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This invited talk presents the most important results of theoretical and experimental studies of high-current Plasma-Focus (PF)
discharges, as performed recently in a frame of the scientific collaboration of IPJ and IPPLM, Poland. Progress in studies of the
breakdown and axial acceleration phase was achieved. Numerical computations showed that a modified MHD model is satisfactory
until the maximum compression. In experimental studies the use was made of different diagnostic techniques. Correlations of X-ray
pulses with other PF phenomena were analyzed, and differences in polarization of X-ray spectral lines were explained. Fast electron-
beams (emitted through the axial channel) were analyzed, and energetic ions (emitted in the forward direction) were measured.
Anisotropy of fusion neutrons was investigated and its temporal changes were analyzed. For the first time an optical spectrometer with
a high temporal resolution was applied to study the evolution of spectral lines. The main issues of PF studies were also considered.

PACS: 52.50.Dg; 52.59 Hq, 52.70.-m.

1. INTRODUCTION

High current PF-type discharges are sources of the
powerful VR and X-ray emission, energetic ions, fast
electron-beams, and intense streams of fusion reactions
products, e.g. fast protons and neutrons from shots with
deuterium. Investigations of such discharges are of
importance not only for high-temperature plasma physics,
but also for numerous applications. Therefore, extensive
studies and optimization tests of various PF facilities have
been carried out in various laboratories since many years.
Different PF experiments, as performed in Poland, were
reported at many international conferences [1-8].
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Fig. 1. Experimental chamber of the PF-360 device

Extensive PF studies, as carried out by joint research
teams of IPJ and IPPLM during recent years, delivered
new important data. Hence, the main aim of this talk was
to report and discuss the theoretical and experimental
results, as obtained in the recent two years.

2. EXPERIMENTAL FACILITIES

In recent years the PF studies in Poland have mostly
been performed with the MAJA-PF and PF-360 facilities
in Swierk and with the PF-150 and PF-1000 facilities in
Warsaw. Some experiments have been performed within
the frame of the international scientific collaboration, in
particular with the Czech and Ukrainian partners. Details
of these experimental facilities have been described in the
previous papers [1-8]. Pictures of the PF-360 and PF-1000
facilities are shown in Figs.1 and 2.

The both PF facilities were equipped with numerous
diagnostic tools: HV- and current-probes and fast storage
oscilloscopes for measurements of voltage- and current-
waveforms, high-speed cameras for recording of VR and
X-ray images of plasma, X-ray pinhole cameras and

crystal spectrometers, ion pinhole cameras and sets of
Iiroblems of Atomic Science and Technology. 2005. Ne 1.

nuclear track detectors (NTDs) for measurements of fast
primary ions (mostly deuterons), as well as scintillation-
and activation- detectors for measurements of fusion-
produced neutrons, etc. [3, 5]. The location of some
diagnostic equipment is shown in Fig. 3.
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Fig.3.Arrangement of the diagnostic equipment in the
chosen cross-section plane of the PF-1000 chamber
During the experiments reported here the PF-360
device was operated up to about 125 kJ, at the charging
voltage of 31.5 kV and the maximum current of 1.85 MA.
The initial pressure was varied within the range 5.5-8.0
hPa D,. The PF-1000 facility was investigated up to the
energy level of 1 MJ, but most experiments were
performed at 800 kJ and the peak current of 2.3 MA. The
initial filling pressure was changed from 4 to 8§ hPa D,.

3. STUDIES OF BREAKDOWN PHASE

The breakdown in PF facilities is the important initial
phase which determines the development of discharges. It
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usually occurs upon the surface of the inner insulator. A
current-sheath layer, which is formed during the
breakdown, cannot be accelerated within the inter-
electrode gap effectively at a very low gas pressure.
Therefore, some amount of gas must be gathered by the
so-called "snow-plough” process. Theoretical simulations
of the breakdown were performed [3, 5] and the results of
the numerical computations agree relatively well with
experimental data, as shown in Fig.4.

Fig.4. Computed plasma density distributions and
corresponding high-speed camera pictures, which show a
relatively good agreement

Unfortunately, an accurate quantitative model, taking
into account complexity of the current sheath formation
phase, is still missing. In particular, influence of a status of
the insulator surface has not been taken into account. It
should be reminded here that in the POSEIDON facility
the replacement of a glass insulator (by an alumina
ceramic tube) made it possible to operate at higher energy
and higher neutron yields. Therefore, new experiments
with modified insulators have to be performed soon. It is
considered to apply also the working gas puffing.

