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•  Importance of energetic particles 
–  (Direct ?) product of the flaring energy release 

–  Non-thermal particles heat the solar atmosphere in flares 

•  Why hard X-rays (HXRs: > few-tens keV) 
–  Direct signature of accelerated electrons 

•  Radio and EUV also provide diagnostics of non-thermal 

–  Range also cover hot SXRs 

•  Recent observations 
–  Mostly limits as optimized for flare observations 

•  Future observations 
–  Need higher sensitivity & better dynamic range 



“Typical” Big Flare 

Hannah – CL Workshop 6, Belgium, June 2013 
3 

•  Magnetic reconnection facilitates 
the liberation of stored energy 

 

•  A sizeable fraction goes into 
accelerating particles 
–  Sun is a prolific particle accelerator 

•  When theses particles stop and 
thermalize in chromosphere get: 
–  Bright HXR footpoints (10+ keV) 

–  Heats material è expands forming 
hot coronal loops (SXR, EUV) 

–  Neupert Effect 

!

!

K
rucker et al. 20

0
8

 

I(✏) /
Z 1

✏
hnV F (E)iQ(✏, E)dE



Microflares 
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•  Similar picture for microflares 
–  A, B class/RHESSI attenuators out  

–  Non-thermal HXR (>6 keV) 

–  Heating (>10MK) 
–  More frequent than large flares 

•  All RHESSI microflares in AR 
–  Over 24,000 (2002-2007) 

The Astrophysical Journal, 765:143 (6pp), 2013 March 10 Ishikawa et al.
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Figure 1. X-ray and radio light curves of Suzaku/WAM and RHESSI microflare events. The slight difference in the WAM energy bins reflects the different response
matrix for each flare. The dashed lines show the time intervals used in the spectra of Figure 2.
(A color version of this figure is available in the online journal.)

non-thermal range. For the 2007 May 19 event, RHESSI HXR
imaging results are reported by Hara et al. (2011) finding sys-
tematic HXR source motion at 15–40 keV. These observations,
as well as the statistical analysis of microflare imaging by Han-
nah et al. (2008a), suggest that this flare can be explained by the
standard scenario with magnetic reconnection near the loop-top.

The non-thermal parameters of the Suzaku/WAM and
RHESSI microflare events are summarized in Table 1. The pho-
ton indices are between 3.3 and 4.5, which are rather hard com-
pared to statistical studies of microflares that show values be-
tween 4 and 10 (Christe et al. 2008; Hannah et al. 2008a). This
is a natural result considering the sensitivity limit of WAM.
In addition, the non-thermal powers are large compared to the
RHESSI microflare statistics. This can also be explained by the
sensitivity limit of WAM, because detectable microflares must
have hard power-law indices and high fluxes.

The distribution of fluxes and photon indices of the RHESSI
microflares observed between 2002 February and 2007 February
appearing in Christe et al. (2008) and Hannah et al. (2008a)

are plotted in Figure 3. In case a low-energy break of a non-
thermal component is low, the estimated non-thermal spectra is
not reliable because it is difficult to distinguish thermal and non-
thermal components. We plotted the events with the low-energy
break of >7 keV following Hannah et al. (2008a), at the 3σ
confidence level. This criterion eliminates about 80% of events,
with 4401 events remaining out of 25,705. The six Suzaku/
WAM and RHESSI microflare events noted in the previous
section are plotted in red in Figure 3. The black solid curve shows
the estimated detection limit of microflares in the first energy
bin of WAM (∼60–100 keV) by assuming that the power-law
spectra extend up to 100 keV. This limit corresponds to counts
from a flare that is 3σ larger than the background in that energy
bin. A typical response of WAM is used for this estimation
together with a duration of 20 s and typical background count
rate of 500 counts s−1. The limit of a flux changes up to ∼50%
due to differences in the WAM response and background and
flare duration, and the dashed curves show ±50% of the black
curve for a flux. Only 2.8% of the RHESSI microflares are above
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Fig. 2. RHESSI hard X-ray spectra for the three time intervals shown in Fig. 1. The black and grey binned lines indicate the background subtracted
data and the background emission. The red, blue and black lines show the thermal, broken power-law and total (thermal plus broken power-law)
model. The top data line fitted with a green line in the first two spectra is the data fitted with just a broken power-law model, multiplied by 10 to
make it distinguishable from the other spectrum. The photon spectra are different for the two fits in the same time interval because they are found
from the same count spectra convolved with RHESSI’s detector response and the different model fits.
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Fig. 3. X-ray imaging at six different times during the 05:13 November 17, 2006 microflare: (top left) pre-flare (top middle) first 12 second
impulsive period (top right) second 12 s impulsive period (bottom left and middle) 36 second of thermal period and (bottom right) post-flare. The
background images are XRT with either the C-Poly or Ti-Poly filters, the latter using a lower resolution. The number after the time in the title
of each image is the exposure time of each XRT image. The overplotted contours (50, 70, 90%) are the RHESSI images reconstructed using the
CLEAN algorithm with detectors 3, 4, 6, 8 and 9. The red contours represent the 4–8 keV emission (predominantly thermal) and the blue contours
are the 12–60 keV emission (mostly non-thermal). The pointing of all the XRT images have been correct by x + 5′′ and y + 8′′. This was found by
matching the RHESSI hard X-ray footpoints with XRT bright emission in the trop right image.

