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Ultra-dense protium p(�1) is a condensed phase of hydrogen which has a shortest H–H bond distance of
3.7 pm. It is not identical in form to ultra-dense deuterium named d(�1) or D(�1). The MeV particles
released from p(�1) under impact of a ns pulsed laser are studied with time-of-flight energy measure-
ments using a fast plastic scintillator detector. A movable metal plate or foil is used to distinguish fast
particles from energetic photons. The fast particles, mainly protons, are delayed by transmission through
the plate or foil from the MeV range to 200–700 keV. Fast protons are ejected only after a 5–10 s induc-
tion period after the laser start, and only at high pulse rates, approaching 10 Hz. Particles with keV ener-
gies are ejected as late as several ls after the laser pulse. Nuclear processes are excluded in the p(�1) case
and the laser intensity is quite low. It is concluded that laser-triggered self-compression from p(1) to
p(�1) gives the high-energy particles.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Nuclear fusion reactions can be caused by laser-initiated pro-
duction of fast D atoms in ultra-dense deuterium called D(�1) or
d(�1) [1,2]. The density of this ultra-dense material is close to
1029 cm�3 or 140 kg cm�3 as shown in several publications
[3–13]. To better understand the details of the processes involved
in the nuclear fusion in this material, we now also study the
corresponding ultra-dense phase of hydrogen (protium) which is
called p(�1). H(�1) is used to indicate both types of ultra-dense
hydrogen, namely d(�1) and p(�1). High-energy particles and
penetrating X-ray photons are observed from the laser impact on
p(�1). If the small amount of deuterium in natural hydrogen is
believed to give a negligible contribution, no fusion processes will
be observed. One remote possibility for energy release in p(�1) is
the transient formation of diprotons [14,15]. The energy released
in their formation could be carried away by neighboring protons.
This type of diproton formation might give rise to MeV protons.
However, it is not generally believed that diprotons exist. Thus,
other energetic processes in p(�1) give the high-energy particles.
From a careful study, we conclude that the high-energy particles
are released by laser-triggered self-compression of dense protium
p(1) to ultra-dense protium p(�1). One important piece of evi-
dence for this is the induction period observed for their formation.

Ultra-dense protium is named p(�1), since it is an inverted form
of dense protium p(1), with orbital angular momentum l = 1 for the
All rights reserved.
protons. It is similar to ultra-dense deuterium d(�1) or D(�1),
which has been studied in several publications [3–13]. d(�1) is a
quantum material [16] which may involve formation of vortices
in a Cooper pair electron fluid as suggested by Winterberg
[17,18]. It has a bond distance of 2.3 pm which may give a small
rate of spontaneous fusion. The structure of d(�1) is given by long
clusters D2N with N integer formed by D–D pairs rotating around
the vortex. p(�1) appears to be a quantum material with proper-
ties slightly different from d(�1). The bond distance in p(�1) is
more variable and larger than 3.7 pm [7,19], and the cluster struc-
ture is not identical to that of d(�1). The density of p(�1) is smaller
than 3 � 1028 cm�3 or 33 kg cm�3.
2. Theory

Under impact of laser pulses, Coulomb explosions (CEs) [7] take
place in the ultra-dense material p(�1) [19]. A typical CE involves
only two ions formed in a p(�1) cluster. Excitation of one electron
in the material may be sufficient to form these two ions. The
potential energy between the two exposed charges is

W ¼ e2

4pe0d
ð1Þ

where d is the distance between the two ions. This energy is trans-
formed almost completely to kinetic energy between the two ionic
fragments during their mutual rapid repulsion. In ultra-dense deu-
terium, deuterons are observed with kinetic energy up to the kinetic
energy release (KER) of 630 eV corresponding to D+

M D+DN with N
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large [3–13]. Such processes will give nuclear fusion D + D in colli-
sions between fast deuterons, albeit with a low probability.

