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This invited lecture presents author’s comments on results of the experimental studies of dense and high-temperature
plasmas, which were carried out in Poland during recent two years. Those studies were performed with the PF-360U
device at NCBJ, and the PF-1000U facility at IFPiLM. There were investigated fast electron beams and soft x-rays, an
influence of thin metal wires and/or an admixture of heavier gases, an influence of a shape of the anode end, as well as
plasma micro-structures in a pinch column, i.e. plasma filaments and hot-spots (of electron densities > 10%° cm™ and
electron temperatures ranging several keV). The detailed studies concerned also the VR and x-ray emissions, estimates of
local electron temperatures, and fast deuteron beams. Other experiments were devoted to investigation of plasma jets
which can have dimensionless parameters corresponding to astrophysical objects. There are also presented some examples
of the technological applications of PF discharges, studied in a frame of the Polish-Ukrainian scientific collaboration. The
author’s comments are followed by proposals of some future theoretical and experimental studies.

PACS: 52.50.Dg; 52.58.Lq; 52.59.Hq; 52.40.Hf; 52.70.-m

INTRODUCTION

The experimental and theoretical studies of high-
temperature plasmas in Poland were initiated about 70
years ago. They were carried out mainly at the Institute
of Nuclear Research (IBJ, later IPJ in Swierk n.
Warsaw), which in 2011 was converted in the National
Centre for Nuclear Studies (NCBJ). The Department of
Plasma Physics and Materials Engineering (PV) was
then split into the Plasma/lon Beam Technology
Division (FM2) and Plasma Studies Division (TJ5). In
April 2018 the TJ5 department was combined with a
Department of Detectors Physics and Plasma
Diagnostics (TJ3). The results of earlier research on hot
plasmas and controlled fusion were described in many
papers and reported at international conferences,
including those held in Kharkov [1-2].

Plasma research in Poland embraced various topics,
e.g. laser experiments, tokamaks, technology etc., but
the main aim of this invited talk was to present the
author’s comments on the studies of dense magnetized
plasmas, which have been performed after the previous
conference ICPPCF-2016, and to present some new
proposals.

1. STUDIES OF FAST ELECTRON BEAMS
AND SOFT X-RAYS FROM PF
DISCHARGES
Initially some time-integrated visible radiation (VR)

pictures were compared with x-ray pinhole images in
order to identify plasma microstructures (Fig. 1).
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Fig. 1. Time-integrated VR picture and x-ray pinhole
image of a PF-1000U discharge performed at
Uo = 23 kV, po = 1.2 hPa (D2+1% Ne) + D, puffing [3]
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During recent two years particular attention was
focussed on detailed studies of fast electron beams (e-
beams) and soft x-rays (SXR) emitted from high-current
discharges of the plasma-focus (PF) type.

Measurements with x-ray pinhole cameras and
filtered PIN diodes, which were carried out with the
PF-360U device at NCBJ (Otwock-Swierk n. Warsaw)
and the PF-1000U facility at IFPIiLM (Warsaw),
demonstrated that the x-ray pinhole images show fine
plasma structures (filaments, hot-spots) in the pinch
column. The most important observations of the x-rays
and some estimates of local electron temperatures (Te)
were summarized in a lecture given at ICPPCF-2016
[3]. Measurements with different magnetic analysers
proved that the fast e-beams can get energy up to
hundreds keV, and their emission is correlated with the
formation of hot-spots [4].

2. RESEARCH ON INFLUENCE OF A THIN
METAL WIRE ON PF PINCH COLUMN

Next experimental studies concerned an influence of a
thin metal wire immersed in a PF pinch column [5]. The
Al-wire (of 270 um in diameter and 10 cm in length)
was placed along the PF-1000U electrodes axis by
means of a holder, which was fixed without any

connection with the anode.
A -70 ns B

Fig. 2. Interferometric images recorded for shot
#10633: (A) during the implosion of the current sheath
and formation of the Al-wire corona, (B) during the
formation of the internal plasmoid
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Detailed measurements of the voltage waveforms,
current derivative, and the total discharge current vs.
time, were performed for discharges of 350 kJ energy,
at the maximal current reaching 1.5...1.7 MA. Time-
resolved SXR in the energy range of 0.7...15 keV
were measured with a Si-PIN diode filtered with a
10-pum-thick Be-foil.