bright footpoints that closely match the bright 12–60 keV non-
thermal footpoints seen in RHESSI. This is indicative of the ac-
celerated electrons, inferred by the RHESSI observations, pro-
ducing continuum observable in TRACE with the 284 Å filter.

3. Discussion and conclusions

The microflare presented here clearly shows electrons accel-
erated to relatively high energies, resulting in heating that
is observed in X-rays and EUV. The lower energy RHESSI
observations however do not demonstrate the expected Neupert
effect in their time profile, suggesting that the initial 4–8 keV

emission may not be thermal. Such hard flat spectra with un-
expectedly delayed thermal emission have been observed previ-
ously in early impulsive flares (Farnik et al. 1997; Sui et al. 2007)
but never in such a small flare or with possible non-thermal emis-
sion to low energies (<8 keV). An alternative to the standard
flare scenario for this microflare is that the non-thermal emis-
sion observed in the initial impulsive peak deposits its energy,
resulting in chromospheric evaporation, but these higher en-
ergy electrons penetrate deeper into the chromosphere, cooling
quickly in the dense lower chromosphere, resulting in a dimin-
ished upward flow (McDonald et al. 1999). This still leaves the
low energy (<8 keV) accelerated electron population, where the
bulk of the non-thermal energy input lies, which should produce

I.G. Hannah et al.: RHESSI, Hinode, and TRACE microflare L47
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Fig. 2. RHESSI hard X-ray spectra for the three time intervals shown in Fig. 1. The black and grey binned lines indicate the background subtracted
data and the background emission. The red, blue and black lines show the thermal, broken power-law and total (thermal plus broken power-law)
model. The top data line fitted with a green line in the first two spectra is the data fitted with just a broken power-law model, multiplied by 10 to
make it distinguishable from the other spectrum. The photon spectra are different for the two fits in the same time interval because they are found
from the same count spectra convolved with RHESSI’s detector response and the different model fits.
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Fig. 3. X-ray imaging at six different times during the 05:13 November 17, 2006 microflare: (top left) pre-flare (top middle) first 12 second
impulsive period (top right) second 12 s impulsive period (bottom left and middle) 36 second of thermal period and (bottom right) post-flare. The
background images are XRT with either the C-Poly or Ti-Poly filters, the latter using a lower resolution. The number after the time in the title
of each image is the exposure time of each XRT image. The overplotted contours (50, 70, 90%) are the RHESSI images reconstructed using the
CLEAN algorithm with detectors 3, 4, 6, 8 and 9. The red contours represent the 4–8 keV emission (predominantly thermal) and the blue contours
are the 12–60 keV emission (mostly non-thermal). The pointing of all the XRT images have been correct by x + 5′′ and y + 8′′. This was found by
matching the RHESSI hard X-ray footpoints with XRT bright emission in the trop right image.

bright footpoints that closely match the bright 12–60 keV non-
thermal footpoints seen in RHESSI. This is indicative of the ac-
celerated electrons, inferred by the RHESSI observations, pro-
ducing continuum observable in TRACE with the 284 Å filter.

