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Abstract

The cosmic rays (CR) influence the ionization and electric parameters in the
atmosphere and also the chemical processes (ozone creation and depletion in the
stratosphere) in it. CR ionize the whole middle and lower atmosphere, i.e. the strato-
mesosphere and troposphere. The cosmic rays are a key factor affecting the atmospheric
chemistry and the space weather and space climate in the Earth’s environment.

Two approaches have been developed to compute the CR ionization, for example:
1) the analytical model CORIMIA - COsmic Ray lonization Model for lonosphere and
Atmosphere, and
2) the statistical CORSIKA code, including the FLUKA Monte Carlo package, which is
based on a Monte Carlo simulation of the atmospheric cascade. Usually the analytical
models use the ionizing capability C function, while the statistical simulations utilize the
ionization yield Y function.

In the present work we find connection between the functions C and Y and we will
proceed to a unified approach to the calculation of atmospheric ionization due to cosmic
rays with galactic (GCR), solar (SCR) and interplanetary (anomalous CR, ACR) origin.
Formulas for ionizing capability and ionization yield functions are derived for general
case, for relativistic approximation (GCR) and for sub-relativistic case (SCR and ACR).
The input parameters in the proposed model include the full composition of the CR nuclei
groups as follows: protons (p, Z = 1), alpha particles («, Z = 2), and HEZ particles: Light
(L, 3<Z <5), Medium (M, 6 <Z <9), Heavy (H, 10 <Z <19), Very Heavy (VH, Z > 20)
and Super Heavy (SH, Z >30) groups of nuclei.

Some practical applications of the obtained results are discussed. The results of
the full Monte Carlo simulation which are tabulated in a form of the ionization yield
function can be applied much more widely. With the help of the achievements of this work
the analytical model CORIMIA can use the results of statistical code CORSIKA that will
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allow comparison between the two approaches. As is known by CORSIKA is possible to
estimate the CR ionization below 20-25 km and by the model CORIMIA - above this
altitude. So those two approaches are complementary.

The proposed approach can be used at the quantitative consideration and analysis
of the solar-terrestrial relationships and the problems of space weather and space climate.
It is a theoretical approach and consequently can be applied also for the calculation of
ionization effects in the planetary ionospheres and atmospheres.

Introduction

Presently, there are numerous arguments suggesting that the solar
activity variability affects the global climate in different aspects and on
different timescales. Several possible mechanisms have been suggested,
which can be responsible for the observed relation between the solar
variability and the climate: via the changing solar irradiance; by the UV
heating of the stratosphere and the consequent circulation variations; or by
cosmic rays affecting the cloud formation [1].

Galactic cosmic rays (GCR), solar cosmic rays (SCR) and
anomalous cosmic rays (ACR) are responsible for the ionization in the
atmosphere and lower ionosphere by electromagnetic and nuclear
interactions [2, 3]. Because of their high energy (up to 10*%eV) the particles,
which originate from the Galaxy can react and produce ionization in the
atmosphere until being absorbed in it. The influence of cosmic rays (CR) is
important for the electric parameters and the chemical processes - ozone
creation and depletion in the stratosphere [2, 4]. Therefore the cosmic rays
determine the electric conductivity and influence the global electric circuit
of the Earth. There is also combined hypothesis of CR-UV impact on the
solar-atmosphere relationships [1].

Effectively the cosmic rays ionize the whole middle and lower
atmosphere, i.e. the strato-mesosphere and troposphere. GCR create an
independent cosmic ray layer in the lower part (50-80 km) of the
ionospheric D-region [5, 6, 7, 8]. This cosmic ray layer was called CR- or
C-layer. The contribution (up to several hundred electrons per cubic
centimeter) of cosmic rays in the formation of C-layer has been confirmed
experimentally by the data of rocket flights [9] and absorption
measurements by the ionosphere’s propagation of long radio waves [7, 8].
Initially the ionization, i.e. the electron production rate q [cm?s™], of the
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galactic cosmic rays in the atmosphere was determined by the empirical
formula given in [9]. The electron production rate q(h) in the ionosphere
have been theoretically calculated as a function of height h firstly in the
work [5, 6]. The results obtained have been generalized in [10, 11]. There is
used a realistic curved atmosphere to allow computing CR electron
production rate profiles. The chemical composition of the atmosphere was
taken as N,, O, and Ar in the volume fractions of 78.1%, 21% and 0.9%,
respectively. The ionosphere’s electron density profiles were modeled by
four latitudes: 0°, 30°, 41° and 55°.

Two approaches have been developed to compute the cosmic ray
ionization: analytical and statistical. The mentioned works [10, 11] and the
improved model CORIMIA - COsmic Ray lonization Model for lonosphere
and Atmosphere (see the full description in [12]) are created by an analytical
approximation of the ionization losses function of Bohr-Bethe-Bloch, while
the statistical models are based on a Monte Carlo simulation of the
atmospheric cascade [1, 13, 14]. The latter method is an improved Monte
Carlo model which is based on an updated version of the CORSIKA code,
including the FLUKA Monte Carlo package to simulate the low-energy
nuclear interactions, and explicitly the direct ionization by primary CR
particles [1, 13, 14].

