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Abstract

The short D-D distance of 2.3 pm in the condensed material ultra-dense deuterium means that it is possible that only a small
disturbance is required to give D+D fusion. This disturbance could be an intense laser pulse. The high excess kinetic
energy of several hundred eV given to the deuterons by laser induced Coulomb explosions in the material increases the
probability of spontaneous fusion without the need for a high plasma temperature. The temperature calculated from the
normal kinetic energy of the deuterons of 630 eV from the Coulomb explosions is 7 MK, maybe a factor of 10 lower
than required for ignition. We now report on experiments where several types of high-energy particles from laser
impact on ultra-dense deuterium are detected by plastic scintillators. Fast particles with energy up to 2 MeV are
detected at a time-of-flight as short as 60 ns, while neutrons are detected at 50 ns time-of-flight after passage through a
steel plate. A strong signal peaking at 22.6 keV u21 is interpreted as due to mainly T retarded by collisions with H
atoms in the surrounding cloud of dense atomic hydrogen.

Keywords: ultra-dense deuterium; ultra-dense hydrogen; condensed atomic hydrogen; fusion; Coulomb explosion (CE);
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1. INTRODUCTION

The short distance between nuclei that is required for nuclear
fusion is a decisive factor for the methods of fusion energy
production. In so called muon catalyzed fusion (Jackson,
1957), the average distance between the hydrogen nuclei is
approximately 0.5 pm. At this distance, fusion takes place
spontaneously. Other methods are however needed for
fusion giving a net energy output. One important approach
is inertial confinement fusion (ICF). Laser compression has
been believed (Nuckolls et al., 1972) to be the solution to
the required high density of the target in this method, but
work is still in progress after 30 years (Kodama et al.,
2001). Many reviews of the field and possible developments
exist, with just a few recent examples cited (Ghoranneviss
et al., 2008; Imasaki & Li, 2008; Hora, 2007; Winterberg,
2010b). Here we will instead concentrate on methods to
find high-density targets.

One ICF method that seems able to work at rather low den-
sities is so-called “fast ignition” laser-induced fusion (Tabak
et al., 1994), with moderate laser compression and a fast

igniting laser pulse. The required hydrogen density is esti-
mated to be .300 kg dm23 (Betti et al., 2006). This corre-
sponds to an average atomic density of 1026 cm23 or an
average atomic distance of 22 pm. This is a high density rela-
tive to deuterium ice, where the shortest average distance (in
the D2 molecule) is 74 pm. Liquid density clusters of deuter-
ium give laser-induced fusion (Ditmire et al., 1999;
Buersgens et al., 2006). It is thus possible to start fusion
also in long-distance phases, and the main problem for
energy generation is to assemble a dense enough initial
mass so an ICF process can take place. A compression mech-
anism like laser compression which also gives high tempera-
ture, as well as increases the problem of maintaining a high
enough density for the ICF process. Thus, alternative high-
density approaches seem to be required.

One possibility is based on the solid-state enhancement of
nuclear processes (Hora & Miley, 2007; Yang et al., 2009),
which indicates that shielding inside the bulk can give
close approach of the nuclei, maybe down to 2 pm. High
density clusters of hydrogen can indeed be formed inside
dense metals like palladium (Lipson et al., 2005). The hydro-
gen density is found to be on the order of 1024 cm23, corre-
sponding to 100 pm distance. This is similar to the distance
observed in dense hydrogen called H(1) by laser-induced
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Coulomb explosions (Badiei & Holmlid, 2006). (The
number in parentheses in H(1) indicates the Bohr angular
momentum quantum number for the electrons in the
material.) This condensed material has a distance of 150
pm and thus a density of 3 × 1023 cm23. A similar deuterium
material D(1) also exists (Badiei et al., 2009a, 2009b). The
use of dense hydrogen as ICF target was proposed based
on these results (Badiei & Holmlid, 2008).

Further studies of the dense hydrogen materials have
shown that an even denser material exists, called ultra-dense
deuterium or D(-1) (Badiei et al., 2009a, 2009b). The bond
distance is 2.3 pm, which is found directly from the exper-
iments, corresponding to a density of 8 × 1028 cm23. The
possible use of this material as a target material in ICF was
recently discussed further (Holmlid et al., 2009; Andersson
& Holmlid, 2009). This material is proposed to be an
inverted metal relative to D(1) (thus the -1), where the elec-
trons and ions have exchanged their roles relative to an ordin-
ary metal (Ashcroft, 2005; Militzer & Graham, 2006). This
ultra-dense material is probably a quantum fluid
(Winterberg, 2010a). The density of the new ultra-dense deu-
terium is much higher than required for ignition in “fast
ignition” laser-induced fusion. By laser impact on the ultra-
dense deuterium, deuterons with energy up to 1.2 keV are
released (Badiei et al., 2009a, 2009b). This energy may be
high enough to give D+D fusion by energy transfer from
fast deuterons to stationary deuterons, which are forced
closer to their neighbors, initially at the distance of 2.3 pm.
The selective resonant tunneling model by Li et al. (2004)
describes the experimental cross sections for D+D fusion
well. This model implies that the tunneling through the
Coulomb barrier is coupled to a resonance in the nuclear
well. Since the Coulomb barrier is likely to be thinner due
to many-particle effects, the fusion process here may be
faster than for a classical beam-target case.