3. Discussion and conclusions

The microflare presented here clearly shows electrons accel-
erated to relatively high energies, resulting in heating that
is observed in X-rays and EUV. The lower energy RHESSI
observations however do not demonstrate the expected Neupert
effect in their time profile, suggesting that the initial 4–8 keV

emission may not be thermal. Such hard flat spectra with un-
expectedly delayed thermal emission have been observed previ-
ously in early impulsive flares (Farnik et al. 1997; Sui et al. 2007)
but never in such a small flare or with possible non-thermal emis-
sion to low energies (<8 keV). An alternative to the standard
flare scenario for this microflare is that the non-thermal emis-
sion observed in the initial impulsive peak deposits its energy,
resulting in chromospheric evaporation, but these higher en-
ergy electrons penetrate deeper into the chromosphere, cooling
quickly in the dense lower chromosphere, resulting in a dimin-
ished upward flow (McDonald et al. 1999). This still leaves the
low energy (<8 keV) accelerated electron population, where the
bulk of the non-thermal energy input lies, which should produce
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Nanoflares ? 
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•  Variety of thermal signatures  (see rest of meeting) 
–  Hot non-flaring active regions/coronal loops 

–  Brightpoints/bursts/”nanoflares” in Quiet Sun 

–  Consistently hot corona 

•  Parker’s nanoflare to explain myriad of heated phenomena 
–  Energy released via reconnection of braided fields  
–  Ensemble/storm/cacophony to power                                                      

non-flaring features 
•  Accelerated electrons would quickly                                       

thermalize so hard to directly see? 

–  Larger ensemble powering larger flares ? 
•  But mostly done with MHD (no particle) models……. 

19
72
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99
P

Parker 1972 



Observed Events Features Relationship 

“Regular” Flares (SEE)  
(GOES C,M,X) 

Particle acceleration  
& heating  Same physics: 

micro are wee SEE Microflares  
(GOES A,B) 

Particle acceleration  
& heating 

Active regions/ 
coronal loops 

Heating Only (?) 
Powered by microflare 

or nanoflares*? 
Are nano small micro? 

Quiet Sun  
bright points/ 

network flares/ 
coronal loops/

nanoflares† 

Heating Only (?) 
Similar physics to hot 

active regions? 

*Theoretical nanoflares: Parker impulsive energy release 
†Observed nanoflares: Small EUV brightens energy about 1024-1027 erg 
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Parker Nanoflares ? 

Hot  

Corona 

Active Region:  

Hot Core & Loops 

Quiet Sun: 

EUV Nanoflares, 

XBPs, network 

flares etc. 

Active Region: 

 Flares & Microflares 

Waves ? 

 
Minoflares 

 A0? < micro < A1 

Current HXR  

Flare limits 
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Flare Frequency Distributions 
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•  More frequent to smaller 
•  Tricky comparison 

–  Different phenomena 

–  Different data sets/analysis 

•  Power-law index α=2? 
–  Hudson 1991 
–  Low energy cut-off to each 

population more important? 

•  Need high sensitivity 
observations to cover: 
–  AR micro to mino (to nano?) 

–  AR micro to QS “nano” 
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HXR Microflares to Mino/Nanoflares? 
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•  Non-thermal to thermal properties below current limits 
–  GOES 1-8Å to RHESSI non-thermal flux (12keV) & peak energy 

–  Caveats: Flux via fitted power-law model & CTTM energy 

      
   












 
















 

   

      
   














 


















 



Recent SXR/HXR 
observations 
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Coronas-Photon/SphinX 
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•  SXR Spectrophotometer 
–  20-Feb to 28-Nov 2009 

–  1 – 15 keV (0.4 keV) 

•  Solar Min/Quiet Sun 
–  Thermal emission 

•  1.7MK, 4x1047 cm-3 

•  1.9 MK, 1.1x1048cm-3 

–  Sylwester et al. 2012 
 

•  Active region flares 
–  Variability < A-level  

•  S (small) and Q (quiet)  

