


Y-ray and Neutron
Production in Solar Flares
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Products of Accelerated Particle Interactions

Products of interactions

e—: X-and Y-ray bremsstrahlung

ions: excited nuclei
radioactive nuclei
neutrons
nt, -, m°

unlike atomic processes, nuclear reactions are not sensitive
to the ambient environment temperature, density or charge state

Observable emission
excited nuclei — prompt Y-ray line radiation

delayed y-ray line radiation

radioactive nuclei —>{ )
et — Y54, & continuum

escape into space

neutrons %{
captureon H = d + Y, 503

T — Y (decay continuum, e* bremsstrahlung, ;)

some of these observables are sensitive to the ambient
environment temperature, density or charge state



Calculations of High-Energy
Observable Emission

The traditional physics approach:
Develop a model for the flare process
that can explain the observations with as few
physically-based parameters as possible

Transport and interaction model

corona described by a set of parameters

e, P, °*He, 0, G, N, O, .. relating to conditions at the Sun,

f(Pp P2 D3 s Dy)

{

Predicted observable quantities

d

chromosphere ’
Compare with measured

observable quantities

P

Modify parameters p,, p,, p;, ..., p,

reaction
roducts




Yield calculation

Thick target yield for a particular nuclear
reaction from an ion with energy
E, (MeV nucleon):

cross section for

»~— thereaction

energy loss rate due to
Coulomb interactions

total nuclear

A~ cross section

o EO /
probability for removal by other . ON (E ) /
nuclear reactions P(Eo, E) = exp [—n/E dE/dl(E’)dE

Thick target yield from a distribution of ions
with an initial-energy spectrum
dN(E,)/dE (MeV nucleon—1)~1
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Reaction Cross Section
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Evaluation of Nuclear Reaction Cross Sections

CHALLENGE: lons in solar flares are accelerated over a very broad range of energies,
from <1 MeV nucleon~! to more than a GeV nucleon

* Cross section measurements are obtained from accelerator experiments

* No one accelerator covers the entire energy range; each covers only a fraction of the full range

* Some energy ranges are not covered at all

* Cannot rely solely on measurements
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Evaluation of Nuclear Reaction Cross Sections (cont.)

SOLUTION: Need to include theoretical evaluations of cross sections to extend the
energy coverage

* Nuclear physics theory
nuclear reaction codes (e.g., EMPIRE, TALYS) use different calculation schemes for different
targets and energy ranges
e.g., heavy target/low energy — 2-stage interaction through “compound nucleus”
high energy — 2-body nucleon-nucleon interaction

* Empirical rules
e.g., 2-particle product at high energy — exponential decay at high energy
multi-particle product (spallation) — plateau at high energy
similar reaction & similar target should exhibit similar energy dependence
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Evaluation of Nuclear Reaction Cross Sections (cont.)

Final evaluated cross section is based on a combination of measurements, nuclear
reaction theory, and empirical rules.

Improvements in our knowledge of the cross sections have been a continuous
process since the 1980s.

Improvements in measurements of solar flares continue to demand further
improvements.

Deexcitation Lines

Ramaty, Kozlovsky & Lingenfelter 1979, ApJS, 40, 487
Kozlovsky, Murphy & Ramaty 2002, ApJS, 141, 523
Tatischeff, Kozlovsky, Kiener & Murphy, 2006, ApJ, in press

Positrons
Kozlovsky, Lingenfleter & Ramaty 1987, ApJ, 316, 801
Kozlovsky, Murphy & Share 2004, ApJ, 604, 892

Neutrons
Hua, Kozlovsky, Lingenfelter, Ramaty & Stupp, 2002, ApJS, 140, 563



High Energy Observable Emission

nuclear deexcitation gamma-ray lines
positron annihilation line

escaping neutrons

neutron capture line

pion decay emission



Nuclear Deexcitation Gamma-Ray Lines
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Energy Reaction
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Nuclear Deexcitation Gamma-Ray Lines (cont.)