In the material p(�1), similar CE processes exist. The bond dis-
tance in p(�1) is slightly larger than in d(�1), probably partly due
to the fermion property of the protons. With the bond distance
P3.7 pm, the CE energy is lower in p(�1), of the order of 390 eV
instead of 630 eV for d(�1) [7,19]. In p(�1), no nuclear reactions
are possible. Thus, it is expected that no fast particles will be ob-
served by the main plastic scintillator detector which has a very
low sensitivity at energies below a few keV. Photons in the X-ray
range could possibly be formed at the laser impact, but accelera-
tion of particles like protons to energies above a few keV is not
expected.

The dense hydrogen material H(1) has been studied with a few
different methods, mainly laser induced CE [20–22]. This form of
hydrogen is a condensed material which is in rapid equilibrium
with the ultra-dense material H(�1). Most studies on the transfor-
mation has been done for deuterium, observing the rapid transfor-
mation between d(1) and d(�1) [13]. An oscillation between these
two forms of deuterium was indeed observed [9] and concluded to
have a typical time of transformation of less than 0.1 s. The trans-
formation between the two forms is probably driven by the lower
energy of the material in the form H(�1). Since H(�1) is superfluid
as shown experimentally for d(�1) [11], it is quite sensitive to en-
ergy input like absorption of light and seems to convert back to
H(1) quite easily. Since H(�1) is a lower energy state, the transfor-
mation to H(�1) releases energy. As in most such processes ob-
served in molecules and clusters, the preferred process to remove
such excess energy is emission of a fast atom or small fragment.
Since H(�1) is superfluid, the energy transport in the material is
fast and an accumulation of the excess energy to a relatively small
number of particles seems possible, giving an efficient energy pool-
ing and ejection of protons (deuterons) with very high (MeV) en-
ergy. This type of process is suggested to be responsible for the
high energy particles reported here.
3. Experimental

The main method used for the present studies is standard time-
of-flight (TOF) and particle detection with a plastic scintillator and
photo-multiplier (PMT). The layout of our experiment is shown in
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Fig. 1. Principle of the apparatus used. The source [10] has the catalyst emitter
mounted at the bottom, close to the center of the chamber. The movable detector in
the main chamber is here mainly used to select the position on the laser target
below the source which is observed by the outer detector.
Fig. 1 [4]. A Nd:YAG laser with an energy of <300 mJ per each 5 ns
long pulse at �10 Hz is used at 532 nm. The laser beam is focused
with an f = 400 mm lens at the center of the UHV chamber. The
laser intensity is <1012 W cm�2 at the beam waist as calculated
for a Gaussian beam. Close to the center of the apparatus, a potas-
sium doped iron oxide catalyst sample [23,24] in the lower end of a
vertical Pt tube is used as the emitter to produce p(�1) from
hydrogen gas (N55, >99.9995%) at a pressure up to 1 � 10�5 mbar.
The emitter is heated by an ac current through the Pt tube to a
temperature <500 K. This source is described in detail elsewhere
for the formation of ultra-dense deuterium [10]. The material
p(�1) falls down onto a sloping metal surface (a Ta foil) a few
mm below the source. This is the laser target in the experiments.

