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Comparison of the semiclassical and modified semiempirical method of spectral calculation
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In recent experiments the capacity has been developed to generate plasmas at high densities. Standard
methods used to diagnose plasmas are difficult to apply at these conditions, since it is necessary to calculate the
entire spectrum as there is significant overlap of spectral lines. However, for most elements, the number of
individual spectral line profiles calculated using the semiclassical method is very small. We present a method
to use an approximate line width formula, coupled with an accurate database to generate a large number of line
profiles. We evaluate the accuracy and utility of such an approach by comparison with semiclassical calcula-
tions. @S1063-651X~97!10307-5#

PACS number~s!: 52.70.Kz, 32.70.Jz
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I. INTRODUCTION

In recent years the potential for obtaining high energ
density plasma sources, i.e., plasmas having high density
relatively high temperature, that could be created reprod
ibly in the laboratory has been realized@1–3#. These sources
are at sufficiently extreme conditions that the standard m
ods of plasma spectroscopic diagnosis are untested and
be validated before confidence in their use is achieved. H
we report on the development of a model that is intended
test the level of accuracy that one can ascribe to the obs
ables in such an experiment. In particular we look at the c
of a warm dense metal plasma in a regime where the con
of an individual line shape or line intensity breaks down.

In standard plasma spectroscopy the use of individ
spectral line shapes as a diagnostic of plasma conditions
well-known and widely used technique for both astrophy
cal and terrestrial plasmas. Line shapes are extremely us
as they represent the classic noninterfering probe of
plasma. The shape and intensity of the lines reveal the v
ous aspects of the plasma environment; ion tempera
~Doppler thermal effect!, electron density~Stark effect!, and
velocity fields ~Doppler motional effect! are commonly in-
ferred plasma parameters from spectral line analysis. F
thermore, temperature measurements can be carried ou
measuring the relative intensity of spectral lines from t
different ionization stages. Although this does not requir
knowledge of the detailed line shapes, the intensity of
line wings must be considered. These techniques bec
increasingly difficult as the electron density increases, an
the lines broaden and merge in wavelength space. He
density diagnosis from a single line is not reliable at hi
densities, and temperature diagnosis becomes increas
difficult. It is the plasma spectroscopy of this regime that
will evaluate here.

The preponderance of line shapes is normally calcula
from the semiclassical models developed by Griem a
Baranger@4,5#, and yet there are comparatively few spect
lines for which semiclassical calculations have been p
formed. This is due to the difficulty of obtaining accura
atomic structure data and performing electron–ato
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scattering calculations. Since the semiclassical calculat
are computationally expensive, they have been perform
only for a restricted set of strong lines for a given eleme
This leaves the situation for astrophysical plasmas, and
creasingly for terrestrial plasmas, unsatisfactory in that
available line shapes are not sufficient for diagnosis
higher-density plasmas.

The situation is made worse for these higher densities
we have broad, overlapping spectral lines. Selectively ca
lating spectral features is insufficient, and a different a
proach to plasma diagnosis is required. Instead of study
only one or two isolated lines to obtain the plasma con
tions, an entire section of the spectrum should be obser
All the spectral lines in that region, and others on the ed
of the area of interest, have to be included. Account m
also be taken of the ionization balance of the plasma,
spectral lines from different ionization stages must also
modeled. Thus line broadening for a variety of spectral lin
is required, and the observed intensity is the sum of all c
tributions from different lines. Hence there is a requireme
for a rapid computational method for obtaining spectral li
profiles for many transitions. We note that historically th
has been the province of the opacity code calculations; h
ever, here we are not interested in energy flow alone bu
spectral diagnostics.

This requirement for the rapid calculation of spectral li
widths has led to the development of a number of appro
mate methods@6–10#. Of these, the modified semiempirica
method ~MSEM! has perhaps received the most attent
@6–8,11#. The required atomic data for this method are lim
ited, and simple approximations can be used. Various stu
have established that the method yields an accuracy of
linewidth around 50% for most spectral lines@6,9,11#. The
structures of the ions of interest are needed in order to
culate the ionization balance and line intensities. Rec
work by the Opacity Project@10# has yielded a database o
large quantities of atomic data for light elements. This d
set can be used to generate simulations of wide spectra
gions by use of the MSEM. It is the coupling of this atom
data base with a fast method for estimating linewidths wh
gives this method it utility and applicability.
936 © 1997 The American Physical Society
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56 937COMPARISON OF THE SEMICLASSICAL AND . . .
In this work we present calculations of the visible spe
trum of a dense, warm, aluminum plasma. The spectra w
calculated both by using data obtained from previous
tailed calculations of the line shapes using the semiclass
theory @12#, and by using the modified semiempiric
method. The latter was used in conjunction with the Opac
Project database for the first four ionization stages of alu
num. This provided the matrix elements, transition wa
lengths, energy levels, and degeneracies required for the
culation. Comparisons between the two calculations
made, and also between the calculations and observa
from a dense, warm aluminum plasma@1#. Hence an estimate
is made of the reliability of spectra calculated using t
MSEM and a consistent data set, and the presumably m
reliable semiclassical calculation.

