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A Very Broad Career in Energetic Particle Instruments
Homestake Deep Underground Muon Detector
 High-energy galactic cosmic rays (GCRs)
Homestake Air Shower Array Prototype 
 Water Cherenkov Detectors
High-Energy Isotope Spectrometer Telescope (HEIST)
 Isotopic composition of heavy GCRs т balloon-borne
Voyager Cosmic Ray Subsystem - Anomalous and Galactic
 Cosmic Rays in outer heliosphere т Spacecraft
A Large Isotopic Composition Experiment (ALICE)
 Isotopic composition of heavy GCRs т balloon-borne
Advanced Composition Explorer (ACE) т Spacecraft
 Solar Isotope Spectrometer (SIS) т Solar Energetic particles
 Cosmic Ray Isotope Spectrometer (CRIS) т GCR composition
Isotope MAgnet eXperiment (IMAX) т balloon-borne
 GCR anti-protons and light isotopes
Astromag т Space Station Attached Payload
 GCR composition including antimatter
POsitron Electron Magnet Experiment (POEMS) т spacecraft
 GCR Electrons and Positrons
Trans-Iron Galactic Element Recorder (TIGER) т balloon-borne
 Very heavy GCR elements and isotopes

Tiger in Antarctica

ACE

Homestake

Homestake

Voyager

AstromagIMAX
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Orbiting Wide-angle Light-collectors (OWL) т 2 spacecraft
 Extragalactic Cosmic Rays with air UV fluorescence
Interstellar Boundary Explorer (IBEX) т spacecraft
 Energetic Neutral Atoms (ENAs) from out heliosphere
Payload for Antimatter Matter Exploration and Light-nuclei 

Astrophysics (PAMELA) т spacecraft т anti-matter
Compact Radiation belt Explorer (CeREs) - 3U Cubesat
 Miniaturized Electron and pRoton Telescope (MERiT)
Solar TErrestrial Relations Observatory т 2 spacecraft
 Low-Energy Telescope (LET) т Solar Energetic Particles
 High-Energy Telescope (HET) т Solar Energetic Particles
Cubesat to study Solar Particles (CuSP) т 6U Cubesat
 MERiT т Solar Energetic Particles
Parker Solar Probe (PSP) т spacecraft
 Energetic Particle Instrument т High Energy (EPI-Hi)
Lunar OutpOst Neutron Spectrometer (LOONS) 
 Neutron and Gamma Rays on lunar surface
Interstellar Mapping and Acceleration Probe (IMAP) т Heliosphere
 High-energy Ion Telescope (HIT) т Solar Energetic Particles

Instruments require design, construction, calibration and test, launch, 
operations, data analysis, and management.

In order to lead an instrument or mission, it helps to be a jack-of-all-trades. 

OWL

Parker Solar Probe
PAMELA

STEREO
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Galactic and Extragalactic Cosmic Ray Spectrum

From S. Swordy



Relative abundances of Elements in Universe



Extragalactic Cosmic Rays

Probably from Active Galactic Nuclei

There are other theories for the very highest energy 
cosmic rays.  One of the biggest questions is the Greisen-
Zatsepin-Kuzmin (GZK) limit.  Above ~5 x 1019 eV, protons 
pair-produce with the cosmic microwave background, 
slowing them down.  No known AGN sources within 
region, but we still see particles.



Galactic Cosmic Rays
Cosmic rays are probably galactic up to about 1015 eV 

(the ñkneeò of the spectrum).  The composition of 

Galactic Cosmic Rays give a fingerprint of their 

origin.  But the transport (~7 gms/cm2) has to be de-

convolved from the source.

For many years, supernova remnants were thought to 

be the source, but recently neutron star mergers have 

been included in the source possibilities.

8Supernova Remnants Merging Neutron Stars



Cosmic Ray Isotope Spectrometer (CRIS) on ACE



CRIS:  Isotope Ratios point to source of GCRs

After propagating the measured GCRs back to their source, the relative 
abundances are surprisingly like the solar system, despite the large age 
difference.  There are some noticeable variations, however.

The three largest deviations of galactic cosmic ray isotope ratios from solar-
system ratios are 12C/16O, 22Ne/20Ne, and 58Fe/56Fe.



Advanced Composition Explorer (ACE) 

Wolf-Rayet material appears 

to be a major component of 

the GCR source material. 

