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The role of muonic molecules in fusion reactions

The pCF idea was suggested by F.C.Frank (1947), A.D.Sakharov (1948);
The experimental observation by L.W. Alvarez’ team (1957).
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Muonic molecule formation in JV-rovibronic state
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Resonant ddu—molecule formation
(E.A.Vesman, 1967)
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The hyperfine structure of
du-atom mn ddu-molecule energy levels
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The calculated resonant formation rates of ddu molecule

15+ -

7\.3/2 3/2

10 +

7‘1:5’ 10°s™

0 o I200I | I400I | I6IOOI | I800I | I:|.000
T, K
Fs .
Aps = Z a)u(Ki)/lKin’
KoK
2K, +

o (K) = £(K,) Zw<K> 1



The decay rates of resonant formed ddu -molecule
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The effective rates ZF of ddu molecule formation
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The calculated rates of resonant ddu formation
In ortho-D, (K =0) and para-D, (K = 1) gas at T=40K versus du energy.
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The nonresonant formation of muonic molecules
(Ya.B. Zel’dovich, 1954)
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The calculation of nonresonant

e formation rates of muonic molecule
e (M.Faifman, 1989)
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The rates of nonresonant formation
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The rates of nonresonant ddu formation
In deeply bound (J=0 and J=1) states

nres , 6 -1
10 ¢ Myg+ 10°S

J=0 (J=1—J=0)

01k

J=1 (3=0—=1)

0,01 F—

g eV
1E- 3 | | | | | | | | | | ]
0 5 10 15 20 25 30 35 40 45 50 55




0.05-

nr
| A g, 1= | (theory)
50 100 150 200 250 300

)»(rj]ges (T) )\'nres (T) n }\’nres (T) TEMPERATURE (K)

hga (T) =[2.57(17) - 10" T + 0.039(1)] - 10°s™* —PSI-PNPI-IMEP-LBNL-TUM experiment
D.V.Balin et al., Phys.El.Part. and Nucl., 42 (2) 361 (2011);

hgas(T)=[2.4-10" T+0.027]-10°s" - theory (M. P. Faifman, MCF 4, 341, 1989)



Potential energy

Muonic molecule formation
(d )+ D, - [(dd z),, de]" +&~ —

Nonresonant
formation du + D,

AE ~15 3B e-collision
___________________________ S Trrr e Y-, T (0)\V)
R
Internuclear
distances

:1, 811= 1-965 eV
:0, 810=226.682 eV

" 3

1, v
1, v




, 1063'1

nres
ddp

A

35—-
30—-
25—-
2-
15 ]

10 +

J=0,2—J=1, v=1

Total formation rate in {11}-state

(d ) + D, > [(dd p),,de]" +e&°




(tu) + D, — [(dtu), de] +&°

|
|
50 I
|
| J=0,2—=J=1, v=1
40 I
|
|
|
30 I Total formation rate in {11}-state
|
|
| — — \j—
20 : J=2-J=1,v=1
|
|
|
10 - |
|
|
! g eV
0 . I ! I ! I
0 |20 40 60



The comparison of nonresonant ddu formation rates
In deeply (J=0 and J=1) and weakly (J=v=1) bound states
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The calculated dependences of resonant and
nonresonant ddu formation rates versus du energy
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The scheme of uCF processes
In pure deuterium
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The main processes and their rates of uCF cycle in D,

Processes Rates

Muon decay: p —>v,+e+v, | 2,=0.46-10° s1

p-atom formation/cascade |2, ~1012s-2

Spin-flip Aajp 1,~3-107 571
p-molecule formation Agg,~3-108 s71
Fusion A~4 10871

Sticking ®~12%




The distributions over the kinetic energies of du atoms
In different exited states at density ¢=0.01 LHD.
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The time spectrum of neutrons from dd-fusion in D2 gas
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Mean Kkinetic energy of duy atoms in D2 gas
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The peak due to nonresonant ddu formation
In the above-threshold energy region
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Initial parts of time distributions of electrons from y-decay (solid line) and
neutrons from dd fusion (dashed line) measured by the neutron detectors.
D.V.Balin et al., Phys.EIl.Part. And Nucl., 42 (2) 361 (2011).



Summary

*The non-resonant formation of ddy and dty molecules in the
weakly bound state was considered in the above-threshold
energy region, and the calculated rates are about one order of
magnitude higher than previously expected,;

The role of the non-resonant ddy formation by non-
thermalized du-atoms for kinetics in D, gas has been revealed
as the directly observed in experiments peak in the neutron
time spectra at very short initial times;

*The detailed comparison of the observed and calculated
neutron spectra at times before the complete thermalization of
dy atoms provides an opportunity to test the cascade theory.
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