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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.[S1063-651X97)10307-3

PACS numbdps): 52.70.Kz, 32.70.Jz

[. INTRODUCTION scattering calculations. Since the semiclassical calculations
are computationally expensive, they have been performed
In recent years the potential for obtaining high energy-only for a restricted set of strong lines for a given element.
density plasma sources, i.e., plasmas having high density arihis leaves the situation for astrophysical plasmas, and in-
relatively high temperature, that could be created reproducereasingly for terrestrial plasmas, unsatisfactory in that the
ibly in the laboratory has been realizeED-3]. These sources available line shapes are not sufficient for diagnosis of
are at sufficiently extreme conditions that the standard methhigher-density plasmas.
ods of plasma spectroscopic diagnosis are untested and mustThe situation is made worse for these higher densities, as
be validated before confidence in their use is achieved. Heree have broad, overlapping spectral lines. Selectively calcu-
we report on the development of a model that is intended tdating spectral features is insufficient, and a different ap-
test the level of accuracy that one can ascribe to the obserproach to plasma diagnosis is required. Instead of studying
ables in such an experiment. In particular we look at the casenly one or two isolated lines to obtain the plasma condi-
of a warm dense metal plasma in a regime where the concefibns, an entire section of the spectrum should be observed.
of an individual line shape or line intensity breaks down. All the spectral lines in that region, and others on the edges
In standard plasma spectroscopy the use of individuabf the area of interest, have to be included. Account must
spectral line shapes as a diagnostic of plasma conditions isaso be taken of the ionization balance of the plasma, and
well-known and widely used technique for both astrophysi-spectral lines from different ionization stages must also be
cal and terrestrial plasmas. Line shapes are extremely usefaiodeled. Thus line broadening for a variety of spectral lines
as they represent the classic noninterfering probe of the required, and the observed intensity is the sum of all con-
plasma. The shape and intensity of the lines reveal the variributions from different lines. Hence there is a requirement
ous aspects of the plasma environment; ion temperatur®r a rapid computational method for obtaining spectral line
(Doppler thermal effegt electron densityStark effect, and  profiles for many transitions. We note that historically this
velocity fields (Doppler motional effegtare commonly in- has been the province of the opacity code calculations; how-
ferred plasma parameters from spectral line analysis. Furever, here we are not interested in energy flow alone but in
thermore, temperature measurements can be carried out Bpectral diagnostics.
measuring the relative intensity of spectral lines from two This requirement for the rapid calculation of spectral line
different ionization stages. Although this does not require avidths has led to the development of a number of approxi-
knowledge of the detailed line shapes, the intensity of thenate method$6—10]. Of these, the modified semiempirical
line wings must be considered. These techniques beconmmethod (MSEM) has perhaps received the most attention
increasingly difficult as the electron density increases, and g$—8,11. The required atomic data for this method are lim-
the lines broaden and merge in wavelength space. Hendtd, and simple approximations can be used. Various studies
density diagnosis from a single line is not reliable at highhave established that the method yields an accuracy of the
densities, and temperature diagnosis becomes increasindipewidth around 50% for most spectral ling8,9,11. The
difficult. 1t is the plasma spectroscopy of this regime that westructures of the ions of interest are needed in order to cal-
will evaluate here. culate the ionization balance and line intensities. Recent
The preponderance of line shapes is normally calculatedork by the Opacity Projedtl0] has yielded a database of
from the semiclassical models developed by Griem andarge quantities of atomic data for light elements. This data
Barangei4,5], and yet there are comparatively few spectralset can be used to generate simulations of wide spectral re-
lines for which semiclassical calculations have been pergions by use of the MSEM. It is the coupling of this atomic
formed. This is due to the difficulty of obtaining accurate data base with a fast method for estimating linewidths which
atomic structure data and performing electron—atomgives this method it utility and applicability.
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TABLE I. Values ofg(x) for x<<100, from[8].
w=N U|:2 O-ili+2 Tgrg +We|, (1)

X 9(x) ' f av
>2 0.2 . . . . .
3 0.24 wherew is the full width at half maximum of the line in
5 0'33 angular frequency units, aidlis the electron densityr;; is

' the inelastic cross section for collisional transitions to states
10 0.56 ” ; ; > : . .
30 0.98 j" from j levels of the optical transitiow,, is the line width
100 1'33 induced by elastic collisions. The average is over the elec-

tron velocity (v) distribution.
Within the dipole approximation we may use Bethiel§]

In this work we present calculations of the visible spec-relatlon for the inelastic cross section
trum of a dense, warm, aluminum plasma. The spectra were
calculated both by using data obtained from previous de- —
tailed calculations of the line shapes using the semiclassical 9T 3" ARy ‘/_g 9, 2
theory [12], and by using the modified semiempirical
method. The latter was used in conjunction with the Opacity . . .
Project database for the first four ionization stages of aIumiWhereg is the Gzau.nt factorh is the reduceq de Broglie
num. This provided the matrix elements, transition wave-wavelength, an®j;; is the square of the coordinate operator
lengths, energy levels, and degeneracies required for the cdnatrix element summed over all components of the operator,
culation. Comparisons between the two calculations aréhe magnetic substates of the total angular momentum, and
made, and also between the calculations and observatio@eraged over the magnetic substates.
from a dense, warm aluminum plasfiid. Hence an estimate In the MSEM we assume that the contribution of the elas-
is made of the reliability of spectra calculated using thetic collisions at high electron temperatures to the linewidth is
MSEM and a consistent data set, and the presumably moregligible[6]. At low temperature, the elastic collisions are

reliable semiclassical calculation. taken into account using the threshold value of the inelastic
cross section. FoAn=0 transitions, it is found that the
Il. MODIEIED SEMIEMPIRICAL METHOD threshold value for the Gaunt factor is too small, and it has

been modified for these transitiof8]. The electron impact
Within the impact approximation, the width of an isolated width of a spectral line may then be written in angular fre-
ion line is given by{5] guency units, as

