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5th TCAMDATA 17-Oct-2006
Solar and LHD (Large Helical Device) m@
SOLAR-B Plasma Diagnostics in EUV @ NACJ

Solar-B (NAOJ) & Large Helical Device (NIFS)
Iron M—shell Lines

B Solar-B EIS (NAOJ, JAXA/MSSL/BU/RAL/NRL/UO)
B Atomic Data Evaluation (NIFS)
B Time—dependent Collisional Radiative Model
Theoretical Calculation (Yamamoto et al.)
B Atomic Data Generation ]
EBIS/EBIT experiment (Sakaue et al.)

L3207, g PP\RC @/

Tetsuya Watanabe (NAOJ) et al.
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Solar and LHD (Large Helical Device)
Plasma Diagnostics in EUV

Solar-B

EUV Imaging Spectrometer (EIS)

Launch:
Booster :
Orbit:
Weight:
Size:

Solar-@ptical Telescope (SOT) '
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Plasma Diagnostics in EUV @ NACJ

oura sSpace Centre

Tetsuya Watanabe (NAOJ) et al.
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SOLAR-B Plasma Diagnostics in EUV

Hinode (sunrise; “he-know-day”)

* Epoch: 2006/10/3 18:00:00UTC
e Semi-major axis: 7059.706 km
* eccentricity: 0.0000

e Inclination: 98.090 deg
o altitude of perigee: 678.452 km
o altitude of apogee: 684.682 km
e period: 98.387 min

Tetsuya Watanabe (NAOJ) et al. #%4 A5 PP\RC @/
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Solar and LHD (Large Helical Device)
SOLAR-B Plasma Diagnostics in EUV

Opening of Telescope Doors (schedule)

e SOT side door; 14-Oct — done!
top door; 25-Oct

« XRT top door; 27-Oct

e EIS clamshell-front door; 27-Oct
clamshell-rear door; 28-Oct

Tetsuya Watanabe (NAOJ) et al. #%4 A5 PP\RC @/
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SOLAR-B Plasma Diagnostics in EUV @ NACJ

neat dumjp: mirror

l collimator lens
polarization analyzer

moeVvanie mirrer

Tetsuya Watanabe (NAOJ) et al.



SOLAR-B Plasma Diagnostics in EUV

5th TCAMDATA 17-0Oct-2006
Solar and LHD (Large Helical Device) m@
NA J

SOT Focal Plane Package (FPP)

high time-resolution
2D pictures + 3D SP'CCD & heat dumper,
magnetic fields

In 12 wavelengths

SPECLopolanmeter (FPP)

detailed spectro-polarimetry
of Fel absorption line at = ,.
630nm for 3-D structures of AAND 23 "arrow BAGIFTEr
photospheric magnetic fields | —

Tetsuya Watanabe (NAOJ) et al.
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Solar and LHD (Large Helical Device) m@
SOLAR-B Plasma Diagnostics in EUV @ NAUS
X-Ray Telescope (XRT)

Takes X-ray Images of
dynamically changing solar
coronal structures

B grazing-incidence telescope + 2k x

2k — pixel CCD to take X-ray images
of solar corona

B angular resolution 1”7 (x 3 better
than Yohkoh

W Seeing plasma with temperatures
1 - 10 MK.

Tetsuya Watanabe (NAOJ) et al.
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=

EUV Imaging Spectrometer (EIS)

Tetsuya Watanabe (NAOJ) et al.
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EIS Optical Path

Primary (15cm®) Filter >N

I) i ‘\\ Y
% “Grating
250-290 A ccDlong -4~
170-210 A CCDShort = ¢

Slit/slot; 17, 2, 407, 250”

Tetsuya Watanabe (NAOJ) et al. #%4 A5 PP\RC @/
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Solar and LHD (Large Helical Device) m@
Plasma Diagnostics in EUV 2 NA(UJ

FOV Fine Mirror Scan 360 arcsec

Slit/Slot 17,2, 407, 250" (4-positions)

