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Abstract The paper characterizes sources of the fast deuterons which can produce the D-D
fusion neutrons. Two pinhole cameras, the axial one and the slant one (oriented at 0° and 60°
in relation to the z-axis), were equipped with solid-state nuclear track detectors and applied to
investigate the fast deuterons of energies about 100 keV, which produce small quasi-circular
track spots of diameters ranging (1-3) mm. They are often observed in plasma-focus shots
with higher neutron yields, when they constitute a part of the recorded ion images in a form
of azimuthal arcs and/or radial strips. An analysis of an influence of the global magnetic
field, which acts along the fast deuteron trajectories, made it possible to determinate the
deuteron sources localization, also outside the dense plasma column. The recorded spatial
distribution of the fast deuterons, their temporal correlation with disruptions of the ordered
plasma structures inside and outside the pinch column, and a regular evolution of the energy of
fast deuterons—indicate their strong interconnection and the link with filamentary structure
of the current flow.

1 Introduction

The fast electrons and ions of energies ranging tens and hundreds keV are often emitted
from magnetized plasmas produced in laboratories and space. Their effective nonthermal
acceleration mechanism is under intensive studies. A magnetic reconnection, considered as
one of the possible acceleration models, assumes a release of the magnetic energy during
transformation of the ordered plasma structures, which can be formed by the closed currents
and their magnetic fields. This possibility has been described in detail in a paper [1], which
summarized the results of experiments and numerical simulations performed for tokamaks,
reverse pinches, magnetosphere, and solar-flare plasmas. This paper mentioned also temporal
correlations of the observed individual (relatively small) sources of the fast particles with
transformations of the larger ordered plasma structures in magnetized plasma of a lower
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density. The model of the magnetic reconnection has also been applied for denser plasmas
produced by the interaction of focused laser beams with some targets [2, 3], when the internal
current jets and magnetic fields can evolve and become self-organized. In Z-pinch and dense
plasma-focus (PF) experiments, the problem of the fast particle acceleration has been studied
and discussed for a long time, in many papers [4—13]. At the deuterium gas filling the
accelerated fast deuterons can produce fusion neutrons by a beam-target mechanism.

Numerous PF discharges with the deuterium filling, which were devoted to the studies of
plasma transformations and fusion neutrons production, have been studied within a PF-1000
mega-ampere facility at the IPPLM in Warsaw, Poland, during the recent decade [14-20].
Space- and time-resolved measurements with a laser interferometer showed the appearance
and evolution of various toroidal and plasmoidal structures. Plasmoids had a spherical-like
shape with the maximum density in their centers, while a toroidal-like forms had the maximum
density at their internal toroidal axes. These formations were explained by closed currents
(with poloidal- and toroidal-components) flowing inside and outside the dense pinch column.
The appearance of the closed currents was deduced (on the one hand) from measurements
performed with magnetic probes, which showed the existence of a self-generated axial com-
ponent of the local magnetic field [21, 22]. On the other hand, the knowledge of the plasma
density distribution and local temperatures (at the assumption of the quasi-stationary condi-
tions) made it possible to estimate the plasma pressure gradient, which can be explained by
a distribution of the force density (j x B) and consequently by the distribution of the currents
and their magnetic fields [17, 20]. The closed currents and associated magnetic fields are
generated at transformations of a portion of the kinetic energy of the pinched current sheath
by a magnetic dynamo effect. This evolution produces the magnetic turbulences, and it leads
to the formation of larger ordered structures [23]. They are initially toroidal ones with the
dominant toroidal current and poloidal magnetic field, which later on are transformed into
a plasmoid of a spheromak-like configuration of the local magnetic field [17, 20]. Their
internal high pressure, at the electron temperature of (50-70) eV and a plasma density of
(10%*-10%%) m™3, can be balanced by the pinching pressure of the discharge current. The
magnetic energy confined in the dense column and in its surrounding can be released during
disruptions in a form of the kinetic energy of the fast electrons and ions, which are accel-
erated by strong local electric fields induced by a decay of magnetic fields during magnetic
reconnections [15, 18]. A paper published recently [24] has supported theoretically a hypoth-
esis about the crucial role of spontaneously self-organized structures for the fusion neutron
emission. It has also presented a qualitative model leading to a description of the magnetic
fields associated with such plasma structures.

