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Dependence of X-ray emission from Europa on solar activity cycle
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The atmosphere of the Jovian Europa being tenuous, the interaction of the energetic solar photons is a probable source of
excitation for the emission of X-rays from the surface of the satellite. Solar photons in the X-region of the electromagnetic
spectrum have energies greater than the binding energy of the elemental constituents of the surface, cause excitation of
electrons, and on de-excitation cause emission of X-rays through X-ray fluorescence. We developed models for the
computation of the solar X-ray flux during the representative phases of a solar activity cycle (1-100 A), and using these
fluxes, we computed the photon-induced X-ray fluorescent and Rayleigh scattering emission flux from the regolith of the
Europa by taking into account its predominant H,O ice composition. This work observed that during the extreme case of the
quiet Sun condition and an X2-class flare, the X-ray energy flux at the Europa distance of 4.96 AU vary from 1.08 x 107 to
5.23 x 10 ergs-cm™s™'. This flux from the H,O ice composition can generate a total X-ray energy flux, inclusive of the
X-ray fluorescent and Rayleigh scattering events, varying as 1.40 x 107 to 6.21 x 10 ergs-cm™s™. These computed
numbers of the X-ray energy fluxes at the telescope of the Chandra X-ray Observatory are of lesser magnitude in
comparison to its observed numbers (3.0 x 107'%). This deduction reveals the influence of a stronger excitation source than

the photon-induced mechanisms of the generation of X-rays from the surface of the Europa.

Keywords: Solar corona; Europa; Tenuous; Exosphere; X-ray fluorescence; Rayleigh scattering

1 Introduction

The thin atmosphere of certain natural satellites in
the Solar System lets direct interaction of the photons
in the solar electromagnetic (EM) spectrum. The EM
spectrum, the range of all possible energies/
wavelengths, arise due to the electronic transitions in
atomic, molecular and nuclear systems. The spectrum
in terms of energy is divided into radio wave
(<10° eV), microwave (10°-0.01 eV), infrared
(0.01-2 eV), visible region (2-3 eV), ultraviolet (3-10°
eV), X-rays and y-rays (> 10° eV). We focus in this
work on the X-ray region of the EM spectrum, and
X-rays originate from the electron shells of the atoms.
Due to their penetrating abilities, the X-region
(0.01-10 nm or 123.98 keV-0.12398 keV) is also
classified as hard X-rays (0.01-0.1 nm; E > 12.4 keV)
and soft X-rays (0.1-10 nm; E < 12.4 keV). The Sun
and hot plasmas such as the stellar coronae are
regarded as the traditional sources of X-rays in the
Solar System. Burnight, 1949 reported the foremost
detection of X-rays from the Sun on August 6, 1948,
by the U.S. Naval Research Laboratory™. Ever after
the discovery of the X-ray emission from the Comet
Hyakutake®, the Chandra X-ray Observatory (CXO)
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has discovered a remarkable array of planetary objects
shining in soft X-rays. The planets [the Venus’, the
Earth®, the Mars’, the Jupiter®, the Saturn’], the
Moon'"""| the comets* and even the asteroids' are
also now known as soft X-ray emitters'’.

The Advanced CCD Imaging Spectrometer (ACIS)
and High-Resolution Camera (HRC) are the focal
plane science instruments of the CXO. The ACIS
observed the Jupiter system during November 25-26,
1999, and the observations of the Imaging Array of
the HRC-I was on December 18, 2000. The ACIS
observation spanning 24 hours (86.4 ks) was in
support of the Galileo flyby of the o, and the HRC-I
observation spanning 10 hours (36.0 ks) was in
support of the Cassini flyby of the Jupiter'*. The
results of these seminal X-ray observations of the
Jovian system reveal that the lo, the Europa and the
Ganymede are also soft X-ray emitters (0.25-2 keV).
Among them, this work focuses on the Europa and is
inspired by its discovery as an X-ray emitter by the
CXO". In this context, we developed a model to
compute the Ka X-ray energy flux generated from the
surface of the Europa and detected at the telescope of
the CXO due to the interaction of solar X-ray photons
during different conditions of a solar activity cycle
(ergs-cm™s™'). The elemental composition of the
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surface of the tenuous Europa responds to the
interaction of energetic solar X-ray photons through
the emission of X-rays. Subsequently, this work
developed computational models for the estimation of
the photon-induced X-ray energy flux generated from
the surface of the Europa for comparison with the
observation of the CXO (ergs-cm™s"). The succinct
description of the physical processes ensuing the
photon interaction with the regolith of the Europa
necessary for the computational aspects of the
intensity of the X-ray photons generated from the
surface and as observed by the telescope of the CXO
is discussed (§2).