Usually the analytical models [12] use the ionizing capability C
function [10, 11], while the statistical Monte Carlo simulations utilize the
ionization yield Y function [1, 13, 14]. In the present work we will find
connections between the functions C and Y and we will proceed to a unified
approach to the calculation of atmospheric CR ionization.

In this work also formulas for ionizing capability and ionization
yield functions will be derived for relativistic (GCR) approximation, i.e. the
particles with relative velocity

p=vic=1l

where v is velocity of the CR nuclei and c is the light velocity. Then the sub-
relativistic (SCR and ACR) case

p=vic<l

will be studied detailed and thus the results will be essentially generalized.

268



1. Model for Electron Production Rate Profiles

During their penetration in the atmosphere the cosmic rays cause
ionization of the neutral components. Therefore free electrons are emitted.
The ionization production rate g [cm™>s™] at height h [km] is calculated as
a superposition of the effect of different groups of nuclei in the
composition of cosmic rays. A three dimensional model for the electron
production rate is used [5, 6, 10, 11, 15]:

1)
w 2r wl2+A0

q(h) = Zq(h) = H j D(E)( jsin(&)d@dadE,

i EaO 0=1

where Q = 35 eV is energy for formation of one electron-ion pair. « is the
azimuth angle, 6 is the angle towards the vertical, A@ takes into account that
at a given height the particles can penetrate from the space angle (0°, Omax =
=90 + A#), which is greater than the upper hemisphere angle (0°, 90°) for a
flat model. E; are the corresponding energy cut-offs. The summation of the
ionization integral (1) is made on the all groups of nuclei: protons p (i = 1),
alpha particles o (i = 2) and heavier groups of nuclei - HZE nuclei: light L
(i =3), medium M (i = 4), heavy H (i = 5), very heavy VH (i = 6) and super
heavy SH (i = 7) in the CR composition.

In the expression (1) E is the full energy (GeV/nucl) of the
penetrating particles and the differential spectrum [cm? ssriGev™] is in
the form:

(2) D(E)=KE?

K and y are constants for the galactic cosmic rays; (dE/dh) are the ionization
losses of CR particles according to the formula of Bohr-Bethe-Bloch [9].

Currently, there are mainly three types of models for calculation of
the ionization rates in the ionosphere and atmosphere [16]:

1) thin target model (for the ionosphere, above 50 km),

2) intermediate target model (for the ozonosphere, 30-50 km), and

3) full target model (for the troposphere and lower stratosphere,
below 25-30 km).
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The present paper concerns: 1) the thin target, and 2) the
intermediate target models. For the lower and middle atmosphere below 25-
30 km, the full target models 3): CORSIKA, GEANT4, etc., are used [16].
These models are not applicable for altitudes above 25-30 km because of the
small atmosphere depths there. They require atmospheric depths of at least
3-4 g/cm?.

Since the galactic cosmic rays penetrate isotropically from the upper
hemisphere from (1) it follows the more simple expression:

3) q(h)=%’iD(E)@—ﬁjdE

as the multiplier 2z shows this isotropic influx of the galactic particles; E. is
the corresponding geomagnetic cutoff energy in GeV/nucl.

The variable of integral (3) can be not only the energy of the CR
particles, but also their rigidity R (GV). In this case the differential spectrum
[cm? stsriGVv Y] will be

(4) D(R)=KR”

as the energy cutoff E; in (3) must be replaced by the corresponding
geomagnetic threshold of rigidity R; (GV).

1.1. Analytical and Statistical Approaches in lonization Models
and Relationships between them

At the analytical approach the electron production rate q(h) IS
closely connected with the cosmic ray ionizing capability. In general the

ionizing capability function C(h) at given altitude h with atmospheric
density p [g cm™] is determined by the expression [10, 11]:

(5)  C(h)=q(h)/p(h)

This function physically represents the number of electron-ion pairs
produced in one gram of matter (in this case atmospheric air) per second and
characterizes the ionization effectiveness of the radiation factor.

In the statistical approach is calculated initially the ionization yield
function Y [1, 14, 16] which gives the number of ion pairs produced in one
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gram of the ambient air at a given atmospheric depth by one nucleon of the
primary cosmic ray particle with the given energy per nucleon. Then, the
integration by energy is carried out. In this approach all results depend on
exact atmospheric density profile. In order to minimize this uncertainty, the
CR ionization is computed per gram of the atmospheric matter rather than
per cm®. In this case, the uncertainties of the g(h), computed using different
atmospheric density profiles, do not exceed 1-2% in the low troposphere,
which is less than statistical errors of computations.

