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Abstract. The Earth’s ring current and how it responds cies whereby two spacecraft from China, one flying in a polar
to varying interplanetary conditions is described and an ac-and the other in an equatorial orbit, provide scientific support
count provided of the production of Energetic Neutral Atoms for experiments conducted aboard the four spacecraft of the
(ENAs) in the geo-corona. Also, the potential to remotely European Space Agency’s Cluster Mission.
monitor, on a global scale, the temporal and spatial evolution Of relevance to the present paper is the polar satellite
of magnetospheric plasma populations through analysindTC-2) which was launched at 15:15 UT on 25 July 2004
ENA images recorded during magnetic storms/substorms iso monitor physical processes taking place over the ter-
indicated. A technical account of the Energetic NeUtral restrial magnetic poles. TC-2 performs an elliptical orbit
Atom Detector Unit NUADU aboard China’s TC-2 mission (700x39 000 km) around the Earth at an inclination of 90
(measurement range 45458 keV) follows, together with  and traverses the Southern Polar Cap, the Southern Auroral
an account of the scientific objectives of NUADU, both in Oval, the Radiation Belts, the Plasmasphere, the Northern
stand-alone mode and in the context of multi-point imag- Cusp and the Tail Lobes. Its perigee is above the Southern
ing. Low altitude ENA emissions recorded by NUADU dur- Polar Cap and the periodicity of the spacecraftis 11.7 h. In-
ing south polar passages of TC-2 at the time of a moderateluded in the payload is an Energetic NeUtral Atom (ENA)
magnetic storm in September 2004, as well as bright ringimager NUADU, which is designed to detect ENAs in the
current emissions recorded in November 2004 during a maenergy range 45-158 keV.
jor geomagnetic storm, are presented and discussed in the In the present paper an account is provided (Sect. 2) of the
context of various, accompanying, terrestrial disturbancesEarth’s ring current and its response to varying interplanetary
Also, ENA observations of the November 2004 ring cur- conditions. In Sect. 3 the production in the Earth’s magneto-
rent imaged simultaneously by TC-2/NUADU and by IM- sphere of Energetic Neutral Atoms (ENAS) is discussed. In
AGE/HENA (viewing, respectively, from the Northern and Sect. 4 the NUADU instrument is introduced and described.
Southern Hemispheres), are compared. In Sect. 5 its scientific objectives, in both stand-alone mode
Keywords. Magnetospheric  Physics  (Solar  wind- andinthe contgxt of multi-point ENA imaging, are indicatgd.
magnetosphere interactions; Magnetospheric configuratioﬂtln Sect, 6 ENA images recorde_d by NUADp.du_nng two dif-
and dynamics) erent episodes of geomagnetic storm acjuwty in St_aptember
and November 2004 are presented and discussed in the con-
text of contemporaneous, background, solar related terres-
trial disturbances.
1 Introduction A comparison is made between images of the November
ring current recorded simultaneously by NUADU and by the
The Double Star Mission has its origin in an interagency High Energy Neutral Atom (HENA) imager (Mitchell et al.,
agreement between the Chinese and European Space Agepa00) on board the IMAGE satellite (Burch, 2003). Section 7
contains general conclusions.
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2 Thering current gradients. As noted by Baumjohann (1993), the contribution
of electrons to the plasma pressure can usually be neglected
The solar wind and its embedded magnetic fields form thesince it is significantly less (by a factor of about seven), than
driving plasma environment in which the Earth’s magneto- that provided by protons.
sphere exists. The solar wind is highly dynamic and exhibits Among the many solar related disturbances produced in
variations in its plasma and field properties with respect tothe Earth's environment, magnetic storms are the most pow-
their average values on time scales ranging from years (asserful. In the course of a large storm, up to'10 of energy
ciated with the waxing and waning of the sunspot cycle), tocan be dissipated at the Earth over a period of several days
intervals that can be as short as a fraction of a second (Kivel¢pollock et al., 2003). During substorms, considerably less
son and Russell, 1995). total energy is released and the duration of these events is sig-
Particle trapping occurs when an electrically charged parnificantly shorter (approximately-L0'° J within an interval
ticle is injected with an initial velocity, and at a certain angle, of the order of one hour, Baker et al., 1997).
into the Earth’s magnetic field and follows a helicoidal tra- A magnetic storm is characterized by the injection of ions
jectory about, and along, a geo-magnetic field line, providedinto the trapping region of the magnetosphete<(7 Rg).
that its energy does not exceed the threshold necessary to pqp-ecay to a rest state takes p|ace within a few days_ The
mit trapping. When it spirals towards a region of higher field storm time ion population is sufficiently energized that its
intensity, the particle experiences an induced electric fieldpressure gradients stimulate the flow of an azimuthal ring
that accelerates its “cyclotron” motion transverse to the fieldcurrent. This strong current near the magnetic equator (be-
line. Since the total energy of a particle cannot change in aween 2 and ®;) depresses the Earth’s magnetic field. It
static magnetic field, the increase in transverse kinetic energWas demonstrated by Dessler and Parker (1959) and by Sck-
that occurs is accompanied by a corresponding “slow-down’gpke (1966) that the disturbangeB produced at the Earth’s
in the motion parallel to the field line. A point can eventu- centre (which is frequently used as a diagnostic of space

ally be reached at which all the parallel kinetic energy hasstorms at the Earth), is proportional to the total energy of
been converted into transverse energy and the particle theghe ring current particles:
reverses its parallel motion and spirals back in the opposite

direction. In the case of the Earth’s magnetic field, a parti—ﬁ - _Z_E’ 2)
cle can “bounce” back and forth between two such “mirror Bo 3Enm

points” lying on opposite sides of the geomagnetic equatorwhere By is the average geomagnetic intensity at the equa-
Because the terrestrial magnetic field is not uniform and itstor; E is the total energy of the ring current particles and
field lines are curved, a representative particle undergoes, irE'MngR%/le(jl-8J is the energy of the dipole field above
addition, a drift in longitude around the Earth such that elec-the Earth's surface. At the present time, the relationship be-
trons, due to their negative charge, drift eastwards while postween magnetic storms and substorms is a matter of consid-
itively charged protons drift westward. Lower energy ions erable debate. Questions as to whether a magnetic storm
(< few keV) drift eastwards with the electrons (see represenis simply a collection of substorms; if there is an element
tative accounts in overviews by Northrop, 1963; Roederer,unique to the storm process, and if there are differences be-
1971 and Schulz and Lanzerotti, 1974) These currents argyeen a substorm that occurs during a magnetic storm and
driven (see below) by pressure gradients and provide a negne that occurs in isolation during a quiet period, remain un-
transport of charge (the ring current, Singer, 1957) in theresolved.
Earth’s equatorial plane that shows variable density at geo- Also, our understanding of the processes inherent in the
centric distances between, approximately, 2 akg§Daglis  input to, and decay of, energy in the terrestrial environment
etal., 1999). during substorm events is very incomplete (Tsurutani et al.,
The magnetic field {.) of a plasma in equilibrium (such  1997; Baker et al., 1997; Kamide et al., 1998a, 1998b and
that the magnetic stress balances the particle pressure), cagferences therein). It has been suggested that energy release

be represented by: is initiated by a trigger event in the incident solar wind or, al-
B B. ternatively, that it is due to an inherent magnetospheric insta-
jL = 32 X [VPl + (P —P1) 72 B} , (2) bility for which no trigger is required. Some argue that both

processes play a role. Related questions concern the location
where B is the local magnetic field vector, ar®}, and P, in the tail of magnetic re-connection processes and the timing
are, respectively, the pressure tensor components parallel araf such events with respect to other disturbance signatures.
perpendicular to the local magnetic field. The three pressuré&rom among several competing models, two have emerged
terms on the right side of the equation represent, in orderas leading contenders with respect to the site of substorm
the particle pressure gradient; the field line curvature driveninitiation, namely the Tail Current Disruption Model/TCD
drift and the crowding of gyro-orbits inside a curved field (Lui, 1991) and the Near Earth Neutral line/NENL model
line. The second and third terms is this expression vanish{e.g. Baker et al., 1996, also Baker, 2003 and references
when the field lines are straight, and also when the particlegherein).

