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- Launch : Sep 14, 2013, Epsilon rocket
-Size:1Im X 1m X4m

- Orbit:950km X 1150km (LEO)

- Inclination: 31 deg

- Orbital period : 106 min

Sy aEp
(EXCEED)
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(EXtreme ultraviolet spectrosCope for ExosphEric Dynamics)

e An earth-orbiting Extreme Ultraviolet (EUV) spectroscopic mission
e EUV emissions from tenuous gases and plasmas around the planets
e Observation targets : Mercury, Venus, Mars, Jupiter, Saturn, and EUV stars

Entrance

Baffle EUV

Major specifications spectrograph

- Wavelength range: 55-145nm ',.t,
- Spectral resolution: 0.4-1.0nm iy
- Spatial coverage ~370 arc-sec
- Spatial resolution : 17 arc-sec

- Pointing accuracy : =2 arc-min
. Electronics
(It improves to be =2arc-sec  _;ry grov

with using a FOV guide camera) Guide

camera

Yoshioka et al. (2014)
Yoshikawa et al. (2014) Mission Data
Yamazaki et al. (2014) processor (MDP)

Entrance

HISAKI(SPRINT-A)/EXCEED ~ ™irror
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Simultaneous observation of | -, oIt
exosphere, ionosphere, ARE
and escaping plasma vy +¢ x
down the tail : )

(Venus, Mars, and Mercury)

Aurora and gas torus
(Jupiter and Saturn)

e
.

“

slit
lo plasma torus : Cassini/UVIS
Jupiter’s UV aurora : HST/WFPC2
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T

Entrance mirror EXCEED structure
/ Slit plate Entrance baffle
- Bf" " Grating
e 5 .
FOV camera MCP  Light trap

The optical layout of EXCEED.

The photons are incident on the entrance
mirror through the baffle and collected on to
the slit with its reflection angle of 5.4deg. The
FOV guiding camera monitors the reflected
light from the slit plate. Light that passes
through the slit and filter is diffracted by the
grating. Finally an MCP detector converts the
photons into electron events.

101

10!

1072}

% 10°

Counts per photon

—
[=]
[

107!

. . T d
60 80 100 120 140

Wavelength [nm]

10

Over all sensitivity of EXCEED for 3 types of
filters as a function of wavelength. The
estimated counts per unit brightness
accumulated over a half orbital period can also
be seen on the right vertical axis.

Yoshioka et al. (2014)

Counts per Rayleigh (10"x10", 50min.)



EUV spectroscopy : Plasma diaghostic

S

S5eV | 40eV [
[SI1](631nm) | | SIII(68nm)
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sMie32 Il.l:'"::I

L1 il

3 =l
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(3]

il

s m@omO

x m—zn-

=11 L1 b 511

1 10 100 1000
Electron temperature [eV]

Volume emission rate of S++ as a function of
ambient electron temperature (Shemansky 1987)
EUV spectroscopy:

For each ion emission lines

I[RI=10"° [ A; f(T,.n, )n,dl

1on
LOS
A The Einstein coefficient
fi: lon fraction in the state j

T,, N, Temperature & density of electrons
Ni,,  lon density

¥

Plasma parameters

lon and electron densities
Electron temperature
Hot electron fraction

Electron temperature and existence of
hot electron (tens to hundreds of eV)




Observation of hot plasma

_ ST
60 5 1) 6304 o T.L Ila 5eV \— 40eV T T T 11T
< 40 S5 o = SE| [SII](631nm) | | SII(68nm)
2 =S || ESE.g 2 4
g 20 2 \ ® o & ) v
= @ 9 e 2
Q
e T T — T —— e I .
P T e = _ . 8 STOI{ERS Al
L & B
600 700 800 900 1000 1100 =, .
o = 4 smie3z Al 2
60 @
é: ,3 i 2 il Blm
@ - B - a0 &7 SIUZ00A) =
= apl- E = 0 B8 4
2 = - g 8
] i | =0
cC ﬂ_..-..-'“ JHUL v , e, A rraA— -

