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Abstract 
o 0 

Two quite intense lines, at 58.832 A and 57.927 A appearing In the TFR 
10 9 Tokamak are attributed to E2 transitions 3d - 3d 4s (J-2) of MoXV. 

This classification is based on the comparison between experimental and 

computed wavelengths and intensities of these lines in the Tokamak plasma. 

the great influence of cascades on the intensities is shown.It is shown that 

similar lines for other ionization stages of Mb should be much weaker. 



O O 1 

The spectrum of the TFR Tokamak, observed between 5 A and 80 A , 

shows the presence of ionized heavy atoms, especially Mb originating 

from the current aperture limiter. A large number of spectraj. lines were 

identified as belonging to Mo XIV to Mo XXXIII. In particular, 

3d-4f and 3d-4p transitions of ions MoXV to Mo XXIV are observed. 

However, two lines amongst the strongest of the spectrum, at X=58,832 A 

and A=57.927 X remained unclassified. Figure 1 shows a portion of the 

TFR spectrum between 49 A and 60 A , and for comparison» the spectrum 

obtained from a low-inductance spark with pure molybdenum electrodes 

which was used to identify the Mo TFR spectrum . In both spectra, 
10 9 electric dipole(El) lines 3d -3d 4p are observed, but the unknown 

lines appear only in the TFR spectrum. These lines could not be 

attributed to any other element. Tn the present work, we propose 

the identification of these lines as electric quadrupole (E2) transitions 
10 9 of MoXV 3d -3d 4s (J=2), This identification is supported by 

"ab initio" computations of the wavelengths, and a study of the 

intensity of these lineB compared to that of the allowed transitions, 

as a function of the plasma parameters: electron density n and 

temperature T , in a wide range of values comprising both the 
13 -3 20 -3 

Tokamak (n « 2-8*10 cm ) and the spark (n = 10 cm ) plasma 
regimes. 
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WavelenRth Computation 

This is performed in the framework of the relativistlc parametric 

potential method RELAC . Energy levels are obtained in intermediate 

coupling, taking into account the relevant configuration interactions. 

The present computations show that configuration 3d 4s is very well 

described in jj coupling (purity-96%), and configuration mixings 

are weak. The coupling is not so pure in Dther configurations. 
q 

For instance, in 3d 4f, the levels J=l are near LS coupling. Table 1 
shows the computed wavelengths for the E2 transitions, as well as for 

10 9 El transitions 3d -3d 4p,in the MoXV spectrum» compared to measured 

wavelengths. Notice the excellent agreement for El lines that were 

previously identified . Thus, as far as the wavelengths are concerned, 

the E2 transitions 3d ~3d 9* s a r e very good candidates for the inter

pretation of the unknown lines. 

Intensity Analysis 

The intensities of spectral lines are related to the Einstein 

coefficients A.. and to the N population of the levels, by the 

relationship I. .« A..N.. The Einstein coefficients A» computed 

by the RELAC method are shown in table 1. The ±arge difference 

in transition probabilities for the two types of lines explains 

why E2 lines are not observed in laboratory plasmas approaching 

local thermodynamic equilibrium (LTE) o r ^ g ^ a t i e a s t t ^ e electron 

density is sufficiently nigh like e.g. in the vacuum spark. 
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Our aim Is to show ia this paper that in low density plasmas (as the 

Tokamak type) these E2 lines may appear, even with an Intensity comparable 
9 

to that of the allowed resonance lines. Indeed, the levels 3d 4s, 

which are the lowest excited states, are metastable and their population 

may become important under conditions where a low n results In weak 

collisional depopulation. Radiative de-excitation then becomes the 

only decay channel, leading to enhanced line Intensities. For the 

computation of level populations in MoXV as a function of n and T , 

we use a collisional radiative model In which we take into account all 

*;he possible excitation and de-excitation transitions between energy 

levels of MoXV due to electron impact. 

Computation of Excitation Rate Coefficients 

Whenever possible, Sobelman's data were used, these are obtained from 

a Coulomb-Born approximation with hydrogenlc atomic wavefunction3, 

without exchange, and only the lowest order of multipolarity of 

interactions is included. This approximation should be sufficient 

In view of the high Ionization stage involved , The lin^ strengths 

entering the rate coefficients were obtained in intermediate coupling 

by REIAC. These are important because they play a dominant role in 

the. intensity ratios of lines originating from the same configuration. 

