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ABSTRACT

The spectrum of silver emitted by Princeton large Torus (PLT) tokamak
plasmas has been recorded in the 25-150 X region by a multichannel time-
resolving grazidg-incidence spectrometer. Silver atoms have been introduced
in the tokamak plasma using the laser biaw-off technique. For the first time,
lines emitted within the 3p-3d transitions of Ag XXIX, Ag XXX, and Ag XXXI

ions, between 50 and 80 A, have been identified.
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INTROCDUCTION

The Spectra of highly ionized heavy elements have been studied
extensively during the last few years mainly because of their importance in
fusion experiments.1'3 Recent experiments in the field of X-ray lasers alsc
have pointed out the importance of knowing energy level structures of highly

k+1

ionized heavy atoms.4 Many energy levels within the excited 3s 3p and

3pk'13d configurations of K I to Al JY-like ions have been egtablished for
elemants up to Z = 34.5 For higher Z elements the situation is differ=nt: a

very large number of lines emitted within the 3p63dk - 3p53dkH transitions

are superimposed on 3pk - 3pk-13d lines emitted by several adjacent icnization
states in a relatively narrow spectral region. This makes the :dentification
of lines of various ionization states and their classification difficult; that
is why the data concerning 3-3 transitions emitted by ions isoelectronic with
Mn I to Si I are very scarce. A thorough discussion of the same transitions
in zirconium and molybdenum can be found in a paper by Finkenthzl 35_3536 In
a very recent work, Wyar: and the TFR Group sStudied the spectrum of krypton
emitted €from the TFR tokamak in several isoelectronic sequences from X T to
0 I in the soft x—rays.7

The present work discusses the identification and classification of lines
belcnging to K I, Ar I, and ClI-like Ag XXIX, Ag XXX, and Ag XXXT ions,

emitted from the PLT tokamak plasma in the 50-80 § region.

EXPERIMENT

The silver atoms under investigation were 1njected into the guasi-steady-
state phase of the PLT tokamak discharge by the laser blow-off testnique.-
The central electron temperature was between 2 and 2.5 keV and the central
-3

electron density, 3 x 1013 cm The discharges wer: highly reproducible and
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the amounts of silver atoms introduced in the hydrogen plasme did not produce
important perturbations in the space or time behavior of the major plasma
9
parameters.
The spectra have been recorded by means of a 2-m extreme-grazing-
incidence spectrometer equipped with a Bausch and Lomb 600 1/mm grati:g,

covering the 5-330 2% ra.nge.lo

The multichannel detector system cpnsists of a
50~mmn long, funreled, Mng-coated Galileo microchannel vlate {(MCP), associated
with a phosphor screen and coupled by a flexible fiber optic conduit to a
1024-element Reticon photodiode array. The array ia controlled and read out
via an optical multichannel analyzer (OWMA 1412F-1218, PAR, EG&G). The
detectcr is interferometrically ad:‘n.uat:eclrI and can be moved along the Rowland
circle. The instrument offers a simultaneous coverage of 20 A at short
wavelengths and 70 A at the long wavelength extremity.

The spectral resolution in this experiment is 0.2 A (FWHM); the measured
wavelengths of unblended lines are accurate to 0.05 A in the spectral range
considered. The background radiation hefore the silver injection is very low,
ag can be seen in Fig. 1 (trace A): just after the injection (trace B) the
packground is due to the superpositicn of a very large number of lines
originating from the 3-3 transitions mentioned above, emitted by 14 ionizatien
states, from Co I~ to Al I-like. Since the sengitivity curve of the
spectrometer does not change noticeably over the narrow x;ange considered, one
can meaningfully compare intensities of lines emitted by various ionization
states,
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. RESULTS

