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Abstract. We present a case study of significant heatingfurther acceleration is needed. The main energization mech-
(up to 8keV) perpendicular to the geomagnetic field of out-anisms that have been known for ionospherit &e am-
flowing oxygen ions at high altitude (1) above the polar  bipolar diffusion, wave-particle interaction, parallel potential
cap. The shape of the distribution functions indicates thatdrops and centrifugal acceleration (fewdré and Yay1997

most of the heating occurs locally (within 0.2—®4 in al- Yau and Ande, 1997, Lotko, 2007). The energization needed
titude). This is a clear example of local ion energization atfor the particles to escape from the magnetosphere is even
much higher altitude than usually reported. In contrast tolarger.Seki et al.(2002 discuss the further acceleration that
many events at lower altitudes, it is not likely that the lo- is needed for the ions to escape into the magnetosheath rather
cally observed wave fields can cause the observed ion erthan return to the Earth through the tail. In the cusp/polar
ergization. Also, it is not likely that the ions have drifted cap, transverse heating is more common than field-aligned
from some nearby energization region to the point of obser-acceleration through a magnetic field aligned electric field.
vation. This suggests that additional fundamentally differentlt is thus believed that transverse heating of ions is impor-
ion energization mechanisms are present at high altitudegant for ion outflow and one of the probable explanations for
One possibility is that the magnetic moment of the ions is nottransverse heating is wave-particle interaction. In a statisti-
conserved, resulting in slower outflow velocities and longercal studyNorqvist et al. (1998 reported that at low altitudes
time for ion energization. (1700 km) most @ heating and ion outflow were caused by
ion energization associated with low frequency broadband
waves. Bouhram et al(2004) investigated the altitude de-
pendence of transversely heatedl distributions in the cusp
region up to 6.5 Earth radiiRg). They reported a satura-
tion of transverse heating above radial distancesi.5 Rg.

They suggested that such results may be interpreted as per-

. . o . . pendicular wavelength effects in the wave-particle interac-
The ionospheric projection of the cusp/polar cap is an impor-

X s : tion. Nilsson et al(2006 showed that the high altitude polar
tant source of outflowing oxygen ions. lonospheric plasma

; o . _cap magnetosphere (6—k2 geocentric distance) is not just
may flow up from the |o_nosphere pUt at yelpcmes which a passive transport region, and that a significant perpendicu-
are low enough that the ions are still gravitationally bound

) o ’ lar energization at high altitudes was a likely explanation for
(Nilsson et al, 1996. The initial upflow is caused by Joule 9 d y &Xp

heating of the ionospheric ions due to magnetospheric electhe reported measurementarvelius et al.(2009 demon-
C _ EStr hatth istical distribution of energetic ions (1 keV
tric fields (Schunk et a].1979, plasma heating due to parti- strated that the statistical distribution of energetic ions (1 ke

cle precinitation and in particular ambioolar diffusion ca Sedand above) in the 6—1R¢ geocentric distance interval was
b pﬁ Itpl r'] i ! pr icu | tlp dl utl ft UI not consistent with just a velocity filter effect in combination
y efiective heating of =-region electrons due 1o Sott €leC-\, iy, o 0w altitude heating source.

tron (100 eV) precipitation typical of the cuspl¢ore et al,

1999 Nilsson et al, 1998. For the ions to overcome gravity, ~ Nilsson et al(200§ found that O is significantly trans-
versely energized in the high altitude region (6-RE), in-

dicated both by increasing perpendicular temperatures with

Correspondence tdvl. Waara altitude as well as by a tendency towards higher perpen-
BY (martin.waara@irf.se) dicular than parallel temperature for the highest observed

