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

sNuclear data and muonic molecules
=Cold fusion

:Dd fusion in deuterated metals

nobody can say “"the talk is shapeless "



Piece 1

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

Data from
TUNL (E < 80 keV) and

LUNA (available down to
E =2.5 keV)

No new results from
uCF




Low energy radiative capture data
are available for

pd - from PST and TRIUMF (uCF),
TUNL, and LUNA,

ot - from PST (uCF) and TUNL ,

dd from TUNL and JINR (uCF)

* in progress -will be reported here



Reaction rates in muonic molecules

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

Kf=lim,_q (vo©) Cy2
cf - reaction cross section for bare nuclei
Cy? - Coulomb penetrability (6amow) factor,

G- particle density in muonic molecule at nuclear
distances (reliably calculated)

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

+ Controlled population of nuclear spin states



Gershtein-Wolfenstein

//// effect

up Relative population of pd
hfs levels is a function of
deuterium concentration C,

ud (F=3/2) Spin-flip pd(F=1/2) 1

m Enhancement of the

{ { fusion yield with C,
I,4=3/2 I=1/2 c(1/2)>> o(3/2)
Doublet dominance
M1 M1 =0

y +p3He p+ 3He



PST experiment of 1990

1.0




Table of pdu fusion rates
(Petitjean@ Shimoda)

pud fusion rate Exp. results Refs. Theories [11,
e 0.35 +0.02 [4] 0.39
0.426 £0.014 [13]
e 0.11£0.01 4] 0.11
0.14 £0.02 [13]
A 0.056 £ 0.006 [12]  0.062 = 0.00
0.050 £0.005 [13]
Wolfenstein—Gershtein effect Enhancement Refs.  Theory calculat
Yy(cqg =25%) /Yy (cqg = 0.72%) (17+ 1)% El 1 8%
Yy(cqg =21%)/Y, (cqg = 0.63%) (17.2 £0.047)% [3] 18%

Yy(cg = 18%)/Yy(cq = 1.6%)  (12.5+1.0)% 4] 13.5%



mailto:Petitjean@Shimoda
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LUNA results

pp chain

|

84.7 » 1 13.8 %
SHe +3He > a + 2p PHe +*He — 7Be +vy

I 0.02 %

13.78 %
Cxrerremm




CROSS SECTION ¢ (nb)

S(E)-FACTOR (keV-b)

llllllllllll

He (a,y) 'Be

The astrophys

ENERGY E,,, (keV)

c(E) = S(E)-exp(-2nn) /E

|

c &8 =f &k pexp(2mn)

27'51'] = 3129 Zl ZZ (H/E)O5

extrapolation is needed....



EXTRAPQOLATION DIRECT EXPERIMENTAL
MEASUREMENTS
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sometimes extrapolation fails !
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a LLINA (2002
e TLMNL 18996

Viviani et al.: PRC61 (2000) 064001



S-factor for d(p,y)3He

(muon catalyzed fusion, PSI):
5.(0)=0.105+0.01 eV b (1990)

(collisional experiment, TUNL):
5(0)=0.166 £ 0.014 eV b (1997)

5.,(0)=0.109 £ 0.01 eV b (1997)
(collisional experiment, LUNA):

5(0)=0.216 + 0.010 eV b (2002)

S, -not available

(collisional experiment, Griffiths et al):

5(0)=0.25 £0.04 eV b (1963)



S-factor for 3H(p,y)*He
TUNL data (2002)

< TLIML
= == MNew dala and Hahn data

2 e 5,=0.008+0.003 keV mb

=
-.{‘F:.
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Lx]
O
i
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In muohic molecule

A (I4=1)= 4/3KeG




Gershtein-Wolfenstein
//// effect

HP Relative population of pt hfs

levels is a function of

> tritium concentration C;

ut (F=1) lSpin-flipl HT(F=O)

4

Relative population
of put hfs levels is
EO a function of C,

y +u+*He u+*He
y +utHe e*+e +u‘He



PSI experiment (1993)

Ayt (Spy=1) = 0.07 £0.01 ps-1,
while TUNL result would give
Ay’ (Spr=1) = 0.01 +0.003 ps-!

