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Summary

Abundances of the iron group elements are derived from ionic lines in the
photospheric absorption spectrum. There is very good agreement with
abundances found from neutral species for all except Co and Ni. The latter
discrepancies are thought to arise from uncertainty in the absolute scales
of the f-values and from difficulties in interpretation of ultra-violet line

strengths.

The general good agreement supports the assumption of local thermo-
dynamical equilibrium for the calculation of the ionization state of the solar
photosphere.

1. Introduction. Over the past few years there have been numerous studies of
iron group abundances in the solar atmosphere. Recent reviews have been given
by Miiller (1966, 19677). Most of this activity has derived from the wealth of approxi-
mate f-values now available, especially those given by Corliss & Bozman (1962)
(CB). In addition, there have been various f-value measurements of high accuracy,
mostly lifetime or atomic beam experiments (Bell et al. (1958), Lawrence et al.
(1965)), of just a few lines in the iron group elements and this has led to a number
of ‘re-normalizations’ of the CB f-values. In fact, there are almost as many
different sets of iron group abundances as there are research and review papers
~ on the subject. In order to say anything new we must either determine many more
~ f-values of high accuracy for the neutral iron group, or turn completely from this
. approach and use an independent line of investigation. It is well known that
analyses of coronal and chromospheric emission lines (Pottasch 1963a, b) have
complicated rather than clarified the issue.

.One straight-forward way of checking the photospheric abundances obtained
from neutral iron group lines is to study the ion lines. Only preliminary attempts
(Aller et al. 1964, Letfus 1965) at this have been made, owing to the general
absence of appropriate f-values. However, the f-values for the once-ionized iron
group elements recently published by the writer (Warner 1967a), and whose
absolute scales are entirely independent of those for the neutral species, are idealy
suited for our purpose. The remainder of this paper is a discussion of solar abund-
ances derived from this source of f-values.

The methods of analysis follow the same lines as adopted in the first paper of
~ this series (Lambert 1968). Damping constants for the iron group ions are in
general small (Warner 1967b) and the abundances are insensitive to their precise
values. The equivalent width W of an unsaturated line, which is the abscissa of
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the curve of growth, is given by
w _C N;
A | weak — 7 " Ny

where Vi/Ny is the element-to-hydrogen ratio and C contains the f-value and the
factors depending on the model atmosphere (Goldberg et al. 1960).

TaBLE I

Lines of Sc 11 1n the Sun

Wavelength  Mult X —log Wix loggf log C Remarks
3535°73 1 0-3I 464 —0-34 568
356770 3 ©0-00 4°45 —o0°45 5-88
357257 3 002 4°20 0-15 6-46 RRT: Sc 11+ (Fe 1)
357633 3 o-or 447 oor  6°33
358093 3 0'00 4°27 —0°15 6-19
3589°03 3 ool 4°53 —0'63 5°70
3590°49 3 o-02 434 —0:62 570
361381 2 0°02 4°23 0'45 6-77 Double in RRT
363075 2 o-oI 421 0-28 661 RRT: Ca1r+Scn
364281 2 000 4°34 0-09 6-43
364531 2 ooz 4°37 —0°38  5-94
365180 2 o‘o1 441 —0-67 567
392350 9 0°31 5°32 —~2°22 3:88
424684 7 03I 439 o'19  6-29
429478 15 o'61 4-84 —1°27 4°55
‘430571 15 o-6o 4-81 —1'20 4°63
431409 Is 062 460 —0'10 5°70
432075 15 0-61 466 —~0°22 5-60
4325°00 15 060 453 —-0'37 546 RRT: Scii+Fe1+Cr1
435461 14 0-61 479 ~1°'50  4°32
437447 14 0-62 460 —0°45 §°35 RRT: Scii+Fe1
438482 14 o-6o 4°96 —1:65 4-18
440040 14 061 471 —0°72 §5°10
441556 14 o-60 4-66 —0°84 4°99
442067 14 062 5°47 —2:32 348
443136 14 061 517 —2°13 3:69
4670-41 24 137 4-91 —0°5I  4°59
5031-04 23 1-36 4-89 ~0°'38 472 RRT: Scui+Feix
523982 26 1°45 4-98 —0°'50  4°50
5318-36 22 1-36 5-66 —1-82 327
533422 30 1'50 615 —1:88 3-08
5337°19 30 1°5I 6-15 -1-87 3-08
552682 31 177 4-86 003 473
5552°24 25 1°45 600 —2:38 2-61
5640°99 29  I'50 516 -1'17 378
5657-88 29 151 4°91 —0:68 4-16
565835 29 I:50 5-26 —1°29 3-66
5667 15 29 1°50 5-36 —1°35 3-60
566904 29 150 5°I9 —1°23 372
568420 29 I°51 5:16 —1'09 385
624562 28 I'51 5°30 —1°05§ 3-89
6279°74 28  1-50 5°43 —I'51  3°44
630068 28 I'51 600 —1'98 2-96
632084 28 1°50 6-05 —1-9g6 2-98
6604 - 60 19 1°39 5°25 —1'54 3°'52
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Equivalent widths were taken from the revised Rowland solar line tables (RRT)
of Moore et al. (1966). Wherever possible we restrict discussion to lines longward
of about 4000 A, but in the case of Mn 11, Co 11 and Ni11 we have to include
ultra-violet lines and in the case of Sc 11 it is helpful to use a few strong lines below
4000 A. Initially we considered blended lines as well as unblended, and here we
retain only those that do not stand above the mean curve of growth by a significant
amount. In this way it is possible to show that certain contributors to blends are
in fact unimportant.

