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Abstract. The primary scientific objective of HESSI Small
Explorer mission, launched in February 2002, is to investi-
gate the physics of particle acceleration and energy release in
solar flares, where the accelerated∼10 − 100 keV electrons
(and possibly∼MeV ions) appear to contain>∼10−50% of
the energy released. HESSI utilizes rotating modulator col-
limators together with cooled germanium detectors to image
X-rays/gamma-rays from∼3 keV to∼17 MeV. It will pro-
vide the first hard X-ray imaging spectroscopy (∼2 arcsec,
∼1 keV), the first high resolution (∼1-5 keV)spectroscopy of
solar gamma-ray lines, and the first imaging (∼36 arcsec) of
solar gamma-ray lines and continuum. HESSI will also ob-
tain hard X-ray imaging of the Crab Nebula with∼2 arc-
sec resolution, and provide high spectral resolution hard X-
ray/gamma-ray all-sky monitoring of diffuse galactic nuclear
line emission, and of transient emission from cosmic gamma-
ray bursts, novae, accreting black holes, and terrestrial bursts
from relativistic electron precipitation, aurora, and lightning.
HESSI is planned for launch in December 2001.

1 Scientific goals and objectives

The processes of particle acceleration and impulsive en-
ergy release occur in active cosmic plasmas at diverse sites
throughout the universe, ranging from planetary magneto-
spheres to active galactic nuclei. The understanding of these
processes is a major goal of space physics and astrophysics,
but we are just beginning to perceive the relevant basic
physics. The Sun constitutes an unparalleled laboratory for
investigating these processes. Its proximity allows measure-
ments over the entire wavelength range to be made on physi-
cally relevant scales. At the same time, the system as a whole
can be studied, and escaping energetic particles and plasma
can be sampled by spacecraft in the interplanetary medium.

The Sun is the most powerful particle accelerator in the
solar system, accelerating ions up to tens of GeV and elec-
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trons to hundreds of MeV. Solar flares release up to1032 −
1033 ergs in102 − 103 s. The accelerated 10-100 keV elec-
trons (and possibly> 1 MeV ions) appear to contain a sig-
nificant fraction, perhaps the bulk, of this energy, indicating
that the particle acceleration and energy release processes are
intimately linked. How the Sun releases this energy, presum-
ably stored in the magnetic fields of the corona, and how
it rapidly accelerates electrons and ions with such high effi-
ciency, and to such high energies, is presently unknown.

High-energy emissions are the most direct signature of
particle acceleration in solar flares. Hard X-ray/γ-ray con-
tinuum is produced as bremsstrahlung by energetic electrons.
Nuclear collisions of energetic protons and heavier ions with
the ambient solar atmosphere result in a complex spectrum
of narrow and broadγ-ray lines that contain unique infor-
mation on not only the accelerated ions but also the ambient
solar atmosphere. HESSI provides the first hard X-ray imag-
ing spectroscopy, the first solarγ-ray measurements able to
resolve the nuclear lines produced by energetic ions, and the
first gamma-ray line and continuum imaging. It has sensitiv-
ity and dynamic range sufficient to provide meaningful ob-
servations from microflares and the earliest emissions from
a flare, to the peaks of the largest flares. These high-energy
emissions are accompanied by longer wavelength emissions,
and sometimes by escaping energetic particles. Their ob-
servation by the fleet of spacecraft (SOHO, Wind, ACE,
Ulysses, TRACE, GOES, Yohkoh, SAMPEX, etc.) already
in place, and by ground-based instruments, will provide the
context in which the high energy processes occur.

HESSI will also obtain hard X-ray imaging of the Crab
Nebula with∼2 arcsec resolution, and monitor a large frac-
tion of the sky to provide, serendipitously, high spectral reso-
lution observations of transient hard X-ray andγ-ray sources,
including accreting black holes, cosmicγ-ray bursts, and ter-
restrial bursts from relativistic electron precipitation, aurora,
and lightning.
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Fig. 1. Time profiles for a flare showing near-coincidence impul-
sive peaks in 35-114 keV hard X-rays (from energetic electrons) and
4.2–6.4 MeVγ-rays (from energetic ions).

