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Electron-temperature and energy-flow history in an imploding plasma
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The time-dependent radial distribution of the electron temperature in a€).@20-kA gas-puffz-pinch

plasma is studied using spatially-resolved observations of line emission from singly to fivefold ionized oxygen
ions during the plasma implosion, up to 50 ns before maximum compression. The temperature obtained,
together with the previously determined radial distributions of the electron density, plasma radial velocity, and
magnetic field, allows for studying the history of the magnetic-field energy coupling to the plasma by com-
paring the energy deposition and dissipation rates in the plasma. It is found that at this phase of the implosion,
~65% of the energy deposited in the plasma is imparted to the plasma radial flow, with the rest of the energy
being converted into internal energy and radiation.
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[. INTRODUCTION In an imploding plasma, the determination of the electron
temperaturel,, using spectroscopic measuremefitg], re-

The main objectives of the moderrpinch researchl-8  quires addressing a few difficulties. First, the plasma flows
are the enhancement of the plasma implosion uniformity ang@cross the line-of-sight of the spectroscopic system, so that
the efficiency of the magnetic energy coupling to the plasmathe particles are replaced and the plasma properties vary dur-
In the pursuit of these goals, efforts have been directed toing the observation time. Second, due to the plasma heating
wards studying the energy flow impinch devices, in par- throughout the implosion, it continuously undergoes ioniza-
ticular by comparing the initial conditions of the plasma loadtion so that the charge-state distribution and the line intensi-
to the x-ray emission characteristics during the stagnatioties also vary during the observation time. Furthermore, the
phase of the plasma. In many such studies, however, it waglectron density, the knowledge of which is required for the
found that the total measured x-ray radiation yield exceed@nalysis of the line intensities, also varies in time both due to
the calculated plasma kinetic energy by a factor>eg  ionization and plasma compression. An additional difficulty
[9,10]. These findings prompted numerous theoretical invesl? investigating such plasmas is caused by the shot-to-shot
tigations(e.g., Ref[11]) of possible anomalous energy depo- "éproducibility. Indeed, much effort has been devoted to
sition and dissipation mechanisms in the plasma during th8SS€SS the uncertainties in the measurements despite these
implosion, still this energy balance problem is yet to be re- ifficulties, as is discussed below and in a companion paper

solved. [13].

- . . In this study we report on the determination ©f as a
As yet, due to a limited number of experimental StUdleS’function of time and radial position within the imploding

trll_ere Is ?] Iittlle undec;st:_;mdinhg of tr;e magnr(]atic energy COL]i'shell of a 0.6us, gas-puffz-pinch plasma for times up to
phln%_tf? t Ie P aﬁmad ugng the 'T\p OS'OZ P ?sﬁ' Ir_1 view Od50 ns before stagnation. The temperature is obtained from
the difficulty outiined a ove, suc gstu y o the time- andy o 55y rements of line intensities of singly- to fivefold ionized
space-dependent properties of the imploding plasma can ygen ions, which are analyzed using time-dependent,

highly useful for a fundamental understanding of the energy. ,liisional-radiative (CR) calculations [14]. The line-

coupllng at stagnation, and for the. overall Improvement Ofintensity ratios selected for the investigation are independent
the z-pinch operation. In more detail, knowledge of the his-

of the electron density, and the plasma-composition his-

tories ,Of parameters S.UCh as .the partiple tlem'pergtur.es a'?gry, both of which are typically not known with sufficient
densities, current density, and ion velocity distribution is es-

i . " .~ .2 =2gccuracy in such transient plasmas. This allows for reducing
sential for studying the energy deposition and dissipatio

: . The errors that result from the complications discussed in the
mechanisms, various transport processes, and the develg

el Qoo the imolos Move.
ment of Instabilities In the plasma during the implosion. Using the radial distribution of the electron temperature

obtained, together with the previously determined distribu-
tions of the particle velocitiegl5], magnetic field 16], and

*Present adress: Orbotech Ltd., Yavne, Israel. electron density13], each of the energy deposition and dis-
TPresent address: Atomic Physics Division, NIST, Gaithersburgsipation rates in the plasma is calculated in a one-
Maryland 20899-8422. dimensional1D) approximation. This allows for comparing
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the J X B work and the Joule heating to the kinetic and in- TABLE I. The spectral lines used in the measurements, together
ternal energies acquired by the plasma during the implosiowith the parameters of the transition upper levels and the transition
and to the radiation emitted from the plasma. The partitionEinstein coefficients.

