PLASMA DIAGNOSTICSIN THE OPTICAL AND X-RAY REGIONS
ON THE PLASMA FOCUSDEVICE PF-4 (INSTALLATION TYULPAN)
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The results of experiments receved on the plasma focus (PF) device with energy stored equal 4 kJ are represented.
Photos of the current plasma sheeth (CPS), pre-pinch, sphere-like plasma formations are produced with the help of the
electron-optical converter contained a gated micro-channel plate (MCP) and the CCD-camera imaging system in the
visible region. Theredial veocity of the CPS is about 10" cm/s. Neon plasma dectron density measured with the hdp of
theinterferograms in the visible region and the spectrumsin the soft X-ray region equals 3-10" cm™. Electron temperature
equals about 200 eV. Dischargeintegral photos were obtained with the help of the soft X-ray pinhole camera. Pictures with
2 usresolution of the plasma luminescence above PF anode region were made by CCD-camera.

PACS: 52.58.Lq, 52.59.Hq, 52.70.-m
1. INTRODUCTION

The Dense Plasma Focus is a self-focusing high
current discharge in ararefied gas. The CPS pushed by its
magnetic field is pressed to the camera axis producing
high-temperature dense plasma object. This plasma is a
different radiations source such as soft and hard X-ray,
neutron radiation, charged particles and radiation the
visible region. Therefore Plasma Focus is considered not
only as a source for the inertial confinement fusion (ICF)
with homogeneous irradiation of the X-ray [1], but dso
for high density lithography [2, 3], X-ray microscopy,
radiography [4] and materials modification [5].

Investigations with such gasfilling as neon, argon, heavy
hydrogen and their mixes are represented in this aticle
Modification of the research parameters a gas puff and a
capacitor bank voltage changing was observed frequently.

In this paper, we intend to make the mechanism of the soft
X-ray generation more clearly. For this purpose was used
measurements with an imaging Bragg spectrometer, a high
speed imaging system a the base of dectron-optica converter
with MCP in the visble region, the soft X-ray pinhole camera
and alaser shadowgraphy and interferometry.

2. APPARATUS
2.1. PLASMA FOCUSFACILITY

A Mather type plasma focusfacility was used to generate a
current sheet for compressing filled high Z gases The
discharge occurred between two single-axis dectrodes The
diameter of theinner (anode) and the outer (cathode) electrons
were 30 mm and 53 mm, respectively. Their lengths were 60
and 55 mm, respectivey. The condenser bank congsted of
4x12 uF, 25kV cgpaditors The fadlity operated at the bank
vatage from 8 to 14 kV and the totd current did not exceed
0.4 MA at itsmaximum. Gas pressurein different experiments
was from0.3t0 6 Torr.

Fig.1 shows the photo facility with different diagnostics,
Fig.2 isaPlasma Focus with moving current sheath view.

2.2. DIAGNOSTICS

A variety of diagnostics were employed to obtain
more detailed information about macroscopic behavior of
the CPS and plasma emission.

Electron-optical converter with MCP was used to obtain
photos of the CPS and plasma dynamics with high (3 ns)
tempord resolution. A digital camera NIKON-750 recorded
screen luminesity. The 200 um pin-hole was installed before
electron-optical converter to obtain clear Soaial image.
Regigtration was produced under 90° to the vertica axis.
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Fig.1. Photograph of the PF chamber with the different

diagnostics
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Fig.2. Plasma Focus with moving current sheath view

Registration of the region over anode plane in the
visible region was carried out with the help of CCD-
camerawith 2 pusresolution.

Lasxr shadowgraphy and inteferometry were based on a
snglepass Mach-Razhdestvensky  inteferometer with  the
varying am of 1 —2m, an gpature of 10cm and Nd:YAG-lasr
a the second harmonics (A =1.06 um and 532 nm) with the pulse
of 1220 mJfar 3ns The plasmalight was removed by an aperture
placed & the focd point of the imaging lens and a glass filta's
mounted just before theimage sensor. CCD cameaawith gperture
of 6.5x4.8mm szeand 8.3 x 8.3 um pixd Szerecorded Sgnd.
The dynamics and dructure of the focusad plasma can be
obtained with framing shadowgraphy, providing appropriate time
delay between thelaser probing and plasmapinching ingtants

An imaging Bragg spectrometer with convex mica
crystal was employed to analyze the soft X-ray emitted
from the pinched plasma. A mica (2d = 19.884 A) convex
crystal with the diameter of 40 mm was employed in this
spectrometer. For the imaging, an entrance dit of 2.5 mm
in width and 19 mm in length was used. The spectrometer
was capable of collecting X-ray spectrain a3 ... 18A
region with the resolving power of R=A/6\ > 500 and the
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dispersion from 0.15 to 0.05 A/mm. The angle between
the spectrum viewing direction and the plate axis was
about 45°. Closeness of the measured lines permitted to
avoid a spectral calibration of the spectrograph. For
removing background light and to additional crystal
defense from direct plasma flow 5 um Al foil filter was
arranged between an entrance dit and crystal. A
RAR2494 film was employed as arecording medium.
Discharge integral photos were obtained with the help
of the soft X-ray pinhole camera on the X-ray film of
RAR2494 type. The diameter of the pinhole was 230 um.
Beryllium fail filter (12 um of thickness with a pass band
L <20A) prevented from the visible light also emitted
from the source. Combination of the applied film and the
Be foil filter gave aregistration region from 0.3 to 20 A.