distribution is isotropic (i.e. wheRy,,=P,). In these cases An historical account of how early paradigms concerning
the current system is established only by the particle pressurgng current sources (as well as the process of storm-time
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ring current growth) have come, as a result of studies of data Variations in the density, temperature and composition of
recorded in space, to be superseded, is contained in Daglihe plasma sheet, saturation of the polar cap potential drop
(2001). At the present time, the immediate particle sourcegand probably also of the cross-tail potential drop); modifica-
of the ring current are considered to be the plasma sheet antibns to the imposed convection potential in the inner magne-
the ionosphere, thereby implying that the primary sourcesosphere due to ring current shielding effects; the presence of
concerned are provided, respectively, by the solar wind and pre-existing ring current population; storm/substorm cou-
by the Earth’s upper atmosphere. The relative contributionpling and storm convection, with and without accompany-
of these two sources is not presently established. It is, howing substorm activity, have all been listed by Kozyra and
ever, recognised that the contribution of the ionosphere td.iemohn (2003) as factors having an impact on ring current
the ring current, which mainly comprises@ons (Young et  formation and decay. While this implies that the situation
al., 1982; Hamilton et al., 1988), increases with storm mag-is inherently very complex, it can at least be inferred that
nitude. Since ring current enhancement and decay are ddhe geo-effectiveness of a particular solar wind driver cannot
termined in large part by the motions of terrestriat @ns be predicted on the basis of the characteristics of that driver
during the largest storms (Burch, 2003 and contained referalone, but must involve, in addition, key aspects of the dy-
ences), it was surmised by Daglis (1997) and by Moore ethamically changing geospace environment itself.

al. (2001), that a pre-requisite for the development of a large Meanwhile, recognition that the ring current during the
ring current is, significant, ionospheric outflow. Observa- main phase of magnetic storms is asymmetric and driven
tions by Mitchell et al. (2003) showed that, during geomag- mainly by plasma convection in the magnetosphere, leaves
netic storms when magnetospheric convection is enhancednany related questions unanswered, including, whether or
bursts of neutral oxygen atoms with durations of the order ofnot the inner magnetosphere is populated mainly by con-
30" occur in the range 52—-180 keV. Related simulations andvective processes or through impulsive injections driven by
observations indicated that'Ooutflow mechanisms would substorm-associated inductive electric fields (Sharma et al.,
have been insufficient to energize ionospheric oxygen up t®004). The processes responsible for the injection, transport,
energies of several hundred keV. A non-adiabatic mechanismacceleration and loss of ring current particles are far from
proposed by Delcourt (2002) was, in these circumstancesheing understood and the problem of distinguishing between
suggested to provide a possible process. It is not, howevegtompeting theories continues to be widely discussed within
currently understood what effect ionospheric plasma has orthe community (e.g. Friedel et al., 2002; Burch et al., 2005;
substorm evolution, or on the onset and evolution of relatedPulkkinen et al., 2005).

substorms and storms (Ohtani et al., 2000). Energetic Neutral Atom imaging (see below), because of

Studies by Wygant et al. (1998) and by Fok et al. (2001)its global perspective and power to separate temporal and
indicate that pressure plays a major role in the morphologyspatial variability in the Earth’s close environment, has a par-
dynamics and strength of the electric field of the inner mag-ticular potential to support studies of the complexities of ring
netosphere, because of the closure in the ionosphere of theurrent and magnetic storm/substorm dynamics.

Region 2 current system. Increased understanding of the

global pressure in the magnetosphere is, thus, germane to ob-

taining an increased understanding of the coupling betwee3 Energetic neutral atom production/imaging/analysis
the inner magnetosphere and the ionosphere.

Also, knowledge concerning the development of pressureEnergetic Neutral Atoms (ENAS) are produced in the Earth’s
inside the magnetosphere during magnetic storms is a vitalnagnetosphere when energetic magnetospheric ions undergo
element in understanding the role played by stretching of thecharge exchange collisions with the population of thermal,
Earth’'s magnetic field lines at storm-times (Tsyganenko etneutral, hydrogen atoms that make up the geo-corona. In
al., 2003). In this connection, the energization and loss ofsuch an interaction, an energetic ion can acquire the elec-
radiation belt protons and electrons is believed to be inti-tron of an hydrogen atom. Hydrogen is the main geocoronal
mately related to the changing topology of the magnetic fieldconstituent at high altitudes, but helium and oxygen are also
in the inner magnetosphere during magnetic storms. Represent. While helium can, in general, be neglected in the
sults reported by Brandt et al. (2002a) suggest that, duringpertaining charge-exchange process, oxygen, due to its low
the main phase of such events, ions (unexpectedly) flow int@ross section, can play a role in ENA generation (see Fig. 1
the post-midnight sector in consequence of the presence ofhich provides an illustration of the charge exchange pro-
skewed electric fields in the inner magnetosphere. The exitcess for oxygen). At low ion energies, the cross sections for
thereafter, of these ions through the dusk (or afternoon) mageharge exchange (electron pickup) are in the relatively high,
netopause, can have implications for the time that substorn10—15 cni range (McEntire and Mitchell, 1989). For a re-
injected particles remain within the magnetosphere. It wasview of the main interactions in the upper atmosphere, see
shown by Fok et al. (2003) that the enhanced ion flux men-De Michelis and Orsini (1997). TheHcross section begins
tioned above can be explained in terms of twisted drift pathsto fall off significantly for proton energies exceeding 10 keV
predicted to be present near dawn by a self consistent, Mand, thereafter, drops off steeply above 550 keV. This has the
I coupling ring current model CRCM (Comprehensive Ring consequence that ENA hydrogen spectra are concentrated be-
Current Model) published earlier by Fok et al. (2001). low 200 keV. Similarly, the @ cross section decreases below
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Fig. 1. An energetic plasma immersed in a neutral gas background emits energetic neutral atoms (ENAs), generated due to the charge
exchange process. The example provided is for an oxygen ion, but the charge exchange interaction is valid for any singly charged ion.

200 keV and drops off steeply below 1 MeV. Viewed overall, et al., 2004). Since inversion methods use smoothing con-
the energy spectra of different species are very steep at hightraints, it is important to keep in mind that, even though the
energies and have a cut-off at about 1 MeV (Spjeldvik andresults obtained may appear to be reasonable, they must be
Rothwell, 1985). carefully validated using in-situ data. Further, if the instru-

A few electron volts of energy are lost during a typical res- mental response is not properly taken into account, inherent
onant charge exchange collision. Thereafter, the ENAs pro€ITors can corrupt the result obtained.
duced propagate from their site of creation, along straight- . ) ) .
line (photon-like) trajectories at keV energies, unimpeded by3-1 ~ Low altitude/high altitude ENA observations

the Earth’s electric and magnetic fields, and negligibly af- High-altitude ENA measurements made aboard the POLAR
fected by gravitational forces. )
v 9 . . . . .. spacecraft (orbit;~1100x57 000 km) and aboard IMAGE
Such straight-line trajectories suggest that ENA em|SS|ons(orbit_ ~1000x46 000 km), emphasise the value of being
may b_e utilised to.form an image o-f.the|r parent, charge €X3ble to simultaneously image the whole ring current during
changing, populations. This possibility has been successfull%‘ magnetic storm. Such data permit direct correlations to be

realised in practice over the past several decades (see trhqade between globally integrated ENA images and the to-

blrleggcl%torlcgl o;/erwew cizntal_nedén McKenn?;hawlortﬁt dtaI energy of the ring current (Brandt et al., 2003; Jorgensen
al, » and references therein). By means of this metho et al., 1997), while in addition, allowing the storm-time in-

ology, neutral atom images of plasma structures in geospac ction process to be visually tracked (Brandt et al., 2002b).

lqan bef fprrr;r:eltj fkr_om t;]nteigrattt_ad eTIIESIiIXnS rgadtc_a aI;)ntgh th zimuthal asymmetry can be seen to evolve during a mag-
Ines of sight, finking the focation 0 production to e ot storm, reflecting the cumulative effects of ion drifts

vantage poir_1t of a particu!ar imager flown aboarq a SPACCHG the establishment and decay of the partial ring current
craft. By suitably composing these ENA images into ENA (see, for example, Blake et al., 1995; Burch, 2003; Brandt
movies, it is possible to study the dynamic responses of the,; ' "5902a- Ko’zyra and Liemohn. 2003 Pollock et al

ring current to changes in interplanetary conditions. 2003). The drift of injected ions was first imaged by PO-
A feature of ENAs is that they are emitted anisotropically L AR CEPAD/IPS, (Henderson et al., 2000). (See also the
due to the inherent pitch-angle distributions (PADs) of their comparison of storm versus substorm injections contained in
parent ions. The data can, accordingly, be utilised (see bereeves and Henderson, 2001; Reeves et al., 2004).
low), to reconstruct the global, equatorial, ion distributions. At |ow altitudes, the density of the upper atmosphere and
In the case of hydrogen and oxygen ENAs (the dominant lo-exgsphere increases and the composition changes from a
cal products of H and O" charge exchange), the relevant hydrogen dominated to an oxygen dominated environment.
energy distributions span a range between a few eV and se\pata recorded by the PIPPI instrument aboard the Astrid
eral hundred keV. satellite, which was launched into a 1000-km circular orbit
A number of ways to retrieve the parent ion distribu- with 83 inclination, showed ENA emissions in the energy
tions have been developed, of which the most frequentlyrange 13-52 keV coming from auroral/subauroral L shells
used are forward modelling and constrained linear inversiorduring a moderate storm (Brandt et al., 2001). The peak ENA
(e.g. Roelof, 1987; Brandt et al., 2002b; Roelof and Skinner flux correlated well with a decrease in the pertaining Dst in-
2000; Perez et al., 2000, 2001; Demaijistre et al., 2004; Valladex. It was suggested that the most intense ENA emissions
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were produced by precipitating, and nearly mirroring, ions in PEEK Detector’s

the dusk region moving along auroral/subauroral field lines |TO-covered  spokes/  active area PIPS
and charge exchanging with the oxygen exosphere near th¢ quartz solar HV insulators 14.2 x 10mm  Detectors
exobase (300-400 km) (Barabash et al., 1997; Brandt et al.  reflector /\ -/ 4‘

1999, 2001).

