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ABSTRACT 

The spectrum of silver emitted by Princeton Large Torus (PLT) tokamak 

plasmas has been recorded in the 25-150 A region by a multichannel time-

resolving graziiig-incidence spectrometer. Silver atoms have been introduced 

in the tokamak plasma using the laser blow-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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INTRODUCTION 

The spectra of highly ioni2ed heavy elements have been studied 

extensively during the last few years mainly because of their importance in 

fusion experiments. ~ Recent experiments in the field of X-ray lasers also 

have pointed out the importance of knowing energy level structures of highly 

ionized heavy atoms. Many energy levels within the excited 3s 3p and 
k—1 3p 3d configurations of K I to ftl T-like ions have been established for 

elemants up to Z = 34. For higher Z elements the situation is different: a 

very large number of lines emitted within the 3p 3d - 3p 3d transitions 
k k— 1 are superimposed on 3p - 3p 3d lines emitted by several adjacent ionization 

states in a relatively narrow spectral region. This makes the identification 

of lines of various ionization states and their classification difficult; that 

is why the data concerning 3-3 transitions emitted by ions isoeleotronic with 

Mn 1 to SI I are very scarce. A thorough discussion of the same transitions 

in zirconium and molybdenum can be found in a paper by Finkenthal e_t_ ai. In 

a very recent work, Wyar: and the TFR Group studied the spectrum of krypton 

emitted from the TFR tokamak in several isoelectronic sequences from K I to 

0 I in the soft X-rays. 

The p r e s e n t work d i s c u s s e s t he i d e n t i f i c a t i o n and c l a s s i f i c a t i o n of l i n e s 

be long ing t o K. I , Ar I , and C H - l i k c : Ag XXIX, Ag XXX, and Ag XXXI i o n s , 

e m i t t e d from the PLT tokamak plasma in t he 50-80 A r e g i o n . 

EXPERIMENT 

The s i l v e r atoms under i n v e s t i g a t i o n wer<? i n j e c t e d i n t o the q u a s i - s t e a d y -
3 

s t a t e phase of t he PLT tokamak d i s c h a r g e by the l a s e r blow-off te<7\nique. 

The c e n t r a l e l e c t r o n t empera tu re was between 2 and 2.5 keV and the c e n t r a l 

13 -3 e l e c t r o n d e n s i t y , 3 x 10 cm . The d i s c h a r g e s wer« h i g h l y r e p r o d u c i b l e and 



the amounts of silver atoms introduced in the hydrogen plasma, 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-itt extreme -grazing-

incidence spectrometer equipped with a Bausch and Lomb 600 1/mra gratiag, 
10 

covering the 5-330 A range. The Multichannel detector system consists of a 

50-mm long, funneled, MgF2-coated Galileo microchannel plate (MCP), associated 

with, a phosphor screen and coupled by a flexible fiber optic conduit to a 

1024-element Reticon photodiode array. The array is controlled and read out 

via an optical multichannel analyzer (OuA 1412F-1218, PAR, EG&G). The 

detector is interferometrically adjusted and can. be moved along the Rowland 

Circle. The instrument offers a simultaneous coverage of 20 A at short 

wavelengths and TO 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 before the silver injection is very low, 

as can be seen in Fig. 1 (trace A): just after the injection (trace B) the 

background is due to the superposition of a very large number of lines 

originating from the 3-3 transitions mentioned above, emitted by 14 ionization 

states, from Co I- to Al I-like. Since the sensitivity curve of the 

spectrometer does not change noticeably over the narrow range considered, one 

can meaningfully compare intensities of lines emitted by various ionization 

states. 
DISCLAIMER 

This report was prepared as an «<wmm or work sponsored br an agency of the United Slates 
Government. Neither the United States Government nor any agency thereof, nor any of their 
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bitty for the accuracy, completenesi. or usefulness of any information, apparatus, product, or 
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RESULTS 

The bright lines standing oat 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 sequence in the spectrum over a long 

period of tiise <each "frame" has been integrated over 80 ms), indicates that 

they belong to high ionization states. indeed, previous work concerning the 

oame 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. The lines have been identified by comparison of the experimental data 

with extrapolated energy level values along the isoelecfcronic sequences, based 

on previous identifications of lines emitted by elements from titanium to 

molybdenum. The estimated error in the extrapolated values was in many cases 

about 0.5 A; in the case of lines connecting two excited levels or lines 

originating from levels strongly affected by intercomplex configuration 

interaction, the error in the wavelength estimate could be as much as 1 5. 