We want to combine the mentioned two approaches. For this purpose
we introduce the function Y [1, 13, 14, 16] in the expression (3) after which
we derive the formula:

© )= [D(EN(E.n)oln)de

Here p(h) is the density of atmosphere [g cm™] at height h and the ionization
yield function Y [electron-ion pairs sr cm? g™'] can be represented as:

7
(7) Y(E,h)zz_”(id_Ej
Q \pdh
Thus, the wanted connection between the functions C(h) and Y(h)
will be:

® Cc(>E.)= ]ED(E)Y(E,h)dE

Ec

Actually the CR ionizing capability C(h) depends on the function of
ionization losses and ionization potential of the medium Q, on the type of
CR nuclei (or group of nuclei: p, He, L, M, H, VH and SH), on their
spectrum and geomagnetic threshold of rigidity.

1.2. General Formulas for lonization Yield Function

Using the relation (7) and the expression for ionization losses [5, 6,
10, 11] we can write the following formula for the ionization yield function:

_2703Z°(, E B
9) Y(E)—Q 7 [InEoﬁ+4.5 2}
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where Z is the charge of the penetrating CR particle,
S =V /cis the relative velocity, where v is velocity of the particle and c is

the light velocity;
E and Ey are the full energy and rest energy of the CR nuclei.

The relationship between E and Ep is established using the
relativistic equations [11]:

E*-E?

EO —
(10) E=\/1_70r B = =

(11) E=Mc® and Eo= Mc?

where M and My are the mass and rest mass of the particles. If we substitute
(10) in (9) we obtain the following expression for the ionization yield
function of penetrating CR particles:

2 2
(12 V(E)=-ZosziE_[infE-gl+a5-LE-E
Q E? E; 2 E

The rest mass of a proton is 938 MeV ¢, i.e. Eo = 0.938 GeV ¢, If we put
(13) E;=0.879844 ~0.88
in (12) we receive the following more concrete presentation:
2
(14) Y(E)=%”osz = (In\/EZ—O8 45—1EE—088J

In the development of some problems it is more convenient to use
simplified and symmetric equations. That is why sometimes the energy in
cosmic ray physics is expressed in units Eo = 0.938 GeV. In this case, the
equation (14) will pass into:

27 ) 52 5 1E?-1
15) Y(E)=220.32Z INVEZ-1+45-=
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This expression will be exploited in the future when examining the
variety of cases of cosmic ray influences of the ionization state of the
middle atmosphere.

2. Relativistic Case — Galactic Cosmic Rays
2.1. Relativistic Approximation

Since the galactic cosmic rays are with relativistic energies, then the
condition
p=vic=1l

(exactly fulfilled at lower and middle geomagnetic latitudes) is valid. After
assuming this ratio from ionization yield function equation (9) follows:

(16) Y(E):%’os z{méwj

0

This means that

(17) E>>Ep or E~ Eg
where

(18) Ex=E—E

is the kinetic energy of the particle. If we place In Ep = In 0.938 in (16), we
will receive the formula:

19 v(g)= %’0.3 Z*(InE +4.064)
or

(20) Y(E):%”O.azz(ln E+4)

if the energy is expressed in units E; = 0.938 GeV.
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2.2. Formulas for lonizing Capability

After substitution the last derived expression (20) in (8) and after the
appropriate solution of the integral, we will receive the following formula
for the ionizing capability:

(21) C(> EC)=5.4X104D(> EC)ZZ(In EC+L1+4]
y—

where D(>E) is the CR integral spectrum and y = 2,5 - 2,6 is the exponent
in differential spectrum [5, 6, 11]. If this exponent y laid on its average value
and if we take into account the relationship Ing; = 2,3IgE., we will receive
the more convenient formula:

(22) C(>E.)=1.24x10°D(> E.IgE. +2)
as the energy is expressed everywhere in a natural unit Eo = 0.938 GeV.

By the formulas (20, 21) can be found another connection between
the integrated ionizing capability and the ionization yield function:

2
(23) C(>E.)=D(> EC)(Y(EC)+5.4><104 Z J
Y function may be represented also through geomagnetic rigidity R
taking into account the ratio [3]:

(24) R=(AIZ)E

A is the atomic weight and Z is the charge of the particle. If we use the
relationship (24), the following expression in the relativistic case is obtained
from (21):

(25) C(>R.)=5.4x10D(> RC)ZZ(InERC +i+4)
A y-1
In this formula may be accounted the different characteristics of
cosmic ray particles, for example relations A/Z = 1 for protons and A/Z = 2
for heavier nuclei. Thus this formula can be further elaborated.

It should be noted that the particles with the ratio of A/Z > 1 are less
deflected by the geomagnetic field, which, in combination with their weaker
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heliospheric modulation, makes them very important for the CR ionization

[1].
If we take into account the real GCR composition, we can deduce the
following a simplified expression:

(26) C(>R.)=1.56x10°D(>R.)InR; + 4.15)

As the galactic cosmic rays consist of 87% protons (from all nuclei),
it i1s convenient the ionizing capability to be expressed by the integral
spectrum of protons:

(27) C(>R.)=1.8x10°D,(> R InR. +4.15)

which is suitable for practical calculations.