N 8 2 [ 2m\ Y2 7 = [ E
W=Ne 7 2 (7] ¢ I ;4 1)an=09 AE, .

SR Dan-ll g |+ R, Jan-d| g —
I, lj_,/An=0 AE . It lpep/An=09| AE

leolfen

— E
+3 (Rt 55
; ( i |)An#Og AEi’i

— - E — E
+(R|2f,|f1)An=og(F +§4 (Rflf)An;eog(m) : )
frlf—1

where R? | is the matrix element between stateand  If the nearest perturbing level is far enough frgror i that
jri+l e . ' . .
j’, nj is the effective principal quantum numbeE the conditionE/AE;; <2 is satisfied, the matrix elements in

=3KT/2 is the energy of the perturbing electron, akl;,  E9 (3) are given by
:||§J-,—EJ-| is the energy difference between levéglsand L 5
- - " : _ _ n.
j". g(x) is the modified Gaunt factor, given by R-Z-IE Rf/j”i (21> [5n12+1_3|j(|j+1)]’ ©6)
J'I
9(x)=0.7 1, 4
9()=0. y4 9(0). @ wheren; is the effective principal quantum number, which is
given by
g(x) is a tabulated function, and its values are shown in
Table | for x<100 andZ is the charge numbeiz=1 for » _, En
neutra). For high temperaturex>50, and an approxima- =72 -——01= )

I-E)’
tion to the Gaunt factor can be usgtf]: ( )

il 27kT where E; is the empirical excitation energy, ardis the
gx)=— | =+ n( ” (5 ionization energy. WherkE/AE;;,<2, g(x)=0.2, and the
™ |2 nAE, linewidth in A is then
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s A2(cm)Ng(cm™3) — = is also a state of a transition. All transitiodd ==+1 for

Aw(A)=0.443<10 T2 (Rii +Rf). which n<10 andI<5 have been calculated with Einstein
(8) A coefficients and effective quantum numbers.
Before undertaking the calculation, it is important to

This approximation is simple and fast, but is not particularlyknow the possible errors which may be induced from the
accurate or appropriate for many lines, and it still requiresnput atomic data. A comparison between the literature val-
the input or calculation of the effective principal quantumues of the wavelengths for some lii, and il lines are

number, which itself requires atomic data. shown in Tables Il-IV. These indicate that on average the
If the conditionE/AE;;,<2 is not satisfied, Eq(1) can  error in wavelength is less than 1%, with a maximum of
be solved using8,9] around 4%. Other comparisons show similar high average
accuracy, and so we can be confident that the input data is of
o 2 . high average quality, although we must bear in mind that it is
> 3n\ < maxl;,l;) 2 max? ) t sufficient f ¢ :
=53 —orp [n°-maX(l;l)]¢% (9  notsufficient for spectroscopic accuracy.

B. lonization balance
where ¢? is the Bates-Damgaard factpt5], tabulated by
Oertel and Shoml6]. The matrix element sum is given by ~ The ionization balance can be calculated from the Saha-
Boltzmann equation. For the plasmas of interest, which have
L 3n\21 non-negligible but small coupling, we find that it is neces-
2 20 24 012 iti ion i i
> (R%) =|==| = (n“+31?+3l;+11) (100  sary to calculate the full partition function in order to obtain
, jjr’Aan#0" | o7 ] g\ i i o
i’ the correct ionization balance. In order to calculate the par-
tition function, an estimate of the degree of ionization poten-
The nearest perturbing level can be estimated from tial depression must be made. This is necessary to truncate
the summation over states in the partition functions, and also
5 to remove transitions from the calculation which have be-
2Z°Ey 1y come bound free. The following uses the Debye model,
n® - where the sum is truncated at the electron Debye radius.
Other approximations, such as the ion-sphere radius or

. . . Stewart-Pyatt mod€l17] can be used, but they change the
In all cases, atomic data, i.e., energy levels, transition waveg

