Solar Energetic
Particles




SEP Event Characteristics

Energy range from few tens of
keV/nucleon to over GeV/nucleon Contributions to the Oxygen Fluence

Duration from hours to days (10/1997 - 6/2000)

Mostly protons (He, heavy ions,
electrons)

Large event-to-event and during event
variability:

1. Intensity and duration

2. Energy spectrum Solar

3. Elemental and isotopic Suprathermal Tail
composition Gradual

4. lonic charge states
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Significance

* A sample of solar material (processed and
multiple sources?)

 Information about particle acceleration and
transport processes in magnetized plasma

* Major hazard for human space exploration
(Increased radiation dose) and space

borne systems (instrument anomalies and
failures)



Observations

Observed with instruments on spacecratft
or on the ground (neutron monitors)

Spacecraft observations mostly at ecliptic
plane near Earth

Exceptions: Helios 1&2 (min. distance
~0.3 AU, 1970s); Ulysses (high latitude up
to 80°, 1990-2009); STEREO (2006->)




Typical SEP Event &

Energy dependent arrival: Energetic Storm Particle
fastest particles arrive first (ESP) event (Bryant et al.

(velocity dispersion) 1962; not discussed)
otential Shock
Start of Enhancement

Acceleration

and release . o
How? What? Time of OBSERVATIONS:

Maximum :
Where? Event onset and evolution
Anisotropy
Energy spectrum
Elemental composition
Isotopic composition
lonic charge states

¥

Increase

—»

Relative Flux

|

| | + | | | | |
Relative {ime =~
Shock Passes

Observer
Delay  Start To Max Turner 2000

Propagation Time From

Particle transport along
Archimedean spiral field

Fluxes of higher-ener
(scattering and other effects) 9 )%

particles evolve faster




Early SEP Observations

- Particles originally assumed to be prm— Fichtel & Guss 1961
flare-accelerated 1T T - i;;:-f.\
* First reports based on oy | '°°“z=.4/—//x\
. Z=12 s

observations of Ground Level g =l MY Y
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3He-Rich Events e

Other heavy ions enhanced

(Hurford et al. 1975)

No CME association with 3He-
rich events (Kahler et al. 1985)

3He-rich events associated

with electron events (Reames

et al. 1985)
SHe-rich events associated

with metric (Kahler et al. 1987) ,L_._Masonetal. 1986
and km (Reames et al. 1988)

type Il radio bursts
SHe-rich events associated
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Early lonic Charge State @/
Observations

« C and O nearly fully ionized T T .
(Gloeckler et al. 1973) - | 8= 10s

* First direct Qg 50 o Normal Flare
measurements (Gloeckler ¥
et al. 1976; Sciambi et al.
1977; Hovestadt et al. 1981;
Klecker et al. 1984: Luhn et
al. 1984)

« High Q. in 3He-rich event
I .

——He-rich Flares [x5)
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2 MeV 20 MeV

- Proton events associated with ol el
metric type Il radio burst (Lin wf e /’é‘f
1970) and coronal mass ejections AR
(CMEs; Kahler et al. 1978)

* Modest correlation between CME I
speed and maximum intensity of H‘ i m % _:
SEPs (Kahler et al. 1984) | e e e S e

GME speed (kms}
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 Large SEP events associated with m Kahler 2001
IP shocks (Cane et al. 1988) .
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SUN

Connection
of eruption

Connection

of eruption

S

Cane et al. 1988

Time profiles are organized by the longitude of the solar source (Cane et
al. 1988): it depends on where the observer’s magnetic field line connects
at the shock and how the connection point moves along the shock front.
Nominal solar wind: Earth connected to heliographic longitude ~W60°.

Acceleration most efficient at the shock nose, decreases towards flanks.

IP field configuration not know accurately (disturbances change
IP magnetic field)



SEP/Slow Solar Wind

SEP/A&G-Photosphere

SEP/Lodders-Photosphere
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Coronal, solar wind (SW), SEP
elemental abundances differ from

those of photospheric values (Meyer
1985ab)

Ratios of SEP abundances relative to
photospheric abundances are
organized by FIP: low first ionization
potential (FIP < 10 eV) are enhanced
relative to those with high FIP

Recently photospheric abundances
revised (Lodders 2003)

FIP fractionation results from a .