The following two factors significantly affect ionizing capability C:
i) latitudinal effect, and ii) 11-years variations of galactic cosmic rays.

i) The latitudinal effect can be shown clearly by expressing the integral
spectrum and geomagnetic cut-off rigidity in (26) trough the rigidity and
then trough the geomagnetic latitude An,. For this purpose we replace the
spectrum (4) in (26) , as a result of which we obtain:

InR. +4.15
(r —2RE™
Now we will express R. by means of the approximation [10, 11]

(28) R, =14.9cos’ A

(28) C(>R.)=18x10°K,

in which the geomagnetic field is represented as a dipole. It follows from
(28) at

y=25
that

0.576Incos 4, +1
cos 2>

(29) C(>R.)=6.3x10°K,
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which visibly expresses the latitudinal effect in the distribution of cosmic
ray ionizing capability.

i) The 11-years variations of primary galactic cosmic rays. Their
ionizing capability is expressed in the opposite variations of the variations
of solar activity levels and the cosmic ray flux. At polar geomagnetic
latitudes the integral particle flux increases during the period of the solar
minimum twice in relation to the flux in solar maximum, while at equatorial
region the variation is small. At middle latitudes the variation is significant.

The galactic cosmic rays initiate a nucleonic-electromagnetic
cascade in the atmosphere, affecting its physical-chemical properties and ion
balance [1, 13, 14, 16]. This is a dominant source of ionization of the
troposphere and stratosphere [1, 11, 17]. Therefore a detailed model of the
GCR ionization makes a solid basis for an investigation of the mechanisms
of solar-terrestrial physics. The galactic cosmic rays are a key factor
affecting the atmospheric chemistry (e.g. the ozone distribution [17, 18])
and the space weather in the extraterrestrial space.

3. Sub-relativistic Case — Solar and Anomalous Cosmic Rays

All types of cosmic rays (GCR, SCR and ACR) influence in a
different manner the iono/atmosphere systems of the Earth and planets. The
solar cosmic rays produced in solar flares (and in some other high-energy
solar processes) are one of most important manifestation of solar activity
and one of the main agents in solar-terrestrial relationships. The solar
cosmic rays have sufficient energy and intensity to raise radiation levels on
Earth's surface. This event is termed a "Ground Level Enhancement™ (GLE)
[19]. Solar cosmic rays consist of protons, electrons, helium ions, and HZE
ions with energy ranging from a few tens of keV to GeV. They are ejected
primarily in solar flares and coronal mass ejections (CME). They have a
composition similar to that of the Sun, and are produced in the corona by
shock acceleration, or when part of the solar magnetic field reconfigures
itself.

Moreover the anomalous cosmic rays (ACR) are accelerated in the
outer heliosphere from pick-up ions that primarily originate as interstellar
neutrals. ACR, among the most energetic particle radiation in the Solar
system, are thought to be produced at the termination shock - the boundary
at the edge of the Solar system where the solar wind abruptly slows.

Anomalous cosmic rays include large quantities of helium, oxygen,
neon, and other elements with high ionization potentials, that is, they require
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a great deal of energy to ionize, or form ions [20]. ACR are a tool for
studying the movement of energetic particles within the Solar system, for
learning the general properties of the heliosphere, and for studying the
nature of interstellar material itself. ACR are thought to represent a sample
of the very local interstellar medium. They are not thought to have
experienced such violent processes as GCR and SCR, and they have a lower
speed and energy.

The purpose of the present work is to derive new formulas for
ionizing capability C and ionization yield functions Y in the case of the solar
cosmic rays and anomalous cosmic rays, which requires the obtaining of
new convenient sub-relativistic approximations according to their energy.

3.1. Formulas for lonization Losses Function

The ionization losses function of Bohr-Bethe-Bloch is the basis for
calculating of electron-ion production rate profiles (1, 3) and ionizing
capability at height h [11]:

dE E? 1E*-E?
30) —%5 _03p(h)z?—"—|InJEZ—E2 +45-= 0
( ) dh p() EZ E2|: 0 2 E2 :|

— Lo

where Ej is the rest mass of the particles and p(h) is the density [g cm-3] of
atmosphere at height h. The rest mass of the proton is 938 MeV ¢, i.e. Eg =
=0.938 GeV ¢ If we put

E.=0.879844 ~ 0.88

in (30) we receive the following more concrete presentation:

2
1) - _03p(h)z? | InVE -088+ 45—1EE—9'88}

dh E2-0.88

In the development of some problems it is more convenient to use
simplified and symmetric equations. That is why sometimes the energy in
cosmic ray physics is expressed in units Eo = 0.938 GeV. In this case, the
equation (31) will pass into:
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(32) —d—E=0.3p() [In\/EZ 45—3'5:E 1}

We will use this expression most often.