Time-integrated x-ray pictures were taken with a
pinhole camera equipped with the identical Be-filter.
The use was also made of a sophisticated laser
interferometer system which made it possible to obtain
up to 15 frames during a single discharge [6]. The
interferometric images of the PF-1000U discharges
were recorded at different instants and analysed in
details (Fig. 2).

The ultraviolet (XUV) radiation from PF discharges
was detected by means of a multi-channel plate (MCP)
without any filter, which could record photons of energy
> 10eV [5]. A comparison of the XUV and
inteferometric images provided additional and valuable
information about transformations of the pinch column

(Fig. 3).
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Fig. 3. Images of a plasma column and the wire corona:
(A) a XUV frame, and (B) an interferometric image,
taken during the first SXR and neutron pulse: (C)
another XUV frame taken at the late phase of the XUV
emission [5]

An important finding was the observation that the
insertion of the Al-wire does not prevent the formation
of dense plasmoids and the production of fusion-
neutrons during transformations of the PF column, if the
corona is not broken [5].

The next experiments with the Al-wire placed along
the pinch axis in the PF-1000U facility were performed
at the helium-filling [7]. Such discharges have also
produced pinches containing spontaneously organized
structures of the helical-, toroidal- and plasmoidal-type,
but dynamics was considerably slower. The production
of hard x-ray (HXR) pulses was different, since in the
D-shots they were generated mainly during the
instability evolution, while in the He-discharges they
were emitted during the formation of the first internal
plasmoid [7].

In author’s opinion the use of a metal wire is not a
good method for the optimization of PF discharges,
since the introduction of relatively cold metal ions
reduces the neutron yield (Ys). It might be reasonable to
perform experiments with the use of a frozen-deuterium
wire, which might be completely vaporized and increase
the deuterons density, as in some Z-pinch experiments

[8].
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3. STUDIES OF INFLUENCE OF N;
ADMIXTURE ON EVOLUTION OF A D;
PINCH COLUMN

The next series of experiments concerned research on
an influence of a heavier gas (e.g. nitrogen) admixture on
dynamics of a pinch column [9]. Detailed interferometric
measurements enabled different phases of the pinch
transformation to be investigated (see Fig. 4).

A 5 B 2 €

Fig. 4. Interferometric images corresponding to
different phases: (A) implosion of a constriction, (B) the
minimal constriction diameter, (C) expansion and HXR
emission, (E) pinch interruption (formation of separate

plasmoids). The presented part of the pinch column is
5 cm in length

Measurements of the XUV radiation, as performed
with the framed MCP, provided interesting information
about filamentation of the pinch column (Fig. 5).

A 72ns B 58 NS c T4ns D 59 ns
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Fig. 5 XUV images recorded at various instants:
(A) -72 ns, (B) +58 ns, (C) +74 ns, and the
interferometric image (D) which shows some filaments
in the top corners

It was found that the current filaments, as recorded
during the implosion and the pinch phase, had 1...2 mm
in diameter and the electron density ranging
(3...7)-10%* m3. Reconnections of magnetic field lines
(originating from such current filaments) induced strong
electrical fields, which could accelerate electrons and
ions to energies of hundreds kiloelectronvolt [9]. These
processes influenced also on the DD fusion reactions
rate and neutron yields.

In author’s opinion the current filaments, which can
easily be observed in discharges with the application of
a heavier gas admixture, are indeed responsible for the
generation of strong magnetic fields. Transformations of
these magnetic fields can induce strong local electric
fields responsible for the acceleration of ions and
electrons, but one should also take into account local
disruptions of filaments, when the separation of
electrical charges in dense plasma can also induce very
strong local electric fields [10]. Such disruptions
(filaments necks) can form point-like sources of fast
deuteron beams.
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4. STUDIES OF FILAMENTATION
PHENOMENA

The studies described in Section 3 were followed by
detailed observations of current filaments in the pinched
column of PF-1000 discharges at the D-filling and D-
puffing [11]. There were observed many plasma
filaments and hot-spots (lasting > 50 ns), which moved
within a plasma stream. For the first time there were
observed very small “plasma balls” outside the pinch
column, which appeared during the early discharge
phases (Fig. 6).

