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Grotrian diagrams are presented to provide graphical overviews for 2,762 spectral lines of highly
ionized titanium, Ti Il through Ti XXIL In the usual diagram display such as that by Bashkin and
Stoner[North-Holland, Amsterdam, 1975], the density of transitions is often too high to allow each
transition to be drawn separately. Here in our modified diagrams, the transitions are also repre-
sented by lines connecting the upper and lower energy levels, but the lower energy levels are
extended and repeated for successive configurations as needed. As a sequence, dense packing is

avoided and all lines in a multiplet can be accommodated.
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1. Introduction

During the last 10 years we have published a series of spectroscopic data table for highly
ionized heavy atoms that occur either as impurities in fusion energy devices or which have
been injected into these hot plasmas for diagnostic purposes. These spectroscopic data are
required both for modelling the energy balance and impurity cooling effects in such plasmas as
well as for applying non-perturbing spectroscopic techniques to determine plasma parameters.
In addition, spectroscopic data needs for highly ionized atoms exist in astrophysics, especially
the physics of the solar corona, and in atomic physics research. A good bit of new spectral
analysis work, both observations and calculations, had been done in recent years, and the
results had not been tabulated conveniently before. We have thus critically compiled these
spectroscopic data into single monographs for each element and have published, in order of
nuclear charge, such tables for the spectra of Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Kr, and Mo ions.

Since we have now compiled this series, we are presenting all these data in a single
volume [1] to provide users with the convenience of a single source. However, we do not
include the extensive Grotrian diagrams to provide graphical overviews because these would
make this volume very large and unwidely.

This report contains all Grotrian diagrams for Ti III through Ti XXII. The Grotrian
diagrams show energy levels and the principal transitions. Typical examples of such diagrams
are found in the book published by Bashkin and Stoner [2]. In the usual diagram display such
as that by Bashkin and Stoner, the density of transitions is often too high to allow each
transition to be drawn separately. Here in our modified diagrams, the transitions are also
represented by lines connecting the upper and lower energy levels, but the lower energy levels
are extended and repeated for successive configurations as needed. As a sequence, dense
packing is avoided and all lines in a multiplet can be accommodated. The diagrams thus allow

a quick survey of the principal features of the levels and transitions in the various ions.
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2.  Grotrian Diagrams

2.1 Explanation of Grotrian Diagrams

Ti III, Ti XXITI, etc.
According to spectroscopic convention, Ti I indicates the first spectrum, i.e., the
spectrum of neutral atom; Ti II denotes the second spectrum, belonging to the singly
ionized atom; and so on.

H-Sequence, C-Sequence, etc.
Indicates that the respective Ti ion has the same number of electrons as neutral
hydrogen, neutral carbon, etc.

Abscissa
Energy in the levels in cm™.

Short vertical lines
Energy levels are indicated as the vertical lines. The electronic configuration (with the
parentage in parentheses) and the level energy in cm™ are given to the right of the
vertical line, and at the top is the J value. A symbol "?" after the level value indicates
level was derived from a tentatively classified line. Theoretical levels are given in square
brackets. Energy levels with the same LS label for the upper term are grouped together.
The term designation is given at the right of the diagram; the ordering is by increasing
multiplicity and orbital angular momentum. For the lower level, the term is adjacent to
the configuration.

Horizontal lines
Transitions between levels. The number below each line gives the transition wavelength
in Angstrom (10%cm). Heavier dashed lines indicate resonance transitions with gf =
0.01, where gf denotes the product of the statistical weight (g) of lower level and the
absorption oscillator strength (f).

C,T,p,S
Superscripts to the right of a wavelength value have the following meanings:
€ wavelength calculated from energy level data using the Ritz combination principle.
T wavelength tentatively identified.
? wavelength predicted along a isoelectronic sequence.
S wavelength smoothed along a isoelectronic sequence.

Limit

Principal ionization limit in cm™ and eV.
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Ti III(Ca—Sequence)



http:181439.64
http:181439.64
http:181439.64
http:181837.98
http:181439.64
http:181558.44
http:158740.92
http:15120~.5i
http:r-----1L3d4~58740.92
http:158740.92

JAERI-Data/Code 97-022

Energy (in 10°cm~!)

0.5 1.0 1.5 2.0 9.5
i T T T ;
<
3
S
g
|2
1 CA)
~3jcn
ol
<|&
~is
U. ’@m —L
14, "
| 530.086 e
| e AT TRY
4407.31 &————{ 3dat
159022.93
o, "‘,
3897.250 @
3881.212 -
3872.495 . )
IR E
U_ o
Y @
3382.714 @
3370.625 - 3o
3358.101
3354.71
3346.182
3340.202
159269.53
“  159128.94
—  159022.93
w "3
3295.764 }—-—--.-{ d4f
159022.93
w -
3200.888 +___.*_34u
159022.93
i
% 3ada o 3d4d 'F
- 3d4d ’D
N }133533*9.0'“ 3d4d 3G
; ddd 3F
12 4§§.g% 34
1% 333223
128689.67
420.4 1271790.57
1§43
- ~N
2
4800.273 +—{ 3d(°Ds )52
182680.53
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~
- .
3924.092 +————{ 3d(*Ds,2)58 3
182680.53 ( E,]
7 ‘
ipo
3d4f tp hots tpe
344t Dp°
1854.24
T
R
T IYRE
A 1 1 I ,