ing of the JXB work into plasma pushing and compres-

sional work is also obtained. These calculations also provid€harge Upper level Upper level
an examination of the consistency of the results described iffate X (A)  configuration energy(eV) Ay (10°s™)
the present report wqh all previous results obtained for thi . 4349.43 B'P,, 2585 068
plasma. We thus believe that the data presented provide an 4
experimental basis for detailed examinationg-pinch mod- 4345.56 2P5/2 25.85 0.68
elling. O 4347.43 3Dy 28.51 0.94
In the following, thez-pinch experiment and diagnostics 4351.27 »°Dy, 28.51 0.99
are described in Sec. Il, the measurements in Sec. Ill, and th@u 3911.96 PPy, 28.83 1.09
argumentations for the data analysis in Sec. IV. The determio 4132.81 8Py, 28.83 0.84
nation of the energy deposition and dissipation rates in they, 4189.79 807G, 31.32 1.98
plasma is described in Sec. V.
Om 3759.87 33p°D, 36.48 0.98
Il. EXPERIMENT AND DIAGNOSTICS Ou 3047.13 p3p zPZ 3r.25 1.49
On 3017.63 23d°D, 40.58 0.54
The experimental system used for the present study cory , 3444.10 3d°3P, 40.85 0.42
sists of a gas-puff device and a capacitor-bank discharge cir-
cuit (25 kV, =0.01Q), 1.2 us 1/4 periodl that delivers a cur- 2
rent of ~250 kA, driven axially through the cylindrical 3063.47 $’2P3’2 48.38 131
plasma. The operating gas, @ the present study, held at Ow 3411.69 3Dy, 52.02 1.02
a plenum pressure of50 psi, is released into the vacuum OV 338555 22p(°P)3p“D,,  58.12 1.02
chamber through a 4-cm-diameter supersonic nozzle, form v 3736.85 22p(°P)3d “Fg), 61.43 0.80
ing a nearly annular gas shell across the 1.4-cm-long anod®w  3375.40 22p(°P)3d *Pg, 62.50 0.76
cathode(A-K) gap. The anode is a copper-tungsten tube po- 3
sitioned co-axially in front of the nozzl@athodé¢. The peak Ov 2781.03 23p 1P2 72.27 1.40
gas density at=20 nm, measured using an ionization-gauge® v 3144.68 23d D, 75.95 0.91
probe for the axial positions betweer=10 and 14 mm Ov 4123.96 23p °D, 84.02 0.48
(wherez=0 is the nozzle positionis 2.0+0.7< 10 cm™3,  Ov 2755.13 3p°P, 85.51 1.38
and the typical thickness of the gas shell\is~6 mm[17]. )
The plasma implodes radially under the azimuthal magneti® " 3811.35 PPy 82.61 0.51

field and stagnates on axis &tt,=620 ns(pinch time,
where the total current at this timelis=220 kA. The repro-
ducibility of the pinch time is within £20 ns.

The diagnostics consist of a 1.3-m spectrometer equipp

the length of the plasma column, located near the anode side
off the A-K gap, which was observed to implode uniformly
{and earlier than the rest of the colurfiti7]. Within this re-

with a 2400 grooves/mm grating, and a near-ultraviole b _
(NUV) streak camera lens-coupled to a cooled G€Rarge gion, the plasma parameters varied little along the axial po-
sition z [13,16], therefore not affecting the accuracy of the

coupled devicgthat records the time-dependent spectra with X
P £ P P measurements here described.

a 1-ns resolution. The spectral range observed in a singl X ) ) L ) )
The plasma implosion uniformity in the azimuthal direc-

discharge and the spectral resolution here used warel _ _ A "
ion was examined by comparing line intensities and spectral

and=0.1 A, respectively, the latter is much smaller than thet - - . i ;
typical widths gf the );ine profiles observetsee Refs. widths observed for different azimuths at different dis-

[13,16). Absolute calibrations of the system were performedCnarges. Variations of up to 10% in the statistically-averaged
periodically over the NUV and visible spectral regions. INtensities and up to 5% in the averaged widths were seen,
Among the levels used in the measurements described belodPth Peing within the experimental uncertainties due to dis-

(see Table), certain population ratios, which are insensitive Charge irreproducibilities quoted below.

both ton, andT, in the plasma, were used for examining the

relative calibration of the system. These were the population

ratios of the level pair§3p 2P]/[3p D], [3d *P]/[3d °D], lll. MEASUREMENTS
[3d “P1/[3d *F], and [2p3p °P]/[2p3p D] of Ou, Ou, In the present study, the electron temperature is deter-
O\, and Ov, respectively. mined from the analysis of variouB.-sensitive population

The plasma was observed in thalirection with the line  ratios of ionic energy levels, which in the case of an optically
of sight at various radial positions. The image of the specthin plasma are obtained from observations of emission-line
trometer input slit at the plasma plane, defining the volumentensities from different ion species. Specifically, the rela-
viewed, was typically 1-mm widgin the radial direction tion between the population ratio of the upper levelsand
and 2.5-mm high(in the azimuthal direction The integra- u, of the transitions 1 and 2 within a given charge state to the
tion length along the line of sight was4 mm, since this is ratio of the corresponding wavelength-integrated line inten-
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sities I; and I,, emitted from the same plasma region, is L L S B ]
given by 14' ———
“fa) t=490ns |-« ou
My 1/[g1AK(A )] @ s I e OIV+OV+_OVI
Ny, 12/[92AK(N)] s ]
1.0} -
Here, A, is the probability of spontaneous radiative transi- A
tion, g; is the upper-level degenera@y=2J+1), andK(\) is 0.8 .
the system sensitivity due to the geometric light-collection I
efficiency and the system absolute response. The line inten- 3 06 1
sities are given in units of photonsf-s-crf). Throughout < I
the papem, is the level population divided by the degen- :;. 04F i
eracy. 8 Ll § ]
In order to correctly determine the electron temperature in -~ & | .
the plasma, several criteria were required to be metin select- ¢ gl $ ——
ing the most suitable transitions and level-population ratios. < [
First, lines of oxygen ions were chosen within spectral inter- § 14 i b) t=535ns —=—Qll
vals which are free of impurity lines of carbon, copper, and T 1ok - . 8:{}
tungsten, the latter two originating at the electrodes. Time- £ —v—OV+OVI
dependent collisional-radiative calculatiofgee Sec. IV A 2 1o} } i‘ )\ i
below) were then performed in order to estimate the line ! ) ,-'1:
intensities and opacities, using the expected plasma param- 08} P -
eters based on the previously observed charge-state radial I ! '.{ :
distribution[15] and continuum radiation emissi¢h3]. The 061 Iy ]
opacity calculations are described in Sec. IV B below. In 04' ¥
addition, the transitions selected here were between suffi- ol f‘ '{, |
ciently high-lying levels, for which the population ratios are ozl ; Vo ]
insensitive to the ionization into the respective charge state I v 7\t ;
(but not too high to be affected by recombinadion 0.0 b————- .; ——
At a certain radial position of observation both the elec- 4 6 8 10 12 14 16 18
tron densityn, and the plasma charge-state composition vary Radius (mm)