Keywords. Magnetospheric  physics  (Magnetosphere-
ionosphere interactions)
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908 M. Waara et al.: Oxygen ion energization observed at high altitudes

temperatures. They did not further investigate the mechawave experiment (EFW) is designed to measure the electric
nism behind the heating. As the transversely acceleratefield. EFW records two orthogonal electric field components
ions subsequently move outward, their transverse energy is the satellite spin plane. In the event of interest the sam-
gradually converted to parallel energy by the mirror force. pling rate is 25 samples/secon@uystafsson et gl2001).
Such transversely heated and subsequently outflowing ionEurthermore we use data from the Cluster fluxgate magne-
are known as “conics” due to their shape in velocity spacetometer (FGM). In our event the sampling rate is 22.4 sam-
(seeAndré and Yay 1997 Yau and Ande, 1997 Moore ples/secondRalogh et al.20017).
et al, 1999. A simple model Chang et al.1986, shows
that gyroresonant heating by left-hand polarized waves, with
wavelengths much larger than the ion gyroradius and at fre3 Observations
quencies near the ion gyrofrequency, can be an efficient en-
ergizing mechanismNorgvist et al, 1996. In such models  The event used in this study is recorded by the Cluster space-
the ions are heated by broadband waves. As the ions move upraft. The event is selected from a larger data set including
along the field lines, they interact with waves at a frequencyCIS CODIF data over a 3-year period (January to May in
that is in local resonance with them. The heating continues2001 to 2003) of oxygen ions (Q. This corresponds to or-
as long as the wave intensity remains strong. The calculatiomits with apogee on the sunward side of the terminator plane.
of the net increase of the perpendicular energy of the ions i©ur selected data set consists of clearly seen outflowing ions
based on mean values over many gyroperiods. Earlier studigg the energy spectrograms. The data set is described by
at lower altitudes (up to Rg), (Norgvist et al, 1996 André Nilsson et al.(200§. Our event (11 May 2002 at around
et al, 1998 Bouhram et a].2003 found that only one toten  17:50-18:10 UT) was identified through visual inspection of
of percent of the observed spectral density around the oxyperpendicular to parallel temperature ratio for the days in our
gen gyrofrequency is needed to be in resonance with the iongata set. Figure 11 iNilsson et al(2006 shows that a high
to obtain the measuredCenergies. No such study has been perpendicular to parallel temperature ratio exists and the tem-
performed for the high altitude region. perature ratio often is high when the perpendicular tempera-
The case study presented here is a follow up of the statisture is high. High perpendicular to parallel temperature ratio
tical study on high altitude oxygen ion energization reportedis often a signature of local heating, as the mirror force will
by Nilsson et al(2006. We investigate the longest heating decrease the perpendicular temperature as the particle move
event in our data set with clear conics at high altitude. Theup along the field line. We have selected an event where
question we ask is if locally recorded waves can explain thethe perpendicular to parallel temperature ratio is higher than
strong heating we observed, and hence, if the heating mechwo. The high ratio remains for more than twenty minutes
anisms are likely to be the same at high altitudes as at lowand is the longest period of such high ratio found in the data
altitudes. We also determine how local the observed heatset. A convection velocity of 40 km/s past the satellite during
ing is. In particular in light of the apparent saturation of the the 20 min corresponds to a length of R¢and the distance
heating at mid-altitudes attributed to finite wavelength effectsthat spacecratft is traveling is ORg. Events where the ra-
(Bouhram et a].2004) it is interesting to study the high alti- tio is higher than two are common, but these events are nor-
tude region where the gyro radius is even larger. mally just a few minutes long. A statistical distribution of the
events is an expected follow up of this initial case study.
Figure 1 shows the energy spectrograms ¢gnd H"), the
2 Instrumentation ion temperatures and waves from spacecraft 1, obtained at a
geocentric distance of 1R:. For this time period the space-
We use data from the Cluster spacecraft. The four identicraft starts in the magnetosheath and subsequently crosses
cal spacecraft are placed in a polar orbit¥®.6 Rg (Escou-  the magnetopause (at 17:45 UT) into the mantle in the South-
bet et al, 200)). Data from three different instruments are ern Hemisphere. The top two panels, (a) and (b) show the
used in this study. The Cluster lon Spectrometry (CIS) isOT and H" energy-time spectrogram, for the time around
described in detail irRéme et al.(2001). The CIS pack- the heating event. The particle flux is integrated over all di-
age consists of two different instruments, a time-of-flight ion rections. Significant © fluxes appear from 17:45 UT when
Composition Distribution Function (CODIF), which can re- the satellite moves from the magnetosheath into the man-
solve the major magnetospheric ions, and the Hot lon Anatle. The apparent Ofluxes before 17:45 are an instrumental
lyzer (HIA), which has no mass resolution but higher angularartifact (Nilsson et al. 200§. We define the region as the
and energy resolution. By using a time-of-flight technique mantle because the magnetosheath origin protons have mir-
CODIF can resolve H, Het™, Het and O". The angu- rored at lower altitude and are moving outward, just as the
lar resolution is 22.5and the energy coverage in the modes oxygen ions (not shown). The parallel velocities of End
of interest to us is from 15eV per charge up to 38keV perO™ are very close to the same (around 120 km/s) through-
charge. The energy range used in our event is from 40 e\but our event, a situation which is typical in the high altitude
per charge up to 38 keV per charge. The electric field andoolar cap Nilsson et al. 2006. The thermal perpendicular