Relativistic, ab initio energy level and transition probability computations 
1 2 have also been performed, using the RELAC code, for the Ag XXIX and Ag XXX 

ions belonging to the K I- and Ar I-like sequences, respectively. For the 

CI I-like Ag XXXI ion, wavelengths and transition probabilities computed by 

Huang et al. based on the multiconfigurational Dirac-Fock method, have been 

used in the classification. For convenience in the plasma diagnostics 

applications, the LS notation has been kept, in spite of the fact that for 

these high-z ions an intermediate or even jj coupling description should be 

closer to the physical reality. 

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

are discussed briefly. 
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K I sequence 
6 2 

The ground term of Ag XXIX is 3p 3d D. The closest excited 
5 2 configuration above the ground is 3p 3d . Several levels belonging to this 

configuration have J values 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. 

Ab_ initio computations showed, however, that only six of them have weighted 
12 -1 transition probabilities above 10 sec . Above z =• 30, only three lines 

emitted within the 3p"3J - 3p 53d 2, 2 D 3 / 2 ~ 2°3/2' 2°5/2 ~ 2°5/2' a n d 2 D 5 / 2 
2 1 d 

" 7 / 2 t r a n s l t l o n s havs been identified previously by Fawcett and Hayes for 

Ga XIII and Gs XIV, Stratton ̂ ^ . 5 for Ge XIV and Se XVI, Finkenthal et al. 6 

for Zr "XTI and Mo XXIV, and recently by wyart _et̂  _ali. for the two first 
5 2 2 transitions in Kr XVIII. The extrapolation for the 3p 3d Dj/2 l«vel along 

the isoelectronic sequence was smooth, following very well the theoretical 
5 2 2 2 trend. In order to extrapolate the 3p 3d D5/2 a n d p7/2 energies, t h e split 

6 2 2 in the ground 3p 3d( D,,- - "^/o) *~s n e e d e d » Above the iron group, this 
i 5 split hao been established experimentally only for Zr XXII and Mo XXIV and 

recently for Ag XXIX. For this reason, instead of extrapolating the 

energies of the levels, the wavelengths of the transitions have been 

considered. 

Although the extrapolated values are estimated to be accurate only within 
2 2 about 0.5 A, the line corresponding to the D5/2 " ^5/2 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 £, it is the only 

strong line. 
2 2 

The D3/2 - D3/2 line has been predicted by extrapolation at 5a.3 A-

Tw<j bright lines are present in the spectrum at 57.73 A and 58.13 A- Using 
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the experimental value of the energy for the D5/2 ~ D5/2 transition 

identified in the present work., together with ab initio RELAC calculations for 
2 the energy splits in both the ground and the excited D terms, a wavelength of 

57.64 A has been predicted. Since the contribution of these splits to the 

whole transition energy is sraall, 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 XVIII, comparison, of calculated and observed split energies in Wyarfc's 

work shows an agreement of about 3%. Consequently, the line observed at 

57.73 A was attributed to the TJ 3/ 2
 - D3/2 transition. 

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

lines, extrapolation from Krypton experimental data compared with RELAC 

calculations was also used. 

Rr I sequence 

The 3p S Q - 3p 3d P. line is expected to be the strongest emitted by 

Ag XXX amongst the An = 0 transitions. By extrapolating along 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 5 1 brightest lines in this spectral region. The 3p S Q - 3p^3d D.. line is 

expected to be about one order of magnitude less inter.se than S - p. It 

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 beyond Z = 34) and the 

relatively high background between 70-S0 A where the line is expected to 

appear. 

http://inter.se
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CI I sequence -

The identifications in the CI I iaoelectronic sequence are mostly based 
1 3 

on the comparison with the ab initio computations performed by Huang et al. 

and previous indentifications for Zr XXIV and Mo XXVI by Finkenthal et_ al. 

