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Solar Energetic Particles (SEPS)

. How Intense a SEP event can be?

e Can we predict these intensities?

« \What are the preventive measures to take once ¢
SEP event Is in progress”?
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Fi6. 1.—Superposed intensity-time profiles of 3-6 MeV protons
observed by Helios 1 are shown for six large events. Streaming-limited flat
profiles are seen early in the events. Shock peaks are seen to arrive later in
several of the events with intensities increasing by factors up to ~ 100 near
the shock (Reames 1990).

Reames and Ng (1998, ApJ, 504, 1002)
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Fi6. 1.—Superposed intensity-time profiles of 3-6 MeV protons
observed by Helios 1 are shown for six large events. Streaming-limited flat
profiles are seen early in the events. Shock peaks are seen to arrive later in
several of the events with intensities increasing by factors up to ~ 100 near
the shock (Reames 1990).

— Streaming limit

Reames and Ng (1998, ApJ, 504, 1002)
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Fig. 1. Profiles of particle intensity vs time are shown when
(a} strong shock acceleration continues out to the observer
and (b} acceleration diminishes with time. All particles are
aceelerated by the shodk in either case, If accgleration dimin-
ished sufficiently, the shock spike or “ESP event” may not be

resent.
’ Reames (1999, Radiation Measurements 30, 297)
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FiG. 4—Intensity-time profiles of protons in three energy channels are shown for six large SEP events during the last solar cycle as measured on the
GOES spacecraft. Streaming-limited intensity values for each energy channel are shown as dashed lines. Note the similarity of the high-energy profiles in the

1989 October event with the low-energy profiles in Fig. 1.
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Reames’ scenario on streaming limit

*Energetic particles streaming outward from an intense
source near the Sun reach a maximume-intensity plateau
when scattering by self-excited waves restricts the
streaming.

*Particle intensities measured early in a large SEP event
are bounded by a certain upper limit.

*This limit intensity can only be exceeded when the source
of particles (i.e. the CME-driven shock) reaches the
spacecratft.

*The highest proton intensities reached in a solar cycle can
only be observed in association with the passage of CME-
driven shocks.
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Corrected Flux [p/cmz/s/sr/MeV]
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SEP events with peak intensity exceeding by a facto  r
of 4 or more the previous determined streaming limi t

Solar Energy Event

Cycle [MeV]

Solar

Flare

Reference

22 39-82  Oct 20, 1989 (ESP component)
39-82  Mar 23, 1991 (ESP component)
110-500 Oct 20, 1989 (ESP component)

23 39-82  Jul 14, 2000 (prompt component,)
39-82  Nov 8, 2000 (prompt component)
39-82  Nov 6, 2001 (ESP component)
39-82  Oct 28, 2003 (prompt component)
110-500 Jul 14, 2000 (prompt component)
110-500 Jan 20, 2005 (prompt component)

X13/4B S27E10
X9/3B S26E28

X13/4B S27E10
X5/3B N22W07
M7/3F N1OWT7
X1/3B NO6W13
X17/4B S16E08
X5/3B N22W07
X7/2B N12W58

Lario and Decker [2002]
Shea and Smart [1993]
Lario and Decker [2002]
Reames et al. [2001]
Lario et al. [2001]

Shen et al. [2008]

Lario et al. [2005]
Reames et al. [2001]
Bieber et al. [2005D]
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Kallenrode and Cliver
(2001): "...pairs of
converging shocks are
believed to play an
important role in the
formation of large
events such as the
August 1972 SPE or
the Bastille Day 2000
event”.

Kallenrode and Cliver (2001, ICRC, pp. 3318-3321)
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Saiz et al. (2005):
“The transport
conditions changed
rapidly during the
event (from low to
high scattering
conditions) due to
high density of
SEPs, which
generated waves
that resonantly
scattered the
particles injected
later in the event.”



SUMMARY

The hazardous intensities not only occur when the
CME-driven shock arrives at the spacecraft, but they

can also be observed at the prompt component of the
SEP events.