All abundances are logarithmic and on a scale where log N(H) = 12-00.
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F1G. 1. Solar curve of growth for Sc11.

2. Scandium. The 45 Sc11 lines used in the analysis are given in Table I,
and the curve of growth is displayed in Fig. 1. The theoretical curve is for 4500 A
and low excitation potential y = 0-6 V. A pleasingly small amount of scatter is
evident and there are no systematic departures as a function of x. The abundance
derived from Fig. 1 is

log N(Sc) = 3-04

The absolute scale of the f-values (Warner 1967a) for Scir is from theoretical
calculations, but in view of the relative simplicity of the electron configurations
should be very reliable.

Using the CB f-values the Sc abundance from neutral lines is (Aller 1965)
log N(Sc) = 2-80. Using theoretical f-values and a different solar model, Goldberg,
- Muller & Aller (1960) (GMA) had obtained 2:82 and Unsold (1948) found 3-33
from Sc 1 lines.

3. Titanium. The 54 Ti1 lines employed here are listed in Table II and the
composite curve of growth shown in Fig. 2. It has not been possible to reach very
far down towards the weak line portion of the curve of growth. Further laboratory
measurements and an extension of the analysis of the Ti 11 spectrum will be needed
in order to reach log W/A~ —6.
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TasLE 11
Lines of Ti 11 in the Sun
Wavelength  Mult X —~log WA loggf logC Remarks
3913°47 34 112 4°40 —0'24 472
3932-02 34 1°13 4°46 —1-37 358
4012-39 11 057 463 —1:68 379 RRT: Tinn+Cenr
4025°13 11 0-61 4-68 —1-95 3-48 RRT: Timm+Ni1
402835 87 1-89 4-65 —o0-65 360
416365 105 2°'59 4-58 o-20 3-81 RRT: Tinn+Cri+Fer
4173°54 21 1-08 466 —1'70  3°29
417408 105 2-60 5-01 —0'84 276 RRT:Tiu+Ti1
418431 21 1°08 4°74 —1'56 343
429023 41 116 456 —0'79  4°13
4300°05 41 1-18 4°41 —0'46 4-44
430193 41 1-16 446 —1°11 3-81
4314-98 41 1-16 4°85 —1'02 3:90
4316-80 94 205 499 —1'07 3'03
433793 20 1-08 4°62 —0'9g0 410
434137 32 1712 471 —1-76  3-20
4344°29 20 108 474 —1:67 3°32
435084 94 206 485 —1-32 278
436768 104  2°59 4-65 —0°39  3-2I
437483 93 2°06 5-02 —1'04  3'II
438685 104 2-60 4-87 —~0°-46 3°14
4391°03 61 I1°23 4-89 —2-03 2:83
439407 51 1°22 474 ~1'47 339
439504 19  1°08 4°51 —0°'50  4°49
4395°85 61 1:24 482 ~1°53 3°31
4399°78 51 1°24 458 —1-06 378 RRT: Tizi+(Cr1)
4409°25 61 1-24 517 —2-07 277
4409°53 61 123 5-10 —2:07 278
441193 61 1°22 4-92 —2°11 273 RRT: Tii+ (Fe1?)
441772 40 1-16 4-65 —-1-88 373
441834 51 1°24 4-8o —1°67 3°17
4421°94 93 2°06  4-94 —I'14 2'95
444381 19 1-08 4°51 —0'74 425
4444 °56 31 I1°12 4-91 —1°86 3°09
4450°49 19 1-08 475 —1°41 358
446446 40 1°16 482 —1:66 3°24 RRT: Tii+unknown
446850 31 1°13 4°53 —0'65  4°29
4469-15 18 1-08 4°96 —1-84 315
447086 40 1-16 4'90 —1°80 310 RRT: Ti 11+ unknown
