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Abstract

The detailed properties of the energy release processes in solar flares, as well as the
mechanisms that accelerates particles, are currently not well understood. Accelerated
electrons emit hard X-rays (HXRs) by the bremsstrahlung process, therefore HXR
observations provide important information about the energy release process in solar
flares. Past solar HXR observations such as Yohkoh/Hard X-ray Telescope revealed
the spatial structure of particle acceleration in solar flares, including two HXR sources
at the footpoint of the flare loop and a coronal source above the loop top. In 2002, the
RHESSI satellite, providing imaging spectroscopy from 3 keV up to ~10 MeV, started
to observe solar flares. Simultaneous wide-range HXR imaging and spectroscopy of
solar flares can be done for the first time by RHESSI.

We did a statistical survey of imaging of HXR bremsstrahlung sources above 150
keV from electrons accelerated to relativistic energies. Images in the energy range
from 150 keV to 450 keV integrated over the total duration of the impulsive phase
of the flare are derived. The statistics are good enough for 21 events out of the 26
RHESSI ~-ray flares, and we successfully obtained images. The flux ratio of the
footpoint sources is found to be similar at 50 keV and above 150 keV, indicating that
relativistic electrons are present in both footpoints of the flare loop.

We searched for the best example of a coronal above-the-loop-top source in the
RHESSI database, and investigated the spectral and spatial structure of the above-
the-loop-top source relative to the footpoint source. The best event found shows a
coronal source in the 35-100 keV range that is significantly above the thermal flare

loop top, similar as seen in the Masuda flare. The chromospheric emissions for this
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limb flare shows a single footpoint, with the second footpoint occulted. The large
intensity of the above-the-loop-top source and the absence of thermal emission in
the above-the-loop-top region suggests that the electrons within above-the-loop-top
source are purely non-thermal. Photon indices of the above-the-loop-top and the
footpoint sources are 5.3+0.3 and 3.640.4, respectively. These difference of indices
1.5 £ 0.5 suggests that these emission are from the same components of electrons
through thin- and thick-target bremsstrahlung. Assuming that all the electrons are
accelerated at the above-the-loop-top region, the instantaneous number of electrons
above 30 keV is Nj,¢ ~ 7 x 10%. An electron loss rate by collision above 30 keV at
the footpoint is calculated to be N} ~ 2 x 10** electrons/s. If the energy deposition
rate is assumed to be similar in the occulted footpoint, the time 7 to empty out the
above-the-loop-top source by precipitation to the footpoints is ~17 s. This is similar
to the decay time scale of the above-the-loop-top sources of ~20 s derived from
the light curve. Our observations are therefore consistent with the model in which
all electrons are accelerated in the above-the-loop-top region and the accelerated
electrons precipitate into the footpoints.

To improve the dynamic range for future observations, grazing-incidence HXR
focusing optics are a promising new technology for future solar observations. A
new sounding rocket mission, the Focusing Optics X-ray Solar Imager (FOXSI, to
be launched in March, 2012), will test out grazing-incidence HXR focusing optics
combined with position-sensitive focal plane detectors for solar observations. In the
target energy range of 5-15 keV, the angular resolution of optics is expected to be
~12 arcseconds with the focal length of 2 m. FOXSI will achieve superior sensitivity;
two orders of magnitude better than that of the RHESSI satellite. For FOXSI, we
have designed and fabricated a Double-sided Silicon Strip Detector with a pitch of
75 pm, which corresponds to 8 arcsec at the focal length of 2 m. The detector was
successfully operated in the laboratory and an energy resolution of 430 eV at a 14 keV
line was achieved. We also successfully demonstrated fine-pitch imaging successfully
by obtaining a shadow image, hence the implementation of scientific requirements
was confirmed. To improve the detector efficiency for the second launch of FOXSI

(FOXSI 2), we developed prototype cadmium telluride detectors with the double-

il
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sided strip configuration with a strip pitch of 400 gum. The detector was successfully

operated, and the concept was successfully demonstrated.
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Chapter 1
Introduction

The Sun affects the life and culture of human beings. The Sun was worshiped
as an important god in many myths all over the world, including Apollo in Twelve
Olympians, Ra in ancient Egyptian religion, and Amaterasu in Japanese mythology.
This indicates that human beings of an early date intuitively recognized that our
lives strongly depend on the presence of the Sun. Even today, although it is the
21st century, the century of science and technology, we still cannot live without the
benefits from the Sun.

In addition, the Sun is one of the most notable astrophysical objects to research.
Most of the high-energy particles in the solar system are accelerated in the Sun, and
these particles affect space and terrestrial environments. In particular, the relation-
ship of the solar corona to accelerated particles is of interest. The “coronal heating
problem” is the question of why the solar corona has such a high temperature of ~MK
in comparison to the temperature of the surface of the Sun of ~6000 K (Withbroe
& Noyes 1977). This problem is still unsolved. Studies of solar particle accelerations
provide insight into the coronal heating problem.

Most of the high-energy particles are accelerated in solar flares. Although it is well
accepted that solar flares are caused by release of magnetic energy in the corona, the
acceleration mechanism is not yet known in detail. Magnetic reconnection (details
in Section 2.3) could be the central mechanism to release energy in flares. However,

further observations are required to establish a complete picture of solar flares and
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particle acceleration.

Release of energy stored in magnetic fields by magnetic reconnection might be the
mechanism of various explosive phenomena in the universe. Examples are as follows:
A stellar superflare of the RS Canum Venaticorum binary (a binary with late-type
stars) IT Pegasi, which emitted a hard X-ray flux of 10° times larger than the largest
solar flare ever observed in the peak duration, was observed by the Swift Satellite
(Osten et al. 2007). An X-ray flare from a protostar in the R Coronae Australis
molecular cloud was observed by the ASCA satellite (Koyama et al. 1996). Fast
flares from possible magnetar SWIFT J195509.64261406 were observed by multi-
wavelength observations (Stefanescu et al. 2008).

Also particle acceleration is a global astrophysical phenomena, with or without
magnetic reconnection, and accelerations in solar flares are possibly related to high-
energy phenomena in other astrophysical objects. Possible acceleration sites in the
universe includes supernova remnants, pulsars, jets from active galactic nuclei, clus-
ters of galaxies, and the termination shock in the solar system. Cosmic ray particles
are accelerated to very high energies up to >EeV; the source is unknown.

The most important reason to study particle accelerations in the Sun among var-
ious astrophysical objects is the close distance from us. Compared to other objects,
intense fluxes can be detected from the Sun, and it is possible to observe intrinsically
fainter events. In addition, the Sun is the only object producing particle acceleration
in which it is possible to provide fine spatially resolved observations. These enable us
to obtain significantly detailed data of high-energy activities, and a detailed picture of
acceleration is revealed only by the Sun. The results from research on particle acceler-
ation in the Sun provides important information on physical processes of accelerations
in other astrophysical objects.

In the last couple of decades, the understanding of solar flares progressed sig-
nificantly due to hard X-ray (HXR) observations using satellites. The hard X-ray
telescope (HXT) onboard the Yohkoh satellite (operated in 1991-2001) was a suc-
cessful Japanese HXR imager. One of the major results was the detection of the
HXR source from above the flare loop top, which is often referred to as “the Masuda

flare” (Masuda et al. 1994). In 2002, the Reuven Ramaty High-energy Solar Spec-
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troscopic Imager (RHESSI) satellite (with imaging spectroscopy from 3 keV up to
~10 MeV) started to observe solar flares (details in Chapter 3). A review of previous
observations is also described in Chapter 2.

In this thesis, we study particle accelerations in solar flares through HXR observa-
tions by RHESSI with two topics; a statistical imaging study of HXR bremsstrahlung
sources above 150 keV from relativistically accelerated electrons (Chapter 4), and the
best example of a coronal above-the-loop-top source in the RHESSI database, which
is similar to the Masuda flare (Chapter 5 and 6). Descriptions of future missions
for further observations (Chapter 7), and development of fine-pitch semiconductor

detectors for these missions (Chapter 8) are discussed.
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Chapter 2

Solar Flares

2.1 Overview of Solar Flares

2.1.1 Basic Properties of Solar Flares

A solar flare is an explosive release of energy in the Sun’s atmosphere that emits
strong radiation and particles (review by Benz 2008). The upper atmosphere in which
flares occur is called the corona. The corona has a high temperature of ~MK, in con-
trast to the solar surface of the photosphere with a temperature of ~6000 K. Solar
flares were first discovered by Carrington and Hodgson as brightenings in white light
(Carrington 1859; Hodgson 1859). Flares normally occur near sunspots, and the re-
gions with many flaring activities are referred to as active regions of the Sun. Sunspots
are known to have strong magnetic fields (~1000 G), and the energy source of solar
flares is magnetic energy. However, the process of converting magnetic energies to
kinetic energies is still not well understood (see Section 2.3).

The origin of strong magnetic fields of the Sun is thought to be the process of am-
plifying magnetic fields through gas motions, called the dynamo mechanism. Num-
bers of sunspots and activities in the solar atmosphere have an ~11 year periodicity,
referred to as the solar cycle.

During solar flares, multiwavelength radiation is emitted from radio to ~v-ray,

and the duration varies from a few minutes up to hours. Typical time profiles of
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multiwavelength emissions during solar flares are shown in Fig. 2.1. As shown in
Fig. 2.1, solar flares have two phases; the impulsive phase with fast rising radio and
HXR emissions, and the gradual phase with slower rise and decay of Ha and soft
X-ray (SXR) emissions. Figure 2.2 is an example of a multiwavelength spectrum of a
typical flare that occurred in December 6, 2006. While SXRs are emitted by thermal
plasmas through the bremsstrahlung process, HXRs are originated by accelerated
particles (see Section 2.2 for details).

Solar flares release enormous energies from 10?8-103? erg, which could be one of
the most energetic explosive phenomena in the present-day solar system. High tem-
perature plasmas such as ~10-50 MK (10-50 times higher than the ordinary corona),
and accelerated high-energy particles from ~10 keV up to ~ GeV which deviate from
Maxwellian distributions accompany solar flares (“non-thermal” distributions). Some

flares are accompanied by large scale plasma motions, such as coronal mass ejections

(CMEs).

2.1.2 Flare Statistics and Scalings

Basically, sizes of flares are classified by 1-8 A SXR peak fluxes measured by the
solar monitoring satellite GOES. The GOES class is described by the combination
of a prefix alphabet with one or two significant figures of a flux. The prefixes are X,
M, C, B, or A, indicating the order of magnitude of a GOES flux. For example, an
X-class flare has a flux of 107 W/m?, and preceding classes have a flux one order of
magnitude smaller than that of previous one.

Total energies of solar flares are distributed over more than ten orders of magni-
tude, and flares are also classified by their total released energies. “Regular” or “large
flares” have total energies of E ~ 103°-10%3 erg, with plasma temperatures of 7" ~8-
40 K (Aschwanden 2005). Smaller flares with £ ~ 10*7-10%° erg and T ~2-8 K are
called microflares. Flares smaller than microflares, referred to as “nanoflares” with
E ~10%"-10% erg and T ~2-8 K are also observed in extreme ultraviolet (EUV). Al-
though large flares and microflares are observed in active regions, nanoflares are only

observed outside of active regions so far (nanoflares are also described in Chapter 7).
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Figure 2.1 Schematic time profiles of multiwavelength radiations emitted during typ-

ical solar flares (Kane 1974).
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Figure 2.2 Multiwavelength spectrum of the December 6, 2006 flare. Instruments
are as follows: Microwave: The Nobeyama radioheliograph (Nakajima et al. 1994).
White light: Hinode (Kosugi et al. 2007). Ultraviolet: TRACE (Handy et al. 1999).
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Figure 2.3 Frequency distribution of solar flares.

The occurrence frequency of flares depend on their energy contents. The frequency
distribution follows this formula:

where the constant « is measured to be 1.5-1.8 by Yohkoh, TRACE, SOHO, and
RHESSI (Crosby et al. 1993; Shimizu et al. 1995; Aschwanden et al. 2000; Benz
& Krucker 2002; Christe et al. 2008). Figure 2.3 shows the occurrence frequency
distribution. Solar flares including microflares and nanoflares may contribute the
heating of the corona (Parker 1988). In paticular, smaller events may play a significant

role due to its high frequency, even though a released energy of each event is small

(Hudson 1991; Hannah et al. 2008).
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2.2 Hard X-Ray Emission

2.2.1 Spectra

HXR imaging and spectroscopy observations of solar flares are provided by the
Yohkoh/HXT and the RHESSI satellite. Although HXT onboard Yohkoh (Kosugi
et al. 1991, 1992) had a good spatial resolution of ~5 arcseconds, HXT has only
four energy bands for spectroscopy; 14-23, 23-33, 33-53, and 53-93 keV. On the other
hand, RHESSI has a good energy resolution of ~1 keV and a wide energy range from
~3 keV up to ~10 MeV with a spatial resolution down to 2.3 arcseconds (details in
Chapter 3).

Spectra of HXRs are often well-represented by one or more power-laws, and HXRs
are thought to be emitted by accelerated electrons of non-thermal power-law distribu-
tions. A flux f in power-law distribution is represented by f oc £~ where F is energy
and v is a constant, called “a photon index”. A spectrum with large v is called a soft
spectrum, and a spectrum with small v is called a hard spectrum. Indices of HXR
emissions in solar flares distribute from 2 to 6. Accelerated electrons emit HXRs by
the bremsstrahlung process as they travel and lose their energy in the solar corona.
HXRs represent properties of non-thermal particles, and HXR observations provide
a powerful probe to the mechanism of solar flares. A relation between accelerated
high-energy electrons and HXR radiations is likely to be represented by the thick- or
thin-target model (Brown 1971), depending on the ambient gas density. While the
thick-target model assumes that the density is sufficiently high to lose all energy in
the time scale of an observation, the thin-target model assumes that a time scale of
energy loss is much larger than that of an observation. Power-law indices of HXR
fluxes will be v = 6 — 1 or § + 1/2 for thick and thin target models, where ¢ is a
power-law index of accelerated non-thermal electrons (Koch&Motz 1959; Lin 1974;
Hudson et al. 1978).
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2.2.2 Time profiles

HXR radiation is impulsively emitted during the rise time of SXRs. By comparing
thermal SXRs and non-thermal HXRs, it is known that the time derivative of ther-
mal SXR emissions have similar time profiles to non-thermal HXRs, which is referred
to as the Neupert effect (Neupert 1968; Veronig et al. 2005). The Neupert effect
indicates that the thermal plasma picks up the energy from the non-thermal elec-
trons. Although the Neupert effect is seen in many events such as shown in Fig. 2.4,
deviations are reported in some events (e.g., Warmuth et al. 2009).

By measuring the time evolution of photon indices of HXRs during flares, it is
revealed that spectra evolve as soft-hard-soft (spectral indices evolve as large-small-

large) in rise-peak-decay phases (Grigis & Benz 2004).

2.2.3 Spatial Structures

HXR imaging observations reveal the spatial structure of particle acceleration in
solar flares, including where flare-accelerated energetic electrons are stopped by the
high density of the chromosphere (flare footpoints) and where flare-heated plasmas
fill magnetic loops. Thermal SXRs represent magnetic flare loops filled with thermal
plasma.

In addition to footpoints, a coronal HXR source above the flare loop top was ob-
served by Yohkoh/HXT. This event is well known as the Masuda flare (Masuda et
al. 1994, Fig. 2.5). This above-the-loop-top source suggests that electrons are accel-
erated in this region (e.g., Krucker et al. 2010, also see the discussion in Chapter 6),
and the origin of solar flares is magnetic reconnection (see the next Section).

HXR radiation from footpoint sources is likely to be produced by the thick target
due to the higher density of chromosphere, and the coronal above-the-loop-top source

might be represented by the thin target model due to the low density of the corona.
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Figure 2.4 Example light curve of the RHESSI HXR and the derivative of the GOES
SXR of the 2002 April 14 flare, in which the Neupert effect is represented (Veronig
et al. 2005).
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Figure 2.5 Yohkoh SXR and HXR images of the Masuda flare (Masuda et al. 1994).
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2.3 Magnetic Reconnection

2.3.1 Release of Magnetic Energy by the Reconnection Pro-

cess

One of the well-accepted theories of a process to convert magnetic energy to
kinetic energy in solar flares is magnetic reconnection. The difference of magnetic
energy between before and after reconnection is thought to be released as kinetic
energy. The idea of magnetic reconnection was first invented around 1940-1950.

One of the primary theories of converting magnetic energies to kinetic energies
is a magnetic dissipation. However, it is estimated that the time scale is too long
(about ~3x10° years) for the spatial scales of flares.

The magnetic reconnection process occurs as following: Providing there are mag-
netic fields directed opposite adjacent to each other, a strong current sheet will flow
between them. If the current spread away, the magnetic field will reconnect each
other into a low-energy configuration. The reconnected magnetic fields have strong

magnetic tension and will release energy.

2.3.2 Reconnection Models

One of the simplest models of magnetic reconnection was presented by Sweet
and Parker (Sweet 1958; Parker 1963). This model is based on resistive magneto-
hydrodynamics (MHD) assuming that the length of a current sheet along magnetic
fields is much longer than the width. By the Sweet-Parker model, the speed of the

reconnection outflow v, is roughly the Alfvén speed v 4,

B
VATp

where B is the magnetic field strength and p is the mass density of the plasma.

Up ~ Vg = (2.2)

According to this model, the time scale of energy release 7. is
3/2 3/4 —1/2 1/4
7, ~ 107 L ! B (L) s, (2.3)
102 cm 106 K 100 G 10?2 cm—3
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where L is the spatial scale, T' is the plasma temperature, and n is the number density.
Although this time scale is shorter than the case of magnetic dissipation, it remains
still too long for ordinary flare events.

To solve this difficulty, a revised model was proposed by Petschek (1964). In the
Petschek model, the length of the current sheet is assumed to be smaller, comparable
to the width. The energy conversion is thought to be done by the slow-mode MHD
shock. In this model, the time scale 7, can be shortened by assuming that the current

sheet is sufficiently small, such as
T, ~ (10 — 100) x t4 s, (2.4)

where t, = L /v, is the Alfvén time scale. Since t4 ~ 1-10 s, then solar flares can be
explained by magnetic reconnection.

By MHD simulations, magnetic reconnection is confirmed to be a possible solution
(e.g., Ugai & Tsuda 1977).

2.3.3 Flare Model

The well accepted model of solar flares based on magnetic reconnection is called
the CSHKP model, from initials of the proposing authors (Carmichael 1964; Stur-
rock 1966; Hirayama 1974; Kopp & Pneuman 1976). The scenario is as follows;
Particle acceleration and heating of coronal plasma will be accompanying magnetic
reconnection in the corona, and accelerated non-thermal particles will reach and heat
chromospheric plasma. Heated chromospheric plasma will evaporate and fill the flare
loop along the magnetic field lines. Figure 2.6 shows two schematics of the standard
flare model of magnetic reconnection. Basic structures of a flare with reconnection are
calculated by MHD simulations (e.g., Yokoyama & Shibata 1998, the bottom panel
of Fig. 2.6). Note that the mechanism of particle acceleration is not included in the
CSHKP model and not well understood.

The standard model is supported by several observations by Yohkoh: the cusp
shaped SXR flare loop (Tsuneta et al. 1992), the downward outflow from mag-
netic reconnection (McKenzie & Hudson 1999), the inflow (Yokoyama et al. 2001),

14
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the plasma ejection (Ohyama & Shibata 1997), the coronal above-the-loop-top HXR
source of the Masuda flare (Masuda et al. 1994) which suggests that the energy

release in a solar flare is outside the magnetic loop.