Energy Reaction
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Nuclear Deexcitation Gamma-Ray Lines (cont.)
Prompt vs.Delayed Emission

Prompt

Excited nuclei deexcite quickly.

Delayed

Delayed decay of radioactive nuclei
into daughter nuclei in an excited state.
The daughter nuclei deexcite promptly

Nucleus Mean lifetime T (s)
20Ng*1-634 1.2 x 10712
12C*4.439 5.6 x 107
160*6.129 24 X 10—11
Reaction Half-life T,,,
*5Fe(p,n)*°Co T *°Fe” — Fe + Yo.847 77 days
1/2

Tatischeff, Kozlovsky, Kiener & Murphy 2006, ApJ, in press



Nuclear Deexcitation Gamma-Ray Lines (cont.)
Line Shapes

Gamma-ray is Doppler shifted due to velocity of emitting nucleus

8’ _e (1 _ B2)1/2

(1 - B coso)

B=vlc

Direct reaction _ _
low recoil-velocity

ambient heavy excited nucleus weakly Doppler-

nucleus W shifted y-ray
accelerated o ) . q . q
proton or o particle

.\‘ "I deexcited

nucleus

Inverse reaction
high recoil-velocity

ambient proton excited nucleus
or a particle

accelerated . | ° ' W
heavy nucleus ’ ‘\‘
.\‘ deexcited

nucleus

strongly Doppler-
shifted y-ray



Nuclear Deexcitation Gamma-Ray Lines (cont.)
Line Shapes

Direct reaction — “narrow” line (FWHM 1 - 2%)
Inverse reaction — “broad” line (FWHM ~20%)

4.438 MeV '2C line
Isotropic accelerated-particle angular distribution

108 e B R R 3
- “lab” energy 4.438 MeV—— ]
L p+ 120
i '| “narrow” line
107 -

12C + p -
“broad” line 3

Photons MeV-1

Photon energy (MeV)

Note! This is true in a GAS where T4, > Tji5e- The line width then reflects the recoil velocity
and therefore retains information about the interaction.

But in the high density of a solid, T, can be less than T;;. The 'O line from solids
is very narrow while the '2C line is not (T, of O is ~10~'" s but T, of C is ~107'4 ).
This can be seen in laboratory measurements and is expected from grains in the ISM.



Photons MeV-1

Nuclear Deexcitation Gamma-Ray Lines (cont.)
Line Shapes

Narrow line structure
Heavier o-particle produces more Doppler shift

4.438 MeV '2C line
Isotropic accelerated-particle angular distribution
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Photons MeV-1

Nuclear Deexcitation Gamma-Ray Lines (cont.)

Line Shapes

Accelerated particle angular distribution and
flare location affect observed Doppler shift

heliocentric angle 8¢

4.439 MeV '°C line
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mb MeV™

Nuclear Deexcitation Gamma-Ray Lines (cont.)
Total Spectrum

Narrow lines Broad lines
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Cross section (mb)
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Nuclear Deexcitation Gamma-Ray Lines (cont.)
Energies of the Accelerated lons

Spectral index
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Nuclear Deexcitation Gamma-Ray Lines (cont.)
Yields

[T, dN Fo o(E)
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1.634 MeV ®Ne line

Yields and yield ratios

* sensitive measure of spectral steepness
at ~2—10 MeV nucleon1

« ambient abundances
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Nuclear Deexcitation Gamma-Ray Lines (cont.)
Production Depth

no significant attenuation due to Compton scattering
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Positron Production and Annihilation

Radioactive positron emitters
p—>n+v+et (vs.ec:p+e-—>n+v)

§}+12C —> "C + X

T

and the inverse reactions

pP+p
p+ o

T (sec)

0 9.6 x 10"