The main (outer) detector is at a distance of 112 ± 2 cm from the
laser focus. Normally, a 5 cm thick plastic scintillator (BC-408,
Saint-Gobain Crystals) with an entrance area of 20 � 26 mm2 for
the particle flux from the laser focus is used to detect high-energy
particles and X-ray photons. It is covered by Al foil on the sides and
the bottom surface to increase collection of the light from the scin-
tillator. This scintillator is placed below the PMT such that the front
surface of the scintillator is not visible to the PMT (no direct line-
of-sight). In this way, the total signal due to fast massive particles
which give scintillation within a short distance is reduced, thus
decreasing the problem with too high signals in the PMT. The scin-
tillator front is not covered with Al foil. The scintillators give blue
photons which are observed by a PMT (EMI 9813B with single elec-
tron rise time of 2 ns) behind a 6 mm thick blue-violet glass filter
(BG37, T = 8 � 10�6 at 532 nm). The PMT is mounted in a separate
box in air outside a glass window in the vacuum wall. By this con-
struction, stray laser photons and other photons generated by the
laser at impact are removed. The PMT cathode area is covered by
black plastic tape and also with Al foil, leaving only 1 mm2 open
for photons. The signal due to the 532 nm photons in the laser
pulse is too small to be observed by the PMT. Since the whole
experiment is inside a metal chamber, no stray or background light
is of any importance. Closing the valve in the particle beam to the
detector gives zero signal, as also found with Al foil coverage over
the front part of the PMT. Thus, all external light leakage processes
are removed. Here, the signal is mainly studied and recorded on a
fast digital oscilloscope (Tektronix TDS 3032, 300 MHz) which dis-
plays the entire signal behavior. This is important due to the large
signals often observed. A preamplifier (Ortec VT120A with gain
200�) is often used to decrease the time constant due to the
cabling, but several tests without have been made. See further
Section 5. A photodiode close to the laser gives a fast pulse which
triggers the oscilloscope.

In the particle beam at a distance of 35 cm in front of the scin-
tillator, a beam-flag can be moved into and out from the beam. The
flag is a circular stainless steel plate frame (with a large circular
opening) which is mounted with an offset on a rotating flange,
and it is thus moved completely out of the beam when opened.
On this flag, two or three 15 lm thick Al foils are mounted. To
block the TOF tube cross section entirely when the flag is in place,
a flat ring-shaped (annular) stainless steel plate is fitted into the
tube in front of the foil holder. The surface of this plate is painted
with Aquadag to remove reflections of light. Another selecting
mechanism is used by moving a metal plate (with a vertical slit
3 � 20 mm2 in the plate) to block the particle beam from the laser
target. This metal plate is 3 mm thick and part of a separate device
inside the main chamber (the inner detector in Fig. 1).
4. Results

We will here focus on the evidence of high-energy particles in
the beam coming from the laser impact on the target. We will
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show that an intensity is observed at a TOF corresponding to MeV
particles, and that this intensity can be delayed by inserting either
the beam-flag or the inner detector plate in the flux to the detector.
This proves that the signal is not due to X-ray photons but to MeV
particles.

We assume that no nuclear processes take place and that no
neutrons are formed, and that thus only protons and photons are
involved in the signal generation. The small contribution from
d + d fusion due to the natural content of d in the hydrogen gas
is here neglected. The main results are found by intercepting the
beam to the scintillator with the beam-flag or with the inner detec-
tor plate. An example of the results found with the full beam flux
from the target to the outer detector is shown in Fig. 2. No pream-
plifier was used in this experiment. The difference signal between
the measurements with beam-flag closed and open gives the signal
which is removed by the beam-flag. This difference signal does not
have the same shape as either of the signals measured. The inset in
Fig. 2 shows that an increasing fraction of the signal is removed at
increasing TOF in the time range 100–350 ns in the figure, giving a
maximum of the signal fraction removed by the beam-flag. This
indicates that the difference signal in this time range is due to par-
ticles which pass the beam-flag with a probability that decreases
with decreasing kinetic energy. It is interesting to note that more
than 50% of the peak intensity is passed by the beam-flag which
in this case consisted of an 8 mm thick glass plate and 45 lm Al
foils. This means that this part of the signal is due to photons which
pass through the flag, probably indicating photons with energy
above 10 keV. Reflections around the flag edge may of course con-
tribute slightly to the observed signal with closed beam-flag. The
signal removed by the beam-flag is mainly due to atomic particles,
certainly mainly protons.