2 Materials and Methods

The Europa, the smallest among the Galileans, is
currently geologically active, an ocean exists beneath
its icy crust', the ocean remains liquid due to tidal
flexing, and resurfacing is known to occur'’ which
intersperse the subsurface oceanic material with the
exogenic materials in the surface derived through the
extra-planetary materials. The nominal surface age of
the Europa is about 10-30 Ma'*"®, the measurements
and mapping of the impact craters on the surface
reveal that the ice shell is at least 19 kilometres
thick®®, and Nimmo et al.*' provide an estimate of a
probable shell thickness of 25 kilometres. Models of
the surface composition is the primal requirement for
the quantitative analysis of the scenarios of X-ray
emission from the surface of a satellite having a
tenuous  atmosphere. The thermal emission
observations of the Galileo's photopolarimeter-
radiometer show low-latitude diurnal brightness
temperatures of the surface in the range of 86-132 K*.
These temperatures favour the presence of H,O ice.
Even though the compounds and elements other than
above are also probable in the surface composition of
the Europa, we presently proceeded by considering
H,O ice as the predominant surface composition of
the Europa, and envisage including an extended
gamut of the probable elemental composition for
implementation into the model simulations in a future

paper.

2.1 Energetic photon fluxes in the environment of the Europa
The G2 star Sun is the primary source of energetics
in the Solar System. The environmental species of
solar origin that we took into account which can
influence the surface energetics on the Europa is the
energetic solar electromagnetic (EM) radiation. With

a photospheric temperature of 6000 K, the Sun is hot
enough to produce X-rays, and we took into
consideration in this work only the X-region of the
EM spectrum (1-100 A). Its source region is the solar
corona, and we considered the ever-pervasive solar
coronal X-ray photons as the probable excitation
source for the emission of X-rays from the surface of
the Europa. The interaction of these energetic photons
with the elemental composition of the surface of the
Europa is envisaged in this work as responsible for
the production of the observed X-ray emission from
the satellite. Since the emission of the solar X-rays
has a dependence on the solar activity cycle, this work
also took into account the representative coronal
conditions during a typical cycle of solar activity.

The solar coronal X-ray emission as the source flux
consists of line and continuum emission, and the
emission have a dependence on the solar activity
cycle. Under the premises of an optically thin plasma
whose electrons have Maxwellian energy distribution,
we computed using the Chianti code the X-ray energy
fluxes for the wavelength range 1-100 A pertinent to
the characteristic electron temperatures (T.: 1-100 MK)
and electron density (N.) prevailing in the solar
corona over a cycle of activity. For the computation
of the solar coronal X-ray energy flux, we took into
account a case of quiet Sun (SNo.l), two cases of
A-class (SNo.2-3) and C-class flares each (SNo.4-5),
three cases of M-class flares (SNo.6-8) and an
extreme case of an X2-class flare (SNo.9). The
representative numbers of the electron temperature
(T.) and the emission measure (cm™) adopted for the
computation of the probable solar X-ray flux during
these representative nine cases of a cycle of solar
activity are discussed (Table 1).