II. MODIFIED SEMIEMPIRICAL METHOD

Within the impact approximation, the width of an isolate
ion line is given by@5#

TABLE I. Values ofg(x) for x,100, from@8#.

x g(x)

.2 0.2
3 0.24
5 0.33
10 0.56
30 0.98
100 1.33
i
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i 8

s i 8 i1(
f 8

s f 8 f G D
av

1wel , ~1!

wherew is the full width at half maximum of the line in
angular frequency units, andN is the electron density.s j 8 j is
the inelastic cross section for collisional transitions to sta
j 8 from j levels of the optical transition.wel is the line width
induced by elastic collisions. The average is over the e
tron velocity (v) distribution.

Within the dipole approximation we may use Bethe’s@13#
relation for the inelastic cross section

s j 8 j5
8p

3
lR̄j 8 j

2 p

)
g, ~2!

where g is the Gaunt factor,l is the reduced de Broglie
wavelength, andR̄j 8 j

2 is the square of the coordinate operat
matrix element summed over all components of the opera
the magnetic substates of the total angular momentum,
averaged over the magnetic substates.

In the MSEM we assume that the contribution of the el
tic collisions at high electron temperatures to the linewidth
negligible @6#. At low temperature, the elastic collisions a
taken into account using the threshold value of the inela
cross section. ForDn50 transitions, it is found that the
threshold value for the Gaunt factor is too small, and it h
been modified for these transitions@8#. The electron impact
width of a spectral line may then be written in angular fr
quency units, as
w5Ne

8p

3

\2

m2 S 2mpkTD
1/2 p

) F ~R̄l i ,l i11

2 !Dn50g̃S E

DEl i ,l i11
D 1~R̄l i ,l i21

2 !Dn50g̃S E

DEl i ,l i21
D 1~R̄l f ,l f11

2 !Dn50g̃S E

DEl f ,l f11
D

1~R̄l f ,l f21

2 !Dn50g̃S E

DEl f ,l f21
D 1(

i 8
~R̄i 8 i

2
!DnÞ0gS E

DEi 8 i
D1(

f 8
~R̄f 8 f

2
!DnÞ0gS E

DEf 8 f
D G , ~3!
n

is
where R̄l j ,l j11

2 is the matrix element between statej and

j 8, nj is the effective principal quantum number,E
53kT/2 is the energy of the perturbing electron, andDEj j 8
5uEj 82Ej u is the energy difference between levelsj and
j 8. g̃(x) is the modified Gaunt factor, given by

g̃~x!50.72
1.1

Z
1g~x!. ~4!

g(x) is a tabulated function, and its values are shown
Table I for x<100 andZ is the charge number~Z51 for
neutral!. For high temperatures,x.50, and an approxima
tion to the Gaunt factor can be used@14#:

g~x!5
)

p F121 lnS 2ZkT

n1DEll 8
D G . ~5!
n

If the nearest perturbing level is far enough fromj or i that
the conditionE/DEj j 8<2 is satisfied, the matrix elements i
Eq. ~3! are given by

R̄j j
2 5(

j 8
R̄j 8 j
2 '

1

2 S njZ D 2@5nj21123l j~ l j11!#, ~6!

wherenj is the effective principal quantum number, which
given by

nj
25Z2

EH

~ I2Ei !
, ~7!

where Ei is the empirical excitation energy, andI is the
ionization energy. WhenE/DEj j 8<2, g(x)50.2, and the
linewidth in Å is then
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Dw~Å !50.44331028
l2~cm!Ne~cm

23!

T1/2
~R̄ii

21R̄f f
2 !.

~8!

This approximation is simple and fast, but is not particula
accurate or appropriate for many lines, and it still requi
the input or calculation of the effective principal quantu
number, which itself requires atomic data.

If the conditionE/DEj j 8<2 is not satisfied, Eq.~1! can
be solved using@8,9#

R̄j j 8
2 'S 3n2ZD 2 max~ l j ,l j 8!2l11

@n22max2~ l j ,l j 8!#f
2, ~9!

wheref2 is the Bates-Damgaard factor@15#, tabulated by
Oertel and Shomo@16#. The matrix element sum is given b

(
j 8

~R̄j j 8
2

!DnÞ05S 3nj2Z D 2 19 ~nj
213l j

213l j111! ~10!

The nearest perturbing level can be estimated from

DEn,n11'
2Z2EH

n3
. ~11!

In all cases, atomic data, i.e., energy levels, transition wa
lengths, angular momenta, and effective quantum num
are required. The data are employed in the developmen
the spectrum, but are also used to determine the level p
lations. That is, the atomic energy levels are needed to ob
the partition functions required for the Saha-Boltzma
equation, given that local thermal equilibrium is valid at t
conditions of interest. This indicates that the use of sing
consistent set of atomic data may remove some of the un
tainties in the calculations of the spectrum, and enabl
more accurate representation of the plasma spectrum w
still giving a rapid approximation to the linewidths of a larg
number of lines.