; Spectrum very littlg12].
lengths, angular momenta, and effective quantum numbers e fing with the OP data that the number of transitions

are required. The data are employed in the development Qiyhtained in the database for a given ion stage is a great deal

the spectrum, but are also used to determine the level popys ger than those for which semiclassical line-shape data are
lations. That is, the atomic energy levels are needed to obtai ailable. Thus, the calculation using the MSEM and OP

the partition functions required for the Saha-Boltzmanny,, inciudes a much greater total oscillator strength. For

equation, given that local thermal equilibrium is valid at the g, 5 ple the total oscillator strength included in the OP data

conditions of interest. This indicates that the use of singles,, a| | is 2678.77 summed over all transitions. If we assume
consistent set of atomic data may remove some of the unceg plasma elect.ron density 0b210*° cm3 and t.emperature

tainties in the calculations of the spectrum, and enable 3f 2 eV then using the Debye model, we calculate that of

more accurate representation of the plgsmg spectrum Wh'hﬁis oscillator strength 23.97 is below the depressed ioniza-
still giving a rapid approximation to the linewidths of alarge o hotential. In the calculation based on the semiclassical
number of lines. data[12] we only included lines o\ <1000 nm, and for
these data, the total available oscillator strength is 0.9026, of

lll. DATA SET AND CODE which 0.878 is below the depressed ionization potential. As a
d:_heck we note that if we exclude lines 1000 nm in the
P database, we obtain an oscillator strength of 0.901 78,
hich agrees closely with that for the oscillator strength in
e semiclassical calculation.

AEn,n-%—l%

To construct a spectrum, three elements are require
First, atomic data are required for both the structure of th
ions and scattering. Second, the ionization balance and Iev%
populations need to be calculated. Finally, the spectrum ha . ’ i
to be constructed. The spectral construction relies on a series 'We will describe below a comparison petween the MSEM
of approximations. These elements are treated below. using th_e oP database and a cal_culatlon based on re_sults

from various semiclassical calculations. In the semiclassical
case, the energy levels are taken from the literdtli@g It is
instructive here to compare results for the ionization balance

The atomic structure data was taken from the Opacityfor the case of the literature values for energy levels, and for
Project(OP) [10]. The data are organized into two comple- that using the OP data. We find that the results for the par-
mentary sets, one dealing with energy levels, and the othdition functions for the two calculations vary slightly
with transitions. Each energy level is referenced by two(~8% for Al at 2x 10 cm™3, and 25000 K We find
numbers which give a unique reference for that state. One dhat the mean ionizatio2* is only ~1% different at these
theseslp, gives the spin, angular momentum, and parity ofconditions. The atomic data used are only slightly different,
the level; and the othen, gives the index of the level in the and do not significantly alter the ionization balance. The
series. Hence a search can be made for an energy level whichhdes have different but similar energy levels, and so this

A. Atomic data
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TABLE Il. Half widths at half maximum of some Allines, calculated &l ,=1X 10" em 3, T.=40 000 K, for both semiclassical and
MSEM calculations\ ;; is the literature value for the transiti2], A op the wavelength calculated by the Opacity Pro[d€], Awgcrefers

to the linewidth calculated from the semiclassical requitg3], andAwy,sgy refers to the widths calculated using the MSEM and OP data-
base(this work). Configurations were taken frof24]. Powers of 10 are enclosed in brackets.

Nt Nop Aop Awge AWpsem AWyisem Oscillator

Transition (nm) (nm) At (nm) (nm) Awgc strength

3s?3p— 220.83 222.9 1.01 7.53 02] 1.005 13.35 0.066
3s%6d

2P0_2D

3s?3p— 226.18 228.4 1.01 3.6+ 02] 0.113 3.13 0.003
3s%7s

ZPO_ZS

3s?3p-— 226.72 229 1.01 0.304 0.390 1.28 0.098
3s%5d

2P0_2D

3s?3p— 237.1 239.7 1.01 0.117 0.112 0.96 0.12
3s%4d

2P0_2D

3s?3p— 237.63 240 1.01 0.16 3.p702] 0.19 0.004
35265

ZPO_ZS

3s?3p-— 257.28 261 1.01 5.29-02] 2.74 -02] 0.53 0.044
3s°nd

2P0_2D

3s?3p— 265.72 268.5 1.01 5.08-02] 6.10 —03] 0.12 0.014
3s%5s

ZPO_ZS

3s?3p— 308.92 311.2 1.01 2.3402] 2.06 —02] 0.88 0.175
3s?3d

2P0_2D

3s?3p— 395.57 400.1 1.01 2.05-02] 3.04 -03] 0.15 0.115
3s%4s

2p0_2g

3s?4s— 555.74 559.9 1.01 1.29 1.12 0.87 0.006
3s%6p

ZS_ZPO

3s%4s— 669.7 675.2 1.01 0.633 0.334 0.53 0.034
3s?5p

Zs_ZPO

3s23d— 783.55 796 1.02 5.18 21.94 4.24 0.079
3s%6f

2D_2F0

3s%3d— 877.34 892.7 1.02 2.33 9.71 4.17 0.17
3s?5f

2D_2F0

3s?4p— 883.78 885.8 1.00 5.51 1.88 0.34 0.007
3s%7s

ZPO_ZS

result is expected. Any differences in the spectra from thalegeneracy, and the dipole matrix element, which is obtained
codes are hence due to the input transition data or to thfom the EinsteinA coefficient. From these data the line

method of calculation of the linewidths. width can be calculated in accordance with E2). above.
) The calculation of Eq(3) was implemented using ROR-
C. Spectral construction TRAN code. The linewidths are calculated by searching for

To construct the spectrum, we require the central wavethe EinsteinA coefficient of theAl= =1 transitions of the
lengths of the transitions, the upper-state energy levels ancbrrect parity from the upper and lower states of the transi-
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TABLE lll. Half widths at half maximum of some Al lines, calculated afl,=1X 10 em3, T.=40 000 K, for both semiclassical and
MSEM calculations\ ;; is the literature value for the transiti¢2], A op the wavelength calculated by the Opacity Pro[d€], Awgcrefers
to the linewidth calculated from the semiclassical requitg3], andAwy,sgy refers to the widths calculated using the MSEM and OP data-
base(this work). Configurations were taken frof24]. Powers of 10 are enclosed in brackets.