2.4 Particle Accelerations

2.4.1 Properties of Accelerated Particles in Solar Flares

Although non-thermal HXRs are thought to be emitted by accelerated high-energy
electrons, the properties of accelerated particles and the acceleration mechanism are
still not well understood.

Acceleration regions of high-energy particles are not easy to determine, because
accelerated particles need target particles in order to radiate HXR bremsstrahlung
emission. By comparing the energy dependency of the delay of emission in footpoints,
it is revealed that the acceleration region is above the flare loop top, assuming that
all electrons are accelerated simultaneously in the same region (Aschwanden et al.
1996). The time scale of the HXR emission is observed as <1 s, suggesting that the
time scale of acceleration is shorter than a second.

According to HXR emission in the impulsive phase, a large number of accelerated
particles is required: ~ 10%. However, this number cannot be explained by any
observational evidence of inflow and volumes of reconnection sites. This problem is
referred to as the “number problem” of energetic particles. “Recycling” of electrons,
a repeating of acceleration and energy loss by emission, may be needed to solve this
problem. We note that the number and total energy of accelerated particles depend
strongly on the energy of a low-energy cut-off in the electron distribution, which

produces a rollover at the same energy in the photon spectrum.

2.4.2 Acceleration Mechanisms

Theoretically, the acceleration mechanisms can be classified into roughly three

types: electric field acceleration, stochastic acceleration, and shock acceleration.
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Figure 2.6 Schematic illustrations of flare models. Top: Giant arcade structure (Sh-
iota et al. 2005). Bottom: Simulated illustration of flares by magnetic reconnection

(Yokoyama & Shibata 1998).
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Under the stronger and stronger electric fields, electrons with high speeds can es-
cape from the region of a thermal Maxwellian distribution. The electric field strength
by which electrons are accelerated to the speed of escape is called the Dreicer field
(Dreicer 1959). The Dreicer field is strong when the density is high and the tempera-
ture and magnetic field are low. While an electric field stronger than the Dreicer field
can be present in the corona, it is rarely achieved in the chromosphere (e.g. Holman
1985; Aschwanden 2005).

The stochastic acceleration mechanism energizes particles by multiple collisions
in turbulence (Fermi 1949). Particles are accelerated by the difference of collisional
probabilities between the case that particles move the same direction and the case of
the opposite direction to the flow. As a result, the energy gain is proportional to the
second power of a speed ratio V/v where V' is a flow speed and v is a particle speed,
and the stochastic acceleration is referred to as second-order Fermi acceleration.

In the shock acceleration mechanism, particles are accelerated by multiple colli-
sions back and forth between a shock front (Krymskii 1977; Blandford & Ostriker
1978). Acceleration is due to the difference of velocities and densities between up-
stream and downstream. The energy gain is proportional to the speed ratio u/v
where u is the speed of the shock, and the shock acceleration is called the first-order
Fermi acceleration. Particles accelerated by shock acceleration will have a power-law
distribution. Therefore, accelerated high-energy particles which emit HXRs could be
related to a shock accompanied with magnetic reconnection. Indices of the power-
law depend on an energy gain ratio and a probability of remaining in an acceleration

region.
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Chapter 3

The Reuven Ramaty High-Energy

Solar Spectroscopic Imager

(RHESSI)

3.1 RHESSI Satellite

RHESSI (Fig. 3.1) is the first solar observation mission for HXR and ~-ray imaging
and spectroscopy up to 17 MeV, launched in 2002 (Lin et al. 2002). The principal
scientific objective is to investigate particle acceleration and energy release in solar
flares. Imaging of above 100 keV photons, including individual ~-ray line emissions
produced by energetic ions, is possible for the first time by RHFESSI. Accelerated
electrons emit non-thermal HXR continuum above ~10 keV by bremsstrahlung, and
the neutron capture line of 2.2 MeV is emitted by accelerated ions.

The imaging method of the RHESSI instrument is rotating modulation collima-
tors (RMCs). Images are obtained by Fourier reconstruction. RHESSI has nine
germanium detectors and nine corresponding bi-grid subcollimators. Each subcol-
limator grid has a different slit pitch and thickness. Spatial resolution varies from
2.3 to 183 arcseconds, depends on a pitch of each grid (details in Section 3.3). The
highest energy imaged depends on the thickness of the grids and varies from 100 keV
to 10 MeV.
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Energy range ~3 keV to 17 MeV
Energy resolution (FWHM) <1 keV at 3 keV, increasing to ~5 keV at 5 MeV
Angular resolution (FWHM) 2.3 arcseconds to 100 keV,
7 arcseconds to 400 keV,
36 arcseconds to 15 MeV
Field of view full Sun (~1°)
Effective area (photopeak) ~1073 cm? at 3 keV,
~32 cm? at 10 keV (with attenuators out),
~60 cm? at 100 keV,
~1573 cm? at 5 MeV

Launch date 5 February, 2002

Table 3.1 RHESSI characteristics (Lin et al. 2002).

RHESSIT has an energy resolution of a few keV, superior to former solar HXR tele-
scopes. While HXT of the Yohkoh Satellite has only 4 energy bands and the energy
resolution is ~20 keV (Kosugi et al. 1991, 1992), the energy resolution of RHESSI
enables us to determine photon indices of HXR continuum emitted from accelerated
electrons in each flare. With a fine spatial resolution of ~2.3 arcseconds, spatial struc-
tures of flares can be resolved, and spectral structures and time dependence of each
source of the flare can be investigated. Hence, spatially separated analysis of coronal
loop-top sources and footpoint sources have become possible. The large effective area
and sensitivity of RHESSI together with the energy response down to 3 keV make it
possible to detect solar flares from large flares to microflares. RHESSI has detected
more than 80000 flares (from February 2002 to December 2010). Table 3.1 shows
characteristics of the RHESSI instrument.

3.2 Spectroscopy by RHESSI

The RHESSI detector has a wide energy rage, good energy resolution and high

effective area (Smith et al. 2002). Nine germanium detectors, 7.1 cm diameter x
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Figure 3.1 The RHESSI  satellite (from RHESSI Home  Page,
http://hesperia.gsfc.nasa.gov /hessi/).

8.5 cm each in size, are cooled to <75 K with a Stirling-cycle cooler. The high
effective area up to ~10 MeV is achieved via the thickness of the detector. For large
flare events, a movable attenuator reduces the flux of low-energy photons to avoid
saturation and pile-up. RHESSI has two attenuators with different thicknesses. The
attenuator configuration has three states; without the attenuators (A0), with the thin
attenuator only (A1), or with both attenuators (A3).

Electrically, each detector has two segments and signals from each segment are
read out separately. Fig. 3.2 shows a cross sectional view of the detector with the
segment boundary of front and rear. Front segments, placed in the direction of
the Sun, have a thickness of ~1 ¢cm and have sensitivity to low-energy (<200 keV)
photons. On the other hand, rear segments with a thickness of ~7 cm are used for
high-energy (>200 keV) photons. The effective area of the front and rear segments are
comparable at ~200 keV (shown in Fig. 3.3). Therefore, rear segment data are needed
to study high energy emissions from relativistic electrons. Table 3.2 shows in-flight

energy resolution of the front and rear segment of each subcollimator. Resolution is
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Figure 3.2 Cross sectional view of a RHESSI detector with field lines (Smith et al.
2002). The bold dash line shows the segment boundary. The top part of the detector

is the front segment.

measured at 93.9 keV in the front segments and 1117 keV in the rears.

Due to mass restrictions, RHESSI utilizes a high effective area instead of heavy
shielding. Hence, RHESSI has a large volume of detectors, but a high background.
However, the background can be reduced by using anticoincidence between front and
rear segments. The two segments of the detector work similar to a phoswich counter,
and events of Compton scattering or charged particles can be discriminated. The
photon events in which we are interested will only be measured once for each photon,
not in both segments. Due to the large volumes of the rear segments, the background
is higher than that of front segments by one order of magnitude. In spite of the high
background, imaging and spectroscopy with the rear segment is possible for large
flares.

For large flare events with high count rates, pile-up becomes considerable, espe-
cially in the front segments. The readout electronics of each segment have a fast
shaping channel (time constant 7 ~800 ns) and slow shaping channel (7 ~8 pus) for
spectroscopy, and pile-up can be discriminated by the fast pulse. The rear segments

of the detectors have a feature of low pile-up, because the front segments act as a
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Figure 3.3 RHESSI front and rear segment effective areas for photopeak absorption,
summed over all 9 detectors (Smith et al. 2002).

Detector Front FWHM (keV) Rear FWHM (keV)

G1 1.13 2.90
G2 7.94

G3 0.98 277
G4 0.98 2.82
Gb 1.47 2.73
G6 1.01 3.05
G7 3.15 2.98
G8 1.26 3.36
G9 1.19 2.27

Table 3.2 RHESSI in-flight resolution by detector segment (Smith et al. 2002). Res-

olution is measured at 93.9 keV in the front segments and 1117 keV in the rears.
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shield. Therefore, rear segment data provides imaging without pile-up effects even
for extremely large flares.

If the memory starts to fill up, a decimation state changes and one out of every
N events below a certain energy F is recorded in the front detector (FDN state). N
and E are determined automatically by the remaining memory.

Fig. 3.4 is an example of a RHESSI spectrum, from the January 20, 2005 event.
Light curves of the same event from front and rear segments are plotted in Fig. 3.5.
Two discontinuous changes of the low energy count rates of 10-50 keV are seen, which

correspond to changes of the attenuator state and the decimation state.

3.3 Imaging by RHESSI

Images from RHESSI are obtained by RMCs with a rotation period of ~4 seconds
(Hurford et al. 2002). A schematic of the RHESSI subcollimators is shown in Fig. 3.6.
Incident X-rays display a modulation pattern on the detector due to the rotation of
the satellite. The profile of a modulation curve depends on an incident direction and
emission strength of a source. Fig. 3.7 shows examples of modulation profiles for
a variety of sources. Multiple sources are observed as a superposition of individual
modulation curves.

The RHESSI subcollimators have different grid thicknesses and slit widths. De-
pending on the thickness of the grids and the slit width, the maximum energy that
can be imaged differ from ~100 keV to ~10 MeV and the spatial resolution differs
from ~2.3 to ~ 183 arcseconds. As is discussed in Hurford et al. (2003), images are
susceptible to forward scattering from the grids especially for higher energies such as
>1 MeV, which lowers the effective modulation amplitude. Parameters of RHESSI
imaging for each subcollimator grid are listed in Table 3.3. To reconstruct sources
significantly by using finer subcollimators, more statistics are necessary. We used
subcollimators including the finest resolutions as far as significant sources are seen in
images.

To obtain an image from a modulation curve, different image reconstruction meth-

ods are used (Hurford et al. 2002). While there are various kind of methods, back

23

This document is provided by JAXA.



RHESSI Count Flux vs Energy

102 L T TTTTTTW T TTTTTTW T T T TTTT

20-Jan-2005
Detectors: All
20-Jan-2005 06:44:00.000 - 06:52:04.000

10°

counts cm? s keV"’!
3
3

10"

109 1 vl Lol Lol Lol
1000 10000

16-Dec-2010 23:20

100
Energy (keV)

Figure 3.4 RHESSI count spectrum of the January 20, 2005 flare including the front
and rear segments. This spectrum is observed with both attenuators in front of the
detectors. Therefore, the spectrum below ~20 keV is heavily attenuated. Several line

emissions, including 511 keV positron annihilation line and 2.2 MeV neutron capture

line are seen.
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Figure 3.5 RHESSI light curves of the January 20, 2005 flare with the front segments
(left) and rears (right). An attenuator state changed from Al to A3 at around 06:42,
and a decimation state changed from FD1 to FD4 at around 06:49. These changes

are responsible for the step-like decrease in the low energy light curves.
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RHESSI SUBCOLLIMATOR SCHEMATIC
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Figure 3.6 Schematic geometry of the RHESSI subcollimators (Hurford et al. 2002)
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Figure 3.7 RHESSI modulation profiles of various sources (Hurford et al. 2002). An
upper limit of a modulation curve is higher if a flux is higher, and a lower limit higher
with a larger source. While a frequency corresponds to the distance from a rotation

ter, a difference of a phase corresponds to a direction of a source
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Subcollimator 1 2 3 4 5 6 7 8 9

Pitch (mm) 0.034 0.059 0.102 0.177 0.306 0.530 0.918 1.590 2.754
slit width (mm) 0.020 0.035 0.061 0.106 0.184 0.318 0477 0.811 1.487

FWHM resolution 226 392 6.76 11.76 20.36 35.27 61.08 105.8 183.2

(arcseconds)

Max. 0.60 0.60 060 060 0.60 0.60 0.52 0.51 0.54
transmission

Grid thickness 1.2 2.1 3.6 6.2 10.7 186 6.2 6.2 30.0
(mm)

Maximum imaging 0.1 0.3 0.4 0.6 1 10 0.6 0.6 10
energy (MeV)

Slat Material Mo W W W W W A% W W
Field of view 1.0 1.0 1.0 1.0 1.0 1.0 4.4 7.5 2.8
(degree)

Table 3.3 RHESSI nominal grid parameters (Hurford et al. 2002).
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projection is the most straight forward imaging algorithm (Hurford et al. 2002). A
back projection image is obtained by superposing transmission pattern of collimators.
The patterns are superposed with weighting factors, which are determined by the flux
of each time bin in the modulation curve. If a flux is high in a corresponding time
bin, a pattern has a high contribution. By superposing back projections from each
subcollimator, a back projection from the whole imaging system can be obtained.
Although it is possible to superpose each back projection with the same weighting
("natural” way), a better image can be obtained by weighting finer grids to a uniform
weighting in Fourier space ("uniform” way). The point spread functions (PSFs) of
RHESSI back projections from grid 8 are plotted in Fig. 3.8 at typical energy bands
used in the following chapters, 12-15 keV, 50-100 keV and 150-450 keV. As shown
in Fig. 3.8, the PSF is represented not by a simple Gaussian, but by the zero-order
Bessel function Jy(7r/R) where R is the FWHM resolution (Hurford et al. 2003).
This makes it difficult to separate multiple sources, especially if strengths of sources
are largely different. Dynamic range is higher for high count rates, varies for each
event. The dynamic range of RHESSI is typically ~5.

We used the imaging method of Clean (Hurford et al. 2002) to make images using
the front and rear segments. The Clean method assumes that the image can be well
represented by a superposition of point sources. By the Clean method, an image
can be improved compared to a back projection image, even if statistics are low.
First, Clean finds the position with maximum flux in the back projection map. Then,
the position is stored as a Clean component, and the PSF times a constant value u
(u < 1) is subtracted at this position from the back projection. A Clean image is
obtained by adding a residual map and the Clean component times the Clean PSF,
which is a simple Gaussian with the same FWHM as the PSF. Subsequently, the
position with maximum flux in the residual map is searched, and stored to the Clean
component table. The Clean image can be improved by repeating this procedure.
Since a normalization of the Clean PSF is determined to conserve the flux, a source
flux can be calculated using an image obtained by Clean. Hence, in case multiple
sources are well-separated, the calculated value of the flux for each source is reliable.

We used fluxes obtained by Clean images for spectroscopy of HXR sources in the
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Figure 3.8 Point spread functions of the RHESSI detector grid 8 of 12-15 keV, 50-
100 keV (top left and right, with the front segment) and 150-450 keV (bottom, with
the rear segment). These PSF's are obtained by the condition of the January 20, 2005

flare observation.
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following chapters. In the images in the following chapters reconstructed by Clean,
we use the constant value of y = 0.1 for data from the front segments, and @ = 0.05
for the rear segments.

In addition to Clean, the Maximum Entropy Methods (MEM) is effective to make
a smoother image. MEM reconstructs an image to find the solution with maximum
configuration entropy which agrees with the observation. This means that an image by
MEM is in principle, as simple as possible while being consistent with the observation.
MEM was originally developed for Yohkoh/HXT (Sato et al. 1999). To discuss spatial
structures using smoother images, we used MEM to make clear images of the event
with relatively high counts, such as images using whole duration of the flare and/or
large energy band.

A comparison of a RHESSI back projection and images of 50-100 keV are shown
in Fig. 3.9, from the January 20, 2005 event. The images are reconstructed by Clean
and MEM.
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Figure 3.9 RHESSI back projection (top left) and images of the January 20, 2005

flare using the subcollimators 3-9. The images are reconstructed by the Clean (top

right) and MEM (bottom left) methods. Contour levels of 40, 60, 80 % are plotted.
The energy band is 50-100 keV.
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Chapter 4

RHESSI HXR Imaging Survey
from Relativistic High-energy

Electrons in Large Flares™

4.1 HXR emissions from relativistic high-energy
electrons in flares

In solar flares, electrons are accelerated to relativistic energy up to tens of MeV,
and ions up to tens of GeV. In the non-relativistic energy band (i.e. <100 keV
photons), many HXR images are provided by Yohkoh/HXT and studied further.
However, it was not possible to obtain images of relativistic electrons (i.e. >150 keV
photons) due to the limitation of the energy band of Yohkoh/HXT. Therefore, it is
little known on the spatial structure of relativistic particles. Using the RHESSI rear
segments of the detectors (see Section 3.2), we are able to obtain HXR images from

relativistic particles at the first time.

* The content of this section is published by ApJ, Vol. 727, article id. 22, 2011, entitled
” RHESSI Imaging Survey of ~«-ray Bremsstrahlung Emission in Solar Flares” by S. Ishikawa, S.
Krucker, T. Takahashi and R. P. Lin.
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RHESSI observed 26 ~-ray flares (i.e. flares with emission above 300 keV) so far
(Shih et al. 2009). Non-thermal bremsstrahlung emissions in the >150 keV range are
produced by relativistic electrons. Several single event studies of RHESSI imaging
above 150 keV have been published. In the flare of 2002 July 23, the location of
electron bremsstrahlung emissions in 300-500 keV band and the neutron capture line
of 2.223 MeV are spatially separated by 20” 46", implying a difference in acceleration
site and/or transport effects for electrons and ions (Hurford et al. 2003). In Hurford et
al. (2006), 200-300 keV images from electrons and 2.223 MeV line images from ions in
the 2003 October 28 and 29, November 2 flares are compared. The October 28 event,
which has the best counting statistics by far, shows two footpoints at 2.223 MeV that
originate from the flare ribbon seen in extreme ultraviolet. The electron footpoints
are again displaced by 1745"”, but electron and ion accelerations appear to happen
on flare loops of similar length, since the distances of the two footpoints are similar
(~ 80") at the two energy bands. In the 2005 January 20 flare, two footpoints are
clearly seen at 250-500keV, with a coronal source appearing during the decay phase
(Krucker et al. 2008a). The limb event of 2005 September 7 shows a similar source,
unambiguously locating these sources in the corona. These coronal y-ray sources
show that relativistic electrons stay long enough in the corona to lose their energy by
collision in the corona, while lower energy electrons precipitate much faster. Some
proposed mechanisms to explain a long time coronal trapping are shown in Section
6.6.

