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Spectroscopic investigation of highly transient pinch plasmas
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The temporal evolution of neon pinch plasmas, generated in a 2 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 theK-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 presented.@S1063-651X~97!12510-7#

PACS number~s!: 52.25.Nr, 52.55.Ez
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I. INTRODUCTION

Dense, high-Z plasmas with electron densities of abo
1020 cm23 and temperatures of several 100 eV are inte
sources of pulsed radiation in the soft x-ray range~about 50
eV–5 keV photon energy! and can be generated with lab
ratory scale devices. Various devices for the generation
such plasmas are under investigation: laser plasmas,Z-pinch,
gas puffs, capillary discharges, vacuum sparks, or the pla
focus. In this paper the plasma focus device is under dis
sion @1#.

Typical time scales of collisional and radiative proces
of such plasmas are of the same order of magnitude as
lifetime, which is of about several nanoseconds. The na
of the plasma development is therefore essentially trans
The understanding of the various transient processes i
great importance for the specification according to differ
applications and their optimization. This knowledge allow
for example, the tailoring of flexible x-ray sources havi
special spectral characteristics concerning wavelength re
or bandwidth demanded by a given application. Furtherm
the transient coupling in plasmas becomes of importance
scaling down the devices to lower currents in order to h
tabletop size for laboratory applications. Especially for x-r
lasers based on a gas discharge@2–4# the understanding o
the transient coupling of the plasma parameters and radia
processes is a necessary precondition for, e.g., scaling d
to lower wavelengths.

For the plasma focus under investigation the full set
determining device parameters is accessible. The possib
to correlate uniquely the device parameters and the pla
parameters enables the deduction of scaling laws and op
zation criteria.

The present paper deals with the experimental and th
retical investigation of the plasma dynamics. X-ray spect
scopic methods and transient spectra modeling for the in
561063-651X/97/56~5!/5959~9!/$10.00
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pretation of the experimental emission spectra have b
employed.

The usual approach to the investigation of transient p
mas is obtaining the time-dependent plasma parameters
the magnetohydrodynamics~MHD! calculations and their
subsequent use in a spectroscopic postprocessor~e.g.,@1,5–
10#!, where often only a part of the spectral information lik
total yield or a few resonance lines is compared to exp
mental data.

In addition toK-shell resonance lines we also investiga
in detail dielectronic satellite spectra and recombination c
tinua. The transient spectra modeling presented is based
few crude assumptions concerning the qualitative evolut
of the plasma parameters, which are confirmed by time
solved measurements. The absolute values of the plasm
rameters are estimated by comparing the calculated time
tegrated spectra to experimental highly resolved spectra.
overall spectra modeling is shown to deliver reliable info
mation about the time-dependent plasma parameters.
shown that for the phase of plasma decay dielectronic sa
lite spectra and photorecombination provide informati
about different possible modes of plasma decay. Time in
grated spectra of transient neon pinch plasmas have b
consistently interpreted.

II. EXPERIMENTAL SETUP AND PLASMA FORMATION

The experiments were carried out using a plasma focu
Mather type@11#. A schematic drawing is given in Fig. 1
The storage capacity (C536 mF! is connected by a low
inductance spark gap to the electrode system, which is
bedded in a high-Z gas filling with pressures of several 1
Pa. The anode radius wasa51 cm. The inductance of the
capacity bank, the electrical connections, and the switch
of aboutL520 nH. The system is operated using a volta
between 8 kV and 12 kV leading to pinch currents in t
5959 © 1997 The American Physical Society
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5960 56K. BERGMANN et al.
range of 200–300 kA. More details concerning the dev
are described elsewhere@12,21#.

The current was measured using a calibrated magn
probe which was positioned in the electrode system near
end of the anode. This enables a measurement of the
current going through the pinch plasma which was shown
be different from the total device current due to leakage c
rents above the anode. Details concerning the setup for
current measurements and the leakage current behavio
given in Ref.@12#.

The typical electron densities of the pinch plasma are
the range of 1020 cm23, electron temperatures are of th
order of several 100 eV. These parameters give rise to
intensiveK-shell line emission, in particular those of the H
He- and Li-like ionization stages.

