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The main aim of the reported experimental session was to study operational characteristics of a modified PF-
1000U facility during a free propagation of a plasma-stream and its interactions with a carbon-fiber composite
(CFC) target. The facility was equipped with an axial fast-acting valve for additional gas puffing into a region close
to the electrodes outlets. Experiments were carried out with and without the gas puffing in chosen instants before the
application of high voltage pulse. The operational regimes of the facility were established by changing these
parameters and the initial charging voltage. To record optical spectra of the plasma radiation the use was made of a
Mechelle®900 spectrometer coupled with a CCD-camera sensitive in a wavelength range of 300...1100 nm. During
all reported experiments the exposition time was equal to 100 ns, but a time delay was changed to obtain data for
different discharge phases. The performed spectral measurements enabled to study plasma dynamics, to identify
plasma impurities, and to estimate electron densities and temperatures. The electron density in a free-propagating

plasma stream was calculated from a linear Stark-effect observed for the D, spectral line.

PACS: 52.59.Hq, 52.70.Kz, 52.30.-q, 52.40.Hf

INTRODUCTION

Investigation of optical spectra emitted from plasma
streams is of primary importance for the determination
of a composition and dynamics of such objects. Optical
emission spectroscopy has already been used for the
investigation of intense pulsed plasma-ion streams
generated within the 1-MJ plasma focus facility at the
IPPLM [1-3], but the PF-1000 facility recently has been
modernized. The aim was to increase discharge currents
and neutron yields, and to produce plasma-ion streams
of higher concentration and energy. The applied
modifications, and particularly the application of an
additional gas puffing have made it necessary to
perform new detailed spectroscopic measurements for
determination of the best operating regimes. Such
regimes were identified when the plasma parameters
reached the highest values and the small number of
impurity spectral lines was observed.

The main aim of the reported study was to perform
detailed spectroscopic measurements in the modified
PF-1000U facility and to determine the optimal regimes
for further investigations of plasma-target interactions.

Since a carbon fibre composite (CFC) is one of the
most interesting materials for fusion technology, e.g. as
a constructional material to be used in plasma facing
components of fusion facilities, it was of interest to
investigate its behaviour during interaction intense
plasma streams from the PF-1000U facility. In
particular, the aim of the detailed spectroscopic
measurements was to investigate spectral lines of
various carbon species produced by plasma interactions,
dynamics of the emission of such impurities, which
form the transient plasma layer in front of the surface
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[4, 5], as well as the instants when such carbon lines
appear in the plasma.

1. EXPERIMENTAL SET-UP

The main modification of a Mather-type PF-1000
facility was the installation of an axial fast-acting valve
for an additional gas-puffing into a region close to the
electrodes outlets, as shown in Fig. 1.

-
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Fig. 1. Electrodes of the modified PF-1000U facility
and the outlet nozzle of the fast-acting gas-valve

The working gas was pure deuterium under the
chosen initial pressure p,. Operational regimes of the
PF-1000U facility were chosen by changing the initial
filling pressure in a vacuum chamber, and using the
puffing of about 1 cm® deuterium under the pressure of
2 atmospheres, at different instants, i.e. 1.5 or 2ms
before the application of a high voltage pulse.

In order to record optical spectra of the plasma
radiation the use was made of a Mechelle®900
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spectrometer coupled with a CCD-camera operating in a
wavelength range of 300...1100 nm. During all reported
experiments the exposition time was equal to 0.1 us, but
a time delay was changed to collect data for different
discharge phases. The performed spectral measurements
were used to investigate plasma dynamics, to identify
plasma impurities, and to estimate the main plasma
parameters, i.e., an electron density and temperature.

The electron density in a free-propagating plasma
stream was calculated on the basis of a linear Stark-
effect observed for the D, spectral line.

To study interactions of such plasma streams with
the CFC target, it was placed at the z-axis of the
PF-1000U facility, at a distance of 9cm from the
electrodes ends, i.e., in the plasma-focus zone. During
interactions of plasma streams with such a target the
spectral lines of different carbon species were studied.

In the described experiments with CFC-targets the
electron temperature was estimated from the ratio of
different spectral lines of the chosen carbon species.