Based on a consideration of ENA imaging from both high
and low-altitude spacecraft, Roelof (1997a, b), derived an
analytical expression for the ENA production function close
to the exobase, while employing the approximation of single
charge exchange and ionisation collisions between energetic
ions and exobase neutrals at polar cap locations and taking
into account both thick and thin optical depths.

An advantage of low altitude imaging is that the ENA flux
is two orders of magnitude higher than in the case of, typ-

—

ically sampled, high-altitude ENA emissions. This allows Hy t = rsftﬁeldiir;’/ Deflection
the employment at perigee of short integration timesg s), connectors J input _ baffle 9 *;\égé?;er:
whereas ENA images of the.rln_g current frpm apogee re- +5kV -5V aperture  po-board of
quire an approximately 10-min integration time, using to- 46.5 x 10mm  preamplifiers

day’s instrumentation. A disadvantage is the small solid an-

gle subtended by the low-altitude ENA emissions which eM-£iy 2. Exploded 3-D-view of the NUADU Sensor Head.

anate from a very narrow layer (maximum ENA production

at ~350km from a layer<100 km thick). In Sect. 6, ENA

images obtained by the NUADU instrument aboard TC-2 are experienced, due to the associated contraction/dilation ef-

during a south polar pass (@600 km) are presented. fects that lead to contact problems. Against this background,
particular care was taken to ensure that the detectors selected
for NUADU would be reliably mounted.

4 The NUADU instrument Each of the detectors has a thickness of 360 and
they are all operated at full depletion. A metalization layer

The potential of ENA imaging to provide valuable insights (150 nm of Al) is deposited on each detector to render it im-

into dynamic magnetospheric processes, prompted the deservious to both UV and X-radiation. Each has a rectan-

velopment of a NeUtral Atom Detection Unit (NUADU) gular active area of 14210 mm and an input aperture of

for China’s TC-2 spacecraft (measurement range 456 5110 mm (located at the opposite side of the sensor head

>158keV). at a distance away of 228 mm). The detectors have, individ-
ually, equal fields of view (115« 2.5° fwhm), regularly dis-
4.1 The NUADU sensor head tributed over an 180angle in the elevation plane. Figure 4

illustrates the pointing angle and angular response of each

The NUADU instrument is designed to remotely sense 4 ot 6 sixteen detectors in the elevation plane (the spacecraft
distributions of energetic neutral atoms through employlngspin axis points towards the north ecliptic pole).

16 Qetectors and exploiting spacecraft spin. Figure 2 presents The spacecraft spin (4s) allows the azimuthal plane to be
a virtual model of the NUADU sensor head. Several of the g iqeq into 128 equal sectors through counting pulses pro-
sensors (Passivated lon-implanted Silicon Detectors/PIPS);.q4 by the spacecraft “Spin Segment Clock”. The full
which are mounted at four different heights, are visible in 47 angle is, accordingly, divided, into 16.28=2048 pixels
this representation. In the foreground, the entrance aperturegq at the 4-s spacecraft spin period, the integration time of
each of which is located 228 mm away from its correspond-g 5., pixel is 31.25 ms. NUADU can provide a fulf 4mage
ing sensor, can also be seen. These apertures are covered By ihe completion of each spacecraft spin in synchronisation
a fine shielding mesh (not shown), which is maintained at Awith the Spin Reference Pulse provided by the spacecraft.
voltgge of 20V. . L i It is possible to integrate (N) spins on board over the range
Figure 3 (left) provides a schematic view of the internal N=1_32. Further integration of the images can be performed
structure of a representative PIPS detector. Electrical contagly, the ground to improve the count statistics. Due to teleme-

to the detector chip is provided by soft, electrically conduct- iy constraints, the instrument normally operates at N=4.
ing rings, and the chip is pressed between two such rings.

The contact area on the entrance window side is limited by am.2  The deflection system

aluminium ring which is deposited directly onto the silicon

surface. The contacting rubber ring must be precisely alignedAn electrostatic, high voltaget5 kV) deflection system is
with the aluminium contact ring, since any misplacement caninstalled inside the Sensor Head to sweep away charged
cause a large increase in leakage current and noise. Anomaatrticles with energies<300keV from the detectors. This
lous noise typically sets in when low temperature regimessystem provides a field intensity of 10kV/cm inside the
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Fig. 3. (Left) sketch showing the internal structure of a PIPS detector; (right) view indicating the physical size of such a detector.
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Fig. 4. Pointing angles and angular response of the 16 detectors in the elevation plane (the spacecraft spin axis points to the north ecliptic
pole).

deflection gap. Figure 5 shows the relative positions ofto the measured fluxes of charged particles up to the cut-off

four of the associated deflection plates, which were individ-limit (Sect. 4.3) to be evaluated.

ually manufactured from copper epoxy fibre-glass (thickness

1.6 mm), and maintained mechanically separated by mean4.3 The deflector cut-off energy

of a set of insulating spokes made from PEEK (Poly-Ether-

Ether-Ketone). The surface of each plate was treated witfRay tracing was performed to determine the deflector cut-

black copper sulphide; the edges are rounded and plated witfff energy, the angular response of a representative sector

polished gold to inhibit electrostatic discharges on orbit. ~ and the geometric factor for a single detector (see below).

The simulation program utilised (SIMION 3-D 7.0 ion op-

A dedicated HV unit supported by a +24V secondary tics simulation software), which was primarily designed to

power distribution, energises the deflection system and demodel the electrostatic (or magnetic) fields produced be-

livers regulated, symmetrical, bipolar voltages in the rangetween representative electrodes, allowed ions to be flown

0 to £5kV. The output bipolar voltages are monitored by within a potential array tailored to the present application. To

the NUADU Data Processing Unit (DPU) with 8-bit reso- find the potential of points between the electrodes concerned,

lution. Another control from the DPU provides for direct, the SIMION program first solved the Laplace equation (for

alternate, ON/OFF switching of the high-voltage using opto-which the electrodes provided the boundary conditions). An

couplers. The resulting Toggle Mode allows contributions iteration method was then employed to find the potential at a
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FIgS Part of the HV deflectiOI_‘llcollimatiqn System which consists F|g 6. Plot Showing the simulated percentage of protons of differ-
of circular plates and supporting PEEK insulators/spokes (the topent energies that reach a representative detector at nominal deflector
plate is removed). HV settings of 10 kV.

particular point through determining the values presented bywhere S; is the aperture ared, is the detector area arid

its nearest neighbours. is the distance between them. This gives an approximate ge-
The model thus created, reflected the conditions providedmetric factor for NUADU 0fG approx=1.246x 10~2srcnt.

by a typical NUADU sensor, and protons and electrons couldTo calculate an exact valu& ) for the geometric factor,

be flown through this system in sets, characterised by a spehowever, the integral should be evaluated and this resulted in

cific starting energy. Equally spaced (every 460 mm)  the valueGyue=1.227x10~2 srcn? per sector.

starting points that completely covered the aperture of a rep- A further estimation of the geometric factor based on the

resentative detector were utilised and, at each starting pointesults of simulation can be found using the expression

ions were flown from azimutho) angles of —30to +30°

and elevationf) angles of —10to +1C0°, whereAw andAg ~ Fsim = AAAaAS - N, )

were each 1 A total of 66 starting points allowed 84546 \yhereAA is the aperture area enclosed by four neighbour-
particles to be flown at each energy setting in a range frompg starting pointspa andAg are the azimuth and elevation
1keV to 1 MeV. A user program to count the number of ions angle increments between flown ions a¥igk is the number
that actually hit the sensitive area of the detectasi]\vas  of jons that hit the detector. This yielded a geometric factor
then developed to evaluate (Sect. 4.3.2) the geometric factopf Gsim=1.398-10~2 sr-cn?. Given that modifications were
made to the simulation program to adapt it to the NUADU
application, this is satisfactorily close to the analytical ap-
eproximation, as well as to the analytically exact value.