44388-33 115 312 497 oo1  3°14
450128 31 I°12 4°54 —0'79 416
4529749 82 157 489 —1°52  3-oI
453397 50 1-24 462 —0-64 4-20
4544°02 60 124 5°1I ~208 2-76 RRT': Ti 11+ unknown
4545°14 30 1713 497 —1-61  3°33
454964 82 1°58 4°49 —0°22 430 RRT: Tii+(Cor)
456377 50 122 4°'55 ~—0:8  4-00
457198 82  1-57 453 —0°'34 4°I9
4589-95 50 1-24 480 —1-61 323 RRT: Ti 11 + unknown
480510 92 2-06 4-69 —0:76  3-31
512916 86 189 4-87 —0°93 329
518870 70 1-58 4-69 —-0:'82 3-69
5226°55 70  1°57 474 —0'97 355
5336°80 69 1-58 489 —1°35 3°16
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The theoretical curve in Fig. 2 is for 4300 A and y = 12 V. Changes in the
shape of the curve for other values of y are negligible. The abundance derived
from Fig. 2 is

log N(Ti) = 450

From the CB Ti 1 f~values Miiller & Mutschlecner (1964) derived log N(T1) =
4°58, and using the f-sum rule absolute scale they found log N(Ti) = 478. The
former value is probably the more reliable.
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Fic. 2. Solar curve of growth for Tt 11.
4. Vanadium. 31 lines of V 11, including four new identifications, are listed

in Table ITT and the curve of growth shown in Fig. 3. The theoretical curve is
for 4000 A and 1-8 V, the changes in the curve for other y within the wavelength
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Fic. 3. Solar curve of growth for V 11.
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TaBLE ITI
Lines of V 11 in the Sun

Wavelength  Mult X —logW/x loggf log C Remarks

3899-14 33 180 465 —0°37  4-06

3903 26 11 1°48 471 —0'72  4°00

3951°'96 10 148 472 —0°'52  4°20

398579 202 375 5-82 —0°33  2°37

399711 9 148 4-89 —1:03 3°69

400293 9 1°43 482 —1'28  3°49

4005°71 32 1-82 464 —0'22 4°19

400817 32 179 522 —1-61 283

402338 32 1-80 478 —0°35 4-08 RRT:Vii+(Co1)
403561 32 179 473 —0°42 402

4036-77 9 1°48 511 —1'42  3°30

4039°57 32 1-82 566 —1-60 281

4164 -02 37 2704 5-44 —1'77 2'42

4190°40 25 1-67 562 —1'98 2-57

4190-89 37 203 5°59 —1'81  2'40

4195-83 19 1-67 6-15 —2'71 1-84 New identification
420235 25 1°70 478 —1°23  3°29

4205 07 37 204 489 —0'85 335

4225°22 37 2-03 5-06 —1:07 313

423120 25 170 6-15 —2-68 1-83

423204 225  3°97 585 —0°23  2°27

4234722 24 1:69 5°74 —2-1I1 241

424290 200 376 5:92 —0-72 197

4349°96 36 2-04 6-00 —2-46 173 New identification
4464-34 199 3°76 5:96 —0°'55 2°I0

451737 211 380 6-70 —1:63 098 New identification
455676 198 376 6-70 — 144 121 New identification
456458 56 227 5°5I —1-1§ 2:83

459049 210 3°79 6-70 —1-13 1°47 RRT: Vir?
460020 56 226 5°59 —1-36 2-62

488405 197 3-76 5:82 —o0-'83 1-8o0

range studied are negligible. The abundance of V derived from Fig. 3 is

log N(V) = 3-92.
Miiller & Mutschlecner (1964) found 4-12 from the CB f-values for V1 and 4-02
from an application of the f-sum rule to V1.

