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The temporal evolution of neon pinch plasmas, generatead2 kJplasma focus device, has been investi-
gated by x-ray spectroscopic methods for two sets of device parameters. These two sets lead to characteristic
differences of th&K-shell emission. Stationary models are shown to fail to explain the experimental observa-
tions even qualitatively. Transient spectra analysis shows that the characteristic differences observed can be
referred to different transient modes of plasma dynamics. The spectra analysis includes beside resonance lines
also dielectronic satellites and recombination continua. The results concerning the development of the plasma
parameters achieved by the spectra modeling are supported by independent measurements of the time resolved
K-shell emission and by optical streak images of the pinch plasma dynamics, which confirms the reliability of
the transient spectroscopic analysis presef®t063-651X97)12510-7

PACS numbd(s): 52.25.Nr, 52.55.Ez

[. INTRODUCTION pretation of the experimental emission spectra have been
employed.

Dense, highz plasmas with electron densities of about ~ The usual approach to the investigation of transient plas-
107° cm 2 and temperatures of several 100 eV are intensénas is obtaining the time-dependent plasma parameters from
sources of pulsed radiation in the soft x-ray rarigeout 50 the magnetohydrodynamic8HD) calculations and their
eV-5 keV photon energyand can be generated with labo- Subsequent use in a spectroscopic postprocésspr[1,5—
ratory scale devices. Various devices for the generation ot0l), where often only a part of the spectral information like
such plasmas are under investigation: laser plasfagch, total yield or a few resonance lines is compared to experi-
gas puffs, capillary discharges, vacuum sparks, or the plasnfaental data.
focus. In this paper the plasma focus device is under discus- N addition toK-shell resonance lines we also investigate
sion[1]. in detail dielectronic satellite spectra and recombination con-

Typical time scales of collisional and radiative processedinua. The transient spectra modeling presented is based on a
of such plasmas are of the same order of magnitude as tHgw crude assumptions concerning the qualitative evolution
lifetime, which is of about several nanoseconds. The naturéf the plasma parameters, which are confirmed by time re-
of the plasma development is therefore essentially transiengolved measurements. The absolute values of the plasma pa-
The understanding of the various transient processes is ¢g@meters are estimated by comparing the calculated time in-
great importance for the specification according to differentegrated spectra to experimental highly resolved spectra. The
applications and their optimization. This knowledge allows,overall spectra modeling is shown to deliver reliable infor-
for example, the tailoring of flexible x-ray sources havingmation about the time-dependent plasma parameters. It is
special spectral characteristics concerning wavelength regio¥hown that for the phase of plasma decay dielectronic satel-
or bandwidth demanded by a given application. Furthermordite spectra and photorecombination provide information
the transient coupling in plasmas becomes of importance forbout different possible modes of plasma decay. Time inte-
scaling down the devices to lower currents in order to havdrated spectra of transient neon pinch plasmas have been
tabletop size for laboratory applications. Especially for x-rayconsistently interpreted.
lasers based on a gas dischaf@e4] the understanding of
the transier_1t coupling of the plasmgiparameters and 'radiativg. EXPERIMENTAL SETUP AND PLASMA FORMATION
processes is a necessary precondition for, e.g., scaling down
to lower wavelengths. The experiments were carried out using a plasma focus of

For the plasma focus under investigation the full set ofMather type[11]. A schematic drawing is given in Fig. 1.
determining device parameters is accessible. The possibilitfhe storage capacityG=36 uF) is connected by a low
to correlate uniquely the device parameters and the plasniaductance spark gap to the electrode system, which is em-
parameters enables the deduction of scaling laws and optimbedded in a high-Z gas filling with pressures of several 100
zation criteria. Pa. The anode radius was=1 cm. The inductance of the

The present paper deals with the experimental and theaapacity bank, the electrical connections, and the switch are
retical investigation of the plasma dynamics. X-ray spectro-of aboutL =20 nH. The system is operated using a voltage
scopic methods and transient spectra modeling for the intebetween 8 kV and 12 kV leading to pinch currents in the
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system. This sliding discharge leads to a homogeneous cy-
lindrical plasma layer. In the second phase this layer is ac-
celerated by Lorentz forces to the end of the anode collecting
i) | mica-spectrograph the neutral gas particles. Simultaneously the current rises to

coltapse . —— MOT__ its maximum value during this second phase.
i and pinch _ J7"} The last two phases are similar toZapinch dynamics.

