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Abstract

This paper considers the ionization model CORIMIA (Cosmic Ray Ionization Model for
lonosphere and Atmosphere) in its two-interval 2+1 approximation with charge-decreasing interval of
the ionization loss function. Increasing the number of approximation intervals is the next step in
improving the model. The final stage will be the introduction of a 5-interval approximation of the
Bohr-Bethe-Bloch formula with charge-decreasing interval. This version includes the introduction of
integration limits in an arbitrary energy interval.

Introduction. Particles with Charge Z. > 1

In [1], the case of cosmic ray protons Z = 1, which constitute the majority
of their composition [2—4], was considered (see Table 1, below). Particles with
charge Z > 1 can be divided into several groups according to their nuclei. This
classification is possible because experimental studies (Dorman, 2004) [5];
(Toptigin, 1985) [6] have shown that the fluxes of cosmic rays composed of nuclei
with similar charges are approximately equal. Table 1 presents the fluxes of the
different nuclear groups in the composition of cosmic rays. Experimental results
cited by Dorman [5] and Toptigin (in parentheses) [6] are shown.

Table 1: Groups of Nuclei in Cosmic Rays — The first column of the table
presents the different nuclear groups found in cosmic rays. The second column shows
the nuclear charge Z of the groups, and the third column provides experimental data on
the flux @ (m™-ster'-s™) for energies E > 2.5 GeV/nuc. Data without brackets are from
Dorman (2004), and those in brackets are from Toptigin (1985).
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Table 1.

Nuclear group from CR |Charge Z |Flux ¢ (m™-ster'-s™) for energies E > 2.5 GeV/nuc
Protons p 1 1300 (1300)

Helium nuclei o 2 88 (94)

Light nuclei L 3-5 1.9(2)

Medium nuclei M 6-9 5.6 (6.7)

Heavy nuclei H 10-19 2.5(2)

Very heavy nuclei VH |>20 0.7 (0.3)

Model approximation

In describing the model for calculating the rate of ion pair production due
to the passage of charged cosmic ray particles with Z > 1, a double integral
approximation of the ionization loss function is used. Equation (2) [1] applies in
this case. However, besides the two characteristic energy limits of the integral,
there is another interval related to the charge reduction of the ionizing particle:
[Fa; Eb][E a; E b], where the upper bound £, is defined as [7, 8]:

(1) E, =0.15 x Z2.

Here, E. is the initial energy at which the particle starts to reduce its charge.
E b is the lower bound of the charge reduction interval, when the particle has a
charge Z =1 and is described by:

() Ep = 0.15.
From equations (1) and (2), the effective charge of the incoming particle is

given by:

(3) 7= (0%)2 0.15 < E < E,.

Substituting this expression for the effective charge Z+* into the ionization
loss function (equation (2)) [1], we obtain:

4 19 _ 242 x 72 x E~3/* = 242 2 F~3/% = 1613.3EV4, 015 <E <E,.
p dh 0.15

The final form of equation (2) [1] becomes:

1613.3E1/4, 0.15 < E < E,, Interval 1*
1dE
() —oam =) 242Z°E7¥*,  E,<E<600MeV, Intervall
272, 600 < E <5x10°MeV, Interval 2.
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where Interval 1* represents the region of charge reduction of an incoming charged
particle in the Earth's atmosphere. The reason for this charge reduction is detailed
in Dorman (2004) [5] and is related to the process of electron attachment.
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Fig. 1. Double-integral (2+1) approximation of the ionization loss function
for charged cosmic ray particles with charge Z > 1

The figure shows the segmentation of energy losses into different intervals
El1x(h), E1(h), E2(h), as well as the segment boundaries at the respective energies
when the particle crosses between intervals: E11(h), E21(h), E31(h).

The first step in model development is to determine the energy losses
functions for the different intervals in equation (5). As in the case of particles with
charge Z =1, we will use the quantity of transferred matter /~.

The amount of transferred matter 4~ in Interval 1* can be expressed as [7]:

,—_ 1 (Ex AdE _ A 4(p3/4_ 3/
'™ 16133 fE(h)El/‘f T 161333 (Ek E (h))'

=

6) h=

where 4 is the atomic mass of the particle with charge Z. From equation™® (6), the
energy losses law in Interval 1* can be written as:

\4/3
(M Er(=(E/*-2CR) .

For the transferred matter in Interval 1, we have:

- = d
6 R=h = 5 i et = g (B — ).