""C 1800

Pions

}%n’“ﬁ

T (sec)
3.8x 1078
21x10°%

TC+
+
i

TABLE 3
POSITRON EMITTERS ORDERED BY LIFETIME

11 B + v + e+ Positron Positron Mean Life Targets Positron Positron Mean Life Targets
Emitter = Decay (sec) Proton Reactions Alpha Reactions Emitter Decay (sec) Proton Reactions Alpha Reactions
160+ 1 9.6x10°11 169 169 14, 1 102 14y, 169
40¢qx 1 3.1x1079 40ca 40ca 59¢y 1 118 60 58y
Wt 1 2.2x10°6 Ly, e Iy 5amco 126 54re, S6Fe
12y 1 0.0 12¢, 14y, 16 6lzq 0.99 129 58y;, 60y
40gc 1 0.26 40¢ca 50mn 1 151 52¢r
549¢, 1 0.28 54re, 6Fe 159 1 176 169, 20ye, 24ug, 15y 12¢,169,20Ne 2%yg
28p 1 0.39 By 30p 1 216 325, 36ar, 30si, 28g4, 32, 36,
509n 1 0.41 52y 305(g*)
32, 1 0.43 325 38g¢ 1 659 40ca, 38ar 36ar, 40ca
Dya 1 0.65 2pe 53fe 1 737 S4ke, S6re, S8Ni, Oni S%e, 52cr
43 1 0.71 40ca 62¢y 0.98 842 60y3
4295c 1 0.98 40c, 13y 1 863 125‘14“‘160_20"2'13(: 14"’ 169
394 1 1.24 40c, 36y, 40c, 11¢ 1 1.76x10%3 1, 14y, 16y, 20y 12¢,14y,160 20ye
38my 1 1.3 40y, 38y, 3ar, %ca 52myy 0.98  1.83x10%3 S4re,56re, 52cr, S4re
305 ] 1.73 32g 583, 60N
37 i 1.77 40ca 60¢y 0.93  2.03x10%3 60y 58y, 60;
34g¢, 1 2.20 36y, 40cy, 345 325, 3pr, 0cq 34mc, 0.53  2.77x10%3 36ar, 40ca, 345 325, 36, 40cq
18ye 1 2.01 20y, a7y 1 2.82x10*3
35y 1 2.50 364y, 40c, 325, 365, 63zn 0.93  3.29x10%3 60y
+ 2, 1 2.9 49¢r 1 3.63x10*3 52cr, S4fe, Sbre
l.l +V 26g; 1 3.19 28g; 5lun 1 4.00x10*3 52cr, S4e, S6re, 60Ni
T 33¢, 1 3.62 364y, 40c, 18 0.97  9.50x10%3 e, 24ug, 2Bsi, 18 169, 20y, 24ug
31g 1 3.76 325 36y, 2854, 325 18ye(g*)
e+ +V+V s8¢, o) (0 S8y, 60y 457 0.86 1.60x10% S2¢y
T 22y 1 . 2 blcy 0.62 1.77xm*: . 581, 60N+,617n(s*)
o 29 32¢ 365, 29c: 43sc 1 2.02x10* cr, 11 (8%)
P 1 5.92 s, 36ar, 29si - : - o
27cs 28c: 27, 32 24, 28 Fe 1.55  4.30x10 Fe
si 1 5.96 si, 2ag, 325 Mg, 28si - - o T
2605, . T Zoug, 2ny. gy, 325, 2y 2y 32 Co 0.77  9.11x10 Fe, 58Ni, 60Ni Fe, S6re
1 6giigty 0 By, 2p" 7T 57ni 0.40 1.87x10%° 58y, 60y; 54re, Sbre, 98i
25p, 1 10.3 285, 254q, 325 529n 0.29  6.97x10*5 52cr,5%Fe,56Fe,8Ni,  S%e
23 24y, 285; 23 204, 24 .60
Mg 1 16.3 Mg, <°Si, < Na Ne, “"Mg N
19y i 7o 20ye, 2y 160, 20y, 24y 8y 0.50 1.99x10*6 55cr,54re.56re,55m
10¢ 1 27.6 12, 14y 58¢o 0.15 8.82x10*6 56re
21 28y, 28 56co 0.19 9.82x108 56re, 58N, 60N 54re,56re, %8By
Na 1 32.4 Mg, “°Si
azng, i A a0¢, ™ 0.91 1.18x10*8 28,285,325 23y, 20Ne,29Mg, 285
17 . = 20y, 2y 14y, 20y, 22ye,25ug,2 g
26p¢ 0.82  3.26x10*13 26ug,27p4, 285,325 24yuq, 285 325
Kozlovsky, Lingenfelter & Ramaty 1987

Other sources

Y+Yy —>et+e

Yy+B > et+e
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Positron Production and Annihilation (cont.)

