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Abstract

Gamma-Ray Observations of Solar Flares with RHESSI Imaging Spectroscopy and the
GRIPS instrument

by

Nicole Duncan

Doctor of Philosophy in Physics

University of California, Berkeley

Professor Steven Boggs, Chair

Solar flares can release ∼1033 ergs of power, accelerate particles to relativistic speeds,
heat plasma to ∼15 million K and catastrophically reorganize 105 km long field structures in
100s – 1000s of seconds. Magnetic reconnection of large-scale field structures in the corona
are thought to power flares, but the precise mechanisms that convert the stored magnetic
energy into particle kinetic energy are poorly understood.

Flare spectra in the 20 keV – 10 MeV energy range are rich with information that
provide a window into the underlying physics of flare particle acceleration. This hard X-
ray (HXR)/gamma-ray emission can be used to understand electron and ion dynamics,
particle abundances and the ambient plasma conditions in solar flares. Enhanced imaging,
spectroscopy and polarimetry of flare emissions in this energy range are needed to address
the current era of particle acceleration and transport questions, including: What causes
the spatial separation between HXR emission generated by relativistic electrons and the
gamma-ray line emission from energetic ions? How anisotropic are the relativistic electrons,
and why can they dominate in the corona? How do the compositions of accelerated and
ambient material vary with space and time, and why?

The Reuven Ramaty High Energy Solar Spectroscopic Imager (RHESSI) instrument [88],
launched in 2002, provided the first combined imaging and high-resolution spectroscopy
in the HXR/gamma-ray range. RHESSI’s volumes of detailed study on electron-associated
emission <1 MeV is in contrast to comparatively few ion-associated gamma-ray observations.
Over the past two solar cycles RHESSI has imaged only five flares at the 2.2 MeV neutron-
capture line and has been able to resolve ion lines in ∼30 events. My research aims to
expand this small set gamma-ray flare observations by (1) using new techniques to study
flares obscured by high-background counts in the existing RHESSI dataset and (2) providing
new observations through the development and flight of the Gamma-Ray Imager/Polarimeter
for Solar Flares (GRIPS) instrument.
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To little girls who dream about big things, with eager eyes open to the full light of day.
Though you will not read this manuscript, every time we meet I’ll carry these words with

me and will use them to show you how to dance your dreams into reality.
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because of apparent periodic motion of the source in the imaging FOV. Image
from the first description of RMCs for astrophysical use by Schnopper et al., 1968
[113]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

4.7 Top: Schematic depicting a Compton scatter track that deposits energy (E1) to a
recoil electron at position (x1, y1) in the first interaction and then photoabsorbs
the remainder of its energy (E2) in a second detector at (x2, y2). In this example
the recoil electron direction is not measured so the original photon can only
be located to an annulus on the sky. Bottom: A superposition of 30 event circle
reconstruction from a Co-60 source placed at α=20.6◦, δ=-19.5◦. The intersection
of the circles is used to determine the source location. Both images are from
vonBallmoos et al., 1989 [144]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

4.8 Left: Simulated Doppler broadening in the reconstructed origins for a Compton
telescope. The colors denote angular deviation due to the momentum distribution
of bound electrons in different shells of a silicon detector. Right: The minimum
angular resolution (here denoted as “FWHM of ARM”) as a function of energy
for three detector materials in a Compton telescope. The minimum resolution
becomes ≥1◦ for photons energies <500 keV. Images from Zoglauer, 2006 [151]. 76

4.9 Schematic of the two geometries for crystal diffraction. In the Bragg geometry
(left) photons are primarily refracted from the crystal surface. In the Laue geom-
etry the photons diffract along the volume of the crystal, increasing the efficiency.
Image from Frontera & von Ballmoos, 2010 [54]. . . . . . . . . . . . . . . . . . . 77

4.10 Two Laue lens configurations wherein multiple crystal elements are combined with
varying crystal materials and/or radii to achieve a wider energy bandpass than
available with a single crystal. Different energies of light are diffracted through
different angles onto a single detector plane. Lower-energy light is diffracted
through narrower angles and E1 < E2. Left: This lens design is composed of
concentric rings, generating discrete energy bands. Right: This design continu-
ally varies the radius in the so-called Archimedes spiral configuration, yielding a
continuous energy band. Image from Frontera & von Ballmoos, 2010 [54]. . . . . 78

4.11 The reflectance as a function of grazing angle for X-rays at several energies for a
single layer of nickel (solid lines) or iridium (dashed lines). Image from Glesener,
2012 [56]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

4.12 Diagram of the grazing incidence optical assembly from the InFocµS payload. A
nested set of mirrors shallowly reflects light from two elements onto a detector
plane. Image from Ogasaka et al., 2003 [97]. . . . . . . . . . . . . . . . . . . . 81



xii

4.13 Fresnel zone plates used as lenses to directly focus HXR/gamma-rays. Top: Col-
lecting area of the zone plate, pointed toward the source. (a): A Fresnel Zone
Plate (FZP) that uses opaque gratings to diffract light. The pitches become
smaller at larger radii to deflect through larger angles. Shadowing from the
opaque gratings lead to ∼10% efficiency (b): A Phase Zone Plate (PZP) which
replaces the opaque grating with a material that induces a π phase shift to in-
crease the throughput, increasing efficiency to ∼40%. (c): A Phase Fresnel Lens
(PFL) which used a graded material thickness (or alternatively a graded index of
refraction) to redirect all incoming light into an n=1 diffraction order, yielding a
theoretical efficiency of 100%. Image from Skinner, 2001 [125]. . . . . . . . . . . 82

5.1 Schematic of the RHESSI telescope’s imaging system. Nine subcollimators of
matching grid pairs are set in front of nine monolithic germanium detectors.
Also shown are the Solar Aspect System (SAS) components which provide precise
pointing information used for image reconstruction. Image from Hurford et al.,
2002 [68]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

5.2 Table of RHESSI grid parameters for the nine RMCs, from Hurford et al., 2002
[68]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

5.3 Simulated modulation profiles for a series of sources, inset to the right of each
panel. Panel (1) shows an example source of unit flux. The successive images
can be compared to the first panel with varying flux (2), position (3, 4) and
source size (5, 6). Panel 7 illustrates the inverse problem at the core of RHESSI
imaging: given a modulation pattern, what is the original distribution? Image
from Hurford et al., 2002 [68]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

5.4 Left: Cross-section of RHESSI’s co-axial detectors. The dashed line at the top
indicates where the detectors are electrically segmented into front and rear sec-
tions. Right: The RHESSI cryostat before being integrated onto the spacecraft
bus. Shown on top are the two sets of aluminum attenuators, one set engaged
and sitting on top of the detectors, the other set out. Images from Smith et al.,
2002 [128]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

5.5 Backprojection image from the 2003 October 29 flare using RHESSI’s grids 7, 8
and 9 over the energy range of 5 keV – 25 keV. The characteristic sidelobes from
incomplete sampling in the U,V plane are visible. The spacecraft rotation axis is
marked by a white cross. Image provided by RHESSI Browser [123]. . . . . . . . 91

5.6 Top: GOES X-ray bands with RHESSI observing times overlaid in blue and red
bold traces, the gray traces are GOES observations without RHESSI observation
times. RHESSI had good coverage of the impulsive phase (starting at ∼20:40
UT) and multiple observations during the decay. Bottom: RHESSI count rates,
corrected for attenuator motions (attenuator states A0, A1 and A2 are labeled
and shown in magenta bands). Counts are combined across multiple detectors
and divided into coarse energy bands. Images provided by RHESSI Browser [123] 92
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5.7 Image of the 2003 October 29 flare showing the RHESSI centroids for 200 keV –
300 keV HXR emission (red) and the 2.2 MeV line (blue) overlaid on a TRACE
195Å image. Image from Hurford et al., 2006 [67]. . . . . . . . . . . . . . . . . . 93

5.8 Backprojection image from the 2003 October 29 flare using grids 6 & 9. This
image indicates there is source structure on the 35.27” (grid 6) scale. To ensure
that the peak of the backprojection dirty map is a direct measure of count flux,
the source needs to be fully unresolved in the image. For this reason, only detector
9 (183.2”) was used for gamma-ray imaging-spectroscopy in this work. . . . . . 95

5.9 Spectra for the 2002 July 23 X4.8 flare (top) and 2003 November 02 X8 flare (bot-
tom). Imaging-spectroscopy results are black crosses that denote spectral binning
and measurement error. The background-subtracted spectra are shown in blue.
The 2003 November 02 background-subtracted spectrum has been re-binned to
match the imaging-spectroscopy binning. The 2003 November 02 event’s summed
model components are shown as green triangles. . . . . . . . . . . . . . . . . . . 98

5.10 Plots supporting the analysis of >2 MeV flux for imaging-spectroscopy of the
2002 July 23 flare. Left: Flare spectra integrated over two 3-minute intervals
(00:20:00 – 00:32:00 UT & 00:33:00 – 00:36:00 UT) to examine if the >2 MeV
count excess results from pile-up with lower-energy 300 keV – 500 keV photons.
Since the flux remains constant in the >2 MeV bins but decreases for the lower-
energy photons between intervals it is unlikely that pile-up is causing the excess
counts. Right : The maximum pixel value for each backprojection map. Since the
excess counts appear in the backprojected map itself they are not a result of how
the map is interpreted. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

5.11 2002 July 23 flare plots from Share et al. 2003 [118] showing the broad spectral
feature that peaks at ∼450 keV, and can be attributed to α – He-4 fusion prod-
ucts Be-7 and Li-7. Left: Model fit to background-subtracted spectrum. Right:
Expanded energy range showing the 511 keV line. The dashed line shows the
Bremsstrahlung component and the dotted line is the Be-7 and Li-7 line complex
model magnified by 5x. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

5.12 Top: 2003 October 29 flare spectrum (black crosses) derived via imaging-spectroscopy
over the time range of 20:40:00 – 21:07:00 UT. The spectral resolution is denoted
by the width of the black crosses and the height is measurement error. The results
of a spectral component fit are shown as green triangles. Bottom: Relativistic
electron bremsstrahlung and 2.2 MeV line fluences correlation plot from Shih et
al., 2009 [121]. The 2003 October 29 flare is added to the original plot as a green
circle, showing that this flare fits into the tight linear correlation. . . . . . . . . 103
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6.1 The fully integrated GRIPS instrument payload in December 2016 at the Long
Duration Balloon (LDB) Camp on the Ross Ice Shelf outside McMurdo, Antarc-
tica. The gondola is suspended from “The Boss” launch vehicle while the GRIPS
and Columbia Scientific Ballooning Facility (CSBF) teams complete pre-flight
checklists during a launch attempt. The imaging mask can be seen to the right in
the photo, on the end of an 8-m boom. Below the payload hangs arrays of solar
panels and a telemetry boom is mounted above the payload. . . . . . . . . . . . 105

6.2 Schematic of the fully integrated GRIPS payload. The GRIPS and CSBF compo-
nents are shown in red and the three piggyback instruments (Solar-T, TILDAE
and SMASH) are shown in blue. The flight computer, aspect computer, power
distribution unit and the majority of the signal processing electronics are housed
in the electronics bay. The electronics bay and telescope boom are both cov-
ered in opaque foam, but are shown here as transparent. The solar panel arrays
are suspended below the electronics bay floor. Not pictured (on the opposite
side to the electronics bay) is a bay which housed the CSBF provided Science
Instrument Package (SIP) that interfaced with the antenna boom, providing the
communications pipeline between the GRIPS flight computer and ground support
equipment. Image from Duncan et al. 2016 [45]. . . . . . . . . . . . . . . . . . . 107

6.3 The GRIPS spectrometer with BGO shields removed (their outlines marked on
bottom plate). The image is taken from the side of the cryostat that will face
Earth in flight, and look towards space. The cryostat housing is in the center
of the image (gold plated housing) surrounded by the readout ASIC electronics
boxes (smaller gold boxes) and their cable harnessing that is wrapped in wire
mesh and teflon tape to provide electrical shielding and protection to the ribbon
cables. An EMI shield is removed for the detector stack to the left, showing
the density of signal traces that travel ∼25 feet in ribbon cables from the ASIC
electronics to the FPGA Card Cages in the electronics bay. Protruding from the
cryostat on the upper left are the feedthroughs which provide high voltage to the
detectors. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

6.4 Inside the GRIPS electronics bay prior to flight. Labeled are the primary system
components, including: the flight, aspect and pointing control computers, the
cryostat’s temperature control board (cryoplate), the detector electronics, the
power distribution unit and battery banks. . . . . . . . . . . . . . . . . . . . . . 109

6.5 Left: The point response functions that compare the image fidelity resulting from
GRIPS’ 13 spatial frequencies to RHESSI’s two frequencies (from grids 6 & 9)
at gamma-ray energies. Note that GRIPS’ response is virtually free of sidelobes.
Right: The single MPRM imaging grid that contains 13 grid pitches for quasi-
continuous sampling between 12.5” – 162”. Mounted along the grid diameter are
three optical lenses that project images of the Sun onto a fiducial plane as part
of the aspect system that provides high-precision monitoring of the grid location
and orientation (section 9.3). Images from Duncan et al. 2016 [45]. . . . . . . . 110



xv

6.6 Top: GRIPS flight path with time represented by the color gradient progressing
from red, at launch, to blue on landing. Numerical annotation indicates the
number of days at float. Bottom: Balloon altitude from launch with the color
progression indicating time at float. Images from Duncan et al. 2016 [45]. . . . . 112

6.7 The author with the GRIPS payload in February 2016 after flight. Damage to
the spectrometer’s protective cage and bottom radiator plates suggest that the
boom was not horizontal during descent and the spectrometer end impacted first
before the payload flipped over to its final resting place. . . . . . . . . . . . . . 113

6.8 GOES X-ray lightcurve for the duration of the GRIPS flight (marked by the
horizontal black line). The vertical dashed line indicates the largest solar flare,
GOES class C9.6, and the shaded areas indicate periods of precipitation from
Earth’s radiation belts. Image adapted from Duncan et al. 2016 [45] . . . . . . 115

6.9 Spectrograms for the RHESSI detectors during the C9.6 flare on 2016 Jan 28.
Three of RHESSI’s detectors (D1, D5 and D7) observed the flare. The spectra
show that the majority of counts are below 10 keV. At ∼11:55 UT an attenuator
comes in to reduce the low-energy flux. The maximum energy photons detected
by RHESSI for this flare are ∼30 keV. Plots provided by RHESSI Browser [123]. 116

6.10 Distribution of low-energy thresholds in flight. To generate this plot the flight
data was integrated over multiple days and the spectral cutoffs were fit to spectra
across detectors 0 and 4. An example flight background spectrum is shown in
figure 6.13. The majority of spectral cutoffs for detectors 0 and 4 range between
40 – 60 keV. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

6.11 Detector 0 and detector 4 count rates integrated over 5 minute bins for the C9.6
flare that occurred on Jan 28, 2016 at ∼11:45 UT. The flare onset and ends of
the impulsive and decay phases are marked with dashed lines. No obvious count
rate excess occurs in either detector after the flare onset. D4’s variability on this
timescale comes from the duty cycling behavior discussed in section 8.1. Events
with a maximum of two triggered strips per side were selected for this plot. . . . 117

6.12 Spectrograms spanning 11:21 UT - 13:06 UT for GRIPS detector 0 in 5-minute
bins over the C9.6 flare that occurred on 2016 Jan 29 at ∼11:45 UT. The top plot
shows that the majority of emission observed is in the 100 keV – 250 keV range
(from background) and the bottom plot zooms in on the lower end of the energy
portion of the range shown in the RHESSI plots (figure 6.9). These plots show
that GRIPS has no obvious spectral changes during the flare impulsive phase in
comparison to the pre-flare time period. GRIPS’ spectral cutoff was ∼50 keV in
flight and RHESSI primarily recorded flare emission <30 keV. . . . . . . . . . . 118

6.13 Antarctic background for a single strip on detector 0 integrated over multiple days
in flight. The steep low-energy spectral cutoff is imposed by triggering thresholds
in the electronics. To the far left is the noise pedestal at zero energy. A dashed line
marks the predicted 511 keV line which is in good agreement with the peak seen
in the background data (blue curve), after applying the ground-based calibration. 119
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6.14 Left: The GRIPS gondola suspended from a custom-built truss (blue structure)
inside NASA Plum Brook’s B2 vacuum chamber for the 30 hr thermal vacuum
test. Right: Banks of IR lamps were used to simulate the Earth’s albedo from
below and direct solar illumination from the front (not pictured). Pictures from
Duncan et al. 2016 [45]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

7.1 The GRIPS spectrometer with top radiator plate removed. The main components
of the spectrometer are diagrammed including the cryostat housing, cryocooler,
cryocooler heatsink assembly (which includes thermoelectric coolers and a finned
heatsink), ASIC electronics boxes, signal cables, BGO anti-coincidence shields,
and side radiator plates. The spectrometer is on-axis pointed towards the sun
along the telescope boom, in the direction marked “forward to imager”. The
picture is taken from the side of the cryostat that faces space, looking towards
the Earth. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

7.2 A single GRIPS 3D-GeD detector. Inset is a portion of the detector magnified to
show the individual parallel electrodes. The detector is wire bonded to breakout
boards, which connect to flex circuits that carry the signal through the cryostat
shell, to exterior processing electronics. The HV side board is large because it also
contains the circuits necessary to provide a steady voltage to that side’s electrode
strips. The LV boards are comparatively smaller because those strips are held
at ground. Numbered are the electrode strips from 1 to 149 on each side, and a
guard ring is labeled as 0. The detector edges are intentionally rounded and the
guard ring is visible along the edges of the germanium face. Picture from Duncan
et al. 2013 [44]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

7.3 When a photon interacts with the detector a cloud of electron/hole pairs are
generated. The electrons and holes move towards the electrodes which supply
a bias voltage across the crystal, their arrival locations and arrival times can be
used to determine the site of photon interaction. Left: The 2D planar coordinates
(X, Y) are determined by matching coincident signals from electrons on the HV
strips and holes on the LV strips. Right: The interaction depth (Z) is inferred
by the relative arrival times between holes (th) and electrons (te) at the detector
strips. Since the drift times of both species are well-known for a given detector
type and applied bias, the distance traveled by the charges through the crystal
can be determined and the site of photon interaction can be inferred by taking
the difference of their arrival times. . . . . . . . . . . . . . . . . . . . . . . . . 126

7.4 A 2D hitmap generated by matching coincident HV and LV electrode strips from
a Cs-137 source in detector 0. The events shown triggered only one strip on each
detector face and the image was flat-fielded. There are no counts in the corners
(besides noise events) because the detector itself has rounded edges. Triggering
efficiency and multiple-trigger noise led to the relatively dark electrodes that
received few source triggers (40 LV strips and 10 HV strips). Visible in this
image are two crystal defects in the upper left and right corners. . . . . . . . . . 127
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7.5 Left: The interior of the cryostat, integrated with two test detectors for prelimi-
nary testing. The detector stacks are housed inside an infrared shield (gold) then
wrapped in thermal blankets (silver) before being inserted into the aluminum
cryostat shell. The detectors are cooled by a copper cold finger. Shown in the
foreground are two activated carbon molecular sieves used to enhance the vac-
uum. Right: The full flight detector stack integrated with electronics boards.
Pictures from Duncan et al. 2016 [45]. . . . . . . . . . . . . . . . . . . . . . . . 128

7.6 Diagrams showing the detector (green boxes) and BGO shield (blue shapes) place-
ment for flight. Top: View of the detectors looking towards the rear of the boom,
away from the Sun. The bottom of the image points toward the Earth and the
BGO are arranged along the bottom to protect against interference from Earth’s
albedo and atmosphere. The detectors are labeled D0 – D5 and have individual
reference names. Bottom: View looking along the telescope line-of-sight towards
the Sun, from the rear of the boom. The rear BGO also protect against interfer-
ence from Earth’s albedo and atmosphere. Image courtesy of Albert Shih. . . . 129

7.7 The VATA453 ASIC chip on a GRIPS flight electronics board. The photosensitive
ASICs are usually covered in a gold EMI housing, pictured to the left for an
adjacent ASIC. A flex circuit is mechanically connected to the input traces that
are wire bonded to the ASIC chip. The ASIC output passes through an LS64
level shifting chip (also designed by IDEAS) before exiting the board. . . . . . . 132

7.8 Electronics chain schematic showing how the detector is read out by the ASIC and
FPGA. The ASIC handles triggering, signal shaping and the initial digitization
step via a comparator. The FPGA completes the digitization by counting clock
cycles while the comparator keeps the ASIC output low. Schematic provided by
IDEAS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

7.9 Detailed schematic of the VATA453. For each detector strip input there are
two parallel ASIC channels, a fast channel used for triggering (TA) and a slow
channel (VA) used for charge shaping and analog-to-digital conversion. The VA-
TA channels share a single output for each detector strip (total of 64 input and
output channels), with triggering and conversion-mode switching handled by the
FPGA. Schematic provided by IDEAS. . . . . . . . . . . . . . . . . . . . . . . . 134

7.10 Example GRIPS barium-133 spectrum shown at three successive threshold set-
tings of 5 (black), 9 (green) and 30 (magenta) out of a maximum setting of 31.
The spectra have been normalized to emphasize the less active, higher-energy
lines and illustrate the effects of thresholding. The known line energies are writ-
ten on the plot in keV and the pedestal, which marks the zero-energy bin, is
labeled. Plot adapted from Duncan et al. 2013 [44]. . . . . . . . . . . . . . . . . 135

7.11 Images of the spectrometer after GRIPS’ flight in February 2016. Though spec-
trometer exterior structure and radiator plates sustained damage during landing,
the cryostat, ASIC electronics and BGO were not visibly damaged. . . . . . . . 136
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8.1 Distribution of the time between events recorded by D0 and D4 for Am-241.
The real source counts are Poisson-distributed in time, appearing as sloped lines
on the semi-log plots. Data to the right of the dashed vertical lines were fit to
exponentials whose decay constant represents the measured source rate for 59.5
keV photons. The fits used to determine the measured count rates are shown as
solid blue lines. The fits have been extrapolated to the left of the fit region to
show the expected source counts below the dashed vertical lines. In this region
the remainder of the counts are due to noise and were excluded from the fitted
exponential. These noise counts at short timescales are discussed in sec 8.6. D0’s
short timescale structure is zoomed in for detail in fig 8.17. . . . . . . . . . . . . 139

8.2 Top: Spectrograms for Cs-137 radiation at 5s intervals, showing duty cycling.
Detector 0’s energy dependent duty cycling occurs primarily below ∼250 keV. In
contrast, D4’s duty cycling is energy independent, affecting the entire spectrum
uniformly. Bottom: Spectrograms for Am-241 radiation at 5s intervals. Detector
4’s energy-independent duty cycling is consistent with data shown in the top plot
for Cs-137 data. Detector 0, however, does not show the same energy-dependent
state toggling as it did during the above Cs-137 data run. The linewidth difference
between detector 0 & 4 is due to greater charge trapping on detector 0 (discussed
in section 8.4). The lines at ∼ 7 keV on D0 and ∼ 2 keV on D4 are due to glitches
(discussed in section 8.5). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

8.3 Am-241 count rates for detector 4 and detector 5 normalized to emphasize their
anti-correlated duty cycling. These two detectors are arranged in a stack with
detector 4 closer to the source (top detector plane) than detector 5 (bottom
detector plane). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

8.4 Am-241 ground calibration data. The top plot shows the detector count rate
at 1s intervals for source counts (selected for all triggers ≤ 2 per side) plotted
against all triggers. The dashed horizontal line is a count rate threshold that
separates the data into normal and suppressed states. Bottom: Correlation plots
between noise triggers (all triggers - source triggers) to all triggers (left) and
source triggers (right). These plots show that the normal and suppressed states
are clearly two different populations that can be isolated from one another by a
count rate threshold, marked as a dashed vertical line. Counts to the right of
the dashed line are in the normal state and counts to the left are the suppressed
state where the noise drops to zero. . . . . . . . . . . . . . . . . . . . . . . . . . 142



xix

8.5 Crossed tungsten rods were used to cast X-ray shadows along the detector diag-
onals. The rods can be seen as dark “X”s in figure 9.3. These plots show a the
sum of counts along the detector diagonals for an Am-241 source, normalized to
show two different detectors (D0 in red and D4 in blue) in single plot. Since the
tungsten rods cast a shadow along a detector diagonal, the summed counts dip at
the location of the rod. The width of the dip provides a measure of the detector
spatial resolution. Since the diagonals do not have the same quantity of pixels,
the summed counts have an overall decreasing trend. The smaller count fluctua-
tions between diagonals are primarily due to variations in the energy thresholds
for each pixel. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143

8.6 Example arrival time difference plots for Am-241 (top) and Cs-137 (bottom)
sources. The difference of arrival times provides a measurement of photon interac-
tion depth within the crystal. The ±500 ns edges are created by interactions that
happen close the edge of the active volume. The lower-energy 59.5 keV photons
have a shallower penetration depth than the 662 keV photons and are primarily
collected near the side of the crystal that they’re incident on. The higher-energy
Cs-137 photons more uniformly penetrate the crystal. . . . . . . . . . . . . . . 144

8.7 Model fit to the 81 keV line and threshold for channel 148 on D4. The model fit is
shown in green, the line and threshold fit locations are marked by dashed vertical
lines. Above the line is a continuum which is approximated by a DC offset in
the region surrounding the line. Only the photopeak is used for calibration and
modeling the continuum accurately is not critical. . . . . . . . . . . . . . . . . . 145

8.8 Am-241 spectra showing the 59.5 keV line on D0 (left panels) and D4 (right
panels) for low-voltage (top panels) and high-voltage (bottom panels) sides. The
spectral shape differences are due to increased trapping on detector sides facing
away from the source relative to detector faces that are toward the source. In D0
the 59.5 keV radiation is incident on the HV side and on D4 it falls on the LV side.146

8.9 Ba-133 strip spectrum for detector 0’s low voltage channels 234 and 232 over
the same integration time. The spectral counts are plotted in the common-mode
subtracted (section 8.5) ADC bins and marked are the known line energies. The
spectra have been normalized to the counts in the peak of the 81 keV line and
channel 232’s spectrum has been translated in ADC bins such that it aligns with
channel 234. Channel 234 is electrically connected to a neighboring electrode on
the detector and has ∼2× the effective area of channel 232. . . . . . . . . . . . 147
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8.10 Common-mode subtracted ADC bin values by ASIC channel on D0 and D4. The
individual ADC bin values (solid dots) are nearly uniform across multiple channels
within the same ASIC. Horizontal lines mark the median ADC bin value for each
available line by ASIC. The line energies are 59.5 keV (purple), 81 keV (blue),
276 keV (yellow), 303 keV (magenta), 356 keV (green), 384 keV (orange) and
662 keV (red). There are only two ASICs instrumented on D4’s LV side because
the other two flex circuits were disabled (section 7.3). Selection cuts based on
FWHM of the fitted lines reduced the set of channels that were used to determine
the by-ASIC line values to the smaller set shown in these plots. . . . . . . . . . 148

8.11 Plot showing how the slow shaper peaking time varies with input pulse energy
for the GRIPS ASICs. The ADC bin values are given for different pulse energies
as a function of sampling time on the slow shaper. The “neg” curves are pulses
on the LV side, “pos” curves are pulses on the HV side and “pos on neg” is a
positive charge signal on the LV side. A sampling time of 8000 us was chosen for
the LV side and a time of 4000 us for the HV side. . . . . . . . . . . . . . . . . 149

8.12 Left: Fit residuals as percent of line energy by polynomial order for D0 channel
234. The magenta points show the polynomial deviation from linearity. Right:
A 5th order polynomial interpolation for channel 234. . . . . . . . . . . . . . . . 150

8.13 Fit residuals as percent of line energy by polynomial order for each ASIC on D0
and D4 LV sides. For each plot the last order plotted is the polynomial that was
chosen for that ASIC’s interpolation function. . . . . . . . . . . . . . . . . . . . 151

8.14 Spectral resolution of low voltage detector strips on D0 (unsaturated colors) and
D4 (saturated colors) at the six calibration line energies of 59.5 keV, 81 keV, 303
keV, 356 keV, 384 keV and 662 keV. The mode for each line is inset to each plot
and given in keV with a ±.5 keV error. . . . . . . . . . . . . . . . . . . . . . . . 152

8.15 Ba-133 data for ASIC channel 152 on detector 0. This image shows how glitch
rejection culls the extraneous peak at ∼bin 60. . . . . . . . . . . . . . . . . . . . 154

8.16 59.5 keV spectra in raw ADC bins (labeled raw A/D bins) before common-mode
subtraction is applied. The red curves are from data taken with the cryocooler on
and the black curve is from data with the cryocooler off. The line is split into two
lines by cryocooler effects for the channel in the upper plot and only minimally
broadened for the channel in the lower plot. The two channels shown are are
spatially close to one another, separated by one channel in the ASIC and by one
strip on the detector. Despite the proximity of these channels to one another
their responses to cryocooler noise are vastly different. . . . . . . . . . . . . . . 155



xxi

8.17 Distribution of the time between events recorded by D0 for Am-241, zoomed in to
show the fast timescale detail from fig 8.1. The total events (dark purple points)
are broken into components based on the triggering order. The legend abbreviates
single-triggers as “st” and multiple-triggers as “mt”. Any event that received
more than 10 triggers was considered a multiple-trigger event since real source
depositions can potentially trigger 10 electrodes. The components plotted are: the
times between single-triggers followed by multiple-triggers (st-mt, red), multiple-
triggers followed by multiple-triggers (mt-mt, green), and the combination of
single-triggers followed by single-triggers and multiple-triggers followed by single-
triggers (mt-st + st-st, violet). The first two components (st-mt & mt-mt) are
due to multiple-trigger noise and the counts in the summed component (mt-st +
st-st) are from the source. The data was fit with a decaying exponential (solid
blue line) to the right of the dashed black line, to predict the source count rate.
The fit has been extended into the region dominated by noise (dashed blue line)
to show the expected source counts in this region. The fitted line matches the
summed component (mt-st + st-st) well. . . . . . . . . . . . . . . . . . . . . . 157

8.18 The total detector counts from an Am-241 source (same data as the purple curve
of figure 8.1) as a function of total triggered events and the time between events.
D0 labels the three different noise structures that are referenced in text. D0 was
run in soft-veto multiple trigger mode (all events saved) and D4 was run in hard-
veto multiple trigger mode (events with >25 triggers discarded). Though D4’s
hard veto caught most multiple trigger events above the threshold, occasionally
some events with triggers greater than the threshold were saved. A key differ-
ence between noise on the two detectors is the persistence of events, with noise
dominating the counts about 2x longer on D4 (1ms) than on D0 (.5ms). . . . . 158

8.19 The total detector counts from an Am-241 source (same data as the purple curve
of figure 8.1) as a function of total triggered events and the time between events.
These plots extend over a longer timescale than figure 8.18, shown to include some
of the longer time between events where source counts dominate. At later times
the source counts primarily trigger only a few strips, as expected for relatively
the low-energy (59.5 keV) radiation in this dataset. . . . . . . . . . . . . . . . . 159

9.1 Left: The single modulation grid used for GRIPS’ MPRM imaging system. The
grid has thirteen slit/slat pitches made from 70/30 tungsten/copper slats of 2.5
cm line-of-sight thickness. The slit pitch varies from 1 – 13 mm, corresponding
to thirteen imaging resolutions between 12.5 – 162 arcseconds. Right: Zoomed-in
picture showing the slit/slat bundle arrangement on the imaging grid. The sum
of all pitches in a bundle is 13mm. Transmission through the slits falls off as as
line-of-sight angle increases. Pictures from Duncan et al. 2013 [44]. . . . . . . . 162



xxii

9.2 Schematic illustration of GRIPS image reconstruction, for 1(a), 3(b), 10(c), 30(d),
100(e) and 1000(f) counts from a simulated point source. As the grid rotates
photons are collected from a range of grid orientations and spatial frequencies.
Image from Duncan et al. 2013 [44]. . . . . . . . . . . . . . . . . . . . . . . . . 163

9.3 Left : Photo of the fiducial plane (which is mounted to the top of the cryostat)
during a pre-flight pointing test. In the photo are the three solar images, the fidu-
cial plane, and the “×” patterns that are positioned above each stack of 3D-GeDs.
The solar images in the lower left and in the upper right are at 90% and 80%,
respectively, of the brightness of the central solar image. As the MPRM rotates,
the outer solar images appear to orbit around the central solar image. Right :
In-flight image from the pitch/yaw subsystem, with locations of the solar images
(red × and circles) and illuminated fiducials (blue crosses) determined via a con-
volution filter. The right edge of the frame corresponds to the nadir direction,
and shows faint illumination from incompletely blocked Antarctic albedo. Note
also that the black tungsten rods, aligned with the “×” patterns, are illuminated
by the central solar image. Pictures from Duncan et al. 2016 [45]. . . . . . . . . 165

9.4 In-flight image from the roll sensor showing the opposing horizon views and the
Antarctic surface. The axes indicate pixel number. Picture from Duncan et al.
2016 [45]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166

9.5 The roll sensor, mounted above the gondola in the orientation shown. The sil-
vered, knife-edge, right-angle prism combines opposite horizons into a single image.167

A.1 Left: Image illustrating the penetration depth of light into the atmosphere at
different energies and why its possible to make ground based measurements of
optical and IR light, but not HXR or gamma-rays. Balloons, rockets and satellites
are needed to study high-energy light. Image courtesy of OpenStax Astronomy
as a modification of a STScI/JHU/NASA image [7] Right: Simultaneous images
of the Sun, showing how different energies of light reveal different phenomena,
regions and temperatures. Image from the SDO archive [116]. . . . . . . . . . . 171

A.2 Left, top: GRIPS suspended from “The Boss” launch vehicle during a hang test.
Left, middle: GRIPS team signatures on the cryostat, a tradition before flight.
Left, bottom: Balloon filling with 2/3rd of a ton of helium prior to launch. The
helium tanks are visible on trucks to the right of a tractor. Image courtesy of
Albert Shih. Right: GRIPS just after launch. The payload is suspended from a
parachute (orange) attached to the balloon. After reaching the Stratosphere, the
balloon will expand to 150 ft tall. Image courtesy of Albert Shih. . . . . . . . . 172



xxiii

A.3 Left: Antarctic deed-field training where we learned about snow camping. The
original recovery plan was to establish a 3 week field camp and groom an ice
runway to accommodate a Basler aircraft at the landing site. Due to fuel restric-
tions we were instead given 3 out-and-back flights on a Twin Otter. Pictured in
the background to left is Mt. Erebus, the southernmost active volcano, and Mt.
Terror to right. Right: Since the landing site was ∼500 miles from the South Pole
station, refueling the Twin Otter at fuel caches en route was necessary. Images
courtesy of Hazel Bain. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173

A.4 Payload recovery in January 2017. The 800 lb. spectrometer was supported by
fuel canisters and sawed off the frame onto a sled. Sliding across the ice was
relatively easy but loading onto the plane via the wooden ramp required 6 people
to push and manage safety straps. Hazel Bain is wearing an orange coat and the
author is wearing a pink hat. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173

A.5 Left: Recovery team route from the GRIPS launch site on the Ross ice shelf
outside McMurdo to the South Pole Station and impact site. We waited for
weather at the South Pole for 4 weeks before conditions were clear for landing at
the fuel cache and impact site. Right: The author at the South Pole station in
December 2016. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 174

A.6 NASA’s LDB facility. Convective cooling from freezing fog during roll-outs re-
sulted in some components being colder on the ground than in flight. . . . . . . 174

A.7 Left: The cryostat was powered during transport to the Plum Brook T-vac test
and NASA systems integration. Right: Since no pressure vessels were used in
flight, thermal straps and conductive heatsinks were used to mitigate heat on
commercial electronics. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 174

List of Tables

6.1 GRIPS instrument timeline showing the major project milestones and tests. . . 111

7.1 Detector numbers, crystal manufacturing numbers, depletion voltages (Depl V),
operating voltages (Op V), and instrumentation on the LV and HV sides. Some
detectors were not fully instrumented due to issues with the flex circuits which
are discussed in section 7.3. The relative positioning of each detector is shown in
figure 7.6. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130



xxiv

Acknowledgments

Figure 0.1: The GRIPS team with the gondola at the Long-Duration Balloon facility outside
McMurdo Station, Antarctica, during the 2015/2016 campaign. Pictured from left-to-right
are: the author (Nicole Duncan), Dr. Hazel Bain, Brent Mochizuki, Dr. Pascal Saint-Hilaire
(GRIPS PI), Dr. Albert Shih, Dr. Bennett Maruca, Niharkia Godbole and Dr. Amir Caspi.
Not pictured are Jane Hoberman, Jerry Olsen, Dr. John Sample, Dr. Nicole Kelley, Dr.
Gordon Hurford and Dr. Bob Lin.

A remarkable ensemble of people have given me the gift of their time; they have shared the
knowledge, humor and kindness needed to persevere through GRIPS’ and graduate school’s
many challenges. Thank you to the mentors who guided this metamorphosis from student-
to-scientist, the team members whose dedication brought GRIPS to flight and the friends &
family who provide a nourishing and supportive balance.

A few days after I was accepted to Berkeley Professor Bob Lin called me from London,
where, I later realized, it was 2:00 in the morning. Anyone who knew Bob is probably
laughing over that scenario like I am right now, with a small grin and some tears. I was
lucky to have been his student for a few years before his passing. I look back on those early
conversations and often think that he knew me better than I knew myself at that time; he
devised the blueprint for the instrumentation-focused path that I am excited to continue
beyond Berkeley.

Professor Steve Boggs, my graduate advisor, has provided the essential guidance I needed
to stay on track in graduate school and a second home in the COSI group. Steve, you built an
excellent group and I have learned a lot from you as both a scientist and a manager. Thank
you for giving me just the right amount of freedom, pulling me back in when I wanted to
take on too many projects, and having realistic expectations that were clearly defined.



xxv

The work in this thesis has been enriched by the mentorship of Dr. Albert Shih, my
GSRP fellowship advisor at NASA Goddard SFC, the GRIPS project manager and the
RHESSI Deputy Project Scientist. Albert, I had so much fun working with you through late
nights, long phone conversations and strategizing solutions to the problems we were “lucky
to have”. Your guidance and your friendship have made the past 7 years productive and
fun. Albert’s detailed comments have greatly improved the readability of this manuscript
and are immensely appreciated.

Dr. Pascal Saint-Hilaire, the PI of GRIPS, has been an important mentor and friend
during my time at SSL. Before we began working together Pascal would go out of his way
to teach me solar physics on the bus, or stop in the hallway for career conversations. These
interactions went a long way towards making me feel at home in the lab.

Thank you to Professors Stuart Bale, Gibor Basri and Jonathan Wurtele for making my
qualifying exam and dissertation experiences challenging and rewarding.

Teams make instruments possible. Thank you to the scientists and engineers who worked
through all the challenges on GRIPS and brought it to flight. The GRIPS team (pictured and
listed above) was a small but nimble group whose dedication to the project, and each other,
made it possible. Thank you to Dr. Gordon Hurford for mentoring me in the imaging/aspect
systems and many enlightening conversations about instrumentation. Thank you to Jane
Hoberman and Brent Mochizuki for all the hours we spent together in the lab. Thank you
to my van sister, Dr. Hazel Bain, for quick revisions to the GSE code, for talking with me
7 days straight on the way to Ohio, for kicking ice with me outside the high bay at LDB
and for returning with me to Antarctica to recover GRIPS (and wait at the South Pole for 4
weeks). Thank you to Yvette Irwin for her attention to detail and patience with the GRIPS
cabling. Thank you to Terry and Dean for being very accommodating in the machine shop.

Thank you to the COSI team for many useful discussions and sharing the highbay among
other resources. A special thank you to Steve McBride who was explicitly not working on
GRIPS, but who always talked through hardware issues with me anyway.

Friends inside and outside the lab brought me the support and balance I needed to be
successful in graduate school and here I only name a few. Dr. Lindsay Glesner has been
a dear friend and I have been so thankful to have her as a role model (though she would
disagree to the role model part). Dr. Claire Thomas and Dr. Russell Avdek, thanks for
moving to the neighborhood, hanging out at the lake and laughing at life with me.

When I was a little girl and told my parents that I wanted to be an astrophysicist, they
took it seriously. Though not being scientists themselves, they actively supported this and
many more dreams. Parents, you taught me how to dream, showed me dreams are possible,
gave me the tools turn dreams into goals and filled me with the creativity needed to achieve
them. Most importantly you taught me that there is more to life than relentless pursuit of
achievement. Thank you.

Cole Kelleher nurtured the preparation of this thesis by providing Nora and myself with
a peaceful home filled with plants, love and music. Cole, thank you for suggesting to drive
my dog and I across the country so you could support us during this time, we’ve thrived in
your loving care. I love you and I’m excited for our next adventure in Colorado!



1

Chapter 1

Introduction

The Sun is an astrophysical object whose proximity makes it a convenient natural laboratory
to study high-energy plasma processes in stunning detail. The wealth of information learned
about the Sun improves our understanding of the greater stellar population and provides
a means to benchmark increasingly complex stellar modeling efforts. The exotic plasma
conditions that comprise most of the universe are difficult to recreate on Earth, but have
analogs in the dynamic solar atmosphere which can be observed and studied with precision.
One of these features are solar eruptive events, whose flares and coronal mass ejections
(CMEs) are capable of releasing ∼1033 ergs of power, catastrophically reorganizing 105 km
long field structures, accelerating particles to relativistic speeds and heating plasma to ∼15
million K within 100s – 1000s of seconds.

Flares are the Solar System’s most powerful explosions and remarkably efficient particle
accelerators. They are capable of imparting up to 10s of percent of the energy released
during an eruptive event into particle acceleration [48]. Ions and electrons are accelerated
with roughly the same efficiency, each population receives about half of the energy that goes
into particles. Magnetic reconnection has been shown to be capable of providing a mechanism
to release energy from the stressed magnetic fields which power flares, but reconnection alone
cannot accelerate particles to the 10s of GeV (ions) and 100s of MeV (electrons) observed
during flares.

Flare spectra encode key information about energetic particle interactions, providing a
window to study the properties and abundances of both accelerated and ambient populations.
The most detailed gamma-ray imaging and spectroscopy to date has come from the Reuven
Ramaty High-Energy Solar Spectroscopic Imager (RHESSI) instrument [88]. RHESSI images
linked high-energy photon emission to observed spatial structures like magnetic field loops
and footpoints, verifying the overall geometry of the standard flare scenario. In this picture
reconnection of current-carrying magnetic fields releases energy when the stressed fields relax
into lower-energy topologies. Inside and surrounding the reconnection region particles are
efficiently accelerated. The particles exit the acceleration region bound to magnetic field
lines, either escaping into interplanetary space or raining down into the solar atmosphere
where increased density causes them to lose energy through collisions. Through these ener-
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getic interactions particles emit photons in a variety of processes that impart the 20 keV –
10 MeV flare spectrum with a rich set of lines that hint at the underlying acceleration and
transport mechanisms [94, 93]. A summary of the Sun, how its magnetic variability gives
rise to solar flares, the process of reconnection, candidate particle acceleration mechanisms
and features of the gamma-ray flare spectrum are provided in chapter 2.

RHESSI and its predecessor the Solar Maximum Mission (SMM) [140] provided evidence
that flares accelerate ions and relativistic electrons proportionally; the ratio of their fluences
has been shown to remain constant over three orders of magnitude, a correlation that extends
to the limits of RHESSI’s detectability and is independent of flare size [121]. This result
suggests that these populations are accelerated together, and possibly by similar mechanisms.

Only five flares observed by RHESSI in the past two solar cycles were large enough to
create images of the ion-associated emission. In four of these flares RHESSI found that the
centroids of ion and relativistic electron-associated emission were significantly displaced from
one another, by as much as 25” [66, 67]. This result is surprising; ions and electrons that are
accelerated in the same region are thought to be transported out of the acceleration region
along the same field lines, implying that they would enter the chromosphere together and
have similar emission source locations. Unfortunately RHESSI’s reduced imaging capabilities
at gamma-ray energies limits these observations to the few largest flares of the past solar
cycles.

To build a more complete understanding of particle acceleration in flares higher-resolution
imaging with improved sensitivity >1 MeV is required. The original work in this manuscript
is aimed towards expanding the small set of gamma-ray flare observations by (1) using
new techniques to study flares obscured by high-background counts in the existing RHESSI
dataset and (2) providing new observations through the development and flight of the
Gamma-Ray Imager/Polarimeter for Solar Flares (GRIPS) instrument.

An X10 event that occurred on 2003 October 29 is the fifth flare in the RHESSI dataset
that has been imaged at 2.2 MeV. This flare was obscured by large and irregular atmospheric
background due to electron precipitation from Earth’s radiation belts. This type of back-
ground is difficult to remove using RHESSI’s usual background-subtraction methods, as a
result the 2003 October 29 flare is not included in the relativistic electron/ion correlation
study described above. However, since background counts are insignificant in RHESSI’s style
of indirect imaging, this flare can still be imaged despite the high background. In contrast
to the other 4 gamma-ray flares that showed significant separations of the ion-associated
2.2 MeV and relativistic electron-associated HXR centroids, the 2003 October 29 event’s
centroid separation was found to be a statistically insignificant 13” ± 17” [67].

Though the 2003 October 29 flare is one of the five largest in RHESSI’s observations, and
the imaging results hint that it could be different from the other four in the set, this flare
is not well-studied because of difficulty in deriving its spectrum. Chapter 5 explores using
RHESSI imaging to separate background counts from flare counts in the gamma-ray energy
range. This method is then used to generate a spectrum for the 2003 October 29 flare that
puts it in context with the other large gamma-ray flares. Chapter 4 provides an introduction
to indirect imaging and a review of competing imaging methods from 1 keV to 10 MeV.
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The Gamma-Ray Imager/Polarimeter for Solar Flares (GRIPS) instrument is a balloon-
borne solar telescope that had a successful flight from Antarctica in January 2016. GRIPS
is designed to provide high-resolution spectroscopy (∼50 keV – 10 MeV), imaging (12.5” –
162”) and polarimetry (≥150 keV) of flares. GRIPS’ key technological improvements over
the current solar state of the art at HXR/gamma-ray energies, RHESSI, include 3D position-
sensitive germanium detectors (3D-GeDs) and a single-grid imaging system, the multi-pitch
rotating modulator (MPRM). For photons that Compton scatter, which is the dominant
process &150 keV in germanium, the energy deposition sites can be tracked, providing polar-
ization measurements as well as enhanced background reduction through Compton imaging.
In GRIPS’ energy range, indirect imaging methods provide higher resolution than focus-
ing optics (>100 keV) or Compton imaging techniques. The MPRM grid-imaging system
has a single-grid design which provides 2× the throughput of related bi-grid imaging sys-
tems like RHESSI. GRIPS’ angular resolution is capable of imaging the separate relativistic
electron/ion centroid emissions with precision over a variety of flare sizes. In chapter 6
the GRIPS instrument is introduced and its Antarctic flight discussed. Chapter 3 provides
background on gamma-ray detection and discusses how position-sensitive germanium semi-
conductor detectors, such as those used on GRIPS, operate. Chapters 7 & 8 focus on GRIPS’
spectrometer design and performance in detail. The MPRM imager and its aspect system,
which provides the high-cadence pitch, yaw and relative roll solutions that are required for
imaging, are discussed in chapter 9. In the past few years I have given numerous educa-
tion and public outreach (EPO) lectures about the GRIPS project and our team’s Antarctic
adventure, a selection of these EPO materials can be found in the appendix.

Additional observations and enhanced imaging, spectroscopy and polarimetry of flare
emissions in the HXR/gamma-ray energy range are needed to address the current era of
particle acceleration and transport questions, including:

• What causes the observed spatial separation between the sites of relativistic electron
and ion energy deposition in flare footpoints? Does this separation occur in all flares?

• How far does the correlation between ion and electron emission extend? Can we use
electron emission as a proxy to understand and quantify ion emission?

• Do all flares accelerate ions?

• Are relativistic electrons isotropic or beamed in the corona?

• What is the composition/variance of accelerated material in space and time?

My research addresses these questions by expanding upon the set of RHESSI flares to include
events obscured by high-background and providing new observations of gamma-ray flares
with a next-generation imager/polarimeter.
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1.1 Scope of Work

My doctoral work has three primary components: solar physics research focusing on gamma-
ray emission from flares, space hardware development for the GRIPS balloon payload and
missions operations for the RHESSI satellite. My advisors and I decided on these roles
as a means to experience the whole space physics project lifecycle within the timeline of
a graduate program. Through these roles I have worked alongside senior physicists and
engineers to bring mission concept through design, integration and test, flight, operations
and data analysis. I highly recommend a similar program of research, suborbital hardware
development and spacecraft operations to other beginning graduate students.

The arc of my graduate research has been to expand on the limited set of gamma-ray flare
observations with the motivation of understanding relativistic electron and ion dynamics.
RHESSI’s small set of gamma-ray flares have been relatively well-studied in this regard,
with the exception of flares whose spectra have been obscured by irregular background. The
method of imaging-spectroscopy leverages the fact that indirect imaging systems do not
modulate, and hence do not image, background to separate out flare counts and generate
spectra. The analysis contained in this manuscript examines extending this method into
RHESSI’s gamma-ray energy range as a means to constrain the relativistic electron and ion
fluences in background-obscured flares. The primary goal was to put the mysterious 2003
October 29 X10 event in context with other large gamma-ray flares because its spatially
resolved relativistic electron/ion centroids do not obviously share their results. For this
project I collaborated with Dr. Bob Lin and Dr. Albert Shih, and used RHESSI’s solarsoft
IDL routines to support analysis.

GRIPS is a NASA Low Cost Access to Space (LCAS) suborbital payload primarily built
at UC Berkeley (original PI Dr. Bob Lin and current PI Dr. Pascal Saint-Hilaire) that
is designed to study solar flares by providing high-resolution imaging and spectroscopy.
GRIPS had a successful Antarctic flight in January 2016. As the physicist responsible for
implementing the detector, imaging and aspect subsystems my role was broadly defined –
I filled a blend of systems engineering, integration, test, calibration, operations and data
analysis roles. I developed systems requirements with senior scientists and worked with the
engineering team for rapid systems delivery through aggressive prototype and test iterations.
Working with small teams I was involved in clean room integration of flight detectors into the
cryostat mechanical assembly, component and instrument wide noise reduction and thermal
vacuum testing of both individual components and a full-scale thermal vacuum test at NASA
Glenn Research Center’s Plum Brook facility. I was the lead scientist responsible for tuning
ASIC performance against an 18-D parameter space for the 1,800 detector strips across six
flight detectors, providing detector calibrations, integrating the cryostat onto the gondola
bus, delivering the imaging and aspect systems’ mechanical components and maintaining
systems-level knowledge of the spectrometer for operations. I also developed python tools
to support GRIPS data analysis and analyzed the detector data for the largest flare that
occurred during flight. I delivered the cryostat to Antarctica on-board a series of Air-National
Guard flights and after our successful Antarctic flight campaign (2015/16) I led the following
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season’s Antarctic deep-field recovery of the flight hardware (2016/17).
RHESSI is a NASA Small Explorer mission that launched in 2002 as a PI-led mission

(originally Dr. Bob Lin and currently Dr. Säm Krucker) that is operated from UC Berkeley’s
Space Sciences Lab. As a member of the Science Operations Team I help plan mission
strategy and monitor payload systems. I take shifts supporting 24-hr flight operations as
the on-call team member who monitors systems heath and coordinates with mission control
specialists for payload operations. Frequently this involves adjusting payload parameters
to maintain the health of systems now in their 15th year of operation, ensuring continuous
high-quality data products from an aging satellite.

I want to take this opportunity to highlight two efforts that were outside of my technical
research but valuable to my graduate experience. I believe that a vital duty of the scientific
community is to disseminate knowledge so it can benefit society as a whole. With these
projects I hope to have made contributions to the scientific community by reaching out to
policy makers and to the greater public through education. I joined the Public Policy Com-
mittee of the Solar Physics Division (SPD) of the American Astronomical Society (AAS)
as a student member during 2013 – 2015. As a part of the committee I helped organize
congressional visits and generated materials to educate policy makers about space physics
research and space weather hazards with the goal of increasing NASA Heliophysics divi-
sion funding. My second effort was education and public outreach about solar flares and
the GRIPS Antarctic campaign in the form of public lectures and twitter live updates. A
selection of these EPO materials can be found in the appendix to this document.
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Chapter 2

The Sun and Solar Flares

2.1 The Sun

Figure 2.1: Left: A composite image of the Sun on 2011 December 7 as observed by
SDO [115]. The slices (from left) are images of the ∼6,000 K photosphere, the ∼1 mil-
lion K transition region in EUV light, and two composite images showing coronal tem-
peratures up to 2 million K. The final image is overlaid with a fit to the coronal mag-
netic field structures. Right: An artist’s concept of the Milky Way galaxy overlaid with
galactic longitude relative to the Sun, located in the Orion Spur. Image adapted from
NASA/Adler/U.Chicago/Wesleyan/JPL [31].

The Sun formed ∼4.5 billion years ago in the Orion Spur of the Milky Way galaxy (figure
2.1). Stars form through gravitational collapse of diffuse molecular clouds made from gas and
dust. The collapse accretes material into a rotating sphere of superhot plasma whose mass
determines its evolution, structure and lifetime. If the star gains enough mass the center
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will reach temperatures >10 million K and hydrogen fusion begins. The energy produced
by fusion establishes a hydrostatic equilibrium that keeps the star from collapsing further.
The Sun is about halfway through its main hydrogen burning phase, in ∼5 billion years it
will have exhausted its hydrogen fuel supply and will expand to become a red giant. Helium
burning will set in, but since the Sun is not massive enough to continue fusing heavier
elements its core will eventually collapse to become a white dwarf. Stars with ∼10× the
mass of the Sun continue fusing heavier elements and explode as supernovae, whose iron
cores collapse into neutron stars or black holes.