III. DATA SET AND CODE

To construct a spectrum, three elements are requi
First, atomic data are required for both the structure of
ions and scattering. Second, the ionization balance and l
populations need to be calculated. Finally, the spectrum
to be constructed. The spectral construction relies on a se
of approximations. These elements are treated below.

A. Atomic data

The atomic structure data was taken from the Opa
Project~OP! @10#. The data are organized into two compl
mentary sets, one dealing with energy levels, and the o
with transitions. Each energy level is referenced by t
numbers which give a unique reference for that state. On
these,slp, gives the spin, angular momentum, and parity
the level; and the other,n, gives the index of the level in the
series. Hence a search can be made for an energy level w
s
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is also a state of a transition. All transitionsD l561 for
which n<10 and l<5 have been calculated with Einste
A coefficients and effective quantum numbers.

Before undertaking the calculation, it is important
know the possible errors which may be induced from
input atomic data. A comparison between the literature v
ues of the wavelengths for some AlI, II , and III lines are
shown in Tables II–IV. These indicate that on average
error in wavelength is less than 1%, with a maximum
around 4%. Other comparisons show similar high aver
accuracy, and so we can be confident that the input data
high average quality, although we must bear in mind that i
not sufficient for spectroscopic accuracy.

B. Ionization balance

The ionization balance can be calculated from the Sa
Boltzmann equation. For the plasmas of interest, which h
non-negligible but small coupling, we find that it is nece
sary to calculate the full partition function in order to obta
the correct ionization balance. In order to calculate the p
tition function, an estimate of the degree of ionization pote
tial depression must be made. This is necessary to trun
the summation over states in the partition functions, and a
to remove transitions from the calculation which have b
come bound free. The following uses the Debye mod
where the sum is truncated at the electron Debye rad
Other approximations, such as the ion-sphere radius
Stewart-Pyatt model@17# can be used, but they change th
spectrum very little@12#.

We find with the OP data that the number of transitio
contained in the database for a given ion stage is a great
larger than those for which semiclassical line-shape data
available. Thus, the calculation using the MSEM and O
data includes a much greater total oscillator strength.
example, the total oscillator strength included in the OP d
for Al I is 2678.77 summed over all transitions. If we assu
a plasma electron density of 231019 cm23 and temperature
of 2 eV, then, using the Debye model, we calculate that
this oscillator strength 23.97 is below the depressed ion
tion potential. In the calculation based on the semiclass
data @12# we only included lines ofl,1000 nm, and for
these data, the total available oscillator strength is 0.9026
which 0.878 is below the depressed ionization potential. A
check we note that if we exclude lines ofl.1000 nm in the
OP database, we obtain an oscillator strength of 0.901
which agrees closely with that for the oscillator strength
the semiclassical calculation.

We will describe below a comparison between the MSE
using the OP database and a calculation based on re
from various semiclassical calculations. In the semiclass
case, the energy levels are taken from the literature@18#. It is
instructive here to compare results for the ionization bala
for the case of the literature values for energy levels, and
that using the OP data. We find that the results for the p
tition functions for the two calculations vary slightl
~;8% for Al I at 231019 cm23, and 25 000 K!. We find
that the mean ionizationZ* is only ;1% different at these
conditions. The atomic data used are only slightly differe
and do not significantly alter the ionization balance. T
codes have different but similar energy levels, and so
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TABLE II. Half widths at half maximum of some AlI lines, calculated atNe5131017 cm23, Te540 000 K, for both semiclassical an
MSEM calculations.lLit is the literature value for the transition@22#, lOP the wavelength calculated by the Opacity Project@10#, DwSC refers
to the linewidth calculated from the semiclassical results@7,23#, andDwMSEM refers to the widths calculated using the MSEM and OP da
base~this work!. Configurations were taken from@24#. Powers of 10 are enclosed in brackets.

Transition
lLit

~nm!
lOP

~nm!

lOP
lLit

DwSC

~nm!
DwMSEM

~nm!

DwMSEM

DwSC

Oscillator
strength

3s23p2 220.83 222.9 1.01 7.53@202# 1.005 13.35 0.066
3s26d
2P0-2D
3s23p2 226.18 228.4 1.01 3.61@202# 0.113 3.13 0.003
3s27s
2P0-2S
3s23p2 226.72 229 1.01 0.304 0.390 1.28 0.098
3s25d
2P0-2D
3s23p2 237.1 239.7 1.01 0.117 0.112 0.96 0.12
3s24d
2P0-2D
3s23p2 237.63 240 1.01 0.16 3.07@202# 0.19 0.004
3s26s
2P0-2S
3s23p2 257.28 261 1.01 5.29@202# 2.78@202# 0.53 0.044
3s2nd
2P0-2D
3s23p2 265.72 268.5 1.01 5.08@202# 6.10@203# 0.12 0.014
3s25s
2P0-2S
3s23p2 308.92 311.2 1.01 2.34@202# 2.06@202# 0.88 0.175
3s23d
2P0-2D
3s23p2 395.57 400.1 1.01 2.05@202# 3.08@203# 0.15 0.115
3s24s
2P0-2S
3s24s2 555.74 559.9 1.01 1.29 1.12 0.87 0.006
3s26p
2S-2P0