3. RESULTSAND DISCUSSION
3.1. DYNAMICSOF THE PLASMA
LUMINOSITY INTHE VISIBLE RIGION

By means of the dectron-optica converter with built-in
MCP, photos of the plasma and current luminescence in a
visible range have been taken (Fig.3). Synchronization of the
moment MCP gtart was carried out by means of asgna from
the magnetic. The time synchronization was carried out in a
rdation to the moment of the maxima current sheath
compression, which coindde with the festure moment on a
current derivaive Thetime expostion was about 3 ns.

In the photos obtained using neon as a filling ges it is
vighle, tha a the time interval of 100 ns to —200 ns before
the maxima compression of the CPS when in aphoto it is yet
visble, on an axis of the chamber dready is available
obvioudy expressed pre-pinch. At the moments of time from -
10 up to +20 ns shining aress of the spherica form have been
found out. The luminescence of an evaparating meta from the
anode was seen through some microseconds after the maximal
CPS compression.

In the phatos made by means of CCD camera with two
microseconds resolution (Fig.4) the verticd current column is
vishle. In a different time moment the current shining zone
has various widths from 2 mm up to 2...3 am. In some photos
similarity of twigting light layersisvigble It can be explained
by a twisting of current. In these experiments argon was used

asafedinggas
{a)

piza \
D“';:_m,:"’":‘h‘l-l Phatnmuitisliss l—

:/E“:‘|

+15ns +2500 ns

Fig.3. EOC images of the discharge in the visible light at

the different instants
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Fig.4. Images obtain by CCD camera with 2 us exposure

3.2. INTERFEROMETRY MEASUREMENTS

On Fg5d the shadow photo of compressed CPS which
made with use of the Nd YAGHasx is regresmted.
Synchronization was carried out by the photo diode impulse what
aroxe during the moment of current sheeth passage under it.

The plasma sheath during the compresson phase on the
PF device generdly has a good quas-cylindricd axid
symmetry, hence only one perpendicular direction of laser
probing may be applied, and then the Abd integrd equation
provides a good approximation. The obtained image is shown
in Fg.5,c). The interferentid fringes are singled out and the

(b} i e 02 )
L o el (2
o) s Bk

Triggearing pulsa
gEnsmkr
WIG-2

Fig.5. (a) Principal scheme of laser diagnostics and apparatus synchrz)cnization; (b) Profiles of electron density
obtained at different distances from anode surface. Samples of interferometric; (c) and shadow (d) images obtained
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phase didribution is determined by the fringe shifts The
cdculation of the dectron dengty profile is carried out using
numericd procedure of Abd inveson. The piecewise-
parabalic approximation of a refractive index profile with
vaiable piece lengths is employed to reduce paraxid eror
growth. The earor in the caculaion was less than 10...20
percent. An example of data obtained is shown in Fg.5,b).

3.3. INTEGRAL PHOTOSAND SPECTRA IN
THE SOFT X-RAY REGION

Integral plasma shining in the soft X-ray region isshown in
Fig.6. The photo has been made with the help of integra
pinhole camera. The height and width of the brightest pinched
plasma region wee 4 and 1.5mm, respectivey. Recorded
rediation liesin aband from 0.3 upto 20 A.

Spectrum and densitogram of neon plasma, which consst of
the resonance lines of the H-like and Helike ions and ther
satdlites in region 9...14 A is shown on Fig. 6. The spectrdl
linesNeX 12134  (H-likeLymen o), NdX 13447  (Helike
resonant ling), NelX 13549  (Helike intercombinatory line),
"Member of Principd Seaies' (MPS) lines and a continuous
radiation were registered. Initid identification of the spectrawas
produced using the H-like and He-like resonancelines.
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Fig.6. Spectrum and densitogram of neon plasma, which
consists the resonance lines of the H-like and He-like ions
and their satellites

Consequent identification was carried out by means of the
fdlowing work [6]. The dedtron temperature was determined
usng the ratio of the intengties H-like (linel on Fig.6) and it
sadlite19 (Te~220¢eV). The dedron densty was cdculated
from the ratio of the intengties He-like resonance line2 and
intercombinatory line 20 (Ne~ 3:10% cm?) [7, ).

Smilar expaiments were carried out with argon and its
mixes with heavy hydrogen as a filling gas In spite of greeter
festures on the current deivative and dgnificant output of
neutrons for the dischargein amix (2:10° neutronsin 4r ), in
the given experiments spectra were not observed. The most
probable explanation of this fact is thet the temperature of the
compressed plasmais nat high enough to excite H- and Helike
ions series of argon.

