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Abstract
Laser-induced nuclear reactions in ultra-dense hydrogen H(0) (review in Physica Scripta 2019) give
mesons (kaons and pions) which decay to muons. The process which gives the mesons is baryon
annihilation (Holmlid, J. Hydrogen Energy 2021; Holmlid and Olafsson, High Energy Density Phys. 2021).
The sign of the muons detected depends on the initial baryons, with D(0) in the meson source producing
mainly positive muons and p(0) producing mainly negative muons. This charge asymmetry was reported
in Holmlid and Olafsson (Heliyon 2019), and has been con�rmed by later experiments with a coil current
transformer as beam detector , also in another lab (unpublished). The current coil detector would give no
signal from the muons if charge symmetry existed. The charge asymmetry of the muons seems �rst to be
at variance with charge conservation. An analysis of the results which includes charge conservation is
given here. It agrees with the standard model of particle physics. Using D(0), the asymmetry is, as
previously, proposed to be due to capture of µ- in D atoms and D2 molecules. This gives emission of
mainly µ+ and a fraction of  > 50% of µ+ from D(0). In p(0), the capture rate of µ-  is lower than in D(0).
The emitted number of µ+ will be decreased by reaction between µ+ and abundant electrons, forming
muonium particles. This effect decreases the fraction of emitted µ+ for both p(0)  and D(0), and it is
proposed to be the main reason for a larger fraction of emitted µ- in the case of p(0).

1. Introduction
The physics of the quantum material ultra-dense hydrogen H(0) was described in a review paper in
Physica Scripta in 2019 [1], and the science and technology of its production were reviewed in 2021 [2].
H(0) has an experimental interatomic distance of 2.3 ± 0.1 pm in spin level s = 2, [1,3] and 0.56 pm at
spin level s = 1 [4]. This means that H(0) is the densest form of matter that exists anywhere in the
Universe [5,6]. As described previously [1], three different methods have been used to verify the short
interatomic distances. It is expected [7] that  H(0) is super�uid and superconductive. This is indeed
observed at room temperature [8-10]. De�nite transition temperatures exist to a non-super�uid state at a
few hundred K above room temperature [10]. H(0) has been studied using laser-induced Coulomb
explosions (CE) (this is the �rst method used to verify the pm distances). This method has been coupled
to time-of-�ight (TOF) and time-of-�ight mass spectrometry (TOF-MS) [1,3] detection of the CE fragments.
The second method for veri�cation of the pm distances in H(0) is rotational emission spectroscopy
[1,11,12] which gives the inter-atomic distances as a function of the spin quantum number s with a
precision in the femtometer range.

The third method used for verifying the pm distances in H(0) is based on the observations of nuclear
processes in H(0), both spontaneous and laser-induced, which will only be possible at such short
distances. The laser-induced nuclear processes eject particles in the MeV range, from relatively weak
laser pulses at < 0.4 J [1,13,14]. 4He and 3He ions have been observed, which is a clear indication of
nuclear fusion processes [15]. Already in 2015, heat generation above break-even was reported with a
relatively weak laser [16]. This was the �rst report on sustained nuclear fusion above break-even and
indeed the �rst working fusion process which was reported with deuterium as fuel. It has later been
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concluded that muon-catalyzed fusion was an important process giving these results. The laser-induced
MeV meson and muon signals are so large that they can be measured directly by a fast oscilloscope
connected to a metal collector inside the vacuum chamber. This large signal gives accurate sub-ns-range
timing intensity distributions. The fast particles have been observed at distances up to 2 m in a vacuum
[13,14,17,18]. The meson and muon velocities correspond to 10 - 500 MeV u-1. Magnetic de�ection
studies were used to con�rm that many of the particles, which are formed initially by the laser-induction
in H(0), are neutral [19], thus not trivial protons or electrons. The generation of muons from the laser
interaction with H(0) is con�rmed by direct measurements of the accurate decay-time for the muons [20].
Other studies [21,22] con�rm that the charged and long-lived neutral kaons as well as the charged pions
from the laser-induced processes in H(0) decay with their well-known decay lifetimes [23-25].