Solar Structure

The Sun does not have a physical surface so much as a boundary where the transparent
outer plasma becomes opaque. Inside this ∼100 km thick layer, termed the photosphere,
the density of H− ions increases and the optical light generated by the plasma is quickly
reabsorbed such that it does not escape. For this reason it is not possible to see deeper into
the Sun.

Since we cannot directly sense light from the deeper regions of the Sun, models are used to
infer its inner structure. The standard solar model uses the observable boundary conditions
of luminosity (L� = 3.8×109 W), radius (R� = 7×105 km) and mass (M� = 1.989×1030

kg) of the Sun to predict its structure. The final model input is the solar age, which has
been roughly determined as 4.5 billion years via the age of meteorites in the Solar System.
The solar model predicts that the Sun’s interior is divided into layers that have differences
in characteristics like temperature, pressure, density and energy-transfer mechanism. Figure
2.2 shows an illustration of the primary internal and external solar layers drawn to scale,
and points to some features observed in the solar atmosphere.

Models of the solar internal structure have been verified by observing the propagation of
acoustic (p waves) and surface gravity waves (f waves). The study of solar seismic waves,
called helioseismology, has been extremely successful in developing a detailed view of the
stratification and internal angular velocity of the Sun’s inner structure, verifying the standard
solar model predictions to within .1% (figure 2.3, left). The results of helioseismology were
critically important in verifying the expected rate of solar neutrino production from fusion
during the neutrino debate [35], wherein the measured flux of electron neutrinos at Earth
was ∼33% of that predicted by the standard solar model. The strong agreement between the
solar model and helioseismology indicated that the prediction of solar neutrino production
was correct, suggesting that the neutrino problem solution would be found in modifications
to the Standard Model of particle physics. In 2002 the solar neutrino problem was put to rest
when neutrino observatories were able to confirm that neutrinos had mass, in disagreement
with the Standard Model of particle physics which assumed they were massless. By assigning
neutrinos mass, the electron neutrinos could change to previously undetected muon and tau
neutrinos in the exact percentage that accounted for the “missing” solar electron neutrinos.

The core contains 1/2 the mass of the Sun and spans out to 15% of the solar radius with
an average density of 20 g/cm3. Inside the core proton-proton fusion generates 4He from



CHAPTER 2. THE SUN AND SOLAR FLARES 8

Figure 2.2: Diagram of the Sun’s layers drawn to scale. Image created by Kelvinsong [71].

2 Manfred Schüssler

of the acoustic eigenmodes excited by solar convection. The solar structure
as derived through helioseiosmology is in very good agreement (at a level of
0.1%) with the theoretical models (see Fig. 1, left panel). Locally confined
larger deviations, for instance directly below the convection zone, indicate
that more subtle additional processes like gravitational Helium settling have
to be taken into account.

2/ c2c∆

Fig. 1. Left: Relative difference between the (squared) sound speed profile in the
solar interior as inferred from helioseismology and a theoretical standard solar model
[7]. Right: Solar rotation rate inferred from helioseismology as a function of radius
at three solar latitudes. The formal errors are indicated by the shaded regions (both
figures from from [8]).

The core of the Sun (out to about 15% of the solar radius, R¯) is the do-
main where thermo-nuclear reactions operating at temperatures above 107 K
generate the solar energy flux. Most important is the proton-proton (pp)
cycle, which (stepwise) generates 4He from hydrogen nuclei (protons). The
neutrinos produced in the course of the nuclear reactions leave the core almost
uninhibited and can be detected on Earth as direct witnesses of the energy-
generating processes. The long-standing ‘solar neutrino problem’, resulting
from the detection of much less (electron) neutrinos than expected from the
nuclear reactions, found its resolution in the existence of neutrino oscillations
which periodically change the ‘flavor’ of the neutrinos during their flight to
Earth, so that only part of them are registered in the detctors [9]. This im-
plies also a finite (albeit small) rest mass of the neutrinos and thus entails
modifications of the standard model of elementary particles. The good agree-
ment between helioseismic results and theoretical models of the solar interior
indicated early on that the solar neutrino problem most probably would find
its resolution from the side of particle physics, not solar physics.

The energy generated in the core is transported outward by photons in the
radiation zone of the Sun (often also called radiative interior), which covers
the region 0.15–0.7R¯. The photons are so often absorbed and re-emitted in

Figure 2.3: Left: Difference between the squared sound velocity predicted by the standard
solar model and measured by helioseismology. The model accurately predicts velocity to
.1%. Right: Heliosesimology measurements of the solar rotation rate as a function of radius
at three latitudes. The central black line is the model value with errors represented by the
shaded regions. Both images are from Kosovichev, et al. 1997 [77].
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Figure 2.4: Left: Image of the corona during a total solar eclipse on 1980 February 16
from NCAR’s High Altitude Observatory (HAO). Right: Image of the chromosphere during
a solar eclipse in France on 1999 August 11 by Luc Viatour. Both images were provided by
UCAR [39].

hydrogen nuclei, heating it to temperatures above 107 K.
Photons transport the energy generated in the core through the radiative zone, with

a characteristic timescale of ∼107 years. The radiative zone is the largest solar volume,
spanning between .15 – .7 R�. Density drops by three orders of magnitude by the radiative
zone’s outer edge, becoming .02 g/cm3, and the temperature cools to ∼106 K. The radiative
zone and core uniformly rotate together.

The tachocline separates the uniformly rotating radiative zone from the differentially
rotating convective zone, which imparts a strong shear to this layer. Figure 2.3 (right) plots
the results of helioseismology measurements of the solar rotation rate as a function of depth
at three different latitudes, and marks the top of the tachocline.

Bulk motions of hot plasma transfer energy from the tachocline up towards the visible
solar surface in convective cells spanning from .7 – 1.0 R�, inside the convective zone. Along
this layer the denisty falls off by 5 orders of magnitude, reaching 10−7 g/cm3. The rising
plasma forms columns that are visible as bright spots, called granules, that form a mosaic
pattern on the visible surface, shown inset to figure 2.2. The dark inner granule lanes are
created by cool plasma downflows. Inside this zone the charged particle flows organize and
drive local magnetic field behavior.

At the top of the convective zone the plasma becomes transparent to optical light, which
can then escape into space and reach Earth. The photosphere, shown in the far left solar
slice of figure 2.1 left, looks like a smooth sphere in optical light. The photospheric plasma
absorbs and emits light like a blackbody. The optical light peaks in the yellow-green part
of the visible band and measurement of its continuum suggests that the photosphere has a
blackbody temperature of 5800 K.

The chromosphere is a ∼2500 km thick layer above the photosphere. Figure 2.4 (right)
shows an image of the chromosphere during a solar eclipse. The rosy hue comes from H-α
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Figure 2.5: Temperature (solid line) and density (dashed line) of the solar atmosphere
plotted along the height above the photosphere. The temperature in the solar corona climbs
as the density falls off. Plot from Withbroe and Noyes 1977 [147].

emission; it is this coloring which gave the region its name. Imaging of the corona in H-α
shows a forest of spicules that extend from the chromosphere into the upper solar atmosphere.
Chromospheric temperature and density continue to decrease until the temperature reaches
a minimum. At this point, inside the transition region, the temperature abruptly increases
by two orders of magnitude while the density continues to fall off. Figure 2.5 plots the
temperature and density across the chromosphere, through the transition region, and into
the corona where the temperature climbs to ∼2 MK. Attempts to explain the heat input
into the corona via small releases of stored magnetic energy in nanoflares or wave heating
have not adequately explained this temperature inversion. The source(s) and mechanism(s)
of energy input into the corona and how it can maintain this temperature, called the coronal
heating problem, are as yet unidentified. Figure 2.1 (left) shows the 1 million degree transition
region in EUV light as the second solar slice (from the left).

The hot and tenuous corona is the Sun’s outer atmosphere. This region is highly struc-
tured, as shown in figure 2.4 (left) during a solar eclipse in 1980. Close to the disk are loop
like structures of closed field lines along which particles travel and return to the Sun. Figure
2.1 shows the coronal loop structures in the final two solar slices. The third slice from the
left is a combination of multiple SDO filters that show loops of hot plasma up to 2 million
K. The final slice is another composite image overlaid with fits to the magnetic field lines in
this region. The interactions of coronal loops impart this region with highly dynamic and
explosive behavior in the form of flares and CMEs.

From the corona’s radial structures blow the solar wind, a constant stream of electrons,
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Figure 2.6: Artist’s conception of the heliosphere and interplanetary space on a logarithmic
distance scale with units of AU. One AU is the distance spanning the Sun to the Earth and is
equivalent to 150 million km. At the time of this drawing, in 2013, the Voyager 1 probe was
125 AU and had crossed into interplanetary space. Image courtesy of NASA JPL/Caltech
[70].

protons, alpha and heavier particles that flow from the Sun into interplanetary space. The
equatorial part of the wind is comparatively slower than the polar wind, giving these two
components the names slow and fast solar wind. The fast wind blows from coronal holes,
which are regions characterized by magnetic field lines that extend so far into into interplan-
etary space that in the solar reference frame they’re considered open field lines. The slower
wind emanates from streamers above magnetically complex active regions.

The solar wind blows through interplanetary space, creating the constant stream of par-
ticles which populate the Earth’s radiation belts and precipitate as auroras. Wind particles
that are not caught by planets or other solar system bodies keep traveling until they reach
a point where their pressure equals the pressure exerted by the interstellar medium at a
point called the heliopause. This boundary marks the edge of the Sun’s influence on local
interstellar space. In 1977 NASA launched the Voyager 1 & 2 spacecrafts to study the outer
solar system. In August 2012 the Voyager 1 probe reached the heliopause and crossed into
interstellar space at 116 AU (17.3 billion km). These probes are the farthest man-made
objects in space that are still in contact with Earth.

2.2 Solar Magnetic Activity

Solar activity is governed by magnetic fields over multiple temporal and spatial scales. The
solar dynamo generates a roughly dipolar global magnetic field that switches polarity every
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The effect of small-scale motions on the large-scale magnetic field has
been systematically investigated within the framework of mean-field electro-
dynamics [84]. It was formally shown that helical motions drive a mean elec-
tric current parallel or antiparallel to the mean magnetic field. This current
is represented by a correlation term in the induction equation for the mean
magnetic field, called the α-effect. Furthermore, the mean field is subject to
enhanced (turbulent) diffusion. The resulting dynamo equations for the mean
magnetic field permit periodic wave solutions, which are in accordance with
basic phenomena of the solar cycle like the temporally periodic mean field
and its migration in heliographic latitude – if the parameters in such models
are suitably chosen.

Fig. 13. A rising convective cell expands and rotates through the action of the Cori-
olis force, twisting a magnetic field line into a loop with components perpendicular
to the plane of projection. In this way, a poloidal field component is generated from
a toroidal field, and vice versa (after [85]).

A dynamo process as sketched above is basically ‘kinematic’: magnetic
field lines are passively carried and twisted by the convective flows. As the
field strengths grows in the course of the dynamo process the back-reaction
of the magnetic field on the generating velocity fields through the Lorenz
force becomes important. This limits the field strength that can be reached
(at least to order of magnitude) to the equipartition field strength, Beq, for
which the magnetic energy density equals the kinetic energy density of the
generating motions. For the lower half of the solar convection zone we have
Beq ' 104 G.

Since, as discussed in Sec. 3.2, the toroidal flux system from which the
active regions originate must have a field strength of the oder of 105 G, this
creates a problem for the conventional theory of turbulent dynamo action.
The toroidal field is much stronger than the equipartition value so that con-
vection cannot efficiently twist it to create a poloidal field component via

Figure 2.7: Diagram illustrating the geometry of how a latitudinal flux tube rises and
becomes twisted by the Coriolis force to produce a loop that is perpendicular to the original
direction. [114].

∼11 years. Smaller regions of concentrated magnetic flux, called sunspots, that appear as
large dark spots in the mosaic of convection cells in the photosphere are typically ∼10,000 km
across [53] (inset figure 2.2). Sunspots emerge on the order of days and can persist for weeks,
with their overall population modulated on the same ∼11 year time scale as the dynamo.
Tethered to the sunspots are flux tubes that rise into the chromosphere and corona, where
they form loops that can twist and shear, building up energy as their topologies become
more complex. Associated with these loops are CMEs and flares, the fastest manifestations
of magnetic activity. CMEs are ejected from the Sun with velocities of 20 – 3000 km/s and
flares can release energy and restructure field configuration within 100s – 1000s of seconds.

A solar dynamo governs the periodic reversal of the overall solar magnetic field as a
result of differential rotation, bulk convective motions and meridinal flow of the plasma.
With these mechanisms the poloidal and toroidal solar magnetic fields can regeneratively
induce one another.

Differential rotation drags the plasma at the solar center faster than the plasma at the
poles. High conductivity binds the particle and field motions together such that they are
frozen-in flux. Since the ratio of plasma pressure to magnetic pressure (the plasma parameter
β) is high in the convective zone, the plasma will drag along the magnetic field as it moves.
In this way a poloidal magnetic field that extends longitudinally between the solar North and
South poles will become stretched and winds around the Sun because of differential rotation.
After many rotations the originally poloidal field is now toroidally wrapped around the sun
many times.

The mechanism which regenerates of the poloidal component is an area of active research
and the reader is referred to Charbonneau 2010 [30] for an excellent review of current solar
dynamo models. The mechanism described by the Babcock-Leighton model [9, 85, 84]
provides a good schematic description the process which leads to the dominant magnetic
features and activity observed during the years of solar maximum, and how toroidal fields
can generate poloidal fields. In this model the latitudinal flux tubes of the toroidal field
rise to become loops inside the plasma convective flow, which then become twisted by the
Coriolis force. The resulting loop is oriented perpendicular to the original flow, as illustrated
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Fig. 10. Time-latitude diagram of the longitudinally averaged magnetic field in
the solar photosphere for the last three activity cycles. The emergence of magnetic
flux in active regions generates the familiar ‘butterfly wings’ in lower latitudes. The
combined effects of differential rotation, convection, and meridional circulation lead
to the magnetic flux transport to high latitudes and thus cause the reversals of
the polar magnetic fields in phase with the activity cycle (courtesy D. Hathaway,
NASA).

Fig. 11. Relative sunspot number since 1610. Besides the conspicuous 11-year
solar cycle, the sunspot record shows century-scale modulation and periods of low
activity (grand minima). The most prominent of these is the Maunder minimum in
the 17th century, when only very few sunspots appeared for a period of about 60
years [68].

Figure 2.8: Yearly averaged sunspot number since 1610. The ∼11-year periodicity is variable
between cycles, with a long period of suppressed activity in the 17th century called the
Maunder Minimum when very few sunspots appeared. Plot from Schüssler, 2004 [114].

by figure 2.7. These rising flux tubes generate sunspots in the photosphere and rise into the
solar atmosphere to fuel the eruptive activity of flares and coronal mass ejections. In the
Babcock-Leighton model, the overall fields of the decaying sunspots then concentrate at the
poles to form the poloidal field. As Charbonneau points out, extensive modeling of the fields
confirms that this process does occur on the Sun and triggers the magnetic reversal of the
poloidal component, but the key question is if this collection by decaying sunspots is the
driving mechanism for the dynamo cycle or a side-effect of the active-region decay.

The quantity of sunspots on the solar surface and degree of solar activity in the form of
flares and CMEs follow the same ∼11-year periodicity as the global magnetic field, and is
termed a solar cycle. Figure 2.8 shows the daily average of sunspot numbers from 1610 to
2002. Though the ∼11 year solar cycle dominates, there is variability between each cycle
duration (9 – 12 years) and magnitude, the most dramatic of which was an extended ∼60
year time period of extremely suppressed activity called the Maunder Minimum in the 17th

century. Current dynamo models can roughly reproduce the periodic sunspot number along
with other features salient to how the sunspots migrate longitudinally and the directionality
of their polarity. The variability in cycles, however, is a major challenge in this field of
research [30].

Sunspots form when magnetic flux tubes rise through the convective zone due to mag-
netic buoyancy and emerge into the photosphere to create regions of strong magnetic polar-
ity (∼1000 G). At the photosphere, magnetic pressure from the strong fields reduce the gas
pressure and suppress the upward convective flow of hot material, leaving the plasma com-
paratively cooler and darker than in the surrounding regions. The Wilson effect describes
how the density difference in these regions lead to reduced opacity, resulting in a deeper
apparent solar surface in a sunspot.

Magnetic flux ropes rise from the convective zone through sunspots, into the chromo-
sphere and corona to form cascades of arches, giant coronal loops, prominences and filaments.
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Figure 2.9: False color image of coronal loops taken on 1999 Nov 6 in TRACE’s 171 Å band.
Image courtesy of TRACE/NASA [136].

The most ubiquitous structure in the solar atmosphere is certainly the loop (figure 2.9), and
the loops’ footpoints are usually found in the magnetically complex areas of sunspot groups
called active regions. In the solar atmosphere the plasma pressure has dropped significantly
but the magnetic pressure and conductivity are high, leading to a low-β plasma where the
motions of the magnetic field now determine the motions of particles. The particles are
constrained to move along the field lines and as they move they emit light, tracing out the
field structures.

Active regions of high magnetic complexity can experience sudden explosive energy re-
leases that can accelerate particles to relativistic speeds, heat the local plasma to 15 – 20 MK
and reconfigure the surrounding magnetic field in 100s – 1000s of seconds. These impressive
displays are solar flares, the largest explosions in the solar system and the most tempestuous
display of magnetic activity on the Sun. The original work in this manuscript is devoted to
increasing observational capabilities for flares with the aim of understanding the processes
which accelerate particles.

2.3 Solar Flares

Solar flares are characterized by a sudden energy release that is accompanied by broadband
radiation and a reorganization of the local magnetic fields. The largest flares have been
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observed to release an estimated 1032 – 1033 ergs over 100s – 1000s of seconds. Flare emission
can span radio to gamma-ray energies whose timing, spatial location and duration can be
used to understand the underlying physics of these events.

The magnitude of a flare is classified by the peak of its soft X-ray flux as measured by
the Geostationary Operational Environmental Satellite (GOES) satellites using a logarithmic
scale with letters that define the magnitude. The scale proceeds through A, B, C, M and
X for fluxes of 10−8, 10−7, 10−6, 10−5 and 10−4 W/m2, respectively. A flare of GOES class
X2.5 would have a peak SXR flux of 2.5 × 10−4 W/m2.

Flare Phases

The time history of a flare can be roughly divided into three phases: the preflare, impulsive
and decay phases. An illustration of flare evolution plotted by energy is shown in figure
2.10. In the preflare phase the surrounding plasma gradually heats up and emits in the EUV
and SXR. Active region prominences can brighten and show morphological changes minutes
before the flare begins. These events signal that the region is starting to gradually leak
energy and release stress before the rapid onslaught of the impulsive phase.

The flare onset is abrupt, the impulsive phase is marked by a sudden increase in broad-
band emission that lasts on the order of minutes. Most of the energy is released during the
few minutes of this phase. The HXR/gamma-ray emission appears as two localized nodules
in the chromosphere located at the site of the magnetic loop footpoints, and is occasionally
accompanied by a third HXR source above the loop top in the corona. The sudden increase
in Hα intensity and line width, called the flash, usually occurs during the impulsive phase
though its peak in emission can occur later.

The thermal SXR emission peaks after the impulsive release of energy. The decay phase
has a relatively long duration of one to multiple hours while the emission gradually drops off
and approximately returns to the pre-flare baseline. During this time the arcades of loops
that result from reconfiguration of the magnetic field during the impulsive phase are brightly
illuminated by flare-heated plasma. High in the corona particles continue to be accelerated,
generating radio emission, and possibly ejected into interplanetary space.

Standard Flare Scenario

The association between complex magnetic active regions and flares is well-established. Not
only are flares accompanied by large-scale reconfigurations of the local magnetic fields, but
they are also the only coronal power source which can provide the ∼1033 ergs released
during the largest flare events. Tandberg-Hanssen & Emslie (1988) [135] showed that the
other possible energy sources, gravitational and thermal potential energy, could only provide
∼1028 ergs for comparable flare sizes.

The stored magnetic energy is thought to release when the stressed field relaxes into a
new configuration by the process of magnetic reconnection. A schematic depicting two recon-
nection models are shown in figure 2.15. The reconnection geometry consists of oppositely
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Fig. 2 A schematic profile of
the flare intensity at several
wavelengths. The various phases
indicated at the top vary greatly
in duration. In a large event, the
preflare phase typically lasts a
few minutes, the impulsive
phase 3–10 min, the flash phase
5–20 min, and the decay one to
several hours. Image reproduced
with permission from Benz
(2002), copyright by Kluwer

and Hα emissions finally reach their maxima after the impulsive phase, when energy
is more gently released, manifest in decimetric pulsations, and further distributed.
The rapid increase in Hα intensity and line width has been termed the flash phase. It
coincides largely with the impulsive phase, although Hα may peak later. In the decay
phase, the coronal plasma returns nearly to its original state, except in the high corona
(>1.2 R�, where R� is the photospheric radius), where magnetic reconfiguration,
plasma ejections and shock waves continue to accelerate particles, causing meter wave
radio bursts and interplanetary particle events. Figure 2 illustrates the various phases.

1.4 The big picture

The flare observations may be ordered in a scenario or a sequence of processes in
which the flare energy is released in the corona by reconnecting magnetic fields. The
process heats the plasma in the reconnection region to temperatures of tens of millions
of degrees Kelvin (MK), but also efficiently accelerates electrons to super-thermal
energies peaking below some 20 keV and extending sometimes to several tens of
MeV. Reconnection is not unique to flares and must take place also in the lower solar
atmosphere and in the interior of the Sun. The impulsiveness of flares indicates a
slow build up of magnetic energy followed by a “dam breaking” event. In plasmas

123

Figure 2.10: Illustration of the relative timing of flare emission energy bands during the
preflare, impulsive and decay phases. The Hα flash occurs during the impulsive phase but
peaks later. Image from Benz, 2002 [15].

oriented magnetic field lines that come together to form a neutral current sheet. Inside the
current sheet the conditions are favorable for the originally anti-parallel field lines to change
their topology and reconnect into outgoing loops. A description of the magnetic reconnection
process is provided in section 2.4.

The standard flare scenario is a conceptual framework that describes the chain of events a
flare progresses though. It does not address the underlying physics of how different phenom-
ena occur so much as link the most common flare observations into a causal framework. In a
recent flare review Benz (2017) [16] highlights the key observations which must be addressed
and provides a description of this scenario, the standard model, summarized below.

• The SXR flux is correlated with the cumulative HXR flux, in the so-called Neupert
effect [95]

• Compact HXR sources are frequently at the base of SXR loops [64, 112]
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• A coronal HXR source can occasionally be observed coincident with, or above, the
SXR loop top [90, 80]

• The energy contained in non-thermal accelerated electrons tends to exceed the energy
in the thermal plasma

• There are spectral differences in the HXR loop top and footpoint sources

• The SXR emission measure increases during the impulsive phase, suggesting that more
material is entering the flare loops

The standard model geometry is shown in figure 2.11, it evolved through the work of
multiple scientists in its early incarnation (Carmichael 1964 [27], Sturrock 1966 [131], Hi-
rayama 1974 [62], Kopp & Pneuman 1976 [76]) and for this reason it is also referred to by the
abbreviation of their names as the CSHKP model. At that time the whole list of observations
cited above were not available, leading to challenges and addenda to the model through the
recent decades, but this general 2-D picture is still popular and relevant today.

The model begins when reconnection is initiated in the corona and particles are acceler-
ated as a result. Particle acceleration occurs at the reconnection outflows, and the candidate
acceleration mechanisms are discussed in section 2.5. The particles are either transported
away from the Sun where they can escape into space, or, they stream in the opposite direction
along the loop field lines back towards the chromosphere. The particles that head away from
the Sun can continue to be accelerated in the high corona by shocks or other processes, and
these particles are associated with the late-phase radio emission. If the accelerated particles
escape into space, they can be detected by spacecraft in-situ and are termed solar energetic
particles (SEPs).

The particles that precipitate downwards travel relatively unobstructed through the
corona. Magnetic mirroring, caused by the narrowing of flux tubes in the lower atmo-
sphere, may trap the downward-flowing particles. Trapped particles will “bounce” between
the mirroring points until they are eventually scattered into the mirror loss cone. Particles
then continue their journey into the dense chromosphere where they lose non-thermal energy
through bremsstrahlung, generating two compact HXR sources at the loop footpoints.

Sudden energy deposition in the chromosphere by flare-accelerated particles causes the
local plasma to heat-up and expand to fill the coronal loops, in a process termed chromo-
spheric evaporation. The hot plasma (10 – 20 MK) emits in the EUV/SXR, resulting in the
gentle rise of this emission, and linking the cumulative HXR emission to the SXR.

Flare Geometry

The standard flare model outlined above reasonably explains the progression of flare obser-
vations, and it is well-accepted that stressed anti-parallel current-carrying (non-potential)
magnetic flux tubes provide the energy input to the impulsive phase. The overall geometry
of the magnetic fields in the corona that lead to conditions favorable for reconnection is not
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Figure 2.3: Two-dimensional diagram of the standard flare model. A rising plasmoid (not
shown) instigates reconnection with the overlying coronal field, producing the magnetic field
drawn here. Particles are accelerated in the shaded central region; energized electrons can
then stream down the flare loops (orange), or escape upward into interplanetary space. Image
is from Christe (2007), based on Sturrock (1966).

some coronal fields are referred to as open is that a field line anchored in the photosphere
may extend outward through the solar corona and far out into interplanetary space before
eventually bending back on itself and returning to its source at the Sun. For flare studies,
in which only a small section of the chromosphere and corona are observed, the field lines
can be thought of as open.

Reconnection with emerging flux can cause an open field line to switch the location of
its photospheric footpoint. A diagram of such a geometry is shown in Figure 2.4. Post-
reconnection field lines take the shape of a small post-flare loop (left side of diagram) and
open field lines. As in the standard flare model, accelerated particles can be injected into
the flare loop or else can escape to interplanetary space on the open field. As shall be seen in
Chapter 4, jets of slower plasma from the chromosphere or the corona can also be generated
along the open lines and travel outward along the same paths as the initial energetic particles
take.

Figure 2.11: CSHKP model geometry for the standard model of solar flares. Image from
Christe 2007 [32].

clear. Furthermore, any model that describes the geometry of the large-scale magnetic fields
in the corona must also address the possible formation and launch of an accompanying CME
and provide a mechanism that can impart it with a similar energy content as the flare.

Several models have been suggested for the greater coronal-field geometry that leads to
reconnection and the standard scenario discussed above. The leading models suggest a single
loop reconnecting with itself (CSHKP, one loop or dipolar), a single loop reconnecting with
a open field line (interchange or tripolar) and two loops reconnecting with each other (two
loop or quadrupolar). The diversity and serendipity of flare observations (e.g., figure 2.12)
have garnered both supporting and conflicting observations for each of these models. Benz
[16] points out that there is no reason to exclude these models from one another as there
could be a combination of them occurring in the flare at the same time or at different stages
leading to hybrid geometries and a vast array of observations. He therefore argues against a
standard geometry for the preflare coronal magnetic structure.

The CSHKP framework is termed and considered the standard model for eruptive events
today. It assumes a single loop whose sides are driven together to form the stressed anti-
parallel flux tubes required for reconnection. The sides can be pushed together by other
magnetic structures in the crowded corona, by motions of the chromospheric footpoints
relative to the coronal loop top that can act to “wind-up” the loop, or other dynamic
processes. The coronal geometry is shown in figure 2.13 (left). In the 3-D extension of
this model an arcade of sheared loops reconnect with each other to generate a large twisted
coronal flux rope through the center of the plasmoid, which can be launched as a CME.
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Fig. 2 Examples of HXR imaging of flares from RHESSI. (A) Simple single loop flare with non-thermal
emission from chromospheric footpoints (blue) and thermal emission from the flare loop (red). (B) Flare with
an additional non-thermal source above the flare loop similar to the Masuda flare (from Ishikawa et al. 2011).
(C) Same as event as shown in (A), but during the decay of the hard X-ray emission revealing a coronal
source seen up to 1 MeV (from Krucker et al. 2008). (D) A rare event with non-thermal emission from the
flare loop itself without emission from the footpoints (from Veronig and Brown 2004)

ions can produce a continuum through decay of pions generated in nuclear collisions. The
nuclear emission lines provide information about the spectrum of energetic particles, the
acceleration timescale, and the elemental abundances of both the chromosphere and the ac-
celerated ions. The ratio of broad and narrow components of the positron annihilation line
and the width of the narrow component indicate the temperature in the region where the en-
ergetic particles deposit their energy (Share et al. 2003). Measurements of neutrons in space
or on the ground, along with gamma rays from pion decay, constrain the higher energy part
of the spectrum. Models of the transport and interaction are used to interpret the observed
spectra in terms of accelerated particle spectrum and number (Murphy et al. 2007). Such a
model for the X4.8 flare on 2002 July 23 is shown in Fig. 3.

The RHESSI satellite provides both images of the gamma ray emission and profiles
of nuclear lines and positron annihilation lines. A recent review is given by Vilmer et al.

Figure 2.12: Flare observations showing loop, footpoint, loop top and above the loop sources.
The figure is a composite from different authors collected by Raymond et al. 2012 [110]. (A):
Common flare observation showing HXR footpoints from non-thermal emission (blue) and
thermal SXR emission in the loop (red). From Krucker et al. 2008 [80]. (B): Flare showing a
non-thermal HXR source above the loop top. From Ishikawa et al. 2011 [69]. (C): The same
flare shown in panel (A) at a later time when a coronal loop-top source has developed but
the footpoint emission has decayed. From Krucker et al. 2008 [80]. (D): A rare observation
showing non-thermal emission from the flare loop with no accompanying footpoint emission.
From Veronig and Brown 2004 [138].
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line	and	continuum	emissions	are	not	 significantly	affected	by	non-equilibrium	 ionization,	which	can	
affect	interpretations	of	the	plasma	temperature	using	other	wavelengths. 
However,	the	limited	dynamic	range	and	sensitivity	afforded	by	indirect	(Fourier-based)	imaging	used	
by	RHESSI	[7]	and	other	 instruments,	such	as	the	Hard	X-ray	Telescope	(HXT)	on	Yohkoh	[8],	has	not	
allowed	key	processes	such	as	particle	acceleration	and	direct	heating	to	be	studied	concurrently.	This	
is	 because	 X-ray	 emission	 from	 the	 corona	 near	 the	 source	 of	 energy	 release	 and	 acceleration	 is	
relatively	faint	and	cannot	be	separated	by	these	instruments	from	the	associated,	but	much	brighter,	
chromospheric	footpoint	sources.	 In	the	rare	cases	when	RHESSI	observed	coronal	sources,	the	foot-
point	sources	were	either	unusually	weak	in	comparison	or	were	over	the	limb	and	hence	not	visible	
[9].	 New	 HXR	 focusing	 optics	 can	 now	 measure	 the	 X-ray	 emission	 from	 electrons	 as	 they	 are	

accelerated	 in	 the	 corona	 and	 propagate	 along	 the	
magnetic	 field	 lines,	 at	 the	 same	 time	 as	 the	 much	
brighter	 emission	 from	 the	 chromospheric	 footpoints	
where	 electrons	 lose	 the	 majority	 of	 their	 energy.	
Consequently,	 for	 the	 first	 time,	 it	 is	 now	 possible	 to	
fully	characterize	the	accelerated	electrons	and	hottest	
plasmas	as	they	evolve	in	energy,	space,	and	time. 
	 
Direct	 imaging	 spectroscopy	 of	 thermal	 and	 non-
thermal	 coronal	 and	 chromospheric	 X-ray	 sources	
simultaneously	 can	 enable	 the	 first	 systematic	
observations	of	 non-thermal	 sources	 at	 and	above	 the	
tops	of	flaring	magnetic	arcades	even	in	the	presence	of	
much	 stronger	 X-ray	 footpoint	 sources.	 Some	 particle	
acceleration	 theories,	 e.g.,	 those	 involving	 contracting	
and	 merging	 magnetic	 islands	 in	 the	 reconnection	
outflow	 [2][10],	 directly	 associate	 these	 sources	 with	
acceleration	 regions.	 They	 predict	 that	 particle	
acceleration	 can	 occur	 on	 timescales	 of	 0.5–5	 seconds	
[2][10].	 Other	 theories	 predict	 acceleration	 sites	 in	
current	 sheets	 far	 above	 the	 arcades	 (e.g.,	 [11])	 or	 in	
the	looptops.	HXR	focusing	optics	can	easily	image	such	
rapid	time	variations. 
	 
The	fraction	of	electrons	accelerated	out	of	the	ambient	

Maxwellian	 velocity	 distribution	 is	 an	 essential	 constraint	 on	 acceleration	models.	 For	 example,	 the	
merging	magnetic	 island	 theory	 [2]	or	 acceleration	by	 super-Dreicer	 electric	 fields	 in	 a	 reconnecting	
current	 sheet	 [12]	 can	 accelerate	 a	 large	 fraction	 of	 the	 available	 electrons,	 whereas	 models	 that	
invoke	acceleration	by	large-scale	sub-Dreicer	electric	fields	[13]	accelerate	only	a	small	fraction	of	the	
electrons.	 The	 transition	 from	 thermal	 to	 non-thermal	 regions	 of	 the	 electron	 spectrum	 can	 be	
determined	 from	 the	 spectrum	of	X-rays	emanating	 from	 the	acceleration	 region.	RHESSI	 confirmed	
the	existence	of	these	ALT	sources	but,	because	of	its	limited	dynamic	range,	this	was	only	possible	in	a	
few	of	the	many	thousands	of	flares	it	observed.	Interpretation	of	the	spectra	of	these	coronal	sources	
has	suggested	that	all	electrons	in	the	acceleration	region	are	accelerated	in	some	events	[14][15]	in	a	
bulk	energization	process. 

 

Figure	 1.	 HXR	observations	 emission	 from	
all	 key	 points	 in	 the	 standard	 model	 of	
solar	eruptive	events. 
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Figure 2.13: Left: Standard model of solar eruptive events. Image from Christe 2017 [34]
Right: Observation of a flare and CME that shows an apparent X-point and is suggestive of
the standard model geometry. Image from LASCO/SOHO [82]

There are decades of observations supporting the one-loop scenario. Figure 2.13 (right)
shows a LASCO coronagraph image that displays a few key elements of the standard model
for eruptive events, including the reconnection X-point and a hot plasmoid forming above.
Evidence for this geometry includes vertical cusp-shaped structures seen in SXR after the
flare, horizontal inflows of cold plasma and vertical outflows of hot plasma, synchrotron and
HXR emission from above the plasmoid region indicating high-energy particle acceleratio
and two-ribbon footpoints in Hα, EUV & X-ray (Benz 2017 [16] and references therein).

In the quadrapole geometry two loops with anti-parallel fields are pushed together and
reconnect. Multiple scenarios could lead to this geometry, including two pre-existing loops
meeting and collisions as a result of newly emerging flux with pre-existing loops. The defining
characteristic of this model is that none of the contributing field lines are open. Though
ejected flux is possible, it is not a requirement of the model, and this geometry is more
popularly proposed for non-eruptive flares which do not have an associated CME.

Reconnection between an open field line and a closed loop has been suggested as a
geometry to describe the coincident eruption of a jet with a flare as well as the appearance
of Type III radio bursts that are consistent with electron beams escaping from the Sun along
open field lines. Type III radio burst emission has been associated with 33% of RHESSI’s
HXR flares above C5 [17]. The model geometry is shown in figure 2.14. This process predicts
three chromospheric HXR footpoints and two coronal HXR sources at the shocks. A recent
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(a)

Figure 10: Two types of X-ray jets. (a) Two sided-loop jet. (b) Anemone-type jet. (c) Typical configura-
tion for the two sided-loop jet at left panel and anemone-type jet at right panel (modified from Yokoyama
and Shibata, 1996).

Living Reviews in Solar Physics
http://www.livingreviews.org/lrsp-2011-6

Figure 2.14: Diagram of interchange reconnection. This model proposes magnetic recon-
nection between a closed coronal loop and and open field line to explain the association of
coronal jets and Type III radio bursts with flares. Image from Shibata & Magara 2011. [120]

observation provided the first observation of a double coronal HXR source, post-flare loop
and Type III burst that is consistent with interchange reconnection [56].

2.4 Magnetic Reconnection

When a rising magnetic flux tube emerges into the corona it encounters other flux tubes
and shears against them, increasing the magnetic complexity in the region. The field stress
continues to build-up for days or weeks with continued flux emergence, and the relative
motions between a flux tube’s footpoints and loop top. Eventually the magnetic configura-
tion becomes unstable and magnetic reconnection is initiated. Magnetic reconnection is the
mechanism by which stressed field lines relax and release energy as a result. The released
energy is in the form of accelerated particles and thermally heated plasma. Since reconnec-
tion is responsible for accelerating flare particles it must progress on a time scale which is
faster than the impulsive phase of flares, 100s – 1000s of seconds.

This section introduces two different reconnection scenarios: the Sweet-Parker and Petschek
models. Both of these models are equilibrium scenarios with constant inflows and outflows
of plasma. Since impulsive energy release has been observed at the millisecond scale [73], the
reconnection process must also account for bursty particle acceleration. Reviews of MHD
and reconnection processes in the solar atmosphere, space plasmas & laboratory experiments
can be found in Shibata & Magara 2011 [120], Yamada et al. 2010 [148], Zweibel 2009 [152],
Aschwanden 2002 [6] and Tandberg-Hanssen & Emslie 1998 [135].

When two oppositely directed current-carrying magnetic fields come together a current
sheet forms at their intersection. Within the current sheet there is a non-zero resistivity
which breaks the frozen-in-flux condition that constrains the magnetic field and particle



CHAPTER 2. THE SUN AND SOLAR FLARES 22

ANRV385-AA47-08 ARI 24 July 2009 23:35

Table 1 Table of frequently used quantities, including formulae and values in cgs units. Definitions
are standard; τ e is taken from Braginskii (1965). The quantity λ is the Coulomb logarithm, given by
Braginskii as 23.4 + 1.15 log (T3

e/ne for Te < 5.7 × 105 K and 25.3 + 1.15 log T2
e/ne for Te < 5.7 ×

105 K

Symbol Quantity Formula Value

τ e Electron collision time 3√
32π

m1/2
e (kTe )3/2

λe4ni

2.9×10−2

λ/10 T 3/2
e n−1

e s

ωce Electron gyrofrequency e B
me c 1.8 × 107 B s−1

ωcp Proton gyrofrequency e B
mp c 9.6 × 103 B s−1

ωpe Electron plasma frequency
(

4πne e2

me

)1/2
5.6 × 104 n1/2

e s

ωpp Proton plasma frequency
(

4πn p e2

mp

)1/2
1.3 × 103 n1/2

p s

δe Electron skin depth c
ωpe

5.4 × 105 n−1/2
e cm

δp Proton skin depth c
ωpp

2.3 × 107 n−1/2
p cm

σ Electrical conductivity
ωpe2 τe

4π
7.3 × 106 T 3/2

e (10/λ) s

η Magnetic diffusivity c 2

4πσ
= δ2

e
τe

9.9 × 1012

T 3/2
e

(λ/10) cm2 s−1

vA Alfvén speed B√
4πmp n p

= ωc i δi 2.2 × 1011 Bn−1/2
p cm s−1

S Lundquist number LvA
η

= L
δi

(ωc e τe ) 2.3 × 10−2 LBT 3/2
e n−1/2

e (λ/10)−1

reconnection initiated by an instability called the tearing mode. The fourth applies to plasmas
that are collisionless and so cannot be described by MHD. For more extensive discussions of these
theories, and open research issues surrounding them, see Section 5. Some important physical
quantities used throughout this review are given in Table 1.

2.1. Steady State Reconnection

Parker (1957) and Sweet (1958) were the first to formulate magnetic reconnection as a local
problem in which the inflow of plasma was connected with an outflow from the diffusion region.
Figure 1 depicts their model.

2L

2δ

Figure 1
Sketch of magnetic field geometry in Sweet-Parker reconnection. Oppositely directed magnetic fields are
brought together over a length 2L and reconnect in a diffusion layer of width 2δ.
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spectra produced by this mechanism do not fit astrophysical spectra very well, which has dimin-
ished interest in this mechanism (see, however, Sections 5.3.2 and 5.6, and Zenitani & Hoshino
2007).

2.2. Fast Steady-State Reconnection

Sweet-Parker reconnection is slow because all the fluid brought into the reconnection region must
flow out through a thin, resistive channel. Petschek (1964) realized that reconnection would be
faster if the resistive layer were short and most of the incoming fluid did not pass through it, but
instead was redirected by standing shock waves, as shown in Figure 2.

According to the continuity argument given in Section 2, if the length L is replaced by a
shorter length L′, the reconnection rate increases by

√
L/L′. Petschek derived a family of solutions

with progressively smaller L′, down to a limit of L(8 ln S/π
√

S )2. The corresponding maximum
reconnection rate is vA(π/8 ln S). This upper limit is generally a few percent of the Alfvén speed,
fast enough to account for most astrophysical phenomena. Petschek’s theory is widely cited in
support of fast reconnection.

Petschek’s theory was based on analytical arguments. Attempts to verify it through numerical
MHD simulations show that this type of reconnection does not develop by itself and, if imposed as
an initial condition, is not stable, unless the magnetic diffusivity η increases near the X-point. From
an intuitive point of view, one can see that the larger η is, the faster the fieldlines are reconnected
in the resistive layer, and the faster new fieldlines can be brought in. If η has a maximum at
the X-point and rapidly decreases away from it, a large reconnection angle can be formed (see
Equation 3) and reconnection is sped up.

A general feature of Petschek-like models is that, in contrast to the Sweet-Parker model, most
of the energy is converted to the ion kinetic energy of the outflow and, if shocks are present, to
heat, with relatively little energy going into resistive heating of the electrons.

2L

2L*

Figure 2
Sketch of magnetic field geometry for Petschek’s fast magnetohydrodynamic reconnection model. The
current sheet is short, and most of the fluid never reaches it, being turned instead by two pairs of slow mode
shocks.
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Figure 2.15: Reconnection geometry for the Sweet-Parker (left) and Petschek (right) models.
The field/current inflows come from the top & bottom, and the reconnected field lines outflow
in the horizontal direction. The Sweet-Parker reconnection region (shown as a pink hued box
of width 2L) is much smaller than the Petschek reconnection region (of width 2L∗). Images
from Zweibel & Yamada (2009) [152].

motions throughout the greater corona. Energy is dissipated through resistive processes
inside the diffusion region allowing the fields to relax and reconnect in the outflow.

Sweet Parker and Petschek reconnection

The simplest incarnation of magnetic reconnection occurs in the Sweet-Parker model (Sweet
1958 [133], Parker 1957 [100] & 1963 [101]) whose geometry is shown in figure 2.15 (left).
The plasma inflows (vertical arrows) into a diffusion region that spans the length of the
reconnecting field lines. The plasma outflows perpendicularly to the inflow (horizontal ar-
rows).

Conservation of mass confines the outflow velocity (vout) to be proportional to the in-
flow velocity (vin) by the geometry of the diffusion region (2δ × 2L). This relationship
consequently restricts the overall reconnection rate (dΦ/dt).

voutδ ∼ vinL (2.1)

dΦ

dt
=
vin
vout
∼ δ

L
(2.2)

Since the width of the diffusion region is very narrow and the length can be a fraction of the
coronal loop size (104 – 105 km), conservation of mass shows that the rate is severely limited
when the plasma must pass through the reconnection region. An analysis of the reconnection
time by Shibata & Magara 2011 [120] shows that the time scale for Sweet-Parker reconnection
is ∼108 – 109s, six orders of magnitude longer than the impulsive phase.

Reconnection alone cannot accelerate particles to the non-thermal velocities observed in
flares. Equating the magnetic and gas pressures, then invoking conservation of mass yields
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a plasma outflow velocity that is proportional to the inflowing magnetic field strength (Bin)
and mass density (ρ).

vout =
Bin√
µ0ρ

(2.3)

Using a typical coronal magnetic field strength of 10 gauss and density of 109 cm−3, the
above equation shows that particles could only be accelerated to a few keV in reconnection
outflows. Though Sweet-Parker reconnection is not a good candidate to power the impulsive
phase of flares because of long time scales and inadequate acceleration, it could be involved
in preflare heating or as a flare-initiation process before a faster type of reconnection sets in.

Petschek’s reconnection model [102], shown in figure 2.15 (right), proposes using slow-
mode MHD shocks (solid blue lines) to redirect the plasma into the outflow region. The
standing shocks form an X-region extending from a much smaller diffusion region (L ∼ δ).
This configuration can redirect plasma flows well outside the diffusion region, bypassing
the conservation of mass issues in the Sweet-Parker model. Petschek’s model can achieve
reconnection rates on the order of the flare impulsive energy release [120].

Collisionless Hall Reconnection

Steady-state magnetic reconnection in the Petschek model has been shown to provide a rea-
sonably fast mechanism to remove energy from stressed magnetic fields. Petschek’s model
describes a steady-state mechanism: it does not address how reconnection is triggered and
how the standing MHD shocks are generated. In a model suggested by Cassak et al. (2006)
[28] collisionless Hall reconnection could provide a reasonable scenario to answer these ques-
tions.

The Hall model’s pre-flare environment is undergoing a steady-state Sweet-Parker type
reconnection. This allows the pre-flare environment to leak some energy as the overall
fields become more stressed. The Sweet-Parker reconnection progresses until the diffusion
region reaches a characteristic length scale at which point the region undergoes an abrupt
transition to Hall reconnection, marking the beginning of the flare impulsive phase. The Hall
reconnection rate has been shown to be up to six orders of magnitude faster than the rate
predicted by the Sweet-Parker model in the corona [18]. The characteristic length scale is
set by the thermal ion gyroradius in the presence of a strong out-of-plane (guide) magnetic
field and otherwise set by the ion skin depth [29].

In the pre-flare environment, as Sweet-Parker reconnection progresses higher strength
magnetic fields are drawn into the reconnection region. This causes the diffusion region’s
resistivity (η) to drop and its width (δ) to decrease [28].

δ

L
∼
√

ηc2

4πvAL
(2.4)

Where vA is the Alfvén speed in the magnetic field upstream of the dissipation region.
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Eventually the width of the dissipation region approaches the ion skin depth (di). At
this length scale ions decouple from the magnetic fields, forming an ion diffusion region. The
electrons remain coupled to the magnetic fields as the diffusion region width continues to
decrease until the electron skin depth (de) is reached, at which point, they too decouple to
form a smaller electron diffusion region. The ion and electron skin depths are a function of
their plasma frequencies, wpi and wpe.

di =
c

ωpi
de =

c

ωpe
(2.5)

wpi =

√
4πne2

mi

wpe =

√
4πne2

me

(2.6)

A current is generated within the diffusion regions by the difference in ion and electron
motions. With this current the Hall term in Ohm’s law can no longer be ignored.

~E + ~v × ~B =
1

ene
( ~J × ~B) (2.7)

The current generated by the Hall term creates a characteristic quadrupolar magnetic field
and introduces waves into the plasma. These waves are either whistler and/or kinetic Alfvén
waves depending on β. Since both types of waves are dispersive, there will be an outflow
jet created along the X-line. This sets-up the standing MHD shocks that are key to the
Petschek reconnection model.

Evidence of Hall reconnection in space plasmas was first found in the Earth’s magnetotail
by the WIND spacecraft [98]. Figure 2.16 shows the details of the magnetotail geometry
(left, top), the Hall reconnection geometry (left, bottom) and WIND’s in situ measurements
of the reconnection region (right). Earth’s magnetosphere/magnetotail share similarities
with flares; the outer field lines are approximately the same size as flaring loops, there is
a current sheet between the North & South tail lobes and reconnection in the lobes leads
to magnetospheric substorms. Since this observation, Hall reconnection has been measured
in situ by other probes in Earth’s magnetosphere [46] and at Mars [58], and has been
demonstrated in laboratory plasmas [148]. A review of Hall reconnection, its role in space
plasmas and possible application to flares can be found in Lin et al. 2011 [86].

2.5 Particle Acceleration

Magnetic reconnection alone cannot generate the large beams of highly energetic particles
observed in flares. In Sweet-Parker type reconnection the particles can only be accelerated
to a few keV. The diffusion region for Hall/Petschek type geometries is too small to energize
a significant quantity of particles. So while magnetic reconnection is generally accepted as
an integral part of the flare process, it is still unclear what processes are responsible for
efficiently converting the magnetic potential energy into particle kinetic energy.
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sheet midplane, it observed a decrease followed by an increase in y-
component of the magnetic ®eld, By. The amplitudes of these
changes were about 4.5 nT superposed on a background By ®eld of
6 nT. The sense of the ®eld reversal for this spacecraft trajectory is in
precise agreement with the predicted quadrupolar out-of-plane
Hall magnetic ®eld con®guration8,23 (Fig. 1b). Even more convinc-
ing, shortly after the ¯ow reversal Wind twice crossed brie¯y to the
northward side of the neutral sheet, as apparent from the positive
sign of the Bx component, before returning to the southward side.
During the two brief excursions into the northern hemisphere the By

component actually turned negative, as required by the model
shown in Fig. 1b. The observed Hall magnetic ®eld amplitude of
4.5 nT corresponds to about 40% of the total magnetic ®eld
magnitude (about 12 nT), close to the prediction based on a two-
dimensional hybrid simulation18. The presence of nearly symmetric
bipolar By ®eld superposed on a background By ®eld of 6 nT (50% of
the total ®eld) is consistent with theoretical predictions that the
presence of a guide ®eld does not change the quadrupolar Hall ®eld
pattern in a signi®cant way12,24.

In addition to the Hall magnetic ®eld signatures, a low-energy
(,300 eV) electron beam aligned with the magnetic ®eld and
directed towards (implying a current away from) the X-line was
observed just before the ¯ow reversal (Fig. 3). The electron beam
was observed only for a 2-minute interval preceding the ¯ow
reversal when the Bx component was large and negative, which
indicates that the spacecraft was near the boundary between the
plasma sheet and the lobe in the southern hemisphere. The sense of
the electron beam and the con®nement of this beam to the plasma
sheet/lobe boundary are consistent with these electrons being the
Hall current carriers (see Fig. 1b).

A dip in the density was detected just preceding the time of the
¯ow reversal (Fig. 2a). A density depletion along the separatrices9

and at the centre of the diffusion region10,12 has been predicted in
recent simulation models. The observed density depletion (Fig. 2a)
is not centred at the time of the ¯ow reversal and would correspond
more to a dip along the separatrices, although a brief entry into the
lobe is also a possible interpretation.

The length of the ion diffusion region (along the x-axis) is
dif®cult to estimate from single spacecraft observations. If, however,
one assumes the X-line to be stationary in space while the spacecraft
moves at a speed of about 1 km s-1 in the negative x-direction one
obtains a diffusion region length of 1,300 km, or roughly 2 ion skin
depths, for a crossing duration of 21 minutes. The true length is
larger or smaller depending on whether the X-line moved with or
against the spacecraft trajectory.

Waves with power between the lower hybrid resonance and the
ion cyclotron frequency were observed (not shown) throughout the
many hours of observed high-speed jets. The magnetic spectral
energy density was similar inside and outside the diffusion region.
Although these waves could be interpreted as whistlers generated in
the collisionless diffusion region9, we cannot rule out that the waves
could be locally generated by processes outside the diffusion region.

The observations presented here constitute a rare encounter with
an active reconnection diffusion region in the Earth's magnetotail
where Hall effects indicative of collisionless reconnection were
detected. The event was embedded in a 10-hour interval of quasi-
steady reconnection. Evidence for Hall effects has also been reported
outside the diffusion region in highly time-varying reconnection
closer to the Earth19,21 and at the dayside magnetopause22, and
perhaps in the diffusion region in the polar cusp (J. D. Scudder,
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Figure 1 Schematics of magnetic reconnection in the Earth's magnetosphere. a, The

noon±midnight plane of the magnetosphere showing dayside magnetopause and

magnetotail reconnection. In the magnetotail, oppositely directed magnetic ®eld lines in

the northern and southern lobe regions convect towards the low-latitude plasma sheet,

touch each other and reconnect at an X-point or X-line (in the out-of-plane y-direction). In

the process magnetic energy is converted into kinetic energy in the form of bi-directional

plasma jets directed towards and away from the Earth. b, Zoom-in on the region

surrounding the X-line. In the collisionless regime, oppositely directed ®eld lines convect

towards each other from the top and the bottom of the ®gure and reconnect at a distance

of the order of the ion skin depth (de®ned as m=�ne2m0) where m is the mass of the

species, n is the plasma density, e is the charge, and m0 is the permeability in vacuum)

from the X-line. The skin depth in the plasma sheet is about 700 km for ions and 20 km for

electrons. The ion diffusion region is marked by the shaded red area, and the smaller

electron diffusion region is shown as a grey box. In the ion diffusion region, the separation

between ions and electrons at the ion scale creates a system of Hall currents. These in

turn induce a quadrupolar out-of-plane magnetic ®eld pattern8 which was observed by the

Wind spacecraft as it travelled from the Earthward to the tailward side of the X-line.

Electron motion consistent with the Hall current was also detected near the boundary

between lobe and plasma sheet as expected from the schematic. The coordinate system

is de®ned such that x points towards the Sun, z is normal to the current sheet, and

y is directed out of the plane.
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personal communication). Together these observations indicate
that magnetic reconnection in the entire magnetosphere operates
in the collisionless regime at least some, if not most, of the time.

According to theory9±13, reconnection proceeds at a much faster
rate when it is mediated by collisionless rather than resistive effects,
with predicted (dimensionless) collisionless reconnection rates
reaching ,0.2 (refs 9±13). A collisionless reconnection regime in
the Earth's magnetosphere thus implies much higher rates of solar
wind entry than depicted by present-day global numerical simula-
tion models of interactions between the solar wind and magneto-
sphere, which assume resistive reconnection25±27.