#11431

#11431

Fig. 6. XUV and interferometric images of early phases:
(A-D) during the current sheath implosion, (E-H)
during the emission of the 1% peaks of x-rays and

neutrons [11]

Many tiny plasma filaments and “plasma balls” were
also observed in the XUV frames recorded during the
late phases 100...200 ns of the PF-1000 discharges [11].
Similar observations were performed at D-filling and H-
puffing, as well as at H-filling and D-puffing, but in
general the described micro-structures were more
distinct when a heavier gas admixture was applied [11].

In author’s opinion the observed plasma micro-
structures, visible in the XUV frames, can hardly be
identified in the interferometric images due to their
small dimensions and too small gradients in the electron
density. The observed tiny plasma filaments can have
various directions (from quasi-axial to quasi-radial),
what probably depends on the direction of an Ampere
force (of the discharge current and its own magnetic
field) or a Hall current (depending on the main
discharge electric- and magnetic-fields). It should be
remind that the quasi-axial filaments inside the pinch
column were for the first time observed many years ago
in other PF and Z-pinch experiments [12, 13]. The
author is convinced that research on plasma-current
filaments and hot-spots should be continued, and new
efforts should be undertaken to develop corresponding
physical models.

In a frame of the Czech-Polish scientific
collaboration there were performed studies of
transformations of the ordered internal plasma structures
during the acceleration of fast charged particles in PF
discharges [14]. The collected data provided detailed
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information  about and other
characteristics (Fig. 7).

The reported studies confirmed that the 1% neutron
pulse is produced by fast deuterons accelerated by
transformations of the internal plasma structures, and it
is emitted during formation of the 1% plasmoid, while
the subsequent neutron pulses are generated later,
during the development of strong instabilities.

In author’s opinion these statements are consistent
with conclusions from earlier experiments performed
within other PF facilities [15], but new information is

provided by high-quality intereferometric images.
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Fig. 7. Waveforms: (a) dl/dt (thick grey), SXR (thin
grey), HRX (thin black), neutrons (dashed), (b) signals
from scintillation detectors: downstream (black),
upstream (grey), and side-on (dashed); Interferometric
images: (c) formation of a plasmoid, (d-f) formation of
necking [14]

5. INVESTIGATION OF AN INFLUENCE OF
A CONICAL TIP PLACED IN THE ANODE-
CENTRE

The next PF-1000 experiments concerned research
on an influence of a shape of the anode end. A metal
conical tip was fixed at the centre of the anode end-plate
[16]. It changed the formation of the pinch column and
its characteristics (Fig. 8).

anode filaments

anode
cone periphery

Fig. 8. VR picture, showing that current filaments had
quasi-stabile positions upon the anode surface, and the
pinch column had a distinct micro-structure

Measurements of the I(t) and dl/dt waveforms, the
SXR and HXR peaks, as well as detailed studies of the
pinch structure by means of the laser interferometer,
were also performed (Fig. 9).
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Fig. 9. Interferometric images of different phases of a
discharge with the anode conical ending: (c-e) the
stagnation phase, (i-k) a decay of the internal plasmoids

The use of the metal tip facilitated motion of current
filament upon the anode surface, and influenced the
pinch formation, and dynamics of the internal plasma
micro-structures. For a comparison, during the reported
experiments, there were performed 16 shots without any
anode-tip and 29 shots with the conical tip [16]. The
average value of Y, increased from (0.8 = 0.3) - 10'° to
(5.3 £2.0) - 10'°, but a jitter in Y, was also increased.