In this chapter, an imaging survey of all RHESSI ~-ray flares is presented and
discussed. In the ~-ray range (>300 keV), grid 1 and 2 are not thick enough to
modulate counts. While grid 3 works up to ~400 keV, all others work up to at
least ~600 keV (Hurford et al. 2002). For our survey, we use rear segment data
of subcollimators 3 to 9 or subcollimators 4 to 9 depending on image quality. For
comparison, we also make images with the same subcollimator using front segment
data at lower energy (50-100 keV). We use the CLEAN algorithm, providing a FWHM

resolution of ~10” for subcollimators 3 to 9 and ~17” for subcollimators 4 to 9.
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4.2 Event selection

We analysed 26 ~-ray flares observed by RHESSI from the event list of Shih et
al. (2009). This list contains all events seen above 300 keV. Hence, we exclude rear
segment flare events seen only below 300 keV. However, these events are expected to
be small in number. Since some of the events in the list already do not have good
statistics to provide images (see Section 4.3), omitting rear segment flare events, which
are seen only below 300 keV, does not influence the results presented here. To enhance
statistics, we make flare-integrated images over all rear segment counts (> 150 keV).
Table 4.1 shows the list of analysed events and their properties. The GOES class of
these events varies from C9.6 to X17. In Appendix A, we show 150-450 keV (from the
rear segments) light curves with 50-100 keV (from the front segments) of all the flares
in this list. The time intervals shown are determined from light curves of > 150 keV of
the rear segments. For imaging, we exclude times of attenuator changes. As described
in Shih et al. (2009), two clearly separated peaks are seen in three flares. For these

events, we analyzed the two time intervals separately.

35

This document is provided by JAXA.



9 - T re¥L8c  (061—°08L—) 8TIX  ¢0:0%10-00:L€:TO ST [ F00G
g ) é e 9T F 799 (06 ‘0L6-) 8GN  »10:%2:90-00:¢5:90 9 Uel F00
1C (1)2 4 e TG F 638 pGFT0:0T-00:85:60
Ge LT I 4 GG F6I¥C (0£T “026) 6'¢X  20:¢5:60-00:87:60 € AON €00
e L 4 4 CLTFe6SrL  (0Pe—‘0LL)  €8X  pSOFELI-00:9T:LT & AON €00
6¢ a4 é 4 (08¢—06) 0TX  480:4%:02-00:6£:0¢ 6T 320 €008
8¢S 76 é e LT FP1E86 < (0L6—06—)  LTX  pc0:TT:TI-00:80:TT 8% 320 €008
9 Gg 4 C SPF 188 (0PT—‘06L—) S9N  20:95:¢5-00:€5:¢ LT Unf €005
g 1 I 6'cF ¢'cs (00T—0L8)  ¥TX  ©0:80:€5-00:70:€¢ LE ACIN €00
g T I 9¢ F 28¢ (0g€ ‘088)  O0LIN  ©&'80:80-00:50:80 9 1V €00
L - g 0L F ¢S¥ (09— °08¢)  ¥'E€IN  20:82:80-00:72:80 0T SNV ¢00&
8T L3 4 4 18 FG82Gc  (08¢—‘0L8—) 8¥X  0:0£:00-00:L2:00 £ [ 00T
61 - - L9Fe6sc  (006—0F6—) €€X  »€0:CT:TE-00:L0:1% 0T ML 00T
T 8¢ - e Ve F 19¢ (087—‘028—) ¥2IN  »50:60:00-00:90:00 1€ £BIN Z00G
¢ - T GE F 6LT (0gg— ‘'066) 96D  T0:82:01-00:92:0T 9% 9°d 00T
() (ASY 06F-05T) (A 001-0¢) (1o yd)
(A9 00T-0G) uoryeredas syurodjooj oouan[ g () sse[D) (Ln)
(%) dnoqid jurodj00j Jo IdquunpN A9 0GT< ife]ulchlely) STODH [eAIOYUT pUR d)R(]

"SIUOAS IR} pazATeue jo sjmnsal Surdewt pue sorjredold jo a[qey,

TV 9l98L

36

This document is provided by JAXA.



(98wt A0Y 0GF-0GT O3 £q oIe S19130) dFetr AOY 00T-0G oY} Aq pouruioRp (4) (600% Te ¥ YIYS)

rIRP puo Sulsstu (p) ‘ejep Suruurdoq Suissiar (0) ‘woroeliqns punoidspeq 1o0od (q) ‘quil] IL[OS 91} I9AO IO IRl POLINIIO (B) — 9JON
(e nké . 4 8V F V19 (00g—‘0e—) L'TX 20:22:€3-00:81:€% €1 d9G G00g
q - - Vv F6ve < pG0:8G:T¢-00:9S:1¢
g «VG 1 4 8¢ F 00¢ (09— °099—) T1¢X 20:9€:12-00:€€:T¢ 0T doS G00g
6 «L8 1 ¢ CLF 676 < (0Lz—‘088—)  ©9X »,G0:3T:03-00:70:0¢ 6 9SG G00%
oy T 0 (01— 096—)  LTX  poque0:LF:LT-00:€F:LT L dOg G00g
g L1 4 1 ¢S F Gcse (05T ‘056—) 79N 20:07:70-00:9€:70 ST SNV G008
(43 513 4 e GI¢ F 967700 (05Z “028) T'LX G0:¢4:90-00-7¥-90 0¢ el S00¢
14 *39 1 4 86 F €CLIT 70:0£:80-00:72:80
8 «E¥ T ¢ ¢L F 966¢ (082 ‘002) ¢TX €0:L1:80-00-¢1-80 6T u®e[ S00T
6 0¥ 4 ¢ 0¢T F ¢1991 (00€ ‘0¥¥) 8€X ¢0:97:60-00-€¥-60 LT "Bl G00¢
L «6€ 1 ¢ €91 F L6991 < (o1€ ‘o11) 9¢cX pG0:LY:¢¢-00-¥¥-¢c ST el G00g
9 91 4 C CLF949LE (06 ‘00L) gcX ¢0:¢1:¢0-00-80-¢0 0T AON ¥00T
8 xGC - 4 0¥+ 9L1 (0gg—‘019—) €TIX ¢0:60:¢0-00-¢0-c0 9T I ¥00¢
€1 T I €eFL96  (0£2—'099—) 9TX 20:7Z:8T-00: 18T GT I ¥00T

() (A9 06F-0¢T) (A9 00T-08)  (z—wo yd)
(A9 001-0G) uoryeredss syutodjooj 90UAN[ T () sse[D) (1LN)
(%) dnaqid jurod300j JO Ioquuny A9 08T < UOIYRO0 SHOD [BAIOJU] pUR OFR(]

(puoo) 1 9[qel,

37

This document is provided by JAXA.



T 105 | I 1% 105 | T
o s I3 L
< ﬁ__ < _ﬁ —
< 104 L - 1S 104 ¢ - 1
2 : - - - 2 - =
x ! =~ x ! = -
o 103 _ 22 1g 103t _ 2 it 3
~ ; =T é ~ i é T
3 I —-— o I -—
g 102 3 = 3 g 102 3 = 3
o i =T o 3 =
32 T 3 =
L I L I
101 :-...I i s a2 aaaal i s sl i .- 101 :-I 1 1 1 1 1 L1 11 E
10-5 10~4 10-3 100 500 1000
peak GOES flux (W/m?) Duration (s)

Figure 4.1 Left: Fluence >150 keV vs GOES flux. Right: Fluence >150 keV vs
duration. Colored points indicate those for which a detailed image was obtained in
the 150-450 keV band (events with a double source structure are shown in red, while
events with a single source are shown in blue). For the remaining events (black) no
detailed imaging information could be derived. Events for which only lower limits of

the total fluence are available are marked by arrows (see Shih et al. 2009 for details).

4.3 Imaging results

As image quality depends heavily on counting statistics, we first discuss the
>150 keV fluence of the selected events. Figure 4.1 shows the >150 keV fluence
against GOFES peak soft X-ray flux and total duration of the >150 keV emission for
all of the selected events. Events for which a detailed image could be reconstructed
are shown in color (21 out of 29 time intervals). These events have a >150 keV flu-
ence of at least several hundred photons per cm?. For the remaining events, counting
statistics are too poor for detailed imaging, and only a centroid location of the >150
keV flux could be determined. The events given in red reveal two footpoints, while
events shown in blue show a single source. In Fig. 4.2, the spatial distribution of the
events are shown. As is reported in the low energies (e.g., Saint-Hilaire et al. 2008),

most of the flares were occurred in rather low latitudes. All of the events in the list
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are within +30° in latitude. In fact, multiple y-ray flares were occurred in some of the
active regions, such as the events in October and November 2002, January 2005, and
September 2005. Although it is suggested that y-ray flares are more likely detectable
around the limb due to the Compton degradation (Kotoku et al. 2007), we find no
clear deviation of the positions of the v-ray flares in the longitude. The >150 keV
fluence against the absolute longitude (corresponding to the distance from the disk
center) is plotted in the bottom panel of Fig. 4.2. We find no clear correlation be-
tween the fluences and the longitudes, and more events are thought to be necessary
to confirm the correlation.

All images of flares that successfully imaged in 150-450 keV are shown in Fig. 4.3.
Again, there is a dependence on counting statistics. Two-footpoint events have higher
fluences than single source events, suggesting that events with a single source could
have a second footpoint that is hidden in the noise. Imaging at lower energies with
much better statistics confirms this, showing several events with two footpoints (e.g.,
2005 January 19). Some events with a single source at >150 keV, however, are
spatially unresolved (e.g., 2003 April 26). Taking the different dynamic range of the
50 keV and 150-450 keV images into account, the source morphology at both energy
ranges are generally the same. Slight differences in position of the two footpoints,
such as seen in the 2004 January 6 event where the weaker footpoint at higher energies
is shifted relative to the location of the footpoint at 50-100 keV, are an artifact of the
limited counting statistics. The main difference between the front and rear images
can be attributed to pile-up. In large flares such as those investigated here, the large
number of thermal photons detected produce significant pile-up events. As most low
energy photons are absorbed in the front segments, almost all pile-up counts are
registered in the front segment. Rear segment data generally does not suffer from
pile-up effect (Smith et al. 2002). For our set of events, the fraction of pile-up counts
are estimated to be between a few percent up to 60% (see Table 4.1 and top left corner
of images shown in Fig. 4.3). These values are rough estimates averaged over a spin
period (~4 s). Hence, during peak times in the modulation pattern, the fraction of
pile-up counts is significantly higher than the reported average value. Although the

effects of pile-up on imaging are complex, to the first order, pile-up events by two
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Figure 4.2 Spatial distribution of the v-ray flares in Table 4.1. Top left: Position
distribution on the solar disk. 7Top right: Distribution in latitude and longitude.
The dashed lines shows £30°. Bottom left: Fluence >150 keV vs absolute longitude.
Colored points indicates as same as Fig. 4.1. Events for which only lower limits of

the total fluence are available are marked by arrows.
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Figure 4.3 150-450 keV contours (cyan) over 50-100 keV images of events that suc-
cessfully imaged in 150-450 keV. The contour levels of 90% and 80% are shown, and
70%, 60%, 50% and/or 40% are shown if the statistics are enough. For comparison,
the black dashed contour shows the 50-100 keV image at the lowest percentage level
used for the 150-450 keV contour plot. The subcollimators used are given in the title

of each plot (the same subcollimators are used for both energy ranges).
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Figure 4.3 Continued.
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Figure 4.3 Continued.
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thermal photons produce an image at the location of the thermal source at double
the energy. Since the 50-100 keV energy range is generally dominated by non-thermal
footpoint emissions from the chromosphere without any thermal contribution, pile-up
effect can produce a spurious coronal source. This is most clearly seen in the 2003
October 28 event with the enormous pile-up fraction of 58% (we note that our simple
pile-up estimate is likely failing for this extremely high count rate) where the 50-100
keV emission shows an extended coronal source, while the rear image shows mostly
footpoint emission. A spurious coronal source is also visible in the 2003 November 2
and 3 event. In the 2005 September 7 event with 43% pile-up, a coronal HXR source
is imaged with both front and rear segment data, suggesting that only part of the
coronal emission at 50-100 keV is produced by pile-up.

4.4 Ratio of footpoint intensities

To investigate spectral differences of the two footpoints, we calculated fluxes of
each footpoint in two energy bands (50-100 keV and 150-450 keV). Previous studies of
spectral differences in hard X-ray spectral indices below 100 keV showed that spectral
differences are frequently observed. However, the differences are generally small, with
the spectral index differing by less than 0.6 (Emslie et al. 2003, Saint-Hilaire et al.
2008). While Emslie et al. (2003) suggested that the difference in column density in
the two legs of the flare loop could produce the difference in spectral slope, Saint-
Hilaire et al. (2008) noted that significant coronal hard X-ray emission would be
produced in such a case, excluding different column densities as an explanation for
most events. Other explanations of the asymmetry in the footpoint spectra involve
asymmetrical acceleration, non-uniform target ionization, and magnetic mirroring
(see Saint-Hilaire et al. 2008 for discussion).

In the following, we check if the asymmetry holds also for spectra above 100
keV. We define the footpoint with higher flux in 50-100 keV as “footpoint 1”7, and
the weaker footpoint as “footpoint 2”7, and compute the flux ratio of “footpoint 2” to
“footpoint 1”7. Flux ratios of 50-100 keV and 150-450 keV are plotted in the left panel

of Fig. 4.4. The absence of ratios smaller than 0.2 reflects the limited dynamic range.
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Figure 4.4 Left: Correlation of the footpoint flux ratios at 50-100 keV and 150-
450 keV. Right: Correlation of the photon spectral index of each footpoint. The

dashed line corresponds to a spectral difference of 0.6.

Nevertheless, the footpoint ratios below and above 100 keV are roughly proportional.
In the right panel of Fig. 4.4, the power-law indices of each footpoint are plotted.
Most of the events show similar spectra for both footpoints, with a tendency that the
stronger footpoint has a slightly softer spectrum (8 out of the 10 events). However,
the difference derived from the 8 events with a softer spectrum is only 1.9 0. Previous
studies do not report such a correlation (Sakao et al. 1996, Saint-Hilaire et al. 2008).
Besides that, the results regarding the footpoint asymmetry are similar to what has
been found at lower energies (Emslie et al. 2003, Saint-Hilaire et al. 2008), and it
indicates that relativistic electrons penetrate at both footpoints at similar rates.

For the 7 events that occurred near disc center (see Table 4.1), we estimated
the magnetic field strength at the two footpoints using SOHO/MDI magnetograms
(Scherrer et al. 1995). In 4 out of the 7 events, the footpoints with higher fluxes in
the 50-450 keV band have higher magnetic field strength. The brighter footpoints
have lower magnetic fields in the remaining 3 events. Hence, there is no significant
correlation within this limited number of events. To further investigate the relation

between hard X-ray intensity and magnetic field strength, a larger sample of event
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should be considered including the much more numerous events seen at lower energies.

4.5 Separation of footpoints

Stochastic acceleration models of impulsive flares predict that the fractions of
accelerated protons and electrons are determined by the size scale of the acceleration
region (Miller 2000). In Emslie et al. (2004), a relation between a scale length of
acceleration and acceleration rates of electrons and protons is derived. Assuming
a constant acceleration volume of 10?" cm?®, the proton acceleration rate increases
for spatial scale increasing from 10® to 10° cm, while the electron acceleration rate
decreases. RHESSI observations of the 2003 October 28 flare show that electron and
proton acceleration occur on flare loops of similar size that are spatially displaced
by ~(1244) x 10® cm (Hurford et al. 2006). Here we investigate if the relative
acceleration efficiency of electrons and protons depends on the length of the flare
loop. We use the ratio of the 2.2 MeV fluence to the >300 keV fluence as a measure
of the proton to electron acceleration efficiency. Furthermore, we assume that the
flare loop length scales in the same way as the length of the acceleration region
(see Emslie et al. 2004 for a detailed description) and we approximate the flare
loop length by the footpoint separation. To avoid problems with spurious sources
produced by pile-up, we use the rear segments for the largest events to determine
the footpoint separation. For smaller events where pile-up effects are negligible, we
calculate footpoint separations by using data from front segments. Fig. 4.5 shows
the footpoint separation against the >300 keV fluences (left) and the fluence ratio of
2.2 MeV to >300 keV. The values of the fluences are taken from Shih et al. (2009).
No obvious correlation is found in Fig.4.5. The only notable fact is that the event
with the largest footpoint separation (2003 October 28) is the event with the highest

ratio.
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Figure 4.5 Left: Fluence >300 keV vs footpoint separation. Right: Fluence ratio of
2.2 MeV and >300 keV vs footpoint separation. Fluences are from Shih et al. (2009)

and arrows mark again lower and upper limits.

4.6 Coronal y-ray sources

Coronal ~-ray bremsstrahlung sources are reported for the three RHESSI ~-ray
flares with the best counting statistics (Krucker et al. 2008a). These sources are best
visible in the impulsive phase of the flare during the decay of the non-thermal hard
X-ray emission. The observed coronal emission decays more slowly and has a harder
spectrum than the footpoint emission, making it easier to detect these sources after
the hard X-ray peak time. We checked the entire sample of our events for coronal
emissions, in particular during the decay phase of the hard X-ray peak. However, no
further event with a coronal y-ray bremmstrahlung source has been found. For most of
the events this can be attributed to low counting statistics. The only candidates with
relatively good counting statistics, but without a detectable coronal source >150 keV,
are the events of 2002 July 23 and 2003 November 2. However, these two events
also have about three times fewer >150 keV counts than the 2005 January 20 flare
discussed in Krucker et al. (2008a). Furthermore, these two events are rather compact

compared to the 2005 January 20 flare, where the footpoints and the coronal ~-ray
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source are separated by ~40” making it difficult to image a coronal contribution.
Hence, the absence of any further examples of coronal y-ray bremsstrahlung sources

is probably due to observational limitations.
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Chapter 5

HXR Imaging and Spectroscopy of
Above-the-loop-top and Footpoint

Sources in a Limb Event™

5.1 Coronal above-the-loop-top HXR source

Since magnetic reconnection occurs above the flare loop top, the coronal HXR
sources seen above the loop top provide important diagnostics of particle acceleration
in solar flares. While the acceleration mechanism is not known, it is well accepted
that a magnetic reconnection process converts magnetic energy into kinetic energy.
Coronal sources are generally much fainter than footpoint sources, and almost always
present as well (e.g., Krucker & Lin 2008, and also described in the review by Krucker
et al. 2008b). Among these, coronal sources seen significantly above the loop top
are rarely observed. In Chapter 4, we were unable to find the coronal v-ray source

except for those already known in the biggest RHESSI flares. It is of great interest

* The updated content of this section is published by AplJ, Vol. 737, article id. 48, 2011,
entitled ”On the Relation of Above-the-loop and Footpoint Hard X-Ray Sources in Solar Flares” by
S. Ishikawa, S. Krucker, T. Takahashi and R. P. Lin.
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to study coronal above-the-loop-top sources without a y-ray emission, in particular
using RHESSI’s imaging spectroscopy capabilities, to improve the understanding of
particle acceleration in solar flares.

As described in Chapter 2, an above-the-loop-top source is clearly observed in the
Masuda flare (Masuda et al. 1994) by Yohkoh/HXT, which is thought to represent
evidence of magnetic reconnection in solar flares, and the particle acceleration above
the flare loop top. However, since Yohkoh/HXT has only four energy bands in the
15-93 keV range, it is difficult to discuss the spectral structure of the sources. The
above-the-loop-top source in the Masuda flare is compact (3-7 Mm), and no SXR
emissions above the flare loop are seen, which suggests low thermal density in this
region.