The very large geometric factor of NUADU is an impor-
tant feature of the instrument (note that, since a mechanical
collimator is used, the pixel size does not depend on parti-
cle energy and mass, as is the case in TOF designs). For
comparison, the geometric factor of the HENA instrument
on IMAGE is 0.0027 criisr per 3 x3° pixel.

4.3.1 Results (deflector cut-off energy)

The cut-off energy of the deflector plates determines th
high-energy limit of neutral particles for the NUADU in-
strument. This cut-off is defined as the energy where
Nhit/ N=0.01. Nyt is the number of ions that hit the detector
with the deflection voltage ON, and is the number of ions
that hit the detector at 0 V.

Figure 6 displays the simulated percentage of protons o
different energies that reached a representative detector. This4  Energy calibration of NUADU
plot shows that the simulated cut-off energy for the NUADU
deflection system for protons at the (maximum) deflectionThe NUADU Sensor Head was calibrated at the Manne Sieg-

voltage of 10 kV was 320 kV. bahn Laboratory at Stockholm University, Sweden, using
_ neutral atom beams generated at different energies (see be-
4.3.2 The geometric factor low) within a 30-m diameter ring accelerator. The objective

, was to decide, based on the responses of the detectors, on ap-
The geometric factor for a two element telescope can beqpriate threshold values for the four discriminators that de-

found from termine the energy channels of NUADU (see also Sect. 4.7).
. . S$1852 The species and energies of the energetic neutral atom
G= /deA(w), which is approximated by < —3=.(3)  peams employed during the calibration are presented in
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Fig. 7. Responses of all the detectors to hydrogen neutral atom beams of different energies (60.4, 150.6, 293.0 and 512.4 keV, respectively).

It was observed that Detector 13 showed slightly elevated
pulses at relatively high energies of the hydrogen beam. This
could indicate that it has a thinner than average metaliza-
tion layer. However, its performance was deemed to be ac-
ceptable and no problem has been experienced with regard
H - 604 1506 2930 512.4 to D-13 on-orbit. It is noted that the width of the calibra-
© 1498 2299 3011 3935 5018 tion beams available at the accelerator did not allow the dead
layer/metalization layer of the individual detectors to be de-
termined and, thus, the values given by the manufacturer are

Table 1. During the measurements, the responses of all 1gt|l|sed when determining energy spectra.

. . : It was found from plots showing how the voltage pulse
detectors to the various beams were determined (see Figs. 7 . . o

. N amplitudes are related to particle energy thaf ifls in keV

and 8), and the corresponding output pulse heights fromandV is in volts. then for H
the NUADU amplifiers were recorded using a multi-channel IS 1N VOIS,
analyser (for details, see McKenna-Lawlor et al., 2004). ForV = (0.00496682x Ey) — 0.156747 (5)
150 keV Hydrogen, the energy resolution at FWHM was, and for O
thereby, found to be 8%. For 300keV Oxygen, the corre-
sponding resolution was 28%. V = (0.00330185x Ep) — 0.364899 (6)

Table 1. Energies of H and O neutral atoms used in the NUADU
calibration.

Species Energies [keV]
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Fig. 8. Responses of all the detectors to oxygen neutral atom beams of different energies (149.8, 229.9, 301.1, 393.5 and 501.8 keV,

respectively).
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Fig. 9. (Left) view of the TC-2 spacecraft before launch, showing the position of NUADU on board; (right) close up view of NUADU,
showing the input apertures and the quartz Optical Solar Reflectors (OSRs) mounted on the outer surface of the Sensor Head.

Setting the discriminator thresholds based on the calibratiorio provide a clear field of view for each of its 16 PIPS (see
measurements involved taking into account a number of facFig. 9, left), the Sensor Head could potentially run either too
tors including: “hot” or too “cold” under different foreseen conditions (as
) . . . simulated by the NUADU thermal model). It was thus re-
— Simulated energy spectra for quiet and disturbed inter-q,iraq that the outer surface of the Sensor Head should be
planetary conditions, based on the known dependency,,ereqd by quartz Optical Solar Reflectors/OSRSY078
of the charge exchange cross section on energy; and&=0.78), to allow a balance temperature to be achieved
— The NUADU deflector cut-off energy; in space that WOl_JId be C(_Jnducive to noise free operation. Fig-
ure 9 (right) provides a view of the OSRs on the outer surface
— Energy resolution/straggling in the metalization and of the Sensor Head.
dead layers; Also, a 5-Watt heater was installed inside the Sensor Head
to ensure that the instrument would not run so cold dur-
ing long (1) eclipses that the rubber rings would harden

In addition, the possibility to perform stereo measurements2nd develop unreliable electrical contacts. The power con-
during the TC-2 mission between NUADU and the HENA trol for this heater is maintained by the spacecraft system,
instrument flown on the IMAGE spacecraft (see Sect. 5.1),pased on temperature sensing provided by an externally
caused special consideration to be given to providing an adounted thermistor. The threshold (ON/OFF) settings for
equate overlap between the energy ranges covered by tHEis heater were set, following on-orbit thermal commission-
NUADU and HENA/IMAGE instruments. ing, at—25°C/-20°C. The balance temperature, under nor-
Table 2 presents the energy bands/discriminator threshold&?al operation, is appr0>-(|mately —10. o

selected for NUADU. Of these, the setting of Threshold 1 ~ The NUADU Electronic Box (Sect. 4.6), which is mounted
can be varied on-orbit by tele-command, so that it can beon the experimenters platform, is thermally enclosed inside
set above the prevailing noise level. The background experithe spacecraft under Multi-Layer-Insulation (MLI). Since its
enced during commissioning, inspired the present setting opower dissipation is rather low (4.7 W), this unit, which
this threshold at 45 keV. It is noted for comparison that theis thermally de-coupled from the Sensor Head, “follows”
complementary energy levels of IMAGE/HENA are E4: 39— the platform temperature, which is itself controlled by the

50keV, E5: 50-60 keV, E6: 60-81 keV, E7: 81-119 keV, E8: spacecraft, within a range that ensures a safe operational
119-198 and E9>198 keV. margin for the electronics under both nominal and eclipse

conditions.

— The possibility of indirect mass identification.

4.5 Thermal considerations

4.6 The electronic boards and box
A requirement for NUADU was a design that would allow
the detectors to operate at a temperature conducive to a noiSéhe electronics serving the individual detectors (namely
free performance<{—10°C) on-orbit. Since the Sensor Head the charge sensitive pre-amplifiers, pulse operational ampli-
(SH) protrudes outside the skin of the spacecraft platformfiers, discriminators and event counters) are mounted on a
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Table 2. Energy bands for NUADU.

Energy channel H[keV] Of[keV] AEg [keV] AEp [keV] AEg/Eyg AEp/Ep

E1l: TH1-TH2  *46-50 *132-139 4 7 8% 5%
E2: TH2-TH3  50-81  139-185 31 46 47% 28%
E3: TH3-TH4  81-158  185-300 77 115 64% 47%

* TH1 is adjustable by telecommand.

Fig. 10. (left) view of the electronic boards that are mounted inside the electronic box; (right) external view of the electronic box.

board called FRONT, situated in the Sensor Head (see alsd.7 The electronic design
Sect. 4.7).

