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1 Tb/day, 7 EUV channels:
94,132, 171, 195, 211, 304, 335 A
images every 12 seconds
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The solar EUV - UV

“You could spend a I/fet/me to understand this spectrum (P Storey)
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2D images are built up by
‘rastering’,i.e. moving the slit
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Resolution almost as
good as B.Fawcett's
plates.

5 m Angstroms
accuracy in
wavelengths.




Atomic data

In optically-thin plasmas line intensities are proportional to:

N; (X)), N

N(X)N(H)
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abundance @
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N(H) N, e

El.
bundance

 Measure electron densities, temperatures, emission measures and

elemental abundances from spectra.

* Forward modeling. :
* (Calculate radiative losses:

G. Del Zanna - APIP 2011

10* 10° 10° 107 10° 10°
Temperature (K)



R-matrix electron impact excitation:
- developed over 30 years by various groups (UCL,QUB):
Seaton, Burke, Burgess, Storey, Eissner, Berrington, Badnell, etc.

- Iron Project

- STFC-funded (UK) APAP Network http://www.apap-network.org/
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R-matrix data for astrophysics (APAP data)

F-like: Witthoeft Whiteford Badnell (2007)
Na-like: Liang, Whiteford,Badnell (2009)

Ne-like: Liang et al. (2010, submitted)
Li-like: Liang & Badnell (2010)

I+ 24 3+ 4 5 6+ T+ 8 0+ 10+ I+ 124 B3+ N+ I+ 16+ T+ I8+ 10+ 20+ 20+ 22+ 28+ 24+ 2+ 26+ 27+ 28+ 20+ 30+ 31+ 324+ 3+ M4

He [ He-like saquence (Whiteford et al. 2001 JpB)

Li Li-like sequence (Liang & Badnell 2010)

Be F-like sequence (Witthoeft et al. 2007 JpB)

B | ] Ne-like sequence (Liang & Badnell 2010 A&A) i

C || Na-like sequence (Liang et al. 2000 JpB) See Lla n g et al -

N R-matrix

0 (-like sequence (n=2, Lennon & Burke 1004 A&AS) pOSte r
F - Blike sequence (n=2, Zhang et al. 1004 ALA)

Ne O-like sequence (ground, Butler & Zeippen 1004 A&A)

Na B Ti-like sequence (ground, Berrington 1005 ALAS)

Mg Cl-like sequence (ground, Pelan & Berrington 1995 ALAS)

Al Si-like sequence (ground, Galavis et al 1905 AGAS)

Si 8-like sequence (ground, Galavis et al 1095 ALAS)

P Al-like sequence (ground, Saraph & Storey 1996 ALAS)

V-like sequence (ground forbidden, Berrington & Pelan 1996 A&AS)
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More R-matrix calculations of iron ions

Fe VII: Witthoeft et al. (2008)

« Fe VIII: Griffin et al. (2000)
Del Zanna (2009)

 Fe IX: Storey et al. (2002)

« Fe X: Del Zanna, Berrington, Mason (2004)
 Fe Xl: Del Zanna, Storey, Mason (2010)

* Fe Xll: Storey et al. (2005)

* Fe XIlll: Storey & Zeippen (2010)

«  Fe XIV: Storey et al. (2000); Liang et al. (2010)
 Fe XV Berrington et al. (2005)

« Fe XVIII: Witthoeft et al.(2006).
« Fe XX: Witthoeft, Del Zanna, & Badnell (2007)
« Fe XXIII Chidichimo et al. (2005)

Data included in ADAS, ATOMDB, CHIANTI, etc.

