R i o ———

Y Y\ e _

Tareselved Dielectronic Satellites

0f the Rescnance Linue of Reliumlike Iron (T2 XXV)
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ABSTRACT

(lsznz - 1ls2pni, n > 3} dielectronic satellites
of the rescnance line of Fe XXV at 1.85 R have been
observed from PLT (Princeton Large Torus) tokamak
diischarges and are used for a detailed comparison
with theory. The necessary corrections Zor Dopéler
hroadering measurements are Ziscussed, and accurate
satellite to resonance line ratics allowing Zor a

determination of the total dielectronic recombination

rate of Fe XXV are derived.
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The resonance lines of the heliumlike ions of iron (Fe XXV)
and titanium (Ti XXI), and their associated satellites which ars
due to transitions 0f the type 152z - ls2onf with n 2 2
have teen observed in hot plasmas and have been used to diagnose
so_ar Zlares® and tokamak discharges.z'4 These Adiagnostic
anplicztions include measursments of the electron temperature (Te)
ari the lonizatjon equilibrium from satellite to rescnance line
ratios, as well as determination of the ion temperature (Ti) from
Dcenler broadening. In particular, the ion temperature determi-

nation is of vital importance for the diagnostic of tokamak &is-

In 2 recent papers Bely-Dubau et al. presented an imgroved
theory of the dielectreonic satellite spectrum of Fe XXV including
t15%1: - 1s2pni) satellites with n = 3~11. Since most of
these satellites fall into the narrow wavelength range from
2.3430 to 1.8540 g ané are pe:tially blended with the resonance
line, they can cause a significant increase of the apparent
ntensizy and width of the resonance line which must be taken
ntc account for evaluation of satellite to resonance line ratics

as well as Zor Doppler broadening measurements. It is the purpose

is paper tc give a detailed comparison between experiment

and “hecrv in order to =2stablish a solid base for diacnostic

Tigures la, b, and ¢ show satellite spectra of Fe XXV Zor electron
temperatures of 0.9, 1.2,and 1.5 keV, respectively. In this
cemperature range the dielectronic satellites are a most crominent
spectral featurs. The data were recorded from PLT (Princeton

Large Torus) tokamak discharges during the period (250 ms) of



steady-state conditions with use of a high resolution {i/1% =
15000 at X = 1.4500 3) Bragg curved crystal spectrometer and were
accumulated over typically 20-30 discharges with identical
sarameters in order to reduce the statistical error. The details
¢f the experimental arrangement have been descriped earlier.2'3

The scectra in Figures 1lb and ¢ were recorded from ohmic;lly heated
diséharges, whereas the spectrum in Fig. la was observed from a
discharge with auxiliarv ion cvclotron heating. Radial profiles

of the elecé&on temperature and density were obtaized from laser
Thomson scatterinq.6 The sprctra  have been corrected for constant
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background (<10 photon counts/A) and small veriodic wariations

f the detector efficiency which are due to the fiaite spacing

[o]

(1 mm) of the cathode wires in the nul-iwire proportional counter.
The periad of these detector-efficiency oscillations is srmaller
than the Doppler width of the obsarved spectral lines, ané there-
fore this corraction foes not impair the accuracy of the resul:s.
The solid curves represent thecretical predictions5 for the iine
stracture in the wavelength range from 1.8480 ta 1.8540 i, and
in t-e wavelength range Zrom 1.854Q0 to 1.8730 ;, least sguares
fits of Voigt functions to che experimerntal data.

The spectral lines have been identified using the rnotaticn
of Gabriel'7 and Bely-Dubzu 2t E}.S The features in the waveleng:th
range from 1,8540 to 1.5730 ; have been discussed in an earlier
paper.3 They represent the intercombirnation (x, v) ané Zforbidden
(z) lines of Fe XXV, the lithiumlike n = 2 satellites t, =z, iX, o',
ané j, and the berylliumlike line 2. Of most interest is the line
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structure in the vicinity of +the resonance line at 1.83 2.



on an expanded scale Figure 1ld shows the experimental
iata in the wavelength range from 1.8480 to 1.3540 a for the
spectrum of Fig. lb, The theoretical lins structurs (curwve I)
nas Dsen decomposed according to Belv-Cubau gt 55.5 into contri-
sution Zrom the heliumlike resonance line (w) and the dielectronic
satellites with n = 2=11 (curve II'!. According to Ref. 3, the
ralative intensity of the n = 3-1l1 satellites (curve II) and the
resonance line (w)} is determined only by the electron temperature;
we used the central Te obtained from the laser scattering.
The ion temperature was adjusted for a best fit ko the
experimental data in the considered wavelength range. To obtain
acreement betweern observations and predictions i* was necessarv
t2 increase the theoretical wavelengths Zor the n = 3 satellites
Sy 0.0002 A, which is within the theoretical error of 0.0005 A.
Table 1 lists the experimental and theoretical wavelengths Zor
the n » 3 satellites which mainly contribute to the spectral
Zeatures observed on ithe long wavelength side of the resonance line,
313 15 a wrll isolated n = 3 satellite, whereas A and 3 are
ccmposed of several spectral lines. Features 2, 3 and 313 are
well above the statistical error of 5% for a da*ta point in the
considered wavelength range. -However, they are comparable in
magnitude with the variation of the detector efficiency and are
masked by the detector-efficiency oszillations if not proverly
corrected for. The accuracy in determining the shape of Zfeatures
A and B is not very good. However, the long waveleng:ih wing of

