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The Jupiter system

• Archetype for giant planets (x320 ME, x11 RE)

• Strong magnetic field (surface ~4 G, x500~1000 RE)

• Ejecta from a volcanic
Moon Io’s volcanoes

• Internal oceans in
Europa, Ganymede, 
Callisto

• Planetary phys.
Astrophysics
Exoplanet phys.
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In the past decade or so

• X-ray studies of the Jupiter system have greatly 
advanced thanks to Chandra, XMM, and Suzaku

• Energetic particles
in magnetosphere

• tens eV~MeV e-

• MeV/amu ion

• Reprocessing of
solar radiation

• solar X-rays

• solar winds
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Suzaku observation

• Japanese X-ray astronomy satellite (2005-)

• CCDs with highest sensitivity for diffuse X-ray 
sources 

• Discovery of diffuse X-rays from inner rad. belts

• Inverse
Compton
scattering
by tens MeV 
electrons
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The way forward

• X-ray astronomy satellites orbit around Earth : 
limited photon statistics & spatial resolution

• No in-situ X-ray 
instrument
so far

• The first ever
in-situ X-ray 
observation
in future 
Japanese 
exploration !
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JUNO
Launch 2011
Arrival 2016

JUICE
Launch 2022
Arrival 2029

Japanese mission
“Solar sail, JMO”

proposed to be launched 
in ~2020’s



JUXTA
(JUpiter X-ray Telescope Array)

• High photon stat. & high reso. data unattainable 
otherwise

• Area : 3 cm2  @ 30 RJ

→ 24 m2 @ Earth orbit

• Reso. : 5 arcmin @ 30 RJ 
→ 1 arcsec @ Earth orbit

• Better than the gigantic
X-ray astronomy satellite
Athena+ (2 m2, 5 arcsec,
S/C ~5 tons, 2028) as for the Jupiter system
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Jovian Magnetospheric orbiter (JMO)Jovian Magnetospheric orbiter (JMO)
E l ti  i i  f  J i  t  � Exploration mission for Jovian system 
led by JAXA 

� Now under feasibility study by SWG 
(launch is to be in 2020Bs or later)

� Three grand themes for 
magnetospheric sciences

1. Rotationally driven activity
• M-I coupling process, 
• reconnection and convection
• particle injections
2  Strong particle acceleration 2. Strong particle acceleration 
• polar aurora(main oval, polar cap, 

satellite footprint)
• radiation belt
3. Jupiter-satellite binary system 
• Jupiter-Io torus dynamics• Jupiter-Io torus dynamics
• Jupiter-Ganymede interaction

Fig. Spacecraft orbit (tentative)
JMO : high inclination

periapsis 30 RJ, apoapsis 100 RJ

Ezoe+13



Science themes

• 1.  Strong particle accelerations

• aurora : keV e-, MeV/amu ion

• radiation belts : tens MeV e-

• 2.  Jupiter-satellite binary system

• Io, Europa, Ganymede ?, Callisto ?: ion

• Io plasma torus : tens eV e-, ion

• 3. Rotational driven activities

• auroral pulsation : keV e-, MeV/amu ion
8
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Instrument requirements
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item requirement reason

Energy band 0.3 - 2 keV
• Ion : emission lines at <1 keV
• Electron : bremss >1 keV

Spatial resolution <5 arcmin
• Angular size of auroral hot spot 
(~104 km @ 30 Rj)

Energy resolution <100 eV at 0.6 keV • Separate ion emission lines

Time resolution
<1 min 
→ >3 cm2

• Detect periodic X-ray pulsation 
of aurora

Field of view >4 deg dia. • Size of Jupiter at 30 Rj



JUXTA : baseline design

• A new light weight telescope & a radhard detector

• Size : ~25 cm cubic

• Mass : ~10 kg

• Power : ~10 W

• Count rate : 

• Jupiter : ~40 cps

• rad. belts : ~2 cps
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* A radiator to take up heat from the detector will add a few kg.
** Additional transient power (~10 W) will be necessary for shutter 
electronics and heaters for the telescope.

Author's personal copy

in diameter is from the size of the planet at the periapsis of
30 RJ.