G. Del Zanna - APIP 2011



n=4-->3 transitions (Fawcett et al. 1968,1972,etc.) s
Chandra LETG EBIT (Belersdorfer Lepson et al.) [Malinovsky & Heroux (1973); |
250 NI XTI -]
T T FeX Ni‘ml
i . B
100+ FelxyF - Mg|I[I FT—]X @ 200 ferx | .
L Aosd ° Ferx  FeXI FeXUII NevIl ;E, mlmm om
75 SIIIX Fe|Xm Mg XFGIXHI N::ﬁ F |I; NGIEIII | l : Z;. >or ‘FelIX. r Ni X i
olE i M3 T s Fe Xt ) Fe% | i| {\ I‘\ ;A | 42 oop " - :jﬂ T )
| i L ) :
L | " | | ' ﬁ” l& N :l | o L | [ i | J
I .I ‘ ! NM“WJ lJ\",\ ‘J ) \ ‘l | | n;
281y LA A MA “«‘ﬁ'ﬁ'* f\'M“W P son J | AMM -
o im ’*‘W*‘) by &‘ o WM | SR Wti‘m W oty L.«W\T‘WM \ AR
0— . , ) . S < ,
’ ' i ' ' ' ’ ' 105 110 115 120 125 130 135 140 145 150 155 160
S)S) 60 65 70 75 80 85 90 95 100
SDO/AIA SDO/AIA
p . Rocket prototype SDO EVE .
e SDO prototype EVE

Wavelength (Angstroms)

New distorted-wave code (Badnell 2011) to calculate Fe excitation data for n=4,5,6,g
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V.6 (Dere et al.2009) contained new ionization and recombination rates.
V.7 (Landi et al. 2011), Aug 2011, new atomic data for many ions.

Atomic data included other spectral codes. Photoionization (XSTAR, CLOUDY,
MOCASSIN) and others (ATOMDB, XSPEC, ISIS, PINTofALE).
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~ 300 ion models
~ 300 000 spectral lines
http://www.chiantidatabase.org/
www.chianti.rl.ac.uk
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CHIANTI atomic package

CHIANTI Provides all atomic data and IDL programs necessary for modelling spectra

from collisionally-ionised plasmas for the XUV. Over 1000 direct citations.
No UK funding for 7 years.
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Spectral synthesis
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VirtualPAtomicandiViolecularbDatarcenter:

* VAMDC aims at building an e-infrastructure for the exchange of
atomic and molecular data. VAMDC involves 24 teams. www.vamdc.org

 VAMDC is supported by the EU in the FP7 framework "Research
Infrastructures - INFRA-2008-1.2.2 - Scientific Data Infrastructures"
initiative.
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CHIANTI atomic data for VAMDC

-Giulio Del Zanna & Helen Mason (Cambridge) in collaboration with oA and MSSL
-All the BASIC CHIANTI DATA: wavelength, A-value, gf-value, configuration, LSJ,
observed, theoretical energies, excitation rates in MySQL

-Database can be queried via a web portal or workbench.

-DERIVED DATA (modelling): Python scripts to read the CHIANTI VAMDC

Various general issues:

How can different databases be easily compared ?
Multiple calculations. CHIANTI policy is to select one.

Appropriate references to original calculation lost.

VAMDC D
G. Del Zanna - APiP 2011 VinuaIAiomicandMoleculurW




In a series of papers, | have calculated and benchmarked atomic data for the XUV
using a "novel’ approach.

(and semi-empirical corrections)

1)Find the best atomic structure with appropriate ClI ! i
81\

2)Compare observed (beam-foil spectroscopy, ElImar Traebert et al.)
and theoretical lifetimes and branching ratios.

3)Calculate e excitation rates (R-matrix) and build ion model to calculate
line intensities.

4)compare observed and theoretical wavelengths Lo
and intensities for low- and high-densities Fii(Ne, Te) = C NN.T)A:
using the emissivity ratios: Jre e

9)Try to identify all the brightest lines, using laboratory and

astrophysical spectra.

RESULTS:

a large number of new identifications, new level energies, revised wavelengths (with
uncertainties — (NIST EUV values often not accurate enough for current missions),
new Ne, Te diagnostic applications

15
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Benchmarking atomic data for Iron ions

Fe VII: Del Zanna (2009a) 31/ 53 new EUV (160-300 A) IDs,
new Te diagnostics

Fe VIII: Del Zanna (2009b) 9/34 new EUV IDs, new Te diagnostics

Fe X: Del Zanna, Berrington, Mason (2004) 9/45 new IDs
Fe XI: Del Zanna (2010) 31/60 new IDs, new Te diagnostics
Fe XIllI: Del Zanna & Mason (2005) 21/58 new |Ds

Fe XllI: Del Zanna (2011a) 13/41 new EUV IDs

Fe XIV: Del Zanna (2011b)

Fe XVII: Del Zanna & Ishikawa (2009) 16/50 new IDs (40-400 A),
Del Zanna (2011): new Te diagnostics

