Ann. Geophys., 28, 56%76, 2010 ~ "*

www.ann-geophys.net/28/569/2010/ G An n_ales
© Author(s) 2010. This work is distributed under Geophysmae
the Creative Commons Attribution 3.0 License. -

Centrifugal acceleration in the magnetotail lobes

H. Nilssont, E. Engwall>3, A. Eriksson?, P. A. Puhl-Quinn®, and S. Arveliust

1swedish Institute of Space Physics, Kiruna, Sweden

2Department of Physics and Astronomy, Uppsala University, Uppsala, Sweden
3Swedish Institute of Space Physics, Uppsala, Sweden

4Space Science Center, University of New Hampshire, Durham, NH, USA

Received: 11 September 2009 — Revised: 2 February 2010 — Accepted: 10 February 2010 — Published: 15 February 2010

Abstract. Combined Cluster EFW and EDI measurementsatmosphere, and atmospheric origin particles may be trans-
have shown that cold ion outflow in the magnetospheric lobederred into interplanetary space. For magnetized planets,
dominates the hydrogen ion outflow from the Earth’s atmo-such as Earth, reconnection between the planetary and so-
sphere. The ions have too low kinetic energy to be measurtar wind magnetic fields opens up a path for effective en-
able with particle instruments, at least for the typical space-ergy transfer from the solar wind to the ionosphere, as well
craft potential of a sunlit spacecraft in the tenuous lobe plasas a direct escape path for the atmospheric origin plasma.
mas outside a fewkg. The measurement technique yields Whereas the magnetic field of Earth can be said to protect
both density and bulk velocity, which can be combined with the low latitude atmosphere from the solar wind, the inter-
magnetic field measurements to estimate the centrifugal acaction is rather amplified in the cusp and polar cap region.
celeration experienced by these particles. We present a quai-his is most clearly evident in the ionospheric projection
titative estimate of the centrifugal acceleration, and the ve-of the magnetospheric cusp, the region of most direct en-
locity change with distance which we would expect due totry of solar wind mass and energy into the magnetosphere.
centrifugal acceleration. Itis found that the centrifugal accel-In the ionospheric projection of the cusp the solar wind ori-
eration is on average outward with an average value of abougin precipitation leads to ionospheric upflow which can be
of 5ms2. This is small, but acting during long transport directly observed by incoherent scatter radditgson et al.
times and over long distances the cumulative effect is signif-1996 Ogawa et al.2003. This upflow is still gravitation-
icant, while still consistent with the relatively low velocities ally bound and further heating is necessary in order to over-
estimated using the combination of EFW and EDI data. Thecome gravity. Such heating due to wave particle interaction
centrifugal acceleration should accelerate any oxygen ions ifis common in the cusp and mantle region at a large range
the lobes to energies observable by particle spectrometersf altitudes Andersson et al.2005 Bouhram et al.2004
The data set also put constraints on the effectiveness of anfrvelius et al, 2005 Nilsson et al. 2006§. Nilsson et al.
other acceleration mechanisms acting in the lobes, where th2008h) suggested that further heating above the ionosphere
total velocity increase between 5 and B9 geocentric dis- is common enough that the number flux observed at higher
tance is less than 5 knvs. altitude is modulated by the ionospheric upflow. The cusp
upflow represents a source rich in oxygen. It is much more
difficult to tell how much of the protons observed in the cusp
originated in the ionosphere and how much of the outflow-
ing ions are reflected solar wind origin protons. Theoreti-
. cally an outflow of cold light ions (i.e. mainly protons) is
1 Introduction expected on the open field lines of the polar cap. This out-
flow is named the polar wind in analogy with the solar wind