The detection of Hall effects in the ion diffusion region implies
the importance of collisionless (non-resistive) effects in reconnec-
tion. But the processes that ultimately cause the electrons to diffuse
from the magnetic ®eld in the much smaller electron diffusion
region remain one of the main unsolved problems in reconnection
research. The identi®cation of electron processes requires high-
resolution measurements capable of resolving electron-scale struc-
tures and dynamics. Such observations could then be used to verify
a recent rather surprising theoretical ®nding, based on two-dimen-
sional reconnection con®gurations, that ion-scale Hall effects ulti-
mately determine the reconnection rate, irrespective of which
electron-scale processes eventually cause the electrons to diffuse
from the magnetic ®eld9±13. M
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Figure 2.16: Panels describing the WIND in situ measurement of Hall reconnection in
Earth’s magnetotail. Left, top: Diagram of the magnetotail showing the X-line and plasma
sheet that the spacecraft flew through. Left, bottom: Diagram of the Hall geometry showing
the different ion and electron diffusion regions and indicating the quadrupolar magnetic
field structure that is a signature of Hall reconnection. To the bottom are indicated the
magnetic field regions that WIND passed through. Right: Plots of density (a), velocity
(b) and magnetic field strength (c-e) as measured by the WIND spacecraft as it passed
through Earth’s magnetotail X-line. The magnetic fields indicated in panel (d) show that
the spacecraft measured the predicted fields in the Hall ion diffusion region and indicates
when it detected a guide field. Plots from Oieroset et al. 2001 [98].
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Only a small fraction of the total energy released during a flare is liberated by the
reconnection process itself. The primary role of reconnection is to change the magnetic
topology of anti-parallel fields into turbulent regions composed of islands or loops, waves
and shocks. The majority of energy release occurs when the turbulent fields relax into more
potential configurations [86]. Particles are accelerated in the process. Good summaries of
observations, candidate particle acceleration mechanisms and acceleration models are found
in Benz 2017 [16], Raymond 2012 [110], Zharkova 2011 [150], Vilmer 2011 [142], Aschwanden
2002 [6] and Miller 2000 [91].

Acceleration Model Challenges

For an X-class flare the typical energy content in the HXR footpoints suggests that elec-
trons need to be accelerated above 20 keV at a rate that can exceed 1037/s [92]. Typical
coronal densities (ρ ∼ 1011/cm3) and loop volumes (V ∼ 1027) give a total available particle
population of N ∼ 1038. For the particle acceleration rate predicted by observations, the
entire acceleration region would be depleted of electrons in ∼10 s. This number problem
poses a significant issue to possible acceleration models. The model needs to include a mech-
anism which replenishes the acceleration region with electrons on fast time scales so that
acceleration can proceed through the duration of the impulsive phase.

Dennis et al. 2011 [40] consider the effects of such a large flow of particles through the
flare loops. They estimate that a current of 1018 A would be generated as the particles flow
from the coronal acceleration region into the chromospheric footpoints. For a flux tube of
radius ∼109 cm, the magnetic field associated with this current would be B ∼ 108 G. Not
only is the size of this field unrealistic, as it is five orders of magnitude larger than the strong
fields above sunspots, but it would have an energy content of 1042 ergs, which is ten orders of
magnitude greater than the energy released during the flare. Considering the self-inductance
of such a current also presents problems, because as Dennis et al. point out, a current of this
size cannot instantaneously appear. The current would generate a self-inductance of L ∼ 10
H, which would require a voltage of V ∼ 1018 V to initiate in 10 s. This is fourteen orders
of magnitude higher than the typical accelerated electron energy.

A cospatial return current has been suggested as a method to overcome the challenges
posed by such large acceleration currents. The return current could neutralize the beaming
effects in the propagation region of the particle path, but is not viable in the acceleration
region because the current would have to flow against the accelerating field. Detailed de-
scriptions of the return current and the status of efforts to utilize it as a solution to coronal
beaming issues is given by Zharkova et al. 2011 [150]. Though progress has been made in
return-current theory and simulation, a complete solution has not been presented that can
account for large-current issues in the acceleration region. The coronal-beaming problems
have discounted models that rely on large-scale electric fields, making coronal acceleration
models that feature stochastic processes more favorable.

A different solution to the number problem comes from Brown et al. 2009 [24] who pro-
pose that re-accelerating particles after they deposit their initial energy in the chromosphere
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would reduce the total number of electrons required. They suggest that small-scale electric
fields could provide a stochastic re-acceleration mechanism in the chromosphere. Siversky &
Zharkova 2009 [124] suggest that particles travel back to the coronal acceleration region for
re-acceleration after losing most of their energy in the chromospheric footpoints. Fletcher &
Hudson 2008 [51] have suggested removing the site of particle acceleration from the corona
altogether as a means to overcome beaming issues in the corona. In this scenario Alfvén
waves propagate from the coronal reconnection site along the loop to the chromospheric
footpoints where they locally accelerate particles.

Acceleration Mechanisms and Models

The possible acceleration mechanisms fall into three broad categories: acceleration by DC
electric fields, shocks and wave resonance. The efficiency of each process varies depending
upon the particle velocities such that it is possible for multiple processes occur at different
stages of acceleration, generating seed populations that input into a second process.

DC Electric Field Acceleration

Particles accelerated by DC electric fields will feel a retarding force from interactions with
other particles along its path, called the Coulomb drag force. The drag force is maximum
when the particle reaches the thermal speed and decreases above this threshold. The Dreicer
field (ED) is the value of the electric field (E) which balances the electric Lorentz force and
the Coulomb drag force. For typical flare parameters ED ∼ 10−4 V/cm [91]. For sub-Dreicer
fields, where E < ED, there is a critical velocity (vc) below which the drag force dominates.
Particles with speeds below vc will be heated and particles with speeds greater than vc will
be accelerated to high energies. For super-Dreicer fields E > ED, acceleration due to the
electric field dominates for all particle velocities and the entire population can be accelerated
to high energies.

A large scale super-Dreicer field could be generated in a reconnecting current sheet. It
would be difficult to keep particles inside the current sheet due to a small magnetic field
component that will act to dispel them through the sides. Miller notes [91] that this could
also be beneficial, serving to replenish the acceleration region with new electrons. These
large-scale fields, however, cannot provide the requisite particle energies as electrons are
likely to escape after they reach ∼100 keV.

Shocks

Shocks are generated by a sudden, non-adiabatic transition, of particle velocities across the
sound speed. In plasmas shocks are formed at the boundary between sub- and super-Alfvénic
speeds. Particles can gain speed by interacting with the electric fields in the shock front,
but must repeatedly interact with shocks to obtain significant acceleration. For randomly
oriented shocks the particles will gain and lose energy stochastically and the net energy
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will be gained as the square of the characteristic velocity, in the process known as second-
order Fermi (or diffusive) acceleration. A converging set of shocks can accelerate particles
systematically and energy will be gained linearly in what is known as first-order Fermi
acceleration. If a particle is systematically redirected across the same shock front multiple
times it will also gain energy proportionally to the characteristic velocity.

Shocks can be efficient accelerators, and have been shown to generate power-law spectra
for simple particle distributions and situations [19]. They are a popularly invoked accelera-
tion mechanism in astrophysics and are used to explain the acceleration and distribution of
cosmic rays measured at Earth [50, 14, 8]. Shocks have been suggested for particle accelera-
tion due to CMEs and have been shown to provide an acceleration mechanism for particles
in the solar wind that generate Type II radio emission [105]. Shocks with orientations that
are favorable for multiple particle crossings have been demonstrated in the Earth’s mag-
netosphere and have been found in numerous areas of astrophysics. Zharkova et al. 2011
[150], however, point to (1) the need for a primary mechanism to generate an energetic seed
population, (2) how simple model differences quickly deviate from power-law distributions,
(3) the need for a guiding field to systematically redirect particles across a shock front and
(4) the little direct evidence for shock fronts at loop tops as key issues for utilizing this shock
scenario in the flare context.

Stochastic acceleration by moving magnetic islands was proposed by Drake et al. 2006
[43] as an efficient means to accelerate particles during reconnection. In this concept a tearing
mode instability in the reconnecting current sheet generates multiple magnetic islands. As
the islands relax they approximate moving magnetic mirrors, accelerating particles through
numerous bounces. Interaction with many such islands accelerates particles to high speeds.
Through numerical simulations this method showed that particles will mirror inside the
magnetic island (figure 2.17, left) and this will cause them to systematically gain energy as
a result (figure 2.17, right). Drake et al. 2009 showed that these systems can also pick-up
thermal ions and accelerate them to Alfvénic speeds, at which point they too can enter the
magnetic islands for higher energy acceleration. This 2D model becomes more complicated
when extended into 3D.

Wave Resonance

Magnetic reconnection will generate an array of plasma waves which can be generated with
a continuous distribution across spatial scales. Particles that travel with the wave’s resonant
velocity will be accelerated or decelerated depending on their phase difference with the wave.
The resonance condition, given below, depends on the wave frequency (ω), the wavevector’s
component that is parallel to the magnetic field (k‖), the particle’s parallel component ve-
locity (v‖), the Lorentz factor (γ), the cyclotron frequency (Ω) and its harmonic (l).

ω − k‖v‖ =
lΩ

γ
(2.8)
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perpendicular direction, and construct an equation for the omni-
directional distribution function F(x,y,v) ; v2f(x,y,v):
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where f(x,y,v) is the particle phase space density, u is the local plasma
velocity,D is the diffusion rate16 and 1� ¼ 31�k. This equation describes
the balance between the Fermi drive and the energy loss associatedwith
convection and diffusion, including the back pressure from energetic
particles. It is similar to thatdescribingparticle acceleration in shocks17.
We solve this equation in theflow geometry shown in Fig. 4a, where the
half-widths of the region of contracting islands are given byDy andDx

in the inflow and outflow directions, respectively. Within the region of
overlapping islands, convection is the dominant loss mechanism and
the energy spectrum can be calculated analytically (see Supplementary
Information):
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where Â ¼ ADx=ð3DyÞ is the normalized Fermi drive, F in is the
upstream value of F and we have ignored the back pressure from the
energetic particles. The distribution function at high energy takes the
form of a power law with an index that depends on the mean aspect
ratio of the individual magnetic islands and the island region through
Â. Numerical solutions to equation (3) for F confirm the power-law
behaviour (Fig. 4b, c). The aspect ratio of the magnetic islands, and
therefore Â and j, remain uncertain. For Â . 0.5 or j , 1.5, the
energy integral of the energetic particles 1� diverges unless the back
pressure of energetic particles is included. Retaining the back pressure,
the energy content of electrons rises until 1� < B2=8p. The back
pressure throttles the Fermi drive and the spectral indexof the energetic
particles can be characterized by the upstream value of the electron
thermal (pe0) to magnetic pressure ratio be0 ¼ 8ppe0/B

2, independent
of Â (Fig. 4c).
The predictions of the model can be compared with several key

observations in the magnetotail. The isotropic spectrum observed
above an energy threshold in the Wind satellite observations4 results
from scattering as particles pass close to X-lines. Particle energies
well in excess of the potential drop across the tail1,2 with dawn–

Figure 1 | Computer simulations of island formation and electron
acceleration during magnetic reconnection. Particle-in-cell simulations
using the p3d code22 are performed in doubly periodic two-dimensional
geometry starting with two Harris current sheets with a peak density of n0

superimposed on an ambient population of uniform density (0.2n0). The
reconnection magnetic field is:

Bx=B0 ¼ tanh½ðy2 Ly=4Þ=w0�2 tanh½ðy2 3Ly=4Þ=w0�2 1

where B0 is the asymptotic magnetic field, w0 ¼ 0.5d i, Lx ¼ 64d i and
Ly ¼ 16d i are the half-width of the initial current sheets and the box size
in the x and y directions. The electron and ion temperatures, respectively
Te/m icA

2 ¼ 1/12 and T i/m icA
2 ¼ 5/12, are initially uniform as is the initial

out-of-plane ‘guide’ field Bz /B0 ¼ 1.0. The ion inertial length is given by
d i ¼ c/qpi with qpi ¼ (4pn0e

2/m i)
1/2 and the Alfvén speed is given by
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1/2. The electron mass me is taken to be 0.01m i and the

velocity of light c ¼ 20cA. The spatial grid consists of 4,096 £ 1,024 cells
with 100 particles per cell in the ambient background. The electron out-of-
plane current j ez is shown at two times: t ¼ 14.0Q ci

21 in a and t ¼ 20.0Q ci
21 in

b, where Q ci ¼ eB0/m ic is the ion cyclotron frequency. The spontaneous
formation and growth of secondary magnetic islands is evident. The
repeated breakup of X-line current layers is typical of guide-field
reconnection where narrow current layers promote secondary island
formation7. The electron temperature parallel to the local magnetic field,
Tek, is shown at t ¼ 20.0Q ci

21 in c. Seen is intense heating around the rims of
the islands, which results from the acceleration of the electrons by parallel
electric fields near the magnetic separatrices8,9, and heating within the
magnetic islands. The localization of the parallel electric field to the vicinity
of the separatrix reduces its importance as an electron accelerator. The
Fermi mechanism dominates when vk exceeds the electron Alfvén speed
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Figure 2 | Test particle orbits and energy gain of Fermi accelerated
electrons. The orbits are computed from the fields of the simulation in
Fig. 1 at a time t ¼ 10.8Q ci

21, just before the formation of secondary islands.
a, The orbit of a particle started at the midplane on the right side of the
upper island x,y ¼ 58.0d i,12.0d i with an initial velocity given by the local
E £ B velocity plus a parallel velocity vk of 10.8cA shown on the background
of E. The particle follows field lines and slowly drifts outward. b, The particle
energy 1 as a function of its x position. The particle gains energy as it reflects
from the ends of the islands, which are moving inwards at the Alfvén speed.
The energy gain therefore results from a classical Fermi reflection. Because
the velocity of energetic electrons greatly exceeds the Alfvén speed, many
reflections are required for electrons to reach high energy. Also evident in a
is the sudden change in the orbit as the island approaches the separatrix—
the gyration radius of the particle abruptly increases as the particle
encounters the sharp kink in the magnetic field line just downstream from
the X-line at x,y ¼ 16d i,12d i. c, The parallel velocity, vk, which increases in
time until t ¼ 20Q ci

21 when the local gyration velocity vL abruptly increases.
The separatrix crossing therefore scatters energy from the parallel into the
perpendicular motion10. The energy gain during the reflection from the
island ends in b can be calculated in a simple model in which By and Bz are
constant and Bx(y) increases away from the centre of the current layer. The
reconnection field Ez and an in-plane electric field Ey ¼ 2EzBz /By are
chosen so that Ek ¼ bzE ¼ 0. For electrons with vk..v’, the change in the
parallel velocity results from the curvature drift in the direction of the
electric field, dvk/dt ¼ cvkEzb £ k/B where k ¼ b zfb. This equation can be
integrated to obtain the increment in the parallel velocity dvk ¼ 22uxBx/B
due to its reflection, where ux ¼ 2cEz/By is the local velocity of the end of
the island and Bx is given by its asymptotic value. The resulting rate of
energy gain is given in equation (1).
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the velocity of energetic electrons greatly exceeds the Alfvén speed, many
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The separatrix crossing therefore scatters energy from the parallel into the
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island ends in b can be calculated in a simple model in which By and Bz are
constant and Bx(y) increases away from the centre of the current layer. The
reconnection field Ez and an in-plane electric field Ey ¼ 2EzBz /By are
chosen so that Ek ¼ bzE ¼ 0. For electrons with vk..v’, the change in the
parallel velocity results from the curvature drift in the direction of the
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the island and Bx is given by its asymptotic value. The resulting rate of
energy gain is given in equation (1).
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Figure 2.17: Simulations for stochastic acceleration of particles inside magnetic islands
inside the reconnection region. Left: Simulated particle trajectory (white curve) showing
how the particle mirrors off either end of the magnetic island. Right: Particle energy (ε) as
a function of its position, showing how energy increases with each mirroring event. Plots
from Drake et al. 2006 [43].

When a particle is in resonance with l = ± 1 (cyclotron resonance), minute changes in
the particle velocity will cause resonance with a different wave and the particle can jump to
the higher (or lower) resonance, having gained (or lost) energy. The net effect of many such
encounters through resonance overlap can lead to substantial energy gains as the particle
climbs up the resonant modes. A turbulent cascade can generate many wave modes sequen-
tially such that different particle populations are accelerated through cyclotron resonance at
different times.

If a particle is in resonance with l = 0 (Landau resonance) it sees a constant electric
field in its reference frame and can be continually accelerated. Particles in this resonance
condition are said to transit-time accelerate, reaching high speeds quickly.

One limitation of the wave resonance model is that the seed population must have fairly
high speeds, exceeding the wave resonance speed. Electron thermal energy in the corona
is typically sufficient to meet this requirement and these species can be immediately accel-
erated by wave resonance. The greater mass of thermal ions, however, imparts them with
lower thermal velocities which do not automatically meet this criterion. This leads authors
to suggest multiple-mode acceleration schemes that pre-accelerate ions out of the thermal
distribution. Miller [91] suggests using Alfvén waves to accelerate ions out of the thermal
distribution and into high energies through cyclotron resonance. Fast-mode waves would
then pick-up and accelerate the ions through Landau resonance to even higher speeds. The
electrons could be immediately accelerated through the fast-mode process. Since the pre-
acceleration of ions would take a non-negligible time to accomplish, Emslie et al. 2004 [47]
pointed out that the time difference in the Miller model could possibly explain the spatial
discrepancy between the electron and ion footpoint locations observed by Hurford et al. 2003
[66] & 2006 [67] (described in section 2.7).
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Fig. 1.1 RHESSI measurement of the energy spectrum of SOL2002-07-23 (X4.8)from 3 keV to 10 MeV. At
energies below∼30 keV, the emission is dominated by thermal plasmas with temperatures up to∼40 MK,
while accelerated electrons produce the spectrum detectedabove∼30 keV. Narrow and broadγ-ray line
emissions produced by accelerated ions are observed from∼0.5 MeV to∼8 MeV (blue line). In the hard
X-ray range, the red line shows the thermal component, and the magenta line the HXR power-law component
(with cutoff).

,

dressed here are: How much energy is contained in the flare-accelerated electrons and ions?
Where and how are the electrons and ions accelerated? Where and how is the energy re-
leased? What is the relationship of particle acceleration in flares related to the impulsive
SEP events observed in the interplanetary medium? How are large flares related to fast
CMEs and the acceleration of SEPs in large gradual events? Finally, we then discuss future
research directions and prospects.

2 Flare Acceleration of Electrons

2.1 The electron spectrum

As discussed in Kontar et al. (2011), the observed flare HXR emission depends on the source
electron spectrum, convolved with the bremsstrahlung cross-section, multiplied by the am-
bient density, and integrated over the line of sight. In the past, typically a source electron
spectral shape was assumed, and then forward-fit to the HXR observations. Johns & Lin
(1992) showed that the HXR continuum measurements can be directly deconvolved in a
model-independent way to obtain the source electron spectrum (but crucially dependent on

Figure 2.18: A HXR/gamma-ray spectrum from 3 keV to 10 MeV for the X4.8 flare on
2002 July 23, from RHESSI observations. Shown in color are the model fits to the thermal
(red) & non-thermal (magneta) electron bremsstrahlung and gamma-ray line emission from
accelerated ions (blue). The emission <30 keV is primarily due to thermal plasmas at ∼40
MK, and the spectrum >30 keV is a broken powerlaw dominated by accelerated electrons.
Plot from Lin et al. 2011 [86].

2.6 The High-Energy Flare Spectrum

The HXR/gamma-ray flare spectrum is rich with information from a diversity of particle
interaction processes that provide useful constraints on electron and ion populations. The
spectral features typically observed in the HXR/gamma-ray energy range are shown in figure
2.18 (black) for an X4.8 flare that occurred on 2002 July 23. Plotted in color are model fits
to the thermal Bremsstrahlung generated by ∼40 MK plasma (red), a broken-power law
distribution created by non-thermal electrons (magenta) and a forest of lines (blue) that
represent the summed contributions of narrow and broad lines from accelerated ions, an
electron-positron annihilation line at 511 keV and the neutron capture line at 2.2 MeV.
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Fig. 3 RHESSI gamma-ray spectrum from the 2002 July 23 event showing the contributions of different line
and continuum processes to the total (Lin et al. 2003)

(2011). Most recently, energetic neutral atoms produced by charge transfer between ener-
getic ions and coronal ions have been reported by Mewaldt et al. (2009). Shih et al. (2009)
find a roughly linear correlation between gamma rays from neutron capture and very hard,
>0.3 MeV, X-rays from electron bremsstrahlung, which implies a strong correlation be-
tween electron and proton acceleration at very high energies, although with large dispersion
(Fig. 4).

Observed spectra and isotopic abundance ratios of SEPs are another signature of ac-
celeration in flares. SEPs show varied spectra and a large range of isotopic enhancement
particularly for 3He and ions heavier than CNO. In the case of He the observed 3He/4He flu-
ence ratio extends from the photospheric value to several thousand times higher, with more
enriched events being weaker and more impulsive (Mason et al. 2002a, 2002b; Reames
et al. 1994, 1997; Ho et al. 2005). As discussed below, SEPs may undergo acceleration
both at the coronal acceleration site (impulsive flares) and again at the CME shock (gradual
flares).

A potentially valuable signature of energetic ion precipitation in the chromosphere would
be broad, red-shifted wings on the Lyα or He II λ 30.4 nm lines (Orrall and Zirker 1976;
Peter et al. 1990). These could arise through recombination or charge transfer onto fast ions,
and through collisional excitation of the recombined ions. However, such wings have not
yet been detected (Hudson et al. 2012). Likewise, wings should appear on some soft X-ray
lines, but none have yet been reported (Raymond 2012). Such signatures would be valuable
indicators of the amount of energy carried by ions below a few MeV, which would dominate
the ion energy if the spectrum is steep, but which cannot be observed by means of gamma-
rays.

Figure 2.19: Gamma-ray model fits to the 2002 July 23 flare. Plot from Lin et al. 2003 [87].

The photon spectrum is generated by particles as they lose energy. Since this physics is
well-understood the photon spectrum can be fit with a variety of models that describe the
deceleration processes, and its these model fits which give information about the original
particle distributions. Assumptions, such as the level of collisionality of the interaction (tar-
get) region, enter into the models and can have significant effects on the predicted photon
spectrum. A thin-target model interaction region has so little density that collisional energy
loss can be ignored. In the thick-target case, however, the collisions are so frequent that an
accelerated particle is assumed to lose all of its non-thermal energy through collisions. An-
other assumption that can significantly alter the predicted spectrum is the optical thickness,
which is used to scale the quantity of photons observed to the quantity actually produced.
Recent reviews that give the details of observations and how they can be interpreted by
electron and ion emission are given by Raymond et al. 2012 [110], Fletcher et al. 2011 [52],
Holman et al. 2011 [63] and Vilmer et al. 2011 [142].
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Electron Spectrum

Bremsstrahlung emission from thermal and non-thermal electrons are the primary features
of the HXR/gamma-ray spectrum, giving it the overall smooth shape. A photon is produced
when a charged particle decelerates and is diverted by the Coulomb field of another charged
particle. The biggest contribution comes from electron-ion interactions, though electron-
electron emission could be important at relativistic energies [75].

The efficiency of the bremsstrahlung emission is heavily dependent upon the ambient
medium. The flare loop is usually modeled as a thin-target where there is relatively little
HXR/gamma-ray emission and as a thick-target in the denser chromosphere where the ma-
jority of emission in this energy range appears in brightly localized footpoints (figure 2.12,
panel a). A third HXR component above the loop top is also observed in many flares when
their comparatively brighter footpoints are behind the solar limb (figure 2.12, panel b) or
appear later in the flare (figure 2.12, panel c) when the footpoint intensity has decreased.
The spectral distribution of the loop-top source is flatter than the spectrum in the footpoint
sources, indicating that higher-energy electrons are possibly staying trapped in the loop top
while the lower-energy electrons precipitate towards the footpoints earlier.

The thermal bremsstrahlung component is modeled as a Maxwellian and the non-thermal
component is frequently observed as a broken power law whose spectral index changes in
the range of 600 – 900 keV. In theory the electron distribution could be determined in a
model independent way, by inversion of the bremsstrahlung spectrum [23]. The method
relies on the fact that a bremsstrahlung photon can only be produced by an electron of equal
or greater energy. The spectrum is then determined by starting with the highest observed
emission and working towards the lower-energy end of the spectrum. This method, however,
is limited by counting statistics.

The >30 keV spectral shape motivates modeling the population of non-thermal electrons
as a broken power-law, which rolls over to higher-energies at 10s of keV [110]. Holman
et al. 2011 [63] suggest that the break could result from a diverse range of possibilities,
such as non-uniform ionization in the target region, effects due to the return current or the
acceleration process itself. Kontar et al. 2007 [75] showed that by considering the electron-
electron bremsstrahlung component for relativistic electrons, it is possible to generate a
broken-power-law photon spectrum from a single-power-law electron distribution.

If the population of non-thermal electrons is beamed, as it is thought to be in the standard
flare scenario, then its emission will be polarized. Scattering of lower-energy electrons will
reduce the measurements of bulk polarization, but the relativistic electrons which create
gamma-ray bremsstrahlung should have a stronger polarization signature. Polarization could
provide a powerful diagnostic for determining the beaming properties of electrons in the
coronal loops, which would help to validate the coronal acceleration region assumption of
the standard flare scenario and constrain the particle acceleration mechanisms discussed in
section 2.5. Though RHESSI was not designed for polarization measurements, there has been
some progress in using the different detectors to infer HXR polarization through Compton
scattering. Boggs et al. 2006 [20] and Suarez-Garcia et al. 2006 [132] report marginal
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distribution determined for the 2002 July 23 flare, which corre-
sponds to a broken power law with an index break from 2.77 to
2.23 at 617 keV (Smith et al. 2003). We verified that this mod-
ulation factor does not significantly change for pure power-law
spectra with spectral indices ranging between 2 and 3, which
encompasses our broken power-law spectrum. We performed the
same data cuts on the simulated interactions that we performed
on the real interactions. By simulating 100% polarized photons,
we can measure the modulation factor directly from the simu-
lated ASAD, shown in Figure 8, to derive �m ¼ 0:32 � 0:03.
We verified the results of this Monte Carlo simulation by using
MGEANT without the polarization package and kept track of
the modulation factor for each individual scatter event, taking
into account whether a photon first scattered in a front segment.
This semianalytical approach yielded an estimate of�m ¼ 0:33 �
0:01, in agreement with the more detailed simulations.

4.7. Results

At this point we have three ASADs for each flare: the raw
flare ASAD, the chance-coincidence ASAD, and the average-
backgroundASAD.We subtracted the chance-coincidenceASAD
and the average of the two backgroundASADs (scaled by the scat-
ter live times) from the raw flare ASAD. This produces the resid-
ual flare ASADs for the flare photons alone, which are shown in
Figure 9.

For the two residual background-subtracted flare ASADs,
we can now search for significant modulations corresponding to
180

�
periods. For each distribution, we fit a function of the form

of equation (2) to determine the amplitude of the potential mod-
ulated component. Correcting for the modulation factor, we can
determine the intrinsic polarization fraction for the �-ray photons
from these two solar flares. In addition, we compare the modu-
lation fit to unpolarized distributions to determine the signifi-
cance of the measured signals.

4.7.1. 2002 July 23

Figure 9a shows the best-fit modulation curve to the 2002
July 23 flare scatter angle distribution. For this choice of binning,
the amplitude of themodulation component is 19 � 8,with a 2.4�
significance. The average is 277 � 10, with the uncertainty dom-
inated by the systematic uncertainty in the background level dur-
ing the flare. The ratio of these two yields the polarization of the
incident flare �-rays multiplied by the instrumental modulation

factor. For this flare, �m�s ¼ 0:069 � 0:029, the uncertainty
of which includes the fact that the polarization direction is not
known a priori. In order to determine the significance of this
modulation, we performed a simple Monte Carlo simulation as-
suming an unpolarized (flat) distribution and the average mea-
sured uncertainty to determine how often we would randomly
fit a modulation of this amplitude for an unpolarized source.
Given our measurement uncertainties, the chance probability of
fitting a modulation of this amplitude is 7.7%.
The minimum in the modulation curve corresponds to a di-

rection of the polarization vector of � ¼ 78� � 13� (north of east).
Projected onto the solar disk (Fig. 10), this polarization vector is
perpendicular (within its uncertainty) to the direction from the
disk center toward the solar flare, which corresponds to a positive
polarization by convention.
Correcting for the modulation factor, the fractional linear

polarization for this flare is�s ¼ 0:21 � 0:09 in the 0.2–1 MeV
band. (The average measured photon energy over this band is
0.45 MeV.) For comparison, in Figure 9a we have plotted the
modulation level for a 100% polarized signal. While our abso-
lute detection is at the marginal 2.4 � level, we are still strongly
constraining the polarization level of this flare. At the 99% con-
fidence level (3 �), we constrain this polarization to lie within the
range �6% to +48%.

4.7.2. 2003 October 28

Figure 9b shows the best-fit modulation curve to the 2003
October 28 flare scatter angle distribution. The amplitude of the
modulation component is 24 � 12, with a 2.0 � significance.
The flat background is 685 � 51, with the uncertainty once again
dominated by the systematic uncertainty in the background level
during the flare. The ratio for this flare yields �m�s ¼ 0:035 �
0:018. For our measurement uncertainties, the chance proba-
bility of fitting a modulation of this amplitude is 14%.

Fig. 8.—Simulated ASAD for 100% polarized solar photons in the 0.2–
1 MeV range, assuming an input spectrum of the form measured for the 2002
July 23 flare (x 4.6). The modulation on this distribution corresponds to an in-
strumental modulation factor for RHESSI of �m ¼ 0:32 � 0:03.

Fig. 9.—The 0.2–1 MeV background-subtracted ASADs for the 2002 July
23 flare (top) and the 2003 October 28 flare (bottom). Shown for comparison are
the best-fit modulation (solid line) and the expected modulation for both un-
polarized photons (dotted line) and 100% polarized photons (dashed line).

BOGGS, COBURN, & KALEMCI1136 Vol. 638

2.1. RHESSI Spectrometer

The heart of the RHESSI instrument is the array of nine coax-
ial germanium detectors with 7.1 cm diameter and 8.5 cm height
each (Smith et al. 2002). The detectors are arranged in the spec-
trometer as shown in Figure 1. RHESSI performs its imaging by
photon timing, not positioning, so there is no spatial information
for interactions within a detector segment—just energy and tim-
ing information. The detectors are designed to be electrically
‘‘segmented’’ into two monolithic sections, so that the front seg-
ments (�1.5 cm thickness) perform as separate detectors, with
separate electronics, from the rear segments (�7.0 cm thick).
RHESSI detectors are segmented in order to optimize perfor-
mance over its broad energy band: solar X-ray and hard X-ray
photons (<100 keV)will preferentially stop in the ‘‘fronts,’’ while
�-rays (>100 keV) will preferentially interact in the ‘‘rears.’’
Given the overwhelming X-ray and hard X-ray fluxes from large
flares, the fronts both measure the low energy emission as well as
shield the rears from these overwhelming count rates, for minimal
dead time to the �-ray emission. Detector 2 initially failed to seg-
ment after the launch of RHESSI and therefore acts as a single
detector covering the whole front and rear volume at the times of
these observations. The fronts have a typical threshold of 2.7 keV
and a spectral resolution of roughly 1 keVat 94keV. The rears have
a typical threshold of 20 keVand a spectral resolution of 3 keV
at 1.117 MeV. When an interaction occurs in a rear segment,
there is a dead time of 8–9 �s before another interaction can be
measured in the same rear.

For our solar flare polarization analysis, we are using only the
rears in order to avoid the overwhelming flux in the fronts. When
including the front segments during these flares, our live time
to real scatter events goes nearly to zero, and our coincidence
events are dominated by chance coincidences. In this analysis
the fronts are treated effectively as passive material. For these

same reasons, we exclude detector 2 from this analysis. Our po-
larization analysis uses the rear segments of detectors 1, 3, 4, 5, 6,
7, 8, and 9. In order to maximize the signal-to-noise ratio, we
include only scatters that occur between adjacent detector pairs,
since these will dominate the real scatter events and minimize
chance coincidences. The possible scatter paths included in our
analysis are sketched in Figure 1.

2.2. RHESSI Data

RHESSI sends down data for each individual interaction in its
detectors (‘‘photon-mode’’). Here we are careful to differentiate
‘‘interactions’’ from ‘‘photons.’’ For most events in the RHESSI
instrument these are one and the same. We are interested, how-
ever, in the subset of photon events that have interactions in mul-
tiple detectors. We have tried to be consistent here in our use of
these two terms. For each interaction, there are three primary
pieces of information: interaction time, interaction energy, and
detector segment identification. Each interaction is tagged with
a time resolution of 1 ‘‘binary microsecond’’ (1 b�s ¼ 2�20 s)
and �0.3 keV energy sampling.
RHESSI does not have detector-detector coincidence elec-

tronics, so coincidences have to be determined by comparing the
times of individual interactions. Whether any given interaction
is a photon that interacted in a single detector or is part of a co-
incident photon scattering event must be determined by analysis
of the interaction times. Between the rear segments we use in this
analysis, we require coincidences to have �t ¼ 0 b�s (i.e.,
within one RHESSI time resolution unit). This criterion is dis-
cussed in detail below.
RHESSI often enters a ‘‘decimation’’ mode, where only a frac-

tion of the events in the rears will be stored for energies below
�380 keV, typically 1

6
to 1

4
, which is designed to save on-board

memory during periods of high background. This decimation
mode can significantly complicate polarization analysis (Wigger
et al. 2004), sowe have chosen only flare periods and background
periods when RHESSI was not decimating in the rears.

2.3. RHESSI �-Ray Polarimetry

RHESSI is not designed to be a Compton �-ray polarimeter;
however, several aspects of its design make it sensitive to polar-
ization. In the �-ray range of 0.15–10MeV, the dominant photon
interaction in the RHESSI detectors is Compton scattering—yet
most photons are eventually photoabsorbed in the same detec-
tor in which they initially scattered. A small fraction of incident
photons will undergo a single scatter in one detector before being
scattered and/or photoabsorbed in a second separate detector.
These scattered-photon events are sensitive to the incident �-ray
polarization, since linearly polarized �-rays preferentially scatter
in azimuthal directions perpendicular to their polarization vec-
tor. In RHESSI, this scattering property can be used to measure
the intrinsic polarization of solar flares.
The sensitivity of a Compton polarimeter is determined by

its effective area to scatter events and the average value of the
polarimetric modulation factor �, which is the maximum vari-
ation in azimuthal scattering probability for polarized photons
(Novick 1975; Lei et al. 1997). This factor is given by

�(�;E�) ¼
d�? � d�k

d�? þ d�k
; ð1Þ

where d�? and d�k are the Klein-Nishina differential cross sec-
tions for Compton scattering perpendicular and parallel to the
polarization direction, respectively, which is a function of the

Fig. 1.—Configuration of the nine RHESSI detectors in the plane of the spec-
trometer as viewed from the front of the spacecraft, which rotates in the direction
indicated with a 4 s period. The dashed lines represent detector-detector coinci-
dence paths among the neighboring rear segments used in this analysis. Detector 2
was not used (see text).

BOGGS, COBURN, & KALEMCI1130 Vol. 638

Figure 2.20: Left: Gamma-ray polarimetry measurements from the 2002 July 23 and 2003
October 28 flares. The best-fit modulation curve is plotted as a solid line and the 100%
modulation curve is plotted as a dashed line for comparison. Polarization was found in
both flares at levels of 21%±9% and -11%±5%, respectively. Right: Diagram showing the
detector-to-detector Compton scatter tracks that were used for analysis. Figures from Boggs
et al. 2006 [20].

polarization detections with RHESSI. Figure 2.20 (left) shows gamma-ray polarimetry results
from the 2002 July 23 and 2003 October 28 flares from the Boggs study. The best-fit
modulation curve is plotted as a solid line and the 100% modulation curve is plotted as a
dashed line for comparison. The results from both studies indicate that an instrument with
explicit polarization capabilities could have the potential of providing a well-constrained
observation that can be used in field topology and acceleration models.

Ion Spectrum

The richness of the gamma-ray spectrum comes from the diverse interactions of accelerated
ions as they generate lines through nuclear de-excitation, neutron capture and positron-
annihilation. The overall contribution of ion-associated emission is shown as a blue trace
in figure 2.18 and the individual components are plotted in figure 2.19. Information about
the abundances of ambient and accelerated ions, and their energy spectrum can be inferred
from the model fits. Detailed descriptions of the ion-interaction mechanisms can be found
in Ramaty & Murphy 1987 [108] and Ramaty et al. 1979 [106], recent reviews of flare ion
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Fig. 2.12 RHESSIbackground-subtracted count spectra for SOL2002-07-23T00:35 (X4.8). Each panel is
labeled with the element primarily responsible for the lineshown. The carbon and oxygen lines also show the
secondary peak from the escape of a 511 keV positron-annihilation photon, which also contains information
on the line shape. The thick curve shown in each panel is the Gaussian fit with a redshift of respectively
0.11% for the Fe line, 0.40% for the Mg line, 0.32% for the Ne line, 0.12% for the Si line, 0.79% for the
C line and 0.58% for the O line plus the underlying bremsstrahlung continuum and broad lines, convolved
with the instrument response. The thinner line is the same fitforced to zero redshift for comparison. The error
bars are oneσ from Poisson statistics (from Smith et al. 2003).

40◦ tilt suggested by Smith et al. (2003) would imply blueshifted lines from the west limb.
The two flares studied both display (statistically weak) evidence for redshifts, but none for
blueshifts. Thus it appears that both flares plus SOL2002-07-23T00:35 (X4.8) involve field
lines oriented predominantly away from the observer, but that there is no evidence so far for
a systematic tilt in any preferred sense (Figure 2.13). The small number of flares renders this
study preliminary. At the heart of the interpretation is a picture of unidirectional field lines,
either normal to the solar surface or all tilted at a single angle to the vertical, instructive but
very simple. Majorγ-ray flares originate from complex active regions and will undoubtedly
involve a broad distribution of magnetic field directions.

2.4 Narrow lines and ion energy distribution

Since the first detection of solarγ-ray lines in 1972, many solarγ-ray line flares have been
observed with detectors aboardSMM, Hinotori, GRANAT, CGROandYohkoh. The analysis
of these observations have led to quantitative analysis formore than 20γ-ray line events.
Apart from information on the solar atmospheric elemental abundances which have been
deduced from the analysis of narrowγ-ray lines (see previous sections), energy spectra of
protons have been deduced for 19SMM/GRS flares (Share & Murphy 1995; Ramaty et al.
1995) and for oneCGRO/OSSE flare (Murphy et al. 1997). Each line is characterized by
energy-dependent cross-sections for excitation by protons and byα particles. Thus the mea-
sured fluence in each line provides a sum of energy-weighted measures of the numbers of
protons andαs (e.g., Ramaty 1986), above the lesser of the threshold energies for proton

Figure 2.21: The first spectrally resolved gamma-ray lines from a solar flare. These panels
show RHESSI count spectra (crosses whose width denote binning and heights are 1 σ mea-
surement error) for the 2002 July 23 X4.8 flare. A second peak is visible in the carbon and
oxygen panels, its due to escape of a 511 keV annihilation photon (described in chapter 3).
The lines are fit with a redshifted Gaussian plus bremsstrahlung and broad line contributions
(thick line), the non-redshifted line is shown (thin line) for comparison. Plots from Smith et
al. 2003 [127].

interactions and their modeling efforts in the RHESSI era are given by Vilmer et al. 2011
[142] and Share & Murphy 2006 [117].

Flares can accelerate ions to GeV energies. In situ measurement of SEPs at earth show a
power-law distribution with multiple segments with different spectral indexes. Motivated by
these SEP observations and the well-observed power law distribution of energetic electrons,
the accelerated-ion spectrum is also modeled as a power law. The ion spectral index is
inferred by taking ratios of gamma-ray lines that have different threshold energies.

Nuclear De-Excitation Lines

Nuclei can be excited in a variety of processes that result in the emission of a characteristic
gamma-ray upon de-excitation. Excitation processes include inelastic collisions, nuclear
fragmentation and fusion reactions. The gamma-ray energy depends on the specific element
and its level of excitation. Excitation lifetimes are short, typically ∼10−12 s, and these
lines are appropriately termed prompt emission lines. Since the de-excitation time is short



CHAPTER 2. THE SUN AND SOLAR FLARES 35

compared to thermalization timescales the excited nucleus is likely to be still moving when
it relaxes, resulting in Doppler shifts of the line energy.

The shapes and centroids of observed lines contain a wealth of information that can
be used to understand the parameter space of accelerated and ambient abundances. The
theoretical line width for de-excitation of a thermal nuclei is ∼100 eV for MeV de-excitation
lines. The observed line width (in the absence of detector effects) will depend on the nuclei’s
recoil and thermal velocities; typical values are ∼100 keV. A randomly distributed ensemble
of particles will have a Doppler-broadened line and the width of that line can be used to infer
information about the particle interactions. The collision of energetic light nuclei on heavier
particles will impart relatively little velocity to the heavy nuclei, resulting in a narrowly
broadened line. This so-called direct reaction has typical line widths that are ∼1 – 2% of
the de-excitation photon energy. Broad lines result from the inverse scenario, wherein heavy
particles collide with lighter particles in an indirect reaction. In this case more energy is
imparted to the excited nuclei, and their Doppler-broadened widths can be as much as ∼20%
of the line energy.

The first spectrally resolved observation of prompt nuclear de-excitation lines came from
RHESSI in the 2002 July 23 flare. The lines and their model fits are shown for iron, magne-
sium, neon, silicon, carbon and oxygen in figure 2.21. The fit redshifts suggest a population
of accelerated particles that are not traveling radially inward, towards the solar surface. The
redshifts decrease with increasing mass, indicating that they are traveling away from the
observer and are consistent with loops that are tilted towards the Earth by ∼40◦ [127]. The
model fit used for the neon de-excitation line at 1634 keV is shown in figure 2.22. The
combined model profile is generated by considering the separate contributions of accelerated
protons and accelerated α particles, providing a constraint on their accelerated ratio.

Neutron Capture Line

The neutron capture line is the thinnest and most prominent gamma-ray line. Particles
with energies ∼20 MeV/nucleon create neutrons in nuclear-fragmentation interactions. The
energetic neutrons travel deep into the solar atmosphere before thermalizing in the high-
density photosphere. After losing sufficient energy the neutrons are captured by either
photospheric helium-3 or hydrogen. Capture by hydrogen results in the formation of a
deuteron and the release of a 2.223 MeV photon. Capture by helium-3, however, does not
result in a measurable spectral signature. Since the neutrons have thermalized, the line is
Doppler-broadened by thermal velocity only, resulting in a very narrow line. Thermalization
delays this line emission by ∼100 s relative to the prompt nuclear de-excitation lines. The
photosphere is slightly opaque to gamma-rays and this must be accounted for in 2.223 MeV
photon-to-neutron model fits.
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due to the larger mass of the alpha particle, and will also be less redshifted (Figure 3.1).  

Thus, the shape and centroids of the de-excitation lines can be related to the angular 

distribution of ions, and correspondingly, the magnetic field direction (see section 4.4.1 

for observations). 

 

 

Figure 3.1 — Combined line profile (solid) for the direct proton-induced (dashed) and 

alpha-induced (dot-dashed) neon de-excitation lines at 1634 keV (vertical line), for a 

downward-isotropic angular distribution tilted by 30° and an alpha/proton ratio of 0.5 

(Smith et al. 2003).  Note that the alpha-induced line is broader and more redshifted 

compared to the proton-induced line. 

 

In inverse reactions, the excited nuclei have much larger velocities since the 

heavy nuclei were initially energetic, and the Doppler broadening is much more 

Figure 2.22: Neon 1634 keV de-excitation line model for a downward-isotropic angular
distribution of accelerated protons and α particles propagating in 30◦ tilt. The solid line
shows the combined contributions of a narrow proton-induced (dashed) line and a broader
and more heavily redshifted α-induced line (dash-dot) in an α/proton ratio of 0.5. The
vertical line marks the de-excitation line for neon at rest. Plot from Smith et al. 2003 [127].

Positron-Electron Annihilation Line

Positrons are created in particle collisions that result in radioactive nuclei and pions. Ener-
getic positrons lose energy through bremsstrahlung and particle collisions before eventually
annihilating with ambient electrons. Annihilation can be direct, where the positron and elec-
tron immediately annihilate into two 511 keV photons. Or, the electron and positron can
become bound together to form the exotic atom positronium. Positronium is unstable and
the two particles will eventually annihilate by creation of two 511 keV or three gamma-rays
(in a continuum up to 511 keV) depending on the spin state.

Ambient plasma temperature, ionization state, composition and density can affect the
positron-electron annihilation channel. Spectral fits to the 511 keV line can constrain these
atmospheric parameters. Figure 2.23 shows the 511 keV line for the 2003 Oct 28 flare in
two time intervals, illustrating how the interaction region changes over the course of the
flare [119]. A continuum component from orthopositronium and from Compton scattering
is visible in the first time interval, indicating that the ambient hydrogen density was greater
than ∼1014 /cm3. The line broadness during this interval (∼5 – 8 keV) is consistent with
annihilations in ionized medium at temperatures >105 K. In 2 minutes the line abruptly
narrows to ∼1 keV, indicating a density of >1015 /cm3 with a temperature <104 K. The
sudden narrowing of the 511 keV line suggests that the annihilation region can be heated to
transition-region temperatures and then suddenly cool, while maintaining high ionization.
Adding to the mystery is that no significant changes occurred in the bremsstrahlung, nuclear
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Fig. 3.—Count spectra of the solar 511 keV annihilation line (instrumentally
broadened) derived by subtracting bremsstrahlung and nuclear contributions
during the October 28 flare when the solar line was broad (11:06–11:16 UT)
and narrow (11:18–11:30 UT). The solid curve is the best-fitting model that
includes a Gaussian line and positronium continuum.

Fig. 4.—Expanded plot of a fit to the background-subtracted count spectrum
from 11:06–11:10 UT on October 28 after removing bremsstrahlung and nu-
clear line contributions. Individual components are plotted separately and in-
clude the fit to thea-4He line complex (dotted line), fit to the solar annihilation
line (dashed line), and fit to the 3g positronium continuum (solid line; Compton
scattering of the 511 keV line under 5–7 g cm�2 of H produces a similar
continuum; see text). Excess counts1520 keV are from pulse pile-up.

Fig. 5.—RHESSI measurements of the ratio vs. 511 keV line width3g/2g
(statistical and instrumental uncertainties added in quadrature) for three flares.
Time intervals for the October 28 flare measurements are: (a) 11:06:20–11:
08:20, (b) 11:08:20–11:10:20, (c) 11:10:20–11:16:20, (d) 11:16:20–11:18:20,
and (e) 11:18:20–11:30:20 UT. The November 2 measurement was made be-
tween 17:16 and 17:26 UT, when the line was broad. The data point when the
line was narrow is consistent with point e. The July 23 measurement was
integrated over the entire flare. The temperature scale and curves showing the
calculated ratio vs. 511 keV line width for different densities are for a3g/2g
fully ionized medium. Measured ratios only provide lower limits on3g/2g
densities, because of possible contributions from Compton scattering (see text).

fluxes, suggesting that the width is not directly related to the
impact of relativistic electrons and ions. Beginning at 11:16 UT,
the line narrowed strikingly; the mean width from 11:18 to
11:30 UT was keV. Nothing unusual was observed0.65� 0.65
in the time histories of the bremsstrahlung, nuclear, and an-
nihilation line fluxes when the line narrowed. The annihilation
line was also broad during the first 10 minutes of the November
2 flare, with no significant evidence for variability or correlation
with the bremsstrahlung and line fluxes. The mean width was

keV FWHM, which is narrower than that observed4.8� 0.5
on October 28. However, between 17:26 and 17:28 UT, the
width decreased to keV, a value that is close to 3j0.5� 1.6
below the mean width measured earlier.

In Figure 3 we plot the October 28 count spectra between 500
and 520 keV that was accumulated from 11:06 to 11:16 UT,
when the annihilation line was broad, and from 11:18 to 11:30
UT, when it was narrow. The spectra were obtained by subtract-
ing the best-fitting bremsstrahlung and nuclear contributions. The
∼1 keV line width late in the flare is the narrowest measured
by theRHESSI spectrometer in space. The curves are the best
fits to the data, using a Gaussian line and positronium contin-
uum. As shown in the third panel of Figure 1, the flux in this
continuum fell rapidly within the first 4 minutes. The time-
averaged flux in the continuum during the November 2 flare
was consistent with zero. In Figure 4 we plot an expanded view
of the background-corrected count spectrum that reveals the
continuum as a step function below the annihilation line during
the first 4 minutes of the October 28RHESSI observation. The
solid line is a fit using the expected positronium-continuum
spectrum. Another significant component in the spectrum is the
7Li- 7Be line complex formed in the fusion of flare-accelerated
a particles with ambient4He (Kozlovsky & Ramaty 1974;
Share et al. 2003b). We fit this complex (dotted line) with a
model, assuming a downward isotropic distribution of accel-
erated particles at the heliocentric angle of 30�. A fully isotropic
particle distribution produces a broader line complex that re-
duces the measured flux in the positronium continuum. Since
both angular distributions provide acceptable fits to these and
earlierRHESSI andSMM a-4He line data (Share et al. 2003b),
we averaged the derived positronium fluxes and increased their
uncertainties.

3. DISCUSSION

We summarize theRHESSI annihilation line and continuum
observations for the 2002 July 23, 2003 October 28, and 2003
November 2 flares in Figure 5, where we plot the inferred
3g/2g ratios and FWHM Gaussian line widths. The scale at the
top of the figure gives the temperature, assuming the line is
thermally broadened (Crannell et al. 1976), and the dashed curves
indicate the calculated 3g/2g ratio as a function of density
(H cm�3) for fully ionized H. The July 23 average width was
the broadest of the three flares. Because its measured 3g/2g ratio
was highly uncertain, we were not able to exclude the possibility

No. 2, 2004 SOLAR ANNIHILATION RADIATION L171

Fig. 3.—Count spectra of the solar 511 keV annihilation line (instrumentally
broadened) derived by subtracting bremsstrahlung and nuclear contributions
during the October 28 flare when the solar line was broad (11:06–11:16 UT)
and narrow (11:18–11:30 UT). The solid curve is the best-fitting model that
includes a Gaussian line and positronium continuum.

Fig. 4.—Expanded plot of a fit to the background-subtracted count spectrum
from 11:06–11:10 UT on October 28 after removing bremsstrahlung and nu-
clear line contributions. Individual components are plotted separately and in-
clude the fit to thea-4He line complex (dotted line), fit to the solar annihilation
line (dashed line), and fit to the 3g positronium continuum (solid line; Compton
scattering of the 511 keV line under 5–7 g cm�2 of H produces a similar
continuum; see text). Excess counts1520 keV are from pulse pile-up.

Fig. 5.—RHESSI measurements of the ratio vs. 511 keV line width3g/2g
(statistical and instrumental uncertainties added in quadrature) for three flares.
Time intervals for the October 28 flare measurements are: (a) 11:06:20–11:
08:20, (b) 11:08:20–11:10:20, (c) 11:10:20–11:16:20, (d) 11:16:20–11:18:20,
and (e) 11:18:20–11:30:20 UT. The November 2 measurement was made be-
tween 17:16 and 17:26 UT, when the line was broad. The data point when the
line was narrow is consistent with point e. The July 23 measurement was
integrated over the entire flare. The temperature scale and curves showing the
calculated ratio vs. 511 keV line width for different densities are for a3g/2g
fully ionized medium. Measured ratios only provide lower limits on3g/2g
densities, because of possible contributions from Compton scattering (see text).

fluxes, suggesting that the width is not directly related to the
impact of relativistic electrons and ions. Beginning at 11:16 UT,
the line narrowed strikingly; the mean width from 11:18 to
11:30 UT was keV. Nothing unusual was observed0.65� 0.65
in the time histories of the bremsstrahlung, nuclear, and an-
nihilation line fluxes when the line narrowed. The annihilation
line was also broad during the first 10 minutes of the November
2 flare, with no significant evidence for variability or correlation
with the bremsstrahlung and line fluxes. The mean width was

keV FWHM, which is narrower than that observed4.8� 0.5
on October 28. However, between 17:26 and 17:28 UT, the
width decreased to keV, a value that is close to 3j0.5� 1.6
below the mean width measured earlier.

In Figure 3 we plot the October 28 count spectra between 500
and 520 keV that was accumulated from 11:06 to 11:16 UT,
when the annihilation line was broad, and from 11:18 to 11:30
UT, when it was narrow. The spectra were obtained by subtract-
ing the best-fitting bremsstrahlung and nuclear contributions. The
∼1 keV line width late in the flare is the narrowest measured
by theRHESSI spectrometer in space. The curves are the best
fits to the data, using a Gaussian line and positronium contin-
uum. As shown in the third panel of Figure 1, the flux in this
continuum fell rapidly within the first 4 minutes. The time-
averaged flux in the continuum during the November 2 flare
was consistent with zero. In Figure 4 we plot an expanded view
of the background-corrected count spectrum that reveals the
continuum as a step function below the annihilation line during
the first 4 minutes of the October 28RHESSI observation. The
solid line is a fit using the expected positronium-continuum
spectrum. Another significant component in the spectrum is the
7Li- 7Be line complex formed in the fusion of flare-accelerated
a particles with ambient4He (Kozlovsky & Ramaty 1974;
Share et al. 2003b). We fit this complex (dotted line) with a
model, assuming a downward isotropic distribution of accel-
erated particles at the heliocentric angle of 30�. A fully isotropic
particle distribution produces a broader line complex that re-
duces the measured flux in the positronium continuum. Since
both angular distributions provide acceptable fits to these and
earlierRHESSI andSMM a-4He line data (Share et al. 2003b),
we averaged the derived positronium fluxes and increased their
uncertainties.

