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Abstract

The spectrum of xenon injected into the TFR tokamak plasma
has been reccrded in the range 10-90 A by means of a Zm grazing
incidence spectrograph. Forty-four lines and unresolved transition
arrays pertaining to multicharged xenon ions isocelectronic with Cu I, Ni
I, CoIl, Fe I, Mn I and Cr I have been identified by means of various
theoretical methods, The 17 observed lines of the 3p®3d® - 3p33d?
transition array, have allowed the wavelengths of the magnetic dipole
transitions occuring within the ground configuration 3d® of Xe XXXIX to
be predicted.

P.i,2.S. n° 32.20
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1, ZIatroduction

Several spectroscopic studies have deen devoted sc far <o the
spectra of highly charged xenon since the early observation of three

1
resomance lines (the transitions 452 1So - 4s4p P1 ’

2 2 .
- t.
4a 51/2 4p PI/Z, 3/2 of Xe XXV and Xe XXIV respectively)
by Hinnov in the ST tokauak [1]. The n = 3 to n = 2 transitions of the
sodium-like %o oxygen-like xenon (Xe XLIV - Xe XIVII) were excited
in laser irrsdiated micrahalloons filled with xenon (2] ; the Ne-, Na-,

Felike ion transitions have also been sesen at nighexr resolution from xenon

ions accelersted in Super-Hilac ['5]. Some spectra of moderately
charged ions have been investigated in a thetapinch (Xe VIII) and

in a low inductance vacuum spark (Xe X} [4, 5]. As a part of
systematic investigations, we recently reported on krypton aspectra

(Rr XVITI through Kr XXIX) cbserved in TFR in the range 15 - 300 4 [§].
The present erticle is devoted to similar identifications of Xe TXVI
through Xe XXXI in a less extended wavelength range (12-90 3.‘).

including the main An = 1 transitioas of these specira.

2. Brxperimental conditions

"“he erperiments were performed in ohmica’ly heated 1FR tokamax
plasmas, The plasms varameters were, during the juasi-gtaticnary
current platesu phase : plasma current Ip = 180 kA, toroidal
nageetic field BT = 4,0 7, working gas Ez. graphite limiver radius
a3 = 19.5 cm, central electron density ne(o) =6.10"0 3 and central
electron temperature '1‘9(0) = (1.4 * 0.15) keV. The spectrum was

o
recorded photcgraphically in the 10-90 A spectral range by using

cm_

@ 2m radius grazing incidence (1.5°) specirograph [7] equipped

with a 2400 grooves/m, golé coated, 1° dlzzed Bausck and Lomd grating.
The lime of sigkt of the spectrograph passed <hrcugh he plasma

center aci the number of recorded discharges was i1CC. Iatriasiz
impurities (C,¥,0,Cr,Fe and Ni) provided internal standards uszed ta
derive the xemon line wavelergths by polymomial f£itting. Spectra
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obtained from discharges without xenon injection, were used *to help
in the zenon ldentifications, The estimated accuracy of our wavelength
measursments is between 0.01 and 0.02 Aa., depending on the intensity
and profile of the line under study.

A vacuum ultraviolet duochromator was used to monitor 3
resonance lines of quasi-central, medium ionization potential
2 1S0 - 4s4p 1P1 at .
at 234.2 A

ions already identified by Hinnov (Xe XXV 4a
164.5 4, = 852 oF and Ro XIVI 4 251/2 - 4p 2P1/2y3/2
and i173.9 &, = 890 eV). Figure ! shows the temporal evolution of :

a) the plasma current I_,

t) the central electron temperature Te(()) from Thomson scattering

and the central line electron density n_(9),

¢) the radiance B of the copper-like line at 2%4.2 A.

Figure 2 shows the radial profiles, measured at 3CO ms, of the electron
temperature 'I.‘s and of thes electron density ne.

3. Interpretation of the spectrun

At first sight, two spectral regions are important on the
spectrogram :
1) below 21 ;, where the wavy shape of the successive unrssolved
transition arrays (UTA) 3&° - 3a" '4p
and BdN - 3dN-14f make Xenon spectra very similar to those of
molybdenum in the range 22 ~ 50 4 [8] and
2) between 40 and 55 X, where several dozens of lines are resolved.
Several methods were used to label the lines and UTA's : a) empirical
interpolatiun or extrapolation of wavenumbers along well-known
isoelectronic sequences of Cu I, N4 I and Co I ; b) comparisons of
measured lines with the spectrum of copper-lire Xe XXVI predicted b
the Dirac-Aartree-Fock method [9]; ¢) comparison of wavenumbers with
ab initio 2valuation cf the energy levels of Xe XXVII and Xe XXVIII,
using the parametric poitential meshod [TOj ; 4) avaluation of “he
lew epergy levels of Je IXIX by =eans ¢f ke Slater—Jscdon parametric
theory ; e) evaluation of the center of gravity and xidth of the UTA's

from the formalism developed in [11] and radial integrals obtained by
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4=

means of the parsmetric potential method [12].