1.1 Electron acceleration and energy release

Bursts of hard (> 20 keV) X-rays are the most common
signature of the impulsive phase of a solar flare (Fig. 1).
These X-rays are bremsstrahlung produced by accelerated
electrons colliding with the ambient solar atmosphere. If
these electrons are nonthermal (i.e., electron energyEe >
kT of the ambient gas), then the energy lost by the elec-
trons to bremsstrahlung in collisions with ambient ions
is only a small fraction (∼10−5) of their energy lost to
Coulomb collisions with ambient thermal electrons. This
inefficiency means that, for many flares, the energy in ac-
celerated>20 keV electrons must be comparable to the to-
tal flare radiative and mechanical output (Lin and Hudson,
1976). Thus the acceleration of electrons may be the most
direct consequence of the basic flare-energy release process.

During the flare impulsive phase, the Yohkoh Hard X-ray
Telescope (HXT) often observes double footpoint structures
(Fig. 2), with the two footpoints brightening simultaneously
to within a fraction of a second (Sakao et al., 1994). These
coincide, spatially and temporally, withHα and white-light
brightenings. For some flares occurring near the solar limb,
HXT has detected a co-temporal, weaker, hard X-ray source
in the corona (Masuda et al., 1994; Alexander and Metcalf,
1997) above the soft X-ray loop linking the hard X-ray foot-
points (Fig. 2). This source has been interpreted as evi-
dence for energy release by magnetic reconnection in a re-
gion above the soft X-ray loop. The very rapid transport of
energy from the release site down to the footpoint interac-
tion regions can only be achieved by fast electrons streaming
down the loop, but it is unclear how the implied huge cur-
rents (up to1036 electrons/s or1017 amps) can conform to
the global electrodynamic constraints of the flare environ-
ment (Miller et al., 1997).

The first (and until HESSI, the only) high-spectral resolu-
tion measurement of a flare hard X-ray burst (Fig. 3, left), im-
mediately led to the discovery of a “superhot”∼3.5× 107 K

thermal source (Lin et al., 1981). At higher energies the
nonthermal component does not fit a single power law or a
single temperature thermal, but has a relatively sharp break
at∼50 keV. It was shown (Johns and Lin, 1992) that these
high resolution data can be numerically inverted to deter-
mine N(E,t), the parent electron spectrum (Fig. 3, center).
N(E,t) results from modification of theacceleratedelectron
spectrum F(E,t) by electron energy loss, propagation, and
escape processes. Assuming that Coulomb collisions dom-
inated these loss processes, F(E,t) was derived (Lin et al.,
1981), and two separate components of accelerated electrons
were found: an impulsive spike component with a spectrum
peaked at∼50 keV, plus a slowly varying component with
a power-law spectrum extending down to∼20 keV (Fig. 3,
right). The spike electron spectrum suggests acceleration by
a DC electric field, with the peak energy corresponding to the
total potential drop; such electron spectra are observed in the
Earth’s auroral zone.

Hard X-ray imaging spectroscopy is the key to under-
standing the acceleration and energy release processes. The
2-arcsec and tens-of-millisecond resolutions of HESSI are
commensurate with the spatial and temporal scales for
the accelerated electrons to lose their energy in the lower
corona and upper chromosphere (ambient densities below
∼1012 cm−3). With HESSI’s high energy resolution, the
photon spectrum in each spatial and temporal element can
be directly inverted to obtain N(E,r,t), the X-ray producing
electron number density, as a function of energy (E), and po-
sition (r), and time (t). Together with information on the
ambient density, magnetic field strength and topology, and
ionization, the electron loss processes can be directly evalu-
ated to decide whether the X-ray emission is thermal or non-
thermal. Then, via transport calculations (using a spatially
dependent continuity equation including loss processes), the
spatially and temporally resolvedacceleratedelectron source
distribution, F(E,̄r,t), can be obtained. Then detailed quanti-
tative models of the acceleration, energy release, and energy
propagation processes can be constructed and tested.