ﬁ’ Awge AWpsem AWyisem Oscillator
Transition it (nm) Nop (NM) At (nm) (nm) Awgc strength
3s3p-3s4d 153.974 154.8 1.01 1.22 02 8.7q — 03] 0.72 0.52
1PO_1D
3s3p-3s5s 162.56 164.7 1.01 8.15 03] 1.29 - 03] 0.16 0.014
1P0_lS
3s2-3s3p 167.081 164 1.02 2.05 04] 2.7 —04] 1.35 1.84
ls_lpo
3s3p-3s3d 172.32 171.1 0.99 8.97 04] 1.67 —03] 1.81 0.901
3P0_3D
3s3p-3s4s 186.03 184.2 0.99 1.85 03] 1.14-03] 0.62 0.129
3PO_3S
3s3p-3p5d 199.053 200.1 1.01 4.86 03] 1.67 - 03] 0.36 1.45
1PO_1D
3p2-3s5p 247.53 244.8 0.99 3.85 02] 1.50—02] 0.39 0.0232
lD_lPO
3s3d-3s6p 253.27 252.6 1.00 4.9%02] 9.06 — 02] 1.85 I-04]
3D_3PO
3p?-3s4f 263.16 260.7 0.99 1.82 02] 8.64 — 03] 0.48 0.356
lD_lFO
3s3d-3s5f 263.77 263.9 1.00 8.68 02] 0.289 3.33 0.046
3D_3F0
3s3p-3s4s 281.619 286.9 1.02 7.03 03] 1.3 - 03] 0.19 0.152
1PO_lS
3s4s-3s5p 290.21 290.5 1.00 1.48 02] 3.37-02] 2.28 1-04]
SS_SPO
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
3PO_3S
3s3d-3s8p 304.1 308.7 1.02 0.664 0.267 0.40 0.084
1n_1p0

D-*P

3s3d-3s7f 307.4 312.8 1.02 1.18 1.20 1.02 0.019
lD_lFO
3s4p-3s6d 308.852 312.8 1.01 1.65 0.394 0.24 0.036
lPO_lD
3s4p-3s7s 313.5 317.8 1.01 0.251 436 02] 0.17 0.01
1P0_lS
3s4s-3s5p 327.6 328.6 1.00 6.75 02] 3.2 -02] 0.48 0.033
1s_lP0
3s3d-3s5p 3315 330.4 1.00 2.76-02] 459 —02] 17 0.009
3D_3P0
3s3d-3s7p 3351 340.7 1.02 0.293 0.165 0.56 0.029
lD_lPO
3s3d-3s6f 342.8 349.5 1.02 0.699 0.608 0.87 0.003
lD_lFO
3s4p-3s5d 365.3 367.7 1.01 0.209 0.381 1.82 0.091
3PO_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[3202] 0.52 0.027

SPO_BS
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TABLE 1l (Continued)

Aop Awge AWysem AWpisem Oscillator
Transition At (nm) Nop (NM) ALit (nm) (nm) Awsc strength
3s4p-3s6s 386.616 392.8 1.02 0.146 2[8602] 0.19 0.028
lPO_lS
3s3p-3p? 390.068 409.3 1.05 17302 2.29-03] 0.13 0.002
1P0_1D
3s3d-3s6p 402.6 410.5 1.02 0.218 9.5902] 0.44 0.009
lD_lPO
3s5s-3s8p 433.2 435.1 1.00 0.763 1.90 2.49 [-505]
SS_3PO
3s5s-3s8p 462.9 462.3 1.00 154 0.879 0.57 0.014
1S_lP0
3p2-3s4p 466.31 449 0.96 3.94 02] 7.37-03] 0.19 0.104
lD_lPO
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
1g 1po
3s4p-3s4d 559.323 558.8 1.00 0.599 0.108 0.18 0.85
1PO_1D
3s5p-3s7d 600.44 601.7 1.00 1.52 4.68 3.08 0.031
3PO_3D
3s5p-3s8s 607.11 607.1 1.00 1.43 1.02 0.71 0.014
SPO_SS
3s4p-3s4d 623.74 624.7 1.00 0.178 0.214 1.20 11
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[3502] 0.51 0.24
3P0_3S
3s4p-3s5s 691.996 7131 1.03 0.148 3/6802] 0.24 0.23
lPO_ls
3s4s-3s4p 704.93 699.8 0.99 7.82-02] 5.00-02] 0.64 131
3g.3p0
3s3d-3s4f 747.141 779.9 1.04 0.147 9[4602] 0.64 11
1D_lF0
3s5p-3s6d 763.21 764.9 1.00 2.07 3.81 1.84 0.13
3P0_3D
3s4d-3s5f 835.82 849.9 1.00 1.12 2.81 251 0.74
SD_3FO
3s4s-3s4p 864.07 843.8 0.98 0.123 2[8602] 0.23 0.96
ls_lPO

tion of interest. These are reduced to the dipole matrix eleintensities are calculated using the degeneradespeffi-
ment, multiplied by the Gaunt factor, and summed over. Theients, and wavelengths given in the OP database.
functiong(x) is calculated using a linear interpolation of the
known values for 22x<<50 from Table I. IV. COMPARISON OF SEMICLASSICAL AND MSEM

