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ABSTRACT

We review, in light of accurate structure and scatteringuwations for Fev, the status of the
identifications in the EUV lines of this ion. Most previougitifications are confirmed, however
wavelengths are critically revised. A few new transitions i@entified in HinodgeIS spectra of

solar flares.
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1. Introduction

This paper is one of a series in which atomic data and lindficktions are benchmarked against
experimental data.

Fexvi produces many 3s-3p and 3p-3d transitions that fall at EUVelesngths, with contra-
dicting identifications found in the literature.

Most previous identifications came from observations cdusfiires with the Skylab NRL slit-
less spectrograph, which observed the 171-630 A range ngcthere is a large interest in the
solar physics community in Fari lines, considering that some of them are observed with the
Hinode EUV Imaging Spectrometer (EIS, see Culhane et al7R@thich covers two wavelength
bands (SW: 163-209 A; LW: 242—289 A). This instrument all@gsurate measurements of line
intensities and wavelengths. Del Zanna (2008) providee#gmpinary assesment of the most promi-
nent lines formed at high temperatures in the EIS spectraanfirmed the identifications of the
brightest Fexvn lines, with one new identification.

The new R-matrix atomic calculations of Loch et al. (200@dict Fexvu line intensities that
are largely dfferent (factors of 2—3) from previous estimates. The aim isf plaper is to support
these accurate scattering calculations with new relétvisultireference many-body perturbation
theory calculations, reassess previous identificatiorg saggest which lines are best for diagnos-
tic purposes.



2. Previous identifications

The identification of Fevn lines started with the excellent (basically unsurpasseatkwf Tyrén
(1938).

Here, we are concerned with the52s - 2f¥ 3p and 2p 3p - 2p 3d EUV transitions, how-
ever all previous measurements for the X-ray and UV linestbdik assessed. This assesment is
presented in a separate paper, where the X-ray lines arainanked.

The Skylab NRL slitless spectrograph produced spectrarefifia the 171-630 A range, which
allowed a number of identifications to be made (cf. Sandlal.€t976 and Dere 1978). It was how-
ever the work along the isoelectronic sequence which atiolgen (1984) to suggest a more
complete list of identifications in the Skylab spectra. Readhould note that Jupen (1984) pro-
vided labelling of levels based on the LS coupling of ionshia bower part of the sequence. This
is very much diferent from the correct labeling which takes into accourgllevixing. The key to
interpret the Jupen (1984) identifications is actually mehergies listed in Jupén & Litzén (1984).
Soon after, Feldman et al. (1985) considered Skylab specthe 290-410 A range and revised a
number of identifications proposed by Jupen (1984). Theikweas based on studying the mor-
phology of the lines, and on the calculations available atithe (Bhatia et al. 1985). The labelling
of levels in Feldman et al. (1985) follows the conventionsdigh Jupén & Litzén (1984), but
the identifications are actually based on the structureutation presented in Bhatia et al. (1985),
which also did a distorted-wave calculation and providedreged line intensities, which were
used by Feldman et al. (1985) as an aid in the identificatibes€ line intensities are listed within
Table 1, to show how ¢lierent they are, compared to those based on the recent ¢alnala

Almost at the same time, Buchet et al. (1985) published afigtentifications of lines in their
laboratory spectra. Their observtions signifcantlifeti from the solar ones in that the prominent
lines there are not the same. Wavelengths were not veryatecur

3. Results

Relativistic multireference many-body perturbation thyeoalculations (hereafter referred to as
MR-MP) were performed along the Ne-like sequence. Stateagyed multiconfiguration Dirac-
Fock-Breit self-consistent field (MCDFB SCknultireference configuration interaction (MR-CI)
calculations are followed by a state-specific multirefeeeMoller- Plesset (MR-MP) perturbation
treatment. This yields highly accurate term and level eieardror details of the procedure see, e.g.
Ishikawa & Vilkas (2008).

Line intensities were calculated with the rates and trarsiprobabilities provided by Loch
et al. (2006), at the temperature of peak ion abundance fayia ionization equilibrium (log
T[K] = 6.6). Table 1 shows relative line intensities calculateth@low-density regime (but still at
densities typical for solar flares) and in the high-density.d.ines are ordered with their intensities.
Itis very satisfactory to see that all the brightest linegehaow been observed.

Table 2 lists the identifications and wavelength measurésnesed to obtain the level energies.
Whenever available, we used the accurate measurement3fromas & Neupert (1994) or those
obtained here from HinodglS.

