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K-ray spectroscopic diagnosis of laser-produced plasmas, with emphasis on line broadening
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A detailed account is given of the x-ray spectroscopic diagnosis of plasmas foe+ed by exploding pusher

microballoons. The measurements of the electron temperature from the shell and from the core is described. A

method for self-consistently fitting all the observed lines of one state of ionization is shown, giving a diagnosis for the

electron density and the opacity. Further, it is.shown that the self-consistency is only achieved when full line-

broadening calculations, taking into account the shifts and asymmetries dependent on the charge of the emitter, are

used for the optically thin profiles. It is also shown that non-local-thermodynamic-equilibrium effects are important
in the description of the radiation transfer.

I. INTRODUCTION

Space-resolved x-ray spectroscopy has proven
to be a powerful diagnostic technique for the study
of plasmas produced by laser-driven implosion
and compression of gas-filled glass microballoons.
When such microballoons are irradiated with a
two-beam laser, there are typically two zones of
intense x-ray emission. These zones, shown
schematically in Fig. 1, are the surface ablation
plasma and the core, which consists of compres-
sed gas and glass.

The spectra of these x-ray emitting regions can
be used to determine the electron temperature,
density and the spectroscopic opacity. A deter-
mination of the electron temperature is relatively
straightforward. However, there are difficulties
in interpreting the line broadening of these plas-
mas, due to a combination of the high atomic
charge of the emitters and the high opacity of the
plasma. This paper gives details of our experi-
ments and analyses with particular emphasis on
the interpretation of the line broadening.

Previous work' "has used high-order series
members which were presumed to be optically
thin to obtain an electron density. This density
was then used to obtain an opacity from the mea-
sured width of a lower-order series member.
Here we extend this procedure by presenting a
method that is capable of finding whether a whole
line series can be fitted consistently or, as is the
case, additional line-broadening mechanisms be-
come important for some series members. The
method yields a region of electron density and
opacity (directly proportional to ground-state
density n, ) for which all the line profiles of a
series fit consistently. By quantifying the quality
of fits, the confidence limits over which consis-
tent fits can be obtained are derived.

The layout of this paper is as follows. Section
II describes the experiment and the data reduc-
tion. In Sec. III the spectra are analyzed to deter-
mine the electron temperature T, . In Sec. IV, a
discussion is given of the method by which the
optically thin theoretical profiles are processed
to allow for opacity corrections and then com-
pared with experiment. In Sec. V the experiment-
al line profiles are compared to the theoretical
optically thick profiles using a homogeneous slab
model. It is found that consistent fits are ob-
tained for all the lines only when the full theory
for the line profiles is used. In Sec. VI the as-
sumptions inherent in the analysis of Secs. IV and

V are critically examined and other models for
the opacity broadening are considered.
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FIG. 1. Schematic of the x-ray emitting regions of la-
ser-compressed microballoons. ' A typical pinhole image
shows surface plasma x-ray emission and compressed
core emission. These regions are spatially resolved in
one direction by the crystal spectrometer.
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II. EXPERIMENTAL DETAILS

The implosion experiments described here were
performed using the neodymium glass laser at the

Rutherford Laboratory Central Laser Facility.
The laser was used in a two-beaxn mode, each
beam giving up to 15 J in 100 ps. '4 'The beams
were focused on opposite poles of aluminum-

coated, gas-filled, glass microballoons which

were supported by a 5-p.m glass fiber stalk.
The main diagnostics were an x-ray pinhole

camera and miniature space-resolving, crystal
x-ray spectrometers. The spectrometer was of
the type previously described" and shown sche-
matically in Fig. 2. The crystal used depended
on the spectral range to be recorded. A 5- p, m

slit lying in the plane of dispersion, which was al-
so normal to the laser beam axis, provided 7-pm
spatial resolution parallel to the laser beam axis.
A thin foil of either 1.5-p, m Al for &8 A, or

0
25-p. m Be for &8 A was used as an x-ray filter.

'The space-resolved spectra were microdensi-
tometered on a Joyce Lobel Mark 3 densitometer
using a numerical aperture of 0.25. The spectra,
from the core plasma and the two zones of abla-
tion plasma, were traced separately. The mea-
sured neutral density on film was converted to
x-ray flux per unit area using the calibration for
Kodirex" which was the x-ray film used for re-
cording the spectra.

'The spectral dispersion was calculated from the

interplane spacing of the crystal and the geometry
of the spectrometer. To calculate the absolute
x-ray emission at a particular wavelength, the

integrated reflection coefficient as a function of
wavelength must be known. This was measured
commercially, using the two-reflection asym-
metric method. " 'The half width of the rocking
curve was also measured as a function of wave-

length. The spatial extent of the core emission
was obtained from the space-resolved spectra.

'The distribution of surface brightness of a uni-
formly emitting sphere was convolved with the in-
strument slit width and compared with the spatial
extent of the spectra. This procedure defined a
sphere of radius R which is the source size. 'This

value of the source size, together with the rocking
curve of the crystal determined the spectral res-
olution of the spectrometer.