The numerous transitions which are not given by Sobelraan fall into 

two categories: 

I.-Dipole allowed transitions without change of principal quantum 

number (An«0). TheBe were evaluated by the effective Gaunt factor 
formula of Van Regemorter using oscillator strengths computed by HELAC. 



ii.-All the other, i.e. a) transitions for which AJ is such that they 

are not given by Sobelraan because they rely on higher multipolar order, 

b)transitions within configurations, and c)pure exchange transitions. 

As there are several thousands of them to be computed in our model, we 

had to use a crude semi-empirical cross section formula. We use basically 
—2 Van Regeraorter's formula, where, however a(u)Mi £u- E/"AE .,, E being 

the kinetic energy oi' free electron, AE.. the transition energy), as 
-3 -1 

a compromise between trCu)*^ (spin change) and o(u)'»flj (no spin 

change), The "oscillator strength" is replaced by 1/2, which is an 

upper bound for transitions An~0. Integrating over a Maxwellian dis

tribution for electron velocities, we have for the rate coefficients: 
QyCcm 3 s _ 1) = 3.15 10 - 7 fi ExCAEy/V 

* h AE ± j T ^ 

where AE.. and T are "in Rydberg units, g. is the statistical weight of the 

lower level, E. is the exponential integral of first order and fi is 

a parameter. As an initial value, we took 8=0.2 

Results without cascades 

At first, ws considered only the ground state and the specific levels 

involved in the transitions E2 (3d 4s, J=2) and El (3d 4p, J=l) 

(cf Table 1), with all colllsional and radiative transitions between 

them. The results are described by curve (a) in figure 2 which 



shows R, the ratio of the sum of intensities of E2 lines and the sum 

of intensities of El lines. This ratio was obtained for T =100eV, 
e ' 

which is approximately the temperature corresponding to the location 

of the peak abundance of MoXV in the TFR discharge (r«15 cm) 

Anyway, we shall see that R is very weakly dependent upon T . It 
can be seen that R remains equal to a constant R for low densities 

^ • o 

* * * 
up to a critical density n defined as R(n )=0.8R . Here n a3.10 

This model, although simple» does explain the appearance of E2 lines 

at Tokamak density, and their disappearance for n > 10 cm - . 

However, curve (a) gives an R smaller by a factor of 3 compared with 

the experimental value. 

Effect of cascades 

As an improved model, we included all the levels of previous con-
9 

figurationsf and of 3d 4d (curve b figure 2), Then we added the 

whole configuration 3d 4f (curve c), Finally configurations of the 

type 3p 3p nl (nl=4s, 4p, 4d, 4f) were included (curve d)* 

The latter was obtained by taking into account 91 levels and 

all possible radiative 4;nd colliaional transitions between them. 

It is seen that Che results including cascades agree with experiment 
13 —3 7 

(nfi=2.10 cm is the density at the MoXV location in TFR ). 

The final data were used to draw the theoretical spectrum in figure 4 t 

Here the sum of all theoretical intensities is normalized to the 
sum of experimental intensities. 
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Variation of the CroBS Section Parameters and T — — — e 

In order to check the reliability of the results, the parameter fi 

was changed from 0,2 to 0.02, with the effect of decreasing R from 

1.4 to 1.0,while n decreased by less than an order of magnitude. 

The effective Gaunt factor in Van Regemorter's formula for allowed 

transitions An-0 was varied from 0.2 to 0.5 and 0.1, causing R to 

change by less than IX, as n was affected by half an order of 

magnitude. Finally, VanRegemorter's formula was used in place of 

Sobelman's coefficients for allowed transitions from the ground state 

also. R is then lowered by only 20%, although the absolute 

intensities of the lines are significantly altered. 

The same remarkable stability was found when computations were performed 

with values of T ranging from 100 eV to 1500 eV. Under these conditions 

R varied by less than 3%. 

I 
Direct ionisation from excited states was evaluated by the formula 

of Locz , the effect on R being negligible. Recombination to excited 

levels was also neglected since , furthermore,the plasma is slightly 

ionizing. 

