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Tenuous Europa is now known as an X-ray emitter. X-ray emission from a tenuous planetary object has an intricate 

connection to its surface composition. By taking into account the solar X-rays incident on its surface as the source of 

excitation of X-rays from the surface, models of probable surface composition, and physical processes leading to the 

generation of X-rays from the surface, we developed a numerical model to understand its X-ray emission. The model 

computes the solar X-ray flux at Europa distance during representative cases of a solar cycle (0.01–100 MK). Energetic 

photon-induced events leading to the emission of X-rays from the surface result from photoelectric absorption and 

scattering. Taking into account five representative phases of a solar cycle and four probable models of surface composition, 

we estimated the X-ray energy flux generated from the satellite and as observed by the Chandra X-ray Observatory (CXO). 

During the representative quiet to flare cases, the X-ray flux available at Europa for surface energetics varies from 4.63 × 10−8 

to 3.23 × 10−4 ergs cm−2 s−1 (4.96 AU). Detectable X-ray energy flux from Europa at CXO varies from 5.27 × 10−22 to 

9.44 × 10−20 ergs cm−2 s−1. We also observed that the least energy flux is always emitted from the water-ice model of the 
surface composition. The presence of impurities in water-ice is seen as enhancing the X-ray emission from its veneer. 

Keywords: Solar X-rays; Europa; Photoelectric absorption; Rayleigh Scattering; Veneer 

1 Introduction 

On airless planetary objects and natural satellites 

possessing tenuous atmospheres, the attenuation of 

the ever-pervasive photons of the solar 

electromagnetic spectrum (EM) occurs only from its 

regolith. The photons having energies greater than the 

binding energies of the elemental composition of the 

regolith can excite and even ionize the atomic 

constituents leading to the emission of X-ray photons 

from the regolith. Evaluation of the X-ray spectral 

emission signatures from the tenuous satellite 

following the energetic environment-surface 

interactions requires details of the source excitation 

and response events from the regolith. The regolith 

accounted for in this work is of the Jovian Europa, the 

satellite harbours a subsurface ocean
1
, and we 

delineate in this work the energetic photon-induced 

emission of X-rays from the regolith of Europa. 

As the excitation source of X-rays from Europa, we 

took into consideration the photons in the X-region of 

the EM spectrum of the Sun. In the EM spectrum, the 

X-region extends from wavelengths of  100–0.01 Å 

(100 eV–120 keV). Due to their penetrating

abilities
2
, X-rays in the high-energy region (12–120 

keV) are known as hard X-rays [λ < 1 Å (E > 12.4 

keV)], and the lower-end is referred to as soft X-ray 

region [λ > 1 Å (E < 12.4 keV)]. With h as the 

Planck’s constant (6.6261 × 10
−34

 J.s), the energy E of 

the photon (E = h.ν = h.c.λ
−1

) is determined solely by 

the frequency (ν) or wavelength (λ) of the radiation. 

The solar X-rays originate from the corona. Since the 

energetic solar coronal X-rays have a dependence on 

the solar activity cycle, we also took into account 

the representative phases of a typical cycle of 

solar activity. The energetic photon-induced X-ray 

emission from the surface of the satellite, as detected 

by an orbiter in space, is indicative of the absorption 

and scattering process at the surface. The photon-

induced response events from the surface of Europa 

attempted in this work consist of X-ray fluorescence 

(XRF) and scattering. The XRF occurs due to the 

photoelectric absorption of the incident energetic 

photons
3,4,5,6

. The photons in the energy range 0.7–10 

keV (17.700–1.239 Å) undergo scattering from the 

regolith
7
. Scattering involves both Rayleigh and 

Compton scattering events, and these components 

generate a background continuum for the XRF line 

emission. 
————— 

*Corresponding authors: (Email: babuca@cusat.ac.in)
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In this context, for a comprehensive understanding 

of the energetic photon-induced surface energetics 

leading to the photon-induced response events from 

the surface of a tenuous natural satellite of the solar 

system harbouring a subsurface ocean, we developed 

a numerical model to quantify the sunshine and 

moonshine in X-rays from the satellite during 

representative phases of a typical cycle of solar 

activity. The salient details of the model which 

computes the source excitation fluxes, and the energy 

fluxes generated from the water-ice surface of Europa 

and received at the telescope of the Chandra X-ray 

Observatory (CXO) is already described in an earlier 

paper by the authors
8
. We now consider the impurities 

conglomerated into the water-ice matrix of the surface 

of Europa. Still considering the line and continuum 

emission process leading to the emission of X-rays 

from the Sun, we estimated the solar coronal energy 

flux at Europa during representative cases of a solar 

cycle. These estimates of the excitation fluxes are 

later used for the computation of the energetic 

photon-induced X-ray energy fluxes during the 

representative cases from the surface of Europa. Since 

the observed X-ray emission from Europa occurs in 

the soft X-ray range
9
, we took into account only the 

X-ray fluorescent emission and the Rayleigh 

scattering for the estimation of the total energy flux 

from the satellite (ergs cm
−2

 s
−1

). 