Production cross sections
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Positron Production and Annihilation (cont.)

dQ/dH (km~1)

Production Depth

attenuation due to Compton scattering depends on

accelerated-particle spectrum

1
= UL L L L L
C chromosphere : photosphere
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i positron

production
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Positron Production and Annihilation (cont.)
Fate of Positrons

Direct annihilation with electrons (e+ + e- — 2v;,,)

1. with free electrons (df)
2. with bound electrons of H and He (dab)

Positronium formation (et + e- — Ps, E, = 6.8 eV)

3. radiative combination with free electrons (rc)
4. charge exchange with H and He (ce)

E, = 13.6 - 6.8 = 6.8 eV (H)
24.6 — 6.8 = 17.8 eV (He)

Two possible Ps spin configurations

etT e-T S =1 "triplet" or "ortho" 3Ps (3 states: S; =-1, 0, 1) g 2Ways formed
et e-! S=0"singlet" or "para" 'Ps (1 state: S; = 0) in 3:1 ratio

T1 - 1.25)( 10_10 S

tat =1
ground state, n;_ T,=1.4%107 s

always annihilates

excited states, n,_ > 1 > -
’ 'Ps Tann > Tdeexcite = from ground state



Positron Production and Annihilation (cont.)
Positron Annihilation

Direct annihilation
requires nucleus

most probable — two 511 keV (= my)

er+e- — photons (a line)

suppressed by factors of o

A WN = o3

Ps annihilation CP invariance rule: for spin S and angular momentum L,
the number of y rays n, is given by

(1) = (1)L

for ground staten,_=1,L =0, so oo 3Ps continuum

S=0—=n,=2,4,6, ..
S=1—>n,=3,5,7,..

0.008
0.006 |

T— lowest orders dominate 0.004

S =0 — two 511 kev photons (a line)
S =1 — three <511 kev Yy rays 60200300300 500600
(a continuum) Photon energy (keV)

Photons keV-1

0.002}




Positron Production and Annihilation (cont.)
Positronium Quenching

At sufficiently-high density, collisions with ambient particles (H, He & e™) may disturb Ps
before annihilation

Because of its longer lifetime, this is relevant only for 3Ps

There are 2 types of quenching:

1. 3Ps ionization reducing 3y and increasing 2y
2. conversion of 3Ps to 'Ps (spin flip) reducing 3y and increasing 2y

Density estimate:

quenching rate (nov) must be greater than annihilation rate (1/1,), so, with v =V kT/m,,

n,> (o 7,V kT/m,)™

for T=10*Kand 6 =5 x 107 cm?, n,=210“cm=3



Positron Production and Annihilation (cont.)
Slowing-Down of Positrons

7 A Y/ Positron energy distributions
UL LAT . : . )
10.3299 95 References 1E T . T
.87 B (LauT62 OlnJ6s, F End-noint ; . .
5/2¢ .28 VL) - nd-point energy ——— rom 7
ey : .
A’ o G - '
32 W& 7.99 10 ; =
NG E ' 3
le 3{3)+ " w_7.30 - :
iz RSN - From typical _ , ]
72| | 1] radioactive e*-emitter !
10 —25_ ' E
(1/2,3/2)- 5.03 % a ' E
&2 GiE 448 o 15 % X , Ep (MeV) ]
103 5 1000 =
ve |1 e 203 m g :
3.3xI0° :
s EC 104 : 500
2 B+ o : =
} - N 1
ks _Od/ %C 89;;7;/0 36 o E 300
1] 10 -5 . 1 . " 1 . 1 .
5B e 10 102 1 102 104
. Positron energy (MeV)
positron KE., = AM — mg-+