III. SPECTROMETRIC DIAGNOSIS USING CONTINUA

A. Electron temperature measured from the continuum

The temperature, density, and dimensions of
these plasmas are such that the x-ray continuum

emission, at wavelengths less than 10 A, is op-
tically thin. 'This continuum emission therefore
provides an important diagnostic of the electron
temperature T,.

The continuum-emission spectrum arising from
radiative recombination for a plasma of volume

V and emitting for a time &t is given, in Jsr s,
by 22

6.3x 10~'n,' hv l
e(v) =VAt, &,

' exp —
)

where f, =n, /n, is the number density of ion spec-
ies "i" relative to n, the electron number density,
X; is the ionization potential from the ground
state of the ion formed by recombination into ion

species i, and $; is the degeneracy of the recom-
bined ground state. Note that the Gaunt factors
have been set equal to one.

The slope of inc(v) is inversely proportional to
T,. Thus the recombination continuum arising
from recombination into fully stripped and hydro-
genlike aluminum and silicon was used to measure

T, in the ablation plasma, while the continua due to
the same ions of neon and silicon were used to
calculate T, from the core plasma.
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FIG. 2. The miniature space-resolving crystal spec-
trometer.

B. Electron temperature from the state of ionization

Ideally, the relative intensities of hydrogenlike
and heliumlike lines can be used to determine Tee
For an ion in a plasma an energy level of princi-
pal quantum number n is in local thermodynamic
equilibrium (LTE) with respect to higher levels
and the continuum of free electrons if"

n & 2 x 10"ZeT'~'/n" ~' (2)

n, given in cm . 'Thus if a plasma is optically
thin to the line emission from such a level n of the
ion of charge Z, the intensity of the line is pro-
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portional to the population density of the next ion-
ization stage Z+ 1. The intensity ratio of the
lines arising from high-lying levels of hydrogen-
like and heliumlike ions is therefore related to
the ratio of the population densities of fully
stripped and hydrogenlike ions by

Is(n, 1) As(1, n) gs(n) gs(1)ns (1)
Is, (n', 1) As, (1,n') gs gs, (n')ns(1)

Xs(n, ~) -Xs,(n', ~)xe p
8

where B, H, and H, indicate the fully stripped,
hydrogenlike and heliumlike ions, respectively.
Note that since the exponent is small, the temp-
erature dependence is weak.

Therefore, a measurement of I„(n, 1) and

I„,(n', 1) will allow a determination of ns(1) n„(1).
From Eq. (2) the plasma densities in this study
are too low to satisfy LTE to the ground state.
Under these conditions the ionization equilibrium
is best described by the collisional radiative
equilibrium model. 2' ' This model has been used
to calculate the ratio ns(1)/ns(1) as a function of
T, (with a weak dependence on n, ) using the optic-
ally thin calculation. " Thus with a measured
ns(1)/ns(1), 7, can be inferred. The results of
calculations with finite optical depths in the Lyman
lines'4 indicate an increase in the ionization for a
given temperature.

To predict the complete state of ionization of the
material, recourse must be made to the simpler
coronal model, as the collisional radiative equil-
ibrium (CRE) model has only been calculated for
hydrogenlike ions. The fractional populations of
other ions was thus taken from the coronal calcu-
lations" at the temperature that gives the observed
ratio ns(1)/n„(1). This gives the fraction of atoms
which are in the hydrogenic state.

There seems to be an upper limit of 50$ for
the fraction of atoms which can be in the hydro-
genic state of ionization independent of the equili-
brium model. This result is approximately the
same for both the LTE and coronal models; the
other half of the atoms are mainly heliumlike or
have bare nuclei.

C. Density measurement from recombination continuum

Equation (1) shows that the intensity of the re-
combination continuum spectrum a(v) is propor-
tional to n,'V&t. Thus if V and 4t are known, n,
can be obtained from e(v), knowing the ionization
fraction f; into which the recombination is taking
place. As described earlier, f, was estimated
from the measured temperature and density. The
volume V was obtained from an analysis of the
space-resolved spectra and the x-ray pinhole

camera. The duration of emission of x-rays at
1.0 and 1.4 keV was measured using an x-ray
streak camera. "

IV. THE PREPARATION AND COMPARISON OF
THEORETICAL SPECTRAL PROFILES WITH THE

EXPERIMENTAL PROF ILES

A. Optically thin profiles

Optically thin profiles were taken from the
line-shape calculations of Lee. Details of these
calculations are reported elsewhere, "~' but a
brief description is given here.

Two different sets of optically thin profiles
were generated which we refer to as the standard
and the full sets of line profiles. For the standard
set of profiles the electrons are treated dynamical-
ly and the ions are treated as quasistatic pertur-
bers. This treatment is similar to that of Kepple
and Griem. " For the full set of profiles the ions
are treated dynamically, the first-order shift and

broadening functions which arise from the charge
on the emitter are included, and the fine-structure
splitting is included in the calculation for the L&
transition.

