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Abstract. EDI measures the drift velocity of artificially in- 1997) in that the EDI measurements are essentially unaf-
jected electron beams. From this drift velocity, the perpen-fected by the spacecraft environment and include the compo-
dicular electric field and the local magnetic field gradients nent of the field along the spacecraft spin axis. The present
can be deduced when employing different electron energiespaper provides an overview of first results obtained with EDI.
The technique requires the injection of two electron beamsAfter a brief description of the technique and its implemen-
at right angles to the magnetic field and the search for thoséation in Sect. 2 and 3, the in-flight performance and analysis
directions within the plane that return the beams to their asimethods are discussed in Sect. 4, before results, predomi-
sociated detectors after one or more gyrations. The drift venantly from the dayside, are presented in Sect. 5. Results
locity is then derived from the directions of the two beams from the night sector are described in a companion paper
and/or from the difference in their times-of-flight, measured (Quinn et al., 2001, this issue).

via amplitude-modulation and coding of the emitted elec-

tron beams and correlation with the signal from the returning

electrons. After careful adjustment of the control parame-2  principle of operation

ters, the beam recognition algorithms, and the onboard mag-

netometer calibrations during the commissioning phase, EDirhe pasis of the electron-drift technique is the injection of
is providing excellent data over a wide range of conditions. yeak beams of electrons and their detection after one or more

In this paper, we present first results in a variety of r‘5'9io”i‘%g:rations in the ambient magnetic field. A detailed descrip-
ranging from the polar cap, across the magnetopause, anghn of the technique may be found in earlier publications

well into the magnetosheath. (Paschmann et al., 1997, 1998). Some limited in-flight expe-
Key words. Electron drift velocity (electric fields; plasma rience with EDI was already obtained on the Equator-S mis-
convection; instruments and techniques) sion (Paschmann et al., 1999; Quinn et al., 1999). Briefly,

in the presence of a drift velocity ;, induced by an electric
field E | or a magnetic-field gradiem B, the circular elec-
tron orbits are distorted into cycloids. Their shape depends
on whether the beam is injected with a component parallel or
anti-parallel to the drift velocity. To be able to recognize both
types of orbits simultaneously, EDI uses two guns and two
detectors. Figure 1 shows examples of these two orbits in the

1 Introduction

The Electron Drift Instrument (EDI) measures the drift ve-
locity of artificially injected electron beams. From this drift

velocity which, by definition, is directed perpendicular to the plane perpendicular t8, which we refer to as th | -plane.

magnetic field, the perpendicular electric field can be de- ; . . .
. For each gun, only one orbit-solution exists that connects it
duced. EDI complements the double-probe technique em: 9 y

. to the detector on the opposite side of the spacecraft. Know-
ployed by the EFW instrument on Cluster (Gustafsson et al'ing the positions of the guns and the firing directions that

Correspondence tds. Paschmann (gep@mpe.de) cause the beams to hit their detectors uniquely determines
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Fig. 1. EDI principle of operation. For any combination of mag- Fig. 2. Synthesis of the FGM and STAFF magnetometer data that
netic field B and drift velocityV ; (assumed here to be induced by ED| receives on-board over the Inter-Experiment Link (IEL). The

an electric fieldE), only a single electron-trajectory exists that con- top panel shows the raw FGM data, received at 16 samples/s, which
nects each gun with the detector on the opposite side of the spaceppears as a stair-case because it is sampled here every 4ms. The
craft. The two trajectories have different path lengths and thus dif-hottom panel shows the combined (and rotated) data, which illus-
ferent times-of-flight. Note that for clarity the electron orbits are trates the success of the synthesis method explained in the text. The
drawn for a very high drift velocityV ; = 1000 km st andanun-  piot uses the spacecraft convention witralong the spin axis. The
realistically large magnetic field3 = 12.T, implying an equally  sinusoidal variation in th&- andZ-components is due to the space-
unrealistically large electric field of 12 v, but areasonable drift craft spin. The plot was made from data stored in EDI's scratch-

step ofd = 3m. For realistic magnetic fields, the gyro radius is RAM and dumped with the special BM3 telemetry mode that Clus-
much larger, e.g. 1065 m for a 100 nT field. ter provides.

the drift V9|0City. This is the basis of the triangulation tech- emitted with their Ve|ocity directed with a Component para]-
nique, where one directly determines the “drift-step” vectorje| to v 4, i.e. away from the target, have a time of flight that
d, whichis the displacement of the electrons after a gyro timejs shorter tharf,, while the electrons emitted towards the
Ty: target have a time of flight that is longer thajt

