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Outline

» Overview of FOXSI sounding rocket experiment
» Successful Flight campaigns and coordinated FOXSI-2 microflare observations
« Temperature response functions for FOXSI-2

« Combined Differential Emission Measure (DEM) analysis - to determine the
amount of plasma in the line of sight that emits the radiation as a function of

temperature
« Estimates of thermal energy

e Summary



High-energy aspects of the Sun beyond RHESSI
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Focusing Optics X-ray Solar Imager (FOXSI)
First solar dedicated Hard X-ray (HXR) telescope with direct focusing optics
;’bb‘ij bly reflected rays o Ty

on-axis photon

Optical-axis

on-axis photon

1. Photons are collected on a small volume for — high Signal to Noise

1073
2. Point spread function falls steeply, providing improved dynamic range.  x 11\ —rosmsen
© 1
c 10% \
Main Goal of FOXSI: Demonstrate use of focusing optics for observing the Sun in hard x-rays | 1% \\\
5th APSPM, Pune, 2/5/20
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FOXSI sounding rocket experiment

X-ray Optics
Modules

Telescope Bench

Detector plane

ocket Skin
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FOXSI sounding rocket experiment

Replicated Ni optics

Wolter-I shape X-ray Optics
Nested sets of 7 or 10 Modules
FWHM ~5”

Telescope Bench

X-ray optic modules:
Nested shells of grazing

incidence optics
NASAMarshall Space Flight Center

Detector plane

ocket Skin

Krucker et al, SPIE, 2013
Christe et al, 2015
Buitrago-Casas et al, 2017
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FOXSI sounding rocket experiment

Energy range : 4 to 20 keV

X-ray Optics
Modules

Telescope Bench

X-ray optic modules:
Nested shells of grazing

incidence optics
NASAMarshall Space Flight Center

Detector plane

Semi-conductor
detectors (Si and CdTe),
Krucker et al, SPIE, 2013

Christe et al, 2015 JAXA, ISAS, Kavli IPMU

Buitrago-Casas et al, 2017 « Double-sided Si or CdTe strip detectors Ishikawa et al, 2016
SNAPSPI, Pune, 2/5/20 - Read out by low-power, low-noise ASICs Athiray et al, 2017

ocket Skin



FOXSI sounding rocket: past campaigns
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Kruckeretal, 2014
Ishikawa etal, 2014
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FOXSI sounding rocket past Campalgns natre
— -~y AStronomy

FOXSI-1
Nov’ 02, 2012

‘ ¢S ‘g ‘
Dec'11,2014

RHESSI FOXSI-1 Major ngradeS:
e e T S Additional optic
[ataiy 1- /s shells, CdTe detectors
<
FOXSI-1 (2012)
First focused image *
of the solar HXR
FOXSI-2(2014)
1. Observation of quiet ARs
tureAStronomy.-« 2. Two microflares, an order of magnitude
55 fainter than previous observations
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FOXSI sounding roe’g: p_agfc’mpaigns

1 -
"

RHESSI

Major upgrades: FOXSI-2(2014)

of GoASRA N1

X (arcsecs)
~

FOXSH (2012)

Additional optic 2. Two microflares, an order
shells. CdTe detectors ©f magnitude fainter than

% e 71wt Y
400 600 800 1000

First focused image
of the solar HXR

Kruckeretal, 2014
Ishikawa etal, 2014
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1. Observation of quiet ARs

A

previous observations

nature
astronomy

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

Musset et al, 2019



Solar microflares with FOXSI-2 rocket

Observations during second flight ~(6.5mins)
 Two solar microflares
* Coordinated observations : Hinode/XRT, SDO/AIA, IRIS, VLA
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« FOXSI allows us to image an order of magnitude fainter microflares than observed by solar X-ray

instruments
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Data summary for DEM analysis
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« Brightening in EUV, SXRs and HXRs clearly suggest a multi-thermal plasma

* Unique dataset suitable for “Differential Emission Measure analysis”




Temperature response function

 AIA & XRT - Standard solar soft routines

* FOXSI-2

1. Instrument response : Optics effective
area, Detectors spectral response matrix,

Thermal blankets

2. Synthetic Solar spectrum at different
isothermal temperatures (1 to 30 MK)

3. Temperature response is created by
folding the synthetic spectra through
instrument response to get the expected

counts

Instruments’ ability to detect plasma at
different temperatures
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 FOXSI is sensitive to temperatures > 5 MK
 Good overlap in temperature sensitivity for all the instruments | Note: Pixel sizes are different

for each instrument




DEM(cm™ K™
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Combined DEM analysis : EM loci curves
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Including FOXSI can better constrain high temperature emission than AlA




Comparison of flaring emission vs quiescent emission
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Background emission peaks at 2— 4 MK
Microflares have excess emission above 5 MK




Thermal energy estimates

Microflare-1  Target A 5.1 1.4
Target B 4.9 1.5
Target C 5.1 1.2
Microflare-2  Target ] 1.6 1.0

Multi-thermal DEM provides a more comprehensive E;, estimates than
iIsothermal approximation

« RHESSI microflares : 1026 — 1030 erg (Hannah et al., 2008)
« NuSTAR microflares : 1027 — 1028 erg (Wright et al., 2017)




Summary

» We produced DEMSs for two sub-A class microflares jointly observed by FOXSI-2,
XRT, and AlA

Coordinated FOXSI-2 observations are one of the few definitive measurements
of the plasma temperature distribution above 5MK in microflares

These microflares have significant emission above 5 MK

Multi-thermal DEM analysis provides a more comprehensive thermal energy
estimates than isothermal approximation

Small scale energy releases are important to consider for coronal heating

Acknowledgement : FOXSI was funded by NASA’'s Low Cost Access to the Space program, grant NNX11AB75G.
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Y (arcsecs)

Complexity in a FOXSImicroflare
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FOXSI-2 First Microflare

FI |ght Data An a IyS|S (optically thin thermal bremsstrahlung model)
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Two new CdTe detectors
— increase efficiency at

FOXSI-3 upgrades a———

JAXA/ISAS and K vii IPMU

Two new 10-shell optic Detector plane P
modules —» Increase ixr optics ' > >
effective area odules (7x)

SPARCS

SPARCS PhoEnIX

Soft X-ray photon-counting detector

—~EXpand energy range
NAQOJ and Nagoya University

Collimator + Pre-filter

-
o]

» Two collimators
- »reduce the ghost
ray background

 TORAY Buitrago-Casas, SPE 2017
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Reducing the ghost ray background

éDouny reflected rays Wolter- geometry

on-axis photon

Optical-axis

on-axis photon

double reflection on the paraboloid and one on hyperboloid

off-axis photon S
off-axis photon ":: |
off-axis photon ' i \ :

P single reflection single reflection .

| Sth APSPM,_Pune 2/5/20 on the paraboloid ©N the hyperboloid

_______________________________________________________________________________________________________________________________



Reducing the ghost ray background

o Simulation on top of Lab data Lab measurement of the ghost ray background
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» Point spread function of a FOXSI 7-shell module
at the Stray Light Facility at Marshall Space Flight Center-
» X-ray source at 100 meters from the optics

 Source is 30 arcmin off axis

§

Ray-tracing simulation of ghost rays

— Match the lab measurements
History of each simulated ray is tracked

— Information on the origin of the ghost rays

[arcmin]

Singly reflected rays Wolter-I geometry
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