The computed numbers of the solar X-ray flux at  

R = 1 AU are scaled to Europa distance as follows.  

X-ray emission from Europa was detected by CXO 

during its observation on November 25–26, 1999. 

Besides the photon-induced excitation of X-rays from 

the satellite, another probable mechanism leading  

to the emission of X-rays from the satellite is  

the particle-induced emission process. For the 

computation of the intensity of the energetic 

bombarding ions on Europa, observations of the EPD 

detector of Galileo mission flybys are available for 

three encounters
10

. During the E12 encounter on 

December 16, 1997, the average distance of Europa 

from the Sun was 5.52 AU, during the E19 encounter 

(February 1, 1999) was 5.59 AU, and during the E26 

encounter (January 3, 2000) was 4.96 AU. For the 

aforementioned period of observation of CXO and 

among the encounters, the encounter E26 (January 3, 

2000) was the closest to the period of observation of 

CXO (November 25–26, 1999). Consequently, to 

derive the relative significance of the photon  

and ion-induced X-ray emission from Europa, the 

photon-induced processes generated from the surface 

of Europa while the satellite was at a distance of 4.96 

AU is undertaken. 

This paper presents the significant features of the 

numerical model (§ 2), and for comparative estimates 

discusses the salient features of the X-ray energy flux 

received at the telescope of CXO (ergs cm
−2

 s
−1

). The 

surface composition of Europa to which the energetic 

photons bestow an interaction (§ 2.1), the formalism 

and formulation of the photon-induced response 

events from the satellite (§ 2.2), and the salient results 

of the computed numbers are discussed (§ 3). 
 

2 Materials and Methods 

Solar X-ray photons are regarded in this work as 
the excitation source for the emission of X-rays from 
the surface of Europa. The source region of X-rays, 

the solar corona, is regarded as a typical case of  
low-density plasma, the plasma is a mixture of several 
different ions, the principal contributor among them is 
hydrogen, helium, and the solar coronal X-ray 
emission consists of line and continuum

11
. The line 

emission from a hot, dilute and optically thin  

low-density plasma results from the downward 
radiative transitions, and the emitted photon is 
resonance absorbed and re-emitted. Free-free 
emission, free-bound emission, and two-photon decay 
of the metastable states of hydrogen and helium lead 
to continuum emission, and we assume that the 

photon eventually escapes from hot plasma. We 
generated the solar X-ray energy flux during the 
representative conditions of a solar activity cycle  
(Te = 1–100 MK) using the Chianti code (ergs cm

−2
 s

−1
), 

and this flux is further used for the estimation of the 
solar coronal photon-induced response events from 

the satellite (ergs cm
−2

 s
−1

). The probable solar coronal 
X-ray energy flux during these representative phases of 
the solar activity cycle and during the period of the 
observation of CXO is computed (1–100 Å), presented 
and discussed under the following premises. 

The solar coronal thermal radiation is dependent 

upon electron temperature (Te) and electron number 
density (Ne) through the emission measure (N

2
edV). 

The representative numbers of the electron 
temperature (Te) and the electron density (Ne) adopted 
for the computation of the probable solar X-ray flux at 
Europa distance during a solar cycle are as follows. 

The X-ray emission from an instant of coronal 
condition

12,13 
is computed using Te of 1.0 MK and  

an emission measure of 3.0 × 10
49

 cm
−3

 (SNo.1). The 
X-ray emission from an instant of general corona

12,14
 



INDIAN J PURE APPL PHYS, VOL. 60, JULY 2022 

 

 

602 

(SNo.2) is modelled using an electron temperature (Te) 
of 1.5 MK and an emission measure of 3.0 × 10

49
 cm

−3
. 

An instant of X-ray active region emission from the 
whole Sun

14
 is also taken into account with an 

electron temperature (Te) of 3.0 MK and an emission 

measure of 5.049 × 10
49

 cm
−3

 (SNo.3). 
Apart from these scenarios, the predicted solar 

activity cycles from 1985–2020 reveal that the period 

of observation of CXO (November 25–26, 1999) 

belongs to the near maximum of the 23
rd

 solar activity 

cycle
15

. The solar flux (J(λ) ergs cm
−2

 s
−1

 keV
−1

) 

during this period is computed by taking into account 

the solar flares. Solar flares are a short-lived sudden 

increase in the intensity of the radiation emitted in  

the neighbourhood of sunspots
15,16,17

. The GOES 

observation reveals that the dominant class of flares 

during the period of the observation of CXO were of 

C-class. We modelled the X-ray emission
18

 due to a 

typical C-class [Te = 12.0 MK and N
2
edV = 9.0 × 10

47
 

cm
−3

 (SNo.4)] and an M-class flare [Te = 17.5 MK 

and N
2
edV = 7.0 × 10

48
 cm

−3
 (SNo.5)]. Later, using 

these incident fluxes, we estimated the energy flux 

generated from the representative surface composition 

of Europa and received at the telescope of CXO. 
 