To investigate the possibility of fusion with a relatively weak
laser beam, we have studied the fast particles released from
laser impact on ultra-dense deuterium D(-1). The experiments
employ time-of-flight (TOF) particle detection with a detector
(plastic scintillator), which is only sensitive to the highest
kinetic energies of the ejected particles. The energy range for
the particles emitted from D(-1) is 6 keV (23 MeV), with
the lower limit given by the scintillator detector. Production
of such energetic particles indicates nuclear fusion of the
closely located deuterons in the ultra-dense material.

2. EXPERIMENTAL

A Nd:YAG (neodymium doped yttrium aluminum garnet)
pumped dye laser with a power of ,100 mJ per 5 ns long
pulse at 10 Hz is used at 564 nm. The laser beam is
focused at the center of the ultra-high vacuum chamber by
an f ¼ 400 mm lens, giving an intensity of ,5 × 1011

W cm22 at the approximately 100 mm beam waist located
in the center of the chamber. Close to the center of the appar-
atus (Fig. 1), a K doped iron oxide catalyst sample (Meima &

Menon, 2001; Holmlid, 2002; Muhler et al., 1992) is used as
the emitter to produce D(-1) from deuterium gas at a pressure
up to 1 × 1025 mbar. In some experiments, normal hydro-
gen gas is also admitted prior to D2 gas admission to form
H(1) (Badiei & Holmlid, 2006). The tantalum foil enclosing
the emitter sample is cut away on the side facing the laser
beam and the detector. The laser beam moves parallel to
this exposed side of the emitter, with the narrow beam
waist in front of its flat surface. The catalyst emitter is
heated to,500 K by an alternating current through the
metal foil holding the catalyst sample. The particles ejected
from the emitter move through a vacuum of 2 × 1026 mbar
in the outer chamber to the detector at 112+ 2 cm distance
from the center (laser focus). In the detector, the particle
beam strikes a 0.1 mm thick plastic scintillator (Nuclear
Enterprises NE102A) at approximately 458 to the beam.
The back side of the scintillator is covered with an aluminum
layer to improve light collection. The range of protons and
deuterons in the scintillator is ,0.1 mm at 2 MeV, while
the range of neutrons of the same energy is several meters
and the detection probability of neutrons is thus very low.
In the scintillator, blue photons are generated by the particle
impact. These photons are observed by a photomultiplier
(PMT) (EMI 6255S, rise time 8 ns, transit time 55 ns)
behind a 6 mm thick blue-violet glass filter (Schott BG37,
transmission 1 × 1025 at 564 nm). The filter reduces the
light from the laser to a low level. The PMT is mounted in
a light tight metal container in air, outside a glass window
in the vacuum wall. There is no accelerating voltage in the
detector, and slow ions in the beam or secondary ions from
particle impact can not be detected. The pulses from the
PMT are counted by a fast TOF multichannel scaler. A
photodiode close to the laser gives a fast pulse that triggers
the multichannel scaler. Normally, 1500 laser shots are accu-
mulated in each TOF spectrum. Thus, each spectrum is com-
pleted in less than 3 min. Due to the transit times in the PMT
and the signal cables, the peak of the laser pulse is observed
at 70–80 ns after the trigger. When the sample is moved
forward against the laser beam, an increased light intensity

Fig. 1. Schematic drawing of the apparatus used for the laser-induced fusion
studies using TOF, horizontal cut shown.
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reaches the emitter surface. This influences the signal
observed by the detector and the TOF distribution changes
strongly. The laser slowly depletes the D(-1) on the emitter
surface, and the D(-1) layer can be restored after deuterium
gas admission for a few hours. An inner detector and the
thick sliding valve shown in Figure 1 at 60 cm distance
from the outer detector are here used to selectively or
totally block the particle beam to the scintillator detector.