in time due to ionization and the plasma flow across the line
of sight. Moreover, the histories of both parameters are not FIG. 1. Radial distribution of the ion charge state across the
known with sufficient accuracy in our plasma. Therefore,plasma att=490 ns(a) and att=535 ns(b), obtained from the
only T.-dependent level population ratios that are least sentelative line-emission intensities as observed at several radial posi-
sitive ton, and to the composition were selected amongst thdions. The peak density of each charge state is assumed to be unity.
transitions given in Table I.

The time-dependent measurements were carried out at
several radial positions between6.0—20.0 mm using spec-
tral lines of the dominating charge states for the different

times and radii, as known from the observed time-dependent 35| ——— ; — ]
radial distribution of charge-state density in the plagit, - - ::8::| 2"; P()SP)

an example of which is shown in Fig. 1. Specifically, for E 30F a0V 3:; ('ZP) 7
=490 ns Qi lines were observed at=12.0 mm, and Qv L sl R N
and Ov lines atr=16.5 mm. Fort=535 ns, Qi, Om, and z I K |
O lines were observed at8.0, 9.0, and 10.5 mm, respec- § 20f -
tively, while lines of both O/ and Ovi were observed at % [ [

12.0 mm. Fort=570 ns, lines of both ® and Owi were 2 1'5_' T
observed at=8.0 mm. For each position, the spectra are . ok If,}f"lL\ ]
recorded as a function of time, typically using 4-8 dis- % . {—}\i )% ‘} ]
charges for each line, in order to average over shot-to-shot = 05f | I =3 .
variations up to a factor 3 in the intensity and +10 ns in the 00 [ ]

time of peak line emission.

Figure 2 gives an example of time-dependent line inten-
sities from successive charge states, observedr at
=16.7 mm. In the figure, the relative delay between the peak FIG. 2. Examples of the time-dependent population of various
intensities of the lines of @, O, and Ow is due to the |evels obtained from end-on observationsa6.7 mm. Solid line:
radial propagation of an ionization front that is faster thanou 3p *P;, level (4349.43 A; Dashed line: Qi 3p°3P, level
the radial ion motion. A detailed discussion of this phenom-(3047.14 A; Dotted line: Owv 3p 2P3,2 level (3063.5 A).

1 v 1 v L) v L) M T M T M ) M 1 v 1
420 430 440 450 460 470 480 490 500
Time (ns)
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FIG. 3. A schematic of the particle flow through a 1-mm-wide 5 4
plasma slab during a 10 ns observation intefsak text The grey FIG. 4. Dependence of the 3p’ “D]/[3p“P] and the

area represents the radiation yield of the outgoing particles. O v[3d ?D]/[3p *P] population ratios om,, calculated using fixed
Te values of 5 and 9 eV for @ and Ow, respectively.

enon, previously observed for the plasma under sfaéy; is . ]

given in Ref.[13]. It should be emphasized that the level result from the electron-impact Stark broadening and the
populations given throughout the paper correspond to théermal Doppler broadening. For the Doppler broadening we
times of the peak respective line intensities, since for anjSsume an ion temperatulie=T,, however the calculated

given radius the times of peak intensity were found to be thé@Pacity effects were found to be insensitive to this assump-
same for all lines of a given charge state. tion due to the dominance of the electron-impact broadening.

B. Determination of the electron temperature

IV. DATA ANALYSIS AND RESULTS The analysis of the experimental data is based on the
comparison between the level-population ratios, obtained
from the measured line intensities using Efy), to those

The time-dependent CR calculations used for the dataalculated using the CR modeling, in whighis used as an
analysis are described in R¢L4]. In brief, the modeling is  input parameter. The modeling does not assume a collisional-
based on the solution of the time-dependent rate equationsradiative equilibrium(CRE), i.e., the level populations are
dN(t) calculated as a function of time. The analysis procedure is

_A Q o erformed separately for each experimental data point in

dt = Al e TIN( + S(0), @ E)r,t), and the F\)/alue (>)lﬂ'e that yieldsR[he best agreemznt in

- such comparisons gives then the local instantaneous electron
whereN(t) is the vector of atomic state populatiofi®., the  temperaturdy(r,t). In the following, we discuss the various
number of ions per quantum state in a small voluMé  assumptions underlying this analysis procedure.
within which the plasma parameters are assumed to be uni-
form), A(n;,ne, Ty is the rate matrix, an&(t) is the source T T
function that simulates an external supply of particles into er
6V. The gquantitiesn;, n,, and T, are time-dependent input
parameters. In the calculations, is consistently equal to
22,0, wherea is the ionization stage.

The rate matrix accounts for the following processes:
electron impact excitation and de-excitation, electron impact
ionization (both single and multiple radiative and 3-body
recombinations, and spontaneous radiative decay. While the
kinetic modelling allows for the use of arbitrary electron en-
ergy distribution functions, Maxwellian-averaged rates are
used in the present study. The atomic data used here were
both calculated and obtained from databddes-21].

The plasma self-absorbtion is treated within the escape é é 10 12 14 16 1'8 20
factor formalism{22]. For each line studied the optical thick-
nesst and the escape facté [23] are calculated based on
the expected plasma conditio43,15, and the known FIG. 5. Radial distribution of the electron temperature in the
plasma geometry. The line widths required for the opacityplasma for two times during the implosion, obtained from end-on
calculations are obtained using the \Voigt line profiles thatobservations of line-intensity ratios for3-Ovi ions.