d=V,T, ) =T, @x Vv, (2

The location in theB | -plane, from which electrons reachthe \ynere v, is the electron velocity. From Eg. (2) it follows
detector after one gyration, can be viewed as the “target” foymediately that the difference between the two times-of-
the electron beams, as discussed in Quinn et al. (2001, thifight provides a measure of the drift velocity:
issue).
Note that for time-stationary conditions one gun-detectorAT =Ty — T2 = 2(Vy/ Ve)Tg = 2(d/ Ve) , 3)
pair would suffice, because the satellite spin would rotate . _ . i
the gun into all positions sequentially. This is exactly what WNile their sum is twice the gyro time:
was done with the Elect_ron Beam Experiment on (_Se(_)s-2T1+ Ty =2T,. (4)
(Melzner et al., 1978), which served as the proof-of-principle
for the electron-drift technique In addition to being limited  Noting that7, = 27m./eB, this means that the time-of-
to spin-period resolution, the Geos instrument had a furthefflight measurements allow to be determined as well.
limitation in that it could be operated only for sma# (18°) Drift velocities encountered on a Cluster orbit typically
angles between the ambient magnetic field and the spacecratange from a few kms! to less than 1000 knt$, while
spin axis. EDI, with its fully steerable beams, can follow the the velocity of 1 keV electrons is 18 728 kmls Accord-
target continuously regardless of magnetic field orientation. ing to Eqg. (3), this implies thaAT is only a small fraction
As is evident from Fig. 1, the two orbits differ in their of T,, i.e. the drift introduces only a small variation in the
length, and thus in the electron travel times. The electrongwo orbits and the associated times-of-flight. To make the
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Fig. 3. EDI raw-data from Gun 2 and Detector 1 on SC 3 for a 15-second period on 12 March 2001, when the magnetic field strength was
100 nT. The top panel shows SMAXthe maximum counts recorded (in 2 ms) in any of the 15 correlators in the Detector; the next panel
shows the square of the signal-to-noise ratio, 8N®mputed from the counts in the matched and unmatched correlators; the horizontal
dashed lines in this panel indicate the thresholds for Snged by the on-board software to identify the beam (angle-track); the third panel
shows MaxCHh, the correlator channel that received the maximum counts; when MaxCH, time-track has been achieveg; (fourth

panel) is a quality-status indicator explained in the text; the next two panels@p@nd -, the elevation and azimuth angles of the Gun 2

firing directions; Tok (last panel) is the time-of-flight of the electrons from Gun 2 to Detector 1.

difference visible, Fig. 1 is drawn for unrealistically large = The electric field and gradients in the magnetic field both
magnetic and electric fields. The idea to use the differencecontribute to the drift velocity:

in electron times-of-flight for drift velocity or electric field

measurements is due to Tsuruda et al. (1985) and was firsk; = Vg + Vvp, (5)
applied by the “boomerang” instrument on Geotail (Tsuruda

et al., 1998). That instrument was, however, limited to onewhere, withW as the electron energy, the two drift velocities
measurement per spin, and could not accommodate all magrre defined as:

netic field orientations. EDI is the first instrument to combine

the continuous triangulation and time-of-flight techniques, V& = (E x B)/B?, Vvs = (W/e)(B x VB)/B3.(6)
and, as already mentioned, can be operated for arbitrary mag-

netic field orientations. EDI was first flown on the Equator-S To separateVr and Vyg, two electron energies are em-
mission and valuable information concerning operations andPloyed. ForWz = 2W; one gets:

on-board software was gained, although limited by the short

duration of the mission. VE=2V;-Vy, Vyp(W1) = Vo —Vy, (7)

The triangulation and time-of-flight techniques comple- whereV 1 andV ; refer to the (total) drift velocities measured
ment each other ideally. While triangulation naturally be- at Wi andW>, respectively.
comes increasingly inaccurate if the target moves further and So far we have tacitly assumed that the beam electrons
further away, the time-of-flight technique becomes more ac-are detected after a single gyration. Electrons that have gy-
curate because, according to Eq. (8] increases with in-  ratedN times will have a drift step and T that areN times
creasing drift steps, and thus becomes easier to measure. larger. As we will see, electrons having gyrated several times
first comparison of the two techniques on Equator-S was re{"multirunners”) are indeed observed. We will referXbas
ported by Paschmann et al. (1999). the multirunner order.
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ter orbit, the beam currentgy, can be changed over more
than two orders of magnitude (from 1 nA to several hundred
nA). Beam currents are initialized based on the ambient mag-
netic field strength and then varied automatically based on
the tracking success.

Similarly, by using different combinations of high-
voltages for the detector optics, a large variety of effective
aperture areasi, and geometric factorg;, can be realized.

A and G determine the sensitivity to beam and background
electrons, respectively. By choosing the right combination
of G andA, adequate signal and signal-to-noise-ratio (SNR)
levels can be maintained over a wide range of field strengths
and background electron fluxes. Tables of the optics voltages
that achieve specific combinations@fandA are referred to

as “Optics States”. The automatic Optics-State navigation is
based on measured flux levels and magnetic field strength.

3.2 Time-of-flight measurements

In order to measure the electron times-of-flight, as well as to
_ _ _ ) ) distinguish beam electrons from the background of ambient
Fig. 4. Example of the triangulation analysis. The figure shows ectrons, the electron beams are amplitude-modulated with a

the spacecraft, the guns and the beam firing directions, all projecregseudo-noise (PN) code. Nakamura et al. (1989) were the
into the B | -plane, for a 4 s interval on 5 March 2001 (see Fig. 12). first to use a PN-code for (ion) drift measurements.

Gun 1 and Gun 2 locations are indicated by asterisks and triangles, . . . .
respectively, the beams emanating from these guns are shown as The E_Dl 'qme-of-f_hght system has been described in ear-
dashed and solid lines, respectively. The solid circles are placedi€r publications (Vaith et al., 1998; Paschmann et al., 1998,
at integer multiples of the drift step from the center of the space-1999). Briefly, a set of 15 correlators analyzes the phas-
craft, and are obtained from the best fit to all the beams in this in-ing of the detector counts relative to the beam code. Be-
terval. The (red) vector from the solid black circle to the center fore beam acquisition has been achieved, all correlators will
of the spacecraft is the drift step. The correct identification of the show the same counts (to within Poisson statistics) from the
magenta-colored beams as double runners obviously has a profourgmpient electron background. Once the beam is acquired
effect on the Qrift step, identified by the black cilrcle, which is the (“angle-track”), the correlator whose delay matches the elec-
target forthg smgle runners (bla_ck beams). No _hlgh_er-order runnerg,qn flight-time will have the maximum number of counts.
are present in this case. The drift step is 1.5 m in this case. A delay-lock-loop continuously shifts the code-phases of the
correlators to keep the maximum centred in a specific chan-
nel (“time-track”). By keeping track of the net change in
code-phase, one obtains a measure of the changes in time-of-
flight.

