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Outline

Basic structure of the Sun and the coronal heating
problem.

Temperature measurements

— Rely on the balance between ionization and
recombination.

Density measurements

— Rely on level populations and long-lived
electronic states.

Line identifications



The photosphere is about 6000K

sSunspots

Visible light image of the Sun from SDO



The coronais about 1 million K

Active
region

Image at 193 A, showing emission from Fell*.
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The coronal heating problem

An unresolved problem is to explain why the
corona is so hot.

The main theories are
- waves transport energy from lower layers
- reconnection of magnetic fields release energy

To test theory, need to accurately measure the
energy in the corona.



How hot Is 1t?

T — average energy of particles in gas or plasma.

n — number density of particles

So, energy density E ~ nT
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Green spectral line at 530 nm

First observed in 1869 during
an eclipse.

An unknown element
“‘coronium”?

1939 quantum theory showed
it was from Fel3* .

The corona must be very hot!

Total Solar Eclipse 1981

© 1981 Julius Sykora

© 2007 Miloslav Druckmiiller
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e Basic structure of the Sun and the coronal
heating problem.

 Temperature measurements

— Rely on the balance between ionization and
recombination.

* Density measurements

— Rely on level populations and long-lived
electronic states.



Interpreting spectra quantitatively

Intensity of spectral line depends on atomic properties

lji x Gfi(T’ n)EM Average rate [s]

where for electrons to fall
from level jto i

n (XH) (X n(X) n(H) Ay ©

Gi(T\m) = n(X+q) n(X) n(H) n_ n

electrons

t of H
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Collisional lonization Equilibrium (CIE)

Equilibrium ionization and recombination to g balances
lonization from q to g+1 and recombination from q to g-1

_ +q—1 + + +q+1
— = lg-1,gX 7T g g1 X7 = Rgq-1 X7 + Rgyq,qX™1

dt
l4.q+1 -~ 10NIzation rate from q to q+1
R, ¢-1 - recombination rate from g to g-1

Derived from experimental or theoretical cross sections:
lyg+1 = Ogq+1VM
O = Cross section units of area, v = speed, n =density

o depend on collision energy, i.e., T



lonization Equilibrium Examples

Hydrogen Iron

Ion Abundance
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Peak is at the “formation temperature”



CIE problems in solar physics

hotter

e ———

Mg W 276570 Tmax = 5.43

Mg VI 268.988 Tmax = 5.65

T from calculations of
Mazzotta et al. (1998)

S W 275,368 Tmax = 5,77

T=3.7x10°K %,

Fa Vil 194663 Tmax = 5.57

Fe X 197 862 Tmax = 5.81

Brooks, Warren, & Young (2011)

T=6.5x10°K

T=59x10°K

T=65Xx 105 K

—— c_—

-

~

.

. Fe X 184 536 Tmax = 5.99




CSD balances ionization and recombination
Fe VIII

Relative
Abundance

Log temperature [K]

Green — Fe VIl from Mazzotta et al. (1998)
Red — Fe VIII from Bryans et al. (2009)

Improved data shows Fe VIII forms at higher T



New EIl calculations move in right direction

hotter :

Mg W 276570 Tmax = 5.43 Mg VI 268.988 Tmax = 5.65 Mg VIl 280.737 Tmax = 5.81

Tmax from CIE of
Vias zotto Ct 2l (19Y8)

Bryans et al. (2009)

! _
T=3.7x10°K ™ -
ol 1,
_ : oy
T=42x10°K o
Fa Vil 194.663 Tmax = 5.57 . Fe IX 197 862 Tmax = 5.81 | Fa X 184.536 Tmax = 5.89

Brooks, Warren, & Young (2011)




Challenge is to measure a known initial state

13 [ ground state
If%ﬁ threshold

200 400 600 800 1000 1200 1400 1600
Energy (eV)




TSR heavy ion storage ring

Electron Target_ i

el -

32

Injection Beamline




Step 1: store ions so metastables decay




Step 2: vary collision energy

Vary electron
beam energy




Step 3: count collision products

qg+1 bent inward

'/ Dipole Q Electron cooler /.
Q‘ nngnet ' Q
\‘ <
1010 =D 4 Jagh |

r.'«,'lﬁa. pet— e

BT |||-||r"-.—'
Stored ion beam

g -1 bend less

lonized (g+1) and recombined ions (g-1) pushed toward
detectors by magnets.

