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ABSTRACT 

2 
( I s nJl - I s 2 p n 2 , n > 3) d i e l e c t r o n i c s a t e l l i t e s 

o 

of the resonance line of Fe XXV at 1.85 A have been 
observed from ?LT (Princeton Large Torus) tokamak 
discharges and are used for a detailed comparison 
with theory. The necessary corrections for Doppler 
broadening measurements are discussed, and accurate 
satellite to resonance line ratios allowinc for a 
determination of the total dielectronic recombination 
rate of Fe XXV are derived. 

DISCLAIMER —_ 
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The resonance lines of the heiiumlike ions of iron (Fe XXV) 
and titanium (Ti XXI), and their associated satellites which are 

2 
due to transitions of the type Is r.2 - ls2?n! with r. > 2 
have been observed in hot plasmas and have been used to diagnose 
so_ar flares" and tokamak discharges." These diagnostic 
applications include measurements of the electron temperature (T ) 
ard the ionization equilibrium from satellite to resonance line 
ratios, as well as determination of the ion temperature (T,.) from 
Dcppler broadening. In particular, the ion temperature determi­
nation is of vital importance for the diagnostic of tokamak dis-2 cr.arges. 

In a recent paper 3ely-Dubau et al. presented an improved 
theory of the dielectronic satellite spectrum of Fe XXV including 

i !ls~n<". - ls2pni) satellites with n = 3-11. Since nost of 
these satellites fall into the narr"ow wavelength range from 

o 

1.3430 to 1.8540 A and are pcitially blended with the resonance 
line, they can cause a significant increase of the apparent 
intensity and width of the resonance line which must be taken 
into account for evaluation of satellite to resonance line ratios 
as well as for Doppler broadening measurements. It is the purpose 
of this paper to give a detailed comparison between experiment 
and theory in order to establish a solid base for diagnostic 
applications. 

Figures la, b, and c show satellite spectra of Fe XXV for electron 
temperatures of 0.9, 1.2, and 1.5 keV, respectively. In this 
temperature range the dielectronic sat&ilites are a most prominent 
spectral feature. The data were recorded from PLT (Princeton 
Large Torus) tokamak discharges daring the period (250 ms) of 
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steady-state conditions with use of a high resolution (\/A.\ = 
o 

15000 at .'. = l.d500 A) 3ragg curved crystal spectrometer and vers 
accumulated over typically 20-30 discharges with identical 
parameters in order to reduce the statistical error. The details 

-> 3 of the experimental arrangement have been described earlier."' 
The spectra in Figures lb and c were recorded from ohmically heated 
discharges, whereas the spectrum in Fig. la was observed from a 
discharge with auxiliary ion cyclotron heating. Radial profiles 
of the electron temperature and density vara obtained from laser 

c 
Thomson scattering. The spectra have been corrected for constant 

6 ° 
background (-10 photon counts/A) and small periodic variations 
of the detector efficiency which are due to the finite spacing 
fl mm) of the cathode wires in the r.iul-.iwire proportional counter. 
The period of these detector-efficiency oscillations is smaller 
than the Doppler width of the obsarved spectral lines, and there­
fore this correction does not impair the accuracy of the results. 
The solid curves represent theoretical predictions for the line 
structure in the wavelength r«.nge from 1.8430 to 1. S540 A, and 
in tue wavelength range from 1.3540 to 1.8730 i\, least squares 
fits of Voigt functions to che experimental data. 

The spectral lines have been identified using the notation 
of Gabriel and 3ely-Dubc.u _e_t _al. The features in the wavelength 

a 

range from 1.8540 to 1.3730 A have been discussed in an earlier 
paper. They represent the intercombination (x, y) and forbidden 
(z) lines of Fe XXV, the lithiumlike n = 2 satellites t, ~_, <>*,-', 

and j, and the berylliumlike line 2. Of most interest is the line 
structure in the vicinity of the resonance line at 1.85 A. 
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on an expanded scale Figure Id shows the experimental 
o 

data in the wavelength range from 1.3430 to 1.3540 A for the 
spectrum of Fig. lb. The theoretical line structure (curve I) 
has baen decomposed according to 3ely-Dubau e_t al_- into contri­
bution from the heliumlike resonance line (w) and the dielectronic 
satellites with n = 2-11 I curve 11] . According to Ref. 5, the 
relative intensity of the n = 3-11 satellites (curve II) and the 
resonance line (w) is determined only by the electron temperature; 
we used the central T obtained from the laser scattering. 

e 
The ion temperature was adjusted for a best fit to the 
experimental data in the considered wavelength range. To obtain 
agreement between observations and predictions it was necessary 
to increase the theoretical wavelengths for the n. = 3 satellites 

a o 

by 0.0003 A, which is within the theoretical error of 0.0005 A. 
Table 1 lists the experimental and theoretical wavelengths for 
the r. > 3 satellites which mainly contribute to the spectral 
features observed on the long wavelength side of the resonance line. 
dl3 is a wr11 isolated n = 3 satellite, whereas A and 3 are 
composed of several spectral lines. Features A, 3, and dl3 are 
well above the statistical error of 5% for a data point in the 
considered wavelength range. However, they are comparable in 
magnitude with the variation of the detector efficiency and are 
masked by the detsctor-efficiency oscillations if not properly 
corrected for. The accuracy in determining the shape of features 
A and a is not very good. However, the long wavelength wing of 
il3 is determined quite accurately. The variation of the 
ir.tensitv of n = 3 dielectronic satellites and the T = 2 



dielectronic satellites, j and (k, r), with electron temperature 
is obvious from Fig. 1. 