The spectra of the neon pinch plasmas were taken
means of a cylindrically curved defocusing mica crystal p
sitioned in axial direction~see Fig. 1!. The curvature radius
of the crystal was 1 cm. The distance between the pla
and the bent mica crystal (2d51.992 nm! was 33 cm. To
prevent visible light illuminating the detector~Fuji 80 x-ray
film!, a beryllium foil with thickness 12mm was positioned
between the pinch plasma and the crystal. The total spe
resolution, which is determined by that of the crystal~of
about 1300! and a contribution due to the finite size of th
source in the respective wavelength region~about 400mm!,
is of aboutl/Dl.900.

Time resolvedK-shell emission in axial direction~see
Fig. 1! was investigated using a microchannel plate dete
~MCP!, which has a temporal resolving power better than
ns. The entrance of the MCP was covered by a 10mm alu-
minum foil restricting the detected spectral range to wa
lengths below 1 nm.

Images in the visible spectral regime of the collapsing a
of the expanding pinch plasma were taken using a str
camera. A slit of 25mm width was placed between th
plasma and the optics of the streak camera in order to cu
a small region in axial direction allowing us to measure
collapsing and expanding plasma layer~see Fig. 1!. In a dis-
tance of 2.5 mm to the end of the anode a region of ab
100 mm width in axial direction is observed. The time res
lution of the streak measurement is better than 0.5 ns.

The development of the discharge can be divided i
four phases, which are also indicated in Fig. 1. In the fi
phase a sliding discharge builds up on the insulator a
applying the voltage of the charged capacity to the electr

FIG. 1. Scheme of the plasma focus with the four phases of
discharge development. In addition, the region covered by the
used in the optical streak measurements is shown schematica
e
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system. This sliding discharge leads to a homogeneous
lindrical plasma layer. In the second phase this layer is
celerated by Lorentz forces to the end of the anode collec
the neutral gas particles. Simultaneously the current rise
its maximum value during this second phase.

The last two phases are similar to aZ-pinch dynamics.
The plasma layer is accelerated towards the axis and
reaching the axis the accumulated kinetic energy is c
verted into thermal energy leading to a dense and hot pi
plasma. The temperatures achieved lead to emission f
highly charged ions. The process of thermalization of the
kinetic energy goes in two steps. First the kinetic energy
the ions is converted to thermal energy of the ion gas. T
kinetic energy of the collapsing electrons can be neglec
because of their low mass. The electrons are heated by
hot ion gas.

The last two phases of the discharge determine the
namics of the pinch plasma and the x-ray production. It c
be shown that for the device under investigation three dev
parameters uniquely determine these two phases for a fi
element. These parameters are the currentI 0 at the beginning
of the compression phase, the number density of the neu
gas or the working gas pressurep and the radius of the anod
a @13#.

These device parameters can be correlated with the p
plasma parameters. Based on similarity consideratio
which are discussed in more detail in Ref.@13#, the ion and
electron temperatures achievable in the pinch plasma sca
Te}I 0

2/(pa2). Keeping this parameter constant, i.e., discu
ing plasmas in equal temperature regimes, and assum
negligible radiative losses compared to the total energy in
into the pinch plasma the ion density is expected to be p
portional to the neutral gas pressureni}p.

The transient plasma dynamics is essentially determi
by the confinement parameternet , wheret is the lifetime of
the pinch plasma. So by using different neutral gas press
the confinement parameter can be varied as will be sho
below.

III. X-RAY EMISSION OF NEON PINCH PLASMAS

Figures 2~a! and 2~b! show theK-shell emission lines of
H-, He-, and Li-like neon ions taken at working gas pressu
of 400 Pa (I 05260 kA 610 kA! and 200 Pa (I 05250 kA 6
10 kA!, respectively. Figure 2~a! shows the H-like series
1s 2S1/2–np 2P1/2,3/2 up to n56 and the corresponding se
ries of He-like ions 1s2 1S0–1snp 1P1 up to the series limit.
The present spectral resolution permits the clear identifi
tion up to 1s2 1S0–1s7p 1P1. Also resolved are the He-like
resonanceW line 1s2 1S021s2p 1P1 and intercombination
Y line 1s2 1S021s2p 3P1.