Ann. Geophys., 28, 90846, 2010 www.ann-geophys.net/28/907/2010/
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Fig. 1. Cluster spacecraft 1 data from 11 May 2002. Pat@lsnd(b) show the O~ and Ht energy spectrograms, particle flux integrated
over all directions. Panelg) and (d) show the G and H" temperature. (blue and green for perpendicular and parallel respectively).
Panel(e) shows the total magnetic field. Pan@lsand(g) show the spectral density in the electric and the magnetic field. The black line in
the panels is the proton gyrofrequency. Pghgshows the Poynting flux (blue for inward and red for outward Poynting flux). Rgreflows

E/B.
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Fig. 2. Distribution functions of G ions obtained during the event 11 May 2002 in a region of ion heating betgeti7:50 and 17:55,
(b) 17:55 and 18:00(c) 18:00 and 18:05d) 18:05 and 18:10.

velocity are also the same for both oxygen ions and protonsThe black line in the panels is the proton gyrofrequency.
around 310 km/s. Hence the energy is higher for the oxygermnalysis of the wave data indicates that we have left-hand
population than for the proton population. The panels (c)polarized electromagnetic waves under the proton gyrofre-
and (d) show the ® and H" temperature. (blue and green quency. A hodogram (not shown) reveals that the waves are
for perpendicular and parallel, respectively). The high per-left-hand polarized. After passing through the magnetopause
pendicular to parallel ratio for the oxygen temperature startsat 17:45 the spectral density is significant only below the pro-
a few minutes after the spacecraft entered the mantle. Justinten gyrofrequency for both the electric field and the magnetic
side the magnetopause the parallel temperature'ab@®ig-  field. After 18:00 the spectral density is significant only be-
nificantly larger than the perpendicular temperature. In thelow around half of the proton gyrofrequency. The Poynting
interval between 17:50 and 18:10 the high perpendicular tdlux in panel (h) shows that the energy flux in the frequency
parallel temperature ratio is continuous although the perpenjust below the proton gyrofrequency is along the magnetic
dicular temperature is decreasing. The perpendicular tempefield line (i.e. outward, apparently coming from below) and
ature is much higher (up to 8 keV) in our event than events re-at the lower frequencies it is antiparallel to the magnetic field
ported at lower altitudes, e.g. up to 1 keV a5, (Bouhram  lines between 17:50 and 18:05. After 18:05 the Poynting
et al, 2004. The total magnetic field in panel (e) shows flux is antiparallel to the magnetic field line. In panel (i) we
two cavities, one before 18:00 and one after. The magnetishown E/B which is an estimate of the phase velocity. Itis a
cavities are associated with an increase in plasma pressufew hundred km/s which is close to the A#fw velocity, and
due to higher H temperature. Panels (f) and (g) show the the observations are consistent with Afvwaves.

power spectral density in the electric and the magnetic field.