We modelled the X-ray emission flux J(A) from the
quiet corona®?**?%*" using an electron temperature
(T) of 1.50 MK and an emission measure of
1.0 x 10* cm™ (SNo.1). The progress in the solar
cycle results in the emergence of sunspots (local
regions of high magnetic field) first at high solar
latitudes (~25° N and S), advance nearer to the
equator and later completely fade away at the end™.
The bright areas (plages) which surround sunspot
groups, coincide with the regions of enhanced field
strength, these regions have lifetimes of days to
months and are called active regions, where flares
(transient  outpourings of energy observable
throughout the EM and particle spectrum) occur®",
and are characterized by a rise time on the order of
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Table 1. — Cromer-Mann coefficients for elemental
composition of Europa.

Cromer-Mann H (0]

Coefficients Zz=1 (z=29)
al 0.490 3.049
bl 20.659 13.277
a2 0.262 2.287
b2 7.740 5.701
a3 0.197 1.546
b3 49.552 0.324
a4 0.050 0.867
b4 2.202 32.909
c 0.001 0.251

minutes and decay on the order of tens of minute. The
flares are classified according to their strength. The
least powerful and the faintest flares classified by
the GOES 1-8 A detector are the A-class (near
background levels, 1-9 x 10™®* cm™ Wm™) followed by
B (background levels), C, M and X-class. The X-class
is the biggest among the flares and is defined as an
event during which the peak flux measured in the
1-8 A waveband at the Earth is between 10*-10° W
m™. The flux at the Earth of a flare of a given class is
thus 10 times that of the previous class, and each class
is divided into 9 sub-categories™.

We modelled the X-ray emission flux (ergs-cm™s”)
from the solar corona during the A-class flare for two
instances’'**. The former is modelled using an
electron temperature (T.) of 8.00 MK, an emission
measure of 1.0 x 10* cm™ (SNo.2), and the latter using
an electron temperature (T.) of 10.0 MK and an
emission measure of 1.0 x 10" cm™ (SNo.3). The period
of the observation of the CXO (November
25-26, 1999) belongs to the near maximum of the 23™
solar activity cycle™®. The GOES observation of the
X-ray flux during this period reveals that the
dominant class of flares were of C-class. We
modelled the X-ray emission from two C-class flares.
The former has an electron temperature of 12.0 MK,
an emission measure of 8.0 x 10* ¢cm™ (SNo.4), and
the second instant is modelled using an electron
temperature of 12.30 MK and an emission measure of
9.0 x 10 cm™ (SNo.5). We modelled three M-class
flares; the former has an electron temperature of
14.50 MK, an emission measure of 6.5 x 10 c¢m?
(SNo.6); the second has an electron temperature of
17.50 MK, an emission measure of 7.0 x 10*® ¢m?
(SNo.7), and the third has an electron temperature of
24.0 MK and an emission measure of 7.0 x 10** cm™
(SNo.8). To model the emission flux during the

X2-class of flare, we used an electron temperature of
25.0 MK and an emission measure of 1.0 x 10> ¢cm™
(SNo.9).

2.2 Photon-induced X-ray emission fluxes from the Europa's surface

The X-ray fluorescence (XRF) spectrometry, since
its primaeval inception onboard Apollo 15 mission on
July 26, 1971, is traditionally used to investigate the
elemental composition of the sun-lit landscapes of the
tenuous planetary objects. Photo-absorption results in
the ejection of electrons (photoelectric effect) and the
subsequent emission of the photon is known as X-ray
fluorescence (XRF). On the tenuous Europa, the
interaction of the energetic solar coronal X-rays with
their elemental composition is the causative factor for
the emission of the fluorescent photons. The Rayleigh
scattering is the process by which the bound atomic
electrons scatter the photons, the process is elastic
(photon energy remains unaltered), coherent (photon
is scattered by the combined action of the whole
atom), the atom is neither ionized nor excited, and
cause background continuum for the fluorescent line
emission’*. For hard X-rays, the probability of the
Rayleigh scattering is virtually negligible. We took
into account in this work only the Rayleigh scattering
process.