Slit length 512 arcsec (1pixel=13.5um=1arcsec)
Min. Exp. Time < 1sec (sit&stare/overlappograph), <1.3sec
Wavelengths 170 - 210A & 250 - 290A
Temperature Range 10°-2 x 107 ° K (via Hell ~ FeXXI1V)
Density Diagnostics 108 — 10%* cm3 (via FeXII)
Velocity Field Av ~20 kms?/pix (250 — 290A); 1000ph —

1kms? (line center) , 3kms? (line width)

Tetsuya Watanabe (NAOJ) et al. #4%4 A5 PP\RC @/
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Plasma Diagnostics in EUV @ NACJ

Maximum FQOV for raster observation
360"

- >

512

512"

N 40" B 250" MM Raster-scan range
\\ slot B slot

EIS slit

L2~/ g PP\RC @/

2003/11/10 19:25

Tetsuya Watanabe (NAOJ) et al.
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SOLAR-B Plasma Diagnostics in EUV 7 NAUJ

lon | Wave | T | Incident | Detected lon Wave | T | Incident | Detected
- fggfﬁ’vagel'fngthejggldg e Fe Xl | 203.83 |6.20 | 638.82| 45.80
Fe X 18454 |6.00 | 286.53 23.47 U ;g;'%;’vaﬂgn thlggnfz 584
Fe XII 186.85 |6.11 142.80 22.20 € ' ' ' '
=l Te68s 161l 53369 3661 Fe Xl |[251.96 |6.20 | 387.52 23.48
Fo X] 18823 1611 350 34 =479 He I 256.32 |4.70 | 328.81 24.69
Fo X 18830 1611 13176 5777 He Il 256.32 |4.70 | 164.40 12.34
Fo X 19004 1600 89 48 2495 Si X 256.38 [6.11 | 135.28 10.18
S X1 19127 1620 31.00 1004 S Xl 256.68 |6.40 | 199.87 15.23
Fe XII 192.39 |6.11 | 233.45 83.94 Si X 258.37 |6.11 | 382.83| 30.83
Ca XVII [192.82 [6.70 154.30 57.24 SI X 261.06 |6.11 | 123.07 10.58
Fe X| 192.83 [6.11 76.80 28 51 Fe XVI 262.98 [6.40 331.16 29.55
Fe XII 193.52 |6.11 631.78 244.11 S X 264.23 |6.11 | 116.73 10.62
Ca XIV 193.87 |6.51 41.57 16.31 Fe XIV 264.78 [ 6.30 394.57 36.15
Fe XII 195.12 |[6.11 | 1052.18 | 424.08 Fe XIV [270.51 [6.30 | 291.23 26.31
Fe XII 195.13 [6.11 67.64 27.26 Fe XIV |274.20 |6.30 | 241.91 18.46
Fe XIII 196.54 |6.20 86.19 33.58 Si VII 275.35 [5.80 | 166.99 11.76
Fe XII 196.65 |6.11 105.45 40.83 Fe XV 284.16 [6.30 | 4063.11| 126.55
Fe XIII 197.43 |6.20 45.80 16.67
Fe XIII 200.02 |6.20 155.95 36.00 _ ]
Fe XIII 201.13 [6.20 192.59 32.15
Fe XIII 202.04 [6.20 591.85 72.96 ACtIVG Reglon
Fe XIII 203.80 |6.20 208.79 15.09

Tetsuya Watanabe (NAOJ) et al. #4%4 A5 PP\RC @/



5th TCAMDATA 17-0Oct-2006

Solar and LHD (Large Helical Device) m@
Plasma Diagnostics in EUV NAU S
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@ NACD

SOLAR-B Plasma Diagnostics in EUV
Coronal Heating Mechanism o
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Tetsuya Watanabe (NAOJ) et al.
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NACJS

SOLAR-B Plasma Diagnostics in EUV

lonization Equilibrium; Relaxation Time Scales

. - 8

~ 12 -3
Ne T equir ~ 10 Cmsec

Ea=

: Brooks et al. (1999)
i“"-'rﬂ (C‘?ﬂ._g} Tf (E) Ttransient
upper chromosphere 3.7 x 1019 2 x 10* ~ 5 — 6 minutes
transition region 1.3x 100 5 1.3 x10° 5x10" =+ 5x10° ~ 3 — 20min utes
corona 5.4 x 108 1 x 10° ~ 1 hour

Tetsuya Watanabe (NAOJ) et al.