20— ’

1200 1300 1400 1500 1600 1700 1800 1800
Wavelength (A)

1 10 100 1000

EUV-FUV spectra of lo plasma torus measured by Electron temperature [eV]

Cassini/UVIS (Steffl et al. 2004)
Volume emission rate of S++ as a function of

ambient electron temperature (Shemansky 1987)
EUV spectroscopy:

Densities of major ions in the lo plasma
torus (S+,5%+,53, & O*+0?*)
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EXCEED

EUV stars
Moon

Steller wind (Hel)

Steller wind (Hel)

EUV stars

180
135
90

[@2480p] 9j8ue 198.1e] -19A195O-UNS

Jan-2016
Dec—-2015
Nov—-2015
Oct-2015
Sep—2015
Aug-2015
Jul-2015

Jun-2015
May—-2015
Apr—2015
Mar-2015
Feb-2015
Jan-2015
Dec-2014
Nov-2014
Oct-2014
Sep—-2014
Aug-2014
Jul-2014

Jun-2014
May-2014

L Apr—2014

Mar-2014
Feb—-2014
Jan-2014
Dec-2013
Nov-2013
Oct-2013
Sep—2013
Aug-2013

Multi-instrument campaign

Jupiter :

Jan. 2014: HST, KitPeak, IRTF & GMRT
Apr. 2014: X-ray (Chandra, XMM, Suzaku)

VEX (Solar wind monitor)

Venus :

Comet Sinding Spring (19 Oct.)

Mars :



lo: Satellite with active volcanos

.......

. - 330 27 240 IBEI' 150 o
. . . W. Longitude
Galileo image of lo showing

an erupting volcano on the
limb (NASA/JPL)

lo’s volcanic surface features based on Galileo
photo (NASA/JPL)

lo plasma torus:

e St S §3 O O (2) Neutral cloud

(3) lonization & change in ionization state
5,0, SO,,SO

- Electron impact ionization

- Recombination

- Charge exchange

Rate of each chemical reaction depends on
plasma density & temperature

Plasma flow

(1) Volcanic gas: SO,,SO0, S, (,NaCl)



lo plasma torus

ETT I T I T T T I TR TFTTE
105t 5.15R; -
> Lk
10 -
& SO,*
a 10'-1 :
e Ohot E
103( N

0 32 64 95 128
CHANNEL NUMBER

lon mass/charge distribution in the lo plasma
torus measured by Voyager (Thomas et al. 2004)

AAILHESRBENDEESLEHRAD
itk -1 ton/sec
HMERBAA 2 D0nDEE4EHA

KERFROBEE: 14 REBE2kmH D
MEIZHE S
(Schneider & Bagenal 2007)
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: fitia
y ‘ sun
T 1.E-06 = ,
Earth - a ' Solid lines > 50 keV
1.E-07 -E
- —g—  1E08
f-’: \ 1 E-09 E ==
'{ 1.E-10 ¢
/ H|I 1.E~11
Source of aurora | ki3
/ \ \ / ~30R) ﬂl
J i o T 0 1'c- 2‘o 3'0 4|o 50
5 8 Radial Position (R}
Global plasma convection : Radial distribution of plasma pressure
Earth & Jupiter (Kivelson 2005) in the Jovian magnetosphere observed

by Galileo (Mauk et al. 2004)



lo plasma torus® A 74> & FEFE
A7k *zt ﬂ

o FLRIBTE-FEE

-

— ﬁﬁ.’fﬁ'/@um

— Coronah\oDAAVEVITYT (B B - ERRRIL)