3. DISCUSSION

We summarize theRHESSI annihilation line and continuum
observations for the 2002 July 23, 2003 October 28, and 2003
November 2 flares in Figure 5, where we plot the inferred
3g/2g ratios and FWHM Gaussian line widths. The scale at the
top of the figure gives the temperature, assuming the line is
thermally broadened (Crannell et al. 1976), and the dashed curves
indicate the calculated 3g/2g ratio as a function of density
(H cm�3) for fully ionized H. The July 23 average width was
the broadest of the three flares. Because its measured 3g/2g ratio
was highly uncertain, we were not able to exclude the possibility

Figure 2.23: Top: 511 keV spectra from the 2003 October 29 flare in two intervals when
the line was broad (5 – 8 keV, 11:06 – 11:16 UT) and when it suddenly narrowed (∼1 keV,
11:18 – 11:30 UT), indicating that the temperature of the annihilation region dropped from
>105K to <104 within 2 minutes. Bottom: Model fit to the broad 511 keV line shown
above, also visible in this image are two peaks from the α-He4 line complex. The model
components are an orthopositronium continuum (solid), annihilation line Gaussian (dashed)
and a component from the α-He4 line complex (dotted). Plots from Share et al. 2004 [119].
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Figure 2. F2.2 vs. F>0.3 MeV for flares with heliocentric angles <80◦ (RHESSI
in solid symbols, SMM in open symbols). Circles (triangles) represent flares
with complete (incomplete) coverage. Colors represent the SXR burst duration
in three bins. The dotted line indicates the best-fit line in linear space that passes
through the origin, with a ratio of 0.066, and the dashed lines have slopes that
differ by a factor of 2 from the best-fit line.

a fixed proton power-law spectral index of 3.75 and γ -ray flare
composition (see Murphy et al. 2007), and can overestimate the
number by up to a factor of ∼2 if the true spectral index is dif-
ferent (R. J. Murphy 2009, private communication). We follow
Ramaty et al. (1993) to estimate Ne(0.5 MeV), the number of
electrons at 0.5 MeV, using each flare’s bremsstrahlung spec-
trum. We obtain particle fluxes Jp(10 MeV) and Je(0.5 MeV)
in particles cm−2 s−1 MeV−1 by multiplying by particle speed,
and find that the Je(0.5 MeV)/Jp(10 MeV) ratios (for the nine
complete flares with >3σ line fluences) range from ∼630 to
∼2600 (Table 1) with one (the least significant) at 230. Ra-
maty et al. (1993) previously found flare ratios of ∼1000–
10,000.

Figure 3 plots F2.2 versus the peak GOES 1–8 Å SXR
flux, fGOES, emitted by the hot, ∼107 K flare thermal plasma.
Although in general these emissions are not well correlated
(r2 = 0.33 for all flares, r2 = 0.18 for flares with complete
coverage), the eight flares with the largest 2.223 MeV line
fluences (F2.2 � 50 ph cm−2) show direct proportionality to
the GOES SXR peak flux to within a factor of about 2. Note
that the flares above the threshold have SXR burst durations
of >45 minutes. Flares below this threshold typically have
large excess fGOES relative to F2.2. SMM flares (not shown) are
consistent with this distribution but exhibit more scatter, as with
Figure 2. A preliminary analysis of 13 of the flares (those free
of data or background complications) shows that the >50 keV
HXR bremsstrahlung fluence, F>50 keV, observed by RHESSI
exhibits similar behavior to fGOES: above the same threshold,
F2.2 is roughly proportional to F>50 keV, while flares below this
threshold generally show large excess F>50 keV.

3. DISCUSSION

Summarizing the RHESSI observations, we find the following
close (within a factor of 2) proportionalities:

1. F2.2 = 0.066 F>0.3 MeV—over >3 orders of magnitude,
2. F2.2 = 9.0 × 109 ph W−1 fGOES—for F2.2 >∼50 ph cm−2,
3. F2.2 = 1.6 × 10−3 F>50 keV—for F2.2 >∼50 ph cm−2.
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Figure 3. F2.2 vs. fGOES for RHESSI flares with heliocentric angles <80◦. The
circles (triangles) represent flares with complete (incomplete) coverage. Colors
represent the SXR burst duration in three bins. The dotted line and dashed lines
(separated by a factor of 2 in slope) illustrate an apparent direct proportionality
of the flares with the largest fluences. The shaded area roughly indicates the
remaining region of parameter space that has not yet been systematically
searched.

From (1) we infer that the acceleration of relativistic electrons
(>0.3 MeV) is proportional to the acceleration of >30 MeV
protons, strongly implying a common acceleration mechanism.
SMM observations show a similar direct proportionality between
4–8 MeV nuclear excess fluences (obtained by subtracting
the electron bremsstrahlung power-law continuum, extended
from lower energies, from the observed 4–8 MeV fluence)
and F>0.3 MeV, also extending over 3 orders of magnitude in
fluences, with �90% of events within a factor of 2 of the best-fit
line (Cliver et al. 1994; Vestrand 1988). The nuclear excess is a
combination of narrow and broad nuclear de-excitation lines and
the unresolved nuclear continuum, which are typically produced
by >2 MeV nuc−1 ions.

We do not find a distinct class of electron-dominated flares
that produce much more high-energy bremsstrahlung relative to
nuclear emission, at least when integrated over the flare. Rieger
et al. (1998) found short time intervals within flares that were
dominated by electron-associated emission (up to an order of
magnitude greater relative emission than typical intervals). In
two (2003 November 3 and 2005 September 10) of the RHESSI
flares that have two well separated time intervals of high-energy
emission, the emission from the first interval could be electron-
dominated. In both cases, however, the line emission from the
second interval is greater, and combining the intervals results
in a flare-integrated emission that agrees with the observed
proportionality.

From (2) and (3) we infer that the acceleration of nonrela-
tivistic (tens of keV) electrons (and the thermal SXR plasma
heated by them) is closely proportional to the acceleration of
protons when more than ∼2 × 1031 protons are accelerated
above 30 MeV. Below that threshold, there can be a large excess
acceleration of nonrelativistic electrons relative to >30 MeV
proton acceleration, and the two processes appear to be uncor-
related. RHESSI has observed tens of X-class flares (mostly
impulsive) with no significant >0.3 MeV bremsstrahlung or
2.223 MeV line emission.

Cliver et al. (1994) also reported that 4–8 MeV nu-
clear excess fluences were well correlated to F>50 keV (their
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(a) Energy in flare-accelerated ions vs. en-

ergy in flare-accelerated electrons.

(b) Energy in SEPs vs. CME kinetic energy

in the rest frame of the solar wind.

(c) Energy in SEPs vs. energy in flare-

accelerated ions.

(d) Bolometric radiated energy vs. non-

potential magnetic energy in the active region.

Figure 2. Same as Figure 1 for different combinations of energy components, as indicated on the axis labels.

Table 3
Parameters Represented in Scatter Plots

Figure Plotted Components Log. Centroida Rb rmsc ρd No. of

No. X-Axis Y-Axis X Y R A Events
(1030 erg) (1030 erg)

1(a) Rad. from hot plasma GOES 1–8 Å 12 0.6 0.05 0.17 0.51 0.96 38
1(b) Peak thermal energy Rad. from hot plasma 3.9 11 2.7 0.22 0.34 0.82 26
1(c) Electrons+ions Peak thermal energy 34 3.9 0.11 0.43 0.31 0.36 26
1(d) Electrons+ions Rad. from hot plasma 34 11 0.31 0.43 0.34 0.46 26
2(a) Electrons Ions 32 11 0.34 0.63 0.52 0.45 14
2(b) CME KE (SW frame) SEP 110 4.0 0.04 0.49 0.47 0.47 20
2(c) Ions SEP 23 6.2 0.27 0.38 0.35 0.20 6
2(d) Magnetic Bolometric 890 55 0.06 0.43 0.38 0.56 37
3(a) Magnetic CME KE+PE 1000 200 0.19 0.39 0.34 0.68 23
3(b) CME KE+PE Bolometric 200 71 0.35 0.43 0.38 0.54 24
3(c) Bolometric Electrons+ions 49 34 0.71 0.47 0.35 0.37 26
3(d) Bolometric Rad. from hot plasma 57 12 0.21 0.21 0.47 0.92 38

Notes.
a X and Y values of the logarithmic centroid, computed using Equation (A1).
b R = Y/X, the ratio of Y and X values of the logarithmic centroid computed using Equation (A2).
c rms (root mean square) values of R = Y/X and A = √

XY , computed using Equations (A4) and (A5). The rms values of R and A, respectively, quantify the scatter
perpendicular and parallel to the line of constant energy ratio that passes through the logarithmic centroid.
d Spearman’s rank correlation coefficient—a non-parametric measure of statistical dependence between two variables—see Equation (A6).

10

Figure 2.24: Left: Correlation study results from Shih et al. 2009 [121] showing that there
is a tight relationship between the relativistic electron bremsstrahlung and the 2.2 MeV line
fluence. This suggests that ions and relativistic electrons are accelerated by similar processes.
The correlation is examined across two solar missions (RHESSI and SMM) and is found to
extend over 3 orders of magnitude, from the largest flares to the limits of detectability by
RHESSI. Right: The energy content of ions vs. electrons in units of 1030 ergs. The flares
studied by Emslie et al. 2012 [48] show that the ion and electron energies are generally
comparable, with the exception of two events in which the electron energy content was ∼2×
higher.

or annihilation line fluxes when the line narrowed.

2.7 Connecting Ions and Relativistic Electrons

RHESSI and its predecessor SMM provided evidence that flares accelerate ions and relativis-
tic electrons proportionally. Figure 2.24 (left) shows the results of a 2009 correlation study
by Shih et al. that compares fluences between the 2.2 MeV neutron capture line and the
>300 keV bremsstrahlung from relativistic electrons. The fluences in these two components
show a linear proportionality that extends over three orders of magnitude, from the biggest
flares through the limits of detection for RHESSI. This tight correlation suggests that a
single mechanism is responsible for accelerating the ≥30 keV ions and >.3 MeV relativistic
electrons.

Modeling of the spectral components indicate that both of the non-thermal electron and
ion populations (F (E)) can be represented by power-law distributions in energy (E), whose
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indexes (δ) and amplitudes (A) are determined by spectral fits. [86].

F (E) = AE−δ (2.9)

In determining the total energy content of ions and electrons the low-energy cutoff, or
roll-off, parameter is critical. From observations of neon-20 in a few large events the ion
spectrum has been seen to extend down to ∼3 MeV [107]. There is virtually nothing known
about ion energies below 1 MeV, and this is usually taken as the low-energy roll-off. Emslie
et al. 2012 [48] describe the method they took to estimate the energy content of ions from
measurement of the 2.2 MeV line. The basic procedure entails correcting the measured
2.2 MeV line fluence for attenuation through the solar atmosphere then using this value to
determine the energy content in >30 MeV protons. To extrapolate the spectrum down to 1
MeV they chose an ion spectral index of 4, based on results of big flares whose indexes ranged
between 3 – 5. The results are plotted in figure 2.24 (right) against the energy content of
electrons.

The non-thermal electron spectrum is modeled as a broken-power-law that is forward-fit
to the spectral data to get the indexes, break-point and energy roll-off. In producing figure
2.24 (right) Emslie et at. used the largest roll-off value that will fit the data, this produced
lower-limit energies for electron energy content. Typical values for the non-thermal electron
energy cut-offs are in the ∼20 keV range. Emslie et al. found that the total energy content in
ions and electrons are roughly comparable and accounts for approximately 20% of the energy
liberated during a solar eruptive event (with the remaining 80% going into the CME).

RHESSI provided the first gamma-ray flare image with the 2002 July 23 X4.8 flare. This
image placed the ion-associated line emission in a compact source within the flaring region
[66]. This image showed for the first time that the ions were accelerated by the flare itself and
not by large-scale processes like CME-associated shocks, as was suggested during the SMM
era [139]. The spatial extents of the flaring loops were too small to resolve the individual
footpoints using RHESSI’s finest resolution grid at gamma-ray energies (35”) and a single
2.2 MeV centroid was imaged. This event showed a surprising result, the centroids of the
ion and electron emission were displaced from one another by 25” ± 5” [67]. This spatial
separation was unexpected because particles that are energized together, as the correlation
results suggest, are thought to be transported out of the acceleration region along the same
field lines and travel along the same loops into the chromosphere where they would have
similar emission source locations.

The 2003 October 28 X17 event, shown in figure 2.25, is the only flare captured by
RHESSI with a strong enough fluence and large enough spatial extent to image the separate
2.2 MeV flare foot points [67]. The 2.2 MeV and 300 – 500 keV footpoints are separated by
14” ± 5 & 17” ± 5”, sharing the unexpected spatial result with the 2002 July 23 flare. Only
three additional flares have been imaged at the 2.2 MeV line. The 2002 November 2 event
shows a significant displacement of 11” ± 5” of the ion/electron centroids, and the single ion
centroid may be preferentially associated with one of the two electron footpoints [67]. The
2005 January 20 X7 event had a similar result with only one 2.2 MeV centroid associated



CHAPTER 2. THE SUN AND SOLAR FLARES 40

	
  
electrons	
  
ions	
  

Oct	
  28,	
  2003	
  

GRIPS	
  

RHESSI	
  

Figure 2.25: Right: RHESSI gamma-ray image in two different energy bands (200 – 300 keV
& 2218 – 2228 keV) of the GOES class X17 flare on 2003 October 28, overlaid on a TRACE
195 Å image. The electron-associated bremsstrahlung emission is shown in red contours,
and the imaged 2.2 MeV line is shown in blue contours. The electron and ion centroids are
separated from one another by 14” ± 5” & 17”± 5” in each footpoint. Inset is a comparison
of the GRIPS and RHESSI minimum beam widths illustrating how much finer resolution
a GRIPS observation could have provided for this flare. Plot adapted from Hurford et al.
2006 [67].

with one of the footpoints [142]. The 2003 October 29 X10 event, shown in figure 5.7, could
only be imaged using the coarser (183”) of RHESSI’s two gamma-ray imaging grids [67].
This event’s 2.2 Mev centroid displacement was found to be a statistically insignificant 13”
± 17”. The 2003 October 29 event is the only flare in the set of gamma-ray imaged flares with
a inconclusive separation result and due to large background it has been relatively poorly
studied and consequently was not included in Shih et al.’s or Emslie et al.’s correlation
studies. Chapter 5 explores this flare in detail.

There has not been a satisfactory model explanation that predicts similar ion and rela-
tivistic electron energy content and also produces the observed footpoint separation, though
attempts have been made. Emslie et al. 2004 [47] provided an explanation to the 2002
July 23 results using a stochastic acceleration model which predicted that ions and electrons
would be accelerated in different loop sizes. The October 28 event, however, showed that
the ion and electron loops are of similar sizes and orientations. Hurford et al. 2006 [67]
find that gradient and curvature drifts would produce electron-ion separation in the correct
direction, but for typical coronal parameters these drifts can only produce separations that
are two orders of magnitude smaller than the observed separation. Five imaged flares is
too small of a set to draw systematic conclusions about the spatial separation. Expanding
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upon this small group of gamma-ray flare observations is necessary to explain the seemingly
inconsistent proportional acceleration and spatial separation results.

2.8 The Future of High-Energy Flare Studies

Additional gamma-ray flare observations with fine spectroscopy, explicit polarimetry capa-
bilities, enhanced sensitivity and improved imaging resolution that can separate the indi-
vidual 2.2 MeV footpoints across multiple flare sizes are needed to address the current era
of particle acceleration and transport questions. With these capabilities the ion/relativistic
electron connection can be constrained, the beaming properties of particles investigated and
the variations of accelerated and ambient material studied.

The Gamma-Ray Imager/Polarimeter for Solar flares (GRIPS) instrument is designed
to meet the observational goals of a next generation solar telescope. GRIPS can provide
∼2× the photon throughput and ∼3× finer angular resolution than RHESSI at gamma-
ray energies. These improvements will extend the limits of detectability for gamma-rays,
and with 12.5” imaging resolution provide the ability to separate the footpoints in most
gamma-ray flares. GRIPS’ ability to measure polarization for photons ≥150 keV will allow
for targeted studies of particle beaming and its germanium detectors have the fine resolution
needed to investigate accelerated particles and ambient plasma conditions using the gamma-
ray line spectrum. GRIPS had a successful first flight and technology demonstration aboard
a long-duration balloon platform in January 2016, during the descending phase of solar cycle
24. The instrument, its key systems and Antarctic flight are described in chapters 6 – 9.
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Chapter 3

Gamma-Ray Detection and
Measurement

Gamma-ray interactions with matter are used to infer information about the original pho-
tons. There are many processes by which photons interact with matter, but only those in
which the photon deposits some, or all, of its energy in the detector are relevant to photon
detection. In the 1 keV – 10 MeV energy range there are three dominant processes that
lead to detection: photoelectric absorption, Compton scattering and pair production. In
each of these processes the energy of the original photon is transferred into scatter products
(electron, positron and/or reduced-energy photon) whose combination depends upon the
interaction type. Complete detection and summation of each absorption or scatter product
energy would yield a measurement of original photon energy. The finite sizes of detectors
and efficiency with which they collect and resolve the interaction products leads to complex
spectra in this range of photon energies. Many of the topics covered in this chapter apply
broadly to radiation detectors in the energy range of interest. Detailed discussion in this
chapter is focused on semiconductor detectors because their superior energy resolution to
scintillators and higher stopping power than gas proportional counters makes them the de-
tector of choice for applications requiring high spectral resolution. Much of the discussion
in this chapter is adapted from Knoll 2010 [74].

3.1 Photon Detection Basics

Since photons are not charged they can not directly interact with the detector medium;
instead they must deposit some quantity of their energy in the detector to ionize atoms
and transfer energy to electrons. Measuring the electron energy then provides a means to
determine how much energy the original photon deposited in the detector. A good detector
must therefore have sufficient photon stopping power and the ability to measure electron
energy precisely. The∼1000 times higher density of scintillation and semiconductor detectors
puts them in favor over gas proportional counters because they can achieve much higher
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stopping power in compact sizes.

Ideal Detector Response

In this section a model is built that describes the output of a single-photon-counting detector.
The model assumes the ideal case where the entirety of the original photon energy is deposited
in the detector and transferred to charge carriers that are collected without energy loss. The
methods by which the photon energy is deposited, transferred and collected varies by detector
type, material and configuration; these details will be described later in the chapter. The
description provided here is the general case which is broadly applicable to single-photon-
counting detectors which absorb and detect the full photon energy.

A detector converts the energy deposited by a photon into N charge carriers and those
charge carriers are turned into an equivalent pulse of height H0 that is digitized and recorded
as a single count. Each count is histogrammed and displayed in what is termed a differential
pulse height spectrum. For linear detectors the pulse height is simply a multiple (K) of the
quantity of charge carriers. In the absence of statistical fluctuations all the photons collected
would generate the same quantity of charge carriers and the output would be a delta function
at H0.

Real systems contain statistical fluctuations that will tend to vary the quantity of charge
carriers produced. If the fluctuations are random and N is large then the quantity of charge
carriers produced follow Poisson statistics and the distribution will have a standard deviation
(σ) of

√
N . The output of the ideal detector would therefore be a Gaussian whose integral

provides a measure of the total photon count. This peak at H0 is termed the photopeak since
it represents the full photon energy. An example photopeak differential pulse height spectra
(dN
dH

) is shown in figure 3.1.

σ =
√
N (3.1)

H0 = KN (3.2)

Though many factors enter into the Full-Width at Half Maximum (FWHM) of a real
detector system, the fundamental theoretical limit is provided by statistical fluctuations.
For a linear detector response, the pulse height spectra’s FWHM would simply be a product
of the Gaussian FWHM and the proportionality constant, K.

FWHM = 2.35K σ = 2.35K
√
N (3.3)

Energy Resolution

Two Gaussians are just distinguishable when they are separated by their FWHMs. The
energy resolution (R) is defined as the ratio of the distribution’s FWHM to the pulse height.
Since the FWHM and pulse heights are related to the total charge carriers produced, the
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Figure 3.1: The ideal detector response for complete energy collection of a monoenergetic
beam of photons. Image rendered by Cole Kelleher based on Knoll 2010 [74].

system energy resolution is fundamentally limited by how many charge carriers are produced
for each photon interaction.

R

∣∣∣∣
Poisson

≡ FWHM

H
=

2.35√
N

(3.4)

The quantities of charge carriers created by different detectors vary widely and are largely
dependent on the steps required to generate an electrical signal. In scintillation counters,
the incident photon energy is converted to energetic electrons, which then lose energy to
the scintillation medium by exciting a proportional quantity of atoms. These atoms then
relax to generate a proportional amount of secondary photons that are read out and turned
into an equivalent electrical signal by detector electronics. This process involves many inef-
ficient steps such that the energy required to generate a single charge carrier is ∼100s of eV.
The relatively straightforward process of energy loss by kinematics and bremsstrahlung to
generate a cascade of secondary electrons in a semiconductor is a comparatively efficient pro-
cess, requiring only ∼3 eV to generate a charge carrier. Figure 3.2 illustrates the resolution
differences between a sodium iodide (NaI) scintillation detector and a lithium-drifted germa-
nium solid-state detector (Ge(Li)). The superior energy resolution achievable in solid-state
detectors have made them the standard for applications requiring high spectral resolution.

In practice it is possible to achieve resolutions 3 – 4x better than the value predicted by
Poisson statistics alone. Poisson statistics assume that each charge carrier is independently
generated and random statistics govern the excitation process. Measured line resolutions
indicate that this is not a good assumption for all detector types. The Fano factor (F) is
used to correct for the discrepancy between the differences in observed and Poisson-calculated
statistical fluctuations. Scintillators have Fano factors close to unity whereas semiconductor
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Figure 3.2: Comparison of pulse height spectra illustrating resolution differences between a
sodium iodide (NaI) scintillation detector and a lithium drifted germanium Ge(Li) detector
for an Ag-110 source. Peaks are labeled in keV. Image from Philippot 1970 [103].
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detectors have values typically ∼.1.

FWHMFano = 2.35K
√
F N (3.5)

R

∣∣∣∣
Fano

=
FWHMFano

H
= 2.35

√
F

N
(3.6)

A number of different factors will contribute to statistical fluctuations in a real detector
system. If all the fluctuations are symmetric and independent of one another, then the re-
sulting count distribution will tend towards a Gaussian centered at the nominal pulse height.
This prediction holds even if the sources of fluctuations have a non-Gaussian distribution
themselves. The FWHM of the resulting distribution is the sum of the individual FWHMs
of each source added in quadrature.

FWHMtot =
√
FWHM2

Fano + FWHM2
noise + ... (3.7)

3.2 Photon Interactions with Matter

Three interactions are of interest to measurement for 1 keV – 10 MeV photons: photoelectric
absorption, Compton scattering and pair production. Coherent scattering processes, which
cause the incident photon to be diverted without energy transfer to the detector medium,
are irrelevant to photon detection but their ability to redirect without energy loss is ideal
for photon imaging (section 4.3).

A beam of photons passing through a medium will be attenuated as they interact with
the material. This attenuation can be described by a decaying exponential that relates the
exiting beam intensity (I) to the incident photon beam intensity (I0) by a mass attenuation
coefficient (µ) and the material thickness (t).

I = I0e
−µt (3.8)

The mass attenuation coefficient is an energy-dependent quantity that accounts for absorp-
tion and scattering processes: photoelectric absorption (τ), Compton scattering (σ) and pair
production (κ).

µ = τ + σ + κ (3.9)

Figure 3.3 shows the combined mass attenuation coefficient as a function of photon energy,
and plots the individual contributions of the absorption and scattering processes for Germa-
nium. The sharp features in the photoelectric absorption are from the k-shell (11.1 keV) and
L-shell (1.4 keV) edges. This plot illustrates that the different processes tend to dominate
in certain energy bands.
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Figure 3.3: The absorptive and scatter processes contributing to the total mass attenuation
coefficient are plotted for Germanium in the range of 1 keV – 100 MeV. Shown are photoab-
sorption, Compton scattering (here called incoherent scattering), and pair production in the
nuclear and electron fields. Plot provided by XCOM at NIST [XCOM].
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Photoelectric Absorption

Photoelectic absorption, or photoabsorption, occurs when a photon deposits its full energy
into a material by interacting with a single atom. The original photon disappears and a
photoelectron is ejected from the atom. The photoelectron kinetic energy (Ee−) equals the
photon energy (Eγ) minus the binding energy required to liberate the electron from its
shell (EB). The energetic photoelectron then loses energy through kinematic and radiative
interactions with other particles, generating a cascade of secondary electrons.

Ee− = Eγ − EB (3.10)

At gamma-ray energies the photoelectron is usually ejected from the tightly bound K-
shell, leaving the atom in an excited state. The atom relaxes by emission of a characteristic
X-ray or Auger electron of energy equivalent to the photoelectron binding energy. If the
detector is of sufficient volume, the secondary X-ray or Auger electron then interacts with
atoms to liberate more electrons in another cascade. If nothing escapes from the detector,
the total energy of all the electrons equals the initial photon energy and the detector output
will be a single photopeak.

In detectors whose volume-to-surface area ratio is small, or for interactions occurring
close to the surface of the detector, the chance of characteristic X-ray escape increases. If
the secondary X-ray escapes, the full photon energy is not deposited and one or more X-ray
escape peaks can occur below the full photopeak energy.

Compton Scattering

A photon Compton scatters when a portion of its original energy is deposited in a single-
site interaction, resulting in a recoil-electron and a scattered photon of reduced energy.
Kinematics and conservation of energy lead to relationships between the energy of the initial
photon (Eγ) and scatter products (Ee− , Eγ′) as a function of the angle between them (θ)
and the electron rest energy (m0c

2).

Ee− = Eγ − Eγ′ (3.11)

Eγ′ =
Eγ

1 + (Eγ/m0c2)(1− cosθ) (3.12)

In the case of grazing incidence (θ = 0) there is minimum energy transfer to the recoil
electron and the detector will not measure any energy deposition. Maximum energy is
transferred to the recoil electron in a direct collision (θ = π) where the scattered photon
reverses direction.

Eγ′(θ = 0) ' Eγ Ee−(θ = 0) ' 0 (3.13)

Eγ′(θ = π) =
Eγ

1 + 2Eγ/m0c2
Ee−(θ = π) = Eγ

2Eγ/m0c
2

1 + 2Eγ/m0c2
(3.14)
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Figure 3.4: Diagram of the Compton scatter response for a beam of photons with energy Eγ.
The Compton edge is the maximum energy transmitted to a recoil electron in a Compton
scatter. The shape of the Compton continuum is given by the spin-averaged Klein-Nishina
equation. Image rendered by Cole Kelleher based on Knoll 2010 [74].

The maximum recoil-electron energy is called the Compton edge, it represents the max-
imum detectable energy in a single Compton event. The gap between the Compton edge
and the full photopeak energy (EC) is a function of the incident photon energy. In the limit
where the initial photon energy is large the scattered photon energy tends towards a constant
value of .256 MeV.

EC = Eγ − Ee− |θ=π =
Eγ

1 + 2Eγ
m0c2

(3.15)

lim
Eγ 7→∞

EC(θ = π) ' m0c
2

2
= .256MeV (3.16)

Since all values of scattering angle are possible, a continuum of electron energies extends
from zero to the Compton edge. This continuum shape is determined by the likelihood of a
gamma-ray scattering into a certain angle. The angluar distribution of Compton scattered
photons is given by the differential scattering cross sections, dσ

dΩ
, of the spin-averaged Klein-

Nishina equations for polarized and unpolarized light. Polarization augments the scatter
formula by introducing a preferential scattering angle in the azimuthal direction (χ), which
is isotropic for unpolarized light.

(
dσ

dΩ
)unpol =

r2
e

2
(
Eγ′

Eγ
)2(
Eγ′

Eγ
+
Eγ
Eγ′
− sin2θ) (3.17)

(
dσ

dω
)pol =

r2
e

2
(
Eγ′

Eγ
)2(
Eγ′

Eγ
+
Eγ
Eγ′
− 2sin2θcos2χ) (3.18)
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2.2. COMPTON SCATTERING 21
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Figure 2.7: Expected polarization sig-
nal for a 100% polarized gamma-ray
beam: The distribution of the az-
imuthal scatter angle χ is of the form
P (χ) = P0 + A cos (2 (χ− χ0 + π/2))
and μ = A/P0 is the modulation. The
minimum of the signal defines the plane
of polarization of the original photons.

• The scattered photons tend to scatter at right angles to the original polarization vector,
minimizing the term −2 sin2 ϕ cos2 χ.

• At higher energies and therefore lower average Compton scatter angles, the modulation of
the azimuthal distribution is reduced.

• For small and very large Compton scatter angles ϕ the detectable polarization signature
is weak (sin2 ϕ is close to zero).

The polarization response of a detector can be described in terms of a quality factor μ (also
called modulation). It is defined as the ratio between the amplitude A and the offset P0 of the
azimuthal scatter angle distribution. For a 100% linearly polarized beam of gamma rays, it is
given by the following equation (see Figure 2.7 for a definition of variables):

μ =
P (max) − P (min)

P (max) + P (min)
=

A

P0
(2.13)

The modulation as a function of incident energy Ei and scatter angle ϕ is shown in Figure
2.8. The maximum of the modulation shifts from ϕ = 90◦ for low energies to ϕ = 54◦ at 5 MeV
and ϕ = 45◦ at 10 MeV.

In a quest to detect polarization of e.g. gamma-ray bursts, of course special selection criteria
must be applied to detected events to maximize an instrument’s polarization sensitivity. The
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Figure 2.8: Modulation as a
function of incidence energy
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Figure 3.5: Simulated azimuthal scatter angles (χ) for a 100% polarized photon beam.
The polarization angle, χ0, can be determined from the modulation minima, P(min). Also
marked are the modulation maximum P(max), zero modulation P0, and the modulation
amplitude A. Image from Zoglauer, 2006 [151].

For incident fluxes which have high degrees of polarization the scattered photons will be
azimuthally modulated. This provides a convenient measure of polarization for detectors
which can track the scattered photon. Figure 3.5 illustrates how a 100% polarized beam will
be azimuthally modulated. The minimum corresponds to the plane of polarization for the
incident flux. The amplitude of modulation decreases for higher-energy photons, limiting
the usefulness of this technique to photons ≤10 MeV [83].

The discussion so far has concerned the effect of a single Compton scatter on an un-
bound electron. Multiple scatters, or photoabsorption of the scattered photon, within the
same detector volume would occur so quickly that detector electronics would register them
coincidentally. If the scattered photon is completely photoabsorped, the energy of the initial
photon is conserved, adding to the spectral photopeak. Multiple Compton scatters without
absorption of the final photon results in incomplete energy deposition, appearing as counts
in the region between the Compton edge and photopeak. This effect is illustrated in figure
3.6. Detectors with adequate spatial resolution can distinguish between the individual sites
along a Compton track and use this information to determine the scattered photon’s energy
and direction.

Pair Production

A photon interacts with the strong Coulomb field of a detector nucleus or electron to create
an electron-positron pair in pair production. The minimum photon energy for this process
is twice the rest mass of the electron, 1.02MeV. Photon energy in excess to the minimum
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Figure 3.6: Example detector response for an intermediately sized detector wherein a mo-
noenergetic (Eγ) beam of photons photoabsorb, Compton scatter and pair produce with
incomplete energy collection. Compton scattering generates a continuum below the Comp-
ton edge, the counts between the Compton edge and photopeak result from multiple scatters
through the detector without complete energy collection. Incomplete absorption of the pair-
produced 511 keV photons from positron annihilation creates two additional escape peaks
at 511 keV and 1.02 MeV below the photopeak. Image rendered by Cole Kelleher based on
Knoll 2010 [74].

creation energy of the pair goes into particle kinetic energy.

Ee− + Ee+ = Eγ − 2m0c
2 (3.19)

These charged particles will interact with the detector medium, loosing energy primarily
through bremmstrahlung. The positron will travel until its kinetic energy is roughly equiv-
alent to the thermal energy of electrons, typically a few millimeters, then interacts with an
electron to directly annihilate into two 511 keV photons or via capture to positronium which
can produce two 511 keV photons or three photons in a continuum.

The two annihilation photons can photoabsorb, Compton scatter or escape the detector
volume without interaction. Since the positron thermalization and annihilation happens
quickly, any energy deposition from the annihilation photons can be coincidentally detected
with the pair-produced electron. If the detector is of sufficient size to collect the pair-
produced electron and the annihilation photons, the total energy of the incoming photon is
conserved. As detector volume decreases, the likelihood of photoabsorbing the annihilation
photons decreases. In this case, the detector spectrum can have peaks at 511 keV and 1.02
MeV below the photopeak energy. These lines, called the single and double escape peaks, are
illustrated on top of a Compton spectrum in figure 3.6.
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3.3 Semiconductor Detectors

Semiconductor detectors offer high energy resolution in compact sizes with relatively fast
timing characteristics, and a variable thickness that can be tailored to the application. Semi-
conductor detectors can be complicated to implement, needing a steady high voltage to be
applied across the detector volume and in some cases requiring cooling systems to obtain
operating temperatures in the ∼77 K range. They also are more susceptible to radiation
damage and more expensive than comparable scintillators. Despite these difficulties, their
far superior energy resolution (∼1 keV compared to 10s of keV for scintillators) make them
the detector of choice for high resolution applications. The RHESSI satellite and GRIPS
payload, discussed in chapters 5 & 6, both employed germanium semiconductor detectors
for high-resolution solar spectroscopy.

Band Structure

The electrons in a single atom occupy atomic orbitals of discrete energy. When N identical
atoms come together to form a solid, the degenerate atomic orbitals will split into N molecular
orbitals such that no two electrons will occupy the same state, as required by the Pauli
exclusion principle. Though the individual orbitals are still discrete, their energy spacing is so
small that they effectively form a continuum of energy states, called an energy band. Lattice
periodicities generate regular and predictable band structures of allowable and forbidden
electron energies.

Inner-shell electrons are tightly bound to their parent nucleus and have relatively narrow
band structures. The outer-shell electrons, which contribute to chemical bonding, have a
highly banded structure because their orbitals overlap to a significant extent. These outer-
shell electrons contribute to the material conductivity. Figure 3.7 shows a simple illustration
of the two bands relevant to conduction, the valence and conduction bands. The valence band
is the top-most filled energy level of a crystal, where all the electrons are in their ground
state and still bound to their parent nucleus. There are just enough electrons in the solid
insulators and semiconductors to fully occupy the valence band. Lying above the valence
band is the conduction band, where excited electrons are free to move through the crystal.

The forbidden energy region between the valence band and conduction bands is termed
the bandgap. The size of the bandgap determines the material conductivity and classifies the
material as either an insulator or semiconductor. Energy input, by thermal or other means, is
required to move electrons into the conduction band and generate a current. Insulators have
relatively wide bandgaps typically of >5 eV, whereas semiconductor bandgaps are on the
order of ∼1 eV. In metals the valence band is not completely full and the conduction band
is effectively mixed in energy with the valence band. Currents flow easily in metals because
the outermost electrons require very little energy gain to conduct through the material.

An electron can be thermally excited to the conduction band if the bandgap energy
(Eg) to the material temperature (T ) ratio is sufficiently small. The probability of thermal
excitation (P (T )) is an exponential function of this ratio and the Boltzmann constant (k)
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Figure 3.7: Simplified illustration of how the energetically forbidden region (the bandgap)
between valence and conduction bands determines material conductivity and classification.
Insulators have large bandgaps typically >5 keV, semiconductor bandgaps are typically ∼1
keV and in metals the bands are effectively mixed because the valence band is not full of
electrons.

and scaled by a material-specific proportionality constant (C).

P (T ) = CT 3/2e−
Eg
2kT (3.20)

In materials with very small bandgap energies, such as semiconductors, the thermal excita-
tion of electrons at room temperature can easily obscure the signals generated by photon
energy deposition. It is necessary to cool germanium semiconductor detectors to <80 K to
reduce thermal currents.

The excitation of an electron into a conduction band leaves a vacancy, termed a hole,
in the valence band. When a second electron moves into the place of where the excited
electron left a hole, there is now a vacancy at the position of the second electron and the
hole is said to have moved to that position. Under an applied electric field the electrons flow
towards positive potential and as a result the holes move towards negative potential, acting
like a particles of positive charge. The observed conductivity of a material results from the
combined motions of electrons in the conduction band and holes in the valence band.
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Diffusion and Drifts

Thermally excited electrons and holes will randomly diffuse through a material until they
recombine. The distance over which the particles move over an elapsed time (t) can be
described by a thermal diffusion coefficient (D). In the absence of an applied field, a col-
lection of electrons and holes generated at the same location would diffuse such that the
cross-section of their spread would be Gaussian with a standard deviation (σ) given by the
diffusion coefficient and elapsed time. The diffusion coefficient itself depends upon the mate-
rial temperature and the ability of charges to move through the material, called the mobility
(µ). The mobility encapsulates the ability of a species to move through the material given
varying conditions like temperature and applied field.

σ =
√

2Dt (3.21)

D = µ
kT

e
(3.22)

Under an applied electric field the electrons and holes will flow along field lines such that
their total motion is a combination of random thermal velocity and a drift velocity due to
the field. The drift velocity (v) is proportional to the applied electric field (E) and mobility.
Since the mobilities of electrons and holes are comparable to one another in silicon and
germanium, the drift velocities of these species are roughly the same. Figure 3.8 shows the
germanium drift velocities of electrons (left) and holes (right) as a function of electric field
strength (here, E) along the 〈111〉 crystal direction for a range of temperatures (denoted in
kelvin). The drift velocity increases more slowly with increasing electric field strength until
the mobility plateaus and a saturation velocity is reached. Saturation velocities are on the
order of ∼107 cm/s for charge carriers in germanium, imparting these detectors with fast
radiation response times.

ve = µeE vh = µhE (3.23)

When an electric field is applied across a detector, mobilized charge carriers will flow
towards the electrodes which generate the potential difference. The current induced by the
charged particles as they approach these electrodes, termed collecting electrodes, provide the
signal which is processed by the readout electronics. In the absence of thermal energy the
charge carriers would follow the field lines to the electrodes and arrive in a time predicted
by their drift velocities and the distance they traveled. Judicious choice of the electrode
geometry, adequate timing resolution on the signal readout electronics and knowledge of the
electric field structure internal to the detector can be used to reconstruct the position of
where an electron-hole pair originated within the semiconductor.

Thermal energy adds a random velocity component to the drift velocity, acting to generate
a spread in arrival locations and times at the collecting electrodes. Thermal diffusion creates
a lower limit in the spatial and timing resolution achievable by position sensing detectors.
The spatial spread generated by diffusion (σD) over a drift distance (x) can be estimated by
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Figure 3.8: Drift velocities for electrons (left) and holes (right) as a function of applied
field strength in germanium, along the 〈111〉 crystal direction. The velocities at a range
of temperatures are plotted and marked in Kelvin. A saturation velocity occurs when the
curves plateau and the velocity no longer increases with the field. Plots from Ottaviani et
al., 1975 [99].

combining equations 3.21, 3.22 and 3.23. The spread in arrival times (σt) is then given by
the spatial spread divided by the drift velocity. Minimizing the detector temperature will
narrow these spreads.

σD =

√
2kTx

eE (3.24)

σt =
σD
v

(3.25)

Impurities, Dopants and the Reverse Biased P/N Junction

A completely pure semiconductor, called an intrinsic semiconductor, has equal numbers
of electrons and holes. In practice all detectors will contain impurities which create an
electron/hole imbalance. The presence of additional electrons (called donors in n-type ma-
terial) or holes (called acceptors in p-type material) create additional energy bands within
the bandgap. These extra energy levels increase the material conductivity, exacerbating the
effects of thermally generated currents. Under an applied electric field, the excess charge
carriers will cause a continuous leakage current to flow. Any pulses generated by photon
energy deposition will be lost to the comparatively large quiescent leakage current.

The extra energy bands introduced by impurities can act as trapping or recombination
centers. Trapping and recombination of charge carriers lead to energy loss in spectral mea-
surements by reducing the size of the detected pulse. When a particle is trapped, it is
immobilized for extended periods of time, usually in an energy band in the middle of the
bandgap. Though the trapped carrier might be ultimately released, it will be removed from
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the primary charge pulse and its energy measurement lost. Recombination occurs when a
migrating hole and electron come together and annihilate, indefinitely removing them from
the pulse. Since trapping and recombination reduce the pulse size, these processes will pref-
erentially move counts from the photopeak to the lower-energy side of the Gaussian. In
detectors where trapping and recombination are significant the photopeak will develop a
low-energy tail. Trapping and recombination can reduce carrier lifetimes by of 3 – 4 orders
of magnitude.

Intentionally introducing impurities to tailor material properties is called doping and
the impurities are referred to as dopants. Heavily doped material, denoted as n+- or p+-
type, have very high conductivity of their majority charge carrier and very low conductivity
of their minority carriers. Thin layers of this heavily doped material are commonly used as
electrical contacts on semiconductors, called blocking contacts. The very low minority carrier
concentration makes it difficult to inject these carriers into the detector volume, effectively
acting to block the minority charges from entering the detector volume.

No currently known detector fabrication process can completely remove impurities. Ef-
forts to compensate semiconductor materials by attempting to balance donor and acceptor
impurities is not perfect. Materials with even trace levels of impurities will act as n- or
p-type with large leakage currents under applied fields.

A reverse-biased P/N junction is used to overcome quiescent leakage currents in semi-
conductor detectors. The junction is formed by bulk p-type and n-type material joined in
a single crystal. Since it is difficult to bring together two different crystals, the junction is
typically formed in a single contiguous crystal by causing a doping change from one side of
the junction to the other.

Natural diffusion of p-side holes and n-side electrons across a P/N junction results in
recombination at the interface. As more charges migrate across the junction a net negative
charge accumulates on the p-side, and a net positive charge accumulates on the n-side. Inside
this region the majority carriers have migrated away and the area is termed the depletion
region. As the charge imbalance grows an electric field is established which acts to impede
charge migration across the junction. Eventually charges stop flowing across the junction.
This naturally occurring depletion region of an unbiased P/N junction is relatively narrow
in comparison to the crystal volume.

The depletion region of a reverse-biased semiconductor has two key features that make it
an ideal radiation detector: low leakage current and an internal electric field. Applying a bias
voltage along the naturally established electric-field direction (reverse biasing) will cause the
depletion region to grow. A negative contact on the p-side will attract the majority carrier
holes, and a positive contact on the n-side similarly attracts that side’s majority carrier
electrons, increasing the depletion region on both sides of the junction. This depletion
region is the detector’s active volume.

The charge separation caused by a reverse biased P/N junction acts like a capacitor. As
the electric field increases, the depletion depth (d) continues to grow and the capacitance
(C) decreases. Solving for the field inside the depletion region gives a relationship between
the depletion depth, externally applied voltage (V ) and dopant concentration (N) that can



CHAPTER 3. GAMMA-RAY DETECTION AND MEASUREMENT 57

8/7/2017 PN-junction equilibrium graphs

https://upload.wikimedia.org/wikipedia/commons/5/52/Pn-junction-equilibrium-graph.svg 1/1

Q

E

V

x

x

x

x

holes
electrons

Charge density

Electric field

Electric potential

neutral region

space
charge
region

neutral region

built-in
voltage

p-doped n-doped

ca
rri

er
 c

on
ce

nt
ra

tio
n

[lo
g 

sc
al

e]

E-field

Figure 3.9: Diagram of a P/N junction with zero applied bias. The grey regions are
charge neutral and the blue/red shaded regions are negatively/positively charged. Contact
between the p- and n-sides naturally establishes a depletion region and creates an electric
field. Reverse biasing the junction by placing a negative contact on the p-side and a positive
contact on the n-side will cause the depletion region to grow. The magnitude of charge
depletion on both sides is equal, so the depletion region extends farther into the less doped
side (n-side in this example). Charge density (Q), electric field (E) and electric potential (V)
across the P/N junction are plotted below the diagram. Image created by Adundovi and
updated by Wereldburger758 on Wikimedia commons [1]
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be used to relate the detector capacitance to the voltage. Below is the capacitance per unit
area for a detector (with permittivity ε) in a planar configuration whose electrodes effectively
form a parallel-plate capacitor [74].

C =
ε

d
'
√
eεN

2V
(3.26)

When the crystal is fully depleted, continuing to increase the electric field has no effect
on the capacitance. Monitoring the capacitance as the field is increased provides a good
measure of when the detector reaches full depletion, at a point termed the depletion voltage.
Capacitance-voltage measurements are the standard method for determining the depletion
voltage for semiconductor detectors. Since detector capacitance is a source of electronic noise,
it is advantageous to minimize the capacitance by operating the detector fully depleted. A
fully depleted detector also provides the most active volume for a detector of a given size.

Though the detector is fully operable with maximal active volume at the depletion volt-
age, in practice it is desirable to operate the detector at even higher voltages, such that the
crystal is said to be over-depleted. Over-depleting increases the field uniformity inside the
crystal and as the field strength increases, so too do the carrier drift velocities. Faster drift
velocities reduce the likelihood of trapping/recombination and improve the spatial/temporal
pulse spreading caused by thermal diffusion. The excellent ∼1 keV energy resolutions re-
ported by semiconductor detectors are achieved by using over-depleted crystals that have
reached their saturation velocity.

A reverse-biased detector cannot endure arbitrarily high electric fields. Eventually the
fields become strong enough to accelerate electrons to speeds which can ionize atoms, gener-
ating large currents that can cause permanent damage to the detector. Typically the currents
across the detector surface and bulk active volume are monitored as the field is turned up
on a detector for the first time. The current should be continually monitored for signs of
breakdown as the crystal passes the depletion voltage, is over-depleted and reaches its final
operating voltage. Transient current spikes (>1 µA) can indicate that the detector is on the
edge of the breakdown voltage and should be immediately turned down to avoid permanent
damage.

The depletion depth reached by a given voltage is a function of the doped semiconductor’s
resistivity (ρ) [74]. Since the resistivity depends on the purity of the material before the
doping process, it is highly desirable to start with the purest material possible before doping.

d '
√

2εV µρ (3.27)

A semiconductor’s maximum depletion depth is determined by a combination of the material
purity and crystal breakdown voltage. The ability to generate larger depletion regions moti-
vates the choice of germanium for gamma-ray detection over silicon. Gamma-ray detectors
need to be on the scale of a few centimeters to ensure adequate absorption, and high pu-
rity germanium detectors can achieve these depletion depths. Silicon semiconductors cannot
reach similar levels of purity with current manufacturing techniques, and consequently their
maximum depletion depths are on the order of a few millimeters.
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Pulse Generation, Signal Formation and Arrival Times

When a photon interacts within the active volume of a semiconductor, the deposited energy
is turned into electron-hole pairs. The quantity of pairs generated is proportional to the
original photon energy, typically ∼3 eV per pair for germanium. The electrons and holes
then drift towards opposite sides of the detector, accelerated by the internal electric field.
The charges follow field lines to the collecting electrodes, but thermal diffusion imparts a
spread in the arrival positions and times. If the photon deposits energy outside the active
volume, or where there isn’t an electric field, then the electron-hole pairs migrate due to
diffusion alone and are not collected by the electrodes en masse.

As the charges drift through the detector volume they induce currents on the electrodes.
These induced currents are the signals which are measured and analyzed by the detector
readout electronics. When the charge carriers themselves arrive at the electrodes the signal
ends. The Shockey-Ramo theorem for induced charge describes how charge motion is con-
verted to induced charge for a variety of different electrode shapes and configurations via
the concept of a weighting field. A full description of the process can be found in Knoll 2010
(Appendix D) [74].

The choice of electrode geometry has a significant impact on the shape and timing of
the induced signals. Figure 3.10 shows simulated signals induced on large and small pixels,
illustrating how pixel choice changes the signal shape and timing. The curves represent three
different charge interaction depths (.2L, .5L, .8L) within an active region of depth L [11]. For
a simple planar electrode detector with large pixels, signals are induced on the electrodes
as soon as the charges start moving. The signal is proportional to the distance between
the drifting electrons and holes, rising linearly with time. When one charge is collected the
slope of the signal rise drops and continues to linearly rise with a new slope until the other
charge is collected. In detectors where electrons and holes have different drift velocities the
slopes of the two collection curves will be different for each species, and it can be determined
which species arrived at the electrodes first, as shown in the example. For materials like
germanium, where holes and electrons drift with approximately the same velocity, the slope
magnitude drops by 50% when one species reaches the electrode and it is impossible to
determine if the electron or hole arrive first.

Signal formation is vastly different when the electrodes are partitioned into pixels or strips
(figure 3.10, bottom), with the so-called small electrode effect. In this configuration the signal
on any one electrode is small until the charge is very close to the collecting electrode, at which
point it rapidly rises until the charge is collected. This rapid rise marks the arrival of the
charge at the electrode. The other electrodes effectively shield the collecting electrode from
receiving a large signal until the charges are close.

The shape of the induced signal and its timing can be used to infer spatial information
about the charges. The time it takes for charges to be collected by an electrode is set by
their drift velocity through the crystal. Since the drift velocity is well known for a given
detector voltage setting, it is possible to use the arrival time to infer the distance over which
the charges traveled. In a material where electrons and holes drift at the same speed, an
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The choice of electrode size determines the signal induced and charge collected. Figure from
Barrett et al., 1995 [11]

electron-hole pair generated at the center of an active region would arrive simultaneously
at the opposite detector electrodes. The difference in their arrival times can be used to
determine the depth at which they were created.

The large-pixel configuration can be used to determine the arrival time information nec-
essary for the depth measurement, but there is ambiguity for materials where the electrons
and holes drift at similar speeds. In these detectors it is impossible to determine if the
electron or hole was collected first, and only the absolute distance from the center of the
active region can be determined. In materials with significantly different drift velocities (like
CZT) it is possible to determine which species arrived first and there is not ambiguity in
determining which side of the crystal an interaction occurred.

Small-pixel detectors resolve the ambiguity issue for materials where the drift velocities
are the same because these pixels collect signals from electrons and holes independently.
The independent measurements provide a means to determine the actual interaction depth
unambiguously. Another advantage of small-pixel detectors is that their sharp signal rise
conveniently marks the charge arrival time with precision. Determining arrival times for
large-pixel detectors is less precise because of their linear collection curves.



CHAPTER 3. GAMMA-RAY DETECTION AND MEASUREMENT 61

Leakage Current

A detector’s leakage current is the baseline parameter which determines its minimum de-
tectable signal; all electron-hole pairs must be measured on top of this signal. Although a
reverse-biased semiconductor’s resistivity is very high, the 100s to 1000s of volt potential
drop across the crystal will cause leakage current to flow. In practice, given good detector
configuration and operating conditions, the steady-state leakage current can be held below
the microamp range and this is sufficient for radiation detection. The leakage current can
be divided into two major components: bulk and surface currents.

The issue of large leakage currents due to crystal impurities in semiconductor materials
is primarily solved by using a reverse-biased P/N junction, as described above. In this
configuration the reverse-biased field resists the flow of majority carriers across the junction.
The field direction is, however, favorable for the flow of minority charge carriers through
the active region. These minority carriers generate a small quiescent leakage current across
the crystal. The magnitude of this current is often negligible in comparison to thermally
generated leakage current.

Bulk leakage currents through the detector active volume are mostly due to thermal
excitations of valence electrons. The leakage currentv (IL) generated by a reverse biased
detector of bandgap Eb is proportional to temperature [129].

IL ∝ T 2e−
Eb
2kT

Silicon and cadmium-telluride detectors, with bandgap energies of 1.12 eV and 1.52 eV, can
operate at relatively warm temperatures of ∼300 K. Germanium’s small bandgap of .67 eV
necessitates cooling to much colder temperatures of <80 K.

Electrodes can be a significant source of leakage current. Simple ohmic contacts allow
charges of either sign to pass freely into and out of the detector. These contacts will inject
a carrier for each carrier sunk at the opposite electrode, thus maintaining charge balance
within the detector and generating a large leakage current. High purity detectors of typical
size (1 cm2) and high resistivity (50,000 Ωcm) can see leakage currents as high as .1 A as a
result. Blocking electrodes made of heavily doped n+- or p+-type material are frequently used
to generate very high-resistivity for minority charge carriers to pass between the electrodes
and detector volume. In this case, when a reverse bias is applied across the detector the
blocking contacts don’t allow the flow of carriers from the opposite side back through the
active volume.

Surface leakage currents can vary widely in magnitude. Large electric potential gradients
at the edges of the crystal can generate currents across the detector surface. Surface contam-
ination from debris, vacuum pump oil, fingerprints or other condensed vapors can provide
low-resistance paths for currents to flow. Techniques for reducing the field edge effects and
assembly in clean rooms can greatly reduce surface leakage from these factors. Separating
the surface from the detector active volume electrically, or physically, can minimize the im-
pact of surface leakage current on signal collection. This can be done physically by etching
the crystal or electrically with a guard ring around the electrodes.
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3.4 Germanium Semiconductor Detectors

Gamma-ray detection requires large detector active volumes to ensure adequate energy depo-
sition. Even within solid materials of high density, detector volumes of a few centimeters are
required for efficient gamma-ray detection. The purity of the semiconductor material before
doping determines how large of an active volume can be created before crystal breakdown
voltages occur, as discussed above. With currently available manufacturing techniques, ger-
manium provides the largest active volumes and is consequently the material of choice for
gamma-ray detection. Germanium’s relatively small bandgap energy (Bg,Ge,300K = .67 eV)
adds complication to its operation in comparison to silicon (Bg,Si,300K = 1.1 eV) and other
semiconductors. Thermally generated leakage currents require germanium to be cooled to
<80 K whereas the other semiconductors can operate close to, or at, room temperature.