3.2. Complementary Expressions for lonization Yield Function

The ionization yield function Y [electron-ion pairs sr cm? g™] is used
usually in the statistical Monte Carlo simulations [1, 3, 13, 14]. It can be
represented as (7)

(s

Taking into account formulas (30, 31, 32), we can write from here
similar expressions for ionization yield function in different representations

(using the full energy E or kinetic energy Ey) according to specific task:

2 2
33) Y(E)=5.4x10%Z? E In\E*—EZ +4.5- 1E &
EZ-_E? 2 E?

0

(34)

(B, +E)°

Y(E)=5.4x10*Z> InJE, (2E, + E, ) + 4.5
(E)=5.4x Ek(2E0+Ek)(n \“Eo ™

1E,(2E,+E,)
2 (E+EJ

(35)

(0.938+E, )

Y(E)=5.4x10* 22 In/E, (L8761 E, )+ 45—
(E)=54x Ek(l.876+Ek)(n (LBTO+E, )+

E,(1.876+E, )J
2 (0.938+E, )

Here is used the following relationship between the total energy E,
the rest energy Eo and the kinetic energy Ey:

(36) E=FE,+E,
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If we express the energy in units Ep = 0.938 GeV, i.e. E = 1+ Ex we
will receive the frequently used and convenient formula

(37) Y(E)=5.4x10“zzE(1(+ ))Kln E, (2+E,)+ 45—%—E(1(+2;E)§)J

3.3. Sub-relativistic Approximation
In the previous part 2. was studied the relativistic case

(38) p=vicx1

This concerns the galactic CR at middle and lower latitudes.
However, at higher geomagnetic latitudes the galactic CR penetrate with

(39) p=vic<l

In a similar way during geomagnetic storms the geomagnetic
threshold of rigidity Rc decreases and CR particles can penetrate with
velocities smaller than the light velocity c, i.e. they are sub-relativistic.
These CR nuclei produce bigger ionization. Therefore, here we will examine
the more general case of sub-relativistic ionization. For this purpose we will
present the energy E through rigidity R using the formula [10, 11]:

z )V
(40) E:1+Ek:{1+[ZR]:|

in the expression for ionization losses (30, 31, 32). We also use the sub-
relativistic presentation for the relative velocity [2, 18]:

_ R
(41) p [R2+(A/Z)2]1/2

Here Z is the charge and A atomic weight of the penetrating CR particles.
Substituting (40) and (41) in the expression (32) we can obtain the
following formula for the ionization losses:
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dr AN, z 1
(42) —(dhj 0.3 (h)Z{ (ZRJ }{InKR+4'5_O'5—1+(A/ZR)Z

3.4. lonizing Capability of Sub-relativistic Particles

By replacing the last expression (42) and the spectrum (4) in (3), the
solution of the integral for q(h) and taking into account the definition (5):

C(h) = q(h) / p(h)
we will receive the following formula for the ionizing capability:

(43) C(h)= 54><104ZD (>R, )z? (In%R +45J[1+7 1[ A ”

— y+1l ZR

where D(> R;) are the CR integral spectrums of different types of nuclei [9,
11].

The same result is obtained after replacement of the ionization yield
function Y (33-35, 37) in the general expression (3) which in this case will
be in the equivalent form (6):

0

alh)= [ D(EN (E.n)olh)e

Ec

or

o0

@) oln)= [DRY(RN)olh)oR

Re

In the formula (43) we can notice a group of terms corresponding to
the relativistic CR particles [11]. If we indicate q of relativistic CR with q(5
= 1) and q of sub-relativistic ones with q(f < 1), then from (43) we can write
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1 AY
C(B<D~= ZC L= 1){“—[%”

y+1

(45) :(1 0R43jc (B=1)+ (1+%)Z7:Ci(ﬁ:1)
:(1+1' zsjc(ﬂzl)

where Cy is the ionizing capability of the protons and C; - of heavier nuclei:
Helium, L, M, H, VH and SH groups of nuclei in the composition of the
primary cosmic rays. In equation (45) the capabilities of all particles in the
galactic CR composition are summed up. We also took into account that Z; /
A; = 1 for protons and Z; / Aj = 1/2 for heavier (Z;j > 2) nuclei. In the

expressions (43, 45) must be replaced the real spectrum and chemical
composition of the galactic cosmic rays.

It is clear that at R < 2 GV the expressions (42, 43, 45) generalize the
results in the part 2. Relativistic Case - GCR in the present paper. In this

way we can write the relationship
(46) C(B<1)=C(p=1)(1+p)

as the factor p takes into account the sub-relativistic contribution. At rigidity
R > 2-3 GV the two groups of formulas practically coincide.

Analogously of the expression (46) can be derived the following
formula for the ionization yield function Y:

(47) Y@E<1)=Y({@E=1)(1+p)

This formula will be considered and analyzed in detail in a future study.