Q/A Fractionation @

 Breneman & Stone (19895)
Fe.cr\ ?"'S AN e showed that elemental

N2 ) W enhancements are described
20} (@) - by a power law (Q/M)~F
1) « Large variability of the
power-law index £ from
event to event

» Expected as acceleration
and propagation processes
depend on rigidity:
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Proton-poor and —rich events
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SEP events with different characteristics divided into impulsive and gradual

events based on the duration of the associated solar flare (Cane et al. 1986)
Bimodal distribution of abundances (Reames 1988):

1. shock accelerated
and accelerated material with heavy-ion enhancements



&

Narrow longitudinal range Wide longitudinal range

Short-duration Long-duration

Low intensities (small events) « High intensities (large events)
Electron rich  Proton rich

He3/He* ~1-10  Hed/He* ~10+4

Fe/O ~1 « Fe/O~0.1

H/He ~10 « H/He ~100

Qpe ~ +20 (Temp. ~10 MK) * Q. ~ +14 (Temp. ~1-2 MK)
Type lll radio bursts  Type ll radio bursts

Flare heated material « Coronal or SW material

Paradigm revised because observations have revealed
in gradual events characteristics typical of impulsive
events



Particle Reservoir and Streaming
Limit

Reames et al. 1996
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Widely separated spacecraft
detect similar particle spectra:
Seeing same large particle

reservoir

All events show same maximum-intensity
plateau: self-generated waves restrict particle

escape from the shock R AR



Acceleration Site

CME shock acceleration

heliospheric/IP
shock

oy Where and when the
’

\ shock forms? Is there
i°.$§2§/ enough time for the shock
. to form and accelerate

Flare
occurs low in the
corona;

particles to explained the
first observed IP particles?




Electron Events
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0.048
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Origin of near-relativistic (E=30 keV) impulsive
electron events remains uncertain

Known to be associated with type Il solar radio
bursts (Lin 1970)

But injection delayed by ~10-30 min from the type
Il bursts (Krucker et al. 1999; Haggerty & Roelof
2002)

Propagation effect, i.e. electrons are accelerated
in flare processes (Cane 2003)

Accelerated by reconnection processes during
the CME aftermath (Maia & Pick 2004; Klein et al.
2005)

CME shock acceleration (Simnett et al. 2002)




From velocity dispersion of the
SEP event onset one can
estimate particle release time at

the Sun t ;¢ L +t..;, Where L
/2E/m

Is path length, E kinetic energy,
t.,s IS arrival time and t,, release
time (add 8.3 min to compare with
electromagnetic emissions)

» Assumes scatter-free propagation

gyrating IQn

velocity v

sun

es after 10UT, 05/01/00)
8 N

pitch angle ¢
M = cos (¢)

solar event

onset

energy/nuc

interplanetary
magnetic field line
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IP Transport

During propagation from the source to observer
particles experience:

1. convection with solar wind (low-energy particles)

2. Interactions with the turbulent IP magnetic field
(pitch angle scattering)

3. focusing in large-scale magnetic field (diverting
Archimedean spiral field)

4. energy change

Transport effects change observed in-situ
distributions of accelerated particles

—> Harder to resolve original acceleration processes



Basic Transport Equations @

Parker (1965) diffusion-convection equation:

oF 1 oF
E_V'(K'VF)_USW' VF—g(V'vsw)P$= Q
« assumes that particle distribution (F) is nearly

Isotropic

* mean free path A (average distance traveled
between scattering) depends on diffusion
coefficient (small A = strong scattering)

Focused transport equation (Roelof 1969):




Particle Flux Anisotropy

At the beginning of a SEP event particle fluxes could be anisotropic
Diffusive approximation not valid if fluxes are highly anisotropic,
I.e. If particle mean free path Ais long (weak scattering)
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Extremely long mean free paths

(A210 AU) observed inside magnetic
cloud 2 May 1998 (Torsti et al. 2004)



Perpendicular Diffusion

STEREQ B STEREO A

L) oo TN . Perpendicular diffusion across
500 g et L PR YWl magnetic field lines

§ yp it TR B gl 0T oty

%10-- i ZSE;: E?Er"‘;g LET 4-6 MeV prolons .E- HET protons: LET 4-6 MeV protons :

e | ot : Example by Dresing et al. (2012)

"8 1. fluctuations scatter particles
from one field line to another
2. field line mixing
Propagation model:
| G me) Source: flare pos £ 20° in lon/lat
T = —— lateral particle transport due to
oy perpendicular diffusion and
' corotation

Day of Year 2010
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Perpendicular Diffusion

ACE/ULEIS observations of C-Fe ions

j rotation

MeV nucleon™

1/10/99 1/11/99
Date

1/9/99

* Mazur et al. (2000) reported sharp dropouts of heavy ion flux

during an impulsive SEP event
« Evidence of irregular IP magnetic field lines



Shock Acceleration @

* Power-law energy spectrum in downstream
region (Axford et al. 1977; Blandford & Ostriker

