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Science from solar X-ray diagnostics

How are particles accelerated during solar flares?

|||||||||||||||||||||||||||||

Energetic
electrons

Hot plasma

AIA193A _
RHESSI 6-8 keV
RHESSI 30-80 keV

||||||||||||||||||||

EI.IV (|mage) and hard X-ray (nuntuurs)
during a flare (Krucker & Battaglia, 2013)
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Science from solar X-ray diagnostics

How are particles accelerated during solar flares?  How does the solar corona get heated to millions of degrees?

TRACE: 1 hr (Jun-98) [P2000]
B 10° B EIT: 1 hr (Jul-96) [B2002]
I TRAGE: 1 hr (Feb-98) [A2000]
Energ etic L SXT: 5 dys (Aug-92) [S1995]
N alectrons . : RHESSI: 5 yrs (2002-2007) [H2008]
o o
- o 10T HXRBS: 2 yrs (1980-1982) [C1993]
£
; Hot plasma >
0 -
P 2108+
2 o
i AIA 193A g,
RHESSI 6-8 keV c 4070 nano micro large
\ RHESSI 30 80 keV o | . | . . . . . .
i 8 1 024 1 026 1 028 1 030 1 032
E|.|V (|mage) and hard X -ray (nuntuur's) T Thermal Energy [erg]

during a flare (Krucker & Battaglia, 2013) Flare energy distribution (Hannah et al, 2011)
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Science from solar X-ray diagnostics

How are particles accelerated during solar flares?  How does the solar corona get heated to millions of degrees?

[ TRACE: 1 hr (Jun-98) [P2000]
- 10°+
Energ etic : SXT: 5 dys (Aug-92) [S1995]

N electrons — - RHESSI: 5 yrs (2002-2007) [H2008]
-

i s 10 i HXRBS: 2 yrs (1980-1982) [C1993]
£

L (@)
2 105 _NLL‘H"-.

4 5

= AIA193A >

| IES c 4070 nano micro large

¥ RHESSI3080keV S S

I g 1 024 1 026 1 028 1 030 1 032
ELV (|mage) and hard X -ray (nuntuur's) T Thermal Energy [erg]
during a flare (Krucker & Battaglia, 2013) Flare energy distribution (Hannah et al, 2011)

Need for solar hard X-ray (HXR) observations with good sensitivity and dynamic range
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The need for X-ray focusing optics

2002 - 2018
Reuven Ramaty High Energy Solar Spectroscopic Imager

NN AN, 8

JAVAYAVAVANSRAVAVAVAVAN E:j

AN, AR, &>
IASRATANATI )
c)

Indirect imaging method (modulation by rotation)
High background (large detectors)
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The need for X-ray focusing optics

2002 - 2018 2021 -7
Reuven Ramaty High Energy Solar Spectroscopic Imager Spectrometer/Telescope for Imaging X-rays
WA, )
JAVATAVANRAVATTAVANR & j

AN, AR, &>
WL AWA N &

Indirect imaging method (measure of
Indirect imaging method (modulation by rotation) visibilities with moiré patterns)

High background (large detectors)

-0.05

v [1/arcsec]

-0.1 >
-0.1 -0.05 0 0.05 0.1
u [1/arcsec]
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Focusing optics for Hard X-ray observations

‘Doubly reflected rays

on-axis photon

Optical-axis

on-axis photon
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Focusing optics for Hard X-ray observations

‘Doubly reflected rays

on-axis photon

Optical-axis

on-axis photon

NuSTAR is the first focusing optics X-ray spaceborne telescope
= NOT optimized for solar observations

The Focusing Optics X-ray Solar Imager (FOXSI)
sounding rocket demonstrates
focusing X-ray imaging and spectroscopy of the Sun
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Focusing optics for Hard X-ray observations

The Focusing Optics X-ray Solar Imager (FOXSI) sounding rocket demonstrates
focusing X-ray imaging and spectroscopy of the Sun

RHESS FOXSI-1.
: 4 15 keV AL 0 4__15 keV ]
P s % :;J-i‘ ] . i -

400 ¥t Ta Ny KT p R T HEE Y 400F
. . 4 ‘ * F----

Y (arcsecs)
Y (arcsecs)