In author’s opinion the observed increase in Y, could
be induced by changes in the dimensions and dynamics
of the pinch column, but one should remember about
erosion of the anode surface and an inflow of metal
ions. It should also be noted that conical tips were
applied in earlier PF experiments [17], to produce more
stable hot-spots, which served as local sources of fast
electrons and x-rays.

6. STUDIES OF VR, X-RAYS (FOR
ESTIMATES OF LOCAL Te), AND FAST
DEUTERONS

The earlier studies of the VR and x-ray emission
from PF discharges (see above) were followed by more
detailed investigation of the optical spectra, x-ray
pulses, and fast deuteron beams [18]. The optical
emission spectroscopy (OES) was applied to record the
Balmer D-lines and lines of impurities (Fig. 9).
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Fig. 10. OES spectra recorded vs. time after a current
dip
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Attention was focused on time-integrated and time-
resolved measurements of the SXR emission. X-ray
signals were collected by two pairs of filtered PIN
diodes which observed the chosen regions of the pinch
column (see as shown in Fig. 1). The SRX signals were
compared, and T, values (averaged over the observation
regions) were estimated. They depended on
experimental conditions, i.e. the pressure and
composition of working gas (Fig. 11).
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Fig. 11. X-ray signals from two pairs of PIN diodes and

different shots: (left) at 1.2 hPa D, + D- puffing, (right)
at 1.2 hPa (90 %D,+10 %Ne) + (75 %D»+25 %Ne)

puffing

The research described above was followed by
detailed studies of fast deuterons and fusion-neutrons
[20]. The measurements of the characteristic discharge
waveforms were supplemented by the laser
interferometry and measurements of deuteron beams,
which were performed by means of pinhole cameras
equipped with nuclear track detectors (Fig. 12).
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Fig. 12. Waveforms: (a) current derivative (thick grey),
SXR (thin grey), HXR (black), fusion neutrons (dashed);
(b) Deuteron images (> 360 keV, at 60° and 07);
Interferograms: (c) before the x-ray and neutron pulse,
(d) during the pinch interruption, (e-g) after that

The most important was the statement that the fast
deuterons are emitted as numerous beams from different
pinch regions and tops of plasma lobules, formed
outside the dense plasma column. Trajectories of these
deuterons are strongly deflected by local magnetic
fields.

In author’s opinion the described studies are
consistent with earlier ion measurements, but should be
followed by more detailed investigation. The SXR
signals should be taken from smaller plasma regions,
which can be defined by appropriate pinholes. The
emitted ions should be measured in more details in
order to determine their mass- and energy spectra, as
well as their dependence on the experimental
conditions.
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7. STUDIES OF DEUTERIUM AND HELIUM
PLASMA JETS IN PF DISCHARGES

The recent studies of dense magnetized plasmas
concerned also the generation of so-called plasma jets
[21-22]. The scientific collaboration of the Polish and
Russian teams enabled the formation of a dense plasma
jet to be observed (Fig. 13).
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Fig. 13. Time-integrated picture of a plasma jet
generated in the PF-1000U facility by a discharge
#11541 at po = 1.2 hPa Dy, Ug = 16 kV, and
Inax = 1.4 MA

Those studies showed that such plasma jets can have
dimensionless parameters, i.e. the Mach-, Reynolds- and
Pécklet-numbers as well as density contrasts
(Njet/Nambient), Similar to those observed in astrophysical
objects [21]. It was also shown that the simulation of
some astrophysical jets in a laboratory is possible with
the use of different PF facilities (in Moscow, Warsaw,
and Sukhumi) [22].

Recently, more detailed studies of the influence of
gas conditions on parameters of plasma jets generated in
the PF-1000U facility have been performed and
summarised in a new paper [23].

In author’s opinion such experiments are of primary
importance for further simulations of astrophysical
phenomena, but one should take into account
considerable differences in parameters of plasmas
generated within various PF machines. An attempt
should be undertaken to obtain the best consistence of
characteristic parameters.