SoI:;r wind Ttgr?hcuon with 3 pIanetaryEatmosphedre ”}VOIVgsgAxford, 1968 Banks and Holzer1968. The polar wind
exchange of both mass and energy. Energy and solar Wing, . i have the coupling to the cusp transients as do the

origin particles are transferred to the uppermost layers of theoxygen outflow, and is expected to show less transients. The

polar wind is at least initially cold enough that with suitable
Correspondence ta. Nilsson instrumentation it may be distinguished from solar wind ori-
BY (hans.nilsson@irf.se) gin proton fluxes. The polar wind has been confirmed and
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quantified by observations from several spacecraft at differgal acceleration of outflowing ions in the high altitude (5—
ent altitudesKloffman and Dodsorl980 Nagai et al.1984 12 Re geocentric distance) polar cap/mantle. The study used
Cully et al, 20033 Moore et al, 1997). Based on the initial  four-spacecraft Cluster magnetometer measurements to esti-
conditions provided by the observations several models premate the gradient of the magnetic field, and Cluster ion spec-
dict that the high latitude outflow continues into the lobes, trometer Reme et al. 2001) ion measurements to estimate
to either feed the plasma sheet or escapkappell et al.  the parallel and perpendicular ion velocities, thus obtaining
200Q Cully et al, 2003h. The fate of the outflowing ions is  all terms determining the centrifugal acceleration from direct
critically dependent on the further field-aligned accelerationmeasurements. The purpose of this paper is to apply the same
during the transport through the magnetosphere. Faster iongchnique to another region of the Earth’s magnetosphere and
escape and slower ions end up in the plasma sheet and aamother data set, the cold ion outflow in the lobes. We will
returned to the near Earth space (where they may still be losthus for the first time get a quantitative assessment of cen-
to interplanetary space, but that is another story). trifugal acceleration in the lobes. Furthermore the estimate
Several populations of different species and different en-of the centrifugal acceleration will show if the outflow veloc-
ergy are thus of interest to understand both planetary atmotties derived with the new technique Bhgwall et al (20063
spheric loss due to solar wind interaction and magnetospheriand reported itengwall et al (2009ab) is consistent with the
dynamics. One particularly difficult population to measure is centrifugal acceleration calculated for the same data set.
the cold proton plasma in the lobes. These protons may have
a significant flux while still not enough energy to be observ-
able by particle spectrometers, due to the significant positiv@ Method

potential of a sunlit spacecraft in a tenuous plasma. Thi%Ne make use of Cluster spacecraft data from the electric

?rg(sjiz/:é'?g::]g;%?gégfﬁbzzeg Oﬁgiogzlbégorgger;:y "Nfield and wave instrument (EFVGustafsson et al2007),
q g : : the electron drift instrument (EDRaschmann et al2001)

brief the method uses the fact that for suitable conditions d the fl EGBaloah 200
an enhanced wake is formed around the positively charge@() the nggart]e maglnefcometehr(d dad()g etal, = j)l '
spacecraft. The wake disturbs the electric field measure- e combine the analysis method and data set us

ments by the Cluster double probe experimadustafsson wall et al.(20093ab) with the method to estimate centrifugal

et al, 2001). By comparing the electric field measurement acceleration used Hilsson et al(20083.

signature of the wake with a model, the flow velocity can be 1 Estimating cold proton fluxes using the wake

determined. The wake does not disturb the electron drift in- method

strument EDI Paschmann et al200J), which can be used

to determine the perpendiculaE x B) plasma flow, mak-  The wake method is based on measurements from two dif-

ing a decomposition of the plasma flow into its parallel and ferent electric field instruments on Cluster. The Cluster EFW

perpendicular parts possible. The density can be estimateihstrument is sensitive to the electric field resulting from an

from the spacecraft potential, so that the field-aligned flux ofenhanced wake arising behind a positively charged space-

plasma can be determined. By applying this new metiod  craft in a cold tenuous plasma. The direction of the wake

gwall et al.(2009 could show that cold proton fluxes dom- gives the direction of the outflow. The outflow velocity can

inates in the distant lobes, out to @ geocentric distance. be calculated using a model of the wake formation.

