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Abstract
We consider howilt and divergence of magnetic field lines solar corona affect distribution functions of
interacting and interplanetary protons. It is shown that signaturasgrfetic field geometry may be found in
anisotropy of secondatyigh-energy neutrons arnyrays, in ratio ohumbers of interplanetary to interacting
protons, in protorenergyspectra, irthe characteristic decdynes ofy-ray andneutron emissions, and in a
spatial distribution of the secondary emission sources on solar disc.

1 Tilt of magnetic field lines:
In the solar cycle 22, observations of high-energyray and neutron flares suggeshore isotropic
production of high-energgeutral emissions than\itas expected earlier (Mandzhavidze Ramaty, 1993).

One possible explanation of these observatiortbasthe high-energy emissiorase produced in complex
magnetic structures with varying configurations from flare to flare (Chupp et al., 1993, Trottet et al., 1993).
Importance of strongly tilted magnetic fields at flare site haseen demonstrated by Kocharov et al.
(1997). They startedwith analysis of magnetistructures at sites d#o flares responsible for100 MeV
neutron events. Based on these observatiomsdel ofneutron production wasonsidered. Thenodeltakes
into account the observed large tilt of magnetic field lines at footpoiritgreimagnetic loopskesults of the
new calculations havbéeen compared withoth previous calculations and observations. The tithafinetic
field lines at theflare site is proved to be the most important paraniietéing anisotropy ofhigh-energy

secondary emission in solar flares. It can be concluded that: (1) The tilt of magnetic field lines at footpoints of
flare loops is a&ey parameter for theoretical calculations of anisotropyigh-energy neutron angray
emissions. This parametens not takemto account in previous calculations. (2) Largagnetic tiltangles
actually observedmply much moreisotropic emissionthan thatexpected in earlier studie¢3) High-
resolution magnetograms and stereoscopic observatiopsagfandneutron emissionare desirable for a

more accurate determination of parameters of accelerated ions at the Sun.

2 Divergence of closed magnetic field lines:

Possible divergence of magnetic field lines in corquaation of a magnetic loop may affecapping and
acceleration of solar particle8nalytic steady-state solutions to the focused diffusion equation lhesme
used to deduceroton trapping timeTya, an average residence tifieg all particlesinjected in the magnetic
loop (Kocharov etl. 1999a). Weake into account effect ®fIHD turbulence andlivergence of magnetic
field lines in bothcorona and chromosphere of then. Thenumerical simulations of pitch-angle scattering
have beemlso used teaheck analytic solutions and &scertain boundargonditions to the focused diffusion
equation. Results haveeen obtainedor severaldifferent functional forms oB((), the magnetic field as a
function of distance alongarticularcoronal field line. Fiveaseshave been studied, froBibeing constant
along the coronal portion of the loop B§() corresponding to a force-free magnetitucture. The results
indicate that divergence of magnetic field in coronal portion of the loop can significantly increase the trapping



time, no mattehow snall mean fregpathmay be. [Rrived analytic expressiorisr Tyap should be used for
calculation of intensity of secondary emissions from the loop-top sources.

Analytic time-dependent solutions to the focused diffusion equation have been considerechse tbe
constant corond to find thebasicdecay time of thérapped proton numbeTgecay an asymptotic value of
the exponential decay time when titeads to infinity. In generalase time Tgecaydoes not coincide with the
first characteristidime Tyap In the case of variablB in the coronal portion of the loop, Mon@arlo
simulations of pitch-angle scattering haa@en employed toalculateTqecay in @ widerange of parameters.
However, we have also obtained analytic expresdmmisow thecharacteristidime scales with parameters
of the magnetic loop. Deduced expressimng ecayShould be usefibr calculations ofon acceleration in the
escape-time approximation affor the interpretation of the decay phasesofar y-ray flares.Magnetic
focusing force in the coronal portion of the loop makes acceleration more effi@@nvwould be expected in
the no-coronal-focusing approximation.

3 Divergence of open magnetic field lines:
Let us consideron acceleration region which is permeated by a divergiaticambient magnetiéeld
B({), where( is a spatiatoordinate along the magnetic field line extending fronsthlarphotosphere to the
interplanetary medium (Figut®. The length of the acceleration region ald L. Small-amplitudedlfvén
turbulence is generated by an unspecified mechanism inside the accelerationRagdiole scattering at
Alfvén waves results in particle diffusion and acceleration described by a Fokker-Planck equation. In the case
of isotropic wave turbulence and nearly isotropic particle distribution the equation takes the form:
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wheren(¢, pt) is the number of particles per unit of theagnetic line lengttand per unitvolume in
momentumspace,Lg is the focusing length. The term with the focusing length employs a magjaletic
geometry anadomes from the consideration jérticle transporalongarbitrary guiding field configuration
(Earl 1981). Tahe best obur knowledgethis portion of théransport operator hdseen never incorporated
into a model ofstochastic acceleration of solar particles. The bounciamgition at the acceleratiargion
floor, (=0, accounts for an effect of magnetic mirroring:
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whereKn is a flux of precipitating particlesk=V/(4py), V is particle velocityp, is magnetic mirrorratio
beneath the acceleration region (Figli)e We consider non-relativistic particles an@fine p as an ion
momentumper nucleon. In the case of wedlfvén turbulence, the diffusion coefficient in tineomentum

spaceDp, and the diffusion coefficient along the guiding magnetic field,can be written as
Dp=Der(Z/A) " '0e(7)  and  D=De (Z/A)**p* M (Q),

where S<2 is a spectraindex of the turbulence, function&s({) and A;({) account forthe spatial
dependencies of acceleration and diffusion, respectively. We adopt the KrglemamenologyS=3/2. We
also suggedhatthe Alfvén speed, the relative energy densitywbulence, and eninimum wavenumber in
the power law spectrum of turbulenaee constant throughottie acceleration region, and the injectioio

the acceleration is proportional to the ambient plasma number density. We shggest particles are
instantly injected withsome srall momentumand consider time-integrated proton distribution functions.
Magnetic field is exponentialB({)=B.exp(nd{ / L), wheren being a magnetic scale parameter.