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

defined as 3p ( D)3d D, following an earlier work performed by Fawcett, 
1 4 have been identified for Ga ~~~ to Se XVIII by Fawcett and Hayes and Stratton 

et al. In the course of the analysis of zirconium and molybdenum spectra, 

it became clear, however, that the assignment of the lines to various energy 

levels is quite complicated. First, the _ab_ initio computations showed that 

the 3p ( D)3d \3 levels have very low transition probabilities (compared with 
4 3 ? 4 1 2 3p ( P)id D and 3p ( S)3d D), and most probably the observed lines in Refs. 

4 3 2_ 
14 and 5 should rather be assigned to the 3p ( P)3d i3 term. This seems to be 
confirmed by the comparison between the experimental energy levels previously 

1 2_ 3 2 

identified as ( D)T5 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 lines is the level 

crossing. Figure 2b presents one of the most prominentr the crossing between 
1 2 3 2 
( S) D5/2 a n d t P' D5/2' o c c urring around Z = 39 (5 = 23), as predicted by 

Buang calculations. This crossing is accompanied by a sudden inversion in the 

magnitude of the transition probabilities from the two levels involved toward 

the ground level ?,,,* F o r example, for Z = 38 (5 = 22), the calculated A. 

value is 6 x 1 0 1 0 sec"1 for < 1S) 2D 5y 2, compared to 3.4 X 10 1 1 sec - 1 for 

< P) 0 5,2" 0 n t h e other side of the crossing point, for 3 = 41 (5 = 25), the 

corresponding values are 4.7 x 10 sec" and only 1.1 x 10 sec , 
3 2 

respectively. Therefore, for low Z, C P) D5/2 i s t i l e upper level giving rise 
to the intense line measured by Fawcett and Hayes and by Stratton et al.. 
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while for Ho and Ag the correct designation of the corresponding line should 

2 1 2 
be P 3/2 " ' s ' D5/2* T t l e l i n e o b s e r v e < 3 a t 62.36 A was assigned to this 

transition in ftg XXXI by comparison with calculated and extrapolated values. 

This identification is confirmed by the fact that i t 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 or previous data for lower Z and by 

comparison with the theoretical curves along the isoelectronic sequence, as 

shown in Fig. 2a. According to the theoretical computations, the level 

I S) 'Dj , 2 is coming very close to ( D)'S1 - 2 near 2 = 47 <; = 31), thus 

predicting the corresponding lines at practically the same wavelength (see 

Table 1). However, the experimental data show a trend which indicates that 

the level ( 1 S) 2 D 3 , 2 should pass above (1D) S1 , 2 already at z = 45 (5 = 29). 

Therefore, the shorter observed wavelength at 62.81 A was attributed to ^^/2 

1 2 2 1 2 
- ( S) D 3 ,2> and t i l e 63.28 A line to the P3/2 ~ < °) s 1/2 transition. 

On the basis of extrapolation of lower Z experimental data, the line 

2 3 2 

corresponding to the transition p. , , - ( P) D3/2 i s expected to appear at 

about 65.0 A, although a relatively large discrepancy remains with the ab 

init io calculations of Huang. Such discrepancies appear also at lower z. Two 

strong linas appear on the spectrum around the predicted wavelength, at 

64.87 A and 65.48 A. However, the intensity of the transition under 

consideration ia not expected to oe so strong in tokamak plasmas, since the 

upper level has to be populated mainly by collisions from the ground state. 

The expected line is probably blended with the f irst of these two 

nonidentified lines that presumably belong to a higher ionization state (S I-

like 3p4 - 3p3 3d or P I-like 3p3 - 3p2 3d transition). 

t& 
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Other possible transitions, namely these involving the ( D) P 5/ 2 an^ 

( P) Fc/2 levels, which are predicted to appear in the 65-70 f, region, have 

theoretical transition probabilities of one 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 XXX, 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 I and Na I) previously studied for Ag. Hie 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 studies 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 • Silver lines identified in the PLT spectrum between 50-70 %. 

