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Abstract: It is well known that energy spectrum of solar energetic particles (SEP), observed by
ground based neutron monitors and muon telescopes (in high energy region; the transfer to the space
from the ground observations is made by the method of coupling functions, see in Chapter 3 of [1]),
and by detectors on satellites and space-probes (in small energy region) changed with time very much
(usually from very hard at the beginning of event to very soft at the end of event). The observed spec-
trum of SEP and its change with time are determined by three main parameters: energy spectrum in
source, time of ejection, and propagation mode. In the past we considered the first step for forecasting
of radiation hazard: the simple isotropic mode of SEP propagation in the interplanetary space (see
Chapter 2 in [2]). It was shown that on the basis of observation data at several moments of time could
be solved the inverse problem and determined energy spectrum in source, time of ejection, and diffu-
sion coefficient in dependence of energy and distance from the Sun. Here we consider the inverse
problem for the complicated case: mode of anisotropic diffusion and kinetic approach. We show that
in this case also the inverse problem can be solved, but it needs NM data at least at several locations
on the Earth. We show that in this case the solution of inverse problem starts to work well sufficiently
earlier than solution for isotropic diffusion, but after 20-25 minutes both solutions give about the
same results. It is important that obtained results and reality of used model can be controlled by inde-
pendent data on SEP energy spectrum in other moments of time (does not used at solving of inverse
problem). On the basis of obtained results can be estimate the total release energy in the SEP event
and radiation environment in the inner Heliosphere, in the magnetosphere, and atmosphere of the

Earth during SEP event.

The method of automatically search of the
start of great SEP events

In the first we need to solve the problem of auto-
matically searching for the start of great SEP
event. The determination of increasing flux is
made by comparison with intensity averaged from
120 to 61 minutes before the present Z-th one-
minute data. For each Z minute data the program
SEP-Search starts to work simultaneously for
each independent channels. Let us suppose that
there are two channels, A and B. In this case the
SEP-Search program for each Z-th minute deter-
mines the values
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where [, and Ip; are one-minute intensities in
channels A and B of NM. If simultaneously
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SEP-Search repeat the calculation for the next
Z+1-th minute and if Eq. 3 is satisfied again, the
onset of great SEP is established and the program
SEP -Research starts to work.

The probability of false alarms

Because the probability function ®(2.5)=0.9876,
that the probability of an accidental increase with
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amplitude more than 2.5 in one channel will be
(1-(2.5))/2=0.0062min "', that means one in

161.3 minutes. The probability of accidental in-
creases simultaneously in both channels will be

(1-@(2.5))/2)* =3.845%x 10> min~! that means

one in 26007 minutes ~ 18 days. The probability
that the increases of 2.5¢ will be accidental in
both channels in two successive minutes is equal

o ((1-®(2.5))/2)" =1.478x10  min!  that

means one in 6.76 x 10% minutes ~1286 years.
The probability of missed triggers

The probability of missed triggers depends very
strong on the amplitude of the increase. Let us
suppose for example that we have a real increase
of 7o (that for NM in Israel corresponds to an
small increase of 9.8%). The trigger will be
missed if in any of both channels and in any of
both successive minutes as a result of statistical
fluctuations the increase of intensity instead of 7c
will be less than 2.5c. For this the statistical fluc-
tuation must be negative with amplitude more
than 4.5c. The probability of this negative fluc-
tuation in one channel in one minute is equal

(1-(4.5))/2=3.39x10*min™", and the prob-

ability of missed trigger for any of two successive
minutes in any of two channels is 4 times larger:

1.36x107 . It means that missed trigger is ex-
pected only one per about 70000 events.

On-line determining of SEP spectrum

The  observed  relative =~ CR  variation
S (Rpst)= ALy (R.,1)/Ino(R.) of some compo-
nent m can be described in the first approximation
by function F,(R.,7):

5Im(Rc’t):b(t)Fm(RcJ/(t)) 4)

where m = tot, 1, 2, 3,4, 5, 6, 7, >8 for NM data
(but can denote also the data obtained by muon
telescopes at different zenith angles and data from
satellites), and
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is a known function. Let us compare data for two
components m and n. According to Eq. 4 we ob-
tain

5Im(Rc’t)/5[n(Rc’t):len(RcJ/) (6)

where

\Ymn(Rca?/):Fm(Rc’y)/Fn(Rwy) (7)
are calculated by using Eq. 5. Comparison of
experimental results with function ¥,,,(R..)

according to Eq. 6 gives the value of 7(t), and
then from Eq. 4 the value of the parameter b(¢).

Inverse problem for isotropic diffusion

The solution of this problem was described in
detail in Sections 2.42-2.43 in [2]. It was shown
that the forecasting model, developed on the basis
of this solution, starts to work well only after 20-
30 min after automatically search the start of SEP.
The direct solution for the diffusion coefficient

(R, )= (R)x (r/r, )P is well known [3]:
Ny (R)x 2P/ P) e (R) )2/ )
- VD)2~ )

]
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where =1 AU, and N,(R) is the source func-

tion of SEP. If we know n(R,r,t) at moments
,tp,t; after SEP injection into interplanetary

n(R, r,t) =

®

space (see the previous Section), the final solu-
tions for 3, x1(R) ,and N,(R) will be
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where n; En(R,r,tl-), i=1,2,3.
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N, (R)= 4G, By (R, t; Yoy (R) Y CF)
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In Eq. 11 index i =1, 20r3 and
Aln.p)= (2 PP - g 201es)
Kinetic and anisotropic diffusion cases

an

In this approach we will be based mainly on theo-
retical works [4, 5], according to which the evolu-
tion of the particle distribution function
f (y,r, ,u) follows from the kinetic equation writ-

ten in the drift approxirnation'

