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Abstract: The CORIMIA ionization model is used to describe the process of ionization in the Earth’s
atmosphere caused by cosmic ray particles. In this study, a three-interval approximation of the ionization loss
function dE/dh is presented for cosmic ray protons with charge Z = 1. The approach extends the previous two-
interval model by introducing a third interval for higher particle energies (Ex > 5 GeV), improving the accuracy of
ionization rate calculations in the upper atmospheric regions. Analytical expressions are derived for the energy
loss laws and the corresponding atmospheric cut-off parameters in each interval. The obtained formulation allows
a more detailed estimation of the ionization yield and contributes to a better representation of the energy-
dependent behavior of cosmic ray protons within the CORIMIA framework.
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Knroyoeu Oymu: MWoHusauus om KocmyquKu Jibyu, Mooen CORIMIA, Tpu-MHmepsanHa
Annpokcumauyus, @yHkyusi Ha EHepautiHume 3azybu, MoHusayuss om NpomoHu, AmmocgepHa VMoHu3ayusi

Pestome: MoHuzayuoHHusm Modermsm CORIMIA ce u3nonssa 3a onucaHue Ha npoueca Ha UOoHU3auus
8 3eMHama ammocgepa, npedudsukaH 0om KocMu4yeckume nb4yu. B Hacmosiwjomo uscnedsaHe e npedcmaseHa
mpu-uHmepsanHa annpokcumMayusi Ha ¢hyHKyusima Ha UoHu3ayuoHHume 3az2ybu dE/dh 3a kocmuuyecku nbyu
rnpomoHu cbe 3apsi0 Z = 1. [Nodxodbm paswupssa npeduwHus 0s8y-uHmepsasieH Modes 4ype3 ebeexdaHe Ha
mpemu uHmepear 3a ro-8UucoKU eHepauu Ha Yacmuyume (Ex > 5 GeV), kamo o mo3u Ha4YuH ce nosuwasa
moyHocmma npu U34ucieHuUsma Ha ckopocmma Ha UoHu3ayusi 8 20pHUMe ammocghepHu crioese. M3gedeHu ca
aHanumuyYyHU u3pasu 3a 3aKkoHUme Ha eHepeaulHume 3a2ybu u cbomeemHume ammocghepHu rpazose Ha
ompsi3geaHe 3a 6ceku uHmepsan. [lonyyeHama ¢bopmMynupoeka [03607A68a rO-Npeyu3Ha OueHKa Ha
lioHU3ayuoHHuUs1 0obue u rno-0obpo npedcmassiHe Ha €eHepa2uliHO3asUCUMOMO ogedeHuUe Ha MPOMOHUMe 8
cbCmasa Ha KOCMUYecKUme JibYu.

Introduction

Cosmic rays are high-energy charged particles originating from galactic, solar, and interstellar
sources. Upon entering the Earth’s atmosphere, they interact with atmospheric constituents, producing
cascades of secondary patrticles that contribute to atmospheric ionization and chemical changes [1].
The ionization caused by cosmic rays plays a fundamental role in atmospheric electricity, cloud
microphysics, and long-term climate variability [2].

Depending on their origin and energy, cosmic rays are generally divided into three main
components: Galactic Cosmic Rays (GCRs), Solar Energetic Particles (SEPs), and Anomalous
Cosmic Rays (ACRs). The GCRs dominate during quiet solar conditions and provide the background
ionization at all latitudes. SEPs are transient, event-related fluxes associated with solar flares and
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coronal mass ejections, while ACRs represent a lower-energy component accelerated at the
heliospheric boundary [3+5].

The differential energy spectra of these components are shown in Figure 1, where the typical
fluxes of GCRs during solar maximum and minimum are compared with representative SEP and ACR
spectra. As illustrated, galactic protons and alpha particles contribute most significantly in the range
between 0.1 and 10 GeV, which corresponds to the energy interval most relevant for atmospheric
ionization processes.

Accurate modeling of cosmic ray ionization requires a detailed description of the energy loss
of charged particles as they penetrate the atmosphere. The CORIMIA (Cosmic Ray lonization Model
for the Atmosphere) model provides such a framework by analytically integrating the energy loss
function (1/p)(dE/dh) over the primary energy spectrum, accounting for geomagnetic shielding and
solar modulation effects [6]. The precision of this approach strongly depends on the adopted
approximation of the ionization loss function, which determines the rate of energy dissipation with
atmospheric depth.