1978; Bell 1978; Lee 1983): [P —— . Tylka et al. 2000
dJ /dE o EY 14 - :
I i
»  Exponential turnover due to finite shock lifetime ===y § =5al §==h =
and size (Ellison & Ramaty 1985) E;:::Aé. SO SR Sl )

d]/dE < E~Y exp(E/E,)

Quasi-parallel shock (65y<45°)

« Diffusive shock acceleration (DSA): particles '
scattering between up- and downstream
magnetic fluctuations (15t order Fermi

acceleration)




Flare Acceleration

Stochastic acceleration based on wave-particle resonance

— Fisk (1978) suggest that 2He is preferential heated by oscillations
near He gyrofrequency due to its unique Q/M (> 0.5) ratio (also
Temerin & Roth 1992, Zhang 1995)

— Can explain enhanced 3He/*He, but what about other heavy
lons?

— Cascading turbulence models (Miller & Vinas, 1993; Miller
1997,1998; Liu et al. 2006)

— Waves cascade up to higher frequencies, first accelerating Fe
(Q/M <0.5), then Ne, Mg, and Si group ions, then waves
accelerate “He, C, N, and O (Q/M=0.5). As waves accelerate
lons they lose energy and are damped, so Fe ions are enhanced
most, then Ne, Mg, and Si.

Other possible mechanism:
1. Acceleration in electric fields

2. 2nd order Fermi acceleration (stochastic acceleration
mechanism suggested by Fermi 1949)

Form of energy spectrum uncertain



lonic Charge States

0.50

AVERAGED |-

0.30

0.24

1 Reames 1995

Fe Mean Ionic Charge

JO— Stripping Model
IP Shock Model

-".
.4’
-Nov 6, 1997 (ACEi.

J**

Oct+Nov 1992 (SAMPEX) .

May 1, 1998 (SOHO+ACE)
1 L

102 10 10° 10*
E (MeV/nuc)

lonic charge states changed by
recombination and ionization
processes

Qg Important: Fe ions are
relatively abundant and only
partially ionized

Charge states reflect source
region temperature and effects of
collisional processes (Popecki
2006)




Averge Charge of Fe

Qe

- Event1
= Event 2
- Event 3
- Event 4

STOF-AVG
T =1210°
o

T =1810°
o

04 05 o 01 02 03 04 05 06
E [Mev/nuc]

o INn Impulsive Event

Lines show charge states calculated with model of
Kocharov et al. 2000 (Klecker et al. 2006).

charge states at low-energy reflect source temperature,
at high-energy electron stripping low in corona

Mewaldt et al. 2003
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Iron charge state Qg increases with energy and
correlates with heavy ion abundance ratios (MObius et al.
2000)

Why heavy ions more enhanced when charge state
Increases (theory: Q/M -> 0.5 -> weaker enhancement)?
Acceleration of 1-3 MK plasma and stripping during
acceleration (e.g. Klecker et al. 1994, Kartavykh
2006,2007; DiFabio et al. 2008)




Shape of energy spectrum varies from event to
event but shapes similar between elements
SHe spectral shapes differ

Ref: Event #3 (Fig 2), Mason et al., efters, 5 157, 2000
Also, event #4 in Mason et al., ApJ, 574, 1039, 2002 Event #13 (Fig 6), Mason et al., ApJ, 574, 1039, 2002
ACE - ULEIS/SIS
September 9, 1998 (252)
ACE/ULEIS-SIS Spectra:  9/27/2000 (271)
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3He/*He ratio
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Mason et al. (2002, 2004): Heavy-ion enhancement correlate and increase
with Q/M, except N/O; 3He/*He ratio varies with energy and event to event




Earlier view : Fe charge states
between 10 to 14 indicate ~1 MK
solar source plasma, i.e. coronal

material

3.450-.:

1
eretal. 1997 g imevinuc]

in Gradual Events @/

Average Q (Luhn et al., 1984)
1

1
E [MeV/Nucleon]

<1 Mobius et al. 1999

10 Popecki et al. 2003

11/7/1997 9/30/1998
. . e 25

, = serica o stoF
| ¥ SAMPEX ¥ SAMPEX W SEPICA

20 | 20 + 50| LY_samrEX

11/6/1998

25 25

S 15 15

10 10

b s 5

OW Ty 0 T T T
107107 10° 10" 107 102107 10° 10" 10* 102107 10° 10" 102
MeV/n MeV/n MeVin

Oct and Nov 1992 and 6 Nov 1997 gradual events: higher charge states
as energy increases (Oetliker et al. 1997; Mazur et al. 1999)
no simple correspondence with source temperature possible




Energy Spectra in Gradual Events @/
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Exponential rollover (Ellison & Ramaty
1985) form used often to fit spectra
(e.g. Tylka et al. 2000)

E, differs between species (e.g. Ej s <
E, o): high-energy Fe/O ratiois
affected by the difference

Tylka et al. (2000) Ey; < E(Q;/A;)?; Li
et al. (2005) E, x (Q/M)?