6001+ 600 Foaighend

Bo0f T

800 5 IR Y

ik Al T DI L . | ¥, { R Bt OO . e &
200 400 600 800 1000 200 400 600 800
X (arcsecs) X (arcsecs)

Indirect (Fourier-based) Focused image of
Imaging method the same event
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The FOXSI sounding rocket program

space applications

NASA sounding rockets: C—I—
An opportunity to demonstrate " Observation '/ \
capabilities of new technologies for " (a few minutes) ‘ ‘

Benefits:

 Lower cost

* Increase of “Technology Readiness
Level” of experiment

* Opportunity for student and early
career scientist involvement in
hardware

Rocket
launch

Payload

, recovery
FOXSI sounding rocket flew in 2012, 2014 7,;

and 2018
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FOXSI sounding rocket experiment

X-ray Optics
Modules

Telescope Bench

- ' Optics pl
SPARCS LISS SPARCS MASS
W\
gief focal e

7-m
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FOXSI sounding rocket experiment

X-ray optic modules:
Nested shells of grazing

incidence optics Telescope Bench
NASA Marshall Space Flight Center

Detector plane
ocket Skin

ey \ Optics pl
SPARCS LISS ~ SPARCS MASS >
W
\\end
Krucker et al, SPIE, 2013 T-meter focd

Christe et al, 2015
Buitrago-Casas et al, 2017
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FOXSI sounding rocket experiment

X-ray optic modules:
Nested shells of grazing
incidence optics Telescope Bench

y o\ ’& NASA Marshall Space Flight Center
3 ’}H N = /

SR .
: )l I

Detector plane

Semi-conductor

detectors (Si and CdTe),
JAXA ISAS, Kavii IPMU

ocket Skin

Krucker et al, SPIE, 2013
Christe et al, 2015 Ishikawa et al, 2016
Buitrago-Casas et al, 2017 Athiray et al, 2017
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FOXSI sounding rocket: past campaigns

- S
FOXS|-1 ﬁ%ﬁ% FOXSI- 3 S

Nov. 2, 2012 Sep. 7, 2018 , &
| FOXSI-2 A ﬁ o L
Dec 11 2014 i . |

> = =< “‘,
.,w»—— R - <l _,: e, ~\_ R
> - Sl

- * Major upgrades: Major upgrades:
White Sands Additional optic shells SXR detector
Missile Range CdTe detectors Collimator

—



FOXSI sounding rocket: past campaigns

RHESSI FOXSI-1

jei vt higy e B FOXSI-1 (2012)

-2oolL 5 : D 200 b First focused

§.4oo;. e Tg_m image of the
> o 00 oL I solar HXR
-6005 b b A // /_ ol « 600/
E . 4 % ! !
0007 5“2 NN Y, ; 800,
200 400 &0 800 1000

9/15
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FOXSI sounding rocket: past campaigns

RHESSI FOXSI-1
o A RN e e e S 0 4-15 keV |
jreve 5 O » FOXSI-1(2012)
20} TANCY, e S » First focused
g a0y (/AR Image of the Det6 11-Dec—2014 19:12:47,500 UT
> | by > solar HXR
600", * . LS, >a ) .; 600 I
AR, 5 y & | 1000 - .
ool 5 T2 A Ve wh 800,
200 400 X(arsggcs) 800 1000 200 400 X(argggcs) 800 e e 500-_ _
48 - I I I I I — /a. |
e 10000 FOXSI-2 (2014) o y
47 = — . . i
= E 1 3 Observation of two microflares, on :
o = 00 3 . . |
2 s6E — order of magnitude fainter than s00 | ]
= 100\§ previous observations _
= — — =
S a5 1 —=  + detection of nanoflare heated plasma [ 1
R E 0 = o - - 5
5 \ in active region | . | | .
E;; * g_ GOES :E(L;i-srﬁgl\nicroﬂare1_§ -1000 -500 0 500 1000
E RHESSI  +FOXSI-2 Microflare 2 X (orcsecs)
43 Eoooc oo o b e oy 4
5 10 15 20

