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Abstract. Using ion pinhole camera and track detectors, the image of hot spot is recorded in a pulsed
diode micro-pinch equipped with a solid anode target. The track image is a record of repeated fronts
of fast protons with energies up to 1MeV. Fluctuations in the ion luminosity of hot spot are associated
with the wave-like nature of the proton accelerating processes in the dense plasma of target material,
which is characterized by a mean energy of 100 keV. The results of the track analysis of a fast ions,
detected in the Thomson analyser in experiments with boron-polyethylene targets, are presented.
In 5% of the shots, the presence of α-particles of energy up to 2MeV in the flux of fast ions is discovered
by means of Thomson analyser equipped with track detectors. Estimations of total amount of helium
nuclei as products of nuclear reactions p(B11, 2α)α result in an output of 108 ÷ 109 per successive shot.
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1. Introduction
Hot spot, flashing in the channel of micro-pinch
(“plasma spark”), is an intriguing object since when
as early as the fifties of last century it was shown
that the “star”, helium and hydrogen-like emission
spectra of heavy elements up to iron can be simulated
in laboratory experiments. In micro-pinches arising
from the high-voltage breakdown of the vacuum diode,
the temperature exceeds 10 keV, and the plasma den-
sity is close to the solid state. However, the uncon-
trolled nature of self-organization is the main obsta-
cle to the use of micro-pinches for controlled fusion.
Breakdowns in vacuum diodes prepared by anodic
pre-plasma formed as a result of the surface ionization
of the anode by the primary electron beam, or by dif-
ferent means, with the parameters of the beam and
anode plasma are critical for the formation of the hot
spot. This picture is much more complex one that
takes place in the gas-filled low-pressure “plasma fo-
cus”, which has long maintained a leading position
among the number of fusion projects in the D−D neu-
tron output (notice the surveys in this topic [9, 5]).
In the EDL “Proton-21”, we found new and inter-

esting features of the hot spots. In a vacuum diode
sparked as the load of the plasma opening switch
at a voltage of 400 kV, with the current rise of tens
nanoseconds up to values of 30 ÷ 40 kA, there is a phe-
nomenon which can be described as flicker luminosity
of the hot spot, but only in terms of ion optics. Ion
pinhole-camera fitted with track detector recorded
a repetition of the fronts of fast protons, which charac-
terize the high-energy corpuscular radiation of micro-
pinch. Figure 1 shows an example of the hot spot
image, which, in image of “plasma focus” or “laser

focus” [8, 10] as a compact spot, is a composite image
in the form of several strips (“candles”) oriented along
the pinch axis. Separate sparse track clusters are
sometimes recorded too. (The pinhole axis is placed
in plane of the diode, the distance from the diode
axis to the inlet is 17mm and the distance to the de-
tector 45mm, i.e. zoom factor is about 2). Width
of track strips (200 ÷ 220 µm) is weakly dependent
on the diameter of the inlets (tens µm), so the geo-
metrical considerations of to determine hot spot size
about 100 µm.

“Heads” of strips, its close to the pinhole axis edges,
are formed by deep latent tracks of fast protons with
energies from 0.6 to 1MeV, while the continuation
of the strips represented highly degraded tracks down
to the bottom of track formation energy 100 keV.
The images, and all of their details recorded by the pin-
hole, are not snapshots of hot spot but the integral
pictures without any time binding. However, the main
conclusions can be made about how such images arise.
Overlapping of the strips shows that the flows of fast
protons are emitted not simultaneously but in a num-
ber of fronts following sequentially. The full picture
occurs as a result of drawing compact spot, which is
the trace of a thin radial beam of protons penetrat-
ing into the pin-hole camera during a period of each
front. Each strip is formed by deflection of slow pro-
tons of the passing front in the peripheral azimuth
magnetic field to be present in the pin-hole camera.

Images like in Fig. 1, has been published previously
[7, 1]. Since hundreds of images similar to Fig. 1
have been accumulated, as well as the energy spec-
trum [7] is confirmed. In our experiments, the av-
erage energy of track-productive protons is within
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Figure 1. The typical image of the “hot spot”
of micro-pinch on the track detector exposed in the ion
pinhole camera.