A RHESSI observation of an impulsive above-the-loop-top HXR emission on De-
cember 31, 2007 was reported by Krucker et al. (2010). The spectrum is well rep-
resented by a single component power-law with a photon index of ~4.2. In this
event, the pre-flare density is estimated from the pre-flare thermal emission, giving
rather low densities in the order of < 8 x 10° cm™. To produce the observed HXR
emission, this requires the large number of non-thermal electrons such as > 5 x 10%
above 16 keV, which is the same order of magnitude as ambient electrons. Even with
the thin-target assumption, the ambient thermal electrons will be super hot (such as
~100 MK) by collisions within seconds. However, no such high-temperature emis-
sion is detected. Therefore, Krucker et al. (2010) suggest that the ambient thermal
electrons are not present in the above-the-loop-top region, and that all electrons in
the region are accelerated (all see the similar discussion in Section 6.2), which implies
that the above-the-loop-top region is the acceleration region itself.

The rare observations of above-the-loop-top HXR sources indicate that probably
this scenario cannot be applied to all flares. As in other scenarios, there are ideas
such as particle acceleration in footpoints with the energy transported by Alfvén
waves (e.g., Fletcher & Hudson 2008), and particle re-acceleration in footpoints (e.g.,
Brown et al. 2009; Turkmani & Brown 2010).

In this chapter, we describe the best example from the RHESSI database that

resembles the Masuda flare geometry and show detailed imaging and spectroscopy of
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this event.

5.2 Overview of the October 22, 2003 Flare

In the NOAA Active Region (AR) 10486, in which the two events are analyzed in
Chapter 4 occurred, a flare event over the solar limb at (—950 arcseconds, —300 arcsec-
onds) was detected by RHESSI on October 22, 2003 (SOL2003-10-22T20:07). HXRs
up to ~150 keV are detected in the front detectors. The GOES SXR event started at
19:47:00 UT, and ended at 20:28:00 UT. The soft X-ray peak time was 20:07:00 UT,
and the GOES class was M9.9. There were no observations from TRACE, but a
12 minute cadence EUV observations from the Extreme-Ultraviolet Imaging Tele-
scope (EIT, Delaboudiniere et al. 1995) onboard SOHO (Domingo et al. 1995).
195 A EUV images from EIT show a thermal component with relatively lower tem-
peratures such as ~MK. There are no radio nor optical observations of this flare.

Time profiles of GOES and RHESSI observations are plotted in Fig.5.1. RHESSI
started the observation at 19:54:52 UT with the attenuator state A1l and the decima-
tion state FD1. The flare had already started before RHESSI commenced observa-
tion, when the RHESSI spacecraft was in the night. The state changed to A0 and
FD3 at 19:55:12 UT, to Al and FD1 at 19:55:40 UT, to A3 and FD1 at 19:56:15 UT.

As shown in the 40-80 keV light curve, this event has four HXR peaks (shown
in Fig. 5.1 as orange boxes); three peaks during the SXR rise, and one peak a few
minutes after that of the SXR. The typical FWHM duration of each peak was a few
tens of seconds. By comparing with the SXR time profile, we presume that HXRs
were already emitted before the start of the RHESSI observation. In the following
discussions, these four peaks are denoted as peaks 1 to 4. Data before 19:56:15 UT
are used for analyzing peak 1 (Al state), but the problem of pile-up hampers the
analysis of peak 1. By first order estimation, 46% of the counts above 30 keV are due
to pile-up during peak 1. All other peaks are in A3, and pile-up is not a problem.
Conversely, in the A3 state, there is uncertainties in fluxes below ~12 keV because
of the effect of the attenuator, hence we used >15 keV for the spectroscopy.

The lightcurves at several energy bands of <40 keV and the 150-450 keV band
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are shown in Fig. 5.2. The thermal emission in the flare loop is dominant above
~30 keV in this flare (details in Section 5.5). Therefore the lightcurves at 12-15 keV,
15-20 keV and 20-30 keV are on the thermal component, while the 30-40 keV band is
marginal. Unfortunately, in the 150-450 keV lightcurve obtained by the rear segments,
no significant signal is seen. Hence, we conclude that the rear detectors did not detect
any significant signal from this flare.

Figure 5.3 is the enlarged 40-80 keV light curve of the first three peaks. By fitting,
the e-folding decay times of peaks 2 and 3 are obtained to be ~60 s. These time scales
are based on the total emissions from the whole flare. A time profile of each spatial

component is discussed in Section 5.7.

5.3 Imaging analysis

Images during the four peaks at 35-100 keV obtained by RHESSI are shown in
Fig. 5.4. As spectra shown in the next section, emissions above ~35 keV are thought
to be almost non-thermal emissions (details are discussed in Section 5.5). Time inter-
vals of 19:55:50-19:56:14, 19:56:30-19:57:22, 19:57:30-19:58:51, and 20:10:10-20:11:27
(UT) are used for the analysis. The MEM image reconstruction method is used due
to sufficient counts in the energy band to obtain better images, and contours of 25,
37.5, 50, 62.5, 75 and 87.5% are plotted. A HXR source in the corona above the limb
around ~(—960, —290) is clearly seen for all peaks, except peak 4. The absence of
coronal source in the peak 4 image indicates that the coronal emission is at least ~10
times (corresponding to the dynamic range of RHESSI) fainter than the footpoint.
The coronal source is seen at almost the same position during peaks 2 and 3 and is
rather compact, the size of the coronal source of peak 3 is estimated as ~11 Mm for
length along the limb and ~6 Mm for width, using the MEM image with g4-9 (e.g.,
Dennis & Pernak 2009). Conversely, the width of the footpoint source along the limb
in the peak 3 is estimated at 3.5 Mm, using the same MEM image. The emission
from the corona of peak 1 is detected at almost the same position as the thermal
source, and would be from the pile-up of thermal SXR emissions. Therefore, it is not

clear whether the coronal non-thermal HXR in peak 1 is surely detected, or only due
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to the pile-up.

For all peaks, only one footpoint is visible, strongly suggesting that other footpoint
sources are occulted. While a footpoint at ~(—935, —245) appears in the images of
peaks 1 and 2, a completely different footpoint at ~(—915, —310) is seen during
peaks 3 and 4. This is attributed to footpoint motion (e.g., Yang et al. 2009) and/or
the abrupt change of position of HXR footpoint emissions (e.g., Krucker et al. 2003).
By these effects, one footpoint may have become to be occulted over the limb, and the
other footpoint appeared. Peaks 1 and 2 show footpoint emissions from the northern
flare ribbon, while peaks 3 and 4 show emissions from the southern ribbon.

In Fig. 5.5, 35-100 keV contours over the images of the thermal flare loop in
9-12 keV and 12-15 keV of peak 3 are shown. This image shows that the coronal
source is above the thermal loop top, similar as in the Masuda Flare (Masuda et al.
1994). The footpoint is also shown at 35-100 keV relative to the thermal loop seen
at 9-12 keV and 12-15 keV in peak 3. While the second footpoint associated with
this thermal loop should exist below the north leg of the loop, there is no detection
in that position. Two footpoints with similar intensities are mostly observed (e.g.,
Saint-Hilaire et al. 2008), hence the second footpoint is likely occulted by the solar
disk.

The plots in Fig. 5.6 show contours of 12-15 keV and 35-100 keV on a 195 A EUV
image by SOHO/EIT. The RHESSI data used in these images are from peaks 1
through 4. The EIT images are obtained every 12 minutes, and the image at 20:00:11 UT
are shown with the contours of peaks 1 through 3, ~70 s after the end of peak 3.
No significant structure is seen in the EIT image at 19:48:12 UT, around the GOES
start time. The EIT image with peak 4 is at 20:12:10 UT, about ~30 s after the end
of peak 4. The main thermal HXR loop is also seen in EUV. The EIT image matches
the RHESSI 12-15 keV images of all four peaks in Fig. 5.6. A much fainter 12-15 keV
emission appears to the north of the main flare loop around ~(—960, —260) in the
image of peak 1, and matches the EIT image. This emission is also seen in Fig. 5.5,
most clearly in the energy range below 12 keV. Therefore, this source could be the
other flare loop in this flare arcade with a lower temperature. The EUV emission

extended to the northern footpoint in the HXR peaks 1 and 2, meaning this part of
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Figure 5.5 Image of 9-12 keV (left) and 12-15 keV (right) thermal emission from the
magnetic loop of peak 3 with contours of 35-100 keV non-thermal emission from loop

top and the footpoint. MEM is used for reconstructing images.

the arcade may be associated with peaks 1 and 2.

5.4 Thermal flare loop

The spatial scale of the thermal loop is estimated by the distance of the footpoints
of the loop, at ~20 Mm. The size of the bright region of the thermal loop is estimated
to be ~17 Mm long along the loop and ~8 Mm wide, from the peak 3 image of Fig. 5.5.
Assuming the depth of the thermal loop to be equivalent to the width, the volume of

thermal source Vth is estimated as
Vi, ~ (17 Mm) x (8 Mm)® = 1.1 x 10°7 cm™. (5.1)

In peak 4, the structure of the thermal source seems to be changed from peaks 1
through 3. The thermal source seen in peak 4 is relatively large; the volume Vi, 4 is

calculated as
Vipa ~ (156 Mm) x (13 Mm)* = 2.7 x 10*" cm ™. (5.2)
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Figure 5.6 12-15 keV (red) and 35-100 keV (blue) HXR contours over SOHO /EIT
EUV images. Contour levels are 25, 37.5, 50, 62.5, 75 and 87.5% for all contours.

MEM is used for reconstructing images. The EIT images are at 20:00:11 UT with
the peak 1 through 3 images, and at 20:12:10 UT with the peak 4 image.
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Temperature FEmission measure Density* Thermal Energy*
(MK) (cm~?) (cm™?) (erg)
Peakl 32.3 2.1 x 10% 4.4 x 1010 3.1 x 10%
Peak2 32.5 2.8 x 10*® 5.1 x 10%° 3.7 x 10%
Peak3 32.6 4.7 x 1048 6.6 x 1010 4.8 x 10%
Peak4 22.6 8.7 x 10 5.7 x 1010 7.2 x 10%

Table 5.1 Summary of properties of thermal emissions. (*) Uniform densities are

assumed.

Break energy Photon index at Break energy Photon index

EBl (keV) E31 < FE < E32 EBQ (keV) > EBQ
Peakl 26 4.5 44 3.6
Peak2 27 3.8 83 3.5
Peak3 26 4.2 79 3.1
Peak4 21 2.5 82 3.0

Table 5.2 Non-thermal parameters obtained by fitting. The fixed value of 1.5 are used
for the photon index below the cut-off energy Ep;.

The HXR spectra of the four peaks are shown in Fig. 5.7. The black lines are
the flare-integrated total spectra from the whole field of view with pile-up correc-
tions. The spectra are well-fitted by combinations of the thermal bremsstrahlung
model (the red curves) and broken power-law model (the blue lines). The thermal
components originate from hot plasma filled in the main flare loop, with relatively
high temperatures of ~32-33 MK at peaks 1 through 3, and ~23 MK at peak 4. The
obtained temperatures and emission measures by fitting are shown in Table 5.1. The
temperature and emission measure increase through the three HXR peaks during the
SXR rise time. While the temperature decreases to ~23 MK at peak 4, the emission
measure at the peak 4 exceeds the first three peaks. The non-thermal parameters of
the blue lines are listed in Table 5.2.

If we assume uniform density in the emitting region, the density of thermal elec-
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Figure 5.7 Spectra of four HXR peaks. The magenta plots are from coronal loop top

emissions, and the green plots are from footpoint emissions (see text for details).
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trons in the flare loop ny, can be calculated as follows:

_ 2
EM = /V Y (5.3)
~ Vi, (5.4)

EM
ngy ~ | (5.5)
Vin

The thermal plasma has the Maxwell-Boltzmann distribution, and using the estimated
density, the thermal energy of the electrons will be
3

Eyy, ~ §nthkTVth, (5.6)
where k is the Boltzmann constant and 7" is the temperature. The estimated density
and thermal energy for peaks 1 through 4 are shown in Table 5.1. The volume
Vipa instead of Vi, is used for the estimation for peak 4. The density and thermal
energy increase peaks 1 through 3, while they decrease between peaks 3 and 4. The
number of thermal electrons increases peaks 1 thorough 4, which is consistent with

the chromospheric evaporation model.

5.5 Spectroscopy of high-energy components

To compare spectra of the coronal and footpoint sources, we made images of
several energy bands and calculated fluxes of the coronal and footpoint sources for
peaks 1, 2 and 3 (e.g., Krucker & Lin 2002). Figure 5.8 shows images of peak 3 at
several energy bands. We made similar images for peaks 1 and 2 using the same
method as for peak 3. The coronal source was found to be stronger at lower energies,
and the footpoint source stronger at higher energies. Hence, in all three peaks, the
footpoint sources have harder spectra than the coronal sources.

We calculated fluxes from the images and compared them to the flare-integrated
spectrum in Fig. 5.7. The magenta data points show the spectra of the coronal
sources, and the green points show the footpoint spectra. We note that while the
footpoint emission shown in the spectra in peaks 1 and 2 is the northern footpoint,

that of peaks 3 and 4 is the different, namely the southern footpoint. The error bars
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are estimated based on the noise level. We roughly estimated the magnitude of noises,
from the lowest to highest values, and from image regions containing no significant
signal, and we regarded 1/3 of that value as ~ o. Providing a noise is distributed

completely at random in some range [, o will be

l/2 l
o= 22dr = — = 0.2871. 5.7
\ [ =5 57)

Where noise of the RHESSI image could be distributed more than completely random
to some extent, then we used the approximate value of 1/3. Although the errors
estimated here have uncertainties, such uncertainties should be at least less than a
factor of 2, even in the worst case. The similar estimation of errors are used by Saint-
Hilaire et al. (2008). They use the highest flux value from image regions containing no
significant signal multiplied by the fixed value of 1/6 as ~ 1o. The other estimation
method, in which errors are estimated by Gaussian fitting of the flux distribution
from no signal regions, is shown by Mitani (2005). It is not known which method
provides better estimation, since an estimation of fluxes in image regions is rather
complex.

We fitted the coronal and footpoint spectra using energy bands from 35 to 80 keV.
As a thermal component from the flare loops could be dominant below ~35 keV, we
ignored lower energies. Within the uncertainties, all the spectra are consistent with
a single component power-law. The magenta and green lines are the result of fittings
for the coronal and footpoint sources. The sum of fluxes from the two sources in each
peak (Black points in Fig. 5.7) matched the total spectum, and the broken power-law
shape of the total spectrum (steeper in lower energies, and harder in higher energies)
could be interpreted as the superposition of two sources with different power-law
slopes. The parameters obtained by fitting are listed in Table 5.3. Photon indices
vary from ~3.1 to ~3.6 for the footpoints, and from ~4.1 to 6.1 for the coronal
sources. Relations between indices of the footpoint and coronal sources seems to be
similar to the Masuda flare, in which the indices are ~4.0 for the footpoints and ~5.5
for the coronal source respectively (Masuda et al. 2000). Similar values for a set of

5 events are also reported by Battaglia & Benz (2006).
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Photon index Flux at 30 keV Energy(FP=LT)*

(ph s™! em™2 keV™1) (keV)

Peakl

Coronal source 6.1+0.9 3.8 41
Footpoint 3.1+£0.5 1.5

Peak2

Coronal source 4.1£0.5 1.6 33
Footpoint 3.4+0.3 1.5

Peak3

Coronal source 5.1£0.3 2.5 59
Footpoint 3.6+£0.4 0.9

Peak4

Footpoint ~2.5 1.2

Table 5.3 Summary of properties of non-thermal emissions. (*) The energy at which

the footpoint and above-the-loop-top source have the same flux.

To obtain a first order correction for pile-up fluxes, we estimated the fraction of
pile-up in each image. The pile-up fractions are calculated to be 46, 12 and 4% for
peaks 1, 2 and 3, indicating pile-up events significantly affect affect the peak 1 data.
We assumed the thermal photon from the flare loop to be dominant in pile-up events.
In the latter, the pile-up signals behave as higher energy photons in the location of
the flare loop in the modulation curve. Hence, we consider that all of the pile-up
events affect only coronal sources, and corrected their fluxes, which were then used
in Fig. 5.7.

A comparison of spectra with and without pile-up correction in peak 1 is shown
in Fig. 5.9. The sum of fluxes from two sources match the total spectrum with pile-
up correction, while the black points exceed the total flux in the spectrum without
pile-up correction. Photon indices of the above-the-loop-top source without pile-up
correction is 5.740.4. The difference between the spectral indices with and without
the correction is 0.4+1.0, which is within one sigma error. For peaks 2 and 3, pile-
up counts are much lower than the peak 1 case, and do not therefore influence the

obtained results.
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Figure 5.9 Spectra of peak 1 without (Left) and with (Right) pile-up correction.
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5.6 Probability of partial occultation of the foot-

point emission

In the Masuda flare, it is suspected that the footpoints are partially occulted
(Wang et al. 1995). The Ha ribbons and radio emissions are likely occulted in the
Masuda flare. By comparing the X-ray, microwave and Ha observations, Wang et al.
(1995) suggest that the HXR footpoints may also be partially occulted.

The EUV limb is at a higher altitude than the photosphere (see Fig. 5.6), possibly
because the altitude of the chromosphere at which the energetic particles in the coro-
nal lose energy is relatively high. Therefore, even if EUV ribbons are occulted, HXR
footpoints can be fully visible. A faint EUV emission is seen slightly (<10 arcseconds)
above the HXR source.

If the HXR footpoint is partially occulted, the spectrum at high energy is expected
to be affected. High energy emission in footpoints is observed to occur from slightly
lower altitudes (e.g., Konter et al. 2009; Saint-Hilaire et al. 2010). By this effect, a
spectrum of partially occulted footpoint source is steeper in higher energies due to
the occultation of high energy emissions. However, the observed spectrum does not
show a downward break in peaks 1 through 3, so here, we regard that the footpoints
aw likely to be fully visible in peaks 1 through 3. The peak 4 spectrum in Fig. 5.7

has a high-energy break, but its image is observed to be on disk.

5.7 Time variation of each source

We checked the time variation of each source after the attenuator state changed
to A3. We made images of every 2 rotating periods (~8 s) after 19:56:18 UT, and
calculated the fluxes of the coronal source and the northern and southern footpoints.
The calculated fluxes are plotted in Fig. 5.10. Error bars are 10% of the higher flux at
each time interval. The black line is the light curve of the total flux, and data points
are fluxes of the northern (blue), southern footpoints (green) and the coronal source

(magenta). The two peaks in the black line correspond to the HXR peaks 2 and 3.
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Figure 5.10 Time profiles of the northern (blue), southern footpoints (green) and the

coronal source (magenta). The black line is the total flux.

Although the maximum flux value at the one pixel in the image region is higher for
footpoint sources, the coronal source is rather wide. Therefore, the integrated fluxes
in the image region are higher for the coronal source than the southern footpoint (this
is also consistent with the spectra in Fig. 5.7).

In Fig. 5.10, the coronal and southern footpoint sources are associated with peak
3. which strongly suggests that two sources in peak 3 are related. The peak of the
coronal source is at ~19:57:42, and that of the southern footpoint is ~8 s later.
The variability of peak 2 only corresponds to the northern footpoint. Therefore, the
coronal source seen in Fig. 5.4 is only a rising phase of the peak associated with the
HXR peak 3. The peak time of the northern peak is at ~19:56:46, which is also that
of the HXR peak 2.