17 242 E(R) z2E-3/4 T~ 722427

From expression (8), we can express the energy loss law in Interval 1 as:

\4/7
9 Ei(h) = (EIZ/4 _ 423.;522 h) .
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In a similar way, we can derive the energy losses law in the final interval —
Interval 2. The amount of transferred matter 4~ is given by:

-~ -~ A E
(10)  R=hy =25 [k dE =25 (B — Ey(h)).

The energy losses law in Interval 2 is:
272 ~
(11)  E,(h) = Ey _Th'

The next important step is to derive analytical expressions for the
atmospheric cut-off thresholds EAJE {Aj}EAj in the different intervals. The
transferred matter for Interval 1* can be expressed as:

= = A (Eg+(R) dE _ A p3/4 3/4
(12)  h=hy= 16133 fE(h)=0.15 El/4 ~ 1613. 33( (h) - 0.15 )

The atmospheric cut-off for Interval 1* is then defined by:

4/3

(13)  Eue(h) = (015%* +220) 7 < E,,

Similarly, the remaining two cut-off thresholds can be expressed. The
transferred matter in Interval 1 is:

- ~ A (E, dE A (Eny dE _A(3/4_
(14)  h=hy+hy =" Jors 7 + 2227 fEa g5~ oo \Fa

0’153/4) + 423,1;522 (EZ{4 N E7/4)

From equation (14), the cut-off threshold for Interval 1 can be expressed as:

2 4/7
(15)  Eay(h) = (423745 k- 0,352% (ES/* — 0,15%/4) + E./*) .

The transferred matter for the final Interval 2 is the sum of the transferred
matter across all intervals, and is given by:

~ = ~ ~ A (E; dE A 600 dE
(16) h = hl* + hl + h2 = 1613,3 f0r15 E1/4 24272 fEAZ(h) E—3/4- +
dE
A (Eaz(h) 7/4
E 600 = (E3/4 0,15%4) + —— (6007% —E;™") +
1210 423,7572

= (Eaz(h) — 600).

222

The final expression for the atmospheric cut-off for Interval 2 is:

2 _ 3 3 7 7
17) E ,(h) =2 Z—h - 0,00222 E* — 0,152 ) —0,005( 600+ — E* | + 600
A2 A a a
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The effective reflection threshold is determined taking into account the
increase in the geomagnetic cut-off ER and atmospheric cut-off EA.

Upon entering the atmosphere, a cosmic ray particle with charge Z begins
to lose energy according to the energy loss laws for the different intervals in
equation (5). In other words, its kinetic energy Ek changes based on the loss
mechanisms and charge reduction processes, depending on the interaction it
undergoes.

When the particle crosses a boundary between energy intervals, it is
necessary to derive specific energy loss laws for each case. Using double integral
approximations of the Bohr-Bethe-Bloch ionization loss function, and accounting for
the charge reduction interval, the following boundary conditions are possible [7-9]:

e Ej+(h) — when the particle crosses the boundary between Interval 1 and
Interval 1* (at energy Ea);

e F5(h) — when the particle crosses the boundary between Interval 2 and
Interval 1 (at 600 MeV);

e FE5(h) — when the particle crosses both the boundary between Interval 2
and Interval 1 (600 MeV), and the boundary between Interval 1 and
Interval 1* (at FaE aFa).

To, derive the energy loss laws at the interval boundaries the transferred
matter h~ is used.

If the energy of the incoming particle crosses the boundary Ea, we have:

A (Eq dE A (Ex dE _ A 3/4
(18) h= hl + hl 16133fE11 (h) E/4 + 24272 fEa E-3/¢ T 1210 (Ea

E11*3/4) + 423,1;522 (E’Z/4 B E‘Z/4)'

The energy loss law in this case is:

(19) E11*(h) _ (2 ,85 (E]Z/él- _ EZ/AL) 1210 i+ E3/4)

272

When the incoming particle's energy crosses the boundary at 600 MeV, the
transferred matter h~ can be expressed as:

A 600

- = = 7/4 _ g7/4
(20) h=hy +h; = 24272 sz1(h) 222 J-600 ~ 423, 7522 (600 Exn ) +
A
77 (E, — 600).

From equation (20), we can derive the energy loss law when the incoming

particle’s energy crosses the 600 MeV boundary:

4/7
Q1)  Ey(h) = (211,88(Ek — 600) — 2375%

i+ 6004)
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If the kinetic energy Ek of the incoming particle crosses both boundaries —
at 600 MeV and at Ea = 0.15 x Z2 — then the total transferred matter is:

(22) E=E1*+El+ﬁz =
A (Eq dE 600 dE 3/4 _ . 3/4
1613,3 fEm(h) E 24222 f 222 600 ~ 1210 (Ea E2 ) +

- 7/4- 7/4 i _
423, 7sz2 (600 E, ) + o, (E, — 600).

