


AIR-Spec Experiment

AIR-Spec measured 5 magnetically sensitive coronal
emission lines during the 2017 total solar eclipse
from the NSF/NCAR Gulfstream V research aircraft.

* New IR window in the solar corona

— First time for high resolution coronal
imaging spectroscopy, 1.4 —4 um

— Pathfinder for observations of
coronal magnetic fields

AIR-Spec

* New platform for high-resolution 7 - AN | . 2 o
stabilized imaging on the GV el -ty /| AIR-Spec on-the R
— Enables new science in solar and Ay I P | Gulfstream V('\:’

atmospheric physics
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Activity in the Solar Corona

X-Class Solar Flare Post-Flare “Rain” Filament Eruption
10 Sept. 2017 | 19 July 2012 31 Aug. 2012
i L AlIA 304 A AIA 304 A

www. helioviewer.org www.helioviewer.org
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Coronal Mass Ejection
30 Sept. 2015,
LASCO C2

www. helioviewer.org




Coronal Magnetism
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Coronal Magnetic Fields

e Source of coronal heating

e Store energy for flares and CMEs

e Define coronal structure and dynamics

e But not routinely measured
— Weak (3 - 13 G) - difficult to measure

http://www.predsci. com/corona/agZOl 7eclipse/solar_north.php

A. S. Savcheva et al. 2012, ApJ, 759, 105

i

Modeled
.| B Field

Hinode
X-Ray
Telescope

9-Feb-07

12-Feb-07

Magnetic Field Modeling

e Constraints: photospheric magnetic
field, observations of coronal plasma

* Need routine measurements as ground
truth for simulations
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Coronal B Field Measurements S EA®1®

Method: Measure emission line
polarization (e.g. Fe Xlll, 1.0747 um)

 Circular - LOS field strength (Zeeman effect,
10 x intensity)

* Linear - POS field direction (Hanle effect,

* Future direction: expand to longer
wavelength emission lines?

— Higher signal: wavelength splitting AA/A o< AB
— Less impact from scattering and seeing
— Recent improvements in IR detectors

0.01 - 0.1 x intensity) . .. .
Y e BUT mid-IR coronal emission lines are

not well characterized. Need pathfinder
mission to

— Measure emission line properties

Coronal Multi-channel Polarimeter romczyk et al. 2008

i,
e

— Develop technology for mid-IR coronal
spectroscopy

— Build a spectrometer (AIR-Spec)
to observe the 2017 total eclipse

POSField ~ LOS Field
Direction Strength

Intensity  LOS Velocity




Science Goals

Success Criteria AIR-Spec Measurement
Identify one. of thg following magnetlcilly sensitive 204 Order Wavelength (um)
coronal emission lines: < - 145 15 1.875 1.925 1.975
: 100 X383 < | | |
SiX: 1.43 um _ TNz S 5 - - <
S XI: 1.92 um §5 ez 0% 2 - =
D 1 L= = W’W = 1
Fe IX: 2.86 um £ o 2 0 MR opdungmismphi it _MW_ M
44 8 ) = T
MgVII:3.03pum 8 ool P. G Judge 1998, _ 1ol=T- > = T =
Si IX: 3.94 um © ™| ApJ, 500, 1009 z e T S v 7
:3.94 0001 1 0| = oww 2
Wavelength (um) §
Science Goals E 100
1. Identify line strengths as a function of position in 0
the solar corona 0% S = - x|
2. Search for high frequency waves in the lines ;U\ > mn T f
3. Identify large scale flows in the corona 0 | e 4
. . 29 3 3.75 3.85 3.95
4. Complement ground-based eclipse observations 15t Order Wavelength (um)
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Optical Design

Channel/Order 3 um/1st 4 pm/1st 3 um/2nd 4 pm/2™
Emission Lines Fe IX, Mg VIII Si IX Si X S XI _
Spectral Range (um) 2.82-3.07 3.74-398 | 1.41-1.54 1.87-1.99 > < E 3 pm
" 20 n
Spectral Dispersion (A/pix) 2.4 1.2 4\ S - | Channel
Slit Length (R, 1.5 % ________ - d_
Pixel Size (arcsec) 2.3 o
» > < 4 um
n g Channel
Slit 70 um
Collimator
Telescope Grating gp; er Ilifl
Cassegrain 100 g/mm 7m
f/15, 1.5 m EFL 9.8° AOI