A_ o TIENI® @’



SOLAR-B Plasma Diagnostics in EUV

5th TCAMDATA 17-Oct-2006
Solar and LHD (Large Helical Device) m@
NACJS

lron M-shell Line Atomic Data Evaluation

Fe X, Fe XI, Fe XIII

e Survey existing data

* Method of Calculation

e Pick up Recommended data
 Analytical fitting (only) for Fe XIII

A _ 75 14 QN E @/

Tetsuya Watanabe (NAOJ) et al.
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SOLAR-B Plasma Diagnostics in EUV 7 NAUJ

FeXIl|

Fawcett & Mason (1989)
SuperStructure, 48 levels, Distorted Wave

Gupta & Tayal (1998)
26 levels, Semirelativistic R-matrix (Breit-Pauli approximation) ,

partial waves with J =22.5, E<60Ryd
Tayal (2000)

26 levels, Breit-Pauli R-matrix, E<90Ryd, partial waves with
J=22.5, 0.005Ryd mesh

Aggarwal & Keenan (2005)

GRASP, 97 levels, Dirac Atomic R-matrix, E<120Ryd, partial
waves with J=39.5; 0.001-0.002Ryd mesh

Tetsuya Watanabe (NAOJ) et al. #%4 A5 PP\RC @/
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Plasma Diagnostics in EUV @ NACJ

Fe XIII 3s2 3p2 3P0 - 3P1 Effective
1.00E+00 | SRR S T T collision
”””””””” strengths :
AN NN v _— - Fe XIII
P L N e “| Aggarwal & Keenan | | 3523p23p, — 3P,
Gupta & Tayal (Rel. R-matrix) o
1ot | (Semirel. R-matrix) | N i S S
‘ S E——— Lo L L1 R —=— Hullac3
—A&—adas—hm

.\.\'\.\.l;\
1 adas—al97

—e— Gupta, G.P.,Tayal, S.5.(1998)

—%— Tayal, S.5.(2000)

—e— Aggarwal, K.M.,Keenan, F.P.(2005)

Effective collision strength

1.00E-02

1.00E-03
1.00E+04 1.00E+05 1.00E+06 1.00E+07 1.00E+08 1.00E+09

LIPS PP\ RC [lixn ]

Tetsuya Watanabe (NAOJ) et al.
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E Is Solar and LHD (Large Helical Device) m@
SOLAR-B Plasma Diagnostics in EUV @ NACI
RESULTS Electron-lon Collisions i

»Aggarwal, K. M., & Keenan, F. P., A&A, 439, 1215 (2005)
fully relativistic approach based on GRASP code for the generation of wavefunctions,
and the Dirac Atomic R-matrix Code (DARC) for the computations collision and
effective collision strengths. Calculations are in the jj coupling scheme, and Breit and
QED corrections have been included.

Advantages of this work:

O significantly improved the accuracy of energy levels, radiative rates and
collision strengths, by including extensive Cl and performing the calculations
in the jj coupling.
O improving the accuracy of Q values by extending the range of partial waves
and by achieving convergence in values of Q at all energies and the energy
range considered
O improving the T values by resolving resonances in a finer energy mesh and
by including additional resonances
O extending the range of levels and including many of the desired levels
among which the transitions have already been observed

L3207, g PP\RC @

Tetsuya Watanabe (NAOJ) et al.




Electron-lon Collision8™ ICAMDATA 17-Oct-2006
Solar and LHD (Large Helical Device) m@
@ NACD

SOLAR-B Plasma Diagnostics in EUV

We recommend to use for Fe X data of Aggarwal & Keenan.