To analyze the signal further, the inner detector with its 3 mm
wide opening in the steel plate shown in Fig. 1 is rotated into the
particle beam from the target to the scintillator, selectively block-
ing the flux from different parts of the plasma at the target surface.
Typical results for the flux to the detector are shown in Figs. 3 and
4. In one position of the inner detector, called blocking here in
Fig. 3, the signal to the outer detector is relatively low and not
strongly influenced by the beam-flag, presumably since it is mainly
due to X-ray photons. The inset in the figure shows a different
behavior for the difference signal than in Fig. 2, with a much
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Fig. 2. Signal with the inner movable detector rotated out of the beam. The inset shows
beam-flag to the full signal with no beam-flag. No preamplifier used. Beam-flag was 45
smaller fraction removed a lower particle energy, probably since
no protons exist in the beam flux to the detector in this case. In an-
other position here called transmitting shown in Fig. 4, three de-
grees (3.8 mm motion for the slit) from the first one, the signal is
much stronger with the beam-flag open, and almost completely re-
moved when the beam-flag is closed. This indicates mainly atomic
particles, thus protons (and possibly visible photons). A slow signal
is however observed in the bump at 200–600 ns in Fig. 4. This indi-
cates protons delayed by collisions in the beam-flag which remove
some of their kinetic energy. This beam-flag is here 45 lm Al
which means that protons with energy >2 MeV may also penetrate,
but a considerable fraction should be scattered and delayed as
observed.

At other positions of the inner detector, the signal observed
with the outer detector is more complex, as shown in Fig. 5a. This
is the behavior observed at angles of the inner detector close to the
transmitting position, with the beam-flag closed. This distribution
gives the appearance of a photon (X-ray) peak and a delayed pro-
ton part of the signal, at approximately 100 ns delay. This behavior
can be observed under many different conditions. It can also be ob-
served as in Fig. 5b by just intercepting the flux to the scintillator
by moving the inner detector plate (shown in non-blocking posi-
tion in Fig. 1). This distribution is thus measured with the beam-
flag open. It may be noted that the flux in Fig. 5b is delayed further
relative to that in Fig. 5a. This is in agreement with the explanation
that the particles are delayed by interaction with the inner detec-
tor in Fig. 5b, much farther from the scintillator than the beam-flag
which gives the delay in Fig. 5a. However, the possibility of multi-
ple collisions in the foils complicates the situation. To prove that
the delayed signal does not exist with the beam-flag open, the sig-
nal with and without the beam-flag need to be compared directly.
In Fig. 6, the signal to the PMT is low enough to allow sequential
recording of the signal with closed and open flag with no overload-
ing of the preamplifier. In this case, the delay given by the flag is
also clearly seen.

TOF distributions with a clearly delayed peak (bump) are thus
easily observed in the experiments with examples in Figs. 3–6.
The obvious explanation for this delayed and partly penetrating
signal is fast protons. The second peak observed in Fig. 5a corre-
sponds to 700 keV u�1 for a particle moving over the entire flight
distance from the target. The delayed or scattered particles moving
-flight (ns)
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from the flag to the scintillator may have lower energy, but they
are anyway easily detected in the scintillator. The delayed peak
in Fig. 5b corresponds to 250 keV u�1 assuming the full flight dis-
tance with this energy. The delayed protons can from this be calcu-
lated to have >200 keV u�1, while the non-delayed protons have a
flight time of the order of 80 ns, corresponding to 1 MeV u�1.