Focus Mirrors
Spherical
0.5mFL

InSb Detector
95% QE, 1—-5.3 um
50,000 e- well depth

Camera Fold Mirror
12 um pixels, 1280 x 1024
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Instrument Implementation

NSF/NCAR Gulfstream-V High-performance
Instrumented Airborne Platform for
Environmental Research (GV HIAPER)

il mw'mumumH)mlwnmmmNMINIMH
e g

JHillll

https://www.eel.ucar.edu/content/about-hippo

Airborne InfraRed Spectrometer (AIR-Spec)

Vacuum

. Chamber Stabilization

System

Cameg ) 4

Translation

Isolated
Stages

Obtical Bench

Biggest challenges: image stabilization and thermal background reduction
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Image Stabilization System

Requirements

e Jitter below 2 pixels (4.6 arcsec)
RMS over the exposure time of
the IR camera

e Eclipse remains in the field of
view for the length of totality

Fiber-Optic § o
Slit-jaw Gyroscope
Camera

Real-Time

Operator
£ Computer

. Telescope
(4 minutes) |
_ T | Fast Steering
e Algorithm can be fully tested ) : ik z Mirror
before the eclipse (image- Slit-jaw
independent) Aircraft
— Viewport
18 Jan 2017 NES/OSA 9



Image Stabilization Performance &:EA®1®

_ 94% of 60 ms exposures have jitter
14-Dec-2016 07:23.05ENS. below the 2 pixel Nyquist limit

RMS Jitter (arcsec)

Image Stabilization OFF
Time (sec)

Full Moon, 14 Dec. 2016 Total Eclipse, 21 Aug. 2017
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Thermal Background Reduction ¢:EA®I® &

M Collimator & = m |Cold Shleld

Focus errors

\4- p.._.

-y

FoId _IVI|rror

.
\}
g = »
1) =
4 -‘\\_‘
\-

=N, Fill[

Sl

Flberglass Mount

Y

p

Spectrometer

Optics and cold shield
cooled to <150 K with LN,

Cold shield blackened to
reduce reflectivity

Vacuum chamber pressure
below 1073 Torr

IR Camera
Dry ice on camera interface
Focal plane at 59 K
Cold aperture to limit FOV

Bandpass filter cuts 3.1 — 3.7
and >4 um
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Thermal Background A

300 ]
38 Even after reducing the background more than 200x:

C 250 - g * Exposure time limited to 60 ms (goal: 1 sec)
~ O
o jo! . _ .. .
ENN < Camera Interface Mean dark background = 10,000 DN (vs. 150 DN line intensity)
g | * Dark background changes significantly during eclipse
£ : . : :
L 150 | — 80 DN/minute increase + sinusoidal trend

~___ Spectrometer Floor — Different behavior at image center vs. edges

100 ‘ - -
_ 10 500
w E Dark Time Brightest Line
Z 71 .
g 10 Series 400
5 . Z
[ 1 L E = L
& ° 2017 Achieved ™ .00
X 1051t N—— —_____ | = B _
= 10 3 § 200
c 4 2019 Goal S =
g 107 ' 3 Mean Dark = 100 |
= . f] . 10,000 DN .
10 ‘ | | ' '
17:00 18:00 19:00 20:00 21:00 / (DN) 0 2 4 6 1.425 1.43 1.435 1.44
Time (UTC) 8000 10000 12000 Time (min) Wavelength (um)
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T —

UT

Observation Requirements

Observe near longest duration and
highest elevation (local noon)

TR

Acquire sun >20 min before totality

Enter the eclipse track >15 min
before totality

N
S e
L i R
T e ‘5’5‘

During totality:

— Fly straight and level at a fixed
heading

— Stay within 13 km of the eclipse
centerline

—> Observe over western Kentucky

# 77 ' i - Curve into/out of eclipse track to
[ Amlerican =5

Eﬁllpse.com T adjust for sun angle




Eclipse Observation

2m Contact (C2) = 18:22 UTC

Holding  Acquire Set A Collect

pattern  the sun range Darks Totality
C2-1 hr C2-20 min  C2-10 min  C2-2 min C2 to C2+4 min

/[ /

Collect
/" Darks
i kentucky |  Collect Cal
37°N Missouri Data
o N Land in
Arkansas Tennesase Chattanooga . ,
5 N 7 LWestlmb _953 e

- 622 frames

93'W 92°'W 91°'w 90'W 89°W 88°W 87 W 86 W 85 W 3. East Limb 35.7 sec!

4. Prominence/West Limb 782 frames

- — = = Totality centerline & swath Aircraft track




Position 5: Flash Spectrum S

0 10 20 30
I sy OV |

Intensity (DN) ‘

1.42 1 ‘44 1.46 1.48 1.‘5 1.?2 1.?8 1|9 1 ?2 1.?4 1.|96 1 ?8
(&} [(e} [@)]
300 S 2 300 H |8 5 % 1
— o — 0 T ®
% & 1% % - o =
< 200 _— T <200 |T 8w o % 1
2 QT H | Brackett p= 82 S8
2} < 7 ) & =
S = n=18 to n=27 S Z® © =
2 100 x . 2 100 o — -0 .
£ - N\ £ T T T
0 ‘w 0 L,., wd \_‘ iy Wt v Alre

2.84 2.88 292 296 3 3.04 3.76 3.8 3.84 3.88 3.92 3.96
Vacuum Wavelength (um) Vacuum Wavelength (um)




Positions 1 — 4: Slit-jaw Camera (EA®I® &

Obs. 4: Prominence

Obs. 1: West Limb Obs. 2: Prominence Obs. 3: East Limb & West Limb
63.5 sec, 953 frames 41.5 sec, 622 frames 35.7 sec, 536 frames 52.1 sec, 782 frames

y

18:21:59.353 UTC 18:23:03.818 UTC 18:23:52.427 UTC 18:24:33.015 UTC




Positions 1 — 4: Coronal Spectra ¢;EA®I® &

Mean Spectra by Slit Position

1.45

2" Order Wavelength (um)
1.5 1.875 1.925 1.975

—
o

Intensity (DN)
o © o o
: EFe X
Si X al Dl A
Mg VIl
S XI
H
Si IX
N

Mg VIl
SXI
HI
D

e IX

o o
Trel

o
%Fe IX
i X Si X
{Mg Vil
HI
| g
=

bbbl “’

29

3 3.75 3.85 3.95
15t Order Wavelength (um)

. West

Limb

. Prom.

. East

Limb

. WL&
Prom.

* Results:
— Emission line parameters
— Radial intensity gradient
— First detection of Fe IX

* [n progress:

— Search for waves/flows

* SiX:5 km/s resolution at 60 ms
exposure time, 1 km/s at 1 sec

— Ground-based collaborations

18 Jan 2017
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[ ] [ ] [} ‘Wh o
Emission Line Parameters s A
Si X S Xl Fe IX? Fe IX? Mg Vil
250 60 116 111 120
2200 5 114 110 . 55
= 112 109 50
% 50
o 110 108 45
£ 150 110
- 45 108 107 40
100 40 106 ® 106 105
143 1432 192 1922 1924 284 2.845 2.85 2.855 3.025 3.03 3.935 3.94
o— Data Gaussian Fit ‘ Vacuum Wavelength (um) 14
10 ' O 1. West Limb
Obs. 3 Summary — § A 2. Prominence
Vacuum 2 . Integrated Flux X Q 3.EastLimb
Wavelength (um) FWHM (A) | Amplitude (o) (10'2 ph s1cm2 sr?) T Nw 103} 8 O 4. Prom/}r/VL E
'O 1
1.4308 10.1 185 44 e £ * * Modeled %
)
1.9217 10.8 13 7.8 < 0
g '» 10" # § ¢ R
21.8 9.3 1.4 =S " B
2.8537 12.3 4.2 0.36 *Judge 1998
11 L. . | . | .
, 3.0287 18.4 9.3 1.3 10
si IX 3.9362 23.1 17 4.4 6+ 6\} SN %S\h
1 . . .
@
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Radial Intensity Gradient