Fluxes likely to escape were of the same order of magni- A wake forms behind any spacecraft in a supersonic flow,

tude as most reports from lower altitudes, i.e. of the order ofj.e, Whenmviz/z > K T;j, wheremvj /2 is the ion bulk drift en-

10?°s71. This means that most of the cold plasma eventuallyergy, 7; is the ion temperature ankl Boltzmann’s constant.

escape. It was also found that cold proton outflow constituteThe wake charges negatively, as electrons rarely are super-

a major part of the net proton outflow from the Earth. sonic and hence easily enter the wake. In tenuous magne-
A question which arises is how cold plasma can dominatetospheric plasmas, the Debye length is typically large com-

in large portions of the magnetosphere, given the many heatpared to the spacecraft size, so a wake of transverse size set

ing and acceleration processes which are known to occur. Fasy the spacecraft dimensions will charge to only a fraction

the cold plasma outflow in the lobes the most likely accelera-of K T./e. However, if in addition the spacecraft potential is

tion mechanism is the centrifugal accelerati®adis(1986 much higher than the ion bulk drift energy equivalent, ions

studied the centrifugal acceleration of @ns during trans-  scatter off the spacecraft electrostatic field and create a much

port from the polar ionosphere to the plasma sheet. As a firsbigger wake, called an enhanced wake, which can charge to

approximation one can expect protons to obtain a similar acorderK Te/e. Such a wake thus forms if

celeration (the centrifugal acceleration being mass indepen- 2

dent, but part of the centrifugal acceleration, as well as theg 7; — mui_ eVse (1)

time available for acceleration, is dependent on the parallel 2

velocity of the particles which may vary for different popu- where eVsc is the energy corresponding to the spacecraft

lations). Nilsson et al.(20083 have calculated the centrifu- potential and all other variables as defined above. The

Ann. Geophys., 28, 56%76, 2010 www.ann-geophys.net/28/569/2010/



H. Nilsson et al.: Centrifugal acceleration in the magnetotail lobes 571

accumulation of electrons in the wake will, for the case whenmagnetic field Northropg 1963 Cladis 1986. In subsequent

the wake is sufficiently large due to the positive spacecraftdiscussions we will refer to the three terms in the bracket on

potential, create an appreciable local wake electric field closeéhe right hand side of Eq3] as the temporal term (th%

to the spacecraft. The probes of the EFW instrument are segerm), the parallel term (dependent &) and the perpen-

arated by 88 m, which is suitable for detection of the wakedicular term. The perpendicular and temporal terms of the

field. This effect has been verified by particle-in-cell simula- centrifugal acceleration depends on tfie B drift and the

tions byEngwall et al.(2006. The EDI instrument, which  spatial and temporal change of the magnetic field direction

is based on a technique which measures the drift of artifirespectively. These parameters are the same for all particles

cially emitted 0.5-1keV electrons as they gyrate back to theregardless of initial energy. These terms can thus be expected

spacecraft, is not sensitive to the wake electric field. Thisto be particularly important for cold ion outflow.

is because in the lobes the gyro radius of the EDI electrons The first order spatial gradient of the magnetic field can be

is several km, while the wake length scale is on the orderestimated from four-spacecraft data except when all space-

of 100m. The wake electric field can thus be estimated araft are in the same plane. The measurements provide four

EW = EBFW _ EBD! and can be used to derive the flow ve- spatial data points for each vector component of the magnetic

locity of the ions. The ions are unmagnetized on the wakefields. Thus an equation can be formed (for the x-component

length scale, which means that the wake electric field is inas an example) as:

the flow direction. Combining the total flow direction with

the_ pe_rpendiqular flow velocity given by EDI andl the mag- dByx Axz1+ @A%lJr dﬂAZm: ABya1 (4)

netic field estimate from FGM we can thus obtain also the 4* dy dz

parallel velocity. We refer t&ngwall et al.(20063 20093 \\hereB, is the magnetic field x-component x3; indicates