5. Chromium. 28 lines of Cr 11 are available, including one new identification,
and these are listed in Table IV. The curve of growth is given in Fig. 4, where the
theoretical curve is for 4600 A and y = 4'0 V. The abundance given by Fig. 4 is

log N(Cr) = 5°47.

The writer expressed some uncertainty in his absolute scale (Warner 1967a) for
Cr 11 and suggested that his f-values may be 0-25 dex* too small. If this is found to
be correct then the abundance will be changed to 5-22.

Miiller & Mutschlecner (1964) found log N(Cr) = 5-07 from the CB Cr1
f-values and 5-43 from the f-values determined by Allen & Asaad (1957).

* ‘ dex’ is equivalent to ¢ in the ten-based logarithm ’.
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TaBLE IV
Lines of Cr 11 in the Sun
Wavelength  Mult X —log W/X loggf logC Remarks
4082-28 165 532 5°70 —1-13 1-00 RRT: Crar?
4086°13 26 371 5§11 —222 1-28
4087 -60 19 3°10 5°70 —~3-03 1-00
4088-85 19 3'10 570 —3°43 o-6o RRT: Cru?
409843 165 5°33 574 —1-32 0-80 New identification
4111°00 18 3:10 496 —1-86 2-17
411257 18 3°10 5-64 —2-g6 1-07
4113°22 18 3-10 5°14 —2-58 145
4132°41 26 376 5°25 —~2-16 1-29
424642 31 385 6-10 —3'05 0°32 RRT: Cr 11 + unknown
4252-63 31 3-86 514 —1-85 1°51
4261-93 31 3-86 4-84 —1-21 215
4269-29 31 385 5°05 ~2-06 1-30
427556 31 3-86 500 —1°33 2703
455499 4 407 507 —1°44 171
455865 4 407 4-81 —o0-'31 284
458820 4 4797 4-84 —0'65 249
459206 4 407 5°01 —-1'37 1°77
461663 44  4-07 5°I0 —I'51 1-63
461879 44 407 477 —0:98 2-16 RRT: Fe1+Cru
463408 44 407 495 —1'19 I'9§
482414 30 387 471 —I'0I 2°30 RRT: Crii+Fe1l
4836-24 30 3:86 5§71 —1-89 1°43 RRT: Cru+Ni1
484825 30 3:86 4°9s5 —1-13 2°19
4856-20 30 3-8s 5§41 —206 1-27
486432 30 3-86 4:93 —1-46 1-86
487640 30 385 5-08 —1'56 1-77
487649 30 386 5°'29 —1°94 138

Accurate atomic beam f-values for three lines in multiplet one and three lines
in multiplet four (all at 3600 A) have been determined by Lawrence et al. (1965)
for Cr 1. A comparison of their f-values with those of CB shows that the latter are
too small by o'1r dex. This does not necessarily mean, however, that all of the

Cr 1

3-10V
3:75
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4-07
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< ® O X o

-65 ! | ! | | ]
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log C

F1G. 4. Solar curve of growth for Cr 11.
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CB Cr 1 f-values are systematically too small by this amount. The lines measured
in the atomic beam are extremely strong in arc emission experiments and very
difficult to measure without systematic error. Self-absorption may also be important.
The above six lines have not been used in a determination of the solar Cr abundance
because they are so strong in the solar spectrum as to demand accurate damping
constants for their interpretation.

