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electron scattering.

In previous reconnection experiments anoma-
lous resistivity has been observed and claimed
to be responsible for current disruptions.'!” '3
However, there the resistivity is calculated only
from one component of the fields, i.e., the paral-
lel induced electric field ~A, and current density
J,. Ignoring space charge fields and three-di-
mensional effects must lead to erroneous conclu-
sions.

The authors gratefully acknowledge computa-
tional assistance from T. McFadden and general
lab help from M. Urrutia. This work was support-
ed by the National Science Foundation Grant No.
ATM-T79-21331.

v, M. Vasyliunas, Rev. Geophys. Space Phys. 13,
303 (1975).

’S. I. Syrovatskii, Astron. Zh. 43, 340 (1966) [Sov.
Astron. 10, 270 (1966)].

B. Coppi, G. Laval, and R. Pellat, Phys. Rev. Lett.
16, 1207 (1966).

‘R. L. Stenzel and W. Gekelman, Phys. Rev. Lett. 42,
1055 (1979).

’N. A. Krall and A. W. Trivelpiece, Principles of
Plasma Physics (McGraw-Hill, New York, 1973).

SR. L. Stenzel and W. Gekelman, University of Cali-
fornia Los Angeles Plasma Physics Group Report No.
414, 1979 (unpublished).

"W. Gekelman and R. L. Stenzel, University of Cali-
fornia Los Angeles Plasma Physics Group Report No.
466, 1980 (unpublished).

Sw. Gekelman, R. L. Stenzel, and N, Wild, University
of California Los Angeles Plasma Physics Group Re-
port No. 479, 1980 (unpublished).

o, Sato, T. Hagashi, and T. Tamao, Phys. Rev. Lett.
41, 1548 (1978).

10M. Ugai and T. Tsuda, J. Plasma Phys. 17, 337
(1977).

1N, Ohyabu and N. Kawashima, J. Phys. Soc. Jpn. 33,
496 (1972).

2p, J. Baum, A. Bratenahl, M. Kao, and R. S. White,
Phys. Fluids 16, 1501 (1973).

13A. Frank, in Neutval Cuvvent Sheets in Plasmas,
edited by N. G. Basov (Plenum, New York, 1976).

Silicon Satellite Spectra from Laser-Imploded Microballoons

James G. Lunney‘®
Queen’s University, Belfast, Novthevn Ireland

and

John F. Seely

Naval Reseavch Labovatovy, Washington, D. C. 20375
(Received 17 September 1980)

The dielectronic satellite spectral lines, on the long-wavelength side of the hydrogenic
Six1v Lyman-a line, have been observed in the space-resolved spectra from laser-im-
ploded glass microballoons. In the electron density range 1x 1022 to 2x10% em™?, the
intensities of the Si x111 252p *P—1s2s % and 2p23P-1s2p *P satellite lines increase with
density in agreement with numerical modeling. These satellite lines are a promising
density diagnostic for the imploded glass plasma.

PACS numbers: 52.70.-m, 32.30.Rj, 32.80.Dz

The implosion core regions of laser-irradiated
glass microballoons are intense sources of x-ray
line radiation from highly charged ions. The hy-
drogenic resonance lines from the imploded shell
and the gas fill have been used to measure the
plasma parameters that are important for laser
fusion.'”™® There has been interest in using di-
electronic satellite lines for the diagnosis of the
core plasma.®!' Advantages of this diagnostic
technique are that the satellite lines are less sus-
ceptible to opacity effects, and the plasma param-
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eters are obtained from the relative intensities of
closely spaced spectral lines.

Time-resolved x-ray spectroscopy!? indicates
that dielectronic satellite radiation is emitted on-
ly briefly from the hottest plasma region, where-
as resonance radiation persists for a longer peri-
od of time in the cooler recombining plasma.
Thus the satellite radiation is more characteris-
tic of the hot, dense core region and is less af-
fected by time averaging.

In this paper, we report the analysis of the di-
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electronic satellite lines on the long-wavelength
side of the SiXIv Lyman-a line. The Lyman-o
and satellite intensity distributions are obtained
from the space-resolved x-ray spectra from a
series of two-beam laser implosions at the Ruth-
erford Laboratory. It is shown that the intensi-
ties of the 2s2p *P~1s2s3S and 2p?3P~1s2p 3P sat-
ellite lines increase with plasma density in agree-
ment with numerical modeling. This work estab-
lishes the utility of these satellite lines for meas-
uring the density of the silicate-glass plasma of
imploded microballoons. The corresponding ar-
gon satellite lines, which have also been observed
to be quite intense in the core regions of argon-
filled microballoons, should be useful for meas-
uring the density of the gas fill.

The parameters for four representative laser
shots are shown in Table I. The diameter of the
imploded silicon plasma is determined from the
spatial extent of the SiXIv and SiXIII recombina-
tion continua. The electron temperature is cal-
culated from the slopes of these recombination
continua, and the electron density is determined
from the Stark broadening of the SiXIV Lyman
series lines, corrected for opacity.? The param-
eter NR, the density of the hydrogenic Si XIv
ground state multiplied by the optical path length,
is obtained from the optically thick SiXIV Lyman-
a line.