Sources of the fast deuterons emitted from PF discharges have been studied in many
laboratories since the 1960s of the last century. Numerous experimental results, which were
summarized, e.g., in papers [4, 25], have stated that the fast deuterons were accelerated in
the submillimeter (point-like) sources in a form of narrow microbeams lasting a few ns.
The kinetic energy of those deuterons ranged up hundreds keV, and the total energy of the
deuteron beams reached a kJ level. The considered sources formed a concentric and/or radial
complex image composed of numerous spots of dimensions ranging up to 0.5 mm. A similar
circular and radial distribution of the sources emitting MeV-deuterons was also observed
in a mega-ampere gas-puffed z-pinch experiment [13]. The acceleration of the deuterons
to energy >20 MeV was explained by a plasma diode mechanism at an increase in the z-
pinch impedance (>10 €2) during a sub-nanosecond time. A detailed overview of various
theoretical explanations has been presented in a paper [7], with a conclusion that the origin
of the ion and electron beam acceleration is still controversial. The fast ion beams were
investigated also within the PF-1000 facility by means of the ion pinhole cameras equipped

@ Springer



Eur. Phys. J. Plus (2021) 136:810 Page 30of 16 810

with solid-state nuclear track detectors, as described in two recently published papers [26,
27]. As probable sources of the fast deuterons there were identified two regions: the internal
plasmoidal structures and ring-shaped regions in their surroundings, which had diameters
ranging even to 15 cm, i.e., considerably larger than the dense pinch column diameter (equal
to about 1 cm). The circular sources outside the dense pinch column were described as the
layers of two countercurrents composed of the external current (of the value and orientation
of the main discharge current) and of the internal closed current flowing partially upon the
surface of the dense column. Their magnetic energy transported the pinching pressure from
the external regions to the internal plasma structures [28].

The discharge current does not have to be distributed in plasma continuously. The visible
and XUV frames showed some filaments, as described in several papers [25, 29-32]. The
current origin of these filamentary structures was discussed in other papers [7, 25, 33].
The observed filaments had the radial and azimuthal orientations, the relative long lifetime
amounted to tens nanoseconds, and their high energy density could correspond with the
production of fast energy particles.

To obtain a more detailed information about characteristics of the deuteron sources, we
performed a series of experiments with a new measuring setup which made it possible to
improve the spatial resolution of the recorded deuteron tracks from 1 cm, as described in a
paper [27], to about 1 mm. The obtained results supported a stronger spatial and temporal
correlation of the deuteron sources with a decay of the ordered plasma structures and their
filamentary composition.

The experimental facility and diagnostic techniques, which were used in the reported
experiments, are described in Sect. 2. Section 3 presents examples of the typical deuteron
tracks (recorded by means of the applied pinhole cameras and nuclear track detectors), some
conclusions concerning the positions, dimensions, shapes, and mutual connections of the fast
deuteron sources, as well as the appearance of an interesting burst of nonthermal soft X-rays.
Section 4 presents the summary and conclusions.

2 Description of the device and diagnostics

The experiments described in this paper were performed within the PF-1000 facility (at the
IPPLM in Warsaw, Poland), which was equipped with Mather-type coaxial electrodes of
480 mm in length, oriented along the horizontal axis. The anode was made of a copper tube
of 230 mm in diameter. The cathode consisted of 12 stainless steel tubes (each of 8 cm in
diameter), distributed symmetrically on a 40-cm-dia. cylindrical surface. The filling pressure
of pure deuterium was (80-100) Pa. The performed discharges were supplied from a capacitor
bank charged up to 16 kV, which stored energy equal to about 250 kJ. The current intensity
during the D-D fusion neutron emission amounted to (0.7-0.9) MA. The formation of the
pinched plasma column and a higher neutron yield were influenced by a conical tip placed
upon the anode front plate. That tip had a shape of the truncated cone with the base of 10 cm
in diameter, the height of 2.4 cm, and a central hole of 2 cm in diameter and 2 cm in depth
[34].

A setup of the diagnostic equipment, which was applied during the reported experiments,
is presented in Fig. 1.

Voltage and current derivative waveforms, as well as the total current intensity values, were
measured at the main current collector. Three scintillation detectors (1), coupled with fast
photomultipliers, were placed at distances of 7 m from the pinch center, in different directions
to the z-axis: downstream (at 0°), upstream (at 180°), and side-on (at 90°). They were used
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Vertical plane
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discharge chamber

Fig. 1 Scheme of the diagnostics arrangement: 1—scintillation detectors, 2—films recording the interferomet-
ric frames, 3—PIN detector of X-rays, 4—soft X-ray framing camera, 5—Ag-activation detectors of fusion
neutrons, 6—ion pinhole cameras, 7—X-ray pinhole camera