The particular advantage of used methods is smultaneous
measuring of the dectron temperature and density by means of
the groups of the nearby linesthe same dementsthat alowed to
atribute obtained vaues Ne and Te to the same area. Besides
usng gases with different charges of the nucleus will permit to
messure higher dectron densitiesup to Ne~ 107 cm®,

CONCLUSIONS

The dynamic behavior of the PF discharge in the vishle
region was observed usng shadow method on the base of the
Mach-Rozhdestvensky interferometer, phatographing with the
help of the dedron-optical converter and CCD-cameraimaging
sysem. The exigence of pre-pinch in the time range from —10
up to +20 nsrelative to peculiarity on the current derivative was
demongtrated pheredlike shining.

Usng the convex Bragg spectrometer, we obtained the
monochromatic images of the soft X-ray spectrd lines for the
NeX Lyman sgies and for the NelX series In dmilar
experiments with argon and its mixes with heavy hydrogen
dmilar sxies is nat reveded. Mogt probably, it is caused by
insufficient plasmatemperature.

Thededron temperature and density of the plaamahot gpots
were edimated by several methods.  Electronic temperature
~200€eV has been recaved from rdative intensties of the
resonant lines and their satdlites Using relaive intensty of
intercombinatory and resonance lines NelX the dedronic
density of plasma ~ 3-10" cm™® has been cdculated. The same
result within experimenta accuracy has been received by means
of interferometry measurements
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JAUATHOCTHUKA IIJIA3BMbI B BUIUMOM U PEHTTEHOBCKOM JIMAITA3OHAX
HA YCTAHOBKE IIJIASMEHHbBIA ®OKYC Md-4 (YCTAHOBKA TIOJIBITAH)

C.II. Enucees, B.A. Hukynun, A.B. Ozunoe, A.A. Tuxomupos
ITpuBesieHbl pe3ynabTaThl SKCHEPUMEHTOB, IPOBEICHHBIX HA IUIa3MEHHOM (okyce ¢ HepreTukoil okono 4 k/x. C nomouipo
JNEKTPOONTHYECKOrO Ipeoldpa3oBaTess C pa3pelIeHHEM OKOJO 3 HC IONY4YeHbl CHUMKH TOKOBOW IUIa3MEHHOH 000JI0YKH,
MIPEANHHYA, APOOOPAsHBIX CIYCTKOB B BUAMMOM JHanasoHe. PagpanbHas CKOPOCTh TOKOBOM 060moukn ~ 107 cM/c. DiekTpoHHast
IUIOTHOCTh HEOHOBOH ITa3Mbl, W3MEPEHHAs C IOMOIIbI0 HHTepdEeporpaMM B BHAMMOM JHAlla30HE M CIEKTPOB B MSATKOM
PEHTIeHOBCKOM auanasoue, paHa 3-10% em, Dnexrponnas temmeparypa miasmbl okono 200 9B. C HOMOLIBIO KaMepbl-0GCKYpbI
clieNlaHbl MHTErpajbHble CHUMKHM M3JIy4eHHs B MATKOM pEHTreHoBckoM auamnazoHe. C momompto [I13C kamepsl HOMydeHbI

(oTorpadun cBeueHus IU1a3Mbl B IPUAHOAHON 30HE MIIA3MEHHOT0 (oKyca ¢ pa3peleHreM 2 MKC.

JIATHOCTHKA IIVIASMU Y BUIUMOMY I PEHTTEHIBCBKOMY JIAITA3OHAX
HA YCTAHOBIII IVIA3SMOBHM ®OKYC I1d-4 (YCTAHOBKA TIOJIBITAH)

C.II. €nucees, B.A. Hikynin, A.B. Ozinos, A.A. Tuxomupos
[puBeneHo pe3yabTaTH EKCIEPUMEHTIB, MPOBEICHHX Ha IUIA3MOBOMY (OKyCi 3 eHepreTukor Oim3pko 10 4 x/[x. 3a
JIOTIOMOTOI0 €JIEKTPOONTHYHOTO MEePETBOPIOBaYa 3 PO3MLUICHHSIM OJIM3bKO 3 HC OTPUMAaHi 3HIMKHA TOKOBOI ILIa3MOBOI OOOJIOHKH,
nepeniHya, KylIenoaiOHuX 3rYCTKIB y BHAMMOMY AiarmasoHi. PamianbHa mBHAKICTH TOKOBOi oGomonkn ~ 10° cm/c. EnektpoHHa
TYCTHHAa HEOHOBOI IUIa3MH, BHMIpIOBaHA 3a JOMNOMOrOI0 iHTepdeporpam y BHAUMOMY Miala30Hi i CIEKTPIB y MSIKOMY
peHTreniBcbkoMy aiarasoni, nopisaioe 3-10% cm. Enexrponna Temneparypa miasmu Giussko 200 eB. 3a IOIOMOrO0 KamepH-
00cKkypu 3po0JieHi iHTerpaibHi 3HIMKH BUIPOMIHIOBAHHS B M'SIKOMY PEHTTEHIBCbKOMY miama3oni. 3a momomororo [13C kamepu

orpumani pororpadii CBITIHHS IUIA3MK B IPUAHOIHIH 30Hi 1a3MOBOT0 (hOKyca 3 PO3ILIOM 2 MKC.
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