~Under st and N
Energetic Particle Instrumen

4 .
‘ o P .
B ot e < 2
; »a ~ o
g .

Dr. Eric R. Christian

Senior Research Scientist
Heliophysics Division
NASA Goddard Space Flight Center

Head of Goddard Energetic Particle Laboratory




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 GCRg balloon-borne [
Voyager Cosmic Ray SubsystemAnomalous and Galactic
Cosmic Rays in outer heliosphera Spacecraft
A Large Isotopic Composition Experiment (ALICE)
Isotopic composition of heavy GCRg balloon-borne
Advanced Composition Explorer (ACE) Spacecraft
Solar Isotope Spectrometer (SIS) Solar Energetic particles &
Cosmic Ray Isotope Spectrometer (CRIS)GCR composition
Isotope MAgneteXperiment (IMAX)r balloon-borne
GCR anttprotons and light isotopes
AstromagT Space Station Attached Payload
GCR composition including antimatter
POsitron Electron Magnet Experiment (POEMS3)spacecraft
GCR Electrons and Positrons
TransIron Galactic Element Recorder (TIGER)alloon-borne
Very heavy GCR elements and isotopes

HOMESTAKE
WATER CERENKOV
DETECTOR

Fig. 1. Homestake muon,
neutrino, and proton
decay detector.



A Very Broad Career Iin Energetic Particle Instruments 2

geometric
acceptance

Orbiting Wide-angle Lightcollectors (OWL)T 2 spacecraft
Extragalactic Cosmic Rays with air UV fluorescence
Interstellar Boundary Explorer (IBEX)spacecratft
Energetic Neutral Atoms (ENAS) from out heliosphere
Payload for Antimatter Matter Exploration and Lightuclei
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Astrophysics (PAMELA) spacecraft T anti-matter /‘ cag
Compact Radiation belt ExplorerCeRES$ - 3U Cubesat s"‘j::’;::’ . N
Miniaturized Electron andpRoton Telescope MERI) system < 8| ||OB || coinci-
Solar TErrestrialRelations Observatoryr 2 spacecraft (O planes) \E‘ [ cenee
Low-Energy Telescope (LET)Solar Energetic Particles H6R] 53—+ A o
High-Energy Telescope (HET)Solar Energetic Particles S z
Cubesatto study|SoIar Particles Cu|SF) T 6U Cubesat . I_‘?X
MERITT Solar Energetic Particles e T
Parker Solar Probe (PSR)spacecraft [ oo ||
Energetic Particle Instrumentr High Energy (EPHi) proten antiproton
Lunar OutpOst Neutron Spectrometer (LOONS) PAMELA

Neutron and Gamma Rays on lunar surface
Interstellar Mapping and Acceleration Probe (IMAR)Heliosphere e
High-energy lon Telescope (HIT)Solar Energetic Particles s Z2NY

STEREO

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 jaeéf-all-trades.



Spectra of Energetic Oxygen Nuclei

lllll'llllllllITllll]ll

12

o
S T T

1

-

. Anomalous
Corotating Cosmic Hays

® 6 H» N
llllllll"lll

p—
o
:

“—

2

=

:
(4]

i
o~

L
g

=

S

£

N
=

)

=

o))
(o]

AR

SWMSE N 1 ULEIS |
SWICS SEPICA

22
Qo

S

-12llIllllllllllllllllllll

10 102 102 10! 1 10 102 10 10

From Kinetic Energy (MeV/nuc)

ACE

@ Isotopic Composition @ Elemental Composition @ Charge State




Galactic and Extragalactic Cosmic Ray Spectrum
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Relative abundances of Elements in Univers

]
—
I

o
I
—7
L
T

Fe

Ma

Logarithm of relative abundance
( atoms per million Si atorns )

bl D = R W o LT~ B0
|

| | | | | | | l |
0 10 20 30 40 50 a0 70 a0 a0

Atomic number (£)




Extragalactic Cosmic Rays
Probably from Active Galactic Nuclel

Coronal Inner Structure of an Active Galaxy

Wind

0

Accretion Disk

0
0.1 lightyears Shack \

Relativistic Jet \

Y Neutral Zone

Supermassive Black Hole

Accretion Disk

X - Region @ %M M Opague Torus
' {Inner Regions)

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 eV, protons
pair-produce with the cosmic microwave background,
slowing them down. No known AGN sources within

region, but we still see particles.



