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A novel approach: atomic structure (and occasionally R-matrix scattering)
calculations with comparisons between

1) observed and theoretical wavelengths;

2) line intensities for a wide range of astrophysical and laboratory plasmas

using the emissivity ratios:
]obNe

Fii(Ne,Te)=C
J (Ne, 1Le) IVJ'(IVe‘Te) Aji

Maxwellian e,p, stationary, collisionally-excited, optically thin.

Result: a large number of revised wavelengths (with uncertainties), new
identifications, level energies and new diagnostic lines to measure Ne, Te.

Typically, one ion in 2-5 years..
Will give examples on how to measure Te in solar corona.

We had SOHO SUMER, CDS spectroscopy.
Now we have Hinode/EIS for coronal diagnostics.
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EM, DEM methods to obtain Te

Ii= [/ AB(Y) GH(To) N’ dh = AB(Y)[ G(T)dT < [ Ne” dh/dT >

DEM (T)
EM = fNe(h)zdh
Depend on accuracy of excitation/ radiative data,
EM Jobs mostly on ionization equilibrium.
. — P Icrl'lizlatliorl'l z?qllJililbrliolfolr IFe IIIIIII
LOCI Ab(Y) G]l(Te) ' i Raymend, priv.comm., log Ne=10 |
i 081 _._._._._._.__.__._____A:::d :n: ;n‘t:enflug”(?:&;; low—Ne —
el < Del Zanna & Mason
LN i (2003)
5.8 |ungO[K] 6.2 6.4 6.6 VS.O‘ I 5.2-‘ I J_.5’.4I l IIE;,QS]I_(;()‘&BI I '&0** '“6.2
‘normal’ ions ‘anomalous’ ions
n ' AV
However, large discrepancies are present "
(also in stars, as first shown in
Del Zanna et al. 2002)
4.0 4:5 5;0 5%09 - [K?:O be 7.‘0 7.5 4.0 4,‘5 5;0 5%09 - [K?fo 5?5 7.‘0 d.s
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Direct measurement: Mg IX

First R-matrix calculation for Be-like Mg
(Del Zanna Rozum Badnell 2008) resolved
significant problems.

Best Te diagnostic for the 1 MK corona.
Te in CH underestimated by a factor of 2

2p®'D,
749.5 A
2s 2p P,
Resonance 368 A 25 2p %P,
262 15, ercombination 706 A
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lPresent re'lsults Mg IXI Log Ne [gm =8.50
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Mg IX: excellent agreement
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SOHO SUMER present results Mg IX Log Ne [cm'|3]=8.2
2.0

1:1,,=8.16 (1-3, 706.06 A s P)
2| =1.49 (5-9, 749.55 A P D)
3| =0.898 (1-4, 694.01 A s °P,)
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T[K]

Direct line ratios from Mg IX
(Del Zanna Rozum Badnell 2008).
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The large discrepancies for the strong

3s--> 2p transitions have been resolved.

New diagnostics to measure electron temperatures and densities (Del Zanna 2006).

Same issues with Fe XVII.
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DW:

R-matrix:
! Witthoeft et
; al. (20006)

Emissivity ratio

Capella (Phillips et al. 2001) — CHIANTI v.4 (DW)
57 i

1
110 1,20410 (1-31,14, 3 A ?Py,=?Dg/p+1-20,14.208 A P, ,=7P ;)
49 2: 1,=486 (11-24,15.62 } Py, 2Ds.)
13 1,=9%8 (1-23,16.07 AXP;,,—*P; ;)
o 1 4: OUTSIDE RANGE — 1,,=36%\ (2-14,15.870 A ?P, ,,—?D;/,+1-4,15.847 A %P,
E 1
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] 1 =486 (1-9,15.62 A ?P;,,—?Ds,)
] I°b=948 (1-4,16.07 A ?P;,,—*Ps )
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Almost as good as B.Fawcett’s plates.
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Benchmark structure — Fe Xl