The bright lines standing out over the dense line background are emitted
by a few ions having a relatively simple term structure both in their ground
and lowest excited configurations. Their seguence in the spectrum over a long
period of time (each "frame" has been integrated over 80 ms), indicates that
they belong to high ionization states. Indeed, previous work concerning the
same transitions in zirconium and molybdenum using a much shorter time
resolution (5.4 ms) indicated that ions having their emission peak between 1
and 2 keV will emit measureable signals for about 100 ms after the injection
time.6 The lines have been identified by comparison of the experimental data
with extrapolated energy level values along the iscelectroni¢ sequences, based
on previous identifications of lines emitted by elements from titanium to
molybdenum. The estimated error in the extrapolatad values was in many cases
about 0.% R&; in the case of lines coanecting two excited levels or lines
originating from levels strongly affected Ly intercomplex configuration
interaction, the error in the wavelength estimate could be as much as 1 K.
Relativistic, ab initio energy level and transition probability computations
have also heen performed, using the RELAC c:c:de.12 for the Ag XXIX and Ag XXX
ions belonging to the K I~ and Ar I-like sequences, respectively. For the
Cl 1I-like Ag XXXI ion, wavelengths and transition probabilities computed by
Haang gg_gl:‘3 based on the multiconfigurational Dirac-Fock method, have been
uged in the rclassification. For convenience in the plasma diagnostics
applications, the LS notation has been kept, in spite of the fact that for
these high-~2 ions an intermediate or even ji coupling description should ke
closer to the physical reality.

In the follcwing, the results of the present work, summarized in Table I,

are discussed briefly.
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K I sequence
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The ground term of Ag XXIX is 39636 D. The closest excited

configuration above the ground is 3[_\53d2. Several levels belonging to this
configuration have J wvalues higher than 7/2; +this fact excludes many
transitions to the ground. The remaining levels with J = 3/2, 5/2, and 7/2
give a large number of electric dipole lines between the two configuratons.
Bb ipitio computations showed, however, that only six of them have weighted

transition probabilities above 1012 sec"1. Above Z = 30, only taree lines

emitted within the 3p°31 - 3p°3d%, 20y, ~ %055, g,y - %5, and g,

-21-"7/2 transitions have been identified previously by Fawcett and Hayes14 for

Ga XIII1 and Ge XIV, Stratton gt_il_.s for Ge XIV and Se XVI, Finkenthal gg__-:;x_].*.s
for zZr XTIl and Mo XXIV, and recently by Wyart _eg_a_l_.7 for the two first
transitions in Kr XVIII. The extrapolation for the 3;_:53d2 2D3/2 level along
the iscelactronic sgequance was smooth, folilowing very well the theoretical
2

trend. In order to exXtrapolate the 3p53d2 05/2 and 2F7/2 energies, the split

in the ground 3ps3d(2D3/2 - 2D5/2) is needed., BAbove the iron group, this

5

split has been established experimentally only for Zr XXII and Mo XXIV'® and

recently for 2Ag xx:x.“’ For this reason, instead of extrapolating the

energies of the Jlevels, the wavelengths of the transicions have been
considered.

Although the extrapolated values are estimated to be accurate only within
about 0.5 A, the line corresponding to the 2D5 /2" 205 /2 transition has been
identified easily because of its relative brightness. Indeed, as seen in
Fig, 1, within one A from the extrapolated value of 59.1 J, it is the only
strong line.

The 21)3/2 - 2D3/2 line has been predicted by extrapolation at 58.3 3.

TWo bright lines are present in the spectrum at 57.73 A and 58.13 A. Using



the experimental value of the enefgy for the zus/z - 2D5/2 transition
identified in the present work, together with ab initio RELAC calculationa for
the energy splits in both the ground and the excited %p terms, a wavelength of
57.64 A has been predicted. Since the conktribution of these splits to the
whole transition energy is small, of about 2%, even an error of 15% in
calculations will not lead to a discrepancy of more than 0.2 A. In the case
of Kr XVIIL, comparison of calculated and observed split energies in Wyart's
work7 shows an agreement of about 3%. Consequently, the line observed at
57.72 A was attributed to the 203/2 - 233/2 transition.

The other transitions expected to be strong, presented in Table I, were
identified mainly by comparison with ab initio calculations. For the 2D - 2?

lines, extrapolation from Krypton experimental data7 compared with RELAC

calculations was also used.