Emissions from the northern peak decay quickly, in a time scale of ~10 s, while

that of the southern footpoint seems to be of the same order. The coronal source
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decays slightly more slowly, in a time scale of ~20 s.
Discussions on the relation of two sources in peak 3 and a suggested model are

shown in Chapter 6.
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Chapter 6

Discussion of HXR emissions in
above-the-loop-top and footpoint

sources™

6.1 Third HXR peak of the October 22, 2003 event

In the October 22, 2003 flare, both a coronal above-the-loop-top and a footpoint
source are clearly detected up to ~150 keV. In this chapter, we discuss their relation,
based on the results given in the previous chapter. We opt to discuss the HXR sources
for the peak with highest statistics and low pile-up fraction (peak 3). The coronal
above-the-loop-top and footpoint sources are associated in the time profiles around
peak 3, which resembles the Masuda flare. Therefore, we compare the sources of
peak 3 with the Masuda flare and the above-the-loop-top source detected by RHESSI
on December 31, 2007 (Krucker et al. 2010).

We assume that the HXR emissions are from non-thermal electrons with power-

* The updated content of this section is published by AplJ, Vol. 737, article id. 48, 2011,
entitled ”On the Relation of Above-the-loop and Footpoint Hard X-Ray Sources in Solar Flares” by
S. Ishikawa, S. Krucker, T. Takahashi and R. P. Lin.
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Figure 6.1 20-25 and 25-30 keV images (cyan contours) with the 12-15 keV thermal
loop (color image) of peak 3. MEM is used for reconstructing images. contour levels

are 20, 40, 60, 80%.

law spectrum. By Fig. 5.7, the high-energy component of the peak 3 spectrum has
higher value than the thermal emission above ~30 keV, which indicates that the
accelerated electrons have low energies at least down to 30 keV. 20-25 and 25-30 keV
images are plotted in Fig. 6.1, with the thermal flare loop of 12-15 keV. The 20-25 keV
image has almost the same shape as that of 12-15 keV, indicating that any significant
emissions, whether thermal or non-thermal, are not detected in the above-the-loop-
top region below 25 keV. Conversely, the 25-30 keV image is slightly extended to the
above-the-loop-top region, which suggests that the non-thermal HXR emission from
the above-the-loop-top source could be extended below 30 keV. However, the cut-off
energy is not necessary lower than 30 keV, since it is impossible to distinguish the
non-thermal component from the thermal component from the main flare loop and
estimate the non-thermal flux. In this chapter, we basically assume the low-energy
cut-off of the accelerated non-thermal electrons to be 30 keV, although it could be
lower. The thermal emission from the flare loop is higher at lower energies, and due
to the low dynamic range of RHESSI such as ~10, the non-thermal component may

be hidden even below 25 keV. The thermal flux of the peak 3 spectrum in Fig. 5.7 is
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more than ~10 times higher than the extended power-law line of the coronal source
below ~25 keV.

We also assume the thick-target model for the footpoint HXR emission, and the
thin-target model for the coronal source. The density of the chromosphere around
the footpoint increases to > 10 ¢cm™2 along with approaching to the photosphere,
while the typical density of the corona is significantly low, such as < 10° cm™3. The
column density Ny, in which an electron with the initial energy F. losses its energy

completely by collisions, calculated as

Ee
N, = 1.5 x 10" (ﬁ) cm 2 (6.1)
(§

(e.g., Emslie 1978). In the corona, providing the density is 10° cm™3, the 50 keV
electron will run 380 Mm. Conversely, if the density is 10° cm ™ at a footpoint, the
50 keV electron will lose all the energy within 3.8 Mm, meaning our assumption would
be valid. The verification of the thin-target assumption for the above-the-loop-top

source is also described in Section 6.5.

6.2 Above-the-loop-top source

The size of the above-the-loop-top source of peak 3 is estimated as ~11 Mm x 6 Mm
(see Section 5.3). Assuming that the source has the same width and depth, the volume

can be estimated as
V ~ (6 Mm)? x 11 Mm = 4.3 x 10% cm®. (6.2)

Although the ambient thermal density cannot be estimated due to the absence of low-
energy emission in the image, the thermal density at the above-the-loop-top region
ng should be significantly lower than that of the flare loop. Assuming the ambient
thermal density above the loop top is a typical value in the corona, ng = 10° cm~3,

the number of low-temperature thermal electrons is

neV ~ 4.3 x 10%. (6.3)
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In the above-the-loop-top region, only the non-thermal HXR emission is detected,
while no significant thermal emission is detected in < 25 keV. This suggests that
the above-the-loop-top region is purely a non-thermal source, and all electrons are
accelerated to the non-thermal spectrum. We confirm this presumption as follows.
Using the thin-target assumption and the observed parameters of the flux and photon
index, the collisional energy loss rate in peak 3 £,,,, which can be regarded as the
heating rate of ambient electrons, is estimated (e.g., McKenzie et al. 1973; Krucker
et al. 2010) as

—~e+1
£~ 12x 107 [ Lo - / (6.4)
thm : 30 kev €rg/s, .

where FE. is the cut-off energy and ~. =5.1 is the photon index. Assuming the ther-
mal ambient electrons of eq. 6.3 are energized to high temperature by collisions, the
heating rate is

Ethi E et 710° em 3
thm -9 c
2~ 2.8 x 10 _—
noV % (30 ke\/) ( o ) crg/s

E, \ "™ /10° em
14 ¢ — ) MK/s. .
(30 kev> ( o ) /s (6.5)

Therefore, the ambient low-temperature thermal electrons in the above-the-loop-top

region can be quickly energized to a super hot temperature (such as 100 MK). Al-
though the density could be low, the emission at the super-high temperature should
be detected.

Assuming the thermal ambient electrons are superheated to 8 keV (~93 MK), the

flux with emission measure of ~ 3 x 10% ¢m™—3

is comparable to that of the thermal
flare loop at 20-30 keV range. However, there is no sign of such emission. Therefore,
at least the emission measure should be less by the RHESSI dynamic range ~10,
which suggest the upper limit of the emission measure EM,; to be ~ 3 x 10" cm™2.
Assuming the number of non-thermal electrons are comparable to that of thermal

ambient electrons in case of the upper limit, the upper limit of the density of thermal

ambient electrons Moyl is estimated as

EM
.~ (6.6)
~ 1.9x10° cm™. (6.7)
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Applying this n,,; to eq. 6.5, the temperature will be 93 MK within ~12 s, which is
less than the observation time. Following the discussion in the similar case of Krucker
et al. (2010), we conclude that all electrons are accelerated.

By the thin-target model (Brown 1971) and the flux and photon index obtained
by the observation, the instantaneous number of non-thermal high-energy electrons

Njnst 10 the above-the-loop-top region of peak 3 is estimated as

109 cm—3 E. —Yc+3/2
Ninst = 9.8 x 10% ( ) <30 keV) ; (6.8)

n
where n is the ambient proton density within the above-the-loop-top source (corre-
sponding to the electron density including the thermal and non-thermal component,
n > ng). We assume E. =30 keV, although it is possible that E, is lower such as
<20 keV in the Masuda flare or <16 keV in the December 31, 2007 flare. Therefore,
we explicitly show the dependence on the cutoff energy in each equation.

In the above-the-loop-top region, we assume the density of non-thermal electrons
nyt (nyr ~ n —ng) to be uniform. Using the instantaneous number Nyt and the

volume V in eq. 6.2, nyr can be derived as

Nipst o (10° cm™® E. O\ et
—23x1 . .
% 310 n 30 keV (6.9)

We follow the interpretation of Krucker et al. (2010) that all electrons in the

nnr ~

above-the-loop-top are non-thermal, assuming n ~ nyr. Hence N;, 4 and n can be

estimated as

E —Ye/243/4
Nipst ~ 6.5 x 10% (m> : (6.10)
E _'70/24-%
n ~nyr ~ 1.5 x 10° (W) cm ™. (6.11)

With this assumption, while the ambient density n is a lower limit, the instantaneous
number N, and the density of non-thermal electrons nyr are the upper limit. If
the thermal ambient electron is present significantly (ny > 0), the target density
n ~ ng + nyr will be higher, hence the non-thermal electrons will be small. Since
the upper limit of the abient thermal density n,,; is comparable with the calculated

non-thermal density n, at least ~a half of the electrons should be accelerated.
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The average energy of non-thermal electrons (F) from cut-off energy E. is derived

by
fng-E*‘;dE o—1
Jo EZ0dE 5 -2

(E) = E., (6.12)

where ¢ is the power-law index of the electrons. Assuming the thin-target model,
the power-law index of electrons in the above-the-loop-top region 4. is 6. = v. — 1/2.
Therefore, the averaged electron energy (E) is

So—1 4—3/2 E.
E) = =172 g9 keV. 6.13
() =5 b= 5 (30 keV) ¢ (6.13)

Hence, the total instantaneous energy of accelerated non-thermal electrons above

30 keV at the HXR peak time is estimated as

E ) —Ye/2+7/4

Einst = Nipst (E) ~ 4.3 x 10% x <30 KoV

erg. (6.14)

Again, note that the estimated instantaneous non-thermal energy is the upper limit.
While this £y, is smaller than the thermal energy in Table 5.1, E;,, o is strongly
dependdent on the cut-off energy. Furthermore, if accelerated particles are injected
and/or the electrons are re-accelerated, the total energy of accelerated electrons in
the whole duration of peak 3 could be larger than E;, .

Table 6.1 shows a summary of these estimations of the above-the-loop-top source,
compared to that of other two events. For this comparison we used the same value of
E,. = 16 keV for all events. While the GOES classes of the Masuda and tDecember
31, 2007 flares are similar (M2), that of the October 22, 2003 is M9.9. Because of this,
it is more difficult to determine the cut-off energy E. for the October 22 event than
for that of December 31. Although the location of the coronal source in the October
22 flare is similar to that of the other two events, the estimated size of the source is
different. The volume is ~4 times larger than that of the Masuda flare, and ~2 times
smaller than that in December 31. However, projection effects could be responsible
for these differences. While the flux of peak 3 of the October 22 event at 50 keV is
similar to that of the December 31 event, the photon index . is steeper by ~1.1. As

a result, the total energy of accelerated electrons could be ~30 times larger than that
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of the Masuda flare and ~3 times larger than that of December 31. Note that the
total energy would be comparable to the December 31 event in case E. ~30 keV (in

eq. 6.14), due to the steep photon and electron indices.

6.3 Footpoint source

Unlike the December 31, 2007 event, the October 22, 2003 event has an advantage
in that the footpoint source is also detected. In the following we assume that electrons
are accelerated mainly in the above-the-loop-top region, and that the footpoint is
produced by electrons escaping the coronal source. We estimate the energy loss rate
in the footpoints from the observed spectrum assuming the thick target model, and
then calculate the time it takes to empty out the coronal acceleration region through
the escape of electrons to the footpoints. Although the presence of the compact above-
the-loop-top HXR source indicates the electrons are trapped, we do not assume any
trapping or escape mechanism for this estimation. In the peak 3 of October 22, one
footpoint could be occulted, and we note that more energy than estimated here may
be lost in footpoints.

By assuming the thick target model, the energy loss rate £, of the footpoint
source in peak 3 is estimated at

E *’Yf‘i’l
Elpss = 1.3 x 107 (m) erg/s, (6.15)

where £ is the cut-off energy of the non-thermal photons, and 7, = 3.6 is the photon
index of the footpoint source. Following the same discussion as the case of F., we
assumed Ey = E, =30 keV.

The average energy of non-thermal electrons (E) from cut-off energy Ej is derived
by a calculation similar to eq. 6.12. In the thick-target assumption, the power-law

index of electrons d; has the relation 6 ~ 77 + 1. Therefore, in the case of peak 3,

dor—1 y

E,
EN=d g =_1Y _p —41. 0 keV. 1
(Ep) =5, ot =555 5(30kev> eV (6.16)
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Parameter Masuda Flare 2007DEC31 Flare ~ 20030CT22 Peak3
Duration ~2 minutes ~2 minuts ~2 minuts
Decay time (FWHM) ~30 s ~40 s ~20 s

Flux at 50 keV ~0.02 ~0.2 ~0.2

(ph s em™2 keV™!)

Height above photosphere ~20 Mm ~27 Mm ~25 Mm
Hiehgt above flare loop ~7 Mm ~6 Mm ~6 Mm
Length ~5 Mm ~29 Mm ~11 Mm
Width ~5 Mm ~6 Mm ~6 Mm
Volune* ~1x10% cm® ~ 8 x 10% cm? ~ 4 x 10% cm3

Pre-flare ambient density

v. at hard X-ray peak time

Electron spectral index,
Oc

Non-thermal electron
density (>16 keV)*

Energy in non-thermal
electron (>16 keV)*

low

4-5.5

3.5-5.0

~ 2 x 10 ¢cm?

> 1 x 10%® erg

low

~4.2

~3.7

~ 2 x 10° cm?

> 1 x 10% erg

low?
~5.1

~4.6

~ 5 x 10°

X (E./16 keV)~'® cm?

~ 7 x10%

X(E./16 keV) ™% erg

Table 6.1 Summary of properties of non-thermal emissions of the coronal sources.

(*) Assuming all electrons are accelerated.
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Masuda Flare
(total of two footpoints)

Parameter

20030CT22 Peak3

Flux at 50 keV ~0.1
(ph s™' em™2 keV 1)

Area

¢ at hard X-ray peak time 3.2-4.0

Electron spectral index, 4.2-5.0

of

Electron loss rate (>16 keV) >4 x10% 7!

Energy loss rate (>16 keV) > 2 x 10% erg/s

~0.1

~ 12 Mm?
~3.6
~4.6
> 1 x 10%
X (FEy/16 keV)~16 g71

> 6 x 1027

X (FEy/16 keV)™%6 erg/s

Table 6.2 Summary of properties of non-thermal emissions of the footpoint sources.

Based on the energy loss rate and eq. 6.16, the electron loss rate can be estimated as

Eo

N ~ s 30 keV

~ 1.9 x 10** (
(Ef)

.
) electrons/s.

(6.17)

The properties of the footpoint source compared with the Masuda flare are shown

in Table 6.2. We re-used the same value of Ey = 16 keV for the comparison. Similar

to the coronal above-the-loop-top sources, the spectral indices show similar values in

these two events. Although the flux of the footpoint source (total of two footpoints) is

~5 times higher than the above-the-loop-top source of the Masuda flare at ~50 keV,

it is comparable to or lower than that of the above-the-loop-top source of peak 3 of

this event. The lower limits of the energy and electron loss rates, which are derived

by the detected HXRs, are lower than those of the Masure flare to within a factor of

~2.
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6.4 Comparison and implications

In this event, the difference of the photon indices Ay = v, — 7 is calculated
as Ay = 1.5+ 0.5. In case that the single non-thermal electron component with
spectral index of § emits thin and thick target bremsstrahlung, if the escape is assumed
to be energy-independent, the photon indices of emissions are 6 + 1/2 and § — 1,
respectively. In this case, the difference of photon indices between two emissions is 1.5.
A~ =1.540.5 in peak 3 of this event is consistent with the simple assumption with
a single electron component, within the error. Therefore, this event can be explained
without any additional elements such as non-collisional energy loss by electric fields
as discussed in Battaglia & Benz (2007, 2008). Although the energy dependence of
the escape probability is not known, in case the escape probability is proportional to
the speed of the particle, the photon index with the thin-target assumption is ¢ + 1.
Even in this case, the A~ should be 2.0, hence the observed A~ is consistent with the
single electron component, within errors.

Figure 6.2 shows the time dependence of the spectral index of the coronal and
footpoint sources, as obtained by the flux ratio of 35-45 and 45-100 keV images. The
dashed lines show the peak-averaged indices obtained in Section 5.5. The spectra of
the sources are not found to have changed significantly along the rising, peak and
decay time intervals. Although the tendency is for emissions to have harder spectra
around the peak, it is almost consistent that the indices are constant within errors.
Therefore, the time variations of the sources do not contradict our assumption.

By comparing this value and eq. 6.10, the time 7 taken to empty the above-the-

loop-top region by electron precipitation into the footpoint is

N E, —VfHve/2+3/4 174 1/2
7=mst 3y s, (6.18)
N 30 keV 4.3 x 10?6 cm?

where E, = FEj is assumed. Since 7, = 5.1 and 7y = 3.6 in this event, the power

—vf +7./2+3/41s 1.8. For instance, in case the cut-off energy is E. = Ey =16 keV,
as same as Krucker et al. (2010), the time scale 7 would be 11 s, the same order as
the case of F, =30 keV. In case that the cut-off energy is low, while the number of

the non-thermal electrons in the coronal region increase, the electron loss rate at the
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Figure 6.2 Top: Time varieties of the HXR spectral indices of the coronal (magenta)
and the footpoint (green) sources during peak 3. The dashed lines are the averaged
indices obtained by the whole duration of peak 3 (see Section 5.5). Bottom: The
light curves of the total flux (black), the coronal (magenta) and the footpoint (green)

sources for the reference.
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footpoint increases with the same fraction. Hence the escape time 7 is not strongly
dependent on the cut-off energy E.. Note that 7 ~34 s is the upper limit, because
energies are also lost in the occulted footpoints. By assuming the presence of a second
footpoint with the same properties as visible the footpoint, as is often seen in two
footpoint flares (e.g., Saint-Hilare et al. 2008), the escape time would be ~17 s. If
most of the footpoint emission is occulted, 7 could be even shorter. Furthermore, by
assuming the thermal ambient electrons are not significant (ng ~ 0), N;,, ¢ estimated
here is an upper limit, and 7 could be more smaller. Even if 7 is the upper limit of
34 s, it is lower than the decay time scale of the whole duration of peak 3 (~60 s).
Conversely, the estimated value of 17 s is consistent with the decay time scale of the
coronal source (~20 s, see Section 5.7). This indicates that the assumption in this
chapter, in which all the electrons in the above-the-loop-top region are accelerated, is
consistent with the observation. In the Masuda flare, the time in which accelerated
electrons lose their energy is ~0.5 s, which is smaller than the decay time of ~30 s. In
that case, electrons in the above-the-loop-top region must be replaced and accelerated
multiple times.

The size of the footpoint source of peak 3 is estimated by the MEM image
as (3.2 Mm, 3.5 Mm). The width of the cross-sectional surface w; corresponds
to 3.5 Mm, while the cross-sectional area of the footpoint A is estimated to be
Ap ~w} =1.2x10" cm®. The escaped electrons from the above-the-loop-top region
travel along the flare loop, wrapping around the magnetic field line, and reach the
footpoint. The average speed of the non-thermal electrons above the cut-off energy

from the above-the-loop-top source (v) is

1/2
(v) = &j) ~ 8.5 x 10° (%Em) cm/s, (6.19)
in the non-relativistic case, which is also assumed in the thick target model calculation
by Brown (1971). The speed along the flare loop is determined by the pitch angle
0, the angle between the magnetic field line and the velocity vector. Therefore, the
beam density around the root of the flare loop np is estimated as
_ M
As(v)| cos b

np —

18 x 107 2 R (6.20)
~ 1. cmo. .
|cosf] \ 30 keV
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This value is ~100 times smaller than the estimated ambient density in the above-
the-loop-top region n.