The 48 configurations used within SUPERSTRUCTURE. 41,51 correlation orbitals

Even Odd
cl: 3s% 3p? c2: 3s 3p°
cd: 3pb

ch: 3s 3p* 3d | | e3: 3s% 3p3 3d
c6: 3p° 3d

c9: 3s? 3p? 3d?
c8: 3p* 3d? c7: 3s 3p® 3d?
cll: 3s 3p? 3d® c10: 3s% 3p 3d3
cl2: 3p3 343

3s? 3p® 41 ||3s 3p* 41 3p° 41 |3s? 3p 3d 41[|1=0[1.2|3

32 3p% 51 3s3pt 5l 3p® 5l 3s2 3p 3d 5l 1=0,1,2.3

Bhatia, Doschek (1996); 4 conf.
Fawcett (1986): 8 conf. +blue
Aggarwal and Keenan (2003): + red

Atomic Data from the IRON Project
LXVIII. Electron impact excitation of Fe x>

Del Zanna — 15th A G. Del Zanna®, PJ. Storey?. and H.E. Mason!
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i Conf. Lev. Egp Exist
1 3s?3p* 0 0
2 3¢% 3p 3PS 12667 12667 (0)
3 3¢ 3pt 3P; 14306 14312 (-6)
4 357 3p* 'DS 37743 37743 (-1)
5 357 3p* S; 80831 80814 (16)
6 3s3p’ P 283551 283558 (-7)
7 3s3p° P} 203158 203158 (0)
8 3s3p’ P 299163 299163 (0)
9 3s3p’ 'P; 361846 361842 (4)
10 3s°3p°3d °Dj 387544 -
11 3s*3p°3d °D§ 387726 -
12 3s*3p°3d °D 387940 -
13 3s*3p°3d °D 388268 -
14 3s°3p°3d ‘DS 389227 -
15 3s*3p’3d DY 412856 -
16 3s°3p*3d DI 415426 -
17 3s°3p*3d D} 417049 -
18 3s3p*3d GF 422844 -
19 3s*3p*3d !s§ - .
20 3s°3p°3d  CF; 426022 -
21 3s°3p*3d  GF. 430522 -
22 3°3p*3d 3Gy - .
23 3°3p*3d  3GY 450211 -
24 3s°3p*3d  3GY 452416 -
25 3s%3p*3d !GS 459218 -
26 3s*3p°3d DS - -
27 3s*3p*3d  D? - -
28 3s%3p°3d P - -
20 3s°3p*3d P 484830 -
30 3s%3p°3d  SF2 485039 -
31 3*3p°3d R - -
32 3s$%3p’3d  FS 486413 -
33 3s?3p°3d DY 480378 -
34 3s°3p°3d P} 494013 496090 (-2077)
35 3s?3p*3d DY 497235 -
36 3s?3p® 3d ° 525260 -
37 3s*3p°3d 531070 526480 (4590)
38 3s*3p°3d 531304 531290 (14)
30 3s?3p’3d 533445 533450 (-5)
40 3s°3p’3d 541777 541720 (57)
41 3s*3p*3d 541424 541390 34)
42 35*3p*3d 554321 554300 (21)
43 3s°3p’3d 561615 561610 (5)
4 3s°3p’3d 566396 566380 (16)
45 3s23p*3d 578800 578860 (30)
46 3s*3p*3d  'FS 504047 gg;g;g gg
47 3s*3p*3d _!P2_ 623101
48 3p° v DEﬂé Za

Collision strength

Collision strength

cm

10

1
1.00

0.10F

0.01

Fe Xl (Iron Project)

20000 T

15000

10000

5000

—5000

Upper J=1

Lower J=1

Ekefors (1931):
KIV, CaV
best paper !

KN CaV Tivi

1-37 3s? 3p* %p,—3s? 3p® 3d P,
oF 4 . . .

5 10 15 20 25 30
Incident electron energy (Ryd)

[m] a
A A
5 10 15 20 25 30

Incident electron energy (Ryd)

—41 3s? 3p* *p,—3s? 3p® 3d *P,

Collision strength

Collision strength

Cr IX Mn X Fe XI Co XII Ni Xl Cu XIV

10,

1-39 3s? 3p* *P,—3s? 3p° 3d 7S,
o d . . .