for details on the denv_atlon of the ion velocity through the ha gifference in position along between spacecraft 3 and

yvake method, but provide the formula for the parallel veloc-l (x1 — x3) and A Bys1 indicates the difference in the mag-

ity below: netic field x-component as measured at spacecraft 1 and 3

E%u, ,— E‘;’ul,x (Bxsc1— Bxsc3). The same_equation can be formed for space-
VR _EWE (2) craft 2 and 4 as well (keeping spacecraft 3 as reference space-

y o Ex By craft). A 3x 3 matrix can then be formed and thfx compo-

Subindicest andy refer to two measured components in the NeNts can be solved for using standard inverse matrix meth-

spin plane,EY is the wake electric fieldB is the magnetic ~ 0ds, given that the four spacecraft are not coplanar. The same

field andu , is the perpendicular drift estimated using EDI.  System of equations can then be solved for the gradients of
The method limitations are that (1) EDI data must exist, the By and Bz components. This way of solving for the gra-

(2) measurements are not possible when the active SpaC@Ijent of the magnetic field and its limitations are discussed in

craft potential is activeTorkar et al, 2003, (3) the wake  Harvey(1998.

must not be completely perpendicular to the spin plane, (4) it

is not possible to detect cold ions coexisting with hot plasma,

since the hot ions will fill the wake and cancel the wake elec—3 Results

tric field, and (4) it cannot distinguish between different ion

species. However Hions are expected to dominate the low

ujp=

We have used the same data sdEagwall et al (20093, ex-
; cept that data points without valid estimates of the centrifugal
energy ion outflow $u et al, 1998, and for the calculated acceleration are not included. The distribution of the values

velocities O ions would frequen_tly have a hlgher drift en- of the centrifugal acceleration terms as described in Sezt.
ergy than the spacecraft potential. For details on the error,

. are shown in Figl.
analysis of the data set we referfagwall et al(20093. Red bars in the histograms indicate outward acceleration,

light grey bars indicate inward acceleration, i.e. deceleration
of outflow. The top panel shows the acceleration due to the
parallel term, the middle panel the acceleration due to the
The centrifugal acceleration of charged particles movingPerpendicular term and the bottom panel the acceleration due

tion electric field is small, mostly in the span 1 to 10m% For the temporal

term the net average is close to zero, acceleration is about as
common as deceleration as could be expected. For the other
terms outward acceleration dominates. We will thus ignore
the temporal term, as it will not yield an appreciable error in
whereV is the field-aligned (parallel) velocity of the parti- the calculation of the total average acceleration of outflowing
cle, Ve is the E x B drift, s is a vector along the magnetic jons. The distribution of the total centrifugal acceleration
field direction andb is the unit vector in the direction of the is shown in Fig.1 panel (d). When the different terms are

2.2 Estimating centrifugal acceleration from four-
spacecraft data

aVi _ . db _

ab b .
—=VE-| —4+ V| —+(VE-V)b 3
7 B E( +H8s+(E )) (3

ot
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Acceleration of outflowing ions due to parallel term
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¥ 10 ‘ : : Fig. 2. Panel(a) shows the distribution of the centrifugal accelera-
g tion as function of the geocentric distance. Pghgshows the aver-
2 age centrifugal acceleration due to the perpendicular terntfh s

@ g ] Panel(c) shows the average of the parallel centrifugal acceleration
o term divided by the parallel velocity [nT$/(km s™1)]. The x-axis
% show the geocentric distanc&g]. Error bars indicate 95% confi-
&0 1 10 100 1000 dence level for normal distributed data, based on both variance of

Acceleration [ms™] orbit average values and variance of all measurement points.