3. RESULTS AND DISCUSSION

The TOF spectra shown are found after admission of deuter-
ium gas for a few hours. It is not required that the laser impact
is running for some extended period to modify the sample.
On the contrary, the laser-surface interaction is either slight
so that almost steady-state conditions exist (when several
related spectra are compared) or immediate on a new location
on the surface (when single spectra are taken). Since each
spectrum corresponds to 1500 consecutive laser shots, the
total time for each spectrum is slightly less than 3 min.

Typical TOF spectra are shown in Figure 2, with several
settings of the PMT voltage. This gives a crude energy analy-
sis of the PMT photon peaks, with only the largest peaks (due
to the most energetic particles) observed at low PMT voltage
settings. It is easily seen in the spectrum that the tail after the
peak at 100 ns decreases more rapidly with PMT voltage than
the peak. At the lowest PMT voltage, only a peak at 60 ns
(1.8 MeV u21) is left, showing that this is the most energetic

particle. The peak at 535 ns is also quite persistent, indicating
high energy but longer flight time. The 1.8 MeV u21 particle
signal is probably due to particles with approximately one
mass unit, like protons and neutrons. Thus, MeV particles
are observed, which can only be formed by nuclear fusion
at the low laser intensity used.

The first peak in the spectra in Figure 2, at 70 ns from zero
in the plot, is mainly due to energetic quanta from the laser
pulse interaction with the emitter and D(-1) material. In
many cases, the gamma or X-ray photons observed penetrate
into the PMT tube and give a signal already at 50 ns in the
spectra, prior to any visible light from the laser that must
interact with the photo cathode in the PMT.

When the laser is directed onto a fresh part of the emitter, a
signal peak at 535 ns flight time is seen as in the top spectra
in Figure 3. This is the same peak as seen in Figure 2, and it is
only observed when both hydrogen and deuterium gas have
been admitted during the day of the experiment. This peak
increases in a few minutes, expanding to both shorter and
longer flight times. Finally, it gives a distribution extending
from 60 ns to more than 1000 ns like in Figure 2. (That the
peak at 100–200 ns in Fig. 3 is slower than in Fig. 2 is prob-
ably due to too high signal prior to this peak.) The total inten-
sity usually increases strongly simultaneously. The main
peak at 535 ns has a width at half-height of 30 ns, giving par-
ticle energy of 22.6+ 1.5 keV u21. This peak can be
observed directly with an oscilloscope, and is not due to
any PMT pulse pile-up or level shifting as can also be seen
directly from Figure 3. The peak observed is probably due
to T and 3He, which have been slowed down by two col-
lisions with protons in the cloud surrounding the emitter:
only non-reactive collisions will exist with p, but nuclear
reactions may take place in collisions of fast T and 3He
with D.

Fig. 2. Variation of TOF spectra measured with PMT voltage in the high-
energy detector. Note that the peak at 60 ns with highest energy disappears
last when the PMT voltage is decreased, indicating the highest photon pulses
due to the 1.8 MeV kinetic energy of the protons from D+D fusion.

Fig. 3. TOF spectrum from the intense interaction of the D(-1) material with
the laser, note the very high energy of the particles. The bottom spectrum is
of the same type as in Figure 2, while the two upper spectra are from a pre-
viously unsampled spot on the D(-1) surface. The top spectrum is measured
with higher TOF resolution (1 mm vertical slit in detector).
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Experiments have been done to verify that the signal in this
range is due to fast charged particles and not to photons. A
voltage of 28 kV to the dynode in the inner detector
shown in Figure 1 provides a suitable transverse electric
field to test this behavior when the two detectors are lined
up. The signal is clearly influenced by the electric field.
Thus, the signal is due to fast charged particles like small
atomic nuclei and protons.

In Figure 4, a 1.2 mm thick steel edge in the inner detector
shown in Figure 1 is rotated in small steps to block the direct
flux from the laser focus to the high-energy detector.
Intensity is observed at 50 ns after the laser pulse, which
means particles with energy of 2.0–2.5 MeV u21. Both
protons and neutrons are possible at this energy, but
protons will not penetrate through the steel edge. Also
faster particles are detected, possibly higher energy neutrons.
The blocking quenches the gamma photon peak. (Note that
the full PMT peak can not be observed at 08 since the
signal is high above the discriminator level.) The signal at
the laser peak decreases strongly by the blocking while the
intensity at 120 ns (50 ns after the laser pulse) is unchanged;
thus this fast signal is not due to any pile-up or other elec-
tronic effects. Those particles can pass through 1.2 mm stain-
less steel and are thus MeV neutrons.

