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An extension of the CRAC model - CRAC:HEPII (Cosmic Ray Atmplosric Cascade: High
Energy Proton Induced lonization) is presented. The mdt®ks one to compute the ion pro-
duction by high energy protons entering the Earth’s atmesphThe model is an extension of
the CRAC:CRII model and it is focused on the upper part of that@sphere and mesosphere.
The model is also applicable in the low termosphere. The iisdrmsed on pre-computed with
high statistics ionization yield functions. Thereforeg tBRAC:HEPII model is based on a full
Monte Carlo simulation of primary proton propagation anigiaction with the atmosphere and
explicitly considers various physical processes involveidn production. All simulations were
performed using the GEANT 4 simulation tool PLANETOCOSMI®Eh NRLMSISE 00 atmo-
spheric model. The ionization yield function allows one éonpute ion production due to various
populations of primary protons in a wide energy range 100 k€20 GeV/nucleon for a given
altitude, from about 6.510 2 g/cn? (about 200 km a.s.l.) to the sea level considering a given
primary proton spectrum. The spacial and height resolwfdine model is improved compared to
CRAC model. An application of the model for computation af roduction during ground level
enhancement events is demonstrated. A quasi-analytipebaph, which allows one to compute
the ionization yields for events with arbitrary incidensealso presented.
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1. Introduction

The primary source of ionization in the low and middle atniwse are energetic particles
(EPs) of galactic and/or solar origin entering the Earttrsa@sphere. The impact ionization is an
important topic nowadays [1, 2]. There are several atma#ppeocesses affected by the impact
ionization as well as processes related to global elednéaitand minor constituents in the Earth’s
atmosphere [3, 4]. While EPs are the main source of ionizatelow 100 km, the solar UV
and X-rays dominate at higher altitudes, but are absorbémvbj@]. EPs, which contribute to
the atmospheric ionization, are from various populatiamsiuding galactic cosmic rays (GCRS),
solar energetic particles (SEPs), precipitating protoektivistic electrons from radiation belts,
precipitating electrons, auroral electrons. In this womrk focus on a moderate and high energy
protons mainly of solar and galactic origin, while other m®s are considered elsewhere.

The most important source inducing the tropospheric aradostpheric ionization are cosmic
rays, which penetrate deep into the atmosphere. They amaating with the air molecules induc-
ing a complicated nuclear-electromagnetic-muon cascaaldirig to an ionization of the ambient
air [1, 5]. The maximum of ion production in the atmospheresarved at the altitude of about
12-15 km above the sea level (a.s.l.) is known as Pfotzerrmani[6]. Following strong erup-
tive solar processes as solar flares and coronal mass ap@@dESs) are produced solar energetic
particles (SEPSs) [7, 8]. In some cases SEPs are accelemttkbtgies enough high to initiate
an atmospheric cascade similarly to GCRs. Strong SEP ewantsignificantly increase the ion
production in the atmosphere, specifically over the polgiorss [9, 10, 11, 12]. While the ion pro-
duction in the atmosphere induced by EPs can be assessedlpiycah models [13, 14], which are
usually constrained to a given atmospheric region and/scate component or primary particle,
thus are with limited range of validity, the new recently eleyped models based on a full Monte
Carlo simulation of CR patrticle propagation and interaciiothe atmosphere are in expansion and
demonstrated an essential progress [15, 16, 17, 18, 19hidmaper we update and extend the
recent model CRAC:CRII [17, 20], validated for the uppemptisphere and stratosphere, toward
the upper atmosphere. We provide an updated ionizatiod feiction extending the altitude and
the energy range and improving largely the resolution iitualée a.s.l.

2. CRAC model for computation of ion production ratein the atmosphere

In this study, the propagation and interaction of high epgngtons with the atmosphere are
simulated using the PLANETOCOSMICS code [16]. We employNIRLMSISE 00 atmospheric
model [21]. Here, we use a previously developed formalisna gfeld function [17]. The ion
production rate in the atmosphere is obtained as an intefjtak product of the primary particle
spectrum and the pre-computed yield function defined as:

JE(X,E)

YXE)=——-+
(X7 ) Elonax

wheredE is the energy deposition of all components of the atmospleascade in atmospheric

layer dx at depthx, averaged per primary particle with kinetic enefgyandE;,,=35 eV is the
average energy necessary for production of an ion pair if22]r

2.1)
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Figure 1: lonization yields for primary protons with vegidncidence and with different energies
as a function of the altitude a.s.l. as denoted in the legend

The computations were carried out in the energy range ofgsimrotons between 100 keV/nucleon
and 20 GeV/nucleon and at atmospheric depths from 806° g/cn? (about 200 km a.s.l.) to the
sea level (1033 g/cf). This energy range encompasses the majority of SEPsdinguhe sub-
class of GLEs.