to determine instants of the emission of hard X-rays (HXRs are produced by fast electrons
during their collisions with the electrodes and chamber walls [17]) and fusion-produced
neutrons and to estimate a mean energy of these neutrons (and the primary deuterons) by
means of a time-of-flight method, as described in a paper [35]. The HXRs were filtered by
the stainless steel wall of the experimental chamber, which was (1-2) cm in thickness and
absorbed radiation up to 100 keV. A Mach—Zehnder interferometer (2), equipped with a
diagnostic laser operated at A = 527 nm, recorded 15 frames from each plasma discharge,
during a period of 210 ns [36]. The interferometer arrangement of parallel half-transmitted
mirrors made it possible to observe the interferometric fringes of 1 cm in width for plasma
of the electron density equal to about 10> m~3, what determined the boundary uncertainty
during the performed measurements. The Abel transformation of the recorded fringes, at the
assumption of the cylindrical symmetry, showed that the high-density fringes corresponded to
regions with a gradient of the electron concentration, and the dense closed fringes indicated
its extremes. Time-resolved soft X-ray (SXR) signals, as obtained from the PIN silicon-
detector, shielded with a Be-filter of 10 pm in thickness (3), corresponded to photons of
energies above 0.7 keV. High-energy ultraviolet (XUV) photons were recorded by means of
a four-frame system equipped with pinholes and a micro-channel plate (4). The total neutron
yield was measured with two calibrated Ag-activation counters located at different positions
(5). In order to record a spatial distribution of the fast deuterons escaping from the PF plasma,
the use was made of two ion pinhole cameras (6), which were placed inside the discharge
chamber at angles 0° (axial) and 60° (slant) to the z-axis. Those cameras were equipped
with solid-state nuclear track detectors of the PM-355 type. Those detectors, applied for
deuteron measurements without any absorption filter, had the lower energy threshold equal
to about 30 ke V. The applied cameras had the inlet diaphragms of 200 jwm in diameter, which
were placed at distance of 30 cm from the anode end. They recorded ion images with the
magnification equal to 0.33 and with the uncertainty in the determination of the real objects
equal to about 1 mm. The maximum of the current derivative dip was assigned as the t =
0 instant. An uncertainty in the timing of different waveforms (recorded during a single
discharge) amounted to (3-5) ns.

The energy calibration of the applied nuclear-track detectors of the CR-355 type was
performed in the collaboration with an NCBJ-team in Swierk, Poland [37]. In general, the
final diameters of the recorded deuteron tracks depend on deuterons energies and the etching
conditions. The diameters of the tracks, which were recorded behind absorption Al-filters
of different thicknesses, showed a general trend: the higher deuteron energy—the smaller
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track diameter and the darker color of the obtained tracks. During the reported experiments,
the irradiated CR-355 detectors were etched for 2 h in a 25% water solution of NaOH, at a
temperature equal to 70 °C. After etching the tracks of deuterons of energy below 100 keV
reached diameters of (3—4) pwm and a bright-gray tinge, while those of deuterons of energy
above 150 keV had diameters below (2-3) wm and the black color. To analyze the recorded
space-resolved tracks of the fast deuterons, we compared them with the time-resolved signals
of the fusion-produced neutrons and corresponding interferometric and XUV frames.

3 Experimental results

The described experiments provided new data which delivered more information about
sources of the fast deuterons and their interconnection described in our previous papers
[26, 27]. It was possible due to the use of the pinhole cameras with a smaller pinhole diam-
eter (decreased from 500 to 200 pwm) and the reduction of their distance to the anode end
(from 70 to 30 cm). Those changes made it possible to decrease the uncertainty in the deter-
mination of deuteron sources from 1 cm to 1 mm. For a detailed analysis of the performed
PF-1000 experiments, we have chosen two characteristic shots with relatively high neutron
yields above 5 x 1010: shot #12760 which produced several separated spots of the deuteron
tracks in the axial camera image and shot #12759 which produced concentric rings of such
tracks. The results obtained from shot #12760 are presented in Figs. 2, 3, 4, and 5, while
those from shot #12759 are shown in Figs. 6, 7, and 8.

The characteristic waveforms from shot #12760 with total neutron yield 1 x 10'! are
presented in Fig. 2.

A temporal correlation of SXRs, HXRs, and neutron pulses is shown in Fig. 2a, while
Fig. 2b presents similarity and differences of the HXRs and neutron pulses recorded by three
scintillation detectors placed at different directions. The HXR amplitude was smaller than the
neutron pulse amplitude. The neutron signals shown in Fig. 2b have slightly different profiles,
which are typical for the dominant neutron pulses observed in all discharges performed within
the PF-1000 facility. The neutron signal recorded downstream (blue) shows a sharp rise and
slow fall, the side-on signal (green) shows slightly slower rise and fall, while the upstream
signal (red) shows a slow rise and fast fall. It can be interpreted by some temporal increase in
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Fig. 2 Data from shot #12760: a Waveforms of the current derivative (gray), SXRs (yellow), and fusion-
produced neutrons (dark green), recorded side-on and shifted back using the time-of-flight method for neutrons
of an average energy equal to 2.45 MeV. The marks of vertical lines indicate the instants when we recorded the
interferometric frames presented in Figs. 3 and 4. b Time-resolved HXR and fusion neutron signals recorded
downstream (blue), side-on (green) and upstream (red), at distances of 7 m from the pinch
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Fig. 3 Data from shot #12760: XUV frames recorded at different instants: a during the SXR peak, b during
the neutron pulse. The deuterons images: ¢ from the axial camera, d from the slide camera. The intense black
spots (with sharp boundaries) were the dust particles, as checked by means of a microscope. The regions of
a few spots of deuteron tracks in Figs. 3¢ and 3d (marked by white ellipses) were up to 3 cm in length. The
z-axis corresponded to the anode symmetry axis, while the x- and y-axes were in the plane perpendicular to
the z-axis (the x-axis was horizontal, and the y-axis was vertical one)