The final energy loss law when both thresholds (600 MeV and Fa) are
crossed becomes:

4/3
(23)  E,p(h) = <E4 + @<6004 - E4> e (Ex — 600) — == h)

Based on the derived energy loss laws for each interval (equations (7, 9, 11)
4.33, 4.35, 4.37) and for cases when boundaries between intervals are crossed
(equations (19, 21, 23) 4.45, 4.47, 4.49), we can now express the ionization loss
function from equation (5, 4.31) as follows:

For Interval 1%*:

1 (dE 1/4 _ p3/4 _ 12107 1/3
(24) ;(ﬁ) = 1613,36,/* = 16133 (E; 2Z2h)

(25)

(Z_fl)l = 24272E, " = 24222( E7/4 423,;522 E)_3/7

o (@), =%

D

~ 1/3
27) %(%)1 = 1613,3E,1* = 16133 (22 (E;/* — E/*) - 22 h + E5*)
28) (%) = 2422767 = 2422 (211,88(E - 600) — 2 LR
21
-3/7
6007/4)

(29) %(Z_i) = 1613,3E," = 1613,3 (223 (60074 — E;/*) - 22 (B, —

1/3
600) — 1210h E3/4)

Based on the previous considerations, we can express the explicit form of
the model for calculating the electron production rate q(h)q(h)q(h) — the general
formula [4]. When determining the form of the general formula, it is necessary to
account for different possible cases depending on the energy of the effective
reflection threshold, as well as on the differences in atmospheric cut-off energies
for the separate intervals.
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Case 1.
The energy of the effective reflection threshold is less than the upper
boundary of Interval 1*:

0.15 < EA1 < Eeff < Fa <Ewo <600 MeV.

In this case, the general formula (4) becomes:

(30)
(=W f @) (dE) dE, + f D) (dE) dE, + f @) (dE) dE
1 @ \Je,,, dn)y kT, dh)y T, dn), 7k
Ee00 dE o dE
+f D(E) (—) dE, +j D(E) (—) dE
600 dh)o 7 g, dh), ¥
1613,3p(h) (Ea 1210 \'/3
_ 1613.3p(h) D(E) (E,f/“ - —h) dE,
Q Eerr A
1613,3p(h) (Fax 2.85 1210
4 p( )j D(E)( . (E7* — E/*) - 5
e ) Z
1/3
+Ej/‘*) dE,
2427%p(h) (60 423,752% \ "7
+—p() D(E) <E,Z/‘*——h> dE,
Q Faco A
2422%p(h) (Eeoo 423,7572 _
= D(E) | 211,88(E; — 600) — ———}
Q 3 600 A
=3/7
2Z%p(h) [
+ 6007/4) dE;, + D(E)dEy
Es00
Where:

Ek is the energy at infinity (initial kinetic energy,
e Eais the energy threshold defined by the energy loss law for Interval 1:

7/4 | 423,75Z% &
G Eaw(h) = (E* + 275 R)
Egoo is the energy at infinity at the 600 MeV boundary, which follows from the

energy loss law for Interval 2 and is given in the expression [4, 7—11]:

2 _
(32)  Egoo =600 +=—h

Case 2a.

The energy of the effective reflection threshold is greater than the upper
boundary of Interval 1*, but less than the 600 MeV boundary. The energy at
infinity (initial energy) is less than 600 MeV:
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Ea < Eeff < Eco < 600 < E600 MeV.
Then the general equation [4] takes the form:

33 q) =22 ([n®) (5) . dEc+ [ DE) (57) dE+

Eerf 11 aco
Ee00 dE °° dE
+ f D(E) (—) dE, + f D(E) <—) dE, =
600 dh/z Feoo dh/,
1613.3p(h) [ Eaw 2.85 1210 /3
=—a D(E) (?(E,Z/4—EZ/4)—Th+E3/4> dE, +
Eerr 2
2427%p(h) [6°° 423.7572 _\~
+7p() D(E) <E,Z/4—7h> dE, +
Q Eaco 4
24272p(h) (Feo0 4237572 _ 37
+— D(E)(211.88(E, — 600) — —————h + 6007/* dE, +
) Q 600 A
222p(h) [
P (™ by dE,.
Eso00
Case 2b.