A. Collisional-radiative modeling
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TABLE Il. Experimental and calculated populations ofi@vels, normalized to the population of theiO
2p2(3P)3p *P level, given for three instants during the plasma implostigris the time at which the peak
line-intensities are observed at the respective radial position

Calculations
t, (ns), Ne Level Measured
r (mm) (10 cm3) configuration population 4 eV 5 eV 6 eV
440 1.5 K74 D 0.50£0.15 0.45 0.54 0.62
16.5 3P 0.48+£0.11 0.445 0.53 0.60
3p’ ’p 0.44+£0.11 0.445 0.55 0.64
490 1.0 P’ D 0.53+0.11 0.45 0.54 0.615
11.7 Y’ ’p 0.48+0.12 0.44 0.55 0.64
535 0.5 D 0.63+0.15 0.445 0.535 0.61
7.7 A %G 0.17+0.03 0.14 0.18 0.205

As said above, the main difficulties in analyzing data ob-less than 2 ns. Therefore, measurements of line-intensity ra-
tained in an imploding plasma are the radial flow of thetios at any given radial position yields the local, instanta-
plasma across the line of sight and the continuous ionizatiorfjeous value off, independent of th&, history at different
which cause uncertainties in the line intensities observed dul@cations.
to the variation in time oT,, n,, and the mean charge The In the analysis of the data for eactandt constant values
effect of these complications on the level-population ratios0f Te are assumed. It will be showa posteriori that this
here used was examined using CR calculations. First, let i@Ssumption is justified based on the dependenciek, ai
estimate the effect of the particle replacement in thghe r_ad_lus and time obtained. In more det_all, the variations of
1-mm-wide radial plasma region observed caused by thae Within the spatial and temporal resolution elements of the

plasma radial flow. Since the typical particle radial velocities?ea.su_{_eme”,fs dwgrf foutrr:d }Ottbe sm_alller tharlllthefuncetr;am—
are~5x 10° cm/s[15], ~50% of the particles are replaced 1es In 1, quoted below, the 1alter mainly resufting from the
uncertainties in the measured line intensities.

dun_ng the 10-_ns observatlg)n time. Howeve_r, _the INCOMING™ e level-population ratios of a given charge state may be
particles contribute only-25% of the total radiation emitted affected by the ionization into that charge state. For estimat-

from the region observed, as illustrated in Fig. 3. We mayi,o"the uncertainty due to this effect the level-population

thus assume that variation in the parameters during the oRzyiqg of the various charge-state ions were calculated using
servation time is mainly due to the evolution for the sameyjterent source functions for the ground states of the given
group of particles rather than to the plasma replacement. Ajyns. \We first note that for each radial position the duration
additional support to the neglect of the particle replacemengf the domination of each charge state is longer than 10 ns.
effect is that in the present experiment all the gradient lengtiAssuming in the calculations an instantaneous source of ions
scales in the plasma are found to be larger than 0.5(s@@  at the ground state of a certain ionization stéuere denoted

Fig. 5 below and Refd.13,16)). This value is comparable to by a s-source functiojy we found that the level-population
the flow velocity times the observation time interval. ratios within each charge state reach steady values in less

The values ofn, used for the analysis are obtained from than 10 ns, even though the ionization processes are slower
Refs.[13,24] based on measurements of continuum radiationjj.e., the charge state distribution changes over a longer time
and absolute line intensities, respectively. The dependence gtalg. This result was not affected by assuming other source
the level-population ratios used o was found to be neg- functions in the calculations for the various charge states. It
ligible, with variations of<5% obtained for the entire range was also found that for all charge states, variations of +25%
of ne in the plasma2x 10'-2x 10" cm3). For example, in Z yield uncertainties of<2% in the calculated level-
given in Fig. 4 are the @ [3p’ °D]/[3p“P] and the Qv population ratios used here for the determinatioff ofSince
[3d 2D]/[3p 2P] ratios as a function afi. The variations due for the times studied here the rise Bfwithin the plasma
to n, are thus well within the experimental uncertaintiesregion observed during a 10-ns interval was shown to be
quoted below, which justifies the use of constant valueg,of small (<10%) [15], it can be concluded that the plasma
in the calculations. ionization does not affect the results given below.

The effect of the temperature variation during the 10-ns In the calculations of the self-absorbtion effects on the
observation interval for a given radial position, both due tolevel populations of a given charge state, the photon escape
the time evolution ofT, within the volume observed and the length was chosen to be half the radial width of the region
radial plasma flow, was examined based on the equilibrationccupied by that charge state. The typical values of this
times of the upper level populations within the same chargéength for the times studied here ar€l.5 mm(see Fig. L
state. It was verified that for the present plasma parameteis the calculations, the ion temperatufeis assumed to be
all the population ratios chosen here reach steady values igual toT.. Based on this assumption, the validity of which
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TABLE lll. Experimental and calculated level-population ratios ofiQgiven for t,=535 ns andr
=8.8 mm.
Calculations
Ne Level Measured
(107 cmi3) configuration ratio 7 eV 8 eV 9 eV 10 eV
15 A°3p/3p3D 0.70+0.06 0.60 0.66 0.715 0.77
3d3P/3p°D 0.76+0.09 0.53 0.59 0.63 0.665
3d°D/3p P 0.60+0.11 0.605 0.64 0.67 0.695
3d3pP/3p P 0.64+0.10 0.535 0.57 0.59 0.605