G a,l aCt i C C O S m i C R ay An Overview of Cosmic-Ray Elemental Composition

Cosmic rays are probably galactic up to abodt &U 10

(the fikneeo of the spe 19 Aksmarsyﬂem:émpo
Galactic Cosmic Rays give a fingerprint of their ~ § 10
origin. But the transport (~gmdcn?) has to be de £ 13
convolved from the source. < 104

= 10”1 1
For many years, supernova remnants were thoug g 10’1
be the source, but recently neutron star mergers | | .

been included in the source possibilities. 10* e
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Atomic Number (Z)

Supernova Remnants Merging Neutron Stars 8



Cosmic Ray Isotope Spectrometer (CRIS) on ACE
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L é" Figure 6. CRIS instrument cross section. The side view shows the fiber hodoscope which consists
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¢ A LA 110 Jlk e L four stacks of silicon detectors. The top view shows the fiber readout which consists of two image
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CRIS: Isotope Ratios point to source of GCRSs

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!?C/1%0, 2°Ne/*°Ne, and>8Fe/°Fe.

10°;

3 i i . 1041
4x10: a L —— Neon
3x10° | - 103?
34 L 1 "E 3
2x10°; { 3 |
1 Q 2
1x10° ] A
X . | ]
L v 1‘

22 23 1073

100+

'51 52 53 54 55 56 57 58 59 60 61 62
Mass



Advanced Composition Explorer (ACE)

Wolf-Rayet material appears
to be a major component of
the GCR source material. 2
Since most WR stars exist ¢
OB associations (unbound @
clusters of massive stars)
within superbubbles (giant
cavities in hot tenuous
plasma), and since ~90% ofz |
all corecollapse supernovae® i oois

6

e to Solar Syst

occur in OB associations, g ® CRIS Data
. & Comb Data Corrected
thIS strong-ly-sugge-stg that 09) ®m Combined Data Uncorrected
OB associations within & 0.1 R T S e L e S A T T Qe
superbubbles are the site of® PLLL233=2L8 e L g
o . O \N\N\N\._> R Tl CTR e, A S Cee
origin and acceleration of at PP FZ 2823003 PR P2z 22

least a substantial fraction of
cosmic rays.
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1OBe

=g top TOF
. intillato
10Be is a purely secondary V seimter
isotope in GCRs. lIts half

life of ~1.5 Myr makes it an W/ coey

important tracer of the Top DC

lifetime of GCRs, currently

thought to be around 15 .

My, middle DC
Magnet
bottom DC

8 g e wor Tor
Uig 0.5 ® Thiswork CK middle TOF
" 04l o Upsses i scintillator
0al ° w7 bottom CK
o0z L counter
l Y. bottomTOF
Al scintillator
0001 0.1 1 10
. E,., [GeV nucleon”] Fig. 1.—Schematic view of the ISOMAX instrument and its detector systems.
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Anomalous Cosmic Rays (ACRS)




ACR Source Possibilities

A Flanks or tail of TS (McComas & Schwadron, Kota)

Amc Yaqt GYqt wmWYUWNEWbS Yt RGRRb

A Compressive acceleration near heliopause (Fisk & Gloeckler)
A Magnetic reconnection near heliopause (Drake et al.)

A Adiabatic heating and/or stochastic acceleration in heliosheath
(Strauss, Potgieter, Ferreira, and cavorkers)

A Focused acceleration mechanism (Litvinenko andSchlickheiser)

150}

lAV]
o

-150}

Aose

100}

50}

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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Figure 2.2. Intensity-time profiles of electrons and protons in ‘pure’ (a) gradual and (b) impulsive
SEP events. The gradual event is a disappearing-filament event with a CME but no impulsive flare.
The impulsive events come from a series of flares with no CMEs.
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Gradual events come from Impulsive events come from
Coronal Mass Ejections (CMES) Flares (magnetic reconnection)
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ATesting, discriminating, and
refining SEP acceleration
models is difficult at 1 AU
due to distance from
sources and mixing during
transport