2. EXPERIMENTAL RESULTS

2.1. STUDIES OF FREE-PROPAGATING
PLASMA STREAM
Some examples of the optical spectra, which were
recorded in different instants of PF-1000U discharges,
are presented in Fig. 2.
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Fig. 2. Temporal changes of the optical spectra
recorded for PF-1000U shots with the gas puffing

Those measurements made it possible to investigate
dynamics of the emission of spectral lines of the
working-gas and impurities. It was observed that the
intense spectral lines of impurities appear in about 8 pus
after the current peculiarity (so-called dip). For
discharges performed without any gas puffing, the
spectral lines of contaminations were more intense and
observed almost during the whole discharge.

A comparison of the experiments results, which were
obtained with and without the additional gas puffing,
has shown that when the gas-puffing was applied the
plasma electron density during the first phase of the
PF-1000U discharge was considerably higher. In
contrary, during the later phases of discharges with and
without the gas-puffing the electron densities were very
similar, as shown in Fig. 3.

ISSN 1562-6016. BAHT. 2015. Nel(95)

20130612 #9960,61, 63,64; PF-1000 free stream
20130517 #9948-51 U=23kV Po =1.2 Torr
5 ; : /
texp = 0.1 ps
o
E s
e}
-
o
3
>
2 &.p.:Z atmj, 1.5ms beforgU,
2 \
14— — ithoutig.p.
"
—
I —
0
0 1 2 3 4 5 6 7 8 9

Time to dip [ps]

Fig. 3. Temporal behavior of plasma electron density
without gas puffing (black line) and with gas puffing
application (red line)

The reported experiments were carried out at two
different initial pressures of deuterium in the vacuum
chamber. The main studies were performed at p, equal
to 1.2 and 1.8 Torr, respectively. The spectroscopic
measurements were carried out without and with the gas
puffing, as described above.

The obtained results showed that at the initial
deuterium pressure po= 1.8 Torr, and with the additional
deuterium puffing, the electron density in the free-
propagating plasma stream reached the highest values.
During the first microsecond of the discharge it
amounted to N, = (6...7)-10"® cm™, as shown in Fig. 4.
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Fig. 4. Electron density of a free plasma stream as a

function of time, at p, = 1.8 Torr (D,) and different

instants of the gas puffing (1.5 and 2 ms before the
discharge initiation)

It should here be noted that at the lower initial
pressure po = 1.2 Torr the electron densities were also
slightly lower, as shown in Fig. 5.

Nevertheless, during later phases of the PF-1000U
discharges, i.e. 4...8 us after the current dip, the electron
density N, decayed considerably (to values < 10 cm™).
In all investigated cases differences in behaviour of the
electron density were not very large (see Figs. 4, 5).
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Fig. 5. Electron density of a free plasma stream as a
function of time, at p, = 1.2 Torr (D,) and different
instants of the gas puffing (1.5 and 2 ms before the

discharge initiation)

2.2. INTERACTIONS OF PLASMA STREAM
WITH A CFC TARGET

During the PF-1000U experiments carried out with a
CFC target placed in front of the electrodes outlets, as
described above, the recorded optical spectra revealed
not only deuterium Balmer-lines, but also numerous
spectral lines corresponding to different ionization
stages of carbon.

In particular, there were identified intense C Il
spectral lines (the strongest at 426.7 nm) and some
spectral lines from higher ionization stages, i.e. C Il
lines (the most intense at 464.7 and 465.0 nm) and C IV
lines (e.g. at 581.19 nm), as presented in Fig. 6.
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Fig. 6. Optical spectrum of deuterium plasma during
plasma-surface interaction with CFC material

Particular attention was paid to a comparison of the
behaviour of carbon species during discharges
performed without and with the additional gas
(deuterium) puffing. The results obtained from those
experiments are presented in Figs. 7, 8.

It can easily be noticed that the carbon lines emission
from the PF-1000U discharges without gas puffing
appeared earlier and was slightly higher, but this fact
has not influenced on plasma parameters considerably.