1-37 3s? 3p* °P,-3s? 3p* 3d *P,
4

1-39 3s? 3p* *p,-3s? 3p® 3d ’s,

10.0

Fig.7. Collision strengths for transitions involving the three J = 1 lev-
els, averaged over 1 Ryd. Boxes indicate the GT99 values, while trian-
gles the AKO3 ones.
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Table 3. Summary of line identifications for Fe xi.

Del Zanna (2010)

ij  Aep Aobs D Diff. ID
A) A)

6-103 168929  7168.929(10) Be76 N

1-43 178 058 178.056(4) Be76 G66

4-46 179.758 179.758(10) Be76 G66

1-42 180401 180.401(2) Be76 (bl) G66

2-44 180594 180.595(4) Be76 F71

3-44 181.130 181.131(10) Be76 G66

2-43 182.167 182.167(2) Be76 G66

4-45 184793  184.793(10) Be76 (bl u) FG66

1-38 188216 188.216(2) Be76 B77 F71 (188.299)
1-37 188.299 188.299(2) Be76 Jo3 B77(189.94)
2-41 189.123 189.123(4) Be76 (bl u) B77 J93 (192.619)
3-41 189711 189.723(5) N (b)) B77

1-36 190382  190.382(5) N (bl u) N Be76 (S x1)
2-39 192021 192.021(5) N (bD) B77

3-39 192627 192.624(5) N (bl u) B77

2-38 192 813 192811(5) N(®1Ov,u) F71

3-37 193512 - (bl Fe xu 193.509(2))

4-41 198538  198.555(10) Be76 (bl S vin) B77 Be76, 193
1-35 201.112  201.112(5) N (bl Fe xm) N

4-39 201.734 201.734(10) Be76 (bl Fexu) B77

1-34 202424  202.424(10) Be76 (bl u) N B77 (201.575)
4-38 202609 - (bl Svm 202.608(10))

4-37 202.705  202.710(10) Be76 (bl)

1-30 206.169  206.169(10) Be76 (bl u) N

1-29 206258 206.258(5) N N

2-34 207.751 207.749(5) N (bl u) N

2-33 209.771 209.771(5) N (bl u)

1-20 234730 23473(2) D78 N D78 (Fe xv)
1-18 236494  236.494(10) Be76 N

1-17 239780 ?7239.78(2) D78 N

1-16 240717  240.713(4) Be76 (bl Fe xin) N

1-15 242215  242.215(10) (bl) Be76 N

4-21 254596 25460005 N N

1-14 256919  256.925(5) N (bl Fe xn) N

4-20 257547  257.547(10) Be76 (sbl) N

1-13 257554  257.547(10) Be76 (sbl) Jo3 T98 (25726 T)
1-12 257772 257.772(4) Be76 Jo3 T98 (25755 T)
1-11 257914 2579145 N N T98 (25778 T)
4-16 264772 bl Fexiv 264787 N

4-15 266586 ?7266.613(5)N (bD) N
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49
16-67
14-54

2-8
1-6
2-7

2-6
4-6
6-21
6-14
13-32
14-32
16-32
13-25
14-25
2-5
14-24
14-23
1-4
2-4
21-24

308544  308.544(4) (sbl) Be76 F71

308991 308.991(4) BOO N

326323  326.323(4) BOO N

341.113  341.112(10) Be76 F71

349046  349.046(8) S76 (bl Mg vi) F71

352.670 352.670(10) Be76 F71

356519 356.519(8) S76 bl F71

358613 358.621(8) S76bl F71

369.163  369.161(10) Be76 F71

406822  406.791(4) TN%4 N

680406  ?bl 680.28(1) F97 N

946289  946.29(1) F97 N

101890  1018.89(1) F97 (bD) N F97 (Ar xu)
102895  1028.95(1) F97 (bl) N

140871  1408.70(1) F97 N

140944  1409.45(1) S77 N

142876  1428.75(1) S77 N

146707 1467.06(2) S77 71

158255  1582.56(2) S77 N FD77,577
163977  1639.78(3) S77 (b1 O vu) N S77
264950  2648.71(2) S77 (air) S77