™e classified lines and UTA's zre collected in Table I,

3.1 “he transitions n=3 ton =4

The use of the relativistic parametric potential methcd has
led to an unambiguous iaterpratation of the spectral features below
21 R, as n =7 ton =4 trensitions. For the rescnance lines of
nickel-like Xe XXVII and for the center of gravity of *the UTA's,
the ab initio estimates are very close to the measured wavelengtha.
However, due to the presence of strong resonance lines of the intrimsic
impurities (the spectra of O VII, O VIII, Pe XVII and Ni XIX are
rich in this region), the comparison between experiment and theory is
sometimes hampsred for xenon ; in particular, limes of 0 VII and
Fi XIX perturb the shape of several xemon UTA's. Like in molybdenum [13],
the low piasma density resulis in the E2 3a% = 38" "4s cransitions being
observed. The sirongest xemon line in the 12-21 Z spectral rangs
belongs to the trapsition 3¢ O 1sO - 3a%a(5/2, 1/2) T = 2, observed
at 20.941 i and makes the usual designation o7 "forbi llen" guite
unappropriate. At slightly lower wavelengths, only the strongest of the
predicted 331045 251/2 - 3:194549, J =1/2,3/2 sran3itions {14]
could ba observed at 19.137 K and all strong lines between 19.0 and
20.1 i are attridbuted to 3d9 - 3d84s tranaitions in Xe XXVIII.

The relative intensity of the 3d-4s =znd 3d~4p transitioms in Xe XXVIII
is under study by means of a ccllisional-radiative model and will
be reported in a futurs publication [151.

It wae checlced that the asymetry of the UTA's for BdN - 3dN-14p
transitions, as evaluated from [15], is negligible ; the pure gaussian
broken curves drawn on figure 3a are in ¢ good qualitative agreement
with the average wavelength and width of observed arrays. The asymmetry
of the 34 - 3dn-14f arrays was taken into account in the evaluation
of the center of gravisy of the TM's and this was n.eded to zet

a satisfactory agreement between theory and observations. I% is
stressed that the theoretical shift of the center of gravity which
resul’s from the asymmetry of the arrays ranges from 0.055 i [Xe XXXI)

-]
to 0.C62 & (Xe XXVIII), i.e. about 2.5 times the full widsh of the
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arrays given in Table I.

3.2 Tae 2 =3, Orn = 0 transitions of Xe XXVIII and Xe XXIX.

’- 3p53d10 array have been

29+

The three lines of the 3p63d
identified by Bdlén up to Ag XXI {17] and in six ione from Ba
to Dy39+ by Reader [18}. The wavenumbers derived by rarametric

2T+ were found within the error bars of three

interpolation for Xe
measured lines. The stronges! line of the 40-55 K region is, as expected,
the 21)5 - 21=3 /, trensition of Xe XXVILT. The weak 233 - ’p, /2
line is close to stronger ones of other ions ans the splittings of
the 2D and 2? terms which we can derive from our measurementa are
certainly leas accurate than the empirical estimates frem isocelectronmic
regularities [18].

Tha Pel isoelectronic sequence has beem extensively studied
in the past years, Almost all the levels of 3p63d8 and 3p53d9 are
imown from ¥ XIV to Ag XXII {19] end the strongest iramsitions 3p-3¢
could be traced up to Sn XAV [20]. The ensrgy parcmeters whick describe
the levela of Bda within the framework of the Slater-Condon theory
have been already determined by generalized-least-squares techniques
from all levels of the iron-like ions [19,21]. The constrainta on
the isoelectronic evolution of these parametars result in a smooth
isoelectronic evolution of the residual discrepancies between
experimental and theoretical energies. This allows fairly accurate
predictions for the levels of the ground contiguration 3d8 of Xe XXIX
shown in Table II. We made use of the resultn of [19] to calculate
energies and eigenfunctions for the 12 levels of 3p53d and to derive
the 60 poasible 3p-3d Ef transitions. 3y comparing observed intensities
and theoretical line strengths, 17 xenon lires could be identified
which represent 67% of the total line strength in the *rensition
arrey, We used the estimated (or experimental whenever possible)
energies of 3de to predict the wavelengths and transition rates of
the 14 magnetic dipele lines occurring within 3de, which mey be of

interest for disgnpstics iz plaams with low 2lectren depsity (Table ITT).