The main differences in the profiles of the full
and the standard calculations are as follows.
First, the full calculations provide a somewhat
broader profile, which is most noticeable on the
n transitions. Second, the full profiles are
damped in the central regions of the lines. When
Doppler broadening is included the central inten-
sity is decreased and overall the line is wider.
This suppression of the central peak is most not-
iceable for the z lines. Finally, the full theory
predicts small shifts in the line profiles. Nu-
merical examples of these statements are given
in Table I.

It is useful to examine the way in which the silicon
linewidths of the various transitions depend upon the
plasma parameters. Figure 3 shows the full width
at half maximum versus electron density for the
standard calculation. It should be emphasized that
these widths are without any Doppler, opacity, or
instrument broadening.

The Ln line is relatively narrow. The LP line
has a characteristic shape with a dip at the line
center. The half width measured from the peaks
of the profile is well represented by

6X = 5 5(n /10")0 ~"0 ~
y/2 e

in the region 10"&n,& 3x 10" cm '. All 5X,/, are
0

measured in mA.
The L„ line has a characteristic shape with a

very narrow central feature, together with a much
wider shoulder. The full half width measured
from the peak of the profile is shown, together
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TABLE I. Comparison of broadening and shifts for both full and standard theory. Wave-

lengths are in mA. Note the slight narrowing of the Lp profile with the full theory. This is
due to the asymmetry. No Doppler broadening is included.

Spectral
line

Si
T, =5.2&10 K, n, =1.5x10 cm

shift or % asymmetry

Al
T~=5.2@10 K, n, =2&10 cm

shift or % as~retry

stand. fu11 stand. stand. full stand.

La

Lay 6t

Ly
L6

0.62
26.5
56

8
64

2.65
24.0
62
31
63

+0.85
10%

+4.5

-0.5%

1.2 467
13 12
28 29
1.33 13

30 31

+0.94

+2.2

-0.5%

Half width measured from the highest point on shoulder.

with the full half width measured from the highest
point on the shoulder. The latter is well repre-
sented by

13(n /1P22)0. 5640 02
&/2 8

The full half width of the L5 line is represented by

14(& /1P22)0 6050 02
1/2

The heliumlike transitions show similar behav-
ior. The 1s'-1s2p line is very narrow. 'The full
half width of the 1s'-1ssp line is

5(n /1p22)0. 6440 04
y/2 e

For the 1s'-1s4p line the two half widths are

1(n /1 P22)0 7560. 1
X/2 e

for the center and

following order. First, the optically thin profiles
~ere Doppler broadened by an amount corres-
ponding to the ion temperature, assuming T, = T;.
The profiles were then corrected for opacity ef-
fects according to the simple formula for the in-
tensity emitted from a uniformly emitting and

absorbing slab:

I„(f,v) =B(v)(1 —exp[ —r(v, l)]j, (4)

where B(v) is the black-body function and r(v, l} is
the optical depth at frequency v due to a slab of
length l. The optical depth is defined by

r(v, I) = n, L(v)e If»/4eomc,

where f» is the absorption oscillator strength for

14(n /1P22)0. 6020 04
X/2 e

for the shoulder.
The variation of the half width (without Doppler

broadening) with the electron temperature was al-
so empirically examined. At n, = 1.5 x 10" cm~
and with T, equal to 5x 10' K, the scaling was
5~y / 2

~ T,' . The scaling at lower number dens i-
ties, with more particles in a Debye sphere, will
be even weaker. Thus the major variable upon

which the width of the optically thin profiles de-
pends is n, . A large set of standard line profiles
was generated for various values of n, using a
T, of 5.2x 10' K, for Al and Si as suggested by the
experimental observations. For Ne the experi-
mentally observed temperatures are lower and a
temperature of 4.6x 10' K was used. Because of
computational cost a limited number of full pro-
files were calculated.

100

M,II (mk)
/2

1

1022 10 ~(cm )

HOULDER)

LP

LY(CENTER',

B. Additional line-broadening processes

Before-comparing with experiment, the optically
thin profiles were processed (broadened} in the

T =5.2x10 K, NO DOPPLER BROADENING

FIG. 3. Theoretical predictions for the FWHM of the

Lyman transitions of Si uv. Doppler broadening is not
included.
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the transition 1 to j, n, is the number density of
the lower state of the transition, and L(v) is the
area-normalized optically thin line profile.

Equation (5) describes the opacity broadening of
the intensity emitted normally from a slab in
LTE. As the core plasmas of this study are
spherical, the opacity broadening from a sphere
in the LTE approximation should be calculated. It
can be shown that as expected the broadening var-
ies with the optical depth along the line of sight so
that

I'„(v, 8) =B(v)[1 —exp( —7' cos8)], (6)

where l, in the definition of r [Eq. (5)], is now the
diameter of the sphere and 8 is the angle of the
ray to the radius of the sphere.