Figure 10 (left) shows the 6 other electronic boards uti- 1 '€ Parallel layout adopted for the FRONT board (see
lized (i.e. a “mother board”; a high voltage board; two dis- thg_ S|mpl|f|e_d block cﬁagram in Fig. 11), was selected to_
criminator counter boards: a data processing unit board angllifate against possible cross talk produced due to parti-
a power distribution board). The electronics box (Fig. 10’cle/eIectromagne_tlc mterfergnce on-orbit, and or single d‘?'
right) which houses the digital electronics, is fixed to the ©€€tOr dalmage/fgllurti:‘. In(;c_h_ls r-egarclj, each d(_etectorhhas |t|s
spacecraft platform by means of four rugged lugs fitted with®V" analogue signal conditioning electronics; a 4-channe
titanium screws. The box structure functions, in addition, toPU/S€ height analyzer (discriminator stack) and four 8-bit
provide mechanical support for the Sensor Head. It is manSounters to support the recording of individual events. Each
ufactured from space-qualified aluminium alloy, to which an COUNter has a hardware stop to prevent overflow and is set
electrically conducting treatment (IRIDITE 14-2) was ap- t© SIOP counting at a value of 255 (). At those locations
plied. Its mechanical elements are fixed together using ti-210Ng the orbit where the instrument operates (above the radi-
tanium and stainless steel screws. Spot shielding was apa_mon belts z_;md during south polar transits), it is very improb-
propriately introduced, regarding the radiation requirements2P!€ that this value would be reached due to ENA events.

for electronic components inside TC-2 (determined using the The Data Processing Unit (DPU) is a rad-hard 80C85
software tool ESABASE/DOSRAD). microprocessor supporting 128 kB of RAM memory, 32 kB
of EEPROM memory and an 8kB rad-hard PROM mem-

The electrical connection between the Sensor Head and thery. The command and data interface employs a MIL-
Electronic Box is formed using a multi-pole connector which STD-1553B bus system and, for this, a single hybrid inter-
directly connects the FRONT board to the Mother Board.face Remote Terminal Unit (RTU) is utilized with insulat-
The HV connection is separately realized, using two customing transformers. Connection to the 1553B bus line is per-
designed connectors that directly connect the deflection sysformed using a standard, long stub, configuration (Z&2)70
tem to the HV board. The Data Processing Unit and PoweiThe DPU Operating System (OS) software runs in one of
Distribution boards, which interface with the spacecraft, arefour 32 kB banks contained in a 128 kB RAM memory that
each equipped with auxiliary sub-panels that carry the spaceis downloaded from the rad-hard PROM. Three emergency
craft connectors. These connectors can be seen in Fig. 1€opies of the OS are located in the EEPROM memory, to-
(right) protruding from the back panel of the electronic box. gether with various important system parameters.
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Fig. 11. Simplified functional block diagram of the NUADU imager.
4.8 On-orbit operations 4.9 NUADU data products

The instrument starts to operate after POWER-ON with allFor the Double Star Data Center (DSDS), NUADU provides
its system parameters maintained according to the last teldh® same set of parameters for both the Prime Parameter (PP)
commands received during the previous operation sessiofnd Summary Parameter (SP) databases. Table 3 summarizes
(these are automatically saved in the EEPROM). The instruf€lévant information concerning these parameters.

ment then issues a standard frame consisting of 16 bytes of The fluxes are integrals of the differential flixE) from

HK information; 8196 bytes of scientific (image) data; and the lower energy threshold to the upper energy threshold in
one checksum byte. An image data frame is produced oreach energy band (see Table 2). For a gyrotropic distribution
integrating N complete images, according to the availablethe integral is given by:

telemetry quota.

Tele-commands allow modifications to be introduced dur-

ing instrument operation. These include the setting of: Inte- /2
gration Mode (possible on-orbit values are N=1-32); Togglej(E) = /dE / J(E, 0)2m sindeo, @)
Mode; HV control; threshold control of energy channel 1 and E; )2

Self-Test initialization. A set of “technical” tele-commands

initiates such activities as: memory dump; issue of an image

test pattern; EEPROM re-programming (software patching)which provides omni-directional fluxes that represent aver-
etc. ages obtained from the 16 detectors at 128 azimuths.
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Table 3. NUADU database parameters.

NUADU
(3-letter code: NUA; TC-2 only)
Name Description Units Bytes PP SP
Epoch Time tag ms 8 . .
Status Instrument status 1/16 s (PP) 1/1 min(SP¢ .
JENA_E1 Omni-directional ENA flux cm?s 1  4x4/1min (SP) . .
JENA_E2 for all 4 energy bands
JENA_E3
JENA_E4
5 The scientific objectives of NUADU information about the pitch-angle distributions (PADSs) of the

parent ions using only a single vantage point. Several van-

The history of ENA measurements at the Earth indicates theage points allow for a more comprehensive retrieval of the
value of this technique in obtaining insights into the dynam- pAD. This has never been achieved using real data. Unpub-
ics of the storm-time ring current; see, for example, accountsished tests with IMAGE/HENA data used several different
of ENA data recorded aboard the IMP-7, IMP-8 and ISEE-1 points along the IMAGE orbit during a stable recovery phase.
spacecraft (Williams et al., 1978; Roelof et al., 1985; Roelof, The images from these points were then inverted and it was
1987); aboard CRRES (Voss et al., 1992, 1993); aboard Gedfound that the resulting PAD peaked at arounél @3 would
tail (Lui et al., 1996; Wilken et al., 1997a; Orsini et al., pe expected for a recovery phase ring current).
iggg; :Egg:g éiJrz'll'El)El(?B?Vr\/ailltl)(Zihe?;?L’151)3%,)'85:322: de;aol._, The full potential of global imaging cannot be fully

: N ’ utilised until in-situ measurements can be successfully in-

LAR (Blake et al., 1995; Henderson et al., 1997) and, mOStcor orated in the analysis of global data. For example, with
recently, aboard IMAGE (Burch, 2003). P Y 9 ) p'e,

The NUADU instrument can be used in “stand-alone” an ENA imager located at a polar position, one obtains the

mode to investigate a wide ranae of phvsical oroblems andbest local time and radial coverage of the ring current. How-
g 9 phy P ever, since the ENA flux falls off rapidly with altitude, the
has the following purposes:

gradients of the ring current at high-altitudes are associated

1. To monitor the morphology of the ring current under With greater uncertainties than those at lower altitudes where
different magnetospheric conditions and, thereby, charthe ENA flux is stronger. In-situ measurements of the ring
acterise the inner magnetosphere; current in the equatorial plane provide constraints that can be

used in the analysis of ENA images, so that the high-altitude

2. To study particle energization processes in the innerregions with low ENA fluxes can be properly bounded.
magnetosphere and image plasma convection and sub-

S In the spirit of an agreement between the Chinese and Eu-
storm injections;

ropean Space Agencies, NUADU can work in concert with

3. To study the interaction of the ring current with the up- instruments on CLUSTER to support the scientific objec-

per atmosphere; tives of this mission. In tandem, NUADU science could, in

. . ) . ) . principle, itself be supported by the possibility to validate

4. Toinvestigate the interrelationship between the ring cur-ign, distributions retrieved from ENA data through using in-
rent and the electric field of the inner magnetosphere. ity jon measurements recorded by CLUSTER instruments.
_There is, however, no overlap with the energy range covered

phology of the ring current with models that incorporate PY the Cluster lon Spectrometry (CIS) experiment (Reme

coupling between the ring current and the ionosphere (seett @l 2001), since CIS detects ions only up~d0keV.
e.g. Fok et al., 2003). See also the account of NUADU SCi_AIso, although the RAPID experiment (Wilken et al., 1997b),
ence contained in McKenna-Lawlor et al. (2005). which measures ions in the range 20-400 keV, provides an

overlap with the energy range covered by NUADU, these
5.1 Multipoint observations data are not presently available, since RAPID’s calibrations

are presently undergoing a re-evaluation. Relevant ion data
Several advantages accrue to using simultaneous ENA imrecorded aboard TC-2 itself will be made available when they
ages obtained from different vantage points. First, it in- are calibrated (J.-B. Cao, private communication). Other in-
creases the coverage of parts of the ring current that magitu measurements are available from the proton detectors on
otherwise be obscured by the Earth. Second, in any retrievdboard the geo-synchronous Los Alamos National Laboratory
procedure the use of several vantage points increases the c€t-ANL) satellites and from the Imaging Proton Spectrometer
tainty of the result. Third, it is not possible to obtain exact (IPS) on board the POLAR satellite (Blake et al., 1995).

The latter objective is achieved through comparing the mor
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Fig. 12. Dst index covering the magnetic storms of September 2004 and November 2004. The vertical lines appearing on these records
indicate times when the ENA images presented in Figs. 13 and 23 were initiated.