3s24s2 669.7 675.2 1.01 0.633 0.334 0.53 0.034
3s25p
2S-2P0

3s23d2 783.55 796 1.02 5.18 21.94 4.24 0.079
3s26 f
2D-2F0

3s23d2 877.34 892.7 1.02 2.33 9.71 4.17 0.17
3s25 f
2D-2F0

3s24p2 883.78 885.8 1.00 5.51 1.88 0.34 0.007
3s27s
2P0-2S
th
th
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result is expected. Any differences in the spectra from
codes are hence due to the input transition data or to
method of calculation of the linewidths.

C. Spectral construction

To construct the spectrum, we require the central wa
lengths of the transitions, the upper-state energy levels
e
e

-
nd

degeneracy, and the dipole matrix element, which is obtai
from the EinsteinA coefficient. From these data the lin
width can be calculated in accordance with Eq.~3! above.

The calculation of Eq.~3! was implemented using aFOR-
TRAN code. The linewidths are calculated by searching
the EinsteinA coefficient of theD l561 transitions of the
correct parity from the upper and lower states of the tran
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TABLE III. Half widths at half maximum of some AlII lines, calculated atNe5131017 cm23, Te540 000 K, for both semiclassical an
MSEM calculations.lLit is the literature value for the transition@22#, lOP the wavelength calculated by the Opacity Project@10#, DwSC refers
to the linewidth calculated from the semiclassical results@7,23#, andDwMSEM refers to the widths calculated using the MSEM and OP da
base~this work!. Configurations were taken from@24#. Powers of 10 are enclosed in brackets.

Transition lLit ~nm! lOP ~nm!

lOP
lLit

DwSC

~nm!
DwMSEM

~nm!

DwMSEM

DwSC

Oscillator
strength

3s3p-3s4d 153.974 154.8 1.01 1.22@202# 8.76@203# 0.72 0.52
1P0-1D
3s3p-3s5s 162.56 164.7 1.01 8.15@203# 1.29@203# 0.16 0.014
1P0-1S
3s2-3s3p 167.081 164 1.02 2.05@204# 2.77@204# 1.35 1.84
1S-1P0

3s3p-3s3d 172.32 171.1 0.99 8.97@204# 1.62@203# 1.81 0.901
3P0-3D
3s3p-3s4s 186.03 184.2 0.99 1.85@203# 1.14@203# 0.62 0.129
3P0-3S
3s3p-3p5d 199.053 200.1 1.01 4.46@203# 1.61@203# 0.36 1.45
1P0-1D
3p2-3s5p 247.53 244.8 0.99 3.85@202# 1.50@202# 0.39 0.0232
1D-1P0

3s3d-3s6p 253.27 252.6 1.00 4.91@202# 9.06@202# 1.85 2@204#
3D-3P0

3p2-3s4 f 263.16 260.7 0.99 1.82@202# 8.68@203# 0.48 0.356
1D-1F0

3s3d-3s5 f 263.77 263.9 1.00 8.68@202# 0.289 3.33 0.046
3D-3F0

3s3p-3s4s 281.619 286.9 1.02 7.03@203# 1.35@203# 0.19 0.152
1P0-1S
3s4s-3s5p 290.21 290.5 1.00 1.48@202# 3.37@202# 2.28 1@204#
3S-3P0

3s4p-3s6d 299.68 301.1 1.00 0.314 0.613 1.95 0.025
3P0-3D
3s4p-3s7s 302.6 303.5 1.00 0.162 0.104 0.64 0.028
3P0-3S
3s3d-3s8p 304.1 308.7 1.02 0.664 0.267 0.40 0.084
1D-1P0

3s3d-3s7 f 307.4 312.8 1.02 1.18 1.20 1.02 0.019
1D-1F0

3s4p-3s6d 308.852 312.8 1.01 1.65 0.394 0.24 0.036
1P0-1D
3s4p-3s7s 313.5 317.8 1.01 0.251 4.36@202# 0.17 0.01
1P0-1S
3s4s-3s5p 327.6 328.6 1.00 6.75@202# 3.25@202# 0.48 0.033
1S-1P0

3s3d-3s5p 331.5 330.4 1.00 2.70@202# 4.59@202# 1.7 0.009
3D-3P0

3s3d-3s7p 335.1 340.7 1.02 0.293 0.165 0.56 0.029
1D-1P0

3s3d-3s6 f 342.8 349.5 1.02 0.699 0.608 0.87 0.003
1D-1F0

3s4p-3s5d 365.3 367.7 1.01 0.209 0.381 1.82 0.091
3P0-3D
3s4p-3s5d 370.322 375.1 1.01 0.864 0.160 0.19 0.13
1P0-1D
3s4p-3s6s 373.59 374.6 1.00 0.121 6.32@202# 0.52 0.027
3P0-3S



56 941COMPARISON OF THE SEMICLASSICAL AND . . .
TABLE III (Continued).

