > 1 as given by Equation (27)
follow from the plasma existence necessary requirement of
K, > |l7 -

e\’

| which is expressed by Equation (22).

The undisturbed plasma in plasma channels is electroneutral,
with the total electric charge density Qo being equal to zero in
each unit volume:



QO =(qin;o +qelep = 0 (28)

where nj9 is the undisturbed mean ion number density, 7. is the
undisturbed mean electron number density, ¢; is the ion electrical
charge, and ¢. is the electron electrical charge. It follows from
Equation (28) that the electron and ion undisturbed number
densities n.0 and njp, respectively, are equal to each other if

gi=—qe=e:
O = qinio +geNeo =0 > n=ny = nyg (29)

However, the long-range Coulomb forces between ions in the
plasma act at distances that are much larger than the mean
distance 7 between plasma particles. The interaction between
any two charged ions at such distances is influenced by the
presence of a large number of charged particles. Consequently,
the resulting effective field is collectively produced by many
charged particle and naturally described by the self-consistent
Vlasov field, which is not a random one, but macroscopically
certain; that is, not causing the entropy of the system to increase
(Refs. 13 and 14).

In accord with the above description, each ion in the plasma
can be considered as surrounded by a spherically symmetrical
(on average) charged ion cloud with non-uniform charge den-
sity distribution Q(r):

O(r)=qim; (r)+gene (r) (30)

where r is the distance from the ion (located at » = 0). Here n.()
is the electron number density and ni(r) is the ion number
density, both distributed in the self-consistent Vlasov potential
field ¢(r) around the ion in consideration.

Since in the Vlasov field ¢(») the potential energy of an
electron is g.¢(r) and of the ion is g;¢(), the corresponding
electron number density 7.(r) and ion number density n(r) are
both given by the corresponding Boltzmann’s distribution
(Refs. 13 and 14):

no(r) =g exp{_ ‘fe“’(r)}

KT,

31
T al) .
n; (I’)—I’lio eXp —T

where 7. and T; are the electron and ion temperatures, respec-
tively. Here n.o and nj are the mean electron and ion number
densities in undisturbed plasma.
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The Vlasov potential ¢(r) in the ion cloud around any
considered ion obeys the nonlinear electrostatic Poisson’s
equation (the Vlasov equation):

§2¢:%§|:r2 %@}Z—“TEQ(!’)Z—M‘CQ((I)(?‘)) (32)

where the total electric charge density O(r) is the nonlinear
function in ¢(r), as given by Equation (30) together with
Equation (31).

The solution of the Vlasov equation, Equation (32), should be
used in the evaluation of the Gamow factor in Equation (3) for
the screened Coulomb barrier Uc,.. For the projectile nucleus
with charge +e in the Vlasov potential field ¢ () of the target
nucleus with charge ¢; = +e, the screened Coulomb barrier Uc s
by definition is

Ucye =eb(r) (33)

At large distance from the considered ion (located at » = 0), the
Vlasov field goes to zero ¢ (r — o) — 0, since it describes the
deviation from reference potential of unperturbed plasma. Thus

ne(r_)oo)—w/lzneo andn,»(i’—)oo)—)”E”iO (34

As the undisturbed plasma is electroneutral, the total electric
charge density Qo being equal to zero in each unit volume:

Q(}”—)OO)—)QO =(in +qgneO :O—)I’lEneO =1 (35)

(see Egs. (28) and (29)).

Since at large distance » from the ion (located at » = 0), the
Vlasov potential ¢ () is small, the ion and electron charge den-
sity distributions can be reduced to linear expressions in terms

of ¢ (r):
ne(r)=ney [1 —:—;d)(r)j and

ni(r):nio(l—kq—]i; (r)j

(36)

leading to a linear expression in ¢ () for the total charge density

Q(6(r):

2n g2
Q(¢(r))=Qo—(%+%j¢(r), Q=0 (37



Substitution of Equation (37) into Equation (32) gives the
linearized electrostatic Poisson’s equation (Debye equation) for
the Vlasov potential ¢() (Ref. 13):

Li[,zMJ_ ! 8(r) (38)

r2 or o | E

where Ap is the Debye screening length in two-component, two-
temperature plasma (Ref. 15):

MG =Ap + Aoy (39)

where Ap; and Ap. are the ion and electron Debye lengths,
respectively. They are defined as

T, 1/2
o = [—J and
4n-ny - e

. KT, 12
be 4m-n, - €2

If the electron temperature 7. is much higher than the ion
temperature 7; (i.e., hot electrons and cold ions), then the Debye
screening length A for two-component, two-temperature plasma