3.5. Spectra and lonization Yield Functions of Sub-relativistic
Particles

The spectra of solar cosmic rays are represented before all in the
form of spectrum by kinetic energy [9, 19]:

(48) D(E) =KE("
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The experimental data show that the parameter n has values n ~ 3 — 7
depending on the rigidity of the solar particles and the acceleration
mechanisms on the Sun [19]. For example the spectrum of solar CR during
the greatest GLE, observed on February 23, 1956 is [10, 21]:

(49) D(Ey) = 4 x 3310° E,° proton/cm? sec ster MeV

This is the extreme case. The shapes and relative slopes of the spectra of
different solar energetic particles: protons, alphas and electrons, may vary
among cases. There is significant variation from event to event.

We will use the results obtained in the previous parts. Due to the
type of the spectrum (48, 49) the ionization yield function may be expressed
by means of the Kkinetic energy Ex. For this purpose we determine the
rigidity R of the solar particles with charge Z and atomic weight A [11]

(50) %R - (EZ _1)% - [Ek(2+ Ek)F

which replaced in equation (9) gives the following expression:

22 1
(51) Y(R)=5.4x10°Z {1+m}<

x {In[Ek(Z +E ) + 4.65—3(1—ﬁﬂ

2 1+E,

where E is the full energy (GeV) of the penetrating particles and Ey their
Kinetic energy in GeV.

In their penetration in the ionosphere and atmosphere the particles
decrease their energy Ex which leads to an increase of the ionization yield
function. So that the kinetic energy as well as the ionization yield function
themselves will depend on the altitude. Now we shall make some
considerations concerning the determination of the law of energy decrease
Ex(h). In order to obtain this law the ionization yield function (5) can be
simplified for solar cosmic rays, which are in the majority cases sub-
relativistic (Ex < 500 — 600 MeV). Actually for these energies must be taken
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into account the absorption of solar particles in the iono/atmosphere.
Besides for energies Ex < 500 — 600 MeV the solar cosmic rays have the
bigest intensity and ionization yield function Y and therefore a maximal
iono/atmospheric influence.

Using the fact that for the solar CR particles the inequality Ex < 2

GeV is fulfilled, the following simplified formula is derived from the
complete expression (51):

(52) Y(Ek)=1.55><10‘222|nE"—+10

k
If in (52) we ignore the variation of the logarithmic term (it changes much
more slowly than the term E,™"), and we solve the equation for ionization
path (g cm™) of the particles [11], we will receive the law that is sought:

(53) E,(h)=(E2-10°nZ?secof

Here the energy is expressed in MeV/nucleon; his the atmospheric depth (g
cm?); 6 is the penetration angle of solar CR particles in the
iono/atmosphere.

3.6. lonizing Capability of Solar and Anomalous Cosmic Rays

C function (5) physically represents the number of electron-ion pairs
produced in one gram of matter (in this case atmospheric air) per second and
characterizes the ionization effectiveness of the radiation factor [10, 11].
Taking into account the law of energy Ex decrease (53) and using (51) for
the general expression of ionizing capability we can write the following
general expression:

(54) c(h):1.8><105ij°° j09°° D,(E, 0.3Z%

Ekmax

{(Ef ~10°hZ7secO +1}

X

(Ek2 ~10°hZ2sec 6?)+ 2(Ek2 ~10°hZ?2sec eﬁ
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- 1 - 1
x {O.SIn(E,f ~10°hz? seceﬁ[(Ef ~10°hZ?secOf + 2} +4.65

(Ef ~10°hz? 5909)%{2+ (E,f ~10*hz? seceﬁ}

-0.5 sing dé dE,

[(Ef —10°hZ/sec GF + 1}

The summation is carried out by all nuclei in the composition of solar
cosmic rays: protons, helium (alphas) etc. The boundary of the integral Exmax
is determined by the following manner:

E, =10° {ij R*+1 2—1
;

- 1
=maxy E, =(1O3hzzsec6’+g)5
E

(55) E

k max

Ei

i.e. for each altitude Exmax IS the biggest of the three energies: the energy
corresponding to geomagnetic cutoff rigidity Eg;, to the atmospheric cutoff
Eai, and to the electric energy cutoff Eg; outside the geomagnetic field. The
energy ¢ is about 0.1 MeV [11].

3.7. Lower Energy Approximation

The general formula (54) is complicated because of many not
significant terms. If these terms are ignored, as it happened in equation (52),
a simplified formula can be derived from (54) for the ionizing capability of
solar cosmic rays:
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56) C(h) 54><104ZT ID )8322

i=1 Ekmax

2 3
In(E2-10°RZ; sec9T+32 i@ daE,

(Ef ~10°hZ?sec 49)E

as the integral boundary Exmax is the same as (55). This formula is much
more convenient than the full expression (54), as the difference in the
calculations was below 5%. For comparison, the experimental error in the
rocket flight measurements is approximately in this range.