Transition lLit ~nm! lOP ~nm!

lOP
lLit

DwSC

~nm!
DwMSEM

~nm!

DwMSEM

DwSC

Oscillator
strength

3s4p-3s6s 386.616 392.8 1.02 0.146 2.80@202# 0.19 0.028
1P0-1S
3s3p-3p2 390.068 409.3 1.05 1.71@202# 2.25@203# 0.13 0.002
1P0-1D
3s3d-3s6p 402.6 410.5 1.02 0.218 9.59@202# 0.44 0.009
1D-1P0

3s5s-3s8p 433.2 435.1 1.00 0.763 1.90 2.49 5@205#
3S-3P0

3s5s-3s8p 462.9 462.3 1.00 1.54 0.879 0.57 0.014
1S-1P0

3p2-3s4p 466.31 449 0.96 3.94@202# 7.32@203# 0.19 0.104
1D-1P0

3s4p-3s7p 537.1 540.2 1.01 0.548 1.25 2.28 0.002
3D-3P0

3s5d-3s7p 538.848 537.8 1.00 0.915 0.509 0.56 0.016
1S-1P0

3s4p-3s4d 559.323 558.8 1.00 0.599 0.108 0.18 0.85
1P0-1D
3s5p-3s7d 600.44 601.7 1.00 1.52 4.68 3.08 0.031
3P0-3D
3s5p-3s8s 607.11 607.1 1.00 1.43 1.02 0.71 0.014
3P0-3S
3s4p-3s4d 623.74 624.7 1.00 0.178 0.214 1.20 1.1
3P0-3D
3s3d-3p5p 633.574 653 1.03 0.232 0.118 0.51 0.05
1D-1P0

3s5s-3s6p 669.9 673.1 1.00 0.343 0.667 1.94 0.002
3S-3P0

3s4p-3s5s 683.01 685.1 1.00 0.163 8.35@202# 0.51 0.24
3P0-3S
3s4p-3s5s 691.996 713.1 1.03 0.148 3.58@202# 0.24 0.23
1P0-1S
3s4s-3s4p 704.93 699.8 0.99 7.82@202# 5.01@202# 0.64 1.31
3S-3P0

3s3d-3s4 f 747.141 779.9 1.04 0.147 9.40@202# 0.64 1.1
1D-1F0

3s5p-3s6d 763.21 764.9 1.00 2.07 3.81 1.84 0.13
3P0-3D
3s4d-3s5 f 835.82 849.9 1.00 1.12 2.81 2.51 0.74
3D-3F0

3s4s-3s4p 864.07 843.8 0.98 0.123 2.80@202# 0.23 0.96
1S-1P0
le
h
e

he
it
to
un
c

lin

t,
ical
is
nes
ady
tion of interest. These are reduced to the dipole matrix e
ment, multiplied by the Gaunt factor, and summed over. T
functiong(x) is calculated using a linear interpolation of th
known values for 2,x,50 from Table I.

Once the linewidth is determined, the contribution of t
line profile to the spectrum can be calculated assuming
be a Lorentzian. As the MSEM is not sufficiently accurate
yield the line shifts, the lines are all centered about the
shifted wavelength of the transition. The ionization balan
calculation, described above~Sec. III B! is used to give the
populations of the upper states of the transitions. The
-
e

to

-
e

e

intensities are calculated using the degeneracies,A coeffi-
cients, and wavelengths given in the OP database.

IV. COMPARISON OF SEMICLASSICAL AND MSEM
RESULTS

The significance of the use of the MSEM is twofold. Firs
it may be used to calculate spectra for which semiclass
calculations of the linewidths are not in the literature. This
particularly important for dense plasmas where spectral li
tend to be very broad and overlap. Second, with the re
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TABLE IV. Half widths at half maximum of some AlIII lines, calculated atNe5131017 cm23, Te540 000 K, for both semiclassica
and MSEM calculations.lLit is the literature value for the transition@22#, lOP the wavelength calculated by the Opacity Project@10#,
DwSC refers to the linewidth calculated from the semiclassical results@25#, andDwMSEM refers to the widths calculated using the MSEM a
OP database~this work!. Configurations were taken from@24#. Powers of 10 are enclosed in brackets.

Transition lLit ~nm! lOP ~nm!

lOP
lLit

DwSC

~nm!
DwMSEM

~nm!