Besides the emission lines originating from single exci
levels there are observed numerous screened resonance
sitions originating from the double excited autoionizing le
els 2lnl 8 and 1s2lnl 8. These double excited levels give ris
to so-called dielectronic satellite spectra. Forn52 these di-
electronic satellites are well separated from then52 reso-
nance lines. Higher order satellites (n>3) have two radia-
tive decay channels:

e
lit
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56 5961SPECTROSCOPIC INVESTIGATION OF HIGHLY . . .
1s2lnl 8→H 1s2nl81\v

1s22l 1\v.
~1!

The first channel gives rise to satellite transitions on
red wing of the He-likeW line, which are not resolved. The
result in a ‘‘red’’ asymmetry of theW line. The second de
cay channel is resolved from their respective resonance li
In the spectrum of Fig. 2~a! the transitions 1s2lnl 821s22l 8
are seen forn53,4. The He-like autoionizing levels 2lnl 8
have similar decay channels resulting in a red asymmetry
the Lya line. However, forn>3 the intensity is rather wea
and can hardly be used for diagnostics. The observed r
nance and satellite lines are well suited for the determina
of plasma parameters~see, e.g., the review of Boikoet al.
@14#!.

The spectra taken at 200 Pa and 400 Pa@Figs. 2~a! and
2~b!# show characteristic differences in the line emission

~1! Dielectronic satellite spectra and recombination co
tinuum are practically absent for the 200 Pa discharge
rather strong for 400 Pa.

~2! The intensity ratio of the Lya to W line for the 400 Pa
spectrum is much higher than for 200 Pa.

In a stationary treatment of the time integrated spec
conditions~1! and ~2! contradict each other. To obtain ver
low satellite spectra, the temperature must be of about
eV. For such electron temperature, the emission in
Lya-line must exceed that of theW line by a factor of 2.5–
4.5 for electron densities in the range of 1018–1020cm23. The
experimentally observed ratio for the 200 Pa spectrum
however, only 0.4. On the other hand, the high intense

FIG. 2. ~a! Experimental x-ray neon spectrum showing the 1
np and 1s2-1snp series of H- and He-like ions together with i
He-like and Li-like satellites for the 400 Pa case.~b! Experimental
x-ray spectrum at 200 Pa neon pressure.
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ellite spectra in the 400 Pa case@Fig. 2~a!# suggest an elec
tron temperature of about 200 eV resulting in a Lya intensity
much lower than that of theW line, just opposite to the
experimental observation. We have investigated also var
radiation transport effects~different effective photon path
lengths, ionization balance shift!. However, the principal dis-
crepancies remain and cannot be resolved in a statio
treatment.

It will be shown below that a complete transient spec
analysis can resolve the discrepancies outlined above.

IV. TRANSIENT SIMULATION OF PLASMA DYNAMICS

Transient effects in the line formation become of incre
ing importance if the time scales for atomic processes are
small in comparison to the time scales for the change of
plasma parameters. E.g., if the plasma suffers a fast hea
process the ion abundance and the line emission origina
from different ionization levels do not correspond to t
electron temperature. Both lag behind the electron temp
ture. An example for Li-like ions is given in Ref.@15#. In fast
recombining plasmas we encounter opposite relations:
degree of ionization is higher compared to equilibrium co
ditions when the electron temperature decreases. During
time history of the pinch plasmas under investigation co
pression and expansion take place. We therefore meet
phenomena, which leave their marks in the emission spe

For the investigation of the transient line formation of t
pinch plasma a collisional-radiative, metastable resolv
time dependent model has been employed@16#:

dnj

dt
5 (

i ,iÞ j
Wi j ni2 (

i ,iÞ j
Wji nj , ~2!

whereni are the atomic level populations,Wi j are the vari-
ous collisional and radiative rate processes for the popula
and depopulation of the levels, namely, collisional excitat
and deexcitation, ionization and three body recombinati
dielectronic recombination and autoionization, and radiat
recombination. Radiation transport effects have been ta
into account by means of escape factors@17# and iteratively
solving for the level populations. More details have be
described elsewhere@16,18,19#.