Monte Carlo method has been employe™
for numerical solving equation(1). We
consider exponential magnetic field an
exponential injection beingroportional to
the ambient plasma number density. Mg
details aboutnumerical simulations and
about analyticalvork can be found in the
journal publication (Kocharov etal.,
1999b). We finally calculate energy
spectra of interplanetary anidteracting
protons, and theratio of numbers of
interplanetary to interacting proton§,. Py
For a convenience of the result
presentation, we introduce a characteris \
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Figure 1: lllustration of the acceleratioregion (filled gray)

where/\, is the mean frepath of 1 MeV ) _ _
proton at the floor of acceleration regiOIwhere interacting andinterplanetary protons may be
concurrenty producedpc=expn.

U, is the Alfvén speed measured in units J.
1.2x10 cms™, L, is an effective length of the acceleration regibp=L [1-exp(-n/2)] / [n/2].

Figure 2 gives calculated ratio of the numbers of interplanetary to interacting protoesevgiiE>4E;.
Parameter forthe curves is an acceleration-region magnetic-scale parametén Figure 2, the
interplanetary to interacting proton rafias shown as a function of the mirror ragipat a fixed value of the
Au/L-ratio, where Ay=A(0,p) is the mean frepath of protorwith energyE, = E; / [5(L, /L)J** at the
acceleration region floor. Nothat inthe case op,>1, theratio ' depends only on a combinpdrameter
L/(Aupp)- For this reason, @alue of[ corresponding to aewratio L/Ay can bepicked up from the same
figure but at ananother magnetic mirraatio py. It is seen fronFigure 2 thatonvergence of magnetic field
lines beneath the acceleration regiobas noeffect on the interplanetary-to-interacting proteatio if
PL<10xL/(10QN\y). For a proton acceleration up to above ~20 MeV under a typical coronal conditions, we
estimateL/Ay>100, so thap,<10 has neeffect on the proton precipitation into the chromosphefeleva
higher ‘magnetic elevation’ of accelerated region suggests a strong decrease in the number of interacting
protons in respect to the proton number in the interplanetary medium.

4 Discussion:

We have presented tHest theoretical calculations of theatio of the numbers of interplanetary to
interacting protonsl” . An acceleration on open magnetic field lifess been considered with a view to
explain relatively highvalues of the interplanetary-to-interacting protatio, ' ~1, observed wherpost-
impulsive-phase acceleration is present (Ramaty et al., 1993, Kocharov et al., 1996). We conclude that, in the
case of stochastic acceleratiordigergence of magnetic field lines insided beneath the accelerati@gion
is thebasic parameter affectirte ratiol" . Deduced values df in the exponentiainodel ofstochastic
acceleration ap,<10xL/(10Q\y) vary between land I'ma=5, depending on the ‘magnetic depth’ of the
acceleration regiomc= expn (Figures 1, 2). Itwould be equally incorrect to suggélsatl” is always
equal to unity if particles are accelerated on open coronal magnetic field lines, or to neglect magnetic focusing
inside the acceleration region arguithgt /A << Lg, or to suggesthat amagnetic mirrompy,=10 beneath the
acceleration region can cause a strong incredse in



However, py=100 could raiselr well

beyond the limiting valu€ .« Spectra of

low energy interactingprotons, being 4,

accelerated in the exponential atmospher

are essentially steeper thamould be — __

expected based on the escapiene 7{'
N
(.

A, p,)/L=0.01
A
approximation and steeper tha
corresponding protonspectra in the
interplanetary medium. In contrast,
divergence of closed magnetic field line
results in a harder spectrum of interactir
protons tharwould be expected when th
divergence has been neglected.

For a comparison of interacting anc
interplanetary particlene shoulddeduce
from experimental data a number of
particles interacting at the&Sun and a
number of particles concurrentipjected
into the interplanetarymedium. Such an
analysis hadeen dondor the 1990 May 1 10 Po 100
24 solar flare (Kocharov etl., 1996). The
number ratio for those concurrently Figure 2: The ratio ofthe integral energgpectra ofinter-
produced interplanetary and interactir planetary to interacting protons$,(E/E;>4), vs magnetic
protons is estimated to be —2L One can mirror ratio between the floor of acceleration regiand the
seen fromFigure 2 thatthe valuel=2 top of interacting regiorp(p in Figure 1).
corresponds to the magnetgtio between
the top of interactiomegion and théop of acceleratiomegionp wp= poPc = Pr €XPN = 20-30. The latter
corresponds to rathéigh altitudes in solar corona, up to ~2 solar radii, if dusogetens of minutegfter
the end of impulsive phase protons precipitate mainly away from the strong magnetic field sites.
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