1.2 Ion acceleration

Near the Sun, nuclear collisions of accelerated nuclei with
the ambient solar atmosphere result in a rich spectrum of
gamma-ray lines (Ramaty and Murphy, 1987) (Fig. 4). γ-
ray line emission has been observed from many solar flares,
mostly by the Solar Maximum Mission (SMM) (Chupp,
1984; Share and Murphy, 1995). Energetic protons and
α-particles colliding with carbon and heavier nuclei pro-
duce narrow de-excitation lines (widths of∼ few keV to
∼ 100 keV), while energetic heavy nuclei colliding with
ambient hydrogen and helium produce much broader lines
(widths of a few hundreds keV to an MeV). Neutron capture
on hydrogen and positron annihilation produce narrow lines
(at 2.223 MeV and 0.511 MeV, respectively) which are de-
layed. HESSI’s GeDs can spectrally resolve all the expected
lines except the 2.223-MeV line (Fig. 5); none have been re-
solved by the solarγ-ray detectors to date.
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Fig. 2. Top left:The M1 limb flare seen
with Yohkoh SXT and HXT.Top cen-
ter: A model flare ten times more in-
tense, expected to occur once a month
on average at solar maximum. The
thick and thin contours are for hard
and soft X-rays, respectively. Bot-
tom: Simulation results showing re-
constructed images for Yohkoh (left)
and HESSI (center), with point-spread
function (50%) indicated.Right: Spec-
tra at different locations with HESSI’s
spectral resolution and with the four
HXT energy channels. Note that HESSI
(but not HXT) has sufficient dynamic
range capability (up to 100:1) to obtain
spectra from the legs of the loop in the
presence of the bright footpoints.

Fig. 3. High-resolution X-ray spectrum for 27 June 1980 flare
left with the derived spectra of the X-ray producing electrons
[N(e)](center) and the accelerated electrons [F(E)] (right) (from
Johns and Lin 1992).

HESSI provides the first determination of nuclear line
shapes, which are direct probes of the angular distribution
of the interacting accelerated ions. HESSI’s energy reso-
lution at the 0.511 MeV positron annihilation line is suffi-
ciently good to measure temperatures down to104 K, and
it can easily distinguish among annihilation sites located be-
low the transition region, in the corona, or in the hot (∼107

K) flare plasma.
The bulk of theγ-ray line emission is produced by ions

with energies of 10-100 MeV/nucleon that contain only a
small fraction of the energy in the> 20 keV electrons. How-
ever, systematic study of SMMγ-ray line flares (Share and
Murphy, 1995) shows that the 1.634 MeV20Ne line is unex-
pectedly enhanced. Because the cross section for20Ne has
an unusually low energy threshold (∼2.5 MeV), this effect
may be due to large fluxes of low-energy ions with a total en-

ergy content perhaps comparable to that in accelerated elec-
trons, rather than to an overabundance of neon (Ramaty et
al., 1995; Emslie et al., 1997). HESSI’s high energy reso-
lution allows it to easily separate closely spaced lines (e.g.
1.634 and 1.778 MeV), but more importantly it significantly
increases the sensitivity for detecting narrow lines such as the
20Ne and, in particular, the 2.223 MeV line. By observing
the ratio between the 2.223 MeV line and the bremsstrahlung
continuum in many flares, HESSI will test whether ions are
accelerated in all flares, down to much lower flux thresholds
than with SMM.

HESSI will provide the first localizations of solar flareγ-
rays and the most precise imaging ever achieved inγ-ray
astronomy. For large flares, HESSI should be able to im-
age in narrowγ-ray lines, e.g. the 2.223 MeV neutron cap-
ture and 0.511 MeV positron annihilation lines, where line
counts dominate over the background. Althoughγ-ray lines
have never been directly imaged, the 2.223 MeV line was
once detected in a behind-the-limb flare (Vestrand and For-
rest, 1993). This line is formed when thermalized neutrons
are captured by ambient protons in the photosphere, at a
much greater depth than that at which nuclear reactions take
place. Because of the very strong expected attenuation, the
neutrons must have been produced by charged particles in-
teracting on the visible hemisphere of the Sun. Thus, either
the acceleration site was far removed from the optical flare
site, or the charged particles were transported over large dis-
tances. HESSI may also image energetic heavy ions when
the∼ 1− 7 MeV nuclear continuum from broad lines domi-
nates over electron bremsstrahlung.