Commensurate with the number of correlators, EDI em-
) ) ploys primarily a 15-chip code. This way the signal is
EDI consists of two gun-detector units (GDUs) and a con-recorded in one of the correlators regardless of the actual
troller unit. The GDUs are mounted on opposite sides of thetime_of_ﬂight_ But because the accuracy is related to the
spacecraft and have oppositely directed fields of view. Thechip-length, Tenip, the code-duration is kept short, much
guns are capable of firing in any direction within more than shorter tharf,. The electron time-of-flight is therefore equal
a hemisphere (0-96polar angle) to accommodate arbitrary 1 an integer number of code-lengths plus a fraction, of which
magnetic and electric field Qirections. Similarly, the (.jete_c—omy the fraction is measured by the correlators directly.
to.rs_can detect beams coming from any selectable d'reC“O'P-Iowever, by choosing a code-length equaltg5 or 7, /10,
within more than a hemisphere (0-Qfblar angle). whereT, is estimated from the on-board FGM data, the num-

Beams have an angular width of approximatehatsmall  ber of complete wrap-arounds of the code can be recovered
polar emission angles, increasing to 4-tyallarge polaran-  unambiguously. To track small time-of-flight variations, the
gles. Electron energies can be switched between 0.5 keV angbde is shifted with a resolution of typicallinip/32. Sim-
1.0keV. Separate calibration tables for the two energies arglations of the correlator performance indicate that the ac-
used to convert beam firing directions into the correspondingcuracy of individual time-of-flight measurements is about
deflection voltages. Tehip/8. To account for the large variations Ty along the

The flux-density of the returning electrons is proportional Cluster orbit, the code-length can be varied between approxi-
to 1,B3/E (except when the drift step is small). To ac- mately 1545 and 2ms. A problem with the short code is that
commodate the large variations bhand E along the Clus- it does not discriminate against multi-runners. Regardless of

3 Implementation

3.1 Gun-detector characteristics
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Fig. 5. Example of measured times-of-flight for Detector 1. The order of the multi-runners, identified by different symbols, has been
determined by the method explained in the text. The scale on the right shows the magnetic field strength computed from the times-of-flight.

how many times the electrons have gyrated before hitting thenor equidistant, EDI does not have a fixed time-resolution.
detector, the signal will appear in one of the 15 correlators.

We therefore have introduced a second, much longer code. 8.4 On-board magnetic field data handling

has 127 chips, and its length can excedq.4By placing the

15 correlators at a time-delay ne#y, only single-runners  EDI searches for the drift-step target in the plane perpen-
are detected (unless runners of order 5 or higher are presefiicular to B, and therefore needs information on the lo-
as well). As the increased chip-length implies lower accu-cal instantaneous field as frequently as possible. Flux-gate
racy in time-of-flight measurements, the long code is onlymagnetometer data are available on board over the inter-
used in strong* 100nT) fields where multi-runners most experiment-link (IEL) with the FGM instrument (Balogh

frequently occur. et al., 1997). These data must first be time-tagged, because
FGM sampling is not synchronized to the spacecraft clock,
3.3 Beam acquisition and tracking and then corrected for calibration angles, sensitivities, and

offsets, and finally rotated by 6.50 the spacecraft body
To find the beam directions that will hit the detector, EDI axes. As the FGM data are available over the IEL only 16
sweeps each beam in the plane perpendicul® &b a fixed  times per second, the EDI controller constructs the field at
angular rate (typically 02ms) until a signal has been ac- higher frequencies using the analog signals from the three
quired by the detector. Once signal has been acquired, thaxes of the search-coil data provided by the STAFF instru-
beams are swept back and forth to stay on target. Bearmment also over the IEL (Cornilleau-Wehrlin et al., 1997). To
detection is not determined from the changes in the countfirst order, the search coil signal is integrated and added pe-
rates directly, but from the square of the beam counts dividediodically to the FGM values, after rotations that account for
by the background counts from ambient electrons, i.e. fromthe different coordinate systems of the two magnetometers.
the square of thinstantaneousignal-to-noise-ratio§ N R2. However, the frequency response of STAFF, as seen in Fig. 4
This quantity is computed from the counts recorded simulta-of Cornilleau-Wehrlin et al. (1997), differs from a pure dif-
neously in the matched and unmatched correlator channelderentiator in two respects. First, there is a high frequency
If it exceeds a threshold, this is taken as evidence that theoll-off above 40Hz. EDI accepts this frequency basically
beam is returning to the detector. The thresholdsSiviR? as the limit at which it can tracB. Second, there is a low-
are chosen dependent on background fluxes, and vary bdrequency cut-off that is inherent in the coil-pickup response.
tween 35 and 200. These values have been selected afta@his reduces the signal primarily at the spacecraft spin fre-
extended experimentation during commissioning, and repquency and is compensated by adding the properly phase-
resent a compromise between getting false hits (induced bwpdjusted component at that frequency. Figure 2 shows the
strong variations in background electron fluxes) and missingeconstructed signal for a time interval of about one spin pe-
true beam hits. The basic software loop that controls EDI op+iod. The success of the reconstruction can be measured by
erations is executed every 4 ms. As the times when the beantbe extent to which the discontinuities seen at the FGM up-
hit their detectors are neither synchronized with the telemetrydate rate have been reduced.
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Fig. 6. EDI spin-resolution data from three spacecraft for the outbound pass on 12 March 2001, 07:30-12:30 UT. The top two panels show
the elevation and azimuth angles of the drift velodily, and®,, in SCS coordinates. Because the flow is towards 180ch of the time,

the scale for the azimuth is shown fror®0° to 270°. The third panel shows the magnitude of the drift velocity, and, as a black line, the
magnetic field magnitude measured by FGM on SC 1 for reference. The spacecraft position (in GSE) and invariant latitude, given along
the bottom, are for SC 1. The data are plotted on the same scale for the three spacecraft and are placed at spin-center times, which are n
identical because the spins of the Cluster spacecraft are not synchronized. As the green symbols (for SC 3) are plotted last, they are the onl;
ones visible in regions of close agreement.