Fig. 1. Distribution of the centrifugal acceleration for all valid
measurement points. The x-axis shows the acceleratiomfins the average centrifugal acceleration is around 5 fpfalling
the y-axis shows the relative occurrence [%] for positive (increasedoff with geocentric distance, which is expected due to the de-

outflow velocity, red bars) and negative acceleration (decreased outreasing curvature of the geomagnetic field with geocentric
flow velocity, light grey bars). The light grey bars are shifted half jistance.

a bin towards lower values to increase readability. Péaeshows
the parallel term(b) the perpendicular ternf¢c) the temporal term
of Eq. ). Panel(d) shows the sum of all terms.

The data is binned into bins with an equal amount of data
points, about 9000 data points per bin. For the error bars we
have assumed that there is variability on two time scales, on
the measurement point to measurement point basis and on
an orbit to orbit basis. The error bars are thus based on the
added, the peak is still between 1 and 10T ut we seea  variance of the data points in each bin and the variance of
shift towards higher centrifugal acceleration as the differentthe average value for each orbit contributing data to the bin.
components add up constructively. For the confidence interval the standard deviation for these

One of the important points of tHengwall et al. (20098 two measures of variability are divided by the square root of
report was that cold flowing ions are observed all the waythe number of data points and the square root of the number
out to 19Re geocentric distance. We therefore plot the aver-Of orbits contributing to data in each bin respectively. The
age centrifugal acceleration as a function of geocentric disorbit to orbit variability have the smallest number of samples
tance in Fig.2, panel (a). We have removed outliers with thus providing the main contribution to the uncertainty. We
Centrifuga| acceleration above 100 rﬂ?go get averages rep- then indicate with error bars the 95% confidence interval for
resentative of the vast majority of measurement points (se@ormal distributed data. We use the same technique to estab-
distribution in Fig.1, panel d). The x-axis shows the geocen- lish a confidence interval for all parameters we present in the
tric distance in Earth radiiKg), and the y-axis the average Subsequent figures.
outward centrifugal acceleration in ms We can see that

Ann. Geophys., 28, 56%76, 2010 www.ann-geophys.net/28/569/2010/
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Is the average Centrifuga| acceleration as function of dis- 0 Centrifugal acceleration Dependence on initial parallel velocity
tance consistent with the resulting parallel velocity as func-
tion of distance reported iBngwall et al(20093? To judge 80
that we must take into account the travel time of the parti-
cles so that we can calculate a velocity resulting from the 7
observed acceleration. The travel time depends on the para
lel velocity, which will in turn affect the parallel term of the
centrifugal acceleration. We need therefore split our average .,
centrifugal acceleration into a perpendicular term, which is?2
the same for all particles, and a parallel term which dependsé 40
on the parallel velocity. The parallel term is linearly depen- §
dent on the parallel velocity so we can calculate an average *
parallel term divided by the parallel velocity. This new term
can be used together with the parallel velocity of a test par-
ticle to calculate the resulting centrifugal acceleration due to o
the parallel term. We show both the perpendicular term anc
the part of the parallel term without the parallel velocity in 9, p s
Fig. 2, panels (b) and (c), respectively. Note that for simplic-
ity the unit for the parallel velocity is knTg. As can be seen
Fig. 2 panel (b) the perpendicular term is rather constant wit

distance. allel velocity as observed in the lobe region (red circles with error
Using the data shown in Fig, panels (b) and (c), we can bars) and for the cusp/mantle ion outflow (black circles with error

now start test particles at the beginning of our measuremen‘&ars). Velocities resulting from average observed centrifugal ac-

interval (SRe) and let them experience the average centrifu-celeration as function of different initial values aRg (lobes) and
gal acceleration within each bin of our data set. The final4 rg (cusp/mantle) are shown with solid black lines. Error bars in-

result will depend on the initial value, as slower particles dicate 95% confidence level for normal distributed data, based on
will have more time to be accelerated by the perpendiculamboth variance of orbit average values and variance of all measure-
term. Faster particles will experience more acceleration dugnent points. Inserted in the top right of the main figure is a figure
to the parallel term, but for a shorter time. The increase inindicating where the data was taken in K=+/Y2+ Z2 coordi-
parallel term acceleration is offset by the decrease in timenates Rg], black dots for the cusp/mantle and red dots for lobe
and will thus be the same per distance travelled for all par-data points (i.e. from this study).

