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Introduction

diagnostics requires reliable atomic
isional-radiative (CR) model) and
ator a to get good information from
ASINaAas. _
uation of atomic data and CR model with
ratory measurements is important.

ave carried out evaluation of CR model and
nic data for Fe ions related to spectroscopic
10stics for the Sun by EUV Imaging
Spectrometer (EIS) on Hinode Solar Satellite.

- =@ Collaboration network with experimentalists and
theorists on AM physics is important and works
well.




WY /INODESolar observational satellite,
0N orbit since 22 Sep., 2006

The HINODE is equipped with Solar
Optical Telescope (SOT),

X-Ray Telescope (XRT), and

UV Imaging Spectrometer (EIS), to
observe solar magnetic fields and high
temperature region to reveal the heating
mechanism and dynamics of the active
solar corona.
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sollaboration started in 2006 to evaluate atomic data and CR
model for Fe ions by experiments
with LHD and EBIT /CoBIT

Solar spectrum | NAOJ]
e % EIS / HINODE
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070171 Fe

LHD spectrum

CoBIT was developed under this collaboration supported by NINS.




lidationofatomic data and spectroscopic
model by using LHD and CoBIT

Supporting Structure

v - SC Poloidal Coil

SC Helical Coil

LARGE HELICAL DEVICE

« LHD can hold plasma stably with * Compact EBIT (CoBIT)
impurity input by pellets/TESPELSs. produces plasma with low

» Electron temperature and density electron density (~10*cm).
can be measured independently. » CoBIT can control charge

« Plasma with similar electron state distribution by electron
temperature to the solar transition beam energy (200eV — 2keV).
region can be produced. It IS easy to identify spectral

lines.



‘L
SPEctroscopic model for Fe ions
=Collisional-Radiative model >

| a collisional-radiative (CR) models for Fe ions to analyze Fe spectra.

R model is mainly calculated by We also use

ton-impact excitation rate coefficients were evaluated.

ctron-impact excitation rate

fficients are calculated from the cross section with

ellian velocity distribution for LHD plasmas and mono energy for EBIT plasmas.

uations for population densities of excited states n(p) are solved with quasi-steady

umption. (Recombination processes are ignored.)

[, = 2 {C(a, p)n.n(@) +C* (a, pInen(@)}+ > {F(a, p)n. +F 7 (q, p)n. + Ag, p)}n(a)

g<p g>p
Proton-impact

Electron-impact excitation B eitation De-excitation Radiadive decay

L =[S(PIN, + D _{C(p,a)n, +C” (p, a)n. 3+ D {F(p. a)n, + F° (p,a)n.}+ A(p, q)In(p)

g>p ga<p

Electron-impact ionization



M & E FEE

culated with HULLAC code.

CRYmodel for Fe ions was constructed
\. Yamamoto et al. Ap. J. 689, 646 (2008)

on processes were included, which data were evaluated.

Q (n =51 =4) 25 states
551, 1s5¢ (n =5,1 =4) 49 states
58 (n =5,1 =4) 24 states
nl, 1522 (n =51=4) 166 states
n, 1s22s?nl, 1s22s2p . (n =5,1 =4) 513 states
2p?, 15?25 2pnl, 1s°2s2p?nl, (n =5,1 =4) 1004 states
2p3, 1s?2s22p?nl, 1s?2s2p3nl, 1s°2p (n =5,1 =4) 1204 states
2pt, 1522522p3nl, 1s?2s2p*nl, 1s?2p°nl (n =51 =4) 994 states
p°, 1s?2s°2p*nl, 1s?2s2p°nl, 1s*2p°nl (n =5,1 =4) 480 states
2p°, 1s?2s?2p°nl, 1s*2s2p°nl (n =5,1 =4) 157 states
Rss, 3p, ... nl (n =5,1 =4) 21 states
522p6) : 3s2, 3snl, 3pnl, 3dnl (n =5,1 =4) 243 states
21°) : 3523p, 3s23d, 3s3p?, 3s3v3d, 3v3, 3v23d, 3s3d?, 3p3d?, 3d3, 3s?nl, 3s3pnl
) ‘ ‘ fn:<g,l:g4)3323ta£s &
Si-like (1s?2s%2p°®) : 3s°3p?, 3131'31"nl (n =51 =4) 917 states
P-like (1s?2s22p°) : 3s°3p3, 3131'31”31"'nl (n =5,1 =4) 1287 states
S-like (1s%2s°2p°) : 3s23p*, 3131°31731""31" "nl (n =5,1 =4) 1189 states
I-like (1s°2s%2p®) : 3s?3p°>, 3131'31”31"’31" 31" " 'nl (n =5,1 =4) 1084 states

