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“Trois morceaux en form de poire”
(“Three pear-shaped pieces”)

Nuclear data and muonic molecules

Cold fusion

Dd fusion in deuterated metals

nobody can say “the talk is shapeless “



Piece 1 

In-flight measurements vs μCF results 
for pd, pt, and dd radiative capture

No new results from
μCF

Data from 
TUNL (E < 80 keV) and
LUNA (available down to 
E =2.5 keV)



Low energy radiative capture data 
are available for

pd - from PSI and TRIUMF (μCF), 
TUNL, and LUNA,

pt - from PSI (μCF) and  TUNL , 

dd from TUNL and JINR (μCF)*

* in progress –will be reported here 



Reaction rates in muonic molecules
λf = Kf•G 

Deser-Goldberger-Baumann-Thirring formula
Reaction constant for the s-wave

Kf=limv→0 (vσf) C0
-2

σf – reaction cross section for bare nuclei
C0

-2 – Coulomb penetrability (Gamow) factor, 
G- particle density in muonic molecule at nuclear 

distances (reliably calculated)

+ Controlled population of nuclear spin states

+ Definite orbital angular momentum of fusing 
nuclei (L=0, L=1)



pdμ

M1     M1        E0

γ +μ3He μ+ 3He

Relative population of μd
hfs levels is a function of
deuterium concentration Cd

Enhancement of the
fusion yield with Cd
σ(1/2)>> σ(3/2)
Doublet dominance

Gershtein-Wolfenstein
effect

μ

μp

μd (F=3/2) μd(F=1/2) 

Ipd=3/2      Ipd=1/2

Spin-flip

Kinetics pd



PSI experiment of 1990



Table of pdμ fusion rates  
(Petitjean@Shimoda)

mailto:Petitjean@Shimoda


LUNA siteLUNA  underground Laboratories

LUNA 1
50 kV

LUNA 2
400 kV

Laboratory
Underground

Nuclear
Astrophysics



p + p → d + e+ + νe

d + p → 3He + γ

3He +3He → α + 2p 3He +4He → 7Be + γ

7Be+e-→ 7Li + γ +νe
7Be + p → 8B + γ

7Li + p → α + α 8B→ 2α + e++ νe

84.7 % 13.8 %

13.78 % 0.02 %

pp chain

LUNA resultspp chain



The astrophysical S-factor…S(E) =  E·σ(E)·exp(2πη)

σ(E) = S(E)·exp(-2πη) /E

2πη = 31.29 Z1 Z2 (μ/E)0.5?

extrapolation is needed….

S-factor



but…

??S(
E)

   
fa

ct
or

sometimes extrapolation fails !!

extrapolation



d(p,γ)3He



Viviani et al.:   PRC61 (2000) 064001

sizeable  effect of non nucleonic degrees of freedom

----- IA
IA + … + Δ

calculation
s



S-factor for d(p,γ)3He
(muon catalyzed fusion, PSI): 

Ss(0)=0.105±0.01 eV b  (1990)
(collisional experiment, TUNL): 

S(0)=0.166 ± 0.014 eV b  (1997)

Ss(0)=0.109 ± 0.01 eV b  (1997)
(collisional experiment, LUNA):

S(0)=0.216 ± 0.010 eV b   (2002)

Ss –not available
(collisional experiment, Griffiths et al):

S(0)=0.25 ± 0.04 eV b (1963)



S-factor for 3H(p,γ)4He
TUNL data (2002)

S

Ss=0.008±0.003 keV mb  

In muonic molecule

λf (Ipt=1)= 4/3K•G



ptμ

Relative population of μt hfs
levels is a function of
tritium concentration Ct

Relative population
of pμt hfs levels is
a function of Ct

Gershtein-Wolfenstein
effect

μ

μp

μt (F=1) μt(F=0) 

Ipt=1      Ipt=0

Spin-flip

M1       M1        E0

γ +μ+4He μ+4He
γ +μ4He e++e-+μ4He

Pt kinetics



PSI experiment (1993)
λpt

f (Spt=1) = 0.07 ±0.01 μs-1,
while TUNL result would give 

λpt
f (Spt=1) = 0.01 ±0.003 μs-1

Estimate from the data on mirror reaction of thermal 
neutron capture 3He(n,γ)4He: 

λpt
f (I=1) =0.008 ±0.0005 μs-1

Muon conversion rate λpt
μ(Spt=0)=0.15±0.04 μs-1 >> theory, 

while e+e- pairs were not observed

Completely contradictory results





Radiative capture d+d → 4He + γ
Indications to a p-wave 
transition were obtained from 
in-flight measurements with 
polarized deuterons 
(TUNL,1993-2004).
Earlier such a transition was 
considered as forbidden by 
isotopic invariance of nuclear 
forces (Radicati 1952, Trainor 
1952, Gell-Mann&Telegdi,1953) .
Its presence changes the cross 
section extrapolations to sub-
Coulomb energies.