Ann. Geophys., 28, 90B46, 2010 www.ann-geophys.net/28/907/2010/
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Four sample distribution functions obtained during the 35
heating event are presented in Fig. 2. The distribution func-
tions are averages over four consecutive 5min intervals be
tween 17:50 and 18:10 UT. The upper left panel, (a) shows ¢ 2s|
distribution with T, / T} > 1, but with no signs of conic for-
mation (folding due to mirror force). The distribution func-
tion indicates that we have heating at or just below the space £ , .|
craft. In the next two panels, (b) and (c) the distribution is 2
folded up 10 to 15 from the perpendicular direction. The g
folding indicates that the population have been drifting up-
ward some distance since the heating took place. The ape
angle is used to estimate the extension of the heating re o> 0505 0s  os
gion. The apex angle in the lower left panel is°J&nd in Frequency [Hz] Frequency [Hz]
a dipole geomagnetic field it corresponds to a heating regior
of 0.2Re. Most of the particles are outgoing particles but
in the (b) and (c) panels there are some particles with neg ;.
ative parallel velocity, i.e. downgoing particles. Perpendic-
ular heating over extended altitudes in combination with the 3|
mirror force only give rise to outgoing particles. In addition
to the perpendicular heating there must exist some paralle
acceleration/heating, significant pitch angle scatter or reflecs 2
tion further along the field line. In the distribution shown in Z
panel (d) the temperature is lower.

The electric field spectral densities for the time intervals 4|
corresponding to the distribution functions shown in Fig. 2
are shown in Fig. 3 and panel (f) in Fig. 1. All four spec-
tra show a strong low frequency component in the vicinity ‘ ‘ ‘ ;
of the oxygen gyrofrequency. The spectral density is nearly — °  %C o 1i”® °° L
constant around the Ogyrofrequency for the time period
between 17:50 and 18:10. There are small changes with time
(a few tens of percent) in the electric field spectral densityFig. 3. The power spectral density for the electric field observed
at around half the proton gyrofrequency_ In between ha|fduring the event (See Flg 1) The vertical solid line and dashed line
the proton gyrofrequency and the proton gyro gyrofrequency'ndicate the oxygen gyrofre_quency and half of _the proton gyrofre-
the wave power decrease with time after 18:02, particularlyduency respectively. The time span in panl) is 17:50-17:55,
clear in the color spectrogram, panel (h) in Fig. 1. Re- (b) is 17:55-18:00(c) is 18:00-18:05 an¢H) is 18:05-18:10.
gardless of the different shape of the simultaneous measured
distribution function the observed spectral density is about
2 [(mV/m)2/Hz] at the oxygen gyrofrequency. The very good follow the particle in a prescribed dipolar magnetic field un-
correspondence between the upper limit of the wave frequender the influence of the mirror force and a constant heating
cies and the proton gyrofrequency indicates that we do notate. We started the test particle calculation with the mea-
have significant Doppler shift of the waves, at least aroundsured values and ran backwards in time until the parallel
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the proton gyro frequency. velocity was zero. The measured values we have used as
. initial values in the test particle calculation are, perpendic-
3.1 lon heating ular velocity of 310 km/s, parallel velocity of 120 km/s and

] 2 [(mV/m)2/Hz] spectral density. The backward test parti-
We have used the model described ®yang et al(1989  cle calculation presented in Table 1 shows that the particles
to calculate the heating of Ofrom the waves. This model st have started 0 below the spacecraft with no paral-
assumes a broadband spectrum of waves around the gyrofrgs| velocity and 9000 eV in perpendicular energy to get the

quency. The heating rate is given by measured values. The distance we got from the test par-
dw 2 ticle calculation, (0.4Rg) is twice the distance that we got
T SLQE 1) from the apex angle and dipole field. The distance from the

test particle calculation is the maximal distance the distribu-
whereq andm are the charge and the mass of the ion andtion have traveled along the magnetic field lines if the spec-
S, is the power spectral density in the electric field at thetral density is constant (2 [(mV/rf)Hz]). The heating rate

O™ gyro frequency due to left-hand polarized waves. Wefor the test particle calculation is 6 eV/s for oxygen. To get

www.ann-geophys.net/28/907/2010/ Ann. Geophys., 28,906-2010



912 M. Waara et al.: Oxygen ion energization observed at high altitudes

Table 1. Summary of the of backwards test particle calculation. Table 2. Backward test particle calculation. We have ugetl=
The left column in the table shows the test particle calculation from (¢ E | /m) At to calculate the energy change.
the measured values (stop) down to the mirror point (start) foy O

and the right column shows the test particle calculation for H o+
ot Ht V) start [km/s] 86
E | start[eV] 3861
V|| start [km/s] 0 0 length/time Rg/s] 0.3/18
E | start[eV] 8961 15 E-field [(mV/m)] 1
length/time [Rg/s] 0.41/42 0.4/38 V| stop [km/s] 120
Spectral density [(mV/nfyHz] 2 0.35 E | stop[eV] 8000
V| stop [km/s] 120 63 Heating rate [eV/s] 230-258
E | stop[eV] 8000 600
Heating rate [eV/s] 6 16.8