After the interpretation of the main spectral features between
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40 and 55 2, several lines of medium or weak intensity are not yet labeled
in the same spectral range. We can infer from the presence of
the 3p°3a7 - 3p°3a%4¢ arvey around 12.8 £, that the transitions
3P63d7 - 3p53d8 of the same ion should also show up. Although
the latter arrey has been partly analyzed from Y XV to Ag ZXIII, [22],
isoelectronic extrapolations to Xe XXX did not allow to classify more
1lines up to now,

There is an obvious similarity detween the xenor spectrum on
our figure 3 and the spectral region 38-42 R from a laser-produced
samariun plasma (see fig. 1 of [18]), so that we can support Reader’'s
assumption that the unidentified line labeled (e) in 18] belongs to
Sm EKIVIII ; more precisely, it is the transition 30°3¢° 7 3349 .,
observed in Xe XXIX at 48.525 A.

Similarly to the a1 = 3, An = 0 transitions of the magnesium~like
Kr XXV and sodium-like Kr XXVI which were remeasured recemtly (6],
the n = 4,An = 0 transitions of the zinc-like Xe XXV and Copper-like

4-32’

]
Xe XXVI are strong in the region 100-300 A, Their wavelength accuracy
in [1]is not sufficient to derive a comprehensive ievel scheme of

Xe ZXVI and further observations are planned.
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TABLE I : Classiffed lines of Xe XXVI - Xe XXXI (12 - 60 A)

Experimental Theoretical Classification g
Spectrua Wavelength Intensity Wavelength
Xe XXXI 124 n (5) 12.396 [0.025]a 3d*-~3d%ue
Xe XXX 12,81 a (10) 12,795 [0.024]a 3d7-3d44r
e XXIX 13.27 (20) 13.250(0.023)a 3d*-3d74¢r
Xe XXVIII 13.70 n (30) 13.715[0.020]d 3d%-34%r
Xe XXVII 14,247 70 14.223b 3di°ig,~3d%ustp,
Xe XXVII 14.618 20 14,624b 3d1015,-3d%4LD,
Xe XOXI 15.5 (5) 15.452(0.44]c 3d%-3d%4p
Xe XX 16,2 (5) 16.17309.461¢ 3d7~3d%4p
Xe XXIX 17.0 (10) 16.987(0.461¢c 3d*-3d74p
Xe XXVIII 17.8 q (20) 17.821[0.42]c 3d®-3d%4p
Xe XNVII 18.326 30 18.333b 3d%15,~3d4p*D,
Xe XXVII 18.667 70 18.675b 3d1015,~3d%UptP,
Xe XXVII 18.826 30 18.836b 3d1°35,-3d%4p3P,
Xe XHVI 19.137 5 19,1443 34+0Us?s,~3d%Usip?P,
Xe XXVII 20,502 70 20,507b 3d}°35,~3d%4s(3/2,%)2
Xe XXVII 20.961 100 20.964b 3d1°t8,~3d%4s(5/2,4)2
Xe XXVI 34,380 5 34.454 up=93 /2-5d=05 /2
Xe XXVI 26,61 1 35.71d ur=F5 /z-ég’GT /2
Xe XXVI 35.660 Sw 35.75d llf‘FT /2-63‘69 /2
Xe XXVI % 29.410 10 %39.5&1 440, ,~5E%F;
Xe XXIX 39.385¢ 3p®3d* 3,~3p*3d* 3°,
Xe XXIX 40.335 10 50.433e 3p®3d* 3,-3p*3d* 2°,
Xe XXVILI 40.490 30 swuane 3p‘3d"D3 /2-39’3d’"P%°
cv 40.731 15215,-152p?p,
Xe XXIX ; 50,731 100 guo.me 3p*3d* 4,-3p%3¢’ 3,°
Xe XXVI 40.83d upﬂpy-s=’s

A 14

Xe XXIX 41.540 5 41.625¢ 2p*3d® 1,-3p3d° 2,°
Xe XXIX 42.310 5 42,29%e 3p®3d® 2,~3p%3d*® 2.°
Xe XXVI 43.315 15 u3. 43¢ 1‘1:;'1’3/2-5#5,z
Xe XXIX 45.730 15 15.673e 3p3d® 4,-3p%3d° 3,