TaBLE V
Lines of Mn 11 in the Sun
Wavelength  Mult X —log W/X loggf log C Remarks
343896 I 117 4°57 —1-75  3°96
3441-98 3 1-78 397 o005  5°I5
3460°04 I 117 444 —1-47 4-25 RRT': Mn 11 4 unknown
3460°33 3 181 427 —o0-23  4°85
347406 3 1-81 422 —0'44 4764
347415 3 1-83 431 —o0'50  4°56
3482-91 3 1-83 4°36 —0°'32 474
3488-68 3 1-85 444 —0°5I  4°53
349681 3 1-83 462 —1'04 4°03 RRT: Mn 114 (Co 1)
3497°53 3 185 459 —0°73 432
4174432 2 1-81 5°37 —3:32 1-84 RRT': Mn 11 4+ unknown
4200°29 — 6-18 700 —1°12  ©0-2I New identification
428575 — 5°37 6-70 —1°72 0°33 RRT': Fe 17 New

identification

6. Manganese. Only 13 lines of Mn 11 are available, including two new identi-
fications, and all but three lines fall shortward of 3500 A. They are listed in Table
V and the curve of growth given in Fig. 5. The theoretical curve is for 3500 A and
y = 1-8 V. The scatter among the group of strong lines is rather large, probably

4.0} Mn I X
X
X % /
X
o<
- 4-5 (" %
-50

x|~
g o2V
X I'8
e 54
462
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log C

F1G. 5. Solar curve of growth for Mn 11.
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due to the difficulty of measuring equivalent widths in the region of 3450 A. The
Mn abundance derived from Fig. 5 is
log N(Mn) = 4-88

In the derivation of this value considerable weight has been given to the three
lines longward of 4000 A, so uncertainties in the ultra-violet opacity (see Section 8)
will not greatly affect the Mn abundance. Being based essentially on only three
lines the above determination is not of high reliability.

Miiller & Mutschlecner (1964) derived log N(Mn) = 4-8o from the CB f-values
and 4-95 from the Allen & Asaad data.

7. Iron. The f-values for Fe 11 in the writer’s list do not extend to faint lines
of Fe 11 so we are restricted to the use of strong solar lines if we depend solely on
laboratory data. In order to supplement this data and so extend the solar Fe 11
curve of growth to weaker lines we have made use of some * astrophysical ’ f-values
derived from model atmosphere analyses of Sirius (Warner 1966a) and Deneb
(Groth 1961). These f-values have been placed on the same absolute scale as the
laboratory measurements (Warner 1966b).

TABLE VI
Lines of Fe 1t in the Sun
Wave- log gf
length Mult yx —log W/X Warner Deneb Sirius log C Remarks
397417 29 2°70 485 —2°76 0-86
4002 -08 29 278 5°02 —3-17 ©0-38
4031°45 151  4°73 5°92 —2°51 —o0-62
407004 22 2°54 557 —379 —o0-04 RRT: Fe1
412266 28 258 4-83 —2°73 0°'99
412479 22 2°54  5°14 —3'15 —3°52 o-60
4128-74 27 258 492 ~2'76 —3-04 095
4173°47 27 2°58  4°67 —2'01 —1I°95 170
4177°70 21 2°'54  4°87 —2°94 081
4178-86 28 2-58 4-72 ~2'00 —1'64 —2°02 1°71
423317 27 258 4'50 —1°43 —1°'30 228
425817 28 270 4-84 —2°'59 —2°73 1-01
427816 32 2°69 5°31 ~3-15 046
4303-18 27 2°70 462 —2:00 —1'9g0 —2-07 1-60
436941 28 2-48 5-02 —2:87 —3'09 o©0°55
4385°39 27 278 4°73 —2'02 —1'88 ~2'04 1°50
441683 27 2478 476 —2'09 —1°96 —2-°19 I1°43
4472'93 37 284  5°06 —2'85 —2:76 0-65
4489-18 37 2°'83 4-87 —2-23 —2°'26 124
4491 ‘41 37 2°'8s 4-8o —2:09 —2°15 —2-'00 136
450830 38 28 476 —1'76 —174 —1°65 1°69
4515°34 37 284 475 —1'91 —1-84 —1°72 155
4520°23 37 281 4°79 ~1'87 —1'91 —1°9g0 162 RRT: Ferr+Fer:
452264 38 2:84 473 —1'51 —1'52 —1°48 1-95 RRT: Fer1r+(Eui)
4541°52 38 2-8s 4-89 ~229 —~2'34 —2-42 1-16 RRT: Feu+(Cr)
455589 37 2°83 477 —1'79 —1°68 —1-78 1-67
4576-34 38 2:84 491 —2'22 —2'35 —2-61 123
4582-83 37 284 497 —2°44 —2°48 —2-37 1-01
458384 38 281 4-62 —1°25 —1°28 —1-18 2-23
459569 38 2°8s 574 —3'67 —o-22
462052 38 2:83 498 ~263 —2'65 —2-65 0°-83
463531 186 5°-95 552 —o0'95 —0-88 —0-83 —o'17
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TaBLE VI (continued)