11 May 2002
4 T

the observed perpendicular oxygen temperature with the ob ;| i
served field we must start with 9000 eV. Thus, the heating
of the oxygen can not be explained with the observed spec
tral density even when we assume that 100% of the observe
spectral density is effective in heating the ions.

The protons also show an increase in temperature in the
same manner as’O We therefore run our model calcu- &
lation for protons as well. The backward test particle cal-“ _
culation gives almost the same mirror point for protons and
O™ but when the protons mirror the perpendicular energy is
only 15eV. If they were cold ionospheric origin protons this
could possibly be reasonable, but it is too low for magne-
tosheath origin ions. As we interpret the" Hbn population
as mirrored ions of magnetosheath origin, the heating of the
H* ions is likely less than in our model. We used 100%
of the spectral density for protons of 0.35 [(mV/A#z] and
the heating rate was 16.8eV/s. The heating df idns is  Fig. 4. The time series of the wave electric field.
thus consistent with the cyclotron resonance model, but if
the protons had a significantly higher perpendicular temper-
ature than 15 eV when it mirrored, only a part of the observed It is not entirely obvious that the magnetic moment is con-
spectral density was efficient in heating the protons, just aserved as the parallel velocity is quite high (120 km/s) and the
for lower altitudes. The results of the test particle calculationO™" gyroperiod is very long (18's) so that the magnetic field
are summarized in Table 1. may possibly not vary as slowly as assumed in the deriva-

To investigate if the wave heating could work if the waves tion of the conservation of the magnetic moment. This would
are in perfect resonance with the particles for, as an examplegtrongly affect our results as all theories assume the magnetic
an entire gyroperiod, we perform a second test particle calcumoment to be conserved in the absence of heating. In a sim-
lation. The second test particle calculation is made only forple test run, ion trajectories were computed by integrating
oxygen and we have assumed full resonance for one gyropghe Lorentz force using Boris’ algorithm (see for example,
riod and used an amplitude of the E-field of 1 mV/m. The Hockney and Eastwood 988, and assumindge =0 shows
amplitude of the measured E-field is shown in Fig. 4. Wethat in a static Tsyganenko magnetic field modesyga-
have used\v = (¢ E | /m) At to calculate the energy change nenkq 1989 we should expect the magnetic moment to be
from the electric field. The heating rate we get from the conserved at these parallel velocities and gyroperiods.
model is between 230 and 258 eV/s. This maximum test par- For some high altitude sudden heating events, the temper-
ticle calculation is presented in Table 2. ature in the heating region is isotropic and not conic shaped,

The extension of the heating area, (B8 is consistent as in the event reported iNilsson et al.(2004). This in-
with the earlier estimations. In this event the perpendiculardicates that heating processes may significantly affect also
energy of ions increases from 3.8 keV at the mirror point tothe parallel component of the ion velocity. Furthermore the
8keV in a reasonable time/distance and the energy gain islose coupling between the parallel bulk velocities of &hd
of the right order of magnitude. However, this should be anO™ typically seen in the high altitude mantle regid\iléson
overestimate of any real heating mechanism. et al, 2006 as well as in this particular event indicates that

mV/

-6 i I
17:50 17:55 18:00 18:05 18:10

Ann. Geophys., 28, 90846, 2010 www.ann-geophys.net/28/907/2010/
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parallel velocity of O is affected by more factors than the most likely at least of the same size as the distance that the
mirror force. spacecratft is travelling (0.Rg).