In other cases the particles appear to be much more strongly
delayed, like in Fig. 7. Two different cases with the inner detector
in different positions from the same experiment are compared
there. In Spectrum B, a delay similar to those in Fig. 5 is found,
but in Spectrum A, the peak of the delayed signal is much later,
at 1.5 ls. Spectrum A agrees well with a thermal distribution at
2.6 keV or 30 MK, while Spectrum B is not thermal. A proton arriv-
ing at 6 ls in the figure has a kinetic energy of only 150 eV and
should not be detectable. If the signal was caused by high-energy
photons formed closer to the laser target for example in the block-
ing plate, the signal would come even earlier. Thus, the thermal-
like distribution Spectrum A is unlikely to have a thermal particle
origin caused by the laser pulse. Emission of photons only is also
excluded as the source of the thermal-like particle distribution.
The only possibility is the emission of high-energy detectable par-
ticles from the laser target many ls after the laser pulse. This
means that the process giving these high-energy particles is caused
by the laser pulse with a considerable delay in the ejection. Thus it
may be due to a structural relaxation in the surface layer of dense
hydrogen p(1) formed by the laser impact on p(�1). This may give
the thermal appearance. This slow distribution is not observed
with the blocking plate in a slightly different position as shown
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by Spectrum B in Fig. 7. This may indicate that the high-energy
particles are ejected from positions on the target surface far from
the laser focus since the slit in the blocking part is in this case
far from the normal beam-transmitting position. A weaker flux of
particles arrives even with the beam-flag closed in this case, which
shows that high-energy particles partially penetrating the flag are
emitted several ls after the laser pulse.

The function of the beam-flag may need some verification. Thus,
experiments have been done with the outer detector changed,
using a dynode–scintillator–PMT ion detection set-up. An example
is shown in Fig. 8 with ions formed from p(�1) and accelerated
from a vertical laser target with applied voltage of 300 V. Some in-
tense ion peaks are assigned in the figure. (This detector construc-
tion has a much lower sensitivity to fast particles in the 100 keV to
MeV range.) It is observed that the flux in the ion peaks is removed
completely by the beam-flag which means that the flag is dense for
the ions with energy <1 keV. However, some delayed intensity
leaks through with strong energy loss at longer times both at
approximately 4 and >20 ls, probably by scattering around the
edge of the flag. Thus the beam-flag works correctly as assumed
for the results above.

5. Discussion

The delay of the particles passing through the beam-flag and
through the plate in the inner detector can be estimated from
the TOF data as described above. The delayed protons were con-
cluded to have >200 keV u�1, while the direct protons have energy
of the order of 1 MeV u�1. The signals observed must be due to
multiple collisions in the materials, both in transmission and to a
small extent in reflections around the edge of the beam-flag. From
the PSTAR database [25], the range for protons in the materials
used can be estimated. Such data are given in Table 1. Protons with
energy of 1 MeV are not expected to penetrate 45 lm Al, which is
the typical flag material used. 3 MeV protons will however pene-
trate to some extent. Since neutrons are excluded in this system
where (almost) only protons are introduced, it is concluded that
protons of MeV energy are formed by the laser interaction with
p(�1).

Below, the problem with afterpulses in the PMT will be dis-
cussed first and shown to be of no significance here. After that, a
few possibilities to explain the observation of MeV particles will
be treated in detail and a conclusion based on all the available
information is found.

5.1. Experimental

The preamplifier used in some of the experiments has a band-
width of 350 MHz and a rise-time of <1 ns which is more than suf-
ficient for correct observation of the photon pulses from the
scintillator. There may anyway exist some problems at high over-
loads. Thus, the experiments have been done avoiding overloads.
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Table 1
Time-of-flight (TOF) in the experiments and ranges for a few energies of protons in
the materials used. The databases at NIST [25] are used.

Energy
(MeV)

TOF
(ns)

Range in p(�1)
(nm)

Range in Al
(lm)

Range in scintillator
(lm)

0.1 256 0.006 0.8 1.3
0.3 148 0.02 3 4
1 80 0.17 15 24
3 47 1.2 82 150
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They have also been performed both with and without the pream-
plifier to ascertain that no artifacts exist. For example, in Fig. 5a the
preamplifier is used, while in Fig. 5b it is not used. It is thus safely
concluded that the preamplifier does not contribute to the ob-
served delays and other features observed.