The interpretation of the plasma dynamics was carried
in the following way.

~1! Generation of time-dependent parametersne(t) and
Te(t) from a plasma bag model calculation and subsequ
use of these parameters for the calculation of emission s
tra solving the set of differential equations~2!. In this frame
Eqs. ~2! can be considered as a postprocessor of the m
calculations. The use ofne(t) andTe(t) implies the assump-
tion of a single zone. However, detailed comparison of o
and two-dimensional modelings with those of a ze
dimensional approach have shown that the zero-dimensi
model provides a reasonable characterization of the pla
evolution @20#. Details concerning the present plasma b
model are described elsewhere@21#. The plasma bag mode
describes the compression and the pinch phase in the fra
work of a quasi-one-dimensional model making use of a s
plified geometry of the plasma layer and assuming a hom
geneous density and temperature of ions and electrons.

-
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5962 56K. BERGMANN et al.
model includes the coupling of the device parameters to
hydrodynamic motion including acceleration of the plas
due to magnetic forces, shock heating at the boundary of
plasma layer to the neutral gas, thermalizing of kinetic
ergy in the pinch phase, heating of electrons by hot ions
Ohmic heating, and the influence of radiative processes
the plasma parameters. These processes are described
zero-dimensional approach within the temporal evolution
electron density and temperature.

~2! The atomic structure of Eq.~2! includes resonance
lines, forbidden transitions, and in a detailed manner the
electronic satellite lines 1s2l2l 8-1s22l 8 and 2l2l 821s2l 8
of Li- and He-like ions and the recombination continua. Th
oretical emission spectra were therefore used for purely s
troscopic investigation of the plasma dynamics:ne(t) and
Te(t) are regarded as ‘‘test functions’’ providing a theore
cal spectrum to be comparable with the experimental o
Starting point for the test functions were the results obtai
by the plasma bag calculations.

This method enables the theoretical investigation of d
ferent modes of plasma dynamics. Simultaneous fitting
many resonance and forbidden lines provides reliable in
mation about time dependent plasma parameters and ca
used for a refinement of the results of pure MHD calcu
tions.

The emission spectra strongly depend on the principal
havior of the plasma parameters, namely, duration of co
pression and expansion together with the maximum value

FIG. 3. Simplified parameter dependence ofTe(t) ~full ! and
ne(t) ~dotted! which was used for the fitting of the emission spect
The values at the instancesA–E correspond to those given i
Tables I and II for the 200 Pa case~a! and for the 400 Pa case~b!.
The parameter dependence for temperature and density from
plasma bag calculations does not differ essentially in its qualita
behavior but has different numerical values also given in Table
and II.
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Te and ne . Comparing the emission spectra resulting fro
the numericalne(t) and Te(t) provided by plasma bag cal
culations with those of various testing functions allows us
use a simplified dependence, as shown in Fig. 3. A s
heating and compression phase ‘‘A-B,’’ a further short com-
pression to maximumTe andne ‘‘ B-C,’’ a short expansion
and cooling to medium plasma parameters ‘‘C-D,’’ and a
long lasting cooling and expansion phase ‘‘D-E.’’ Proper
selection of theTe andne at the instantsA–E leads to emis-
sion spectra which practically do not differ from those e
ploying numerical values from the plasma bag calculatio

The phaseA-B corresponds to the end of the compresi
phase before the plasma layer reaches the axis. The fas
crease in density and temperatureB-C is due to the thermal-
izing of the kinetic ion energy and subsequent heating
electrons. With the additional internal energy of the kine
ions the pinch plasma pressure exceeds the magnetic
sure which will lead to the expansion in the phasesC-D and
D-E.

.

the
e
I

FIG. 4. ~a! Theoretical spectrum fitting together with the expe
mental data for 200 Pa gas pressure.~b! Theoretical spectrum fitting
together with the experimental data for 400 Pa gas pressure.

