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In the present paper we pr opose a mode l of phys ical phenomena b ehind
the front face of the electro des in an imp ulse plasma accelerator . T he mo del is
based on the results of recent exp erimental observations and measurements.

I t correlates plasma dynamics w ith mechanism of phenomena in a column
of pinchin g plasma. On the contrary to the previous mo del the current one
suggests the series of relatively short pulses of metalli c ions from the erosion
of electro de material. T ill now the pinch w as treated rather as a nearly

continuous source of metallic plasma , feeding the pro cess w ith ions from the
erosion of electro de material.

PAC S numb ers: 07.05.T p, 52.30. { q, 52.35.Py, 52.77.Dq

1. I n t rod uct io n

The impul se pl asma generated by an electri c discharge is an e£ ci ent source
of ions. W hen appro pri atel y contro l led by electri c and magneti c Ùelds, di scharge
cham ber geom etry and param eters, pl asma can be used in surf ace engineering as
a to ol for synthesi zing m ateri als in the form of coati ngs deposited on di ˜erent
substra ta .

D uri ng the im pulse pl asma depositi on (IPD ) pro cess pl asma is generated
in the worki ng gas due to a high-volta ge high-current pul se discharge, igni ted
wi thi n a coaxi al accelerato r [1]. Schemati c di agram of the IPD apparatus is shown
in Fi g. 1. A system of two coaxi al electro des (a cyl inder and a rod, insul ated
from one another by a ceramic m ateri al ), in whi ch the plasma is accelerated by
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the Lorentz force, is the m ost e£ cient and com monly used soluti on for pl asma
engineering. At the outl et of the accelerato r, plasma consists of the ionized ato ms
of the worki ng gas and the eroded electrode m ateri al. In parti cul ar, to obta in
ti ta nium ni tri de coati ngs a ti ta ni um rod is used as the interna l electro de and
ni tro gen as the worki ng gas.

Fig. 1. Scheme of the impuls e plasma coaxial accelerator.

Theo reti cal models and computa ti onal studi es have signi Ùcantl y increased
the understa ndi ng of the IPD process. In our earl ier studi es [2] we worked out a
physi cal m odel of dyna mic phenomena duri ng a coaxi al phase of IPD discharge.
There has been also, however, a conti nual ly growi ng dem and for val idatio n of
pl asma dyna m ics code by com pari son wi th relevant exp erimenta l observati ons.
Theref ore, a special program me was started [3, 4] to investigate pl asma dyna m ics
wi th the help of hi gh-speed photo graphy, X- ray and ion beam diagnostics.

In the present paper we report physi cal phenomena in a z -pinch area behind
the front face of the accelerato r electrodes. Thi s m odel is based on the results of
recent exp erimenta l observati ons and m easurem ents [5, 6]. It correla tes pl asma
dyna mics wi th phenom ena in a colum n of pinchi ng plasma.

2. E x per i m ent a l st ud ies of z -p i nch region

The structure of the current sheet, as wel l as dyna m ics of i ts spreadi ng, has
been examined experim ental ly in a vi sible spectrum wi th the hi gh-speed fram e
cameras (HSFCs) [5]. In the fol lowi ng Ùgures (see Fi g. 2) the appro pri ate pl asma
im ages obta ined duri ng the current Ùrst ha l f-period of accelerato r work are pre-
sented. The speciÙc ti lt of discharge sym metry axi s to wards botto m of observed
region is caused by the diagnostic wi ndows cut in an upper part of the outer elec-
tro de. Pl asma out Ûow thro ugh these wi ndo ws rel ieves the movi ng current sheet
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of swept gas and accelerates m oti on in the upp er side of the discharge chamb er.
Thus plasma from thi s region overta kes in evoluti on plasma from the unm odi Ùed
part of accelerator on the botto m of the photo graph.

t = 1 1 : 5 0 ñ s, t = 1 3 : 4 0 ñ s, t = 1 3 : 4 4 ñ s,

t = 1 5 : 2 9 ñ s, t = 1 9 : 4 4 ñ s, t = 2 1 : 4 3 ñ s,

Fig. 2. H igh -speed images in visibl e spectrum of plasma at the I PD accelerator outlet ;

U = 6 kV , C = 1 00 ñ F, w orking gas | nitrogen at p = 60 Pa, electro de front- end on

the lef t side of the image, image w idth | 8. 5 cm.