c E The plasma layer is accelerated towards the axis and on
: reaching the axis the accumulated kinetic energy is con-
verted into thermal energy leading to a dense and hot pinch
: plasma. The temperatures achieved lead to emission from
highly charged ions. The process of thermalization of the ion
FIG. 1. Scheme of the plasma focus with the four phases of th&inetic energy goes in two steps. First the kinetic energy of
discharge development. In addition, the region covered by the slithe ions is converted to thermal energy of the ion gas. The
used in the optical streak measurements is shown schematically. kinetic energy of the C0||apsing electrons can be neg|ected
because of their low mass. The electrons are heated by the
%ot ion gas.
The last two phases of the discharge determine the dy-
Samics of the pinch plasma and the x-ray production. It can
§F shown that for the device under investigation three device

current going through the pinch plasma which was shown tfparameters uniquely determine these two phases _for_a fixed
be different from the total device current due to leakage cur€lément. These parameters are the curiigat the beginning
rents above the anode. Details concerning the setup for tH the compression phase, the number density of the neutral
current measurements and the leakage current behavior &9@s or the working gas pressyrand the radius of the anode
given in Ref.[12]. a [13].

The typical electron densities of the pinch plasma are in These device parameters can be correlated with the pinch
the range of 1% cm™3, electron temperatures are of the plasma parameters. Based on similarity considerations,
order of several 100 eV. These parameters give rise to awhich are discussed in more detail in REf3], the ion and
intensiveK -shell line emission, in particular those of the H-, electron temperatures achievable in the pinch plasma scale as
He- and Li-like ionization stages. Tex13/(pa®). Keeping this parameter constant, i.e., discuss-

The spectra of the neon pinch plasmas were taken bjng plasmas in equal temperature regimes, and assuming
means of a cylindrically curved defocusing mica crystal po-negligible radiative losses compared to the total energy input
sitioned in axial directior(see Fig. 1 The curvature radius into the pinch plasma the ion density is expected to be pro-
of the crystal was 1 cm. The distance between the plasmgortional to the neutral gas pressume<p.
and the bent mica crystal (2=1.992 nm was 33 cm. To The transient plasma dynamics is essentially determined
prevent visible light illuminating the detectéFuji 80 x-ray by the confinement parameteyr , wherer is the lifetime of
film), a beryllium foil with thickness 12:m was positioned the pinch plasma. So by using different neutral gas pressures
between the pinch plasma and the crystal. The total spectrghe confinement parameter can be varied as will be shown
resolution, which is determined by that of the crystaf below.
about 1300 and a contribution due to the finite size of the
source in the respective wavelength regiabout 400.m),
is of abouth/A\=900. lll. X-RAY EMISSION OF NEON PINCH PLASMAS

Time resolvedK-shell emission in axial directiofisee
Fig. 1) was investigated using a microchannel plate detector Figures 2a) and 2b) show theK-shell emission lines of
(MCP), which has a temporal resolving power better than 1H-, He-, and Li-like neon ions taken at working gas pressures
ns. The entrance of the MCP was covered by guifalu-  0f 400 Pa (,=260 kA =10 kA) and 200 Pal(=250 kA +
minum foil restricting the detected spectral range to wave-l0 kA), respectively. Figure (&) shows the H-like series
lengths below 1 nm. 1s 2Sy;,—np 2Pyjp3,Up ton=6 and the corresponding se-

Images in the visible spectral regime of the collapsing andies of He-like ions 3% 'Sy—1snp'P; up to the series limit.
of the expanding pinch plasma were taken using a streakhe present spectral resolution permits the clear identifica-
camera. A slit of 25um width was placed between the tion up to 1s? Sy—1s7p 'P;. Also resolved are the He-like
plasma and the optics of the streak camera in order to cut osiesonanceV line 1s? 'Sy—1s2p *P; and intercombination
a small region in axial direction allowing us to measure theY line 1s? 15— 1s2p °P;.
collapsing and expanding plasma laysee Fig. 1 In a dis- Besides the emission lines originating from single excited
tance of 2.5 mm to the end of the anode a region of abouevels there are observed numerous screened resonance tran-
100 xm width in axial direction is observed. The time reso- Sitions originating from the double excited autoionizing lev-
lution of the streak measurement is better than 0.5 ns. els 2nl’ and 1s2Inl’. These double excited levels give rise