An accuracy of better than 0.5n the direction ofB is for accuracy in the EDI coordinate system. This process is
required because the width of the beam is abdutNatu- iterated by ground processing, and then uplinked to the con-
rally, this poses stringent requirements on the calibration oftroller, to improve the success rate of beam hits.
the magnetometer data, as reconstructed by EDI from both
the FGM and STAFF information, as described above. Er-3.5 Operations
rors of order 1 nT are of no concern to EDI if the total field )
is sufficiently large. However, for fields of 50nT or less, 1he complex nature of the EDI operations and data process-
beam-pointing errors can become larger than the beam widtH"9 has meant a long leamning curve before the many con-
causing loss of track if the error moves the beam off of thetrol parameters, beam-recognition algorithms, and magne-
B -plane. The EDI controller must maintain this accuracy {ometer calibrations had been adjusted sufficiently well that
throughout four operational ranges of the FGM data, and thih€ instrument began to operate successfully under a wide
requires constant updates of the four calibration matricesf@nge of ambient conditions. More than 15 patches to the
and four sets of offsets for each axis. As an overall con-onboard software have been uploaded so far. Still, when
straint on these numbers, the magnitude of the field is deterth® magnetic field gets really low, and/or the background
mined by time-of-flight information whenever there are beamélectron fluxes get high, tracking becomes difficult. Low
hits. As a starting point, the spin-axis offset is adjusted to beB Mmagnitudes require high beam currents to overcome the
consistent with this magnitude. Furthermore, the plane perb€am divergence along large gyro orbits, and to get suffi-
pendicular toB is determined by the continual series of gun Ciént signal-to-background ratio. But large beam currents,
vectors that are successful. But as the beam-width is abouf! conjunction with the beam-modulation and -coding lead
one degree, and the tracking algorithm is able to keep the guFP mterference with the elgctnc wave measurements by the
pointing only to within about 0.5 degrees of perpendicular to WHISPER instrument (Bcieau et al., 1997). Moreover, the
the varyingB field, this information must be compiled statis- Smaller B gets, the higher the requirement for very precise

tically and used to correct the supplied calibration matricesCN-board magnetometer calibrations. As mentioned in the
previous section, improvements in these calibrations are on-



G. Paschmann et al.: EDI First Results 1279

Cluster Electron Drift Instrument (EDI) 12—Mar—2001
— —

90 j,‘,,,‘,,i ,,,,,,,, | A R | L E L L | D AL A L DL J,,J,,L,,,,,L,,‘,i
B 60— =
[&] C -
@« C i, L N O
o = 53¢ ARG e i, L T
> LA AN i
2 S “Eiuster 1 g
— Cluster 2 3
S =
5] —
o T T [ [ T B 11— | R B [ ]
270 =
o 225 —
%] |
O 180 =
@ 135 E
(0] —
2 90 =
S 45 —
pel —
= 0 =
;45 E
_90 1
30 3
25 —=100.0
@ 20 m -
é 10.0 =
m
> —=1.0
Jo.1
uT 12:30
R 9.85
0T 14:01
LAT 58.8
A 82.0

Fig. 7. The same data as in Fig. 6, except that the drift directions are now in GSE and the spacecraft motion has been corrected for.

going. Last but not least, rapid time-variations in magneticfrom the contrast between matched and unmatched correlator

and/or electric fields, as well as large fluxes of backgroundchannels. Levels of this quantity in excess of the threshold

fluxes can also cause loss of track. indicated by the lower dashed line mark the times when the
beam has been acquired (angle-track). If the signal is kept
in correlator number 7 (third panel), this indicates that time-

4  Analysis track has been achieved as well. The occasional low signal-
and SNR-levels indicate that the target has not been acquired,
4.1 Data and only the ambient background electrons are detected. The

®, and &, panels illustrate the rapid changes in gun firing

EDI sends back the gun firing directions, detector countdirections that are being executed to track the moving target.
rates, measured times-of-flight, correlator settings, and some Subsequent data processing is determined by the quality-
signal-quality information once every telemetry record, i.e. status indicatorg; (fourth panel) that is transmitted in
every 128 ms or 16 ms in nominal (NM) and burst (BM) telemetry:g = O indicates that no beam-signal was acquired
telemetry, respectively. Additional auxiliary information within the last 128 ms (16 ms in BM telemetry);= 1 indi-
(beam currents, optics states, control-loop parameter segates angle-tracly, = 2 indicates angle as well as time-track,
tings) is transmitted once every telemetry format (5.2s). Asq = 3 in addition requires that the beam returns with an even
EDI operates asynchronously, time-tags are added to everfigher SNR (upper dashed line in the second panel). The
data record. g = 0 data are useful because they provide the count rates