Electrons could be emitted by the laser pulse from the target. It
is not likely that they have an energy above a few keV [26], since
they will be ejected by the relatively weak laser field from the tar-
get. No electron signal has been observed in this setup in numerous
experiments with laser targets at negative potential. Thus, the elec-
trons ejected are likely to be of low energy, or they may primarily
be attached to cluster fragments, giving neutral cluster fragment
ejection as normally observed [7,8,10]. If free electrons are ejected
with energy of a few keV, they will bend enough in the geomag-
netic field to not be able to reach the scintillator at the end of
the TOF tube. Stray magnetic fields in the surrounding equipment
will also bend the electron trajectories to approach the steel walls
where the electrons are lost. Electrons with a few keV of energy
will give a very low signal in the scintillator, and will not penetrate
far into the scintillator. They will not be able to penetrate through
the beam-flag or through the steel plate in the inner detector. Thus,
they can be safely disregarded in this experiment.

One artifact that has been carefully checked here is due to so
called ion afterpulses in the PMT [27]. Such pulses can appear after
intense photon pulses to the PMT, and they can be observed at
times 100 ns to several ls after the pulse, varying with the con-
struction of the PMT. For example, for Electron Tubes 9128B the
afterpulse rate is specified to be 1%, from 200 ns to 6.4 ls (most
PMT manufacturers do not specify anything about afterpulses).
This PMT is of the linear focused design, similar to the PMT
Electron Tubes 9813B used here. According to our own tests and
experience with the actual PMT used, its afterpulses appear at
300–800 ns, often showing a typical structure due to the residual
gas ion spectrum in the PMT. A typical case with no such structure
but a broad first peak is shown in Fig. 9. The low intensity single-
particle peaks at 500–700 ns in the figure are considered to be
afterpulses, and they probably appear due to the very high inten-
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the outer detector. Beam-flag open, inner detector partially blocking.
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sity in the first peak. They are considerable smaller than the ordin-
ary photon pulses shown at later times in Fig. 9. All figures used
here for the MeV and delayed peaks are averaged oscilloscope data
so that the first peak can be observed directly at its true intensity.
The delayed peaks discussed here in Figs. 3–7 are much larger rel-
ative to the corresponding first peak than possible for afterpulses,
and they are found at shorter times than normally observed for
afterpulses. It is concluded that afterpulses in the PMT are not sig-
nificant for the results obtained.
5.2. Fusion and ponderomotive forces

In ultra-dense deuterium d(�1), specific fast particles are
ejected due to laser-induced fusion [1,2]. These earlier studies
mainly report on particles delayed by collisions in the ultra-dense
material. The initial particles emitted with 1–3 MeV from fusion
are not resolved well enough to allow an accurate energy measure-
ment by TOF. Only a small fraction of these particles are in fact ob-
served by the pulse-counting measurements used [1,2]. Using
oscilloscope measurements, it becomes clear that a very large
number of MeV particles exists. The behavior for p(�1) and
d(�1) is similar concerning the very fast particles. Thus, it is ex-
pected that a mechanism releasing MeV particles in d(�1) also ex-
ists as shown here for p(�1), and this may indeed be one further
high-energy mechanism giving rise to the observed nuclear fusion.
It is not expected that fusion d + d at the low concentration of d in
the natural hydrogen used here will give similar features to those
in pure d(�1) and thus that fusion processes will have any impor-
tance in the present experiments on H(�1).