8. APPLICATIONS OF DENSE PLASMA
STREAMS FROM PF DISCHARGES

During recent years the experimental studies, which
concerned applications of plasma streams produced by
PF discharges, were performed in a frame of the
bilateral Polish-Ukrainian scientific collaboration. As an
example one can mention investigation of plasma
interactions with tungsten samples in the PF-1000U
facility [24], but it should also be noted that studies of
plasma-surface interactions were also carried out with
other plasma facilities, e.g. the RPI-IBIS in Swierk [25]
and QSPA in Kharkov [26, 27]. Other examples of the
material studies are reported in another presentation at
the ICPPCF-2018 [27].

9. SUMMARY AND CONCLUSIONS

The detailed comments on described research
activities have been given in the previous sections. The
most important comments can be summarised as
follows: 1. A thin axial metal-wire can slightly increase
an averaged Y., but an inflow of metal ions changes
other emission characteristics; 2. Filaments and hot-
spots constitute important forms of the internal plasma
structures, and they should be further investigated
experimentally and theoretically; 3. The use of a conical
tip upon the anode improves slightly parameters of the
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pinch column, but the problem is strong erosion of this
tip surface; 4. The ordered internal plasma structures in
PF discharges have already been investigated, but more
experimental data and theoretical analyses are still
needed; 5. Simultaneous measurements of x-rays, e-
beams and fast ions, coupled with detailed
interferometric studies, have already been performed,
but their precision should still be improved; 6.

The generation of dense plasma jets in PF facilities
has been studied, but some optimization of this process
is still needed; 7. Applications of dense plasma streams
for material engineering have been investigated, but
they should still be further developed.

On basis of the reported results the author has
proposed to perform new PF experiments with the use
of a frozen-deuterium fibre. Also proposed are further
detailed studies of filaments and hot-spots. Since these
phenomena do not preserve the cylindrical symmetry, it
is necessary to apply a 3D mhd-code or to develop a
more sophisticated model, e.g. kinetic approach.
Transformations of other internal plasma structures
require also a theoretical analysis. More precise
measurements of x-rays, e-beams and fast ions should
also be performed, and the generation of plasma jets
should be studied in more details. Applications of PF
facilities for material engineering should be extended on
new materials. It would be reasonable to realize such
advanced studies in a frame of research activities at the
International Centre for Dense Magnetized Plasmas.
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KOMMEHTAPUH O NOCJIEJHUX JOCTUKEHUAX B UCCIIEJOBAHWMU ITIJIOTHBIX
SAMATHUYEHHBIX IIVIA3M B ITOJIBIIE

M.J. Sadowski

[IpencraBneHbl KOMMEHTapUH aBTOpa O pe3ysbTaTaxX JKCIHCPUMEHTAIBHBIX HCCIACIOBAHUN IUIOTHBIX U
BBICOKOTEMIICPATYPHBIX IIIa3M, KOTOpBIE NpOBOMWINCE B [lonpime B TeYeHHWE MOCICTHUX MABYX JET. OTH
HCCIICIOBaHMSA MIPOBOIMINCH Ha yctaHoBKax [1D-360U B HanmonanpHOM IEHTpe SOepHBIX wccinenoBaHuil u [10-
1000U B HuctuTyTe (QU3HKHN IDIa3Mbl W J1a3epHOr0 MHUKpocuHTe3a. Ocoboe BHUMaHHE YICTSIOCH H3YYCHHUIO
OBICTPBIX AIEKTPOHHBIX ITyYKOB M PEHTTCHOBCKOTO HM3ITyUCHHS, BIASHUSA TOHKHUX METAUTMYECKUX MPOBOJOK W/HIIN
CMECH TSDKENBIX Ta30B, BIUSHUS (GOPMBI aHOJA, a TakKKe INTa3MEHHBIX MHUKPOCTPYKTYp B IIHHYE, T.€. TIa3MEHHBIX
HUTEHl U ropAYMX TOYeK C BJIEKTPOHHOM ILIOTHOCTHIO > 10'° ¢cM® M 3NMEeKTPOHHBIME TeMIEpaTypaMu MOPSAKA
HECKOJIBKUX KHJIOJICKTPOHBOJBT. JIeTaqbHO OMKMCAHO TAaKKe HCCICIOBAHUE BHIUMOTO U PEHTTCHOBCKOIO
W3JIYYCHUH, OICHKH JIOKAJIbHBIX 3JICKTPOHHBIX TEMIICPATYP U MYYKOB OBICTPBIX ACHTPOHOB. [Ipyrue 3KCepruMeHThI
OBUTH MMOCBSIIIICHBI U3YUCHHIO TIA3MEHHBIX CTPYH, KOTOPhIE UMEIOT pa3Mepbl COOTBETCTBYIONIUE acTPOGHU3NICCKUM
00BbeKTaM. B pamkax MOJIbCKO-YKPAMHCKOTO HAYYHOTO COTPYJHHYCCTBA MPEACTABICHBI HEKOTOPBIC MPUMEPHI
TEXHOJIOTHUECKOro  mpuMeHeHus  [I1d-pa3psgoB. ABTOp mpemiaraeT  HEKOTOpPBIE  TCOPETHUUCCKUE |
SKCIIEPUMEHTAIbHBIE WU JUI MOCIEAYIONINX UCCIIeI0OBAaHUI B 9TOH 00IacTu.