The broadening described by Eqs. (4) and (6) are
identical only if 8=0. 'The 8 variation is accounted
for by evaluating the flux. This is because if a
uniformly emitting sphere is not spatially resolved
a detector measures the emitted flux. '

The flux from a sphere F = f;~' cos 82m sin8I„'
(v, 8)d8 was therefore evaluated for the line pro-
files and optical depths of the examples in Sec. V.
It was found that the spectral intensity emitted
from a slab of depth l produced essentially equiva-
lent profiles to the spectral flux emitted from a
sphere of diameters 1.5l for the Lu transition.
This is valid for the core La profiles where it is
found that the total optical depth is usually 50 or
less.

Finally, the instrument function was convolved
with the opacity-corrected profiles. This convo-
lution was performed, assuming a Gaussian instru-
ment profile, with the appropriate half width.

C. Fitting the theoretical proNes to experimental
profiles

The theoretical profiles were fitted to the exper-
imental profiles using an interactive graphic com-
puter routine. First, the broadened theoretical
profiles were shifted in wavelength to best coincide
with the experimental profiles. Next, the intensity
of the theoretical profile was multiplied by a scal-
ing factor, so that the areas under the theoretical
and experimental profiles were equal.

Although other fitting procedures such as a
least-squares fit were tested, it was felt that area
normalization maintained the most objective fitting
procedure. 'To characterize the quality of the fit a
normalized sum of the squares parameter Q was
used. 'This Q is defined by

e =g(y.„„-y,..., )'~Qy,'..., .
Here y,~, and y~, are the experimental points and
the theoretical points at the same wavelength, and
the sum was over all of the digitized experimental
points. In general, a fit with Q = 0.01 is good,
whereas a fit with Q = 0.1 is poor; examples will be
shown in Sec. V.

D. The idealized fitting procedure

The two major variables in determining the
width of the observed emission line are n, and n,
(for a given l). The gross width of any line is not
a unique function of n, and n, . The details of a
line shape, e.g. , the height of shoulders, may be
a unique function of n, and n„but it is only the
coarse features that are observable. If the theory

ne

La

Lp

UNIQUE Ap AND &t FROM
FITTING 4 EMISSION LINES

Ly

OPTICA L LY

THIN REGION
OP TI CALLY

TH IC K RE G ION

log n&

FIG. 4. The ideal lines of the best fit in n~, ng parameter space of the theoretical opacity, corrected line profiles to a
given set of experimental profiles.
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is compared with a given experimental profile,
then for a small optical depth the linewidth will be
a function of n, only; and if the line of best fit is
plotted on a graph of n, vs n, as in Fig. 4, it will
be a horizontal line. As the line becomes optically
thick, the same total theoretical width can be ob-
tained with a smaller n, . Thus the line of best fit
curves downwards as in Fig. 4. Ideally, a line of
best fit could be obtained for several transitions
and they would intersect at one point in the n„n,
pl.ot, characterizing n, and n, in the slab.

In fact, the line of fit is an area determined by
the constraint on Q which was taken as Q & 2 Q „
where Q „is the quality of the best fit. Thus in-
stead of a point in the n„n, space, an area should
be defined by the common overlapping area of
several transitions.

The maximum state of ionization can also be
represented on the n„n, plot. If, for example, the
plasma is of one element of atomic density n, and
average charge Z,

n„&0.5n. =(0.5/Z) „
this describing an allowed region in the n„n, pa-
rameter space. Similarly, the state of ionization
as determined in Sec. III B can be represented as
a line on the n„n, plot.

gl
I

3f sI

INITIAL DI AMETER

70pm

FIG. 5. The pinhole photograph and densitometer trace
for shot 167.

V. COMPARISON OF THEORY AND EXPERIMENT

A. Emission from the surface plasma on a microballoon

The diagnosis of the surface region is illustrated
by analyzing case 1(shot 167). The target for this
shot was a microballoon of diameter 70 p, m with
a thick coating of aluminum, preventing the under-
lying glass from becoming hot enough to emit in
the x-ray region. The target was irradiated by
12 J of laser energy in 100 ps with one beam being
25% more intense than the other. The pinhole
photograph is shown in Fig. 5. A space-resolved
spectrum, with a 10-p,m slit, was obtained and a
densitometer tracing is shown in Fig. 6.
i. The electron temPerature. The recombination

continuum shown in Fig. 6 indicates from its slope
a temperature of 650+ 100 eV. As an example of
shell spectra this temperature is above the aver-
age of 500 eV, but is a particularly good example
for the spectral line fitting because the L5 line is
well above the continuum level.

The measured ratio of the Al'"Ly to Al'"1'So
—4'P, lines was 0.54. From Eq. (3) this implies
a ratio of

n(Al' ')/n(Al' ') = 0.2 .
Using the optically thin CRE model (Fig. 7) at a
density of 10 ' cm~, the temperature required for
this ratio is 500 eV. As described in Sec. III B,

the coronal model predicts that 35% of the alumin-
um atoms will be in the hydrogenic state of ioniza-
tion.

ii The s. ize of the emitting region. A micro-
densitometer scan of the pinhole photograph (Fig.
5) shows that the full width at half maximum
(FWHM) of the x-ray emitting region in a direction
normal to the laser beam axis is 45 pm. If this
were the source size for spectral lines the instru-
ment width would be 5 mA. However, the dielec-
tronic satellite lines of Al'+ 1 So 2 Pg had a
measured spectral width of 2.5 mA. As the source
size for lines could be different from the spectral-
ly integrated source size on the pinhole camera,
the value of 2.5 mA is taken as more accurate than
5 mA. For the opacity-broadening length IEq. (5)j
the value of 45 p.m is used. However, this may be
an overestimate if the emission comes from a
curved thin shell of plasma.