— Extended cIoud75\b0)'fT/|:‘J77‘J7

- :*L‘:_)O)%q"—iiﬁﬁgﬂﬁ ®B Exosphere e

Atmosphere . M

Cold torus: Neutral cloud: | g ——
No-1000 ¢3 502,50,0,8,Na .- et b, - A ' R
5t Ti~Te~1eV f ' e g, - ey : o

b— — — =

lonospheric Plasma
|

fastn eytréﬂ

Charge Exchange \-}‘-jﬁ pick-up ion

Warm torus:
90% of plasma Ne~2000 cm-3.
O+, S++ Ti~100eV Te~5aV

Global distribution of ion (lo plasma torus) and The interaction of magnetospheric
neutral gas (extended neutral cloud) along the orbit plasma with lo’s atmosphere.
of lo. (Thomas et al., 2004) (Bagenal, 2007)



lo plasma torusD A 74 > & RIEFE

TS5 XYL : Neutral cloud theory

lo plasma torus

ﬁnu - H(%”nﬂx]
f’)f - Sm ’Cm ﬁf — Sg — ﬁg

h
Sm = Io_no_ne + I(:__”u Nehot + Ra, No, Ne + E ky 3ry N3

v
Ny
J"::.lri':' — Iunune + Ihnune hot + Rn_nn.ne + Z ku giang H—
-
S — Iﬁ: MM, T:nc —|_Ih e hotNo T:nc +Ri'|: e, neTﬂ,
o/B S+,52+,53+,54+
+ snyng Iy + &/ n“ Tq, T, e
Zk” - LZ”_, ) O+, 02+
“CS — Lx”e”n:ﬂx + fi eﬁuf”uTtx 1 R[I”[I”Eﬂx
ne 1,
kna' RN Tn —
+Z; A ) N
Rk BB SMEI ~ i aE
B EETEH X+ e = XM+ 4 2e B AT —IL T
E ﬁé X(n+1)+ 4 - > Xn+
FEAT MRS X(N+1)+ 4 yn+ S xn+ 4 yin+1)+ Transport time scale
14 - BFHOTALF—Hi% s 5 St 2000

64days (14 Jan 2001)

TS5 XTHHEIZLDLoss | (Delamere et al. 2003,2014)




lo plasma torusM A 7 > & fliEFE

TS5 XU : Neutra

Voy1l-Mar79 Voy2-Jul79 Cass-Sep00 Cass-Jan01
Neutral Source
Al s 20203434 %
<| 000w Torus Plasma
E (+]

lonization
19 25 33 14 %

64 64 45 25 %

ENERGY

Hot Electrons

Charge Exchange

’[ lons

lon-Electron
Coupling

52322832 %

W Transport To Sheet

cloud theory

~ Loki Active

1990 Jan. &

1000R]J

18 11 21 &1

J <1%

\_ Na nebula (Mendilo et al. 2004) )

= ’[ Electrons

UV Emissions|| 70 42 50 92 %

Mass & energy flows in the lo plasma torus
(Bagenal & Delamare 2011)
A4S DEHERST R
1/2-23IE @R P ERIFELT
1/3-1/21E TS5 X EL TR A~ BE

-

EUV emission of the plasma torus

\_ (Cassini/UVIS observation)

~N
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lo plasma torus/aurora & &l

FOV of a guide camera

140-arcsec slit is using for the FOV of EUV spectrograph
Jupiter observation. +7°/10 hours
(2013/12-2014/2, 2014/4,
2014/12-2015/5)

Northern aurora is guided to the

slit center and the slit is parallel
to the Jovian rotational equator.

Wide slit enables to measure
whole emissions from lo plasma
torus (IPT)

With a help of the guide camera,
the satellite attitude control
system kept the telescope
pointing within an accuracy of 2
arc-sec.