2.1 Surface composition of Europa 

The Jupiter system, a miniature solar system, 

consists of 79 known natural satellites as of today. 

Among them, the four largest and massive Galilean 

satellites are regular, and all others are irregular small 

shaped objects. Europa, the second-largest Galilean 

(radius = 1560.8 kilometres), is also the sixth-largest 

in the solar system, is tidally heated, geologically 

active and the thermal emission signatures from the 

surface show low latitude diurnal brightness 

temperatures
20

 in the range of 86–132 K. The Doppler 

data generated with the radio carrier wave of Galileo 

mission measured the external gravitational field  

of Europa
21

, and the measurements indicate a 

predominantly water ice-liquid outer shell of  

100–200 kilometres thick. The measurements of the 

impact craters on the surface reveal that the floating 

ice shell is 19–25 kilometres thick
22,23

. The average 

age of the surface
24

 is between 30–70 Myr, and the 

materials accumulate on the surface through 

endogenic and exogenic sources. The primary 

endogenic source is the subsurface ocean
1
, resurfacing 

is known to occur
25

, and the exogenic sources are the 

direct impacts of comets, asteroids, meteorites, micro-

meteorites, the material ejected from the Jovian outer 

irregular satellites and the inner Io
26

. 

The major constituents on the surface are the 
water-ice and hydrated species. The presence of 
water-ice is indicated by the appearance of prominent 
vibrational bands in the spectra. Early infrared 
spectrometer tracings up to 2.5 µm revealed that the 

spectrum beyond 1.5 µm is reduced in intensity by a 
factor of 2–3. This observation was readily explained, 
later confirmed from the near-IR spectra

27
 in the 

region 0.7–2.5 µm, by assuming a surface coverage of 
H2O snow

28
. The 1–4 µm spectra also revealed large 

amounts of water-ice on the surface
29

, the surface ice 

is predominantly amorphous and the ice at 1 mm 
depth is predominantly crystalline

30
. The reflectivity 

spectra of the trailing and leading sides of the 
Galilean satellites from airborne telescopic 
measurements

31
 concluded that the leading side of 

Europa was almost entirely frost-covered with 

fractional coverage > 85%. The spectrum of the 
trailing side of Europa at 1.5–2.0 µm absorptions is 
very asymmetric compared to those for water frost

32
, 

and minerals are the probable source
33

. The Near 
Infrared Mapping Spectrometer (NIMS) of the 
Galileo orbiter returned infrared reflectance spectra 

exhibiting asymmetric absorption bands in the  
1–3 µm spectral regions

34
. The primary features in 

this region are attributed to the water-ice overtones 
that shift in frequency and become asymmetric when 
ice contains impurities. On Europa, these asymmetric 
spectral signatures are seen as concentrated in 

lineaments and chaotic terrain
35,36

. 
The ubiquitous water-ice and its amorphous  

low-density phase is taken in this work as the Model-A. 
The direct comparison of the diffuse reflectance 
spectra of flash-frozen MgSO4 (magnesium sulfate), 
Na2SO4 (sodium sulfate) and H2SO4 (sulphuric acid) 

with ratios 0.50:0.25:0.25 (mole-percent) has given 
near perfect matches to NIMS data

37
; NaHSO4 

(sodium bisulfate) rather than equal amounts of 
Na2SO4 and H2SO4 is also possible. A linear mixture 
model using cryogenic laboratory spectra as end 
members consisting of 14% hexahydrite, 11% 

bloedite, 12% mirabilite and 63% sulphuric acid 
hydrate is also probable

38
. An excellent fit is also 

35.4% sulphuric acid hydrate, 18.2% hexahydrite, 
17.9% mirabilite, 7.7% 100 µm grains of ice  
and 20.6% 250 µm grains of ice

39
. Besides the 

predominant water-ice composition (Model-A), we 

used these aforementioned propositions
37,38,39 

to take 
into account the presence of impurities interspersed in 
the water-ice regolith, and formulated four probable 
elemental composition models of the surface of 
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Europa (Table 1). Subsequently, Model-B/C depict an 
endogenic source

37
, Model-D depict an exogenic 

source
38

 and Model-E is a generalized representative 
model

39
, and all these models conform to the Galileo 

NIMS data. 
The elemental composition of these most probable 

models (Table 2) is hydrogen (Z = 1), oxygen (Z = 8), 

sodium (Z = 11), magnesium (Z = 12), sulphur  

(Z = 16), and; except for hydrogen, all others have 

fluorescent emission (Table 3). In the water-ice 

(Model-A), oxygen has the dominant mass fraction 

(Cz = 0.888), is the only fluorescing element, has a  

K-edge (EK) at 0.525 keV, and the oxygen Kα 

emission occurs at 0.537 keV. The Model-B/C 

through Model-E has hydrogen, oxygen, sodium, 

magnesium and sulphur as its elemental composition. 