'The continuum intensity gives a value of n,'V of
6.6 x 10"cm~. Integrating the continuum and as-
suming isotropy shows that 9.5 mJ is emitted in
the hydrogenlike recombination continuum from
the more intense side of Fig. 5. The correspond-
ing figure for the resonance transitions of A1XII
and A1XIII is 3 mJ, again assuming isotropy. Note
that for the optically thick lines, this assumption
will be invalid.

iii. Line broadening. 'The AlXGI Lyman lines
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SPECTRUM OF THE ABLATION PLASMA

CASE I
Al XQ 1 So 3 Pi

Alum La

AI~LP

Al XQ

1 So 4 P(

Al XHILY

RECOMB INATION
CONTINUUM

Altar L6

BACKGROUND
I I

5.605 x(A) 7.173

FIG. 6. A coarse microdensitometer tracing of the more intense shell emission from shot 167.

10

10

are now compared with the theoretical profiles.
All comparisons are with area normalization and
an instrument width of 2.5 mA. Figure 8 shows
one particular fit for the L5 line, where the quali--
ty of the fit is very good, i.e. , Q = 0.007. Note that
the linewidth is much greater than the instrument
width. In Fig. 9 one particular fit is shown for the
Ly transitions. The characteristic central peak
of a Z profile is suppressed by opacity and instru-

-1
10

CASE I

10

10

10 I

300
I i i, I

500 1000

Te(eV)

I ~ s ~ I a

0

hX( 10 A)

FIG. 7. The ratio of bare to hydrogenic species of al-
uminum as a function of T ~ from the collisional radiative
equilibrium model.

FIG. 8. A fit of the Al xr&1 Lb surface plasma emission
to an optically thin theoretical profile. The quality of fit
is good, with Q= 0.007.
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I

0

CASE I

I 4n

12

inspe ction of Fig. 10 that simply considering the Ly p,
Ly 5 lines as optically thin would be marginally
correct —for here we see that both lines show the
effects of opacity in the region where self-consis-
tency is found, i.e. , for values n, & 3 x 10"cm~.
The peak optical depth of the a line is 150 and

therefore the simple opacity broadening is inade-
quate because non-LTE effects become important
as discussed in Sec. VI.

An additional constraint on the allowed region in
the n„n, parameter space is derived from the
state of ionization. As 35% of the Al atoms are
hydrogenic, and the average charge is approxi-
mately 12, then from quasineutrality

FIG. 9. A fit of the Alxui Ly surface plasma emission
to a theoretical profile.

ment broadening. The quality of I.P fits are worse
with Q „=0.017 for optically thin fits, because
the observed profile does not have the central dip
in it predicted by theory.

The region in n„n, space where the 6, p, and P
lines fit is shown in Fig. 10. The error bars
shown extend all along the lines of best fit and in-
dicate the FWHM of 1/Q. Although the 5, y, and

P lines are consistent, the & line is markedly too
narrow, using standard theory, and is off the scale
of Fig. 10. 'The full theory, shown in Fig. 10,
gives intrinsically wider profiles, thus improving
but not removing the inconsistency of the at line
with the P, z, and 5 lines. It can also be seen by

n, = (12/0. 35}n,= 30n, .
The region n, = 0.03n, is shown in Fig. 10 together
with the "forbidden region" for which more than
50$ of the Al atoms are hydrogenlike. These
lines, together with the P, y, and 5 areas of best
fit, give n, = (1.0+0.3}&10" cm '.

B. The compressed glass plasma

Case II (shot 209} is a good example of the diag-
nosis of the properties of the compressed glass in
the core. The microballoon target for this shot
was 66 p, m in diameter, with a 0.75- p, m wall
thickness and was filled with approximately 0.3 bar
of argon. It was imploded by 22 J of laser energy
in 100 ps. A part of the space-resolved spectrum
is shown in Fig. 11. The core is distinct from the

E
co~
o
C

n1(Cm ) 1021

FIG. 10. The lines of best fit in the n~, ng parameter space for the surface plasma emission. The error bars run all
along the lines of best fit indicating the region where Q & 2.0~~. The lines of best fit for La are shown for the full theory
Ln(f) with LTE opacity broadening and with non-LTE (NLTE) opacity broandening. The shaded region is forbidden
whatever the ionization equilibrium model. The state of ionization line using the coronal model is also shown.
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Al. XVlll

S 2P

Sj XIV
Lnj

Sj Xlll
1S'8P

Sj XIV

LP
Sj XIV

Ly

Sj X Ill

"So'2 P

coRE sPEcTRUM CASE I I

FIG. 11. Part of the space-resolved spectra obtained on shot 209 and a densitometer tracing of the core spectrum.