One can suspect that less intensive spectral lines of
carbon species, as observed for discharges with the gas
puffing, resulted from the injection of an additional
amount of the working gas, which could carry away
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portion of carbon ions produced from the CFC-target
placed near the electrode ends.
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Fig. 7. Temporal behaviour of optical spectra measured
near the CFC-target surface for PF-1000U discharges
without any gas puffing
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Fig. 8. Temporal behaviour of optical spectra measured
near the CFC-target surface for PF-1000U discharges
with the gas puffing

For the described target experiments the electron
temperature was estimated from the ratio of the C
IV —580.1 nm and C Il — 569.6 nm spectral lines. Its
maximum value amounted to T,=3.3..3.5eV. Low
values of temperature could be explained by averaging
along observation angle and along the chord during
recording of optical spectra. The behaviour of a plasma
electron temperature showed its small dependence on
time and operating conditions.

CONCLUSIONS

The most important results of the reported study
can be summarized as follows:

1. The investigation of important operational
features of the modified PF-1000U facility was
performed during the free propagation of a plasma
stream, and during interactions of intense plasma
streams with CFC-targets.

2. Spectroscopic measurements of the optical
emission were performed within the PF-1000U facility
at different experimental conditions and various
operational regimes.
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3. The maximum plasma electron density, as
estimated from the spectroscopic measurements,
amounted to N, = (6...7)-10* cm™ during the first phase
of the discharge, and it showed a low dependence on the
initial conditions. In the later phases, i.e. after 4...8 ps,
this density decreased considerably (to values
<10% cm?).

4. In experiments with the CFC targets there were
recorded spectral lines of carbon in different ionization
stages (the highest was C V).

5. The intensity of the carbon radiation during
discharges without any additional deuterium puffing
was higher than that with the puffing,

6. The plasma electron temperature, as calculated
from the ratio of intensities of the chosen spectral lines
(C Il and C IV), amounted to T, = 3.3...3.5 eV, only.

In conclusions it might be stated that optical
emission spectroscopy should be applied simultaneously
with  other diagnostic  techniques, e.g. laser
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CIHHEKTPAJIBHBIE NCCJIEJOBAHUA IIVIASMEHHBIX [IOTOKOB, TEHEPUPYEMbIX
1-M:x IVTASMEHHBIM ®OKYCOM C HAITYCKOM I'A3A U BE3 HEI'O

M.C. Jlaowvizuna, E. Skladnik-Sadowska, R. Kwiatkowski, K. Malinowski, M.J. Sadowski, D. Zaloga,
J. Zebrowski, M. Kubkowska, M. Paduch, M. Scholz, E. Zielinska, B.A. Maxnaii

['maBHOW LeNbIO JOKJIAJbIBACMON OSKCHEPHUMEHTAIBHOW CecCHU ObUI0 HM3ydeHHE pabouyMX XapaKTEepUCTHK
MonudunupoBanHoi ycraHoBku PF-1000U Bo Bpemsi cBOOOTHOTO paclpOoCTpaHEHUS IDIa3MEHHOTO IOTOKA M €ro
B3auMoJeHcTBIA ¢ yriaeponHoid wmwmireHpto CFC. VYcraHoBka ObLIa HepeoCHAIlCHa CIICIHMANBHBIM OBICTPO
JNEUCTBYIOIIMM KIIAIIaHOM JUIsl JIOTIOJHUTENBHOTO HamycKa ra3a B 30HY (okyca (oOmacte, OJIM3KYH K KOHIIAM
9NIEKTPOJOB). DKCIIEPUMEHTHI IPOBOAMIUCE C UMITYJIECHBIM HAIlyCKOM M (€3 HarycKa ra3a B BHIOpaHHBIC MOMCHTBI
BpEMEHH O TIPUMEHEHHS WMITyJIbca BBICOKOTO HampsDkeHHs. Paboume pexumsl ycraHoBku PF-1000U
OIpE/IeNSUTICh M3MEHEHUSIMU 3THX NapaMeTPOB M HaYaJbHOT'O 3apsAHOTO HampspkeHus. UToObl 3aperucTpupoBaTh
OINTHYECKHE CIEKTPHI IUIA3MEHHOT0 M3IydeHHs ucromb3oBancs crekrpomerp Mechelle®900 ¢ mopcoeunenHoi K
Hemy CCD-kamepoii, uyBcTBUTEeNbHOI B ananazone 300...1100 um. Bo BpeMst Bcell cepuy SKCIIEPUMEHTOB BpeMsi
skcno3unuu 6pu10 paBHO 100 HC, HO BpeMs 3aJepXKKU CIEKTPOMETpa HM3MEHSJIOCH Ul ITOJIyYeHHs TAHHBIX B
pasnuuHble  (a3pl  paspsia. BbIIONHEHHBIE CHEKTpPajbHbIE W3MEPEHHUs Kacajluch JWUHAMHUKH  IUIA3MBbl,
uaeHTHGHUKALMK TpUMeceil B IUla3Me, TaK € KaKk M OLEHOK JJIEKTPOHHOW IUIOTHOCTH U TEMIIEepaTyphl.
DNeKTpOHHas TUIOTHOCTh B CBOOOJHOM IUIA3MEHHOM IIOTOKE PAaCCUMTHIBAJIACH U3 JIMHEHHOro mrapk-addexra,
HaOJIF0IaeMOT0 JJIsl CIEKTPaibHO nHKH D,