Isoelectronic Transition 
Sequence 

K I 3p 63d-3p 53d 2 

S/iS/2 
2 D 5 / 2 - 2 ? 3 / 2 

SnS/2 
\f2-\/Z 

B S/2~ F 7 / 2 

2 D 3 / 2 - 2 p 5 / 2 

Ar I 3p 6~3p 53d 

S 0 f l 

CI 1 3p 5 -3pSd 
2 P 3 / 2 - ( 1 D ) 2 P 3 / 2 

" ~^S/2 
" -^\n 
" '^\/z 

\/2-lW»y2 

Ion 

AgJJCII 

\U) 
calculated predicted 

extTipol, 
measured 

10 1 2*ee -1 
mens, 

(counts' 

56.46* 58.3 57.73 5.1 
a 

460 

57.47 58.7 58.13 4 .0 520 

57.81 59.1 59.06 7.0 840 

58.78 60.0 59.68 1.3 180 

59.93 61.5 61.95 T 4.3 340 

64.46 66.72 bl r 2.4 280 

Ag XXX 

AgXXXI 

Accuracy of measured wavelengths:-0. 
I : Relative line intensity 

ij % Spontaneous transition probability 

60.08 

58.75 

60.21 

61.16 

61.19 

60.77 

60.9 60.57 2.6 

'Designation for low Z elements: (3P) D, 5/2 

1300 

1B0 

1160 

320 

600 

800 

a.Ab initio calculations,RELAC present work 
b.Ab initio calculations of Huang et al(l963) 
T : Tentative identification 
bl ; blendfld 

60.8 61.51 t 1.0 

62.7 62.36 3.6 

62.7 62.81 1.2 

63.2 63.28 1.4 

65.0 64.87 T bl? 2.2 
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EIGOHE CAPTIONS 

F i g . 1 S i l v e r spectrum emi t t ed from PLT toltamak i n the 50-80 £ r a n g e . 

A. Eefore 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 ( S) 2D 3/ 2' < D ' si/a a n d ( 1S) 2D 3/ Z levels 

along the CI I sequence. 

b - Reduced energy o£ the ( P) and ( S) D5/2 levels along the CI I 

sequence. 

Experimental d*ia: -&- Fawcett {1971 ) 

-X- Fawcett and Hayes (1975) 

~0~ stratton .et. ai.* (1983} 

-O- Finhenthal et al> (1985) 

-8- present work 

Theory! "j 
Huang _et_£l_. (1983) 



INTENSITY (Counts) 