Fe XVIII: Del Zanna (2006) new IDs, new Te diagnostics
Fe XX: Witthoeft, Del Zanna, Badnell (2007)

Fe XXIII Del Zanna et al. (2005) new Ne, Te diagnostics
Fe XXIV Del Zanna (2006) new Ne, Te diagnostics

G. Del Zanna - APIP 2011
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Ne in a solar active region

TRACE 171

EUV
imaging

)

Hinode/EIS line ratios provide density maps

Self-blend decay
to ground state

Self-blend decay

to excited state
Tripathi et al. (2009)

First identified by Del Zanna & Mason (2005)
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Del Zanna (2009a,b, 2010):

new identifications of Fe VII, VIl lines providing direct Te.

Leg of warm loop — Fe VIl

Te different from T, peak ion abundance T
In equilibrium. 43

Fe VIl 186.60 A radiance

Emissivity ratio
N

10 1p,=391 (2-46,185.21 A D, ,,—%F, ;)
2: N 1,,=78.4 (2-6,253.96 A ’D,,,—*D,,,)

/

. 5.4 5.6 5.8 6.0
Log T [K]
lonization eqfilibrium for Fe — chianti
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Te from Be-like 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,

252 1S ercombination 706 A

G. Del Zanna - APIP 2011

Emission Measure Loci
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Most 3d levels were not known.
Difficulty in the structure calculations.

i Conf. Lev. Eup Exist
1 3s?3pt 0 0
2 3s?3pt PE 12667 12667 (0)
3 3¢%3p* 3P 14306 14312 (-6)
4 35 3p* 'DS 37743 37743 (-1)
5 3¢ 3p 'S; 80831 80814 (16)
6 3s3p’ PS 283551 283558 (-7)
7 3s3p’ P} 203158 293158 (0)
8 3s3p’ P; 299163 299163 (0)
9 3s3p° 'P; 361846 361842 (4)
10 3s°3p°3d °D; 38754 -
11 3s*3p°3d °D{ 387726 -
12 3s°3p°3d °DS 387940 -
13 3s%3p°3d °D 388268 -
14 3s°3p°3d DI 380227 -
15 3s’3p*3d DY 412856 -
16 3s*3p’3d D 415426 -
17 3s*3p*3d D} 417049 -
18 3s?3p*3d GF3 422844 -
19 3s°3p*3d IS - -
20 3s73p*3d  CF 426022 -
21 3s%3p*3d  F 430522 -
22 3%3p*3d 3G - .
23 3s%3p*3d G2 450211 -
24 3$23p*3d 3G 452416 -
25 3$*3p*3d G2 459218 -
26 3s°3p°3d DS - -
27 3°3p°3d D} - .
28 3s?3p*3d Py - -
29 3s?3p*3d  3P? 484830 -
30 3s?3p*3d  SFY 485039 -
31 3%3p*3d R - -
32 33p*3d  CFS 486413 -
33 3s%3p°3d DS 489378 -
34 3s°3p°3d PP 404013 496090 (-2077)
35 3s?3p*3d DS 497235 -
36 3s?3p*3d  'FY 525260 -
37 3s°3p’3d GPyT 531070 526480 (4590)
38 3s73p’3d  CP; 531304 531290 (14)
39 3s°3pi3d  3S]7 533445 533450 (-5)
40 3s°3p°3d Py 541777 541720 5T)
41 3s%3p*3d GP)T 541424 541390 (34)
42 3s*3p*3d D 554321 554300 2D)
43 3°3p°3d 3D 561615 561610 (5)
44 3s73p°3d D] 566396 566380 (16)
45 3s?3p*3d DY 578890 578860 (30)
46 3s*3p°3d 'FS 594047 2343833 83
47 3s$23p*3d P2 623101 2
18 3p v ise - G.DelZanna - APiP 2011

21



Configuration (% purity) Term E,

Ey-Enist

Ey-Ecc  Ey-Esg

37
38
39
40
41

3s% 3p® (D) 3d(8%) +41(22%) +39(34%) 531070.0 + 500
352 3p* (2D) 3d(59%) +6(c2 15%) +34(18%) 3P3  531304.0 + 10
352 3p® (2D) 3d(54%) +9(c2 15%) +37(14%) G830 533476.0 + 500
352 3p* (2D) 3d(71%) +8(c2 17%) 3pe 541768.0 + 500
3s? 3p* (D) 3d(43%) 541424.0 + 200
+7(c2 10%) +9(c2 11%) +47(12%)

-2380
14
-7914
43
14944

-55519
-40888
-18513
-41771
-35936

-71
+60
-1031
-367
-798

Main problems with three very mixed J=1 levels, giving rise to
the strongest spectral lines observed in the EUV by Hinode

G. Del Zanna - APIP 2011

Found significant problems with all previous calculations.
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Needed to study all ions along the sequence.
Ekefors (1931): K IV, Ca V best paper!