\Ar—like (1522822’96) : 3823p6, 3131[31//31///31II/ISZIIIIISZ//////nl

K-like (1s°25°2p®) : 3s23p°®3d, 3131’31”31"°31”"31""'31”""31""" 'nl
Ca-like (1s°2s%2p®) : 3s23p°®3d?, 3131’31"31”"31””31"""31”""31””"'31""" "nl

(n =51 =4) 1073 states

(n =5,1 =4) 1301 states

(n =5,1=4) 1089 states
8




Electron impact excitation

Effective collision strengths

1000

Effective collision strengths of the Fe XII|
3s23p? P, — 3s?3p? P, (open symbols) and
the 3s23p? 2P, — 3s23p? °P, (filled symbols)
transitions obtained by Gupta and Tayal
(1998) (squares) , Tayal (2000) (circles),
and

as a function of electron temperature.

Murakami et al. (2011)

mic data evaluation of published data for electron-
act excitation and proton-impact excitation rate
coefficients
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4.0E-11 Electron-impact excitatign

0.0E+00 +
0.0E+00 4.0E+07 8.0E+07 1.2E+08 1.6E+08
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Collisional excitation rate coefficients for
transition 2s22p? 3P, — 3P, in C-like Fe ions
(Fe XXI): solid thick line — formula (1) for
protons, solid thin line — electrons [Butler &
Zeippen 2000], Adata [Faucher 1977], O -
data [Ryans et al. 1999; relativistic treatment].

Skobelev et al., (2010) A&A,511, A60
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Ee=2300eV

No Fe XVII lines measured

| by__CoBIT =>use LHD

Fe spectra searched
by CoBIT

By changing electron beam energy,
ion charges are tunable. We
measured Fe VIII - Fe XXIII lines in
100-300 A region.

We also used LHD for Fe spectra
measurements by injecting a pellet.

Fe XXII : Sakaue et al. (2011) (EBIT & LHD)
Fe XXI': Murakami et al. (2010) (LHD)

Fe XVII : Murakami et al. (2014) (LHD)

Fe XV : Shimizu et al. (2015)

Fe XIII, XIV, XV: Nakamura et al. (2011)

Fe XIII : Yamamoto et al. (2008) (LHD)

Fe X, XI, XII : in preparation

10



ey idationotieRmodel for Fe XIII by using LHD and
Bl thentapply to the analysis of EIS spectra
N. Yamamoto et al. Ap. J. 689, 646 (2008),
1. Watanabe et al. Ap. J.692, 1294 (2009)

1.  Electron density dependence of Fe XIII
lines were examined with LHD and

EUV spectrum of LHD

LHD v.s. Our model (Aggarwal & Keenan to FeXIll)

EBIT (LLNL) to select valid atomic - LHD Spactra (6681045
d ata _ — Fe Xll, x2.0
. — Fe XIIl, x1.0

Sum of thoe.

2. Apply the model to analyze the solar
spectra measured by EIS. Electron
density distribution of the sun
transition region was estimated by
using the density dependence of line
ratios.