Wave- log gf

length Mult x —log W/A Warner Deneb Sirius log C Remarks
4656-98 43 2'89 518  —2-53 —2'79 0-87
4666-75 37 2-83 5-02 —264 —2-68 —2:75 082
473147 43 2°89 478 —2:26 —2'46 —2-42 1-14 RRT:Feir+Fe1
489382 36 283 566 —3°48 —o-or
4923°93 42 2°88 448 —0-93 247
4954'02 168 5-57 6-10 —1:85 —o0:63 RRT: Fen?
4993°35 36 281 s5-17 —2-89 —2°'79 o064

5018:45 42 2-89 438 —0'82 —o0'g0 2°53

507407 205 6-81 6-52 —0-95 —o-60 New identification
5132-67 35 281 5°33 —3-29 o0-18

516905 42 2-89 451 —072 267

5197°58 49 3-23  4-81 —1'81 —1°73 1°3I

5234°63 49 322 4°79 —174 —1'75 1'34

5264 -81 48 323 507 —2'23 —2-25 084

527240 185 5-95 574 —1°21 —1'07 —0°18

5276-00 49 3°20 4-67 —1-61 1°49

532556 49 3°22 5-08 —2:72 —2-46 046

5362-87 48 3:20 483 —1-95 1-23

5414-08 48 3-22 5°24 —2'75 —2'85 026

5425°26 49 3°20 5-06 —2'75 —2-'58 o0-'40

552514 56 3-27 5-62 —3-13 —o-'11 RRT:Fem?p
5534'85 55 3°24  4°94 ~2-16 —2-21 0-86

5544°77 166 5-57 640 —171 —0-48 RRT: (s
5813:67 163 5°57 6-10 —1-63 —0-40

582318 164 §-57 6-40 —1:67 —o0-42

5826-11 182 5-01 700 —1'56 —0'57 RRT:Fen?p
595252 182 5-95 6-15 —1-39 —0-40 RRT: Feu?p
5991°38 46 3-15  5-28 —2'93 —2°77 0°27

604549 200 6-29 6:22 —1-20 —0°83

6084:11 46 320  5°44 —3°33 —2'79 —0°03

6103'59 200 6°21 6-40 —1-25 —o-81 New identification
6113°33 46 3-22  5°55 —2'99 006

6149'25 74 3'89 524 —1:96 0°48

617516 200 6-22 6-30 —0+97 —0°55

6179°39 163 5-57 6-40 —~1'588 —0-60

623839 74 3-89 516 —1°64 —1°96 o0°64 RRT:Fen+(Si1)
6247°56 74 3'89  5-08 —1°55 —1°55 ©0°89

6416-93 74 3'89 514 —2'14 —1°98 ©0-37

643268 40 2-89 5°23 —3:'02 —2°73 0°45

6446-40 199 6°22 6-10 —1'03 —0°63

645639 74 390  5°03 —1'44 0-97

6516-08 40 2-89 5°03 —2°71 —2°46 075
7449°34 73 389 549 —2'22 0°I9
7711°73 73 3°90 52l —2'00 —1'97 ©0°40

As a result, we are able to use the 76 lines listed in Table VI, of which only
25 have laboratory f-values. There are four new identifications. The curve of
growth in Fig. 6 shows a moderately small amount of scatter, independent of y.
The theoretical curve is for 4500 A and y = 2:8 V. The one weak line falling well
below the others is at 582611 A and is assigned W = o-5 mAin the RRT, which
is probably uncertain.