Large �uxes of muons are generated by the patented muon generator  [26] with application in muon-
catalyzed fusion reactors [27]. Since only negative muons can be used for muon-catalyzed fusion [28],
the conditions for generating muons with different signs are of great practical importance and they are
studied mainly for this reason. This is a problem for the presently ongoing development of muon-
catalyzed fusion, which is the only sustainable nuclear fusion method since it can use deuterium as a
fuel [2]. Thus, muon-catalyzed fusion does not require risky handling of radioactive tritium fuel as all
other fusion methods under development do [29]. The recent development of annihilation energy
generation [22] which can use ordinary hydrogen as fuel, means of course that tritium luckily is no longer
needed for any type of energy generation.

2. Theory For Ultra-dense Hydrogen H(0)
Ultra-dense hydrogen H(0) is a quantum material. The fundamental physics of it was recently
reviewed [1], thus only the most important properties for the present study are summarized here.  The
ultra-dense states are characterized by their (mixed) spin quantum number s = 1, 2, 3….. [1]. The state s =
2 which is formed most easily in the laboratory at low temperature and pressure, has an H-H distance of
2.3 pm. The state s = 1 is formed from s = 2 both spontaneously at a low rate [30] and by laser pulse
induction [31]. In this level s = 1 at an H-H distance of only 0.56 pm [1], it is likely that nuclear reaction
takes place rapidly. At similar inter-nuclear distances in muon-catalyzed fusion, the rate constant for
fusion D+D is 109 s-1 [28]. This means that the laser �eld is only required for transferring  H(0) from s = 2
to s = 1 at 0.56 pm distance to initiate the nuclear processes, not to in any way force or drive the nuclear
processes.

3. The Nuclear Reaction Process
The reason why the nuclear processes described here can take place at all is of course the very short
distance between the nucleons, at 0.56 pm in spin state s = 1 for H(0) [1]. From this level s = 1 [4] at an H-
H distance of only 0.56 pm [1], it is likely that nuclear reaction takes place rapidly. At similar inter-nuclear
distances in muon-catalyzed fusion, the rate constant for D+D fusion is 109 s-1 [28].
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The muons formed by meson decay have kinetic energies of >100 MeV u-1 [17-19]. The meson formation
process was identi�ed in [12] as being baryon annihilation. The entire process starts with a beta capture
step. The proton undergoing beta capture may be called a quasi-neutron and it is formed in the ultra-
dense state H(0) (s = 1) by the interaction of a proton with an electron with l = 0 and spin ½ from H(0)
spin state s=2. Spin may be conserved by a simultaneous spin transfer process in H(0) s=2 → s=1 (from
S = ħ to S = ħ/2).  This makes the transition spin allowed from an electron + a proton, both with spin ½
and spins up and down, to a neutron with spin ½. A neutrino with spin ½ is also conventionally formed in
this process, which gives further freedom for the spin conservation. Since the quasi-neutrons have zero
charge, they may undergo oscillations similar to neutrino or neutral kaon oscillations to form their own
antiparticles. The recently reported case with oscillations of D0 mesons between their particle and
antiparticle forms is a close analogue [32]. The process of forming the antiparticles, antiprotons and
antineutrons, required for the annihilation reactions will not be dealt with here in detail since it belongs to
the �eld of theoretical particle physics and will be described elsewhere (however see more details in the
supplementary �le named Appendix). In short, beta capture in a proton can form a neutron or an anti-
neutron, which can then form an antiproton by further beta capture. So the description here continues
with the proof of annihilation reactions. Almost all of these processes conserve both lepton and baryon
numbers and agree with the standard model of particle physics. The mesons have been identi�ed from
their decay time constants [1,12], decaying in well-known reactions [23-25] to muons and sometimes
other particles like neutrinos and gamma photons. See further Table 1.

3.1. Baryon annihilation
The kaons formed have kinetic energies close to 100 MeV as measured from their dilated decays, see
Table 1 and Ref. [12]. It is clear that no other process than annihilation can give such large kaon energies.
Two baryons annihilate to form six light mesons (kaons and pions, see further below), [23-25]. From the
experiments [12], it is clear that charged pions can be formed initially with both low and high kinetic
energy, with one example in Fig, 1 and further results in Table 1. It seems that the kaons are always fast
initially but the long-lived neutral kaons can be thermalized. The annihilation reactions of interest here are
both proton + antiproton and neutron + antineutron:

where the kinetic energies within parantheses are taken from Table 1. Since the neutrons have slightly
higher energies than the protons, it is assumed that the slightly heavier neutral kaons are formed more
easily by neutron annihilation. Neutral pions with mass of 135 MeV may be formed instead of charged
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pions. The kinetic energy of such pions has not been measured since they decay much too fast to give
any measurable decay dilation. 