AHelios showed advantages
of nearSun observations of
SEP processes near origin

‘i\HeHos1"
ﬁgg_@“iﬁf R —
IMPg  ‘He
AN Y N Y Y Y Y Y T T R T T L0000
1200 1800 0000 0600 1200
80 May 28 80 May 29

TA006708_SP

El ectron (e) and He -1(U3
AU) and IMR8 (1 AU) during five ISEP events in 1980
(from Wibberenz and Cane 2006). Magnetic connectior
the flare site are indicated at upper right. Helibs
observed five injections; IMB only one. ISIS samples
~50-100 ISEP andrb0 large SEP events inside 0.25 AU
where each event will be sharply peaked and I@T0
times as intense, enabling detailed studies of (1) flare &
CME-shock acceleration, (2) seed patrticle identities, an

(3) the effects of particle transport in the interplanetary

medium.
20
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1] IS Instrument Suite

Integrated Science Investigations of the Sun
Energetic Particle Instrument i Low Energy (EPI-L0)

80 apertures Energy x TOF
20 keVT 10 MeV lons

o —
—‘-—
-

e Start electron /
trajectory |

Stop electron
trajectory

SSD

Anode

TA008681



EPIHi observations of He/H Abundance Variations in SEP Events Inside 0.5 AU

A EPIHi observed a series of
6 small SEP events during
orbit 5, from 0.45 to 0.3 AU

A All events were well
described by power laws
with indices between-2.3

and-3.3
A He/H abundance varied
from
0.003t00.13in 3
successive
events which had " -
homologous solar * SEPS (above) H, He and e- spectrograms for the 6
§ SEP4
eruptions ¢ SEPS] events
L. ] : (left) He/H abundance ratios vs energy for events
A SHe/*He and electron 107 £ 33 ST . T 3 3,4,and 5. Average values are indicated by the
signatures also varied fron horizontal lines
E 'R
event o event R S e Cohen et al. A&R020
2 0. 3 }
10 ' { {
[ ] . LY i { i
0.0033 ' i 1]
10° - -

1 10
Energy (MeV/n)



CeRES A CompactRadiation BeltExplorer

Study relativistic electron dynamics, in
particular loss due to microbursts

10° . . . . . 10

flux (c:m'zs"I st )

10"

microbursts

1517 1518 1519 1520 1521 1522 1823
urt

MERIT sensor detector assembly at
Energetic Particle Laboratory 672

Spacecraft

MERIT
Energy ASIC

HV Bias/Comparator
HV Bias/Comparator
HV Bias/Comparator
Spare Slice

CSpP

XB1

L3 Cadet Radio

ISIS Antenna

MERIT
Instrument



Interplanetary Cubesat
3 instruments on a 30 x 20 x 10 cm spacecraft
SIS:Suprathermal lon Spectrograph

MERIT Miniaturized Electron and Proton Telescope
VHM: Vector Helium Magnetometer

Launched on Artemis |




Energetic Neutral Atoms (ENAS)
300"\\ ~

How Are Energetic
Neutral Atoms (ENAs) gl
Created?

300

AHot solar particles
pick up an electron
from inflowing
Interstellar gas.



B0




Energetic Atoms from Flare
From STEREO LET instrument
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LOONS Instrument Performance

Fast Neutron Detection: Double Scatter Concept SRetie S0 ERey e
Neutrons 0.4 - 150 MeV

Nauron Lunar OutpOst Neutron Spectrometer (LOONS) Sammins Reys S o0 oy,
i R o Measure_ment ~0.4 cm? sr
] B & Functional double scatter
Parameters Geometry Factor lunar neutrons @
30 MeV/ 30°
Time-of-Flight
Resolution ~500ps
26x20x32
Volume 3
cm
Resource
Parameters Mass 11 kg
el Power 20 Watts
e Data Rate 200 kbps
LOONS Principle of Operation: L
* Traditional double scatter technique. o o Pulse Shape Discrimination
*  Energy is sum of recoil proton energy Detector Assembly: P-terphenyl scintillator with SiPM_ : A pm“l L
& scattered neutron energy. readout and waveform capture ASIC (DRS4) readout -

Angle inferred from neutron scatter
angle between detector elements.

