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e–: X- and -ray bremsstrahlung

ions: excited nuclei
 radioactive nuclei
 neutrons

+, –, 0

excited nuclei prompt -ray line radiation
                     delayed -ray line radiation

radioactive nuclei e 511 & continuum
       escape into space

neutrons capture on H d 2.223
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Products of Accelerated Particle Interactions

Products of interactions

Observable emission

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

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



Calculations of High-Energy
Observable Emission

Transport and interaction model
described by a set of parameters
relating to conditions at the Sun,

f(p1, p2, p3, ... , pn)

The traditional physics approach:
Develop a model for the flare process

that can explain the observations with as few
physically-based parameters as possible

Predicted observable quantities

Compare with measured
observable quantities

Modify parameters p1, p2, p3, ... , pn

chromosphere

corona
e, p, 3He, , C, N, O, ...

reaction
products



Yield calculation

Thick target yield for a particular nuclear
reaction from an ion with energy

E0 (MeV nucleon–1):

Thick target yield from a distribution of ions
with an initial-energy spectrum
dN(E0)/dE (MeV nucleon–1)–1:

cross section for 
the reaction

energy loss rate due to 
Coulomb interactions

probability for removal by other 
nuclear reactions , /

total nuclear 
cross section

/ ,

/ ,



Reaction Cross Section

Cross section differential
in secondary energy Es

Cross section differential
in secondary energy Es
and secondary direction

Total cross section
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Evaluation of Nuclear Reaction Cross Sections

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

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

Evaluation of Nuclear Reaction Cross Sections (cont.)

• 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

16O(p,p´)16O*6.129

16O(p,p“ ”)12C*4.439

12C(3He,“ ”)11C



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

Evaluation of Nuclear Reaction Cross Sections (cont.)



nuclear deexcitation gamma-ray lines

positron annihilation line

escaping neutrons

neutron capture line

pion decay emission

High Energy Observable Emission



Nuclear Deexcitation Gamma-Ray Lines
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Energy
(MeV)

Reaction Energy
(MeV)

Reaction Energy
(MeV)

Reaction
Measured cross sections to 
produce the lines obtained from 
high-quality laboratory measure-
ments by Dyer, Bodansky, Lang, 
Kiener, Tatischeff, etc.

Nuclear Deexcitation Gamma-Ray Lines (cont.)



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

Excited nuclei deexcite quickly.

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

Prompt

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

Delayed

Nucleus  Mean lifetime  (s)
20Ne*1.634 1.2 × 10–12

12C*4.439 5.6 × 10–14

16O*6.129 2.4 × 10–11

56Fe(p,n)56Co  56Fe* 56Fe + 0.847
1/2

77 days

Reaction Half-life 1/2



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

4.438 MeV 12C line
Isotropic accelerated-particle angular distribution

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

But in the high density of a solid, slow can be less than life. The 16O line from solids
is very narrow while the 12C line is not ( life of O is ~10–11 s but life of C is ~10–14 s).
This can be seen in laboratory measurements and is expected from grains in the ISM.
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Nuclear Deexcitation Gamma-Ray Lines (cont.)
Line Shapes

“lab” energy 4.438 MeV

4.438 MeV 12C line
Isotropic accelerated-particle angular distribution
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Nuclear Deexcitation Gamma-Ray Lines (cont.)
Line Shapes

Accelerated particle angular distribution and
flare location affect observed Doppler shift

Sun
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Nuclear Deexcitation Gamma-Ray Lines (cont.)
Total Spectrum
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Nuclear Deexcitation Gamma-Ray Lines (cont.)
Energies of the Accelerated Ions
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kinetic energy distribution
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Nuclear Deexcitation Gamma-Ray Lines (cont.)
Yields
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no significant attenuation due to Compton scattering
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Nuclear Deexcitation Gamma-Ray Lines (cont.)
 Production Depth



Positron Production and Annihilation

p + p
p + 

p      + 12C 11C + X

+ +

e+

(sec)

Radioactive positron emitters
p n +  + e+ (vs. e.c.: p + e– n + )

Pions

Other sources

16O 9.6  10–11
11C 1800

(sec)
+ 3.8  10–8

+ 2.1  10–6

e+ e–

B e+ e–

 and the inverse reactions

Kozlovsky, Lingenfelter & Ramaty 1987

11B +  + e+
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photosphere

attenuation due to Compton scattering depends on 
accelerated-particle spectrum
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Positron Production and Annihilation (cont.)
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Positron Production and Annihilation (cont.)
Fate of Positrons

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

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

Two possible Ps spin configurations

e+ e– S = 0 "singlet" or "para" 1Ps (1 state: Sz = 0) 

➝

➝

e+ e– S = 1 "triplet" or "ortho" 3Ps (3 states: Sz = –1, 0, 1)➝ ➝ always formed
in 3:1 ratio➠

Eth = 13.6 – 6.8 = 6.8 eV (H)
  24.6 – 6.8 = 17.8 eV (He)

Positronium formation (e+ + e– Ps, Eb = 6.8 eV)

Direct annihilation with electrons (e+ + e–  2 511)

ground state, nPs = 1

excited states, nPs > 1

1 = 1.25  10–10 s

ann > deexcite

3 = 1.4  10–7 s
always annihilates
from ground state



e+ + e–

0 
requires nucleus1

2 most probable  two 511 keV (= me)
3                        photons (a line)

4 suppressed by factors of 

n

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

for ground state nPs = 1, L = 0, so

Direct annihilation

Ps annihilation

lowest orders dominate
S = 0 two 511 kev photons (a line)
S = 1 three <511 kev  rays
                (a continuum)

(–1)n = (–1)L+S

S = 0 n  = 2, 4, 6, ...