Fig. 4 Other data from shot #12760: the interferometric frames recorded at different instants: a at the beginning
of the HXR and neutron pulses, b at the maximum of the fusion neutron emission, and ¢ at the end of the
neutron production. All the frames were obtained during the decay of the first plasmoid, which was observed
in a form of the dense closed interferometric fringes. The white circles mark the probable localization of the
fast deuteron sources in the plasma lobule region

the energy of deuterons producing fusion neutrons (observed in the downstream direction).
Then, the energy value of deuterons produced later decreases gradually. This regularity shows
a temporal interconnection of sources of the fast deuterons observed in the PF-1000 shots.
A mean energy of deuterons moving in the downstream direction could be estimated from a
temporal shift of the neutron peaks measured in the downstream and upstream directions. In
the considered shot the time-shift of these peaks amounted to 40 ns, and it could be caused
by the mean deuteron energies equal to about 70 keV.

The FWHM values of the neutron pulses (shown in Fig. 2) were not considerably larger
than those of the HXRs, taking into account some broadening (20-30 ns) caused by the
neutron energy spectrum measured at a distance of 7 m. It supports a hypothesis about
almost simultaneous production of the fast electrons and deuterons (with uncertainty of a few
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Fig. 5 Microscopic pictures of the deuteron tracks recorded in shot #12760 by means of the axial pinhole
camera: a the central part of the small spot composed of tracks produced by the fast deuterons, b the central
part of a bigger spot produced by slower deuterons, and ¢ the enlarged image of the spot recorded by the slant
camera
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Fig. 6 Data from shot #12759: a Waveforms of the current derivative (gray), SXRs (yellow), HXRs (light
green), and fusion-produced neutrons (dark green), recorded side-on and shifted back using the time-of-flight
method for neutrons of an averaged energy equal to 2.45 MeV; b signals produced by HXRs and fusion
neutrons, which were recorded downstream (blue), side-on (green) and upstream (red), at distances of 7 m
from the pinch

nanoseconds). It should be noted that energy distributions of the considered emissions were
very similar, and their energy maximum amounted to about (100-200) keV [38]. The intensity
of the recorded HXRs signals was reduced due to the absorption of photons of energies
below 100 keV in the experimental chamber wall, which is of importance for considerations
presented in this paper.

Other experimental data from shot #12760 are presented in Fig. 3.

Figure 3a presents the XUV frame recorded during the first peak of SXRs, when the most
intense radiation was emitted from the z-axis region. That emission corresponded to the instant
of the radial implosion stopping at the minimal diameter of the pinch column. Figure 3b
presents another XUV frame, as recorded during the emission of HXRs and neutrons. It
shows more intense radiation emitted from the first plasmoid and its surrounding (visible in
interferometric images presented in Fig. 4a, b in a form of the dense closed interferometric
fringes). The production of the fast deuterons temporally corresponded to ongoing decays: (i)
of the first plasmoid at the top of the pinch column, (ii) of the pinch constriction, and (iii) of the
secondary plasmoids (formed near the anode end). The first plasmoid (during its evolution)
absorbed plasma expelled from the neighboring area of the pinch column. Its relatively long
lifetime (a few tens of nanoseconds) was apparently caused by a quasi-equilibrium of toroidal
and poloidal magnetic field components. The secondary plasmoids were formed during the
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Fig. 7 Data from shot #12759: three interferometric frames recorded during the fusion neutron emission: a at
the beginning of the HXR and neutron pulses, b during HXR and neutron pulses, ¢ at the tail of neutron
production. The tracks of the fast deuterons were recorded along the z-axis (d) and at the angle of 60° (e).
These tracks are not sharp and circular ones, because the deuteron trajectories were slightly deflected by the
external global magnetic fields. The white ellipses show the region occupied by the first plasmoid, and the
black ones mark the toroidal plasma structure placed above the current sheath. Its possible current can produce
the azimuthal shift in the axial detector. The Roman numbers indicate places imaged by means of an optical
microscope

Y
i et |
.3 5 #
¥ S |
“ . . 1
. L3 o i
« 1 *
3 o > R R b A S Vs S|
i B sl
E el 2 NN B s
o ~ ; o £l

<

2mm

Fig. 8 Microscopic pictures of the deuteron tracks from shot #12759: a from the center of the image recorded
by the axial camera, b from the boundary of that image, ¢ from the center of the image recorded by the slant
camera, d from the boundary of that image, as indicated by the Roman numbers in Fig. 7d, e, respectively.
Dimensions of the analyzed tracks show that the recorded deuterons were more energetic than those shown in
Fig. 5

final phase of the pinch constriction (along its body). Their lifetime was shorter (up to ten
nanoseconds), and they decayed together with the interruption of the pinch constriction.