At the present time it is not known how the electrons
and ions accelerated at the Sun that produce the X-ray and
gamma-ray emissions in solar flares are related to solar ener-
getic particles (SEP) observed in the interplanetary medium.
Gamma-ray flare events have similarly large e/p ratios as
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Fig. 4. (Top) Representative photon spectrum for a large X-class
flare (such as 4 June 1991) over the HESSI energy range. Also
shown are the corresponding count-rate spectrum (lower curve) and
expected background. (Bottom) Expandedγ-ray line region (×E2).
The line response above 4 MeV is much weaker because the pho-
topeak efficiency drops. The broad feature at 1.9 MeV is Compton
backscatter of 2.2 MeV.

impulsive SEP events and may have similar enrichments of
heavy ions (Reames et al., 1994). On the other hand, the
gradual SEP events that have large fluxes of high energy
protons appear to be related to fast coronal mass ejections
(CMEs). HESSI hard X-ray andγ-ray spectroscopy and
imaging, together with observations of coronal shocks, SEPs,
and CMEs, are needed to understand the relationship of the
various acceleration processes at the Sun to those of SEP
events.

2 Instrumentation

The HESSI scientific objectives will be achieved with high
resolution imaging spectroscopy from soft X-rays toγ-rays,
utilizing a single instrument (Fig. 6) consisting of an Imag-
ing System, a Spectrometer, and the Instrument Electronics.
The Imaging System is made up of nine Rotating Modula-
tion Collimators (RMCs), each consisting of a pair of widely
separated grids mounted on a rotating spacecraft. Pointing
information is provided by the Solar Aspect System (SAS)
and Roll Angle System (RAS). The Spectrometer has nine
segmented GeDs, one behind each RMC, to detect photons
from 3 keV to 20 MeV. The GeDs are cooled to∼75 K by
a space-qualified long-life mechanical cryocooler to achieve

Fig. 5. The spectral resolution of HESSI (lower lines) compared
expected gamma ray line widths (dots and vertical bar) and superhot
continuum variation. Also shown are the spectral resolutions of
previous detectors (upper lines).

the highest spectral resolution of any presently availableγ-
ray detector. As the spacecraft rotates, the RMCs convert
the spatial information from the source into temporal mod-
ulation of the photon counting rates of the GeDs. The In-
strument Electronics amplify, shape, and digitize the GeD
signals, provide low-voltage power and GeD high voltage,
format the data, and interface to the spacecraft electronics.

2.1 Imaging system

The only viable method of obtaining arcsecond-class images
in hard X-rays andγ-rays within the SMEX constraints is
to use Fourier-transform imaging. HESSI uses bi-grid colli-
mators consisting of a pair of widely separated grids in front
of an X-ray/γ-ray detector (Fig. 7). Each grid consists of a
planar array of equally-spaced, X-ray-opaque slats separated
by transparent slits. If the slits of each pair of grids are par-
allel to each other and if their pitches (p) are identical, then
the transmission through the grid pair depends on the direc-
tion of the incident X-rays. For slits and slats of equal width,
the transmission is modulated from zero to 50% and back to
zero for a change in source angle to collimator axis (orthog-
onal to the slits) of p/L where L is the separation between
grids. The angular resolution is then defined as p/(2L). For
HESSI, the transmission of the source photons through the
grids is modulated by mounting the instrument on a rotating
spacecraft. The detector records the arrival time and energy
of individual photons, allowing the modulated counting rate
to be determined as a function of rotation angle. Note that
the detector does not need to have any spatial resolution and
hence can be optimized for high sensitivity and energy reso-
lution.

For a parallel incident beam, the modulated waveform
generated by a smoothly rotating spacecraft has a distinc-
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Fig. 6. Schematic of the HESSI instrument and its operaton (see text for description)

tive quasi-triangular shape (Fig. 6) whose amplitude is pro-
portional to the intensity of the beam and whose phase and
frequency depend on the direction of incidence. For com-
plex sources, and over small rotation angles, the amplitude
and phase of the waveform provide a direct measurement of
a single Fourier component of the angular distribution of the
source (Prince et al., 1988). Different Fourier components
are measured at different angles and with grids of different
pitches.

For HESSI, the separation between grids in each RMC is
L = 1.5 m and the grid pitches range from 34µm to 2.75 mm
in steps of

√
3. This gives angular resolutions that are spaced

logarithmically from 2.3 arcsec to∼ 3 arcmin (see Fig. 8),
allowing sources to be imaged over a wide range of angular
scales. Diffuse sources larger than 3 arcmin are not imaged
but full spectroscopic information is still obtained. Multiple
small sources are imaged regardless of their separation.