398800 3986.8(5) Je71 (am)

456746  4566.2(5) Je71 (am) MN77

789403  7891.8(1) Je71 (am)

EIS QS off=limb — Fe Xl Log Ne [em~®]=8.50

541,,=178 (1—42,180.40 A *P,—D;)
1 l,=111 (1-38,188.22 A 3P,—%P,)
3 1,=71.9 (1-37,188.30 A *P,—°P,)
4 3 (bl Fe Xll,u) 1,=30.8 (1—14,256.92 A *P,—°D,)
3 (sbl) 1,,=18.7 (1—13,257.554 A *P,—D,+4—20,257.547 A 'D,—F;)
0 3 1,=9.99 (1-12,257.77 A *P,—°D,)
= . 173
o 3
—
>
=
2
[9]
224
E -
L
13
O T T T T T 1 9
5.4 5.6 5.8 6.0 6.2 6.4

Log T [K]



57 e - _ _
Fe VIl - Te diagnostics R
] 3: Not obs. ly,=4 A,=173.442 A (8-150 'G,~'G,)
4_3 4: (bl Fe IX) 0.5x,=36.8 A,=176.927 A (2—133 *,—°F,)
] 5: 7 1,=15.9 A\,,=196.423 A (2-108 F—7G,)
116 6: (bl Fe X) 0.4x1,=26 A,=177.171 A (1-131 F,—F,)
14 7: N (sbl) 1,,=95.8 A,=290.75 A (3-12 F,—Dy+2-11 F,—D,)
% 3_3 . N (bl?)l,=31.5 A°b=2§01.\3(ﬁ\ (1-1;) ’FB—)’D,)
. g 7 AN 1,=17.7 A\,=289.8 =11 *F,—
Del Zanna (2009) > 1NN ©y=15.4 Ay=289.73 A (212 *F4=*Dy)
=]
benchmarked 22,
Witthoeft & Badnell (2008) against 13
laboratory (Fawcett’'s plates) and solar XX e — ;é;
(Hinode EIS) data. E 2
O Ao S—. |
5.2 5.3 5.4 5.5 5.6 5.7 5.8 5.9

Log T [K]

After two years: Many identifications e
from Ekberg are wrong (!1?). Good 57 s i Te T A Sy

. . arT c : N 1,=33.6 (3—110,196.05 A °F,—%G,)
agreement with new identifications.

: (2 bl Fe IX) I,=30 (8—-150,171.07 A 'G,-'G,)

: (bl Fe IX) 0.5xl,=36.8 (2—133,176.93 A *F;—°Fy)

PN lu=44.5 (2—-108,196.210 A *F;—"G,+8—-116,196.208 A 'G,—"Hy)

: (bl Fe X) 0.4x1,=26 (1—131,177.17 A *F,—%F,)

: N (sbl) 1,,=95.8 (3—12,290.756 A *F,—D,+2—11,280.717 A *F,—"D,)
: N (bl?2)l,=31.5 (1-10,290.31 A F,—"D,)

Q: N 1,=17.7 (1—11,289.83 A °F,—D,)
Q0: N I,=15.4 (2-12,289.68 A *F,—"Ds)

0 NS W =

Also identified the decays of the 3d 4s
°D; (lines n.7,8, 9,10) and 'D,: Te
diagnostics.

Emnissivity ratio
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‘Originol

: 1,,=292 (1-45,186.60 A *D,,,—7F, ;)
1y =73.7 (1-42,195.97 A *Dy,,—%P, ;)

¢ N 1,=78.4 (2-6,253.96 A D, ,,—*D;,,)
: N 1,=36.7 (1-4,255.11 A D;,,—"D5,)
: N 1,=53.6 (2-5,255.35 A *Dy;,—"Ds,,)
N 1,=16.1 (1-3,255.68 A *Dy,,—*D, ;)

* Very complex target.