Ar 1_seguence

The 396 150 - 395 3d 1P1 line is expected Gto be the strongest emitted by
Ag XXX amongst the an = O transitions. By extrapolating alcng the
isoelectronic sequence, the line at 60.57 A has been identified as emitted by
this transition. As in the case of zirconium and molybdenum, it is one of the
6 1 S3a %, line is

prightest lines in this spectral region. The 3p Sg ~ 3

expected to be about one order of magnitude less intense than 1s - Tp. 1t
could not be found in the spectrum because of the combined effect of a not
enough accurate wavelength prediction {(the extrapolation had to be done from
selenium because of lack of experimental data bheyond Z = 34) and the

relatively high background between 70-B0 & where the line is expected to

appear,

f
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Cl I sequence -

The identifications in the Cl 1 iscelectronic sequence are mostly based
on the comparison with the ab initio computations performed by Huang 5513&:13
and previocus indentifications for 2r YXIV and Mo XXVI by Finkenthal jgi_gl.s

Above Z = 28 (Ni XII), only transitions originating from the twn levels

2 17

defined as 3p4(1D)3d D, following an earlier work performned by Fawcett,
have been identified for Ga " to Se XVIII by Fawcett and Hayes14 and Stratton
.EE.EL'S In the course of the analysis of zirconium and molybdenum spectr:a,6
it became clear, however, that the assignment of the lines to various enerqy
levels is guite complicated. First, the ab initio computations showed that
the 3pq(lDJ3d 4 levels have very low transition probabilities (compared with

2D and 394(1S)3d 2D), and most probably the observed lines in Refs.

394(3P)3d
14 and 5 should rather be assigned to the 3p4(3P)3d ?D term. This seems to he
confirmed by the comparison between the experimental energy levels previously
identified as ('D)% and the computed (°P)%D, as shown in Figs. 2a and 2b,
which indicates a very similar behavior along the isoelectronic sequence,
Another problem in the classification of the 1lines 1is the level
crossing. PFlgure 2b presents ane of the most prominent: the crossing between
(15)2D5/2 and (3P]255/2, occurring around Z = 39 (g = 23), us predicted by
Huang calculations. This crossing is accompanied by a sudden inversion in the
magnitude of the transition probabilities from the tws levels involved toward
the ground level 2P3/2- For example, for 2 = 38 (g = 22), the calculated A
value is 6 x 1010 sec_1 for (15)2D5/2, compared to 3.4 x 1011 ser.:-‘I for
(3P)2D5/2. On the other side of the crossing point, for 2 = 41 (r = 25), the
corresponding values are 4.7 X 1011 s:ec-1 and only 1.1 x 1010 sec“,
respectively. Therefore, for low 3Z, (BP)an/2 is the upper level giving rise

to the intense line measured by Fawcett and naves'? and by Stratton 55_313,5



while for Mo and Ag the correct designation of the corresponding line should
be 2P3/2 - (15)2D5/2. The line observed at 62.36 A was assigned to this
transition in Ag XXXI by comparison with calculated and extrapolated wvalues.
This identification is confirmed by the fact that it is the most intense line
in the region around the predicted wavelength, as expected.

The other lines included in Table I were identified using predicted
wavelengths obtained by extrapolation ci previous data for lower Z and by
comparison with the theoretical curves along the isoelectronlc sequence, as
ghown in Fig. 2a. According to the theoretical computations, the level
(15)2D3/2 ts coming very close to ('D)251/2 near 2 = 47 {z = 31), thus
predicting the corresponding lines at practically the same wavelength (see
Table 1I). However, the experimental data show a trend which indicates that
the level (181293/2 should pass above (‘ID)ZS.U2 already at 2 = 45 (g = 29}.
Therefore, the shorter observed wavelength at 62.81 A was attributed to 2P3/2
- (*st?y,5, and the 63.28 & line to the %py,, - ('0)%, ) transition.