Wavelengths obtained from the energies of the MR-MP aresdiewn in Table 1, together with
those from NIST. Table 1 clearly shows an excellent agrernetween the MR-MP wavelengths



and the measured ones, the only notable exception beingvthedcays from the 3pS, level.
Indeed the MR-MP wavelengths have been used to look fordustieaker lines.

Line intensities, whenever available, were compared, @deoto confirm identifications and
assess for the presence of blending. This was done with thefuke 'emissivity ratio’ technique,
whereby the observed intensity of a line is divided by itsssiity (as a function of density in this
paper). This allows in one single plot to assess how goodrebdes. theoretical intensities are for
a group of lines at once.

The first check was done on the EUV lines in the longer wavédlengbserved by Skylab.
Fig. 1 shows the results based on the measurements of Dosthek(1991). The comparison is
satisfactory. The lines observed at 254.53, 269.88, 26@A2 55A appear to have been signifi-
cantly blended. Most other lines agree to within the sta@¥% 8incertainty, with the exception of
the lines observed at 351.55, 358.24, 409.69 A, which aretarfaf 2 too weak. These lines are
quite weak so it is possible that the problem was in the measeint.

The second check was done with the intensities observedgltiie SERTS-89 rocket flight
(Thomas & Neupert 1994). Intensities are weak since theunmstnt observed a non-flaring active
region. Here, the observations suggest that the 254.888td BA lines are significantly blended.
The 389.11 A line ha a known blend with Ar XVI, but the formepiszzling.

Skylab (Doschek et al. 1991) — Log T [K]=6.6

1t 1,=5.9 A,,=204.65 A (3—15, 204.65 A 'P,— s,
2 1p=1.6 A,,=254.53 A (6—18, 254.54 A S — 3P
3 =5.4 A, :254 87 A (5-15, 254.88 A 3P - 1s)
4 =12 A :266 42 A (12-24, 266.42 A 3D - )
4 5: 1,=1.8 ?\B =269.41 A (7-20, 269.42 A °D,— *F5)
] B: l,=0.64 A,,=269.88 A (6— 16, 269.89 A 33 _ % o)
] 7:1,,=0.99 A ,=275.54 A (9-21, 275.55 A ‘Pf ‘D)
] 8: =2 A,=323.57 A (2-10, 323.57 A 3P§ P2)
] 9: 1gp=1.1 N,b 340.12 A (4-13, 340.12 A °P,— °P))
b 10: Igy=1 A, =340.4 A (3-10, 340.39 A 'P,- °P,)
34 111 1,=2.7 A\,,=347.85 A (5—14, 347.81 A 3P—’D)
120 =31 A,=350.5 A (2-8, 350.48 A 3P — 3D3)
13: 1,=0.3 Ay 7351 55 A (5-13, 351.58 A P
14: 1,=0.76 }\ ,=358.24 A (3-9, 358.25 A ‘P - 'P)
15: 1,=1.2 \ b7367 26 A (2-7, 367.29 A 3P,~ D,)
2 16: \DD:O ?)\ 740QRQA( 7R 409 71 A 3D 350 2

14 18 91441

134 ng

Do
wm
LI 21 1 L

10.0 10.5 11.0 11.5
Log Ne [em™]

N
o

Fig. 1. The emissivity ratio curves (at I0§[K] =6.6) relative to the transitions observed by the Skylab NRL
spectrometer during a flare (Doschek et al. 1991).

3.1. Hinode/EIS data

The same observation presented by Del Zanna (2008) has éaealysed here. It consisted of a
full spectral atlas over AR 10960, where théslit was moved (from West to East) on June 2nd
2007, and recorded a B2-class flare which occurred betwes?2 20d 20:38 UT. As described
in Del Zanna (2008), the main problems in the analysis of Ed& dre the strong (75 ks) or-
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Fig. 2. The emissivity ratio curves (at 105[K] =6.6) relative to the transitions observed on an active regio
during the 1989 SERTS rocket flight (Thomas & Neupert 1994).