x-ray-emitting shell regions and shows emission
of A1XII, A1XIII, SiXIII, SiXIV, and ArXVII

lines and a Si recombination continuum.
i. The electron temPexature. 'The spectral in-

tensity of the recombination continuum «„(v} is
shown in Fig. 12. In the range 2.5(hv (3.2 keV,
the slope indicates T, = 430+ 40 eV. Using the
measured line ratio,

tained, and are shown in Fig. 13. As before, the

La fits using standard theory do not agree with

LP and Ly, but the full theory applied to the L u line
removes the discrepancy. A fit of the Si LP profile
to the standard theory is shown in Fig. 14. Figure

-04 009
I(1 ~$ -4 g& (Sj~ +})

From E'l. (3} this implies

ns/ns = 0.17 + 0 ~ 03 ~

Optically thin CRE requires T, = 600+ 20 eV for
this ratio. As before, the coronal model implies
that 30% of the silicon atoms are Si Xfv.

ii. The core size. By tracing the silicon re-
combination continuum in the spatial direction,
the diameter of the silicon-emitting region was
found to be 22+2 p, m. The intensity of the Si re-
combination continuum step implies that n2 V
= 3.5 x 103' cm3 assuming an emission time of
50 ps." Because of the low filling pressure of
argon, most of the core is glass and so the vol-
ume of Si emission is taken as a sphere of diame-
ter 22 p.m. The electron density is then estimated
to be 8 x 10" cm ', although the error bars on this
will be determined by the error in V.

iii. Line broadening. By comparing the spectral
profiles of the SiXIVLo, , Lp, and Ly lines, the
lines of best fit in n„n, parameter space were ob-

c(u)

3.0
hVII eV)

4.0

FIG. 12. The time-integrated spectral intensity of the
Si xru and Si xrv recombination continuum on shot 209.
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0.017
n1

—0.009np
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~ ~

1o (cm ) h1 10 (cm )

FIG. 13. The lines of best fit in the N~, ng parameter space for the silicon Lyman emission lines from the core. The
fits of the Ln line using standard Ln(s) and full Ln(fi calculations of the optically thin profiles are shown. The shaded
area is the forbidden region.

14 illustrates the fit with the parameter Q as
low as obtainable for any n„n, combination; in-
creasing the opacity n, does not yield better fits.
'This is presumably due to the spatial and temporal
integrations changing the detailed shape of the ex-
perimental profile in an unknown way. The quality
of the P and y fits is poor, but this is because the
fine detail of the theory profiles, the central dip
of the LP and the central peak of Ly, are not seen
experimentally.

'The state of ionization line is also shown in Fig.
13, together with the forbidden region. Assuming

that the core is SiO, and that 30'fp of the Si is
Si XIV, then n, =0.009n, . The allowed region is
n, ~0.015n, . It can be seen that a consistent fit
can be obtained only with the full theory and then

n, =(1.5+0.4-0.2) &&10~ cm 3, n = (1.2+0.4)
x 10"cm '.

The Si XIII series can also be studied. The
Si XIII1 So 3 Py profile was not studied consistent-
ly, but is particularly interesting and is shown in

Fig. 15. A very high electron density is needed to
fit this line. A high opacity will not give a good
fit because this has the effect of equalizing the

Si LP

e EXPE

OFILE
Si XHI

1 '50+3'P1 CORE

o EXPERIMENT
0

0

CASE Q

THEORETICAL PROFILE

~ = 3.2x10 crn

max=

0
0

0
0

-10. 0

LX(10 A)

-2.8 0
ZZ (10'A)

2.8

FIG. 14. A fit of the Si xrv LP core emission on shot
209 to an optically thin theoretical profile.

FIG. 15. A fit of the heliumlike Si 1 $0-3 P~ line on
shot 209 to a theoretical profile. The large dip at the
center of the experimental profile is probably due to re-
absorption by cool low density Si xnt in the outer region.
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a space-resolved spectrum was recorded with a
pentaery thritol (PET) crystal spectrometer. A

tracing from the Tl.A.P. crystal spectrometer is
shown in Fig. 18. This figure shows Ne XI and
Ne X lines together with Na lines from the glass.
'The space-resolved spectrometer shows very
little Si line emission from the core, but does
show strong core continuum emission from the
Ne IX and Ne X recombination continuum.
i. The electron temperature. From the Ne X

and Ne IX recombination continuum slope it was
found that T, = 300+ 50 eV. Using the measured
line intensity ratio,

THEORETICAL PROFILE

~=4x 1022 cm3

h1

~m

CASE &
Np LY
o- EXPT

I(LP(Ne~'))
I(1 'S, —3 'P, (Ne~))

-1.5 0

& &10-' A)

15

then from Eq. (3)

ns/n„= 1.5 .
Optically thin CHE requires an electron tempera-
ture of 370 eV to achieve this state of ionization.
As before, the coronal model implies that 50%
of the Ne atoms would be hydrogenic.

ii. The core size. On this shot, it is evident
from the pinhole photograph (Fig. 17) that the core
is not spherical. This is a result of the large
size of the microballoon and the double-beam ir-
radiation. From the pinhole photograph the larger
FWHM intensity of the microballoon is 28+ 2 pm.
The transverse (smaller) size of the core is best
obtained from the space-resolved PET spectro-
meter and is 12+1 p, m. The intensity of the neon
recombination step implies n, V is 2 x 10' cm ',
assuming an emission time of 80 ps. With the
above core dimensions this gives n, -2x 10" cm '.