On the basis of extrapolation of lower Z cxperimental data, the line
corresponding to the transition zp”z - (3P) 203/2 i3 expected to appear at
about 65,0 A, although a relatively large discrepancy remains with the ab
initio calculations of Huang. Such discrepancies appear alsc at lower Z, Two
gstrong lines appear on the spectrum around the predicted wavelength, at
64.87 A and 65.48 A, However, the intensity of the transition under
conalaeration is not expected to pe so strong in tokamak plasmas, since the
upper lavel hus to be populated mainly by collisions from the ground state.
The oxpected line ix probably blended with the £first of these two
nonidentified lines that pregumably belong to a higher ionization state (8 I-

3 2

1ixe 3p% - 3p® 33 or P I-like 3p° - 3p2 34 transition).
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Other possible transitions, namely thcse involving the (1D) F5/2 and
(3E')2E‘5/2 levels, which are predicted to appear in the 65-70 A region, have
theoretical transition probabilities of cone order of magnitude lower. It is

therefore difficult to separate these lines from the background.

CONCLUSIONS

Strong lines emitted in 3-3 transitions between the ground and the first
excited configurations in Ag XXIX, Ag X4X, and Ag XXXI have been identified in
the 50-80 A region for the first time. The new identifications cover the gap
between the relatively low states of ionization (Ni I-like) and higher ones
(Mg T and Na I) previously studied for Ag. The lines identified in the
present work fall in a spectral region where the very high line density makes
the assignment of lines to given ionization states and their classification
very difficult. The new results are useful for particle transport gstudies of
high temperature tokamak plasmas and will help in further line identifications

by isoelectronic extrapolation in even higher Z ions.
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Table 1 3 Silver lines identified in the PLT spectrum between 50-70 £.

Isoelectronie Transition

Seguence

3p834-3p734%

2 2
Dysa= a2

K1

2 2
D5 5="Pq/2

2 2
B5 /2= V52

2 2
Dysa P1/2

2 2
n5/2' F7/2
2 2

Dypa="¥s/2

5

3p%-3p73a

1 1
Sq= Pl

Ar 1

5

c11 3p -3p‘3d

2P3/2'(11’)2?3/2
" _(ls)znsle
" "15)2”3/2
" --("n)zsv2

2P1/2‘(3P)2D3/2

Jon

AgXXIX

Ag XXX

AgXXXI

Accurecy of measured vavelengths=3o.05f

I : Relative line intensity

A:ij t Spontanecus transition probability

*Designation for low 2 elemcnts:(JP)zDsl

A (R)
ctlculaicd predieted
extrapol,
[
56.46 58.3
57.47 58.7
57.81 59.1
58.73 60.0
59,93 61,5
64,46
a
60.08 60.9
b
58.75 60,8
60.21 62.7
61.16 62.7
61.19 63.2
60.77 65.0

measured

101%ec™
57.73 5.1
58.13 4.0
59.06 7.0
59.68 1.3
61,95 T 4.3
66, TZ BI T 2.4
60,57 2.6
61,51 T 1.0
62.26 3.6
62,81 1.2
61,28 1.4

64,87 T b1?

- (2J+1)Aij

1

I
neas.

{counts)

180
349

280

1300

180
1160
320
600

800

a.Ab initio celculations,RELAC present work

b.Ab initio celculations of Huang et 2l(1983)

T : Tentative identification

bl : blended

2
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FIGURE CAPTIONS

Fig. 1

Silver spectrum emitted from PLT tokamak in the 53-80 3 range.
A. Before Ag injection t = 400 ms C. at t = 560 ms

B. After Ag injection t = 480 ms D. at t = 640 ms

Fig. 2 a - Reduced energy of the (39)203/2, (1D)251/2 and (18)203/2 levels

along the ClL I seguence.

b - Reduced energy of the (39) and (1S) 205/2 levels along the Cl I

seguence.
Experimental @ita: =A~ Fawcett (1971}
-X~ Fawcett and Hayes (1975}
-0~ stratton et al. {1983}
<0~ Finkenthal et al. {1985)
~&- pregent work %;
Theory: -—

}Huang et al. {1583)
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