DwMSEM

DwSC

Oscillator
strength

3s-4p 69.597 70.27 1.01 4.49@204# 3.06@204# 0.68 0.11
3p-4d 89.33 90.7 1.02 1.44@203# 1.55@203# 1.08 0.11
3p-4s 138.27 140.2 1.01 1.43@203# 5.83@204# 0.41 0.129
3p-3d 160.99 166 1.03 1.08@203# 9.35@204# 0.87 0.007
3s-3p 185.74 187 1.01 8.95@205# 5.89@204# 6.58 0.875
3d-4 f 193.59 192.3 0.99 5.20@203# 5.13@203# 0.99 0.96
3d-4p 360.54 349.8 0.97 1.21@202# 9.68@203# 0.80 0.174
4p-5s 370.92 375.4 1.01 5.99@202# 1.59@202# 0.27 0.235
4d-5 f 415.01 412.5 0.99 0.302 0.112 0.37 0.79
4p-4d 452.32 466.7 1.03 4.40@202# 5.09@202# 1.16 1.31
4 f -5d 470.165 471.5 1.00 0.259 0.17 0.66 0.019
4s-4p 570.59 571.5 1.00 4.40@202# 2.45@202# 0.56 1.29
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availability of the OP database, this method provides a ra
means of spectral synthesis for any element withZ,26.
Here we compare the semiclassical and MSEM spectra
culated in the visible region. These are compared with
perimental data from a dense, warm aluminum plasma
ated by confined laser ablation.

A. Linewidths

Using the MSEM, we may calculate spectral linewidths
is instructive to compare calculations from the curre
MSEM and semiclassical calculations. Previous studies@6,9#
shared the average error in the linewidth to be;50%. How-
ever, these studies used literature values for the atomic d
Thus a comparison of our calculations, using a consis
data set and semiclassical results, is useful. The results
summarized in Tables II–IV. Here the linewidths are calc
lated forNe51017 cm23. This is to allow a direct compari
son between the MSEM results and extant widths calcula
using the semiclassical method, avoiding errors associ
with extrapolation of the semiclassical widths to higher de
sity, where Debye shielding, for example, may be importa
We find that for the ionized species, the MSEM and se
classical calculations are within;100%. This is greater than
is generally accepted for the MSEM. The reason for t
increase in the error is not clear. It is likely that it is due
differences in the atomic data used@9#. For the neutral, the
situation is much worse, the average error being aro
200%. This is because the threshold and effective Gaunt
tors used are not suitable for the neutral. The threshold v
for neutral excitation is 0@19#, and it rises more rapidly than
for ions. Previous studies of the MSEM using the neut
threshold have shown an underestimation of a factor of 1.
the width @20#.

We may examine certain of the results from ions in mo
detail. For example, results for the 570-nm AlIII line
(4p-4s) are shown in Table V. For this line,E/DE50.6,
and the unmodified semiempirical model, based on Eqs.~8!
and~7! above, should be valid. Asg does not increase abov
id
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its threshold value for this transition,g̃ is also at its threshold
value of 0.53 for a doubly ionized line. Thus the matr
elements forDn50 transitions are not greatly enhanced
the move to the MSEM, and so the small difference in t
linewidths calculated with the OP data is unsurprising. It
harder to reconcile this with the larger increase of the ot
calculation@9#, which is presumed to be due to a differen
in the atomic data used.

B. Comparison of calculated spectra

We can compare the full spectra calculated from the se
classical data and the MSEM directly. Spectra calculated
an aluminum plasma at 231019 cm23 and 25 000 K using
the two methods are shown in Fig. 1. It can be seen tha
general, some agreement between the two is found. The
of shifts and inaccuracies in the central wavelength of
MSEM method and the OP database are observable. A
tionally, the MSEM-OP method has a much higher co
tinuum, which is particularly apparent in the infrared regi
of the spectrum. This is due to the very broad lines which
code calculates, which underlie the entire spectrum. In or
to compare the calculated spectra more exactly, we may
a reduced OP database, consisting of only those transit
for which semiclassical broadening data are available. T
spectrum calculated at 231019 cm23 and 25 000 K using
this reduced OP database and the MSEM method is c

TABLE V. Comparison of results for the AlIII 570-nm line.
SEM refers to calculations using Eqs.~8! and ~7! above. The
MSEM-Bates–Damgaard method refers to Eqs.~9!–~11! above.

Calculation Dw ~nm! Reference

MSEM-OP 2.4431022 This work
Semiclassical 4.431022 @25#
MSEM-Bates–Damgaard 3.7631022 @9#

SEM 2.3131022 @9#

SEM 2.1731022 This work
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pared with the semiclassical spectrum in Fig. 2. It can
seen that the agreement between the calculations is
proved.

The feature in Figs. 1 and 2 labeled AlII 365-nm
3s4p-3s5d is in fact a blend of three AlII lines. These are
365 nm (3s4p-3s5d), 374 nm (3s4p-3s6s), and 370 nm
(3s4p-3s5d). The 365-nm line is dominant, but rough
half the total intensity comes from the other two lines. T
difference in continuum level between the spectrum cal
lated with the full OP data set shown in Fig. 1 and the se
classical and reduced OP data set spectra is most appare
the blue edge of the spectrum. This is due to a very br
Al II feature, which is a combination of lines, mainly AlII ,
219 nm (3p3d-3s3d) which is not included in the semiclas
sical calculations. This shows that the calculation of the
tire spectrum is necessary when the spectral features ca
this broad. Further work would be required to establish if
calculated width of the AlII 219-nm line is correct.

