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Stark broadening parameters for the spectral lines of several Cul multiplets were
calculated. Comparison with experimental Stark widths and shifts shows, in some
cases, a very large discrepancy. The analysis of the experimental results indicates
to the possible causes of the discrepancy between theory and experiment. 

1. Introduction 

Stark broadening and shift of spectral lines of neutral, non-hydrogenic atoms
has been the subject of numerous experimental 1 - 3> and theoretical studies (see
e. g. Ref. 1). The primary aim of these studies is to understand the proccesses of
interaction of neutral emitters with charge particles in plasmas what is, obviously,
not an easy task. At the present moment, experiments agree with comprehensive
semiclassical calculations by Benett and Griem 1 • 4> in average within ±20 to
30% 1 -

3>. The exception are the results for He! w);tere the agreement between
theory 1 , 4> and experiments (see e. g. Refs. 1-3) is in the range of ± 1 0  to 1 5% 1 - 3 >,
Similar results of comparison with the experiments were achieved with other two
versions of semiclassical approach 5>. Unfortunately semiclassical evaluation of the
Stark broadening parameters requires elaborate calculations even for a single line.
Recently, Dimitrijevic and Konjevic6> offered sJmple formulae for estimating Stark
widths and shifts of neutral atom lines based on the method of Freudenstein and
Cooper7> and GBKO semiclassical theory8>. This simple method has been re­
cently9> tested for the evaluation of widths or shifts and the obtained results agreed
in average with sophisticated semiclassical cafculations1• 4> within ±30%. 
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From the point of view of applications reliable Stark broadening data are 
important for radiative transfer calculations, and diagnostics of both laboratory 
and astrophysical plasmas. For laboratory plasma diagnostics Stark broadening 
data for some elements are of particular importance. Here we shall mention he­
lium, nitrogen, oxigen, argon, silicon and copper. Some of these elements like 
helium, nitrogen and argon, are used as a working gas in various plasma devices; 
others like oxigen are present as a reacting gas, and silicon and oxigen come into 
the plasma from the glass walls of the plasma container. Copper is usually intro­
duced into plasma by evaporation of electrodes which are frequently made of 
copper or its alloys. While Stark broadening of prominent Hel, NI, OI and Ar! 
lines has been studied extensively (see e. g. Refs. 1-3), for neutral copper only 
few experimental results of modest accuracy were reported 1 0, 1 1>. In several pa­
pers the results of theoretical calculations of quadratic Stark constants for neutral 
copper lines have been published 1 0• 1 2 - 1 3> and these data in conjuction with 
Lindholm's formula (see e. g. Ref. 14) can be used for the estimation of electron 
impact Stark widths and shifts. Recently, Stark widths and shifts of a number 
of copper lines have been measured 1 5> in a low pressure pulsed. arc, and we shall 
use these data together with preceding results 1 0 • 1 1 > to compare with the results 
of our calculations. Comparison with other theoretical results 1 0• 1 2• 1 3> will be 
also performed. 

2. Theory 

Detailed derivation of the used formulae for the evaluation of electron impact 
broadening and shift of neutral copper could be found elsewhere6• 7> and, here, 
minimum details will be given for completeness. 

After Freudenstein and Cooper7> electron impact half halfwidth We (s- 1) at 
electron density N ( cm - 3) and temperatpure T (K) is calculated from the follo­
wing equation : 

(32) 1 1 2 (/ia0
) 
(En) 1 1 2 ... 

We � 21 N'j'(, m kT R: f w (1711 1 R 1 1 1
). (1) 

Dimitrijevic and Konjevic6> derived after Ref. 7 another formula used here 
for the evaluation of widths. and shifts of non-hydrogenic atom lines which has 
the following form : 

(2) 
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In Eqs. (1) and (2) RJ/ is the square of. the coordinate operator matrix element, 
i and / denote_ initial and final states, while i' and f' are the corresponding pertur­bing states within the dipole approximation ; Eu' = (E1 - E11)/IE1 - E11 I are theenergy levels of the corresponding states. f w and / 4 are given by the following equations : 

f, ( ) _ - 1 . 3 3.x In ( l + 2.27) + 0.487x X 
w x - e x · 0. 153 + x513 + 7.93 +x3 

f ( ) - 1 571 - 2. 4 8 7.x 1 .295x 0.713  
4 x - · e + 0.415 + x5' 3 + 8. 139 + x3 