Initial e* energies are 100 keV — 100 MeV
The dominant e* interactions above a few hundred eV involve energy loss:

1. Continuous with free electrons
2. Discrete via excitation and ionization of H and He

Below ~100 eV, Ps formation via charge exchange in-flight (ifce) becomes significant
Thermalized e* can annihilate via all four processes: daf, dab, rc, ce

Quenching can reduce the 3Ps continuum and increase the line yield



Positron Production and Annihilation (cont.)
Positron Fate

Y energy loss*

* energy loss via Coulomb interaction with
ambient electrons and via excitation and
ionization of ambient atoms

thermalization

|
|
|
|
|
| >
A Y
: in-flight
|
| charge radiative direct annihilation direct annihilation
: exchange combination with free electrons with bound electrons
|
e e q———
break up

2y




Positron Production and Annihilation (cont.)
Interaction Cross Sections

10-15 . . - . . . : :
1 | Hionization 1t itati — calculated o
H charge exchange ] onizatio 1t H excitation — extrapolated Uncertainties
10-16 Zhouetal. 1997 ] Jonesetal. 1993 | [ total
: 1 measured: 5 — 15%
¢
1 171 Kernoghan
10-17L T 116 t 4L 2p | calculated: ~10%
] 11 e Belfast group (Walters et al.)
‘ Kernoghan 2s
10'1 8 L L L L L H H
i 10 100 1000 1 10 100 1000 f 10 100 To00 eXtrapolations to higher
10-15¢ : : : ; : ; . : - energies should be similar
NE t charge exchange with He t  He ionization ] He excitation ] to electrons (where relevant)
S which are well-measured
_ Overton et al. 1993 .
c 107161 4 F Jacobsen etal. 1995 o |- Mori et al. 1994 r
(@] E E ] ]
=
o
) 17 measured
s 10-17L 4 F = E
%))
e extrapolated
© 10-18 . . . . N .
1 10 100 1000 1 10 100 1000 1 10 100 1000
10-14 . : 5 . . . : : ; .
ionization of Ps by e~ 1 | ionization of Ps by H 1t spinflip of Ps by e~ ] spin flip of Ps by H
10-15L calculated 1L 1 L 1 L |
Gilmore et al. 2004 E calculated E E
Gilmore et al. 2004 ] calculated
extrapolated ] Bleackwood et al. 2002
10-16L = calculated 4 F 4 F i
Campbell et al. 1998 ] ] E
extrapolated Ray et al.2002 extrapolated
10_1 7 L 1 L L L L L L
1 10 100 1000 1 10 100 1000 0.1 1 10 100 0.1 1 10 100

Energy (ev)



1/Nps dNps/dE(E) (eV-1)

Positron Production and Annihilation (cont.)
Monte Carlo Simulation of
Ps Formation In-Flight

Monte Carlo simulation includes: 1.0p
continuous energy loss to electrons
discrete losses via ionization and excitation
2"d generation e* from ionization quenching of Ps

T=11,600 K

0'8_ ne=5x10"

S— -
Provides: ]
1. fraction forming Ps in flight, 7, & 15 ]
2. energy distribution of 1st and 2nd generation Ps =
3. resulting 'Ps annihilation line profiles
0.020_ [ ]
—— Xp+=0.0 __0.15}F — Xu+=0.0 -
: ==== Xu+=0.05 ‘; i === Xu+=0.05
= n i nd i b . .
0o1H 2n generation 2 “roseien - Line shapes are NOT Gaussian
& W o1or 1 1stgen. FWHM = 6.1 keV
0.010F: ¥ 1
i 3 2nd gen. FWHM = 2.6 keV
. o i
0005} Z>~0'05 ] ]
0.000L 0.00 . .
0 150 500 505 510 515 520