–  Gburek et al. 2011 

634 S. Gburek et al.

Figure 2 The SphinX light curve over the mission duration is shown in the upper panel. The black dashed
vertical line is for 6 April 2009, when the first mission phase ended and the second began. The horizontal
gray dashed line shows the GOES sensitivity detection threshold (3.7 × 10−9 W m−2). Gray vertical strips
show the time intervals when satellite nights did not occur – the long spacecraft days. The GOES light
curve is shown in the middle panel for comparison. Active-region lifetimes are indicated by gray intervals
there. Numbers of the active regions as attributed by the National Oceanic and Atmospheric Administration
(NOAA) are given above. The bottom panel shows a comparison of SphinX (gray curve) and GOES (black
curve) fluxes in the 1 – 8 Å wavelength range for a shorter time period. Gaps in SphinX data occur for temporal
intervals when the detectors were exposed to energetic particles.

• Analysis plasma chemical composition and abundance variability in solar corona for ele-
ments: Al, Ar, Ca, Fe, Mg, Si, and S.

• Verification of the novel, fluorescence-based, photometry measurement method.
• Development of a reference photometric standard in soft X-rays with an absolute accuracy

of 10 %.

SphinX observed the Sun in soft X-rays during a period of a very low solar activity
between Cycle 23 and 24 and in the Cycle 24 early rise phase. The overview of SphinX
observations is shown in Figure 2. The bottom plot of this figure shows that SphinX and
GOES observed fluxes demonstrating comparable behavior in the 1 – 8 Å wavelength range.
The discrepancies between SphinX and GOES flux values are on average 10 % for the tem-

G
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SOLAR SYSTEM RESEARCH  Vol. 45  No. 2  2011

SOFT X!RAY VARIABILITY OVER THE PRESENT MINIMUM OF SOLAR ACTIVITY 185

1996) also operated near the deep solar activity mini!
mum between the 22nd and 23rd solar ativity cycle. In
particular, RF!15I!2 also registered a couple of hundred
of very small events below GOES sensitivity threshold.
These events (with intensities in 10–9–10–8 W/m2 range)

are discussed for instance in Mirzoeva, 2006 and
Pisarenko and Mirzoevoy, 2008 and called class!0
events there.

It was found in Mirzoevoy, 2006 that there is a good
correlation between intensities of weak flares (GOES
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Fig. 1. The mission!long plot of SphinX lightcurve from D2 detector (five minute count averages). NOAA active region numbers
are indicated above the plot.
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Coronas-Photon/SphinX AR Spectrum 
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•  Integrated spectrum of non-
flaring active regions 
–  Miceli et al. 2012 

•  Thermal component and 
–  Another thermal component? 

–  Non-thermal component? 

•  Not clear evidence for nanoflares 
–  Most likely micro/minoflare 

–  Plus can be other HXR emission 
•  More on this later 

M. Miceli et al.: X-ray emitting hot plasma in solar active regions observed by the SphinX spectrometer

Table 1. Best-fit parameters obtained by modelling the SphinX spec-
trum with one (1T) and two (2T) isothermal components of opti-
cally thin plasma, and with one thermal component plus a power-law
(1T-Pow).

Total spectrum 1T 2T 1T-Pow

T1 (106 K) 2.83+0.02
−0.01 2.73 ± 0.01 2.73 ± 0.01

EM1 (1046 cm−3) 53.6 ± +1.3 63 ± 2 63 ± 2
T2 (K) – 6.6+0.4

−0.2 –
EM2 (1046 cm−3) – 0.027+0.009

−0.001 –
Γ – – 9.0 ± 0.3
Npow

∗ – – 7+4
−2 × 104

χ2 (d.o.f.) 657.0 (93) 97.1 (91) 94.0 (91)

Notes. All errors are at the 90% confidence level. (∗) Photons/s/keV/cm2

at 1 keV.

Spectral analysis was performed in the 1.34−7 keV energy
band (i. e. instrument channels 24−121) to minimize calibration
issues (1.2−1.34 keV) and contaminations from the electronic
noise (7−14.9 keV). The total spectrum was modelled by adopt-
ing the APEC spectral code (optically thin coronal plasma in
collisional ionization equilibrium, Smith et al. 2001) based on
the 2.0 release of the AtomDB database2. Because of the rela-
tively limited SphinX spectral resolution, it was impossible to
clearly identify line emission features in the spectra and per-
form accurate diagnostics of the abundances. We therefore set
the abundance table in the spectral model to that reported by
Feldman (1992) for the solar upper atmosphere. We added a sys-
tematic 5% error term in our spectral fittings to account for the
estimated uncertainties in the calibration of the spectrometer.