CHEKTPAJIBHI JOCIIIKEHHS IIJIASMOBHUX IOTOKIB, IO TEHEPYIOTHCA
1-M/Ix IJTASMOBUM ®OKYCOM 3 HAITYCKOM I'A3Y TA BE3 HBOT'O

M.C. Jlaouzina, E. Skladnik-Sadowska, R. Kwiatkowski, K. Malinowski, M.J. Sadowski, D. Zaloga, J. Zebrowski,
M. Kubkowska, M. Paduch, M. Scholz, E. Zielinska, B.O. Maxnaii

OCHOBHOI0O METOI0 B €KCIIEpUMEHTaNIbHII cecii, 0 JIOMOoBIaeThCs, 0YJI0 BHBYCHHS POOOUYUX XapaKTEPUCTHK
MojudikoBanoro mnpuctporo PF-1000U mix yac BiIBHOTO PO3MOBCIOMKEHHS IUIa3MOBOrO IMOTOKY Ta B3a€MOJIT 3
ByrieneBoro mimeHH0 CFC. YcranoBka Oyma obnamHaHa CHEIlialbHUM IIBHAKHM KJIAMIAHOM IS JOAATKOBOTO
HAITyCKy ra3y B 30HY (okycy (obmacTs, 6M3bKa 10 KiHIIB €JeKTPOoiB). EKcriepuMeHTH MpoBOANINCE 0€3 HAIyCKy
Ta 3 HAIMyCKOM Tra3y [0 MoJadi BHCOKOI Hampyrd. PoOoui pexuMH BH3HAYAIMCHh 3MIiHAMH IIUX MapaMeTpiB Ta
MoYaTKkoBOi 3apsiiHOi Hanpyru. st Toro, mo0O 3apeecTpyBaTH ONTHYHI CHEKTPH BHUIPOMIHIOBAHHS ILIa3MHU
BHKOpHCTOBYBaBcs crektpomerp Mechelle®900 i3 CCD-kameporo, UyT/IHBOIO B Jiala3oHi IOBXHH XBHIb
300...1100 umM. ITig yac Bciel cepii excriepumenTiB yac ekcrosuii 6y 100 He, ane yac 3aTpUMKH CIIEKTpOMETpa
3MiHIOBaBCs, 1100 OTpUMAaTH AaHi B pi3HI (a3 po3psay. IlpoBexeHi cHeKTpaibHI BUMIPIOBAaHHS CTOCYBAIHCH
MUHAMIKH TUTa3MH, iIeHTH(IKaIii JOMIMIOK y IUia3Mi, TaK K 1 ONIHOK IUIa3MOBOI TYCTHHH Ta TEMIIEPaTypH.
EnexTpoHHa TycTHMHa Yy BUIBHOMY IIIa3MOBOMY IIOTOLl pO3paxoByBajach 3 JIHIHHOTO INTapK-eeKTy, IO
crocTepiraBes IS CIEKTPaIbHOI JIiHiT Dy,
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