Reasonable consistency with
observations (Mewaldt et al. 2005)

Some events are better fit with double
power-law




Intensity (/s em’sr MeV/nucleon)

3SHe and Fe Abundance in Gradual
Events
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SHe/*He (e.g. Mason et al. 1999) and Fe/O (e.g. Reames 1990) enhancements
typical to impulsive events observed also during gradual events

Assumed to indicate the presence of flare-accelerated particle populations
Fe/O ratio decreases with increasing energy in most of events, show large

even-to-event variation and poor correlation with 3He/*He ratio (Desai et al.
2006)



Seed Particle Population

Suggested explanations for mixed composition
In gradual SEP events:

1. shock acceleration of remnant suprathermal
lons from previous impulsive SEP events or
particles from associated flare (Mason et al.
1999; Tylka et al. 2005; Mewaldt et al. 2003;
Tylka and Lee 20006)

2. Mixture of flare-accelerated particles and
CME shock-accelerated particles (Cane et
al. 2003, 2006)



Time Variation of Elemental
Ratios—Flare or CME?
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ol | N | ] » Elemental ratios vary during SEP events
A 1 * ‘ (e.g. 1990Tylka et al. 1999)
g * Cane et al. (2003) suggested that high
Fe/O ratio at the beginning of the well-
g I connected SEP events indicates direct
g flare particles

« Fe/O increase clear in well-connected
events

* Ng et al. (1999) suggest that variation
caused by transport effects: Q/M-
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Variation of High-Energy Fe/O Ratio
in Gradual Events
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Two similar gradual SEP events but high-energy Fe/O varies dramatically
Variability due to (quasi-parallel vs quasi-perpendicular) that
affects the injection energy of particles. Therefore shocks accelerated seed
particle populations with differing composition (Tylka et al. 2005; Tylka and
Lee 2006)

Shock geometry unknown near the Sun
Injection energy might not depend on shock geometry
(Giacalone 2005)



Are There Enough Suprathermal
Particles?

S T S M Periods of enhanced *He/*He ratio are
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Mewaldt et al. (2003) estimated that there might
not be enough suprathermal remnant particles
available, another source is required

%, ) (reaccelerated particles from CME-associated
108 Lttt flare, <10 keV solar wind particles?, see also
Kinetic Energy (MeV/nucleon) M eW aldt 2006)
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Summary

Early observations resulted in the two-class paradigm of
Impulsive and gradual SEP events

Recent observations of energy dependent charge states
and impulsive-like particle populations during gradual
SEP events indicate more complex SEP events.

Electron stripping in low corona important for ionic
charge states

Suggested seed particle populations of gradual events
Include suprathermal remnant particles from previous
flares accelerated selectively depending on shock
geometry, direct flare particles, and reaccelerated
particles from the CME-associated flare

STEREO observations show perpendicular diffusion of
particles but it's not well understood



Electrostatic Deflection @/
Time-of-flight

CTOF-SENSOR e fl Incidention (E, q, m):
SR g L LG 1. Electrostatic deflector selects ions
oL with (E/q), selection can be stepped
2. Acceleration by voltage V,
3. TOF gives the time 7 particle used to
travel the distance d
. Residual energy measurement gives
the kinetic energy E, ..

o
BIGH VDLTAGE
i OERERATOR

N, HEHISPHERICAL
. ANALYZER

Technical limitations of high voltages used for the electrostatic
deflection limit energies below a few MeV/nuc at most




dE/dx ~ AE/Ax x Z*°m/E

Measure energy deposited in detector
layers

Particles must stop in the detector stack

Anticoincidence detectors surrounding
detector stack “veto” non-stopping particles

Measure particle arrival direction using
position sensitive detectors or restrict arrival
directions by collimator to improve
element/isotope resolution
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Data Resources

SOHO Data Archive: http://soho.nascom.nasa.qov/
COSTEP: http://Iwww.ieap.uni-kiel.de/et/ag-heber/costep/
ERNE: http://www.srl.utu.fi/lerne data/main english.html