Assuming the volumes of the above-the-loop-top region and the leg of the flare
loop to be comparable, the fraction of total fluxes emitted through the thin target by
the accelerated electrons depend on the sojourn time scale. The sojourn time in the
loop leg is

L 1

At ~v ——— ~ 0.13————
(v)] cos 0| | cos 6] >

(6.21)

where L is the length of the flare loop leg ~30 Mm, and 6 is the pitch angle. If the
pitch angle is nearly isotropic, the factor will be (1/|cos#]) < 10 for almost all the

particles. The fraction of the total fluxes of the coronal source f ... pq1 @0d the loop

leg fleg is

fleg

S coronal

At .
~ —¢. ~2.5x 1073 ¢

22
T | cos @]’ (6:22)

where ¢, is the ratio of the emissivities. Since the flare loop has the higher density
by a factor of ~44 at bright region on the loop top, the emissivity ratio should be
1 < ¢, < 44. Conversely, If the second footpoint has the same property as the first, 7
will be half this value and this fraction will be half. Therefore, the non-thermal HXR
emission in the legs of the flare loop is not detectable in the RHESSI observations.

6.5 Models

Based on these estimations, the scenario whereby all electrons in the above-the-
loop-top region are accelerated and escape along the flare loop to precipitate into the
footpoints, is consistent with the observational results. Figure 6.3 shows a schematic
cartoon of the October 22, 2003 flare derived from our observations. The green
dashed curve is the limb by sight from RHESSI, and emissions on the other side of
the curve are occulted. The 12-15 keV HXR and EIT EUV images suggest that the
southern footpoint seen in peaks 3 and 4 is clearly associated with the main flare

loop. The northern footpoint in peaks 1 and 2 is associated with another flare loop.
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Figure 6.3 Schematic picture of the model of the October 22 flare discussed in this
chapter.
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The second footpoints of the northern and southern footpoints would be occulted,
and their latitude would be intermediate between the two. It is not clear whether
the northern and southern footpoints are associated with the same flare ribbon or
not. In case these footpoints are at the same flare ribbon, the ribbon lies between
the visible footpoints and should be detected in EUV. Therefore, the absence of such
ribbon in the EIT image might suggest that the northern and southern footpoints are
at different ribbons. We assumed the different flare ribbon with these footpoints in
the schematic. However, a flare ribbon is lower in height than the footpoint, hence
the possibility of the ribbon being occulted and the footpoints seen.

After energy release by magnetic reconnection, all the ~ 6.5 x 10%® electrons in the
reconnection region are accelerated. The operating acceleration mechanism remains
unknown. The electrons have a power-law spectrum with an index of ~4.6. The
accelerated electrons were trapped in the accelerated region with 11 x 6 x 6 Mm?,
at ~6 Mm above the flare loop top. These electrons emitted non-thermal HXR by
thin-target bremsstrahlung. Since thermal ambient electrons are absent, the energy
lost by collision in the above-the-loop-top region is not used for energizing ambient
electrons in the same region. The electrons in the acceleration region escape, and
travel along the main flare loop. However, the escaped electrons themselves are not
detectable in the flare loop, because their time there is so short. The escaped electrons
from the above-the-loop-top region precipitate into the chromosphere, and produce
the footpoint emission by thick-target bremsstrahlung. The electrons escape within a
time scale of ~20 s. To explain the footpoint emission, no further electron acceleration
(such as re-acceleration) is needed.

This model is also consistent with the delay of the peak in the footpoint compared
to the coronal emission. Since the footpoint emission is the precipitated electrons,
the footpoint emission should be brighter when the coronal emission decreases more.
In the lightcurves in Fig. 5.10, the peak of the footpoint flux is exactly at the decay
phase of the coronal emission.

The thin-target assumption in the above-the-loop-top region can be verified by

comparing the time scales of the escape and energy loss. The energy loss time 77,
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is estimated as (e.g., Vilmer et al. 1982)

(EY \** /10° cm~3
TZOSS = 0.2x (m T S (623)

~ 36s. (6.24)

The time scale of energy loss is longer than the escape time scale 7=17 s, and the
electrons will escape before the change of the spectrum through energy loss by colli-
sions. Since the time scale 7 could be smaller, the thin-target assumption is thought
to be valid.

HXR emissions in the flares with above-the-loop-top sources can be explained by
this simple picture, acceleration in the above-the-loop-top region and precipitation
into the footpoint. However, since the time scale 7 is lower than the decay time scale
in the Masuda flare, certain flares with above-the-loop-top sources require further
acceleration.

If the escape time scale is relatively short compared to the acceleration efficiency,
even if acceleration continued sufficiently long time, more accelerated electrons would
contribute not to the coronal emission, but the footpoint emission. In such a case, the
above-the-loop-top source is is relatively weak, and therefore probably undetectable
with the HXR imagers currently available. Therefore, the ratity of above-the-loop-
top sources detection could be attributable to the fact that most flares have higher

escape probabilities than the events that show above-the-loop-top sources.

6.6 Coronal trapping

By comparing the derived average speed of electrons in the above-the-loop-top
region (~ 8.5 x 10° cm/s) and the source size (~10 Mm), electrons should bounce
~144 times in the time scale 7. The trapping in the compact region for such a long
time may be rather difficult. This is also the problem to explain the above-the-loop-
top source in the Masuda flare.

The possible mechanism to trap energetic plasma is the magnetic mirror. To

trap particles by the magnetic mirror, the energy density of the magnetic field should
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sufficiently high compared to that of the particle motion. To evaluate the effect of the
magnetic field, the plasma beta 3 = p/p,, is often used where p is the gas pressure and
Pm is the magnetic pressure. The magnetic field strength can be estimated by the radio
observation, because the radio emission is produced by gyrosynchrotron. However, in
the October 22 event, there was no radio observation, hence it is impossible to estimate
the magnetic field strength. In the December 31 event, in which the parameter of
the above-the-loop-top source is similar (see Table 6.1), the magnetic field strength is
estimated at 30-50 G (Krucker et al. 2010). Assuming the similar magnetic field, the

plasma beta in the above-the-loop-top region of the October 22 event is calculated as

8

B = g (6.25)
167 (E)n
W7 (6.26)

which is estimated at 0.7-1.9. Since the magnetic pressure is comparable to the energy
by motions, the electrons could be trapped by the magnetic mirror.

Several models are proposed to explain the coronal trapping in the Masuda flare
and other Yohkoh/HXT observations. Fletcher & Martens (1998) show that the
magnetic field configuration of the CSHKP model can explain the coronal trapping
by the magnetic mirror. In case the pitch angle of the accelerated electrons are
rather high, a large number of electrons can be trapped in the above-the-loop-top
region. Tsuneta & Naito (1998) suggests that the trapping region is surrounded by
the slow-mode MHD shock. This model may explain the compact source size of
the above-the-loop-top sources. Metcalf & Alexander (1999) discuss that a single
acceleration mechanism is sufficient for explaining both coronal and footpoint sources
of the three Yohkoh/HXT flares, and therefore the explanation of the trapping by
Fletcher & Martens (1998) and Tsuneta & Naito (1998) are consistent with their
observations.

In Fletcher & Martens (1998), the time scale of escape should be that of the pitch

angle scattering. The pitch angle scattering time 7, of this event is estimated as
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(Leach & Petrosian 1981)
(v) /)’

s 6.27
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where ¢ is the speed of light, I' is the Lorentz factor, 7y = 2.82 x 107!3 cm is the
classical electron radius and InA ~ 26.7 in the October 22 event is the Coulomb
logarithm. Although this value depends on the cut-off energy, 7, is consistent with

the estimated escape time scale 7.

6.7 Acceleration model consistent with the obser-

vation

To explain our observation and estimation, there are some theoretical models
of the acceleration mechanism. One of them is the model of acceleration by the
coalescing magnetic islands accompanying with the magnetic reconnection (Drake et
al. 2006). In the reconnection region, a magnetic structure of clusters ("magnetic
islands”) is formed, and electrons are accelerated by the Fermi acceleration. In this
model, almost all electrons in the multi magnetic island region could be accelerated.
Therefore, the above-the-loop-top source in the October 22 flare could be the multi
magnetic island region itself.

In addition, acceleration continues until electrons have comparable energy to mag-
netic energy, such as 3 ~1 in the model of Drake et al. (2006). Accelerated electrons
will not interact frequently with magnetic islands in case § > 1. Therefore, this could
be the reason why 3 ~ 1 is observed in the December 31, 2007 event (Krucker et al.
2010).

However, there is a problem with a gap between the spatial scale of acceleration
shown in the model (~cm) and that of the HXR source size in flares (~Mm). While
the fractal structure of current sheets might explain this difficulty (e.g., Shibata &
Tanuma 2001), further investigation is required to obtain the complete picture of the

above-the-loop-top source and acceleration in solar flares.
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Chapter 7

Future Mission for Further Study
of Particle Acceleration in Solar

Flares

7.1 Limitation of Current Observations

To understand particle acceleration in solar flares, further HXR explorations are
necessary. In particular, coronal HXR sources are not sufficiently observed. It is
proposed that particles are accelerated close to the magnetic reconnection point above
the top of magnetic loops (e.g., Yokoyama & Shibata 1998), and observations of
coronal loop-top sources are important to reveal the properties and mechanism of
particle acceleration. However, it is difficult to detect coronal HXR sources in the
presence of footpoint emissions, due to higher brightnesses of footpoint HXR sources.
Higher dynamic range is required for further explorations.

Further observations of smaller flares are also desired to reveal a complete pic-
ture of particle acceleration in solar activity. Many microflares have been observed
by RHESSI, with non-thermal energy down to 10%6-10?" erg (Christe et al. 2008).
Although it is revealed that previous studies underestimated the non-thermal energy,
the energy content of RHESSI microflares is not enough to heat the corona to >1 MK.
All of the flare events observed by RHESSI are in active regions, and no flare has
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been detected in quiet regions. Smaller events down to 10%* erg outside of active
regions, often referred to as nanoflares, are only observed in thermal SXR and EUV
emissions. Therefore, non-thermal emission and particle acceleration in nanoflares is
still unknown.

Flares with smaller scales may contribute significantly to the coronal heating
(Parker 1998). Hence, to estimate contributions of nanoflares, it is necessary to eval-
uate the non-thermal energies of these small events. Higher sensitivity is demanded
to observe smaller flares.

Past solar HXR observations, such as those by HXT onboard the Yohkoh satellite
(Kosugi et al. 1991, 1992) and those by the RHESSI satellite (Lin et al. 2002), have
made use of non-focusing imaging techniques such as the RMC imaging technique
providing HXR imaging spectroscopy (Hurford et al. 2002). By using RMCs, it
is required to reconstruct an image from an observed modulation curve. Because
of this, the PSF has side lobes such as those shown in Fig. 3.8, and images are
not able to achieve high dynamic range. Such imaging techniques are are not well-
suited to observe loop top sources as they are limited by low dynamic range and high

background due to the need for large detectors.

7.2 Hard X-ray Focusing Optics

To overcome the problems of low dynamic range and sensitivity with detectors us-
ing RMCs, HXR focusing optics show promise for next-generation HXR, observation
with imaging and spectroscopy. By using focusing optics, arrival directions of incident
photons can be determined directly, and image reconstructions are straight forward.
Thanks to this, the PSF becomes sharp and the dynamic range can be improved com-
pared to RMCs. Furthermore, focusing enables the use of small focal plane detectors
which imply a drastic reduction in non-solar background counts, thereby increasing
the sensitivity to faint HXR sources.

To implement this concept, grazing-incidence HXR focusing optics are a promis-
ing new technology for future solar observations. For focusing HXR, an incidence

angle of <0.5 degree is needed, and accumulating significant effective area is difficult.
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Recently, several HXR focusing optics have been successfully demonstrated, such as
the High-Energy Replicated Optics (HERO) program (Ramsey et al. 2002). The
HERO telescope is designed to observe at a 50 ucrab sensitivity with sufficiently long
observations. In a 3-hour balloon flight, the HXR images of galactic sources such as
Cyg X-1 were successfully obtained in the energy range from 20 to 45 keV.

HXR focusing optics are planned to be used in future missions to observe HXRs
from astronomical sources. The Nuclear Spectroscopic Telescope Array (NuSTAR)
misson by NASA, a satellite mission planned to be launched in 2012, will observe 6-
80 keV HXRs by using HXR, optics for the first time in space. A Half Power Diameter
(HPD) of ~45 arcseconds will be achieved with a 10 m focal length (Harrison et al.
2005, Koglin et al. 2009).

HXR focusing optics will also be used for the Hard X-ray Imager (HXI) onboard
the ASTRO-H mission, the 6th Japanese X-ray observation satellite mission, to be
launched in 2014 (Takahashi et al. 2010, Kokubun et al. 2010). A ~100 arcseconds
half power diameter will be achieved with a focal length of 12 m in the energy range
from 5 to 80 keV (Kunieda et al. 2010). In addition, ASTRO-H has other detectors:
the Soft X-ray Spectrometer (SXS) with an unprecedented energy resolution of 7 eV
in < 10 keV, the Soft X-ray Imager (SXI) for 0.5-12 keV X-ray with Charge Coupling
Devices (CCDs), and the Soft Gamma-ray Detector (SGD) for 10-600 keV with an
unprecedented sensitivity.

These missions are astronomical missions to observe astrophysical objects, not for
the Sun. Although the technology of HXR focusing optics is originally applied to
such astronomical missions, it is also attractive for solar observations. The Focusing
Optics X-ray Solar Imager (FOXSI, Krucker et al. 2009, 2011) will for the first time
demonstrate the concept of applying HXR focusing and imaging for the Sun.
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Figure 7.1 Design of the FOXSI payload and telescopes.

7.3 The Focusing Optics X-ray Solar Imager
(FOXSI)

7.3.1 Mission Overview

To observe HXRs from accelerated particles, a new sounding rocket mission, the
Focusing Optics X-ray Solar Imager (FOXST), will test out grazing-incidence HXR
focusing optics combined with solid state position-sensitive detectors for solar obser-
vations (Krucker et al. 2009, 2011). This is the first observation of the Sun with HXR
focusing optics. In this mission, HXR activity in the quiet Sun will be observed for
a duration of approximately 5 minutes. Its science goal is to detect the non-thermal
radiation from nanoflares between 5-15 keV. As will be shown in the next subsection,
this energy range is suitable to detect non-thermal HXR from nanoflares. The com-
bination of high-resolution focusing X-ray optics and fine-pitch imaging sensors will
enable superior sensitivity, about 50 times better than that of RHESSI. The effective
area will also be improved to 120 cm?, four times larger than the total effective area
of RHESSI. FOXSI is to be launched in 2012, from the White Sands Missile Range,
New Mexico, USA.

Figure 7.1 shows the design of the FOXSI payload. Seven HXR focusing optics
modules are coupled with 7 detector units at the focal plane 2 m away. Table 7.1 shows
an overview of the characteristics of FOXSI. The HERO team at NASA Marshall
Space Flight Center (MSFC), led by Dr. Brian Ramsey, is responsible for the design
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Energy range ~b to 15 keV
Energy resolution (FWHM)  ~1 keV

Focal Length 2m

Angular resolution (FWHM) 12 arcseconds

Field of view (HPD) 640 x 640 arcseconds

Effective area 120 cm? (8 keV), ~10 cm? (15 keV)
Sensitivity 0.004 cm %5 'keV ! (~8 keV)

Dynamic range 100 for source separation >30 arcseconds
Observation time ~360 s

Launch site White Sands Missile Range, NM, USA
Launch date March 2012

Table 7.1 FOXSI overview (Krucker et al. 2009, 2011).

and development of the focusing optics, and our group of the Institute of Space and
Astronautical Science (ISAS) in Japan is responsible for the design and development
of the focal plane detectors. The Space Sciences Laboratory at the University of
California, Berkeley is leading this effort.

The FOXSI optics are grazing incidence telescopes with a Wolter I geometry
(confocal paraboloid and ellipsoid). The MSFC mirror fabrication method uses a
single highly polished form (mandrel) which is then electro-coated to produce many
individual high-resolution mirrors. This process has already been implemented and
successfully demonstrated for HXR astronomy in the HERO program (Ramsey et al.
2002). A single FOXSI telescope module consists of 7 nested shells. The spatial
resolution of these modules is expected to be ~12 arcseconds.

The expected PSF of FOXSI is plotted in Fig. 7.2, and compared to other X-ray
missions including RHESSI and HERO. HERO telescope modules contain 15 nested
shells. RHESSI uses a non-focusing imaging system, and the limited dynamic range
is clearly shown in the left panel of Fig. 7.2. The FWHM angular resolution of FOXSI

is expected to be 12 arcseconds, and the HPD will be 15 arcseconds.

7.3.2 Observations with FOXSTI

Two spectra in Fig. 7.3 show expected data of a nanoflare observation by FOXSI.
The left and right panels show the photon spectrum and count spectrum. The largest
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Figure 7.2 (Left) The point spread function of the FOXSI telescope compared to other
instruments. (Right) The integrated point spread function of FOXSI. The HPD of
FOXSI is expected to be 15 arcseconds.

nanoflare observed in SXR (T ~2 MK, EM ~ 10" ecm™, Eyerma ~ 5 X 10% ergs
and duration of 60 s, from Krucker et al. 1997) is assumed for the thermal spectrum.
Non-thermal spectra are calculated assuming that the energy content in non-thermal
electrons is equal to the thermal energy content. The photon indices of 1.7 and 5 are
assumed for below and above the turn-over energy Ej,. The red line shows a thermal
spectrum of 7' =2 MK, and the three blue plots show non-thermal counterparts with
different Ey. No statistical error is assumed in the blue lines, and data points are
simulated with expected FOXSI response and statistics. Absorption by external
material and the energy dependence of effective area are shown in data points of
the count spectrum. Low energy photons will be absorbed by the entrance window
material, and effective area will decrease at higher energies. The largest event is
assumed to hold a total of 400 counts.

Since the temperature of thermal electrons is ~2 MK, emission detected above

3 keV is expected to be non-thermal. Based on this simulation, FOXSI is able to
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Figure 7.3 Expected spectra of FOXSI observations. The red line shows a thermal

spectrum of T' =2 MK, and blue plots show non-thermal counterparts. Three spectra

with different turn-over energy FE, are shown. The photon indices of —1.7 and —5

are assumed for below and above the turn-over energy. (Left) The X-ray photon

spectrum. (Right) The count spectrum. Low energy photons will be absorbed by the

entrance window material.
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detect non-thermal HXR from nanoflares with a superior sensitivity. Not detecting
non-thermal counterparts would indicate that nanoflares are heated by a different
mechanism than flares in active regions.

Simulated image of FOXSI observations is shown in Fig. 7.4. The left panel shows
a full-disk SOHO/EIT 195 A EUV image from July 1996 with quiet corona conditions
near disk center. A blue dashed line shows the FOXSI field of view of 640x640 arc-
seconds, and a red line shows the region used for simulations. The next image is
the quiet Sun in EUV as observed by EIT with all significant thermal brightenings
during 5 minutes outlined in dark blue line (Krucker and Benz 1998). There are 74
statistically significant brightenings during this time period. The right panel shows
a simulated FOXSI image based on the EIT EUV image. It is assumed that all
thermal brightenings seen in EUV have non-thermal conterparts in HXRs. The black
contours show areas with statistical significance of 5 sigma and above. In this sim-
ulation, at least 29 statistically significant sources can be identified. Therefore, it is
clearly confirmed that nanoflare events can be observed with the spatial resolution of
FOXSI. Based on EUV observations from EIT and TRACE, 10-1300 nanoflares with
10% ergs are expected in the FOXSI FOV of 640x 640 arcseconds during a 5 minute
rocket flight. Simultaneous EUV and SXR observations with Hinode, STEREO and
SDO will help to resolve ambiguities in FOXSI images.