the range 200 ÷ 300 keV. Total number of fast pro-
tons in each of the shots is valuated at the amount
of 1014 ÷ 1015 per shot. Note, the usual optical radi-
ation of the diode discharge, which continues micro-
seconds after fast proton passing, is realized with
the amount order of 1018 hydrogen atoms coming
from the peripheral anode plasma.
In our experiments, the “target” is an element

of the anode – a rod about 1mm thick, fastened
in the metal anode in the diode gap. Characteristi-
cally, fully equally well be used as a metal or dielectric
targets, which clearly indicates that the target mate-
rial provides rise, above all, a conductive anode plasma.
Despite the long history of the problem, there is still
no sufficiently complete model of the mechanisms
of the hot spot and the proton acceleration in micro-
pinches. The concept of collective ion acceleration
with virtual cathode can be considered as a domi-
nant [5]. However, we note the [2] where, in the con-
figuration of the “Luce diode” close to which we
used, many bursts of accelerated protons were found,
the possibility of its acceleration with the potential
hole of electrons was refuted, as well the wave char-
acter of the formation of accelerated proton streams
was suggested. We also note [3], which also men-
tions the radiation of separate bunches of protons
from a micro-pinch. In our view, the most important
for understanding the processes of proton acceleration
results are obtained in [13, 12], where the effect of pre-
dominant acceleration of protons as the easiest compo-
nent of the plasma is observed, followed by the shock
wave of the magnetic field, which forms a strong cur-
rent channel. This mechanism brings to the multi-
species Hall MHD model, waiting for further develop-
ment, of acceleration and separation of ions due to fast
magnetic field penetration in plasma with current ris-
ing. Results [13, 12] relate to the current-carrying
plasma in erosion switches, but it is natural to as-
sume that the same sharpened processes take place
in the more dense micro-pinch plasma after the break-
down of the diode as a shunt of plasma switch.

In this publication we would like to note that Fig. 1
and other data confirm the wave-like nature of the pro-
ton accelerating processes directly in a dense plasma

of hotspot. The track images on detectors indicate
that in some cases there are up to 20 “candles”, though
the most high energy emission founded in the case
of a small number of them, from 3 to 5, as shown
in Fig. 1. If the accelerated proton fluxes arise directly
inside the hot spot of micro-pinch, presence of relative
motion of protons through the relatively dense plasma
of heavy ions is an important attribute of the hot spot.
Although there is still no complete dynamical model,
it is reasonably to conclude that the relative velocity
of protons, which are involved in the process of pinch-
ing and radiation, is scaled by the average energy order
of 100 keV recorded by tracks in the pinhole, at the fin-
ish of proton free movement. The ensemble of these
protons could be characterized by the time-averaged
velocity distribution function with temperature scale
of 100 keV. These temperatures do not occur in nature,
is more correct to speak of, rather, a hybrid version
of the beam-plasma system, attractive in terms of ion
inertial fusion.
The purpose our experiments was to examine

the possibility of occurrence of a number of fusion
reactions p+B11 = 3α+8.7MeV in the “hot spot”, ini-
tiated in the micro-pinch discharges with solid boron-
containing anode targets. This reaction has long
been discussed as the most attractive from the stand-
point of the requirements of environmentally friendly,
“aneutronic” energy of the future (“3α-energetics”,
as some authors). It is extremely interesting to de-
termine whether achieved in the ongoing laboratory
experiments the conditions for this reaction, which
is also known that the energy threshold is very high
(about 500 keV) and is irresistible to all contemporary
fusion projects.
Getting to experiment with boron-containing tar-

gets, we are fully aware that the parameters of our
micro-pinch are not sufficiently high for to achieve
the proton–boron above-barrier synthesis, so one can
not expect to see plenty of the presence of alpha parti-
cles in the products affected by the imploded targets.
The exponentially decreasing spectrum of fast protons,
while the average energy in the range 200 ÷ 300 keV,
only allows for the possibility of individual and sub-
barrier reactions. However, results of first steps in this
direction may be of interest.

2. Equipment and methods
The preparation of targets based on boron is impeded
with the fact that pure natural boron as well the main
boron–hydrogen compounds do not form a solid state.
Therefore, the target used on the basis of hydrogen-
rich filler, as is used most often pure polyethylene,
containing a suspension of amorphous natural boron
(83% of B11). It was possible to achieve weight ratio
of 8:5 in favour of boron. We also used other fillers:
paraffin, silica or epoxy glue. Used also coating targets:
a gold foil (submicron natural “gold leaf”), the enrich-
ment of the surface layer with the amorphous boron.
About 200 experiments have been performed.
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Figure 2. Experimental arrangement; also the exam-
ple of photo image of Thomson parabolas on the etched
track detectors is shown.