Discussion 

Let us no» investigate in more detail why cascades are so important 

here. Figure 3, which, displays all the MoXV energy levels taken 

into account, shows that there are levels in 3d Ap with J=2,3» 



At low n , these levels have no other decay channel than 

radiative transitions to 3d 4s, because of the AJ selection rule. 

Thus, any mechanism populating these levels enhances R . This is 

the case for cascades from nearly all levels of even parity 

and for indirect cascades from odd levels with J^l which do 

not decay to the ground state. This effect is illustrated by 

curve e in figure 2, where all the configurations have been 

included but radiative transition probabilities between 
9 9 

levels 3d" 4p J=2,3 and 3d 4s have been taken as zero. It is 

then apparent that MoXV is a rather special case, due to the 

ground configuration being a closed shell 3d (J^O). 

For other ions of Mo (MoXVI to MoXXTV), the ground configuration 

3d (n=l to 9) possesses many more levels, hence there are 

relatively few levels of 3d 4p which cannot decay radiatively 

to the ground configuration. However, an even more important 

phenomenon is the appearance of configurations 3p 3d which 

lie below 3d 4s and have opposite parity. El transitions 

between these two configurations are allowed by configuration 

mixing of the type 3p 3d 4s + 3p 3d 4p. These turn out,In 

general, to be stronger than E2 transitions. As an example, 

we computed the simple case of MoXXIV (ground configuration 3p 3d). 

Using the same methods as for MoXV we obtain R » 0,008 for 
o 13 -3 n =5.10 era and T - 400 eV (corresponding to TFR conditions 
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at the location of this ion)* Thus, we conclude that there is 

little chance of observing E2 lines for ionization stages other 

than KoXV. One possible exception may be MaXVI, where many 

levels of 3p 3d 4s + 3p 3d 4p cannot decay to 3p 3d because 

of the AJ selection rule and are thus metastable. Computations 

of resulting E2 line intensities, which are quite cumbersome, 

are in progress. 

Conclusion 
10 9 We conclude that computed E2 transitions MaXV 3d -3d 4s agree 

well, both in wavelength and intensity, with the previously 

unknown lines observed at 57*927 A and 58.832 A in the TFR 

spectrum. We have also shown that one should not expect to 

detect many lines of this type for higher ionization stages of Mo. 

In any case, their intensity will be weak, and they are 

unimportant for radiative energy Tosses. 

Forbidden lines of other type,such as magnetic dipole (KL) 
9 of highly ionized iron observed in solar flares, may also 

appear in Tokamak spectra. The E2 lines, as the Ml, are density 
sensitive and could be used for density diagnostic In plasma 

9 10 as suggested by Doschek et al. * 
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TABLE 1 

Upper Level Type ACS - 1 ) * C A ) 

& ( B ' Computed 
HA) a 

Measured 

3 d % / 2 4 " l / 2 J = l E 1 

3 d % / 2 ^ 3 / 2 J = 1 E 1 

7.88 10*" 49.94 

3.13 1 0 " 50.43 

49.912 

50.444 

3 d ' 3 / 2 4 p 3 / 2 M El 3.06 10" 50.94 

3 d'3/2' sl/2 J ' 2 E 2 

3 d' 5/2* Sl/2 J = 2 E 2 

1.07 10' 57.96 

7.07 10" 58.86 

57.927 

58.832 

Wavelengths and transition probabilities of MoXV transitions. 

The common lower level is the ground Btate 3d J=0. 
o 

a - precision: + 0.005 A. 



Figure Captions 

Comparison of spectra C49 to 60 A) from TFE, and low-inductance 

spark with Mo anode. 

Ratio of the sum of the intensities of the E2 lines to the 

sum of the intensities of the El lines in MoXV, for 

different models as a function of electron density, for 

T e = 100 eV- a) 5-level model - b) including all levels 
g o g 

of 3d 4p + 3d 4d - c) same as b + 3d 4f - d) same as c 
+ 3p 3d-1" ni (n£=4s> 4p, 4d and 4f) - e) sane as d hut 

9 9 
radiative transition probabilities for 3d 4p J=2,3 to 3d 4s 

taken as zero. 

Partial energy level diagram of MoXV. 

Recording of the experimental spectrum compared with. 

theoretical spectrum (model d). 
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T e = 100 eV 
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