The intensity of the X-ray fluorescence from a
surface Ij(A) is computed® with J(X) as the incident solar
coronal X-ray flux, D as the distance from the Sun (AU),
C; as the mass fraction or concentration of each element,
C; that of the fluorescing element, and A; denoting the
relative atomic mass of the elements® in the surface
composition by integrating from a minimum wavelength
(Amin) above which the fluorescence is empirically
determined to become negligible to the K absorption
edge (g or Ex; Ex. Ax =12.4) as:

Ik J) COS(a)/sz

L = Cjwjgj]K% x [ dE .. (1)

Amin os (@)

z
i [ci;z,-(/l)%iﬂi(‘j)ﬁos—(ﬁ)

The intensity of the Rayleigh scatter at a particular
wavelength of (L) from the elemental composition of
the surface of the Europa is modelled (eq. 2) under the
premises of a homogeneous interior thicker than the
interaction length of an X-ray photon®**'. With
0 defined as the angle between the scattered radiation
and the original incident radiation (scattering angle),
we computed the efficiency factor (&) of the
i"™ element of Rayleigh scattering (eq. 3) with N, as
the Avogadro's number (6.022 x 10* mol™), and A, as
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the relative atomic mass (mol') in terms of the
Rayleigh atomic DCS per unit solid angle for the

elastic scattering of the unpolarized photons
(d,or/dQ) through ©**. The exponential fit
function®™ (eq. 4) with the notation 6 denoting the

Bragg angle (half the take-off angle of the spot), A
denoting the wavelength in A, in the range of
scattering vectors between 0 < (sink < 2.0 A™', and the
Cromer-Mann coefficients (a;, b; and c) is used to
compute the atomic form factor F(x, Z) with x as the
momentum transfer variable, Z as the atomic number
of the nucleus of the target atom, and the computed
numbers for the elemental composition of the Europa
is presented (Table 1). The annular area (do) within
which the deflection will be within a solid angle (dQ2) and
centred on the deflection angle is called the Differential
Cross Section (DCS). With r. (2.82 x 10™ cm) as the
classical electron radius®, the electronic DCS for the
Thomson scattering (d.om,/dQQ) is averaged over the
scattered-photon  polarization in form factor
approximation to compute:
ae

or(D) = & 7—;
Emax Zlivj(/i) cos(a)%

Emin 2¥[u(5) G+ S )]

X

Q)

éj _ Ny dag.
i Ai dQ’

Lof _ 9 (5, 7)]2 = "E (1 4 cos? OIF (5, D) ... (3)

sin(0)]?
fosing= st laep b 21 @

The various terms in these model expressions
(eq. 1-4) can be understood in terms of the parameters
that characterize the source excitation flux J(A), the
medium and the detector. The source flux in the
wavelength interval has units of ergs cm™ s™ A, and
in the energy interval is ergs cm™” s keV™. The
notation o denotes the primary X-ray incident angle to
the normal (0° at the sub-solar point). The strength of
the source depends on the complement of the incident
flux angle of the source. Hence, J(1) is multiplied by
the cosine of o’’; B is the complement of the exiting
flux angle (0° for the nadir-pointing instrument).
Subsequently, for a sub-solar location with the
detector pointing exactly at the nadir, we assumed in
this work cos(a) and cos(B) to be 0°. The solid angle
of the detector of the sensor is denoted as dQQ. Among

the photons generated from the surface, only a
fraction is emitted towards the detector, and; if
dQ (sr) is the solid angle as viewed by the collimator-
detector system, the fraction is obtained by dividing
the solid angle by 4= to obtain the yield per unit solid
angle™.