C. Comparison of experimental and calculated spectra

Recent experiments obtained spectra in the visible reg
from a dense (Ne;231019 cm23), warm (T;2–5 eV) Al
spectrum@1#. In the observed spectra, lines from AlI, II , and
III have been identified. The lines, at the high densities of
plasma, are very broad, and merge into each other. A ca
lation, using the Saha-Boltzmann equation for the ionizat
balance and semiclassical linewidths from the literature, w
written to interpret the spectrum@12#. It is of great interest to
compare these results with those of the MSEM using the
database. In all cases there are two criteria to be me
deciding the best fit. First, we use the least-squares fit of
calculated spectrum, suitably scaled, to the data. Second
require those lines which are observed in the data to be
present in the calculation. This places a restriction on
permitted values ofZ* . Within this, the errors are found
from the range over which reasonable fits are obtained, u
ally within a range of 5% of the least-squares parameter

The experimental data are shown in Fig. 3. These w
obtained 70 ns after the laser shot in a confined plasma
lation @1#. The plasma, at this time, should be at its hott
and most dense, and the homogeneity should be high. O
nally, the plasma was diagnosed for density using the li
widths from the semiclassical method. Although it proved

FIG. 1. Comparison of the results of the MSEM code and
semiclassical code for aluminium at 231019 cm23, 25 000 K.
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be difficult to measure the linewidths from the data with hi
accuracy, a density of (2.460.8)31019 cm23 was inferred.
The temperature was obtained by finding the closest fit of
calculated semiclassical spectrum to the data. This yield
temperature of 40 00065000 K. Figure 3 also shows th
closest fit of the semiclassical code. It should be noted
there is a systematic error of;5 nm in the wavelength cali-
bration of the data, which has been corrected by offsett
the calculated spectrum.

The original density diagnostic was obtained by meas
ing the width of three lines. The density obtained from the
lines and from the widths derived from the MSEM a
shown in Table VI. Clearly, we cannot rely on the MSE
linewidths to provide an accurate density diagnostic, as
scatter in the densities derived from the linewidths is gre
The accuracy of an individual linewidth, calculated from t
MSEM, upon which the density diagnostic relies, is poor.
should also be noted, however, that the difficulties presen
by the data are large in this case as the 452-nm
(4p-4d) has an obscured blue wing, and has the AlII

466-nm line (3p2-3s4p 1D-1P0) underlying the red wing.
As noted below, neither the semiclassical nor MSEM cal
lation reproduces the spectrum around the 570- and 623
lines. In some cases, for the semiclassical calculation,

e

FIG. 2. Comparison of the results of the reduced data set MS
code and the semiclassical code for aluminium at 231019 cm23,
25 000 K.

FIG. 3. Comparison of the results of experimental data, the
data set MSEM code, the reduced data set MSEM code, and
semiclassical code for aluminium at 2.531019 cm23, 40 000 K.
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TABLE VI. Density diagnostics from linewidths for the semiclassical and MSEM data.

Ion stage Transition
Wavelength

~nm!
Experimental
HWHM ~nm!

Semiclassical
Ne (10

19 cm23)
MSEM Ne

(1019 cm23)

Al III 4s-4p 570 11.7 2.66 4.77
Al III 4p-4d 452 14.4 3.27 2.82
Al II 3s4p-3s4d 623 23.3 1.37 0.99

3P0-3D

Average 2.460.8 2.961.5
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may also have confirmation of the density diagnostic fr
measurement of the shift of a spectral line, particularly
neutral where the shifts are large@11#.

We find that the errors in the densities can be redu
somewhat by using the overall spectral fit of the experim
tal and calculated data, which negates the overlap probl
and leads to a slight reduction of the error in the semicla
cal fit. This is due to the variation ofZ* with electron den-
sity. The best semiclassical fit for the electron density to
spectrum in Fig. 3 isNe5(2.560.5)31019 cm23. We may
also undertake this procedure for the MSEM-OP calculati
The method by which this reduction is obtained is exem
fied in Fig. 4, where the spectra generated by the mean
extremes of the standard deviation of the linewidth den
diagnostic are shown. Clearly, taking the upper limit, t
623-nm Al II line (3s4p-3s4d) is not reproduced at all, an
so this limit is too high, particularly as the feature arou
450 nm is too broad. Thus a reduction of the upper limit
the electron density is required. Similarly for the lower lim
all lines are too narrow, and the dip at around 400 nm in
spectrum is too low. Hence an increase of the lower limit
the electron density is needed to reproduce the spectrum
this case a result ofNe5(2.560.5)31019 cm23 is found.
This result is shown in Fig. 5 using the reduced OP data
at a temperature of 40 000 K. A much closer fit to the data
found from this diagnostic than from the linewidths alon
This is the basis of the use ofZ* in the diagnosis referred to
above.