The energy of the effective reflection threshold is greater than the upper
boundary of Interval 1*, but less than the 600 MeV boundary. The energy at
infinity (initial energy) is greater than 600 MeV:

Fa < Eeff <600 < EFaco < E600 MeV.

Then the general equation [4] becomes:

_ p(h) ( (600 dE Eloo dE
G4 ) ="2 (e DE) (57), dEic + g DE (57) | . dEi

o]

Esoo dE dE
+ D(E <—) dE +J D(E <—) dE, =
. p@ (), o+ [ pe(G), @

600

1613.3p(h) [6° 423.757%2 \'/?
=Tp() D(E)(E,Z“—Th) dE, +

Eerf
1613.3p(h) (Fac 2.85
4 16133p(h) D(E) (—2 (6007/* — EJ/*) —
Q 600 A
605 1210 . 5\"°
— 2 (B = 600) = == + E; ) dE, +
24272p(h) [Fooo 423.752% _ 37
+Tf D(E) | 211.88(E, — 600) — — I+ 6007/4 dE, +
Eioo
272p(h) [
+% D(E) dE,

Ego0
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E; is expressed by the energy loss law of a particle crossing the boundaries at
600 MeV and Ea, and is given by [7-9]:

(35)  Eaew =5(127200 — 6007/* + E;/* + 423.75h).

1
212
Case 3.

The energy of the effective reflection threshold is greater than the

600 MeV boundary but less than E;,: 600 < Eeff < E} ., < Esoo MeV. In this case,
we have:

_p(") ( (Eaeo dE E, dE
G6)  a) = 2 ([ p®) (5)  dE+ [ DE) (57), dEi +

+J:o D(E) (Z—i)z dE, =

600
SR [ D (E) (% (6007 ~ B -

Q Eerr 7z

605 1200 . 5\""°
— 7 (B = 600) = ——h + E; ) dE, +

24272p(h) [Feoo 423.757% _ 37
+T D(E) | 211.88(E; — 600) —————h + 6007/4 dE, +

Edeo

27%p(h) (@

L2 (7 gy ag,
Ego00
Case 4.

The energy of the effective reflection threshold is greater than the 600 MeV
boundary as well as Ego, and Eg: 600 < Ege, < Eggg < Egpp < 0.
The rate of electron production due to the passage of charged cosmic rays is:

_ ot o aE) g, = 2 (e
(7 qw =22 DE)(5), dE =5 D(E) dE;

With these four cases, the model for calculating the rate of free electron
production due to the passage of charged cosmic rays is completed, using the
double-integral approximation of the ionization loss function based on the Bohr-
Bethe-Bloch formula. Fig. 1 illustrates the double-integral approximations of the
ionization loss function in the case of ionizing particles with charge Z > 1.
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Conclusion

The results obtained have been applied to the calculation of ionization
profiles in the ionosphere, ionization and electrical parameters in the atmosphere
of the Earth, planets and their satellites [12—14], in the propagation of radio waves
[4], in various geophysical events [15-21]. There are possible connections between
ionization by cosmic rays in the atmosphere and some climatic parameters.
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MOJEJIb MOHU3AIUU CORIMIA —2+1 HHTEPBAJIbHOE
HNPUBJINXEHUE JJIA AAEP KOCMHUYECKUX JIYYEH (Z> 1)

I1. H. H. Beaunos, C. Acenoscku, JI. Mameee

AHHOTAIINSA

B nanHOil crathe paccmarpuBaercs wmogenb uoHuzanuu CORIMIA
(Cosmic Ray Ionization Model for Ionosphere and Atmosphere) B ee
JBYXHUHTEPBAILHOM 2+1 MPUOIMKEHUH C MHTEPBAJIOM yObIBaHMS 3apsijia QyHKIIUU
VOHHM3AIMOHHBIX TOTEPh. YBEJIMYEHUE YHCIAa WHTEPBAJIOB AaNIpPOKCHMAIIUU
SIBJISIETCS] CIAEAYIOLIUM IIIarOM B COBEPIICHCTBOBAHUM MOJEIH. 3aKIIOUUTEIbHBIM
ATAllOM CTAHET BBEJACHHE S-MHTEpBAIbHOTO TpuOmmkeHus (popmynsl bopa-bere-
brioxa ¢ maTEpBaIOM YORIBaHMS 3apsaa. DTa BEPCHs BKIIOYACT BBEACHHUE PEICIIOB
WHTETPUPOBAHUS B IIPOU3BOJILHOM HUHTEPBAJIEC SHEPTUU.
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