3.8. Generalisation of the Results for Spherical lono/Atmosphere

The previous formulas refer to flat model of the iono/atmosphere.
However, for the solar particles penetrating at larger angles 6, formulas (53 -
56) are not exact. In the case of larger angles 6 > 75° the sphericity of the
iono/atmosphere must be regarded similarly to the case of electromagnetic
ionizing radiation, where the Chapman function Ch(#, h) is introduced [10,
11]. In our case of particle ionization the following dependency is valid for
solar cosmic rays:

5x10° p(h)Z I
Ek

(57) dE, =

where
(58) dl =dhsecd

as p(h) is the atmospheric density at the altitude h. If we integrate the ratio
(57) and solve it in comparison with Kinetic energy Ex we receive the law
(53). Now the ionizing capability for monoenergetic particles will be:

- 1
(589) C(h)=1522(E? ~10°hZ2sec) 2
in the case of flat model and

(60) C(h)=15ZZ[Ek2 ~10°hz2Ch(o, R*)ﬁ
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for the case of spherical model.
Equation (57) can be generalized if it is taken into the form:

_ 5x10%p(h)Z?dI

= En

Than (59, 60) appears as a particular case of the common formula at m = 1.
And at m = -1 the dependences of the electromagnetic ionized radiations are
obtained [10, 11]. In the monographs [11, 22, 23] calculations were made
for the ionization in the iono/atmosphere with parameter m = 3/4, which
improved somewhat the model m = 1. In the contemporary models
CORIMIA - COsmic Ray lonization Model for lonosphere and Atmosphere
[12] and in the model of Dorman [23] at the analytical approximations are
used different variable values in the range m = -0.1 = 1 for the
corresponding energy intervals. For the sub-relativistic particles (SCR and
ACR) the values m of the ionization expression (61) are in the range m =1
+ 0.1. By increasing of the energy of CR particles decreases the parameter
m. At high energies =~ 1 GeV/nucl the parameter m falls to 0. For the
relativistic energies > 3-5 GeV/nucl (which are characteristic for GCR)
begins slowly logarithmic increase of the ionization losses and the
parameter m becomes m =-0.1.

(61) dE,

Conclusion

In the present work we discovered a connection between the two
approaches: the determination of ionizing capability C (used by the
analytical model CORIMIA) and the ionization yield Y function (used by
the statistical code CORSIKA). We found a consistent method for the
calculation of atmospheric ionization due to cosmic rays with galactic, solar
and interplanetary (anomalous CR) origin.

The results of the full Monte Carlo simulation which are tabulated in
a form of the ionization yield function [1] can be applied much more widely.
With the help of the achievements of this work the analytical models
CORIMIA can use the results of statistical code CORSIKA that will allow
comparison between the two approaches. As is known by CORSIKA is
possible to estimate the CR ionization below 20-25 km and by the model
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CORIMIA - above this altitude. So those two approaches are complemen-
tary.

So two useful approaches have been developed to compute the CR
ionization, e.g.: a) the model CORIMIA is analytical [2, 4, 9, 12, 15], while
b) CORSIKA code, including the FLUKA Monte Carlo package, is based
on a Monte Carlo simulation of the atmospheric cascade [1, 3, 13, 14, 16].
Usually the analytical models use the ionizing capability C(h) function,
while the statistical simulations utilize the ionization yield Y(h) function.

In part 1.1. Analytical and Statistical Approaches in lonization
Models and Relationships between them we have found a new relationship
between the functions C(h) and Y(h) and we have implemented a unified
approach to the calculation of iono/atmospheric ionization due to cosmic
rays with galactic, solar and interplanetary origin.

Further a theoretical considerations were carried in relation to these
issues in the part 2. Relativistic Case — GCR, and part 3. Sub-relativistic
Case — SCR and ACR for the solar and anomalous CR ionization shall be the
basis for a quantitative investigation of the mechanisms for solar-terrestrial
influences. The GCR, SCR and ACR are a major factor affecting the
physical-chemical processes in the iono/atmosphere, including the electrical
conductivities, electrical currents and fields [24] and the iono/atmospheric
chemistry - i.e. the variations and planetary distribution of the ozone [17,
18]. All this has important applications for the space weather and space
climate [25, 26]. These results will stimulate the quantitative study of the
physical processes and physical mechanisms in the Earth’s environment and
in the Sun — Earth system.
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HOB AHAJJUTUTUYEH MOJXOJ 3A MOJEJVPAHE
HA MOHM3ALIUSITA HA KOCMUYECKHTE JILYH
B OKOJIOIIJIAHETHUTE MPOCTPAHCTBA
MOCPECTBOM U3HOJI3BAHETO HA TOPAJKIA LA
VOHM3ALIMSATA ®YHKIINN

Il. Beqiunoes

Pesrome

Kocmuueckure npun (CR) Bb3AelcTBaT BbpXYy HOHHU3ALUATA U
SJIEKTPUUYECKUTE TapamMeTpu B arMmocdepara, a ChIIO Taka U BbPXY HEHHHTE
XUMHYECKH Tporecu (00pa3yBaHe U pa3pyliaBaHe Ha 030Ha B cTparocdepara).
CR iionu3upar msiata cpegHa U HUCKa atMocdepa, T.e. cTpaTto-mezocdepara u
tponiochepara. Taka Ye KOCMHUYECKUTE JIbYM Ca KIHOYOB (haKTOp, KAKTO 3a
aTMoc(epHaTa XMMHUs, TaKa ¥ 32 KOCMUYECKOTO BPEME M KOCMHUECKHUS KIMMaT
B OKOJIO36MHOTO KOCMHUYECKO MPOCTPAHCTBO.