The development of the discharge can be divided intdo so-called dielectronic satellite spectra. frer 2 these di-
four phases, which are also indicated in Fig. 1. In the firstelectronic satellites are well separated from the2 reso-
phase a sliding discharge builds up on the insulator aftenance lines. Higher order satellites=3) have two radia-
applying the voltage of the charged capacity to the electrodéve decay channels:

ignition

run down

range of 200—300 kA. More details concerning the devic
are described elsewhefr#2,21].

The current was measured using a calibrated magneti
probe which was positioned in the electrode system near th
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20 ' ' ' ' ellite spectra in the 400 Pa cafeig. 2(a)] suggest an elec-
@ Ly, tron temperature of about 200 eV resulting in g,ligtensity
w5 L much lower than that of th&V line, just opposite to the
experimental observation. We have investigated also various
162 1smp ] radiation transport effectgdifferent effective photon path

T lengths, ionization balance shifHowever, the principal dis-
1s-mp ] crepancies remain and cannot be resolved in a stationary
treatment.

It will be shown below that a complete transient spectra

analysis can resolve the discrepancies outlined above.
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wavelength [ nm ) IV. TRANSIENT SIMULATION OF PLASMA DYNAMICS
10 . - - T Transient effects in the line formation become of increas-
®) " ing importance if the time scales for atomic processes are not
— 08 § small in comparison to the time scales for the change of the
2 » 1 plasma parameters. E.g., if the plasma suffers a fast heating
g osr 12 1smp e . process the ion abundance and the line emission originating
= from different ionization levels do not correspond to the
g oaf 54 3 . electron temperature. Both lag behind the electron tempera-
8 v ture. An example for Li-like ions is given in Rdf15]. In fast
= oz} 1s-3p q recombining plasmas we encounter opposite relations: the
)L k 220 ,J L’:ﬁ’ dfa_gree of ionization is higher compared to equilibrlum_con—
00 — - b ﬂ“ s ‘“‘;; . d.mons. when the eIe(_:tron temperature depreasgs. Durlng the
‘ ' wavelength [ nm ] time history of the pinch plasmas under investigation com-

pression and expansion take place. We therefore meet both
FIG. 2. (a) Experimental x-ray neon spectrum showing the 1s-phenomena, which leave their marks in the emission spectra.
np and 1s?-1snp series of H- and He-like ions together with its For the investigation of the transient line formation of the
He-like and Li-like satellites for the 400 Pa casle) Experimental  pinch plasma a collisional-radiative, metastable resolved,

x-ray spectrum at 200 Pa neon pressure. time dependent model has been employ/E8l:
- 1s’nl’ + Ao dn,
1s2Inl’ 1 S [ N — N
T 1521+ hw. @ dt i,iz#j Wijn; i%j Wiin;, 2

The first channel gives rise to satellite transitions on thewheren; are the atomic level populationgy;; are the vari-
red wing of the He-likéV line, which are not resolved. They ous collisional and radiative rate processes for the population
result in a “red” asymmetry of th&V line. The second de- and depopulation of the levels, namely, collisional excitation
cay channel is resolved from their respective resonance lineand deexcitation, ionization and three body recombination,
In the spectrum of Fig. @) the transitions §2Inl’ —1s22|’ dielectronic recombination and autoionization, and radiative
are seen fon=3,4. The He-like autoionizing levelsli2l’ recombination. Radiation transport effects have been taken
have similar decay channels resulting in a red asymmetry fointo account by means of escape factidg] and iteratively
the Ly, line. However, fom=3 the intensity is rather weak solving for the level populations. More details have been
and can hardly be used for diagnostics. The observed resdescribed elsewhefd 6,18,19.
nance and satellite lines are well suited for the determination The interpretation of the plasma dynamics was carried out
of plasma parametersee, e.g., the review of Boiket al.  in the following way.
[14])). (1) Generation of time-dependent parametegét) and
The spectra taken at 200 Pa and 400[Pigs. 4a) and  T(t) from a plasma bag model calculation and subsequent
2(b)] show characteristic differences in the line emission. use of these parameters for the calculation of emission spec-
(1) Dielectronic satellite spectra and recombination con-ra solving the set of differential equatiof®). In this frame
tinuum are practically absent for the 200 Pa discharge anéqgs.(2) can be considered as a postprocessor of the model

rather strong for 400 Pa. calculations. The use af,(t) andT(t) implies the assump-
(2) The intensity ratio of the Lyto W line for the 400 Pa tion of a single zone. However, detailed comparison of one-
spectrum is much higher than for 200 Pa. and two-dimensional modelings with those of a zero-