Is it possible that heating occur only at the magnetopause?
If the distance from the boundary is less than a gyroradius
we would see gyro anisotropy in the ion distribution func-
tion. Due to the fact that we can see particles coming from
all direction in the distribution functions the size of the heat-
ing area must be at least a few gyroradii. We have previ-

icant transversg energizatiqn of ions at high altitudes, indi'ously derived that particles have been heated within 20 s and
cated both by high perpendicular temperatures for low mag—O_ZRE below the spacecraft. This, together with a perpen-

netic field values as well as by a tendency towards higherolicular drift velocity of about 40 km/s we find that if heating

perpendicular than parallel temperature on distributions for

. . .occur only at the magnetopause, large enough perpendicular
the h|gh_est observed temperatures. The mechanisms beh'%‘iygen temperatures can be obtained only within less than
the heating were not determined.

_ a gyroradius (around 800 km) from the magnetopause. The
In our event the particles appear locally heated; the perneating area can be close to the magnetopause but it is not
pendicular temperature is high; and a high ratio between Perpossible that the particles have been heated at the magne-
pendicular and parallel temperature remains for a long timetopause only. As a further argument against heating only at
20min. The power spectral density in the electric field is {he magnetopause, the ions are observed inside the magne-
around 2 (mV/mfj/Hz at the oxygen gyrofrequency; the ex- topause in the mantle region. It is difficult to see how such

tension of the heating region calculated from the apex anglgiga|q lines can have been adjacent to the magnetopause at
is 0.2Rg; the amplitude of the electric field is on the order |qwer altitudes at an earlier time.

of 1 mV/m; and we need a heating of the order of some keV.  poes the shape of the distribution function necessarily im-

What time span is available for the heating? ply local heating?Barghouthi(2008 showed that the shape
Using theV|start andVstop from Table 1 gives an aver- of conic distributions such as those shown in Fig. 2 are con-
age parallel velocity of about 60 km/s. The small apex anglesistent with remote, not local, heating. In a numerical cy-
in our distribution functions (up to *yand an average par- clotron resonance simulation of‘Qon velocity distributions
allel velocity of about 60 km/s indicates that particles have conics can appear at” and still be conically shaped up to
been heated within 20 s and R2 below the spacecraft. An- 9.6 Rg. The shape of the distribution functions in their infi-
other potential explanation for the high perpendicular tem-njte wavelength event is similar to the shape that we see in
perature is that the particles are heated above the spacecraftir event. Although a similar shape of the distribution func-
and are mirrored just below the spacecraft. It is unlikely for tion as we have is reproduced by simulations, the parallel
the spacecraft to spend 20 min closely above the the mirrogelocity would be too high when the particles reach altitude
point, while only observing the upward, mirrored, compo- of our observations. This is not dependent on the details of
nent and not the downward incident ions. Another mecha+the heating mechanism, only on the effect of the mirror force.
nism that could be responsible for observed heating is cenTherefore the shape of the distribution function in combina-
trifugal accelerationGladis 1986. We have calculated the tion with the relatively low parallel bulk velocity, as com-
centrifugal acceleration as Milsson et al(2008 Assuming  pared to the perpendicular thermal velocity, indeed indicates
for simplicity that centrifugal acceleration varies only with |ocal heating.
altitude, we have summed up the centrifugal acceleration, as Fritz et al.(2003 have observed large diamagnetic cavi-
observed along the orbit, from the lowest altitude at 19:00 UTtjes in the dayside high altitude cusp region. These cavities
up to the highest altitude we use (17:45UT). The cumulativewere associated with energetic ions. In our study there are
sum of the centrifugal acceleration relative lowest altitude istwo cavities in the magnetic field but the heating of oxygen
only 1.5km/s. is not affected by the low magnetic field region. Most of
The length drifting past the spacecraft during the heat-the heating occurs before the cavities are observed, when the
ing event by convection is 7&z and the drift is at about magnetic field is around 60 nT. The oxygen temperature is
45° angle relative to the spacecraft trajectory, with the com-fairly constant in the low magnetic field region and starts to
ponent along the trajectory directed away from the magne-decrease after the observation of the magnetic cavities.
topause crossing at 17:45. The magnetopause does not passThere is no clear correlation between heating of the parti-
the spacecraft after the encounter at 17:45. If we do not haveles and the wave activity. From the distribution function it
reconnection, the magnetopause should drift together withs clear that most of the heating appears in the beginning of
the plasma and could thus drift past the spacecraft. This doethe event and less heating in the second half of the event. The
not happen, and it is thus not likely that we are close to themaximal spectral density at relevant frequencies are similar
magnetopause throughout the intense heating interval. Beduring the whole event. The spectral density is too small
cause of the fact that we have a significant and consistentip explain the observed heating using conventional theory
drift along the satellite orbit the length of the heating area isused at lower altitudes, e.g. observations obtained by Freja