In addition to nanoflare observations in the quiet corona, FOXSI observations of
active regions will reveal ~50 times fainter microflares than RHESSI. The smallest
microflare with enough statistics to analyze has ~10%7 erg. It is therefore expected
that FOXSI can detect smaller events down to ~ 2 x 10%° erg. It is expected that
FOXSI will observe 5 flares in the observation time.

Observations of non-thermal HXR in larger flares by focusing optics is very at-
tractive, because spatial structures of flares along and above magnetic loops will be
spatially resolved. However, most of emissions in the energy range of 5-15 keV are
thermal emissions, and it would be difficult to detect large flares within the limited
duration of 5 minutes. Observations of large flares by focusing HXR optics will be
left to space-based mission in the future (also described in the second half of the next

subsection).
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Figure 7.4 (Left) Full disk EIT 195 A image from July 1996 with quiet corona condi-
tions near disk center. A blue dashed line shows the FOXSI field of view, and a red
line shows the region used for simulations. (Center) The EUV quiet Sun image by
EIT with all significant thermal brightenings in 5 minutes, outlined with a dark blue
line (Krucker and Benz 1998). (Right) A simulated FOXSI image. A pixel size is
7.5 arcseconds, assuming that all thermal brightnings seen in EUV have non-thermal

HXR conterparts.

To achieve the goal of FOXSI, several properties are required for focal plane
detectors. A good position resolution is required for well resolved imaging, and a
good energy resolution is required to detect X-rays with as low energy as possible.
These requirements suggest the use of semiconductor detectors with fine position

resolution and good energy resolution. Details will be discussed in the next chapter.

7.3.3 FOXSI 2 and Future Missions

After the observation with FOXSI, we plan to upgrade FOXSI and have a second
flight (FOXSI 2). The main purpose of FOXSI 2 is an observation with improved
active area especially in high energy (>10 keV). To attain this objective, HXR optics
will be upgraded to add three more shells, from 7 to 10 shells. The effective area
will be 160 cm? at 8 keV, slightly larger than for FOXSI 1. However, at 15 keV, the
effective area will be improved to 40 cm?, four times as large as that of the first flight.

The silicon detectors will be replaced with CdTe detectors to take full advantage of

97

This document is provided by JAXA.



the newly gained sensitivity at high energies. Detectors for FOXSI 2 will be described
in the Section 8.3. The proposal of FOXSI 2 was accepted in 2010, and the FOXSI-2
rocket is to be launched in 2013.

After a successful FOXSI 2 launch, we are planning to submit a proposal for
a spacecraft version of FOXSI with unprecedented dynamic range and sensitivity.
A spacecraft enables long-duration observations, including many large flares. With
HXR focusing and imaging of large flares, the non-thermal radiation from coronal
sources will be observed. This will provide a significant leap in understanding the
mechanisms of solar flares and particle acceleration. It would be possible to observe
HXR in a wider energy range such as 5-80 keV, and such a mission will be at least

~100 times more sensitive than RHESSI at 40 keV.
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Chapter 8

Development of Imaging Detectors

for the FOXSI Mission

8.1 Requirements

To meet the science objectives of the FOXSI mission, a focal plane detector needs
to satisfy the following requirements: A spatial resolution of <116 pm (corresponding
to the angular resolution of the optics of ~12 arcseconds), an energy resolution of
below ~1 keV (FWHM) and good photoabsorption efficiency (better than 50%) in
the 5-15 keV band. The focal plane detector also needs to be able to perform quasi-
single photon counting for count rates up to ~100 counts/s expected from the quiet
Sun. Existing imaging technologies widely used in focusing X-ray optics do not have
meet all of above requirements. For example, charge-coupled devices can achieve
good energy resolutions and low threshold energies, however, their time resolution is
limited to an order of 1 s (Singh et al. 2005). Therefore, it is critical to develop a
new focal plane detector for FOXSIL

To achieve a good spatial resolution and low power consumption simultaneously,
a double-sided strip detector is attractive as a detector geometry (Watanabe et al.
2009). In a double-sided strip detector, top and bottom electrodes are divided into
strips and implemented orthogonally. By reading out signals from both electrodes,

the detector can provide 2-dimensional information of energy deposits. Another
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advantage of strip detectors is that to obtain spatial information corresponding to
N x N pixels only 2N channel must be readout instead of N? channels. Therefore,
a double-sided strip detector is well-suited to reduce readout channels and power
consumption, especially for a detector with a fine spatial resolution.

Based on requirements above, we have developed a double-sided silicon strip de-
tector (DSSD) and a prototype of a double-sided cadmium telluride (CdTe) detector
for focal plane detectors of the FOXSI missions.

8.2 Development of a Double-sided Si Strip De-
tector (DSSD) for FOXSI*

8.2.1 Design

In order to take advantage of the good angular resolution of 12 arcseconds of the
FOXSI HXR focusing optics, we designed and fabricated a fine-pitch DSSD specified
for FOXSI (the FOXSI DSSD). As the material for the semiconductor imaging detec-
tor, silicon has a sufficient photoabsorption efficiency in the energy band of interest.
Although other materials such as cadmium telluride or cadmium zinc telluride also
have a sufficient efficiency and can achieve good performances under temperatures
around —20°C, silicon is a well-researched and highly pure material, and detectors
with high performances in high yields can be obtained at low cost. In addition, we
have many years of experience in operating silicon detectors in high radiation envi-
ronments.

DSSDs consist of highly positively doped (p*) silicon strips (p-side) and nega-
tively doped (n™) silicon strips (n-side) implanted orthogonally on a n-type silicon

wafer (n-bulk). Each n-side strip is surrounded by a floating p*-doped implantation

* The updated content of this section is published by IEEE Trans. Nucl. Sci., Vol. 58, p.
2039, 2011, entitled ”Fine-pitch Semiconductor Detector for the FOXSI mission” by S. Ishikawa, S.
Saito, H. Tajima, T. Tanaka, S. Watanabe, H. Odaka, T. Fukuyama, M. Kokubun, T. Takahashi,
Y. Terada, S. Krucker, S. Christe, S. McBride and L. Glesener.
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Active Area 9.6 mmx9.6 mm
Thickness 500 pm

Strip pitch 75 pm

Number of strips per side 128

Table 8.1 Specification of the FOXSI DSSD.

(p-stop) to isolate it from adjacent strips. Aluminum electrodes are directly coupled
on each strip with an ohmic contact. DSSDs have been widely developed for astro-
physical and nuclear physics applications (Sellin et al. 1992; Tajima et al. 2003). A
DSSD with a strip pitch of 250 pym or 400 pum has been developed by our group as a
scattering detector of a Si/CdTe Compton camera (Tajima et al. 2003; Takeda et al.
2007; Watanabe et al. 2007). In this development, we added aluminum electrodes
DC-coupled to p-stops in order to minimize the p-stop resistance since it generates
Johnson noise. A similar DSSD is also being developed for the Hard X-ray Imager
on board the Japanese X-ray astronomy satellite ASTRO-H (Takahashi et al. 2010;
Kokubun et al. 2010).

The active area of the FOXSI DSSD is 9.6 mm x9.6 mm and the number of strips is
128 for p-side and n-side, providing position information for 128 x 128=16384 pixels by
reading out only 128+128 = 256 channels, resulting in lower power consumption. The
pitch of the strips is 75 pum, corresponding to an angular resolution of 8 arcseconds at
the focal length of 2 m. Hence, the spatial resolution of the optics is oversampled by a
factor of 1.5. The thickness is 500 pym, which implies a photoabsorption efficiencies of
98 % for 10 keV and 68 % for 15 keV. Guard-ring electrodes with a width of 100 gm are
implemented on both sides to block the leakage current from the periphery. Fig. 8.12
shows a photo, and Table 8.1 shows the specifications of the FOXSI DSSD. The

device is manufactured by Hamamatsu Photonics, Japan.

8.2.2 The Readout System

To achieve good energy resolutions and a low threshold energy, a 64-channel analog
ASIC, VATA451, has been developed by ISAS, KIPAC and GM-IDEAS based on a

low noise front end ASIC previously developed for Compton cameras for applications

101

This document is provided by JAXA.



1.0 [

0.4}

0.2}

Photoabsorption Efficiency

0.0l

5

Si

10 20
Energy (keV)

50

Figure 8.1 Photoabsorption efficiencies of 0.5 mm thick Si (red) and 0.5 mm thick
CdTe (blue). Although each of them has sufficient efficiencies in the FOXSI energy

band, CdTe has a higher efficiency for above ~10 keV.

Figure 8.2 Photo of the 128 x128 FOXSI DSSD. The active area is 9.6 mm x 9.6 mm,

and the strip pitch is 75 pm.
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including ASTRO-H. Fig. 8.3 shows a function block diagram for VATA451. Each
channel of the analog circuit of the VATA451 consists of a charge-sensitive amplifier
(CSA) followed by two shaping amplifiers, one with a fast shaping time for generating
triggers (TA section), and the other with a slow shaping time for charge measurements
(VA section). If the output signal from the fast shaper of one or more channels
is greater than a threshold value in the TA section, the output signals from the
slow shaper of each channel will be sampled and held with an appropriate delay. A
Wilkinson-type analog-to-digital convertor, by which all channels can be digitized in
parallel, is also included in the VATA451. The ADC is 10 bit and takes 100 us for
digitization with a 10 MHz clock, and output signals are multiplexed. A common-
mode noise calculator is also built into the ASIC. Common-mode noise, which is a
noise component common to all channels of an ASIC for each event, can be obtained
by using the median value of the signals from all channels for each event. These analog
and ADC architectures are functionally the same as the former ASIC, VA32TAG6.

This ASIC is specifically optimized for the FOXSI mission as follows. The gain of
the CSA is higher than that of ASTRO-H to achieve better noise performance since
the energy range of FOXSI (below 15 keV) is lower than that of ASTRO-H. The fast
shaper provides a longer shaping time constant option for generating triggers, which
will be beneficial to achieve a low threshold energy required by FOXSI. The time
constant of the slow shaper can be adjusted from 2 us to 4us, and that of the fast
shaper can be set to 0.6 us or 1.2 us.

The input FET of the VATA451 is optimized to minimize the noise for an input
capacitance of 5 pF and a leakage current of 10 pA within a power constraint of
1 mW /channel, resulting in an equivalent noise charge (ENC) of 64 e~ (RMS) for
such input loads with a shaping time of 3 us.

Since there are 128 strips for each p-side and n-side, two ASICs for each side are
required, or four ASICs are needed to read out one FOXSI DSSD. To connect from
the DSSD to the ASICs, each DSSD strip is wire-bonded to the readout pads of the
ASICs.
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Figure 8.3 Function block diagram of the readout ASIC VATA451. The ASIC consists
of the pulse-shaping VA part, and the trigger-generating TA parts. An ADC is also

included.

8.2.3 Basic Properties of a DSSD

We measured the leakage current of one central p-side strip of the FOXSI DSSD
at temperatures of 15°C, 0°C and —20°C (Nominal in-flight temperature is —20°C).
Fig. 8.4 shows the measured [-V characteristic. The leakage current is found to
be proportional to exp(—1/kT). This is consistent with the idea that the origin of
the current is thermal effect. Under —20°C, the leakage current is measured to be
~1.5 pA with bias voltages of >200 V. The corresponding ENC is ~7 e~ (RMS) at
a shaping time of 3 us calculated by a formula ~ 110v/I7 e~ where I is the leakage

current in nA and 7 is the time constant of a readout C'R-RC' circuit in us. This
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Figure 8.4 I-V characteristic of FOXSI DSSD.

result implies that the temperature of —20°C is sufficiently low to obtain the best
performance because the noise from the leakage current is negligible compared to
normal readout noise.

Fig. 8.5 shows an C-V characteristic of the FOXSI DSSD at a room tempera-
ture. The body capacitance and the inter-strip capacitances of p-side and n-side were
measured. An inter-strip capacitance is a capacitance between one strip and the sur-
rounding strips. The data of inter-strip capacitance are plotted for central p-side and
n-side strips. The amplifier noise due to the detector capacitance for a single strip can
be parametrized as 1/20% + (10.5 + 7 x Cg)2 4+ (12.2+ 8.1 x Cq)?/7 e, where Cy is

the sum of the body capacitance per single strip and the inter-strip capacitance.

The body capacitance becomes almost constant with bias voltages above ~100 V,
which implies that the DSSD is fully depleted at about 100 V. The inter-strip capaci-
tance of the n-side can be measured above 80 V, and becomes almost constant above
~200 V. This implies that n-side strips will be isolated above 80 V, and completely
isolated above ~200 V. The C-V characteristic suggests that a higher bias voltage

such as 300 V is desired to reduce capacitance noise. The body capacitance for all
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Figure 8.5 C-V characteristic of FOXSI DSSD.

strips is measured to be 22.4 pF, that is 0.2 pF per single strip with a bias voltage of
300 V. The inter-strip capacitances of the p-side and n-side are measured to be 2.3

and 4.2 pF at a bias voltage of 300 V.

8.2.4 Performance of a Prototype for the FOXSI Focal Plane

Detector

We have fabricated a prototype of the FOXSI focal plane detector that consists of
one FOXSI DSSD and four VA451 ASICs. Fig. 8.6 shows a photo of the experimental
setup. Wire-bonding from the detector to the ASICs was performed by a semi-
automatic wire-bonding machine in our laboratory. Due to operational errors, some
wires failed to be bonded. Therefore, some strips are not connected to the ASICs and
cannot be read out. Such strips are electrically floated.

Under a temperature of —20°C and a bias voltage of 300 V, we successfully oper-
ated the FOXSI DSSD. Events from 124 out of 128 strips of the p-side and 120 out of
128 strips for the n-side were used for the following analysis. In the spectral analysis,

we use only events where a single hit is detected above the threshold of 5 keV in both
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Figure 8.6 Photo of the DSSD experimental setup. Each strip of the DSSD is con-
nected to an ASIC by wire-bonding.

the p-side and n-side in order to suppress events with more than one interaction or
any charge sharing between two adjacent strips.

Spectra from the p-side and n-side were obtained with the use of a ?*! Am radioac-
tive isotope source. The spectra of all active strips on the p-side (black curve) and
n-side (gray curve) are shown in Fig. 8.7. The energy resolutions of the p-side and n-
side were measured to be 430 eV and 1.6 keV (FWHM) at 14 keV, respectively. Since
we can use the better energy information from the p-side for the spectral analysis, it
is confirmed that the energy resolution fulfills the mission requirement.

The distribution of energy resolutions (FWHM) of the p-side and n-side strips are
shown in Fig. 8.8. The energy resolutions of most channels are distributed from 0.4
to 0.5 keV on the p-side, excluding an exception with an energy resolution of 0.9 keV.
The energy resolutions for the n-side are distributed between 0.9 and 1.9 keV with the
exception of an outlier at 3.1 keV. Both outliers of the p-side and n-side correspond to

edge strips, which neighbor the guard ring. Since the energy resolution and its disper-
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Figure 8.7 Spectra from the p-side (solid line) and n-side (dashed line) of the FOXSI
DSSD with a ?*!Am source. The operating temperature was —20°C and the bias
voltage was 300 V.

sion are much worse on the n-side than on the p-side, the strip structure on the n-side
is considered to be responsible for the excess noise on the n-side. In fact, addition
of the DC-coupled aluminum electrode on the p-stop improved the energy resolution.
A remaining noise source could be an accumulation layer between p-stops which may
act as a floating n-strip with high resistance. Fig. 8.9 shows the position dependence
of the energy resolution where we observe a moderate bump structure peaking on the
n-side around strip numbers 70-90. Since the resistance of the accumulation layer is
highly dependent on the fabrication process, it can reasonably explain the asymmetric
bump observed here. On the other hand, we do not observe such structure or large
dispersion in the energy resolution on n-side with another DSSD sample for the HXI
fabricated in the same batch. These observations may indicate that the excess noise
on the n-side originates from the accumulation layer and may depend on the location

in the silicon wafer and fabrication process.
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Figure 8.8 Distribution of energy resolution (FWHM) for the 14 keV line.

Although the energy resolution observed for the 14 keV line on the p-side is much
better than that on the n-side, it is still worse than the energy resolution expected
from the noise performance of the ASIC, especially for higher energies. In order to
study the nature of the excess noise on the p-side, we study the energy dependence
of the energy resolution as shown in Fig. 8.10. Data points are measured energy
resolutions while a gray region gives the resolution calculated from the ASIC noise
performance for a load with capacitance of (3.0£0.5) pF at a peaking time of 4.8 4 s
(346428 €V) and Fano noise (fluctuation of electron hole pairs produced by ionization)
where the load capacitasnce includes a parasitic capacitancer of (0.5 + 0.5) pF. A
fit to an empirical formula, \/E2 + (f1F)? + Npano(E)? yields Ey = 365 £ 15 eV,
fi = (4.0 £0.5) x 1073 where Npauo(FE) is the Fano noise. The linear term may

be explained by the gain uncertainties of the ASIC as mentioned in previous papers
(Tajima et al. 2003, 2004).
While we can achieve a spectral resolution better than <0.5 keV in the FOXSI
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Figure 8.9 Energy resolution (FWHM) for the 14 keV line as a function of the strip
number. Top: P-side. Bottom: N-side.

energy range solely due to a good noise performance on the p-side, the localization of
the incident X-ray position still relies on detecting X-ray signals on both the p-side

and the n-side. Since the noise performance on the n-side is marginal, we calculate
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Figure 8.10 Energy resolution (FWHM) as a function of the incident energy. Gray
region indicate the energy resolution expected from the ASIC performance. Solid

curve shows the fit result.

the probability for wrong localizations. Assuming a Gaussian noise distribution,
the energy resolution of 2.0 keV for the n-side corresponds to a chance probability
of <1077 for recording an energy above 5 keV due to noise alone. This implies
that positions of incident photons can be determined with a negligible probability of
spurious hits. Therefore, we confirm that the DSSD can be operated as an imager
at a low energy threshold of 5 keV, which fulfills the scientific requirements of the
FOXSI mission.

Fig. 8.11 shows a shadow image of a tungsten plate with 1 mm pitch slits using
X-rays from a 1¥3Ba source in an energy band from 20 to 40 keV. To test the imaging
performance, the tungsten plate is tilted by 45° and does not cover the top left part of
the detector. The width of the slits is 100 um. The individual slits are clearly visible,

successfully demonstrating the capabilities of fine-pitch imaging and spectroscopy.
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Figure 8.11 Shadow image from the FOXSI DSSD with a radio isotope of 1*3Ba. The

scale gives the number of counts. The width of the slits in this image is 100 pm.

In the left part of the top edge of the image (x < 90 and y > 120), a longitudinal
stripe pattern appears even though counts should be almost flat in this region since
there is no mask. In the edges of the p-side strips (the top edge and the bottom edge
of the image), wire-bonding pads are placed, which is considered to be the cause of
the pattern. The bonding pads are wider than the strips, and therefore staggered.
Events in this region can be used for spectroscopy although the spatial resolution for
the x-position is worse than the other regions.