Figure 3 shows a 15-second period on 12 March 2001 thafrom ambient electrons, as discussed in Quinn et al. (2001,
illustrates the character and quality of the raw EDI data wherthis issue). Thg = 1 data (angle-track only) have been ig-
the magnetic field is fairly high, 100 nT in this case, and thenored for the present analysis. In line with this selection, the
flux of background electrons is very low. The spacecraft wastimes-of-flight in the bottom panel are shown only for those
transmitting in nominal (NM) mode, which means that an measurements that achieved time-track.
EDI data record is available once every 128 ms. In this ex-
ample, which shows the data from Gun 2 and Detector1 or#.2  Analysis methods
SC 3, beam tracking was successful a large fraction of the
time, as evidenced by the high detector counts in the tog=rom the information reported in telemetry, the beam direc-
panel, but more significantly by the high (squared) signal-tions and gun paositions in spacecraft-sun (SCS) coordinates
to-noise ratio (SNR) in the second panel, which is computedare computed, based on the Sun Reference Pulse (SRP). Our
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Fig. 8. Drift velocities on 12 March determined from the time-of-flight technique. The top panel shows the difference in the times-of-flight

of the two beams, from which the magnitude of the drift velocity (second panel) is directly determined. There are two types of symbols in the
top two panels (magenta-coloured circles and black crosses), which refer to the two different techniques to defwEgtas explained in

the text. Points in the grey area, which is based'gi,/8 as the error of the individual measurements, and on the number of points within
each 3-spin interval, are not significant. The next two panels show the drift direction. The fifth panel shows the counts (per 2 ms) received
from ambient electron fluxes at 1 keV and*9fltch-angle, measured by EDI at the times when the beam was not detected. The bottom panel
shows the spin-averaged magnetic field strength from FGM for reference. The scale on the right of that panel shows the electron gyro time
computed fromB.

standard analysis is then to select all beams within a certaithe order from the time-of-flight analysis is ambiguous, there
time-interval, typically one spacecraft spin (4 s) and to per-is an alternate method where beams whose firing direction is
form an automated determination of the drift step. For highercloser to the direction towards the grid-pointMttimes the
time resolution analysis, shorter intervals can be chosen (seedial distance are counted as runners of ofdefTo speed

Quinn et al., 2001, this issue). up the search, the procedure uses a coarse grid to identify a
restricted range in which the final search is performed with
4.2.1 Triangulation analysis a much finer grid. The present software approximates the

electron trajectories by circles whose radius is based on the
We have developed an analysis procedure that determines thfagnetic field strength. An example of the drift step deter-
drift step by searching for the target-point that minimizes mination using this method is shown in Fig. 4. The figure
an appropriate “cost-function”. For each grid-point in the shows gun locations and firing directions for a 4s (i.e. one
B plane, the cost-function is constructed by adding up thespin) interval during which beams happened to be aimed at
(squared) angle-deviations of all beams in a chosen time inthe single- and double-runner targets. Note that the construc-
terval from the direction to that grid-point. The present soft- tion of the drift step from the firing directions of the beams is
ware allows selection of 1, 1/2 or 1/4 spin period as the analfor a virtual detector location at the center of the spacecraft.
ysis interval. Each beam contribution to the cost-functionThus the spacecraft is drawn at twice its actual dimensions,
is normalized by the (squared) error in the firing directions, as explained in Quinn et al. (2001, this issue). The red vec-
which is a function of beam pointing direction and varies tor from the solid black circle to the center of the spacecraft
between 1 and 4. The grid-point with the smallest value s the drift step, determined, in the way described above, as
of the cost-function is taken as the target. If a beam hashe best fit to all the beams in the chosen interval. The figure
been identified as a multi-runner of ord&rby the time-of-  emphasizes the importance of the correct identification of the

flight analysis (see Sect. 4.2.2), it is associated with a gridmulti-runners, in this case double-runners only. The example
point at N times the radial distance. When identification of
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Cluster 3 / 12—Mar—2001 assignment settles the drift direction, and the drift magnitude
B is then computed from the magnitude of the difference in the
i ] times-of-flight.
L PO This simple scheme requires that conditions are stable over
T B the analysis interval. If this is not the case, one should only
r ] use nearly simultaneous towards- and away-beam pairs for
251 7 the analysis. But as we do not always have simultaneous hits
i ; X = 1 from the two guns, we often have to resort to a method where
20F 1 T . we take the instantaneous difference between each measured
’ : : * « time-of-flight and the gyro-timeT,, computed from the
o3| 4 1 high-resolution magnetic field data from FGM. According
of 7] % ] to Eq. 2, the times-of-flight of the towards- and away-beams
o gt ‘ 1 are symmetric around,, so that, in principle, either would
: be sufficient to compute the magnitude of the drift. But be-
4 1 cause the times-of-flight differ frorfi, by a percent at most,
I B this scheme would work only if, were known precisely.
] In practice, thel, computed from the actual magnetic field
N measurementd, s, Will not be properly centered, and we
20 25 30 39 therefore cannot apply this scheme directly. Instead, we aver-