The annihilation energy cycles above are almost exactly closed, for neutrons with a precision of 2.4×10-3

and for protons with a precision of 4×10-5. Of course, this very high precision is somewhat accidental
since the spreads in kinetic energies giving the error limits in Table 1 are not included in the energy cycles
above. These error limits give a further uncertainty of ± 2-4 MeV in the energy cycles, which is still quite
negligible. These results support the annihilation interpretation, with no other process possible to give the
observed high particle energies anyway. 

3.2. Kaon decay
The decays of kaons and pions are well known [23-25]. They often give muons by processes similar to
pair production, or give muons with the same sign as the initially formed decaying charged kaon. Charge
is conserved so an equal number of positive and negative muons is expected to be formed. In some
decays for both neutral and charged kaons, neutral pions are formed instead of charged pions. The
neutral pions do not decay to muons but instead each neutral pion decays to two high-energy gammas.
These processes thus decrease the number of muons formed.  

3.3. Formation and detection of muonium
 Most mesons decay close to the meson generator, thus most muons are formed there. The muons have
initial kinetic energies of 100-500 MeV and are thus close to their ionization minimum [33], but they can
be slowed down rapidly enough, so that the decay times observed can be close to the values at rest [20].
The hydrogen gas pressure at the generator is of the order of mbars and the muons will lose energy both
by gas collisions  and by collisions in the closely located metal parts in the apparatus. After the muons
have reached a low kinetic energy, the possibility of recombination of positive muons with the abundant
electrons in the cooled plasma region increases, giving muonium µ+e-. Such particles are not detectable
by wire coils on ferrite toroids, which are used for detecting beams and pulses of charged particles [34]
and which have been used in our experiments. It is also likely that muonium particles can pass
undetected through the type of Al foil collector used in our experiments [17-19], since they are small and
neutral. This process decreases the number of bare positive muons in the beam and it will thus give a
larger fraction of negative muons in the beam.

4. Conclusions
The observed charge asymmetry in the muon emission from the baryon annihilation reactions in the
muon source is due to secondary effects like muon capture and muonium formation. These conclusions
will hopefully enable further e�cient development of intense muon sources with a high fraction of
negative muons needed for the only known sustainable fusion process namely muon-catalyzed fusion.
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Tables
Table I. Summary of meson decay-time results [22]. The decay-time error limits given are standard errors
from converged non-linear least squares �ts with two parameters (SigmaPlot 14). The sign  indicates
manual adjustments of the rate parameters to �t the experimental curves visually, as described in detail
in the relevant references, with one example in Fig. 1. 

Observed

decay-time
(ns)

Particle Particle 

decay-time at rest
(ns) [25]

Dilation

factor

Velocity/c Kinetic
energy

(MeV)

Fig. No. or
Refs. []

< 2 0.09 - - - Fig.1.

 13  K± 12.38 1.05 0.305 24.4 [1,27,39,40] 

14.81 ±
0.05 

K± 12.38 1.196 0.549 95.7± 2.0  

 26  π± 26.033 1.0 low low [1,27,39]

25.92 ±0.04 π± 26.033 1.0 low low  

   39  π± 26.033 1.5 0.745 68.9 Fig. 1.
[41,42]

40.43±0.10 π± 26.033 1.555 0.766 76.7 ±
0.5

 

 52

 

51.16 1.016 0.18 8 [1,20,40]

61.3 ±0.07 51.16 1.198 0.551 97.4 ±
0.7

 

Figures
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Figure 1

Linear and logarithmic plots of the same data, the differential signal from a current coil with the mainly
positive muon signal passing through its center. 0.4 J, 10 Hz pulse repetition, 1064 nm laser light. D(0) in
the meson source in a vertical chamber, 0.2 mbar D2. Current coil with 19 turns of wire on a ferrite toroid,
at 58 cm from laser target. The �rst peak follows the laser peak shape and has thus a time constant < 2
ns. It is proposed to be muons from the decay of short-lived neutral kaons . See Table 1. The 39 ns time
constant is muons from time dilated pion decay as indicated in Table 1, with a kinetic energy of the pions
of close to 70 MeV.

Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.



Page 11/11

Appendix.doc

https://assets.researchsquare.com/files/rs-493124/v1/e7a2a3d9275048a5e7c482c3.doc