Xe XXIX 46.615 Su 46.552e Ip®3d* 2,-3p*3d* 1,



Xe
Xe
Xe
Xe
Xe
Xe
Xe
Xe
Xe
Xe

Xe
N{

Xe

Ni

Xe
Xe

Xe

XXIX
XXIX
XXIX
XXVIII

XXIX
XXIX
XXIX
XXIX
XAIX
XXVIII

xIX
XVIII

XXVI
XWIII z

novr
pooed

e XXVI

Vi

47.970
ug.11s
48.525
48.640

48.875
49.125
49.940
51.085
51.285
51.355

52.220

52.615

52.710

53.885
54.030
55.145

10

S0
100

20
15
50
20w
10

10w

30

10
10

47.879%
u8.q31e
u8.512e
48.633r

%8.818e
49.109e
u9,.868e
51.128e
51.290e
51.353f

52,202¢
{ 52-615n

| 52844
52.720n
52.93d
53.909¢
54,14d
55.25d

3p%3d® 3.-3p*3d? 3,°
3p®3d® 2;-3p%3d° 1,°
3pf3a® 4,-3p°3d® 3,°
3p*3d 105 ,,~3p°3d} 0y,
3p®3d? 2,-3p%3d® 1,°
3p®3d® 3,-3p*3d” 2,°
3p*3d® 4,~3p%3d°® 3,°
3pl3dl u|_3p!3d! ulo
3p©3d® 2,-3p"3d® 2,°
92 - s 102po
3p°3d°%0, ,-3p%3d 77
3p°3d® 2,-3p%3d® 3;°
2 - 2
3d033,57H s g
ae - 2,
41=F5/2 582G,
2 - 2
307D, 5 4,
2 = 24
UE*Fy 575670y,
3p%3d° 31'3F=3d’ uld
- ~5p2
Ad’DS/2 DP=P3/2
z -
4d D3/2 Sp P&

7/2
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NOTES

a : center of gravity [and width] of the unresolved transition
array as calculated in (16} taking into account the asym metry
of the array.

b : wavelength calculated by means of the relativistic parametric
potential method.

e : center of gravit: [and width] of the unresolved transition
array, asymetry being neglected.

d : wavelength calculated by the Dirac-Hartree-Fock method (9).

e : wavelength derived from the Slater~Condon-type parametric
study of 3p*3d® and 3p?3d?, without corrections for systematic
trends of the discrepancies AL along the isoelectronic sequence.

b4 : wavelength from empirical interpolation,

g : levels of 3p®3d® and 3p®3d? are designatad by their J-value
(indexed from the lowest one of the given J)

h : wavelength measured by Edlen (23).

i : approximate relative observed intensities,

n : blended with a nickel lne,

P : blended with an oxygen lne.

K] : frow Wyart et al (14).

w : wide Mne.



TABLE II :

46000
100910
127770
145730
171750
184200
240240
374670

Energy levels of *d®, from diagonalization (Ea), corrected for systematic

discrepancies (E,), derived from classified lines (.. ). All values in om ¢,
Eigenfunetions are given in LS coupling

(squarred amplitudes, negative component are underlined)

0
46850
102160(500)
127800(1000)
145880(1000)
172800(1000)
184400(500)
240560(1000)
374700(1500)

Eexp

102110(400)

1740302(1000)
184380(400)

Composition

0.9372 'G 0.0628

0.5102 °P 0,3253 'F 0.1644
1.0000

0.7314 'S 0.2686

0.5288 °F 0.4273 D 0.0439
1.0000

0.9372 °F 0.0628

0.4458 °F 0.4083 °P 0.1459
0.7314 P 0.2686



1

TABLE III : Predicted magnetic dipole transitions within the grownd configuration
3d® of Xe XXIX. Wavelengths are derived from E m(or Eb) in table II.

Transition rates ‘H vwere calculated from eigenvectors and Ea.'
T

Wavelength Transition AH,
in vacuum (A) p*d* - p3d® tn (s %)
495 = 5 1, = 0, 40350
516 + & 2, -2, 600
542.3 ¢ 2 b, -4, 12500
722.3 + 7 -2 28400
794 + 10 2, -1, 14540
979.4 2 5 4 -3, ' 25050
1008 # 5 2, -2, 14000
1056 + 25 2; ~ 2, 10600
1215 £ 6 3, - 4, 730
1476 + 45 1, ~ 2,4 630
1810 + 30 2, - 3, 700
2220 + 110 0, = 1, . 1100
2285 + 75 3, -2, ' 990
710 * 300 2. -1, 200
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FIGURE CAPTIONS

Figure 1 : Time evolution of :
a) plasma current T
b) central electron temperature Te(o) (dashed line)
central line density ne(O) Esolid line)
¢) radiance B of the 234.2 A copper-like (Xe XXVI)

ion line.

Figure 2 :+ Radial profiles measured at t = 300 ms of the
dlectron temperature 'l‘e (dashed line) and of the
electron density n, (solid line).

Tigure 3 : Densitometer tracing of the xenon spectrum:
a) from 12 ta 22 K, the predicted unresolved transition
arrays being drawn with arbitrary intensities {dashed
ling)
b) from 48 to 53 &
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