? ﬁgﬁmque

Drift Ste
Time—of—Fligh

T
15

0
Drift Step [m] . . .
Triangulation Technique age the differences between any measured time-of-flight and

the corresponding, estseparately for the two sets of beams.
Fig. 9. Scatter plot of the drift speeds derived by the time-of- This way any fixed magnitude offset ) estwill cancel out.
flight analysis (vertical axis) against those from the triangulation The set with the larger average is identified with the towards-
analysis (horizontal axis), for the interval 11:30 through 12:10 qn beams, the other with the away-beams, as above. The dif-
12 March 2001, on SC 3. The two types of symbols refer to the dif- ¢ oy ce petween the two averages is then the quantity to use
ferent time-of-flight apaIyS|S meth_ods, as in Fig. 8. Error ba_rs are AT in Eq. 3. The identification of multirunners from the
only shown for a fraction of the points so as not to clutter the flgure'times-of-fligﬁt i.s illustrated in Fig. 5. which shows an exam-

ple of the measured times-of-flight for Detector 1 for a one-
is for a less than perfect focus to illustrate the power of thehour interval on 12 March. The red x’s are the hits identified
statistical approach of this analysis technique. An example of'S Single-runners. The other traces are from multi-runners,
amuch tighter focus is given in Quinn et al. (2001, this issue),2S identified in the legend. As described earlier, the PN-code
Fig. 2. The analysis fails if the drift step and/or the magneticiS much shorter than the gyro time. In this particular case
field significantly vary within the chosen time interval. We T¢ varies between 350 and 488, while the code length re-
can identify such cases by the variance in the magnetic fieldmains fixed at 114.4s. The electrons having gyrated twice
by the quality of the fit (as measured by its reduged, and ~ have therefore an apparent increment in time-of-flight’of
by the angle or magnitude errors in the computed drift stepmodulo 114.4.s relative to the single-runners. The same in-
If those quantities exceed certain limits, no output is gener-Crement applies to each higher multiple. Increments that are
ated. For the present paper, we have excluded data where t#@/ger than half the code-length lead to apparent multirunner
errors in drift step magnitude were larger than 30%, or thetimes-of-flight that are actually smaller, as seen in Fig. 5.

reducedy 2 was larger than 20. Applying this simple rule one can then identify the multi-
runner ordeV. Note that the slope of the multi-runner traces
4.2.2 Time-of-flight analysis is N times that of the single runners. Naturally, this method

fails whenT, is itself a multiple of the code-length. In the ex-

The time-of-flight analysis serves three purposes. First ancimple at hand this condition occurs where the multi-runner
foremost, it is used to determine the drift velocity when the traces intersect, near the beginning and end of the interval
drift step becomes too large for the triangulation analysis.shown. As mentioned earlier, a by product of the EDI time-
Second, it helps to identify multi-runners and thus can sup-of-flight measurements is that they provide a precise determi-
port the triangulation analysis, and third, it is equivalent to anation of the magnetic field magnitude. Data such as shown
measurement aB. Deduction of the drift step (and the drift in Fig. 5 have been provided routinely to the FGM team to
velocity) from analysis of the difference in the times-of-flight validate the spin-axis offsets in the FGM calibrations.
of the two beams (Eg. 3) is, in principle, straightforward.

If the drift step is large enough such that the firing direc-
tions become nearly parallel, then one can easily group alb Results
the beams in the analysis interval (e.g. the spin period) into
two oppositely directed sets. The set with the larger times-In the following we present spin-resolution EDI data for three
of-flight then must contain the beams directed towards theoutbound passes when the apogee was located near local
target, the other set those directed away from the target. Thisoon. During these orbits, EDI was not operated for approxi-
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Cluster Electron Drift Instrument (EDI) 23—Feb—2001
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Fig. 10. Outbound pass on 23 February 2001, in the same format as Fig. 7, i.e. with the spacecraft velocity corrected for.

Cluster 2 Electron Drift Instrument (EDI) 23—Feb—2001
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Fig. 11. Comparison of the drift velocities measured at 0.5 and 1.0keV for the pass on 23 February, 16:30-19:00 UT. The plot shows the
two components of the drift in thB | -plane, plus the magnitude. The magnitudeBaé shown superimposed in the bottom panel.
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Fig. 12. Outbound pass on 5 March 2001 in the same format as Fig. 7. Note that until 05:40 only SC 1 data are available.

mately a 2-hour period centered on perigee. In addition, EDllatitude, 73 invariant latitude, and 22 hours local time, i.e.
was not operated on SC 4 during these orbits because of somm magnetic field lines connected to the high-latitude edge of
intermittent overcurrent condition. the nightside auroral oval. The orbit then crosses the north-
The EDI data are presented either as drift velocities or a€rn polar cap and exits the magnetosphere at abSuafi9
electric fields, and in one of three coordinate systems. Onédude at 12:10 UT, as determined from the sudden drap in
is the spacecraft-sun (SCS) system, the second is the geoceghRown in the third panel. The drift velocities are presented
tric solar ecliptic (GSE) system, and the third is ®ie-plane  in the SCS system and not corrected for spacecraft veloc-
system. The SCS system hasitsaxis along the spacecraft ity, to emphasize what is observed in the spacecraft system.
spin axis (directed nearly along theZgsg axis), and itsx - The figure shows that there is very good overall agreement
axis directed sunward and is thus the system in which mosbetween the measurements on the three spacecraft, particu-
Cluster instruments acquire their measurements. The GSkarly regarding the drift directions. A proper interpretation
system has the advantage that it is an inertial system that apf the drift velocities requires the data to be put into an iner-
lows to judge the drift direction in absolute terms. To be con-tial frame. Figure 7 therefore shows the same data, but now
sistent with this inertial nature, we correct for the spacecraftin GSE coordinates and corrected for the spacecraft motion.
velocity when showing data in GSE. TH®, -plane (BPP)  This correction means adding to the measured drift veloc-
system, on the other hand, is a natural system for EDI beity the perpendicular component of the spacecraft velocity,
cause it emphasizes the fact that the measurements are twbecause the motion of the spacecraft through the plasma im-
dimensional in nature. It has the disadvantage that its axeplies a drift in the opposite sense. While the transition from
change direction aB changes. The BPP-system hasits ~ SCS to GSE is simply a rotation, effectively flipping the signs
axis directed towards the sun (more precisilyis in the  of both angles, the correction for the spacecraft velocity has
plane containingB and the sun) and itg-axis such that it ~a dramatic effect, both in direction and magnitude. This is