Temperature [MK]
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FOXSI sounding rocket: past campaigns

RHESSI FOXSI-1
o JTS RV ot e 0 4-15 keV
: ; AL | FOXSI-1(2012)
-2oolL T EN A 4 '.;' -200 b First focused
§ ot i Jerl § image of the
> | bJLce S solar HXR
-sooiy : _ // "oy s « 600!
800 LL i )/’ / | 800
{ “266"""";{86" 600 800 1000 “200 400 600 800
X (arcsecs) X (arcsecs)
48 E [ | | I | —
100003 FOXSI-2 (2014)
47 — . .
- 1 3 Observation of two microflares, on
= 00 3 o .
w6 E 3 order of magnitude fainter than
100\§ previous observations

45

44

log,,(Emission Measure) [cm”]

43

=3
Hlllllll

\\IIIIIII|IHIIIIII|II\\HH

+NuSTAR —

GOES +FOXSI-2 Microflare 1 —

RHESSI +FOXSI-2 Microflare 2  —

| | | | | | | | | | | | | | | | | 3
5 10 15 2

Temperature [MK]

+ detection of nanoflare heated plasma
in active region

0

FOXSI-3 (2018)
First photon-counting
image of the Sun in SXR
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Complexity in a FOXSI microflare

10.0F I
FOXSI-2 first microflare: Estimated GOES class: A0.5 ‘ —
100F LA B c D £ ] o | :
sof '+ - - .
2 OOF + = Spectroscopy: < 1o}
5 wf b P e o 1 Isothermal fit § :
20k @ELV I I++h+ é [ EM = (2.78:0.50)x10* cm®
oF . . . _ _ K | T=11.1203 MK
19:12:30 19:13:00 19:13:30 19:14:.00 19:14:30 19:15:00 19:15:30 0.1 1 ‘ ‘
Start Time (11-Dec-14 19:12:30) 4 5 6 7
Energy [keV]
Imaging spectroscopy: Centroids at higher energy are located ~7” east of
the low-energy, suggesting high temperature plasma (energy release)
_15[}_'""""""""'__'"""""'"""__"""""""""__"""""""""__"""'"""""l
DO D1 D4 D5 D6
2008 I I I Images: 4-5.5 keV
P~ s\ — N = BT
250 ] \O) 9‘ - 2 @ Contours: 6-15 keV
-300 |
5 0 50 100 50 O 50 100 -50 O 50 100 50 O 50 100 -50 O 50 100
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Heating in FOXSI microflares

10%° <77 10 Microfiare 2
.IDE? Ef ~/L -1 HXR are needed to = ES Qﬁ?égf;ni 1
. é constrain high-energy — - e (shiowa et 2017)
- 10%° slope of DEMs x 107 i
|
= 107 5
1024 = 10 7
s Microflares have ° - .
- - - ' ' excess emission | ------ T
59 62 65 68 7.1 7.4 L e ——
og T 66 67 68 69 7.0



Heating in FOXSI microflares

107 A 3 HXR are needed to
—~ E constrain high-energy —
u'jE 10%} slope of DEMs X
o I
= L
L 24 =
10 L
(]

Microflares have

1023 ..
' L ' : : excess emission
59 62 65 68 71 74 above 5 MK
log T
Thermal energy estimates
Multithermal Isothermal

Microflare 1 5150¢ x 1028 ergs  1.213] x 10%8ergs
Microflare 2 1.6105 x 10%8ergs  1.0%01 x 1028ergs = Sma
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Microflare 2

i Target J

- Quiescent

- - (Ishikawa et al. 2017)
1020 - S | _|
10" < -

-2
Il s x
1015||||||||||||||||||||||||||||||||||||||‘|-||||| L
6.6 6.7 6.8 6.9 7.0
log T

Multithermal DEM provides estimates of the
higher thermal energy than the isothermal

approximation

ll scale energy releases are important
to consider for coronal heating
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FOXSI coordination with IRIS

FOXSI-2 and FOXSI-3 were coordinated with IRIS
IRIS in raster mode, SJI filters: 1330, 1400, 2796, 2832 A