FIG. 19. A fit of the NeXLy line on shot 242 to a the-
oretical profile.

iii. Line broadening. The Ne X Le, Lp, and Ly
lines were fitted to the theoretical profiles as
described in Sec. IV. Good fits with Q -0.01 were
obtained for the Ln and LP lines. A Ly line fit is
shown in Fig. 19. As usual, the central feature
of the theoretical profile is not seen experiment-
ally, resulting in a poor quality fit Q = 0.036. The
lines of best fit for all three lines are shown in
Fig. 20. The effect of using the full theory for the
line broadening is not very pronounced in this
case because Z is lower. Also shown is the re-
gion n, & 0.05n„which represents 50% of the neon
atoms being Ne X, and is therefore the forbidden
region. From the intersection of the Lp, Ln and
the state of ionization lines n, = (2.8+0.5) x10'2
cm~ and n, =(1.4+0.4) x 10" cm '.

n1 =0.05n~

a.o6

0.013

0.01

Lct(f):.:::.:::::::;:::::::::::::::

10 (cm ) 10 (cm )

FIG. 20. The lines of best fit for shot 242. Fits for the Lo' line are shown with the full and standard theories. The
edge of the forbidden region (shaded) is also shown, as is the state of ionization line.
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TABLE G. Parameters of case studies.

Description Surface plasma Compressed glass Compressed gas

Shot
Element
Section of this paper
Continuum
temperature
(eV)

Line ratio
temperature -(eV)

Hydro genic
fraction

Source size
( m)

Lyman lines used
plex].0 22 cm
n, x].0 '0 cm ~

a =yp/g~
(see text)

167
Al
Sec. VA
650+ 100

500+ 50

0.35

45+ 5

n, P, y, 5
1+0.3
4+1
0.15

209
Si
Sec. VB
430 + 40

600+ 20

0.30

22+2

u, P, y
15(~24
12+4
0.29

242
Ne
Sec. VC
300+ 50

370+ 30

0.50

28+ 2, 12+1

~, P, v
2.8+ 0.5
14+4
0.23

The above core dimension gives a volume of
4x10~ cm '. If n, =2.8x10"cm' and withZ=9,
then the number of neon atoms in the hot core is
1.2 x 10" compared with the initial 2.8 x 10" neon
atoms. A factor-of-two discrepancy is probably
not significant in light of the accuracy of the de-
termination of the emitting volume.

VI. DISCUSSION AND REVIEW

A. Optically thin profiles

The ion microfields are calculated in terms of
an expansion parameter a, the ratio of the inter-
particle spacing r, to the Debye length XD. Here
a is sufficiently small so that the expansion is well
defined (see Table II}.

The full theory with the dynamic broadening,
i.e. , ion and electron collisional contributions in-
cluded, has been verified at lower densities. "
Furthermore, the theory reproduces the standard
results of Kepple and Griem'9 to better than 5% in
the limit of static ions and no Z-dependent shifts
and widths.

Effects due to thermal levels of plasma waves
are included in this theory. However, as shown
in Ref. 28 the extremely large Landau damping in
the, se plasmas makes wave effects negligible in
these plasmas if they are in equilibrium and can
be described as thermal.

There are other considerations, such as the ap-
plicability of the random-phase approximation
(RPA}, and the importance of nonideal effects on
the plasma dielectric function. However, be-
cause of the small values of a, i.e. , less than
0.31, found in these plasmas these effects are un-
important. Finally, the possibility of a nonideal-

type shielding cloud has been proposed. " This is
an effect of the electrons in the Debye shielding
cloud of ions; however, the effect proposed is in-
deed included in the full RPA description of the

plasma, and hence its existence as a distinct en-
tity and its eventual inclusion into the line profile
by convolution are unnecessary.

Thus these optically thin profiles are considered
accurate to better than 20% in all regions of the
line profile, and if the central portion of the
Lyman a-like transitions is excluded the estimate
improves.

B. Assumption of homogeneity and time invariance

To assume anything but homogeneity would be
artificial with our present poor state of knowledge.
Furthermore, even if the plasma inhomogeneity
were known, there is at present no viable method
of describing the radiation transfer in an inhomo-
geneous time-varying plasma.

Measurements with time-resolved spectroscopy
have recently been made" and the Ne line emission
in the core is short lived (&100 ps}. The shell
emission on the other hand persists for up to
400 ps, i.e. , is much longer than the 100-ps laser
pulse; it is considerably weaker and appears
spectrally narrower after the laser pulse than
during the laser pulse. The effect of time integra-
tion is therefore to make the profile appear slight-
ly narrower than it is during the laser pulse.