The physical parameters required for the estimation
of the intensity of XRF (eq. 1) is the absorption edges
(Keqge), characteristic wavelengths (Ka), fluorescence
yields (wg), transition probability (gg,), absorption
jump ratio (rg) or jump factor (Jx), absorption
coefficients/ attenuation coefficients (p). The
fluorescence yield () of an atomic shell or sub-shell
is the probability that a vacancy in the shell under
consideration will be filled by a radiative electron
transition. The transition probability (gk,) is the
fraction of the K, photons in the total of X-rays
emitted for the analyte. The K-shell absorption jump
ratio (rg) represents the probability that a K-shell
electron will be ejected rather than an L- or M-shell
electron. The probabilities rg, ox and gk, together is
known as the excitation factor of the fluorescent
X-rays [Qj(A, Aj)]. The notation pi(A) is the photo-
attenuation coefficient, the absorption coefficient of
the fluorescing element is denoted as p;(A), and the
notation  pi(A)) denote the photo-attenuation
coefficient of i"™ element at the fluorescing
wavelength of the fluorescing element. We obtained
the current numbers of the parameters w;, g and
r; from the database xraylib"'. The absorption and the
attenuation coefficients (u cm’ g') are computed
using the desktop version of the NIST XCOM photon
cross section database*. The absorption edges and the
characteristic wavelengths are obtained from Bearden
& Burr®. The K absorption edge energies (Ex) and
the characteristic wavelength (K,) of the elemental
composition of the surface of the Europa are obtained
from Bambynek et al.* and McMaster et al.*’
respectively.

3 Results and Discussion

The salient features of the solar coronal X-ray
fluxes in the energy interval at the Europa distance of
496 AU (Fig. 1 and Table 2) during nine
representative phases of a solar activity cycle and
X-ray emission flux from the satellite as observed by
the telescope of the Chandra X-ray Observatory
(Fig. 2-5 and Table 3) are noted. The solar coronal
X-ray energy flux during a case of the quiet sun
(SNo.1) at the Europa distance of 4.96 AU is
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Table 2 — Computed numbers of the Chianti solar X-ray flux at 4.96 AU (ergs cm™s™").

Solar Activity Phase T. (MK) N, (10° em™) Energy Flux (ergs cm?s™)
SNo. 1 1.50 2.659° 1.08E-07
SNo. 2 8.00 2.659° 1.44E-07
SNo. 3 10.00 2.659° 1.34E-07
SNo. 4 12.00 7.522° 8.70E-07
SNo. 5 12.30 25.229° 9.44E-06
SNo. 6 14.50 21.440° 5.20E-06
SNo. 7 17.50 70.360° 3.68E-05
SNo. 8 24.00 70.360° 3.68E-05
SNo. 9 25.00 265.935° 5.23E-04

Notes. - For the computation of the solar coronal X-ray energy flux (ergs cm™ s™'), we took into account a case of the quiet Sun [SNo.1,
Leblanc & Le Squeren (1969); Acton (1996); Alexander (1999); Slemzin et al. (2014); Morgan & Taroyan (2017)], two cases of A-class
(SNo.2-3) and C-class flares each (SNo.4-5), three cases of M-class flares (SNo.6-8), and an extreme case of an X2-class flare (SN0.9); b
is from Feldman et al. (1996b, a). The representative numbers of the electron temperature (T.) and the emission measure (cm ) adopted
for the computation of the probable solar X-ray flux during these representative nine cases of a cycle of solar activity are discussed in §3.

Table 3 — Photon-induced integrated X-ray energy flux from the Europa (ergs cm™ s™).

SNo.1
1.40E-23

SNo.2
6.00E-24

SNo.3
6.31E-24

SNo.4
4.68E-23

SNo.5

5.19E-22

SNo.6
3.40E-22

SNo.7
3.56E-21

SNo.8
4.20E-21

SNo.9
6.21E-20

Notes. - Integrated numbers in the energy interval are up to 12.4 keV. The descriptions for SNo.1-9 are the same as the notes in Table 2.