20000
15000 |-

10000 |

Lower J=1

KIV CaV TivIl CriX Mn X Fe XI Co XII Ni Xl Cu XIV

23
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Atomic Data from the IRON Project

LXVIIl. Electron impact excitation of Fe x*

Emissivity ratios

G. Del Zanna! .PJ. Storeyz, and H.E. Mason!

[ — = _ER ===
T4 — E _—_HB= =7 — i = Y —
: = = ==3= Pzt 19 Aug 2007 — Off limb Fe XI_Log T [K]=6.11 , £ osg
L —] =—F F 57 %88 517 10 lgp=11.1 21—43,178.061\ g2 E I\
12 ] By g %N E s a8 - ] 2: 1,=6.67 (4—46,179.76 A o 3
b g EE—F T M e ] 3: (Bl Fe X) 1,=221 5)1_42 180.40 A) 8 04F
I —ECET R 4 ¢ 3 a ] 4 ,=9.76 (3—44,180.59 A) E
i ———F Y 43 5 =12 (3-44,181.13 A) e F
101 =%t . 1 2 6: =343 (2—43,182.17 A) :
I ==5Fy &3 . 7. T,.=5 (4-45,184.79 A £ 0.3F
o C =0 > - ] 8: Eb lu=127 (1—38,188.22 ig ek
o 8} —mm & o . ] 9: (bl) 1,,=78.7 (1—37,188.30 A) * E
o i == 5 5 s o ]  10: |,=4.33 (2—40,189.00 A) e F
9 - — 5 3 11: (bl u) 14,=7.67 §2—41,189.12 A; c 0.2F X
& i - 3 3" 3d =] 2: (bl ?) 1,,=5.56 (3-41,189.71 A 5 z
6 i N > %: (bl u) G.4xl,,=2.852 (1-36,190.38 A) 4
i =3 »% L NN 1,,=5.06 (3-39,192.02 A) S oak
L w o *
= 0 4 12 S +e
4= - - = 2 = -
- — 3¢% 3p° 34 Lg ] ‘4 A g 2 0.0
i 5=3 . 5 \\\ 3 [vd 10_‘—“
. s 3p - 6 -—-..
B 14 37 = ———_—————————. 1
— E ———
B _539‘ - E \ g '
: 71¢
¢ i r—r——+—+—r—+—+——v—r—r—"r—rr—r—r—r—r——r—r—r—r—
7.5 8.0 8.5 9.0 9.5 100 Conver

Log Ne [cm™]

€145 LS terms

@ basis of 25 functions within the R-matrix boundary
& partial wave expansion extended to L = 16.

@ outer region: ICFT

24
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Table 3. Summary of line identifications for Fe x1.

Fe XI

6 years !

i-j  Aexp Aobs D Diff. ID
A) A)

6103 168929 7 168.929(10) Be76 N Benchmark:

1-43 178058 178.056(4) Be76 G66

4-46 179758  179.758(10) Be76 G66 Del Zanna (201 0)

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

2-44 180594  180.595(4) Be76 F71

3-44 181130 181.131(10) Be76 G66

2-43 182167 182.167(2) Be76 G66

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

1-33 188216 188.216(2) Be76 B77 F71 (188.299) 31 (OUt of 60) new line

1-37 188299  188.299(2) Be76 793 B77(189.94) : e :

2-41 189123  189.123(4) Be76 (bl u) B77 793 (192.619) identifications

3-41 189711  189.723(5) N (b)) B77

1-36 190382  190.382(5) N (bl u) N Be76 (S xi)