Fabrication

Germanium crystals approach intrinsic carrier quality through manufacturing techniques
that either compensate for impurities through doping or refinement that reduces the ab-
solute impurity concentration. In the 1960s a process emerged wherein insterstitial litium
ions were used to compensate for impurity concentrations. This process, called lithium ion
drifting, could compensate over a maximum depth of 2 cm. Germanium detectors fabri-
cated by this method were given the designation of Ge(Li). These detetors fell out of favor
when advanced refinement techniques emerged in the 1980s. These new ultra-high-purity
germaium detectors, HPGe, achieved impurity concentrations of ∼ 1010 atoms/cm3 and de-
pletion depths of multiple centimeters. Advanced refinement techniques do not exist for
silicon, and at this time modern silicon detectors rely on the lithium ion drift method to
compensate for impurity concentrations.

Though both lithium-drifted and HPGe detectors have properties close to intrinsic ger-
manium and comparable penetration depths, the HPGe detectors have a key advantage
which sets them apart from an operational standpoint. The HPGe detectors can withstand
theramal cycling whereas the Ge(Li) detectors suffer degredation and must be continually
cooled. For this reason HPGe detectors are more widely used today.

Fabrication of germanium detectors starts with a relatively pure crystal, whose bulk
volume is either slightly n- or p-type. Heavily doped material is deposited onto the surface
by a variety of methods to form electrode contacts [141]. The P/N junction is formed at the
electrode whose type is opposite to the bulk detector material. This is the rectifying contact
and the depletion region will grow from this electrode. If the depletion voltage is reached
then the entire volume is active. Typically a voltage is applied to the rectifying contact
while the other is held constant; for an n-type bulk material the p-type electrode receives a
negative voltage, and for a p-type bulk the n-type electrode receives a positive voltage. A
dead-layer will exist in the region close to the electrode and judicious choice of the doped
electrode material will affect the dead-layer depth.



CHAPTER 3. GAMMA-RAY DETECTION AND MEASUREMENT 63

Detector Geometry

The most basic germanium detector is a a bulk wafer with two simple planar electrodes.
This type of detector provides no spatial resolution of where the photon interaction occurred
within detector. The total volume of a wafer is usually limited by the diameter of the crystal
to ∼10s of cm3.

Coaxial detectors are made by removing the core of a cylindrical crystal and placing an
electrode in the bore. The critical depletion depth runs from the exterior surface electrode
to the inner bore electrode and the crystal can be made long in the axial direction, greatly
increasing the detector active volume over planar geometries. The coaxial detectors can be
open on both ends or have a single closed-end. An example of a closed-end type coaxial
detector is shown in figure 5.4 for the RHESSI satellite. Detectors in coaxial configurations
have reached active volumes of ∼100s of cm3. Since the inner electrode can be made small,
these large-volume detectors can made with lower capacitance than would be possible with
planar detectors.

Detector spatial resolution can be achieved by using multiple electrodes to segment the
detector into different collection regions and provide 1 – 3D position sensitivity. Electrode
segmentation on both planar and coaxial geometries is possible and has been demonstrated
for a variety of electrode geometries, materials and deposition processes. A good review of
the breadth of germanium detector and electrode configurations can be found in Vetter, 2007
[141].

Planar germanium cross-strip detectors can be used to determine the position of photon
energy deposition in 3 dimensions. These types of detectors, termed 3D-GeDs or Double
Sided Strip Detectors (DSSDs), are used to provide high spatial resolution to the the GRIPS
spectrometer which is described in chapters 6, 7 and 8. Figure 3.11 shows a sketch of the strip
geometry to the left, and example signals for the collecting electrodes and their neighbors to
the right. This image demonstrates that one key advantage of 3D spatially resolved detectors
is the ability to detect the independent locations in a Compton scatter track, even within
the same crystal.

The 3D-GeD uses orthogonal strip electrodes to collect holes in one dimension and elec-
trons in the other. The intersection of the two electrode strips which collect charges locate
the photon interaction site in the 2D plane parallel to the electrodes. Figure 3.12 shows
a simulation involving one site of photon energy deposition, and combines the signals col-
lected on opposite strip electrodes (y3 and x3) into a single panel. The small electrode effect
effectively shields the collection electrode from an induced signal until the charge pulse is
close, resulting in a sharp rise (or fall) preceding full collection and allows the electron and
hole signals to be collected independently. The signal edge is used to determine the charge
arrival time for each species and their relative timing provides a measure of the depth. Each
successive panel illustrates how the signal timing is effected by photon interactions occurring
at different depths.
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Figure 4
Demonstration of signal decomposition of two interactions in adjacent strips in a double-sided
strip detector. By fitting the measured signals of eight strips (only results from the top four
strips are shown on the right) with calculated signals, one can determine the energies and
three-dimensional positions of individual γ-ray interactions.
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Figure 5
Demonstration of the improvement in the position resolution by applying pulse-shape analysis
in a double-sided strip detector. Shown here is a γ-ray shadow of a 12-mm-diameter mask in
front of a double-sided strip detector system with a 2-mm pitch size. The left image was
obtained without applying pulse-shape analysis, the right image obtained with.
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Figure 3.11: Left: Sketch of a planar germanium cross-strip detector. A single gamma-ray
enters the detector and Compton scatters through two sites within the crystal. The strip
pairs (x1, y1) and (x2, y2) collect the charge pulses generated at the first and second sites.
The intersection of the collecting strips locates the energy deposition sites in the 2D plane.
Right: Real event data from the four electrodes on the detector sketched to the left. The
data is fit to determine the charge arrival times. When combined with timing information
from the opposite side, the depth of the interaction is determined. Figure from Vetter, 2007
[141]

3.5 Outlook

The availability of high spatial resolution gamma-ray detectors capable of determining the
photon interaction site in 3 dimensions was demonstrated as recently as 2000 [2] and first
flown for astrophysics in 2005 on the NCT balloon as a Compton imager [36]. NCT showed
that a 3D-GeD with a 2 mm electrode spacing could provide high-resolution spectroscopy
(∼1 keV) and independently track Compton scatters to provide imaging (chapter 4). The
advent of 3D-GeD detectors with a finer electrode spacing of .5 mm was the key enabling
technology for the GRIPS telescope’s indirect imaging system (chapter 9). Indirect imagers
can achieve high imaging resolution, but at the expense of sensitivity because absorbing
grids are used to modulate signals. The 3D-GeD spatial sensitivity allows GRIPS to remove
one of the modulation grids, improving sensitivity over similar bi-grid designs. The .5 mm
detector resolution made it possible to design a 12.5” resolution system on an 8 m boom, an
instrument size accessible to balloon platforms.

Germanium semiconductor detectors provide the highest spectral resolution, greatest
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Fig. 3. Calculated induced charge signals from the x
3

electrode
and the y

3
electrode of the prototype orthogonal-strip detector

schematically shown in Fig. 1. Each pulse pair shown results
from the collection of the charge generated by a photoelectric
gamma-ray interaction event occurring at a di!erent depth
z
0

from the front side of the detector. This illustrates that the
time di!erence between the occurrence of the front-side strip
pulse and the back-side strip pulse can be used as a measure of
the gamma-ray interaction depth.

a collecting electrode. At this point there is a rapid
rise in the induced charge on that particular elec-
trode which continues until the drifting charge is
fully collected on the electrode. The rapid rise in the
induced charge signal on the electron-collecting
electrode marks the arrival of the electrons at that
electrode, and likewise the rapid signal rise on the
hole-collecting electrode marks the arrival of the
holes. The key element here is that the collection of
the electrons and the collection of the holes are
each separately detected. The di!erence in the arri-
val times for these two signals can then be used to
determine the depth of the gamma-ray interaction.
For example, if the arrival of the electrons occurs
prior to that of the holes, the interaction event must
have taken place closer to the electron-collecting
electrode; whereas if the opposite is true, the event
must have occurred closer to the hole-collecting
electrode.

As an illustration of this depth of interaction
sensing technique, we show in Figs. 3 and
4 modeling results for a detector with a geometry
approximate to that shown in Fig. 1. In this simple
model, photoelectric gamma-ray interaction events
were assumed to occur in the center (x and y direc-
tions) of the overlap region between the front-side
electrode x

3
and the back-side electrode y

3
. The

free electrons and holes generated by each event
were then assumed to drift in straight trajectories to
the appropriate electrodes as governed by the de-
tector "eld and the "eld dependent drift velocities.
With these assumptions, the induced charge signals
on the charge-collecting electrodes were calculated
using the weighting potential method [18,19]. This
calculation was made for interaction events occur-
ring at several di!erent depths z

0
from the front-

side electron-collecting electrode x
3
, and the result-

ing induced charge signals are shown in Fig. 3. As
expected, the relative timing of the pulses on the
electrodes is dictated by the interaction depth. An
event taking place near the front-side electrode
(small z

0
value) produces a rapidly changing charge

pulse on the front-side electrode prior to the corre-
sponding pulse on the back-side electrode, whereas
the opposite is true for an event occurring near the
back-side electrode (large z

0
value). Finally, for an

event near the middle of the detector, the pulses
nearly coincide in time. In Fig. 4 the interaction

depth is plotted as a function of the calculated time
di!erence between the occurrence of the pulse on
the front-side electrode and that on the back-side
electrode. For simplicity, each pulse location was
taken to be the time when the pulse reached its
half-maximum magnitude value. Over nearly the
entire detector depth there is a one-to-one near-
linear relationship between the depth of interaction
and the pulse time separation. This shows that the
gamma-ray interaction depth can in principle be
easily extracted from the time separation of the
pulses. The only regions in the detector where this
becomes di$cult are locations that are very near
either of the electrodes. Within these near-electrode
regions (within the distance of about one-half the

M. Amman, P.N. Luke / Nuclear Instruments and Methods in Physics Research A 452 (2000) 155}166 159

Figure 3.12: Simulated signals on two electrodes (y3 and x3) in a germanium strip detector.
The different panels shows how the photon interaction depth (0, 2, 4, 6, 8 and 10 mm)
changes the signal timing on each electrode. The relative charge arrival times can be used
to determine the interaction depth. Figure from Amman et al., 2000 [2]

photon stopping power and fastest signal response available over the 1 keV – 10 MeV spec-
trum, making them the detector of choice for high-resolution spectroscopy in this energy
range. These detectors can be implemented with or without spatial resolution in a range
of detector volumes and shapes. Recent advances in high spatial resolution detectors have
enabled new and advanced imaging for astrophysics in this energy range.
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Chapter 4

HXR/Gamma-Ray Imaging

Figure 4.1: The oldest known drawing of the camera obscura [59], published in Gemma
Frisius’ 1545 book De Radio Astronomica et Geometrica, describing how this single aperture
imager was used to observe the solar eclipse of January 24, 1544.

Indirect imagers made from masks, grids & collimators (section 4.1) and Compton tech-
niques (section 4.2) provided the first images of the Sun and greater universe in the 1 keV
to ∼10 MeV energy range. Indirect imaging has been able to achieve excellent ∼2” angular
resolution but faces a tradoff in sensitivity from the use of absorbing layers in the telescope
line-of-sight and limits the field of view (FOV) to photons that pass through those layers.
Compton imaging can in principal have a full-sky FOV without any photon attenuation,
but it is fundamentally limited to a ∼1◦ angular resolution by the momentum distribution
of bound electrons in the detector material. Despite these tradeoffs in sensitivity, angular
resolution and FOV, both methods have been extremely successful and are the standard
imaging techniques in the full 1 keV to ∼10 MeV energy band today.
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Though indirect imaging and Compton imaging have been successful, both of these meth-
ods are signal-to-noise limited because their photon collection areas are the same as the pho-
ton detection area. Since background scales with detector area, increases in sensitivity come
at the cost of increased noise. Decoupling the photon collection area from the detector area is
possible by using focusing optics to collect photons and divert them onto a smaller detector.
In the 1 keV to ∼10 MeV energy range, however, the index of refraction is slightly less than
unity, resulting in long focal lengths and shallow reflection angles that make direct photon
imaging technically challenging. Techniques using crystal diffraction (Laue lenses, section
4.3), grazing incidence optics coated in multilayers (section 4.4) and diffraction zone plates
(Fresnel lenses, section 4.5) are being explored as direct focusing options. Manufacturing
advancements have enabled the production of multilayered mirrors that have made graz-
ing incidence optics the state-of-the art for astrophysics observations <100 keV, but direct
photon imaging has yet to be realized through the whole band. These systems, though at-
tractive because of signal-to-noise and fine angular resolution, have the drawbacks of heavily
constricted FOVs and very narrow energy bands in comparison to the indirect and Compton
methods.

4.1 Indirect Imaging

Absorbing layers (masks, grids and collimators) can be used to selectively transmit or block
incoming photons, modulating the incoming flux. The resulting spatial (figure 4.3 & figure
4.4, top) or temporal (fig 4.4, bottom) variation encodes information about the source’s an-
gular distribution. Deconvolution of the modulated flux, using properties of the well-known
imaging target metrology, reconstructs the original photon distribution. The resulting im-
ages are probability distributions generated by the deconvolution technique. Design choice
in the coded-aperture style imaging implementation is a tradeoff between the relative im-
portance of angular resolution, sensitivity and FOV. The RHESSI (chapter 5) and GRIPS
imaging systems (chapter 9) employ strategies based upon these methods.

Coded-Aperture Masks

The camera obscura, depicted in figure 4.1 for observations of a 1544 solar eclipse, uses a
small pinhole aperture in an opaque mask to project an (inverted) image onto a distant
screen. The pinhole size must be small in comparison to the distant object and the angular
resolution is given by a ratio of the pinhole diameter to its separation from the imaging
screen. In the early 19th century this type of single aperture imager was developed into the
first photographic camera when photosensitive materials were used as the imaging screen.
Since the only requirements of this imager are that (1) the imaging aperture is small in com-
parison to the source and (2) the aperture diameter is large enough to avoid diffraction, this
device can be used to generate images of high-energy light distributions. In a HXR/gamma-
ray implementation the detector spatial sensitivity combined with the aperture-to-detector
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Figure 4.2: The IBIS telescope’s coded mask on the INTEGRAL spacecraft. The coded
apertures are distributed in a uniformly redundant array (URA) pattern. Image from Uber-
tini et al., 2003 [137].

distance would set the angular resolution. The sensitivity of such a device is severely limited,
as the only radiation reaching a detector would be the flux over the single pinhole, making it
unsuitable for high-energy solar and astrophysical observations, which are generally low-flux.

The pinhole flux problem can be resolved by using an imaging mask with a set of multiple
pinholes that generate many projected images, increasing the effective area in proportion to
the total area of the apertures [42]. These coded-aperture masks, shown in figure 4.2 for the
IBIS telescope, can significantly increase the effective area, reaching up to ∼50% of the total
mask area. Deconvolution of the overlapping image patterns can reconstruct the original
source image for simple photon distributions, like those of astrophysical point-sources.

The basic geometry of a coded-aperture imager is shown in figure 4.3. In this design the
detector is smaller than the imaging mask, only allowing a partial shadow of the image mask
to be recorded. The shadow pattern cast on the detector changes based on the source-to-
mask direction. For this implementation the detector must have a spatial resolution that
at least matches the aperture size. This requirement usually sets the angular resolution for
these imagers based upon available detector technologies. The FOV is set by the ratio of
the detector and/or mask size to their separation distance. The FOV can approach ∼1 sr
making this option good for monitoring multiple sources, and in survey or burst monitoring
applications. Two disadvantages of this method are (1) a limited dynamic range resulting
in difficulty resolving multiple sources of different brightnesses inside a single FOV and (2)
a degraded angular response for extended sources.

resolution = 1
2

pitch
separation

There are numerous ways to choose the distribution of apertures in the coded mask. One
class of patterns, called the uniformly redundant array (URA), has the convenient property
of a point response function that has flat sidelobes and an angular response that is defined by
the geometry of the individual apertures [49], shown in figure 4.2. This type of array has been
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Figure 1.Cyclic coded aperture imaging system.

From among the various algorithms proposed in the literature for reconstruct-
ing the original source distribution from the coded detector image, we will only
mention two here:
1. For matched filtering, reconstruction is achieved by periodically crosscorre-

lating the detector image with the aperture array itself, possibly scaled by a
constant factor and offset by a constant value. Matched filtering can be shown
to be optimum with respect to the contribution of quantum noise in the detector
measurements to the reconstruction. However, the point spread function (PSF)
of the resulting imaging system is the periodic autocorrelation function of
the aperture array. Unless this autocorrelation function has constant sidelobe
values, the reconstruction will be subject to systematic errors, often referred to
ascoding noiseor artifacts.

2. For inverse or mismatched filtering, the detector image is crosscorrelated
with the periodic inverse filter of the aperture array (Antweiler and Lüke,
1994; Lüke and Busboom, 1998). In this case, the reconstruction will be free
of coding noise for arbitrary aperture arrays, however, amplification of the
quantum noise will occur and have a deteriorating effect on the reconstructed
image.

Matched and mismatched filtering become identical, except for a constant scal-
ing and offset, if and only if the periodic autocorrelation function of the aperture
array has constant sidelobes. Arrays with this property are commonly referred to

expa350.tex; 15/06/1998; 10:42; p.2

Figure 4.3: Schematic depicting coded-aperture imaging. In this implementation the de-
tector (right) is smaller than the imaging mask (left), only allowing a partial shadow of the
image mask to be recorded. The shadow pattern cast on the detector changes based on the
source-to-mask direction. The original source distribution can be reconstructed by deconvo-
lution of the shadow image cast onto the detectors. The mask shown is a URA, image from
Busboom et al., 1998 [25].

widely employed in astronomical observatories, including BAT on the SWIFT mission [13]
and IBIS on INTEGRAL [137]. URAs, or more generally binary arrays with flat sidelobes,
are widely regarded as the best choice for coded aperture imaging.

Collimators

A set of co-aligned grids are used to modulate incoming flux in modulating collimator designs
[96]. Collimators have loose detector spatial resolution requirements, or remove this require-
ment completely, making them favorable over coded-aperture designs in applications where
detector spatial resolution is coarse, or high-precision detectors are difficult to implement,
and high angular resolution is required.

The grid-pairs in temporally modulated collimators are co-aligned with identical grid
pitches and orientations. As the source-to-grid orientation changes the total flux transmitted
through the grids fluctuates. Figure 4.4 (bottom) illustrates how flux changes for two source
locations. In this configuration the detector requires no spatial resolution and the angular
resolution is given by the ratio of one-half the grid pitch to separation.
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depends sensitively (and periodically) on the incident photon direction, since it goes 
through a complete cycle with a change of photon direction given by the ratio of the 
average grid pitch to their separation.  Although the Moire pattern really consists of a 
large number of narrow stripes (corresponding to the grid pitch), it can be characterized by 
a detector whose spatial resolution needs to be good enough to see only its large-scale 
‘envelope’.  Therefore the spatial resolution requirements on the detector is determined by 
the grid diameter, while the angular response of the collimator as a whole is determined by 
the much smaller grid pitch.   
 

 
 

Figure 3:  Schematic illustration of the transmission of bigrid collimators.  The 
top panels show two views of an imaging collimator in which the front and rear 
grids have slightly different pitch.  For the two incident beam directions shown, 
the total transmission is about the same, but the location of the smoothed 
maximum transmission is significantly shifted.  Alternatively, in the two 
collimators shown in c and d, the grid pitches are identical.  In this case, 
changing the incident direction affects the total detected flux. 

 
Alternatively, in a time-modulation collimator the top and bottom grids have identical 
pitch and orientation.  If the photon direction with respect to the collimator changes as a 
function of time, the total transmitted flux also varies.  Such time variations can be 
measured with a detector that need not have any spatial resolution whatsoever, and so it 
can be chosen or optimized on the basis of other considerations such as spectral resolution 
or high-energy response.   Once again the angular resolution (defined as half the period of 
the response) is given by the ratio of half the grid pitch to its separation.   
 
Useful insights into the response of a bigrid collimator can be gained by considering the 
link between its transmission as a function of time (or position for an imaging collimator) 
and its transmission as a function of incident photon direction.  If the slits and slats of the 
grids are of equal width, then this dependence has a quasi-triangular form.   For a point 
source, the amplitude of this pattern is proportional to its strength and the timing (or 
location in the case of spatial modulation) of the transmission maximum depends on 
source direction.   Note that there is no information contained in the period since that is 
determined by the collimator’s design and/or its changing orientation.  Considering just 
the primary sinusoidal component of this pattern, it has been shown (Makishima et al 1977, 
Prince et al 1988) that the amplitude and phase of this pattern provides a direct 

Figure 4.4: Photon flux modulation patterns generated by bi-grid collimators. Top: Spa-
tially modulated flux generated by a grid-pair with slightly different grid pitches. The moire
pattern phase shifts (the maximum transmission point moves) as the source location varies.
Bottom: Temporally modulated flux generated by a grid-pair with identical pitch. As the
source location varies the total transmitted flux varies. The angular resolution for both
collimator types is set by the ratio of one-half the grid pitch to the separation. Image from
Hurford 2010, [65].

resolution = 1
2

pitch
separation

A requirement of time-modulated collimator imaging is that there is constant motion
between the source and grid-pair, in the plane perpendicular to the line of sight. This is
frequently accomplished by rotating the grids relative to the source to create quasi-periodic
transmission profiles (figure 4.6, top), in an implementation termed rotating modulating
collimators (RMCs) [113]. This can be implemented through fixed grid-to-detector orien-
tations aboard rotating spacecraft and a rotating grid relative to fixed detectors on-board
non-rotating platforms such as balloons.

Spatially modulated bi-grid designs have two sets of grids whose pitches and/or orienta-
tions are slightly offset from one another. The image formed by the source through the two
grids is a moiré interference pattern whose phase depends on the source-to-grid orientation.
An illustration of how the moiré pattern phase shifts as a function of source location is shown
in figure 4.4, top. The moiré pattern generated by a single grid-pair on the STIX instru-
ment’s X-ray imager [81] is shown in figure 4.5. The moiré pattern is shown in red/yellow to
denote shadowing/transmission. As the source location changes, the phase of this pattern
moves across the detectors (shown in blue). The detectors need to be big enough and have
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Figure 4.5: Moiré pattern generated by a single grid on the STIX instrument’s X-ray imager,
which is planned to fly aboard ESA’s Solar Orbiter in 2017. STIX’s collimator grids have
slightly different pitches and orientations relative to one another. For the grid pair shown,
the pitches are 666 µm/690 µm with orientations of 60◦/64◦. The black box denotes the size
of the grids, and their resulting interference pattern is shown in red/yellow stripes denoting
shadowing/transmission. The blue boxes show the CdTe sensor pixel sizes. Image from
Krucker et al., 2013 [81].

enough spatial resolution to detect the overall pattern’s phase change but do not need to
resolve the fine structure of the pattern itself. The detector spatial resolution requirement
is set by the imaging grid diameter, but the image’s spatial resolution is set by the ratio of
one-half the grid pitch to their separation.

The maximum imaging energy for either implementation is set by the transmission prop-
erties of the grid, with the requirement that the grid is opaque for photon modulation to
occur. For high-energy light, above ∼1 MeV, this can lead to grids with thicknesses on
the order of ∼2.5 cm with high-Z materials such as tungsten. These thicknesses lead to
shadowing within the grid itself, limiting the FOV to the ratio of one-half the grid pitch to
thickness. The lower energy limit is set by the grid pitch, since the front grid can act as a
diffraction grating for sufficiently long wavelengths. These performance trade-offs between
energy range, angular resolution and FOV can be relevant in design. For RHESSI, the reso-
lution above ∼1 MeV is limited to a finest resolution of 35” by a 1◦ FOV requirement, and
its finest grid pitch’s (2.3”) energy range is limited to imaging >4 keV due to diffraction.
The high angular resolution and loosely constrained detector requirements of bi-grid colli-
mators come at the expense of sensitivity. The two absorbing grid layers reduce the photon
throughput to ∼25% of the incoming photon flux, whereas single-grid designs still suffer
from a ∼50% reduction.

FOV = 1
2

pitch
thickness
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The periodic modulation of an RMC’s flux in time (total transmitted flux) or space (phase
shifted maxima) will have a quasi-triangular form. The raw flux for a time-modulating RMC
is plotted in figure 4.6 (top), showing how the total transmitted flux varies in time for a bi-
grid RMC. The primary sinusoidal component of the regularized data (figure 4.6, middle)
represents a single Fourier component (figure 4.6, bottom) of the source distribution. Mea-
suring the amplitude and phase of the transmitted flux provides a measure of this single
Fourier component [104]. For a point source the transmission amplitude is related to the
source intensity and transmission phase is related to its location. Considering the transmis-
sion profiles as discrete Fourier components can simplify analysis of the angular response
and it is possible to reconstruct images by combining the Fourier components.

Bi-grid modulating collimators have been greatly successful in providing high angular res-
olution imaging for solar and astrophysics observations. The RHESSI satellite [88], launched
in 2002 and still in active service as of 2017, employs nine time-modulating RMCs for solar
imaging on-board a rotating spacecraft. RHESSI’s nine RMCs are able to achieve a finest
resolution as high as 2.3 arcseconds. RHESSI’s imaging concept and hardware are described
in detail in section 5.1. The forthcoming STIX instrument is a spatially-modulated bi-grid
design scheduled to fly on ESA’s Solar Orbiter in 2017 [81].

Outlook

Until recently, the fine spectral resolution of germanium detectors came at the cost of coarse
spatial resolution. This limited applications requiring high-angular resolution and fine spec-
tral resolution to dual-grid RMC designs, compromising sensitivity. In the early 2000s,
3-dimensional position sensitive germanium cross-strip detectors (3D-GeDs) were developed
[2] that had excellent spatial resolution without compromising the fine spectral resolution
of germanium. The NCT payload demonstrated 3D-GeDs with 2 mm spatial resolution and
∼1 keV spectral resolution in a Compton imager [37]. The GRIPS payload recently demon-
strated that a finer-pitch version of the NCT detectors was able to achieve ∼.5 mm spatial
resolution and ∼3.5 keV spectral resolution [45] (chapter 8).

GRIPS’ imaging system, the Multi-Pitch Rotating Modulator (MPRM) (section 9.1),
uses the 3D-GeD’s fine spatial sensitivity to implement a single-grid modulating imager that
combines the benefits of RMC and coded-aperture methods. This single-grid design combines
the high image fidelity generated by the RMC’s straightforward fourier components that
can simultaneously image over a wide range of spatial resolutions, with the ∼2× greater
sensitivity of the coded-aperture method. The GRIPS MPRM is designed for 12.5” – 162”
resolution with a .5 mm minimum grid pitch over an 8 m imaging boom. With the maturation
of deployable boom technology, at 1 MeV a satellite-borne GRIPS-like MPRM imager using
3D-GeD detectors could achieve better than 5” resolution over a 20 m boom.
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Figure 4.6: The raw data (top), its regularized correction (middle) and fourier component
(bottom) for a single grid-pitch in an RMC. The raw data is not fully triangular because of
apparent periodic motion of the source in the imaging FOV. Image from the first description
of RMCs for astrophysical use by Schnopper et al., 1968 [113].

4.2 Compton Imaging

Compton scattering is the dominant absorption process between ∼150 keV and ∼8 MeV in
germanium, with the exact cross-sections varying by the scattering material. In a Compton
event, the incident photon deposits only a portion of its energy into the crystal, liberating
a recoil electron, and scattering a lower-energy photon. The incident photon’s origin can
be determined if the energy and direction of both the recoil electron and scattered photon
are measured. A basic kinematic sketch, cross-sections and spectral effects of Compton
scattering within materials are discussed in section 3.2. The current section discusses the
method of Compton imaging, how it compares to other imaging choices, and its merit in the
solar context.

Compton imaging does not rely upon lenses, mirrors, masks or grids. Full measurement
of the scatter products’ energy and direction can locate the true source location for a single
photon [38]. A partial measurement of the scatter products locate the single photon to within
an annulus (recoil electron direction unknown) or great circle (energy of both scatter products
unknown) on the sky, and the intersection of these reconstructions locate the source within
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a handful of photons [151]. Figure 4.7 (top) illustrates the basic geometry of the Compton
interaction and shows the reconstructed event circle when the recoil electron direction is not
measured. The bottom plot shows a superposition of 30 event circles, whose intersection is
used to determine the source location.

Since there are no requirements to pass photons through a physical lens or mask the
Compton imager can have a potentially full-sky FOV. In practice the FOV will depend on
the spatial geometry of the detectors, how the Compton scatter tracks are measured and the
presence of ancillary equipment/passive blocking material.

Compton telescopes have typical angular resolutions of >1◦ and rely upon detector con-
figuration and/or spatial sensitivity to determine scatter directions. The recent COSI flight
reported achieving ∼5.6◦ angular resolution at 662 keV with germanium strip detectors of
∼2 mm spatial resolution [89]. The Compton telescope’s coarse angular resolution is without
the compromise on sensitivity seen by the higher angular resolution indirect imagers, which
sacrifice 50% – 75% of incoming flux. The low fluxes of astrophysical sources make Compton
imagers a popular choice for this community in studies of medium gamma-ray energies (∼.2
– 20 MeV) with compact sources. The low angular resolution makes these imagers imprac-
tical for studying the Sun however, since the gamma-ray structures of interest need to be
resolved on the arcsecond scale.

The Compton technique does not suffer from the ambiguity of indirect imagers, which
can only locate the source to within a projection of the grid slits for a single photon, and
require hundreds of photons to make an image. Although relatively coarse angular resolution
renders the Compton technique impractical for solar imaging, its ability to place a single
photon to within a few degrees on the sky can be used for background rejection. This has
the potential of drastically reducing background counts for indirect Solar imagers, whose
limited sensitivity is usually compensated for with increased detector area.

Outlook

A complete kinematic treatment of the Compton event must account for the original momen-
tum of the scattered electron. The Compton cross section for bound electrons in a material
with atomic number Z modifies the simpler unbound cross section with a term called the
incoherent scattering function, SIi [111]. Proper consideration of the momentum distribution
changes the calculated electron scatter angle. Since this original bound electron momentum
cannot be measured there will be fundamental uncertainties in the reconstructed photon
origins, an effect termed Doppler broadening. Figure 4.8 (left) shows the angular deviation
of the calculated photon origin due to Doppler broadening in silicon, assuming all scattered
measurements are perfect. The effect is stronger for more tightly bound electrons and weaker
for outer shell electrons whose initial momentum more closely approximates a unbound elec-
tron. This effect introduces imaging errors that fundamentally limit the angular resolution
of a Compton telescope.

( dσ
dΩ

)bound,i = ( dσ
dΩ

)unboundS
I
i (Ei, θ, Z)
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Figure 4.7: Top: Schematic depicting a Compton scatter track that deposits energy (E1)
to a recoil electron at position (x1, y1) in the first interaction and then photoabsorbs the
remainder of its energy (E2) in a second detector at (x2, y2). In this example the recoil
electron direction is not measured so the original photon can only be located to an annulus
on the sky. Bottom: A superposition of 30 event circle reconstruction from a Co-60 source
placed at α=20.6◦, δ=-19.5◦. The intersection of the circles is used to determine the source
location. Both images are from vonBallmoos et al., 1989 [144].
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Compared with Compton scattering on free electrons at rest three consequences arise:

• The total scatter probabilities change (Figure 2.16). Especially at lower energies, photons
have a slightly higher probability to scatter than predicted by the Klein-Nishina equation
(Equation 2.10) for unbound electrons.

• The scatter angle distribution changes (Figure 2.17): Compared to the Klein-Nishina
equation small and large scatter angles are slightly suppressed. This effect is smaller at
higher energies.

• The energy distribution between recoil electron and scattered gamma ray changes, while
the sum of the interaction energies is still exactly equal to the total gamma-ray energy.
As a consequence, the measured scatter angle and the one calculated using the standard
Compton equation 2.6 differ. For a given point source location, an ARM distribution of
the calculated origins shows a broadening (see Figure 2.18). Therefore this effect is widely
known as Doppler broadening.

Figure 2.18: Cumulative ARM
profile for Compton scattering of
200 keV photons in Silicon with-
out scatter angle selections (based
on simulations). The different
areas represent the contributions
of different shells of the Silicon
atom: in the outside shells, the
electrons are less energetic and
closer to the “target-at-rest” as-
sumption. Therefore the distri-
bution is sharper. The effects
shown are due to Doppler broad-
ening only — all energy and po-
sition measurements are assumed
perfect!

For a Compton telescope the first two points have little impact other than slightly modifying
the event distributions and total sensitivity for lower energies. But since there is no way to
determine the initial momentum of the electron, the third point gives rise to a lower limit for
the angular resolution of Compton telescopes.

From the formulation of the incoherent Compton scatter function in Equation 2.24, it should
be obvious that the Doppler-limited angular resolution depends on three parameters: the initial
photon energy Ei, the Compton scatter angle ϕ and the atomic number Z.

An example for the shape of a Doppler-broadened ARM profile is shown in Figure 2.18.
The total profile is composed of the profiles of the different shells: the innermost electrons (1s
orbital) have the highest momentum, and therefore the widest distribution. The 2p orbital is
populated by 6 electrons, whereas all other orbitals consist of two electrons. For this reason the
2p orbital contributes most to the width of the profile. The outermost electrons have the lowest
momentum and therefore form the peak of the distribution.

Figure 2.19 shows the dependence of the angular resolution on the atomic number. On
average, the angular resolution worsens with increasing Z. But it also strongly depends on the
shell structure of the individual atoms. Up to Calcium (Z=20) the relationship is simple: it
increases until it reaches a noble gas (He, Ne, Ar), then the FWHM decreases and reaches
a minimum at the alkaline metals or alkaline earth metals. For higher atomic numbers the
noble gases Krypton, Xenon and Radon are only smaller local maxima. The three highest local
maxima around Z=30, Z=46 and Z=79 are reached when the 3d, 4d and 5d orbitals are filled
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Figure 2.20: Dependence of the angular resolution on
the Compton scatter angle ϕ for Germanium at four
energies at the Doppler-broadening limit. All values
are averaged within 10◦-bins.

Figure 2.21: Dependence of the angular resolution on
the energy of the initial gamma ray at the Doppler-
broadening limit. The values are averaged in 200 keV
intervals below 1100 keV and in 400 keV intervals
above 1100 keV. No event selections were applied.

Doppler broadening constitutes a fundamental limit for the angular resolution of Compton
scattering-based telescopes. Unfortunately, it makes several strategies to improve Compton
telescopes at these energies futile:

Due to their superior stopping power, high Z materials (e.g. Ge, CdTe, Xe) are sometimes
favored in gamma-ray astronomy. They guarantee a high efficiency; however, the associated
angular resolution is fundamentally limited. In particular, Germanium Compton telescopes
cannot take advantage of their good energy resolution to improve their angular resolution. They
have already reached their Doppler limit (Boggs et al., 2000b) at lower energies.

From the Doppler-broadening point of view, a Compton telescope based on semiconductor
technology should use Silicon or Carbon detectors as scatterer since these promise the best
angular resolution. However, they need much more material to achieve the same efficiency, and
e.g. the energy resolution of Silicon is worse than that of Germanium.

For tracking Compton telescopes like MEGA, the scatter angle dependence of the Doppler
broadening seems to be a disadvantage. An electron needs a certain amount of energy to
pass through several layers of material, inducing a bias towards larger scatter angles for tracked
events. Consequently, tracked events will tend to correspond to events where the role of Doppler
broadening is more pronounced. However, since a reasonable amount of tracking sets in at
incoming gamma-ray energies around 1-2 MeV, since the MEGA tracker is based on Silicon,
and since other measurement errors dominate, Doppler broadening is not the limiting factor in
the current implementation of MEGA.

Nevertheless, the wide tails of the Doppler-broadened ARM distributions constitute a sig-
nificant problem. The events in those tails represent a background component for close sources,
and thus make it more difficult to resolve sources in crowded fields, e.g. in the Galactic center
region.

Doppler broadening is a fundamental limit for the angular resolution. Therefore below
roughly 1 MeV Compton telescopes cannot give a better angular resolution than coded mask
systems like IBIS (Winkler et al., 2003) on board INTEGRAL, which has an angular resolution
of roughly 0.2◦. Even an ideal Silicon-based Compton telescope will not reach this value below
1 − 2 MeV, with the exact angular resolution achievable depending on event selections.

2.3 Pair production

When the energy of the incoming gamma ray exceeds two times the rest mass of an electron,
1.022 MeV, another interaction mechanism starts playing a role: the conversion of the gamma
ray to an electron-positron pair in the electromagnetic field of a nucleus. During this process

Figure 4.8: Left: Simulated Doppler broadening in the reconstructed origins for a Compton
telescope. The colors denote angular deviation due to the momentum distribution of bound
electrons in different shells of a silicon detector. Right: The minimum angular resolution
(here denoted as “FWHM of ARM”) as a function of energy for three detector materials in a
Compton telescope. The minimum resolution becomes ≥1◦ for photons energies <500 keV.
Images from Zoglauer, 2006 [151].

Though a judicious choice of detector material can slightly improve the Compton tele-
scope’s angular resolution, for the most popular detector choices in this energy range there
are only slight improvements to the response (figure 4.8, right). The angular resolution of the
Compton imager is generally limited to ≥1◦ for photon energies <500 keV. For higher-energy
photons the angular resolution limits approach ∼.1◦ for 10 MeV photons. Though this res-
olution becomes comparable to observatories like IBIS [146], a coded aperture system with
a reported resolution of .2◦, it is much coarser than the recently flown GRIPS instrument,
whose single-grid imager is capable of 12.5 arcsecond resolutions at comparable energies [45].
These two indirect imager systems of course come at the expense of a ∼50% reduction in
photon throughput and the added complexity of a mechanical grid with aspect and pointing
requirements that the Compton telescope can be implemented without. Angular resolution
science requirements rule out Compton imaging for solar HXR/gamma-ray research, but its
arguably simpler implementation and trade off of (possibly unnecessary) angular resolution
for improved sensitivity and greater FOV makes it an attractive tool for the astrophysics
community.

4.3 Laue Lens

HXR/gamma-rays undergo crystal diffraction when the incoming light’s wavelength and
angle (λ, θ) are related to the crystalline interplanar spacing (dhkl) by the Bragg condition:

2dhklsinθ = nλ

Crystal diffraction can occur close to the surface of materials as a reflection in the Bragg
geometry, or as the light is transmitted through the material in the Laue geometry. For the
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Figure 1: The Bragg condition for constructive interference of a gamma-ray photon beam with the atoms of a given crystalline plane. (a)
Bragg diffraction in reflection configuration (Bragg geometry). (b) Bragg diffraction in transmission configuration (Laue geometry).
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Figure 2: Geometry of a Laue lens (see text).

it can be seen that the incident waves are reflected by the
parallel planes of the atoms in the crystal.

A Laue lens is made of a large number of crystals, in
transmission configuration (Laue geometry), that are dis-
posed such that they will concentrate the incident radiation
onto a common focal spot. A convenient way to visualize
the geometry of a crystal lens is to consider it as a spherical
cup covered with crystal tiles having their diffracting planes
perpendicular to the sphere (see Figure 2). The focal spot is
on the symmetry axis at a distance f = R/2 from the cup,
with R being the radius of the sphere of which the spherical
cup is a part; f is called the focal length.

From the Bragg equation, for the first diffraction order
(n = 1), it can be seen that the photons incident on a given
crystal at distance r (rmin ≤ r ≤ rmax) from the lens axis can
be reflected toward the lens focus if their energy E is given by

E = hc

2dhkl
sin

[
1
2

arctan

(
f

r

)]
≈ hc f

dhkl r
, (2)

where the approximated expression is valid for gamma-ray
lenses, given the small diffration angles involved.

Conversely, the lens radius r (see Figure 2) at which the
photon energy E is reflected in the focus is given by

r = f tan[2θB] ≈ hc f

dhkl E
. (3)

Rotation around the lens optical axis at constant r results
in concentric rings of crystals (see Figure 3(a)), while a
uniformly changing value of r gives rise to an Archimedes
spiral (Figure 3(b)). Assuming that the chosen diffracting
planes (hkl) of all the lens crystals are the same, in the first
case (constant r), the energy of the diffracted photon will
be centered on E for all the crystals in the ring, while in the
second case (Archimedes spiral), the reflected energy E will
continuously vary from one crystal to the other, as shown in
Figure 4.

2.1. Energy Passband. Any Laue lens will diffract photons
over a certain energy passband (Emin,Emax). From (2), at first-
order diffraction (the most efficient), it results that

Emin ≈
hc f

dhklrmax
,

Emax ≈
hc f

dhklrmin
.

(4)

Given that, for astronomical applications, the lens pass-
band is desired to be covered with the highest effective area
(The effective area at energy E is defined as the geometrical
area of the lens projected in the focal plane times, the total
reflection efficiency at energy E.) and in a smooth manner
as a function of energy, the energy bands of the photons
reflected by contiguous crystal rings or, in the case of the
Archimedes structure of a lens, by contiguous crystals have to
overlap each other, like in Figure 4. Since the full width at half
maximum (fwhm) of the acceptance angle δ (known as the
Darwin width) of perfect crystals is extremely narrow (frac-
tions of an arcsec to a few arcsec, see [21]), such materials are
not suitable for astrophysical Laue lenses. In order to increase

Figure 4.9: Schematic of the two geometries for crystal diffraction. In the Bragg geome-
try (left) photons are primarily refracted from the crystal surface. In the Laue geometry
the photons diffract along the volume of the crystal, increasing the efficiency. Image from
Frontera & von Ballmoos, 2010 [54].

Laue geometry light has the entire depth of the crystal to interact coherently, increasing
the diffraction efficiency. For this reason the Laue configuration has been pursued by the
HXR/gamma-ray energy (>100 keV) astrophysics community as a method to directly focus
gamma-rays. The Bragg geometry is widely employed in multi-layer coatings for grazing
incidence optics, as discussed in the section below.

The energy band of a single crystal is very narrow because of the Bragg condition’s
fixed dependence on the crystal periodicity. A number of schemes have been proposed for
extending a single crystal’s passband energy and increasing the diffraction efficiency [54, 26]
including creating mosaics wherein the crystal planes are oriented slightly differently, curved
crystal planes and bent quasi-mosaic crystals. Even with these schemes the single crystal
pass band is limited to a few keV.

The diffracted photon energy (E) as a function of the radial distance (r) from the lens
axis and focal length (f) can be determined from the Bragg equation. Assuming first order
diffraction (n =1) and small angles, the relevant lens equations are given by:

E ' hc f
dhklr

r ' hc f
dhklE

To extend the energy passband of the lens multiple crystal elements can be arranged at
varying radii. The median energy is set by a ratio of the focal length to the radius. Focal
lengths on the order of 20 – 100 m have been proposed for instruments with energy ranges
of 80 – 600 keV [143].

A Laue lens as envisioned for astrophysics would be an ensemble of crystals of differing
materials (varying the crystal spacing dhkl) and/or orientations (varying reflected angle θ)
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Figure 3: The basic design of a crystal diffraction lens in Laue geometry. Flat crystal tiles are assumed. (a) concentric rings of a given radius
r concentrating a constant energy E. (b) crystal tiles disposed along an Archimedes’ spiral result in a continuously varying energy E. Given
the footprint of the crystals, the image in the focal plane has a minimum size equal to that of the crystal size.
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Figure 4: An example of the expected reflectivity profile of
three contiguous crystals with a mosaicity of 1.5 arcmin along an
Archimedes’ spiral. Reprinted from [22].

the energy passband of individual crystals, one uses mosaic
crystals or curved crystals (see Section 3). The mosaicity
of mosaic crystals (see Section 3.1) and the total bending
angle of curved crystals (see Section 3.2) govern the flux
throughput, the angular resolution, and the energy passband
of the Laue lenses. The diffracted flux from a continuum
source increases with increasing the mosaicity of mosaic
crystals or the total bending angle of curved crystals. For
a crystal lens telescope, crystals with mosaicities or total
bending angles ranging from a few tens of arcseconds to a
few arcminutes are of interest.

The bandwidth of a lens for an on-axis source is
determined by the mosaicity or total bending angle of the
individual crystals and by the accuracy of the alignment of
the single crystals. By forming the derivative of the Bragg
relation in the small angle approximation (2dhklθB ≈ nhc/E),
we get

ΔθB
θB

= ΔE

E
. (5)

If ΔθB is the mosaicity of the mosaic crystal or the total
bending angle of the curved crystal, the corresponding
energy passband ΔE of the crystal becomes

ΔE = 2dhkl · E2 · ΔθB
nhc

. (6)

It is worth pointing out that, whereas the energy passband of
a crystal lens grows with the square of energy, the Doppler
broadening of the astrophysical lines (e.g., in SN ejecta)
increases linearly with energy for a given expansion velocity.

3. Crystal Reflectivity

Both mosaic crystals and curved crystals are suitable to be
used for a Laue lens. We discuss the properties of both of
them and their reflectivity.

3.1. Mosaic Crystals. Mosaic crystals are made of many
microscopic perfect crystals (crystallites) with their lattice
planes slightly misaligned with each other around a mean
direction, corresponding to the mean lattice planes (hkl)

Figure 4.10: Two Laue lens configurations wherein multiple crystal elements are combined
with varying crystal materials and/or radii to achieve a wider energy bandpass than available
with a single crystal. Different energies of light are diffracted through different angles onto
a single detector plane. Lower-energy light is diffracted through narrower angles and E1
< E2. Left: This lens design is composed of concentric rings, generating discrete energy
bands. Right: This design continually varies the radius in the so-called Archimedes spiral
configuration, yielding a continuous energy band. Image from Frontera & von Ballmoos,
2010 [54].

assembled such that a wide band of energies can be collected and projected onto a single
small detector. The general concept of a Laue lens is shown in figure 4.10. Crystals can
be arranged in concentric circles yielding discrete energy bands, or in a spiral pattern to
generate a continuous energy band.

Outlook

In practice the Laue lens design is limited by a small FOV ( ∼1 arcminute), narrow passband
(likely ∼100s of keV) and complex mechanical arrangements to hold and focus the individual
crystals. The 2003 stratospheric balloon flight of the CLAIRE payload provided the first,
and to date only, astrophysical test of a Laue lens [145]. CLAIRE used a 45 cm diameter
diffraction lens of made from 556 germanium-silicon crystals to focus 170 keV light in a 3
keV bandpass. The payload was a success, detecting 33 photons from the Crab within a
narrow observing window of 72 minutes.

The Laue lens field is continuing to make significant progress in crystal research [26],
demonstrating long focal length lenses [143], narrowing of projected spot sizes [54] and
finding solutions to configuration and focusing challenges [12, 143] for the multi-element
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arrays. Certainly the NuSTAR [61] mission has demonstrated that current deployable boom
technology that can make lens arrays feasible at focal lengths on the order of ∼10m today.
Complimenting the Laue lens with a second imager, whose FOV and pass-band is broad,
in combined payload is an interesting way to leverage the Laue lens strengths for targeted
science goals. Efforts of this kind, combining a Laue lens (.8 – .9 MeV) with a Compton
imager (.1 – 10 MeV) were suggested by the DUAL mission concept in a white paper to the
2010 U.S. Astrophysics Decadal Survey [22].

4.4 Grazing-Incidence Optics

In astronomy direct focusing of soft X-rays (<10 keV) through grazing-incidence optics has
a history going back to 1965 aboard suborbital rocket flights [55], and space-based obser-
vatories since the 1990s (Chandra and XMM-Newton [5]). With the advent of new man-
ufacturing processes to generate smooth mirror surfaces and multilayer optics in precision
geometries and with the advent of high-resolution position-sensitive detectors for the focal
plane, the grazing-incidence method has extended into the HXR range (≤100 keV) aboard
several balloon (HEFT [60], HERO [109] and InFOCµS [97]) and rocket (FOXSI [57]) cam-
paigns. Combined with advances in deployable boom technology, these mirrors have been
successfully operating onboard the NuSTAR observatory since 2012 [61]. NuSTAR reports
an 18 arcsecond FWHM angular resolution and a 12 arcminute x 12 arcminute FOV, making
it comparable to similar rotating grid resolutions without sacrificing sensitivity and only a
moderate trade in FOV.

Since X-rays have an index of refraction (n) that is less than 1, total external reflection
occurs for incident angles (αI) less than the critical angle (αc), as described by Snell’s law:

cosαI = ncosαT (4.1)

n = 1− δ + iβ (4.2)

δ =
ner0λ

2

2π
; β =

µλ

4π
(4.3)

The critical angle is a function of the wavelength and drops off sharply with increased energy.
Figure 4.11 shows the X-ray reflectance from 1 keV – 80 keV, illustrating how shallow the
grazing angle becomes for HXR/gamma-ray energy light.

Total external reflection of X-rays by a metal is sufficiently efficient to focus SXR. The
efficiency drops off with energy and a single reflection does not provide the efficiency needed
for imaging HXR. Depth-graded multilayers were developed to improve the efficiency of
grazing incidence optics and provide wide-band responses for HXR photons[60]. These mul-
tilayers alternate high and low refractive indicies to generate reflections at the boundary
of each layer, which then constructively interfere to increase the total reflection efficiency.
The condition for constructive interference is effectively the same as the Bragg condition for
crystal diffraction, but in this case the relevant distance is the layer depth (D) and not a
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Figure 4.11: The reflectance as a function of grazing angle for X-rays at several energies
for a single layer of nickel (solid lines) or iridium (dashed lines). Image from Glesener, 2012
[56].

geometric crystal spacing (dhkl).

2Dsinθ = nλ (4.4)

The general geometry of the grazing incidence optical array for HXR imaging is shown
in fig 4.12. A number of different mirror shapes, mostly based around approximations to the
Wolter type geometries [4], have been implemented to focus the light onto a small detector.
The photon collection area is drastically increased by nesting many sets of mirrors.

Outlook

Grazing incidence telescopes have become the standard for astrophysics in the <100 keV
range with NuSTAR and have been demonstrated for solar physics with the FOXSI rocket
flights [57] and NuSTAR solar observing campaigns. Development of depth-graded multilay-
ers and evolving manufacturing techniques enabled grazing incidence technology to overcome
efficiency and surface roughness issues previously limiting this method to <10 keV. Expand-
ing the grazing incidence telescope beyond the <100 keV limit of current imagers will be
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Figure 3. Two-stage conical optics

ultrathin reflectors of 170 µm thickness and 10 cm length per stage. The optics of ASTRO-E XRT is conically
approximated Wolter-I, with aperture diameter of 40 cm and focal length of 4.75 m (XRT-I).

Having boundary conditions described above, we have been settled down to the design of InFOCµS hard
X-ray telescopes shown in table 1. The focal length (F ) was extended from 4.75 m of ASTRO-E XRT-I to 8 m,
in order to reduce the ratio Rmax/F and thus extending Emax. With dmin = 2.5 nm, we have Emax of about
40 keV. Same reflector substrate as ASTRO-E XRT is used, and the number of nesting is 255. The aperture
efficiency is 55%. Figure 3 shows a schematic of InFOCµS hard X-ray telescope.

2.2. Supermirror design

As will be mentioned later, InFOCµS hard X-ray telescope was fabricated at Nagoya University and NASA/GSFC.
The design of supermirrors is slightly different to each other. Throughout this paper, we focus on a study done
by Nagoya team unless noted. The detailed discussion of supermirror design at GSFC is described by Berendse
et al. (2002) and the references therein.

Based on the design strategy described in section 1.3, we constructed supermirror parameters as shown in
table 2. The reflectors of InFOCµS hard X-ray telescope have incidence angles ranging from 0.105 to 0.356 deg.
The range of incidence angles are truncated into 13 different sets of groups. Reflectors in a same group are
coated with an identical design of supermirrors.

For groups 1 through 10, parameter for the topmost block is tuned so that total external reflection is
enhanced to connect reflectivity curve from lower energies to Bragg peaks. Although energy band of interest is

Table 1. Optical design parameters of InFOCµS hard X-ray telescope

Energy bandwidth 20–40 keV
Diameter / Focal length 40 cm / 8.0 m
Effective area (goal) 100 cm2 @ 30 keV
Field of view 10 arcmin FWHM
Half power diameter 2 arcmin
Reflector radii 59–200 mm
Reflector length 100 mm per stage
Reflector thickness 170 µm
Optics conical approximation of Wolter-I
Incidence angle 0.105–0.356 deg
Number of nesting 255
Number of reflectors 2040 per telescope
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Figure 4.12: Diagram of the grazing incidence optical assembly from the InFocµS payload.
A nested set of mirrors shallowly reflects light from two elements onto a detector plane.
Image from Ogasaka et al., 2003 [97].

technically challenging. Current manufacturing techniques generate surfaces smooth enough
for the grazing incidences required for <100 keV photons, but surface roughness becomes a
limiting factor for much higher-energy light, requiring the development of new manufactur-
ing techniques. Furthermore, though multilayers can be used in this energy range (and are
in gamma-ray microscopy), the quantity of layers required for adequate efficiencies would
drastically increase making these optics heavier and thicker than current versions.

4.5 Fresnel Lens

Fresnel lenses use circular gratings (zone plates) to diffract and focus light. An illustration
of several types zone plates are shown in figure 4.13. Modern lens designs use a graded
thickness (or graded refractive index) to focus light in the n=1 diffraction order, with a
theoretical 100% collection efficiency [125]. Fresnel lens imaging has been widely employed
to focus HXR/gamma-rays for microscopy, but an astrophysical implementation has yet to
be realized due to the very long, ∼106 km, focal lengths needed.