The reaction proceeds by 55% E2, 
29% E1, and 16% M2 radiation.





“…a new 1-, T = 0 level at Ex = 24:25 MeV that has important eects on 
the d+d reactions at low energies. Isospin mixing between this state and
the 3P1, T = 1 level at Ex = 23:64 MeV causes signicant dierences in the p-
wave part of the d+d reactions, as have been observed in muon-catalyzed 
and polarized d+d fusion experiments.”

New level

A new level



Cold Fusion
(in the manner of the beginning)

Piece 2 

… RELATED TOPICS (MUCF-07)

DUBNA, 18-21 JUNE 2007.
PIECE 2



Piece 3 
…(UN) RELATED TOPICS (MUCF-07)

DUBNA, 18-21 JUNE 2007.

Dd fusion in deuterated metals
(continuation of the previous)

Motivation.  In a crystal lattice there may be 
additional effect: e.g., the diffusivity of deuterium and 
its mobility e.g., in Pd metal are very high, and they are 
accompanied by a quantum interaction between the 
deuterons and conduction electrons that could create 
additional conditions for screening as compared to 
other metals with high deuterium concentration but 
low diffusivity (Fukai&Sugtimoto, 1985)



3He(3He,2p)4He

kasagi



the electron screening….

but if:  RC > Ra barrier thickness dramatically changes.

Screening effect of atomic electrons

Eeff = Z1Z2e2/Rn - Z1Z2e2/Ra Rn/Ra ≈ 10-5: negligible correction

for r > Ra: Frepuls=0 

interaction not between “bare” nuclei
in the lab: atoms and/or ions interact

r < Ra:  Φelectr = cost ≈ -Z1e/Ra

Φtot = Φn + Φelectr = Z1e/r - Z1e/Ra

in the stars: plasma electrons



p + p → d + e+ + νe

d + p → 3He + γ

3He +3He → α + 2p 3He +4He → 7Be + γ

7Be+e-→ 7Li + γ +νe
7Be + p → 8B + γ

7Li + p → α + α 8B→ 2α + e++ νe

84.7 % 13.8 %

13.78 % 0.02 %

pp chain

LUNA results



3He(3He,2p)4He



3He(d,p)4He

d(3He,p)4He

measured:
Ue=219 eV

measured:
Ue=109 eV

Adiab. limit:
Ue=54 eV

Adiab. limit:
Ue=119 eV

D(3He,p)4He



In 2001, the electron 
screening effect in d(d,p)t 
and d(d,n)3He reactions has 
been studied for the metals 
Al, Zr, and Ta. The 
deuterated  metals were 
produced via implantation of 
low- energy deuterons 
(Czreski et al.,) 

The resulting Us values Us = 
190 ± 15, 297 ± 8, and 322 ±
15 eV for Al, Zr, and Ta, 
respectively) are about  one 
order of magnitude larger 
than the value  found in a 
gas-target  experiment 
Us=25±5 eV (Greife et al., 
1995). 

Pre-history



Berlin Data for Ta, 2003



periodic



D(D,p)T for deuterated metals and insulators 
(58 samples through the Periodic table)



• Large screening in all metals
Us~ 300 eV vs Uadiabatic~27 eV

• Small screening for the insulators

What electronic properties of the metals lead to the 
observed correlation with the periodic table
and what is the acceleration mechanism leading to 
the high observed Us values?

There was no explanation to this enhanced electron 
screening. Several possible reasons have been  
considered (including the thermal motion of target 
atoms, channeling, diffusion, conductivity, Fermi-
shuttle mechanism, crystal structure, etc. )
None of them could explain the results.



Debye



Critical test1• A critical test of the Debye model – a 
temperature dependence Us ~ T-1/2

Experimentally verified 



Critical test2

The S(E) factor of 
d(d, p)t for Pt at T 
= 20 C and 300 C, 
with the deduced 
solubilities y. 
The curves through 
the data points 
include the bare 
S(E) factor and the 
electron screening 
with the given Us
values.



Critical test3

The observed values Ue(T) for Pt are shown as 
a function of sample temperature T.
The dotted curve represents the prediction of 
the Debye model and the solid curve includes 
the observed T-dependence of the Hall 
coefficient, i.e. neff (T).



Critical test4
• Debye energy UD scales with the nuclear charge Z 

of the target atoms 
Verified for Z=3 (Li), 4 (Be), 23 (V), 71 (Lu) for 
pure metals. 

• UD ~ Zi (Debye energy scales with the nuclear 
charge of the ion)  
Also verified with D(3He, p) 4He reaction.

• Electron screening is an effect in the entrance 
channel  (confirmed in reactions with neutrons in 
the exit channel)

Why the simple Debye model appears to work so well?



Critical test4
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