Since most WR stars exist in 

OB associations (unbound 

clusters of massive stars) 

within superbubbles (giant 

cavities in hot tenuous 

plasma), and since ~90% of 

all core-collapse supernovae 

occur in OB associations, 

this strongly suggests that 

OB associations within 

superbubbles are the site of 

origin and acceleration of at 

least a substantial fraction of 

cosmic rays.
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10Be
10Be is a purely secondary 

isotope in GCRs.  Its half-

life of ~1.5 Myr makes it an 

important tracer of the 

lifetime of GCRs, currently 

thought to be around 15 

Myr.
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IMAP: Exploring our solar neighborhood

The Heliosphere:
Our Solar Neighborhood



Astrospheres



Anomalous Cosmic Rays (ACRs)
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ÅFlanks or tail of TS (McComas & Schwadron, Kota)
ÅљcŸƣƚƓŸƣƚњШŸŰШÑÉШыsŸťŔƓŔŔь
ÅCompressive acceleration near heliopause (Fisk & Gloeckler)
ÅMagnetic reconnection near heliopause (Drake et al.)
ÅAdiabatic heating and/or stochastic acceleration in heliosheath 

(Strauss, Potgieter, Ferreira, and co-workers)
ÅFocused acceleration mechanism (Litvinenko and Schlickheiser)

 

ACR Source Possibilities

McComas and Schwadron (2006) 

Acceleration at flanks leading theory.

V2 ACR intensities would be expected to 

be higher than those at V1 because closer 

to source region along flanks of shock.  
See also Kota 2007 for similar picture with 

source on tail of shock.
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Solar Energetic Particles
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Gradual events come from

Coronal Mass Ejections (CMEs)
Impulsive events come from

Flares (magnetic reconnection)
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IMAP: Exploring our solar neighborhood



Why We Need to Measure Near the Sun

ÅTesting, discriminating, and 
refining SEP acceleration 
models is difficult at 1 AU 
due to distance from 
sources and mixing during 
transport
ÅHelios showed advantages 

of near-Sun observations of 
SEP processes near origin

Electron (e) and He (Ŭ) time profiles from Helios-1 (0.3 

AU) and IMP-8 (1 AU) during five ISEP events in 1980 

(from Wibberenz and Cane 2006). Magnetic connections to 

the flare site are indicated at upper right. Helios-1 

observed five injections; IMP-8 only one. ISIS samples 

~50-100 ISEP and ṃ50 large SEP events inside 0.25 AU, 

where each event will be sharply peaked and 100-1000 

times as intense, enabling detailed studies of (1) flare and 

CME-shock acceleration, (2) seed particle identities, and 

(3) the effects of particle transport in the interplanetary 

medium.
20
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Parker Solar Probe



ISᾔIS Instrument Suite
Integrated Science Investigations of the Sun
Energetic Particle Instrument ï Low Energy (EPI-Lo)

80 apertures Energy x TOF
20 keV т 10 MeV Ions



EPI-Hi observations of He/H Abundance Variations in SEP Events Inside 0.5 AU 

(above) H, He and e- spectrograms for the 6 
events.

(left) He/H abundance ratios vs energy for events 
3, 4, and 5.  Average values are indicated by the 
horizontal lines

ÅEPI-Hi observed a series of 
6 small SEP events during 
orbit 5, from 0.45 to 0.3 AU

ÅAll events were well 
described by power laws 
with indices between -2.3 
and -3.3

ÅHe/H abundance varied 
from 
0.003 to 0.13 in 3 
successive 
events which had
homologous solar 
eruptions

Å3He/4He and electron 
signatures also varied from 
event to event Cohen et al. A&A2020

Orbit 5



MERiT 
Instrument     

CeRES: A Compact Radiation Belt Explorer

Study  relativistic electron dynamics, in 
particular loss due to  microbursts

Spacecraft

MERiT sensor detector assembly at 

Energetic Particle Laboratory  672



Cubesat for Solar Particles

Interplanetary Cubesat
3 instruments on a 30 x 20 x 10 cm spacecraft
SIS: Suprathermal Ion Spectrograph 
MERiT: Miniaturized Electron and Proton Telescope 
VHM: Vector Helium Magnetometer

Launched on Artemis I



How Are Energetic 

Neutral Atoms (ENAs) 

Created?

ÅHot solar particles
pick up an electron
from inflowing
interstellar gas.