TABLE I. Plasma parameters at the instantsA–E indicated in
Fig. 3 given by the plasma bag calculations. In parentheses are
corrected values, which lead to an improvement of the fitted sp
trum in the 200 Pa case.

Parameter A B C D E

T ~ns! 223 23 0 3 10
Te ~eV! 50 150 650~525! 150 50
ne(1019cm23) 0.3 1.5 20~2.5! 1.0 0.5
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56 5963SPECTROSCOPIC INVESTIGATION OF HIGHLY . . .
Figures 4~a! and 4~b! show the total spectrum fitting o
the 200 Pa and the 400 Pa experiment obtained with
parameter development given in Fig. 3~higher series lines
1s-np, 1s2-1snp with n.4 have not been taken into th
theoretical consideration!. The numerical values for the
plasma parametersne andTe at the instantsA–E used for the
fittings are given in Tables I and II. These two tables cont
the numerical values obtained from the plasma bag calc
tions and a set of corrected values resulting from the tr
sient spectra modeling. For the fitted spectra shown in F
4~a! and 4~b! the corrected values have been taken into
count. The corrections will be discussed below in more
tail. With both sets of plasma parameters a good agreem
between experimental and theoretical results is obtained
the most essential spectral features: occurrence or absen
the recombination continua, lower intensity in the satel
lines for the 200 Pa case in comparison with the 400
experiment, and the line ratios of theW line to the Lya line.

Tables III and IV summarize the most important expe
mental line intensity ratios together with the theoretical c
culations of the ratios of the time integrated intensities:

Ī K5E
tA

tE
I K~ t !dt ~3!

for the emission lineK. The I K(t) are determined from Eq
~3! using I K(t)5nK(t)AQ(t)\v. A is the coefficient for
spontaneous decay andQ(t) the escape factor for radiatio
transport.

As the atomic model includes simultaneously levels
various ionization stages~boron-like till nucleus! the solution
of Eqs.~2! provides also the time dependent ion abunda
shown in Figs. 5~a! and 5~b!. In the 200 Pa case the fa
change ofTe and ne in time does not permit the ion abun
dance to be in a stationary regime. The time to proceed
ization to the nucleus is too long, the plasma expands be
the He-like ion abundance experiences a considerable
population: the confinement parameternet is too small to

TABLE II. Plasma parameters at the instantsA–E indicated in
Fig. 3 given by the plasma bag calculations. In parentheses ar
corrected values, which lead to an improvement of the fitted sp
trum in the 400 Pa case.

Parameter A B C D E

T ns 216 23 0 3 10
Te ~eV! 60 200 370~340! 200 ~170! 100 ~120!
ne (1019cm23) 0.7 3 30~8.5! 15 ~10! 3.0

TABLE III. Calculated and experimental line ratios of differe
transitions for the 200 Pa case.

Transition Experimental ratio Theoretical ratio

Lya :W 0.45 0.49
W:Y 6.1 5.7
W:(1s2-1s3p) 4.8 4.4
Lya :(1s23p) 5.4 13
J:Lya 0.02 0.02
e
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reach a stationary regime (net,531010 cm23s) @18#. In a
stationary regime (net.1012cm23s) with Te5550 eV,
ne5231019cm23, and Leff50.7 cm (Leff is the effective
photon path length obtained from experimental estimati
and being in agreement with spectra modeling! the relative
ion abundance would ben(nucleus).0.81, n(H).0.18,
n(He).531023. So one would expect negligibleW-line
radiation that is in contradiction to the experimental resu
The observed highW-line intensity compared to the Lya line
is due to a long lifetime of the He-like ions with respect
the total lifetime of the pinch plasma.

For the experiments with 400 Pa gas pressure we mee
only different plasma parameters at maximum compress
but also a different regime due to a higher value of the c
finement parameter. Although the temperature at maxim

TABLE IV. Calculated and experimental line ratios of differe
transitions for the 400 Pa case.