The abundance derived from Fig. 6 is

log N(Fe) = 6-51.
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To select a value of the Fe abundance from the several investigations on Fe 1
lines using the Corliss & Warner (1964) (CW) f-values (which are on the same
absolute scale as CB) we have to take into account several effects. Firstly: the
question of the absolute scale. Some authors (e.g. Miiller (1967), Miiller &
Mutschlecner (1964)) have pointed out that a comparison of the f-value for A 3720
of Fe 1, as measured in the atomic beam by Bell et al. (1958), with that given by
CW shows that the latter is too large by about o-20 dex. If this is assumed to be true
of the entire set of Fe 1 f-values then the Fe abundance derived from application
of the CW data will be o-20 dex too small.

Fe IL

—4-5p- o X—x

-5-0 & O >%AA

Ry
al v/ 6 2.50-2-70 V
P =95 gy o 2:70-2-80
% X 2-80-2-90
g

v 315-3-30
A 3-90
+ 4:70
® 5-57
A 5°90-6°30
Yy 6-80

-7-0 Y | L l ! l ! |
-1-0 -0:5 o] 05 I-0 -5 2:0 25 30

log C

Fic. 6. Solar curve of growth for Fe 11.

Apart from the obvious difficulties attendant on measuring the intensity of
3720—so that it should not be treated as a typical line—there is a strong argument
against the above assumption. Karstensen and Richter (see Corliss & Warner
(1966)) have measured the lifetimes of the 23F, and 23D levels in Fe 1. By summing
over all downward transitions they also calculated the lifetimes from the CW
f-values. The results are (lifetimes in 1079 s):

23F. 4 2’3D1
Karstensen & Richter 220170 100 * 25
Corliss & Warner 240+ 90 8o+ 30.

The principal downward transitions from these levels are lines lying in the region
5000-5500 A. Thus it appears that, at least as far as f-values near the above
wavelength region are concerned, the CW absolute scale is extremely close to the
correct one. Hence if the solar Fe abundance is determined from lines in the general
region of 5000-6000 A there should be no question of adjusting the CW absolute
scale.
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Secondly there is the question of the influence of known systematic errors in
the f-values (as a function of upper excitation potential). These have been discussed
by Warner & Cowley (1967) and Cowley & Warner (1967) and it was concluded
that lines with upper excitation potential greater than 6-0 V should either be
adjusted or rejected. This mainly affects lines in the red and infra-red. There is
also a suspicion that lines with y in the range o-o-5 V give an anomalously high
abundance. This latter is probably not caused by errors in the f-values.

The abundance of Fe derived by Goldberg et al. (1964) from the CW data for
lines with 1 <y<3 V lying in the range 4500-6000 A is log N(Fe) = 6-54. This
is 011 smaller than the average of all lines used by Goldberg et al., the difference
being due to the effects discussed in the previous paragraph. Aller et al. (1964)
derived log N(Fe) = 6-57 from an average of several hundred Fe 1 lines (using CW
data) and log N(Fe) = 6-59 from a few strong Fe 11 lines.

The evidence appears strongly for an Fe abundance in the region of 6:55.

TaBLE VII
Lines of Co 11 in the Sun
Wavelength Mult X —log WJ/A log gf log C Remarks
335282 2 224 525 —0-88 3-13
3387-72 2 227 482 —0'31 3:67
3415°79 2 220 5°03 —0°43  3°65
344640 2 224 4-88 —0°02  4°04 RRT: Coi1+Ki1
3501°73 2 2:24 4-82 0'10  4°20
3514°24 I 2-27 548 —1-86 222
354505 1 2'20 537 —-1-16 295
3555°95 I 227 535 —1°55 253
357800 I 2°24 5°35 —o'71  3°37

8. Cobalt. All of the g Co 11 lines listed in Table VII lie shortward of 3600 A
and are thus in a region where equivalent widths are difficult to measure. Additional
uncertainty arises because of the observed excessive continuous absorption of
unknown origin in the ultra-violet (Matsushima & Terashita 1967) which is not
taken into account here. This will tend to make our abundance too small, possibly
by a factor ~ 2. The curve of growth in Fig. 7 is far from satisfactory. The theore-
tical curve, for 3500 A and y = 22 V, is shown in a position giving

log N(Co) = 3-53.
Several lines, not known to be blends, give a substantially higher abundance.