0 0

Tty J S =256 plu). (12)
where y is coordmate along regular IMF and 7 is
time in dimensionless units (y=zv /v, 7 =v ),
v, =v/A is the collision frequency of SEP with

magnetic inhomogeneities; u = cosf, and @ is the
particle pitch-angle. The right-hand side of Eq. 12
describes an instantaneous injection of SEP with
an initial angular distribution
a,A
¢(ILI ) = 2 27 21
2082, + (-, )

For the finite time injection in the right-hand side
of Eq. 12 instead of &(z) will be

(13)

2r)=virexp(-v,z), (14)

where v, ! characterizes the mean duration of the

injection. In this case the solution of Eq. 12, ob-
tained by the method of direct and inverse Fou-
rier—Laplace transform, will be

T 1

7)=[dé [duz(c - E)f (v.&, 1y (w).
0 -l

This solution consists from three terms
G(1.7)= Gy (1,7)+ G (3, 7)+ G (7). (16)

The first component describes a contribution of
the un-scattered particles which exponentially
decreases with time t:

2
Guv(ys ) %p()
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A contribution of the scattered particles can be
divided into two parts. One, the non-diffusive

term Gy (y,z'), also exponentially decreases with

time, and another term, G;j (y,r), has a leading
meaning in the diffusive limit of T >> 1. Namely,

the non-diffusive term reads

G (y,7)= vy ol vyr) e;)v(_ V"T){yi;nq’(y,r,n)[s (r)-s()]
- idn‘P(y,f,n)[S(y/n)—S(y)]} (18)
where ( () )
) explyAln)/2
¥(v,7.7) G+ 220 1) +A2)(19)

The last (diffusive non-vanishing) term in Eq. 16
has a sense only for [y\ <7 and reads as
I Lo(y.5)

G4 (y,
?(y,r) =220 [y

X {em - e(y T)V" +yK[1 + (z’ - y)(vo + K)]} (20)
where x =kcotk—1, and
D(y,k)=
(BB, ~T,,T; Jeos(ky)+ (B, T, +T,,B; Jsin(ky)
D,D, cos? k

Expected temporal profiles for NM and
comparison with observations

For example, some selected NM data for the 24
May 1990 are demonstrated in Fig. 1.
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Figure 1: Two groups of NM records of the event
on 24 May 1990. Left - have the narrow peak of
the anisotropic stream of the first fast particles
(HO — Hobart, WE- Mt.Wellington, LS — Lom-
nicky Stit); right - show a diffusive tail with a
wide maximum at a later time (OU — Oulu, DU —
Durham, WA— Mt.Washington). From [4].
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In Fig. 1 the time (in min) is measured from
the onset of particle injection taken as 20.50 UT
of May 24, 1990. The theoretically predicted
temporal profiles for the selected NM in the
model described above are demonstrated in Fig.
2, left and right panels, respectively, using the
calculated asymptotic direction for each NM
station.
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Figure 2: Theoretical prediction of temporal pro-
files for the selected NM using calculated pa-

rameters A,, AL and mean R for each NM. On

the ordinate axis are shown expected intensity
relative to HO in maximum. According to [4].

This calculation shows that HO and WE have
very similar characteristics, A, is 0.9 and 0.86,

respectively, with AL = —0.26. Station LS has 4,

=0.34, AL = 0.4. In the second group of NM, OU,
DU, and WA have 4, = —0.94, —0.9, —0.85 and

AL =0.06, 0.1, 0.3, respectively. Oulu and Apatity
give absolutely the same theoretical curves result-
ing from their similar characteristics and very
similar temporal profiles of the event. The last
two NMs (DU and WA) experienced small in-
creases at 1-2 hours after onset, as the theory
predicts, see Fig. 1 (right panel), owing to smaller

A, and larger A\ and larger mean R .

Conclusion: seven steps for forecasting of
radiation hazard during SEP events

For realization of the first step of forecasting we
need one minute real-time data from about all
NM of the world network. On the each NM must
work automatically the program for the search of
the start SEP events as it was described in Sec-
tions 1-3. This search will help to determine
which NM from about 50 of total number oper-
ated in the world network show the narrow peak
of the anisotropic stream of the first arrived solar
CR (NM of the 1-st type) and which show a dif-
fusive tail with a wide maximum at a later time
(NM of the 2-nd type). In the second step we
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determine rigidity spectrum of arrived SEP I (R)

above each NM outside of the atmosphere, and
then separately for NM of the 1-st type and 2-nd
type by using method of coupling functions as it
was described above in Section 4 (in more detail
see Chapter 3 in [1]). In the third step we should
try to use the model of isotropic diffusion for a
rough estimation of expected radiation hazard
(see Section 5). In the fourth step we should de-

termine for different NM the mean R, 1, and AL

characterizing for this event. By using these pa-
rameters and experimental data on NM time pro-
files in the beginning time we cane determine
parameters of SEP non-scattering and diffusive
propagation, described in Sections 6 and 7 (the
fifth step). On the basis of determined parameters
of SEP non-scattering and diffusive propagation
we then determine expected SEP fluxes and pitch-
angle distribution during total event in interplane-
tary space in dependence of time after ejection
(the sixth step). In the seventh step by using again
method of coupling functions we should deter-
mine expected radiation doze which will be ob-
tain during this event inside space probes in inter-
planetary space, satellites in the magnetosphere,
aircrafts at different altitudes and cutoff rigidities,
for people and technologies on the ground.
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