On the other hand, although signals are successfully obtained by the p-side, the
right and left edges on the image (r < 2 and x > 125) have no n-side signal. This
is considered to be caused by the presence of wire-bonding pads on n-side. In this

region, events can be used only for spectroscopy.
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8.3 Development of prototype Double-sided CdTe
Detectors for FOXSI 2*

8.3.1 The Properties of CdTe

To enlarge the effective area of FOXSI, improved HXR optics and detectors are
planned to be used for FOXSI 2. As shown in Fig. 8.1, Si has a efficiency of 68%
at 15 keV, hence a material with higher efficiency is desired. Recently, CdTe have
attracted attention as material for future hard X-ray and ~-ray imaging detectors for
astrophysical, medical and industrial application (Takahashi et al. 2001; Limousin et
al. 2003). Their large atomic numbers (48 for Cd, 52 for Te), enable high photoab-
sorption efficiencies. It has also become possible to produce CdTe crystals with large
volumes and high uniformity (Bolotnikov et al. 2005, Shiraki et al. 2007). For the
FOXSI energy range of 5-15 keV, CdTe detector 0.5 mm thick has efficiencies above
99% even in >10 keV (Fig. 8.1). CdTe is also planned to be used for the ASTRO-H
mission (Takahashi et al. 2010; Kokubun et al. 2010). CdTe detectors would be
also applicable as focal plane detectors of HXR focusing optics in future missions
dedicated to solar flare observations.

The lifetime-mobility product of charge carriers (especially holes) are small in
CdTe crystals (ur ~ 2 x 1073 cm?/V for electrons and pur ~ 4 x 10~ cm?/V for holes
(Bencivelli et al. 1991)), which leads to asymmetric spectra (tailing) and reduces
the energy resolution. To overcome this difficulty, we have developed thin devices
to which a high bias voltage can be applied, thereby reducing the effect of limited
mobility. The use of Schottky CdTe diode detectors, with indium (In) and platinum
(Pt) as the anode and cathode, respectively, enabled the first fabrication of such

devices. However, In anodes of CdTe diode devices cannot be divided into strips or

* The part of this section is published in Jpn. J Appl. Phys. 2010, vol. 49, no. 11, p. 116702,
entitled ”Development of double-sided CdTe strip detectors for y-ray imaging and spectroscopy” by
S. Ishikawa, S. Watanabe, S. Fukuyama, G. Sato, M. Kokubun, H. Odaka, S. Saito, T. Takahashi,
K. Nakazawa and T. Tanaka.
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pixels owing to technical difficulties. In recent years, however, an alternative material,
aluminum (Al), has been found to overcome this problem (Toyama et al. 2004, 2005).
With an Al/CdTe/Pt configuration, anodes can be successfully divided into pixels or
strips and an energy resolution as low as ~ 1 keV (FWHM) can be achieved at
< 100 keV photons (Watanabe et al. 2007; Ishikawa et al. 2007; Meuris et al. 2008).

Opposite to DSSDs, the energy resolution of a double-sided Al/CdTe/Pt strip
detector is almost the same for both sides of electrodes, due to the same geometri-
cal configurations of anodes and cathodes. This enables us, by using signals from
both anodes and cathodes for each photon, to improve the spectral performance as
described in the next subsection.

For the FOXSI-2 mission, we plan to change Si with CdTe as a material of focal
plane detectors. We have developed prototypes of double-sided CdTe strip detectors,

and measured their performances.

8.3.2 The performances of prototypes

We developed prototypes of double-sided CdTe strip detectors and evaluate per-
formances to determine whether CdTe could be achieve the required performances.
First, we developed the detector with 2.56 cm x 2.56 c¢m in effective area and 64 strips
for each electrode, and evaluated an imaging capability. Based on the first detector,
we also developed the detector with smaller size to improve a spectral performance.
The size of the smaller detector is 1.28 cm x 1.28 cm in effective area, contains 32
strips for the anode and cathode. Fig. 8.12 shows a photo of the large detector.
For both detectors, the strip pitch, which corresponds to the position resolution, is
400 pm. The thickness of the detectors is 0.5 mm. Guard ring electrodes 1 mm wide
are implemented on both sides to reduce the leakage current (Nakazawa et al. 2004).
The guard rings are kept at the same electric potential as the strips on either side of
the detector.

To read out the detectors, 32/64-channel analog ASICs, VA32TAs/VA64TAs are
used. VA32TA/VA64TA is a former version of VATA451, and the architecture of

analog circuits are basically the same. However, the noise performance is worse than
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Figure 8.12 Photo of a double-sided CdTe strip detector. The effective area of the
detector is 2.56 cm x 2.56 cm, and the strip pitch is 400 pm.
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that of VATA451, and the ADC function is not included in the ASIC. We used
VA32TA /VAG64TA only because the detectors are just prototypes, and we intend
to use VATA451 for detectors for FOXSI in the future. Contrary to DSSDs, it is
impossible to wire-bond directly to the electrode of CdTe to connect the detectors
to ASICs. The performance of CdTe would become worse because of a pressure and
heat. To connect electrically from strips to ASIC, a stud-bump method is adopted
for both the anode and cathode strips. By using needle shaped soft metals of gold
and indium as a stud, CdTe can be connect to a read out system without excessive
stress.

We successfully operated the large detector with 2.56 x 2.56 cm effective area
under a temperature of —20 °C and a bias voltage of 500 V. The enery resolutions
were measured to be 2.6 and 6.3 keV at 60 keV for the cathode and anode. The energy
resolution is worse than expected, mainly because the leakage current is higher than
expected. For anode signals, the leakage current tolerance of VA64TA is low, and the
resolution could become even worse as the leakage current increases.

To evaluate a imaging performance, we obtained a shadow image using a nut,
washer and solder, shown in 8.3.2, at several y-ray peaks of radio isotopes. The used
~-ray peaks are 31, 60, 81 and 122 keV, from sources of 133Ba, 2! Am and *"Co. 62
out of 64 strips of the cathode and 61 out of 64 strips for the anode were used for the
images. Signals from the two edge strips of each anode and cathode neighboring the
guard-ring are noisy and not included for the analysis. A single strip shows no signal
(‘white line in Fig. 8.3.2), probably because it is not connected to the ASIC. Note
that the washer (largest diameter) is thinner than the nuts, and therefore does not
appear in the 122 keV image. Images of each energy are obtained and the imaging
capability with a position resolution of 400 pum was successfully shown.

To improve a spectral performance, we developed and measured performances
of the 1.28 cm size detector. The spectral performance of the small detector was
measured using a 2*' Am radioactive isotope source peaking at 60 keV. The operating
temperature was —20 °C and the applied bias voltage was 500 V. The spectra from
the anode and cathode strips are shown in Fig. 8.14. The anode spectrum was the

sum of signals from 30 of 32 strips, while the cathode spectrum was from all 32 strips.
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Figure 8.13 The shadow image of a nut. washer and solder obtained by the 400 pm
pitch double-sided CdTe strip detector. (Top Left) 31 keV(™Ba), (Top Right)60
keV(**"Am), (Bottom Left)81 keV('*Ba) and ( Bottom Right)122 keV(*"Co).
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Figure 8.14 Spectra of the ! Am radioactive isotope obtained by a CdTe detector,
0.5 mm thick. The detector temperature was —20° C, and the bias voltage was 500 V.
The energy resolution (FWHM) for both anodes and cathodes was measured to be
1.8 keV at 60 keV.
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Two edge anode strips, close to the guard ring, had high noise and thus were excluded
from the spectrum. The measured energy resolution was 1.8 keV (FWHM) for both
electrodes, significantly improved.

When a high bias voltage (2 500 V) is applied to thin devices (~0.5 mm), the
charge collection efficiency is so high that almost no low-energy tail appears for v-ray
peaks of <100 keV. Under such conditions, the origin of the energy resolution dete-
rioration is mainly electrical noise that is independent of the anode and the cathode.
Therefore, signals from the anode and cathode can be regarded as multisampling of
the same charges, and we can estimate the incident photon energy precisely through a
linear combination of signals from each electrode (Lund et al. 1996). In this case, the
energy resolutions are the same for the anode and the cathode; thus we reconstructed
the spectrum by averaging signals for each photon as

E— Eanode T Lcathode
2 )

(8.1)

where FE is the estimated energy of incident photons, and E,, 7. and E .1 04¢
are normalized signal pulse heights from the anode and the cathode, respectively
(Watanabe et al. 2009). If the noises from the anode and cathode are completely
independent, the spectral performance can be improved by a factor of v/2. Figure 8.15
shows a reconstructed spectrum using this method. The energy resolution is improved
to 1.5 keV (FWHM), by a factor of 1.2. The nonuniformity of charge collection
efficiency is considered to remain, which may explain why this improvement is smaller
than expected.

We have shown that double-sided CdTe strip detectors can achieve efficiencies and
energy resolutions simultaneously. In the next step, we plan to develop and evaluate
a detector with a fine strip pitch (60 pum for FOXSI 2) to meet the requirement of
spatial resolution for the mission. For smaller strips, capacitance and leakage current
is expected to be lower. By using such a detector and VATA451, better spectral

performances as the FOXSI requirement of ~1 keV resolution can be expected.
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Figure 8.15 Reconstructed spectrum of a ?*'Am radioactive isotope from a linear

combination of anode and cathode signals. The resulting improved energy resolution

(FWHM) is 1.5 keV at 60 keV.
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Chapter 9
Conclusion

We studied particle acceleration in solar flares through HXR observations by
RHESSI. We also discussed the requirements for future observational studies of par-
ticle acceleration in solar flares, and we developed detectors that meet these require-
ments.

Using RHESSI rear segment data, we analysed flare-integrated images of all
RHESSI ~-ray flares with high enough counting statistics in the energy band from
150 keV to 450 keV. Out of the 26 RHESSI ~-ray flares, we successfully obtained
images for 21 events. The remaining 8 events have >300 keV fluences of less than a
few hundred photons/cm? and counting statistics are too poor for detailed imaging.

We found the followings:

e The intensity ratios of footpoints at 50-100 keV and 150-450 keV are found to be
similar. This indicates that relativistic electrons penetrate at both ends of the
flare loop at similar rates. Hence, transport effects from a coronal acceleration
site appear to be similar for semi-relativistic electrons producing the 50 keV

emission as for relativistic electrons producing the >150 keV emission.

e There is no obvious correlation between the footpoint separation and the ratio
of 2.2 MeV to >300 keV fluence. Hence, the relative acceleration efficiency of
electrons and protons does not depend on flare loop length. Such a correlation

is proposed to be an indicator for stochastic acceleration models. However,
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not finding a correlation could also simply be because the spatial scale of the

acceleration site does not scale with the loop length.

e Coronal ~-ray sources are only seen for the three events with best counting
statistics. However, the absence of coronal sources for the other events could

be due to observational limitations.

While the RHESSI imaging concept has been proven to successfully work in the
~-ray range, the limited counts available for most of the detected events makes it
possible to obtain flare-integrated images only for the few largest events. To make a
breakthrough from the observational side, the sensitivity of a future instrument needs
to be improved significantly, preferably by two orders of magnitude.

Good examples of above-the-loop-top sources similar to the Masuda flare are rare
even in the extensive RHESSI data base. Nevertheless, RHESSI observations clearly
confirm the existence of this type of source. We report on the currently best example
of a RHESSI flare that resembles the Masuda flare geometry. RHESSI’s imaging
spectroscopy capability allows us to study the timing and energetics of the above-
the-loop-top source relative to the footpoints with much better accuracy than before.
The above-the-loop-top source is observed to peak ~8 s earlier than the footpoint
sources and decays afterwards while the footpoint source stays bright. This suggests
that the above-the-loop-top source provides the precipitating electrons that feed the
footpoint source. To make a more quantitative comparison we estimate the number
of non-thermal electrons in the above-the-loop-top source and compare this to the
needed precipitation rate of non-thermal electrons to produce the hard X-ray emis-
sion in footpoint source. The largest uncertainty in this derivation is introduced by
the unknown fraction of occulted hard X-ray footpoint emission. However, assuming
that half the emission is occulted, the time scale to empty out the above-the-loop-top
source is of the same order of magnitude as the duration of the footpoint emission.
Hence, there are enough electrons within the above-the-loop-top source to account for
the footpoint emission. We therefore put forward the following scenario: Magnetic
energy release within the above-the-loop-top source produces a bulk energization and

accelerates all electrons to energies of tens of keV, and electrons escaping the above-
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the-loop-top source then produce the footpoint emission. Both the acceleration and
the escape mechanism are currently not understood. The interplay between accel-
eration efficiency and escape probability are important parameters for the creation
of an above-the-loop-top source. If the escape probability is large compared to the
acceleration efficiency, a bulk energization does not happen as accelerated electrons
precipitate too quickly. Hence, the rare cases where we observe above-the-loop-top
sources could be events where the escape probability is low (e.g., trapping of acceler-
ated electrons within the acceleration region is efficient) compared to the acceleration
efficiency.

To observe energetic electrons in the loop top site as they are accelerated, travel
through the corona, and while in the presence of high intensity flare footpoints, higher
dynamic range and sensitivity are demanded. Yohkoh/HXT and RHESSI have made
use of non-focusing imaging techniques such as RMC imaging technique to provide
HXR imaging spectroscopy. Non-focusing imaging observations are limited by low
dynamic range and high background due to large detector volume. To improve the
dynamic range for future observations, grazing-incidence HXR focusing optics are a
promising new technology for future solar observations. By using focusing optics,
arrival directions of incident photons can be determined directly, and image recon-
structions, which are required and limit dynamic range of RMCs, are not necessary.
Furthermore, focusing enables the use of small focal plane detectors while retaining
large effective area, which imply a drastic reduction in non-solar background thereby
increasing the sensitivity to solar HXR emissions. For future observations of the solar
corona using high dynamic range and sensitivity, we developed prototypes of focal
plane detectors of HXR focusing optics for the FOXSI mission. FOXSI is the first
solar observation mission using HXR focusing optics. Fine-pitch semiconductor detec-
tors with a front-end ASIC will fulfill the scientific requirements of spatial and energy
resolution, low energy threshold and time resolution. We designed and fabricated a
DSSD with a pitch of 75 pum, which corresponds to 8 arcsec at the focal length of
2 m. We also developed a low-noise ASIC for FOXSI. The detector was successfully
operated in the laboratory at a temperature of —20 °C and with an applied bias

voltage of 300 V, and the energy resolution of 430 eV at a 14 keV line was achieved.
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We also demonstrated fine-pitch imaging successfully by obtaining a shadow image,
hence the implementation of scientific requirements was confirmed. To upgrade de-
tectors to improve detector efficiency for second launch of FOXSI (FOXSI 2), we
developed prototype cadmium telluride (CdTe) detectors with the double-sided strip
configuration with a strip pitch of 400 pm. The detector was successfully operated
under a temperature of —20°C and with an applied bias voltage of 500 V, and the
concept was successfully demonstrated. A shadow image was successfully obtained,
and the energy resolution of 1.5 keV at 60 keV was achieved. The improvement of
energy resolution using both the anode and cathode signals was also demonstrated.
Future spacecraft observations with HXR focusing optics are required to reveal
complete picture of particle acceleration in solar flares. A spacecraft enables long-
duration observations, including many large flares. With HXR focusing and imaging
of large flares, the non-thermal radiation from coronal sources will be observed. This
will provide a significant leap in understanding the mechanisms of solar flares and
particle acceleration. Within the next years, we are planning to submit a proposal
for a spacecraft version of FOXSI that will provide unprecedented dynamic range

and sensitivity.
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Appendix A

Time profiles of the RHESSI
>150 keV flares

In Fig. A.1, we show all the count rate light curves of the events with the > 300 keV
detections which analyzed in Chapter 4 (selected from the list in Shih et al. 2009).

The attenuator states are shown by the blue lines. If the dead time is sufficiently
low, RHESSI try to unset one attenuator every 4 minutes. After that, if the dead
time is still low enough for the observation, the attenuator state will be kept. In case
that the dead time become too high, the attenuator is set again. This attenuator
operation is seen in such as the July 20, 2002 flare.

When the RHESSI spacecraft is in South Atlantic Anomaly (SAA), in which the
density of charged particles are rather high compared to other locations in the orbit,
observational data are not obtained. The passing through SAA in the light curve
corresponds to the interval with the simultaneous missing of both 50-100 and 150-
450 keV data, such as appeared in the November 2, 2003 flare. If the spacecraft is
in the night, the Sun is not seen and only background data are detected. The space-
craft appearance and disappearance in the sunlight corresponds to the simultaneous
discontinuous jump of both energy bands.

The discontinuous jump of the count rate only from the rear detectors is caused by
the decimation state change of the rear segments. If the memory for the rear detectors

is full, mostly by the background, one in several counts of the observational data are
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stored. The effect of the change of the decimation states of the front detectors are

already corrected in the shown light curves.
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Appendix B

Spectroscopy of the RHESSI
>150 keV flares

Figure. B.1 shows all the count flux spectra of the events with the > 300 keV
detections which analyzed in the imaging survey of Chapter 4 (selected from the list
in Shih et al. 2009). The time intervals in Table 4.1 are used to obtain the spectra.
The data from both of the front and rear segments are used, and the energy band
is from 3 keV to 17 MeV. Shih et al. (2009) reports the correlation between the
emissions from relativistic electrons and ions in the events shown here. There is a
clear correlation between >300 keV bremsstrahlung continuum and 2.223 MeV line
emissions, which implies a common acceleration mechanism.

The correlation of the spectral indices at 50-100 keV and 150-450 keV obtained
by these spectra are shown in Fig. B.2. The indices at 50-100 keV vary from 1.5 to 7,
which is consistent with the statistical result only for the front segments (Saint-Hilaire
et al. 2008). On the other hand, the photon indices 150-450 keV are rather hard,
vary from 2 to 5. This could be biased, since the flare with the harder spectra at
higher energies is more likely detectable in the rear segments. Between the fluxes at
tow energy bands, no clear correlation is found. This is consistent with the result of
Yohkoh, using HXT and the Gamma-ray Spectrometer (GRS) observation at above
>1 MeV (Matsumoto et al. 2005).

In Matsumoto et al. (2005), the correlation between the absolute longitude and
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Figure B.1 Count flux spectra of all the RHESSI flares with >300 keV detections.

The data from both the front and rear segments are used.

hardness ratio of the Yohkoh ~-ray flares are shown. In these events, the flares with
the harder spectra are more likely to be found around the limb (at the high absolute
longitudes). This relation is explained by Kotoku et al. (2007), by the effect of the
Compton degradation from the relativistic beaming effect of accelerated electrons.
Figure B.3 shows the similar correlations of the RHESSI ~-ray flares, between the
absolute longitude of the events and photon indices. Both of the indices from the
front segments (50-100 keV) and rear segments (150-450 keV) are not correlated with
the absolute longitude. The left panel is consistent with the model of Kotoku et
al. (2007), because the 50-100 keV photons do not represent the relativistic effect.
Although 150-450 keV (0.6-0.8¢ for an electron speed) could be relativistic, higher
energies may represent a clearer correlation. More events are required to investigate

such correlations.
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photon index at 150-450 keV
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Figure B.2 Correlation of the photon indices derived at 50-100 keV and 150 450 keV.
The 50-100 keV indices are obtained by the flux ratio of 50-70 keV and 70-100 keV,
and the 150-450 keV indices are obtained by the flux ratio of 150-250 keV and 250-

450 keV. Colored points indicate those for which a detailed image was obtained in

the 150-450 keV band, as same as Fig. 4.1.
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Figure B.3 Correlation of the location and spectral indices. The photon indices are
derived by 50-100 keV (left) and 150-450 keV (right). Colored points indicate those
for which a detailed image was obtained in the 150-450 keV band, as same as Fig. 4.1.
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