bital variation of the wavelength scale, and thEsets in both N-S (18 and E-W (2') directions
between the two channels. Thé&set in the E-W direction means that observations in the two
channels are not simultaneous nor co-spatial. The reasalgae here diered from the previous
one in many respects. Treatment of 'warm’, 'hot’ and 'duskess is now included, as well as a
full wavelength calibration. A further significanffect which was found during the course of this
work is a slant of the spectra relative to the axes of the COi& iftensities of lines emitted by
the same ion within each channel were cross-correlatedtoftr possible misalignements. This
was non-trivial, as very few pairs of lines were found. In Mg channel, the strong Ber lines

at 254.9,269.4,281.2A were used. However, all measurensensistently indicate the presence of
a linear slant in both channels, equivalent to a displacémehe N-S direction (along the slit) of
about 3.66£0.2) pixels end-to-end (each pixel along the slit corresisan 1’). This slant need

to be taken into account when comparing intensities fromsliwhich are not very close in wave-
length, and in particular for a case such as this one, wheeelftees can have a drop in intensity
of an order of magnitude within 2-3 pixels. The slant has bammnected by rotating the spectra.
Another issue is line broadening and blending. The locatibbrightest Fexvin emission which
was considered in Del Zanna (2008) is an area where linesraegléned and very strong cooler
emission is present. For this study, averaged spectra vixagned from three consecutive expo-
sures in locations where the ken emission was lessiected by blending. These averaged spectra
are shown in Fig. 3.1. The averaged spectra were calibratedvelength, using a set of about 30
lines in each channel. Although an EIS linear wavelengtibcation fits the observations very well,

a quadratic one was used hereffigliences are of the order of 2-3 mA). Theoretical wavelengths
as in the version 5.2 of the CHIANTI atomic package (Landile2806) were used. It is well
known that theoretical wavelengths need to be improvedjradekd this is one of the by-products
of the on-going benchmark work. Overall, as Fig. 3.1 shotes EIS spectra provide wavelengths



accurate to within 5 mA across the entire spectral rangegagh a conservative uncertainty of 10
mA is adopted here.
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Fig. 3. Difference between observed and theoretical wavelengths (&eihW channel, after a quadratic
calibration was applied to the spectrum.

Fig. 5 shows the emissivity ratio curves for this obsenatigost lines agree within 20%.
The 269.89 is confirmed to be significantly blended (more &@&). The weaker 259.71,262.70,
273.35, and 279.24 A, all identified here for the first timspahpper to be significantly blended.
The line observed at 283.945 A and identified here for thetfirs is in good agreement, consid-
ering that its intensitiy is very flicult to measure, being close to an Al IX and in the wings of the
strong Fe XV 284.1A line. Note that all the newly identifiedds show a similar morphology as
the other Favm lines.

The 204.668 A is in good agreement with the other lines, despe lack of simultaneity in
the observations. The main puzzle is the intensity of the@5A, which is, as already mentioned
in Del Zanna (2008), weaker by more than 50%, compared togiea. The puzzling aspect is
the fact that these two lines share the same upper leveldhirsgnratio), and their ratio must be
close to one. Their morphology clearly indicates that thegestrong lines must either be due to
Fexvn or an ion formed at the same temperature. There are no otbegsines within a few A
and the same morphology, so these two lines must be coridettyified. We provide here a new
wavelength of 254.885 A, which, combined with energies ef3k?, 1P; obtained from the X-ray
lines, provides a wavelength of 204.652 A, in good agreemithtthe observed 204.668 A.

We have checked branching ratios and other good line ratiasa the LW channel to see if
the radiometric calibration could be at fault, but did notifgignificant problems yet, so a problem
in the calibration is to be excluded.

Many other HinodgEIS observations have been analysed, to confirm the pressuits. In
general, we found many instances where most of thevkéines are actually blended with uniden-
tified lines, in one place or the other. Most notably with tig 56 A line. This becomes more
evident when Fev intensities become even weaker.

Another observation where Eken lines are significantly bright gives results consistenhtuse
presented here.



Tablel. Line details. The relative intensities (photohs)) = NjAj; /Ne are normalised to te strongest

transition and were calculated at densities of\hd 16°. The fifth column provides the relative

intensities calculated by Bhatia et al. (1985) as reponideeidman et al. (1985yf and A-values

as in Loch et al. (2006) are reporteljestare our best estimated wavelengthsg are those from

the scattering calculation (Loch et al. 2006), whilgst are those from NIST v.3 antlyr_mp are

those obtained from the MR-MP calculations.