In a stationary treatment of the time integrated spectralimensional approach have shown that the zero-dimensional
conditions(1) and (2) contradict each other. To obtain very model provides a reasonable characterization of the plasma
low satellite spectra, the temperature must be of about 406volution [20]. Details concerning the present plasma bag
eV. For such electron temperature, the emission in thenodel are described elsewhg&il]. The plasma bag model
Ly,-line must exceed that of th& line by a factor of 2.5— describes the compression and the pinch phase in the frame-
4.5 for electron densities in the range of4010°%m 3. The  work of a quasi-one-dimensional model making use of a sim-
experimentally observed ratio for the 200 Pa spectrum isplified geometry of the plasma layer and assuming a homo-
however, only 0.4. On the other hand, the high intense sageneous density and temperature of ions and electrons. This
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FIG. 3. Simplified parameter dependenceTo{t) (full) and 12 13 14
n.(t) (dotted which was used for the fitting of the emission spectra. wavelength [ nm ]
The values at the instances—E correspond to those given in
Tables | and Il for the 200 Pa cag® and for the 400 Pa cagb). FIG. 4. (a) Theoretical spectrum fitting together with the experi-

The parameter dependence for temperature and density from thfental data for 200 Pa gas presstib Theoretical spectrum fitting

plasma bag calculations does not differ essentially in its qUalitatiVQc)gether with the experimental data for 400 Pa gas pressure.
behavior but has different numerical values also given in Tables |

and 1. T. andn,. Comparing the emission spectra resulting from
the numericahg(t) and T.(t) provided by plasma bag cal-
model includes the coupling of the device parameters to theulations with those of various testing functions allows us to
hydrodynamic motion including acceleration of the plasmause a simplified dependence, as shown in Fig. 3. A slow
due to magnetic forces, shock heating at the boundary of thieeating and compression phasa-B,” a further short com-
plasma layer to the neutral gas, thermalizing of kinetic enpression to maximunT, andn, “ B-C,” a short expansion
ergy in the pinch phase, heating of electrons by hot ions andnd cooling to medium plasma parametef6-D,” and a
Ohmic heating, and the influence of radiative processes olong lasting cooling and expansion phas®-E.” Proper
the plasma parameters. These processes are described in $a¢ection of thel, andn, at the instant®\—E leads to emis-
zero-dimensional approach within the temporal evolution ofsion spectra which practically do not differ from those em-
electron density and temperature. ploying numerical values from the plasma bag calculations.
(2) The atomic structure of Eg.2) includes resonance The phaseA-B corresponds to the end of the compresion
lines, forbidden transitions, and in a detailed manner the diphase before the plasma layer reaches the axis. The fast in-
electronic satellite lines 2121'-1s?21" and 221’ —1s2l”  crease in density and temperat@< is due to the thermal-
of Li- and He-like ions and the recombination continua. The-izing of the kinetic ion energy and subsequent heating of
oretical emission spectra were therefore used for purely speelectrons. With the additional internal energy of the kinetic
troscopic investigation of the plasma dynamiog(t) and ions the pinch plasma pressure exceeds the magnetic pres-
Te(t) are regarded as “test functions” providing a theoreti- sure which will lead to the expansion in the pha€eP and
cal spectrum to be comparable with the experimental oneD-E.
Starting point for the test functions were the results obtained ) o )
by the plasma bag calculations. _ TABI__E I. Plasma parameters at the_ instaAtsE indicated in
This method enables the theoretical investigation of dif-F19- 3 given by the plasma bag calculations. In parentheses are the
ferent modes of plasma dynamics. Simultaneous fitting OForregted values, which lead to an improvement of the fitted spec-
many resonance and forbidden lines provides reliable inforum In the 200 Pa case.
mation about time dependent plasma parameters and can B
used for a refinement of the results of pure MHD calcula-