(40)

is determined by the ion Debye length Ap;:

12
K ] (41)

T,> T, >Ap=Ap; =
S [4nnioe2
as it follows from Equations (39) and (40).
Near the ion with charge ¢; = +e (located at = 0), the Vlasov
potential ¢(r) reduces to the Coulomb potential g/, generated
by this ion:

o(r = 0) L (42)

r

The exact solution of the Debye equation, Equation (38), for the
Debye potential ¢p(r) that satisfies the boundary condition
expressed by Equation (42), takes the following simple form
known as the Debye potential:

op (r) :iexp[—Lj (43)

The usual approximation of the Vlasov potential ¢ (») that
obeys the nonlinear equation Equation (32) by the linear Debye
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potential ¢p(r) is expressed by Equation (43) with the correct
boundary condition from Equation (42), which is extensively
used in the nonlinear theory of plasma sheath (Refs. 15 and 16).

This approximation can also be used to obtain the analytical
expression for the plasma-screened Coulomb barrier Uc,.. The
Debye potential energy Up(r) of the projectile nucleus with
charge +e in the Debye potential field ¢p() of the target nucleus
with charge ¢; = +e, given by Equation (43), by definition is as
follows:

2
Vs =Ur (1) =eblr)=Un e ()= exp{ | (4

D

In summary, the correct expression for the screened Coulomb
barrier Ucy is determined by the Vlasov potential and not by
its linearized version, the Debye potential, and the Vlasov
potential is valid at any temperature. The Vlasov potential can be
obtained by direct numerical solution of the nonlinear equation,
Equation (32), with the total electric charge density O(r) given by
Equations (30) and (31). Alternatively, as commonly done in an
evaluation of the nonlinear plasma sheath problem, it is linearized
to the Debye potential given by Equation (43), with the correct
boundary condition Equation (42), to merge with the Coulomb
potential near the bare ion.

In dense non-equilibrium two-temperature plasma channels
created in deuterated metal by y-ionizing radiation, the electron
temperature 7. is much higher than ion temperature 7;, and
therefore the Debye screening length Ap is determined mainly
by the ion Debye length Ap; , as it follows from Equations (39)
and (40). Therefore, the Debye screening length Ap as given by
Equation (41) converts to

T
T, T =hpy =| —0
4nn,,e?

1/2
j =4.15x10"%m  (45)
since in deuterated erbium ErDs exposed to y-ionizing radiation
nio = neo = 81022 cm™ and 7;=293 K (room temperature).
Also, the plasma-particle screening potential energy U., which
is given by Equation (12) for deuterated erbium ErD3, becomes
equal to

2

U, = £ _347ev (46)
Ap

with Ap from Equation (45).



33 Coulomb Barrier Screening by
Conduction Electrons in Metal Lattice

In order to theoretically explain the high values of electron
screening potential U experimentally measured for deuter-
ated alkaline metal targets (Refs. 5, 7, and 8), it was suggested in
(Ref. 5) to take into account the presence of quasi-free moving
conduction electrons in metals for screening of interacting nuclei.
Indeed, when atoms are tightly packed, such as in solid host
metals, wave functions of valence electrons of individual atoms
are overlapped, acquiring a considerable kinetic energy
Ize,degenemcy due to quantum degeneracy. The Fermi repulsion is
large enough to liberate valence electrons from individual atoms
into a sea of conduction electrons, since they are identical
particles and are truly indistinguishable.

This electron degeneracy energy Ee,degene,.acy, called the
Fermi energy €r, can be straightforwardly estimated from the
Heisenberg uncertainty relation:

Ap.Ar ~h (47)

The root-mean-square of electron momentum p, = +/(p2) is
equal to momentum uncertainty Ape, if (p,)=0:

pe == J[2) () = (02) (48)

and Ar is of the order of the characteristic distance between

electrons 7, which in turn, is of the order of n, 13,

Ar ~7 =, (49)

where 7. is the electron number density. The value of p. is
obtained from Equations (32), (33), and (34):

fi
Pe ~ == hnl? (50)

r

Then the Fermi energy ¢r is estimated to be

2 2
7 _ P _NhT oo
e,degeneracy = €F = ne

m m

(D

More precise calculation of the Fermi energy e (for degenerate
electron gas) is given by the following expression (Ref. 13):

23

3n2 2 2
Ep =uh_nez/3 =4.78h—n62/3
2 e me

(52)