We can fit the spectrum at the diagnosed density and
tain the plasma temperature. The semiclassical fit yie
40 00065000 K. This is shown in Fig. 6, using the reduc

FIG. 4. The MSEM spectrum for the extremes of the linewid
diagnostic using MSEM linewidths~Table VI! at 40 000 K.
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data set MSEM code for the fits. The electron density cho
is 2.531019 cm23. Shown in Fig. 3 are the calculated spec
from the MSEM code for both the reduced and full OP da
set at 2.531019 cm23. These also yield temperatures
40 00065000 K.

It is of interest to note that the agreement between b
MSEM generated spectra and the data is better than betw
the semiclassical data. This is because the AlIII 415.01-nm
line (4d-5 f ) is calculated to be narrower by the MSEM
than by the semiclassical~Table IV!. The overall intensity of
the line is the same in both cases, indicating that the dif
ence is entirely due to the different linewidths. Thus the u
ity of the MSEM code is established. It should also be no
that the semiclassical code is closer than the MSEM in
linewidth of the AlIII 570-nm line (4s-4p), and that neither
of the codes does particularly well in this region. Shifts a
not included in the MSEM code, as the cancellations of
shift from states above and below the state of interest m
the MSEM even less reliable. It will be observed that t
position of the peak at;450 nm in the MSEM spectrum is
not correct. The main transition here is the AlIII line at 452
nm (4p-4d). The apparent shift is due to the inaccuracy
the central wavelength position of this transition in the O
database~Table IV! where the position of the line is
;14 nm from the observed location.

V. CONCLUSIONS

We find that the MSEM with the OP database is a fast a
reasonably reliable method for producing spectra. A co
parison between semiclassical and MSEM linewidths for

FIG. 5. The best-fit MSEM spectrum, at 40 000 K, showing t
improvement in agreement with experimental data obtained usi
fit of the entire spectrum.
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lines indicates that there is a mean difference of;100% in
linewidth compared to semiclassical calculations. For
neutral lines, the error is greater, and no reliance should
placed on the MSEM calculated lines, as the method imp
mented here is not appropriate. We find that a density d
nostics based on the linewidth alone is subject to consi
able error, but that fitting an entire region of the spectr
yields a more reliable result.

The advantages of the MSEM coupled to the OP datab
are those of speed and range of data available. While
semiclassical code is actually faster to run in pure comp
tion time, the time required to assemble the required ato
and linewidth data is much greater. The range of data av
able from the OP data base is also much more compre
sive than that which is generally found in already extant d
compilations. Thus, while the full MSEM code may tak
longer to run, the assembly of data is orders of magnit
faster. If there were a suitable database and program for
semiclassical method, capable of calculating the ioniza
balance and line shapes, in a reasonable manner, the
method presented here would not be useful. However,
though fast line-shape codes exist, such asTOTAL @21#, they
cannot also at present calculate the ionization balance
relative intensities of all the ionization stages required. A

FIG. 6. The MSEM temperature fits, using the reduced data
MSEM code. Fits are shown atT535 000, 40 000, and 45 000 K
y
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ditionally, a typical Al I line takes 1-min CPU time on a
DEC Alpha machine usingTOTAL with Opacity Project input
atomic data, whereas the computing time on a desktop Po
PC-type machine for the same line is about 0.24 s using
MSEM with the same input data. While the latter meth
does not have the accuracy or the detailed line shape o
former, the sheer quantity of data to be processed indic
that the MSEM method is the most viable.

The spectral fits of the MSEM data using the OP datab
are in reasonable agreement with those generated using
literature values of the linewidths from the semiclassi
method. While the individual linewidths are poor for th
MSEM, the overall spectrum is as accurate, and in so
cases provides a better fit to the data. The coupling of
MSEM with the Opacity Project atomic database gives a
of reliable atomic structure and transition data, which yie
good quality spectra. Improvements in the wavelength ac
racy of the transition data would be useful, as while t
average accuracy is high, a few lines are much further aw
from their observed position. This is likely to have an effe
on the line broadening calculations, as it implies that
energy differences between the states are not exact.

In summary, we tested a fast spectral simulation mo
based on the modified semiempirical method for t
linewidths, the Saha-Boltzmann equation for the ionizat
balance, and atomic data provided by the Opacity Pro
database. We find that, under the circumstances tested
method provides a good diagnostic of a dense plasma.
diagnostics from the MSEM were comparable in accuracy
those obtained using literature values of the linewidths a
atomic data from various sources in a similar calculatio
This gives confidence that, for an element where there
few semiclassical calculations of linewidths extant, t
modified semiempirical method, coupled to a reliable atom
database, is a reasonable first step in developing a diagn
capability. A detailed description of the code and its da
requirements is currently being prepared. The code will
made generally available with this latter publication.
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