The theoretical lowest spatial resolution (smin) achievable for two diffracted sources in the
same focal plane (and consequently the minimum angular resolution, θmin) is given by the
Rayleigh criterion: when the maximum of one Airy pattern coincides with the first minimum
of the other, the two patterns are just resolvable from one another. The minimum resolution
is a tradeoff between the telescope focal length (f), lens diameter (dlens) and the finest pitch
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Fig. 1. a) A Fresnel Zone Plate (FZP), b) A Phase Zone Plate
(PZP), c) A Phase Fresnel Lens (PFL).

synchrotron facilities. Some example parameters for lenses
that are based on these principles and that have been used
for laboratory applications are given in Table 1.

In view of the need for high efficiency, we will concen-
trate here on PFLs, and hence the refractive index of the
material from which the lens is made is a critical param-
eter. The refractive index of a material at X-ray/gamma-
ray energies is usually expressed as

n∗ = (1− δ)− iβ. (1)

The real part of n∗ is slightly less than unity, correspond-
ing to values of δ which are small and positive. δ can be
expressed in terms of the real component f1 of the form
factor,

δ =
re
2π

na

(
hc

E

)2

f1, (2)

where re is the classical electron radius, na the number
density of atoms, and E the energy. Similarly the imagi-
nary component of n∗, which corresponds to absorption,
can be written

β =
re
2π

na

(
hc

E

)2

f2, f2 = E
µE

2hcre
, (3)

where µE is the absorption cross-section and E the photon
energy.

Well above absorption edges, and apart from small rel-
ativistic and nuclear corrections, f1 is essentially constant

Fig. 2. The thickness, tπ, of example materials necessary to
produce a phase shift of π, and the corresponding absorption
losses. The materials represented are Be, Si, Ni and Au (from
top to bottom and from bottom to top respectively in the two
plots). Based on data from Chantler (1995).

and equal to the number of electrons per atom, Z. It fol-
lows that the thickness tπ necessary to provide a phase
shift of π is approximately proportional to energy. The
thickness of a PZP or the mean thickness of a PFL will be
equal to tπ. Values of tπ for some example materials are
shown in Fig. 2. Much of the present work depends on the
fact that as one moves up in energy from the X-ray band,
although tπ increases, the associated absorption becomes
smaller and over a wide range of energy the losses fall to
a low level (Fig. 2).

The focal length, f , the finest pitch of the pattern,
p, and the lens diameter, d, are inter-related; we review
first some of the considerations which dictate the choice
of these parameters.

For microscopy, very fine pitch patterns are sought be-
cause the diffraction limited spatial resolution in the ob-
ject plane is sd = 1.22λf/d = 1.22λFno = 0.61p. Here the
resolution is that given by the Rayleigh critereon, which
corresponds to the 60% power diameter.

For astronomy, the diffraction limited image spot size
is equal to sd, as given by the above expressions, but it
is the angular resolution θd = sd/f that is important.
From the points of view of the angular resolution of a

Figure 4.13: Fresnel zone plates used as lenses to directly focus HXR/gamma-rays. Top:
Collecting area of the zone plate, pointed toward the source. (a): A Fresnel Zone Plate
(FZP) that uses opaque gratings to diffract light. The pitches become smaller at larger
radii to deflect through larger angles. Shadowing from the opaque gratings lead to ∼10%
efficiency (b): A Phase Zone Plate (PZP) which replaces the opaque grating with a material
that induces a π phase shift to increase the throughput, increasing efficiency to ∼40%. (c): A
Phase Fresnel Lens (PFL) which used a graded material thickness (or alternatively a graded
index of refraction) to redirect all incoming light into an n=1 diffraction order, yielding a
theoretical efficiency of 100%. Image from Skinner, 2001 [125].
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of the diffraction grating (p):

smin = 1.22
λ f

d
(4.5)

= .61p (4.6)

θmin =
smin
f

(4.7)

Using these equations as a guide, a telescope sensitive to 511 keV would have a focal length
of 106 km, a mask diameter of 5 m, an angular resolution of .1 µarcseconds and a very small
FOV of ∼100s of µarcseconds [125].

Outlook

A 2005 study by NASA Goddard Space Flight Center’s Integrated Mission Design Center
(IMD) [78] provided a detailed mission study for two theoretical Fresnel telescope concepts.
The study examined the feasibility of formation flying by two spacecraft, one carrying the
lens and the other carrying the detector, at a distance of 105 km for a “Pathfinder” mission
(10 µarcsecond resolution) and at a distance of 106 km (1 µarcsecond resolution) in a full
mission concept. The study found that the formation flying mission is viable inside the
science requirements of pointing, control and aspect knowledge with current, or expected,
technology.

Though difficult to ground qualify a lens with a 106 km focal length, efforts have been
made to build and qualify scaled versions [79]. A mission with a focal length of 1000 km
to achieve milli-arcsecond imaging at 5 – 11 keV with a modified Phase Fresnel Lens was
proposed in 2008 [126], but not selected for continued study. A 2012 study demonstrated
a Fresnel lens concept at 5.4 keV in NASA Goddard’s 100 m beamline with the goal of
providing .1 arcsecond imaging resolution for solar HXR studies [41]. Fresnel lenses are
an interesting concept to study the medium-energy gamma-ray universe in dramatic detail,
trade studies and scaled concept designs show that a mission design is feasible. In the
coming decades one can imagine that a small FOV instrument with µarcsecond angular
resolution might become very attractive to the planetary/stellar physics community. The
full Fresnel diffraction limited concept could provide a window into extra-solar planetary
systems, capable of resolving the corona and winds of distant stars.

4.6 Summary

Indirect imagers provide the highest resolution imaging solution for the complete 1 keV
to ∼10 MeV energy range. The availability of detectors that can provide high resolution
position sensitivity has made it possible to develop the GRIPS single-grid indirect imager
that has a high image fidelity from sampling many spatial frequencies simultaneously and a
high photon throughput compared to bi-grid designs. The position-sensitive detectors can be



CHAPTER 4. HXR/GAMMA-RAY IMAGING 84

used as imagers in their own right, through careful tracking of the Compton scatter products
single-photon origins can be determined to annuli on the sky. This Compton imaging is
fundamentally limited to ∼1◦ resolution, making it a poor choice for solar studies but a
powerful tool for background rejection and polarimetery measurements. Both Compton and
indirect imaging rely on a combined photon collection and detection area which can lead to
high background counts. Direct focusing optics like Laue lenses, Fresnel lenses and grazing-
incidence optics decouple the photon collection and detection areas, dramatically increasing
signal detectability by reducing noise. Direct focusing methods have yet to be realized for
>100 keV energies in astrophysics, though these communities are making steady progress
towards demonstrating their viability in space.
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Chapter 5

Gamma-Ray Imaging-Spectroscopy of
the 2003 October 29 X10 Flare with
RHESSI

One of the largest flares to occur in the past two solar cycles was an X10 event on 2003
October 29. Though this flare had excellent observational coverage by RHESSI it is relatively
unstudied. Deriving a spectrum for this flare is complicated by a large and unpredictable
atmospheric background that occurred as a result of energetic particle precipitation from
Earth’s radiation belts.

The dataset of gamma-ray flares is extremely limited. As discussed in chapter 2 there
are only a handful flares in the RHESSI and SMM datasets which have detectable 2.2 MeV
neutron-capture lines. Spectral fits for these flares show that the fluence of bremsstrahlung
produced by relativistic electrons is tightly correlated to the ion-generated 2.2 MeV line
fluence, suggesting a relationship between how these two populations are accelerated and
transported [121]. The set of flares capable of being imaged at the 2.2 MeV line is much
smaller. In the past 15 years of observation RHESSI has only observed five flares large
enough to image the 2.2 MeV line. Four of these flares (2002 July 23, 2003 October 28, 2003
November 2 and 2005 January 20) showed a significant displacement of the 2.2 MeV image
centroid relative to the HXR centroids [66, 67], seemingly inconsistent with the correlation
result (fully discussed in section 2.7). The fifth flare imaged at gamma-ray energies is the
2003 October 29 event. Imaging of this event at 2.2 MeV was limited to grid 9, with a
relatively coarse 183” resolution. The observed ∼13” centroid separation for the HXR and
2.2 MeV emission is within statistical uncertainty (17”) and the spatial result is inconclusive.
Since this flare’s spectrum was obscured by background it is not included in the set of flares
in the correlation study. Generating a reliable spectra for the 2003 October 29 flare that
puts it into context with the other four flares with imaged 2.2 MeV lines, and the ensemble
of flares on the correlation plot, can significantly improve these limited datasets.

Imaging-spectroscopy is commonly used as a tool to separate background from source
counts in lower-energy studies (<300 keV) because there are sufficient source photons to
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Figure 1. Perspective of the RHESSI imager. The key imager components are two identical sets of
nine grids mounted on front and rear grid trays. A corresponding set of nine cooled germanium
detectors is mounted behind the rear grids. The solar aspect system (SAS) consists of three lenses
mounted on the front grid tray which focus optical images onto SAS CCDs on the rear grid tray.

TABLE I

RHESSI – nominal grid parameters.

Subcollimator number 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 0.477 0.811 1.487

FWHM resolution (arc sec) 2.26 3.92 6.79 11.76 20.36 35.27 61.08 105.8 183.2

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

Grid thickness (mm) 1.2 2.1 3.6 6.2 10.7 18.6 6.2 6.2 30.0

Slat material Mo W W W W W W W W

Field of view (deg) 1.0 1.0 1.0 1.0 1.0 1.0 4.4 7.5 2.8

X-ray-opaque slats separated by transparent slits. Within each subcollimator, the
slits of the two grids are parallel and their pitches are identical. The nominal pa-
rameters of the RHESSI grids are listed in Table I. Details of the grid geometry,
calibration and response as a function of energy will be given in a forthcoming
paper by Hurford et al.

As illustrated in Figure 2, the transmission through the grid pair depends on
the direction of the incident X-rays. If the direction of incidence is changed as
a function of time, the transmission of the grid pair is modulated in time as the
shadow of the slats in the top grid alternately falls on the slits or slats in the rear
grid. For slits and slats of equal width, the transmission is time-modulated from
zero to 50% and back to zero as the direction to the source changes. One cycle

Figure 5.1: Schematic of the RHESSI telescope’s imaging system. Nine subcollimators of
matching grid pairs are set in front of nine monolithic germanium detectors. Also shown
are the Solar Aspect System (SAS) components which provide precise pointing information
used for image reconstruction. Image from Hurford et al., 2002 [68].

generate images with moderate energy bands (∼15 keV) and the full imaging capability
of RHESSI’s nine RMCs are available. At gamma-ray energies the imaging-spectroscopy
method has been mostly unexplored. The gamma-ray range faces challenges resulting from
limited imaging capabilities and low fluxes, even for the largest flares in the RHESSI catalog.

This chapter explores using imaging-spectroscopy in the gamma-ray energy range by
comparing the derived spectrum against the results from background-subtracted spectra in
well-studied flares, and applies this technique to the 2003 October 29 flare. Parameter fits
to the image-derived spectra are used to determine the relativistic electron and 2.2 MeV line
fluences, and this flare is compared against other flares in the correlation study. It is found
that the 2003 October 29 flare shows a tight correlation between relativistic electrons and
ions, similar to other flares of its size.

5.1 The RHESSI Imager

The RHESSI instrument uses a set of nine Rotating Modulating Collimators (RMCs) to
indirectly image photons from 3 keV to ∼10 MeV. Detailed descriptions of the imaging
concept, hardware and mission overview can be found in literature [68, 149, 88]. This section
provides a basic introduction to RHESSI imaging as context for using its backprojected
images to derive spectra.

Each RMC consists of two grids with matching pitches, co-aligned in front of a monolithic
germanium detector. The grids selectively allow photons to be transmitted/blocked by a
series of alternating transparent slits and opaque slats. As the spacecraft rotates the source
photons are time modulated with an amplitude proportional to the incident flux, a phase
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Figure 1. Perspective of the RHESSI imager. The key imager components are two identical sets of
nine grids mounted on front and rear grid trays. A corresponding set of nine cooled germanium
detectors is mounted behind the rear grids. The solar aspect system (SAS) consists of three lenses
mounted on the front grid tray which focus optical images onto SAS CCDs on the rear grid tray.

TABLE I

RHESSI – nominal grid parameters.

Subcollimator number 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 0.477 0.811 1.487

FWHM resolution (arc sec) 2.26 3.92 6.79 11.76 20.36 35.27 61.08 105.8 183.2

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

Grid thickness (mm) 1.2 2.1 3.6 6.2 10.7 18.6 6.2 6.2 30.0

Slat material Mo W W W W W W W W

Field of view (deg) 1.0 1.0 1.0 1.0 1.0 1.0 4.4 7.5 2.8

X-ray-opaque slats separated by transparent slits. Within each subcollimator, the
slits of the two grids are parallel and their pitches are identical. The nominal pa-
rameters of the RHESSI grids are listed in Table I. Details of the grid geometry,
calibration and response as a function of energy will be given in a forthcoming
paper by Hurford et al.

As illustrated in Figure 2, the transmission through the grid pair depends on
the direction of the incident X-rays. If the direction of incidence is changed as
a function of time, the transmission of the grid pair is modulated in time as the
shadow of the slats in the top grid alternately falls on the slits or slats in the rear
grid. For slits and slats of equal width, the transmission is time-modulated from
zero to 50% and back to zero as the direction to the source changes. One cycle

Figure 5.2: Table of RHESSI grid parameters for the nine RMCs, from Hurford et al., 2002
[68].

which gives source location information and a period set by the design parameters. This type
of time-modulating RMC design is described in more detail in section 4.1. The parameters
of each grid are given in table 5.2. Since the grid thicknesses and materials vary, each grid
has slightly different transmission properties. Only grids 6 & 9 have sufficient thicknesses
to be opaque to >1 MeV photons, and consequently are the only two which can be used for
imaging in this energy range.

The RMCs time modulate incoming flux, generating a modulation profile that represents
a convolution of the source properties with the grid. In the grid/detector reference frame the
source moves in a circle about the spacecraft rotation axis. Since the grids only modulate
flux which is perpendicular to the direction of the slits, the modulation profile will not be a
constant sinusoid; the period of time when the source moves parallel to the grid (i.e. when
it changes direction) will not be modulated and transmission will be at the maximum value.
This can be seen in the panels of figure 5.3. Panels 1 – 6 show the modulation profiles
for the sources shown to the right. Panel (1) shows a generic source of unit flux and then
shows sources with varying flux (2), position (3, 4) and source size (5, 6). Panel 7 illustrates
the inverse problem at the core of RHESSI imaging: given a modulation profile, what is
the original distribution? Further complicating the inversion is the fact that there could be
multiple sources inside the same FOV.

Inside RHESSI’s spectrometer [128] are nine high-purity germanium crystals with coaxial
geometries. The detectors are electrically segmented into front and rear sections which are
independently read out, time tagged and digitized. A cross-section of a single detector (left)
and a rendering of the cryostat housing showing all 9 detectors (right) is shown in figure 5.4.
The front segment’s ∼1 cm thickness primarily detects photons from 3 keV to ∼200 keV.
The rear segment’s additional collection volume extends the sensitivity up to the full ∼17
MeV energy range. Since the general shape of flare spectra in RHESSI’s energy range are
powerlaws, there can be ∼12 orders of magnitude fewer counts in the higher-energy gamma-
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Figure 3. Modulation profiles plotted for one complete rotation for various configurations of an
off-axis source, assuming ideal grids of pitch P with equal slits and slats mounted on a collimator
that is rotating uniformly about a fixed axis. As discussed in the text, successive panels show the
effect on the modulation profile of changing the source characteristics. R and φ are the radial offset
and azimuth of the source position relative to the axis of rotation.

Figure 5.3: Simulated modulation profiles for a series of sources, inset to the right of
each panel. Panel (1) shows an example source of unit flux. The successive images can
be compared to the first panel with varying flux (2), position (3, 4) and source size (5, 6).
Panel 7 illustrates the inverse problem at the core of RHESSI imaging: given a modulation
pattern, what is the original distribution? Image from Hurford et al., 2002 [68].
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Figure 1. Cross-sections of a RHESSI detector. (A) A detector profile with field lines, with the
field line marking the segment boundary in bold dashes. (B) A detector in the cryostat, showing
Ta/Sn/Fe/Al shielding around the side of the front segment and above the shoulder of the rear
segment.

pulse that can be amplified and digitized by suitable electronics. The total charge
in the current pulse is proportional to the photon energy.

Figure 1 shows two cross-sections of the cylindrically-symmetrical RHESSI
detector design. This design was a joint effort of the RHESSI co-investigators at
U. C. Berkeley and Lawrence Berkeley National Laboratory and the manufac-
turer, ORTEC (currently a division of AMETEK). The shape is a variation of a
‘closed-end coaxial’ detector, the industry standard design for large volumes and
high gamma-ray sensitivity. The ultrapure, slightly n-type germanium material is
doped in a very thin outer layer with boron on the front and side surfaces, and a
thicker, n-type layer of diffused lithium ions on the inner bore. The rear surface
is left as an insulator. When 2000–4000 V is applied between the inner and outer
electrodes, the crystal is depleted of free charge carriers, with enough electric field
in the crystal from the space charge and external voltage combined to cause the
electron-hole pairs to reach terminal velocity.

For space applications, it is important to fly n-type material with this electrode
configuration in order to minimize the effect of radiation damage on resolution.
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Figure 3. The RHESSI spectrometer, before being mounted on the spacecraft. The aluminum at-
tenuator disks are visible on top (one set in the aperture, the other out), and the preamplifiers and
high-voltage filter boxes can be seen around the skirt. The detectors are behind the thin, ribbed side
wall.

Leakage current in the detectors is so low (a few picoamps) that cosmic rays and
background photons dominate the total current through the detectors. Each reset
event results in approximately 40 µs of deadtime in the resetting segment, but as
this seldom happens at a rate of more than 100 Hz it represents a small contribution
to the overall system deadtime. Leakage current is kept low by avoiding the intro-
duction of any contamination on the back (insulating) surface of the crystals in two
ways: (1) careful design of the cryostat (see below) and (2) a proprietary ORTEC
passivation process used on the rear germanium surface.

The signals from the preamplifier are taken to a Detector Interface Board (DIB)
in the primary Instrument Data Processing Unit (IDPU) (Curtis et al., 2002) box
on the spacecraft deck. Each board contains both the analog and digital signal-
processing circuitry for both segments of one detector. The signal from each event
is split, going to a fast-shaping channel (which produces a triangular pulse 800 ns
wide at the base) and a slow-shaping channel (8 µs peaking time) for spectroscopy.

The fast pulse is used for pileup rejection: two events very close together in
time, which would be analyzed as a single higher-energy event by the analog-to-
digital converter (ADC), can instead be recognized, and both rejected. If the second
event comes shortly after the slow-shaped pulse from the first has already been

Figure 5.4: Left: Cross-section of RHESSI’s co-axial detectors. The dashed line at the top
indicates where the detectors are electrically segmented into front and rear sections. Right:
The RHESSI cryostat before being integrated onto the spacecraft bus. Shown on top are the
two sets of aluminum attenuators, one set engaged and sitting on top of the detectors, the
other set out. Images from Smith et al., 2002 [128].

rays than those of the lower-energy Soft X-rays (SXR). In RHESSI’s detectors the front
segments “shield” the rear segments from the low-energy photons, effectively extending the
dynamic range during high flux events. The detectors themselves have no spatial resolution
beyond the front and rear segment designation.

The finite timing of the readout system becomes a consideration for high count rates
[128]. Since a new event cannot be triggered while a previous event is being readout there
will be counts lost during times of high flux. The RHESSI electronics use a parameter called
the deadtime to account and correct for events lost during previous event processing. As
the count rate exceeds a software threshold the spacecraft automatically deploys a set of
attenuators to reduce the low-energy photon flux and maintain high sensitivity to photons
>100 keV. There are two sets of attenuators onboard which deploy either independently
or together, providing three staged levels of physical decimation. Each of these methods
provide a means to correct the measured count rate and recover the actual count rate.

During a single trigger window multiple events can deposit energy into the detector
simultaneously. Since the RHESSI detectors have no spatial resolution these two photons
cannot be discerned from one another in detector data alone and their combined energy will
be read out as a single photon energy. This pulse pile-up can manifest as excess counts above
a high-energy line. If the higher-energy and lower-energy photon sources are in spatially
different locations then imaging can discern between the two different sources to confirm
that pile-up is occurring, but the spectral information of the exact photon energies will be
lost.
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5.2 RHESSI Image Reconstruction

Backprojection is the most straightforward method of generating images from RHESSI’s
time-tagged counts [68]. Counts are time binned and a 2-D probability distribution of where
the photons could have originated from, called a modulation pattern, is generated. This
modulation pattern essentially projects an image of the grid into the sky, assigning the same
probability to each slit location and a zero probability to each opaque grid location. For
a single time bin the modulation pattern looks like a series of stripes on the Sun. As the
spacecraft spins, the modulation patterns are collected over a range of grid orientations. The
modulation patterns from different times and orientations are linearly added to generate the
backprojection map. The source regions will continue to build up as more patterns are added
together and the other regions will become fainter in comparison. The regions outside the
source will also be built up, but at a much slower rate than the source location because
no photons are collected when the source is covered by an opaque slat. Collecting photons
for a range of modulation patterns adds to the image fidelity. Figure 9.2 illustrates how
backprojection maps are created and linearly added for the GRIPS instrument. This figure
differs from a single RHESSI RMC because multiple angular resolutions are added in the
same backprojection image and this generates an image of higher fidelity, but the method is
conceptually the same.

Backprojection is equivalent to adding Fourier components together in an inverse 2-D
Fourier transform. A single grid pitch at a single orientation generates a modulation profile
that is an analog to a point on the U,V plane. As the grids rotate through 360◦ a circle
is drawn in the UV plane, describing the Fourier components which can be used to make
an image. With RHESSI’s 9 RMCs of varying pitch, its response has equivalently 9 cir-
cles in the UV plane. Incomplete sampling of this plane leads to characteristic lobes in a
point-response function for a Fourier transform. These lobes are visible in the RHESSI back-
projection images. Figure 6.5 shows the point-response function of RHESSI’s gamma-ray
response (two spatial frequencies from grids 6 & 9) in comparison to the GRIPS instrument’s
point-response. GRIPS has 13 spatial frequencies that are sampled through 360◦. RHESSI’s
incomplete sampling generates large side-lobes whereas GRIPS’ additional sampling gener-
ates a response that is virtually free of sidelobes.

After RHESSI’s initial backprojection map is generated, an algorithm can be applied
to further resolve the image. These algorithms are nonlinear, meaning that once they are
applied separate maps cannot be added together in a straightforward manner. Each of the
techniques make assumptions about the source that are used to generate predicted modula-
tion profiles. These predicted profiles are then iteratively compared to the observed profile
until they reach an acceptable agreement with observations. A description of these methods
can be found in literature [68].
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Figure 5.5: Backprojection image from the 2003 October 29 flare using RHESSI’s grids 7, 8
and 9 over the energy range of 5 keV – 25 keV. The characteristic sidelobes from incomplete
sampling in the U,V plane are visible. The spacecraft rotation axis is marked by a white
cross. Image provided by RHESSI Browser [123].

5.3 2003 October 29 Flare

The X10 flare that occurred on 2003 October 29 at ∼20:40 UT is shown in figure 5.6 (top)
for the GOES X-ray flux bands in 3-second intervals, with the RHESSI observation times
overlaid in red and blue bold traces. RHESSI has good coverage of this flare through the
impulsive phase and catches multiple observations of the decay. Continuous solar coverage
is not possible due to RHESSI’s orbit; night periods occur when the spacecraft is behind the
Earth (shaded in purple bands) and observations are obscured by high radiation background
when the spacecraft passes through the South Atlantic Anomaly (SAA, shaded in green
bands).

Particles from an X17 event that occurred on 2003 October 28 at ∼11:00 UT reached the
Earth by the following day where they were trapped in the radiation belts. Precipitation
of these energetic particles from the radiation belts generated large and unpredictable at-
mospheric background counts preceding and during the 2003 October 29 flare, complicating
simple background-estimation techniques. Figure 5.6 (bottom) is the RHESSI count rate
over the interval of ∼19:50 UT to ∼21:30 UT, combined across six detectors and divided
into coarse energy bands. This plot shows a large background signal extending over the 12
keV – 800 keV energy range that directly precedes the flare (before 20:40 UT).
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Figure 5.6: Top: GOES X-ray bands with RHESSI observing times overlaid in blue and
red bold traces, the gray traces are GOES observations without RHESSI observation times.
RHESSI had good coverage of the impulsive phase (starting at ∼20:40 UT) and multiple ob-
servations during the decay. Bottom: RHESSI count rates, corrected for attenuator motions
(attenuator states A0, A1 and A2 are labeled and shown in magenta bands). Counts are
combined across multiple detectors and divided into coarse energy bands. Images provided
by RHESSI Browser [123]
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Fig. 3.—The fine red (50%–90%) contours show the 200–300 keV high-
resolution map for the 2002 October 29 event superposed on aTRACE 195 Å
image. The thick red and blue circles are the centroid locations with 1j error
radii for RMC 9 imaging at 200–300 and 2218–2228 keV, respectively. The
purple lines illustrate the motions of the 200–300 keV footpoints.

Fig. 4.—Overlay of 200–300 keV (red contours) and 2218–2228 keV (blue
contour) sources onto a postflareSOHO/EIT image for the 2002 November 2
event. The dashed and thin solid red 50% contours show the result of 200–
300 keV mapping with 7� and 35� resolution (RMCs 3–9 and 6�9), respec-
tively. The 35� map cannot quite resolve the double-footpoint source revealed
by the high-resolution map and so has an elongated profile. The thin blue 50%
contour is the corresponding RMC 6�9 map at 2218–2228 keV. The thicker
1 j error circles show the RMC 6 source centroid locations.

their separation, moving∼15� toward the south and west, re-
spectively. Only an upper limit of∼30� could be placed on
potential motions of the centroids of the 2.223 MeV footpoints.

2.2. 2003 October 29 Event

The 2003 October 29 event, observed in its entirety by
RHESSI, had a high and variable background from penetrating
energetic particles precipitating from the radiation belts. Since
background is not modulated by the grids, this did not impair
imaging of the flare. The hard X-ray observations (Krucker et
al. 2005) initially showed multiple sources that became two
sources with generally outward motions straddling the loop ar-
cade seen byTRACE. Figure 3 shows the 0.2–0.3 MeV hard X-
ray image, integrated over the flare, with the motion of the foot-
points indicated by the purple lines. Although the 2.223 MeV
imaging with RMC 6 did not yield a statistically significant result
for this flare, RMC 9 imaging with 183� resolution showed an
unresolved source whose centroid location is shown as the dark
blue circle with a 17� 1 j error radius. The apparent 13� dis-
placement from the corresponding 0.2–0.3 MeV emission cen-
troid (solid red circle) is not statistically significant.

2.3. 2003 November 2 Event

The 2003 November 2 event was well observed, and the
50% contours of the resulting gamma-ray images are shown
in Figure 4 superposed on a postflareSOHO/EIT image.

Imaging the 0.2–0.3 MeV hard X-ray emission with RMCs
3 through 9 (7� resolution) showed two equal footpoints sep-
arated by 29� (dashed red 50% contours) straddling a Mi-
chelson Doppler Imager (MDI) magnetic neutral line running
south-southwest to north-northwest. Images with only RMC 6
(35� FWHM) did not have sufficient resolution to separate the
footpoints, and so they appear as a single elongated source
(solid red contour) centered between the footpoints.

The corresponding RMC 6 2.223 MeV line image is shown as
the thin blue 50% contour. Its centroid, shown as the thick blue
circle with a 1j error radius, is displaced by 11� � 5� from the
corresponding centroid of the 0.2–0.3 MeV RMC 6 image (small
red circle). Its location suggests that the 2.223 MeV line source
may be preferentially associated with the more northerly footpoint.

3. DISCUSSION

In common with flare-accelerated electrons, ions accelerated by
a flare would be expected to interact at footpoint locations,whereas
ions accelerated by a CME shock would be expected to be widely
dispersed and/or displaced from the flare site. The latter possibility
was suggested by the detection of the 2.223 MeV line in an over-
the-limb flare event (Vestrand & Forrest 1993). Since the three
flares studied here all had associated fast CMEs with SEP events
observed at 1 AU (Mewaldt et al. 2005), they are potential can-
didates for such behavior. The present observations provide us
with an opportunity to distinguish between the two possibilities.
Specifically, the photon flux of a source that is significantly smaller
than the RMC angular resolution would be completely modulated,
resulting in a relative visibility (defined as the ratio of the mod-
ulated flux to spatially integrated flux) close to unity, whereas an
extended source much larger than the RMC angular resolution
would be only weakly modulated, with a relative visibility close
to zero. Spatially integrated counts are determined by summing
the counts between 2.218 and 2.228 MeV and subtracting the
background contribution inferred from simultaneously observed
continuum counts in the same detector at energies between 2.24
and 2.30 MeV. Note that potential uncertainties in either the de-
tector efficiency or a specific background model do not affect the
relative visibility measurement. For all three events, the RMC 9
relative visibility at 2.223 MeV is consistent with 1, implying

Figure 5.7: Image of the 2003 October 29 flare showing the RHESSI centroids for 200 keV –
300 keV HXR emission (red) and the 2.2 MeV line (blue) overlaid on a TRACE 195Å image.
Image from Hurford et al., 2006 [67].

Since the atmospheric background generated by the precipitating electrons is large and
diffuse, it does not affect imaging. RHESSI centroids for 200 keV – 300 keV HXR emission
(red) and the 2.2 MeV line (blue) overlaid on a TRACE 195Å image is shown in figure 5.7
for the 2003 October 29 event [67]. The fine red lines show the 50 – 90% high-resolution
contours of the HXR footpoints and the purple lines denote their motion. The 2.2 MeV line
could only be imaged by grid 9 with 183” resolution, its 17” 1 σ error radius is shown as the
thick blue line. Since HXR/2.2 MeV centroids are only displaced by 13” the displacement for
this flare is within the 1 σ error and not statistically significant. The centroid displacements
for the other 3 flares with imaged 2.2 MeV lines are significantly displaced from the HXR
emission, by as much as 25”. A review of Hurford et. al’s findings for the complete set of
imaged 2.2 MeV flares is found in section 2.7.

5.4 Gamma-Ray Imaging-Spectroscopy

For typical RHESSI spectroscopy the ambient background can be easily quantified by av-
eraging the quiet solar data from the 15 orbits preceding and following the flare in the
same geomagnetic location. The ambient background is then subtracted from the total de-
tected spectra to obtain the predicted source spectrum. For most flares this method yields
an acceptable energy-dependent background model and constrains the source counts well.
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However, in times of high and irregular background, this method cannot be effectively used
to generate reliable source spectra.

RHESSI’s imaging properties can be leveraged to separate compact source counts from
extended source counts, like background. RHESSI’s RMCs do not modulate flux from sources
whose angular extent is much greater than the angular resolution of the grids. Extended
sources effectively become an overall normalization to the modulation profile, acting like a
DC offset. This can be seen in figure 5.3’s panels 5 and 6. Since these sources are much
larger than the grid angular resolution, there is always some portion of the source visible
through the grid, generating the DC offset and reducing the modulation amplitude. For an
extremely big source the modulation would be negligible in comparison to the overall DC
offset.

Since the background is effectively separated out by imaging, the imaged counts can then
be used as a measure of source counts in a method called imaging-spectroscopy. Though
useful this method has several drawbacks that make spectroscopy with background models
directly computed and subtracted more attractive for general use.

In RMC-style imaging a single photon cannot be backprojected to the source, its origin
can only be guessed to within ∼50% of the instrument field of view. Many photons over
multiple different grid orientations must be binned and added together to generate an image
whose peak location is consistent with the source and whose peak maximum is proportional
to the source.

Images with sufficient signal-to-noise ratios (SNR) are needed to resolve the source, and
usually this requires energy ranges that are much broader than the FHWM energy resolution
of RHESSI’s high-purity germanium detectors. The germanium detectors have excellent
energy resolutions of ∼1 keV at low-energies, reaching ∼10 keV at higher-energies [128].
Even the best observed flares in the RHESSI catalog require energy bins that are 5 – 20x
broader than can be achieved with spectroscopy alone.

Each backprojected image represents a proportional flux over its imaged energy range.
Photon distributions that are structured on the angular resolution scale of the imaging grid
will have real source counts distributed in the backprojection sidelobes. Post-backprojection
techniques seek to improve image quality by redistributing this flux into the image peaks.
In the high-flux, low-energy, portions of the spectrum there are enough counts and available
Fourier components to effectively apply these post-processing techniques.

The imaging-spectroscopy technique is well used in RHESSI’s lower-energy range (<300
keV) where there are ample counts to generate moderate-energy-band images, and the full
complement of imaging RMCs available for use. This method is relatively unexplored in the
gamma-ray energy range, however, where there are comparatively few counts in even the
largest and best-observed flares. Further complicating the use of imaging-spectroscopy in
gamma-rays are limited imaging capabilities; only grids 6 & 9 are thick enough to modulate
(and image) photons >1 MeV.
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Figure 5.8: Backprojection image from the 2003 October 29 flare using grids 6 & 9. This
image indicates there is source structure on the 35.27” (grid 6) scale. To ensure that the
peak of the backprojection dirty map is a direct measure of count flux, the source needs
to be fully unresolved in the image. For this reason, only detector 9 (183.2”) was used for
gamma-ray imaging-spectroscopy in this work.

Method

The methods used to increase image fidelity and redistribute mapped counts into the back-
projected image peaks require high statistics that aren’t available in the gamma-ray range.
Instead, the imaged-flux must be derived from the peak of the backprojection map directly.
The source must be fully unresolved on the spatial scale of the modulation profile for the
peak in the backprojection map to contain all the flux. Figure 5.8 indicates that there is
structure on the 35.27” (grid 6) scale for the 2003 October 29 flare. To ensure that the
response most closely simulates a fully unresolved point source only grid 9 (183.2”) was used
for imaging-spectroscopy in this manuscript.

Hurford et al. 2002 [68] describe the method of generating a RHESSI backprojection
image, which is summarized here. A backprojection map region of interest is chosen that
adequately covers the flaring region but is small enough to exclude the rotation axis, to avoid
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ghosting issues caused by incomplete spatial sampling. RHESSI’s Solar Software (SSW) IDL
routines then calculate the modulation patterns (Pim) for each pixel (m) and time bin (i)
and combine them into the backprojection map. Since the sensitivity is proportional to the
modulation profile variance a flat-fielding correction is applied to the individual maps before
they are combined. The mean over all roll angles is subtracted out for each pixel and then
each value is divided by its variance over all roll angles.

The intensity of each pixel (Im) is a linear combination of the count rates (Ci) and the

flat-fielded modulation patterns (P̂im).

Im =
1

Aeff

N∑
i=1

Ci
∆ti

P̂im (5.1)

The image is normalized by the effective area of the detector (Aeff ) and the time interval
(∆ti) of the image. This normalization ensures that the peak of the backprojection map
equals the strength of the dominant source. The RHESSI software returns a backprojected
image over the selected FOV, energy and time range. The image itself is a set of intensities
for each pixel.

To determine the photon flux from the backprojection map the Solar Software (SSW)
hsi map evaluator routine was used. This routine determines the photon flux (Γ) by finding
the maxium pixel value in the backprojection map (Imax) and then passes the counts through
the detector response matrix (drm). The total integration time (tmap), livetime (τ) and the
detector’s cross-sectional area (A) are also accounted for.

Γ =
Imax

A drm tmap τ
(5.2)

The image’s statistical signal-to-noise ratio (SNR) was used as a control parameter to
choose the narrowest energy bands possible for imaging while retaining adequate signal fi-
delity. Certain bins around key features (511 keV, 2.2 MeV and the escape peaks) were
chosen over a fixed energy range, usually with very high SNR. The binning across the re-
mainder of the spectrum was iterated until the SNR for the image was in the range of 4 –
5. The SNR for a backprojected map is given by a ratio of the mean modulation amplitude
(Āmod) and source counts (Csrc) to the root of the total map counts (Cmap), as returned by
the hsi map evaluator routine.

SNR =
Āmod Csrc√

2 Cmap
(5.3)

The imaging-spectroscopy results were compared with well-studied flares. Since the re-
sponses of the imaging system and spectrometer are different, and converting counts to
photons involves additional layers of assumptions, it was necessary to choose how to make
comparisons. To minimize the number of times a model-dependent forward fit entered into
the analysis, the comparison was done in the count flux space of the imager.
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Comparison spectra derived through background-subtracted spectroscopy were forward
fit to generate a photon model spectrum. Then, this photon model was passed through the
detector response matrix of the imager. The resulting spectrum represented the expected
count flux in an image, given the photon model derived through traditional spectroscopy. The
count flux for imaging-spectroscopy is straightforward to obtain. The photon flux derived
from hsi map evaluator (Γ) is multiplied by the detector efficiency.

5.5 Comparison to Background-Subtracted

Spectroscopy

Gamma-ray imaging-spectroscopy was compared against background-subtracted spectra for
the 2002 July 23 X4.8 and 2003 Nov 02 X8 flares. The results from both methods are plotted
in figure 5.9 as fluences in the count space of the imager. The imaging-spectroscopy results
are plotted as black crosses whose widths denote the spectral binning and heights represent
uncertainty. The background-subtracted spectrum for 2002 July 23 is plotted as a blue line
in the top plot. The 2003 November 02 flare’s background-subtracted spectrum has been
rebinned to match the imaging-spectroscopy binning and then plotted as blue triangles in
the bottom plot. The green triangles represent the parameter fit to the 2003 November 02
flare’s imaging-spectroscopy results. The overall spectral shapes, key features and magnitude
of fluxes are in good agreement between the two methods for both flares.

The next sections address several differences between the spectra derived by imaging-
spectroscopy and background-subtraction methods. These features include discrepancies
between the >2 MeV continuum, the count fluence of the 511 keV line and the appearance of
a broad feature around ∼430 keV in the imaging-spectroscopy result. While these differences
are interesting they do not significantly affect the parameter fits for the >300 keV relativistic
electron bremsstrahlung and 2.2 MeV line fluences which are the primary motivators for
applying this method to the 2003 October 29 flare. The purpose of the next sections are
to highlight these anomalous features, explain our efforts to characterize them to date and
point to some interesting research avenues.

Spectrum above 2 MeV

The >2 MeV count fluences differ between the imaging and background subtraction methods
for both flares. The 2003 November 02 flare’s the count flux begins to diverge around the 511
keV line and smoothly extends into the MeV range. This discrepancy could be explained by
an energy-dependent background model that overpredicts the background at higher energies,
resulting in a steeper spectrum. The 2002 July 23 flare’s discrepancy, however, is more
difficult to interpret. The sudden rise in flux for the imaged spectrum over the 2.23 MeV –
2.95 MeV range could not easily result from a slight overestimation of a smooth background.
For the 2002 July 23 flare we must determine if this count excess is the result of real source



CHAPTER 5. GAMMA-RAY IMAGING-SPECTROSCOPY OF THE 2003 OCTOBER
29 X10 FLARE WITH RHESSI 98

23#July#2002:#Comparison#Spectra#

Energy#(keV)#

Co
un

t#F
lu
en

ce
#(c
nt
s/
#(k
eV

#c
m

2 )
)#

Energy	
  (keV)	
  

Co
un

ts
/c
m

2	
  
ke
V	
  

2002	
  July	
  23:	
  Comparison	
  Spectra	
  

511	
  keV	
  

>	
  2	
  MeV	
  
excess	
  

Energy	
  (keV)	
  

Co
un

ts
/c
m

2	
  
ke
V	
  

2003	
  Nov	
  02:	
  Comparison	
  Spectra	
  

511	
  keV	
  

Figure 5.9: Spectra for the 2002 July 23 X4.8 flare (top) and 2003 November 02 X8 flare (bot-
tom). Imaging-spectroscopy results are black crosses that denote spectral binning and mea-
surement error. The background-subtracted spectra are shown in blue. The 2003 November
02 background-subtracted spectrum has been re-binned to match the imaging-spectroscopy
binning. The 2003 November 02 event’s summed model components are shown as green
triangles.
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photon accumulation or if it is an artifact of the method that manifests only for certain
flare/grid parameters.

The count flux generated by imaging-spectroscopy is derived from the maximum pixel in a
backprojection map. Figure 5.10 (right) shows the maximum pixel value for each energy bin
in the 2002 July 23 imaged spectra. The >2 MeV count excess is present in the backprojected
map itself, verifying that the excess is not a result of how the map is analyzed. This result
suggests that these photons were modulated by the grids, implying that they originated from
a compact source in the instrument FOV. The locations of the centroid in each image are
consistent with the flare location, further suggesting that the excess counts come from a
compact source at the flare site.

The most plausible source of real photons causing an apparent excess above a strong line
in times of high-flux is pulse pile-up. When two photons deposit their energy in a RHESSI
detector at the same time there is no way to determine that two different photon events
occurred, and their combined energy is read-out as a single count event. This phenomena
is a well-known consequence of high-flux X-ray events. To determine if the excess counts
result from pile-up of 300 keV – 500 keV photons with 2.2 MeV photons the flare counts
were compared in two 3-minute intervals, shown in figure 5.10 (left). The two intervals are
shown in black and green with the same energy binning. The HXR flux decreases between
the first and second intervals, but the >2 MeV flux remains constant. These results are not
consistent with pile-up because the count excess was still present after the lower-energy flux
dropped off.

To check that these excess counts were not a result of detector 9’s response, an imaged
spectrum was generated using detector 6. The same count excess appears in detector 6’s
imaged spectrum above the 2.2 MeV line. This suggests that the excess counts are not a
simple artifact of the modulation patterns or modulation amplitudes used for grid 6 or grid
9 during image reconstruction.

The >2 MeV count excess is seen in two different grids and spanning two time periods.
It is not observed in both comparison flares and its properties are consistent with real
source counts but not pile-up. This excess flux inconsistency is still unresolved. Since the
relativistic electron bremsstrahlung fit to the continuum is mostly anchored by the high-flux
low-energy spectral components, and these fluxes are in agreement between the two methods,
the count excess is inconsequential in deriving the relativistic electron bremsstrahlung model
component.

Broad Feature at ∼450 keV

The 2002 July 23 flare’s imaging-spectroscopy result shows a broad line at ∼450 keV which
does not have a component of the same magnitude in the background-subtracted spectrum.
This line could possibly be the gamma-ray line complex of Be-7 and Li-7, which are produced
by flare accelerated α particles when they fuse with He-4 in the chromosphere. Share et. al
[118] reported finding evidence of these lines during the 2002 July 23 event in the background-
subtracted spectral data. They show that a downward oriented beam of α particles would
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Figure 5.10: Plots supporting the analysis of >2 MeV flux for imaging-spectroscopy of the
2002 July 23 flare. Left: Flare spectra integrated over two 3-minute intervals (00:20:00 –
00:32:00 UT & 00:33:00 – 00:36:00 UT) to examine if the >2 MeV count excess results from
pile-up with lower-energy 300 keV – 500 keV photons. Since the flux remains constant in the
>2 MeV bins but decreases for the lower-energy photons between intervals it is unlikely that
pile-up is causing the excess counts. Right : The maximum pixel value for each backprojection
map. Since the excess counts appear in the backprojected map itself they are not a result
of how the map is interpreted.

result in a broad complex which peaks at 450 keV. Their model fit to the background-
subtracted data is shown in figure 5.11 (left).

Figure 5.11 (right) shows that the 450 keV line complex is much weaker than the 511 keV
line in background-subtracted spectra. In the imaged-spectra, however, the 450 keV feature
is much stronger and of roughly comparable magnitude to the 511 keV flux. Though the
component reported by Share et al. is well aligned to the feature in the imaged spectrum, its
unclear why there would exist such a large discrepancy between the line strengths generated
by imaging and background-subtracted spectroscopy.

511 keV

A close-up showing the 511 keV line is inset to each of the comparison plots (figure 5.9). The
511 keV line flux for the 2003 November 02 event is well matched between the two methods.
There is a discrepancy, however, between the two methods for the 2002 July 23 event’s 511
keV flux. This result could indicate that RHESSI’s response matrix is overestimating the
amount of locally generated 511 keV for this event, but more study is needed to fully quantify
the discrepancy. A next step of this work is to use imaging-spectroscopy to study multiple
511 keV lines to experimentally investigate the background model for this line.
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Fig. 3.—Count spectrum of thea-4He line measured byRHESSI derived
by subtracting the best-fitting bremsstrahlung and other components found to
contribute to the background-corrected spectrum. The curve shows theRHESSI
response to the line shape derived for ana-particle distribution that undergoes
saturated PAS in the corona for magnetic loops perpendicular to the solar
surface at a heliocentric angle of 73�.

shapes that are not significantly worse fits to the data; a fan-
beam distribution would have a 15% chance of fitting the count
spectrum as well as the others, based onDx2. In contrast, we
find that a downward beam ofa-particles interacts to produce
a line shape with two relatively narrow peaks near∼418 and
467 keV (see Fig. 2) that is a poor fit to theRHESSI count
spectrum; there is only an∼10�4 probability (Dx2 p 14.7) that
such a distribution would fit as well as the others.

3. DISCUSSION

RHESSI has detected theg-ray line complex from7Be and
7Li produced when flare-accelerateda-particles interacted with
4He in the chromosphere of the 2002 July 23 flare that occurred
at a heliocentric angle of 73�. For a magnetic loop perpendicular
to the solar surface at the footpoints, the calculated line shapes
for most expected angular distributions of interactinga-
particles are similar, except for a downward beam that produces
two distinct relatively narrow line features. We passed these
line shapes through the instrument response function and found
that only the downward beam is an unacceptable fit to the
RHESSI count spectrum (0.01% probability of fitting as well
as the best-fitting shape based on thex2 statistic). The best-
fitting line shape is produced by interactinga-particles that
undergo saturated PAS in the corona (Hua et al. 1989; Murphy
et al. 2003). Fits to shapes produced by generic isotropic, down-
ward-isotropic, and fan-beam distributions are also acceptable
(115% probability of fitting as well as the best fit). These results
are consistent with earlier studies of thea-4He line made using
SMM data (Share & Murphy 1997; Share et al. 2002).

Measurements of the redshifts of12C, 16O, and20Ne from 19
flares observed bySMM, grouped by heliocentric angle, placed
additional constraints on the angular distributions of interacting
particles. Isotropic and fan-beam angular distributions could
be ruled out with confidence greater than 99%, while a down-

ward beam was excluded at 99.5% confidence (Share et al.
2002). The best fits were obtained for interacting particles that
suffered significant PAS in the corona or for a generic isotropic
distribution of particles that primarily interact in the forward
hemisphere. In all these cases it was assumed that the magnetic
loops containing the accelerated particles were perpendicular
to the solar surface at the footpoints.

There are two Letters in this issue that also address the
angular distribution of interacting ions in the 2003 July 23 flare
(Smith et al. 2003; Murphy et al. 2003). Smith et al. (2003)
have studied the line shifts and shapes of six de-excitation lines
greater than 800 keV and find that the lines are redshifted from
their laboratory values between 0.1% and 0.8%. These shifts
are significantly larger than that produced by the distribution
favored by theSMM analysis, i.e., an isotropic particle distri-
bution that interacts primarily in the forward hemisphere per-
pendicular to the solar surface. Smith et al. (2003) offer two
suggestions that could explain these large redshifts: (1) the
magnetic loop containing the particles might be inclined by
∼40� toward Earth, and (2) the interacting particles might be
highly beamed normal to the solar surface. The first suggestion
is consistent with oura-4He line measurements; we find that
a forward isotropic distribution interacting in such a tilted loop
would fit the data as well or better than our most favored
distribution ∼15% of the time based on aDx2 analysis. In
contrast, as discussed above, a narrow beam is inconsistent
with the RHESSI spectrum with high confidence (99.99%).

Murphy et al. (2003) studied the time history of the 2.223 MeV
neutron-capture line to infer the angular distribution of interacting
particles that produce the neutrons.They used the same physi-
cally based model cited above, which includes PAS and trans-
port of the interacting particles, to calculate the time history.
Their calculations have been performed only for magnetic loops
that are perpendicular to the solar surface at the footpoints.
They find that theRHESSI data are fitted best by an interacting
particle distribution produced with a modest amount of PAS;
they cannot rule out saturated PAS that produces distributions
of particles primarily interacting in the forward direction at a
heliocentric angle of 73�. The best-fitting models to the neutron-
capture line observations are also consistent with thea-4He
line measurements (168% confidence). Murphy et al. (2003)
note that had they been able to perform their calculations for
a magnetic loop tilted toward Earth, as suggested by the
de-excitation line measurements (Smith et al. 2003), more
forward-directed interacting particle distributions would have
fitted the data better.

In conclusion, we can conceive of only one scenario that is
consistent with the high-energy de-excitation line, neutron-capture
line, anda-4He line measurements of the angular distribution
of interacting particles for the 2003 July 23 flare. This requires
a magnetic loop that is tilted toward Earth and a broad forward-
directed particle distribution that impacts the solar atmosphere.

This work was supported by NASA DPR W19746 and DPR
W10049 at the NRL. The work at the UCB and NASA Goddard
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Fig. 1.—Background-corrected count spectrum accumulated from 00:27:20
to 00:43:20 UT. Solid curve is the best fit to the data. Dotted curve shows the
RHESSI response to the best-fita-4He line model for ana-particle distribution
that undergoes saturated PAS in the corona, multiplied by a factor of 5 for
clarity. Dashed curve shows the response to the fitted bremsstrahlung, anni-
hilation, and nuclear-line components (excluding thea-4He lines).

Fig. 2.—Comparison of the calculateda-4He line shapes for a flare at a
heliocentric angle of 73�. Solid curve: Downward-isotropic distribution (similar
to one fora-particles undergoing saturated PAS in the corona).Dotted curve:
Fan-beam distribution.Dashed curve: Downward beam.

flare. We compare these observations with line-shape calcu-
lations to estimate the angular distribution of interactinga-
particles. We compare our results on the angular distribution
with those obtained for the same flare from redshifts of de-
excitation lines (Smith et al. 2003) and from the delayed time
profile of the neutron-capture line (Murphy et al. 2003).

2. THE a-HELIUM LINE OBSERVATION AND MODELS

Lin et al. (2002) and Smith et al. (2002) discuss theRHESSI
experiment and its spectroscopic capabilities. Soft X-ray emis-
sion from the X4.8 class flare (NOAA Active Region 0039,
S13�, E72�) on 2002 July 23 was observed byGOES beginning
at 00:18 UT and peaking at 00:34 UT.RHESSI observed the
flare until about 01:16 UT when it was occulted by the Earth.
We accumulated 960 s of spectral data from 00:27:20 to
00:43:20 UT to study the solara-4He lines. We estimated the
background during the flare using 960 s spectral accumulations
on the previous and subsequent days (�15 orbits) when the
satellite passed over similar geographic locations (Smith et al.
2003; Share et al. 2003). In Figure 1, we plot the count spectrum
observed byRHESSI between 370 and 600 keV, after subtracting
this background. The spectrum is dominated by the positron-
electron annihilation line and the bremsstrahlung continuum.

We constructed a model solar photon spectrum, passed it
through the instrument response function, and fitted the
background-corrected data from 150 to 8500 keV (Lin et al.
2003; Share et al. 2003). This model spectrum included a
double–power-law bremsstrahlung spectrum, the solar annihi-
lation line and its positronium continuum, a nuclear de-
excitation line function made up of 15 narrow and broad Gaus-
sians (Smith et al. 2003), the neutron-capture line (Murphy et
al. 2003), and a model for thea-4He fusion line complex. We
plot the calculated line shapes of this complex for three rep-
resentative angular distributions of interactinga-particles in
Figure 2 for a flare at a heliocentric angle of 73�. The most
distinctive shape is for a downward beam, for which the7Be
and 7Li lines would be clearly resolved byRHESSI. A down-
ward-isotropic distribution (i.e., one that is isotropic in the
hemisphere toward the solar surface and has no component
away from the Sun) exhibits a broad structure from∼400 to
500 keV, peaking near 450 keV where the two lines sum to-

gether. At this heliocentric angle the downward-isotropic and
fully isotropic distributions of interacting particles produce line
shapes that are indistinguishable. The line shape for a fan-beam
distribution, expected for particles interacting at their mirror
points (Murphy et al. 1988, 1990), is almost indistinguishable
from the downward-isotropic distribution.

We have fitted theRHESSI count spectrum shown in Fig-
ure 1 using these and other angular distributions fora-particles
with power-law energy spectra having indices ranging from 3.5
to 4.5. We find no significant change in the fits for the different
spectral indices. The fit over the full range in energy, from 150
to 8500 keV, is acceptable withx2/degrees of freedomp 0.91
for 767 degrees of freedom. Share et al. (2003) list the best-
fitting parameters derived from this fit. Even though the brems-
strahlung continuum for this flare was very strong and domi-
nated over thea-4He lines, the presence of these lines is
required with 99.99% confidence. We base this conclusion on
the increase of 16 inx2 when we force the flux in thea-4He
lines to 0, with all other parameters free to vary. The positro-
nium continuum, lying just below the 511 keV annihilation
line, has a distinctly different shape from thea-4He fusion line
complex and is readily separated. We have only been able to
set an upper limit on this continuum for the flare (Share et al.
2003). We have multiplied our best-fitting line shape by a factor
of 5 for clarity and plotted it separately in Figure 1. This shape
was derived for an interacting angular distribution ofa-particles
after they undergo saturated PAS in the corona (Hua et al.
1989; Murphy et al. 2003); this calculation has been done only
for magnetic loops perpendicular to solar surface at the foot-
points. We also plot the count spectrum derived by passing the
fitted bremsstrahlung, annihilation, and nuclear line compo-
nents (excluding thea-4He lines) through the instrument re-
sponse function. This reveals the relative contribution of the
a-4He line complex to the spectrum.