Our computations reveal that in Model-B/C, oxygen 

(0.53) has the dominant mass fraction followed by 

sulphur (0.27), magnesium (0.10), sodium (0.096) and 

hydrogen (4.19E-03). In Model-D, oxygen (0.68) has 

the dominant mass fraction followed by sulphur 

(0.23), hydrogen (0.04), sodium (0.03) and 

magnesium (0.02). In Model-E, oxygen (0.75) has the 

dominant mass fraction followed by sulphur (0.14), 

hydrogen (0.07), sodium (0.03) and magnesium 

(0.02). These probable elemental compositions of the 

models of the surface composition of Europa are 

further used for the estimation of the X-ray energy 

flux generated from the surface due to the energetic 

photon-induced absorption and scattering events. 
 

2.2 Photons and Photon-induced response events 
 

2.2.1 X-ray fluorescence 

The production of X-ray fluorescent photons from 

a tenuous planetary regolith result from the interaction 

of the solar X-ray photons with their elemental 

composition. Ionization is the process by which the 

electrons are lost from or transferred to neutral 

molecules or atoms to form positively or negatively 

charged-particles. The photoelectric effect, the 

simplest example of photo-ionization, is possible only 

if the energy of the incoming photon is at least as 

large as the binding energy (B) of the electron in one 

of the states of the atomic shell, the ejected electron 

(photo-electron) from an atomic shell emerge with 

kinetic energy T (= h.ν – B), and results in the creation 

of a hole or a vacancy leading to the sustenance of an 

Table 1 — Constituents of various models of Europa’s surface 

composition. 

Model-A Mass% 

LDA Water-ice LDA H2O ice 100% 

Model-B37 Mol% 

Magnesium sulfate MgSO4 0.50 

Sodium sulfate Na2SO4 0.25 

Sulphuric acid H2SO4 0.25 

Model-C37 Mol% 

Magnesium sulfate MgSO4 0.50 

Sodium bisulfate NaHSO4 0.50 

Model-D38 Mass% 

Sulphuric acid hydrate H4O5S 63.0 

Hexahydrite MgSO4.6(H2O) 14.0 

Mirabilite Na2SO4.10(H2O) 12.0 

Bloedite Na2Mg(SO4)2.4(H2O) 11.0 

Model-E39 Mass% 

Sulphuric acid hydrate H4O5S 35.4 

Water-ice H2O 28.3 

Hexahydrite MgSO4.6(H2O) 18.2 

Mirabilite Na2SO4.10(H2O) 17.9 

Notes. - LDA stands for Low Density Amorphous phase of water-

ice. The constituents specified in these models are used to 

compute the fractional percentage of the elemental constituents of 

the probable models of the surface of Europa (Table 2). 
 

Table 2 — Fractional percentage of elements in Europa’s surface composition. 

Element/Model Water-ice Model-B/C37 Model-D38 Model-E39 

Hydrogen 11.20 0.42 3.95 6.49 

Oxygen 88.80 53.24 67.89 74.87 

Sodium - 9.56 3.23 2.58 

Magnesium - 10.11 2.29 1.94 

Sulphur - 26.74 22.67 14.14 
 

Table 3 — Tabulated parameters used for computation. 

Element 

 

Atomic Mass40 

AZ (g mol−1) 

Fluorescence yield41 

K,Z 

Fluorescent energy42 

Kα (keV) 

K-edge43 

EK (keV) 

Oxygen 15.999 0.008 0.525 0.537 

Sodium 22.990 0.023 1.041 1.072 

Magnesium 24.304 0.030 1.254 1.305 

Sulphur 32.059 0.078 2.308 2.472 

Notes. - Notation Z denote the atomic number of an element. 
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excited state. It must lose a specific amount of energy 

to occupy the closer shell of more binding energy. 

This excess energy appears as a photon whose energy 

is the difference between the binding energies of the 

filled outer-shell and the vacant inner-shell (radiative 

transition). The emission occurs in the X-region of the 

EM spectrum, the X-rays produced in this manner are 

called characteristic X-rays, the energy spectrum 

emitted by this process is specific to the particular 

atomic species involved, and acts as a fingerprint  

of the elements. This process of emission of 

characteristic photons after the photo-absorption is 

known as X-ray Fluorescence (XRF). 