The silicon Lyman-a and satellite spectra from
the ablation and implosion core plasmas of shot
328 are shown in Fig, 1. The intensities of the
2s2p3P-1s2s3S and 2p?3P-1s2p 3P satellite lines,
relative to the intensity of the 2p®'D,-1s2p'P,
satellite line, are stronger in the implosion core
plasma (electron density 1.1 X 10?3 em ™3, electron
temperature 400 eV) than in the ablation plasma
(1X10%%2 em™3, 500 eV). The four core satellite
spectra are shown in Fig. 2, where the intensities
of the triplet satellite lines increase with elec-
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(b)

6.17
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FIG. 1. Densitometer tracings of the silicon Lyman-~
« and satellite lines from (a) the ablation plasma and
(b) the implosion core plasma of shot 328. The den-
sitometer tracings, as indicated on the photograph of
the spectrum, are along line AA through the ablation
region and BB through the core region.

TABLE I. Parameters for the four shots.

Laser Shell Shell Gas Silicon implosion plasma
Shot power diameter thickness fill D Te N, NR
number?  (TW) (wm) (um) (bar)  (@m) (eV) (cm™3) (cm™?)
323 0.17 50 0.59 10 DT 34 580 2x 1022  1.8x 1018
322 0.15 50 0.60 10 DT 25 500 6x10%2 1.7x 1018
328 0.34 67 0.71 0.4 Ar 22 400 1.1x102 8.8x 107
209 0.22 66 0.75 0.3 Ar 22 430 1.4x10%" 1.6x10!8

2The shot numbers, appearing in the table and in Fig. 2, refer to the Rutherford
Laboratory system of designating laser shots.
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tron density. These spectra are recorded using
a PET crystal and a 10-pum-wide slit resulting in
a 12-pm spatial resolution.! The instrumental
spectral linewidth, determined by the source size
and the rocking curve of the crystal, is 4 maA.
The increase in intensity of the silicon triplet
satellite lines with density is in agreement with
numerical modeling of the satellite spectra. The
steady-state rate equations for the ten 2727’ lev-
els, the three hydrogenic » =2 levels, and the ful-
ly stripped ionization stage are solved for the lev-
el populations relative to the hydrogenic ground-
state density. The levels are coupled by electron
collisional processes (dielectronic recombination,
collisional-radiative recombination, ionization,
and excitation!?®) and by autoionization'* and radi-
ative decay where appropriate. The Lyman-«
radiative rate is reduced by the frequency-de-
pendent escape factor for an emitting-absorbing
plasma.® For NR<10" c¢m™2, a condition that is
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FIG. 2. Relative intensities, determined from the
Kodirex film calibration curve, of the silicon satellite
lines from the implosion core plasmas of the four
shots listed in Table I. The intensities are normalized
to the intensity of the 2p” D, ~1s2p P, satellite line.
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well satisfied in these implosions (see Table I),
satellite line opacity effects are negligible.'*
From the intensity ratio of the Si X1l 1s2p °P,~
1s?'S, intercombination line to the 2s2p 3P-1s2s°S
satellite line, typically equal to 4 for the core
spectra, it may be shown'® that the inner-shell
excitation of the doubly excited levels from the
metastable levels of the He-like ion is negligible,

With calculation of the level populations, the
spectral intensity distribution is simulated by
summing the contributions, from each radiative
transition, at particular wavelengths in the wave-
length region that includes the Lyman-a and sat-
ellite lines. The Doppler, Stark,'®and 4-mA in-
strumental profiles are convolved, and the Ly-
man-a profile is further modified by opacity by
using the frequency-dependent escape factor for
an emitting-absorbing plasma. The resulting cal-
culated intensity distribution is a function of N,,
NR, and T,. Since these plasma parameters are
measured independently of the satellite lines,
there are no free parameters in the numerical
model.

The silicon satellite spectra, calculated with
use of the plasma parameters listed in Table I,
are shown in Fig. 3. The calculated satellite
spectra are in good agreement with the experi-
mental spectra. A more sophisticated radiation
transport model could be used for the Lyman-a
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FIG. 3. Calculated relative satellite intensities for
the four shots listed in Table I. The four curves are
identified by the legend in Fig. 2.
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FIG. 4. The calculated intensities of the Si x111
2s2p P—1s2s S and 2p%%P-1s2p P satellite lines, with
wavelengths (Ref. 14) 6.2432 to 6.2545 A, relative to
the intensity of the 2p%'D,~1s2p 'P, satellite line at
6.2637 A. The dotted curve is for an electron tempera-
ture of 400 eV and an optically thin Lyman-« line. The
upper four curves (see legend in Fig. 2) are calculated
by using the parameters of the glass plasma listed in
Table I.

radiation, but since the temporal variations of
the plasma parameters are unknown, the frequen-
cy-dependent-escape-factor approximation is
adequate for the present analysis.

The calculated intensities of the Si XIII 2s2p 3P~
152538 and 2p%3P-1s2p 3P satellite lines, relative
to the intensity of the 2p2'D,-1s2p 'P, satellite
line, are shown in Fig. 4 as functions of electron
density. For electron density less than 10*! ¢cm™3,
the 2121’ levels are populated by dielectronic re-
combination, and the intensity ratio is constant
and equal to 0.5. As the electron density increas-
es, the 2s2p 3P and 2p?°P levels are populated by
electron collisional excitation from the singlet
doubly excited levels, and the intensity ratio in-
creases to the value 2.7 in the limit of statistical
occupation of the 2121’ levels (dotted curve in
Fig. 4). The increase in the hydrogenic # =2 pop-
ulation due to reabsorption of the Lyman-a radi-
ation results in enhancement of the 2s2p 3P and

2p? 2P populations by collisional recombination
(upper four curves in Fig. 4).

Extension of this diagnostic technique to higher
electron densities should be possible with use of
the satellite lines of high-Z impurities in the
glass plasma. These spectral lines, together
with the corresponding argon satellite lines, are
promising measures of electron densities greater
than 10?3 cm "3,
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