N

3l3 is determined quite accurately. The variation oI the

intensity of n = 3 dielectronic satellites and the n = 2
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dielectronic satellites, j and (%, r), with electron temperature

is obvious from Fig. 1.

The value for the resonance line intensity (*w) derived Irom
the Zit in Fig. la has then been used for evaluation cf satellite
+o rescnance line ratios (Es/Iw). These are listed in Table 2.
The relative intensity of the dielectronic satellites ; and 213
is a function of ?e alane and can be used as an electron temper-
ature diagnostic. Values of 1.020 and 0.840 xev, respectively,
ha-e deern cbtained Irom the relative satellite line intensities,
:j/:w and :dlB

agrazemensc with <he central ralues of +the elactreon tamperaturs

It

Lle obcerved ty laser scattering shown ia Fig. 2. This czcan
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onsidered as an experimental proof of the theory 2% Ref. I.
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We have also iavestigated the effect . <he srasence of

unresclved n > 3 satellites on the apparent prciile cf she

rasonance line, which is important for Deppler breadening

measurements. Takle 3 comparas ion temperaturas (7. ;T .
T2, . .

T, . obtained Ircm various Iiis to the observed line profiles
(L,
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0f Tizs. la, b, and c. The ion temperature resulcs

derwermined from 2 £i%t o0f the theoretical predictians3 {curve I)

-
o the observed line structure. The T;(‘)- and 7, - values
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were Obtained from the fits of a Voigt function ts the data sn :he

a
shor~ wavelength side in the range from 1.83430 =5 1.8501 i, and
Q
the cata in the wider range from 1.3430 to 1.35708 i, respectivelr.
- (2)_ (3)

Tha diffsrence hetween the TS and Ti - walues, which

is obwiocusly 2ue to the agvmmetry of the apparent resonance
line profile, becomes less pronounced with increasing electron

temperature., The results from Table 3 can be summarized in the

/I, of the spectrum in Fig. la; these are in excelle
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followine way: Clearly, a 21t using the theorv of Belv-Dubau

{0

t al. zives %the correct result. 1In case that such a fit is
2cT ara.lawle 2 Voigt Iunction it can e persformed $o the wing
cn the shert wavelength side which gives practically identical

rasulss. EIvan 1f <he Voigeo functicn fit is extencded beyond

maximim on the long wavelength side,one obtains resules

which agree within 15% with the correct ion temperature for
alactron temperatures above 1.2 XeV. The Dopzler ion temperatures

ire 1n reasonacle zagreement with the results from charge avchance

, associated with

15 - Ip zzsznsiticns is proportional to the relastive intznsity of

pupag-4

wherse €T ) is the collisicnal excitation rate Zor the ls - 2p
S 3 . - .

rascnance transition. This reprasents 903 af the tota2l recombi-

L I/T, has been determined Zrom the

ntangity ratics in Table 2, incorporating a correction of the

ite t ané r for iatensity contribution from collisiomal
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, , 7,8 . , . . R ,
excitazion. '’ The rasulting dielectronic recombinatien rate is

hown in Fig. 3 as & function of Te' Alsc includecé are results

. : - . . 3
obtained from spectra presented in our previous paner. The error
zars shown in Fig. 3 result from the experimental error Zor T

15 de=grmined from dielectronic satellite to resonance line ratios

s s <2 ; 5
and iIndependent electron temperature diagnostics. .2 The agree~

. - . ;
ment with the theoretical prediction” (solid curve) is axcellenct. i



.

siscrepancies setween axgeriment and theerv still exist Zor
the satellite tO resonance
g and the zeliumlike lines %, ¥, 2z. {(These lines are not produced

v &islectranic recombination.) The experimental values Jforx

3

I /IV, whiecn is proportional to the relative abundance B o

: q e pY]

Tpe xxv are larger than predicted for coronal equilibrium.
i -

*hese deviz-ions are observed to depend on the electron density

a
and mav be axplained by radial transrort of Te ANV ians, The

intensity of the heliumlixe intercombinaticn (x, y* and Jorbiidern

{z: _ines ralative 4o the resonance line (W) is obserred o rarv

—emperatures in the range Zrom 4.3 to 1.3 ke', whera the srocess
of dislectrsnic recombination is the cdominant mechanism of line
excitacion. The experimental results permisted a detailed com-
garison with the zredictions for a > 2 satellites in the immediace
neichhorhood of the resonance line and can ke considerzad as an
experimental verification ¢ +he theory oI 3elv-Dudbau 2t a..
Cor_zcticns for the additiocnal breadening of the rescnance lire