To register the track pin-hole image in the pin-hole
camera the target was oriented parallel to the axis
of the diode. We also used diagnostics, which is shown
in Fig. 2, where the target was located across the an-
ode axis before the 6mm hole in the flat anode letting
out a beam of ions into the space behind the an-
ode. Then a thinned plasma beam passes sequentially
the parallel magnetic (9 kGs) and electric (6 kV on pla-
nar electrodes with a gap of 8mm) fields according
to scheme of an Thomson analyser. Figure 2 observes
proportions of the target, fields and the proton orbits
sizes. In our Thomson analyser, ions are registered
with track detectors and scintillators provided with
electronic optic signal conversion. Scintillators settled
in several positions that meet certain energy of pro-
tons, and allows to measure time of flight signals
of fast ions on the base 69 cm. In Fig. 3 the wave-
form of protons signal delay is registered by scin-
tillator in position Eproton = 0.5 MeV, together with
the diode current waveform recorded by Rogowski coil,
as well the X-ray electron beam bremsstrahlung signal
detected by the scintillator open only for hot spot.
The delay time of protons corresponds with their emis-
sion at growth phase of the discharge current lasting
no more than 40 ns. (These data will be published
in more details elsewhere).
Time of flight measurements are insufficient for

the final identification of the ion composition of fast
plasma flows of the affected target. To this end,
the tracks of ions recorded on the track detectors
CR-39 along the Thomson parabolas M/Z = 1

Figure 3. The waveforms of diode current, colli-
mated X-ray hot-spot emission and signal of scintil-
lator placed at position Eproton = 0.5 MeV on proton
parabola M/Z = 1 in Thomson analyser.

(of the protons) and M/Z ≥ 2 (of more heavy ions)
were studied. In our experiments the ions He+2

4 , B+5
10 ,

B+6
11 , C+6

12 , etc, can occupy the M/Z = 2 parabola
(the isotope splitting of parabolas is not achieved).
In successful shots, in which second parabola is well
expressed, the track groups were selected within its
area for to be analysed by the “squared diameters
asymptotic method” (SDAM) [1, 11], which allows
to determine the full track length in the detector, R,
and the maximal depth of etched tracks, L, by measur-
ing the diameters of the tracks in the normal procedure
a long time etching. These data allow us to determine
the average reduced rate, V = R/(R−L), and to com-
pare these values with the calibration and the theo-
retical dependences V (R) for different ions. This pro-
cedure reduces to the construction of the locus for all
analysed tracks, “V vs R”, and to fixation of splitting
loci in accordance with the calibration or theoretical
data. We used the theoretical and experimental de-
pendences V (R) [4, 6], and the gauge locus for alpha-
particles [7], which we built for α-tracks on the detec-
tor irradiated with neptunium source (Np247).
The main drawback is the large SDAM time con-

suming, the need for high-precision optical measur-
ing instruments, especially in the case of short range
tracks of heavy ions. However, SDAM is convenient,
or even the only possible method for finding and deter-
mining the energy of alpha particles in-situ, in a mixed
flow of ions very low energy light nuclei with a range
5 ÷ 10 mm in the detector, for which the values of V
are well distinguished.
The following data also illustrates another feature

of SDAM. As a rule, especially in the case of heavy
ions, the calculated error of V , R for the individ-
ual tracks are small compared with the statistical
spread of these values for dense groups of similar
tracks selected for analysis. Random parameters
of individual tracks (Brownian struggling), which
the SDAM ignores, affect the final form of loci. There-
fore, in Figs. 4–6 data of some groups of tracks with
close values of R combined into a single “middle track”
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Figure 4. Locus 80 tracks chosen for the analysis
within different parts of the parabola M/Z = 2; groups
number 1 and 3 represent 30 individual tracks of α-
particles with showing 20% evaluative errors of V mea-
surements; groups number 2 and 4–8, join each 10 into
an ‘average’ track and belong apparently to the ions
B, C or O, and even heavier ions.

followed by the standard deviation of coordinates (∆R,
∆V ) for the group. This helps the interpretation
of measurement results. We note in this connection
that in [4] data, were used to calibrate the relations
(R, L), are presented as a average statistical values
of 12 tracks, with no indication of error intervals. Be-
low the loci are showing standard deviation ∆V , ∆R
for the respective groups.

3. Results
Summarized results of these studies are as follows.
In some shots within the parabola M/Z = 2 sep-
arate track groups are recorded, which are identi-
fied as α-particles of range 8 ÷ 4 µm in the detector,
which corresponds to a range of energy α-particles
of 0.8 ÷ 1.7 MeV, and single tracks with a range
up to 14microns. Only about 10 experiments in a se-
ries of 200 shoots were positive. In some cases,
track analysis for various reasons do not allow defi-
nite conclusions. Figures 4–6 are positive examples
of identification of α-particles as well as an achieved
accuracy of the construction of loci by the SDAM.
This data is presented together with the gauge V (R)
for α-particles. We also give the theoretical relations
V (R) for light nuclei, as in the case of small length
of heavy nuclei any calibration are absent.
Figures 4, 5 show the splitting of loci indicating