KOMEHTAPI ITPO OCTAHHI JOCATHEHHA B JOCJTIIKEHHI I'YCTUX 3AMATHIYEHUX

IUIA3M Y HOJIbIII
M.J. Sadowski
[IpencraBneHo KOMEHTapi aBTOpa TPO  Pe3YyibTaTH EKCICPUMEHTANBHUX  JOCHIDKEHb OIUIBHUX 1

BHCOKOTEMIIEpAaTYpHHUX IUIa3M, Mo mnpoBoawmcs B [loapmii mporsroM ocrtaHHIX ABoX pokiB. Lli mocmimkeHHs
npoBojuincs Ha ycranoBkax [1P-360U y HarionanpHOMY 1eHTpi sinepHuX gociipkeHs ta [1d-1000U B IncTuTyTi
(i3uKH 11a3MH i J1a3zepHOro MikpocuHTte3y. OcoOJIMBY yBary MpuAiJIeHO BUBUYEHHIO IIBUIKHUX EIEKTPOHHUX ITyYKIB 1
PEHTIeHIBCHKOTO BUIIPOMIHIOBAaHHSI, BIUIMBY TOHKHX METAJEBUX JPOTIB i/a00 CyMilll BayKKUX Ia3iB, BIUIUBY (HOPMHU
aHo/Ia, @ TAKOX IUIA3MOBUX MIKPOCTPYKTYp Y IiHYi, TOOTO IUIa3MOBUX HUTOK 1 rapsidMX TOYOK 3 €JIEKTPOHHOIO
ryctunoro > 10'° cm3 i enekTpoHHMMHU TeMMepaTypaMu GIH3BKO JIEKUIBKOX KiJOEJIEKTPOHBOJILT. JI€TaIbHO OMHMCAHO
TaKOX JIOCHI/PKEHHS! BUIMMOTO Ta PEHTI€HIBCHKOTO BUIIPOMIHIOBaHb, OLIHKH JOKAJIFHUX €JIEKTPOHHUX TEMIIEpaTyp
1 MMyYKiB IMBUAKUX NEHTPOHIB. [HII ekcriepuMeHTH Oy MPUCBSYCHI BUBYCHHIO TNIA3MOBHX CTPYMEHIB, SIKi MAalOTh
pO3MipH, IMO BIAMOBiMAIOTH acTpodizmyHMM 00'ekTamM. Y paMKaX IOJIBCHKO-YKPAiHCHKOTO HAyKOBOTO
CHIBpOOITHUIITBA  TIpEACTaBICHI  JesAKi ~ NPUKIAgM  TEXHOJOTIYHOro  3actocyBaHHsA  [1®D-po3psmis.
ABTOp TIPOTIOHYE NEsIKi TEOPETHYHI Ta CKCIIEPUMEHTANBHI 1/1€1 11 TONANBITNX TOCIIKEHb Y Il 001acTi.
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