... where x = 1/JJ' R111 and 1/u' � IE1. - E11 1/3kT. Within the Coulomb approxima-tion 1 6> R�l for a dipole transition of a neutral atom, is given by
(3) 

where l is the orbital quantum number of the valent electron, l> is the larger of t 1 and l J' and n1 > is the effective quantum number with larger orbital quantumnumber which is, for the neutrals, calculated from 
2 _ EH nJ - Boo - E/ (4) 

In Eq. (4) EH is the hydrogen ionization energy and E00 is the appropriate series limit; <p is the correction factor tabulated in · Ref. 17. · Since ion broadening can not . be neglected · for neutral atom lines the ion ·broadening parameter A is calculated for each Cul multiplet using Eq. (224) from Ref. 1 .  For the evaluation of Stark broadening parameters of Cul lines the data for atomic energy levels and ionization potential are taken ftom Ref. 1 8. 
3. Results and discussion

Results obtained from Eq. (2) for electron impact half-halfwidth We (nm) and shift de (nm) for several Cul multiplets at N = 1 x 10 1 6  cm- 3_ and T = 5000,10000, 20000 and 30000 K are given in Table 1 together with corresponding ion broadening parameter A. In this table average wavelength for the multiplet is given. Data for We and de at required wavelengths within multiplet is simple to evaluate since both quantities, We and de, are proportional to il 2• For calculation of Stark halfwidth 'Wtot and shift d,0, of Cul lines from data in Table 1 one can use approximate formulae 1 > Wtot � 2 [1 + 1.75 I0-4N114A (l - 0�068N116 T- 1 12)] I0- 1 6weNe (5) d,0, � [d ± 2.0 I0- 4N1 14A We (1 - 0.068N1 1 6 T- 1 12)] I0- 1 6Ne (6) 
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where we, de and A are electron impact half-halfwidth, shift and ion broadening
parameters, respectively, all of them taken at N = I x 1 0 1 6 cm.;.. 3 and at required
electron temperature T (K); N is the electron density ( cm - 3) at which w, 0, and
d,0t are to be calculated. There are certain restrictions to the applicability of
Eqs. (4) and (5) and they are 1 > 

B = 8.99 10 -2 N1 1 6 .:s 0.8 (7) 
0.05 -;S A ;S 0.5 (8) 

Whenever conditions (7) and (8) are not fulfilled one should use the procedure
described in Ref. I .  Apart from basic spectroscopic data for each multiplet, in 
Table 1 are also given the values for 3kT/2L1E which represent the ratio of thermal -

TABLE 1 .  

Transition T (K) w, (nm) de (mn) A 

4s2 2D - 4p2po 5000 0.00082 -0.00003 0.010
A =  535.29 10000 0.00106 -0.00009 0.008
LJS/S = -053 20000 0.00131  _-0.00013 0.007 
3kT/UJE = 0.56 30000 0.00144 -0.00015 0.007

4s2P0 - 5s2S 5000 0.0083 0.0098 0.045 
A =  804.09 10000 0.01 1 0  0.01 12 0.037 
L1S/S = -0.17 20000 0.0139 0.01 1S 0.03 ) 
3kT/UJE = 1 . 1 1 30000 0.0158 0.01 1 1  0.028 

4p2po _ 6s2s 5000 0.0147 0.0146 0.086 
A =  451 .5 1  10000 0.0192 0.0152 0.071 
LJS/S = -0.04 20000 0.0240 0.0142 0.060 
3kT/UJE = 3.45 30000 0.0265 0.0129 0.055 

4p2po _ 4d2D 5000 0.0156 -0.0059 0.061 
). = 519.82 10000 0.0160 -0.0034 0.059 
L1S/S = -042 20000 0.0156 -0.0019 0.060 
3k112L1E = 12.52 30000 0.0150 -0.0014 0.062 

4p2po - 5a2D 5000 0.0853 0.0078 0.242 
A =  405.03 10000 0.0795 0.0052 0.255 
L1S/S = -0.16 20000 0.0710 0.0042 0.278 
3kT/2L1E = 1 82.14 30000 0.0652 0.0037 0.296 

4p'4po - 5s'4D 5000 0.00138 0.00217 0.047 
A =  427.Sl 10000 0.00184 0.00247 0.038 
LJS/S = -0.24 20000 0.00236 0.00253 0.031 
3kT/2L1E = 0.94 30000 0.00269 0.00244 0.028 