2-39 192021 192.021(5) N (bl) B77

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

2-38 192813 192811(5) N (b1 Ov,u) F71 New Te d|agnost|cs

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

4-41 198538 198.555(10) Be76 (bl Svi)  B77 Be76, 193

1-35  201.112  201.112(5) N (bl Fe xm) N

4-39  201.734  201.734(10) Be76 (bl Fexn) B77 EIS QS off—limb — Fe XI Log Ne [cm™®]=8.50
1-34 202.424 20242/4(10) Be76 (bl ll) N B77 (201.575) 57 1 1,=178 (1 42 180.40 A 5P2 3) : : :
438 202609 - (bl Svm 202.608(10)) 1 l=111 (1-38,188.22 A %P,—%P,)

4-37 202705 202.710(10) Be76 (bl) 1 e (1_37’ 185,30 A % _,P’)

1-30  206.169  206.169(10) Be76 (bl u) N PR HEs LS

1-29 206258 206258(5) N N 1 (bl Fe Xll,u) 1,,=30.8 (1—14,256.92 A “P,—"D,)

2-34 207751 207.749(5) N (bl u) N 3 (sbl) 1,=18.7 (1-13,257.554 A *P,—°D,+4-20,257.547 A 'D,—F,)
2-33 209771 209.771(5) N (bl u) o  11,=9.99 (1-12,257.77 A *P,—°D,)

1-20 234730 23473(2) D78 N D78 (Fe xv) B o333

1-18 236494  236.494(10) Be76 N = 2

1-17 239780 ?2239.78(2) D78 N = 1

1-16 240717 240713(4) Be76 bl Fexm) N 2]

1-15 242215  242215(10) (bl) Be76 N 2 23

421 254596  254.600(5) N N 5 4 4®
1-14 256919  256.925(5) N (bl Fe xu) N ] 5
420 257547  257.547(10) Be76 (sbl) N 1 56

1-13 257554  257.547(10) Be76 (sbl) 193 T98 (25726 T) 13 3
1-12 257772 257.772(4) Be76 793 T98 (25755 T) ] 1
1-11 257914 2579145 N N T98 (257.78 T) ;
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Serious problems only solved by

Storey et al. (2005)

21/58 new transitions identified/revised (Del Zanna & Mason 2005)
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R-matrix makes a big difference! Fe XVIII

R-matrix e- scattering calculation by Witthoeft, Badnell, Del Zanna et al. (2006) solved
the problem with the strong 3s--> 2p transitions .

Chandra spectrum
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2s2 2p* 3s --> 282 2p°
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Fe XVIII
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DW: R-matrix: ;
3.0x107 -
Capella (Phillips et al. 2001) — CHIANTI v.4 (DW) Capella (Phillips et al. 2001) — CHIANTI v.6
57 2 57 1: 1,=1410 (1-56,14.204 A zpm 7Dy, +1-55, 14.209 A Py Pm :
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479 2: 1,=486 (11-24,15.62 } 2P5/,—7Ds ) 43 *® ' 327 7872 1.5x107
] o ' L ] 4:\ 1,=369 (2-10,15.870 A %P, ;,—?D,,,+1-6,15.870 A ?P,,,—*P, ) -
13 1,=9%8 (1-23,16.07 AXP, ,—*Ps ) ] r
] ] 1.0x107
Ke) 1 4: OUTSIDE RANGE — 1,,=36%\ (2-14,15.870 A 2P, ,—?D;,,+1-4,15.847 A ?P,, ] -
T 34 1 :
bt 34 234 5.0x10°
> ] 4 (not 6 ;
> ]
2 ]
0 ]
& 2

Emissivity ratio

Peak of EM
o SN |
6.4 6.6 6.8 7.0 7.2 0] : : : . 1 .
Log T [K] 6.4 6.6 6.8 7.0 7.2
Log T [K]
New diagnostics to measure electron temperatures and densities
(Del Zanna 2006).
Same issues with Fe XVII. See benchmark paper on R-matrix calculations from
Loch et al. (2006) and Liang & Badnell (2010): Del Zanna (2011).
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Te from Fe XVII — solar data (Del Zanna 2011)
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High-resolution astrophysical spectroscopy in the XUV has shown the
need for high-accuracy atomic data.

Excellent agreement (within 10%) between theoretical and observed line
intensities for stellar coronae when R-matrix calculations are used.

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

We have made a great progress, but after 40 years, a large fraction of
spectral lines remains unidentified..

A daunting amount of laboratory and theoretical work is still needed..

’Tﬁanﬁ you
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