ticles. The parallel velocity as function of geocentric dis-

tance which results from such a calculation, together with

the observed average parallel velocity for each bin is showrthis study. A cylindrical coordinate system was used, with
in Fig. 3. Black lines show calculated parallel velocities for location in X andR = +/Y2+ Z2 coordinates. For thhlils-
different initial velocities at g, whereas red circles with son et al.(20083 study GSE coordinates were used, in this
error bars show the average observed parallel velocities. Astudy GSM coordinates were used. A model magnetopause
can be expected the range of calculated velocities decreas@he model ofShue et al(1998, B, = —5nT,n=5cn 3 and
slow particles have a longer time to experience acceleratiorVs,=350 km s1) is shown with a dotted gray line. Earth is
so with time the range of velocities converge. Agreementindicated by a blue ball. One can clearly see that the centrifu-
between observations and calculation is rather good, at leagtal acceleration is stronger in the region geometrically above
out to a distance of about Rk, and our confidence intervals the polar cap than in the lobes (which maps magnetically to
are essentially within the range of calculated values. Notethe polar cap). Furthermore there seems to be another accel-
that some values are excluded because of lack of valid eseration mechanism operating in the 8-Rf)geocentric dis-
timates of the centrifugal acceleration, therefore our resultgance cusp/mantle region — this is effective transverse heating

60

m/s]

16 18 20

10 12 14
Geocentric distance [RE]

hFig. 3. Parallel velocity as function of the geocentric distance. The
x-axis shows the geocentric distan@], the y-axis shows the par-

are slightly different from those presented bBggwall et al.  leading through the mirror force to increased outflow veloci-
(20093, but the differences are well within our confidence ties (Nilsson et al.2006. The altitude region where this ac-
limits. celeration is seen is in part an effect of the Cluster orbit, sam-

In Fig. 3 we also show the same results for the cusp out-pling the poleward part of the cusp below abowRgBgeo-
flow discussed irNilsson et al.(20083, with solid black  centric distance, and having more complete coverage above.
lines for the calculated values, and black circles with errorThis does not affect the conclusion that there are other ac-
bars for the data. The locations where the different data wereeleration mechanisms affecting the parallel velocity for the
taken are shown in a small figure inserted in the top righthigh altitude cusp/mantle path. There is no corresponding
of Fig. 3, with black dots representing data from tNés- region of obvious acceleration in addition to the centrifugal
son et al (20083 study, and red dots representing data from acceleration in the lobe outflow. The total velocity increase

www.ann-geophys.net/28/569/2010/ Ann. Geophys., 28, 5682010
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over the measurement range is about 15 kf sTo remain

H. Nilsson et al.: Centrifugal acceleration in the magnetotail lobes

cusp, observed at altitudes well belowRp are typically of

within our 95% confidence interval the increase can be bethe order of 10 kms! or more so that they are expected to be
tween about 0 and 20 knts. Centrifugal acceleration adds within the particle detector energy range already before the

between 15 and 20 kmt$ (somewhat less with high initial

centrifugal acceleration in the lobes (eSjrangeway et al.

velocity, but a high initial velocity leaves even less room for 2005 Bouhram et a].2004). This would then correspond to
any additional acceleration). This leaves at most 5 ks a high initial velocity in our Fig3.
as total velocity increase due to other mechanisms such as Our main conclusions are:

field-aligned potential drops, transverse heating and ambipo-
lar diffusion.