Positron Production and Annihilation (cont.)
Line Shapes from Annihilation

direct
both particles are line shape is _
daf — ( Maxwellian ) ( Gaussian ) — FWHM=1.14/T4 keV
depends only line shape is FWHM = 1.4 keV (H)
depends on low temp — ( atomic e~ ) - ( ~ Gaussian ) FWHM = 2.5 keV (He)

dab — (momentum of

atomic e~ : depends only line shape is \/_
high temp — (e+ distribution) - ( Gaussian ) — FWHM e T

line shape is
( PP1S) > Mo = T2 + Thi2

~ Gaussian

Ps formation

T(K)  FWHM (keV)
1) 6 x 108 0.8
2) 2 x 104 17
3)1x 105 3.5
4) 4 x 105 5.0

Ps distribution is line shape is
ce— (NOT Maxwellian) (NOT Gaussian) -

505 510 515
Photon energy € (keV)

I’C%(PS remainS) (Iine shape iS) — FWHM = 1.14/ T4 keV

Maxwellian Gaussian
T Ps distribution is line shape is FWHM = 6.1 keV (18t generation)
in-flight ce — (NOT Maxwellian) — (NOT Gaussian) ~

FWHM = 2.6 keV (2nd generation)



Positron Production and Annihilation (cont.)
Thermal Interaction Rates

3 3 miv7 movU3
(2nkT ) Jdvldv P 2kT) ( 2kT) o(V1,v2)
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Positron Production and Annihilation (cont.)

3Ps Quenching Rates

N
I
l
\

R

T LR | L | TorTTTTh T T

e . . e’Psseee
radiative combination T e %Pe—ePs
H%s > Hee
—--— H®Ps— H'Ps
— —H'Ps— He' |
------- He*Ps —» Hee

H charge exchange

———
e’Psseee

—— —e%Ps—>¢e'Ps
H%s > Hee
—--— H®%s— H'Ps
— —H'Ps— He' |
------- He*Ps — Hee

1

T T
e’Ps—eeet
—— —e%s—e'Ps
—-—-H%s—> Hee'
—--— H%s— H'Ps
— —H'Ps— He" |
------- He*Ps - Hee

He charge exchange

charge exchange in flight

ePsseee
—— —e%Ps—e'Ps
—-—-H%s— Hee'
—--— H%s— H'Ps
— —H'Ps— He' |
------- He*Ps —» Hee

—_
o
©



Positron Production and Annihilation (cont.)
Continuity Equations

SPs formation rate
3Ps quenching rate
l— 3Ps annihilation rate

rate of change
of 3Ps from ifce

2

N’L ifce
ot
ONZ?
ot
o N?{{ ce
ot
o N3H ece
ot
ONTe
ot
ON,I
ot
AN
ot
O NlH ce
ot
o NlH ece
ot
ONT®
ot
AN,
ot

3 i1fce pifce lece
Qe = NRS - = — =0
3 ifce pifce 29 Ngg
Zf2N3 R3—>0 - N3 R3—>:L' T =0
3
3 NHce
N RHce . NHceRHce o 3 =0
4 + 3 3—zx 5
NHece
§ N_|_ RH ece NHece RgI _e)cze '3 =0
4 T3
3 N’rc
N, R — Nrc rc =0
4 + 3—zx T3
1 ) ) Nifce
- N'Lfceszce _ 1 —
4f 1Q+ + N5' " R3™; T1
1 ifce pifce N2g
Zf2N3f R3f_>0 + N??gR?Z,'il -—1=0
71
1 NHce
T NL R 4 NffeeRlles — —1— — 0
4 T1
1 Hece
_N+RHece + N?{{eceRgfj(ie -1 =0
4 T1
1 Nre
N R’rc NT'CR 1 =0
4 + + 3—1 n

(1= f1)Q+ + (1= fo) N R + N3 R3%,
+NfeeRllee 4 NHee pHece 4 NeRre

_N+(RHce+RHece+ch+RHdab+

RH edab

+ Rde))

QQ'y -

Q3’y

=0.