Another possibility for high-energy particles from H(�1) could
be ponderomotive forces due to the electric field strength in the la-
ser focus. However, the laser intensity of <1012 W cm�2 used here
is much too low to give any such effects. The focusing lens has
400 mm focal length, and the laser pulse is 5 ns long. It is con-
cluded that no such effect can give MeV particles in the present
experiments. Further, there exists an induction period in the for-
mation of the fast particles (see further below), and a direct pon-
deromotive laser interaction is thus completely excluded.
5.3. Stimulated compression

Ultra-dense deuterium d(�1) is observed to be superfluid [11].
Thus, energy transport is fast in this material. The behavior of
p(�1) is similar, forming a migrating film of p(�1) on the laser tar-
get. When the condensate from the source falls down to the laser
target, it contains both forms p(1) and p(�1). When p(1) decays
to the state p(�1), a few hundred eV per atom is released in this
process. Due to the rapid energy transport in the superfluid mate-
rial as also described in Section 2, energy pooling may exist which
means that much higher ejected particle energies may be found.
The loss of MeV particles will cool the condensate p(�1) rapidly.
We conclude that the most likely process is ejection of MeV pro-
tons from the p(�1) phase and that this process gives the observed
MeV protons. However, how this process is initiated by the laser
pulse must also be understood to make the process complete. With
no laser pulse present, the p(�1) state is formed on the metal sur-
face. In order to observe the transition from the p(1) to the p(�1)
state, a laser pulse has to first transform the p(�1) material into
the p(1) state. This is where the laser energy input is needed.

No high-energy peaks from p(�1) exist during the first laser
shots in an experiment as shown in Fig. 10. However, they increase
in intensity in 20 s to a steady-state value when the laser is run-
ning at 10 Hz repetition rate. If the time between the laser shots
is much longer than 100 ms, thus if the repetition rate is lower,
the material transferred to p(1) by the laser pulse appears to return
back to p(�1) without direct emission of MeV protons. This means
that the spontaneous conversion to p(�1) is not enough to eject
MeV protons in a short time-frame after the laser pulse, but that
a similar laser-driven process exists. Results taken with the inner
(ion) detector in the same experiment are shown in Fig. 11. A short
induction period is there observed for the ejection of cluster frag-
ments from p(�1), even if the first laser shot does not give any ions
in this case either, similar to the result in Fig. 10. Thus, p(�1) exists
on the target but the ejection of MeV particles has a longer induc-
tion period. This can also be observed from the first MeV peak at
50 ns in Fig. 11, which is still growing even after 10 s with laser im-
pact at 10 Hz repetition rate.

In the CE process in p(�1) induced by the laser pulse, protons
are accelerated to energies up to 390 eV, which is the CE energy va-
lue found in experiments. This means that fast protons will enter
also neighboring p(1) regions (if such exist initially or have been
formed by the laser impact in previous laser shots), giving com-
pression and short collisional distances between protons. This
may start the transformation (self-compression) to p(�1). The pro-
tons may even be captured in close collisions with stationary pro-
tons in p(1) due to the exchange force expected to exist for p(�1)
as well as for d(�1) [17,18]. Thus, the CE process not only gives
excitation of the p(�1) phase to p(1) but is also likely to promote
the renewed formation of p(�1) in nearby locations. Of course, that
an energy input from the laser beam excites p(�1) to p(1) and at
the same time increases the rate of conversion between the two
states may be expected and does not require any special properties
of the materials. This type of laser-induced compression from p(1)
to p(�1) is what is required to give the observed behavior of MeV
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proton ejection and also to explain its observed dependence on the
laser pulse rate, including the considerable induction time.

6. Conclusions

MeV particles are observed by time-of-flight after pulsed laser
impact on ultra-dense protium p(�1) films on metal surfaces.
The MeV particles ejected are massive as shown by their delay in
beam-flags and metal plates and are mainly protons ejected from
the superfluid surface phase. No nuclear reactions are expected
in this system with (almost) only protons admitted. An induction
period of several seconds exists before the MeV protons are
ejected. It is concluded that the high kinetic energy is provided
by collective self-compression from the state p(1) to p(�1), releas-
ing a few hundred eV per atom. This energy is pooled in the super-
fluid condensate to a smaller number of protons, giving protons
with up to MeV energies. Lower energy keV protons are ejected
up to several ls after the laser pulse. The induction period shows
that the higher state p(1) must be formed before ejection of MeV
particles can start.
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