The grids for HESSI are made from tungsten (except for
the finest, which is molybdenum) for absorption up to high
energies. The next three finest grids are made of precision-
stacked and epoxy-bonded sheets of photoetched tungsten.
The five coarsest grids use tungsten blades separated by spac-
ers. The maximum grid thickness is set by the>1 degree
field of view required to insure that the full Sun is always
observed.

In a half rotation (2 s) the 9 RMCs measure amplitudes
and phases of∼ 1100 Fourier components compared to 32
for the Yohkoh HXT, so far more complex flare images can
be resolved. Detailed simulations show that HESSI can ob-
tain accurate images with a dynamic range (defined as the
ratio of the brightest to the dimmest feature reliably seen in
an image) of up to 100:1. Fig. 2 shows a simulation of an X1
flare similar in structure to that detected by Yohkoh. Detailed
high-resolution X-ray spectra can be obtained for each loca-
tion in the image, thus providing true high-resolution imag-
ing spectroscopy for the first time. Although one half rotation
is required to measure a full set of Fourier components, the
measurement of each component takes only a single modu-
lation cycle, which is as short as 1.3 ms for the finest grids.
Thus, when count rates are sufficiently high (>103 c/s per
detector), crude images (from about ten Fourier components)
can be obtained on timescales of tens of milliseconds. The
grids are oriented at large angles to each other to optimize
these fast images.

Changing the separation (L) between grids or displacing
the grids parallel to the slits has little effect on imaging per-
formance. A relative displacement perpendicular to the slits
affects the phase but not the amplitude of modulation. Any
such displacement will be accurately monitored by the SAS,
and can be fully compensated for in the image reconstruc-
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Fig. 7. Schematic showing the instrument parameters that define
the imaging capability.

tion process. The critical alignment requirement is associ-
ated with the rotation or twist of one grid with respect to the
other about the line of sight to the source. A relative twist of
p/D (D = diameter of grid) reduces the modulated amplitude
almost to zero. Thus, the grid pairs must be well aligned in
twist throughout the mission. For the finest grids (2.3 arcsec
resolution) a 1-arcmin alignment is needed. Thus, HESSI
can achieve arcsec-quality images with an instrument having
only arcmin alignment requirements.

The Solar Aspect System (SAS) consists of three identi-
cal lens-filter assemblies mounted on the forward grid tray
to form full-Sun images on three 2048 x 13µm linear diode
arrays mounted on the rear grid tray. These digitized pixel
outputs allow six precise locations of the solar limb to be ob-
tained on the ground by interpolation, thus providing knowl-
edge of Sun center in pitch and yaw to∼1.5 arcsec. The
Roll Angle System (RAS) samples the roll orientation at least
once per rotation by scanning for bright stars.

2.2 Spectrometer

Figure 9 shows the flight spectrometer. The HESSI GeD de-
sign provides wide energy coverage, from∼3 keV soft X-
rays to∼20 MeV γ-rays with a single mechanically robust
detector. The largest, readily available, hyperpure (n-type)
coaxial Ge material (∼7.1 cm diam x 8.5 cm long) is used.
The inner electrode is segmented into two contacts that col-
lect charge from two electrically independent detector seg-
ments, to provide equivalent of a∼1.5 cm thick planar GeD
in front of a∼ 7 cm thick coaxial GeD. The top and curved
outer surfaces are implanted with a thin (∼0.3µm) boron
layer to provide a surface transparent down to∼3 keV X-

Fig. 8. Angular resolution versus energy coverage for HESSI com-
pared with Yohkoh SXT and HXT, and with the distance traveled
by an electron in 50 ms.

rays. With advanced FETs and state-of-the-art electronics,
the front segments achieve a∼3 keV energy threshold.

The front segment thickness is chosen to stop photons
up to∼150 keV, where photoelectric absorption dominates,
while minimizing the active volume for background. Front-
incident photons that Compton-scatter, and background pho-
tons or particles entering from the rear, are rejected by antico-
incidence with the rear segment; a passive, graded-Z (Pb, Cu,
Sn) ring around the front segment absorbs hard X-rays inci-
dent from the side, to provide the unusually low background
of a phoswich-type scintillation detector. Photons with en-
ergies from∼150 keV to∼20 MeV, including all nuclearγ-
ray lines, stop primarily in the thick rear segment alone, with
smaller fractions stopping in the front segment, depositing
energy in both the front and rear segments, or in two or more
GeDs. All these modes contribute to the total photopeak ef-
ficiency. The intense 3–150 keV X-ray fluxes that usually
accompany largeγ-ray line flares are absorbed by the front
segment, so the rear segment will always count at moderate
rates. This is essential forγ-ray line measurements with op-
timal spectral resolution and high throughput. The measure-
ment of X-ray fluxes from microflares to the largest flares
are optimized by using attenuators that can be moved into
the field of view.