Once the linewidth is determined, the contribution of the RESULTS
line profile to the spectrum can be calculated assuming it to
be a Lorentzian. As the MSEM is not sufficiently accurate to  The significance of the use of the MSEM is twofold. First,
yield the line shifts, the lines are all centered about the unit may be used to calculate spectra for which semiclassical
shifted wavelength of the transition. The ionization balancecalculations of the linewidths are not in the literature. This is
calculation, described abov&ec. Il B) is used to give the particularly important for dense plasmas where spectral lines
populations of the upper states of the transitions. The linéend to be very broad and overlap. Second, with the ready
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TABLE IV. Half widths at half maximum of some Al lines, calculated aN,=1X 107 cm™3, T.=40000 K, for both semiclassical
and MSEM calculationsA;; is the literature value for the transitidi22], Aop the wavelength calculated by the Opacity Projeid],
Awsgcrefers to the linewidth calculated from the semiclassical ref8k andAwy,gey refers to the widths calculated using the MSEM and
OP databaséhis work). Configurations were taken frof24]. Powers of 10 are enclosed in brackets.

ﬂ’ Awge AWysem AWyisem Oscillator
Transition Aie (nm) Aop (NM) ALt (nm) (nm) Awgc strength
3s-4p 69.597 70.27 1.01 4.49-04] 3.0 —04] 0.68 0.11
3p-4d 89.33 90.7 1.02 1.44-03] 1.5 -03] 1.08 0.11
3p-4s 138.27 140.2 1.01 1.43-03] 5.8 - 04] 0.41 0.129
3p-3d 160.99 166 1.03 1.08-03] 9.35 —04] 0.87 0.007
3s-3p 185.74 187 1.01 8.95-05] 5.89 —04] 6.58 0.875
3d-4f 193.59 192.3 0.99 5.26-03] 5.13 - 03] 0.99 0.96
3d-4p 360.54 349.8 0.97 1.2102] 9.64 — 03] 0.80 0.174
4p-5s 370.92 375.4 1.01 5.99-02] 1.59 -02] 0.27 0.235
4d-5f 415.01 4125 0.99 0.302 0.112 0.37 0.79
4p-4d 452.32 466.7 1.03 4.46-02] 5.09 —02] 1.16 1.31
4f-5d 470.165 471.5 1.00 0.259 0.17 0.66 0.019
4s-4p 570.59 571.5 1.00 4.46-02] 2.4 -02] 0.56 1.29

availability of the OP database, this method provides a rapidts threshold value for this transitiog,is also at its threshold
means of spectral synthesis for any element wi#i26. value of 0.53 for a doubly ionized line. Thus the matrix
Here we compare the semiclassical and MSEM spectra caklements forAn=0 transitions are not greatly enhanced by
culated in the visible region. These are compared with exthe move to the MSEM, and so the small difference in the
perimental data from a dense, warm aluminum plasma crdinewidths calculated with the OP data is unsurprising. It is
ated by confined laser ablation. harder to reconcile this with the larger increase of the other
calculation[9], which is presumed to be due to a difference
A Linewidths in the atomic data used.
USing the MSEM, we may calculate SpeCtral linewidths. It B. Comparison of calculated spectra
is instructive to compare calculations from the current

MSEM and semiclassical calculations. Previous stufe3 ; :
shared the average error in the linewidth tobB0%. How- classical data and the MSEM directly. Spectra calculated for
' n aluminum plasma at>210'° cm™2 and 25 000 K using

ever, these studies used literature values for the atomic datd. L .
%e two methods are shown in Fig. 1. It can be seen that, in

Thus a comparison of our calculations, using a consisten neral. some aareement between the two is found. The lack
data set and semiclassical results, is useful. The results a ' 9 :

: in Tables lI—IV. Here the linewidth lcy-Of shifts and inaccuracies in the central wavelength of the
fali;ndn}irrlaeilfowafmefsa This iset:)ealIsw";eévilroclactsc?)rrip(:;i?u MSEM method and the OP database are observable. Addi-
e .

son between the MSEM results and extant widths calculatepona”y' the MSEM-OP method has a much higher con-

using the semiclassical method, avoiding errors associate uum, which is particularly apparent in the infrared region

with extrapolation of the semiclassical widths to higher den® the spectrum. This is due to the very broad lines which the

sity, where Debye shielding, for example, may be importantCOde calculates, which underlie the entire spectrum. In order

We find that for the ionized species, the MSEM and semi-to compare the calculated spectra more exactly, we may use

classical calculations are within 100%. This is greater than a reduced OP database, consisting of only those transiiions

is generally accepted for the MSEM. The reason for thiSfor which semiclassical broadening data are available. The