i-j Transition Int Int Int(B84) of A Apest Ace ANisT AMR-MP
1.010* 1.010°
3-15 3s!P,—3plsy 1.0 0.23 1 8.01¢ 1.410° 204.652 196.38 204.650 205.34
5-15 3s°P-3ptSy 1.1 0.25 1.1 0.13 1510 254.885 243.47 254.751 255.93
2-8 3s°P,—3p°3D3 1.2 0.62 0.54 0.82 6.520 350.478 348.22 350.582 350.30
5-14 3s°P,—3p D, 0.78 0.19 0.28 0.60 6.6 10 347.814 345.98 347.959 347.69
2-6 3s%P,—3p3S; 0.77 0.13 0.4 0.26 3.4%0 409.705 408.70 409.903 409.30
8-19 3p°D3—3d°3F, 0.42 0.93 0.27 1.23 1.110 283.942 282.86 284.010 283.97
2-10 3s°P,—3p 3P, 0.47 0.23 0.17 0.35 4.610 323,572 321.97 323.646 323.50
3-9 3s'P,—3p'P; 0.48 0.11 0.16 0.33 5.7%0 358.247 356.33 358.320 358.05
7-20 3p3D,—3d°%F; 0.35 0.57 0.16 0.85 1.1310 269.420 267.82 269.295 269.44
14-26  3p'D,—3d'F; 0.37 0.39 0.14 0.98 1.230 280.160 278.64 280.198 280.24
2-7 3sP,—3p°3D, 0.44 0.13 0.18 0.26 2.6 10 367.288 365.48 367.377 367.16
3-7 3s'P,—3p°D, 0.44 0.13 0.17 0.29 2.690 389.111 387.50 389.226 388.93
10-22  3p°P,—3d°®D; 0.29 0.51 0.092 0.81 1.01D 280.160 278.32 280.206 280.17
3-10 3s'P—3p°P, 0.34 0.16 0.14 0.28 3.390 340.391 338.93 340.483 340.28
4-13 3s°P—-3p°3P, 0.34 9.6 10? 0.13 0.21 4110 340.124 338.42 340.136 339.97
3-11 3s!P,—3p3Py 0.27 3.6 162 0.1 0.10 8.019 295981 293.43 296.314 295.77
13-25 3p*P—3d°D, 0.24 0.28 0.14 0.59 1.010 281.120 279.65 281.104 281.16
12-24  3p°D;-3d°F, 0.21 0.28 0.11 0.62 1.230 266.417 265.20 266.432 266.45
6-18 3p3S,—-3d3P, 0.20 0.22 0.13 0.27 5,590 254.536 253.32 254.485 254.60
5-12 3sP,—3p°3D; 0.29 5.6 167 0.11 0.19 2.810 387.237 385.26 387.357 387.02
9-21 3p'P—3d'D, 0.17 0.23 0.067 0.46 8.110 275.550 274.28 275.596 275.60
4-12 3s°Py—3p3D; 0.22 4.2 16? 0.084 0.13 2.110 373.385 370.93 373.385 373.25
5-13 3sP,—3p3P, 0.19 5.5 167 0.074 0.13 2310 351.580 350.31 351.692 351.36
10-18  3p°P,—3d°P, 0.13 0.15 0.098 0.26 3.890 304.971 304.09 304.943 304.91
7-21  3p°D,—3d'D, 0.10 0.14 0.039 0.25 5.190 259.705 258.29 259.734 259.72
6-16 3p3S,-3d%P, 9.6 102 0.10 0.072 0.12 1.110 269.886 269.62 269.884 269.98
8-22 3p°D3;—3d°D; 7.9102 0.14 - 0.20 2710 262.699 261.29 262.729 262.76
2-13 3s°P,—3p3P;,  7.2102 2.110°? - 2.5107? 8.91¢ 252525 250.31 252.704 252.44
8-20 3p°D3-3d°F; 5.8102 9.31072 - 0.15 1.810 279.245 277.91 279.096 279.31
33-37 3p'P—3d'D, 4.910% 4.910°2 - 0.71 1.31& 273.347 27173 - 273.52
9-18 3p!P,—3d3P, 3.6102 4.0102 - 6.5107? 1.0160 291.934 291.33 291.928 291.93
7-18 3p°D,-3d%P, 3.3102 3.71072 - 5.3107? 9416 274210 273.35 274.190 274.18
6-17 3p3S,—3d%P; 2.8102 9.3102 - 0.30 9.710 264.785 263.63 264.306 264.47
14-25 3p'D,—3d°D, 3.0102 3.5107 - 7.5107? 1.210 283575 282.48 283.535 283.56
5-11 3s°P,—3p3Py, 4.010% 5.410°% - 3.0107? 1210 413976 412.69 414.285 413.52
14-24  3p'D,-3d°F, 2.5102 3.3107 - 8.7 102 1410 288.950 287.69 288.934 288.95
2-9 3s°P,—3p'P, 2.810% 6.410° - 17102 3.41¢ 339.666 337.62 339.720 339.51




Fig. 4. Averaged EIS spectrum (units are counts) over an area wheeX&/H was more clearly isolated.