NASA/TP-20205001617

It was considered in (Ref. 5) that differences between the
Fermi-Dirac and classical (Boltzmann) distributions of the
conduction electrons may be expected to be negligible for the
electron screening at room temperature (Refs. 5 and 17). In that
simplified model (Ref. 5), deuteron ions together with metal
conduction electrons were treated as a one-component equili-
brium classical plasma, which comprises metallic quasi-free mov-
ing conduction electrons (providing plasma screening), and singly
charged localized deuteron ions (not contributing to plasma
screening). The Debye screening length in one-component, equili-
brium (7. = T;) classical (Boltzmann) plasma that approximates
the screening by conduction electrons, Ape,, is then reduced to the
electron Debye screening length, Ap.:

kTe JI/Z

4mn,qe? (53)

7\’De,c = )\‘De :(

For deuterated erbium ErD; with material parameters
neo = nio = 8x1022 cm™ and 7, =293 K (room temperature),
Equation (53) gives Ape.=4.15x10"1" cm. Therefore, the
conduction-electron screening potential energy U, which is
given by Equation (12) for deuterated erbium ErDj3, is equal to

&2
U, = =347 eV (54)
De,c

with Ape. from Equation (53). It is obvious that a much better
estimate of U, can be achieved with Fermi-Dirac statistics for
the description of conduction electrons rather than with the
classical (Boltzmann) statistics. It is noted that the screening
potential values calculated for plasma and conduction electrons
are identical, although for different reasons. Indeed, plasma for-
mation may also contribute to screening in nonmetal targets; for
example, in dense deuterium gas irradiated by ionizing radiation.

34 Screening of Reacting Hydrogen Isotope
Nuclei by Atomic Shell (Bound) Electrons
in Deuterated Metals

The screening of ions by atomic shell (bound) electrons is
modeled by the Thomas-Fermi model. The Wentzel-Thomas-
Fermi screened Coulomb atomic potential (energy) is

_ Zle(Zze)

Ve (r) _—exp[—H (55)

r TF

where Z; and Z; are the atomic numbers of projectile and target
(host) nuclei, respectively, and, for instance, the modified (to



better fit experimental data) Thomas-Fermi screening length
Arr (atom size) by atomic shell electrons of host material is
given by the following relation (Ref. 11):

1.4610

=7 0

A TF

where ag is the Bohr radius, ao=5.29%10"° c¢cm, and Z is the
atomic number of the host material.

4.0 General Screening Case For
Reacting Hydrogen Isotope Nuclei

In the general case, taking into account possible simultaneous
screening of reacting hydrogen isotope nuclei by atomic shell
electrons of the host material and by conduction electrons, or
by atomic shell electrons of the host material and plasma
electrons, the total screening potential energy U., can be
estimated (Ref. 18) as

e2

Ue,sc = A
sc

(57)

where the screening length A, is given by one of the following
general relations (Ref. 18):

AZ =hgp + Ao or A2 =hgf +AF (58)

where Arr is the modified Thomas-Fermi screening length by
atomic shell electrons of host material, Ape. is the screening
length by conduction electrons, and Ap is the Debye screening
length in plasma.

Since the inverse-square of screening length A72, Az ., or
L7 is proportional to the corresponding electron number
density, the derivation of Equations (57) and (58) is similar to the
derivation of Equations (39) and (40), as the summation of
electron number densities was used in both of them to contribute
to the total charge density in electrostatic Poisson’s equation for
screened Coulomb interaction potential.

5.0 Coulomb Scattering on Target
Nuclei

5.1  Light Particles Elastic Coulomb
Scattering (e, e*)

Coulomb scattering of energetic projectile particles on target
nuclei is the principle process associated with fusion reactions
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of interest. Fusion nuclear events are more likely under the
condition of large-angle scattering, which brings the reacting ions
to the classical distance of closest approach to successfully tunnel
through the Coulomb barrier. However, the elastic scattering at a
small angle dominates the Coulomb scattering interaction.
Generally, the electron screening of the Coulomb barrier could
significantly reduce the small-angle elastic scattering, increasing
the probability of large-angle scattering and correspondingly
successful nuclear fusion events. Elastic scattering studies on
Coulomb scattering of energetic projectiles on target nuclei are
analyzed and extended to include the electron screening by
plasma electrons as well as by conduction electrons in deuterated
metals. It is also found that the kinetic energy transfer (kinetic
heating) to fuel nuclei is the most successful by energetic neutral
particles, such as y-induced photoneutrons.