Typical observation mode for Jupiter’s aurora
and lo plasma torus.
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HISAKIET 2 [Z X A ERH] 2015
From 2014-11-28 to 2015-05-14
G 10” slit observation G

IPT 3. 5 7. 5RJ Dawn Dusk * Avolcanic eruption seemed to

E(! II lli “I ' start before DOY20.
I | e Response of IPT to volcanic

SIV
657

activity on lo
IPT Increasing in Sll and Sl &

SIII
680

Brightness [Rayleigh]

_a decreasing in SIV.
M Mw @~ e S|l had a maximum on DOY60,
E'!?: e Sill on DOY70, and SIV on DOY90
s WM S  Slland Sl had retuned to the
59"W 7)% pre-event level at the end of the
5o m E %é observation. SIV still kept higher
M 155 brightness.
kOé+ o ‘ o 490
e Unusual aurora enhancements
during DOY 60 to 100.
Aurora(H2)__ . e Sudden brightening in lo torus
1 month associated with the aurora
enhancements

REIA(IDT - HrEREA TR TELVRFEEBRR OB TN ERBICHEINLGFE



i EERBI(/\NT M-/ \L T HST60)

2015-02-07 to06_6716_2.fits

INTEMEITY
=
&
|

SCLHGT_RIH
(F&HM) [RJ]

0 10 20 30 40 50 60

600f | )
uJ ' L Day of 2015
400 [ l I
1 | y
200} :
3 | | ) Tohoku-U 60-cm telescope at Haleakala
0 : | | 1 Narrow-band coronagraph
I \ I Ly I . 1
-6 0 6 Wavelength: [SII] 671.6nm/673.1nm
Distance from Jupiter (RJ) Platescale: 1.09”/bin or ~0.05RJ/bin
Kagitani et al. Integration: 20min/frame

# of data: 864 (dawn:564, dusk:545)
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e Brown & Bouchez (1997,Science)
— Ground-based observation (Na, S+)

— Stabilization mechanism
e Supply limited: Supply rate decreases as plasma density increases.
e Loss limited: Loss rate increases as plasma density increases.
* The observation supported the loss limited scenario.

— However, both Na and S+ are not major constituents of the
neutral cloud and the plasma torus.
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e Galileo & Cassini spacecraft (Delamere et al. 2004)

— Observation of S*, S?*, S3* O*and 0%t
— ‘Neutral cloud theory’ successfully accounted for ion composition

changes and estimated neutral source and plasma loss rates

e Neutral source: >1.8 tons/s to 0.7 tons/s
* Plasma loss: Transport loss time scale : 14days to 64days

90



Sodium Nebula: Proxy of lo's volcanic activity
Mendillo et al. (2004)

D-line brightness of the sodium nebula is Tiermﬁiﬁ__i{_; ‘
controlled by lo's volcanic activity. 82802 '
Source of fast sodium
* lonospheric escape of a molecular
sodium ion
NaX+ - Na* + X+
Relation between Lava flow and sodium
remains to be devised.

o C) b
1991 Feb. 1993 Mar

1997 Aug. e egny o 5l 1994 July

i

Sodium Nebula vs. IR
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1
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J
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10 20 S0 100
Hemisphere Brightness (GW/str/micron)

lo’s sub-jovian hemispheric brightness
at 3.5 um vs. the brightness of the
sodium nebula at 200RJ from Jupiter

activity analyses for the 9-year period
1990-1998.
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Sodium Nebula: Proxy of lo's volcanic activity

09"33™UT December 22,2014

th
(=]

<
(A) .
E 0 . .
s e Observing site: Haleakala observatory,
N . University of Hawaii/Tohoku University
T bt T Period: December 2014 — April 2015
R IR S M wi (Yoneda et al., under review)
€ y A W 2
(B) i m%
P 80 &
g 0 g
5' ng W SOR, west
A - e o 2 (A) (B) (C)| 100 R, ﬁtit,_ﬁ
-100 50 0 50 100 A
Distance from Jupiter (Ry) _ 80 F .
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z 2 [ L
() i I o it |
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Images of Jupiter's sodium nebula obtained _ TR
. . 0 1 i 1 | 1
), ) Nov0l Dec0Ol Jan0l FebOl Mar0l Apr0l May0l Jun0l
before (top), during (middle), and after

Date of Observation (2014 - 2015)

Variations in D-line brightness of sodium
nebula at 50 and 100 RJ west from Jupiter.