4p'4F0 - 5s'4D 5000 0.00163 0.00247 0.046 
A =  461.00 10000 0.00217 0.00282 0.037 
LJSJS = -0.24 20000 0.00278 0.00289 0.031 
3kT/2L1E = 0.94 30000 0.00318 0.00279 0.028 

Electron impact half-halfwidths we, shifts a. and ion broadening parameter A at electron density
N = 1 x 1 016 cm- 3 for several Cul multiplets. w. and d

e are calculated ftom Eq. (2) while
ion broadening parameter A is evaluated from Eq. (224) ·Ref. l .  
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energy of electron at T = 10000 K and energy difference to the nearest perturbing 
level. In the same column for each multiplet the ratio LJ S/ S is given. This ratio is
a measure of completeness of the set of perturbing levels in respect to the sums of 
dipole matrix elements R}

1 
and it is calculated from the following relation 2 0> 

where 
7 

R}i == i [Sn� + 1 -311 (11 + l )]

and n, is the corresponding effective principal quantum number. For a complete 
set of perturbing levels LJ S/S = 0.

In Tables 2 and 3 are given experimental and theoretical _results for widths 
and shifts of Cul lines. In Refs. 10 and l1 instead of actually measured Stark line 
widths quadratic Stark constants C 4 are given. These constants were derived 1 0 • 1 1  > 
from the widths of Cul lines using a well known Lindholm's formula (see e. g. 
Ref. 14) 

(9) 

where v is the mean velocity of electrons. In this case it would be more correct 
to replace 2we in Eq., (9) by w,0, since experimental widths include the contribution 
of ion broadening. T\ms for the evaluation of w,0, at N = 1 x 10 1 7  cm- 3 and 
T = 10000 K from experimental C4 constants Eq. (9) is applied. Whenever theo­
retical C 4 constants from Refs. 10, 12 and 13 are used, first the electron impact half­
-halfwidth we at N = 1 x 10 1 6 cm- 3 and T = 10000 K is calculated, and then 
Eq. (6) is used to evaluate w,01 • For these calculations the ion broadening para­
meter from Table I is used. However, it should be pointed out that, with exception 
of 4p2P0 

- 5d2D multiplet, the contribution of ion broadening never exceeded 
10% from the total line width and therefore it is irrelevant for the explanation of 
large discrepancies between various theoretical calculations and experiments. 

Comparison of experimental widths in Table 2 shows large discrepancies. 
Here we should draw attention to the fact that experimental results in Ref. 10 
were obtain from a spacially and temporally inhomogenous plasma source - D. C. 
low «;!lrrent are in water. The electrodes were made of brass, and. copper was in­
troduced into the plasma by evaporation of electrodes. Spectra were recorded on 
the photographic plates and in this experimental arrangement the authors 1 0> 
could not correct variations of intensities produced by wandering of the arc in 
water. Furthermore they did not performe Abeling procedure to determine radial 
distribution of line intensities, and therefore their C 4 constants represent some 
kind of average value which can not be used with confidence. Although in Ref. -
11 a much more sophisticated technique is used for the analysis of spectra from a 
free burning arc between copper electrodes the reported results for C 4 constants 
of Cul lines can not be considered reliable since plasma electron density was de­
rived only from the widths of Cul 453.08 and 448.04 nm lines using theoretical 
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values of Stark constants 1 0>. This plasma diagnostic method can not be considered 
reliable enough as it will be seen from the discussion of theoretical results. There­
fore, we shall concentrate our further discussion to the newest experiment 1 5> per­
formed in a low pressure pulsed arc with optical multichanne! analyser and laser 
interferometry for electron density measurement. 

Intercomparison of older theoretical results 1 0• 1 2 • 1 3> in Table 2 shows rea­
sonable agreement. However, Lindholm's formula Eq. (9), used for the evaluation 
of Stark line widths in Table 2 is of very limited accuracy and its insufficiency 
was one of the reasons for the development of modern Stark broadening theory 
(see e. g. Ref. 19). Thus, for the comparison with the experiment in Table 2 we 
shall use approaches by Freudenstein and Cooper7>, Eq. (1) and by Dimitrijevic 
and Konjevic16>, Eq. (2), derived both from modem semiclassical GBKQ8> theory. 
The agreement between the result� from Eq. (1) and (2) in Table 2 is well within 
±40% what can be . considered good for nyo simplified approaches for the . eva­
luation of Stark widths. Nevertheless, irrespective of discrepancy between the re:, 
suits of Eqs. (1) and (2), both sets of results �how that Stark widths -within multi­
plet are the same within several percent, �d that the Stark widths · increase with 
the increase of principal quantum n�ber along the spectral series (see e. g. re­
sults for 4p· 2P0 

- Ss 2S and 4p 2P� - 6s 2S in Table 2). Both these findings 
have been confirmed by a recent analysis. of experimental data2 1>. There . are some 
exceptions of these rules when close perturbing levels to the . upper (or lower) 

TABLE 3. 

