


Brief HistoryBrief History
1937 Anderson&Neddermeyer discovery of m
1947 Frank idea of mCF

pdm→ He + m(5.3 MeV) vs. p→ m(4.2 MeV) + n   (Lattes, Occhialini, Powell)
1948 Sakarov physics model and energy production
1957 Alvarez et al. experimental discovery
1957 Jackson efficieny of catalysis
1966  Dzhelepov et al. temperature dependence of ddm formation
1967 Vesman resonance mechanism proposed
1977 Ponomarev et al. quantitative predictions ddm, dtm
1979  Bystritski et al. ldtm » 108 s-1

worldwide effort »» 150 fusions/150 fusions/mm,, »» 2.5 GeV/2.5 GeV/mm

ddm model case for resonance mechanism

1979 Kammel et al. discovery of hyperfine effects
....

2007 Balin et al. final analysis of 1994-1996
PSI-PNPI-IMEP-LBNL-TUM



Resonance mechanismResonance mechanism
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llddddmm »» 101055 ss--11 !!
typical ddm binding energies -250 eV,

D2 dissociation limit 4.5 eV

J=1, v=1 state extremely weakly
bound, ee1111 »» --2 eV2 eV

Gift of Nature



Hyperfine effectsHyperfine effects
ddddmm→→ 33He +He + mm ++ nn (3.27 MeV)(3.27 MeV)



Systematic studies 1979Systematic studies 1979--19881988

Rates for
LH2 density

10-7 of muonic Rydberg energy



TPCTPC -- Ionisation chamberIonisation chamber
p 45-120 bar E(kV/cm)

an-grid 1 mm 40

grid-cath 13 mm 25

area 50x52 mm2

drift vel. 7 mm/ms
EL, EH 120, 800 keV

8

40



Energy spectraEnergy spectra
D2

HD

E
(MeV)

Eobs
(MeV)

R
(mm)

3He 0.82 0.6 0.18
3Hem 0.80 0.75 0.6

t 1.01 1
p 3.02 16

ddddmm→→ 33He +He + mm + n   (3.27 MeV)+ n   (3.27 MeV)

→→ 33H +H + mm + p     (4.03 MeV)+ p     (4.03 MeV)

Background

pdm   → 3He (0.2 MeV) + m (5.3 MeV)

3Hem → 3H (1.9 MeV) + n

NZm → NZ-1 + n



StickingSticking
ddddmm→ (→ (33HeHemm)* + n)* + n ww00

33He +He + m    m    RR

ww == ww00 (1(1--R)R)

wexp = 0.1224(6)

w0
th = 0.134 (3)

R = 0.010 (1)

wth = 0.120(4)

“survived muon method”



Fusion branching ratioFusion branching ratio
resonant (ddresonant (ddmm))J=1J=1 formationformation
prepares pure Pprepares pure P--wave statewave state
at “zero” energyat “zero” energy

R = N(3He)/N(t+p)

RJ=1 = 1.455(11)

4He structure:
Coulomb isospin breaking
amplified by nearby P states
of opposite isospin



Hyperfine effectsHyperfine effects

50-300 K,  1% absolute precision,  D2 and HD data