Either:

Interplanetary structures modify the nominal SEP
transport conditions by confining energetic
particles in regions of the heliosphere (Bastille
Day 2000, 8 Nov 2000, 28 Oct 2003), or

Interplanetary conditions are such that inhibit the
generation of waves by streaming energetic
particles (20 Jan 2005).
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E,~ 1 MeVin

E, ~ 50 MeV/n

J particles / (cm®s sr MeV/nucleon)

onset "plateau” ESP "invariant” decay

S t

el

Fig. 1 —Schematic diagram of the time variation of the differential intensity
at Earth orbit for E; ~ 1 MeV nucleon™! and Ej, ~ 50 MeV nucleon! ions
during a gradual event. The flare (CME liftoff') is denoted by “F” and a solid
triangle, and shock passage is denoted by *“S”°. The four phases of a typical
event are shown separated by vertical lines.

Lee (2005, ApJSS, 158, pp. 38-67)



At large distances from the shock f{v > v, z — o0) =
(rs/ Y H{(v)G{(v)A:(v). For protons a particularly simple ex-
pression obtains. As long as G,(v) is not too small (1.e., when the
adiabatic approximation is valid), it dominates the other terms
in the denominator of equation (74). Then the proton differen-
tial intensity is given by

Jy = @) Wan,()( B — (B — DVa(|2|r) ! cos pE
% [1 4+ 2701 /A )e cos24p(6 — 1)67!

< 2V ko /|2 (E [Egp) 022, (75)

which is in fact independent of ng( = 2V"). We note that fae—
tors G,(v) and &, cancel in expressmn (75), and n,(rs)(rs/ ) =
no(7), thus yielding a robust expression independent of the in-
jection fraction &,, which is probably variable and not well known.
Indeed, if the second term in square brackets dominates, then
the expression is independent of o, which is also not well known.
Although similar expressions exist for the other ion species, the
protons are speeial because they dominate wave excitation.
Two factors in expression (75) are approximately independent
of 7t Va(|fh,|r)~" and (rsf/lc) (if A, o< ry). If the remaining
factors (3, V, w £, 0, Vi %) depend weakly on 7y, then J,(E, 7)
will exhibit a “plateau”™ as a function of time at position » until
go(v, z) deviates substantially from g,(v, z — 00), sighaling
the start of the shock-associated enhancement, or ESP event.

B=3V/(V-V,)

V=plasma flow velocity along the
normal to the shock

V,=normal component of the
downstream flow relative to the
shock

n,(r)=plasma density

r.=spatial scale length of the shock
surface

cos(y)=cos(6y,)
E,,=proton injection energy

d=power spectrum of field
fluctuations

¢ related to the level of turbulence
K. =correlation wave number

a related to the acceleration time at
the shock

Lee (2005, ApJSS, 158, pp. 38-67)



Witha =3, =75, n(r)—SGm L Qe = 1048 =
5/3,and |[€,] =05s 'at1 AU, we obtain in units of protons
cim 25 Lsr 'Mev !

J, = 25(V /500 km s~1)(1 MeV/E)
w[1+ 116e(r/1 AUYV3(E/1 MeVY V. (76)

For nominal values of ¥ = 500 km s ! (during the plateau
phase), £ = 1 MeV, ¢ = 0.002 (corresponding to A o =21 AU
for 1 MeV protons at 1 AU), and r, = 0.2 AU, we obtain J/, =
35 protonscm *s 'sr 'MeV !at1 AU. However, if we as-
sume motre extreme but still reasonable values of 17 = 1000 km
s Le=0. 01 ,and 8 = 6, we obtain./, = 467 protons cm 2y 1

i MeV ! At Earth 0rb1t this plateau provides a limit on the
1nten51ty of a proton event prior to the onset of the ESP event. At

the orbit of Helios these values are increased.