In Figure 3, we plot theRHESSI count spectrum from 370
to 500 keV, after removing all the fitted components except for
the a-4He line complex; the solid curve is the calculated best-
fitting line shape after passing it through the instrument re-
sponse function. The spectrum is relatively structureless but
exhibits evidence for a peak near 450 keV that is expected for
a-particles undergoing saturated scattering in the corona. The
downward-isotropic and isotropic distributions produce similar

Figure 5.11: 2002 July 23 flare plots from Share et al. 2003 [118] showing the broad spectral
feature that peaks at ∼450 keV, and can be attributed to α – He-4 fusion products Be-7 and
Li-7. Left: Model fit to background-subtracted spectrum. Right: Expanded energy range
showing the 511 keV line. The dashed line shows the Bremsstrahlung component and the
dotted line is the Be-7 and Li-7 line complex model magnified by 5x.

Summary

The imaging-spectroscopy method reproduces the general shape and key features of the
gamma-ray flare spectrum well. The reported discrepancies between the >2 MeV flux, the
broad feature at ∼450 keV and the 511 keV line flux warrant further study and provide
an interesting avenue to constrain RHESSI’s response matrix. Since the photon spectrum
generated by relativistic electrons is primarily anchored by the high flux 300 keV – 500 kev
energy range, and the 2.2 MeV line is well defined with high statistics, the discrepancies
outlined above were not found to significantly affect these two parameter fits.

5.6 2003 October 29 Imaging-Spectroscopy Result

The method of imaging-spectroscopy outlined in section 5.4 was applied to derive a spectrum
for the 2003 October 29 flare. In figure 5.12 (top) the spectrum is shown as black crosses
whose width indicates the spectral binning and whose height denotes error. The spectrum
generated by imaging-spectroscopy clearly shows the prominent features of a typical gamma-
ray flare: positron annihilation line at 511 keV, neutron capture line at 2.2 MeV and an
overall broken-powerlaw spectrum as well as the two escape peaks resulting from secondary
photon escape from the detector.

The spectrum was fit with templates in OSPEX and the resulting summed model com-
ponents are plotted as green triangles in figure 5.12 (top). There is good agreement between
the spectrum and model fit, especially at the lower-energies which anchor the electron rela-
tivistic bremsstrahlung component. At higher-energies the fitted spectrum predicts slightly
lower fluences than derived from imaging. This could possibly be due to pion emission, which
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was observed in the 203 October 28 flare, but was not included in the fit shown here. The
key features of the model fit are given below:

>300 keV relativistic electron bremsstrahlung fluence: 5788 ± 322 photons/cm2

2.2 MeV line fluence: 926 ± 180 photons/cm2

Broken powerlaw at: 661 keV

These fit values were used to compare the 2003 October 29 event with other large flares.
The derived relativistic electron and neutron-capture fluences were used to place the 2003
October 29 flare on Shih et al.’s correlation plot [121]. This X10 flare is added as a green circle
in figure 5.12 (bottom). The imaging-spectroscopy results indicate that the 2003 October
29 event is one of the strongest 2.2 MeV flares observed in the past 2 solar cycles and that
it fits into population of other large flares well.
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Figure 5.12: Top: 2003 October 29 flare spectrum (black crosses) derived via imaging-
spectroscopy over the time range of 20:40:00 – 21:07:00 UT. The spectral resolution is de-
noted by the width of the black crosses and the height is measurement error. The results
of a spectral component fit are shown as green triangles. Bottom: Relativistic electron
bremsstrahlung and 2.2 MeV line fluences correlation plot from Shih et al., 2009 [121]. The
2003 October 29 flare is added to the original plot as a green circle, showing that this flare
fits into the tight linear correlation.
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Chapter 6

The Gamma-Ray Imager/Polarimeter
for Solar Flares (GRIPS) Instrument

The Gamma-Ray Imager/Polarimeter for Solar flares (GRIPS) instrument is designed to
study particle acceleration and transport by providing high-resolution imaging (12.5 – 162
arcseconds), spectroscopy and polarimetry of high-energy emission (∼50 kev to &10 MeV)
during solar flares. GRIPS is a NASA Heliophysics Low Cost Access to Space (LCAS)
mission led by Pascal Saint-Hilaire, formerly led by Bob Lin, at UC Berkeley’s Space Science
Laboratory (SSL). Most of the telescope and its support systems were designed, built and
tested at SSL with contributions from Lawrence Berkeley National Laboratory (LBNL),
NASA’s Goddard Space Flight Center (GSFC), and UC Santa Cruz.

The GRIPS payload (Figure 6.1) flew on a long-duration balloon mission from Antarctica
in January of 2016. Over GRIPS’ ∼12-day flight, 21 C-class flares occurred and all systems
performed as designed. Due to the remoteness of the landing site (∼500 miles from the
Amundsen-Scott South Pole Station) and the lateness within the austral summer season,
recovery resources were limited. All flight data for the primary instrument and its three
piggyback instruments were recovered in February 2016, but the instrument itself remained
in the Antarctic deep field over the 2016 winter. In the following 2016/2017 austral summer
season all of the GRIPS flight hardware was recovered.

6.1 Science Goals

Solar flares can release up to 1033 ergs within 100s–1000s of seconds [48]. These events
impart up to tens of percent of the released energy into particles, accelerating electrons
to 100s of MeV and ions to 10s of GeV. Large-scale field reconfigurations resulting from
magnetic reconnection in the corona are thought to power flares, but the precise mechanisms
that convert the stored magnetic energy into particle kinetic energy are poorly understood.
High-resolution imaging and spectroscopy of the hard X-ray/gamma-ray energy range during
flares is required to build a complete picture of these processes and understand the energetics
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Figure 6.1: The fully integrated GRIPS instrument payload in December 2016 at the Long
Duration Balloon (LDB) Camp on the Ross Ice Shelf outside McMurdo, Antarctica. The gon-
dola is suspended from “The Boss” launch vehicle while the GRIPS and Columbia Scientific
Ballooning Facility (CSBF) teams complete pre-flight checklists during a launch attempt.
The imaging mask can be seen to the right in the photo, on the end of an 8-m boom. Be-
low the payload hangs arrays of solar panels and a telemetry boom is mounted above the
payload.

of solar eruptive events.
Observations from RHESSI linked high-energy photon emission to observed spatial struc-

tures like magnetic fields, verifying the overall geometry of the standard flare scenario. In the
RHESSI and Solar Maximum Mission (SMM) [140] observations, ion and relativistic elec-
tron fluences were shown to be correlated, showing that flares accelerate ions and relativistic
electrons proportionally and suggesting that these populations are accelerated together, pos-
sibly by similar mechanisms (figure 2.24, left) [121]. Since gamma-ray imaging has become
available with the RHESSI instrument, there have been only five flares which had enough
2.2 MeV emission to image the flare footpoints. These flares showed that the centroids of ion
and relativistic electron emission can be displaced from one another by ≥10,000 km (figure
2.25) [66, 67]. This result is surprising; in the standard flare scenario ions and electrons
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are accelerated together and transported out of the acceleration region along the same field
lines where they would deposit their energy in the same place within the chromosphere.
The correlation results support this scenario, showing that the ion and relativistic electron
acceleration is linked. To address these seemingly inconsistent results new observations from
instruments with finer imaging and increased sensitivity at gamma-ray energies are required.
GRIPS was designed to provide these observations and address the new set of high-energy
flare questions generated by RHESSI and SMM, including: What causes the spatial sep-
aration between HXR emission generated by relativistic electrons and the gamma-ray line
emission from energetic ions? How anisotropic are the relativistic electrons, and why can
they dominate in the corona? How do the compositions of accelerated and ambient material
vary with space and time, and why?

6.2 Instrument Overview

The GRIPS telescope consists of a germanium spectrometer/polarimeter and a single-grid
imager separated by an 8 m boom. GRIPS’ key technological advances over the current
HXR/gamma-ray solar state of the art (RHESSI) are 3D position-sensitive germanium de-
tectors (3D-GeDs) and a single-grid indirect imaging system, the multi-pitch rotating mod-
ulator (MPRM). Figure 6.2 shows a schematic of the complete payload and its systems.
Separate chapters provide detailed descriptions of the MPRPM imaging system (chapter 9),
the spectrometer (chapter 7) and its performance (chapter 8). GRIPS’ first flight details and
instrument descriptions can be found in literature [122, 44, 45].

The GRIPS spectrometer (pictured in figures 6.3 and 7.1) is able to resolve the site
of individual photon interactions in three dimensions. When photons Compton scatter in
the detector crystals, which is the dominant process in the range of ∼150 keV to ∼8 MeV,
GRIPS can resolve each energy deposition site and reconstruct the scatter path. Determining
the scattering track enables polarization measurements and coarse Compton imaging (∼1◦

resolution) that can be used to image extended sources or eliminate background.
Detector position sensitivity is the enabling technology for GRIPS’ MPRM single-grid

imaging system. The site of the photon interaction is used to determine the modulation
pattern and project it onto the Sun. A single grid can provide ∼2× greater photon through-
put than related bi-grid designs, such as RHESSI, which had detectors with no position
sensitivity.

GRIPS’ MPRM mask design, shown in figure 6.5 (right), is designed with significantly
improved image fidelity and nearly 3× higher imaging resolution than RHESSI at gamma-ray
energies. The MRPM grid rotates through 360◦ orientation at ∼10 rpm, providing quasi-
continuous imaging resolution at 13 spatial resolutions between 12.5” – 162”. At gamma-ray
energies RHESSI is limited to imaging with two of its nine grids (numbers 6 & 9) because the
remaining grids do not have adequate stopping power to modulate gamma-rays. Limited to
two grids RHESSI can only provide imaging at the comparatively coarse angular resolutions
of 35” and 182”. The significant gains to image fidelity with GRIPS’ 11 additional spatial
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Figure 6.2: Schematic of the fully integrated GRIPS payload. The GRIPS and CSBF compo-
nents are shown in red and the three piggyback instruments (Solar-T, TILDAE and SMASH)
are shown in blue. The flight computer, aspect computer, power distribution unit and the
majority of the signal processing electronics are housed in the electronics bay. The electronics
bay and telescope boom are both covered in opaque foam, but are shown here as transpar-
ent. The solar panel arrays are suspended below the electronics bay floor. Not pictured (on
the opposite side to the electronics bay) is a bay which housed the CSBF provided Science
Instrument Package (SIP) that interfaced with the antenna boom, providing the communi-
cations pipeline between the GRIPS flight computer and ground support equipment. Image
from Duncan et al. 2016 [45].
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Figure 6.3: The GRIPS spectrometer with BGO shields removed (their outlines marked
on bottom plate). The image is taken from the side of the cryostat that will face Earth in
flight, and look towards space. The cryostat housing is in the center of the image (gold plated
housing) surrounded by the readout ASIC electronics boxes (smaller gold boxes) and their
cable harnessing that is wrapped in wire mesh and teflon tape to provide electrical shielding
and protection to the ribbon cables. An EMI shield is removed for the detector stack to the
left, showing the density of signal traces that travel ∼25 feet in ribbon cables from the ASIC
electronics to the FPGA Card Cages in the electronics bay. Protruding from the cryostat
on the upper left are the feedthroughs which provide high voltage to the detectors.
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Figure 6.4: Inside the GRIPS electronics bay prior to flight. Labeled are the primary system
components, including: the flight, aspect and pointing control computers, the cryostat’s
temperature control board (cryoplate), the detector electronics, the power distribution unit
and battery banks.
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Figure 6.5: Left: The point response functions that compare the image fidelity resulting from
GRIPS’ 13 spatial frequencies to RHESSI’s two frequencies (from grids 6 & 9) at gamma-
ray energies. Note that GRIPS’ response is virtually free of sidelobes. Right: The single
MPRM imaging grid that contains 13 grid pitches for quasi-continuous sampling between
12.5” – 162”. Mounted along the grid diameter are three optical lenses that project images
of the Sun onto a fiducial plane as part of the aspect system that provides high-precision
monitoring of the grid location and orientation (section 9.3). Images from Duncan et al.
2016 [45].

frequencies is shown in figure 6.5 (left). This plot compares the gamma-ray point response
functions of RHESSI and GRIPS. GRIPS’ response (solid curve) is compact and virtually
free of the large sidelobes in RHESSI’s response (dashed curve).

The single grid MPRM design avoids the tight engineering and manufacturing constraints
typical of bi-grid designs. These RMC-type imagers rely on precision grid-to-grid alignment
in order to use a detector with little or no spatial sensitivity. For GRIPS the grid is only
required to cast a shadow on the detectors, the 8 m boom is free to twist and flex during
flight. The exact location of the mask relative to the detectors is closely monitored by the
imager aspect system (section 9.3). This position and the well-known grid metrology is used
in image reconstruction. The aspect system provides high-precision monitoring of telescope
pitch, yaw and roll. This enables arcsecond-precision aspect knowledge with a boom pointed
to only 0.5◦ accuracy.

Project Timeline

GRIPS was funded through two NASA Low Cost Access to Space (LCAS) program pro-
posals in 2008 and 2012 under NASA’s Heliophysics division. The instrument was primar-
ily designed and built at UC Berkeley’s Space Sciences Laboratory (SSL) in collaboration
with NASA’s Goddard Spaceflight Center (GFSC), Lawrence Berkeley National Laboratory
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(LBNL) who provided the detectors and UC Santa Cruz who worked on the initial ASIC
boards. Due to decreasing solar cycle activity and the scientific ballooning flight schedule,
the typical continental test flight required for off-continent long-duration balloon flights was
replaced with a full-scale thermal vacuum chamber test at NASA Glenn Research Center’s
Plum Brook facility (section 6.5). Table 6.1 shows a timeline of GRIPS’ major tests and
milestones.

Dates Milestones

2008 1st proposal selected
2012 2nd follow-on proposal funded

2015 Mar Plum Brook T-vac Test
2015 Jul – Aug CSBF/NASA Systems Integration

2015 Oct 31 – Dec 25 Pre-flight Integration
2015 Dec 26 – 2016 Jan 19 7 aborted launch attempts

2016 Jan 19 – 30 Antarctic LDB Flight
2016 Feb 2 Data Vault Recovery

2016 Nov 24 - 2017 Jan 16 Full Instrument Recovery

Table 6.1: GRIPS instrument timeline showing the major project milestones and tests.

6.3 Antarctic Flight Campaign

The GRIPS payload underwent a period of integration, pointing control, aspect system
testing, and instrument calibrations beginning on 2015 October 31. The instrument final
integration, test and launch occurred at NASA’s Columbia Scientific Balloon Facility (CSBF)
Long Duration Balloon (LDB) camp on the Ross Ice Shelf near McMurdo Station, Antarctica.
The majority of GRIPS’ hardware was transported via shipping container to Antarctica, but
the more delicate spectrometer was flown by the United States Air National Guard (ANG)
to McMurdo, stopping at several locations en route. Due to logistical complications with
requiring access to power to keep the cryostat cold, the cryostat was instead transported
warm, at the expense of extending the period of integration in Antarctica by ∼2 weeks to
cool the cryostat back down to <80 K.

GRIPS was declared flight ready on 2015 December 26 after a pre-flight compatibility
test. Over the following weeks, surface weather conditions needed for launch were scarce;
in particular, even on clear days, strong surface winds exceeded the required 5 knot upper
threshold for launch. During this time the payload had seven launch attempts (roll-outs)
that were aborted before successfully launching on 2016 January 19 at 01:41 UT. Each
roll-out consisted of a gondola pickup by CSBF’s launch vehicle The Boss, followed by a
full communications and instrument checkout. During several roll-outs, the payload was
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Figure 6.6: Top: GRIPS flight path with time represented by the color gradient progressing
from red, at launch, to blue on landing. Numerical annotation indicates the number of days
at float. Bottom: Balloon altitude from launch with the color progression indicating time at
float. Images from Duncan et al. 2016 [45].

subjected to colder temperatures than it would encounter during flight, including freezing
fog and light snow.

After ∼5 hours of ascent, the balloon reached a float altitude of ∼39,000 m (bottom of
figure 6.6). The balloon altitude varied diurnally in flight, reaching a maximum altitude
of 39,459 m at 03:06 UT on January 20 and a minimum altitude of 35,873 m at 20:08
UT on January 21. Figure 6.6 (top) shows the balloon flight path around the Antarctic
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Figure 6.7: The author with the GRIPS payload in February 2016 after flight. Damage to
the spectrometer’s protective cage and bottom radiator plates suggest that the boom was
not horizontal during descent and the spectrometer end impacted first before the payload
flipped over to its final resting place.

continent, with days at float annotated and represented by the color gradient (red at launch,
blue/purple on landing).

During flight all of GRIPS’ instrument and support systems performed nominally. After
nearly 12 days at float, preparations were made for landing. Detector data acquisition ended
at 19:51 UT on 2016 January 30, with flight termination occurring shortly after, at 20:51 UT.
The balloon landed at 21:30 UT in the Queen Maud Land region of the Antarctic continent,
at 83◦6.18 S, 40◦54.08 W. Structural damage to the spectrometer’s bottom radiator plates
suggest that the boom was not horizontal upon landing. The elevation motor, used to keep
the boom horizontal during descent, likely broke during the ∼10 G chute shock, causing
the much heavier spectrometer end to fall below the electronics and SIP bay floors. After
initial impact the gondola flipped over into its final resting position, shown in figure 6.7.
The aluminum gondola was designed for the possibility of rolling and it sustained the most
damage, protecting the GRIPS and piggyback instrument systems as intended.

Due to landing occurring late in the 2015/2016 Antarctic summer season and the re-
moteness of the landing site (∼500 miles from the Amundsen-Scott South Pole Station),
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only the data vaults were initially recovered. The remainder of the instrument remained in
the field over the Antarctic winter and preparations were made for a full instrument recovery
in the following austral 2016/2017 summer. A 3-week field camp, including grooming an ice
runway to accommodate a Basler aircraft, was planned at the GRIPS landing site to fully
remove all ∼4,000 lbs of flight hardware. After early-season damage to the Basler and fuel
shortages from reduced Air National Guard flights, the recovery effort was scaled back to
3 out-and-back day flights on-board a Twin Otter plane. The flight distance between the
South Pole station, where recovery efforts were staged, and the landing site exceeded the
Twin Otter’s range requiring refueling a a fuel cache enroute. After five weeks of weather
delays, the GRIPS recovery team was able to make three trips to the gondola in early Jan-
uary 2017 and recover all the flight hardware, leaving only the gondola’s aluminum frame in
the field.

6.4 Antarctic Flight Results

Solar activity was relatively low during GRIPS’ ∼12 day flight. The Sun produced 21 GOES
C-class flares, the largest of which was a C9.6 flare on 2016 January 28 at ∼11:45 UT. Figure
6.8 shows the GOES X-ray lightcurves at 0.5–4.0 Å(blue) and 1.0–8.0 Å(red) over the GRIPS
flight. The corresponding GOES flare classifications are noted on the right-hand axis. Also
marked are two extended periods of radiation belt electron precipitation events observed in
the GRIPS data.

C9.6 Event on 2016 January 28

The largest solar flare that occurred during GRIPS’ flight was a C9.6 at ∼11:45 UT on 2016
Jan 28. This flare was simultaneously observed by RHESSI, which had good coverage of the
entire flare from onset through impulsive and decay phases. Figure 6.9 shows the counts
recorded by three of RHESSI’s detectors during the event. The majority of counts come in
below 10 keV. The sudden shift to slightly higher-energy photons in the image is artificially
created by RHESSI attenuators coming in to reduce the low-energy flux. The maximum
energy photons detected by RHESSI for this flare are ∼30 keV.

The majority of GRIPS’ detector channels had a low-energy spectral cutoff of ∼50 keV
(figure 6.10). This threshold has a finite width and channel-to-channel variability such that
some lower-energy counts are present in data, but the effective area drops off very quickly
below ∼50 keV. Figure 6.12 shows detector 0 output for the 11:21 UT – 13:06 UT time range,
marked as dashed lines are the flare onset at ∼11:45 UT and the end of the impulsive phase
at ∼12:31 UT. The bottom plot zooms into the lower energy range, showing that D0 spectral
cutoff was too high to observe the <30keV emission reported by RHESSI from this C9.6 flare.
Figure 6.11 shows GRIPS’ D0 and D4 energy independent count rates over an expanded time
period (10:39 UT – 16:24 UT) around the C9.6 flare. The uniformity of detector count rates
across the flaring period indicate that GRIPS mostly observed background during this time.
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Figure 6.8: GOES X-ray lightcurve for the duration of the GRIPS flight (marked by the
horizontal black line). The vertical dashed line indicates the largest solar flare, GOES class
C9.6, and the shaded areas indicate periods of precipitation from Earth’s radiation belts.
Image adapted from Duncan et al. 2016 [45]

The apparent variability in D4’s count rate is due to the well-documented duty cycling
behavior described in section 8.1. At this time only two of GRIPS’ six detectors have the
full energy calibration which is required to generate the detector integrated spectra shown
in this section. Summing the spectra from the additional four detectors would increase the
photon collection area and possibly recover flare counts.
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Figure 6.9: Spectrograms for the RHESSI detectors during the C9.6 flare on 2016 Jan 28.
Three of RHESSI’s detectors (D1, D5 and D7) observed the flare. The spectra show that
the majority of counts are below 10 keV. At ∼11:55 UT an attenuator comes in to reduce
the low-energy flux. The maximum energy photons detected by RHESSI for this flare are
∼30 keV. Plots provided by RHESSI Browser [123].
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Figure 6.10: Distribution of low-energy thresholds in flight. To generate this plot the flight
data was integrated over multiple days and the spectral cutoffs were fit to spectra across
detectors 0 and 4. An example flight background spectrum is shown in figure 6.13. The
majority of spectral cutoffs for detectors 0 and 4 range between 40 – 60 keV.
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Figure 6.11: Detector 0 and detector 4 count rates integrated over 5 minute bins for the
C9.6 flare that occurred on Jan 28, 2016 at ∼11:45 UT. The flare onset and ends of the
impulsive and decay phases are marked with dashed lines. No obvious count rate excess
occurs in either detector after the flare onset. D4’s variability on this timescale comes from
the duty cycling behavior discussed in section 8.1. Events with a maximum of two triggered
strips per side were selected for this plot.
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Figure 6.12: Spectrograms spanning 11:21 UT - 13:06 UT for GRIPS detector 0 in 5-minute
bins over the C9.6 flare that occurred on 2016 Jan 29 at ∼11:45 UT. The top plot shows that
the majority of emission observed is in the 100 keV – 250 keV range (from background) and
the bottom plot zooms in on the lower end of the energy portion of the range shown in the
RHESSI plots (figure 6.9). These plots show that GRIPS has no obvious spectral changes
during the flare impulsive phase in comparison to the pre-flare time period. GRIPS’ spectral
cutoff was ∼50 keV in flight and RHESSI primarily recorded flare emission <30 keV.
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Figure 6.13: Antarctic background for a single strip on detector 0 integrated over multiple
days in flight. The steep low-energy spectral cutoff is imposed by triggering thresholds in
the electronics. To the far left is the noise pedestal at zero energy. A dashed line marks the
predicted 511 keV line which is in good agreement with the peak seen in the background
data (blue curve), after applying the ground-based calibration.

Flight Background

Figure 6.13 shows background counts on a single strip integrated over multiple days in flight.
The Antarctic background gradually decreases with energy and the sharp cutoff is imposed
by the detector electronics at the threshold location. The peak below the spectral cutoff,
called the pedestal, is due to noise. The pedestal is located at zero energy because no real
charge was collected with the noise trigger. Marked with a dashed line is an instrumental
511 keV peak caused by photon interaction with the detector, or, with passive material
surrounding the detectors. The good agreement between the known line energy and spectral
value gives confidence that our ground calibrations remained valid in flight.

Summary

The largest event that occurred during GRIPS’ flight was below the limits of detectability
for detectors 0 and 4, using the event selection described chapters 7 & 8. Summing the
flare data over all detectors, selecting for channels with lower than average thresholds and
improved data selection could yield the ∼100 photons needed to generate a reliable image.
The remaining flare events are smaller in magnitude, and are not expected to have flare
detections. The two extended periods of relativistic electron precipitation from Earth’s
radiation belts have positive detections in GRIPS’ BGO shields and will be studied with the
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spectrometer.

6.5 Thermal Management

Thermal management is a significant challenge to stratospheric ballooning. Direct solar
illumination, Antarctic albedo and electronics provide thermal inputs which must be properly
balanced with radiative losses to space in order to prevent components from overheating,
or, freezing in space. A thermal model was developed for GRIPS to effectively balance the
heat loading and losses to keep the system components within their operational ranges. The
thermal management plan included conducting heat from hot components then radiating to
space via the gondola frame or radiation panels, both of which are painted white for good
emissivity. The entire electronics bay and cryostat were covered in foam to provide insulation.
Components exterior to the foam insulation, like cameras and motors, were heated with
commandable resistive heaters whose thermostats were controlled via software in the flight
computer. In March 2015 the GRIPS gondola underwent a 30-hour full instrument thermal
vacuum (T-vac) test at NASA Glenn Research Center’s Plum Brook facility to simulate
the thermal and near-vacuum (∼3 mbar) environment at stratospheric altitudes. The Plum
Brook test provided a highly-targeted and low-risk avenue to test the GRIPS thermal model
and several other payload systems that are usually validated with comparatively higher-risk
continental test flights.

GRIPS’ T-vac test was carried out in the Spacecraft Propulsion Research Facility (B-2),
which consists of a 33’×120’ chamber. The test lasted 30 hours at ∼2 torr and 77 K. The
gondola was suspended from a specially built truss which allowed for ±5◦ pointing maneuvers
while in the chamber (Figure 6.14).

To simulate float conditions the B-2 chamber’s cold wall and lid were cooled with liquid
nitrogen, and the chamber was evacuated to ∼2 torr. The Sun’s intense point-source radia-
tion striking the front of the payload and the diffuse Earth albedo beneath it were simulated
using banks of calibrated IR lamps. Direct solar illumination was simulated with lamps
placed (1) in front of the electronics bay and (2) in front of the boom. Earth albedo lamp
banks were placed (3) under the electronics bay and (4) under the spectrometer. Heaters
were applied to some elements that were impractical to illuminate with IR lamps.

The GRIPS thermal model predictions reasonably matched the readings from the ∼80
temperature sensors used during the test. A critical parameter in making accurate predic-
tions was properly accounting for the radiation environment of the B2 chamber’s interior,
namely that it cannot be modeled as a perfect black body due to degraded paint on the walls
and the grated metal floor. Component temperatures in flight were in reasonable agreement
with the overall GRIPS thermal model.

Harsh Antarctic ground conditions introduced factors that are not traditionally accounted
for in a float model, adding complexity to pre-flight tests and instrument checkouts. In
particular, convective cooling is much stronger on the ground than in the rarefied upper
stratosphere. On a few roll-outs, the payload experienced freezing fog conditions which
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Figure 6.14: Left: The GRIPS gondola suspended from a custom-built truss (blue structure)
inside NASA Plum Brook’s B2 vacuum chamber for the 30 hr thermal vacuum test. Right:
Banks of IR lamps were used to simulate the Earth’s albedo from below and direct solar
illumination from the front (not pictured). Pictures from Duncan et al. 2016 [45].

caused components to reach lower temperatures than were observed in flight. To negate
these ground-only effects, a space heater was added in the electronics bay and occasionally
the electronics for the BGO anti-coincidence shields needed to be shut off. On very sunny
days with long hang times it was necessary to rotate the gondola as the sun moved to
prevent differential heating on the spectrometer. Since the gondola is on-axis pointed at the
Sun the spectrometer was not designed to accommodate prolonged periods of direct solar
illumination.

6.6 Future Directions

The GRIPS instrument had a successful Antarctic flight in 2016 and the flight hardware
was returned in spring of 2017. The immediate next steps for the GRIPS program is to
checkout the flight hardware and assess its viability for re-flight. The state of the hardware
will largely determine how the program moves forward. As an alternative to a future re-
flight of GRIPS as a long-duration balloon (LDB) payload, GRIPS can be re-designed to
be an ultra-long-duration balloon (ULDB) payload, making use of NASA’s super-pressure
balloon. The super-pressure balloon allows for flights of several months in duration, with the
near-certain chance that the payload and its data vaults would not be recovered. Detailed
analysis of data from GRIPS’s recent flight will guide the development of data-reduction
techniques so that all of the science information can be retrieved through telemetry links
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alone. Recurring flights of LDB or ULDB GRIPS payloads during the active years of the
solar cycle would ensure that many large gamma-ray flares are observed.

A future space-based solar instrument can also make use of GRIPS’ key technologies.
Given the ongoing progress in deployable booms, one can envision a spacecraft with scaled-
up versions of the MPRM and the 3D-GeD spectrometer, separated by 20 meters or more.
Such an instrument would have unprecedented sensitivity to solar gamma rays at a few MeV
and an angular resolution of better than 5 arcsec, which would resolve the smallest structures
expected for accelerated ions in flares. Observations at this scale could provide a complete
picture of flare particle energetics.
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Chapter 7

The GRIPS Spectrometer

The GRIPS spectrometer consists of six high-purity 3D position-sensitive germanium detec-
tors (3D-GeDs) housed in a single cryostat, located opposite to the imaging grid at the end
of an 8 m telescope boom. The spectrometer is surrounded by anti-coincidence shields made
from bismuth germanate (BGO) scintillators that provide background rejection. The 3D-
GeD detector output is triggered, shaped, sampled and begins digitization at the cryostat
by Application Specific Integrated Circuits (ASICs) before being routed to the electronics
bay to complete digitization and storage. The cryostat keeps the detectors under vacuum
and a mechanical cryocooler maintains an interior temperature of <80 K. Heat loading from
the cryocooler and electronics is radiated to space by plates surrounding the cryostat shell
to the top and sides. Figure 7.1 shows these main spectrometer components with the top
radiator plate removed.

7.1 3D-GeD Detectors

GRIPS’ 3D-GeDs are high-purity germanium cross-strip detectors that can be used to locate
and measure each photon energy deposition in three dimensions. These detectors extend the
virtually pixelated detector concept that was successfully demonstrated on the NCT missions
in 2005 [36] and 2009 [10] and on the COSI mission in 2016 [72]. The GRIPS detectors are
of the same size (7.5 cm×7.5 cm×1.5 cm), but have a 4× finer (0.5 mm) electrode pitch.
As with the earlier generations, these detectors were developed and fabricated at Lawrence
Berkeley National Laboratory.

Each 3D-GeD is fabricated from a single germanium crystal. The planar crystal surfaces
are segmented into orthogonal electrode strips which are used to apply a bias voltage across
the crystal, virtually pixelating the detector active volume (figure 7.2). When a photon
interacts with the detector medium a cloud of electron/hole pairs are created. These charges
drift to opposite detector faces under the applied bias where they are collected, forming the
signal which provides a measurement of the energy deposited by the photon interaction.
Chapter 3 contains a detailed discussion of photon interaction processes in semi-conductors.



CHAPTER 7. THE GRIPS SPECTROMETER 124

Side	
  radiator	
  plates	
  

An/-­‐coincidence	
  Shields	
   Cryocooler	
  heatsink	
   Cryocooler	
  

ASIC	
  electronics	
  

Signal	
  cables	
  

Forward	
  to	
  imager	
  

Figure 7.1: The GRIPS spectrometer with top radiator plate removed. The main com-
ponents of the spectrometer are diagrammed including the cryostat housing, cryocooler,
cryocooler heatsink assembly (which includes thermoelectric coolers and a finned heatsink),
ASIC electronics boxes, signal cables, BGO anti-coincidence shields, and side radiator plates.
The spectrometer is on-axis pointed towards the sun along the telescope boom, in the di-
rection marked “forward to imager”. The picture is taken from the side of the cryostat that
faces space, looking towards the Earth.
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Figure 7.2: A single GRIPS 3D-GeD detector. Inset is a portion of the detector magnified
to show the individual parallel electrodes. The detector is wire bonded to breakout boards,
which connect to flex circuits that carry the signal through the cryostat shell, to exterior
processing electronics. The HV side board is large because it also contains the circuits
necessary to provide a steady voltage to that side’s electrode strips. The LV boards are
comparatively smaller because those strips are held at ground. Numbered are the electrode
strips from 1 to 149 on each side, and a guard ring is labeled as 0. The detector edges are
intentionally rounded and the guard ring is visible along the edges of the germanium face.
Picture from Duncan et al. 2013 [44].

Figure 7.3 depicts how the segmented electrodes and arrival times are used to determine
the photon interaction site. Coincident triggers on the orthogonal high voltage (HV) and
low voltage (LV) strips locates the interaction site in a 2D plane. Figure 7.4 shows a 2D
hitmap that results from collecting many such interactions. Given good knowledge of the
electron and hole drift speeds, the difference in their arrival times on the opposite detector
faces can be used to infer the photon interaction depth [2, 3].

7.2 Spectrometer Mechanical Structure

The nominal operating temperature for germanium semi-conductor devices is <80 K. De-
tectors are placed under vacuum then cooled via conduction by mechanical heat-pumps or a
passive heat-sink (typically liquid nitrogen). Both methods present challenges such as noise,
providing adequate power for a heat-pump or constrained operational lifetime due to a con-
sumable like liquid nitrogen. Over GRIPS’ planned 30-day long-duration balloon mission,
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Figure 7.3: When a photon interacts with the detector a cloud of electron/hole pairs are
generated. The electrons and holes move towards the electrodes which supply a bias voltage
across the crystal, their arrival locations and arrival times can be used to determine the site
of photon interaction. Left: The 2D planar coordinates (X, Y) are determined by matching
coincident signals from electrons on the HV strips and holes on the LV strips. Right: The
interaction depth (Z) is inferred by the relative arrival times between holes (th) and electrons
(te) at the detector strips. Since the drift times of both species are well-known for a given
detector type and applied bias, the distance traveled by the charges through the crystal can
be determined and the site of photon interaction can be inferred by taking the difference of
their arrival times.

the spectrometer heat load required the use of a mechanical cryocooler. The weight of liquid
nitrogen to provide equivalent cooling was prohibitive in utilizing this option.

The flight detectors are arranged in two planes stacked on top of one another along the
telescope line-of-sight (figure 7.6). The planar faces are oriented such that the maximum
amount of detector surface area points towards the sun. The detectors are operated in
coincidence mode so that they can identify and catch photons that scatter between detectors
in Compton scatter or pair production events. The detectors are stacked to provide additional
active volume to catch these scatter events. Of the eight detectors mounted in the cryostat
only six were instrumented due to performance issues of the remaining two detectors. The
six instrumented detectors populate the entire top plane and two on the bottom plane such
that there two 2-detector stacks and two single-detector stacks.

The detector stacks are attached to a copper coldfinger within the aluminum cryostat
(figure 7.5). The coldfinger is mechanically cooled by a Sunpower CryotelCT Stirling cycle
cryocooler which operated at ∼85 W to maintain an ∼80 K detector temperature during
flight. Heat is passively rejected from the cryocooler exterior to the cryostat through con-
duction to three radiator plates facing towards space. To accommodate the wide range of
ground operating conditions, including integration and final hang test in Texas where exterior
temperatures can exceed 35◦C, an array of four thermoelectric coolers provided additional
cooling by pumping heat from the cryocooler onto a finned heatsink with forced airflow.

The analog signals from GRIPS ∼1,800 instrumented electrode strips pass through the
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Figure 7.4: A 2D hitmap generated by matching coincident HV and LV electrode strips from
a Cs-137 source in detector 0. The events shown triggered only one strip on each detector
face and the image was flat-fielded. There are no counts in the corners (besides noise events)
because the detector itself has rounded edges. Triggering efficiency and multiple-trigger noise
led to the relatively dark electrodes that received few source triggers (40 LV strips and 10
HV strips). Visible in this image are two crystal defects in the upper left and right corners.
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Figure 7.5: Left: The interior of the cryostat, integrated with two test detectors for prelim-
inary testing. The detector stacks are housed inside an infrared shield (gold) then wrapped
in thermal blankets (silver) before being inserted into the aluminum cryostat shell. The
detectors are cooled by a copper cold finger. Shown in the foreground are two activated
carbon molecular sieves used to enhance the vacuum. Right: The full flight detector stack
integrated with electronics boards. Pictures from Duncan et al. 2016 [45].

cryostat wall via 48 polyamide flexible film circuits (flex circuits) and custom designed vac-
uum feedthroughs using Viton seals. Flex circuits were chosen the accommodate the requisite
signal density and minimize the signal path length from the detector to readout electron-
ics. Immediately outside the cryostat are 48 ASICs (8 ASICs per detector) which handle
triggering, shaping and the first step of analog-to-digital conversion via a Wilkinson ramp
comparator. The GRIPS ASIC was designed by IDEAS as an extension of the VATA450
ASIC family used on the ASTRO-H spacecraft [134] and the FOXSI sounding rockets [81].
Section 7.5 and chapter 8 discuss the GRIPS ASIC implementation and performance.

The cryostat is surrounded by 5 cm thick bismuth germanate (BGO) scintillators (figure
7.6) that provide active anti-coincidence shielding. The BGOs surround the cryostat in a
hexagonal well around the sides and bottom, to protect against interference from Earth’s
albedo and atmosphere. The BGO output is read out by 36 individual PMTs. This shield
was originally developed for the Max 91 HIgh REsolution Gamma-ray/hard X-ray Spectrom-
eter (HIREGS) [21], a balloon-borne predecessor to the RHESSI spacecraft, and has been
successfully re-flown for NCT, and now GRIPS. With a threshold of ∼100 keV, the BGO
shields significantly reduce the instrumental background.

7.3 Flex Circuits

A total of 48 polyamide flex circuits (.012 inch thickness) carry signals from the detector
breakout boards through the IR shield, thermal blanketing and cryostat wall. After exiting
the cryostat the flex circuits immediately enter an EMI shielded box where the signals are
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Figure 7.6: Diagrams showing the detector (green boxes) and BGO shield (blue shapes)
placement for flight. Top: View of the detectors looking towards the rear of the boom, away
from the Sun. The bottom of the image points toward the Earth and the BGO are arranged
along the bottom to protect against interference from Earth’s albedo and atmosphere. The
detectors are labeled D0 – D5 and have individual reference names. Bottom: View looking
along the telescope line-of-sight towards the Sun, from the rear of the boom. The rear BGO
also protect against interference from Earth’s albedo and atmosphere. Image courtesy of
Albert Shih.
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Detector Crystal Depl V Op V LV Side HV side

D0 HP50814-3 200 V 404 V fully instrumented fully instrumented
D1 HP50814-2 250 V 412 V fully instrumented fully instrumented
D2 HP50765-4 600 V 306 V fully instrumented 1/2 disabled
D3 HP42808-1 400 V 500 V fully instrumented 1/4 disabled
D4 HP50847-1 300 V 610 V 1/2 disabled fully instrumented
D5 HP50614-1 300 V 610 V fully instrumented fully instrumented

Table 7.1: Detector numbers, crystal manufacturing numbers, depletion voltages (Depl V),
operating voltages (Op V), and instrumentation on the LV and HV sides. Some detectors
were not fully instrumented due to issues with the flex circuits which are discussed in section
7.3. The relative positioning of each detector is shown in figure 7.6.

processed by ASIC electronics.
The cryostat was initially loaded with two test detectors that had a total set of 16 flex

circuits. When the cryostat was rebuilt with the full set of 8 detectors, necessitating 48
flex circuits, additional strain relief was added as the circuits exited the IR shield. These
modifications resulted in an increased path length that rendered two of the flex circuits too
short to mate with exiting readout hardware. The signal traces on these two flex circuits,
every other strip along detector 4’s low voltage side, were disabled by connecting them to
ground.

During the final stages of detector integration three flex circuits were found to have de-
laminated, causing vacuum leaks. Replacing these three flex circuits at the time of discovery
would have risked the other 43 flex circuits that had already been integrated through the
cryostat wall. To fix the vacuum leaks all 3 flex circuits were pushed back through the
cryostat shell and their electrode strips were disabled by connecting them to ground. The
channels disabled were on every other strip of detector 2’s high voltage side, and every other
strip across one half of detector 3’s high voltage side. Table 7.1 summarizes which detector
strips were instrumented and which were disabled by connecting their flex circuit traces to
ground.

7.4 Operating Voltages

The cryostat was thermally cycled and warmed to room temperature for transport from the
laboratory facility in Berkeley, California, to the campaign site in McMurdo, Antarctica.
After arrival at the Long Duration Balloon facility the detectors were cooled and leakage
current tested to determine the operational voltages for flight. For each detector the voltage
was turned-up slowly while monitoring the leakage currents across (1) the guard ring and
(2) the summed electrode strips on the low voltage side. Small transients during turn-on
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are acceptable, but any current spike greater than 1 µA is considered a failing condition
and the voltage is immediately turned down to prevent permanent damage to the detector.
After thermal cycling detector 2 failed leakage current testing and was operated below its
full depletion voltage. Though not fully depleted, the detector had enough active volume
to successfully operate as a monolithic detector that provided spectral information but no
spatial resolution.

Following leakage current testing the detector strips were individually instrumented and
brought past the depletion voltage. A Ba-133 source was used to evaluate the spectra at
multiple voltage settings past the depletion voltage. There are two broad classes of noise
in the GRIPS spectrometer: (1) noise that leads to spectral broadening and (2) noise that
generates false triggers. In general a high operating voltage is desired so that the charge
drift velocities are saturated and the effects of charge sharing, trapping and recombination
that lead to spectral broadening are minimized (discussed in chapter 3). In the GRIPS
spectrometer it was found that increasing the operating voltages also increased the 2nd
class of noise, generating false triggers that would contribute to detector deadtime and
obscure the spectral signal. Though methods were adopted to mitigate the spectral effects
of multiple-trigger noise (discussed in section 8.6) their presence affects detector livetimes
and complicates event selection. In determining operating voltages, the benefits of higher
voltages in improving spectral broadening were balanced by the negative effects of multiple
trigger noise and the final voltages were set experimentally by finding the highest voltage
setting with an acceptable level of noise. Table 7.1 summarizes the depletion and operating
voltages used in calibration and flight.

7.5 ASIC Electronics

A single 3D-GeD has 298 electrodes, each with a dedicated signal processing chain from trig-
gering through analog-to-digital conversion and single event storage. ASICs were chosen to
handle the processing load of ∼1,800 separate channels while keeping reasonable constraints
on the size, weight, power and thermal loading for the instrument. The GRIPS electronics
chain consumes 6x less power than comparable discrete electronics: 25mW vs NCT’s 150mW
per channel. GRIPS’ ASICs (figure 7.7) are a revision of IDEAS’ VATA453, a chip originally
designed for KIPAS/ISAS on Japan’s NeXT mission and used with revisions on the Focusing
Optics X-ray Spectroscopic Imager (FOXSI) rockets [57], also built by UC Berkeley’s Space
Sciences Lab.

Each ASIC has 64 independent signal channels (figure 7.8). The parallel channels consist
of a charge-sensitive preamplifier that feeds into parallel fast-shaping and slow-shaping paths
for triggering (TA) and energy measurements (VA), respectively. The initial charge-sensitive
preamplifier stage converts charge induced on an electrode into an equivalent voltage. The
fast channel discriminator provides a trigger signal if the incoming pulse exceeds a user-
set threshold level. The slow channel shapes the voltage signal from the preamplifier and
provides the input to a Wilkinson ramp comparator used for analog-to-digital conversion.
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Figure 7.7: The VATA453 ASIC chip on a GRIPS flight electronics board. The photosen-
sitive ASICs are usually covered in a gold EMI housing, pictured to the left for an adjacent
ASIC. A flex circuit is mechanically connected to the input traces that are wire bonded to
the ASIC chip. The ASIC output passes through an LS64 level shifting chip (also designed
by IDEAS) before exiting the board.

The outputs of all ASIC channels are transmitted over ∼25 ft of ribbon cables (pictured
in figure 6.3) from the main spectrometer to FPGAs in the electronics bay. The FPGAs
complete the digitization step by counting clock cycles as the ASIC holds their output low for
a time equivalent to the integrated charge. The quantity of elapsed clock cycles is the digital
conversion value of the input signal, referred to as the ADC bin value in this manuscript.
Effects associated with this two-step digitization are discussed in chapter 8. ASIC control
settings such as gain, thresholds, shaping constants and analog-to-digital comparator ramp
speed are adjustable through on-chip DACs.

A discriminator in the ASIC fast channel implements each channel’s trigger threshold
independently. The global trigger threshold is set for an entire ASIC via a single DAC
setting. Each channel’s trigger threshold can then be independently adjusted from the global
setting. In practice the single global setting was found to be adequate. Since each channel
has independent trigger circuits there is a spread in threshold energies and widths across the
detector strips.
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Figure 7.8: Electronics chain schematic showing how the detector is read out by the ASIC
and FPGA. The ASIC handles triggering, signal shaping and the initial digitization step
via a comparator. The FPGA completes the digitization by counting clock cycles while the
comparator keeps the ASIC output low. Schematic provided by IDEAS.

After the signal has been digitized to an ADC bin value the pulses are histogrammed
into the differential pulse height spectra (described in section 3.1). Calibration sources of
known line energies are used to determine a gain function to convert ADC bins to energy.
Figure 7.10 illustrates several key features of a detector spectrum from a single detector
strip. The traces are a series of barium-133 spectra taken at successive threshold settings
(range of 1 – 31 in arbitrary units). In this plot the counts have been normalized to arbitrary
units for comparison of the spectral features and each line is marked with its energy in keV.
The pedestal is composed of conversions that were triggered due to noise but had no real
charge to shape and it marks the zero-energy bin of the analog-to-digital conversion. As the
threshold is raised triggering due to noise ceases and the pedestal disappears, the prominent
81 keV line is progressively cut out and the less active, higher-energy lines become visible
over the high-energy continuum.
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Figure 1: Block diagram of the VA-TA channel, showing the analog output signal “A” and the trigger output 

signal. 

4.4 Analog serial read-out 

An overview of the VA-TA part can be found in Figure 2 (ADC part is not shown in this 

figure). It shows the connection of the Front-End (described in section 4.3 ) and the Back-End 

(shown in Figure 3). The external signal holdb is used to sample all channels for serial read-out. 

Serial read-out is done with the Back-End circuitry and the differential current output buffer. The 

output buffer reference voltage vref is generated by an unconnected channel (the “dummy 

channel”). This reduces pedestal shifts as a function of changes in temperature, biases and power 

supply levels. 

 

 

Figure 7.9: Detailed schematic of the VATA453. For each detector strip input there are
two parallel ASIC channels, a fast channel used for triggering (TA) and a slow channel (VA)
used for charge shaping and analog-to-digital conversion. The VA-TA channels share a single
output for each detector strip (total of 64 input and output channels), with triggering and
conversion-mode switching handled by the FPGA. Schematic provided by IDEAS.
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Thresholds

Line energies 
in keV

Figure 7.10: Example GRIPS barium-133 spectrum shown at three successive threshold
settings of 5 (black), 9 (green) and 30 (magenta) out of a maximum setting of 31. The
spectra have been normalized to emphasize the less active, higher-energy lines and illustrate
the effects of thresholding. The known line energies are written on the plot in keV and the
pedestal, which marks the zero-energy bin, is labeled. Plot adapted from Duncan et al. 2013
[44].

7.6 Status of the Spectrometer

After GRIPS’ January 2016 flight the instrument spent the 2016 Antarctic winter in the
field and the hardware was recovered in January 2017. The spectrometer stayed above
the snow-pack, minimal snow was found surrounding the cryostat vessel and the electronics
remained dry. Though the external frame and radiator plates sustained damage upon landing
(figure 7.11), the cryostat, ASIC electronics boxes and BGO were not visibly damaged. The
instrument hardware returned to Berkeley in May 2017. Since the spectrometer sustained
a >10 G impact, the cryostat will be opened to assess the state of the detectors and their
components. The ASIC and FPGA electronics can be tested independently and attached to
the cryostat once it has been inspected.
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Figure 7.11: Images of the spectrometer after GRIPS’ flight in February 2016. Though
spectrometer exterior structure and radiator plates sustained damage during landing, the
cryostat, ASIC electronics and BGO were not visibly damaged.
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Chapter 8

GRIPS Spectrometer Performance

The GRIPS flight detector performance is evaluated in detail for the 300 strips across the
low voltage (LV) sides of detector 0 (D0) and detector 4 (D4). The studies in this chapter
will be expanded to the full 1,800 strips based upon initial investigation of this representative
set.

8.1 Efficiency

Detector efficiency is the ratio of the measured count rate to the true rate of photons incident
on the detector. Efficiencies less than unity can result from numerous factors in the detector
and readout electronics implementation.

The GRIPS detector efficiency (ε) was determined by taking the ratio of the photopeak
count rate (N) to the predicted source rate at the detector (SD)

ε =
N

SD
(8.1)

Detector geometry, source-to-detector distance and line-of-sight attenuation through passive
materials determine the quantity of source photons that arrive at the detector. The source
emission was assumed to be isotropic such that the projected counts are a simple ratio of
the detector solid angle (Ω) to the full sky (4π). Attenuation through the cryostat lid was
modeled as a decaying exponential of the aluminum mass-attenuation coefficient (µ) [130],
the total aluminum thickness (x) and its density (ρ).

SD = S
Ω

4π
e−µρx (8.2)

µ = .2778 cm2/g

x = 0.332 cm

The measured count rate (N) can be determined by fitting a decaying exponential to
the distribution of time between events at the detector. This method of determining the
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count rate is more robust than simply counting the events per time because it circumvents
ambiguity in the detector livetime (from duty cycling, discussed below) and isolates the
true source counts from noise (section 8.6). Figure 8.1 shows the time between event plots
for detectors 0 & 4. Noise in the GRIPS detectors is highly correlated, coming in very
quick succession after an event. These noise events are largely confined to the region to
the left of the dashed lines and the real source counts are easily isolated to the right of the
line. Comparison of the fitted count rates from the time between events plots are in good
agreement with the average count rates when appropriate event selections (to exclude noise
and duty cycling) are made.

An Am-241 source was placed 1.33 m along the telescope line-of-sight to evaluate GRIPS’
on-axis efficiency at 59.5 keV. The total aluminum thickness along the telescope line-of-
sight is .332 cm. Though thermal blanketing was also present in the GRIPS line-of-sight,
attenuation due to these thin layers of mylar and absorption in the air were not considered
in this calculation. Using the fitted count rates and eqn. 8.1 the on-axis efficiencies for these
two detectors at 59.5 keV were measured as:

εD0 = 12.3 %

εD4 = 13.8 %

Duty Cycling

During normal operation the detectors were observed to toggle between states of nominal
operation and a suppressed state characterized by fewer triggered counts. This duty cycling
was slightly different in each detector, did not follow a deterministic pattern and occurred
both in flight and laboratory testing. Described below are observations of this phenomena
and the steps taken to mitigate its effects.

Duty cycling manifested differently in each detector. Detector 4 toggled between states
that affected the energy spectrum uniformly: either the detector was operating nominally
or its entire spectrum was suppressed. In this case the total amount of time spent in the
suppressed state is easily corrected for by scalar multiplier. In detector 0 the situation is
more complicated: the duty cycling is energy dependent and predominately affects the <250
keV portion of the spectrum. Figure 8.2 (top) shows duty cycling in D0 and D4 spectrograms
during a Cs-137 test in the laboratory.

Figure 8.2 (bottom) shows spectrograms of Am-241 for detector 0 & 4. Detector 4’s duty
cycling is consistent with the behavior shown in Cs-137 data, nominal operational states
interspersed with suppressed periods. Detector 0, however, does not show the same state
toggling behavior as in the Cs-137 data. Here, there is no evidence of state toggling, though
the radiation (59.5 keV) is in the energy range affected by toggling in the Cs-137 data. The
only detector-setting difference between two datasets is the trigger threshold, which does not
affect the comparison since it is set higher for Cs-137 than for Am-231.

Detectors in the GRIPS cryostat are arranged into two planes: four detectors are in
the “top” position pointing towards the target and two detectors are below in the “bottom”
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Figure 8.1: Distribution of the time between events recorded by D0 and D4 for Am-241.
The real source counts are Poisson-distributed in time, appearing as sloped lines on the
semi-log plots. Data to the right of the dashed vertical lines were fit to exponentials whose
decay constant represents the measured source rate for 59.5 keV photons. The fits used
to determine the measured count rates are shown as solid blue lines. The fits have been
extrapolated to the left of the fit region to show the expected source counts below the
dashed vertical lines. In this region the remainder of the counts are due to noise and were
excluded from the fitted exponential. These noise counts at short timescales are discussed
in sec 8.6. D0’s short timescale structure is zoomed in for detail in fig 8.17.
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Figure 8.2: Top: Spectrograms for Cs-137 radiation at 5s intervals, showing duty cycling.
Detector 0’s energy dependent duty cycling occurs primarily below ∼250 keV. In contrast,
D4’s duty cycling is energy independent, affecting the entire spectrum uniformly. Bottom:
Spectrograms for Am-241 radiation at 5s intervals. Detector 4’s energy-independent duty
cycling is consistent with data shown in the top plot for Cs-137 data. Detector 0, however,
does not show the same energy-dependent state toggling as it did during the above Cs-137
data run. The linewidth difference between detector 0 & 4 is due to greater charge trapping
on detector 0 (discussed in section 8.4). The lines at ∼ 7 keV on D0 and ∼ 2 keV on D4 are
due to glitches (discussed in section 8.5).
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Figure 8.3: Am-241 count rates for detector 4 and detector 5 normalized to emphasize their
anti-correlated duty cycling. These two detectors are arranged in a stack with detector 4
closer to the source (top detector plane) than detector 5 (bottom detector plane).

plane. The state toggling was anti-correlated in both D0(top)/D2(bottom) and D4(top)/D5(bottom)
stacks. Normalized D4 and D5 count rates are shown in figure 8.3 for Cs-137, showing how
these two detectors toggle between normal and suppressed states together.