Energetic Neutral Atoms (ENAs)
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IMAP: Exploring our solar neighborhood



Energetic Atoms from Flare
From STEREO LET instrument

Ions 

traveling 

along curved 

magnetic 

field line

Ions 

reflected 

back along 

magnetic 

field line
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FEE Testing



SONTRAC (SOlar Neutron TRACking)

Orthogonally stacked 
Scintillating Fiber Bundle: 
5-cm bundle with 1.36 
mm pitch (Saint Gobain  
BFC-12 fibers)

Energy is determined from 
pulse height & Bragg peak

Angular resolution 
determined by pitch of 
fibers





Comprehensive Science Payload



IMAP Science: The Heliosphere



34

IMAP: Exploring our solar neighborhood

Space Weather



Instrument Design - Similarities
ÅLooking at many of the same particles.
ÅUse the same sorts of detectors: SSDs, scintillators, 

Cherenkov, Wire Chamber, TRDs, etc.
ÅElectronics (fast digitization, etc.)
ÅResolution (combination of detectors and electronics)
ÅHeat т Usually need to move heat away from detectors.
ÅScience is the reason we build these instruments, so stay 

focused on the science you can do
ÅFunding is always a finite resource
ÅKeeping the cost down increases the probability of getting funded and 

also allows more science

ÅNeed to reduce Noise and Backgrounds
ÅFront-end electronics close to detectors
ÅDigitize signals as soon as possible
ÅRouting of signals, power, etc. need to consider noise



Instrument Design - Differences
ÅSize т Spacecraft instruments have to be small
ÅMass т Every gram put into orbit has cost
ÅCollecting power т different trade-offs for s/c and acc.
ÅDynamic Range is often a big issue on spacecraft.  No 

single instrument can cover the energies, species, 
directions, etc. needed to do the science.
Å7ċĦťŊƖŸƨŰĬШĲŰƻŔƖŸŰůĲŰƣШŔƚШĬŔŉŉĲƖĲŰƣШŔŰШƚƓċĦĲЮШШ9ċŰќƣШĲƻĲŰШ

test the background fully on the ground.  Particles up to 
very high energies coming from all directions.  Even 
ƚĲĦŸŰĬċƖŔĲƚШŉƖŸůШƓċƖƣŔĦũĲƚШƣőċƣШĬŸŰќƣШőŔƣШƣőĲШŔŰƚƣƖƨůĲŰƣШ
(neutrons, gammas, fragments from interactions with the 
spacecraft).
ÅSpacecraft instruments frequently rely on accelerators
ÅCalibration and test
ÅMeasured cross-sections that are required to understand 

spacecraft data



Instrument Design т Differences 2
ÅSpacecraft instruments have a weird contradiction in 

what gets selected (funded)
ÅThey must do something new (bigger, better measurements 

that answer science questions)
ÅThey must be low risk (proven technology, high TRL т 

Technical Readiness Level)
ÅOften, new technology has a longer lead time because it 

must be proven on inexpensive higher-risk missions such as 
balloons, sounding rockets, or cubesats.
ÅEven for proven technology, the testing and quality 

assurance process is much more intense (time-consuming 
and expensive) than it is for ground-based instruments.



Conclusions
ÅEvery instrument design is a series of tradeoffs
ÅThere are never enough resources to do all of the science you 

would like to do т òŸƨШĦċŰќƣШĬŸШĲƻĲƖǃƣőŔŰŊг
ÅThere are lots of exciting questions yet to be answered.

ÅHave fun!



Backup Slides



Material ejected from the stars in OB associations and accelerated to cosmic ray energies is 

~20% of the GCR seed population, with the rest made up of material from the interstellar 

medium (ISM). This mixing of older ISM and metal-rich stellar ejecta results in a calculated 

GCR source metallicity (fraction of elements heavier than helium) of 2.7 times solar metallicity. 

Ogliore et al., ACE/CRIS

Advanced Composition Explorer (ACE) 
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V1 & V2 He 
spectra around 
times of shock 

crossings

Expected ACR spectrum 

at shock not observed at 

either shock crossing.

Spectra evolved at both 
V1 in heliosheath (HS) 

and V2 in upstream region 

between shock crossings.

 

V2 intensity (~10-30 
MeV/n) at shock 7 times 

that at V1 at its shock 

crossing.

r=2 shock

r=3 shock
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