: : : e L trum calculated at>210™® cm 3 and 25000 K using
increase in the error is not clear. It is likely that it is due to Spec i
differences in the atomic data usg®]. For the neutral, the this reduced OP database and the MSEM method is com-

situation is much worse, the average error being around TABLE V. C _ ¢ Its for the Al 570 i
200%. This is because the threshold and effective Gaunt fac- - Lomparison o results for the -hm fine.
. EM refers to calculations using Eq) and (7) above. The
tors used are not suitable for the neutral. The threshold valu SEM-Bates—Damgaard method refers to E@—(11) above
for neutral excitation is §19], and it rises more rapidly than 9 ' '
for ions. Previous studies of the MSEM using the neutral

. ; ~Calculation Aw (nm Reference
threshold have shown an underestimation of a factor of 1.5 in (nm)

We can compare the full spectra calculated from the semi-

the width[20]. MSEM-OP 2.4410°2 This work
We may examine certain of the results from ions in moreSemiclassical 4.4x10°2 [25]
detail. For example, results for the 570-nm 1Al line  MSEM-Bates—Damgaard 3.780 2 [9]
(4p-4s) are shown in Table V. For this linE/AE=0.6, SEM 2.31x10°? [9]
and the unmodified semiempirical model, based on B)s. sgm 2171072 This work

and(7) above, should be valid. Ag does not increase above




56 COMPARISON OF THE SEMICLASSICAL AN . .. 943

pared with the semiclassical spectrum in Fig. 2. It can be 2000

e n 10 aisonm |
seen that the agreement between the calculations is im- BASBD o aerag | Reduoed OP Dataass MSEM
proved. Al

H H 253 nm Al 365 nm _
The feature in Figs. 1 and 2 labeled IAI365-nm 1800 [ssa- as4p-2e5d ]

3s4p-3s5d is in fact a blend of three Al lines. These are

365 nm (4p-3s5d), 374 nm (34p-3s6s), and 370 nm - \ S

(3s4p-3s5d). The 365-nm line is dominant, but roughly = '09° | AI1466 m ]
half the total intensity comes from the other two lines. The £ opstp ]
difference in continuum level between the spectrum calcu- ~ ] i :
lated with the full OP data set shown in Fig. 1 and the semi- 500 3s4s-3sdp .

classical and reduced OP data set spectra is most apparent c
the blue edge of the spectrum. This is due to a very broad
Al 11 feature, which is a combination of lines, mainly | 200 300 400 500 600 700 800 900 1000

219 nm (33d-3s3d) which is not included in the semiclas- Wavelength {nm)

sical calculations. This shows that the calculation of the en-

tire Spectrum is necessary when the Spectra| features can be FIG. 2. Comparison of the results of the reduced data set MSEM
this broad. Further work would be required to establish if thecode and the semiclassical code for aluminium &t12* cm™?,

calculated width of the Al 219-nm line is correct. 25000 K.

Al'1238 nm
I SsZSp-I’dszes | Se=ncand

]

be difficult to measure the linewidths from the data with high
accuracy, a density of (2#40.8)x 10'° cm™2 was inferred.
Recent experiments obtained spectra in the visible regiomhe temperature was obtained by finding the closest fit of the
from a dense o~2x 10" cm™3), warm (T~2-5eV) Al calculated semiclassical spectrum to the data. This yields a
spectrun1]. In the observed spectra, lines fromiAll, and  temperature of 40 0695000 K. Figure 3 also shows the
Il have been identified. The lines, at the high densities of thelosest fit of the semiclassical code. It should be noted that
plasma, are very broad, and merge into each other. A calcyhere is a systematic error 6f5 nm in the wavelength cali-
lation, using the Saha-Boltzmann equation for the ionizatiorpration of the data, which has been corrected by offsetting
balance and semiclassical linewidths from the literature, wage calculated spectrum.
written to interpret the spectrupd2]. It is of great interest to The original density diagnostic was obtained by measur-
compare these results with those of the MSEM using the Ofhg the width of three lines. The density obtained from these
database. In all cases there are two criteria to be met ifines and from the widths derived from the MSEM are
deciding the best fit. First, we use the least-squares fit of thehown in Table VI. Clearly, we cannot rely on the MSEM
calculated spectrum, suitably scaled, to the data. Second, Wigewidths to provide an accurate density diagnostic, as the
require those lines which are observed in the data to be alsgcatter in the densities derived from the linewidths is great.
present in the calculation. This places a restriction on therhe accuracy of an individual linewidth, calculated from the
permitted values oZ*. Within this, the errors are found MSEM, upon which the density diagnostic relies, is poor. It
from the range over which reasonable fits are obtained, usshould also be noted, however, that the difficulties presented
ally within a range of 5% of the least-squares parameter. by the data are large in this case as the 452-nm line
The experimental data are shown in Fig. 3. These were4p-4d) has an obscured blue wing, and has the Al
obtained 70 ns after the laser shot in a confined plasma al66-nm line ($2-3s4p D-'P° underlying the red wing.
lation [1]. The plasma, at this time, should be at its hottesias noted below, neither the semiclassical nor MSEM calcu-
and most dense, and the homogeneity should be high. Origjation reproduces the spectrum around the 570- and 623-nm

nally, the plasma was diagnosed for density using the linefines. In some cases, for the semiclassical calculation, we
widths from the semiclassical method. Although it proved to