Previous studies employed a two-interval approximation based on the Bethe—Bloch theory [7],
successfully reproducing the observed ionization at low and medium energies. However, at higher
kinetic energies (Ex > 5 GeV), deviations become noticeable. Therefore, a three-interval approximation
has been developed to extend the applicability of CORIMIA for high-energy protons (Z = 1), providing
better continuity and improved representation of the ionization loss function across a wide energy
range [8].
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Fig. 1. Differential energy spectra of Galactic Cosmic Rays (GCR), Solar Energetic Particles (SEP),
and Anomalous Cosmic Rays (ACR) for different particle species and solar conditions

lonization Function and Model Formulation

The ionization rate in the Earth’s atmosphere produced by cosmic ray particles is determined
by their energy loss per unit mass thickness, expressed as:

O A= ()1, b (©) e

where p(h) is the atmospheric density at altitude h, D(E) is the differential cosmic ray spectrum, Q is
the mean energy required for the creation of an ion pair (Q = 35eV), and E. is the effective cut-off
energy determined by geomagnetic and atmospheric shielding.

The CORIMIA (COsmic Ray lonization Model for the Atmosphere and lonosphere) model
evaluates q(h) for various charged particles (Z = 1) using analytical expressions for the ionization loss
function dE/dh. Following the approach of [3, 4], the model separates the particle energy range into
characteristic intervals where the dependence of dE/dh on E can be approximated by power laws.
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Energy Loss Function

For protons (Z = 1), the energy loss function is expressed as:

) —(%) (Z—i) = A,-E% E_, < E < E,

where A; and q; are constants determined for each interval iii. In the three-interval approximation, the
limits are chosen as:

3) E; = 0.15GeV, E, = 0.6GeV, E; = 5.0GeV.

Thus, the function becomes:

3
I\ (dE 242 -E7+, 015 <E <0.6GeV Interval 1
4) - (;) (E) =42, 06<E<50GeV Interval 2
0.7 -E%123, E >50GeV Interval 3

These intervals correspond respectively to low-energy, intermediate, and high-energy domains
of cosmic ray protons.

Penetration Depth and Atmospheric Cut-off

The quantity of matter traversed by a particle is given by the integral:

Ec (1) (dE
®  n= GG e
which defines the penetration depth as a function of the particle’s initial energy E;.
Using the above approximation, analytical expressions for h(Ey) are derived for each interval.
For example, for E;x =5 GeV:

© b =03= () f, (75) = (Gm) B - Ea0877)(),

0.7x0.877

and the inverse relation gives the energy of the particle at a given depth:
@) Es(h) = (EQ®7 — 0.61-h)t14,

These relations provide the atmospheric energy thresholds and are further used to calculate
g(h) through integration over the cosmic ray spectrum.

The three-interval approximation thus improves the description of energy loss processes for
low, medium, and high energies, ensuring a more accurate estimation of the ion production rate in the
middle and upper atmosphere. The resulting formulation is implemented in the CORIMIA model and
serves as the basis for subsequent calculations of ionization profiles under quiet and disturbed
heliospheric conditions.

Three-Interval Approximation for Cosmic Ray Protons (Z =1)

The ionization rate in the atmosphere depends strongly on the spectrum of primary cosmic ray
particles and the energy-dependent ionization losses during their propagation. For charged particles
with Z = 1 (protons), the energy loss function dE/dh is approximated by three characteristic intervals
according to Equation (4). This approach extends the previous two-interval model by including a
high-energy domain that improves the description above 5 GeV, where relativistic effects and deep
penetration become significant.
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Atmospheric Cut-off Energies and Depth Relations
The atmospheric cut-off represents the depth (or equivalent mass thickness) at which a
cosmic ray particle of given kinetic energy EKE_KEk is completely absorbed or loses its ability to ionize

the atmosphere effectively. For the three-interval approximation, the total penetration depth is
expressed as the sum of contributions from each interval:

® b=+ hy= (o) (o) + () fon dE + () 5 (o).

Evaluating these integrals gives:

© b= () (6005 — 015%) + (1) (5.0 — 0.6) + (-2) (Eas®®"” — 5.00977),

From this relation, the atmospheric cut-off energy in the third interval is derived as:

(10)  E,(h) = (2979 + 0.61h)114,

This expression defines the lower energy boundary for protons penetrating into Interval 3 (E = 5 GeV).
Transition Between Intervals

When the particle energy passes through the boundaries at 600 MeV or 5 GeV, separate
relations describe the behavior in the overlapping regions between intervals:

Ey dE

(11) h =h+hy= (2) f532(h)d + ( )f50 (E°'123)'
which yields the energy for the 5 GeV transition as:
(12)  E;p(h) = 5.0 — 2h + 3.28(EX®77 — 5.0°877),

Similarly, when the particle crosses both interval boundaries (600 MeV and 5 GeV), the total
depth is:

(13) h = hy+ hy+ hy = (L)

242

Sesmtro (5075) ()f dE+( )fsEéc (E:fn)'

and the corresponding energy boundary becomes:
4

7

(14) E;(h) = (6004 — 423.75h + 211.88(5.0 — 0.6) + 694.67(EQ®77 — .00-877)> .