With J(λ) as the incident solar coronal X-ray 

energy flux computed in the wavelength interval, Ci 

as the mass fraction or concentration of each element 

in the elemental composition of the surface, Cj that of 

the fluorescing element, Ai denotes its relative atomic 

mass, the intensity (I) of the X-ray fluorescence I 

generated from a surface
5
 is computed by integrating 

from a minimum wavelength (λmin) above which the 

fluorescence is determined to become negligible to 

the K absorption edge (λK) as: 
 

             
  

        

 
             

 
                   

       
       

 

  

    
dE     

                 … (1) 
 

The various terms appearing in this expression can 
be understood in terms of the parameters that 
characterize the source excitation flux, the detector 
and the surface composition of the medium. The 

source excitation flux is the solar coronal X-rays,  
the flux J(λ) in the wavelength interval has units of 
ergs cm

−2
 s

−1
 Å

−1
 (1–100 Å), and the flux J(E) in  

the energy interval has units of ergs cm
−2

 s
−1

 keV
−1

 
(0.1–12.4 keV). The solid angle of the detector of  
the sensor is denoted as dΩ, the generation of 

fluorescence is statistically isotropic, is independent 
of the emission angle, is divided by 4π to obtain the 
yield per unit solid angle, and D is the distance from 
the Sun (AU). The notation α denote the incident 
angle of the primary X-rays to the normal (0

o
 at the 

sub-solar point). The strength of the source depends 

on the complement of the incident flux angle of the 
source. Thus, J(λ) is multiplied by the cosine of α, and 
β is the complement of the exiting flux angle (0

o
 for 

nadir-pointing). 
The elemental composition of the surface is 

characterized in the expression through the 

parameters ci, cj (mass fraction), ωj (fluorescence 

yield), gj (transition probability), rj (absorption jump 

ratio) and µ (absorption/attenuation coefficients). We 

obtained the current numbers of ωK, gKα and rK from 

the database xraylib
44

; K absorption edge energies 

(EK) and the characteristic wavelength (Kα) of the 

elemental composition from literature
42,43

, and the 

absorption/ attenuation coefficients (µ cm
2
 g

−1
) are 

computed using the NIST XCOM photon cross 

section database
45

. These descriptions of the source 

flux and the medium are also applicable for the 

characterization of the surface for the computation of 

the Rayleigh scattering and the total energy flux 

generated from the surface. 
 

2.2.2 Rayleigh scattering 

The scattering is a process in which a free charge 

radiates in response to an incident EM wave. Rayleigh 

scattering is the process by which the incident 

photons are elastically scattered by the bound atomic 

electrons, the atom is neither ionized nor excited, its 

energy remains unaltered, and the incident photon is 

recoiled by the entire atom changing thereby its 

momentum and polarization. As a result, the energy 

of the scattered photon is identical to that of the 

incident photon, the photon is scattered by the 

combined action of the whole atom, and hence, the 

scattering is coherent. In the energy range 10–100 

keV, the cross section for the Rayleigh scattering of 

X-rays compete with that for incoherent scattering 

(Compton). The model equation for the computation 

of the Rayleigh scatter σR(λ) at a particular 

wavelength
5,6,7

, formulated on the assumption that the 

surface has a ‘homogeneous interior’ and is much 

‘thicker than the interaction length of an X-ray 

photon’, is:  
 

        
 

  

     ×  
  
            

  
  

  
             

       

       
  

    

    
    

                  … (2) 
 

As the energy of the incident photon increases, the 

electron is no longer a classical point charge. With x 

as the momentum transfer variable, Z as the atomic 

number of the nucleus of the target atom, the 

modification to correct the point charge formula of 

Thomson for an extended charge distribution is 

described by the atomic form factor F(x, Z). F
2
(x, Z) 

is the probability that Z electrons of an atom take up 

the recoil momentum (x) without absorbing any 

energy. With Ai as the atomic weight of the absorber i, 
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NA (6.022 × 10
23

 mol
−1

) as the Avogadro’s number, re 

(2.818 × 10
−15

 cm) as the classical radius of the 

electron
46

, θ as the scattering angle, deσTh/dΩ as the 

electronic DCS per unit solid angle for the Thomson 

scattering of an unpolarized radiation on a free 

electron (cm
2
/electron/steradian), daσR/dΩ as the 

Rayleigh DCS for the elastic scattering of unpolarized 

photons, the efficiency factor of the Rayleigh 

scattering
7
 ξi is computed as: 

 

 
 
  

  

  
 
   

 

  
 

    
 

  
  

    
 

  
           = 

  
 

 
                                  … (3) 
 

In order to eliminate the need for the interpolation 

of the tables of the computed form factors in 

literature
47

, an exponential fit as an analytical function 

is available
48

. We used this function with the notation 

θ denoting the Bragg angle (half the take-off angle of 

the spot), λ denoting the wavelength in Å in the range 

of the scattering vectors between 0 < (sinθ)/λ < 2.0 

Å
−1

 to compute the atomic form factor using ai, bi and 

c as the Cromer Mann coefficients as: 
 

     
 

 
      

              
      

 
 
 
    

                 … (4) 
 

As in eq. 1, the various terms appearing in this 

expression can be understood in terms of the 

parameters that characterize the source excitation flux 

J(λ), detector (dΩ/4πD
2
), parameters that characterize 

the elemental composition of the surface (Ci, Ai, µi, 

ξi). The explanatory notes given for the parameters in 

eq. 1 is also valid for eq. 2. 
 