Lee (2005, ApJSS, 158, pp. 38-67)



This limit on J, is the “‘streaming limit” due to proton-
excited waves discovered by Reames (1990a) and established by
Ng & Reames (1994). Reames (1990a) tound that proton events
observed by Helios in the energy range 3—6 MeV reached pla-
teau intensities (excluding possible ESP events) i a fairly
narrow range of ~80—300 protons cm ?s 'sr ' MeV L. As-
suming an average energy of 4 MeV, ¥ = 1000 kms ', 8 =35,
ny(~ 0.6 AU) =22 cm °, r, = 0.2 AU, and our other param-
eters, the observed range implies 0.008 £ £ < 0.05, reasonably
consistent with expectations. Reames & Ng (1998) examined the
streaming limit at Earth orbit using GOES data and as a function
of ¥ using Helios I and 2, and GOES data (see also Tylka 2001).
The Helios data presented seem to show limits larger than 80—
300 protons cm 2s lsr 'MeV !, which would require larger e.
For the GOES data in the energy range 8.7—14.5 MeV, they found
alimit of.J, < 200 protonscm 2s ‘st 'MeV L This limit would
mmply, for our choice of values, £ ~ 0.3, which 1s somewhat large.

Lee (2005, ApJSS, 158, pp. 38-67)
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Table 1. Times of Conditions Relevant to Cycle Minimum

From Smoothed Means From Monthly Averages
Sunspot Minimum Old Cycle = Smallest Smallest Largest
Cycle Year of in Sunspot New Cycle Sunspot Number of Number
Numbers Min Number Regions Number Regions Spotless Days
11-12 1878.92 1879.0 1879.2 1878.6 1879.2 1878.7
12-13 1889.6" 1890.1 1889.5 1889.9 1889.9 1889.9
13-14 1901.7¢ 1902.1 1901.8 1902.0 1901.6 1901.7
14-15 1913.6% 1913.6 1913.0 1913.5 1913.5 1913.6
15-16 1923.6° 1923.6 1923.6 1923.6 1924.0 1923.6
16-17 1933.8" 1933.7 1933.8 1933.6 1933.9 19339
17-18 19442 1944.2 1944.2 1944.3 1944.1 1944.3
18-19 1954.3" 1954.3 1954.3 1954.5 1954.5 19544
19-20 1964.7* 1964.8 1964.6 1964.5 1964.7 1964.7
2021 1976.5 1976.5 1976.5 1976.5 1976.5 1976.5
21-22 1986.8* 1986.8 1986.8 1986.5 1986.7 1986.5
22-23 1996.4 1997.0 1996.8 1996.8 1996.8
“Wolf [1880].
PWolf [1892].

“Wolfer [1903b].

Wolfer 1919, 1921].

“Brunner [1926].

‘Brunner [1935].

EBrunner [1945].

"Waldmeier [1956].

‘Waldmeier [1966]. Note that minimum is 0.2 years earlier than given by McKinnon [1987].
Waldmeier [1977].

%Solar Geophysical Data (vol. 520, part I, 1987).

Harvey and White (1999, JGR)



Table 2. Using the Definitions of Cycle Minimum

Method Month Time of Minimum
1. Smoothed sunspot number May 1996 1996.4
2. Number of old-cycle = new-cycle regions Jan. 1996 199F.1
3. Average of following parameters Sept. 1996 1996.7

minimum in monthly sunspot number
— mmimum in smoothed sunspot number
— mnimum in monthly number of spot groups
— maximum in number of spotless days
— equal number of old-cycle and new-cycle regions

Oct. 1996 (1996.75)
May 1996 {1996.37)
Oct. 1996 (1996.75)
Oct. 1996 (1996.75)
Jan. 1997 (1997.04)

Harvey and White (1999, JGR)
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(A) Strong shock

%‘
trapping
region
(Lee
1983)
(B) Shack weakens with tims for
particles of this energy.
=
Wi
8 >
= -q-/ 2
Q
) £
Shock Hime gihﬁc:u
forms Shock Time
at Sun forms
at Sun

Fig. 1. Profiles of particle intensity vs time are shown when
(a} strong shock acceleration continues out to the observer
and (b} acceleration diminishes with time. All particles are
aceelerated by the shodk in either case, If accgleration dimin-
ished sufficiently, the shock spike or “ESP event” may not be

resent.
’ Reames (1999, Radiation Measurements 30, 297)