S = 1 n  = 3, 5, 7, ...

Positron Production and Annihilation (cont.)
Positron Annihilation

0 100 200 300 400 500 600
Photon energy (keV)

0.000

0.002

0.004

0.006

0.008

0.010

Ph
ot

on
s 

ke
V–

1

3Ps continuum



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

Density estimate:

quenching rate (nH v) must be greater than annihilation rate (1/ 3), so, with v = kT/me ,

     nH > ( 3 kT/me )–1

for T = 104 K and  = 5  10–16 cm2, nH
> 1014 cm–3~

Positron Production and Annihilation (cont.)
Positronium Quenching



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
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Positron Production and Annihilation (cont.)
Slowing-Down of Positrons
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 energy loss via Coulomb interaction with 
ambient electrons and via excitation and 
ionization of ambient atoms

Positron Production and Annihilation (cont.)
Positron Fate
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   Uncertainties

measured: 5 – 15%

calculated: ~10%
Belfast group (Walters et al.)

extrapolations to higher
energies should be similar
to electrons (where relevant)
which are well-measured

Positron Production and Annihilation (cont.)
Interaction Cross Sections
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 3. resulting 1Ps annihilation line profiles
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Positron Production and Annihilation (cont.)
Monte Carlo Simulation of

Ps Formation In-Flight
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daf (both particles are
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line shape is
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Positron Production and Annihilation (cont.)
Line Shapes from Annihilation
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Positron Production and Annihilation (cont.)
Thermal Interaction Rates

– –
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Positron Production and Annihilation (cont.)
3Ps Quenching Rates
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Positron Production and Annihilation (cont.)
Continuity Equations

3Ps formation rate

rate of change
of 3Ps from ifce

3Ps quenching rate
3Ps annihilation rate
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Positron Production and Annihilation (cont.)
f511

the number of 511 keV photons per positron



Positron Production and Annihilation (cont.)
Combined Line Shapes
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T = 104 K
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Positron Production and Annihilation (cont.)
Vernazza Line Shapes and Q3 / Q2  Ratio
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NEUTRONS
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Energy (MeV nucleon–1)
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and inverse reactions

Neutrons are “detectable” either directly or indirectly
Neutron production
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Flare site

IMF
Neutrons

n decays
into p

Indirectly detected via 
neutron-decay protons

Neutron monitors
on Earth

Interplanetary
space

Earth
orbit

Directly detected at Earth

Indirectly detected via -ray resulting from
capture on photospheric H: n + H D + 2.223



NEUTRON PRODUCTION (cont.)
Energy Spectra
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NEUTRON PRODUCTION (cont.)
Energy Spectra

1 10 102

at the Sun
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Neutron lifetime ( mean = 886 s) alters kinetic energy
spectrum with distance from Sun

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

1 10

0 – 500 s
1000 – 1500 s
2000 – 2500 s
3000 – 3500 s

102 103 104

Neutron energy (MeV)

10 -10

10 -9

10 -8

10 -7

10 -6

10 -5

10 -4

10 -3

N
eu

tro
ns

 M
eV

–1

N
eu

tro
ns

 M
eV

–1
10-8

10-6

10-4

10-2



2.223 MeV NEUTRON-CAPTURE LINE

n + p d + 

[mn + mp] – md = 2.223 MeV (d binding energy)

note: capture on other elements not significant
due to low abundance relative to H

(5He is unstable and returns the neutron)

3He is an important exception!
n + 3He  t + p

radiation-less charge-exchange reaction 
even though 3He/H ≈ 1  10–5,

the cross section is large

ce,3He ≈ 1.6  104 ( capture,H)



2.223 MeV NEUTRON-CAPTURE LINE (cont.)

capture  v–1

neutrons thermalize in the dense 
photosphere (T ~ 6000K) before capture

Consequences:

to Earth

Sun

1500 1000

photospherechromosphere
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neutrons neutron
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pions

500 0 –500 –1000
Height (km)

10–4

10–3

10–2

10–1

1

dQ
/d

H
 (k

m
–1

)

• Line width due to thermal Doppler broadening is very small (<10 eV)

•  rays are delayed by ~100 s after neutrons are produced

• Significant attenuation of the line due to Compton scattering



2.223 MeV NEUTRON-CAPTURE LINE (cont.)
Calculated Yields & Ratios
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Pion Production
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Pion Production (cont.)
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Calculations of High-Energy
Observable Emission

Transport and interaction model
described by a set of parameters
relating to conditions at the Sun,

f(p1, p2, p3, ... , pn)

The traditional physics approach:
Develop a model for the flare process

that can explain the observations with as few
physically-based parameters as possible

Predicted observable quantities

Compare with measured
observable quantities

Modify parameters p1, p2, p3, ... , pn

chromosphere

corona
e, p, 3He, , C, N, O, ...

reaction
products



Magnetic Loop Model

· Scattering due to MHD turbulence replenishes loss cone:  = 

· Mirroring due to magnetic field convergence: B(h)  P(h)

· Atmospheric model, n(h), T(h)

· Accelerated-particle spectral index, abundances

· ambient abundances

· B perpendicular to solar surface at footpoints

(mean free path)
Lc (loop half length)
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constant B

MHD turbulence

isotropic accelerated-
particle release

neutral
B (pressure)

no MHD turbulence

Atmospheric model

Avrett
Vernazza C
Machado F2
CICM

-2000 -1000 0 1000 2000
h (km)

10-6

10-4

10-2

1

102

104

m
 (g

m
 c

m
–2

)



Summary of the Dependence of
Observable Quantities on the Parameters