3. Results

We first verified that the total SphinX broad-band spectrum can-
not be properly described by a single isothermal component. A
fit of this simple model to the spectrum provides an unacceptable
reduced χ2 = 7.06 (with 93 d.o.f.) and significant residuals are
visible in the high-energy tail of the spectrum, as shown in the
upper panel of Fig. 2.

The SphinX spectrum can be well-fitted by adding a sec-
ond thermal component (see middle panel of Fig. 2). The model
with two components provides a reduced χ2 = 1.07 (with 91
d.o.f.) and a null hypothesis probability >30%. The 1−8 Å
X-ray flux is 1.4× 10−5 erg/s/cm2 and the 1−15 keV luminosity
is 4.7×1023 erg/s. Table 1 shows the best-fit parameters obtained
with one and two thermal components. We did not obtain signif-
icant improvements to the quality of the fits by adding a further
thermal component. In particular, according to the F-test, the
probability that the improvement in the fit is insignificant is more
than three times higher than our threshold at 0.1% and the error
bars in the best-fit parameters are larger. We therefore conclude
that the broadband modelling of the SphinX spectrum requires
two thermal components, a warm component at ∼2.7 × 106 K
and a hot one ∼7 × 106 K (hereafter 2T model).

The high-energy tail of the SphinX spectrum can also be fit-
ted by a non-thermal component. A model with a (warm) ther-
mal component plus a power-law (1T-Pow model, see lower
panel of Fig. 2) provides a χ2 = 94.0 (with 91 d.o.f.) that is
even lower than that obtained with the 2T model. In this case,
the values of T1 and EM1 are consistent with those obtained with
the 2T model, while for the non-thermal component we obtain a

2 See http://www.atomdb.org
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Fig. 2. Upper panel: SphinX spectrum of the solar corona collected be-
tween 2009 May 7 and 2009 May 24, together with its best-fit model
consisting of one isothermal component and residuals. Middle panel:
same as upper panel with a two-component thermal model. The contri-
bution of each component is shown. Lower panel: same as middle panel
with the 1T-Pow model.

quite steep photon index Γ, as shown in Table 1. Therefore, with
the available data it is impossible to exclude that the hard X-ray
emitting component is associated with non-thermal processes
and/or is a combination of thermal and non-thermal emission.

SKG12 analysed SphinX spectra extracted from the lowest-
activity periods of the 2009 solar minimum and characterized by
a lack of major active regions. They found that in time intervals

A139, page 3 of 6

Miceli et al. 2012 

2.7MK 6.3x1047cm-3 

6.6MK 2.7x1044cm-3 

2.7MK 6.3x1047cm-3 

γ=9 N(1keV)=7x104 keV-1cm-2s-1 
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•  RHESSI fantastic for flares X through to A-Class 
–  But need different analysis techniques for fainter emission 

•  Long integrations & temporal chopping of solar “signal” 
–  Day/Night terminator 

•  Non-flaring active regions 

•  McTiernan 2009 

–  Off-pointing/Fan beam modulation 
•  Quiet Sun & Non-flaring active regions 

•  Hannah et al. (2007a,2007b, 2010) 



RHESSI Non-flaring Active Regions 
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•  Use the day/night terminator 
–  ± 5 minutes 

–  No flares/spikes 

–  Isothermal fit to spectrum 
•  Background subtracted 

•  3 to 30 keV (or max E 3σ) 

 

•  Showing 28 day average 
–  6-8 MK 

–  1046 – 1047 cm-3 

•  Minoflares the likely source? 