The Coulomb scattering of relativistic projectile electrons on
target atoms (absorbing medium) characterizes by the projectile
electron-target atom differential cross section do/dQ | e-a» Which
is determined as the sum of the projectile electron-target
nucleus differential cross section do/dQ | . and the projectile
electron-target orbital electron differential cross section
doldQ | e multiplied by Z (the atomic number of target atoms).
It is given by the following relation (Refs. 14, 19, and 20):

do do do
- - +7 ——
dQ e—a dQ e—N dQ e—e
2
D2, {l—Bz(l—cos 9)} (59

[2(1-cos0)+02,, T

where 6 is the electron scattering angle, B = v./c (with v. being
the velocity of the projectile electron and ¢ being the speed of
light) and Bpin is the atomic screening parameter defined as

I/ 1p
Pe

emin =

(60)

where 7 is the reduced Planck constant and Azr is the modified
Thomas-Femi target atomic radius given by Equation (56). The
electron momentum p. is determined by the following relations:

E 2m,,c? vz
Pe=—| 1+— (61)

c E,

where E, = Eenr — mec® is the kinetic energy of projectile
electron (E. . is the total energy of projectile electron and m. is
the electron mass).



Equation (59) was derived in the first Born approximation to
the Dirac equation for the Wentzel-Thomas-Fermi screened
Coulomb atomic potential (energy) given by Equation (55):

e(Ze) exp{_ kr ]

VC,sc (7‘) = B -

(62)

where Arr is the Thomas-Fermi screening length (atom size) by

atomic shell electrons of host material given by Equation (56).

The projectile electron-target atom elastic scattering charac-

teristic distance D, is determined from the following relation:

Dez—a = Dez—N + ZDezfe (63)

where the projectile electron-target nucleus characteristic
scattering distance D._y is determined by

D, =% _22n\1-p>
T yma)2 p?
2702 (64)
BE, (1+2m,c?[E,)"

with v :1/ J1-PB? , and the projectile electron-target orbital
electron characteristic scattering distance D... is given by
Equation (63) with Z = 1.

Here r. = €*/m.c? is the classical radius of an electron r, =
2.82 fm=2.82x10"3 cm. Substitution of D,  from Equation (64)
and D._. into Equation (63) yields

2\Z(Z+1) 2e2,/Z(Z +1)

D = -
vB> BE, (1+2m,c?[E,)"

e—a

(65)

The total cross section G._, is obtained by integrating over dQQ
the differential cross section for projectile electrons scattering
on target atoms from Equation (59):

2
Cey = .[d_c dQ = —TEDe_a
dQ e—a erzm’n
(66)
x 4+ Bzerznin _ Bzerznin In 4 -1
4+ eEnin 4 er2r1in

where 0, =(#/p.)A 7%, is given by Equation (60). The ex-
pression for 6.y follows from Equation (66) with the obvious
substitution D2, — D2 .
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For E. =2 MeV and my = mg (deuteron mass), the numerical
value for 6.4 is

do

~ nD? ~ 4me*r?
Ge—q = Id_Q

TF
~ = =38.41kb
02, h2c2p?

(67)

e—d

since nD2_, =45.1 mb, but 62

min (h/pe )2 }\‘_T%' = 1’17X10_6'
The target nucleus recoil energy can be found from the con-
servation of the total momentum in the elastic projectile
electron-target nucleus scattering process
PN = Pe = Pe (68)
where p, is the target nucleus recoil momentum, p, is the
momentum of the incident electron, and p, is the momentum
of the
De = | f)e| r | ﬁé| (for the reason that small-angle scattering is the
most probable event), it follows from Equation (68) that

scattered electron. Since in elastic scattering

P = Pn? = B’ + P ~2p.pecos®~2p (1-cosB) (69
where 6 is the scattering angle. Correspondingly, it follows
from Equation (69) with the help of Equation (61) that the target
nucleus recoil energy Enx(0) is

2 2
Ey(0)= PN P (1-cos6)
ZmN my
(70)
2 2
_ e [, 2me (1-cos6)
myc? E,
where E. = Eer — mcc? is the kinetic energy of projectile

electron (E. is the total energy of projectile electron, and m.
and my are the electron and nucleus mass, respectively).