3 Results and Discussions 
 

3.1 Solar coronal X-ray emission flux over a solar cycle 

The integrated numbers of the solar X-ray flux J(E) 

(ergs cm
−2

 s
−1

) modelled with Chianti in the energy 

interval (0.1–12.4 keV) during the representative 

conditions of a solar cycle (SNo.1–5) while Europa is 

at 4.96 AU are presented (Table 4). An instant of  

X-ray emission from a coronal condition modelled 

using an electron temperature (Te) of 1.0 MK and an 

electron density (Ne) of 14.57 × 10
7
 cm

−3
 generates an 

X-ray energy flux of 2.95 × 10
−4

 ergs cm
−2

 s
−1

 (SNo.1) 

at Europa distance. An instant of general corona  

[Te = 1.5 MK; Ne = 14.56 × 10
7
 cm

−3
] generates an  

X-ray energy flux of 3.23 × 10
−4

 ergs cm
−2

 s
−1

 

(SNo.2). An instant of X-ray active region emission 

from the whole Sun [Te = 3.0 MK; Ne = 5.98 × 10
7 
cm

−3
] 

generates an X-ray energy flux of 3.85 × 10
−5

 ergs 

cm
−2

 s
−1

 (SNo.3). A typical C1-class of flare  

[Te = 12.0 MK; Ne = 2.52 × 10
7
 cm

−3
] generates  

9.24 × 10
−6

 ergs cm
−2

 s
−1

 (SNo.4). A typical M1-class 

of flare [Te = 17.5 MK; Ne = 7.04 × 10
7 

cm
−3

] 

generates 4.23 × 10
−5

 ergs cm
−2

 s
−1

 (SNo.5). Apart 

from these computed results, during the quiet solar 

conditions, the solar flux at 1 AU in the X-ray range
19

 

is equal to 10
−9

 J m
−2

 s
−1

 and hence, the probable  

X-ray energy flux during the quiet condition at 4.96 

AU is 4.63 × 10
−8

 ergs cm
−2

 s
−1

. A closer look at Fig. 1, 

which depicts the solar coronal X-ray energy flux at 

Europa distance (4.96 AU), also reveals that even the 

 
 

Fig. 1 — Solar coronal X-ray energy flux at Europa distance  

(4.96 AU). 

Table 4 — Solar coronal X-ray energy flux at Europa distance (4.96 AU). 

Solar Condition Te (MK) Ne (107 cm-3) Energy Flux (erg cm−2 s−1) 

SNo.1 1.00 14.57 2.95E-04 

SNo.2 1.50 14.56 3.23E-04 

SNo.3 3.00 5.980 3.85E-05 

SNo.4 12.0 2.520 9.24E-06 

SNo.5 17.5 7.040 4.23E-05 

Notes. - The solar coronal X-ray fluxes in the energy interval at 4.96 AU during the representative phases of a solar activity cycle. SNo.1 

provide the fluxes for a typical case of coronal condition12; SNo.2 provides the fluxes for a case of general corona12,14; SNo.3 provide the 

fluxes for a case of X-ray active region emission from the whole Sun19; SNo.4–5 provide the fluxes for two cases of GOES solar flares 

(C1- and M1-class of flares). 
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flux generated by the solar coronal condition SNo.2 

onwards can cause fluorescent emission from the 

probable five-elemental representative composition of 

the models of the surface composition of Europa 

addressed in this work. Also, the flux generated by the 

solar conditions SNo.1–3 is seen as considerably 

higher in the lower energy ranges than seen during the 

flare conditions (SNo.4–5). 

It is deducted that during all these representative 

cases of the solar cycle, the solar coronal X-ray flux 

in the energy interval available at 4.96 AU for driving 

its surface energetics leading to the emission of  

X-rays from Europa can vary from 4.63 × 10
−8

 to  

3.23 × 10
−4

 ergs cm
−2

 s
−1

. We have used these estimates 

of the solar coronal X-ray energy fluxes available at 

Europa distance of 4.96 AU to gain insights into the 

probable levels of X-ray energy flux during the 

representative phases of a solar activity cycle.  

The estimates of the photon-induced XRF, and the  

total (XRF + Rayleigh) energy fluxes during these 

representative conditions of the solar cycle are as 

follows. 
 

3.2 Probable XRF, Rayleigh and Total fluxes at CXO during a 

solar cycle 

During a typical solar condition (SNo.1), the 
computed oxygen Kα emission flux received at CXO 
from the water-ice composition of Europa (Model-A) 
is 2.01E-18 ergs cm

−2
 s

−1
. From Model-B/C, the Kα 

energy flux (ergs cm
−2

 s
−1

) due to sodium is found 
lower (5.66E-20), and enhances through magnesium 
(1.13E-19), oxygen (1.67E-18) and sulphur (2.02E-
18). From Model-D, the Kα energy flux due to sodium 
(1.60E-20) is found lower, and enhances through 
magnesium (2.15E-20), sulphur (1.43E-18) and 
oxygen (1.79E-18). From Model-E, the Kα energy 
flux due to sodium (1.20E-20) is found lower, and 
enhances through magnesium (1.71E-20), sulphur 
(8.41E-19) and oxygen (1.85E-18). 