4. STUDIES OF AXIAL ACCELERATION

In order to analyze the axial acceleration phase there
was applied a modernized 2-fluid MHD model using
equations of plasma continuity, momentum and energy
balance, the Maxwell equations and the electrical circuit
equation. The computer simulations were specified for the
PF-1000 electrode configuration and gas conditions. That
modeling was sensitive to kinetics of the ionization and
transport coefficients. Therefore, the use was made of the
Braginski transport coefficients [5]. Anomalous resistance
of plasma was also taken into account. Some results of
such computations are presented in Fig.5.

No new experimental data on the axial acceleration
phase have been collected recently, but new probes and
spectroscopic measurements are under preparation. A role
of non-uniformities and quasi-radial filaments (in the
moving current sheath) has to be explained satisfactorily.

5. STUDIES OF RADIAL COLLAPSE PHASE

The model described above has also been applied for
numerical computations of the radial collapse phase [5]. It
was shown that the obtained results are reasonable until
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the maximum compression of the pinch column. Some
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Fig.5. Plasma density distribution in the accelerated
current-sheath, as computed for PF-1000 and different
instants: 3 us and 7 us after the discharge beginning
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Fig.6. Plasma density distribution during the radial collapse,
as computed for PF-1000 and different instants: 9 ps and 9.7
us after the discharge start

The radial collapse phase has been extensively
investigated experimentally [3, 5-8]. High-speed camera
pictures were collected and compared with computations
performed on the basis of the MHD model. The recorded
pictures remained in a qualitative agreement with results
of the numerical simulations, as shown in Fig.7.
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Fig.7. High-speed camera pictures of the radial collapse
phase, as taken in the PF-1000 experiment performed at p, =
4 hPa, Uy = 33 kV and L. = 1.7 MA. Time is counted in
relation to the maximum compression

Using the improved MHD model one could also
simulate the development of local MHD instabilities, but
their appearance in the real experiment could not be
predicted because of their stochastic character.

It should be noted that during the simulations
performed so far there was some disagreement between
computed and real discharge current waveforms [5, 8].
These differences have possibly been induced by the
assumption of wrong values of the circuit parameters.

6. STUDIES OF THE PINCH PHASE

The pinch phase of PF discharges was investigated
experimentally very extensively [3-8]. The use was made
of different diagnostic techniques described above. Some
examples of the recorded waveforms and high-speed VR
pictures are shown in Figs. 8 and 9.
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Fig.8. Time-resolved traces recorded for the PF-1000
experiment performed at p, = 4 hPa D, W, = 734 kJ and
Lyax =1.66 MA
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Fig.9. High-speed camera pictures of the pinch column
correspond to instants marked in Fig.8

The analysis of the pinch phase could not be
performed with the MHD model because of the
appearance of different non-linear phenomena. Although
no satisfactory theoretical model of this phase has been
developed so far, numerous experimental studies supplied
valuable information about dynamics of the pinch and its
basic parameters.

Extensive studies of the PF emission characteristics
have been carried out. The emission of X-rays was
investigated in details and temporal correlations of the X-
rays and other PF characteristics were analyzed.
Considerable differences in the polarization of various X-
ray spectral lines were observed [9]. They were explained
as a result of directed e-beams, which are generated within
dense high-temperature plasma micro-regions (“hot

spots™) [10]. Intense e-beams, as emitted through the axial
channel within the inner electrode, were measured [11-12],
as shown in Fig. 10.

In order to investigate the correlation of the pulsed e-
beams with other PF phenomena, attention was paid to
time-resolved measurements by means of different
techniques [12-15], as shown in Figs. 11 and 12.
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Fig. 10. Electron energy spectrum, as obtained with a
magnetic analyzes for a single 40-kJ shot in the MAJA-PF
device: a) recorded on the first emulsion layer; b)
recorded behind a filter, c) measured with a photometer
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Fig.11. Time-resolved electron signals, as obtained in
different energy channels of the magnetic analyzer for a
single shot in the PF-1000 facility. For a comparison
there is also shown a signal of fusion-produced neutrons
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Fig.12.Pulsed e-beams recorded with a Cerenkov-type
detector (4) in a correlation with hard X-rays (2), soft X-
rays (3) and neutron-induced signal (1); Y, = 3.2 x 10"

Accelerated primary ions, those are emitted mainly in
the down-stream direction (along the discharge axis), have
also been investigated [16-21]. There were observed
mostly deuterons, because an amount of impurity ions is
low in regular PF discharges.