An example of ionization yields for several energies of thienpry proton is given in Fig.1
(vertical incidence) and Fig.2 (isotropic incidence). Tbeization yield functionY (x,E) convo-
luted with a primary particle spectrum gives the ion proguctate q(x) at a given depthas
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Figure 2: lonization yields for primary protons with isgbio incidence and with different energies
as a function of the altitude a.s.l. as denoted in the legend

q(x) = /E o BN ENE 2.2)

where J(E) is the differential energy spectrum of the pringarticles with energ¥. The integra-
tion is over the kinetic energy abo®:(R:), which is defined by the local rigidity cut-oR. for
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2
a nuclei of type at a given geographic location by the expresdiign; = (%) RZ+ Eg— Eo,
whereEg = 0.938 GeV is the proton’s rest mass.
3. lonization yield function and applications

The yield functionY (x,E) is the response of the atmosphere, the ionization yieldthe€o
mono-energetic unit flux of primary particles entering ttatk’'s atmosphere.
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Figure 3: lonization yield function for primary protons Wivarious incidence at several depths as
denoted in the legend. a) Particles with vertical incidenmeParticles with isotropic incidence.
The curves are smoothed over the computed data points.
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Figure 4: Differential ionization functiorF and comparison of ionization yields between
CRAC:HEPII, CRAC and guasi-analytical approach.
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The shapes of the ionization yield functions as a functiothefaltitude are similar to each
other at depths greater than 50 gfcrout different at smaller depths, specifically at 1 g?cand
less, where spikes and features are observed, most-likelyadarge fluctuations of the computed
energy deposit and the lack of secondary particles, bet¢hasmscade is not fully developed. The
differential ionization functiorF (the integrand of Eq. 2), defined as a product of the ionimatio
yield function (Fig. 3a,b) and a given spectrum of primargtpns (hard primary proton spectrum
during the GLE 70 event on December 13, 2006), is shown inrEida for several atmospheric
depths. Here we assumed a hard spectrum of SEPs (the spat®3r0, December 13, 2006 from
Table 2 in [23]), typical for the initial phase of GLEs [24]h& differential ionization functiof
allows one to estimate the most effective energy of prinsaieeinduce ionization, which strongly
depends on the atmospheric depth. The maximum of the ditiatdonization function shifts
to higher energies with decreasing altitude (increasimgdipth). At depths of about 500 g/&m
the differential ionization functiorr flattens, because of the diminishing number of high-energy
primary EPs, which could produce an atmospheric cascadebdlk of ion production in the upper
atmosphere is due to primary particles of MeV energies, evdiildepth of about 300 g/cnit is
produced by primary particles with energy of about 1 GeV.

A quasi-analytical approach similar to [25], based on reyootation of vertically derived
ionization yields allow on to compute the ionization yiefds events with arbitrary incidence, the
details are given in this volume. The ionization yielgx , E) for a monoenergetic protons with
given kinetic energ and with angle of incidence is calculated:

Yq(X,E) =Y(x,E)/cosa, (3.1)

whereX is the rescaled atmospheric depth, calculated=as/ cosa andY (x,E) is the ionization
yields for protons with vertical incidence computed witk tB(RAC:HEPII model at depth

Accordingly, the computation of ion production rdix,E) as a function of angular distri-
bution f (a) for monoenergetic precipitating particles is:

l(X,K) = /01 f(a)lq(X,E)dcosa, (3.2)

wherea is the angle of particle incidence. The ionizatiltiX',E) is given in units of ion pairs
cm~3s71, at the atmospheric deptth per one simulated primary particle per second with given
kinetic energyE. A very good agreement between CRAC:HEPII, CRAC and theiepradytic
approach as achieved (Fig.4b).

The ion production in the atmosphere due to SEPs could beneaiacompared to the av-
erage due to GCRs. A specific interest represent GLE evelhisn & significant increase of ion
production in the atmosphere can be observed [10]. During &lents the ion production in the at-
mosphere is a superposition of contributions from pasicieboth galactic and solar origin. Here,
we employ SEP spectra derived on the basis of neutron mataterand convenient optimization
procedure, details are given elsewhere [23]. With the ddri@EP spectra we compute the ion
production rate during the GLE 70 on 13 December 2006 siipitar{26]. For the GCR spectrum
we assume the force field model [27, 28] with the correspangerametrization of local interstel-
lar spectrum [17] and modulation potential calculated ediog to [29]. For the ion production
rate computations we consider explicitly the dynamical@ion of the SEPs spectral and angular
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Figure 5: 24 ionization effect in the region of the Pfotzer maximum of abd5 km a.s.l. in the
region withR; < 1 GV during the GLE 70 on 13 December 2006.

characteristics throughout the event. Subsequently,4heRization effect relative to the average
due to GCR is computed at altitude of 15 km a.s.l. similarlj3®, 31]. The 24 ionization effect
is about 20 % in the region of the Pfotzer maximum (Fig.5). ibimézation effect is maximal in the
sub-polar and polar regions of Southern hemisphere, whigenhinimal near to the anti-sunward
direction of the incoming SEPSs, since their anisotropy mmrably reflects on the magnitude of
ion production in a given geographic region.

4. Conclusion

Here, we have presented an upgraded full numerical modelCCREPII, which allows one
to compute the ion production in the Earth’s atmosphere duegh energy protons, in particular
during GLE events. The model is based on a full Monte Carlaikitions and is applicable in the
whole atmosphere, with depth resolution better than 1 §/nd upgrades the CRAC:CRII. The
applicability of a quasi-analytical approach for compiatatof the ionization yields for particles
with arbitrary incidence, based on re-computation of eaily derived ionization yields is demon-
strated. The CRAC:HEPII model allows one to compute the imdpction rate and accordingly
the ionization effect in the atmosphere for any desiredtionaand conditions considering a given
primary particle spectrum. An application of the model fon production and the corresponding
ionization effect during GLE 70 on 13 December 2006 is showmus, we demonstrated that the
upgraded CRAC:HEPII is a useful tool to address importaobl@ms related to the influence of
EPs on atmospheric chemistry and physics.
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