Particles whose ¢ didn’t change continue circulating
mv

magnetic force: F = qv X Larmor radius PL = qB



Storing removes metastables

_Crossed beams (Gregory et al. 1986)

v

T

Fe® 1 111 1
S

13 [ ground state
If%ﬁ threshold

200 400 600 800 1000 1200 1400 1600
Energy (eV)




Problem with metastables resolved

200 400 600 800 1000 1200 1400 1600
Energy (eV)
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How electron density diagnostics work:

At low densities, most ions are in the ground state

Metastable level

900099 Groundstate



How electron density diagnostics work:

At higher densities, collisions populate metastable
levels faster than they can decay.

Metastable level

Ametastable

Nerit™
A Rexcitation

Ground state



How electron density diagnostics work:

Higher levels are populated preferentially by
collisions with ground or metastable ions.

_
A :
Excited levels
_
A :
e
e _....._ Metastable level

......_ Ground state



How electron density diagnostics work:
Allowed lines from the higher levels are observed.

_
Excited levels
_
}"m
Ag _‘...._ Metastable level

.‘...._ Ground state



Example: Density using Fe XIlII

High n -
Collisional
de-excitation
causes ratio
to saturate.

Low n -
all ions In
ground state
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Find the density In this solar active region




Spectrum from the active region
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Ratio ~ 8/6 ~ 1.3




Example: Density using Fe XIlII

IIIIIIIIIII llllll'llilll"lllIIIIIIIIIIIIIIIII

“ilblo :
Density (cm™)

AL L l

1011

—

S
a
()
AV
G 2
@
™M
()
a2
:
>
1))
=
22,
B
©
o
>
et
7))
-
Q
e}
5




Density diagnostics have large errors

I
||| il | I||| = Fe Xl 2.186.88 / .195.12
o | mm Fe XII L196.54 / A202.04

I:'I] i
E
(3]
-y
o
=
il
(]
g
=

100
Y-pixel

Young et al. (2009) rev. 2015



Electron Beam lon Trap (EBIT) at LLNL

Biased electrodes

Electron beam and confine ions axially

magnetic field confine
ions radially

Electron-ion collisions
occur in the beam.

Spectrometers view
emission through
viewports

Can change density by varying the current: | = nAv



Representative EBIT Spectra
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Representative EBIT Results
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Many observed lines are unidentified

Ne VI, Fe X

Fe XILX, Si Vi

1135
Wavelength | A ] Del Zanna (2012)

Quiet Sun spectrum (black) with CHIANTI atomic data (red)




Line identification with EBIT

)

I
o
o
o

—— Above Fe X Formation Energy
---- Fe X CHIANTI

Fe VI Fe

Intensity (Arb. Units

—— Below Fe X Formation Energy
---- Fe X CHIANTI
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Wavelength (A)

Tuning the electron beam energy allows for associating
lines with elements and charge states




Summary

Accurate atomic data are needed to interpret
observations of the Sun and for models.

lonization and recombination give temperature
diagnostics.

Excitation and de-excitation give density
diagnostics — current diagnostics only accurate
within a factor of a few.

A large number of observed lines remain
unidentified.



Future Work

* Fe IX important for cooler regions, but many
transitions not identified and density diagnostics

need calibration.

« Atomic data needed for new instruments e.g.

— DKIST observes infrared
— EUVST/Solar-C VUV: 460-1220 A
— Shorter wavelengths (e.g, MUSE near 108 A)
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