to 

?*3F 



14 

(XHH + 5/-0 



15 

0WI+5/-0 



BTOSHSI. oiswmjsnca in ADDIUCM TO uc-20 

Plasra Eds lab, flustra ftet'J Cftiiv, ausTWttJS 
!>. ?raric J . faoloni, wniv of Kbllongorar, WSTRtiLTii 
Ptof. I.B. Jcnes, Flinders Univ., AUSTRALIA 
Prof. if.H, srenrwn, I'*!iw Svdney, MJOTIMJA 
Ptof. ". Cap, Inst theo Phys, fltSTIRIA 
Prof. Era* varheest, Inst theoretische, BELStlM 
C*. D. Palunto, IJg m Fusion Prog, BKGICJM 
T-bole Royalfi Militaina, Lab de Phya Plaatas, 8ELOTM 
Dr. P.H. safcanaka, Vniv Sjtadual, ERAZH. 
Dr. C.R. Janes, Oniv of alberta, CMCDA 
Ptof. J . Teidmarm, Univ of Montreal, CAffiDA 
Or. t,M. acars^rd, Univ of Saskatchewan, CAWDA 
Ptof. S.a. Sraenivasan, University of Calgary, CANADA 
Ptof. Todor w. Johnston, BSS-aiergie, Catcos 
W. flannes samara, Uhiv i?ritish Cfcluribia, CBHBDA 
De. I.P. Eachynslci, »FB Technologies, Inc. , CANADA. 
Ctvtfjc River, Ntcl Lab, CSNA0A 
Zhengum Li, SW Inst Physics, CHINA. 
library, Tsing Hua Oniversiey, CHIBA 
librarian, Institute of Physics, CKIMA 
Inst Plasma Phys, Academia 5inica, CHINA 
Dr. Peter Lukae, KcfiEnsteho Oniv, CZEEHOQÛ BiuA 
The Librarian, Cuttem Laboratory, HCLAHD 
Prof. Schatanan, Gbservataire de Nice, ERAtCE 
J. Radet, CEH-BP6, fKANCE 
AM Dupas Library, aM Dupa3 library, FRANCE 
Or. Ban t i a l , Academy Bibliographic, HM3 KCBG 
Preprint Library, Cent aes Inst Phys, HUNffiK 
Or. 3.H. Trehan, panjab University, INDIA, 
Dr. Indra ftihan Lai Oas, samaras Hindi ttsiv, E K A 
Dr. L.K. Chavna, South Gujarat ttoiv, DDIA 
Dr. 'S.K. Oihajlani, WJaran'tlniv. TH3IA 
dr. 9. Dasgupea, Sate Zhst, 2MJIA 
Dr. P. Kav, Physical Research Lab, INDIA 
Dr. Phillip Ttosenau, Israel In3t Tech, BRAE, 
Prof- S. Cuparnan, Tel Aviv JSiivursity, ISRAEL 
Prof. (5, Rcstagni, Univ Di Padov*, rau 
Librarian, m t ' l Ctr Theo Phy3, TEH.? 
Miss Clelia De Palo, Assoc EtBATCM-aaTk, UHL/ 
BLblioteca, <1el CNR EURXTCM, XIRLY; 
Dr. H. Vamato, Toshiba Res & Dsv, JAPAN 
Direa 'Jape, Lg. Tokamafc Dev. iMSI, JAPAN 
Prof. Nobjyule. Incwe, University of TtJcyo, JAJWI 
Seseareh Info Center, Nagoya University, JAPAN 
Prof. Kyoji MijjhiJowi, ftiiv of FtLroshiaa, JMaN 
Prof. Sigeru Mori, JMRI, .JHESS 
Library, Kyrjto University, JflESN 
Prof, Ichiro Kawatami, Sihuo ISiiv, .»ESN 
Prof. Satoshi Itch, HyusHi University, JAEPN 
Or. 0.1. Choi, >tfv. IrBtSci s Tbch, (ORES 
"ttKti Lrifo division, KftSJI, KCRB* 
tb l io theA, Pon-Tnst voor Plaata, NETHERLANCS 

Prof. B.S. Lilay, University of --taikatak WSJ ZFXWJD 
Prof. J.A.C. Cabral, Inst SMpsrior Teen, PCKW3RL 
Dr. Ccavian Petms, flLI OSA university, RCMftHE. 
Prof. M.k. Hellberg, University of Natal, SO AFSK3. 
Dr. Jchan de Villiers, plaata physics, Nucor, S3 AfRSCA 
Fusion Div, tihrary, JEN SPAIK 
Pi-of. Hans Wilhelnson, Cialnecs iMiv "tech, 3-)S>I2J 
Dr. Lennart Stenflo, Uni^rsity of r^!®, SWlDaJ 
Library, Royal Inst 'Keh, SKDEJJ 
Centre de ttecherehesen, Bsole polytech Fed, SWTISC^^D 
Dr. v.T. Ibldc, Kharicov Phys Ibch Lis, rssa. 
Dr. D.D. Ryutov, Siberian Scad Sci, 'JSKR 
Dr. G.A. Elissev. Xurchatov Institute, fJSSS 
Dr. v,A. GluJthiHi/ Inst Electro-Physical, USSR 
Institute Gen. physics, OSSR 
Prof. T.J.K. Boyd, Clhiv Callage M teles, HRLS5 
Dr. K. SctrLndler, Puhr Universitat, w. GERMSNV 
Nuclear Res Estab, Julich Ltd, w. flERWTC 
Librarian, Mjx-Plandc inst i tut , w. 3KWV 
9ibi4othe)t, Inst Plasnaforschung, w. ÊRMRNY 
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