grameter A B C D E

tions. T (n9 -23 -3 0 3 10
The emission spectra strongly depend on the principal ber, (ev) 50 150 650525 150 50
havior of the plasma parameters, namely, duration of comn_(10%m™3) 0.3 15 20(2.5) 1.0 05

pression and expansion together with the maximum values of
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TABLE Il. Plasma parameters at the instaAtsE indicated in 10 o T
Fig. 3 given by the plasma bag calculations. In parentheses are th He @
corrected values, which lead to an improvement of the fitted spec- o8 | -
trum in the 400 Pa case. ;
8 06 -
Parameter A B C D E _§
=4
Tns -16 -3 0 3 10 3 oaf
Te (eV) 60 200 370340 200(170 100(120
ne (10%m=3 07 3 3085 15(10 3.0 02 |
Figures 4a) and 4b) show the total spectrum fitting of %0 0o 60 00 5.0 10.0
the 200 Pa and the 400 Pa experiment obtained with the time [ ns ]
parameter development given in Fig.(Bigher series lines 10 ; ——r
1s-np, 1s?-1snp with n>4 have not been taken into the i T He ®) |
theoretical consideration The numerical values for the 08 L 4
plasma parameterg, andT, at the instant®\—E used for the
fittings are given in Tables | and Il. These two tables contain ¢ os L

the numerical values obtained from the plasma bag calcula §
tions and a set of corrected values resulting from the tran-g
sient spectra modeling. For the fitted spectra shown in Figs® °* [
4(a) and 4b) the corrected values have been taken into ac-
count. The corrections will be discussed below in more de- 02 I
tail. With both sets of plasma parameters a good agreemer
between experimental and theoretical results is obtained fo 00
the most essential spectral features: occurrence or absence
the recombination continua, lower intensity in the satellite
lines for the 200 Pa case in comparison with the 400 Pa
experiment, and the line ratios of th# line to the Ly, line.
Tables 11l and IV summarize the most important experi-
mental line intensity ratios together with the theoretical cal-
culations of the ratios of the time integrated intensities:

-10.0 -6.0 0.0 5.0 100
time [ns ]

FIG. 5. (a) Time-dependent ion abundances for nucleus, H, and
He, ground states obtained from the time-dependent plasma param-
eters as given in Table | for the 200 Pa gas pressimeTime-
dependent ion abundances for nucleus, H, and He, ground states
obtained from the time-dependent plasma parameters as given in
Table Il for the 400 Pa gas pressure.

_ te
k= ftA he(Ddt 3 reach a stationary regiman{r<5x10° cm~3s) [18]. In a
stationary regime ro7>10%cm 3s) with T,=550 eV,
for the emission lineK. Thel(t) are determined from Eq. n,=2X%10"%m 3, and Ls=0.7 cm (Lo is the effective
(3) using I«(t)=nk(t)AB(t)hw. A is the coefficient for photon path length obtained from experimental estimations
spontaneous decay aifdi(t) the escape factor for radiation and being in agreement with spectra modelitige relative
transport. ion abundance would be(nucleus)y0.81, n(H)=0.18,

As the atomic model includes simultaneously levels ofn(He)=5x10"3. So one would expect negligiblé/-line
various ionization stage®oron-like till nucleugthe solution  radiation that is in contradiction to the experimental results.
of Egs.(2) provides also the time dependent ion abundanc&he observed highV-line intensity compared to the | \line
shown in Figs. B8) and §b). In the 200 Pa case the fast is due to a long lifetime of the He-like ions with respect to
change ofT, andn, in time does not permit the ion abun- the total lifetime of the pinch plasma.
dance to be in a stationary regime. The time to proceed ion- For the experiments with 400 Pa gas pressure we meet not
ization to the nucleus is too long, the plasma expands beforenly different plasma parameters at maximum compression
the He-like ion abundance experiences a considerable déut also a different regime due to a higher value of the con-
population: the confinement parametesr is too small to  finement parameter. Although the temperature at maximum

TABLE IIl. Calculated and experimental line ratios of different TABLE IV. Calculated and experimental line ratios of different

transitions for the 200 Pa case. transitions for the 400 Pa case.