is examined in the following section, all the lines used in thelevel were divided by the higher densities observed for the
measurementgTable ) were found to be optically thifir  other level, and averaging of all ratios obtained was made.
<0.1). Further calculations using; varying between 0T,  The scattering of the ratios around the average value yielded
to 10T, showed that the resultant variationssmbtained for ~ the uncertainty in the ratio. We note that this averaging pro-
the various transitions had a negligible effect on the levefdure was not required for the ratios ofi(since the data
population ratios here discussed. For the transitions betwedf! O were highly reproducible(intensity variations of
low-lying energy levels, the calculated optical thickness was™ %). . _

found to affect the mean chargeand the upper level popu- The experimental data, together with the results of the CR

lations. However, the effects of these opacities on the uppeF—aICUIat'onSf for several values ®f, are presented in Tables
; . N ~1I-V. As said above, for each charge state only population
level population ratios as well as on the ionization rates i

the plasma were found to be negligible "atios that were found to be weakly-dependentngiand on
: o . the charge-state composition were selected. In order to im-
The effect of the opacity was also examined experimenyg, e the accuracy in the determination®f 2—4 popula-
tally, by comparing the intensities of simultaneously-tion ratios were used for each charge state. The results are
observed lines originating at the same upper level of a giveR sy examined by performing consistency checks with the
charge state, for example, then®#349.43-A and 4345.56- particle ionization times, independently determined for any
Alines originating at the B4P level, and the 4351.27-A and given r andt, as described be|0\65ee Table V). This ex-
4347.43-A lines originating at thep3°D level. For each pair  amination helps to discard, values obtained from experi-
of transitions, the level populations obtained from the meamental population ratios that particularly suffer from poor
sured intensities of the two lines were found to agree tcstatistics or discharge irreproducibilities.
within ~15%. Since this value is less than the experimental Table Il gives the comparison between the level popula-
uncertainty of each line intensity, it may be used to confirmtions of O, all normalized to the population of thep3P
the optical thinness for these lines. level, measured at=440, 490, and 535 ns, and the calcu-
In the present work, only a single emission line was ob-lated ratios. In this table, the populations of the 3D and
served in a single discharge. The line intensities, measured ap 4P levels are obtained using the averaged results of the
the time of peak emission of the respective charge state for @orresponding pair of linegsee Table)l Fort=440 ns, it is
given radial position, varied in the experiments by upt®.  seen thatT,=4.5+0.5 eV gives population ratios that fit,
These variations mainly resulted from the irreproducibility in within the error bar, all three ratios measured. Similaifly,
the ion (and electron density, as shown from continuum =4.8+0.7 eV and 5.5+1.0 eV are seen to fit best the data for
measurementsl 3], and confirmed by appropriate CR calcu- t=490 and 535 ns, respectively.
lations. For this reason we used the following procedure for Table Ill gives the results for @. Here, the comparison
determining the average population ratio for two given ionicbetween the population ratios measured ta535 (r
levels: The higher population densities observed for one=8.8 mm) to the calculations yields a temperature of

TABLE IV. Experimental and calculated level-population ratios ofvQOgiven for two instants during the plasma implosion.

Calculations

t, (n9), Ne Level Measured
r (mm) (10 cmi3) configuration ratio 8 eV 9eV 10 eV 11 eV
490 4.0 31°D/3p?P 0.62+0.08 0.625 0.655 0.68 0.70
16.5 31 *F/3p“D 0.69+0.07 0.65 0.675 0.70 0.72
3d“P/3p“D 0.65+0.08 0.56 0.595 0.62 0.64
535 3.0 2°D/3p 2P 0.67+0.11 0.625 0.655 0.68 0.70
10.2 31 *F/3p“D 0.57+0.08 0.65 0.675 0.70 0.72
3d“P/3p“D 0.62+0.10 0.56 0.59 0.615 0.64
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TABLE V. Experimental and calculated level-population ratios of,@iven for three instants during the
plasma implosion. Also given is the population ratio ofiQo Ov levels fort=570 ns.

Calculations
ty (ns), Ne Level Measured

r(mm (107 cm™d) configuration ratio 11eV 12eV 13eV 14eV
490, 16.5 4.0 @3p *P/2s3d 'D 0.33+0.05 0.33 0.35 0.37 0.39
535 7.0 23d'D/2s3p °P 0.63+0.07 069 071 072 0.73
12.0 23p 3P/ 2s3p 3P 0.27+0.04 0.255 0.27 0.285

2p3p°3P/2s3d D 0.42+0.05 036 038  0.40
570 20.0 23d 'D/2s3p °P 1.01+0.30 071 073 0735 0.735
7.5 203p 3P/ 2s3p °P 0.62+0.28 0.30 0.32 0.345
2p3p3P/2s3d 'D 0.51+0.11 0.39 0.415 0.445 0.47