(bottom) the volcanic enhancement seen in
January - March, 2015



Sodium Nebula: Proxy of lo's volcanic activity

D1 +D2 brightness [Rayleighs]

DI +D2 brightness [Rayleaghs]
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lo IR observation in 2015
(Spencer et al.)

Late Jan.: Kurdalagon de Kleer and de Pater
2/04/2015: Loki faint

Kurdalagon(?)  visible - quite faint but very near the limb.
2/05/2015: Kurdalagon LBT(Large Binocular Telescope ) (Conrad et al.)
2/18/2015: Loki still faint

Pillan bright eruption
3/15/2015: Loki still faint

Pillan visible but fainter
3/22/2015: No obvious bright activity

Kurdalagon may be the most likely
candidate for causing the observed | ot 4
torus brightening o R

Pillan

Kurdalagon
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Atmospheric sputtering

— Coronah\oDAAEYIT7YT (BEFEREE
— Extended cloudDoDA A EYIT7 YT

AF AL RRE A AT EN LA ?  REEEA

TI1

Cold torus: Neutral cloud: 5
Ne~1000 cm3 $02,80,0,8,Na, .

St Ti~Te~1eV {

Warm torus:
90% of plasma Ne~2000 cm-3.
O+, S++ Ti~100eV Te~5aV

Global distribution of ion (lo plasma torus) and
neutral gas (extended neutral cloud) along the orbit
of lo. (Thomas et al., 2004)
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Atmosphere

Aurora

Exosphere

. Hot Pick-up !ons .

— Atmospheric
Sputtering

T — .

-

fastn eytréﬂ

Charge Exchange \-}‘-jﬁ pick-up ion

The interaction of magnetospheric
plasma with 10’s atmosphere.
(Bagenal, 2007)
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lo” atmosphere
Tenuous but well collisionally thick
Typical column density: 3x101°cm (0.6nbar)

Origin of lo” atmosphere

1) lon sputtering with lo’s surface
— Moon & Mercury

2) SO2 sublimation
3) Volcanic support



Sublimation vs. Volcanic support

Sublimation: sensitive to l0’s surface temperature

: Day Migiit
! Trailing Hemisphere) {Leading Hemisphers)
L]
10 T ? T T ? ’ T ’ ? T ¥ ¥ T
(b)) with electrons
I:-"A.II_\- 11}1? -
E
=
g fo..
W w0
a e *
=
=
=
_I -
U [ =
T, LY T
-”JH.

0 a0 60 90 120 150 180
SOLAR ZENITH ANGLE (deq)

Smyth and Wong (2004)



Observation of lo’s atmosphere

SO2 sublimation

o« SRATLEZEDEESf
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Near UV (~280nm) SO2 absorption (HST) vs.
sublimation model (Jessup et al. 2004)
(left) equilibrium with average sunlight
(right) instantaneous equilibrium
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Time series of lo’s auroral emissions in Eclipse
observed by NH/Alice. Disk Averaged Ol 135.6 nm
Brightness (electron impact excitation). Volcanoes
supply 1 to 3% of the dayside atmosphere.
(Retherford et al. 2007)
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Ganymede: subsurface ocean
JUICE/RPWI/HF s s3. tmmen

Concept of PSSR for JUICE/RPWI/HF

Passive SubSurface Radar (PSSR):
An operation mode of JUICE/RPWI/HF for determination of the thickness
of ice crust layer of the Jupiter's icy moon.

The idea is based on the observations of interference of direct and
reflected AKR by SELENE (Kaguya).
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Expected spectrum of interfered direct and reflected HOM
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Comparison: 1 wave & 2 waves & 3 waves
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