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

Ayt (I=1) =0.008 +0.0005 ps-!

Muon conversion rate 1,,%(S,,=0)=0.15+0.04 us-1

Completely contradictory results






Radiative capture d+d — “He + v
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Indicg‘l:ions to a p-wave
transition were obtained from

in-flight measurements with

olarized deuterons
TUNL,1993-2004).

Its presence changes the cross
section extrapolations to sub-
Coulomb energies.



The reaction proceeds by 55% £2,
29% E1, and 16% M2 radiation.

ITME Multipolarity IME Fut
pi strength () Phase (deg)
k2 S5 4R 1] 1)
k£l 2946 T71+3
[ES 448







“..anew 1- T=0 level at £x = 24.25 MeV that has important eects on
the d+d reactions at low energies. Isospin mixing between this state and
the 3P;, T=1level at £, = 2364 MeV causes signicant dierences in the p-
wave part of the d+d reactions, cs Ycvz heen cocerved in muon-catalyzed
and polarized d+d fusion experiments.’

New level

L S

Here-g' HHesp-p  PHerd-d HHeso-o




Piece 2
.. RELATED TOPICS (MUCF-07)
DUBNA, 18-21 JUNE 2007.

Cold Fusion

(ih the manner of the beginning)



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)




JETP LETTERS VOLUME 68, NUMBER 11 [0 DEC. 1998

Anomalous enhancement of DD reaction in Pd and
Au/Pd/PdO heterostructure targets under low-energy
deuteron bombardment

H. Yuki, J. Kasagi. A. G. Lipson.,” T. Ohtsuki, T. Baba, and T. Noda

Laboratory of Nuclear Science, Tohoku University, Mikamine, Sendai 952, Japan

B. F. Lyakhov

fastitute of Physical Chemistry, Russian Academy of Sciences, 117915 Moscow, Russia

M. Asami
fnstitute of Applied Energy, Minato-ku, Tokve 103, Japan

(Submitted 5 November [9958]
Pis'ma Zh. Eksp. Teor. Fiz. 68, No. 11, 783790 (10 December 199%)

Yields of protons emitted in the D+ D reaction in Pd, Auw/Pd/PdO), Ti,
and Au foils are measured by a dE— £ counter telescope for bombard-
ing energies between 2.5 and 10 keV. The experimental vields are
compared with those predicted from a parametrization of the cross
section and stopping power at higher energies. It 15 found that tor Ti
and Au target the enhancement of the INd.p) I reaction 15 similar o
that observed with a deaterium gas target (several tens of eV, The
dependence of the vields on the bombarding energv corresponds well 1o

the screening potential parameters U, =230=% 15 eV for Pd and 6]

+ 253 eV for Au/'Pd/PdO). Possible models of the enhancement obtained



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

COULOMB POTENTIAL

‘
E T T
BARE ELECTRON
N\ & NUCLEUS CLOUD r<R, ®,..= cost~-Ze/R,
L / -z,
th&kelectrgn scheghifig: e/ -z
b -
0 Rn RQ RC

DISTANCE r for r> R Frepus=0

E ¢ = Z,Z,e%/R, - Z,Z,e?/R, R,/R,~ 107 negligible correction

@ if: R.>R, barrier thickness dramatically chc@




LUNA results

pp chain

i

84.7 % 13.8 %

SHe +3He > a + 2p PHe +*He — 7Be +vy

I 0.02 %

13.78 %
Cxrerremm
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S(E) [MeV b]

SE) [MeV b]

' measured:
[ Ue=219 eV

L Adiab. limit:
| U,=119 eV

SHe(d,p)*He

; measured: |
L U,=109 eV

| Adiab. limit:
'U,=54 eV




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 Taq,
respectively) are about one
order of magnitude larger
than the value found ina
gas-target experiment
Us=2515 eV (Greife et al.,
1995).