No. 1, 2009 RHESSI/GOES OBSERVATIONS OF THE NONFLARING SUN 97
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Figure 5. Temperature response curves for the two GOES channels and two
selected RHESSI energies.
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Figure 6. RHESSI temperature vs. GOES temperature for all time intervals. The
dashed line indicates where the two temperatures are equal.

in 2002; the correlation coefficient between RHESSI EM and
sunspot number is 0.61. The GOES values start relatively
constant, and then become erratic at the start of 2003 (the average
GOES T does remain lower than the average RHESSI T). GOES
T does not correlate well with sunspot number, but the GOES
EM decreases steadily.

There is still the issue with the unexpected presence of GOES
measurements with higher T than RHESSI measurements. We
believe that this is due to the fact that the GOES measurements
do not include background subtraction. There is no “spacecraft
night” for GOES, and there is no way to separate nonsolar
background from solar emission. The GOES measurements are
affected by the presence of charged particles (Garcia 1994) and
the relative effect of the particles increases as solar emission
decreases. After 2002, it may be that the nonflare solar emission
is not large enough to dominate over background effects.
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Figure 7. Top: 28 day averages of GOES (stars) and RHESSI (diamonds) T.
Middle: 28 day averages of GOES (stars) and RHESSI (diamonds) EM. Bottom:
the solid line is the fraction of time intervals that resulted in zero value for
RHESSI temperature. The dashed line is a normalized value of sunspot number.

We can estimate the level at which GOES T and EM mea-
surements begin to become affected by checking the frequency
of intervals for which the GOES T is higher than the RHESSI T.
The top panel of Figure 8 shows the fraction of measurements
for which the GOES T is higher plotted for 28 day time intervals
as a function of time. This fraction is zero for a few months of
2002, but often becomes fairly large late in the mission. The
bottom panel shows this fraction plotted versus average GOES
EM for all of the 28 day time periods. Although there are some
time periods for which the fraction is zero for low GOES EM,
the fraction is sure to be zero for EM greater than 3×1048 cm−3.
This corresponds to a flux of approximately 1 × 10−6 W m−2,
or C level in the short-wavelength GOES channel. So below
C level, we believe that the nonbackground-subtracted GOES
measurements may be problematic, and users should take ex-
treme care when interpreting these results. Note that this is not
an issue for flare studies, which constitute the vast majority of
GOES data analyses. Valid T and EM values can always be ob-
tained for flares as long as the appropriate preflare background
is subtracted.

5. DISCUSSION

Regardless of the difficulties involved in the RHESSI–GOES
comparison, we still have shown that there exists 5–10 MK
emission from the Sun, in the absence of solar flares, which has
not been previously well documented. The best-known “heating
mechanism” for high-temperature loops in active regions is the

McTiernan 2009 

RHESSI 

GOES 

GOES 
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•  From times with no active 
regions & GOES < 10-8 Wm-2 

•  Off-point from disk centre 
–  Get strong time modulation 

•  Peaks twice per rotation 

–  Predictable location given 
pointing and source location 

–  Max mod: offset 0.4°	  -‐	  1° 
•  No signal 

–  Accumulate many QS times to 
produce upper limits 
•  July 2005 to Aug 2009 

H
annah et al. 20
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2.5kT (Emslie 2003) 

P=9x1027 erg s-1 (Withbroe and Noyes 1977) 
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•  Need higher sensitivity imaging spectroscopy than RHESSI 
to detect the smaller events 
–  Need imaging to pin point source 

–  Need spectroscopy to determine thermal/non-thermal 

•  Indirect imagers – Grids/collimators 
–  Solar Orbiter/STIX 

•  Direct imagers – Focusing optics 
•  Technology now practical/cost effective 

–  FOXSI / HEROES / Super-HERO (2012 – 2014 +) 
–  NuSTAR (solar 2014 +) 

Wolter  
Mirrors 



ESA’s Solar Orbiter/STIX 
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•  Spectrometer/Telescope for Imaging 
X-rays 
–  Krucker (PI) 

–  Provides crucial link between remote 
and in-situ instruments  

•  Although an indirect imager still 
more sensitive than RHESSI (x15) 
–  Closer to Sun + Lower background 

–  But still low dynamic range 

•  Specification 
–  CZT: 4-150 keV (1-15 keV res) 

–  Grids/Collimators: 7” of full Sun 

ESA 

STIX CZT  
Detector x 32 



FOXSI Sounding Rocket 
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•  Focusing Optics X-ray Solar Imager 
–  Krucker (PI), Glesener  [UCB] & Christe [GSFC] 