N, ( RHdab | pHedab | Rdaf> n

2

_(Nlifce+N11‘Ice+N11T{ece+N{C+N129>

1

3

73

(Néfce +N§Ice+N?{{ece+N§c+N§g)
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Positron Production and Annihilation (cont.)

f511

16 ~ 4/”’
- 15 /’ y
L 14 //,’ ///// .

"/
| // -
//
- 13 /' ]
L J _
/
/
T 12 ' )
11 bl 4000K |
10 /500K ]
i #6000 K .
B 8—1 44/ . . 7
o7 4, fully ionized |
7
5 S/  ----neutral
= - e i
E::::;& _ ============;;if// n
—————— -|——1——4————————-l———‘""./ l l
1010 1012 1014 1016

the number of 511 keV photons per positron

T (K)
1. 2x10°3 9. 2x10°
2. 5x103 10. 5x10°
3. 7x103 1. 7x10°
4, 1x10* 12. 1 x10°
5. 2x10* 13. 2x 10°
6. 5x 104 14. 5x 108
7. 7x104 15. 7 x 106
8. 1x10° 16. 1 x 107



Photons keV~™"

Photons keV~'

Positron Production and Annihilation (cont.)
Combined Line Shapes

ny=1013¢cm

—-3.,100% ionized

0.8

N o
IS o
—— —T

o
(V)
——

0.0

T=1x10%K

FWHM = 1.1 keV

|

total

daf

3y continuum

B

NN\

495
0.14r

500 505

510

515 520

o.10F
0.08 -
0.06 -
0.04 -

0.02f

0.00

T=1x108K

FWHM = 11.2 keV

s iRl L T T

3y continuum

total
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495

500 505

510

515 520

Photon energy (keV)

525

Photons keV™'

Photons keV™

T = 5000 K, 100% neutral

0.15

o

Y

o
T

0.05

0.00

ny=10%cm3
FWHM = 2.2 keV

3y continuum

495 500 505 510 515 520 525
1 .0 T T T T T
ny=10" cm3 /‘Ota' ]
08 FWHM=1.6keV ]
06 [ /dab (H) -
L thermal ce ]
0.4 2g-ifce ]
L ifce ]
02| dab (He) A
0.0 [ 1 z el 1
495 500 505 510 515 520 525

Photon energy (keV)

The line shape is NOT Gaussian!



Density (cm=3)

1018

Positron Production and Annihilation (cont.)
Vernazza Line Shapes and Qz,/ Q2y

1016

10141

1012

1010

108

photosphere .

chromosphere

transition

temperature minimum

103

108
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2 02F daf 02F ifce
o
dab,H
3y rc
0.1 0.1 daf
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Cross section (mb)

NEUTRONS

_ Neutrons are “detectable” either directly or indirectly
Neutron production

Directly detected at Earth
p+p — n + ..
p+4He — n + ..

a+0 — n + ...

Neutron monitors

p}+12C —> n+ ..
o on Earth

and inverse reactions

10%

10

10%

107

" Interplanetary
space

Indirectly detected via
neutron-decay protons

L1

n decays
intop f

Neutrons

Flare site

Indirectly detected via y-ray resulting from
capture on photospheric H:n + H - D + 7, ,,,

10 102 10° 104

Energy (MeV nucleon—)




NEUTRON PRODUCTION (cont.)

Energy Spectra

T

E, = 500 MeV

Neutrons MeV-1
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Neutrons MeV-1
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NEUTRON PRODUCTION (cont.)
Energy Spectra

Neutron lifetime (T,,c4n
spectrum with distance from Sun

= 886 s) alters kinetic energy

at the Sun

at 0.3 AU

Neutron energy (MeV)

10

Neutrons MeV-1

1072

—_
Q
EN

—
Q
)

108

Differing neutron velocities result in time-dependent
arriving kinetic spectra due to velocity dispersion

B 0-500s
I 1000 - 1500 s

2000 — 2500 s
3000 — 3500 s |

...10

102 10° 10*

Neutron energy (MeV)