In early 2005, the apogee of IMAGE approached® 90 NUADU in September 2004 and the second in November
magnetic latitude. Perigee passes of IMAGE then provided2004. In what follows, against the background of the state of
low-altitude measurements, characterised by high spatial anthe interplanetary medium pertaining to each of these occa-
temporal resolution. By appropriately combining NUADU sions, the ENA images that were associatively recorded are
(polar) information with HENA measurements during this presented and discussed.
favourable orbit configuration, information concerning the
interaction between the ring current and the Earth’s uppe6.1 Interplanetary and geomagnetic conditions (September
atmosphere can be derived. 2004)

Itis also possible by combining observations made by one
of these ENA imagers while the other is traversing the radi-On 12 September 2004 two M-class flares took place con-
ation belts, to co-operatively secure more complete coverag&ecutively in Active Region 0672 at NO3, E49. The first,
of dynamic changes in the ring current than can be achieve@n M4 8/2N event, was observed from 00:04-01:33 UT by
using one instrument alone. In December 2005, when TCGOES/XRA (whole disk). This flare was associated with
2 and IMAGE will both be at locations allowing NUADU metric Type Il burst radiation and the related shock speed
and HENA to simultaneously view the Southern Hemisphere was estimated (by observers at Learmonth) to be 800 km/s.
ring current stereo images can potentially be obtained, shouldhe second flare was an impulsive M3.2/SN event recorded
a geomagnetic storm, fortuitously, occur. by GOES 12/SX from 01:39-01:40 UT. Again, a metric Type

Il burst was produced and the related shock speed (also esti-
mated at Learmonth) was 750 km/s.
6 NUADU observations Figure 12 (top) shows variations in the Dst index recorded
during the period concerned at Kyoto University. Dst is a ge-
In the first, approximately six months since the launch of omagnetic index used to monitor worldwide magnetic storm
DSP-Polar, several geomagnetic storms took place. The firsactivity. It is constructed by averaging the horizontal com-
of these events occurred during the commissioning phase gbonent of the geomagnetic field from mid-latitude and from
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Fig. 13. A sequence of plots showing ENA emissions recorded by NUADU on 14 September 2004 while traversing the south polar cap. The
SM co-ordinate system utilised has its Z-axis parallel to the dipole axis of the Earth; the XZ plane contains the Earth-Sun direction and the
Y axis is perpendicular to the Earth-Sun line towards dusk. The image is displayed in an equidistant, azimuthal, projection. The solid circle
represents the limb of the Earth and the terminator is depicted by a solid line. The dipole field lines of L-shells 4 and 8 are drawn at four local
times for reference. The dotted background grid represents the instrumental co-ordinates of the NUADU instrument. The radial direction of
the grid is the FWHM of the sector’s response, and the azimuthal direction is the spin direction.

equatorial magnetograms recorded globally. Negative Dsfirst event, and contributed to prolonging the overall duration
indicates the presence of a magnetic storm and, the moref the initial Dst disturbance.
negative this value is, the more intense the magnetic storm
in question is. Only when there is an eastward electric field6.1.1 NUADU observations
in the solar wind, which corresponds to a southward directed
Interplanetary Magnetic Field (IMF), is there a ring current Figure 13 shows three Hydrogen ENA images recorded by
injection that results in the stimulation of a negative changeNUADU in the 50-81 keV range during a perigee pass over
in the Dst index. This negative value has its origin in the the south pole at an altitude of approximately 600 km close to
“storm-time”, pressure driven, ring current that flows around noon on 14 September 2004 (the vertical line on the Dst In-
the Earth from east to west in the equatorial plane. dexin Fig. 12 (top) shows that, at the time when these images
Dst contains contributions from: the magnetopause curwere acquired, this index was in rapid recovery following the
rent; the partial and symmetric ring currents, the substormsecond of the two closely related decreases described above).
current wedge; the magnetotail currents and from induced The SM co-ordinate system utilised in Fig. 13 has its Z-
currents in the diamagnetic Earth. In detailed work, Dst*, axis parallel to the dipole axis of the Earth; the XZ plane
the global perturbation from near-Earth currents, is derivedcontains the Earth-Sun direction and the Y axis is perpen-
by correcting the Dst index for magnetopause current contridicular to the Earth-Sun line towards dusk. The image is
butions and for induced currents in the solid Earth using:  displayed in an equidistant, azimuthal projection and is close
to what a human eye would see. The solid circle represents
Dst*=(Dst—Dwp + Dgrc)/Cic, (8)  thelimb of the Earth and the terminator is depicted by a solid
line. The dipole field lines of L-shells 4 and 8 are drawn at
where Dyp is the perturbation from the Chapman-Ferraro four local times for reference. The dotted background grid
currents on the magnetopausejd2 is the contribution from  represents the instrumental co-ordinates of the NUADU in-
the quiet time ring current (which is subtracted out as a basestrument. The radial direction of the grid is the FWHM of
line offset of Dst), and  is the correction due to induced the sector’s response (see also Fig. 4), and the azimuthal di-
currents in the Earth (McPherron, 1997; Kozyra et al., 1998;rection is the spin direction.
Kozyra and Liemohn, 2003). The images show the interaction between ring current ions
In the present text, which concerns qualitative compar-and the dense upper atmosphere. Since the low-altitude ENA
isons with ENA data, we utilize only the uncorrected Dst in- flux (resulting from charge exchange with the hydrogen geo-
dex plotted in Fig. 12. This moderate perturbation, which corona), is about two orders of magnitude higher than the
commenced at approximately 21:00 UT on 13 SeptembeENA fluxes typically recorded during a north polar pass, (see
2004, displayed two episodes in the course of which, onthe relevant discussion of Roelof, 1997a), the required inte-
14 September, the index decreased in the first instance tgration time for each image was only 16 s.
—40nT. Later, following a partial recovery, it decreased Figure 14 illustrates the approximate viewing geometry of
again to -50nT. It is surmised that the effects of a secondNUADU during a typical perigee pass and, thereby, explains
flare that occurred (see above) within the same active regiomvhy it is the case that the bright ENA emissions recorded by
supplemented the particles and shocks associated with thie instrument originated on the opposite side of the dipole
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Fig. 14. Viewing geometry during a typical south polar perigee pass
of TC-2.

axis to that occupied by the spacecraft. In this representaFig. 15. The trajectory of TC-2 near perigee in the SM system on 14
tion, ions spiral down the terrestrial field lines and charge September 2004 (11:50:00-12:30:00 UT) plotted using OVT soft-
exchange with the dense upper atmosphere. The location ofare fttp:/ovt.irf.usg. Tick marks are provided every Smin. The

these ENA emissions is weighted by the fact that the heavPosition of the sp_acc_ecraf_t at 12:10 UT is indicated by a blue cir-
iest precipitation occurs close to midnight. The maximum cle. The magnetic field lines follow the model of Tsyganenko et
ENA emissions produced travel, approximately, perpendic—al' (2003).

ular to the field lines at an altitude of about 350km. Con-

sequently, NUADU on TC-2, which orbits at an altitude of  the ENA production rate close to the exobase for nearly
around 600 km, will detect when at position (A) bright ENA - mirroring ions may be estimated using an analytical expres-
Emissions coming from the field I|r,1es on the far side of thegjon derived by Roelof (1997h), for the case of single charge-
Earth (A) relative to the spacecraft's position. Not until TC- gy change between ions and exospheric neutrals; see also re-
2 has reached position (B) will NUADU detect bright ENA |5teq papers by De Michelis et al. (1997) and Asamura et
emissions coming from the field lines it has just traversedy| (1999). In order to find out how many ENAs are pro-
(B"). Although the exact geometry and distribution of the qy,ced by jons travelling from the equator into the upper at-
low-altitude emissions is, in actuality, far more complicated mosphere, we consider below the ENA flux per unit Line of

than the situation depicted in the figure, this picture is, nonesjgnt (Los) length in the immediate vicinity of a field line at
the less, qualitatively correct. It was assumed in this regardjifrerent altitudes along the field line:

that the spin axis pointed exactly in the direction of ecliptic

south. The exact direction of the spin axis of TC-2 is, in actu- ; . ;eq Sea ds’

: X o . JENA _ JiON S
ality, somewhat uncertain, although it is estimated that, by 14 50 = o / . 1, 9
September, it had drifted by a few degrees since the launch. ION + HAON

Therefore, it is not unlikely that the low-altitude ENA images

displayed in Fig. 14 are slightly offset. where the integral in the exponent describes the attenuation

of ions due to charge exchange and is taken from along the

The ENA emissions reporded at12:10 UT. (F_ig. 13, _Ieft), field line from the equator to the interaction point. The mean
came from the sector midnight-to-dawn. This is consistent; . path length of ions is denoted byoy. The ENA pro-

with the interpretation provided by Fig. 14, as can be Cross-yyction functions jena/sl -Rz/ i<, (whereRy is the radius
checked using the orbit plot in Fig. 15 which shows, in red, J¢ o Farih=6378 km) is plotlt(é'é in Fig. 16 for 40keVFH
in the SM system, the TC-2 trajectory with tick marks every ions as a function of altitude at different values;ofn an
5min. The position of TC-2 at 12:10 UT is designated by exosphere composed of H, He, N, O; Bind . The al-

a blue circle. Magnetic field lines (following Tsyganenko et .. o ¢ o im ENA er;ﬂss{ons, is a strong function of

al., 2003) are also represented. Six minutes later when thﬁ)n pitch angle () and of the altitude for a given L value of

spacecrait has moved “upward” in this plot, the emiSSiOhsthe field line. This plot shows that the layer in which most

shoulld hzar:/tet,_cor;espogdi?hglya n:ov?dF_“dO\lN?)nwarg"_. This IS of the ENA production takes place is of the order of 100 km
exactly what IS snown Dy Ih€ data 0T Fig. 15C and 1S CoNSISyyie and that it drops off sharply<60 km) towards lower

tent with the representation prqwded n F,'g' 14. o altitudes. At the altitude of TC-2 and close to the magnetic
As already noted, the ENA images displayed in F|g. 13 pole, there is good MLT coverage of this layer.
were taken when the Dst index, having reached a maximum

value of~—50nT, was rapidly recovering. Although, there- .2 Solar circumstances in November 2004

after, the low-latitude ENA emissions decayed in intensity

as the ring current faded, even small variations in Dst wereSome 4.5 years after the peak month of Solar Cycle 23
reflected in further emission enhancements in ENAs. (April 2000), and just two years from the predicted time of
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Fig. 17. Solar wind bulk speed recorded aboard the ACE spacecraft
from 6-14 November 2004.