–  Grazing-incident replicated optics  
•  Flown on HERO Balloon, Ramsey et al. 2002 [MSFC] 

–  Double-sided Si strip detectors 
•  Developed for Astro-H, Takahashi [JAXA/ISAS] 

•  Specifications: 
–  Energy: 4-15 keV (0.5 keV) 
–  Spatial: FOV 16’x16’  

•  10” FWHM 

–  Effective Area: 3 x RHESSI 
–  Dynamic Range: 10 x RHESSI 

  HXRs$undergo$total$internal$reflection$at$shallow$graze$angle$
(<0.5$degree).$

  Using$mirror$shells$with$a$Wolter$I$geometry$HXRs$can$be$
brought$to$a$common$focus$(direct$imaging).$

  Telescope$shells$are$nested$together$to$form$telescope$
modules$to$increase$area.$

  Current$Tech:$Slumped$glass$optics$or$Replicated$metal$optics$

HXR$Focusing$Optics$



FOXSI Launch: 02-Nov-2012 
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•  6.5 min observation interval 

Courtesy of L. Glesener  



FOXSI Microflare: B4 
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•  FOXSI image free of RHESSI CLEAN artefacts 

Courtesy of L. Glesener & S. Christe 



FOXSI Non-flaring AR target 
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•  90s of data gives 4.6σ detection of HXR from the disk 

•  Under study: Not noise and not localized to AR 
–  If real, difficult to say if thermal or non-thermal 

Courtesy of L. Glesener 

4-10 keV High E Background 



FOXSI Future 
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•  FOXSI 2nd flight (late 2014) 
–  Upgrade detectors (CdTe) 

–  More inner optics 

–  Improved high energy response 

•  HEROES Balloon (Sep 2013) 
–  High Energy Replicated Optics to Explore the Sun 

–  Gaskin (MSFC) & Christe (GSFC) 

–  Similar optics but 6m focal length è 60 keV 

•  Super-HERO Antartica Balloon (proposed) 
–  Couple weeks of observations 

–  Upgrade to CdTe HEXITEC detectors  

Courtesy of S. Christe  



NASA’s NuSTAR  
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•  Nuclear Spectroscopic Telescope Array 
–  PI: Fiona Harrison (Caltech) 

–  Launched June 13, 2012 

–  2 grazing incidence telescopes 
–  Energy: 3-79 keV (0.4 -0.9V) 

–  Spatial: 13’ x 13’ (FWHM: 18”) 

–  200x more sensitive than RHESSI  
•  10x FOXSI 

 

•  Astrophysics mission so main                                                 
targets so far are non-solar 

The Astrophysical Journal, 770:103 (19pp), 2013 June 20 Harrison et al.

Figure 1. Diagram of the observatory in the stowed (bottom) and deployed (top)
configurations.
(A color version of this figure is available in the online journal.)

Table 1
NuSTAR Mission Parameters

Mission Parameter Value

Mass 350 kg
Power 600 W
Orbit Low Earth, 650 × 610 km
Orbit inclination 6◦

Orbit lifetime ∼10 yr

anti-coincidence shield reduces background above 10 keV, so
that overall the instrument detection threshold represents more
than two orders of magnitude improvement over collimated or
coded aperture instruments that have flown in this band. Table 2
summarizes the key performance parameters.

3. NuSTAR OBSERVATORY AND MISSION DESIGN

The NuSTAR observatory is pointed at predetermined loca-
tions on the sky by a three-axis stabilized spacecraft based on
Orbital Science’s LEOStar bus. NuSTAR is designed for long
observations (1 day—weeks in duration). The observatory does
not re-orient during periods of Earth occultation, and for a typ-
ical celestial source (55◦ > δ > −55◦) the observing efficiency
is 55%, including occultations and SAA passages; sources at
high latitudes can be observed with close to 90% efficiency.