Special Cases for Boundary Transitions

For the 600 MeV boundary, when the incoming particle energy lies in Interval 2:
(15) h = (%) fOE"gOO'Z dE = (%) (E600,2 - 0.6) i E600,2 = 0.6 + Zh.

When the energy belongs to Interval 3, the relation becomes:
— (1 1 0.877 0.877

(16)  h = (5)(5.0 - 06)+ (=) (E&H] — 5.00%77),
and hence:

1.14

(17)  Egpo3 = (0.610 + 5.0%77 — 0.3(5.0 — 0.6))"
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Finally, for the 5 GeV boundary, when the particle enters from infinity:

(18) b = (%) fsE.SOOO'S (E(?JEZ?') = (ﬁ) (E®77 50005 — 5.0%77).

and the corresponding relation is:

(19) Esoo03 = (5.0%%77 + 0.61h)*.

Discussion

Figure 2 illustrates the three-interval approximation of the ionization energy loss function
(1/p)(dE/dh) for cosmic ray protons (Z = 1) in the CORIMIA model. Each colored region corresponds to
a distinct energy domain:

e the low-energy interval (0.15-0.6 GeV), where the ionization losses follow a steep inverse
power law,

¢ the intermediate interval (0.6-5 GeV), characterized by nearly constant specific losses, and

o the high-energy interval (> 5 GeV), where relativistic corrections modify the loss function
toward a slow rise with energy.
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Fig. 2. Three-interval approximation of the ionization energy loss function for cosmic ray protons (Z = 1). The
curves E;(h), E>(h), and E3(h) correspond to the laws of energy losses for the individual intervals, while E21(h),
Eso(h), and Esi(h) represent the transition cases where the kinetic energy of the ionizing particles crosses
one or two energy boundaries

The analytical relations Ej(h), Eo(h), and Ez(h) describe the evolution of particle energy with
atmospheric depth for each interval. The additional functions Ej;(h), Esp(h), and Esi(h) define
the transitional cases when the penetrating proton crosses one or two boundaries between adjacent
intervals. These relations ensure continuity of the energy—depth dependence and prevent artificial
discontinuities in the total ionization rate q(h), which was a limitation of earlier two-interval models.

Physically, the three-interval approach captures the different regimes of proton-air
interactions.

At low energies, the stopping power is dominated by ionization and excitation processes
following the Bethe—Bloch law; in the mid-energy range, the specific loss per unit path becomes nearly
constant; and at relativistic energies, energy losses increase again due to radiative and density-effect
corrections.

This behavior determines the shape of the ionization profile in the atmosphere, particularly
above the Pfotzer maximum.

By integrating the loss function over the differential proton spectrum D(E), the CORIMIA model
provides altitude-dependent ionization rates that are consistent with empirical data and Monte Carlo
simulations [3, 4]. The implementation of the third energy interval improves the accuracy of the
calculated ionization rate in the upper stratosphere and mesosphere, where the contribution of high-
energy protons becomes significant. This extension is especially relevant for space weather studies,
as it allows the model to simulate both quiet-time galactic cosmic ray ionization and event-driven
enhancements from solar energetic particles (SEPs).
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Conclusions

The three-interval approximation developed within the CORIMIA ionization model represents a
significant refinement in the analytical treatment of cosmic ray-induced ionization.
Compared with the earlier two-interval formulation, the inclusion of a high-energy domain (above
5 GeV) provides:

e improved continuity of the ionization loss function across energy boundaries,
more realistic representation of relativistic energy losses,
and enhanced accuracy of the ion production rate in the upper atmosphere.

The analytical expressions derived for Ej(h) and Ej(h) yield compact formulas for the
atmospheric cut-off energies and penetration depths. These relations can be used in both forward
modeling and inverse reconstruction of particle energy spectra from observed ionization profiles. The
CORIMIA model, supplemented by the present three-interval approximation, therefore offers a robust
framework for studying ionization processes across the full range of cosmic ray proton energies,
linking theoretical physics with practical space climate applications.
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