2.223 MeV NEUTRON-CAPTURE LINE

nN+p—->d+y
[M,, + my] —my =2.223 MeV (d binding energy)

note: capture on other elements not significant
due to low abundance relative to H
(°He is unstable and returns the neutron)

SHe is an important exception!
n+3He - t+p
radiation-less charge-exchange reaction
even though 3He/H = 1 x 107>,
the cross section is large

Copipe = 1.6 X 10% (0

ce,’ capture,H)



2.223 MeV NEUTRON-CAPTURE LINE (cont.)

1-""I""I'|"'I""I""
i chromosphere photosphere
: neutron
—1 3 neutron$ capture line
capture v 10711
neutrons thermalize in the dense P
< 10-2L
photosphere (T ~ 6000K) before capture g
S
a
-D -
Consequences: 107
e Line width due to thermal Doppler broadening is very small (<10 eV) s
1004 o o0 b N
e yrays are delayed by ~100 s after neutrons are produced 1500 1000 IiOC_’ . (kO) -500  -1000
eig m

« Significant attenuation of the line due to Compton scattering

y to Earth



2.223 MeV NEUTRON-CAPTURE LINE (cont.)

Calculated Yields & Ratios
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Pion Production
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Ph MeV
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Pion Production (cont.)
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Calculations of High-Energy
Observable Emission

The traditional physics approach:
Develop a model for the flare process
that can explain the observations with as few
physically-based parameters as possible

Transport and interaction model

corona described by a set of parameters

, p, 3He, O, C, N, O, ... . .
& P, e relating to conditions at the Sun,

f(p]) p2) pj’) oo )pn)

d

Predicted obsefvable quantities

P

Compare with measured

chromosphere

observable quantities

P

Modify parameters p,, p,, p;, ..., p,

reaction
roducts




Magnetic Loop Model

isotropic accelerated-
particle release

ionized CORONA /

constant B
MHD turbulence

neutral
B o< (pressure)d PHOTOSPHERE

no MHD turbulence

Atmospheric model

104 “““““ IARRRRRRRN IARRRERRRE IARRRERRRN
e Scattering due to MHD turbulence replenishes loss cone: A = A (mean free path)
' L: (loop half length) 102 ]
e Mirroring due to magnetic field convergence: B(h) o< P(h)8
T o :
e Atmospheric model, n(h), T(h) 5
£
® Accelerated-particle spectral index, abundances ? 102 et e
= Machado F2
e ambient abundances = clcu
10740 1
e B perpendicular to solar surface at footpoints
10'6 “““““““““ [ [
-2000 -1000 0 1000 2000

h (km)



Summary of the Dependence of
Observable Quantities on the Parameters

Observable

Acceleration Parameter

Physical Parameter

Observable

Acceleration Parameter

Physical Parameter

narrow deexcitation
line fluences & ratios

narrow deexcitation
line shift and shape

narrow deexcitation
line time history

electron bremsstrahlung

time history

neutron-capture
line fluence

neutron-capture line
time history

a/p, s

a/p, s

Qion (t)

ae(t)

a/p, s

aion(t)y O[/p7 S

ambient abundances

(5, )\, QObS, n(h)

3, A\, L., n(h)

L.

57 )\7 90b87 n(h)7

ambient *He/H

67 )‘a 00bS7 LC7 n(h)7
ambient *He/H

neutron fluence
at BEarth

neutron arrival time
history at Earth

images
511 keV line shape
and continuum

511 keV line time
history

511 keV line fluence

a/p, s

Aion(t), /P, s

a/p.*He/ *He, s

Aion(t), a/p,s
acc. abundances

a/p, s,°He/ *He
acc. abundances

5, )\, Hobs, n(h)

67 >\7 90b57 LC7 n(h’)

Lca eobs

8, A, Oobs, n(h), T(h), X(h)

57 )\7 00b37 L67 n(h)7 X(h’)

3, A\, Oops, n(h), T(h), X(h)