N
RN |
L L

* |IP R-matrix calculation
gives good agreement
when collision strengths are scaled
(Del Zanna 2009).

Emissivity ratio

 First identifications of the lowest sz sa 'Logf;fe[,(]' Css o
levels of the 3s2 3p5 3d2. The ... Scqed
decays from the 4Dj are strong-ish F W S
lines in Hinode EUV spectra. The T | prleme e e
ratio with any of the other EUV lines : 5: N 14=53.6 (2-5.255.35 A 70y~
is a temperature diagnostic (Del LR Pl eme R e B
Zanna 2009). z 12
£ 27
_______________________ ——="ss
13 ——
"""""""""""" e
0 ; . : ; : . : : : : 44
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Te out of eq. for sunspot loops

Sunspot loop Fe VIl Log Ne [em~%]=8.00

Sunspot loop Fe IX Log Ne [em™]=9.00

s ] 1 (bl Ni XVI) 1,,=391 (2-46,185.21 A *D; ,—%F, ;) s q T 15=1360 X, =171.07 A (1-13,171.07 A ‘50—‘|="1)3 ]
] 2: (bl Ca XIV) 1,,=282 (1-45,186.60 A *D;,,—*F, ;) ] 2: (bl Fe XIDlu=42.3 A,,=188.5 A (5495,17_4;25 AT Gs)
3 L,m107 (2-43,194.66 A By 7Py ) ] 3 1y=17.9 Ay,=197.87 A (13-140,173.15 A 'P,= )
4] t o™ PETEE R e Ty 43 5 40 (bl u +S XI) 1,=27.5 A, =189.95 A (6-94,175.48 A *F,—%G,)
Bl 41 1,=73.7 (1-42,196.97 A *D,,—%P, ,) 3 S0 (bl SiXI+u ?) 1,=15.9 A, =191.22 A (7-96,176.66 A *F,—°G;)
3 2 5: N 1,=78.4 (2—6,253.96 A *Dg ;,—*D; )
— 4 . ]
§ 3 1 B: N 1,=36.7 (1—4,255.11 A 2Dy;,—*Ds0) E
@ 3 7: N 1, =53.6 (2—-5,255.35 A D, ,,—"Ds ) 37
oA 1 4 ]
> 1 3 1
5 E § 2
=4 ]
° 3 7 1
@ ] 5
1 &7 17
5 E
— ] 5
K ] 23 4 1 s
Q 20 40 80 80 100 120 1 o] 3
Solar X (aresecs) 03 ; ; ; , 1
5.2 5.4 6.0 5.4 6.2

Del Zanna (2009a,b):
Te lower than To (ioniz. Eq.).

First (?) direct measurements after Skylab.

Del Zanna — 15th ADAS workshop, Armagh 2010

len fraction

0.2

0.0

0.8

0.4

lonization equilibriim for Fe — chianti
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log T (K)

CHIANTI v.6 ioniz. Eq.
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Atomic Data

€ Scattering calculation -> ADAS

€ CHIANTI database (not funded in UK)
RAS award in 2010 !
main database for XUV solar physics.
New format to be introduced in 2011

€ | imported basic atomic data and spectral line emissivities for plasma
modelling from CHIANTI into a MySQL database accessible via
AstroGrid: www2.astrogrid.org. (AstroGrid is not funded by STFC).

€ Del Zanna & Mason: Virtual Atomic and Molecular Data Centre (VAMDC)
www.vamdc.eu EU-funded for the provision of atomic and molecular data. 13
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Conclusions

Excellent agreement (within 10%) between theoretical and observed line
intensities for stellar coronae.

A novel benchmark work has established a large number of new line
identifications and spectral diagnostics.

Future: high-resolution EUV (Solar Orbiter, Solar-C) and X-ray solar
spectroscopy -> need for ever more accurate atomic data!

’J'ﬁcmﬁ you

14
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