ACE Science Center: http://www.srl.caltech.edu/ACE/
STEREO Science Center: http://stereo.gsfc.nasa.gov/

NEW Virtual Energetic Particle Observatory (VEPO):
http://vepo.gsfc.nasa.qov/

Space Physics Interactive Data Resource (SPIDR):
http://spidr.ngdc.noaa.qgov

Read data caveats and papers describing instrument
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Earth-Orbiting
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Cosmic-Ray Missions
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Solar Orbiter @/
http://www.solarorbiter.org/

Launch

Closest Perihelion
at 0.284 AU

Launch date: Jan 2017 (Mar 2017 and Sep
2018 back-ups)

Nominal mission duration: 7 years (+3 years)
Closest perihelion: 0.28 AU

Max. latitude 25° (34°-36°)

In-Situ Instruments:

*  Energetic Particle Detector (EPD)
*  Magnetometer (MAG)




Solar Probe Plus @/
http://solarprobe.jhuapl.edu/

First min. gerihelion at 9.5 Rs
October 2021

 Launc|
May 2015

Final solar orbit
¢ Perihelion: 9.5 Rg
¢ Aphelion: 0.73 AU
¢ Inclination: 3.4° from eclipti
* Orbit period: 88 days

Launch date: No later than 2018

Nominal mission duration: Will
orbit the Sun 24 times

Closest perihelion: 9.5 solar
radii (final three orbits)

Science objectives:

1. Coronal heating and solar
wind acceleration




Example of Velocity Dispersion @/
Analysis

http://www.srl.utu.fi/erne data/datafinder/df.shtml
Start time: 2001 May 11 00:00 UT

End time: 2001 May 11

Resolution: 1 Minute

Select Isotope: Proton

Click first Carrington-rotations channels, then Custom
channels

Set start and end channels numbers: 36-38; 39-41: 42-



http://www.srl.utu.fi/erne_data/datafinder/df.shtml
http://www.srl.utu.fi/erne_data/datafinder/df.shtml

Example of Velocity Dispersion @/
Analysis

e Click submit request and
wait data window to open

* In data window select one
channel at a time

ERNE data is available from 1996/05/08 to 2012/09/12

YEAR MONTH DAY HOUR MINUTE SECOND (7 JEE |
Start time: | 2011 w |05 - |11 « |00 - |00 - |00 - Isotopes: .
T S T e | ® Z0O0OM IN on the onset by
Resolution: 00 w |oo - 01 ~ |00 v || CIHe-4 .
New channel cl‘lga“h:el chfil::lel [rang:)er]c’tmI e“e[r‘;l(!:l:minal [rimg(l:]e4 e“erg:ominal [MeVin] d rag g I n g a b OX aro u n d

3 36 38 - - . -

o B BN e onset in the intensity plot

3 42 |- 45 | - 97. ! o

Bomnr: B Bl s until you see the separate

Channel 4: 50 |- 52 |« [B75-471) | | 423

data points
e moeennes maawes] | ® O€lect data point where you

- | ® Custom channels
Erne Datafinder Applet 1.2.7.8

() EXPORT channels Erne particle intensity measurements
aaaaaaa

2} Carrington-rotation channels Data description, caveats and usage policy
Applet feedback
[ Clear Bug report

—_
f SUBMIT REQUEST _ @ datasearch Datasearch limitcounter: I

0.9316
Applet was loaded last time: Tue Sep 18 04:36:51 EEST 2012 and has been loaded 1356 times before this.




Example of Velocity Dispersion @/
Analysis

« Calculate speed (m/s) of particles in each energy channel
from the average energy of the channel:

1eV=1.60x10"12J m=1.67x10-%" kg

- Select ¢y, and calculate (t; — t,) in seconds, where t; is onset
time in the energy channel i

- Fit data with line, i.e. t,,s = a + b(}/»), where a = t,.; is
release time relative to t,, b is the particle path length in
meters

* You can use online fitting sites like
http://www.alcula.com/calculators/statistics/linear-regression/

— First line space separated list of X-values ('/2)
— Second line space separated list of Y-values (t; — t,)




Example of Velocity Dispersion @/

Analysis
03:46:30 32*60 15.4
03:38:30 24*60 18.9 6.0 1.7
03:28:30 14*60 24.2 6.8 1.5
03:27:30 13*60 32.7 7.9 1.3
03:14:30 0*60 42.3 9.0 1.1

y =-2648 + 2.462x10x
s = 2.462x10%1/1.5x10* AU = 1.64 AU

C2:2011/05/1102:24  AIA193:051102:24 . = =