The mean target nucleus recoil energy Ey in single elastic
projectile electron-nucleus (target) collision is obtained by
averaging of Ex(0) over dQ:

_ [Ev(0)dojaq)_, a0
Ev =

71
[do/aq),_, a0 7h

Substitution of do/dQ2|, y into Equation (71) and taking the
integral yields the expression for the mean target nucleus recoil
energy E) in single elastic projectile electron-nucleus (target)
collision:



_ 2
v = my Ay
{(2+a)(1+a52)1n(2:*j—2[1+(1+a)32]} 72)

2(2+0L[32)—0L(2+0c)|32 ln(2+aj

o
where o=02. /2,B=v./c. For E.=2MeV and my=mg
(deuteron mass), the numerical value for the mean target nucleus
recoil energy E) = E,; in single elastic projectile electron-target

deuteron nucleus collision is

E, =24.75 meV (73)

5.2 Heavy Particle Elastic Coulomb
Scattering (p, d, o)

The Coulomb scattering of the heavy projectile particles on
target nuclei is characterized by the differential cross section of
the heavy projectile particles and nuclei, which is given by
Equation (59) for the obvious substitution D&, — D2 \S
with B =v,/c, and

/% rr _ h/kTF

= 74
Pp JZmpEp (74)

where p, =,/2m,E, is the projectile momentum and m, and
E, are the projectile mass and kinetic energy, respectively.

emin,p =

The projectile particle-target nucleus characteristic scattering
distance D,  is determined by

z ZN62
Dypy=——— (75)

E,

where z), is the projectile particle atomic number (z, = 1 for the
proton and deuteron projectile, z, = 2 for the a projectile) and
Zy is the target nucleus atomic number.

The total cross section G,y is obtained from Equation (66)
with the obvious substitution DZ, — D;_ y and  with

B — B, <1, since the heavy projectiles are nonrelativistic:

-1
nD? 02, nD?
p—N min, p p—N
G, N = 1+ -
Y [ 4 J 0

2
min, p min, p (76)
2nm,etz3 23 A3,
R E,
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since  Ominp =1/(Arrpp )<,  App=14aoZy-13, and

Pp =2mpEp .

For a proton projectile with £, =3 MeV and deuteron target
nucleus (my = mg), the numerical value for 6, p (total scattering
cross section) is

do nD}
Gp—D = .[— ~ +
dQ|,_p 02,
p min, p
2mm et )2 (77)
= r- TIF — 576 Mb
K2 E

P

For a deuteron projectile with £; =3 MeV and deuteron target
nucleus (my = my), the numerical value for 6. p is

. :J' do

_ nD3
dQ

dQ =~
02,
d-D min,d

(78)
_ 2mmget M P

=11.51Mb

n E,
whereas for deuteron projectile with £; = 10 keV and deuteron
target nucleus (my = my), the numerical value for c.p is as

follows:
do
6y p=|— dQ
0=]22 .
(79)
. nD3_,, _ 2mmge’ g 345 Gb
9rznin,d h2 Ed

The relative probability Ps.(n/2 < 0 < m) to scatter in the back
hemisphere (n/2 < 6 < 7) is equal to

1

P.(m/2<6<m)=
Gd-p

[ dofag),_, 2msin6d0 (80)
/2

For a deuteron projectile with £; =3 MeV and deuteron target
nucleus (my = my), the numerical value of Py.(nt /2 < 0 < 1) for
screening by a deuteron shell electron (A = Arr = 1.4a¢ =
7.4x107° cm) is equal to

P.(m/2<6<m)=1.57x10710 &)

and the value for screening by a metal conduction electron
(Ase = Apee = 5%1071° cm) is equal to

P.(n/2<6<m)=3.45x10" (82)



In the case of conduction electron screening in Equation (82),
the screened Coulomb potential energy Vc,(7) is defined by the
same Equation (62) with Azr —3 Ase = Apec = 5x1071% cm.

For a deuteron projectile with E;=10 keV and deuteron
target nucleus (my = my), the probability Ps.(n/2 < 6 < ) for
screening by a deuteron shell electron (A = Arr = 1.4a0 =
7.4x107° cm) is equal to

P.(1/2<6<m)=4.73x10"% (83)
and for screening by a metal conduction electron (Asxe = Apec =
5x1071% cm) is equal to

P.(1/2<0<m)=1.04x10" (84)

Generally, the deep electron screening of the Coulomb
barrier with (with ADee <K ATF ) could significantly reduce the
small-angle elastic scattering dominance, increasing the
probabilities of large-angle scattering (thus increasing the
astrophysical factor S(£)) and successful nuclear fusion events.