Hence, it was deduced that the considered processes were associated with the destruction
of the closed currents and their magnetic fields, which could be formed also outside of the
dense pinch column [26].
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Figure 3c, d presents the images of a few spots of deuterons recorded by the axial and slant
cameras, respectively. The spots recorded by the axial detector show four important features:
(i) the circular symmetry and millimeter dimensions of the individual spots recorded both by
the axial and side-on camera, (ii) a weak influence of the global magnetic field on trajectories
of the fast deuterons (because after their acceleration this field does not change the spots
symmetry and dimensions considerably), (iii) the localization of the deuteron sources (in
a radial strip-like region of a plasma lobule surrounding the first plasmoid), and (iv) the
possibility of an estimation of the number of the deuterons recorded in each spot.

The main observations can be summarized as follows:

(i) The small spots of the circular symmetry and (1-3) mm in diameters show that the
recorded deuterons were emitted mostly from tiny (probably submillimeter) regions,
into a small solid angle, in the agreement with the observations presented in a paper
[4].

(ii)) The global magnetic field had evidently a weak influence on the motion of the faster
deuterons after their initial acceleration, as one can conclude from the circular symmetry
and small dimensions of the recorded track spots.

(iii) In the reported experiments, the uncertainty in determination of the given dimensions
was decreased, in comparison with the results presented in earlier papers [27, 28], to
the dimension of the spots ranging to about one millimeter.

Other conclusions can be made also on the basis the interferometric frames from the
considered shot, which are presented in Fig. 4.

The axial pinhole camera was oriented along the z-axis, while the observation axis of the
slant camera was directed toward the plasma region located at a distance 6 cm in front of
the anode plate. The several millimeters uncertainty of the camera position was estimated
from the observed deflection of the long rod supporting the camera. The deuteron tracks
recorded with the axial camera formed the spots distributed inside one radial strip-like region
of the dense plasma column at the same azimuth. The taken measurements made it possible
to deduce that the sources of the fast deuterons were probably located in the plasma lobule
surrounding of the first plasmoid (marked by white circles in Fig. 4), as it was conjectured
in our previous papers [26, 27]. It should be mentioned that this plasma region corresponded
to the lobule containing countercurrents, as described in a paper [28].

The track spots presented in Figs. 3c and 3d, which are marked by the Roman numbers,
have been analyzed by means of an optical microscope, as shown in Fig. 5.

Figure 5a presents the enlarged image of tracks from a small spot produced by fast
deuterons of energy above 150 keV, which was marked as I in Fig. 3c. The enlargements of
bigger spots, marked as II and III in Fig. 3c, d, are shown in Fig. 5b, c, respectively. They
contained also many tracks formed by the deuterons of lower energies.

The density of the deuteron tracks in the recorded spots decreased from their centers
toward boundaries (preserving the circular symmetry). The surface density of the deuterons
in the spot was estimated to be about 30,000 mm™—2. In the more intense spots there were
observed even about 300,000 tracks produced by the deuterons, which penetrated through
of a pinhole of 200 pm in diameter. In Fig. 3c one can identify about ten deuteron sources.
Hence, in the solid angle of steradian one might observe even about 107 spots. One can also
estimate the total number of the fast deuterons emitted from the considered discharge. From
the measured neutron yield equal to 5 x 10'°, the known cross section of DD reactions equal
to about 3 x 1039 m~2, at the mean deuteron energy of about 100 keV, and the plasma-target
surface density equal to 102 m~2, the total number of the emitted deuterons could reach
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about 10'6. This rough estimation shows that in the reported experiment (using the described
pinhole cameras), we recorded a very small fraction of the emitted deuterons only.

A blurred track spot recorded by the slant camera (shown in Fig. 3d) corresponded probably
to the deuteron source formed in the region of the first plasmoid and its surrounding. In that
case the trajectories of the deuterons were evidently influenced by the magnetic field in radial
region of the dense column, similar as described in a paper [27].

As it mentioned above, another interesting discharge was realized during shot #12759. It
was a good shot, and it produced the total neutron yield equal to 5 x 10'°. The most important
waveforms from this shot are shown in Fig. 6.

The waveforms presented in Fig. 6b show that the amplitudes of HXRs were considerably
higher than those of neutrons, in a contrary to shot #12760 discussed previously. In this
case the neutron energy had a similar character, as in Fig. 2b. It was increasing during the
rise of the neutron pulse and decreasing during its decrease. It corresponded to the initial
increase and later decrease in the downstream velocity of the fast deuterons, which produced
the fusion neutrons. In the considered shot the neutron peaks, as recorded in the downstream
and upstream directions (see Fig. 6b), were shifted by about 70 ns. It could be explained by
deuterons energies reaching about 150 keV in the downstream direction, i.e., considerably
higher than those observed in the shot #12760.

Other experimental data from shot #12759, i.e., some interferometric frames and ion
pinhole images, are presented in Fig. 7.