Zue tc Zdielectronic satellites wizh n > 2 can, therefzcre, he macde
2uize accurately, so that this line can ke used for ion *temperatuyre
diagnostics even at low electron temperatures. The intensizy
ratinas 2f the satellite lines and the true resonance l1ine have

veen determined and have been used 5 deduce the part of the

dielectronic recombination rats, which is associated with the
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z transirtion. Ciscrepencies zetween experiment and theory
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which are not excited b7 dielectroniz racombin

the helium-like intercombination and Sorbidden

£ion.

iichium-iike sasellite 3. The observed intensity
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be useful Zor current theorstical work on excizatisn

iconization eguilibrium in tokamak éischarges.
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TABLE CAPTIONS

- . : 3 -
Zxperimental and theoresetical™ wavelengths <or the

observed spectral features A, B, and dl3.

Satellite to resonance lina ra<. ss and wa.ztive
abundances of Fe ¥4£IV and Fe {¥{7V. The experimental
values in column (a), (b), and (c) were obfained

from the spectxa in FTig. la, b, and = resvecki telv.

Ion temperature results obtain=2d from various fits
to. the apparent resonance line profilaes in Figs.

1 i (l) - Aar i R T =N =
la, ©» and c. T, has been determined Zrcm a I1t of

tha theore:ical predicticns of 3elv-Cukau st al.

P

[Se l""
o the observed line structure. T, 77 and 7.7
ware obtained from a Yolgt function Il 2o the

a3
data in the range ZIrom ~..8490 to 1.85Cl a, and
the data in the range Zrom 1.349%0 *o

raspectively.
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FIGURE CAPTIONS

Dielectronic satellite spectzum of Fe XXV. (a,t.c)
Spectra obtained for central electron temperatures
cf 0.9, 1.2 and 1.3 xeV, and central slectron den-~
sities o2 3 and 3 = 10%% ex”?, respectively.

(d) Experimental data of spectrum (b) near

1.8500 R, and predicteds line structure {curve I)
decomposed into resonance line (w) and cohtributions
from satellites wicth n = 3-11 (curve II).

Electron temperaturs profile obtained from laser
Thomson scattering during observation of the Fe XXV
catellite spectrum shewn in Fig. la.

: s s 5 .
Exterimental results and predictions™ for the Aielec-

tronic recombinaticn rate, Rd, as a function cf Te.



a

TA3LL L

Ae:xpt theor
° IS
Key Transition (B) (n)
h9 1523&1(20 } - 1s2 3d(2D } 1.8509
/2 P 5/2 :
2 2 2 -
A hls 1s”34¢ 05/2) - ls2pid{ F7/2\ 1.8512 1.8509
2 2 . 2
9 1s“4p( P3/2) - ls2pdp|( ”5/2) 1.8509
2. .2 ] 2 o
a2 15" 3s{ 51/2) - 1ls2p3sl Pl/z) 1.8513
2.2 . 2
h7 1s73d¢( n5/2) ~ 1s2p3d( D5/2) 1.8514
2 2 2
[ 3 -
B al 1s”3s( 53/2) 1s2p3st Pa/z) 1.852p 1.8515
2 2 2
as 1s 3p¢( p3/2) - 1s2p3p( P3/2) 1.8516
2 2 - 2
415 1 3p( 171/2) - 1s2p3p{ D?/Z) 1.8518
.2 2 2 -
dl3 is73p( 113/2) ~ 1s2p3p|{ Dﬁ/l) L 1.8%29 1.8528

£



TABLZ 2

OBSERVED RELATIVE LINE IMTINSITIES

——p—

; ta) ( () ()
13, 5 1.95 1.l4 9.890
i
GLB/IH 0.37 0.20 0.14
1 /T, 1.12 0.79 0.52 ‘J
/T, 1.54 1.00 5.53 !
/1 1.36 0.92 0.60
'
/- 2.32 2.19 1.13
'
. ek ** * %
vz Pre wuv .0 2.3 1.5
. { e * [ f b *wx
: (2.3) \0.9) 5 (o 5)
]
[‘ T 2
t(k,r)/Lw 1.36 2.62 1.39
|
L }
T./1, 2.30 1.14 | 0.75
17 T ! !
| . | !
k /1 | 1.74 1.29 0.83
! |
k.o | 3.03 2.45 1.12
{ = N l

*Rzlative intensity of dielectronic satellites with
o

Deduced from the observed intensity ratio I /Iw'

te]

***predicted for corunal eguilibrium. .
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TABLE 3

Icon Temperature Results

{ Ti(i) (keV) Ti(z) {kev) l Ti”) {keV)
| |

{a) 1.4 . 1.51 ! 1.73

l | r

| (5} 1.1 1.03 ! 122

! {c) ’ 1.0 J .96 { M

: I |
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