L= (150 + 15) eV

Al




Berlin Data for Ta, 2003
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Fig. 1.Measured astrophysical S-factor of the

dic.p)t reaction in denterated Ta




Available anline at www.sciencedirect.com
BOIEHNOE @DIHIDT'
PHYSICS LETTERS B

ELSEVIER Physics Letters B 547 (2002) 193199

www.elsevier.com/locate/npe

Electron screening in d(d, p)t for deuterated metals
and the periodic table *
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D(D,p)T for deuterated metals and insulators

(58 samples through the Periodic table)

. Large Effect

Small Effect

13 14 15 16 17 | He
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* Large screening in all metals
USN 300 eV A Uadiaba’ric~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.



Eur. Phys. J. A 19, 2583287 (2004 THE EURDPEAN
DOT 10,1140/ epja /i2003-10125-0
PHYSICAL JOURNAL A

§i - 1= the number of valence electrons er metal-
i atorm which can he i'||ll'-;'li1-'i']_‘-.' treated as classical and
t|l1s|~wi—|'l't't'. O 18y }I]I]l]_‘-.' the classical ]"-']r'l"-lllr'l the Ty ol
Debve leading to an electron *—~|h||i'|'l' of radius !'!l

Rp = (zokT /e negpa)'? = 69(T [negpa) V' (m) (4
aronnd positive singly charged 1ons (here: denterons in
the lattice) with the temmperature of the free electrons T
m units of I and the atomic lll'llh‘il_‘-' e 101 1ks of 1 3.
For T =203 K. p, — 6 = 10°% 102
tains a radins Hp. which s abont a factor 10 smaller than
the Bohr radius of a hvdrogen atom. With the Conlomb
CIeTEY hetween two denterons at H]j =i i'||l1s|| L lr-.c._ e
obtains U, = (d7zng) L2 B = 300 eV, the order of mae-
nitude of the observed [7, values. A comparison of the

s EI'IIII] |'."___.E|:' |. e |3]_I—



* A critical test of the Debye model - a

temperature dependence U, ~ T-1/2
Experimentally verified

INSTTTUTE OF PHYSICS PUBLISHING JOURNAL OF PHYSICS G NUCLEAR AND PARTICLE PHYSICS

J. Phys. G: Nucl. Part. Phys, 31 (2005) 1 141-1149 doi: 10, 108E/0954-3899/3 [ /1 1/002

Electron screening in d(d, p)t for deuterated metals:
temperature effects

g

F Raiola (for the LUNA Collaboration)!, B Burchard', Z Fiilip®,
G Gyiirky2, S Zeng®, ] Cruz*, A Di Leval, B Limata’, M Fonseca®,
H Luis*, M Aliotta®, H W Becker', C Broggini’, A I’Onofrio®,

L Gialanella®, G Imbriani®, A P Jesus*, M Junker®, J P Ribeiro®,
V Roca’, C Rolfs!, M Romane’, E Somorjai’, F Strieder! and

F Terrasi®



The S(£) factor of
Eesanssavuesve Bl (d, p)t for Pt at T
] = 20 C and 300 C,

140 -

with the deduced

wf A il solubilities y.
: ; The curves through
oA ) __ ‘: the data points

include the bare
S(E) factor and the
electron screening

: P with the given Us
ol ' values
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The observed values (e(7) for Pt are shown as
a function of sample temperature 7.

The dotted curve represents the prediction of
the Debye model and the solid curve includes
the observed 7-dependence of the Hall
coefficient, i.e. n ¢ (7).



+ Debye energy U, scales with the nuclear charge Z
of the target atoms

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

+ U, ~ Z;(Debye energy scales with the nuclear
charge of the ion)

Also verified with D(3He, p) *He reaction.

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

Why the simple Debye model appears to work so well?



Electron screening in metallic environments: a
plasma of the poor man

C. Rolfs

Experimentalphysik 111, Ruhr-Universitt Bochum, Germany

Abstract. Fusion reactions play a key role in stars for the understanding of their energy
production, evolution and neutrino emission. An important aspect is hereby the etfects of
electron screening, which increase the fusion cross sections. The fusion reaction D(D.p)T
was recently studied in deuterated metals and insulators, Le. for 38 samples across the pe-
riodic table, where a dramatic increase was observed for all the metals. An explanation of
the data is presented as well as important future applications are discussed.

Key words. Nuclear Astrophysics-Fusion reactions—-Radioactive decay
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