C. Comparison of experimental and calculated spectra

300 [T T T T T T T
2000 [ e F l'\A"[;F;‘{f’f""‘ Data
ALl Al 280 nm q L - - e - - Semictassical R
2355332?1 3s4s-3s5p  All309 nm Full OP Database MSEM | - 250 — - — - - Reduced OP Dataset MSEM |
396p 35%3p-3s"3d | mmmmm Semiclassical —— - - - - Full OP Dataset MSEM ]
| Alll 365 nm | — L
1500 3s4p-355d 0 200 | A’ ]
=
™ 2 [415
2 Al1395 nm & 415 am AL 570
S 35%3p-3s4s =3 150 )
g ] Z N b
< 1000 Alll 466 nm - G r I Alll 623 nm ]
s ] apF-35p 1 % r o ! }(‘ 3s4p-3s4d Aén‘l‘70; zm ]
E i | £ 100 //-,.-\.Q _ ss-spi
] Eolh Allass Al1L704 nm 1 r \ 7\ B
E ] am s4s-3s4p g L N ~ N
1 - : N\ A
500 :_’, " 3s4p-3s4d 50 E -
I [
L v ]
[A||238nm - . - 0 oot omd o b L RPN R BN
3s%3p-3s%6s e d
o Lol b e e 150 350 400 450 500 550 600 650 700 750

200 300 400 500 600 700 800 900 1000 Wavelength (nm)
Wavelength (nm)

FIG. 3. Comparison of the results of experimental data, the full
FIG. 1. Comparison of the results of the MSEM code and thedata set MSEM code, the reduced data set MSEM code, and the
semiclassical code for aluminium ax2.0*® cm™3, 25 000 K. semiclassical code for aluminium at X80 cm3, 40 000 K.
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TABLE VI. Density diagnostics from linewidths for the semiclassical and MSEM data.

Wavelength Experimental Semiclassical MSEM N,
lon stage Transition (nm) HWHM (nm) N, (10 cm™3) (10 cm™3)
Al 4s-4p 570 11.7 2.66 4.77
Al 4p-4d 452 14.4 3.27 2.82
Al 1l 3s4p-3s4d 623 23.3 1.37 0.99

3P0_3D
Average 2.40.8 2915

may also have confirmation of the density diagnostic fromdata set MSEM code for the fits. The electron density chosen
measurement of the shift of a spectral line, particularly thes 2.5x 10'° cm™3. Shown in Fig. 3 are the calculated spectra
neutral where the shifts are largel]. from the MSEM code for both the reduced and full OP data
We find that the errors in the densities can be reducedet at 2.5 10" cm 3. These also yield temperatures of
somewhat by using the overall spectral fit of the experimen40 000=5000 K.
tal and calculated data, which negates the overlap problems It is of interest to note that the agreement between both
and leads to a slight reduction of the error in the semiclassiMSEM generated spectra and the data is better than between
cal fit. This is due to the variation &* with electron den- the semiclassical data. This is because thal A415.01-nm
sity. The best semiclassical fit for the electron density to thdine (4d-5f ) is calculated to be narrower by the MSEM
spectrum in Fig. 3 iN,=(2.5+0.5)x 10" cm 3. We may than by the semiclassic&rable IV). The overall intensity of
also undertake this procedure for the MSEM-OP calculationthe line is the same in both cases, indicating that the differ-
The method by which this reduction is obtained is exempli-ence is entirely due to the different linewidths. Thus the util-
fied in Fig. 4, where the spectra generated by the mean arity of the MSEM code is established. It should also be noted
extremes of the standard deviation of the linewidth densitythat the semiclassical code is closer than the MSEM in the
diagnostic are shown. Clearly, taking the upper limit, thelinewidth of the Alin 570-nm line (4-4p), and that neither
623-nm Al line (3s4p-3s4d) is not reproduced at all, and of the codes does particularly well in this region. Shifts are
so this limit is too high, particularly as the feature aroundnot included in the MSEM code, as the cancellations of the
450 nm is too broad. Thus a reduction of the upper limit ofshift from states above and below the state of interest make
the electron density is required. Similarly for the lower limit the MSEM even less reliable. It will be observed that the
all lines are too narrow, and the dip at around 400 nm in theposition of the peak at-450 nm in the MSEM spectrum is
spectrum is too low. Hence an increase of the lower limit ofnot correct. The main transition here is theiAlline at 452
the electron density is needed to reproduce the spectrum. lm (4p-4d). The apparent shift is due to the inaccuracy of
this case a result oN,=(2.5+0.5)x10 cm 2 is found. the central wavelength position of this transition in the OP-
This result is shown in Fig. 5 using the reduced OP data selatabase(Table IV) where the position of the line is
at a temperature of 40 000 K. A much closer fit to the data is~ 14 nm from the observed location.
found from this diagnostic than from the linewidths alone.
This is the basis of the use &f in the diagnosis referred to V. CONCLUSIONS
above.
We can f|t the Spectrum at the diagnosed density and Ob_ We f|nd thatthe MSEM W|th the OP d.atabase iS a faSl‘ and
tain the plasma temperature. The semiclassical fit yield§easonably reliable method for producing spectra. A com-
40 000+ 5000 K. This is shown in Fig. 6, using the reduced parison between semiclassical and MSEM linewidths for ion