200 T hancement, displaying two significant peaks, was recorded
in the interval 8-10 November. On 12 November a further,
relatively minor increase in the solar wind speed took place.

The arrival of an interplanetary shock was recorded aboard
| I T I ACE at 16:28 UT on 7 November. Thereafter, the Interplan-

etary Magnetic Field (IMF) turned southward in two steps
0.01 0.10 1.00 10.00 100.00  (pz=_20nT at 19:30 UT andsz=—50nT at 22:30 UT, see
djena/dl * Re/[%on Fig. 18). At 05:38 UT on 9 November, the arrival of an-
other shock was recorded at the Polar Orbital Environmen-
Fig. 16. The ENA production function jena/dl-Re/jiGy (see the  tal Satellite (POES), with a measured strength of 562 Giga
text) for 40 keV H' ions plotted as a function of altitude for various Watts. This was followed by a further shock at 07:22 UT,
values of the pitch angle, assuming a six-component exosphere (Hyith measured strength 419.4 Giga Watts. These latter two
He, N, O, N and Gy). events, like the earlier shock on 7 November, were preceded
by CME activity in AR 696. Also, the IMF (Fig. 18) showed

related excursions on 9 and 10 November to approximately
solar minimum (Autumn 2006), a sequence of large flares_2onT.

was recorded, from 4 November 2004, in NOAA Active Re-  Plots presented in Fig. 19 show proton (left) and electron
gion 696. Information concerning several of these events iright) data recorded in the MeV range aboard the Geosta-
provided in Table 4. The first flare listed was accompaniedtjonary Operational Environmental Satellite GOES 11, on 7—
by a Coronal Mass Ejection (CME) showing a Plane of Sky 10 November 2004 (top) and on 8-12 November 2004 (bot-
(POS) speed of1000 km/s. A metric Type Il burst was pro- tom). Of special interest are the two large increases recorded
duced in addition, and its related shock speed was estimateih ~100MeV protons (which were individually associated
at Culgoora (from the burst drift rate) to bé600 km/s. Suc-  with X2 flares on 7 and 10 November, see Table 4). Such
ceeding major events at the same location were also charagmarticles rarely rise above the 0.1 level on such a plot. Also
terized by CME and Type Il burst activity until, as west limb present (F|g 19, nght) were substantial fluxes>dt MeV
passage of the active region approached, a new source of agtectrons which persisted for some eleven days.

tivity in the southern solar hemisphere became dominant (an  On 8 November, a CME that exited the Sun on the previous

example is provided by Event 5 in Table 4). day, arrived at the Earth and greatly compressed the magne-
tosphere. A major magnetic storm ensued and Fig. 12 (bot-
6.2.1 Interplanetary and geomagnetic activity tom) shows the Dst index recorded at Kyoto University dur-

ing the relevant period. It is noted that the maximum value of
Figure 17 shows variations in the solar wind bulk speedthe Dst Index (—383 nT) attained on 8 November during this
recorded aboard NASAs Advanced Composition Explorer magnetic storm, is among the strongest ever recorded. There-
(ACE) spacecraft (at L1), from 6—14 November 2004. It is after, during the recovery phase of this event, further per-
seen that, on 7 November, the solar wind speed increasetlirbations, occasioned by the consequences of renewed flar-
above its background level by a factor of approximately two.ing in AR 696, were recorded on 9/10 November. A further,
Thereafter, following a short initial decline, a further en- relatively minor event on 12 November was associated with
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Table 4. Sequence of large flares recorded in NOAA Active Region 696.

Event November 2004 Day / start UT ~ Location Vsh  Opt.Class X-ray class

1 06/00:36 NO09, EO5 1000 2N M9.3
2 07/15:59 NO9, W17 697 - X2.0
3 09/17:24 N09, W51 1866 - X8.9
4 10/02:07 N10, W47 2100 3B X2.5
5 12/09:57 S14, E37 553 - -

storm phase, and these fluxes decayed when the storm en-
IMF Bz component by ACE from 6 to 14 Nov. 2004 tered its decay phase. Proton fluxes in the same energy range
recorded at geosynchronous orbit also rose rapidly at the start
of the main phase of the storm but they did not decay signif-
icantly until after the main phase had terminated.
With respect to local time dependence, during the early

100

80+
60
40

S main phase of the storm, fluxes recorded aboard the NOAA

8 ° “‘N‘v ’lﬂ\w V AL a spacecraft (beyond L=5) initially increased in the evening to
20 V the pre-midnight sector. Thereafter, a flux enhancement in
40 the post-midnight to morning sector took place after a time
-60 delay of several hours. As the storm entered its late main
80 phase, the proton fluxes dropped away in the evening to the

pre-midnight sector, before the main phase had ended. In the
post-midnight to morning sectors, they decayed away at the
end of the main phase. This shift with respect to local time
in proton precipitation was closely associated with a change
Fig. 18. The IMF Bz component recorded aboard the ACE space- in the intensity of the southwarq c.:omponent of the.IMF. .
craft from 6—14 November 2004. One of the effects characterizing a geomagnetic storm is
the increase in high energy proton bombardment experienced
at terrestrial locations facing the Sun. This is especially the
activity in a region located in the southern solar hemispherecase in the South Atlantic Anomaly (SAA), which, in such
(Event 5, Table 4). Itis noted that the two large excursions incircumstances, normally displays heightened levels of solar
Dst displayed in Fig. 12 (bottom) corresponded to significantparticle incidence. Figure 22, which displays proton data
changes in the rigidity of flare related protons recorded atrecorded by the Solar Environmental Monitor (SEM) aboard
two ground stations in Slovakia, while increases in cosmicNOAA-16, while executing a circular, Sun-synchronous po-
ray particle transparency were also associatively recordedgr orbit at a nominal flight height of 833 km between 7-8
(K. Kudela, private communication). Figure 20 presents November and 9-10 November, illustrates this behaviour.
complementary large-scale variations recorded in the esti- At geosynchronous orbit (Fig. 21) the enhancement of pro-
mated planetary Kp index in the interval 7-11 Novemberton fluxes during the main phase was reasonably coherent
2004. all over the night-time sector and showed little variation in
the other time sectors mentioned above. From this it can
6.2.2 Particle data in geosynchronous and in low-altitudebe inferred that the enhanced proton fluxes associated with
orbits the main storm phase persisted at the equator from the be-
ginning of the storm main phase through its late recovery
Figure 21 shows proton fluxes recorded aboard the synphase. The pitch-angle scattering processes, on the other
chronous Orbit Particle Analyzer (SOPA) flown at an al- hand, which cause equatorially trapped protons to precipitate
titude of ~42 000 km aboard several Los Alamos National to NOAA spacecraft latitudes, were activated only during the
Laboratory (LANL) spacecraft from 6—13 November (energy main phase, thereby resulting in a significant difference in the
range 30keV to several hundred keV). On comparing theproton fluxes measured at the altitude of the NOAA satellites
fluxes measured at geosynchronous orbit with proton fluxedetween the main and recovery phases.
recorded aboard NOAA satellites flying-aB800 km/s, it was It can be deduced, regarding the local time dependence
found that, at the two locations, these fluxes did not vary co-of the proton fluxes recorded, that the region of enhanced
herently (W. Murtagh, private communication). In particular, pitch-angle scattering shifted from the dusk side to the dawn
proton fluxes (30-80 keV) recorded by the NOAA spacecraftside during the main phase of the storm. A close correla-
were characterized by a rapid enhancement during the maition observed between proton fluxes and southward directed

-100 T T T T T T T
144:.00 168:00 192:00 216:00 240:00 264:00 288:00 312:.00 336:00
6 to 14 Nov 2004
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Fig. 19. (Top Left) GOES 11 (5-min) proton data recorded in three energy channg&NleV, >50 MeV, >100 MeV); (Top, Right) GOES
10 and GOES 12 (5-min) electron data recorded in two energy chanf@lé and>2.0 MeV), all between 7—10 November 2004; (Bottom
Left) corresponding proton data and (bottom right) corresponding electron data similarly recorded between 9-12 November 2004.