3x1 test setup

Gamma rays

LSW ;ﬂ 400 500 €00 700 800 900 1000
Voltage (mv)

~ Pulse Shape vs. Time-of-flight

PSD vs. Leading Edge Delta T

4.00 -

. 7 neutrons
Excellent angular resolution BRI e
% saisionoi ' source Preliminary 325 el ; O
% imaging o
o with only 3908 YA
| iy 2x1 D1 and 275 AR -
i D2 Kt -
. ~ Gamma rays
” 225- . slowl
“© «  slow2
B w0 %0 100 120 140 100 100 200 220 20 w g z i@ " 2.00~ ) 3 " ! 4 . ) .
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Energy is determined from
pulse height & Bragg peak
Orthogonally stacked
Angular resolution Scintillating Fiber Bundle:
determined by pitch of 5-cm bundle with 1.36
fibers mm pitch (Saint Gobain
BFCG12 fibers)
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Interstellar Mapplng and b
Acceleration Probe (IMAP) mls.; io
Exploring our solar nelgh 00¢

Launched September 24, 2025
Arriving at the Earth-Sun L1
Lagrange point TODAY!




Comprehensive Science Payload

Suite of Instruments

IMAP-Hi IMAP-Ultra
L tral Atoms (Increasing Energy) Interplanetary or Solar Wind
rstellar Neutral Atoms Vector Magnetic Fields  Electrons
SWAPI CoDICE

Solar Wirid, Pickup, Supratrmal, and Energetic ions

Energetic Electrons Dust




IMAP Science: The Heliosphere
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Space Weather
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Instrument DesighSimilarities

ALooking at many of the same particles.

AUse the same sorts of detectors: SSDs, scintillators,
Cherenkov, Wire Chamber, TRDs, etc.

AElectronics (fast digitization, etc.)
AResolution (combination of detectors and electronics)
AHeat T Usually need to move heat away from detectors.

AScience is the reason we build these instruments, so stay
focused on the science you can do

AFunding is always a finite resource

A Keeping the cost down increases the probability of getting funded and
also allows more science

ANeed to reduce Noise and Backgrounds
A Front-end electronics close to detectors

A Digitize signals as soon as possible
A Routing of signals, power, etc. need to consider noise



Instrument DesignDifferences

ASizeT Spacecraft instruments have to be small
AMassT Every gram put into orbit has cost
ACollecting power T different trade-offs for s/c and acc.

ADynamic Range is often a big issue on spacecraft. No
single instrument can cover the energies, species,
directions, etc. needed to do the science.

A7cHt DI YeUIl WJU2RI YUGWUqWRY W
test the background fully on the ground. Particles up to
very high energies coming from all directions. Even
F JAYUT ¢l Rt Wn! YA WGeE!l qRADG I

(neutrons, gammas, fragments from interactions with the
spacecraft).

ASpacecraft instruments frequently rely on accelerators
A Calibration and test

A Measured crosssections that are required to understand
spacecraft data




Instrument Desigm Differences 2

ASpacecraft instruments have a weird contradiction in
what gets selected (funded)

AThey must do something new (bigger, better measurements
that answer science questions)

AThey must be low risk (proven technology, high TRL
Technical Readiness Level)

A Often, new technology has a longer lead time because it
must be proven on inexpensive highernsk missions such as
balloons, sounding rockets, orcubesats.

AEven for proven technology, the testing and quality
assurance process is much more intense (timeconsuming
and expensive) than it is for groundbased instruments.



Conclusions

AEvery instrument design is a series of tradeoffs

AThere are never enough resources to do all of the science you
would liketodoto Ye WH¢ Uk qWT YWII21JI ! qb F

AThere are lots of exciting questions yet to be answered.

AHave fun!
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Advanced Composition Explorer (ACE)
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Material ejected from the stars in OB associations and accelerated to cosmic ray energie
~20% of the GCR seed population, with the rest made up of material from the interstella
medium (ISM). This mixing of older ISM and metath stellar ejecta results in a calculated
GCR source metallicity (fraction of elements heavier than helium) of 2.7 times solar metze

Ogliore et al., ACE/CRIS

Eric Christian- Solar Energetic Particles 40
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Eric Christian-Acceleration of Particles

in the Heliosphere

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.
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