Stark shifts (nm) N = 1 x 10 1 7  an-3, 

T1ansition Wavelength (run) T =  10000 K 
exp. Ref. 15 Eq. (2) 

4s2 2D - 4p2po 510.554 0.0067 �0.0010S70.024 -0.0012578.213 0.0076 -0.0012
4p2P0 - 5s2S 793.313 0.071 0.116 

809.263 0.057 0.121 
4p2po _ 6s2S 448.035 0.175 

453.078 0.057 0.179 
4p2po - 4d2D 515.324 -0.027 -0.043*521.820 -0.030 -0.044*522.007 -0.030 -0.044*
4p2po - 5d2D 402.263 0.195 0.498*406.264 0.174 0.508*
4p'4po - 5s'4D 427.51 1 0.030 0.026
4p'4F0 - 5s'4D 453.970 0.019 0.029 458.697 0.029465.112 0.0135 0.030

Experiment�l and theoretical results for the Stark shifts of Cul lines normalized at N = 1 x 10 1 7

cm - 3 and T = I 0000 K. Results denoted by asterix are corrected for Debye shielding (see Appen­
dix IV in Ref. 1). 
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level of the considered · transition exists, but this is not the case for the most of Cul lines in Table 2. Only for the multip�et 4p2P0 
- 5d2D perturbing level 4f2F0 is very close to the upper level, L1 E � 38 cm - 1

, and some larger differences bet­ween Stark width within multiplet may appear. Here we di� not go into details to calculate this difference since it is irrelevant for the explanation of huge discre­pancy between experim�nt1 5> and theoretical results from Eqs. (1) and (2) in Table ·2. On the basis of the analysis of experimental apparatus and procedure in Ref. 1 5  we could not trace causes of the existing discrepancy between experiment15> and our calculations. However, large variations of the experimental Stark widths 1 5> within multiplet (see results for multiplets 4s2D - 4p2P0 and 4p'4F0 - 5s'4D in Table 2) usually indicate to the presence of strong, uncorrected selfabsorption of lines which may influence Stark width measurments (see e. g. Ref. 22). Further­more, unexpected decrease of the Stark widths along spectral series 4p2 po - 5s2 Sand 4p2 po - 6s2 S and large difference between widths of lines . from 4p' 4P0 -- Ss' 4 D and 4p' 4 F0 - Ss' 4 D multiplet which should be approximately thesame ( contribution of lower level broadening to the total line width is usually small) are, most probably, caused by uncorrected selfabsorption and/or plasma inhomo­geneity. Finally, if one compares the experiment and theory in Table 3, in average better agreement is found. This is an additional indication that undetected self- . absorption of lines was present in this experiment. Namely, shift measurements are less influenced by line· selfabsorption and therefore the agreement with the theo�y is better. 
4. Conclusions 

I In this paper we report results of Stark width and shift calculations for the lines of several Cul multiplets. Comparison with experimental data 1 5> showed some­times a very large discrepancy well outside of estimated errors for both experiment and the theory. The analysis of experimental data indicates that uncorrected self­absorption and/or plasma inhomogeneity may be present during line shape mea­surements in Ref. 15. Therefore we suggest a new experiment with reliable con­trol of copper atoms in plasma, while on the other hand the results of sophisticated semiclassical calculations (see e. g. Ref. 1) would be of importance for accurate plasma diagnostics. We believe that our results for electron impact widths and shifts in Table 1 are accurate within ±40% what is satisfactory for most of plasma diagnostic applications. 
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STARKOVO SIRENJE I PO.MERAJ SPEKTRALNIH LINIJA 
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U radu su dati rezultati proracuna parametara Starkovog sirenja spektralnih linija 
nekoliko multipleta Cul. Poredenje ovih rezultata sa eksperimentalno odredenim 
vrednostima u · nekim slucajevima pokazuje veliko neslaganje. Analiza eksperimen­
talnih rezultata ukazuje na moguce uzroke neslaganja teorije i eksperimenta. 
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