Ti III(Ca—Sequence)



http:157204.16
http:182680.53
http:182680.53

JAERI-Data/Code 97-022

Energy (in 10%cm™1)
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Ti III{Ca—Sequence)



http:182587.62

JAERI-Data/Code 97-022

Energy (in 105¢cm™1)
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Ti1 III(Ca—Sequence)


http:182680.53
http:182225.09

JAERI-Data/Code 97-022

Energy (in 105ecm™1)
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4348.04 | 34("Ds /2358
4333.542 H—

182474.38
—  182473.21
. -
2
262. +-_.___{3d< Ds,2)5¢
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Ti III(Ca—Sequence)



http:182068.87
http:182068.87
http:182068.87

JAERI-Data/Code 97-022

Energy (in 10%m™!)
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~ «
2
4357.27 §-——--* 3d(°Dy 2352
182067.49

-
ad4t 'p°

0Dy J’PE'-J

3d(%Ds2)Th
sten1s 201958.3

NU
8267.32 34(2Ds ,5)6R
8267.32
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8267.32 3d(2D3,2)6M
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Ti III(Ca—Sequence)
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http:159180.24
http:181368.45
http:181507.92
http:181860.55
http:194169.81
http:194169.81
http:194556.67
http:194556.67
http:182471.38
http:159123.78
http:182068.87

JAERI-Data/Code  97-022

Energy (in 10%cm™1)
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"
4304.505 34(%Ds )58

182405.25
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Ti III(Ca—Sequence)



http:159180.24
http:159481.95
http:182403.64
http:182405.25
http:182403.64
http:182405.25
http:182405.25
http:182405.25
http:194168.25
http:194168.25
http:194169.81
http:194169.81

JAERI-Data/Code 97-022

Energy (in 10%cm™!)
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Ti III(Ca—Sequence)


http:158285.34
http:182014.92

JAERI-Data/Code 97-022

Energy (in 10%cm™1)
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T1 III(Ca—Sequence)



http:182436.46
http:182436.46

JAERI-Data/Code 97-022

Energy (in 10%cm™!)
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Ti III(Ca—Sequence)



JAERI-Data/Code 97-022

— 43

Energy (in 105cm™1)
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Ti III(Ca—Sequence)



http:158903.55
http:160054~1~558.44
http:181831.98
http:182601.96
http:182601.96
http:lU664.08
http:lU669.10

JAERI-Data/Code 97-022

Energy (in 10%m™!)
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Ti III(Ca—Sequence)



http:182596.87
http:182601.96

JAERI-Data/Code 97-022

Energy (in 10%cm™1)
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Ti IV(K—Sequence)
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http:196804.27
http:258838.48
http:230608.89
http:2309U.38
http:2109a4.38
http:li8~39.52
http:274881.21
http:21U07.34
http:80388.92
http:292999.54

JAERI-Data/Code 97-022

Energy (in 10%%cm™})
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Ti IV(K—Sequence)


http:196804.27
http:258838.48
http:258877.08
http:289185.99
http:289206.93
http:306395.69
http:306408.30

JAERI-Data/Code 97-022

Energy (in 10%em™1)
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Ti IV(K—Sequence)



http:19680.&.27
http:196889.96
http:236135.29
http:2361(2.30

JAERI-Data/Code 97-022

Energy (in 10%cm™!)
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Ti IV(K—Sequence)



http:300158.76
http:313130.66
http:P8il~.23
http:300046.05
http:300158.76
http:313110.72
http:313110.72

JAERI-Data/Code  97-022

Energy (in 108ecm™1)
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Ti V(Ar—Sequence)

— 49 —




JAERI-Data/Code 97-022

Energy (in 10%cm™!)
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Energy (in 105cm™!)

(A9££8°18L)
| JWwog0gpSEg vt

| 2522p%(3P} 3234

PRI L 4281600

~N
2322p5%(2P}, ;)34
367.61 &{ 172
4237394

- ™
366.910 4—4 29°29%(?P{, 2234
4237394

~ ~N
2322p%(%P] ;)34
321.96 +—-{ 172
4237394
- ~

o -

370.52 2!221’5(2?3/2)311

336.02 .
4219800
4177038

2¢dy
. 29,52 2
4 23°2p°(%P3 ;)34
-
399.63 u:if,ZZPS(ZPS/Z)Sd
386.06
4177038
N,ON
372.81° 2322p%(3P§ ;)34
369.09
4171038
NS o 20802
231.589 $ lz: 2p7(%P3 284
_ 4171038
® / JZ =
e 2s22p%(2pP2,,)3p 2(51 2’22’5(2‘,:/2)3, (Liye
~ 2’2
S 2522p%(2P3,2)3p %)
: 3965425 23%2p%(2P3 03 %)
a 3964847 20 8200 21
354010 23%2p%(2P3, 2030 (3D
3318035 2322p%(2P) 239 ALy
il e
3879444
| 3745238
~ ~U
" 2322p3(3P, 204t
F—Ti3Ts 12
UL
N” uu
m 2s220%(%PY, 2 041
| 32 s
" 98.490 | s 58 2
i R ( 5’3

Mas225(2ps 2¢3
22729°(°Pi 2034 H3) La=295(1P§,2>34 2y

Ti XIII(Ne—Sequence)

— 105 —




JAERI-Data/Code 97-022
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JAERI-Data/Code 97-022
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