Considering the frames shown in Fig. 7, which were recorded during a decay of HXR and
neutron pulses, one can notice that these processes were correlated with the visible decay
of the pinch constriction and the secondary plasmoid (near the bottom end) as well as with
the decay of the first plasmoid (marked by the white ellipse in the upper part of the dense
plasma column). The mass of the decayed first plasmoid was partially confined in its side-on
and bottom boundary and partially transported along the z-axis as an explosion of the plasma
bubble.

It should be noted that the ion image recorded by the axial pinhole camera (see Fig. 7d)
was composed of some concentric azimuthal arcades with the center in the z-axis, similar
as in many other PF and Z-pinch experiments, e.g., described in papers [4, 13, 20, 22]. The
ring-shape spots are more intense within the same circular slice at the angle of about 120°.

The ring-shaped spots have the radial width of about (1-2) mm and relatively sharp
radial boundaries. This dimension corresponds to the uncertainty of measurements with the
pinhole camera at the small radial deflection caused by the weak global azimuthal magnetic
field. On the contrary, the arc-length of the ring-shaped spots (4-20) mm is caused by a
few separated spots (each slightly blurred). This azimuthal blurring can be explained by
an influence of the global poloidal magnetic field, which could slightly shift trajectories of
the recorded deuterons in dependence on their energies [26, 27]. Hence, one can conclude
that the poloidal component of the global magnetic field, during the period of the neutron
production, had a stronger influence on the deuteron path than the azimuthal one.

It should here be noted that the majority of the recorded deuteron tracks (above 90%) was
distributed outside the projection of the dense plasma column (of about 3 cm in diameter).
The recorded deuterons originated probably from the region of the observed plasma lobule
and a part of the umbrella-shaped current sheath, as it was concluded in our earlier paper
[26]. It suggests that the acceleration of a part of the deuterons population took place in the
region, which was outside the viewing field of the laser interferometer. The total number of
the track spots (about 50) recorded by the axial camera in the shot #12759 was about one
order of magnitude higher than that observed in the shot #12760. The observed distribution
of the deuteron sources indicated their azimuthal interconnection.
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It was a surprise that a relatively low number of the deuteron spots was recorded near the
z-axis of the discharge (see Fig. 7d), where deflections of the deuterons by the azimuthal
magnetic field should be very low (due to symmetry and small value of the axial current).
This fact suggests that the near axis region of the pinch column could be a very weak source
of the fast deuterons in spite of the appearance of the disruption of the constriction and the
formation of secondary plasmoids.

Similar as in the shot #12760, the deuteron images from shot #12759 were also analyzed
with the optical microscope, and the obtained pictures are presented in Fig. 8.

The distribution of the ring-shaped track spots (with some azimuthal blur) suggests two
important features: an azimuthal coherence of the deuteron sources and an influence of
the global poloidal magnetic field (also in the region of the radius larger than the dense
pinch column). This region corresponded evidently to the exploding plasma bubble, formed
during the disruption of the pinch constriction, i.e., during a decay of the plasma column,
as observed in various PF experiments [31, 38]. The formation of this bubble started almost
simultaneously with the decay of the first plasmoid and the constriction. (An example can
be seen in Fig. 7c.) Another phenomenon corresponding with the considered bubble might
be the formation of a compact plasma object, as described in a paper [39]. Such a structure
was in fact ejected from the dense pinch column in some PF-1000 experiments, and it was
observed at distance of about 40 cm in front of the anode end. The measurements taken with
axial magnetic probes showed that the described structure had a spherical form and some
internal closed poloidal current, which was flowing upon its surface. That compact plasma
object was an example of the ordered plasma structure similar to plasmoid, which is formed
by the internal closed currents.

As it was mentioned in the description of Fig. 7, the black ellipses marked the side-on
projections of the toroidal plasma structure placed above the umbrella-shaped current sheath,
where some closed currents could flow and produce the corresponding poloidal magnetic field
blurring azimuthally the trajectories of deuterons producing ring-like spots.

The narrow ring-shaped track spots recorded in Fig. 7d outside of the projection of the
pinch column correspond probably to some thin azimuthal plasma layers, where the coun-
tercurrents could also occur, as described in a paper [27]. Then, the fast deuterons could be
accelerated in these layers during a decay of the opposite magnetic fluxes connected with the
magnetic reconnection phenomena (also outside the viewing field of the laser interferometer).

The deuteron tracks recorded by the slant camera, and shown in Fig. 7e, formed a few
bigger spots. Their blurring was probably caused by some shift of the deuteron trajectories
due to an influence of the external magnetic fields.

The spots of fast deuterons, which had a regular azimuthal distribution, were probably
associated with the more symmetrical distribution of the discharge current in the pinch column
and its surrounding. This distribution, as well as some azimuthal and radial regularity, could
be related to the filamentary structures which had the radial and azimuthal components
observed experimentally in papers [30, 32, 33].