Transition Experimental ratio Theoretical ratio  Transition Experimental ratio Theoretical ratio
Ly, :W 0.45 0.49 Ly, :W 1.14 1.07

W:Y 6.1 5.7 W:Y 3.8 3.6

W: (1s?-1s3p) 4.8 4.4 W: (1s?-1s3p) 3.8 3.7

Ly, :(1s—3p) 5.4 13 Ly, :(1s—3p) 7.7 7.8

JiLy, 0.02 0.02 Jily, 0.11 0.13
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compression is considerably lower than for the 200 Pa ex- 20— T L -
periment, the He-like ion abundance suffers a much higher :
depopulation due to a higher electron density and higher con-—, i\ Do
finement parameter. The nucleus reaches a higher populasg W i
tion. Figure %b) shows the time-dependent ion abundance = :
for the 400 Pa gas pressure. We want to note that also for thes 10 L i
400 Pa gas pressure the stationary regime is not completeh:;
approached. ForT,=350 eV, n;=8x10" cm~° and g
L#=0.7 cm one obtains the ion abundances E s 3.
n(nucleus}0.61,n(H)=0.36,n(He)=0.03. i zme S f [
Taking the average over the time interval fragito tg, 24N I, AN
where theK-shell emission is most intense, the He-like ion R, iz T iz
abundance for the 400 Pa experiment is lower than for the wavelength [ nm ]
200 Pa experiment. This is why the Lyntensity exceeds FIG. 6. Detailed spectrum modeling of the He-likm® -1snl”
that of the W-line, although the temperature at maximum satellites close to the H-like Lytransition for 400 Pa gas pressure.
compression is lower than for the 200 Pa experiment. This spectral interval has not been fitted separately but is a result of
Two-dimensional calculations of a plasma focus dis-the parameter dependence given in Table Il, which was also chosen
charge show also a strong fall off mdirection[22]. Exci-  for the total fit shown in Fig. @).
tation rates for dielectronic captu(®C) and collisional ex-
citation (C) for dielectronic satellites and resonance linesscopic argument it therefore seems that in the case of 400 Pa
scale according t¢DC)xng neexp(— Es/To)/T¥? and(C)  after maximum compression a phase with low electron tem-
ocngrneexp(—AE/Te)/Té’z. For the present plasma the elec- perature and higher electron density than predicted by the
tron temperatures are always smaller than the threshold eflasma bag calculations takes place, which gives rise to long
ergiesE, (capture energyand AE (energy gap The de- lasting recombination effects. In order to meet the experi-
crease of the respective excitation rates is thereforgnental intensities of the satellites and recombination con-
exponential with decreasing temperature. Moreover, MHDtinua, densities not much lower than or the same as the maxi-
calculations show that outer regions with lower temperaturéenum values are required. Otherwise the time integrated
correspond also to lower density resulting in a further dedntensity would be too low to compare with the experimental
crease of excitation processes. The exponential decrease withectra. Furthermore, a lower electron temperature of about a
T, together with the decreasing density in the outer region$actor of 2 is required. Otherwise the time integrated inten-
lead to negligible contributions from the outer plasma. Thesity of the dielectronic satellites would be too low due to the
present selection of emission lines of H-, He-, and Li-like exponential behavior exp(E/T.)/ T2 for the dielectronic
ions mainly originate from the hottest and densest partcapture.
Space resolved spectroscof®8] has demonstrated this ex-  As the satellite emission and the |Lyntensity is of cen-
perimentally. tral interest we performed detailed transient spectra modeling
The influence of plasma regions with lowgg can there-  of the He-like satellites 21'-1s2]".
fore be mainly due to photoabsorption, however, photoab- Keeping the behavior of plasma parameters as outlined in
sorption of satellite transitions in outer cold plasma sheath§&ig. 3, we arrive at the corrected values for the maximum
reported in Ref[24] cannot be responsible for the absence ofcompression and the expansion phase. These corrected val-
satellite spectra in the 200 Pa case. Experiments clearly showes are given in parentheses in Tables | and Il. With the help
the simultaneous absence of Li-like and He-like satellitesof this few corrections a favorable agreement for various line
For He-like satellites the absorbing ground states are thatensity ratios is achieved, as is already shown. Figure 6
single excited He-like 42| levels, which do not give rise to shows the details of the satellite spectrum close to thg Ly
any important optical thickness effects. line. There is a good agreement also in every spectral detail
based on the time-dependent plasma parameters given in
Tables | and II.