570 20.0 On3p2P/0Ov2s3p®P  3.6%2.1 2.1 5.0 9.75

75 Ovi3p?P/Ov2s3d'D 5.15+3.4 2.9 6.5 13.3

8.0+£2.0 eV, which is seen to fit the data reasonably wellpopulations of O/ was relatively uncertain and irreproduc-
Based on the particle ionization timé$able VI) we dis- ible, probably due to the proximity of this measurement to
carded the results for th§2p3d3P]/[2p3p D] and the the time of the initial observation of @lines in the plasma
[2p3d °P]/[2p3p 3P] ratios, which both give large devia- (_t:480 ng. It is seen t_hat_ for this ratio],=11.0£2.0 eV
tions in the value off,, probably due to a large experimental fits the data well. For this time, @and Ow are observed to
uncertainty in the population of thepad 3P level. share the same radial positidfig. 1), and it is seen that this
Table IV gives the comparison between the measured angmperature agrees well witf obtained using lines of @
the calculated level-population ratios fornd The experi- (10.0£2.0 eV. It is then quite reasonaple to assume that the
mental data are obtained for490 and 535 ns, and=16.5 same temperature of 10.5+1.5eV is common to both
and 10.2 mm, respectively. It is seen that temperatures th&harge-state “clouds.” Att=535ns, a temperature of
provide reasonable fits to the data, to within the uncertaintyt3.0£2.0 eV is seen to fit the data reasonably well, except
in each ratio, ar@,=10.0+2.0 and 9.5+1.5 eV for the two for the [2s3d *D]/[2s3p *P] which givesT,<9 eV, a value
times, respectively. As an example of using the ionizationmuch lower than expected for this plasreee Table V).
times in examining the values df, obtained from certain The inconsistency for this ratio is attributed to insufficient
ratios, we note that a value of 0.57 for tf@d 4|:]/[3p ‘D] statistics. Att=570 ns the large uncertainties in the popula-
ratio fort=535 ns require3,~6 eV. However, such a value tion ratios, as seen in Table V, are due to the much less
of T, gives an ionization time>200 ns for Ov, much longer reproducible line intensitiegrariations of up to factor j3for
than the experimental ionization tinfe-25 ng. Indeed, this ~ this time of the implosion. We note that no reliable line-
value of 0.57, is much lower than the other two ratios ob-ntensity data could be obtained for the plasma here studied
tained fort=535 ns. for later times. As seen in the table, the only useful popula-
Table V gives the comparison between the experimentdiion ratio at this time is the2p3p °P]/[2s3d 'D] ratio,
population ratios of Q@ obtained fort=490, 535, and Which together with the bounds oR, (Table VI), givesT,
570 ns, to the ratios calculated using various valuegoft ~ =14.0£2.0 eV. The values of each of the other two ratios are
t=490 ns, the temperature was determined using a single r&igher by at least 40% than the theoretical values Tor

tio, [2p3p P]/[2s3d 'D], since the data for the other level =14 €V. Such values of, are unreasonably too high, for
example, forT,=16 eV the ionization time of ® is ~5 ns,

TABLE VI. Determination of the electron-temperature range much less than the observation duratier20 ns of the Ov

from the observed ionization times of the different charge-statedines atr=7.5 mm.

(defined as the times of awfold drop in the charge-state density As said above, the expected rangeTgfvalues for each
charge-state-dominated plasma region is independently de-
Charge state Ne (cmi-3) T, range(eV) termined from comparisons between the observed ionization
times of the various charge states to those obtained from CR
O 2Xx10%%-2x 10" 4.0-6.0 calculations using variable input values fo¢ and n.. The
Oum 5X 106-5x 10" 6.0-9.0 results for the various charge states are summarized in Table
Ow 1x10t—1x 108 9.0-12.0 VI.
Ov 1x 10 7—2% 1018 11.0-15.0 In a plasma region which contains several charge states,

measurements of population ratios of levels belonging to dif-
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TABLE VII. Comparison between the time-dependent experimental ratioswft® Ov level popula-
tions, measured at=12.0 mm(t,=535 n3, and the ratios calculated usimg=7x 10" cm.

Measurements Calculations
Level

configuration time (n9 ratio time (ns) 12 eV 13 eV 14 eV
3p 2P/2s3d D t,—10 1.96 5 0.16 0.35 0.65
tp 3.46 15 0.88 1.96 3.95
t+ 10 3.86 25 1.78 4.17 8.93
3p2P/2s3p 3P t,~10 1.73 5 0.12 0.26 0.49
tp 2.27 15 0.62 1.40 2.81
t,+10 2.83 25 1.22 2.86 6.00

ferent charge states yield higher accuracy in the determina=440 ns and for @—-Ow at t=570 ns, that during the
tion of T, due to the high sensitivity of such ratios 1qQ. ~100-ns interval of the most significant plasma radial mo-
However, in a rapidly ionizing plasma these ratios are highlytion, the rise in the electron temperature is small, both at the
time-dependent, thus requiring a careful data analysis. Hereplder (inner boundary(from 4.5 to 5.5 eV and at the hot-
we use the data obtained for\Gand Ovi, namely, the popu- ter (outep boundary(from 10.5 to 13-14 ey
lation ratios of the Qn 3p 2P level to the Ov 2s3p P and In addition to the uncertainties in the data and in the
2s3d D levels, which are observed at the same radial posianalysis discussed above, we now evaluate the effect of the
tions att=535 and 570 ns, in order to verify the valuesTgf ~ uncertainties in the modeling on the valuesTgfobtained.
obtained from the @ ratios for both instants. At each radial Specifically, we examined the sensitivity ©f to uncertain-
position, lines of the two charge states are measured duringtées in the cross sections of the various processes included in
20-ns time interval, yielding population ratios att, the CR calculations, the upper limit for which, for example
~10 ns,t,, andt,+10 ns, wherd, is the time of peak line N the case of Oy and Ov is ~20%[25]. To this end, we
intensity. calculated the level popylatlon ratios fon\_Oand Ov using

An example for such an analysis for535 ns is given in the same plasma con(_jmqns as above, ywth all the collisional
Table VII. The measured values of both the gxc;tgg/m(n '?r??hd%excnatl(t)nacross sections srr]nalltz}r d_cl)_LIarger