A four-head star camera system, the Technical University of
Denmark’s µASC (Jorgensen et al. 2004), is used to determine
both instrument and spacecraft attitude. Three of the four units
are mounted on or near the spacecraft bus and are combined
with other spacecraft sensors to provide attitude control and
determination. The fourth unit, mounted to the instrument optics
bench, is combined with a laser metrology system to determine
instrument pointing and alignment (Section 5.4). As a result of
the multi-head tracker design and the lack of thermal constraints,
NuSTAR can perform science observations at any given time
over more than 80% of the sky. For science targets the primary
restrictions are a cone of 39◦ around the Sun and 14◦ around the

Figure 2. Effective collecting area of NuSTAR compared to selected operating
focusing telescopes. For consistency, the CCD imagers on Chandra, XMM,
and Suzaku are used for comparison. For Suzaku, the area reflects that of four
imaging modules, with the current area being lower due to loss of one backside-
illuminated detector plane. NuSTAR provides good overlap with these soft X-ray
observatories and extends focusing capability up to 79 keV.
(A color version of this figure is available in the online journal.)

full Moon, with other small regions excluded by the requirement
that one spacecraft star tracker be available at all times. NuSTAR
can point closer to (or even at) the Sun and Moon; however,
pointing reconstruction is degraded due to the lack of availability
of the optics bench star camera.

NuSTAR was designed such that one side of the observatory
always faces the Sun, and pointing to a celestial target is achieved
by rotating the observatory about the Sun–Earth vector. This
allows the use of a solar array with a single axis of rotation and
simplifies the thermal design. As a consequence, the observatory
position angle is restricted to 0◦–10◦ from the Sun at any given
point in the year, so that the position angle for a particular target
depends on when during the year it is observed. Science target
observations are generally performed in an inertial pointing
mode, which keeps the position angle fixed. A small slew is
performed every few days to keep the solar array optimally
pointed at the Sun.

4. THE NuSTAR SCIENCE INSTRUMENT

The two co-aligned hard X-ray grazing incidence telescopes
form the core of the NuSTAR instrument. The two optics modules
are mounted, along with one of the star tracker heads, to a
composite, thermally stable bench (see Figure 1). The shielded
focal plane modules are mounted to an aluminum structure that
is attached to the spacecraft. The two benches are separated by a
mast, which was deployed after launch. The mast consists of 57
rectangular structures made stiff after deployment by diagonal
cables that latch as the system is deployed (see Figure 3).
Due to thermal conditions that vary over an orbit and with
aspect angle relative to the Sun, the alignment of the optics
and focal plane benches changes in translation, tip, tilt, and
relative rotation during an observation. These changes move
the location of the optical axis and also the X-ray spot on the
detector by about 3 mm (1′) each. This changes the alignment
and vignetting functions as a function of time. A laser metrology
system, combined with the optics-bench-mounted star tracker,
measure the varying translation, tilt and rotation of the optics
relative to the detectors. These measurements are combined
during data processing on the ground to remove image blurring

3

Harrison et al. 2013 

NASA/JPL-Caltech/DSS 



NuSTAR Solar Observations 
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•  Solar observations part of the base line mission 
–  Expecting 3 weeks in 2014 

–  Minimum observable flare: about 0.01 A-Class (10-10 Wm-2) 

–  Maximum observable flare: <B-Class 

•  Solar Working group chaired by David Smith (UCSC) 
–  Grefenstette, Hudson, Glesener, Hurford, Krucker, Marsh, Mewaldt, Pivovaroff, Vogel, 

White, Hannah (Collaborator) 

•  Early target: HXR “nanoflares”  signatures in AR & QS 
–  Existence;  
–  Relationship to microflares;  

–  Extension of flare distribution etc. 

•  Testable model parameters? 
–  Suggestions welcome…… 

      RHESSI 

FOXSI 
sounding 
rocket 



Summary & Future 
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•  Smallest HXR bursts are active region microflares 
–  10,000s of examples with RHESSI 

•  Relationship to smaller events in active regions unclear 
–  Micro è “Mino” è “Nano” ? 
–  Relationship AR to QS events  more speculative ? 

•  HXR focusing optics observations within next 12/18 months 
–  Targeting HXR emission from non-flaring AR and QS 

•  Dedicated solar mission (Super FOXSI ?) 
–  1-80 keV + <10” + x100 RHESSI sensitivity  

–  Great for flares/CMEs/jets and “nanoflares” 