300 [0 e e g
300 IS L L B L B L B r AA||||452nm ]
\ A Allll 452 nm ] L z 4p-4d Data ]
. 4p-4d Data b I ~=-e=--20x10%cm® | ]
+ ' 4 250 4 o s
250 I" --&--29x10"cm?® — r 3 % —-=--3.0x10"cm
C b - 14x10% om® ] L~ L 2.5x10" om®
L et 4410 em® ] - 200 - !-. i 7
& 200 | 8 E r A
2 [ > Laim g a0\ ALl 570 nm
2 LA \ £ (415 H s dsiap
g [415 nm LY £ 150 (ad-sf ! i m b
3 160 [4d-5t § o\ b ] z [ 5 4% ALIL623 nm ]
Z t S -',',\"\ AN623om  AN704nm & [ L I 3s4p-3s4d  AlII 704 nm ]
5 L B RN e 3s4p-3s4d 3s4s-3sp ] = 100 - \: O 3s4s-3s54p_]
£ r ] b L c—- i i
100 v \ - /'\ A I WS 4 W Al W _\
‘ : ~ 50 |-
50 - A r
o Y P S OO N A S IO S RO Y N
Cov el v b b e b v e by vy ]
0 350 400 450 500 550 600 650 700 750
350 400 450 500 550 600 650 700 750 Wavelength (nm)

Wavelength (nm)
FIG. 5. The best-fit MSEM spectrum, at 40 000 K, showing the
FIG. 4. The MSEM spectrum for the extremes of the linewidth improvement in agreement with experimental data obtained using a
diagnostic using MSEM linewidth€Table VI) at 40 000 K. fit of the entire spectrum.
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3000 ‘ v ' v ditionally, a typical Al line takes 1-min CPU time on a
DEC Alpha machine usingoTAL with Opacity Project input

-~ --40000 K atomic data, whereas the computing time on a desktop Power
4500 K PC-type machine for the same line is about 0.24 s using the
MSEM with the same input data. While the latter method
does not have the accuracy or the detailed line shape of the
former, the sheer quantity of data to be processed indicates
that the MSEM method is the most viable.

The spectral fits of the MSEM data using the OP database
are in reasonable agreement with those generated using the
literature values of the linewidths from the semiclassical
method. While the individual linewidths are poor for the
. ‘ . . . MSEM, the overall spectrum is as accurate, and in some

a0 400 4s0 500 sso  eoo  eso 700 750 cases provides a better fit to the data. The coupling of the
Wavstngih () MSEM with the Opacity Project atomic database gives a set
of reliable atomic structure and transition data, which yields

FIG. 6. The MSEM temperature fits, using the reduced data se§jood quality spectra. Improvements in the wavelength accu-
MSEM code. Fits are shown &t=35 000, 40 000, and 45000 K. racy of the transition data would be useful, as while the
average accuracy is high, a few lines are much further away

lines indicates that there is a mean difference-df00% in from their observed position. This is likely to have an effect
linewidth compared to semiclassical calculations. For the P : y

neutral lines, the error is greater, and no reliance should ba" the line broadening calculations, as it implies that the

placed on the MSEM calculated lines, as the method imple(—anergy differences between the states are not exact.
In summary, we tested a fast spectral simulation model

mented here is not appropriate. We find that a density dia sased on the modified semiempirical method for the

nostics based on the linewidth alone is subject to considerz ~~ =’ ; L
- . . linewidths, the Saha-Boltzmann equation for the ionization
a_ble error, but th_at fitting an entire region of the spectrumbalance and atomic data providecli by the Opacity Project
yle%?ﬁeaaénvgﬁt;eléasbé? trheeSlli/IIt.SEM coupled to the OP databas atabase. We find that, under the circumstances tested, this
9 P ethod provides a good diagnostic of a dense plasma. The

are those of speed and range of data available. While th iagnostics from the MSEM were comparable in accuracy to
semiclassical code is actually faster to run in pure computas 9 . L P . ) y
tion time, the time required to assemble the required atomi hose obtained using literature values of the linewidths and

Etomic data from various sources in a similar calculation.

Data

2500 \‘ | '\

200.0

1500 -

Intensity {arb. urits)

1000

500 [

0.0

and linewidth data is much greater. The range of data avai his gives confidence that, for an element where there are
able from the OP data base is also much more comprehen- g K

sive than that which is generally found in already extant dat me\(;v difsigdmic,cekr%r?izﬁalirizzllcgl(?&oonds c?)fu Illgzvxtnod;hfe”eaﬁaen;totmhﬁ:
compilations. Thus, while the full MSEM code may take b ' P

longer to run, the assembly of data is orders of magnitudgatabase’ is a reasonable first step in developing a diagnostic

faster. If there were a suitable database and program for th%apability. A detalled description of the code and its data

semiclassical method, capable of calculating the ionizatioﬁequ'rememS is currently being prepared. The code will be

balance and line shapes, in a reasonable manner, then tHEade generally available with this latter publication.

method presented here would not be useful. However, al-
though fast line-shape codes exist, suclr@saL [21], they
cannot also at present calculate the ionization balance and This work was performed under EPSRC Grant No. GRK
relative intensities of all the ionization stages required. Ad-96236.
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