2 3 2 1 : y 20% (wi e decay rate#;, remaining unchang e

[3p“P1/[2s3p "P] and the [3p "P]/[253d D] ratios are resulting variations in the level population ratios were found
to be <3%, corresponding to uncertainties of up to +0.5 eV
in T, (i.e., within the uncertainties quoted in the abpve

compared to the ratios obtained from CR calculationstfor
=5, 15, and 25 ngheret=0 is the calculation start timeln

the calculationsT,, n., and the number of particles are all
assumed to be constant in time. It is seen that both calculated V. DISCUSSION

ratios rise in time faster than the experimental ratios. This The electron temperature obtained above, together with
can be explained by the continuous rise in the @ventory e results for the electron densfty3], the ion velocity and
within the observed plasma region during the observationharge-state distributiorfd5], and the magnetic-field distri-
time interval due to the mass sweeping. It is seen from th|$)ution [16]’ allow for ana'yzing the energy balance in the
comparison that a temperature between 13.0-14.0 eV fits thlasma during the implosion. Knowledge of the time-
data well, which is in a good agreement with the results fordependent radial distributions of the energy deposition and
the Ov ratios(Table V). dissipation mechanisms is required for tracking the history of
At t=570 ns, the insufficient accuracy in the datatat the energy and momentum within a given plasma ¢all
-10 ns andt,+10 ns, did not allow for such a time- Lagrangian cejl in order to better understand the internal
dependent analysis to be carried out, however the instant&nergy dynamics across the plasma shell.
neous ratios at, could still provide an estimate fdf.. The Assuming that the dependence on the ax@land azi-
measured ratios, together with the calculated ones are givenuthal () coordinates is negligible, we use a one-
in Table V. Atemperature of 13.0+1.0 eV gives a reasonabl@imensional (1D) single-fluid, single-temperaturéT,=T,
fit of the data, also consistent with the result of thes O =T), magnetohydrodynami@VHD) model to describe the
[2s3d 'D]/[2s3p >P] ratio for this time(see Table V. plasma under study. Following R¢26], the equation for the
Figure 5 gives the radial distribution @f, att=490 and total (internal and kinetic energy per unit mass can be de-
535 ns, using the results given in Tables II-V above. Theived:

value of T, given att=490 ns for the radial position of @ d L2 19 19 JT

(r=14.5 mm is obtained from interpolation based on the —<3+—) =———(rpv) + __(I'K_)
ionization times, since for this time and radial position no t 2 pror prory o

reliable data of line-intensity ratios were available. As shown 1 , v ]

in the figure, simple smooth curves through the data points + ;7732 - C—szBe+ Erad- 3

are used to fit the data. It can be seen from these distribu-
tions, and from the additional data points fornQat t Here,d/dt=4d/dat+v(dldr), p is the plasma mass density,
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FIG. 6. Radial distributions of the thermal pressiselid line) L e e I B B
and the magnetic pressuftdashed ling for two times during the 120 I b)
implosion. i

100 - .
=v, is the radial velocity of the plasma floy,is the thermal
pressure J,=(c/4nr)d(rBy)/or is the axial current density
(where B, is the azimuthal magnetic fieldand &,,4 is the
radiation cooling ratey is the electrical resistivity, here as-
sumed to be the Spitzer resistivif27], and k= «, is the
thermal conductivity28]. The specific internal energyin-
cludes the thermal, ionization, and excitation energies. Cal-
culations of the right-hand-sidgRHS) terms in Eq.(3) are
described in the following section. 0
Let us first examine the assumption of a single plasma
temperature by calculating the particle collision rates in the Radius (mm)
plasma. More specifically, we use the characteristic energy-
transfer time for electron-ion collisiori28]

80 |
60 |-

a0t

Specific Power (MW/cma)

FIG. 7. Radial distribution of the energy-deposition rates in the
plasma due to the Joule heatifdashed ling the compressional
3.125% 108MT2/2 heatingpdv/dr (solid ling), and the electron heat fluxotted line,

= U5+ 1) = (4)  for two times during the implosion.

=——— S,
(1+2)ZIn Ang
whereu is the ion mass in proton-mass units and\lis the té‘:_Tsed’pv/r.’ |shsmall compare(;i] tohthe .other twg. The sr:acond
Coulomb logarithm. Using the radial distributions B ne, = ttefrThm tle tequaﬂontlsﬂt e Tﬁatl{;}g (;ate dufe totrt1 Egrsa-

and Z, Eq. (4) gives a typical value of=10 ns for the C!€Nt of the electron heat flux. The third and four

entire shell, which is much shorter than the time scale of thderms in Eq.(3) are the Joule heating rate (.Jf electrons and
T, changes in the plasmia=1 eV over~30 n3. the work _of the Lorentz(_J X B) force, respt_ectl_v_ely. We note
The thermal pressurp=p,+p; is obtained from the par- that th_e first two terms in Eq3) are only S|g_n|f|cant for the
ticle densities and temperatures, again assuriFgle. A analysis for certaln.plasma regions, reflecting the energy ex-
comparison between the radial distributionpfvith that of ~ change between different layers, and are zeroed out in the
the magnetic pressui@?/8 for two times during the im- €Nergy balance for the entire plasma shell.
plosion is given in Fig. 6. It is seen that the magnetic pres- | € terms that contribute to the rise in the internal energy
sure is comparable to the thermal pressure in the inner ré '€ the compresional heatittgsv/dr), the Joule heating,
gions, but is~2x higher at the outer regions of the plasma nd the electron heat flux, the calculated radial distributions
shell. of which are given in Fig. 7. In the calculations of these
terms, we use the derivatives with respect tf the smooth
curves that best fit the experimental data point$ oh,, and
v;, and of the curve od,, which is the solution of the mag-
The RHS terms of Eq(3) include the plasma internal netic diffusion equatiofil6]. For comparison, also shown in
energy and the energy spent on acceleration. Here, wge figure are the local rates at several radial positions ob-
present calculations for the instantaneous plasma heatingined using derivatives which are calculated based on neigh-
rates for two times during the implosion. The first RHS termboring data points, e.géT/dr ~ AT/ Ar. It is seen that near
in the equation separates into the compressional heating rafiee outer boundary of the plasma shell the Joule heating
(pav/or) and the rate of the kinetic energy rise due to thedominates, while for the inner plasma layers both the com-
thermal-pressure gradiefidp/dr). The additional term ob- pressional and Joule heating rates become nearly equal.