The predictions concerning the evolution of the plasma
parameters based on the spectroscopic considerations,
Although the use of the parameter development for elechnamely, the existance of a strong recombination radiation
tron temperature and electron density obtained from thafter maximum compression, is supported by time resolved

plasma bag calculations leads to a qualitative explanation aheasurements of the tot&l-shell emission and streak im-
the observed ratios for theé/ and the Ly, line, the differ- ages of the plasma dynamics in the visible range.

ences concerning the intensity of satellites and the occur- Figure 7 shows the totd-shell emission measured with
rence of recombination continua for the two different gasa MCP covered with a 1@m Al foil. For the 400 Pa gas
pressures, there are still discrepancies in the line intensity giressure a longer lasting wing in the emission profile is ob-
the dielectronic satellites and the forbiddérine especially tained, which is not so pronounced in the case of 200 Pa. As
in the 400 Pa case, namely, the satellites and the forbi¥den the MCP is covered with an Al foil and its direction of ob-
line have too low intensity. Higher satellite intensity can of servation coincides with those of the high resolution x-ray
course be obtained by lower temperatures at maximum conspectrometer the time-dependent MCP measurements corre-
pression. However, this will be in considerable disagreemergpond to those from the time integrated x-ray spectrometer.
with the Ly,- and W-line intensities. From purely spectro- To correlate the time dependent MCP signals with the evo-

V. DIELECTRONIC SATELLITE SPECTRA
AND RECOMBINATION CONTINUA
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FIG. 7. Experimental time-dependent total emission for the 400
Pa and 200 Pa gas pressures.

t ] —>
lution of the emission lines and the continua, Fig&) &nd -20 0 20 time [ ns ]
8(b) show the time-dependent emission of WeY, and Ly,
lines, of the H-like photorecombination continuuithe se- (b)
lected wavelength interval was between 1.0 and 1.0 nm
and the He-like photorecombination continuufselected
wavelength interval between 0.85 and 0.9)ntaking into I'mm
account the absorption in the 10m Al filter.

Based on these calculations the asymmetric form of the
x-ray MCP signal can be referred to recombination processes
in the plasma. At the cooling phase the amount of H-like
ions and nucleons stays high and the radiation resulting from
recombination processes forms long lasting wings in the
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FIG. 9. (a) Streak image of the collapsing and expanding plasma
. layer in a discharge with 200 Pa neutral gas presdimeStreak

image of the collapsing and expanding plasma layer for the 400 Pa
He;cont case.

50 -

dE/dt [ arb. units ]

00 o b TS oo x-ray emission. In the case of the 400 Pa experiment the

time [ ns ] wing has a higher intensity, because the electron density af-
00 . ‘ . ter maximum compression stays at a higher level than in th(_e
| (v) ) 200 Pa case. For 200 Pa the expansion of the plasma is
faster, which is connected with a more rapid decrease of the
electron density.

This different behavior of the plasma dynamics in the
decay phase is supported by streak measurements of the
plasma layer which are shown in Fig. 9. In the low pressure
7 case the duration of the high compression state is lower than
. 1 in the 400 Pa case. The plasma expands almost elastically for
. 200 Pa whereas at the higher pressure value it stays longer
A on the axis and has a lower expansion velocity. This is in
agreement with the similarity considerations for the MHD,
which suggest a velocity of the plasma layerscaling ac-
cordinguv < 1o/(p*2a) [13].

FIG. 8. (a) Calculated time-dependent emission of different ~Furthermore, the streak images support a higher maxi-
lines and for the recombination continua for the plasma paramete@®um compressiork in the 400 Pa casex is defined as the
given in Table | for the 200 Pa cag@) Calculated time-dependent ratio of density of neutral gas atoms to the maximum ion
emission of different lines and for the recombination continua fornumber density in the pinch phase. Using the numerical val-
the plasma parameters given in Table Il for the 400 Pa case. ues for the electron density shown in Tables | and Il and the

7\ He-cont

dE/dt [ arb. units ]

o.o N . ) I
-10.0 -5.0 0.0 5.0 10.0

time [ ns]



5966 K. BERGMANN et al. 56

numerical values for the degree of ionization taken fromalmost the same pinch current. These two sets lead to quali-
Figs. 5a) and §b) the compression is given by=60 for tatively different emission spectra.