Transition Experimental ratio Theoretical ratio

Lya :W 1.14 1.07
W:Y 3.8 3.6
W:(1s2-1s3p) 3.8 3.7
Lya :(1s23p) 7.7 7.8
J:Lya 0.11 0.13

the
c-

FIG. 5. ~a! Time-dependent ion abundances for nucleus, H, a
He, ground states obtained from the time-dependent plasma pa
eters as given in Table I for the 200 Pa gas pressure.~b! Time-
dependent ion abundances for nucleus, H, and He, ground s
obtained from the time-dependent plasma parameters as give
Table II for the 400 Pa gas pressure.
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5964 56K. BERGMANN et al.
compression is considerably lower than for the 200 Pa
periment, the He-like ion abundance suffers a much hig
depopulation due to a higher electron density and higher c
finement parameter. The nucleus reaches a higher pop
tion. Figure 5~b! shows the time-dependent ion abundan
for the 400 Pa gas pressure. We want to note that also fo
400 Pa gas pressure the stationary regime is not comple
approached. ForTe5350 eV, ne5831019 cm23, and
Leff50.7 cm one obtains the ion abundanc
n(nucleus).0.61,n(H).0.36,n(He).0.03.

Taking the average over the time interval fromtB to tE ,
where theK-shell emission is most intense, the He-like io
abundance for the 400 Pa experiment is lower than for
200 Pa experiment. This is why the Lya intensity exceeds
that of theW-line, although the temperature at maximu
compression is lower than for the 200 Pa experiment.

Two-dimensional calculations of a plasma focus d
charge show also a strong fall off inz direction @22#. Exci-
tation rates for dielectronic capture^DC& and collisional ex-
citation ^C& for dielectronic satellites and resonance lin
scale according tôDC&}ngrneexp(2Es /Te)/Te

3/2 and ^C&
}ngrneexp(2DE/Te)/Te

1/2. For the present plasma the ele
tron temperatures are always smaller than the threshold
ergiesEs ~capture energy! and DE ~energy gap!. The de-
crease of the respective excitation rates is there
exponential with decreasing temperature. Moreover, M
calculations show that outer regions with lower temperat
correspond also to lower density resulting in a further
crease of excitation processes. The exponential decrease
Te together with the decreasing density in the outer regi
lead to negligible contributions from the outer plasma. T
present selection of emission lines of H-, He-, and Li-li
ions mainly originate from the hottest and densest p
Space resolved spectroscopy@23# has demonstrated this ex
perimentally.

The influence of plasma regions with lowerTe can there-
fore be mainly due to photoabsorption, however, photo
sorption of satellite transitions in outer cold plasma shea
reported in Ref.@24# cannot be responsible for the absence
satellite spectra in the 200 Pa case. Experiments clearly s
the simultaneous absence of Li-like and He-like satellit
For He-like satellites the absorbing ground states are
single excited He-like 1s2l levels, which do not give rise to
any important optical thickness effects.

V. DIELECTRONIC SATELLITE SPECTRA
AND RECOMBINATION CONTINUA

Although the use of the parameter development for e
tron temperature and electron density obtained from
plasma bag calculations leads to a qualitative explanatio
the observed ratios for theW and the Lya line, the differ-
ences concerning the intensity of satellites and the oc
rence of recombination continua for the two different g
pressures, there are still discrepancies in the line intensit
the dielectronic satellites and the forbiddenY line especially
in the 400 Pa case, namely, the satellites and the forbiddeY
line have too low intensity. Higher satellite intensity can
course be obtained by lower temperatures at maximum c
pression. However, this will be in considerable disagreem
with the Lya- and W-line intensities. From purely spectro
x-
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e
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scopic argument it therefore seems that in the case of 40
after maximum compression a phase with low electron te
perature and higher electron density than predicted by
plasma bag calculations takes place, which gives rise to l
lasting recombination effects. In order to meet the expe
mental intensities of the satellites and recombination c
tinua, densities not much lower than or the same as the m
mum values are required. Otherwise the time integra
intensity would be too low to compare with the experimen
spectra. Furthermore, a lower electron temperature of abo
factor of 2 is required. Otherwise the time integrated inte
sity of the dielectronic satellites would be too low due to t
exponential behavior exp(2Es /Te)/Te

3/2 for the dielectronic
capture.