Fig. 7 shows the concept of the JUXTA system. Besides
the telescope and detector, other sub-systems will be neces-
sary. Firstly, to avoid optical contamination noise from
Jupiter, an optical blocking filter (OBF), which is in general
a thin metal-coated organic film, is in front of the detector
chip. Secondly, a shutter door at the entrance of the tele-
scope will be equipped to stop micro meteoroid and orbital
debris during the interplanetary cruise and to reduce radi-
ation damage due to low energy protons and electrons
when the spacecraft passes through such as Earth’s radia-
tion belts and Jupiter’s high radiation zones.

Table 3 shows breakdown specifications of the telescope
and detector as a consequence of the requirements defined
in Table 2. The on-axis effective area, a measure of sensitiv-
ity to a point source at the center of the field of view such as
the hot spot in the aurora (!10,000 km on the surface),
enables to collect enough photons. The energy of 0.6 keV
corresponds to O–K lines, which are strongest in the auro-
ral emission lines. The maximum reflection angle on the
telescope mirrors is calculated from the field of view as
2 degrees. This maximum reflection angle is related to the
maximum energy range, since the critical reflection angle
of mirrors, above which X-ray reflectivity rapidly

decreases, is inversely proportional to the energy. At
2 keV, the critical reflection angles of mirror materials such

Table 2
Requirements for JUXTA.

Item Value Scientific motivation

Energy range 0.3–>2 keV Ion lines below !1 keV and electron bremsstrahlung above !1 keV
Spatial resolutiona <5 arcmin Hot spots (!104 km)
Energy resolutionb <100 eV O, S and C lines below 1 keV
Time resolution <1 min QP X-ray pulsation (45 min?)
Field of view >4 deg Size of the planet at 30 RJ

a Defined in half power diameter.
b Defined in full width half maximum.

Fig. 7. Design concept of JUXTA.

Table 3
Requirements for the telescope and detector.

Telescope
On-axis areaa >3 cm2 at 0.6 keV
Field of viewb 4 deg/
Angular resolutionc <5 arcmin
Focal lengthd 250 mm

Detector
Energy range 0.3–2 keV
Energy resolutione <100 eV at 0.6 keV
Array sizef 17.5 " 17.5 mm
Pixel sizeg <360 lm
Time resolutionh <1 min
Max source count ratei 1000 s#1 array#1

a Including the quantum efficiency (QE) of the detector and transmission
rate of the OBF.

b Corresponding to a maximum total reflection angle of the telescope.
c Defined in half power diameter.
d Limited by the size of the science payload in the JMO spacecraft.
e Defined in full width half maximum.
f Determined by the focal length and field of view.
g Determined by the focal length and angular resolution.
h This number is not difficult for the detector but more severely limited

from the view point of the optical contamination as discussed in Section 6.
i Including a factor of >5 margin (see text).

Y. Ezoe et al. / Advances in Space Research 51 (2013) 1605–1621 1613



JUXTA : optics

• The optics are the key to
achieving the challenging
science requirements
under limited resources

• Breakthrough technology
Micromachined optics
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Figure 2. Process flow of MEMS X-ray optics.

Table 1. Development items reported in this paper and their correspondence to each process step shown in figure 2.

process step 1 2 3 4 5
§3. single-stage optics

√ √ √

§4. coating of a heavy metal
√ √ √

§5. Wolter type-I optics
√ √ √

This method hold many advantages over the traditional mirrors and the other micro pore optics. The matured
photolithography technology allows accurately-arranged micro pores with a width of a few tens µm. High aspect
ratio more than 10 is possible. The stiffness of silicon and nickel micro structures enables a large open area ratio
more than 10 %. Consequently, the mass to area ratio shown in figure 1 can be extremely small, ∼1 kg for 1000
cm2. Also, a large, more than 4 inch in diameter, single-piece optic can be fabricated by use of a commercially
available large wafer. A short focal length optic of <1 m is possible without degradation of angular resolution
due to the negligible conical approximation. Assuming that the side walls of the micro pores are flat and the
mirror arrangement is perfect, a theoretical limit on the angular resolution arises from X-ray diffraction within a
narrow micro pore. If the pore width d is 20 µm and the X-ray wavelength λ is 1.24 nm (1 keV), the theoretical
limit is represented as ∼ λ/d ∼13 arcsec. Our final goal is this X-ray diffraction limited micro pore X-ray optics.