has a positiveZssg component. because in large parts of the pass the spacecraft velocity is of
similar magnitude as the drift velocity, and furthermore both
5.1 Outbound pass on 12 March 2001 velocities are directed nearly opposite to each other some of

the time. This means that the magnitude of the drift velocity
Figure 6 shows the drift velocities, measured on spacef£an become very small after the correction, and its direction
crafts 1, 2 and 3, for the outbound pass on 12 March 20010t only can become quite different, but also less well de-
from 07:30 to 12:30 UT, obtained with the triangulation fined. This explains why the directions in Fig. 7 are much
method (Sect. 4.2.1). The data start at 25 at 34 GSE-  more variable much of the time than in Fig. 6. Note that the
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Fig. 13. Drift velocity magnitude and phase in the gyro plane, for 07:15 to 07:30 on 5 March, demonstrating futb&&tbns of the drift
velocity vector.

triangular feature in the flow azimuth near 08:00 in Fig. 6 hasthe two beams for those cases when they hit their detectors
now become a similarly looking feature in the drift magni- nearly simultaneously, withisct15ms in this case. Those
tude. As the drift velocity is, by definition, constrained to the AToFs were then averaged over a three-spin interval that
B -plane, its possible directions are restricted by the magslides along one spin at a time. There are only few such
netic field orientation. This explains the sometimes clippedpoints after 13:00 UT, because the number of hits was get-
appearance of the angle-traces in this and the following figting much smaller there and so did the likelihood of having
ures. near-simultaneous ones. The black crosses are also 3-spin

Figure 7 shows that after exiting the auroral flux tubes with averages, but were obtained by the other method described
their fairly high but variable convection velocities, the drift in Section 4.2.2, where the gyro-times estimated from the
velocity stays low & 5 km s1) until 10:00 UT, with direc- FGM data serve as intermediate reference. The agreement
tions ranging from anti-sunward to almost sunward. The dipsbetween the two sets of points is quite good.
in drift speed near 09:00 correspond to electric fields as low The second panel shows the drift speeds computed from
as 0.1 mV nt1, which highlights the sensitivity of the EDI the AToFs according to Eq. 3, the third and fourth panels
measurements. Near 10:00, the convection speed suddentiie drift directions. The drift directions are derived from the
becomes larger (16 20 km s 1) and highly variable, with  beam pointing directions and the time-of-flight analysis that
equally variable directions, but the direction soon (at 10:30)involves the magnetic field as reference, thus the crosses.
settles on a stable, essentially anti-sunward directibp ( Only those directions are shown for which the drift magni-
near 180, ®, near 0). There are only a few measurements tude is significant, i.e. outside the grey area. In spite of this
after 12:00 UT, i.e. when approaching the magnetopauserestriction, there are a few points left whose direction is op-
and their validity is questionable because of increasing timeposite to those of the others. These represent cases where the
variations within the analysis interval. inferred AToFsapparently had the wrong sign.

Figure 8 shows the measurements for the same day from Until about 12:00, the time-of-flight differences are of or-
11:00 UT up to the bow shock, which is crossed at 14:48 UT.der 1us, compared to a code-chip length of 8§ and there-
In this case the drifts were determined from th&kFs the  fore are just barely detectable. This explains the fairly large
difference in the measured times-of-flight of the two beams,scatter in the derived drift speeds, whose magnitude is about
shown in the top panel. There are two types of points (in20 km s 1 on average. Note that at this time the HIA sensor
this and the second panel). The open magenta-colouredf the CIS instrument measures a bulk velocity component
circles were directly computed from the times-of-flight of perpendicular td of 20 km s°1, in good agreement with the
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EDI measurements (B. Klecker, private communication). 6
The drift direction is well defined and stable, almost pre-
cisely anti-sunward. At 12:05 the drift speed picks up and
the direction becomes variable, until tracking stops at 12:20
because the magnetic field magnitude drops to 5nT, indicat-
ing the crossing of the magnetopause. Such field strengths
are prohibitively low for the EDI technique because of the §
B2 dependence of the flux that returns to the detector (se(?E
Sect. 3.1). c
In the magnetosheath proper, i.e. after 13:00 UT, the ™
AToFsrise to 10us on average, if one discounts the points
in the grey area, corresponding to about 100 krh sind the -2
convection is essentially anti-sunward, in good agreement
with the perpendicular component of the bulk velocity mea-

| I
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1
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sured by HIA. But as the chip-length has risen tq.30) the -4 -
accuracy is not much better than before 12:00. Furthermore, |
the magnetic field is now highly variable, and this introduces 6 1

extra scatter.