1.08 x 107 ergs cm™ s™'. The background levels of the
X-ray energy flux modelled using two cases of the A-
class flares at this distance is seen as varying from
1.34 x 107 to 1.44 x 107 ergs cm™ s™' (SNo.2-3). The
X-ray emission flux generated by the two cases of
C-class flares varies from 8.70 x 107 to 9.44 x 10°
ergs-cm™s” (SNo.4-5). We also note that a C-class
flare having an electron temperature of 12.00 MK and
an electron density of 2.520 x 10’ cm™ can generate
an X-ray energy flux of 9.24 x 10 ergs-cm™s™. The
X-ray energy flux generated by the M-class flares
varies from 5.20 x 10° to 3.68 x 107 ergs-cm™s’
(SNo. 6-8). We also note that a case of X-ray active
region emission from the whole Sun (T, = 3.00 MK
and N, = 5.980 x 10’ cm™) can generate an X-ray
energy flux of 3.85 x 107 ergs cm™ s, and a case of
general corona (T, = 1.50 MK and N, = 14.56 x 10" cm™)
can generate 3.23 x 10 ergs cm™ s'. The X-ray
energy flux during the X2-class flare is 5.23 x 10
ergs cm” s (SNo.9). Thus, it is observed that the
solar coronal X-ray energy flux during these
representative cases of a solar activity cycle at the
Europa distance of 4.96 AU (Fig. 1) available for
driving its surface energetics varies from 1.08 x 107
t0 5.23 x 10* ergs cm™ s (Table 2).

The corresponding solar coronal energetic photon-
induced X-ray energy flux generated from the Europa
during the aforementioned nine representative phases
of a solar activity cycle and as observed by the
telescope of the Chandra X-ray Observatory

10-1 T T T T T T T T T T T T T T T T T T T T T T T T 3
102 1
10° | 1
10* E
10°

X-class

M-class

M-class k-

FLUX at 4.96 AU (ergs cm?s™)

C-class

-RAY
3 3

Quiet Sun

A-class A-class

3

X

10 PR IRV I O TR EU EPR PR B U P
2 3 4 5 6 7 8 9 10 11 12
ENERGY (keV)

Fig. 1 — Solar coronal X-ray energy flux at the Europa distance
of 4.96 AU.

(Fig. 2-5 and Table 3) are also noted. The
comparative representation of the energy flux
generated through the Rayleigh scattering during the
quiet (Fig. 2) and the scenario of an extreme case of
X2-flare (Fig. 3) reveal the enhancing of the
contribution due to the elastic and coherent scattering
during the flare situation and is seen as prominent
beyond 0.5 keV. The comparative representation of
the total X-ray energy flux (X-ray fluorescent +
Rayleigh scattered) during the quiet (Fig. 4) and the
scenario of an extreme case of X2-flare (Fig. 5) reveal
the enhanced presence of scattering along with the
predominant fluorescent emission from the oxygen
atom. The energetic photon-induced X-ray emission
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Fig. 2 — Rayleigh X-ray energy fluxes during quiet Sun at the
CXO distance.
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Fig. 3 — Rayleigh X-ray energy fluxes during an X2-flare at the
CXO distance.
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Fig. 4 — Total X-ray energy fluxes (XRF + Rayleigh) during
quiet Sun at the CXO distance.

flux from the H,O ice model of the surface of the
Europa while the satellite is at 4.96 AU and received at
the telescope of the Chandra X-ray Observatory during
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Fig. 5 — Total X-ray energy fluxes (XRF + Rayleigh) during an
X2-flare at the CXO distance

the quiet coronal conditions (SNo.l) to an X2-class
flare (SNo.9) of the solar cycle and as observed by the
CXO varies from 1.40 x 107 to 6.21 x 10 ergs cm™
s™. It is also observed that during the case of the quiet
sun, the X-ray emission flux observed from the H,O
ice is 1.40 x 10™ ergs cm™ s, and during the case of
the X2-flare, the X-ray energy flux is 6.21 x 10 ergs
em? s’

4 Conclusion

The comparative estimates of the numbers of
the X-ray energy flux computed through
numerical modelling undertaken in this work with the
reported observations of the CXO reveal that the
photon-induced emission process alone cannot
generate the observed emission flux of X-rays from
the Europa. Being completely engulfed within the
magnetosphere of the Jupiter at 9.47 Ry (R; = 7.14 x
10* km), we propose the influence of the charged-
particle interaction with the regolith of the Europa
also as a probable mechanism for the emission of X-
rays.
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