The noticeable differences in tracks of the fast deuterons recorded in the both discussed
shots, i.e., a few randomly distributed micro-spots in shot #12760 and the symmetric ring-
shaped spots with some azimuthal blurring in shot #12759, can be explained as follows:

One reason of these differences might be different mean energies of the accelerated
deuterons and those of the fusion-produced neutrons, which could be deduced from the
temporal positions of the neutron signal maximum recorded by means of the downstream
and upstream detectors. The mean energy of the deuterons producing neutrons in shot #12760,
equal to about 70 keV, was noticeably lower than 150 keV, estimated for shot #12759. This
reason was also manifested by a different amplitude ratio of the HXRs and neutrons pulses.
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The lower intensity of the HXRs in shot #12760 could be explained by stronger absorption
of the radiation of energy below 100 keV in the chamber wall (assuming the similar energy
of accelerated electrons and deuterons in the same shot). Then, the HXRs produced in shot
#12759 could undergo a weaker absorption, and they could show a higher ratio of the HXR
and neutron amplitudes.

The second difference is indicated by the ring-like configuration of the deuteron tracks
and azimuthal blurring of the recorded spots. In a paper [4] there were described some
important characteristics of the fast deuterons of a MeV energy range, i.e., submillimeter
dimensions of their sources and their emission into a small solid angle leading to the ring-
shape configuration of the recorded tracks. The considered high-energy deuterons are not
deflected considerably by external magnetic fields. The deuterons of lower energy (e.g. about
hundred keV), which produce the dominant part of the fusion neutrons, can be emitted from
similar micro-regions, but they can be stronger influenced by the environment [26, 27]. The
spots recorded in shot #12760, which had a diameter of a few mm, could be a consequence
of the deuteron deflections and some radial shifts of their trajectories in relation to their
initial directions. Hence, the radius of the spot could be increased with a decrease in deuteron
energy, and the increased diameter of the recorded spots could be caused by the penetration of
a deuteron beam through some ordered plasma structures with opposite poloidal currents. In
the considered shot, the poloidal magnetic field (associated with a toroidal current) producing
the azimuthal blurring was considerably lower. Such a poloidal field might be a reason for an
azimuthal shift of the deuterons recorded in the rings. Then, the azimuthal blurring observed
in shot #12759 could be caused by a toroidal current flowing in the top of the dense plasma
column. Its magnetic field might be a few times stronger than that causing the radial blurring
(due to a magnetic field associated with the poloidal current component). The observed small
radial blurring shows that the deuterons producing the recorded ring-shaped images were not
deflected considerably. They originated probably from some small sources formed inside the
ring-shape regions of a diameter even larger than the pinch column. A similar radial blurring
(of a millimeter range) could also be observed in the track spots recorded for shot #12760.
The small spots produced by the deuterons of energy above 100 keV, which were recorded
in the axial direction without any azimuthal blurring, show that in that case the poloidal
magnetic field was evidently weaker, similar as its source—the azimuthal current.

Hence, one can conclude that the toroidal structures formed by internal current and the
associated poloidal magnetic field play an important role as during the acceleration of the
fast deuterons as during their subsequent motion.

In the reported series of PF-1000 discharges, an interesting phenomenon was observed
in shot #12746, when a short burst of SXRs (with the FWHM equal to 5 ns) from a single
“ball-like” plasma structure was recorded, as presented in Fig. 9.

As shown in Fig. 9a, the considered SXRs burst was recorded by means of a PIN-type
detector shielded with a 10-pm-thick Be-filter, during the late phase of the observed discharge
(at t = 680 ns after the dip of the current derivative). The image presented in Fig. 9b was
obtained by means of a time-integrating SXR pinhole camera equipped also with the 10-pm-
thick Be-filter. One can see that the “ball-like” plasma structure of about 3 mm in diameter
had relatively sharp and regular boundaries, and it emitted more intense SXRs. It is probable
that this plasma structure was responsible for this SXRs burst.

For shot #12746 there were also recorded several interferometric frames which showed
the evolution of the pinch column, but unfortunately in instants before the SXRs burst. In
order show a regular tendency of the considered phenomenon, we have chosen an interfer-
ometric frame from another shot (see Fig. 9c), recorded in the later phase (at # = 380 ns).
This frame showed a quasi-spherical plasmoid formed at the top of the pinch column. That
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Fig. 9 Data from shot #12746: a Waveforms of the current derivative (gray), SXRs signal with a narrow and
sharp peak (yellow), and the fusion-produced neutrons recorded side-on (dark green); b time-integrated soft
X-ray picture of the pinched phase with a radiating “ball-like” structure observed at the angle of 70° to the
z-axis. The scale in b is the same as shown above ¢. A smaller axial length of the recorded pinch was evidently
caused by the chosen observation angle. For a comparison: ¢ The interferometric image recorded in the late
phase of another shot, which presents the self-generation of a compact plasma structure containing higher
internal energy in the late phase of the discharge

plasmoid should contain an admixture of copper ions which were evaporated from the anode
surface during the discharge development (at this late phase). The presence of the copper
ions in plasma can also be suspected from the interferometer frames, because of the visible
irregularities in the interferometric fringes. In any case, the described interferometric frame
makes possible to show the formation of some plasma organized structures, e.g., in a form
of the regular plasmoids, in a later phase of the discharge. The short intense X-ray pulses are
often observed in Z-pinches at the presence of ions of higher z-elements, as so-called “hot
spots” [4]. Such emission of the H- and He-like copper lines might be another example of
a release of the internal magnetic energy from ordered structures, e.g., through nonthermal
radiation.