4 Discussion

The statistical study oNilsson et al.(2006§ showed signif-
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satellite at altitudes around 1700 kiNdrqgvist et al, 1996 Are there other alternative explanations? In the test parti-
André et al, 1998 or by Interball-2 satellite at altitudes up cle calculation we assume that the magnetic moment is con-
to 4Re (Bouhram et aJ.2003. Even when we assume a served. If the magnetic moment is not conserved the particles
coherent E-field at the ©gyrofrequency, rather than realis- have more time available for heating, they may have started
tic incoherent broadband waves, the resulting heating is nofurther down in the magnetosphere and are not folded up and
enough. The observed apex angle of the ion distributiongdo not reach parallel velocities that are too high; this puts a
and hence a limited extent of the ion heating region alonglimit on heating over extended altitude intervals. However,

the geomagnetic field line give a limited time for the heating we have made a simple calculation and in this showed that
mechanism to operate on each ion. the magnetic moment is conserved in a static magnetic field

The clearest difference as compared to low altitudesfor the velocities we observe.

(1700 km) are the weak magnetic field and high energy of The thermal velocity is the same for both oxygen ions and
the particles and consequent large oxygen ion gyroradius androtons, around 310km/s. The same parallel velocities in-
long gyroperiod. At midaltitude, Re finite gyroradii ef-  dicate that more energy is fed into the"@opulation than
fects have been suggested as a mechanism to suppress hdate the H™ population. This does not agree with cyclotron
ing. Bouhram et al(2004) reported a saturation of transverse resonance calculation for our case. It rather implies that the
heating processes and the limitedi @yroradii may be inter-  close coupling between thettand O" ion populations man-
preted as the consequence of finite wavelength effects in thifested in the close to same parallel bulk velocitid#gson
wave-particle interactions. At still higher altitude, &2 in et al, 2009 is also an integral part of the high altitude per-
our example, the heating must be very efficient to explainpendicular heating of ©.

both the perpendicular temperature and the relatively low re-

sulting parallel velocity.

The low spectral density of the observed electric field as5 Conclusions
compared to what are needed in our test particle calculation
implies that it does not matter exactly what type of wave par-We have studied significant perpendicular heating of out-
ticle interaction we have (i.e. stochastic heatinghéston  flowing oxygen ions at high altitude above the polar cap us-
et al, 2004 or gyroresonancedhang et al.1986. Theions  ing Cluster/CIS data. The small apex angle and the relatively
must be in coherent interaction with an accelerating electricsmall parallel velocity indicate that most of the heating is lo-
field for the order of one gyro period of around 20s. The cal, within 0.2-0.4Re. We see the heating for 20 min inside
DC electric field could possibly play a role in accelerating the cusp/mantle. We observe large regions of clearcon-
particles with large gyro radii, if there are fields of DC char- ics at high altitude, 1Ze. These conics have large energies
acter on the ion gyro time scale, which have appreciable spathigh temperatures), up to 8keV in the perpendicular direc-
tial changes within the ion gyro radius length scale. But thetion. This is much higher than energies of conics at lower
DC field is about 2-3mV/m, i.e. not much more than the altitudes, e.g. up to 1 keV at& (Bouhram et al.2004).
wave field. Another possible explanation is large sporadic These observations raise the question of how the particles
E-field outside the orbit of the Cluster spacecraft. It is un-are energized. First we note that electromagnetic left-hand
likely that such electric fields have heated the particles in ourpolarized waves are observed at the same time as the ion
event. They would have to occur rather close to the obserconics. However, we see no obvious correlation between the
vation point, and would have to be large and exist for a longperpendicular & temperature and the waves. There are also
time. If that were the case, these fields should be observethagnetic cavities inside the ion heating region, but we see no
during our 20 min interval, but they are not. correlation between the Otemperature and these either.