4 Discussion and conclusions

Centrifugal acceleration in the lobes is found to be quite
small, typically in the range of 1-10m$. It is still of
some importance because very slow particles will experi-
ence acceleration for a long time. We can therefore ex-
pect an increase of the average parallel velocity with geo-
centric distance, just as is observed. The velocities resulting
from the centrifugal acceleration calculated using ion veloc-
ity and magnetic field gradients are consistent with the ob-
served velocities. It is thus clear that centrifugal accelera-
tion of cold plasma in the lobes does not accelerate protons
to drift energies where we would expect them to be observ-
able with particle spectrometers. Oxygen ions on the other
hand, which would experience the same acceleration due to
centrifugal acceleration as protons, would be observable for
most circumstances. From Figwe can see that we can ex-
pect parallel velocities of above 10 km's typically 15 to
20kms™L. This in addition to a perpendicular drift which is
15 to 20km s (not shown here, but total velocity is shown
in Engwall et al, 20093. This is still typically well below 5

eV for protons but oxygen ions with the same velocity have
a 16 times higher drift energy. So whereas the new method
of Engwall et al.(20063 have discovered a previously hid-
den population of protons in the lobes, our results indicate

1. Centrifugal acceleration in the magnetotail lobes is
small, but when acting over long time it results in ve-
locity increases of up to 20 knt$ from 5 to 19Rg.

2. Centrifugal acceleration in the lobes is more important

for slower particles than for faster particles, since the

slower particles are subject to the centrifugal accelera-
tion for a longer time.

3. Engwall et al(2009ab) showed that the cold outflowing

ions have low energy throughout the lobes. The current

study shows that centrifugal acceleration is consistent
with the low observed parallel velocity, and also that
centrifugal acceleration can explain the total observed
velocity increase from 5 to 1Rg. This puts strong
limits on any additional acceleration mechanisms in the
lobes, such as field-aligned potential drops, ambipolar
diffusion or distributed heating, which can add less than
5kms! between 5 and 18€.

4. For most conditions the centrifugal acceleration in the

lobes should be strong enough to acceleratet®en-

ergies observable by ion spectrometers. We note here
that other processes at lower altitudes are expected to al-
ready have brought the'Oons emanating from the po-

lar cusp region into the ion spectrometer measurement

range, centrifugal acceleration will further add to this.

that particle detectors would be able to detect oxygen ions ifOur results can be particularly valuable when coupled with
there is an appreciable amount of them. numerical simulation models of the ion flow in the lobes.
Our results concerns ions observed beyond a geocentriSuch models can incorporate further acceleration due to
distance of BRg. What about the first part of the transport, ambipolar diffusion and wave heating along the ion flight
from the ionosphere and above the polar cap? The studpath. Our results give an observational constraint (less than
by Cladis (1986 reported simulations of the centrifugal ac- 5kms™! between 5 and 18g) on the efficiency of any such
celeration of O ions for the entire transport path from the additional acceleration mechanisms. Electric and magnetic
ionosphere to the plasma sheet. For the region where thefield data is available from the Cluster data, and a future
model overlaps with our measurement region theedergy  study of the wave fields in the lobes could be interesting in
range is 50-110eV (see their Figs. 1 and 2). This correthe context of our findings. However, our data set does not
sponds to H energies of 3—7 eV for the same velocities of contain the temperature of the plasma, strongly limiting the
24-37kms?. This in turn is in good agreement with our possibility to estimate the wave heating. Even if waves are
average value of 26 knt$ (Engwall et al, 20093. Atabout  present we cannot know if they are effective in heating the
5 Re geocentric distance along trajectories that reach far intdons if we do not have ion temperature estimates.
the tail, and therefore into our measurement region (i.e. their
trajectories 1 and 2), the®Oenergy is of the order of 10eV. AcknowledgementsThe work of HN was supported by the
This corresponds to a velocity of 10 km'swhich is also  Swedish Research Council.
consistent with our results. One may also note that outflow-  Topical Editor I. A. Daglis thanks two anonymous referees for
ing O™ emanating from the ionospheric projection of the their help in evaluating this paper.
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