For an o projectile with Eo =3 MeV and deuteron target
nucleus (mwy = my), the numerical value for 6o _p (total scattering

cross section) is

Co-p = jj—g

_ 8mmget My
» K,

2
N D _p
02

min, o

dQ

oD (85)

=91.48 Mb

whereas for an o projectile with E« =1 MeV and deuteron
target nucleus (my = my), the numerical value of Go_p increases
due to the inverse dependence on energy:

Gop =274.5Mb (86)

The target nucleus recoil energy can be found from the
conservation of the total momentum in the elastic projectile
particle-target nucleus scattering process:

DN =Dp—Dp (87)
where py is the target nucleus recoil momentum, p, is the
momentum of the incident projectile particle, and p), is the
momentum of the scattered projectile particle. Since in elastic
scattering p, :| ﬁp|:| f)},| (for the reason that small-angle
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scattering is the most probable event), it follows from
Equation (87) that

Py =DN*=D,2+ Dyt —2p,p,cos0~2p2(1-cosh) (88)

where 0 is the scattering angle. Correspondingly, the target
nucleus recoil energy En(0) follows from Equation (88):

2 2 2
Ey(0) =p—sz—p(1—cosE)): sz

E, (1-cosb
2mN my my p( €08 )

(89)

where E, = p} /2m is the kinetic energy of the projectile
particle.

The mean target nucleus recoil energy Ey in single elastic
nonrelativistic projectile-target nucleus collision is obtained by
averaging of Ex(0) over dQ, and from Equation (71) with the

usual substitution o — o, =07, /2 it follows that

_ n? 2
Ey(p, <1)= "R 1n{9mian
= » ln(z}\'TF 1/2mpEpj
since Oy, = 1/ (%7 pp):h/(xTF fm,E, )< 1.

myh %F
5.3

(90)

Compton Scattering on Free Deuteron

The differential Klein-Nishina (1929) section

dckN [dQ per unit solid angle dQ for Compton scattering (of

Cross
an electron) on a deuteron is given by standard expression

1+cos20 e (1—cos6)2

2 |:1+8D (l—cose)J2 |:1+8D (1—cos9)]

KN .2
dop _

dQ

3 OD

where rp is the deuteron classical radius rp = e*mpc?,
ep = Ey/mpc? and Ey is the photon energy.

The total cross section o&¥ is obtained by integrating the
differential cross section for Compton scattering given by
Equation (91) over dQ:

KN
dog

dQ

2nsin0d0

(92)

ckN = I dQ = I d;gN



The above integration produces the standard known formula:

ok :2nr[2){1+aD [2(1+8D)_ln(1+28D)

€3 1+2¢ep £p
(93)
+1n(1+280)_ 1+3ep
2ep (1+2:3D)2

For E, =
as follows:

2 MeV and my = ma, the numerical value for c&V is

okN =49.43 nb (94)

- 2 ; K
For small ey =E, /ch <1 the expression for c&V is

reduced to
oV (ep < 1)
8mr} 26 133 1144 95)
= 1-2ep +—&% ———g&3, +——¢€% —...
( I T Y j
For E,=2MeV and my=m, the numerical value for

ok (SD < 1) calculated with the help of Equation (95), is
almost as in Equation (93), namely

ok (sD < 1) =49.43nb (96)
The deuteron recoil energy Ep(0), which is the kinetic energy
transferred to free (unbounded) deuteron by y quanta with
energy Ey, is given by the standard known expression:

£y (6)= F (1-cosb)
= Ep—m—mmmm™™™—
b ! D1+£D(1—cose)
E, 97)
Ep =
mpc?
where 6 is the photon scattering angle. When

E, < mpc?, (i.e., ep K 1) then Equation (97) is reduced to

Ej
p—s (1—cos6)=E,&p (1-cosb)

Ep(0)~
(93)
<1

SD =
mpc?

The mean deuteron recoil energy E;, in a single Compton

collision is obtained by averaging Ep(0) from Equation (96)
with doc/dQ) from Equation (91) over dQ:
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dGC o

MEG

dKN
I;E

dQ

99)

T
—WJ‘ 27cs1n9d9
¢y

The above integration produces the standard known expression
26p (9+51ep +93¢3, +51e3, —10g}, )
Y
—3(3—8D)(1+8D)(1+28D )3 1n(1+28D)

68D(1+28D)|:2+3D(1+8D)(8+8D):|

=3(1+2¢p) [2+ep (2—2p) |In(1+2¢p)

(100)

When gp <« 1,
reduced to

ie, E, < mpc?, then Equation (100) is

1151, 3931

—ep+—¢e5 —
5P D350

0 83D+'"j (101)

ED (8D < 1) = EygD (1_

For E,=2MeV and my=mgy, the numerical value for
ED (SD < 1) iS

Ep(ep < 1)=2.13keV (102)

In the case of Compton scattering on free electrons, when

E,=2MeV, then &, = Ey/m.c* = 3.914. Then it follows from

Equation (100) that in this case (rp > 7. ), E, =1.062 MeV .