Tetsuya Watanabe (NAQOJ) et al.
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@ NACOJ

SOLAR-B Plasma Diagnostics in EUV
RESULTS Proton-lon Collisions Fe XIII
@ 1 (2) Semiclassical
5 first-order
gg 0.8 - V
E 0.6 - S Semiclassical
| /close—coupling
0.4 = - -
g 0.2 - EESED Quantum
O - T Y Y 1
O 500 1000 1500 2000

Proton energy (eVv)

Proton excitation cross sections for transitions in Si-like Fe XIII: O -
guantum results [Faucher 1977], solid line - semi-classical results
[1Landman 1975], dotted line — semi-classical results [Masnou-Seeuws
& McCarroll 1972]; (1) — transition 3P,-3P, (2) — transition *P,-°P,, (3) —

transition 3P,-3P,.
ZJPPe PP\ RC Jlixn ]

Tetsuya Watanabe (NAOJ) et al.
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RESULTS Proton-lon Collisions

General conclusion:
In low density plasma N, £ 101® cm-3 proton collisions are
Important for ions: Fe X, Xl, X, XIV, XVII, XVIII, XIX, XX,
XXI, XXI1, XXIII.
In high density plasma N, > 10 cm-3 proton collisions are
Important for ions: Fe XV, XVII, XXII.

Np~Ne < A/C¢*
For Fe Xll proton collisions are not important.
For all important transitions we have evaluated available
numerical data and recommended data were fitted to

analytical formula.
LIPS PP\ RC [lixn ]

Tetsuya Watanabe (NAOJ) et al.




5th TCAMDATA 17-0Oct-2006
Solar and LHD (Large Helical Device)
SOLAR-B Plasma Diagnostics in EUV

Collisional-radiative model -Atomic Processes &Energy Levels

Atomic Processes (rate):
Excitation/de-excitation (C¢N,) by e-impact,
Excitation/de-excitation (CPN,) by p-impact,
lonization (SN,) /three-body recombination ( SN ?),
Radiative transition (4”), Radiative recombination ( " N,)

Energy Levels (configuration): 2<n<5
Bare, H-like(n/), He-like(/snl), Li-like(1s°nl), Be-like(21'nl), B-like(2s’nl,
2s2pnl, 2p°nl), C-like(2s°2pnl, 2s2p’nl, 2p°nl), N-like(2s°2p°nl, 2s2p°nl,
2p?nl), O-like(2s°2p3nl, 2s2p?nl, 2p°nl), F-like(2s°2p?nl, 2s2p°nl, 2p°nl), Ne-
like (2s°2p°nl 2s2p®nl), Na-like(2s°2p°nl), Mg-like(3/'nl), Al-
like(3s°nl,3s3pnl, 3s3dnl 3p°nl, 3p3dnl), Si-like(3s°31’nl), P-
like(3s°3p31°'nl), S-like(3p°31°nl), Cl-like(3p331°nl), Ar(3p°nl), K-
like(3p®nl,3p°3dnl), Ca-like(3p®3dnl)

Tetsuya Watanabe (NAOJ) et al. #%4 A5 PP\RC @/
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Solar and LHD (Large Helical Device) mﬁ‘
SOLAR-B Plasma Diagnostics in EUV 7 NAUJ

Collisional-radiative model (Yamamoto et al.)