the presence of α-particles with energies up to 1.7MeV
in the flow of heavier ions. Note that in the ranges
R < 4 µm track analysis is difficult, and the SDAM
does not allow unambiguous identification of such very
weak tracks. Figure 6 combines the results of detecting
relatively small groups of α-tracks, including the case
of registration of the fastest individual α-particles:
3 α-tracks are characterized by runs about 13microns,
which corresponds to the energy α-particles of 2.7MeV.
Note that the single α-tracks with big runs are often
recorded in arbitrary samples, however such data can
hardly be considered conclusive.
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Figure 5. Locus of almost 100 tracks (boron–plastic
target coated with Au): a rich locus 105 tracks be-
long to α-particles, two group loci are treated equally
as belonging to the nuclei of carbon or oxygen.
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Figure 6. The total loci of 120 tracks of the 4 exper-
iments, each of which α-particles tracks are detected,
including recorded the fastest α-particles in one ex-
periment: three tracks on the background of 37 tracks
of boron nuclei.

4. Discussion and conclusions
These results indicate that we have achieved accu-
racy is sufficient for the identification of alpha parti-
cles, as the lightest nuclei corresponding to the con-
dition M/Z = 2. The main reason for further dis-
cussion is the absence of alpha particles in the range
3 ÷ 4 MeV, as products of the reaction p(B11,2α)α.
The identification of such particles would be more
easy task. Another question is their amount.
Obviously, the detectors recorded the helium ions

formed in the central axial region of the anode tar-
get, which, when explosions boron-hydrocarbon target
is the source of the dense plasma, the starting density
is close to the solid. In this case the energy of 8.7MeV,
the resulting “harrow-proton” reaction, being divided
onto three α-particles, is partially lost in the target
material. Note that the range of 3MeV α-particles
in hydrocarbon media does not exceed 20 microns.
The detectors record only a portion of the emitted fast
ions of helium, have overcome the scattering in the tar-
get material, whereas some of the ions of helium is com-
pletely inhibited, and mixed with the gas-plasma decay
products of the target (data of gas analyser confirm
such conclusion). Such an effect may occur if the “op-
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tically opaque” core of the hot spot (in terms of ion
optics) has a size of 100 µm.
The determination of the total number of fast he-

lium ions in the plasma flows of affected targets di-
rectly in the experiment, in contrast to the analogous
problem for the neutron experiments with DD inertial
fusion, seems to be much more difficult. The total
number of registered alpha-particles is difficult to as-
sess because the complete overlapping of etched tracks
makes them impossible to be counted. α-particles are
found only in that part of the parabola M/Z = 2,
which corresponds to the interval 1 ÷ 2 MeV, and
the number of tracks is about 1% of the total track
number on the corresponding segment of the parabola.
A comparison of the intensities of the first and sec-
ond parabolas shows that the coefficient is not higher
10−6 can be taken to evaluate the proportion of the to-
tal number of fast helium ions to the total number
of fast protons are regularly recorded. An integral
number of fast protons emitted by the target is esti-
mated about 1014 ÷ 1015. (This number is determined
by counting the total number of proton tracks, de-
flected by the magnetic field, directly in the magnet
gap with an additional small 5mm aperture at the en-
trance into magnet). Consequently, up to 108 fast he-
lium ions can be produced in a lucky shot with boron–
polyethylene target. It must be recognized that the re-
producibility of the process is low: only 5% of the ex-
periments gave a positive result.

This estimation of the amount of helium produced
in the experiments with boron-containing targets is
confirmed, and even rises up to a value 109 per shot,
thanks to more reliable data of the gas analyser, based
on samples taken from the chamber immediately af-
ter the shooting. These samples also contain helium
atoms, which are formed as a result of complete inhi-
bition of alpha-particles in the diode plasma and are
not registered by the Thomson analyser.

The above results of the track detection help to do,
rather, a qualitative conclusion about the presence
of the nuclear reaction p(B11,2α)α in the hot spot
of laboratory micro-pinch with not a record-breaking
parameters. Note that in the early experiments
on thermonuclear D−D fusion using “plasma focus”
number of neutrons recorded at 108 per shot was con-
sidered as a relative success. In experiments with solid
targets micro-pinch on program “3-α-energy” must
take the next step: to achieve the value of the av-
erage proton energy order of 1MeV in fluctuations
of corpuscular emission of hot spots. If the average
energy of a pulsed “runaway” of protons will be so

high, it can be expected that the “flicker” will be
associated with abundant above-barrier proton-boron
synthesis in the hot spot plasma.
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