FOXSI launch windows are 1 hour-long - Repeated fast coarse scans during launch window
—> Also single dense scans before and after the launch window
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FOXSI coordination with IRIS

FOXSI-2 coordinated IRIS observations

_1503‘m,

-200

Y (arcsecs)

-50 0 50 100
X (arcsecs)

FOXSI 4-15 keV contours on AlA
94A image (Vievering, 2019, thesis)
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FOXSI coordination with IRIS

FOXSI-3 coordinated IRIS observations

e IR e
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FOXSI coordination with IRIS

FOXSI-3 coordinated IRIS observations
h.\_\\
|
|
{
(c) Time variation of X-ray photon (d) X-ray spectrum of an active region
number in an active region
3.95+10* 10°g ]
10% ]
3.90-10* b 1
< - +F 3
2 3.80-10* S 10'f ]
10°§ '
8.75-10" . . . . . 1oL l I :
0 20 40 60 80 100 0 1000 2000 3000 4000 5000
time [sec] energy [eV]
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The future of FOXSI

Next challenges for solar HXR focusing
telescopes:
High spatial resolution
Flare observations (> microflares)

FOXS/-4
To be proposed to NASA
LCAS (today!)
PIl: Lindsay Glesener,
8 University of Minnesota

* High resolution optics
* High-rate detectors
* Flare campaign
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The future of FOXSI
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Next challenges for solar HXR focusing
telescopes:
High spatial resolution
Flare observations (> microflares)

FOXS/-4
To be proposed to NASA
LCAS (today!)
PIl: Lindsay Glesener,
N University of Minnesota

* High resolution optics
* High-rate detectors
* Flare campaign

The Focusing Optics X-ray Solar Imager (FOXSI)
sounding rocket demonstrated focusing X-ray
Imaging and spectroscopy of the Sun
+ need for a long focal length (high energies)

#3 FIERCE

Fundamentals of Impulsive Energy Release
in the Corona Explorer
proposed to Heliophysics MidEx in 2019
Pl: Albert Shih, GSFC

- 3 instruments:

 FOXSI-like HXR telescope

 SXR spectrometer

« EUVimager
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IRIS-10 - Bengaluru, Nov. 8. 2019 - The FOXSI sounding rocket
Main FOXSI-4 developments:

Proposed FOXSI-4 . Flare campaign

* High-resolution optics

Flare campaign:
Waiting a few hours per day for 2 weeks,
for a flare above C5 (detection with real-

time GOES X-ray data)
Desired launch site: Poker Flats (Alaska)
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* Flare campaign

Proposed FOXSI _4 Main FOXSI-4 developments:
i * High-resolution optics

Waiting a few hours per day for 2 weeks,
for a flare above C5 (detection with real-
time GOES X-ray data)

Desired launch site: Poker Flats (Alaska)

Bonus: possible coordination with
another solar sounding rocket!
- Hi-C (high resolution EUV images)

High-Resclution Coronal Imager
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Proposed FOXSI _4 Main FOXSI-4 developments:
4

* Flare campaign
I  High-resolution optics

Waiting a few hours per day for 2 weeks,
for a flare above C5 (detection with real-
time GOES X-ray data)

Desired launch site: Poker Flats (Alaska)

Bonus: possible coordination with
another solar sounding rocket!
- Hi-C (high resolution EUV images)

Developed at Marshall Space Flight Center and
Nagoya University

High-Resclution Coronal Imager
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Conclusion

FOXSI sounding rocket program

« The Focusing Optics X-ray Solar Imager (FOXSI) sounding rocket demonstrated focusing X-ray
Imaging and spectroscopy of the Sun and solar SXR photon counting
* Science results from FOXSI observations include detection of microflare complexity and

heated plasma
Next challenges of the FOXSI sounding rocket experiment:

Flare observation:

« Flare campaigns for NASA sounding rockets
* High rates

High resolution HXR imaging:
Development of polishing methods to enhance spatial resolution
Focusing optics in future solar X-ray telescopes:

 PhoENIiX spacecraft: photon counting SXR imaging spectroscopy
« FIERCE: proposition for a NASA MidEXx, includes a FOXSI-type telescope (2 modules)