As the satellite emission and the Lya intensity is of cen-
tral interest we performed detailed transient spectra mode
of the He-like satellites 2l2l 8-1s2l 8.

Keeping the behavior of plasma parameters as outline
Fig. 3, we arrive at the corrected values for the maxim
compression and the expansion phase. These corrected
ues are given in parentheses in Tables I and II. With the h
of this few corrections a favorable agreement for various l
intensity ratios is achieved, as is already shown. Figur
shows the details of the satellite spectrum close to thea
line. There is a good agreement also in every spectral de
based on the time-dependent plasma parameters give
Tables I and II.

The predictions concerning the evolution of the plas
parameters based on the spectroscopic considerat
namely, the existance of a strong recombination radiat
after maximum compression, is supported by time resol
measurements of the totalK-shell emission and streak im
ages of the plasma dynamics in the visible range.

Figure 7 shows the totalK-shell emission measured wit
a MCP covered with a 10mm Al foil. For the 400 Pa gas
pressure a longer lasting wing in the emission profile is
tained, which is not so pronounced in the case of 200 Pa
the MCP is covered with an Al foil and its direction of ob
servation coincides with those of the high resolution x-r
spectrometer the time-dependent MCP measurements c
spond to those from the time integrated x-ray spectrome
To correlate the time dependent MCP signals with the e

FIG. 6. Detailed spectrum modeling of the He-like 2lnl 8-1snl9
satellites close to the H-like Lya transition for 400 Pa gas pressur
This spectral interval has not been fitted separately but is a resu
the parameter dependence given in Table II, which was also ch
for the total fit shown in Fig. 4~b!.
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lution of the emission lines and the continua, Figs. 8~a! and
8~b! show the time-dependent emission of theW, Y, and Lya
lines, of the H-like photorecombination continuum~the se-
lected wavelength interval was between 1.0 and 1.05!
and the He-like photorecombination continuum~selected
wavelength interval between 0.85 and 0.9 nm! taking into
account the absorption in the 10mm Al filter.

Based on these calculations the asymmetric form of
x-ray MCP signal can be referred to recombination proces
in the plasma. At the cooling phase the amount of H-l
ions and nucleons stays high and the radiation resulting f
recombination processes forms long lasting wings in

FIG. 7. Experimental time-dependent total emission for the 4
Pa and 200 Pa gas pressures.

FIG. 8. ~a! Calculated time-dependent emission of differe
lines and for the recombination continua for the plasma parame
given in Table I for the 200 Pa case.~b! Calculated time-dependen
emission of different lines and for the recombination continua
the plasma parameters given in Table II for the 400 Pa case.
e
es

m
e

x-ray emission. In the case of the 400 Pa experiment
wing has a higher intensity, because the electron density
ter maximum compression stays at a higher level than in
200 Pa case. For 200 Pa the expansion of the plasm
faster, which is connected with a more rapid decrease of
electron density.

This different behavior of the plasma dynamics in t
decay phase is supported by streak measurements o
plasma layer which are shown in Fig. 9. In the low press
case the duration of the high compression state is lower t
in the 400 Pa case. The plasma expands almost elasticall
200 Pa whereas at the higher pressure value it stays lo
on the axis and has a lower expansion velocity. This is
agreement with the similarity considerations for the MH
which suggest a velocity of the plasma layervs scaling ac-
cordingvs}I 0 /(p1/2a) @13#.

Furthermore, the streak images support a higher m
mum compressionk in the 400 Pa case.k is defined as the
ratio of density of neutral gas atoms to the maximum i
number density in the pinch phase. Using the numerical v
ues for the electron density shown in Tables I and II and

0

t
rs

r

FIG. 9. ~a! Streak image of the collapsing and expanding plas
layer in a discharge with 200 Pa neutral gas pressure.~b! Streak
image of the collapsing and expanding plasma layer for the 400
case.
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numerical values for the degree of ionization taken fro
Figs. 5~a! and 5~b! the compression is given byk.60 for
200 Pa andk.100 in the 400 Pa case. The minimum diam
eter of the pinch plasma observed in the visible range
lower in the 400 Pa case, indicating a higher compressio
the pinch plasma.