For Ey=1.022 MeV, €, = E,/m.c®> = 2, and it follows from
Equation (100) that E, = 0.453 MeV . Therefore, the kinetic
energy transfer to fuel nuclei (D) by energetic photons is much
more efficient than by either energetic, light charged particles
(e, e") or by energetic heavy, charged particles (p, d, o).

Table II provides a comparison of the mean target nucleus
recoil energy E) in single elastic nonrelativistic projectile-
target nucleus collision for various projectiles and at different
projectile energies. In the table, the target is always a deuteron
nucleus (my= my), and the calculation provides a numerical
value for Ej, (Bp < 1).

Thus, we conclude that the kinetic energy transfer to fuel
nuclei D by either energetic light charged particles (e7, ") or by
energetic heavy charged particles (p, d, a) is a very inefficient
process unless there is a means to increase the probability of
large-angle scattering; for example, via a decreased mean-free
path by increased ion and electron densities.



TABLE II..—_MEAN DEUTERON RECOIL
ENERGIES FOR VARIOUS REACTIONS

Reaction Total Mean
(particle, D) Cross deuteron
section, recoil
o (barn) energy
Light particles (7, ) Ee=2 MeV 3841kb | 24.75 meV
Heavy particles E,=3MeV 5.76 Mb 41.4 meV
Eq=3 MeV 11.51 Mb | 42.7 meV
Eq=3MeV 91.48 Mb 44 meV
Compton y E,=2 MeV 49.43 nb 2.13 keV
Neutron, n Ey,=2.45MeV 3b 1.09 MeV

6.0 Neutron Elastic Scattering on
Deuteron Nuclei

Since the deuteron nucleus possesses just a single (ground)
energy level, the neutron scattering on the deuteron is an elastic
scattering process, if the energy of the neutron is below the
disintegration of the deuteron by the neutron (the deuteron
disintegration threshold by neutron K} =3.4 MeV). In this
case, it is well known (Ref. 21) that the neutron elastic cross
section o,(Ocm) is isotropic in the center of mass (CM) frame;
that is,

e (GCM ) = jj;

(103)

where Ocwm is the neutron scattered angle in the CM frame, and
O 1s the total neutron elastic cross section. The scattering angle
O1b in the lab frame is related to Ocm as

my sin GCM

tan 0y, = (104)

m,, +mg cos Oy

where m, and my; are the neutron and deuteron mass,
respectively.

Since the scattered angles Ocm and O, are different, the
angular distributions of scattered particles in CM and lab frames
are also different. However, the number of scattered particles in
the corresponding solid angle dQ(6cwm) in the CM frame and in
the solid angle dQ(B1ay) in the lab frame must be the same:

Ge (O ) d2(O1ap ) = O (Bcm ) dQ(Ocm ) (105)

However, dQ(e(:M) = 2@ sin (GCM) dOBcm and dQ(elab) =
27 sin (O1ap) dO1ap; therefore, Equation (92) becomes
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Osc (elab )sin (elab )delab = Oy (eCM )sin (eCM )deCM (106)
With the help of Equation (104) it follows from Equation (106)
that the angular distribution of scattered particles in the lab
frame can be determined from the corresponding angular
distribution of scattered particles in the CM frame (Ref. 21), as
follows:

[m,% +m3 +2m,my cos(Bcym )T/z

Gse (elab ) = Oy (eCM) (107)

m3 [md +m,, cos (B¢ ):|

The relation between scattered neutron velocities, v, cm in
the CM frame and vy, in the lab frame, is given by the simple
formula
m -

n Vn

Vntab = Viem HVems Vom = (108)

m, + my
where I7CM is the CM frame velocity, and v, is the neutron
velocity in the lab frame. Correspondingly, the relation between
the neutron and deuteron velocities v, cm and vy cm in the CM
frame and v, and Vv, in the lab frame are as follows:

my —

Vn,CM = Vn _VCM = m. +m Vy
n d
. " m, (109)
Va.em = Vem =- Vn
m, +md
Vd = O

Since the magnitude of neutron velocity in CM does not change
after collision (i.e., vi,cM = Vu,cMm ), it follows with the help of
Equations (108) and (109) that

"7 — 2 2
Vn,lab = vn,CM + VCM + 2v}’l,CMVCM COoS GCM

(m% +m§ +2m,,md COSGCM) s (1 10)

(my +my ) !