Time-dependent Rate Equation:
dN,(t,T,,N,)
dt

=N, (LT N) W, (T (). N (1) + X, (T (). N ()N, (1T, N,)

J

J
Quasi-steady State Solution:
N, (¢T,,N,)=Y »(1,,N,)N N, (¢.T,,N,)
k

Time-independent Rate Equation:

dr")(1,,N,)
dt

O TN T W, (TN )DL (TN O (TN )
J J

Tetsuya Watanabe (NAOJ) et al. #%4 A5 PP\RC @/
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SOLAR-B Plasma Diagnostics in EUV

lon Fraction N, :
N, is calculated to use total ionization and recombination rate
coefficients, S and g, by Arnaud & Raymond (1992).

lonization Equilibrium | Time Dependent (constant 7,)
(LI UL ) (I L L L I (LI L L . ] (L L L ( e
N ] 1.0
0.8F
0.6F
04F
0.2F
00F:

—
7= 1006V

FelX

log( lon Fraction
lon Fraction

A@f(om_gs)

Line Intensity 1(4): 1(1)=> N4 4E,P(})

1

Tetsuya Watanabe (NAOJ) et al. #%4 A5 PP\RC @/
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Plasma Diagnostics in EUV

equilibrium
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Tetsuya Watanabe (NAOJ) et al. #%4 A5 PP\RC
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SOLAR-B Plasma Diagnostics in EUV

o O - | P B 1 P

TS vHEoER

LHD experiment

11:04:18

o \
re.ne v 98-04-21 TUE
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Diagnostics «——

Tetsuya Watanabe (NAOJ) et al.
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SOLAR-B Plasma Diagnostics in EUV @ NACJ

Plasma Source : Hydrogen
with Fe-pellet injection

Fe-TESPEL :
Polystyrene-shell Fe pellet
Pelet Radius: 780-820um
Mass of Fe in the shell: 43-66ug
Mass of shell: 250-300ug

Injection Velocity: 300-400m/s
Injection Time: 1.0s

Plasma Heating :
NBI (neutral beam injection)
ECH (electron cyclotron resonance heating)
ICRF (ion cyclotron range-of-frequency)?

Tetsuya Watanabe (NAOJ) et al.
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Solar and LHD (Large Helical Device) m@
Plasma Diagnostics in EUV @ NACS

Li-like Fe

o= | Spectrometer:

Time resolution: 0.1s
Wavelength resolution: 0.13A/ch
Total Frame: 80

Direction angle: -0.1degree

& Measurement band: ~165-300A
= Highest
6.0s ‘LTemperatu re ?

Timing of Heating:
ECH82.7: 0.0-1.0s, ECH84: 5.5-6.0s
NBI#1: 7.0-11.0s, NBI#2: 1.0-4.5s,
roe NBI#3: 4.0-7.0s

. T T . . L . . o . L, A . 1
0 200 400 600 800 1000 ICRE: ---

A_ o TIENI® @’ %

LS 9 20 S N W G, SOt
FeXX & FeXXil

FelX -FeXlll |

Tetsuya Watanabe (NAOJ) et al.
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SOLAR-B Plasma Diagnostics in EUV

Spectra from Low temperature Plasma
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Tetsuya Watanabe (NAOJ) et al.
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722 NAUJ

SOLAR-B Plasma Diagnostics in EUV

EBIT experiment for Fe M-shell transitions

* N.: 10 cm
e N.:10%°%cm3
e E.: mono-energetic 1-100 keV

Electron energy < Ionization stage

Tetsuya Watanabe (NAOJ) et al. #4%4 A5 PP\RC @/
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Solar and LHD (Large Helical Device) m@
Plasma Diagnostics in EUV @ NACJ

Tokyo-EBIT

at The Univ. of Electro-
Communications

X. Ee: 200 keV (achieved)
X. le: 330 mA (achieved)

Middle of the trap

- =

Tetsuya Watanabe (NAOJ) et al.
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Solar and LHD (Large Helical Device)
SOLAR-B Plasma Diagnostics in EUV ) NA(UJ

CoBIT

(Coronal eBIT)
Optics of interface
coil to spectrometer?
= ~ /
5 | [ , Ee: 0.1-1 keV
c ln le: >10mA
T e B~0.1T
q-) . .
3 | [ \ No cooling
or LN, cooled
;ﬁ- To spectrometer
LaB6 e-gun —T] Differential pumping?®

Tetsuya Watanabe (NAOJ) et al. #%4 A5 PP\RC @/