Hinode EIS — Fe XVIl Log T [K]=6.60
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Fig.5. The emissivity ratio curves (at l10§[K] =6.6) relative to the transitions observed during the Bstlas
flare by Hinod¢ElS.

4. Conclusions

We have shown that wavelengths based on the MR-MP calcntagie in excellent agreement with
observations, which gives us confidence in using them tbéudssess line identifications along the
sequence. We have confirmed previousteidentifications, but revised a significant number of
wavelengths. We have identified in HingB¢S spectra a few weaker lines not previously observed
in solar spectra, although most of them appear to be signtfichlended in a very small (B-class)
flare. Further observations of larger flares would be neddiemhdgEIS observations consistently
record the 254.885 A line with an intensity 50% of what it shicoe.
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Table 2. List of identifications. The relative intensities (photpist = N;A;/Ne are are calculated at a
density of 16! and normalised. D78: Dere (1978); J84: Jupen (1984); F&fifamn et al. (1985); B85: Buchet
et al. (1985); TN94:Thomas & Neupert (1994); F98: Feldmaal ¢1998). N indicates a new measurement
or identification proposed here. (bl) indicates the presesfca blend. Values in parentheses indicate the
uncertainty in the wavelength measurement.

i-j Int AbestA)  AopservedR) Same ID Dif. ID
315 1.0  204.652 204.668(10) N (bl ?) D78
6-18 0.20 254536 254.536(10) N (bl) J84,B85(254.48)
5-15 1.1 254.885 254.885(10) N (bl Fe XXIl) D78(254.87)
721 010  259.705 259.722(10) N (bl) N
822 7.910% 262.699 262.699(10) N (bl) N
6-17 2.810° 264.785 (bl Fe XIV) N
12-24 0.21 266.417 266.417(10) N J84,B85(266.43)
7-20 0.35 269.420 269.420(10) N Jg4 ?B85(269.61)
6-16 9.610° 269.886 269.886(10) N (bl) Jg4
33-37 49107 273.347 273.347(10) N (bl) N
7-18 3.310% 274.210 (bl Fe XIV) N
9-21 0.17 275.550 275.550(10) N J84,B85(275.60)
820 5.810% 279.245 279.240(10) N (bl) N
10-22 029  280.160 280.160(10) N (sbl) J84(280.14),B8H DO
1426 037  280.160 280.160(10) N (sbl) D08 J84(279.21)(BAEB1)
13-25 0.24 281.120 281.120(10) N J84(281.09), B85
8-19  0.42  283.942 283.945(10) N B85(284.01) J84(284.17)
14-24 2516°> 288.950 288.960(10) weak
311 027 295981 295.98(2) D78 F85 J84(297.34),B85(2)7.4
10-18 0.3  304.971 304.971(10) (bl) N B85(304.93 bl)
2-10 0.47 323.572 323.57(20) D78 J84, B85(323.65 bl)
4-13 0.34 340.124 340.12(20) D78 F85 J84(337.23)
3-10 0.34 340.391 340.40(20) D78 J84,B85(340.47)
5-14 0.78 347.814 347.814(4) TN94 J84 B85(347.96)
2-8 1.2 350.478 350.477(5) TN94 J84,B85(350.58)
5-13 0.19 351.580 351.58(20) D78 F85, B85(351.69)
3-9 0.48 358.247 358.247(6) TN94 J84 ?B85
2.7 0.44  367.288 367.287(8) TN94 F85,885(367.37 b))  JEBEH
4-12 0.22 373.385 ?373.41(20) F85 F85 B85(372.93 bl)
5-12 0.29 387.237 387.23(20) D78 F85, B85(387.36 bl)
3-7 0.44  389.111 389.11(20) (bl Ar XVI) F85, B85(389.25) (HBY.23)
2-6 0.77  409.705 409.705(6) TN94 F85 J84(410.46) B85(40BLP
3-4 0.64 1153.16 1153.16(2) F98 F85

Hinode is a Japanese mission developed and launched byJ8AS, with NAOJ as domestic partner and NASA and

STFC (UK) as international partners. It is operated by tfeggcies in co-operation with ESA and NSC (Norway).
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