The value for the resonance line intensity '.'",.) derived from 
the fit in. Fig. 1=. has then been used for evaluation of satellite 
to resonance line ratios (" /Z ). These are listed in Table 2. 

5 W 
The relative intensity of the dielectronic satellites ; and d!3 
is a function of T alone and can be used as an electron temcer-

e 
ature diagnostic. Values of 1.020 and 0.840 JceV, respectively, 
have been obtained from the relative satellite line intensities, 
-i/-.rf and I J : ;./I u, of the spectrum in Fig. la; these are in excel! 
agreement with the central values of the electron temperature 
profile observed by laser scattering shown in Fig. 2. This can 
be considered as an experimental proof of the theory of 3ef. 5. 

We have also investigated the effect - the presence of 
unresolved n > 3 satellites on the apparent profile of the 
resonance line, which is important for Doppler broadening 
measurements. Table 3 compares ion temperatures (7; , T ;'"', 
T;'"'! obtained from various fits to the observed line profiles 
of Figs, la, b, and c. The ion temperature results (T; """ ) were 
determined from a fit of the theoretical predictions (curve I! 

(2) l ~>) 

to the observed line structure. The T„. - and T ; '""'- values 
were obtained from the fits of a Voigt function to the data on the 
short wavelength side in the range from 1.3490 to 1.55C1 A, and 
the data in the wider range from 1.3490 to 1.3508 A, respectively. 
Th-j difference between the 7- '- and T. - values, which 
is obviously 5ue to the asytnnetry of the apparent resonance 
line profile, becomes less pronounced with increasing electron 
temperature. The results from Table 3 can be summarised in the 



following way: Clearly, a fit using the theory of Bely-Dubau 
et_ &_i. ;ives the correct result. In. case that such a fit is 
so" a-a_la^:e * Voigt function fit can be performed to the wing 
en the short wavelength side which gives practically identical 
results. Sven if the Voigt function fit is extended beyond 
zhe half maximum on -he long wavelength side,one obtains results 
which agree within 15% with the correct ion temperature for 
electron temperatures above I.2 :<eV. The Doppier ion temperatures 
ire in reasonable agreement with the res-alts from charge ewehanae 
measurements. 

The dielectronic recombination rats (?..,/ associated with 
is - :p transitions is proportional to the relative intensity of 
all dielectror.ic satellites, 

Rd ' C ( V '- V Zw ' 
where C'T ) is the collisicnai excitation rate for the is - 2s e 
resonance transition.3 This represents 90% of ;he total recombi­
nation rate of re XXV. 7 I /I has been determined from the 
intensity ratios in Table 2, incorporating a correction of the 
n = 2 satellite t and r for intensity contribution from collisioaai 
excitation.'' The resulting dielectronic recombination rate is 
shown in Fig. 3 as a function of T . Also included are results 

' e 
obtained from spectra presented in our previous paper. The error 
bars shown in Fig. 3 result from the experimental error for T 
as determined from dielectronic satellite to resonance line ratios 

6 9 
ar.d independent electron temperature diagnostics. ' The agree­
ment with the theoretical prediction tsolid curve! is excellent. 



discrepancies between experiment and theory still exist for 
the satellite to resonance line ratios of the lithiumlika satellite 
q and the heliumlike lines x, y, z. (These lines are r.ot produced 
by dielectronic recombination.) The experimental values for 
I /I , which is orocortional to the relative abundance r._ .fv—7'' q -ji - - - ..A* / 

n „-„,., are larger than predicted for coronal ecuilibrium.~ 

These deviations axe observed to depend on the electron density 
and may be explained by radial transport of ~e :cc: ions." The 
intensity of the heliunlike intercombination (:<, y' ar.d forbiddar. 
(z; lines relative to the resonance line (w) is obser--ed to vary 
wirh electron ner-perature, contrary to theoretical prsdiciior.s. 
. . . . .... , . ^ 11 
,-._3C t.~e intensities are career tr.an expected. 