We started our development of this novel method with miniature optics (7.5×7.5 mm2) made of silicon and
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X-ray
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Si dry etching
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JUXTA : optics

• Ultra light-weight

• area to mass : ~10 cm2/g

• High reso. & low cost

• FOV 5 degΦ, f 250 mm,
>3 cm2, <5 arcmin (FWHM)
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One traditional mirror
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JUXTA : detector

• High spectroscopic
resolution under
harsh radiation
environment
(~20 krad/y @ 20 RJ)

• DepFET (Depleted
P-channel FET)

• Pix 360 μm sq, 64 x 64, 
Array 17.5 mm sq,
frame time 10 ms,
<−40 deg C
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Prototype Macropixel devices

Demonstrator

Z pixel 500 x 500 µm²

Z format 64 x 64 pixels

3.2 x 3.2 cm²

Z frametime 450 Psec (ASTEROID)

Z temperature -80 … -90 °C

Z representative scalable results 32 mm

Calibration of the DEPFET Detectors for the MIXS Instrument on BepiColombo 9

. ........

(a) (c)

(b) (d)

Fig. 2 Spectroscopic Performance. (a) Spectra of single events for all three detector modules
recorded at a beam energy of 3314 eV. Peak and escape peak are clearly visible. The energy
resolution is 103 eV ≤ FWHM ≤ 104 eV for single events and 107 eV ≤ FWHM ≤ 108 eV
for all valid events. (b) Spectra of single events for all three detector modules recorded at a
beam energy of 500 eV. The energy resolution is 64 eV ≤ FWHM ≤ 67 eV for single events
and 66 eV ≤ FWHM ≤ 69 eV for all valid events. (c) Energy resolution FWHM (single
events) vs. photon energy for all three modules over the full energy range. As a reference
the theoretical Fano limit is shown as a dashed line. For completeness, also the result from
the reference measurement with an 55Fe source which was recorded during the spectroscopic
measurements before the transfer to BESSY is indicated. (d) Energy resolution FWHM for
single events and all valid events vs. photon energy for module DPA F10.

the theoretical Fano limit, which is shown in the graph as a dashed line. At an
energy of 1820 eV, just below the silicon absorption edge (1839 eV), a dip in
the data is visible. As photons of this energy have a significantly larger pen-
etration depth compared to photons at an energy of 1860 eV, just above the
Si-K absorption edge, signal charge produced by these photons is significantly
less affected by effects of charge recombination in the vicinity of the dead layer
at the entrance window region, hence the FWHM is narrower. For the module
DPA F09 additional flat field measurements were done to study the properties
close to the Al-K edge (1560 eV) and the same effect - but to a much lower ex-
tend - was shown. This is caused by the thin Al layer on the entrance window
side of the detector chip, which serves as an intrinsic light filter. In addition
to the data points derived from the calibration measurements at BESSY-II,
the energy resolution measured with an 55Fe source (Mn-Kα: 5.9 keV) sev-

500 μm sq. pix

Kasahara+13

To be used in BepiColombo (2015)



Toward JUXTA

• Light weight X-ray imaging spectrometer for 
micro/small sats, exploration missions, etc
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2014 2018

Solar Sail

JMO

DESTINY

Johannes Treis MPI Halbleiterlabor 17

Prototype Macropixel devices

Demonstrator

Z pixel 500 x 500 µm²

Z format 64 x 64 pixels

3.2 x 3.2 cm²

Z frametime 450 Psec (ASTEROID)

Z temperature -80 … -90 °C

Z representative scalable results

prototype
fabrication

& tests

Earth’s magnetosphere
aurora

FM fabrication
& tests

early~mid 2020’s
technology

development

The Jupiter system

micro/small sats

everywhere
in the solar system
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Summary

• X-ray emission from Jupiter, its Moons, Io torus 
and radiation belts has been discovered

• In-situ X-ray observations have a potential to 
revolutionarize solar system physics

• particle accelerations

• Jupiter-satellite binary system

• rotational driven activities

• JUXTA aims at the first in-situ X-ray imaging 
spectroscopy of the Jupiter system
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