The total count rate and the source count rate are shown for detector 4 in figure 8.4
(top). In nominal operation the total count rate (red) and source count rate (teal) difference
(effectively the noise) is consistently non-zero. When the detector duty cycles to the sup-
pressed state the noise suddenly drops, and the difference of total count rate to source count
rate goes suddenly to zero. Plotting correlations between the noise and the total count rate
(figure 8.4 bottom, left) or source count rate (figure 8.4 bottom, right) show that the two
states are different populations that can be isolated from one another by a threshold, marked
by a vertical line. This threshold was used as a filter to identify and correct for detector 4
duty cycling in post-processing software. Implementing a software correction for detector 0
is not as straightforward as with detector 4. More work needs to be done in characterizing
detector 0’s energy dependent state toggling to build a reliable filter and correction.

8.2 Detector Spatial Resolution

Crossed tungsten rods were embedded into the cryostat top; for low-energy radiation these
rods casted X-ray shadows onto the detectors. These shadows were used to determine the
2D detector spatial resolution by comparing the width of the shadow to the electrode pitch
and rod diameter (0.46 mm). Figure 8.5 shows counts summed along the detector-diagonal
direction for two flight detectors with 59.5 keV incident radiation. The dips at pixels 105 and
125 indicate the location and width of the tungsten rod shadow, showing that its projection
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Figure 8.4: Am-241 ground calibration data. The top plot shows the detector count rate
at 1s intervals for source counts (selected for all triggers ≤ 2 per side) plotted against all
triggers. The dashed horizontal line is a count rate threshold that separates the data into
normal and suppressed states. Bottom: Correlation plots between noise triggers (all triggers
- source triggers) to all triggers (left) and source triggers (right). These plots show that the
normal and suppressed states are clearly two different populations that can be isolated from
one another by a count rate threshold, marked as a dashed vertical line. Counts to the right
of the dashed line are in the normal state and counts to the left are the suppressed state
where the noise drops to zero.



CHAPTER 8. GRIPS SPECTROMETER PERFORMANCE 143

80 90 100 110 120 130

Diagonal Number

0

2

4

6

8

10

N
o
rm
a
liz
e
d
 C
o
u
n
ts

100 110 120 130 140 150

Diagonal Number

Tungsten X-ray Shadows

Figure 8.5: Crossed tungsten rods were used to cast X-ray shadows along the detector
diagonals. The rods can be seen as dark “X”s in figure 9.3. These plots show a the sum of
counts along the detector diagonals for an Am-241 source, normalized to show two different
detectors (D0 in red and D4 in blue) in single plot. Since the tungsten rods cast a shadow
along a detector diagonal, the summed counts dip at the location of the rod. The width of
the dip provides a measure of the detector spatial resolution. Since the diagonals do not
have the same quantity of pixels, the summed counts have an overall decreasing trend. The
smaller count fluctuations between diagonals are primarily due to variations in the energy
thresholds for each pixel.

is approximately the width of one strip pitch: .5 mm. Sub-strip level position accuracy can
be inferred by comparing the extent of charge sharing between two neighboring strips.

Collection-time differences between electrons and holes on opposite detector faces measure
how deep within the crystal a photon deposited energy, as discussed in section 3.4. Figure 8.6
shows a histogram of collection-time differences for two sources in GRIPS detector 0. Both
traces go to zero at ±500 ns because this marks the physical edge of the detector active
volume. Assuming that the entire detector width (1.5 cm) is active volume, these plots
indicate that the charges are moving at ∼1.5×106 cm/s inside the semiconductor. This is in
good agreement with the value predicted by figure 3.8 for a germanium detector operating
at ∼80 K and a 600 V bias. Since GRIPS has a timing resolution of ∼50 ns FWHM, the
depth can be inferred to within ∼1 mm. The 3D-GeD cross-strip segmentation combined
with depth resolution through timing yields a 0.5×0.5×1 mm virtual pixelation within the
detector active volume.

8.3 Energy Calibration

Radioactive sources of known line energies were used to determine the conversion from ADC
bin values output by the detector readout chain to real photon energy absorbed by the
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Figure 8.6: Example arrival time difference plots for Am-241 (top) and Cs-137 (bottom)
sources. The difference of arrival times provides a measurement of photon interaction depth
within the crystal. The ±500 ns edges are created by interactions that happen close the
edge of the active volume. The lower-energy 59.5 keV photons have a shallower penetration
depth than the 662 keV photons and are primarily collected near the side of the crystal
that they’re incident on. The higher-energy Cs-137 photons more uniformly penetrate the
crystal.

detector. The sources used for energy calibration were Am-241 (59.5 keV), Ba-133 (81 keV,
276 keV, 303 keV, 356 keV, 384 keV) and Cs-137 (662 keV). Due to the size of ionization
clouds ≥1 MeV and their associated effects, for Co-60 (1173 keV and 1333 keV) there were
few single-strip energy depositions. The full 10 MeV energy range is achieved by summing
over multiple strips from charge sharing in single-site energy depositions, multiple energy
depositions in a Compton scatter track within & between detectors or from pair production.

The higher-energy lines of Ba-133 (276 keV, 303 keV, 356 keV and 384 keV) as well as
Cs-137’s 662 keV line were fit with a delta function convolved with a Gaussian to represent
the shaping circuitry’s spectral response. The continuum was modeled as a DC offset split
at the line center. Fitting the 81 keV line required multiplying the same line + continuum
used for higher-energy lines with a threshold function. The threshold was represented by a
Heaviside function convolved with a second Gaussian to represent the triggering circuitry’s
response. Figure 8.7 shows the 81 keV fit features including the line position and threshold
location.

The low-energy 59.5 keV line from Am-241 showed strong spectral effects due to charge
loss by trapping (discussed in section 8.4). Figure 8.8 shows example Am-241 spectra for
individual strips on D0 and D4 LV (top) and HV (bottom). The effects of charge trapping
are minimal for D4 LV and D0 HV, whose line shapes are Gaussian with low-energy tails.
D0 LV and D4 HV lines have a completely different shape than the previous set, showing
large spectral broadening that affects the entire low-energy side of the lines. The 59.5 keV
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Figure 8.7: Model fit to the 81 keV line and threshold for channel 148 on D4. The model
fit is shown in green, the line and threshold fit locations are marked by dashed vertical lines.
Above the line is a continuum which is approximated by a DC offset in the region surrounding
the line. Only the photopeak is used for calibration and modeling the continuum accurately
is not critical.

photons predominately deposit their energy close to the surface of the crystal, as can be
seen in the depth distribution plot in figure 8.6. D0 is oriented with its HV side towards the
source and D4 is oriented such that its LV side is towards the source. The increased spectral
broadening on their opposite faces is likely due to increased trapping since on average those
charges would be traveling much farther before collection (discussed in section 8.4).

Both detector 0 and detector 4 Am-241 spectra were fit with split Gaussians: a higher-
energy Gaussian that represents a convolution of the line with the instrument response
and a lower-energy Gaussian that represents the tailing effect. The location where the two
Gaussians joined was a model parameter that was constrained differently depending on which
side of the detector the strip is on. For the detector side that faces the source (D0 HV & D4
LV) the line and split locations were not constrained to one another. For the detector side
that faces away from the source (D0 LV & D4 HV) the two Gaussians were constrained to
join at the line location. In this case the FWHM resolutions quoted for 59.5 keV are derived
from the sigmas of the higher-energy Gaussian fits.

Charge sharing for energy depositions above ∼200 keV was a significant challenge to
collecting full photopeak spectra on a single strip. Figure 8.9 compares spectra from a strip
that is electrically connected to its neighbor (channel 234) and the spectrum from a single
strip. Though having similar 81 keV magnitudes relative to the continua, channel 232 is
missing the higher-energy lines observed in channel 234. This spectral difference is due to
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Figure 8.8: Am-241 spectra showing the 59.5 keV line on D0 (left panels) and D4 (right
panels) for low-voltage (top panels) and high-voltage (bottom panels) sides. The spectral
shape differences are due to increased trapping on detector sides facing away from the source
relative to detector faces that are toward the source. In D0 the 59.5 keV radiation is incident
on the HV side and on D4 it falls on the LV side.

charge sharing between neighboring electrode strips. Channel 234 has ∼2× the effective area
of channel 232 and is able to collect the majority of the charge cloud across its two electrode
strips, whereas channel 232 can only collect a portion of that charge cloud. Most of the strip
spectra resemble channel 232 over this integration time. With very long integration times
the higher-energy lines do become resolvable, but their magnitudes are small and the set is
sparse such that not every channel has a complete set of calibration lines.

GRIPS’s data analysis is particularly challenging due to its ∼1,800 detector channels
that must be individually calibrated. A dense electrode spacing (.5 mm) imparts a narrow
geometric area per strip, increasing the integration times required for sufficient calibration
statistics and increasing the effects of charge sharing between strips. In many cases duty
cycling (section 8.1) toggled the detectors to a suppressed state where source counts were
not triggered, effectively reducing the count rate by half over an integration period. Low
operating voltages (section 7.4) likely led to increased trapping and spread of the charge
cloud within the detector active volume, further complicating energy calibration by reducing
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Figure 8.9: Ba-133 strip spectrum for detector 0’s low voltage channels 234 and 232 over
the same integration time. The spectral counts are plotted in the common-mode subtracted
(section 8.5) ADC bins and marked are the known line energies. The spectra have been
normalized to the counts in the peak of the 81 keV line and channel 232’s spectrum has been
translated in ADC bins such that it aligns with channel 234. Channel 234 is electrically
connected to a neighboring electrode on the detector and has ∼2× the effective area of
channel 232.

the overall quantity of single-strip events for higher-energy lines. For some channels glitches
and cryocooler noise (section 8.5) blurred the lower-energy lines and removed good source
counts from the spectra. With these difficulties the calibration dataset was significantly
reduced by livetime and event selection.

For a given line energy the ADC bin values had little variability for individual channels
within a single ASIC. This property was used to provide calibration points to channels with
incomplete sets of lines. Figure 8.10 shows the ADC bin values for channels on the LV side
of D0 and D4. Horizontal lines mark the median ADC value for each calibration line for the
channels on a single ASIC. These median line values were used to generate by-ASIC gains
for channels which did not have a full set of calibration lines. These by-ASIC gains were
checked against ADC values for lines that were intentionally left out of the set of lines used
to determine the median values. This check yielded good agreement with the known line
energies.

After charges are collected on an electrode the signal is shaped by analog circuitry,
and the voltage is sampled at a fixed time that should occur at the peak of the shaped
signal. This single voltage measurement is then digitized and represents the magnitude of
the signal. The shape of the signal and the timing of the peak depends on the analog R-C time
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Figure 8.10: Common-mode subtracted ADC bin values by ASIC channel on D0 and D4.
The individual ADC bin values (solid dots) are nearly uniform across multiple channels
within the same ASIC. Horizontal lines mark the median ADC bin value for each available
line by ASIC. The line energies are 59.5 keV (purple), 81 keV (blue), 276 keV (yellow),
303 keV (magenta), 356 keV (green), 384 keV (orange) and 662 keV (red). There are only
two ASICs instrumented on D4’s LV side because the other two flex circuits were disabled
(section 7.3). Selection cuts based on FWHM of the fitted lines reduced the set of channels
that were used to determine the by-ASIC line values to the smaller set shown in these plots.

constants. Sampling the signal at the peaking time is critical to accurately measuring the
charges collected at the electrode. Incorrect sampling times, either before or after the peak,
will result in partial measurements of the full energy deposition. Determining the correct
peaking time for a circuit can be done experimentally by varying the peaking times while
holding the input constant. The peak of these curves represent the correct sampling time.
Figure 8.11 shows these curves for the GRIPS ASICs on an LV and HV strip for multiple
energy inputs. Ideally all the curves for multiple energies would peak at the same time, and
frequently they do with discrete analog components. In the GRIPS ASICs, however, the
slow-shaper peaking times vary with energy.

A single sampling time must be specified for each ASIC over its entire operational energy
range. Since the GRIPS ASICs have energy dependent peaking times, there will be sampling
errors in the charge measurement. There will be smaller errors if the signals are sampled
on the decay because the signal rise time (before the true peaking time) is faster (has a
steeper slope) than the decay time (after the peak). The direction of the shaping curves and
preference to sample on the falling edge led to choosing a shaping time consistent with the
highest expected single-site energy deposition on the LV side and minimum energy deposition
on the HV side. Sampling on the decaying edge means that any lower-energy (higher-energy)
measurement on the LV (HV) side will result in a lower charge measurement than what is
actually collected by the strip. The net effect on the LV side is an apparent line shift to
lower ADC bins for low-energy lines. The apparent line shift depends on the line energy,
introducing nonlinearity into the single-strip gain calibration.
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Figure 8.11: Plot showing how the slow shaper peaking time varies with input pulse energy
for the GRIPS ASICs. The ADC bin values are given for different pulse energies as a function
of sampling time on the slow shaper. The “neg” curves are pulses on the LV side, “pos”
curves are pulses on the HV side and “pos on neg” is a positive charge signal on the LV side.
A sampling time of 8000 us was chosen for the LV side and a time of 4000 us for the HV
side.

The uniform sampling rate introduces non-linearity into the GRIPS gain calibration.
This non-linearity primarily affects the lower-energy portion of the LV spectrum since the
sampling time was explicitly chosen to match higher-energy peaking times. Above ∼200 keV
the spectrum is linear. A good fit function would therefore be mostly linear with a non-linear
tail extending into lower energies. For the purposes of this report a polynomial interpolation
is provided that fully constrains the calibration data, but does not provide a general energy
calibration function representing the true electronics response. The interpolation provides
an adequate means to determine the bin-to-energy conversions within the calibration range
and serves as a pathfinder for future efforts to fully characterize the true electronics response
over the entire energy range.

Channel gains were fit to polynomials over the range of 59.5 keV to 662 keV. Figure
8.12 shows an example of the residuals as a percent of line energy by polynomial order
(left) and the 5th order polynomial interpolation for detector 0 channel 234 (right). Similar
interpolations were done for the by-ASIC line values using the maximum number of lines
available for each ASIC. The residuals for the by-ASIC values are shown in figure 8.13. For
each ASIC the lowest-order polynomial interpolation which fully constrained the calibration
data was chosen to provide bin-to-energy conversions in this manuscript.
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Figure 8.12: Left: Fit residuals as percent of line energy by polynomial order for D0 channel
234. The magenta points show the polynomial deviation from linearity. Right: A 5th order
polynomial interpolation for channel 234.

8.4 Spectral Resolution

Individual-strip FWHM spectral resolutions are plotted in figure 8.14 for the low-voltage
sides of detector 0 (unsaturated colors) and detector 4 (saturated colors). The FWHMs were
derived from calibration data using radioactive sources of known line energies placed along
the telescope line-of-sight and a polynomial interpolation was used to convert from ADC bins
to energy. The modes are inset to each plot and given in keV with ±.5 keV uncertainty. The
spectral resolution is ∼3.5±.5 keV across the GRIPS energy range. The minimum FWHM
line width is set by the ASIC, which has a manufacturer-reported equivalent noise at the
input of ∼2.5 keV. The ASIC minimum resolution is greater than the ∼1.9 keV resolution
(at 662 keV) reported by other groups with similar 3D-GeD detectors implemented using
discrete analog components and a 4× coarser electrode spacing (2 mm) [72]. Factors which
led to the additional ∼1 keV spectral broadening in the GRIPS implementation above the
2.5 keV minimum resolution are discussed below and in the next section.

Tailing on the low-energy side of the 59.5 keV line was observed on both D0 and D4 (sec-
tion 8.3), indicating that charge loss is an important factor for these detectors. Relatively
low operating voltages (∼2x their depletion voltages, see section 7.4) in the GRIPS detectors
contributed to charge loss. Operating detectors at low voltages results in slower drift veloci-
ties, whose longer charge-collection times increase the likelihood of trapping/recombination.
Trapping and recombination result in charge loss, generating tails on the low-energy side of
lines [74].

For half of the detectors in the cryostat the LV side was oriented “up”, pointing along
the boom to where the radiation source was located. The other half of the detectors were
oriented with the LV side pointed “down” away from the source. Since low-energy radiation
tends to be absorbed by the crystal close to the incident surface, for low-energy photons
the half the charge carriers must travel almost the full thickness of the crystal before being
collected on the opposite side. The increased path length results in increased charge loss
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Figure 8.13: Fit residuals as percent of line energy by polynomial order for each ASIC on
D0 and D4 LV sides. For each plot the last order plotted is the polynomial that was chosen
for that ASIC’s interpolation function.
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Figure 8.14: Spectral resolution of low voltage detector strips on D0 (unsaturated colors)
and D4 (saturated colors) at the six calibration line energies of 59.5 keV, 81 keV, 303 keV,
356 keV, 384 keV and 662 keV. The mode for each line is inset to each plot and given in
keV with a ±.5 keV error.

(due to trapping/recombination) and fewer single-strip energy depositions (due to spreading
of the charge cloud) [74]. These effects will tend to broaden lines and increase tailing. The
relative orientation of the source to readout side of D0 (LV “down”) and D4 (LV “up”)
combined with the effects of low-operating voltages are the likely cause of D0’s broader and
fewer single-trigger spectral lines. The cryostat construction (with a 1” thick aluminum
baseplate situated on the LV “down” side) prohibited taking low-energy calibration data
from the anti-sunward orientation.

The method of common-mode subtraction (discussed in section 8.5) corrects for large-
scale baseline shifts in the ASIC circuitry, reducing measured line widths by 10s of percent.
With refinement of the common-mode method and channel grouping, the measured FWHM
resolutions have the potential to narrow even further towards the ∼2.5 keV minimum set by
the ASIC electronics.
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8.5 Spectral Broadening

This section identifies several sources of spectral broadening, describes how they are rectified
and identifies ways to further improve the GRIPS spectral performance with post-processing
software.

Common-Mode Subtraction

In a process referred to as common-mode subtraction, large-scale baseline shifts are quan-
tified and removed from the raw ADC bin values for groups of highly-correlated channels.
Common-mode subtraction has been very successful, reducing line widths by 10s of percent.
Refinements to the groups and technique are expected to further narrow our reported line
resolutions.

The baseline voltages supplied by the chip to its internal stages suffered baseline shifts
that were highly correlated between channels. These baseline fluctuations contributed to
spectral broadening through the VA channel’s ADC comparator. They are also a candidate
for generating the false triggers on the TA channel’s triggering comparator that occur during
multiple-trigger noise (section 8.6). Other groups operating this family of ASIC chip also
reported common-mode issues and the need for mitigation techniques (by private communi-
cation). Other sources of noise that systematically affect multiple electronics channels, such
as the low-frequency noise caused by the mechanical cryocooler described later in section
8.5, are also reduced by the common-mode subtraction technique.

The common-mode groups were determined empirically. A 64 x 64 matrix of Spearman’s
rank order coefficients are generated as a correlation measure for all the channels on each
ASIC. For each channel the 5 most correlated channels were chosen as its common-mode
group. The groups are symmetry breaking: the 5 most correlated channels for a single
channel are not necessarily most correlated with each other. Though the groups are not
associated with a simple spatial layout in the ASIC, or on the detector, they persist over
time and do not change significantly with detector or ASIC power cycling.

For each member of the group a scale factor is applied to the ADC bin value since the
relative extent of noise experienced by each channel differs. After applying the scale factor,
the median of the CMS group values is then subtracted from the triggered channel’s ADC
value. This algorithm could be improved by using a more advanced method of selecting
the common-mode value instead of the simple weighted median. Discarding channels in the
common-mode group which record a glitch or trigger coincidently could further refine this
technique.

When a triggering event occurs all the ASIC channels switch to conversion mode and the
entire detector’s 298 channels are read out. The triggered channel, its six closest neighbor
strips and the common-mode groups for all 7 channels are saved to disk for each channel that
is triggered. For a single-strip trigger this scheme saves 12 strips when the common mode
groups are highly symmetric and 42 strips in the worst case when there are diverse groups.
The remainder of the conversions are not saved. The raw ADC values are recorded and
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Figure 8.15: Ba-133 data for ASIC channel 152 on detector 0. This image shows how glitch
rejection culls the extraneous peak at ∼bin 60.

common-mode subtraction is performed in post-processing analysis. This selective saving
scheme was implemented to reduce the data load for flight.

Glitches

Each ASIC channel has a single output which switches between triggering and charge-
conversion mode. After exiting the ASIC the signal travels over ∼25 ft of tightly packed
ribbon cables before being read out by an FPGA. Upon receiving a trigger (a logic high) the
FPGA sends a signal to the ASIC to change into charge conversion mode. During this time
the ASIC outputs are kept at logic low and the FPGA counts clock cycles until the output
returns a logic high, signaling the end of the analog-to-digital conversion. The quantity of
clock cycles elapsed is the raw binning of the analog-to-digital conversion.

In the GRIPS nomenclature, glitches occur when there are voltage changes at the input
of the FPGA that were not initiated by regular triggering and ADC signal processing. When
the FPGA receives a logic high from the signal line during charge-conversion mode it waits
to see if the signal change was a transient by checking if the signal goes low again. If it does
return to logic low within a specified time interval the event is marked as a glitch.

Two types of glitches were observed. The first type of glitch is due to cross-talk between
the signal lines when they switch from logic low to logic high with a fast edge. This glitch
generates a localized peak in the strip spectra, as can be seen in figure 8.15 as a blue trace.
The red trace shows how rejection for glitch-flagged events culls the extraneous peak at ∼bin
60, leaving a clean threshold edge and an untouched 81 keV line.

The second type of glitch occurs around the real conversion edge. This glitch is thought
to result from ground bounce on the ASIC board that causes jitter in the comparator. In
this case there are multiple transients around the real ADC edge, causing an apparent spread
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Figure 8.16: 59.5 keV spectra in raw ADC bins (labeled raw A/D bins) before common-mode
subtraction is applied. The red curves are from data taken with the cryocooler on and the
black curve is from data with the cryocooler off. The line is split into two lines by cryocooler
effects for the channel in the upper plot and only minimally broadened for the channel in
the lower plot. The two channels shown are are spatially close to one another, separated by
one channel in the ASIC and by one strip on the detector. Despite the proximity of these
channels to one another their responses to cryocooler noise are vastly different.

in the energy conversion. Glitch rejection of these events can narrow the line FWHM at the
expense of rejecting real source data.

Each ASIC channel had a different glitch behavior determined by its susceptibility to
cross-talk or ground bounce, resulting in glitch peaks and spectral blurring of varying mag-
nitude across ASIC channels and detectors. In most cases glitch-rejected data was used for
low-energy line studies of the threshold, Am-241 and Ba-133. All-conversion data was used
for higher-energy lines of Ba-133, Co-60 and Cs-137. Development of a more selective glitch
filter, to replace the current “ignore”/“don’t ignore” all glitches, could retain more “good”
counts in the low-energy calibration spectra providing better statistics for line fitting.

Cryocooler Noise

A mechanical cryocooler (Sunpower Cryotel CT) was chosen to cool the GRIPS detectors
to the ∼80 K required for operation. A DC voltage of 28 V was input into the cryocon-
troller which created a 60-Hz rectified sine-wave output with a maxmium 15 A peak-to-peak
current for input to the cryocooler. After integration into the cryostat 60 Hz interference
was observed to varying extent across numerous signal traces. Figure 8.16 shows the re-
sponse of two channels on D4 to the cryocooler. The red curve is for Am-241 59.5 keV
radiation with the cryocooler on and the black curve shows the spectra with the cryocooler
momentarily switched off. These channels are located physically close to one another on the
detector (one strip between them) and in the ASIC (one channel between them) but have
different responses to the cryocooler interference. For the top channel the true line is split
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into two peaks which alternate being filled with counts at a rate of ∼60 Hz. The second
channel suffers slight line broadening due to the cryocooler. The ASICs, which handle signal
processing from the front-end pre-amp through the analog-to-digital conversion, were not
designed to provide significant low-frequency filtering and additional stages could not be
added to attenuate the 60-Hz noise. Appropriate choice of the common-mode groups and
shielding effectively reduced the bulk effects of cryocooler interference (e.g., line splitting),
but the finer effects of cryocooler noise contributed to spectral broadening.

8.6 Multiple-Trigger Events

Each GRIPS detector is run on coincidence mode between its high-voltage and low-voltage
sides. If multiple channels trigger within a single coincidence window (600 µs) each channel
is marked as a trigger to that single event. Multiple triggers due to physical effects such as
charge sharing or Compton scattering through the same crystal can generate a handful of
coincident triggers. Coincident triggers can also be generated by noise events that cause the
FPGA to read a logic high value on the signal line during the coincidence window. These
noise triggers could be generated at any point in the triggering electronics chain, ranging
from microphonics on the input of the pre-amp, noise on the triggering comparator or glitches
along the signal line feeding into the FPGA.

An on-board firmware veto was implemented in the FPGAs to catch and process multiple-
trigger events caused by noise. Since multiple-triggers due to real energy deposition would
only cause a few channels to trigger, the software veto was based on the number of channels
triggered per event. In the case of a single-crystal, two-site energy deposition with charge
sharing across 5 electrode strips, for each deposition there would be a total of 10 strips that
would record a real trigger. Using this case as a guideline the software veto caught events
with greater than 10 – 25 triggers. Based upon system performance and the severity of
multiple-trigger noise the software veto was configured as either a soft veto which simply
flagged the event (D0, D1, D2 & D3 ) or a hard veto which did not save data from the event
(D4 & D5 ). Most of the analysis presented in this document discards multiple-triggered
events from the data.

Figures 8.1 and 8.17 (zoomed in to show the D0 fast timescale structure in detail) show
the time between events for noise counts in comparison to real source counts. In figure 8.17
the total events (dark purple points) are broken into components based on the triggering
order. Any event that received more than 10 triggers was considered a multiple-trigger
event (“mt”) and events with fewer triggers as source-trigger (“st”) events since real source
depositions can potentially trigger 10 electrodes. The components plotted are: the times be-
tween source-triggers followed by multiple-triggers (st-mt, red), multiple-triggers followed by
multiple-triggers (mt-mt, green), and the combination of source-triggers followed by source-
triggers and multiple-triggers followed by source-triggers (mt-st + st-st, violet). The first
two components (st-mt & mt-mt) are due to multiple-trigger noise and the counts in the
summed component (mt-st + st-st) are from the source. This plot indicates that multiple-
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Figure 8.17: Distribution of the time between events recorded by D0 for Am-241, zoomed
in to show the fast timescale detail from fig 8.1. The total events (dark purple points)
are broken into components based on the triggering order. The legend abbreviates single-
triggers as “st” and multiple-triggers as “mt”. Any event that received more than 10 triggers
was considered a multiple-trigger event since real source depositions can potentially trigger
10 electrodes. The components plotted are: the times between single-triggers followed by
multiple-triggers (st-mt, red), multiple-triggers followed by multiple-triggers (mt-mt, green),
and the combination of single-triggers followed by single-triggers and multiple-triggers fol-
lowed by single-triggers (mt-st + st-st, violet). The first two components (st-mt & mt-mt)
are due to multiple-trigger noise and the counts in the summed component (mt-st + st-st)
are from the source. The data was fit with a decaying exponential (solid blue line) to the
right of the dashed black line, to predict the source count rate. The fit has been extended
into the region dominated by noise (dashed blue line) to show the expected source counts in
this region. The fitted line matches the summed component (mt-st + st-st) well.

trigger events occur quickly after source-triggers (∼275 us) and then the system can receive
successive multiple-trigger events through ∼400 us before relaxing. It is not immediately
obvious what causes the regular timing of the three main noise peaks, nor why the st-mt and
mt-mt have later peaks as well. This regular timing could point to where in the spectrometer
system multiple triggers originate.

Figure 8.18 shows the histogrammed time between event counts (purple points in of
8.17) as a function of total triggers per event. Figure 8.19 shows the same histogram of time
between event counts as a function of total triggers per event over the extended time range
shown in figure 8.1. The noise peaks from figure 8.17 are clearly visible in these plots. These
plots indicate that the mechanisms responsible for multiple-trigger noise could be different
on the LV and HV side. The spread of multiple-trigger events on D0’s LV side suggests that
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Figure 8.18: The total detector counts from an Am-241 source (same data as the purple
curve of figure 8.1) as a function of total triggered events and the time between events. D0
labels the three different noise structures that are referenced in text. D0 was run in soft-veto
multiple trigger mode (all events saved) and D4 was run in hard-veto multiple trigger mode
(events with >25 triggers discarded). Though D4’s hard veto caught most multiple trigger
events above the threshold, occasionally some events with triggers greater than the threshold
were saved. A key difference between noise on the two detectors is the persistence of events,
with noise dominating the counts about 2x longer on D4 (1ms) than on D0 (.5ms).
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Figure 8.19: The total detector counts from an Am-241 source (same data as the purple curve
of figure 8.1) as a function of total triggered events and the time between events. These plots
extend over a longer timescale than figure 8.18, shown to include some of the longer time
between events where source counts dominate. At later times the source counts primarily
trigger only a few strips, as expected for relatively the low-energy (59.5 keV) radiation in
this dataset.
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the multiple-trigger noise can occur for any number of channels within a single ASIC and
coincidently between ASICs, extending up to the entire side (which is ∼120 channels since
there are non-triggering channels spread across this side, see figure 7.4). The situation on
D0’s HV side is markedly different. Here, there is a gap between the few triggers expected
for source counts and the multiple-trigger events that begin at ∼38 triggers. The total
triggers are sparse until ∼120 channels with most of the multiple-trigger events including
the entire side of the detector. This could indicate that the multiple-trigger noise is not
locally generated inside a single ASIC on the HV side, but is caused by something that
affects an entire ASIC uniformly.

Detector 0’s multiple-triggers have three primary components: (1) a fast multiple-trigger
component (st-mt curve in figure 8.17 and first horizontal structure in figure 8.18) which
comes in very quickly after a source-trigger that is characterized by any number of channels
triggering together and possibly a result of the baseline fluctuations, (2) a component which
comes in slightly later (mt-mt curve in figure 8.17 and second two horizontal structures in
figure 8.18) in which almost all the channels on the detector trigger together, also attributable
to noise and (3) a component which persists to long time-scales and causes the entire detector
to record a trigger (mt-st component, vertical structures on the right of figure 8.19, top).
Detector 4 shows a similar fast component to D0 (1) though it persists nearly 2x longer. On
detector 4 any possible whole detector effects are removed by its hard multiple-trigger veto.

8.7 Summary

A survey of ∼300 strips across detectors 0 & 4 low voltage sides provided an initial detailed
study of the spectrometer performance. Detectors 0 & 4 were found to have 12.3% and
13.8% efficiency with ∼3.5 keV spectral energy resolution and a rough .5×.5×1 mm spatial
resolution. Duty cycling and multiple-trigger events reduced livetimes and complicated event
selection, but post-processing software and firmware vetoes were successful in mitigating their
effects. The baseline spectral resolution was set to ∼2.5 keV from the ASIC electronics. A
combination of large-scale baseline shifts in the ASIC, cryocooler interference, glitches and
low operating voltages contributed to an additional 1 keV spectral broadening. Improving
the common-mode subtraction technique is expected to narrow lines further. Deviations from
non-linearity in energy calibrations were expected due to energy-dependent peaking times
in the ASIC electronics. ADC bin-to-energy conversion functions, which fully constrained
the 59.5 – 662 keV energy range, were provided. These ground calibrations were shown to
remain valid in flight by predicting the energy of the 511 keV instrumental background line
(chapter 6). Energy calibrations were complicated by low single-site energy depositions due
to charge sharing, line tailing from low operating voltages and the need for long integration
times from duty cycling. Coarse resolution at strip-pitch granularity (.5 mm) was confirmed
by tungsten shadow images and finer inter-strip resolution is anticipated in future work that
will consider charge sharing between strips.
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Chapter 9

GRIPS Imaging and Aspect Systems

In GRIPS’ HXR/gamma-ray energy range indirect imaging provides higher spatial reso-
lution than focusing optics (>100 keV) or Compton reconstruction techniques. GRIPS’
imaging system, the Multi-Pitch Rotating Modulator (MPRM), is a single-grid imager that
builds upon heritage from RHESSI’s bi-grid Rotating Modulating Collimators (RMCs) [68].
High-precision detector spatial resolution enables the single-grid design, increasing photon
throughput by ∼2× over related bi-grid designs. A review of HXR/gamma-ray imaging
techniques is provided in chapter 4 and RHESSI RMC imaging is discussed in chapter 5.

The imaging aspect system tracks the positioning and orientation of the mask relative
to the detectors for image reconstruction, and correcting for the twist & flexure of the 8 m
telescope boom. The aspect system also provides high-cadence monitoring of the instrument
pitch, yaw and relative roll, enabling 12.5” imaging with a telescope pointed to .5◦ rms.

9.1 The Multi-Pitch Rotating Modulator (MPRM)

Concept

GRIPS’ rotating grid partially obscures the Sun, selectively blocking/transmitting photons
with alternating opaque slats and transparent slits (figure 9.1, left). The shadow of this
pattern falls on the detector, whose spatial resolution is 1/2 the smallest grid pitch. The
imaging resolution (R) is set by the ratio of the grid pitch (p) and the mask-to-detector
separation (L). An 8 m telescope boom separates the mask from the detectors and the
pitches vary between 1 – 13 mm, setting an imaging resolution of 12.5 – 162”. The availability
of detectors with .5 mm spatial resolution enabled this this fine imaging resolution to be
designed with parameters achievable on a balloon platform.

R = p/2L = 12.5− 162” (9.1)

The source flux is spatially modulated at a regular rate by rotating the grid at '10
rpm. The resulting flux represents a convolution of the grid/rotation parameters with the
spatial properties of the source photon distribution. This modulated flux is backprojected
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Figure 9.1: Left: The single modulation grid used for GRIPS’ MPRM imaging system.
The grid has thirteen slit/slat pitches made from 70/30 tungsten/copper slats of 2.5 cm
line-of-sight thickness. The slit pitch varies from 1 – 13 mm, corresponding to thirteen
imaging resolutions between 12.5 – 162 arcseconds. Right: Zoomed-in picture showing the
slit/slat bundle arrangement on the imaging grid. The sum of all pitches in a bundle is
13mm. Transmission through the slits falls off as as line-of-sight angle increases. Pictures
from Duncan et al. 2013 [44].

onto the Sun to recover the original photon distribution. GRIPS’ point response function is
virtually free of the side-lobes (figure 6.5, left) that are characteristic of RHESSI at gamma-
ray energies. By sampling 13 frequencies simultaneously GRIPS can generate high-fidelity
backprojection images over a range of spatial scales within a few hundred photons.

A schematic illustration of backprojection for a point source using the MRPM grid is
shown in figure 9.2. In this method the image is iteratively built-up by adding together
backprojection maps for individual photons at different grid pitches and orientations. Panel
(a) shows a single photon map backprojected onto the Sun. The red strips indicate the
transparent slit locations mapped to the solar disk, indicating where the photon could have
originated. Since the opaque slats block photons, the black strips mark where photons could
not have originated from. As the grid rotates and more photons are collected in various
grid orientations these slit/slat maps are added together. The successive panels show the
result created by 3 (b), 10 (c), 30 (d), 100 (e) and 1000 (f) photons as the grid rotates. This
summed backprojection map can be further refined by using deconvolution techniques such
as CLEAN. This backprojection + deconvolution prescription is the basic method used for
RHESSI imaging analysis (chapter 5) and the GRIPS effort builds upon its heritage.
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in a manner that is tailored to optimize angular frequency weighting and imaging performance.  

As the grid rotates, these angular frequencies are also measured at a continuous range of 
orientations.  The result is that the MPRM has quasi-continuous, two-dimensional coverage in 
the spatial frequency (uv) plane.  The resulting image quality represents a substantial 
improvement over that possible on RHESSI (Figure 8 and Table 3). 

For opacity at 2.2 MeV, the grid is fabricated from 2-cm thick tungsten slats using a technique 
similar to that of the RHESSI coarse grids (Lin et al. 2002).  The total grid mass is ~45 kg.  
Unlike the case of RHESSI grids, however, the imaging performance relies on knowledge of the 
slat locations, not their exact placement, a feature that simplifies grid fabrication.   

Since the imaging technique is based on the timing and location of individual photon 
interactions, imaging analysis can be applied post facto to any desired subset of detected events 
such as those restricted to a particular energy range or polarization signature.  As a result the 
spectroscopic and polarization properties of the detector are fully compatible with the imaging so 
that the system functions as an imaging polarimetric spectrometer. 

 
 

 
Figure 8.  Schematic illustration of GRIPS image reconstruction. 
To form an image, detector-specific algorithms are first used to identify the subset of events 

that correspond to the user‘s energy, time and/or polarization criteria.  For imaging, these 

events are characterized by their location and time (x,y,t).  For each such event, aspect and 

grid orientation knowledge is used to form a ‗striped‘ back-projected probability map of the 

desired field of view on the Sun showing possible directions from which this photon could 

have originated (Panel a). Subsequent events add additional ‗stripes‘ of differing orientations, 

widths and phases.  Panels a–f correspond to 1, 3, 10, 30, 100 and 1000 counts from a 

simulated point source, respectively.  It shows that a source can be reliably located with as 

few as ~100 counts.  For more complex sources, the back-projected map represents a 

convolution of the source with the circularly-symmetric point response function.  Such a 

‗dirty map‘ can then be improved with algorithms such as CLEAN. A similar ―Back 

Projection + CLEAN‖ process forms the basis of RHESSI image reconstruction.   The radial 

profile for the GRIPS point response function (Panel g, black curve) is much improved over 

the corresponding RHESSI point response function for gamma rays (dotted curve). 

Figure 9.2: Schematic illustration of GRIPS image reconstruction, for 1(a), 3(b), 10(c),
30(d), 100(e) and 1000(f) counts from a simulated point source. As the grid rotates photons
are collected from a range of grid orientations and spatial frequencies. Image from Duncan
et al. 2013 [44].

9.2 Mask Construction

The opaque slats on the MPRM imaging mask are arranged into bundles of a single pitch
(figure 9.1, right). The sum of all slats + slits in a bundle is 13mm, and each bundle type
contains a different total number of slats & slits. A 1 mm pitch has 13 slats & 13 slits
arranged into a bundle, whereas a 13 mm pitch has 1 slat & 1 slit per bundle. A series of all
13 pitches constitute a period, and there are 2.5 periods on the mask. The periods are offset
from one another provide maximum spatial frequency coverage across a detector plane.

Blades are interwoven with spacers at three points along the blade length, creating a
well-defined slit metrology. These three clamping points are also used to affix the bundle
to a mask structure. A belted motor system rotates the grid via an outer ring on the mask
circumference.

The grid is constructed from 491 off-the-shelf blades composed of a 70/30 tungsten/copper
alloy, assembled into 70 total bundles that are installed onto the mask structure. The blades
are nominally 20.3 cm long and 2.54 mm deep, making them opaque to HXR/gamma-
rays along the telescope line-of-sight. The single-grid design does not require the tight
manufacturing constraints of bi-grid designs, allowing GRIPS to adopt a design perspective
that minimized production costs by using loosely toleranced, off-the-shelf tungsten blades.
18 measurements per blade carefully mapped their physical characteristics and the remaining
mask hardware was customized to fit the blades’ aggregate properties. The grid metrology
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was photo-characterized on both sides at multiple orientations. Slat & slit locations derived
from the images will be used to create a model of the grid to be used with backprojection.

9.3 Aspect System

The GRIPS aspect system provides the high-cadence, high-resolution pointing knowledge
needed for 12.5” imaging resolution and ∼arcsecond image placement with a telescope
pointed to only .5◦ rms. Precision monitoring of instrument pointing allows for relaxed
pointing-control and mechanical requirements of the telescope system (e.g., boom twist and
flexure). The aspect system makes three primary measurements: the pitch/yaw offset of the
optical bench to Sun center, the orientation of the MPRM, and the absolute roll of the opti-
cal bench. The aspect system implementation has undergone significant design changes since
it was described in early literature [122, 44], in part due to lessons learned from the Solar
Aspect System (SAS) of the HEROES balloon instrument [33], whose design was adapted
from the original GRIPS design. The HEROES project also contributed components of the
roll sensor to the GRIPS system. A complete description of the final aspect implementation
is also available in a later manuscript [45].

A single subsystem simultaneously measures pitch/yaw offset and MPRM orientation.
This subsystem uses three 3-cm diameter plano-convex BK-7 lenses (focal length of 7780
mm) mounted across the MPRM mask diameter (figure 9.1, left) to project three images of
the Sun onto a fiducial screen, or fiducial plane, mounted to the top of the cryostat (figure
9.3). The fiducial plane is monitored by a 1280 × 960 pixel CCD camera (Prosilica GT1290)
that monitors the motion of the projected Suns. Since the solar images and fiducials contain
all the necessary information to determine pitch/yaw and orientation, there are no stringent
alignment requirements on this camera itself beyond including the aspect target within the
camera FOV.

The pitch/yaw offset of the optical bench to Sun center is determined by measuring the
position of the central solar image relative to the center of the cryostat via the fiducial
plane. The fiducial plane coordinates are well-constrained to the detectors mechanically by
the cryostat itself. Crossed tungsten rods embedded in the cryostat top (and visible in the
pitch/yaw subsystem images) cast X-ray shadows onto the detectors, linking the pitch/yaw
coordinate system to the detector spatial coordinate system. The boom width limits the
pitch/yaw field of view to be within a few degrees of the Sun. With the effective plate scale
of 16” per pixel, the pitch/yaw knowledge accuracy is better than a few arcseconds.

The MPRM grid orientation is determined by tracking the three solar images as they
rotate on the fiducial screen. The two outrigger lenses have neutral-density filters that
reduce the intensity of their images to 90% and 80% of the central image. The intensity
is a key to distinguish between orientations that are 180◦ apart, making the total set of
images nondegenerate. During nominal pointing, as the MPRM rotates at ∼10 rpm, one of
the outrigger images may fall beyond the fiducial plane and outside the camera FOV. The
MPRM orientation can still be determined by the remaining two images of the Sun.
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Figure 9.3: Left : Photo of the fiducial plane (which is mounted to the top of the cryostat)
during a pre-flight pointing test. In the photo are the three solar images, the fiducial plane,
and the “×” patterns that are positioned above each stack of 3D-GeDs. The solar images
in the lower left and in the upper right are at 90% and 80%, respectively, of the brightness
of the central solar image. As the MPRM rotates, the outer solar images appear to orbit
around the central solar image. Right : In-flight image from the pitch/yaw subsystem, with
locations of the solar images (red × and circles) and illuminated fiducials (blue crosses)
determined via a convolution filter. The right edge of the frame corresponds to the nadir
direction, and shows faint illumination from incompletely blocked Antarctic albedo. Note
also that the black tungsten rods, aligned with the “×” patterns, are illuminated by the
central solar image. Pictures from Duncan et al. 2016 [45].
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Figure 9.4: In-flight image from the roll sensor showing the opposing horizon views and the
Antarctic surface. The axes indicate pixel number. Picture from Duncan et al. 2016 [45].

The fiducial plane is a thin aluminum sheet painted flat white that is bolted to the top of
the cryostat, which is painted flat black. The high-contrast fiducials are created by precision
machining holes into the white fiducial plane, revealing the black cryostat top below. The
crossed tungsten rod images were similarly generated, by cutting channels in the white aspect
screen to reveal the black painted rods. This implementation not only takes advantage of
machining tolerances vs screen printing tolerances, but it also avoids the speckling observed
in the HEROES SAS images that resulted from the partial glossiness of screen-printing inks.
The HEROES SAS experience also showed that the originally planned expanding grid of
fiducials added an unnecessary level of complication as part of a mostly stable system with
the entire fiducial screen within the camera FOV, so GRIPS used a simpler grid of constant
spacing between its fiducials.

The absolute roll of the optical bench is determined by a separate subsystem mounted
above the gondola. The roll sensor combines opposing views of Earth’s horizon into a single
image (figure 9.4). Locating the relative positions of the horizons in the image provides
a measure of instrument roll. A silvered, knife-edge, right-angle prism mounted below a
1280×960 pixel CCD camera (also a ProSilica GT1290) combines the two horizons into a
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Figure 9.5: The roll sensor, mounted above the gondola in the orientation shown. The
silvered, knife-edge, right-angle prism combines opposite horizons into a single image.

single image (figure 9.5). This system can monitor absolute roll continuously, without the
measurement drift that can occur in gyroscopes. With the plate scale of 1.1 arcminutes
per pixel, the roll knowledge accuracy is better than 15 arcseconds. The HEROES project
contributed the roll sensor’s physical assembly and the mirrored prism, with the primary
change being the exchange of the CCD camera.

Pre-flight calibration of the pitch/yaw subsystem occurred in tandem with the pointing
control system. The wedge angles of each of the three lenses were calibrated by individually
rotating each lens through four 90-degree increments while keeping the other two lenses fixed.
Pre-flight calibration of the roll subsystem consisted of using a theodolite as a visual feature
within the camera’s FOV and measuring the precise optical angular position of the theodo-
lite using the theodolite itself. The association of the pixel coordinates of the theodolite
and the corresponding precise optical angles over a dozen positions of the theodolite allows
determination of the plate scale and distortion of the roll-subsystem camera.

Camera images were saved at 4 Hz to a dedicated aspect computer running Ubuntu
Linux. The framerate was chosen to meet science requirements for pointing knowledge. The
aspect computer provided the command interface for controlling the cameras, produced real-
time telemetry, and recorded the images for post-flight analysis on three ∼1 TB solid state
drives. To provide enough storage for a potential month long flight, images were saved using
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a combination of Rice compression and row decimation to reduce the storage needs with
minimal impact to science.

9.4 Summary

The imaging and aspect systems performed nominally in flight. The pitch/yaw subsystem
verified the performance of the pointing control system and provided a fine aspect solution.
The roll subsystem measured the expected variety of roll motions, including a 24-second
harmonic motion, or pendulation, of the entire balloon-payload system with a peak-to-peak
amplitude of ∼1 arcminute.

The largest flare that occurred during GRIPS’ flight was below the limits of sensitivity for
the spectrometer using the event selection strategies described in chapters 7 and 8. Improved
event selection and background reduction via software tools or Compton techniques has the
potential to provide the ∼100 photons needed to generate an image from flight data. If there
are not enough photons to generate an image from a flare, the imager could be tested using
a well-collimated beam line. In this case, a single 3D-GeD detector could be used with the
mask to validate the concept in a scaled test.
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Chapter 10

Conclusion

The HXR/gamma-ray flare spectrum is rich with features that can be used to understand the
dynamics of accelerated particles and the properties of ambient plasma. The most detailed
gamma-ray imaging and spectroscopy to date has come from RHESSI, which provided two
key advances for high-energy flare observations: high-resolution spectroscopy capable of
resolving the individual ion lines and gamma-ray imaging. With individual line fluences and
shapes the ratios of accelerated particles could be determined and the total energy content
of ions estimated in ∼30 of the largest RHESSI flares. Relativistic electrons and ions were
found to be proportionally accelerated, and their energy content shown to be tens of percent
of the total energy liberated during a solar eruptive event. In one of the largest flares, fine
resolution of the 511 keV line showed that the annihilation region could reach an unexpected
combination of transition region like temperatures while at chromospheric densities.

RHESSI provided the first gamma-ray images of ion emission, showing compact sources
associated with the flaring region which are not consistent with the SMM-era suggestion
that ions are accelerated by large-scale structures. These images also revealed the unex-
plained displacement between ion-associated gamma-ray emission and electron-associated
HXR emission. RHESSI’s limited imaging resolution at gamma-ray energies made these
imaging observations possible for five flares, and only one of those events was large enough
to separately resolve the individual 2.2 MeV footpoints. RHESSI provided a wealth of obser-
vations which indicate there is more to be learned about particle acceleration and transport
in flares. Expanding upon RHESSI’s small gamma-ray flare dataset with additional observa-
tions and enhanced capabilities is required to build a complete picture of ion and relativistic
electron dynamics.

Flares that are obscured by high and irregular background are poorly studied in RHESSI
literature. Chapter 5 explored extending the method of imaging-spectroscopy into the
gamma-ray energy range to extract spectra from background in highly obscured flares. This
method is regularly utilized in the lower-energy HXR spectrum where there are many source
counts to generate images with narrow energy binning and high signal-to-noise with the
full dynamic range provided by RHESSI’s nine imaging collimators. In the photon-limited
gamma-ray range, however, imaging is complicated by poor statistics and a reduced set of
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two imaging grids. Imaging-spectroscopy was shown to reproduce the key features and flu-
ences of a gamma-ray spectrum for two well-studied flares. Applying this method to the
2003 October 29 flare yielded a clean spectrum with the expected gamma-ray features. The
spectrum was fit with relativistic electron and ion components and the fluences were used to
add this flare to Shih et al.’s 2009 correlation study results. This flare’s spectroscopy results
fit into the ensemble of other larges flares well; its 2.2 Mev and relativistic electron fluences
fall into the tight linear proportionality observed in other gamma-ray flares.

The imaging-spectroscopy results indicate that the amount of locally generated 511 keV
on RHESSI might be overestimated. Since the 511 keV line provides a rich diagnostic for
the ambient plasma conditions, investigating this feature between the two methods as a
means to constrain RHESSI’s response matrix would be beneficial. This could be done by
systematically comparing the 511 keV line fluxes in the two methods over many flares.

GRIPS is a next-generation flare observatory whose technology was successfully demon-
strated on a long-duration balloon platform in a 2016 Antarctic flight. GRIPS’ indirect
imager and 3D-position sensitive germanium detectors provide a gamma-ray dedicated sys-
tem capable of increasing the throughput of gamma-rays by ∼2×, improving imaging res-
olution by ∼3× and providing a means to detect polarization while maintaining similar
high-resolution spectroscopy to RHESSI.

During GRIPS’ ∼12 day flight 21 C-class flares occurred. The largest event was a C9.6
which was below the limits of detectability for the spectrometer using the currently imple-
mented event selection techniques. Improved event selection and noise reduction through
software filters or Compton techniques could provide a means to recover the ∼100 photons
needed to generate an image from flare data. With the current event selection and software
tools, the spectrometer had an efficiency of ∼13%, a FWHM line energy of ∼3.5 keV and a
.5×.5×1 mm detector spatial resolution. Chapters 6 – 9 described the GRIPS instrument,
its systems, their performance, and Antarctic flight in detail.

The future of GRIPS is uncertain; much of the path forward will depend upon evaluation
of the recently recovered spectrometer and electronics. Since the heavy instrument frame
was not recovered, it could make sense to redesign the GRIPS suborbital mission concept
to fly aboard an ultra long-duration balloon (ULDB) flight. Aboard a ULDB, whose flight
times could be in the range of months, a GRIPS balloon flight would have a better likelihood
of catching gamma-ray flares during the next solar maximum. The GRIPS technology has
the most utility in space where it can monitor the Sun quasi-continuously. A GRIPS satellite
observatory with a 20 m boom could provide gamma-ray imaging of 5” or better and can be
realized with technology available today.

The Sun is a dynamic laboratory that provides unparalleled opportunities to study high-
energy astrophysical processes with precision and detail. The tumultuous solar atmosphere is
a window that can offer high-resolution images of acceleration processes that drive particles
to relativistic speeds, heat plasma to millions of kelvin and catastrophically reorganize 104 –
105 km long field structures in the span of minutes. No other astrophysical object has been
studied to a similar level of detail as the Sun and still we find that there is more to learn
about our nearest star.
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Appendix A

GRIPS Education and Public
Outreach

Figure A.1: Left: Image illustrating the penetration depth of light into the atmosphere
at different energies and why its possible to make ground based measurements of optical
and IR light, but not HXR or gamma-rays. Balloons, rockets and satellites are needed to
study high-energy light. Image courtesy of OpenStax Astronomy as a modification of a
STScI/JHU/NASA image [7] Right: Simultaneous images of the Sun, showing how different
energies of light reveal different phenomena, regions and temperatures. Image from the SDO
archive [116].
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Figure A.2: Left, top: GRIPS suspended from “The Boss” launch vehicle during a hang test.
Left, middle: GRIPS team signatures on the cryostat, a tradition before flight. Left, bottom:
Balloon filling with 2/3rd of a ton of helium prior to launch. The helium tanks are visible
on trucks to the right of a tractor. Image courtesy of Albert Shih. Right: GRIPS just after
launch. The payload is suspended from a parachute (orange) attached to the balloon. After
reaching the Stratosphere, the balloon will expand to 150 ft tall. Image courtesy of Albert
Shih.
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Figure A.3: Left: Antarctic deed-field training where we learned about snow camping. The
original recovery plan was to establish a 3 week field camp and groom an ice runway to
accommodate a Basler aircraft at the landing site. Due to fuel restrictions we were instead
given 3 out-and-back flights on a Twin Otter. Pictured in the background to left is Mt.
Erebus, the southernmost active volcano, and Mt. Terror to right. Right: Since the landing
site was ∼500 miles from the South Pole station, refueling the Twin Otter at fuel caches en
route was necessary. Images courtesy of Hazel Bain.

Figure A.4: Payload recovery in January 2017. The 800 lb. spectrometer was supported
by fuel canisters and sawed off the frame onto a sled. Sliding across the ice was relatively
easy but loading onto the plane via the wooden ramp required 6 people to push and manage
safety straps. Hazel Bain is wearing an orange coat and the author is wearing a pink hat.
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Figure A.5: Left: Recovery team route from the GRIPS launch site on the Ross ice shelf
outside McMurdo to the South Pole Station and impact site. We waited for weather at the
South Pole for 4 weeks before conditions were clear for landing at the fuel cache and impact
site. Right: The author at the South Pole station in December 2016.

Figure A.6: NASA’s LDB facility. Convective cooling from freezing fog during roll-outs
resulted in some components being colder on the ground than in flight.

Figure A.7: Left: The cryostat was powered during transport to the Plum Brook T-vac test
and NASA systems integration. Right: Since no pressure vessels were used in flight, thermal
straps and conductive heatsinks were used to mitigate heat on commercial electronics.
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