In conclusion, dielectronic satellite spectra of rs XXV have 
been observed from ?LT tokamak discharges for central e*iec-rtr. 
temperatures in the range from Q.9 to 1.5 y.e'", -rfhere the process 
of dielectronic recombination is the dominant mechanism of line 
excitation. The experimental results permitted a detailed com­
parison with the predictions for n > 3 satellites in the i.Tinediata 
neighborhood of the resonance line and can be considered as ar. 
axperi.-ner!tal verification cf the theory of 3ely-Dubau e_t a_l. " 
Cor.ections for the additional broadening of the resonance line 
due to dielectronic satellites with n 2 - can, therefore, he i\sde 

-ruite accurately, so that this line can be used for ion temperature 
diagnostics even at low electron temperatures. The intensity 
ratios of the satellite lines and the true resonance line have 
been determined and have been used to deduce the part of the 
dielectronic recombination rate, which is associated with the 
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Is--? transition. ;iscrepencies between experiment and theory 
exist for the intensity (relative to the resonance line) of 
spectral lines which are not excited by dielectror.ic recombination. 
These include the helium-like intercombination and forbidden 
lines and the lithium-like satellite q. The observed intensity 
ratios should be useful for current theoretical work or. excitation 
rates and the ionization equilibrium in tokamak discharges. 
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TABLE CAPTIONS 

Table 1. Experimental and theoretical wavelengths far the 
observed spectral features A, B, and d!3. 

Table 2. Satellite to resonance lin<> rat_os ar̂ d relative 
abundances of Fe XXIV and Fe XXV. The experimental 
values in column (a) , (b) , and (c) were obtained 
from the spectra in Fig. la, b, a_r.d c respecti 'eiy. 

Table 3. Ion temperature results obtained from various fits 
to-the apparent resonance line profiles in Pics, 
la, b and c. T̂  has beer, determined fr=m a fit o 
tiia theoretical predictions of 3eiy-C'ubau et_ al- " 
to the observed line structure. T. ' and T ; ' ' 
were obtained from a Voigt f'-inctior. fit to the 
data in the range from ".,8490 to 1.95C1 A, and 

G 

the data in the range from 1.3490 to 1.3503 A, 
respectively. 
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FIGURE CAPTIONS 

figure 1. Dielectronic satellite spectr-jm of Fe XXV. (a,b,c) 
Spectra obtained for central electron temperatures 
of 0.9, 1,2 and 1.5 keV, and central electron den-

13 -3 sities of 9 and 3 * 10 cm , respectively. 
(d) Experimental data of spectrum (b) near 

o 5 
1.8500 A, and predicted line structure {curve I) 
decomposed into resonance line (w) and contributions 
from satellites with n = 3-11 (curve II). 

Figure 2 . Electron temperature profile obtained from laser 
Thomson scattering during observation of the Fe XXV 
satellite spectrum shown in Fig. la. 

Figure 3. Experimental results and predictions for the dielec-
tronic recombination rate, Rd, as a function of T . 
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TA3L2 2 

OBSERVED RELATIVE LIME IMTS^SITIES 
1 

Ca) (a) 
• ! 

* 5 ; ~VI 1 . 9 5 1 , 1 4 0 . 9 0 

W^ 0 . 3 7 0 . 2 0 0 . 1 4 

I / I 
X W 

1 . 1 2 0 . 7 9 0 . 5 2 

I / I 1 .54 1 .00 0 . 5 3 

I / I 
y w 

1 .36 0 . 9 2 0 . 6 0 
1 
1 

T / " 2 . 3 2 2 . 1 0 1 . 1 3 

• « * * 

, . 0 

( 2 . 3 ) -

** 
2 . 3 

,' \ * + * 

** 
1 .5 

I ( k , r ) / I w 4 . 3 6 2 . 6 2 1 . 3 9 

I . / I 2 . 3 0 1 . 1 4 0 . 7 5 | 

i / i 
2 V 

1 .74 1 .29 0 . 8 3 

V^V 3 . 0 3 2 . 4 5 1 . 1 2 

' 
•Pa la t ive i n t e n s i t y of d i e i e c t r o n i c s a t e l l i t e s with 

n = 3-11 in the wavelength ranae from 1.8480 to 
1.8540 A 

* * 
Seduced from the observed intensity ratio I„/I, -

***Predicted for coronal equilibrium. 



TABI 

1 
I o n T e m p e r a t u r e Re s u l i s 

i 

T. 
1 

( 1 ) (kev) T. C 2 ) ( k e v ) 1 
1 

( 3 ) ( k e v ) 

! ( a ) 1. 4 1 . 5 1 i 1. "73 

1 (b ) 1 . 1 1 .03 1 . 2 2 

1 CO 
1 

1.0 . 9 6 1 .14 
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1.SS8 1.363 !.368 
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.848 1.853 1.958 I.863 
WAVELENGTH (A] 

T ~ T 
.868 I.873 

1.848 I.853 L858 1.863 1.863 1.873 

WAVELENGTH !A] 

1.850 I.852 

WAVELENGTH (A! 

1.854 

F i g . 1. (PPPL-806549) 
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