Comparing the measured ToFs with the gyro times
shown by the scale to the right of the bottom panel, it is
apparent that the times-of-flight deviate by only 1% or
less from the gyro times, which highlights the measurementid. 14. Hodogram of the electric field measured on SC 3 for the
problem. We are still working on optimizing the time-of- event from Fig. 13, illustrating the elliptical polarization of the os-
flight measurement accuracy, by reducing the chip-lengthcllations.
while at the same time maintaining adequate tracking ca-
pability and avoiding the ambiguities inherent in the use of
short code-lengths, discussed in Sect. 3.2. spacecraft are at9 Rg, 44° GSE-latitude and 72invariant

Figure 8 also illustrates another aspect that affects EDI oplatitude on auroral field lines, proceed across the northern po-
eration. The next to last panel shows the counts from amlar cap and exit the magnetosphere near 20:20 UT.7ak9
bient electron fluxes at 1keV energy and®Qfitch-angle, ~and 60 latitude in the afternoon sector. The orbitis similar to
measured by EDI at the times when the beams are not dethat for the 12 March pass, and so are many of the observed
tected (identified by the quality statgs= 0). High fluxes  features, notably the variable drifts on auroral field lines, and
are observed just outside the magnetopause and near the bdtAe predominance of anti-sunward convection at typically 5-
shock, in agreement with measurements by the PEACE in10kms . Near 18:20 the magnitude of the drift velocity
strument (A. Fazakerley, private communication). To detect(@fter correction for the spacecraft velocity) becomes very
the beams in the presence of such high ambient fluxes woultpw, less than 1kms!, corresponding to electric fields of
require very high beam currents. In spite of these limita-only 0.1 mV nTL. The drift speed then picks up on average,
tions, Fig. 8 demonstrates that EDI is able to continuouslybut is highly variable. On approach to the magnetopause ,
track across the magnetosheath in magnetic fields that arbe. after 19:20, there are occasional ﬂIpS in drift direction by
as low as 30nT and as variable as is typical for the magnelSO), from anti-sunward to sunward, which are not real and
tosheath. EDI stops tracking at 14:40 UT, i.e. shortly be-are probably due to variations occurring on spin-period time-
fore the bow shock crossing, presumably because beam cugcales. During part of this orbit, EDI on SC 2 was operated
rents were limited to about 100 nA at the time, and the fluxessuch that the electron energy was switched between 0.5 and
of background electrons became high. Between 11:30 and.OkeV every second. Figure 11 shows that the drift veloc-
12:10 on this pass, the triangulation and time-of-flight anal-ities measured at the two energies agree to within less than
ysis methods have both provided results. In Fig. 9 we haveéd-5km st most of the time, implying that th€ B drift (see
plotted the drift steps obtained by the two methods againsEd. 7) was essentially zero, and the drift velocities measured
each other. Most of the points come from times before 12:008t the two energies thus both represent the Eue B drift.
where the drift steps are less than 10 m, and thus difficult forMore precisely, if one considers 0.5 km'sto be the upper
the time-of-flight technique to resolve. Nevertheless, the fig-limit for the difference in drift velocities in this example, then
ure shows that within the admittedly often large errors, thereaccording to Eqg. 6, wittB = 200 nT, one gets 10 000 km as

is reasonable agreement between the two techniques. the lower limit for the gradient scale length in the magnetic
field at this time. If the gradient scale length had been larger,
5.2 Outbound pass on 23 February 2001 the drift velocities at the two energies would have become

significantly different. The capability to separate tHex B
Figure 10 shows an overview of the outbound pass on 23andV B drifts is a unique feature of EDI and can be used to
February 2001 from 16:00 to 20:30 UT. At the beginning the determine local magnetic field gradients if the induced drift
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Fig. 15. Comparison of EDI and EFW electric fields. The top panel shows the componé&haloing the common axis defined in the text.
The bottom panel shows the spin axis component measured by EDI.

is strong enough to compete with the electric field drift. Sois remarkable, and there is no discernible time-displacement
far we have not yet obtained measurements in regions whereither, implying a structure that is homogeneous over a scale
one expects th¥ B drift to contribute measurably to the total that exceeds the spacecraft separations, which range from

drift. 425 to 840 km. The hodogram of the equivalent electric field
shown in Fig. 14 shows a very elliptical, left-handed polar-
5.3 Outbound pass on 5 March 2001 ization of the oscillations. The hodogram appears offset from

the origin because of some net background drift velocity.

An interesting event has been observed during the outbound

pass on 5 March 2001. Figure 12 shows the drift velocitiesS.-4 Comparison with EFW

starting at 05:00 UT, when the spacecraft are nedr &g

at 55 latitude (86 invariant latitude) and then proceed over As already stated in Sect. 1, the EDI and EFW instruments
the polar cap to the magnetopause, which is crossed aftestomplement each other in that both directly or indirectly
08:00 UT. Until 06:30, drift speeds slowly increase from less measure the electric field, but are subject to different kinds
than 1 to 10 km's?, with highly variable directions, but over- of limitations. It is therefore of great importance that the
all good agreement between the spacecraft. The low speedaeasurements are first compared under conditions when both
just before 06:00 and after 06:30 correspond to electric fieldshould return valid electric field measurements. Figure 15
of 0.1 mVnt L. Thereis a period (until about 07:15) when shows such a comparison on SC 3 on 7 February 2001. As
the drift velocities become highly variable in magnitude, but EFW measures the field in the spin-plane, while the EDI
are predominantly anti-sunward. Starting at 07:18, large-measurements are in th, -plane, the figure (top panel)
amplitude oscillations are observed in direction and magni-compares the electric fields along the common axis defined
tude, with periods near 1 to 1.5 min. Focusing on the intervalby the intersection of the two planes. The bottom panel
07:15to 07:30 UT, and presenting the data as magnitude anshows the spin-axis component of the electric field that is
phase of the drift velocity in thé | -plane, Fig. 13 shows measured by EDI but not by EFW, and that can often be a
that the drift vector performs many full 36@otations dur-  significant part of the total field. As the figure shows, the
ing the event. The agreement between the three spacecrafteasurements along the common axis agree remarkably well
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in this case, for which that axis is almost transverse to theeeam at ESTEC. We acknowledge the excellent operations support
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