Line intensity, a.u

Flare (Hinode

EIS)
CoBlJ

Hullac code's data (DW)
—— Aggarwal’s data (R-matrix)
—--—-- CHIANTI| v5.2
- - - CHIANTI (revised version)

Intensity Ratio, 203.8 / 202.0

10 10"
Electron Density, N, cm™®




VAN O EaTIioN o iGR¥Models for Fe XIII - XV by using CoBI'l
N. Nakamura et al. ApJ 739,17 (2011)
ERSHimizu et al., J. Phys. Conf. Ser. 583 (2015) 012019

Line ratios of Fe XIII, Fe XIV, and Fe XV
were measured by CoBIT and compared
with the calculations of the CR model.
Good agreement for Fe XIII and Fe XIV.

(a) Fe Xl

intensity ratio

(a) experiment

400 6, 15x10%crm* Discrepancy for
| Fe XV ratio

indicates needs
to check the CR

intensity ratio

(b) model ;
400 eV, 2x10'°cm™ Fe XIlI mOdel al’ld the

atomic data, as
well as further

e
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o
>
=
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c
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measurements.

o

wavelength (A)

electron density (cm_s)



VENIOETI O oTiGRIModels for Fe Xl - XV by using CoBIl

N. Nakamura et al. ApJ

/739,17 (2011)

ERSHimizu et al., J. Phys. Conf. Ser. 583 (2015) 012019

Line ratios of Fe XIII, Fe XIV, and Fe XV
were measured by CoBIT and compared
with the calculations of the CR model.
Good agreement for Fe XIII and Fe XIV.

(a) experiment
400 eV, 1.5x10"%cm™®

(b) model

400 eV, 2x10'°cm™ FeXill |

o

wavelength (A)

Discrepancy for
Fe XV ratio
indicates needs
to check the CR
model and the
atomic data, as
well as further
measurements.

Intensity ratio

intensity ratio

Shimizu et al., J. Phys. Conf.
Ser. 583 (2015)

FexXV 233.9/243.8

1010 1011
. -3
electron density (cm 7)

10°

electron density (cm_s)



AR VSIS 0T HEXXI ] line ratio for EBIT and LHD
HIA. Sakaue et al,J. Appl. Phys., 109, 073304 (2011)

= Fe XXII e S
114A/117A o
ratio was

measured for
EBIT and LHD.

m Measurements

n<1x 10"%cm?

117.144 A

=
o

I

114412 A

Intensity
Line intensity ratio
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FeXMI 204.85‘&/254.81&
(EIS)
(9 Warren et al. (2008)

/A Doschek et al. (1991)
(Skylab)

Line ratio

,l_'
é 4F|S/Hinode

Watanabe
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FEREU VS eCiroscopic measurements in LHD
|. Murakami et al. Plasma and Fusion Research, 9, 1401056 (2014)

EUV Spectra were measured for LHD plasmas in which small amount of

Fe IS Injected using a tracer encapsulated pellet (TESPEL).

By controlling NBI injections, stable plasmas with central electron
temperature less than 700eV were achieved, which are suitable for Fe
XVII ion measurements.

107802
—————T T

——tangential NBI
~-=-perpendicular NBI

Electron temperature distribution

thomson #107802
3 IS - Te (4. 3s)
1500: > - Te (4.9s)

e

P s [MW]
_ N
o O O o1 O

2000

I
a
o
o

o

W [kJ]

T_(0) [keV] <n_>[10" m™]

Core: Te>1lkeV (t<4500ms) =Fe XXIV, XXIII, XXII |
Te<lkeV (t>4500ms)=Fe XVII, XVI, XV TESPEL injection at 3.8s



FEXVI |2 0236A and 254.9 A lines were measured

o sl womso: / ol #107802
ERTAE § g2 4 f o s |5z @ 8-
w810l g E o 2 op ERlISE SRR TN T T T
5 SRS =R = £ =2 2 g E
o 410" LI S 0 ES: R © N DRI - 2 g i
£ oo f=t o 410" HE<] b 8 &g
c 2107 RN % 210" J¢ i E ]
wavelength (nm) 25 26 27 28 29
wavelength (nm)
) #107802
| | - Fe XVII lines and other Fe ion lines were
1(20.468)/1(25.493) . / _
S 15 measured and examined the line ratios.
= - Fe XVII 20.468nm is blended with Fe XlliI
I— o 5 c 5
g | 20.49nm line. Subtracting the contribution of
. Fe XlII line with help of other Fe XIl and Fe
- Te(0) Xl lines, the average Fe XVII line ratio
becomes ~ 1.12 (Watanabe et al., 2017).