In the case of a general corona with one active 
region (SNo.2), from the water-ice, the oxygen Kα 
energy flux is 2.04E-18 ergs cm

−2
 s

−1
. From Model-

B/C, the Kα energy flux due to sodium (7.44E-20) is 
found lower, and enhances through magnesium 
(1.50E-19), oxygen (1.70E-18) and sulphur (2.73E-
18). From Model-D, the Kα energy flux due to sodium 
(2.12E-20) is found lower, and enhances through 
magnesium (2.87E-20), oxygen (1.83E-18) and 
sulphur (1.96E-18). From Model-E, the Kα energy 
flux due to sodium (1.60E-20) is found lower, and 
enhances through magnesium (2.31E-20), sulphur 
(1.16E-18) and oxygen (1.89E-18). 

In the case of X-ray active region emission from 

the whole Sun (SNo.3), from the water-ice, the energy 

flux is 1.27E-19 ergs cm
−2

 s
−1

. From Model-B/C, the 

Kα energy flux due to sodium (1.10E-20) is found 

lower, and enhances through magnesium (2.30E-20), 

oxygen (1.04E-19) and sulphur (4.72E-19).  

From Model-D, the Kα energy flux due to sodium 

(3.20E-21) is found lower, and enhances through 

magnesium (4.58E-21), oxygen (1.12E-19) and 

sulphur (3.53E-19). From Model-E, the Kα energy 

flux due to sodium (2.45E-21) is found lower, and 

enhances through magnesium (3.75E-21), oxygen 

(1.17E-19) and sulphur (2.12E-19). 

During the typical solar flares, from the water-ice, 

the oxygen Kα energy flux during C1-flare (SNo.4) 

and M1-flare (SNo 5) are 1.19E-20 ergs cm
−2

 s
−1

 and 

5.21E-20 ergs cm
−2

 s
−1

 respectively. From Model-

B/C, the Kα energy flux (SNo.4) due to sodium 

(1.89E-21) is found lower, and enhances through 

magnesium (4.18E-21), oxygen (8.15E-21) and 

sulphur (1.08E-19). The Kα energy flux (SNo.5) due 

to sodium (6.55E-21) is found lower, and enhances 

through magnesium (1.45E-20), oxygen (3.77E-20) 

and sulphur (4.02E-19). From Model-D, the Kα 

energy flux (SNo.4) due to sodium (5.60E-22) is 

found lower, and enhances through magnesium 

(8.72E-22) and sulphur (8.63E-20). The Kα energy 

flux (SNo.5) due to sodium (1.95E-21) is found 

lower, and enhances through magnesium (3.04E-21), 

oxygen (4.17E-20) and sulphur (3.34E-19). From 

Model-E, the Kα energy flux (SNo.4) due to sodium 

(4.33E-22) is found lower, and enhances through 

magnesium (7.21E-22), oxygen (9.56E-21) and 

sulphur (5.26E-20). The Kα energy flux (SNo.5) due 

to sodium (1.51E-21) is found lower, and enhances 

through magnesium (2.51E-21), oxygen (4.39E-20) 

and sulphur (2.04E-19). 

The Rayleigh spectrum from four models of the 

surface composition (Figs 2–5) reveals that beyond 

8.5 keV, the scattering is seen as nil. Throughout the 

energy spectrum, the scattering caused by the M-class 

flare (SNo.5) is seen as dominant. The lower energy 

ranges are dominated by the case of general corona 

(SNo.2) and the case of X-ray active region emission 

from the whole Sun (SNo.3). The Rayleigh spectrum 

of Model-D and Model-E are seen as almost similar. 

The spectra in the energy interval (ergs cm
−2

 s
−1

 keV
−1

) 

generated by the Rayleigh scattering (Figs 2-5),  

and the total (XRF + Rayleigh) energy flux  

generated from Model-A (Fig. 6), Model-B/C (Fig. 7), 



KUNDASSERY & BABU: X-RAY EMISSION FROM EUROPA AND DEPENDENCE ON SOLAR ACTIVITY 

 

 

607 

Model-D (Fig. 8) and Model-E (Fig. 9) surface of 

Europa at 4.96 AU and received at CXO are as 

follows.  During the coronal  condition   (SNo.1),  the 

energy flux (ergs cm
−2

 s
−1

) from the water-ice 

received at CXO is 4.12E-20, from Model-B/C is 

7.81E-20, from Model-D is 6.62E-20, from Model-E 

is 5.54E-20. For general corona with one active 

region (SNo.2), the energy flux from the water-ice is 

4.19E-20, from Model-B/C is 9.44E-20, from Model-D 

is 7.79E-20 and from Model-E is 6.30E-20. For the 

case of X-ray active region emission from the whole 

 
 

Fig. 2 — Rayleigh spectrum received at CXO from Europa's 

Model-A (water-ice) composition. 
 