IMF suggests that the local time sector displaying enhanced
pitch-angle scattering, was controlled by the intensity of the

southward directed IMF component.

6.2.3 NUADU observations

Figure 23a (left) shows a NUADU image recorded from
10:10 UT on 8 November in the 81-158 keV range during a
13-min integration period. This image was obtained at Solar

Magnetic (SM) coordinates [0.2, 0.5, 3.9fRThe presenta-

tion format is similar to that already described in Sect. 6.1.1.

At that time, the Dst index was in an early stage of recov-
ery (as indicated by the vertical line on the record of Fig. 12, Fig. 20. The estimated planetary Kp Index from 7—11 November

2004. This index combines disturbances in the Earth’s magnetic
The bright spot in Fig. 23a at the foot of the midnight field field measured at nine separate observatories in North America on a

bottom).

lines denotes intense ENA emissions, produced where rin@
current ions charge exchanged with the dense upper atmqy
sphere. This image illustrates that the ENA flux was concen-,

spheric density distribution. Also, from midnight and around
dusk we see that the emissions were wrapped around the
Earth. This is an ENA signature of the ring current flowing
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cale from 0-9. Each bar is for a three-hour interval in UT and Kp
alues below 4 indicate little disturbance. The bars are green when
p<4; blue when Kp=4, and red when Kp4. Red bars indicate a

o . storm warning. Values greater than 7 indicate a large disturbance.
trated near the Earth due to the pertaining, exponential, atmo-
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Fig. 21. Spin averaged (10s), differential, proton fluxes recorded in geosynchronous orbit aboard several LANL spacecraft between 6-13
November 2004 in channels 30-45keV, 50-75keV, 75-105keV, 105-150 keV and 150-315keV (bottom trace). Preliminary/quick-look
data.

in from the plasma sheet at midnight (from around dusk) and6.2.4 Note on compaosition
out through the magnetopause (not seen). The ENA inten-
sity is strong at midnight because of the high flux of the NUADU does not separate different species of ENAs. How-
parent ions present. This is expected since ions gain energgver, since HENA is capable of separating Hydrogen from
when they move from regions of weaker to stronger magnetidOxygen and heavier ions (Krimigis et al., 2004), we can use
fields through conserving their first adiabatic invariant. As simultaneously recorded data to estimate the mixing ratio be-
they approach the inner magnetosphere, these particles atween the Hydrogen and Oxygen detected in NUADU'’s en-
transported across magnetic field lines, primarily by gradientergy range. The energy channels for H and O are described
and curvature drift, as well as by x B drift, in a combina-  in Table 2. For example, the third energy channel detects
tion of potential and induction electric fields. The region of H in the 81-158 keV range and O in the 185-300 keV chan-
enhanced intensity seen in the NUADU image presented imel. From HENA, the Hydrogen ENA flux around the 81—
Fig. 23a constitutes, in effect, a “snapshot” recorded in ENAS158 keV range is typically (for storms) about two orders of
of the locations of accelerated ions transiting the inner mag-magnitude higher than the Oxygen ENA flux at around the
netosphere, en route to being lost through the magnetopausg85-300 keV range. This means that NUADU detected pre-
Figure 23b (right) shows the ENA image obtained simul- dominantly Hydrogen in its third energy channel. While
taneously by IMAGE/HENA in the 60—119 keV range during there may be cases when the Oxygen ENA flux is exception-
a 20-min integration period. At this time the IMAGE satel- ally strong, in most storms NUADU will image Hydrogen
lite was below the Earth looking up at the south pole at SMexclusively.
position [3.0,—2.5,—7.0] Rg. We, again, see in this record
the signature of low-altitude ENA emissions, where the ring6.2.5 Ring current variations
current ions reached the upper atmosphere, and the general
morphology displayed in the two images is consistent. NoteThe ring current imaged by NUADU showed, in addi-
how, again, in the HENA image the ring current was wrappedtion to the activity associated with the major interplanetary
around the Earth from dusk and extended, thereafter, into thevents and geomagnetic disturbance of 7 November 2004,
dayside before its constituents drifted out through the mag-enhancements and variations that reflected the occurrences of
netopause. the later events of 9—10 November and 12 November already
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Fig. 22. Omni-directional 16—70 MeV protons recorded aboard the NOAA-16 spacecraft between 7-8 November 2004 (top) and 9-10

November 2004 (bottom).

discussed above. These variations and correlations will be 2. Images recorded during south polar perigee passes in

the subject of a detailed follow-up paper when the raw data
concerned has been further processed.

Meanwhile, it can be noted that the flare associated ion
injections recorded on 8 November by the LANL spacecraft
were closely reflected in the ENA data. In particular, a shift
in the region of enhanced pitch-angle scattering from the
dusk side to the dawn side could be tracked in the ENA im-
ages, as the ions producing these ENAs transited the inner
magnetosphere while en route to being lost through the mag-
netopause.

7 Summary and conclusions

This paper presents early results from the ENA imager
NUADU on board Double Star-Polar (TC-2). Two examples
of ENA imaging are illustrated and discussed. Conclusions
are as follows:

1. NUADU imaged the high-altitude ring current during
both a moderate and a major geomagnetic storm in the
~50-158 keV range, with a time resolution-e10 min.

. ENA data

the early recovery phase of a moderate magnetic storm
in September 2004, showed bright ENA emissions at
the feet of disturbed terrestrial magnetic field lines, due
to an associated strong increase in the flux of energetic
charged particles present in the radiation belts. These
emissions were long lived and followed, through inten-
sity variations, even minor changes in the Dst index.
The time resolution of these low-altitude emissions was
16s.

. An ENA image of the ring current recorded on 8

November 2004 (in the course of an episode of south-
ward turning of the interplanetary magnetic field and in

the early recovery phase of a major geomagnetic storm),
shows classical enhanced emissions in the local mid-
night through the dusk sector, indicating that ions were
injected on the nightside into the inner magnetosphere.

recorded simultaneously aboard TC-
2/INUADU and IMAGE/HENA (which, respectively,

viewed the Northern and Southern Hemispheres during
a major magnetic storm on 8 November 2004, close
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Fig. 23. (Left) ENA image obtained by NUADU/TC-2 in the 81-158 keV range from 10:10-11:03 UT on 8 November 2004. Note that this
image was taken over the North Pole; (right) ENA image obtained simultaneously by HENA/IMAGE in the 60-119 keV range taken over
the South Pole. In both images, the ring current can be seen extending from local midnight through dusk.

to the maximum phase of ring current development), Baker, D. N.: Telescopic and microscopic views of the magneto-

show similar topology. A comparison between these sphere: multispacecraft observations, Space Sci. Rev., 109, 133-

records indicated that the NUADU ring-current image 153, 2003.

was recorded in protons. Baker, D. N., Pulkkinen, T. I., Angelopoulos, V., Baumjohann, W.,
and McPherron, R. L.: Neutral line model of substorms: Past

5. Pitch-angle scattering processes which cause equatori- 'esults and present view, J. Geophys. Res., 101, 12975-13 010,

ally trapped protons (:5) to precipitate to lower lati- Baker b. N.. Pulkk T H M d McPh R L
tudes, were activated during the main phase of the mag- aker, b. M., Pulkkinen, 1. 1., Hesse, M., and Mcrherron, K. L.
netic storm of November 2004. The region of enhanced A quantitative assessment of energy storage and release in the
. . . ) . Earth’s magnetotail, J. Geophys. Res., 102, 7159-7168, 1997.
pitch-angle scattering shifted from the dusk side to theBarabash S., Brandt, P. C., Norberg, O., Lundin, R., Roelof, E. C.
dawn side during the main phase of the storm. Chase, C. J., Mauk, B. H., and Koskinen, H.: Energetic Neutral

) . . Atom Imaging by the Astrid microsatellite, Adv. Space Res., 20,
6. Records obtained in ENAs of the ring current by 1055 1060, 1997.
NUADU show that the pattern of flare-related ion pre- Baumjohann, W.: The near Earth plasma sheet: An AMPTE/IRM
cipitation was closely reflected in the ENA data. In  perspective, Space Sci. Rev., 64, 141-163, 1993.
particular, a shift in the region of enhanced pitch-angle Blake, J. B., Fennell, J. F, Friesen, L. M., Johnson, B. M., Kolasnski,
scattering from the dusk side to the dawn side could be W. A., Mabry, D. J., Osborn, J. W.,Penzin, S. H., Schnauss, E. R.,
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