C. Radiation transfer

Given the assumption of an homogeneous plasma,
our simple prescription for the radiation trans-
port can still be incomplete because of non-LTE
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effects. & "~ 'These effects are characterized by
the parameter e' which is the ratio of the colli-
sional deexcitation rate to the spontaneous radia-
tive decay rate. When &'» 1,the source function
will be collisional, i.e. , LTE. For non-LTE ef-
fects, an a'& 1 is a necessary although not suffi-
cient condition; additionally, a high optical depth
is required. 1he Ln transition in this study will
be most affected having 0.2&&'& 0.4 and a large
optical depth. 'The optical depth of the higher-or-
der series members is much lower and hence
non-LTE effects are not important.

If incoherent transfer of radiation is included,
then photons can diffuse in frequency space as
well as real space. Diffusion in frequency space
will occur until a frequency is reached for which
there is a high probability of escape. '~'~

To gain insight into the importance of these ex-
tra effects, the analytic formulas of Wilson" for
a two-level atom have been implemented. 1hese
constitute a simple Eddington approximation for
non-LTE transport of the flux. In our cases the
effects of the redistribution due to frequency dif-
fusion in the line are relevant for the shell plas-
ma where higher optical depths are found. The
frequency diffusion creates a trough at the center
of the line but does not appreciably change the
half width of the line. However, when the redis-
tributed line profile is convolved with the instru-
ment function the peak can be reduced by filling in
the trough and thus broadening the line profile.
This effect is significant for the shell plasma since
the instrument width is a non-negligible fraction
of the linewidth. As an example of the result of
this broadening (non-LTE frequency redistribution
plus instrument broadening), the Al XIII Lu line
from the shell was fitted (Sec. VA}. As shown in

Fig. 21 the trough at the line center is still evident
after instrument broadening but the overall broad-
ening is substantially larger than for the LTE
transfer case. When these fits are shown on the

n„n, plot Fig. 10, it is seen that the inconsis-
tency between the widths of the Ln and the LP,
Ly, and L6 lines is removed.

D. Doppler effects

The inclusion of Doppler shifts due to plasma
motion will not be of any significance for the core
plasma because of the low velocities associated
with the core and the fact that at the peak electron
density, and thus emissivity, the velocity of the
core is most likely minimized. For the shell it is
reasonable that the velocity of the x-ray-emitting
region, which is at a higher density than the criti-
cal density, should be less than 10' cms ', the
velocity of the critical density surface as measured

Al La SHELL CASEt
o EXPT
THEORETICAL PROFILE

nq =2x10 cm

I =45pm
3x10 cm

LTE EFFECTS IN

TY BROADENING

~ ~
~ i a I s a a ~ I I ~ ~ ~

by time-resolved second-harmonic emission. '
However, as observations here are approximately
normal to the laser beam, the Doppler shift will
be considerably less than Xv/c = 2 mA, the shift
for 10' cm s ' velocity. Therefore, Doppler shifts
and broadening are negligible.

E. Dielectronic satellites

In shot 209 (subsection iii of Sec. V B}it was
pointed out that the intensity of the well-resolved
dielectronic satellites was high. However, there
are satellites due to transitions of the type 1ssl- 2lsl which are not well resolved from the funda-
mental Si XIV Ln transition. Although usually
much less intense than the main transition, the
relative intensities of such satellites can be in-
creased because of opacity effects. Such an effect
would apparently broaden the main transition.

F. Summary and conclusions

It has been shown ho~ information on the plasma
density temperature and optical depth can be ob-
tained with x-ray instruments. A self-consistent
fit for all the lines of a series has been demon-
strated for the first time. Argon emission has
been observed and analyzed for the first time,
and electron densities in excess of 10" cm ' have
been measured spectroscopically for the first
time. Further heliumlike lines have been used
for the first time to corroborate the hydrogenlike
line analysis.

In the analysis of this data it has been shown
that one cannot obtain a single value of electron
density from the optically thin transitions and a
unique optical depth from the lower series mem-

0 +2

hX (10 A)

FIG. 21. A fit of the Al XI)) Ly line to the full theory
using the non-LTE opacity broadening. Even after in-
strument broadening the dip at line center due to the non-
LTE broadening is still apparent.



2760 J. D. KILKENNY, R. W. LEE, M. H. KEY, AND J. G. LUNNEY 22

ber. This is because of the following.
(l) The quality of the data leads to fits over a

wide range of parameters, even for the optically
thin lines.

(2) For lines with medium and high optical depth,
fits depend on both n, and n„ thus necessitating an
area of fit in the n„n, parameter space.

To obtain consistency between all the transitions

of a series, it has been shown that additional phys-
ical phenomena must be included. These are as
follows:

(1) Effects arising from the Z-dependent shifts
and widths which increase the linewidth;

(2) non-LTE radiation transfer which is needed
to describe the opacity broadening of low-series
members.
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