A. Local plasma heating mechanisms
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The electron heat flux is found to be small for all radial Eg,, .= Eiorx Which demonstrates the consistency of the
regions. This finding contradicts the results given in a previplasma parameters determined. In addition, the partition of
ous study[ 15], where it was suggested that the electron heaE,, provides the energy conversion efficiency during the im-
flux is sufficiently significant to support the propagation of plosion. It is seen that the kinetic energy~$5% of the total
the ionization front in the plasma. This disagreement can benergy aquired by the plasm&.25% of the aquired energy
explained based on the overestimated electron temperatui® invested in heating and ionization, ardl0% of the en-
used for the analysis in RdfL5] (T, was not measured at the ergy is radiated.
time). Any possible deviation of the plasma implosion geometry

from a pure radial one would result in nonradial kinetic en-
B. Energy balance in the plasma ergy terms. However, the equalil.¢~ E;o: Shows that up

. . - ... tot=535 ns such terms are within the uncertainties of the
Using the instantaneous energy deposition and d|SS|pat|(;£

; o . alculations, i.e., the single-temperature 1D MHD model de-
rates given apove., It Is now possible to compare the tot cribes the plasma implosion sufficiently well.
energy deposited in the plasnig,,..to the total(internal
+kinetic) energy acquired by the plasnig,. These total
energies are obtained by calculating the instantaneous values

of the terms in Eq(3) att=490 and 535 ns, and integrating  The balance between the magnetic energy deposited in a
over the 45-ns time interval and over the radial dimension—goQo-ns CQ-puff z-pinch plasma and the energy dissipated
The results are given in units of energy per unit length of thejuring the implosion phase is studied. The energy deposition
plasma shell. All the terms in E¢R) are calculated using the and dissipation rates in the plasma are determined using the
experimental data, except for the radiation cooliags  measured radial distribution of the electron temperature, to-
which is obtained from the CR calculations. For the plasmegether with the previously observed time-dependent radial
under study, the powers of both the Bremsstrahlung and thgjstributions of the magnetic field, the plasma density, and
radiative-recombination continuua are by more than an Ordqlhe partide velocities. The electron temperature is deter-
of magnitude lower than the power of the line radiation, somined from ionic-level population ratios of @-Owi that are

that e, is calculated using the empirical expressionyery weakly dependent on the electron density, obtained
(1/p)ZiZ ) injAje(T;;) Eji, wheree(r;) is the radiation escape from time-dependent, spatially resolved measurements of
probability. optically-thin spectral lines.

The work of the Lorentz force obtained i&;xp It was found that the work of the Lorentz force and the
=18+5 J/cm. This work is converted both into the plasmajoule heating constitute 85% and~15%, respectively, of
kinetic energy and internal energy (heat, ionization, and the energy coupled to the plasma, and that about 65% of the
excitation. The Joule heating for this time interval yields energy acquired by the plasma is stored in the radial ion flow.
Ejoue=3%1 J/cm, allconverted into the plasma internal en- About 90% of both the energy deposition and dissipation
ergy. For the calculations of the plasma kinetic eneEgy(t)  takes place within the~1.5-mm-thick layer at the outer
the radial distributions of the plasma velocity and mass ar@oundary of the 6-mm-thick plasma shell. The energy bal-
used, the latter obtained from the distributionspf13] and  ance analysis demonstrates that for the 100-ns long interval
Z [15]. For a total mass of 11+2g/cm the values obtained studied(between —150 to —50 ns relative to the stagnation
are E,jn(490 ng=9+2 J/cm andE;(535 ng=22+3 J/cm.  the 1D model describes the plasma sufficiently well. Further-
The rise in the kinetic energy between these two times isnore, the information presented here can also be used for
then=13x4 J/cm. estimating the energy stored in the plasma close to the stag-

The internal energ¥;= 27 [ perdr per unit length of the nation, and thus may help in clarifying questions related to
plasma shell is calculated using the time-dependent radiahe balance between the x-ray radiation and the kinetic en-
distributions ofT, andZ, giving 8.9+2.0 and 13.6+3.5 J/cm ergy stored in the plasma radial flow raised in various
at t=490 and 535 ns, respectively, so that the ris&lg,,  z-pinch experiments.
=4.7+3.0 J/cm. The fraction of the ionization energy in
AE;, is ~2.3 J/cm. For comparison, the ionization energy ACKNOWLEDGMENTS
was also obtained from CR calculations using typical experi-
mental values fon, and T, giving ~2.8 J/cm for a 45-ns The authors wish to thank L. A. Vainshtein for his helpful
interval. The radiation losseg, =27 [ peoddr calculated comments on the atomic-physics modeling, and P. Meiri for
for the 45-ns interval were found to be 1.8+0.4 J/cm. his highly skilled technical assistance. This work was sup-
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21+6 J/cm. The total aquired and dissipated enedfgy foundation (DIP), by Sandia National Laboratories, USA,
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VI. SUMMARY
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