One can observe the characteri stic features of the z -pinch region behind the
front face of the accelerator electro des:

{ The dense pl asmoid as the result of plasma sweeping on the current sheet
surf ace in the region of the Raleigh{ T aylor instabi l ity ;

{ Pi nchi ng of the pl asma colum n.

The emission of X- rays and ion beams have been exam ined exp erim ental ly
wi th the help of XET (X- ray energy in ti m e) detecto r and Faraday Cup [6]. These
signals ha ve been correl ated wi th to ta l discharge current ti m e deri vati ve from the
R ogowski coi l . The presence of sim ulta neous emissions of X-rays and ion beam s
has been pro ved. These emissions probably are correl ated wi th pl asma colum n
pi nches | unf ortuna tel y, the hi gh-speed photo graphs and the emission diagnostic
were ta ken duri ng di ˜erent experim ental sessions.
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Fig. 3. Exp erimental results of X -ray and ion beam diagnostic s; markers on hori zontal

time scale | 10 ñ s/div, signals in the channels (f rom top to bottom ) | electric current

as measured w ith the Rogow ski coil, ion b eam diagnosti c w ith Faraday C up, hard X -rays

from X ET detector, soft X -rays ¿ 2 keV .

Af ter 1 5 ñ s from discharge igni ti on one can observe a f ew to more tha n ten
sudden oscil lati ons of electri c current (see Fi g. 3). Each oscil lati on has a wa velength
of about 0.1À 0 : 5 ñ s, the mean distance between pul sesequals 2.0À 2 : 5 ñ s whi le the
dura ti on of oscillati on period reaches about 2 0 ñ s. The situa ti on repeats duri ng the
second half -period after the change of electro de system polari zati on. The observed
ti m ing stri ctl y correl ates wi th stages of IPD accelerato r dischargepredi cted by the
theo reti cal m odel [2, 3] previ ously worked out and wi th pl asma images from the
hi gh-speed fram e cam era.

3. P hys ical p hen om ena in z -p inch p lasm a

R esults of X- ray and ion beam emission observati ons, as well as the fram e
camera im ages lead to the fol lowi ng model of the physi cal phenom ena duri ng
pi nchi ng of plasma colum n:

¯ The z -pi nch of the IPD pro cess looks much l ike an arc di scharge colum n
wi th some so-cal led \ sausage" instabi l i ti es, separated from one another in
space and ti m e. The regions of thi s instabi l i ty looks l ike a narro wi ng of
pl asma colum n. Pl asma pinchi ng in the narro wi ngs causes the emission of
soft X- rays ( ¿ 3 keV) and ion beams wi th ki neti c energy of ni tro gen ions
estim ated for 10{ 15 eV.

¯ The dura ti on of the z -pinch phasereachesabout 2 0 ñ s. Thus the nature of the
IPD pi nch signiÙcantl y di ˜ers from the typi cal z -pinch in the Plasma-Focus
devi ce, dominated by the num erous sausage instabi l i ti es.
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¯ In the z -pinch colum n a beam of energeti c electrons is accelerated to ward
the interna l electro de front end. Thi s phenom enon e˜ects in a characteri stic
funnel - like erosion of electro de m ateri al. Diagram of erosion mechanism of
thi s typ e is shown in Fi g. 4. Such erosion has been observed even in the case
of alum inium oxi de insert [4], whi ch is a very good dielectri c.

Fig. 4. Mo del of electron motion in the region of internal electro de free end w ith the

ceramic insert.

The presented Ùndings increase the understa ndi ng of the IPD pro cess and
thus the depositi on of coati ngs on substra te surf ace. Ti l l now the pi nch wa s trea ted
rather as a nearl y conti nuous source of m etal l ic plasma, feeding the pro cess wi th
ions f rom the erosion of electro de materi al . On the contra ry to the previ ous m odel
the results of recent exp erimenta l observati ons and m easurements suggest the se-
ri es of relati vely short pul sesof ions.
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