._.4-5._
Comr
_5.0_
¥|<
o
° [}
..5.5_.
-6'0
20

log C
Fi1c. 7. Solar curve of growth for Co 11.
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Miiller & Mutschlecner found log N(Co) = 4-40 from the CB f-values for
Co 1. Comparison of the CB data with the four lines (3044-3527 A) measured by
Lawrence ef al. shows that the CB f-values are too large by o-30 dex. For the same
reasons as discussed in Sections 5 and 6 we are hesitant to say that the CB f-values
for the lines used in the solar analysis are also too large, but it may be noted that
with the Allen & Asaad (1957) f-values a value log N(Co) = 471 is derived (Miiller
& Mutschlecner 1964).

We are inclined to blame the Co 11 f-values for the discrepancy in Co abundance
between ion and neutral lines. A large part may however be due to the use of
ultraviolet lines. Until independent measurements are made of Co 11 f~values and
a survey of the effects of additional continuous opacity and uncertainty in con-
tinuum placing on the strengths of solar ultra-violet lines (especially ion lines) we
can only disregard the abundance found from the Co 11 lines.

"TaBLE VIII
Lines of Ni11in the Sun
Wavelength  Mult X —log W/A log gf log C Remarks

3397°84 8 3-60 496 —1°59 1°64

340177 4 3-07 4-96 —1'29 2°42

340731 4 3-08 4-58 ~0'39 3°'32

345417 1 2'95 476 —o0-56 323

3608-73 4 3°09 4-88 —0-81 2-92  RRT: Ni 1 +unknown
3769°46 4 310 4-58 ~0'03  3°72

401548 12 4°03 528 —1°25 1-76

4070°99 31 4-03 6-05 —~2:39 o0'62 RRT:Cr1
424410 9 4°03 570 —2-03 098

436210 9 4°03 5-18 —1°43 158

9. Nickel. The situation here is unfortunately similar to that for Co. Of the
ten Ni 1 lines listed in Table VIII half are at rather short wavelengths. In Fig. 8
the theoretical curve is for 4200 A and y = 4-0 V, and the indicated abundance is

log N(Ni) = 5-08.

It should be noted that the three lines of longest wavelength give an abundance a
factor of two greater than the above.

~ Using the Ni1 f-values of Corliss (1965) (which are on the CB absolute scale)
Cowley (1966) found log N(Ni) = 5-69 and Miller & Mutschlecner derived 5-55.
The atomic beam measurements of Lawrence ef al. (1965) on 6 ultra-violet strong
lines (3050-3525 A) indicate that the CB scale is 022 dex too high. Again the writer
feels that it is premature to claim that all of the Ni1 f-values are systematically
in error by this amount. It may be noted that in addition to the difficulty of measur-
ing these strong lines in the arc, one would have to assume that the connection
between the ultra-violet intensities and those in the visible (i.e. the energy calibra-
tion as a function of wavelength) contains no systematic error.

The discrepancy between the Ni abundances derived from neutral and ion
lines is not as large as was found for Co. If the three lines of longest wavelength
are given high weight, then we are essentially comparing log N(Ni) = 5-38 (from
Ni 11) with 555 (from Ni1). Until further measurements on both Ni1 and Ni11
are made it is recommended that the latter figure be adopted.
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10. Conclusion. Apart from Co and Ni the agreement between abundances
derived from neutral and ion lines is within the probable errors attached to the
scales of f-values. This is an indication that iron group abundances are converging
onto definitive values. An incidental conclusion concerns the validity of the assump-
tion of local thermodynamic equilibrium in the ionization state of the solar photo-
sphere. The close agreement found in this work for the observed and predicted
line strengths of both neutral and ionic lines is perhaps the first comprehensive
empirical demonstration of the validity of Saha’s equation applied to the photo-
sphere. This should increase confidence in the general methods of analysing stellar
atmospheres that have been employed in recent years, at least as far as abundance
results are concerned.

4.5L Ni 1 _

—5.0».
S X 30 V
A 36
-6-0 o 4:0

-6

L i 1 | | | i -
-5

-0 -5 2-0 2:5 20 35 4-0
log C

5
0}
Fic. 8. Solar curve of growth for Ni 11.

It is worth noting that comparison of the abundances derived in this paper with
the predictions of the e-process of nucleosynthesis does not alter the conclusions
of Fowler (1966) that the best fit is obtained for a density of 108 g cm—3 and tempera-
ture 3-6 x 109°K.
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