The spectral density is nearly constant arouridgrofre- To make a quantitative estimate of the maximum possible
guency during the whole event but the observed heating ofon heating by the observed electric field we have tested a few
particles occurs only when the Poynting flux is outward. Out-scenarios. First we assume that all the electric field spectral
ward moving waves come from a region with larger mag- density at the oxygen gyro frequency is due to incoherent
netic field or higher gyrofrequency. Waves exist up to theleft-hand polarized waves. We find that the obtained heating
proton gyrofrequency and waves with downgoing Poyntingis far below what is needed to explain the observations (by
flux are seen only well below the proton gyrofrequency. If a factor of 100). If we instead use the extreme assumption
the same is true for waves around the oxygen gyrofrequencythat all the observed electric field wave amplitude is due to a
we would expect strong wave-particle interaction mainly for coherent electric field at the oxygen gyro frequency, the ob-
outgoing waves. A better resolution at the oxygen gyrofre-tained heating is still not enough to explain the observations.
quency requires longer sampling time. The fact that heating Another possibility is that the ions are heated when the
of particles only occurs when the Poynting flux is outward flux tube was close to the magnetopause and have drifted
and significant Poynting flux exist close to the gyrofrequencyperpendicularly to the region where they are observed. As-
is consistent with wave heating of the particles. suming a large enough potential drop at the magnetopause

observed at the beginning of the ion heating event, and using

Ann. Geophys., 28, 90846, 2010 www.ann-geophys.net/28/907/2010/
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the observedE x B-drift into the ion heating region, such
a combination of a static potential drop and drift cannot ex-

915

ionospheric ions from the dayside cusp/cleft. 2 Applications,

Ann. Geophys., 21, 1773-1791, 2003,

plain the observed ion temperatures. The spacecraft travels http://www.ann-geophys.net/21/1773/2003/
perpendicularly to the magnetopause boundary and henc&ouhram, M., Klecker, B., Miyake, W., &ne, H., Sauvaud, J.-A.,

the particle distribution would change considerably during

the 20 min we observe strong heating. The heating area can
be close to the magnetopause but it is not likely that the par-

Malingre, M., Kistler, L., and Bigau, A.: On the altitude depen-
dence of transversely heated @istributions in the cusp/cleft,

Ann. Geophys., 22, 1787-1798, 2004,

http://www.ann-geophys.net/22/1787/2004/

ticles have been heated at the magnetopause. Given the SiEﬁ"nang T, Crew, G. B., Hershkowitz, N., Jasperse, J. R., Retterer
of the heating region the area where heating is observed must j . and winningham, J. D.: Transverse acceleration of oxy-

be at least a few gyroradii wide.
In summary, we observe strong perpendicular oxygen
heating at high altitudes but have difficulties in finding the

gen ions by electromagnetic ion cyclotron resonance with broad
band left-hand polarized waves, Geophys. Res. Lett., 13, 636—
639, doi:10.1029/GL013i007p00636, 1986.

heating mechanism. A reasonable suggestion is that mor€haston, C. C., Bonnell, J. W., Carlson, C. W., McFadden, J. P,

time must be available for heating. This could happen if the

Ergun, R. E., Strangeway, R. J., and Lund, E. J.: Auroral ion

magnetic moment is not conserved, but a simple test particle acceleration in dispersive Alén waves, J. Geophys. Res., 109,

calculation indicated that the magnetic moment is conserve

It therefore suggests that a new heating mechanism is opera?—I

ing. This is likely connected to the observation that &ind

g. A04205, doi:10.1029/2003JA010053, 2004.
Cladis, J. B.: Parallel acceleration and transport of ions from polar

ionosphere to plasmasheet, Geophys. Res. Lett., 13, 893-896,
986.

i - . .
O parallel velocities are close to the same, which in turn in- Escoubet, C. P., Fehringer, M., and Goldstein, M.: Introduction The

dicates that much more energy is fed into the @pulation
than into the H population.

Cluster mission, Ann. Geophys., 19, 1197-1200, 2001,
http://www.ann-geophys.net/19/1197/2001/
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