Intensity (DN)

Radial Behavior of Si X

18 Jan 2017

X
“— 1. West Limb 2. Prominence
00.1 : 0.1 : : :
S 0 100 200 0 50 100 150 200
- ©
S 1 1
L
-
= SXI
0.3+ 0.3 Mg vl
o1 3. East Limb 01 4. Prom/WL i X
0 100 200 0 100 200
Radial Distance from Limb (arcsec)
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log T, __\
=

""" 5.8
R el

6.4

Fe XII, XXIV
Fe XIV
333 Fe XVI
Fe XVIII
Fe VIII, XX, XXIII

5.6,7.0,7.2

5 - - - RN
| o o o o
- o N N w

Intensity (DN)

N -
o o
N w

- —
S o
- o

0 100

193

Radial Distance from Limb (arcsec)

103,

10255

10"
100_

10"

103_
102_
10"

100_

107"
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First Detection of Fe IX

Why first?
* Completely absorbed from the ground
* Energy of the transition levels too high for photo-
ionized plasmas
~ Level ¥ ~ 429,000 cm1 > T = = ~ 6x105 K
— T~ 12,000 K- 150,000 K in photo-ionized plasmas
=» Limit search to space-based observations of
collisionally-ionized plasmas

Which line?

* 2.854 umis closer to NIST wavelength (2.8562 um)

* 2.844 pm is more similar to identified coronal lines
(intensity, radial gradient, and spatial distribution)

Pointing 1
— 20 = ,
5 | 3
> 10 ~
7
3
£ 0

284 286 288 29 284 286 288 29

Vacuum Wavelength (um)

Fe XVIII,94 A, 6.3 MK

Preliminary conclusion:

* 2.854 um is something hotter

* 2.844 um is Fe IX = revise NIST energy levels

18 Jan 2017
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Instrument Improvements

 Closed-loop image
stabilization

— Improve RMS jitter to allow 1
second exposures Open-loop Closed-loop

e 10— 15x reduction in dark background

— Reduce dark current (lower detector temp)
— Reduce thermal contributions (camera & chamber)
— Allow 0.5 — 1 sec exposures

e Refine pre-eclipse operations




Follow-on Experiments

* AlR-Specre-flight, 2013 July 2, 2019 Total Solar Eclipse

— Closed-loop image stabilization | ] R e :
wf Map Satellite e bl o ¥ AL oA r
— 10 - 15x background reduction for 0.5—- A
1 second eXpOSU res = Lat.:17.3794° S gfn[rzltaﬂzrf%gifywmaz.as e
Long.: 108.6238° W Magnitude: 1.023 5

Obscuration: 100.00%

e Spectro-polarimeter flight, 2020 R 1 Doe Tewnlaul

Start of partial eclipse (C1): 2019/07/02 17:4511.1 43.6° 030.2° renezueh ,

— Start of total eclipse (C2) : 2019/07/02 19:21:53.5 49.6° 358.8° k Guyana ')
—_ i m - i SR Maximum eclipse : 2019/07/02 19:2409.9 49.6° 358.0° B ‘r”rs""":J
| \ \¢
1 or 2 lines from AIR Spec deSIgn e oot s End of total eclipse (C3) : 2019/07/02 19:26:263 49.6° 357.2° %V b R
- y: End of partial eclipse (C4): ~ 2019/07/02 21:02:386 42.3° 326.9° |
AM h
— Broadband FTS on-board \ o

X A J AW Brazil

* Laboratory study of IR coronal lines . I Tﬂ 2

X ms

k\ \ g/ N
\ Y Paragua SE
— Source: Electron Beam lon Trap (EBIT) N ML

— Single species plasma (e.g. Fe, Si, Mg, S) | / K >y

at coronal density and temperature f -

Map data @201? Google, INEGI Terms of Use

— Confirm Fe IX wavelength, and more
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