Angular distributions of the emitted ions, those were
measured with NTD samples placed at various angles, are
shown in Fig.13.
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Fig.13. lon angular distribution in the PF-1000 facility, as
measured by means of NTDs with different filters [18]

During PF experiments particular attention has been
paid to measurements of fast neutrons originated from the
D-D fusion reactions [17, 21-23]. The total fusion neutron
yield was measured within the PF-1000 facility at different
experimental conditions, as shown in Fig.14.
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Fig. 14. Total neutron and X-ray yields from experiments
performed at constant initial pressure, but at different
discharge currents in the PF-1000 facility equipped with
the old (version 1) electrodes [3]

It was shown that the total neutron yield as a
function of the discharge current in the PF-1000 facility (at
the initial pressures varied from 1.3 hPa to 8.0 hPa D)
behaves according to the scaling law Y, O L.* [3, 8].
Recent neutron measurements, performed for a new set of
electrodes, have shown some discrepancy in absolute
values determined by means of different techniques [21-
23]. It must still be investigated and explained.

It was shown that to optimize the operation of the
chosen PF facility one must analyze the whole electrical
and plasma circuit. For this purpose one should consider
energy supplied to the system and energy cumulated
within the pinch (that can be divided into two parts:
thermal- and fast-beam-component), since the total fusion
yield is determined both by thermo-nuclear processes and
beam-target interactions. To get information how to
increase the total neutron emission one should perform
such an analysis for realistic experimental parameters.

In order to collect more data about the fusion
mechanisms, angular anisotropy of the fusion-produced
neutrons was investigated in PF-360 and PF-1000
experiments. It was confirmed that PF discharges with the
highest neutron yields are not necessarily the ones with the
strongest anisotropy. Temporal changes of the neutron
anisotropy were also analyzed [22], as shown in Fig.15.
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Fig.15. Time-resolved signals from two (NP1 and NP2)
neutron probes, those were located at the PF-1000
facility, at a distance of 7 m from the electrode outlet.
Three neutron pulses, as obtained at p, = 5.3 hPa, W, =
486 kJ, Y, = 2.9 x 10", have been analyzed and their
anisotropy factors (Ay) have been determined

Differences in anisotropy of the successive neutron
pulses, as observed in the both PF-experiments, can be
explained by different mechanisms those contribute to the
subsequent neutron-peaks production.

To get more information about plasma regions,
where the most nuclear fusion reactions occur,
measurements of fusion-originated fast protons have been
undertaken [24]. Some results of the preliminary
measurements of fusion protons, as obtained within the
PF-1000 facility, are shown in Fig. 16.
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Fig.16. Pictures of fusion-produced proton tracks
recorded on PM-355 detectors, those were placed side-on
(A) and end-on (B) the PF-1000 electrode ends. The
tracks were developed during 4-hour etching

In recent PF-360 and PF-1000 experiments, for the
first time, there was applied an optical spectrometer with a
high temporal resolution that enabled to study evolution of
different spectral lines [25-30], as shown in Fig. 17.
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Fig.17. Optical spectra of plasma produced in the PF-
1000 facility, as recorded for two different shots
performed at the same energy value

An influence of CD, fiber on the compression of the
current sheath (CS) in the PF-1000 facility was also
investigated [31-32]. There were also initiated studies of
the application of fast ion beams for the activation or
modification of different targets [33-34].

7. SUMMARY AND CONCLUSIONS

The most important conclusions from this paper can
be formulated as follows:

1. The theoretical simulation of the PF breakdown phase
gave good results, but the model applied has still to be
improved, and new experiments with special insulators
or gas puffing should be performed.



2. The axial acceleration phase of PF discharges was well
described by the extended MHD model, but new
experiments (e.g. with segmented electrodes and gas
puffing) are still needed.

3. The radial collapse phase was also well described by the
same modified MHD model, but it is necessary to study a
role of current-sheath symmetry and uniformity. Also the
development of plasma instabilities within the PF pinch
requires more sophisticated approaches.

4. The pinch phase of PF discharges was studied
extensively, but further optical, X-ray and corpuscular
measurements with good spatial- and temporal-resolution
are still needed.