The probability of the formation of a compact plasma “ball,” radiating in a keV range in PF
discharges, seems to be rather very small. We recorded its formation only in one shot during
the whole experimental campaign (embracing about hundreds shots). It should, however, be
mentioned that a “ball-like” plasma structure of dimensions ranging several mm and lower
temperature, which radiated in the XUV range and occupied a quasi-stable position in the
plasma column for a relatively long time, was observed regularly in the PF-1000 discharges
performed with small amounts of heavier admixtures, as described in a paper [19]. Such
structures can be treated as other examples of the ordered magnetic plasma structures formed
by some closed internal currents.

4 Summary and conclusions

The main conclusions from the experiments reported in this paper can be summarized as
follows:

1. The characteristic waveforms, time-resolved XUV pictures of a dense pinch column,
the chosen interferometric frames and time-integrated ion pinhole images, and particu-
larly—the recorded small spots of deuteron-produced tracks, deepened our knowledge
about phenomena connected with the production of the fast deuterons.
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2. The small (submillimeter) spots of the tracks produced by the fast deuterons from the
PF discharges, which have the cylindrical symmetry, show small shifts of the deuteron
trajectories in the external magnetic fields. It makes possible to estimate that the sources of
the fast deuteron emission have also small (submillimeter) dimensions and small angular
dispersion.

3. The deuteron sources are probably located in the region of the dominant plasmoid (formed
inside the dense pinch column), as well as in the region of plasma lobules surrounding
this column, and possibly in some regions located farther from the z-axis.

4. These regions correspond to the plasma layers in which some countercurrents can flow.
They probably decay during magnetic reconnections. Rapid changes of the magnetic
fields can induce strong local electric fields, which can effectively accelerate electrons
and ions. The fast deuterons (after their axial acceleration) move through the region
between two opposite-directed currents, where a weak azimuthal magnetic field can
cause a small radial shift only.

5. The recorded group of small deuteron track spots shows some temporal, spatial, and
spectral interconnection of different deuteron sources. It is confirmed by their azimuthal
and/or radial configuration, formed during a decay of the ordered plasma structures
which have cm-range dimensions. It is confirmed also by an evolution of energy of the
accelerated deuterons, which increases usually before the peak of the neutron-produced
signal, and decreases in later phases.

6. The observed small (mm-range) dimensions, high energy densities, as well as azimuthal
and radial configurations of the fast deuteron sources—are probably associated with
the filamentary structure of the current flowing in the toroidal and poloidal directions,
both in the internal and external regions of the dense pinch column. Such small sources
correspond with the idea of the appearance of high-energy density “nodules,” as described
in a paper [25]. A small solid angle of the fast deuterons emission confirms the possibility
of the ordered plasmoid-like structures.

7. The azimuthal blurring of the ring-shaped deuteron spots can be explained by an influence
of the poloidal magnetic field, which acted mainly in the umbrella-shaped current sheath.
It might be associated with some toroidal current, which could flow inside the toroidal
plasma structure. In this region there was observed a plasma bubble exploding during
the disruption of the dense plasma column in all observed PF discharges. The blurring
of the deuteron tracks recorded by the slant camera can be explained by an influence of
stronger magnetic fields appearing in the radial surrounding of the plasma column.

8. Thenoticeable differences in the tracks of the fast deuterons recorded in the both discussed
shots, i.e., a few randomly distributed micro-spots in shot #12760 and the symmetric
ring-shaped spots in shot #12759, can be explained by different intensities of an internal
toroidal current and the corresponding poloidal magnetic field. This magnetic field can
evidently influence the energy of the accelerated charged particles and the deflections of
their trajectories. Unfortunately, we have not enough experimental data to analyze deeper
an influence of the poloidal magnetic fields on the acceleration of electrons and ions.

9. The distinct a few nanoseconds lasting peak of the X-ray emission from the observed
“ball-like” structure confirmed the appearance of the organized plasma structure of a high
energy density. Energy from this structure could be released in a form of a nonthermal
burst of keV photons, in analogy to the X-ray emission of higher-z ions from so-called
“hot spots.”

In the final conclusion, it should be noticed that the presented results and considerations
are qualitative ones. They provide, however, more information about the complexity of the
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deuteron acceleration processes. It needs farther experimental, theoretical, and numerical
studies—supported by discussions concerning possible interpretation of the collected exper-
imental results in different fusion and astrophysical plasmas. It should be mentioned that
such discussions (of results obtained with different PF devices) take place during the annual
ICDMP meetings [40].
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