Rewriting Equation (110) in terms of the neutron kinetic energy
K, after and the neutron kinetic energy K, before yields

. (m% +m3 +2m,m, cos OCM)
n— n

(m, +my)

(111)

It is convenient to introduce the new parameter o, by the
following definition (Ref. 21):



o, =
Y (mgm, Y (112)
Then, in terms of the new parameter o, Equation (111) is
reduced to
1
K} =5K" [(1+ocn)+(1—oc,,)cos(9CM] (113)
From Equation (113) it is easy to find out that the kinetic energy
K} is in the following limits (0 < O¢cy < 7 ):

a,K, <K, <K, (114)

The probability distribution P(K, — K, )dK, is, by definit-
ion, the probability that the neutron with initial kinetic energy K,
will acquire kinetic energy in the energy gap (K, K, +dKj,)
after the collision. The probability that the neutron will be scat-
tered in interval (Ocm, Ocm+ dBcwm) is given by

O (Ocm ) 27sin By ) dOcm

oy (Ocm) 42 (Ocu ) (115)

Oy c

sc

where o,(Ocm) is the neutron differential elastic cross section
and oy is the total neutron elastic cross section in CM. It is clear
that they are the same probabilities:

O (6w ) 2msin (Ocy )

GSC

P(K, > K, )dK, =

dbcy  (116)

since dOcy > 0 — dK, < 0, thus providing the positivity of the
probability P(K, — K;)>0.
From Equation (113) it follows that

1

dK; ==K, (1-ot, )sin Oy dOcy (117)

Substitution of Equation (117) into Equation (116) yields
(Ref. 21):

4TCGSC (GCM)
K,(1-o,)o
for
(a,K, <K, <K,)

P(K, > K;)=
(118)

Since the neutron elastic cross section Gs(6cm) is isotropic in
the CM frame, then substitution of c,(0cm) = os/4n from
Equation (103) into Equation (118) yields
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1
P(K, K)=——
( " ’l) Kn(l_an)
for

(a,K, <K, <K,)

(119)

Therefore, the kinetic
P(K,,l —)K,'l) is independent of K’ in the whole interval

(anKn <Ky <K,) (Ref. 21).

energy probability distribution

7.0 Neutron Energy Loss in Elastic

Collisions With Deuteron Nuclei

By definition, the average neutron kinetic energy K, after
elastic collision is obtained by averaging K, with the probability
distribution P(K = Ky ) given by Equation (119):

K,
j K,P(K, - K} )dK,

1

:5(1+an)Kn (120)
P(K, - K,)dK,

ok,

The average kinetic energy transferred from neutron to deuteron
nucleus in elastic collision is equal to K, — K » (see also
Eq. (112)):

1?;,=K,1-1?,;:%(1—a,,)1<,,

2m,my 4 (121)

(my+mg) 9"

which is equal to one half of the maximum energy transfer in a
head-on collision (Ref. 21):

4m,my

=— 5K, 122
mn+md)2 ( )

K:i,max
For a neutron projectile on deuteron target nucleus, with the
total elastic cross section of the order of

Oy ~3bn(25 meV <K, <2 MeV) (123)

Consequently, the kinetic energy transfer to fuel nuclei (D) by
energetic neutrons is the most efficient process compared to
energy transferred by energetic light charged particles (e, e*),



by energetic heavy charged particles (p, d, a), or even by
energetic photons.

8.0 Summary of Results

This study indicates the crucial role of electron screening on
the overall efficiency of nuclear fusion events between charged
particles. We show that neutrons are far more efficient than
energetic charged particles, such as light particles (e, e*) or
heavy particles (p, d, o) in transferring kinetic energy to fuel
nuclei (D) to initiate fusion processes. We provide a theoretical
framework for d-D nuclear fusion reactions in high-density cold
fuel nuclei embedded in metal lattices, with a small fraction of
fuel activated by hot neutrons, which in this study are produced
by y-induced photodissociation. We also establish the important
role of electron screening in increasing the relative probability
Ps(/2 <0 < ) to scatter in the back hemisphere (/2 <0 < ),
an essential requirement for subsequent tunneling of reacting
nuclei to occur. This will correspondingly be reflected as an
increase in the astrophysical factor S(£). We also clarify the
applicability of the concept of electron screening potential energy
U. to the calculation of the nuclear cross section enhancement
factor f(E). We demonstrate that the screened Coulomb potential
of the target ion is determined by the nonlinear Vlasov potential
and not by the Debye potential. In general, the effect of screening
becomes important at low kinetic energy of the projectile. We
examine the range of applicability of both the analytical and
asymptotic expressions for the well-known electron screening
lattice potential energy U,, which is valid only for £ > U, (E is
the energy in the center of mass reference frame). We
demonstrate that for £ < U,, a direct calculation of Gamow factor
for screened Coulomb potential is required to avoid unreasonably
high values of the enhancement factor f(£) by the analytical—
and more so by the asymptotic—formulas.
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