The only other particles that may give a signal in the detec-
tor after passage through the steel edge are energetic photons
(X-ray or gamma photons). However, such photons are unli-
kely to be delayed so that they give a peak in the TOF distri-
bution 50 ns after the laser pulse. Thus TOF measurements
provide a direct discrimination between energetic photons
and neutrons, as demonstrated by Buersgens et al. (2006).
(Their Fig. 1 shows a better resolved case than ours due to

their longer flight path.) The decay time of the scintillator
is 2–3 ns, so the TOF measurement is accurate. The detec-
tion takes place by neutron collisions with protons in the
plastic scintillator giving electronic excitation and light emis-
sion. Further studies (unpublished) of the 50 ns peak show a
quadratic signal variation with laser intensity, which is unli-
kely for photon production but expected for neutrons pro-
duced in pair-wise high-energy deuteron collisions. The
50 ns signal peak is related to the laser pulse in time and
does not exist without the laser pulse fed into the chamber.
It is possible to remove the fast TOF signal by closing the
thick stainless steel plate sliding valve shown in Figure 1,
which shows that the signal is formed at the laser focus.
The attenuation factor for neutrons in stainless steel is close
to 0.15 cm21, corresponding to an attenuation length of
7 cm. Both small-angle deflection and small energy loss in
scattering events will remove the neutrons from the 50 ns
peak observed by the small distant detector.

Fast neutrons with energy of 2.5 MeV as found here are
not easily detected when TOF measurements are needed.
The method used by Ditmire et al. (1999) and Buersgens
et al. (2006) with plastic scintillators is also used here,
even if our detection efficiency is low due to the thin scintil-
lator used. Conversion foils have been used to increase the
scintillator detection efficiency by Blaich et al. (1992), for
1 GeV neutrons. This method has been tested here and a
neutron signal at 50 ns TOF is observed also with a blocking
2 mm thick steel foil directly in front of the scintillator,
however not giving an increased signal probably due to the
relatively low neutron energy.

When D+D fusion takes place, the following reactions
should be observed:

D + D � T(1.01 MeV) + p(3.02 MeV), (1)

D + D � 3He(0.82 MeV) + n(2.45 MeV), (2)

with 50% probability for each branch. The assignment of the
neutron peak at approximately 50 ns to the neutrons emitted
with 2.45 MeV (52 ns TOF calculated) is clear. The intensity
of charged particles observed as the high-energy peak at
100 ns in Figure 2 and even arriving as fast as 60 ns is
reasonable to identify as scattered protons initially with
3.02 MeV (47 ns TOF calculated) and other fragments. T is
expected at 140 ns without scattering, and 3He at 155 ns,
close to the peak in Figure 2. They will however both
scatter strongly within the H cloud around the emitter or
even in the surface material through Coulomb forces. An
analysis of the collisions of T and 3He ions on their way
out through the layer of D and H atoms on or outside the
emitter shows that they will be slowed down to the observed
energies after two sequential collisions with H atoms. In
these experiments, a cloud of H(1) has been formed around
the emitter by admission of hydrogen gas for 1–2 h prior
to admission of D2 gas. (Without hydrogen admission, the
peak is not observed.) It is thus likely that T and 3He

Fig. 4. Blocking of the flux to the high-energy detector by a movable steel
plate. Rotation to 18 gives almost complete blocking. The full laser peak can
not be observed at 08 since the signal is high above the discriminator level.
All particles after the laser pulse at 70 ns are neutrons since they penetrate the
steel plate. 2.45 MeV neutrons from D+D fusion are expected at 52 ns,
while 14 MeV neutrons from T+D fusion are expected at 22 ns after the
laser pulse.
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scattering in the H(1) cloud gives the slower particles
observed at 22.6 keV u21.

4. CONCLUSIONS

Using a plastic scintillator as detector, fast particles are
observed by TOF over a 1.12 m flight distance from the inter-
action of a pulsed laser beam with ultra-dense deuterium.
This interaction is known to give fast deuterons with energy
as high as 1.2 keV. Fast particles with energy , 1.8 MeV
u21 are proposed to be protons from D+D fusion, with an
initial energy of 3 MeV. Fast particles observed at 50 ns
TOF thus with energy 2 MeV after passage through a steel
edge are concluded to be neutrons, since protons cannot
pass through the steel and X-rays have much shorter TOF.
The intense signal peak at 22.6 keV u21 is proposed to be
T and 3He from D+D fusion arriving with such relatively
low energy after two collisions with H in the dense cloud
of H(1) outside the emitter. Thus, all particles expected
from D+D fusion are observed. It is assumed that the
fusion cross section is increased over the beam-target value
due to many-body effects at the short D-D distance of 2.3 pm.
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