- Temperature dependence is still remained

and this suggests other contamination of
lower temperature Fe lines.



Otherske XVII intensity ratios

|. Murakami et al. Plasma and Fusion Research, 9, 1401056 (2014)

Fe XVII 26.646nm/25.493nm

Fe XVII 20.468nm/25.493nm

100 10 T T T T T . 1
— m ™ Tﬂ\JSDE — EWNIIE * Spectroscopic
¢ Qesetsl o) Y Qomshekerd 580 r.neasur.em.ents of Fe XVII
T hDAS ) B I — line ratios in LHD plasmas
o 100 — == ADAS (cpblf) 1o - o a  — = ADAS (cph0B) ] 2 .
3 %M PR ADAS (12y09) w g %Zé:g& ___________ ADAS (lz2y09) are consistent with
= i kA ..i" 4 . . .
- s Caty z | T E theoretical predictions.
O o S 1 —i .
T e £ 01
 Thus, the discrepancy of
Hinode is not the problem

0% 357 65 65 67 68 69 7 *0%3 64 65 66 67 68 69 7 of atomic phySiCS.

log T. (K) log T, (K) - The EIS team re-
o Fe xvl'u 26.?49nerrllf25.4lg3nml 100 IFe x"l'" 28'?21“":"25"‘?3“"" examined the sensitivity
g & Hnooe ? = '%EJ[?DEt . calibration (Del Zanna 2013,
L Deketal Samn — %EZ{E;@ Warren et al. 2014)
o 10} - E?fﬁ"é??g;.% 1e 10} B S G = The discrepancy of EIS
g ____________ ADAS (1gv09) g measurements of 204 / 254
E é _% ay could be caused by the
B %ﬁg“%% . B ' degradation of pre-flight
i == coul sensitivity calibration with
. ::‘::,_"_T___::.:::.l:u__:‘ time.
63 64 65 66 67 68 69 7 %3 57 65 66 67 68 63 7
log 7_(K) log T, (K)




Gollaboration Network with AM physicists

stitute for Fusion Science (NIFS) and
titutes of Natural Sciences (NINS)
and international collaboration
m 1 some budgets. These help various
tivities related to fusion science, i.e. plasma
sics, material science, PWI, atomic and
lecular (AM) physics, reactor design, fusion
neering, safety study etc.

nestic programs support budgets on travels in
| an and some equipments. International
programs support only for travels.

- @ We organize several collaboration projects on AM
. data, sEectroscopy, and PWI for fusion science,
astrophysics, and applied physics.




EBIT
nications.

ra Women’s Univ./
/

0SS Sec.
Women’s Univ.
ross Sec.
op
TR

ttering, reflection
Toho Univ., Toyo Univ.,
Doshisha Univ., Kobe Univ.

aboration Network

Atomic structure (theory)
Sophia Univ., NWNU (China),
Vilnius Univ. (Lithuania)
Malmo Univ. (Sweden)

NIFS

H permeation of SUS

Toho Univ.
+ many

AM database update
Tokyo Inst. Tech.

CX Cross Sec. (theory)
Lebedev (Russia)
IAPCM Beijin (China)

CR model
Shinshu Univ., QST
NWNU (China)

Plasma Spectroscopy
Kyoto Univ., QST
ASIPP, SWIP (China)

Laser Plasma Spectroscopy
Utsunomiya Univ., Osaka Univ.
Univ. Coll. Dublin (Ireland)




Summar

on on atomic data and CR models are

e have carried out the evaluations
experiments using CoBIT and
nder domestic collaboration projects and
theoretical studies as international
aboration.

aboration network with AM physicists and
sma physicists have been established even

th small budgets from NIFS/NINS.
Collaboration programs are helpful to keep
activities on AM data production and
evaluation.
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