The GeDs in their modules are mounted in a cryotstat
whose curved side wall is ribbed thin-wall aluminum near the
GeDs to provide∼20 keV threshold for non-solar X-ray/γ-
rays incident on the side. The GeDs are cooled on-orbit by a
single Sunpower Inc. M77 single stage, integral (counterbal-
anced) Stirling cycle cryocooler.

Each GeD is biased at between 4 and 5 kV by a sepa-
rate adjustable HVPS. Photons interacting in a GeD gener-
ate charge pulses, which are collected and amplified by a
transistor-reset Charge Sensitive Amplifier (CSA) with an
advanced 4-terminal type FET to provide the best resolution
and high-count rate performance.
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Fig. 9. The HESSI nine germanium detector spectrometer, with
attenuators (top).

For each detected photon, 14-bits of energy and time of
arrival (to 1µs) are encoded together with detector identifi-
cation and live time into a 24-bit event word. Normally every
photon is stored in the spacecraft mass memory and then sent
down to the ground.

3 Spacecraft and mission

The instrument field of view (∼ 1◦) is much larger than the
Sun(0.5◦) so spacecraft pointing is relaxed (within 0.2◦ of
Sun center) and can be automated. The instrument is on
continuously. The energy and arrival time of every pho-
ton, together with SAS and RAS aspect data, are recorded
in the spacecraft’s on-board 4-Gbyte solid-state memory and
telemetered when the spacecraft goes over the ground station.
The X-ray/γ-ray images can be reconstructed on the ground
(see example, Fig. 2). All of the photon data for the largest
flare can be stored in the spacecraft memory and downlinked
in<∼48 hours. Consequently, HESSI is planned for an auto-
mated store-and-dump operation, and normally no real-time
access is required.

The HESSI spacecraft (Fig. 10) weighs a total of∼300 kg,
uses∼200 watts, is passively spin-stabilized at 15 rpm, and
points continuously at the Sun. A 600 km circular,38◦ incli-
nation orbit was achieved by a Pegasus XL launch vehicle. A
single 11-meter dish ground station at Berkeley provides the
required data downlink rate (∼ 1 Gbyte/day), and minimizes
tracking, data transmission, and operation costs.

HESSI differs from many imagers in that, instead of trans-
mitting a preselected subset of images, the telemetry includes
all of the information about each detected photon. Thus, the
data analyst can make tradeoffs among time resolution, spec-

Fig. 10. The HESSI spacecraft with solar panels folded, mounted
on the launch vehicle, partly covered by the shroud.

tral range and resolution, spatial resolution, image quality,
etc., on the ground. Rapid, direct access by the solar scien-
tific community to the HESSI data and analysis software, to-
gether with a U.S. Guest Investigator program, plus extensive
foreign participation, ensures the maximum scientific return
from this comprehensive data set.

Figure 11 shows the predictions of the integrated total
number of solar hard (>20 keV) X-ray andγ-ray (>300 keV)
flares occurring in a two-year nominal HESSI mission, based
on the observations of the previous two cycles and the mean
period for the last seven cycles of 10.5 years. HESSI was
originally planned for launch in mid-2000, near the solar
maximum. During environmental testings in March 2000,
a malfunctioning vibration table at JPL gave>20 Gs instead
of the 2 Gs requested, and severely damaged HESSI. After
HESSI was repaired, in June 2001 the Pegasus launch vehi-
cle first stage failed in the test of the X-43 Aerospace plane.
Various other launch vehicle problems delayed the launch to
February 2002. A two-year nominal mission (a third year is
highly desirable) will provide observations of about a thou-
sand hard X-ray flares, and tens ofγ-ray line flares.
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Fig. 11. The predicted2-year integrated total number of flares,
above 25 keV and above 300.
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