CehiiecTBYyBaT OCHOBHO JiBa TIOAXOJa 33 HM3YMCIABAHETO HA
Honmsanusta Ha CR, Hanpumep: 1) ananutuanaust mogen CORIMIA - COsmic
Ray lonization Model for lonosphere and Atmosphere, u 2) cTtaTucTUYECKHAT
monen CORSIKA, BrxmouBam nporpamata FLUKA, kosto ce 6asupa Ha
cumynanusaTa Ha atMocepHuTe Kackagu 1o Merona Monte Kapo.
OOMKHOBEHO aHAIMTHYHUTE MOJCTH M3IMO0N3BaT (PYyHKIHMATA HA HOHU3MpAIaTa
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crocobHocT C, 10KaTO CTaTUCTUYECKUTE CUMYJIALMU U3MOI3BaT MMOpaXaalaTa
Honmzamst ¢ynkuus Y. B Hacrosimara pabota € HamepeHa Bpb3Ka MEXIY
¢yukuuure C m Y M e mpemiokeH €IUHEH MOAXOJ 3a H3YHCIsABaHE Ha
aTMocdepHaTa HOHH3AIMs BCIEJACTBUE HA KOCMHYECKHTE JIBYM C TaJIAKTHUCH
(GCR), cnpraueB (SCR) u mexnymnaneres (aHomanau CR, ACR) npousxo.

B paGorarta ca u3BeneHu (GopMyiu 3a HOHH3WpAIIaTa CIOCOOHOCT H
nmopaxknamniara HoHu3anusi GyHKIUS TIpy OOIIHS CITydaid, IpU pelaTHBUCTUIHA
anpoxcumanus (GCR) u npu cyO-penatuBuctuuen ciydaii (SCR u ACR).
BxoaHuTe mapaMeTpu Ha MpeNIoKEeHUS MOJEN BKIIOYBAT ITBJIHUS ChCTaB Ha
IpyIHTE SIpa Ha KOCMUYECKHUTE JIbUH, KaKkTO ciieiBa: npotonu (P, Z = 1), anda
vyactur (o, Z = 2), u HEZ gactumm: nexu (L, 3 < Z <5), cpenuun (M, 6 <Z <
<9), texxku (H, 10 <Z <19), muoro texku (VH, Z > 20) u cBpbx Texku (SH,
Z > 30) rpymu sapa.

B paborara ca JUCKYyTHpaHW HSAKOM MPAKTUYCCKU TMPHIOKEHHS Ha
MOJYYCHUTE pe3yiTaTd. Taka Hampumep, pe3yITaTUTe OT ITbJIHATA CUMYJIAIUs
no Monte Kapio, kpaero ca Tabynupanu nopakIaliuTe HoHU3aus GyHKIHHA
B yn00Ha (opMa, MOTaT Ja ce MPHIOKAT MHOTO To-mupoko. C momornira Ha
MOCTIKEHUATA HA HacTosmara padora anamutnaHuAT Mojea CORIMIA moxe
Jla M3I10JI3Ba pe3yaTaTtuTe oT cratiuctudeckarta nporpama CORSIKA, koero me
Jaze Bb3MOXKHOCT 32 CPaBHEHHE MEXIy JBaTa mojaxojaa. KakTo e mM3BeCTHO, ¢
nomorira Ha CORSIKA Moxe 1a ce oneHsiBa HOHU3ausATa Ha KOCMUYECKHUTE
aeun mox 20-25 km, nokato ¢ mogena CORIMIA — nax te3u Bucounnu. Taka
Ye TE3H JIBa MOJX0/Ia Ce JIOMbJIBAT B3aUMHO.

[IpennoxeHUsAT MOAXOA MOXKE Ja C€ H3IO0JI3Ba 32 KOJIMYECTBEHH
pasTICKIaHUS M aHAJIM3 Ha CI'bHYCBO-3EMHHUTE BPB3KH M 3a MPOOJEMHUTE Ha
KOCMHYECKOTO BpeMe W KOCMHYCCKHS KJIMMaT. ToBa € eIWH TEOpEeTHYCH
MOJIXOJ] ¥ TIOPAJIX TOBAa TOH MOJKE Jla C€ MPWJIOKH CHIIO TaKa U 332 U3UNCIISIBAHE
Ha HOHM3aLMOHHUTE €(EKTH B ITUIAHETHUTE HOHOC(EPH U aTMOCPEPH.
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