5. Fusion reaction yields (fast neutrons and protons) have
been measured under different experimental conditions,
but they still require the optimization.
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INPOI'PECC B ODKCIIEPUMEHTAX HA KPYITHOMACIHITABHBIX IIVTASMEHHBIX ®OKYCAX

M.Caoosckuii, M. Illonbvy

B pabote mperncraBneHsl HanOoee BaKHBIE PE3YNIBTATHI TEOPETHUIECKIX W AKCIIEPUMEHTANIBHBIX HCCICIOBAHHUI pa3pssioB B
riazmMeHHoM (okyce (I1d), npoBoamMBIX B rocienHee BpeMst B pamkax cotpynuudectsa Mexay IPJ u IPPLM (Ilombmia).
JocTturHyT nporpecc B U3y4eHUH Ipo0ost 1 Ga3bl ycKopeHus1. YnciieHHbIe UCCiIeIOBaHMsI TTIOKa3hIBAIOT, YTO MOAN(UIIMPOBAHHAS
mozens MIJI  sBsieTcss  yJIOBJICTBOPUTEIBHOM JO MOMEHTa MAaKCUMAIbHOM KOMIIpECCHM. B JKCIepUMEHTaIbHBIX
UCCIEOBAHUAX ObUIO HCIONB30BAHO Ppa3IMYHOE [UATHOCTHYECKoe o0opynoBaHue. bbUla ucclenoBaHa KOppesmsmis
PEHTTEHOBCKOr0 M3iIydeHus: ¢ apyrumu 3¢pdekramu B [1D, a Tarwke OTMEUEHO paszIMyue B IMOJSIPU3ALMHI PEHTTEHOBCKUX
CIIEKTPAIBHBIX JIMHUI. VccnenoBanyuch MOTOKM OBICTPBIX 3JIEKTPOHOB (M3Iy4YEHHBIX 4Yepe3 aKCHUANBHBIA KaHal), U U3MEpPEHbI
TIOTOKM SHEPTETHYECKHX HOHOB (M3JIyYEHHBIX B OOpaTHOM HalpaBJIeHHHM). bbUia mMcclieoBaHa aHM30TPOIHS TEPMOSACPHBIX
HEHTPOHOB M TPOAHATIM3UPOBAHBI MX BPEMCHHBIC M3MEHEHNMS. BriepBble Il M3ydeHMs SBOMIONNN CHEKTPATIbHBIX JIMHHUI ObIT
WCIIONIG30BaH ONTHYECKHH CIIEKTPOMETP C BHICOKMM BPEMEHHBIM paspelleHHeM. PaccMOTpeHBI Takke OCHOBHBIE NPOOIEMEI
n3ydenus [10.

IMPOI'PEC B EKCHEPUMEHTAX HA BEJINKOMACHITABHHUX IINTIASMOBUX ®OKYCAX

M. Caooscvkuit, M. Illonby

Y poboti mpencTaBieHi HaHOLIBII BaXJIMBI pE3YJIBTATH TEOPETHYHHMX 1 EKCIEPUMEHTAJIBHUX JOCTIDKEHb — pO3PSIiB y
mra3moBoMy (okyci (I[1D), mpoBeaeHNX OcTaHHIM YacoM y paMkax criBpoditauira Mix IPJ i IPPLM (Tlonpmma). JocsrHyTO
TPOrpec y BUBYEHHI MPoOOoro i (ha3u mpHCKOopeHHs. YKcenbHi TOCHiDKeHHS TOKa3yIoTh, 0 MoaudikoBana mMoxenb MIJ] €
33JIOBUIBHOIO JIO MOMEHTY MaKCHUMaJbHOI KoMIpecii. B eKcrepuMeHTalbHHX JOCHIDKEHHSX OyJ0 BHKOPHUCTaHO pi3HE
JIArHOCTHYHE YCTAaTKyBaHHs. Byna nocitipkeHa Kopersilis peHTTeHIBChKOTO BUIIPOMIHIOBaHHsI 3 iHIIMME edektamu y [1D, a
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TaKOXK BIJI3HAYEHO PO3XOPKEHHSI B TMOJSIPU3AIli PEHTTEeHIBCHKUX CHEKTPAIBHUX JiHii. J[OCIi/KyBamicsl MOTOKK IIBUIKHX
€JIEKTPOHIB (BUIIPOMEHEHHX uepe3 aKClaIbHUI KaHall), 1 BUMIpsIHI IOTOKM €HEPreTUYHUX 10HIB (BUIIPOMEHEHHX y 3BOPOTHOMY
HarnpsMKy). Byra mocimimkeHa aHi30TpoItis TepMOSIICPHIX HEUTPOHIB 1 pOaHasIi30BaHi iXHi YaCOBi 3MiHH. YTIEpIIe 1T BUBYCHHS
€BOJTIOM] CIIEKTPaTbHUX JIiHii OyB BUKOPHCTAHMI ONITHYHHI CIIEKTPOMETP i3 BUCOKUM YacOBHM JO3BOJIOM. PO3IIIIHYTI Takox
OCHOBHI TIpoOsiemMu BuBUeHHS 11D.
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