 
 

Fig. 3 — Rayleigh spectrum received at CXO from Europa's 

Model-B/C composition. 

 

 
 

Fig. 4 — Rayleigh spectrum received at CXO from Europa's 

Model-D composition. 

 

 
 

Fig. 5 — Rayleigh spectrum received at CXO from Europa's 

Model-E composition. 

 

 
 

Fig. 6 — Total X-ray spectrum (XRF + Rayleigh) at CXO from 

Europa's Model-A composition. 
 

 
 

Fig. 7 — Total X-ray spectrum (XRF + Rayleigh) at CXO from 

Europa's Model-B/C composition. 
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sun (SNo.3), the energy flux from the water-ice is 

2.83E-21, from Model-B/C is 1.27E-20, from Model-

D is 9.84E-21 and from Model-E is 7.10E-21. For the 

case of solar flares (SNo.4–5), the energy flux from 

the water-ice ranges from 5.27E-22 to 3.56E-21,  

from Model-B/C range from 2.80E-21 to 1.16E-20 

(SNo.4–5), from Model-D range from 2.28E-21 to 

1.00E-20 (SNo.4–5) and from Model-E range from 

1.61E-21 to 7.45E-21 (SNo.4–5). It is also observed 

that the least energy flux is always emitted from the 

water-ice (Model-A), and is seen as enhancing 

through Model-E, Model-D (exogenic representation 

of the surface composition) and Model-B/C (endogenic 

representation of the surface composition). 

From all models of the probable surface 

composition of Europa (Figs 6–9), higher total X-ray 

emission flux is always generated by the case of 

general corona (SNo.2). From the predominant water-ice 

composition (Model-A), the emission flux from the 

surface diminishes through the case of X-ray active 

region emission from the whole Sun (SNo.3) and the 

least flux is caused by an M-class flare (SNo.5). From 

Model-B/C, the flux diminishes through the general 

case of solar condition (SNo.1), X-ray active region 

emission from the whole Sun (SNo.3), M-class flare 

(SNo.5) and least flux is caused by the C-class flare 

(SNo.4). From all models of the surface composition, 

the sulphur Kα contribution to emission is seen higher 

and diminish through oxygen Kα, magnesium Kα and 

sodium Kα. A similar profile as seen in Model-B/C is 

also seen as prevailing from Model-D and Model-E. 

The oxygen Kα from Model-A is seen as higher than 

generated from Model-B/C, Model-D and Model-E. 

The fluxes due to sodium Kα and magnesium  

Kα is seen as lower in Model-D, enhance through 

Model-E and is seen as higher in Model-B/C.  

The fluxes due to sulphur Kα are seen as higher in 

Model-B/C, and diminish through Model-D and 

Model-E. 
 

4 Conclusions 

It is deducted that the energetic solar coronal  

X-ray photon-induced X-ray emission during the 

representative cases of a solar activity cycle flux  

(ergs cm
−2

 s
−1

) generated from the water-ice 

composition of the surface of Europa (Model-A) varies 

from 5.27E-22 to 4.19E-20, from Model-B/C from 

2.80E-21 to 9.44E-20, from Model-D from 2.28E-21 

to 7.79E-20, and from Model-E from 1.61E-21  

to 6.30E-20. Detectable total (XRF + Rayleigh)  

X-ray energy flux from Europa at CXO varies from 

5.27E-22 to 9.44E-20 ergs cm
−2

 s
−1

. These numbers 

indicate that the least flux from all probable models of 

the surface composition of Europa is generated during 

the solar condition of flares (SNo.4) and maximum 

flux during a case of X-ray emission from the general 

corona (SNo.2). 

It is thus observed that during the representative 

cases of a coronal condition (SNo.1), the total energy 

flux (ergs cm
−2

 s
−1

) generated from the probable 

models of the surface composition of Europa varies 

from 4.12E-20 to 7.81E-20, for a general corona with 

one active region varies from 4.19E-20 to 9.44E-20 

(SNo.2), for the X-ray active region emission from 

the whole Sun varies from 2.83E-21 to 1.27E-20 

(SNo.3), for a C-class flare varies from 5.27E-22 to 

2.80E-21 (SNo.4) and for an M-class flare varies from 

3.56E-21 to 1.16E-20 (SNo.5). We still note that these 

numbers are still seen as far less than the numbers 

observed by CXO (3.0 × 10
−16

 ergs cm
−2

 s
−1

), and 

requires more energetic sources to generate higher 

fluxes from the surface of Europa. 

 
 

Fig. 8 — Total X-ray spectrum (XRF + Rayleigh) at CXO from 

Europa's Model-D composition. 
 

 
 

Fig. 9 — Total X-ray spectrum (XRF + Rayleigh) at CXO from 

Europa's Model-E composition. 
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