Finally it should be noted that the results for the electr
temperature from the spectroscopic considerations are al
agreement with the scaling law mentioned above. The t
perature is assumed to scale according toTe}I 0

2/(pa2). Us-
ing the numerical values for the current~270 kA for 400 Pa
and 250 kA for 200 Pa! the maximum electron temperatu
for 200 Pa is assumed to be higher by about a factor of
compared to the 400 Pa case. Taking the numerical va
given in Tables I and II for the maximum electron tempe
ture this factor is about 1.5. A simple scaling law for the i
density according toni}p is not verified quantitatively by
the spectroscopic investigations. The model calculations
sented lead to a ratio of maximum ion number density
about 3.3 comparing the 400 Pa to the 200 Pa case, whe
the scaling law would predict a factor of 2.

The zero-dimensional simulations of theK-shell emission
spectra make use of an appropriate choice of the pi
plasma parameters assuming a homogeneous plasma.
ever, in a real plasma gradients in density and temperatu
radial direction occur due to finite transport coefficients
described, e.g., in Ref.@25# where a one-dimensional simu
lation of a dense pinch plasma is presented. The most im
tant contribution to the inhomogeneity of the plasma para
eters will occur due to the process of thermalization of
kinetic energy of the ions when the plasma layer of the co
pression phase reaches the axis. This process leads to
flected shock wave running outward in radial direction. D
to finite ionization time a smaller radius for hydrogenlik
line emission is expected compared to the heliumlike l
emission. In this sense the zero-dimensional approach o
estimates the number of ions emitting hydrogenlike line
diation, especially in the present case where the pinch
time and the ionisation time from the heliumlike to th
hydrogenlike level are of the same order of magnitude. Ho
ever, this failure of the zero-dimensional approach can
compensated by a proper choice of density or confinem
parameter which will not differ substantially from the re
radial averaged density. So the zero-dimensional simulat
provide reasonable estimations of the plasma parameter

VI. CONCLUSION

The dynamics of neon pinch plasmas has been inve
gated theoretically and experimentally for two sets of dev
parameters, essentially for different neutral gas pressures
, D
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almost the same pinch current. These two sets lead to q
tatively different emission spectra.

A multifold use of spectroscopic analysis was develop
and demonstrated which exceeds the common approac
using spectroscopy as a simple postprocessor of gas dyn
or MHD calculations.

An overall transient fitting of highly resolved, time inte
gratedK-shell emission spectra leads to a good agreem
not only when comparing resonance lines but also when c
sidering details of dielectronic satellite spectra. Station
models were shown to fail to explain the observed charac
istic differences in the emission spectra for the two neu
gas pressures.

The transient spectra modeling allows us to estimate
evolution of the plasma parameters leading to an elec
temperature ofTe

max.530 eV and an electron density o
ne

max.2.531019 cm23 for the 200 Pa case at the instant
maximum compression. The respective values for the 400
case are given byTe

max.340 eV andne
max.8.531019 cm23.

These numerical values resulting from the model calcu
tions are in agreement with scaling lawsTe}I 0

2/(pa2) and
ne}p which are based on similarity considerations. The
scaling laws predict a lower temperature and a higher den
when increasing the neutral gas pressure keeping the cu
and the anode radius constant. The connection of the de
parameters and the plasma parameters—here done for
sets of device parameters—allows the tailoring of the tr
sient pinch plasma dynamics. This is important for ba
studies of transient processes in plasmas as well as for
design of pinch plasmas as laboratory scale x-ray source
different applications.

The detailed analysis of dielectronic satellite spectra p
dicts a long lasting emission after maxiumum compress
for the higher neutral gas pressure. This prediction has b
confirmed independently by time resolved analysis of
total emission and time and space resolved optical str
camera measurements. The predictive character of the die
tronic satellite spectra concerns not only the determination
the plasma parameters but also the qualitative type of em
sion after maximum compression. This is of importance
the understanding of the pinching process, especially
cause the above method is of general use and not conne
to the specific type of experiment presented here.
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