200 Pa andc=100 in the 400 Pa case. The minimum diam- A multifold use of spectroscopic analysis was developed
eter of the pinch plasma observed in the visible range isnd demonstrated which exceeds the common approach of
lower in the 400 Pa case, indicating a higher compression afising spectroscopy as a simple postprocessor of gas dynamic
the pinch plasma. or MHD calculations.

Finally it should be noted that the results for the electron An overall transient fitting of highly resolved, time inte-
temperature from the spectroscopic considerations are also gratedK-shell emission spectra leads to a good agreement
agreement with the scaling law mentioned above. The temrot only when comparing resonance lines but also when con-
perature is assumed to scale according ¢@13/(pa?). Us-  sidering details of dielectronic satellite spectra. Stationary
ing the numerical values for the currei@70 kA for 400 Pa models were shown to fail to explain the observed character-
and 250 kA for 200 Pathe maximum electron temperature istic differences in the emission spectra for the two neutral
for 200 Pa is assumed to be higher by about a factor of 1.@as pressures.
compared to the 400 Pa case. Taking the numerical values The transient spectra modeling allows us to estimate the
given in Tables | and Il for the maximum electron tempera-evolution of the plasma parameters leading to an electron
ture this factor is about 1.5. A simple scaling law for the iontemperature ofTg™®=530 eV and an electron density of
density according tayp is not verified quantitatively by nI'®=2.5x 10'° cm~2 for the 200 Pa case at the instant of
the spectroscopic investigations. The model calculations preanaximum compression. The respective values for the 400 Pa
sented lead to a ratio of maximum ion number density ofcase are given byT®=340 eV anch™®=8.5x 10'° cm 3.
about 3.3 comparing the 400 Pa to the 200 Pa case, whereas These numerical values resulting from the model calcula-
the scaling law would predict a factor of 2. tions are in agreement with scaling laWgx13/(pa?) and

The zero-dimensional simulations of theshell emission  n_ocp which are based on similarity considerations. These
spectra make use of an appropriate choice of the pincBcaling laws predict a lower temperature and a higher density
plasma parameters assuming a homogeneous plasma. HoWhen increasing the neutral gas pressure keeping the current
ever, in a real plasma gradients in density and temperature nd the anode radius constant. The connection of the device
radial direction occur due to finite transport coefficients asparameters and the plasma parameters—here done for two
described, e.g., in Ref25] where a one-dimensional simu- sets of device parameters—allows the tailoring of the tran-
lation of a dense pinch plasma is presented. The most impokient pinch plasma dynamics. This is important for basic
tant contribution to the inhomogeneity of the plasma paramstudies of transient processes in plasmas as well as for the
eters will occur due to the process of thermalization of thedesign of pinch plasmas as laboratory scale x-ray sources for
kinetic energy of the ions when the plasma layer of the comgifferent applications.
pression phase reaches the axis. This process leads to a re-The detailed analysis of dielectronic satellite spectra pre-
flected shock wave running outward in radial direction. Duedicts a long lasting emission after maxiumum compression
to finite ionization time a smaller radius for hydrogenlike for the higher neutral gas pressure. This prediction has been
line emission is expected compared to the heliumlike lineconfirmed independently by time resolved analysis of the
emission. In this sense the zero-dimensional approach ovefotal emission and time and space resolved optical streak
estimates the number of ions emitting hydrogenlike line ratamera measurements. The predictive character of the dielec-
diation, especially in the present case where the pinch lifetronic satellite spectra concerns not only the determination of
time and the ionisation time from the heliumlike to the the plasma parameters but also the qualitative type of emis-
hydrogenlike level are of the same order of magnitude. Howsjon after maximum compression. This is of importance for
ever, this failure of the zero-dimensional approach can b@he understanding of the pinching process, especiaiiy be-
compensated by a proper choice of density or confinemenfause the above method is of general use and not connected

parameter which will not differ substantially from the real to the specific type of experiment presented here.
radial averaged density. So the zero-dimensional simulations

provide reasonable estimations of the plasma parameters.
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