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Abstract The Rosetta dual Langmuir probe instrument, LAP, uses agpapheri-
cal Langmuir probes to measure basic plasma parametenghgitim of providing
detailed knowledge of the outgassing, ionization and sylesat plasma processes
around the Rosetta target comet. The fundamental plasnpepies to be studied
are the plasma density, electron temperature and plasmaéiowity. In addition,
it is possible to study electric fields up to 8 kHz, plasma dgrfisictuations, space-
craft potential, and integrated UV flux. In this paper, weserrd the LAP instrument
and its operational modes, and discuss its performance @ptimet in light of data
acquired during the Rosetta swing-bys of Mars and Earthtdiothe data hitherto
gathered are from the tenuous solar wind plasma. We showLfiatcan detect
weak density variations in this plasma at high time resohytivhich implies that
LAP will be a sensitive indicator of early comet activitygiisl for mapping of active
regions by in situ detection of the ionized component of thilowing material.
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1 Introduction

Rosetta provides a unique opportunity to study a comet aectange for a long
time and in conditions varying from the (at least relativeddtivity at 3 — 5 AU
through the onset and development of full outgassing agtatiperihelion close to
1 AU. The Rosetta Plasma Consortium, RPC [1] exploits thizoojunity to study
the comet and its environment by providing a set of instrusieavering most as-
pects of the cometary plasma, among them a two-probe Lamdirabe instrument,
LAP (Figure 1). In this paper, we summarize the science goalshe design of the
LAP instrument, with particular emphasis on measuremeantenuous plasmas.
Such measurements are most relevant for the early comet phse Rosetta mis-
sion, where we expect LAP to be a sensitive detector of eartyatary activity. We
also review the operational modes. A more complete desmnif measurement
principles and instrument hardware can be found in referg2ic

The primary tasks of LAP are to measure the fluid parametgrkasfna density,
electron temperature and plasma flow speed, essential tahamacterization of
the cometary plasma. However, LAP is a multi-purpose imsémut, also providing
information on a number of secondary science goals: plagnaity fluctuations,
electric field measurements up to 8 kHz, spacecraft potettia integrated solar
UV flux, the effective ion mass and to some extent also dusigiaimpacts (see
also Table 1). The scientific problems we want to investigatediscussed in Sec-
tion 2. Section 3 outlines the measurement principles dnstibtes with some data
examples. Section 4 is a brief overview of the instrumentgheand operational
modes. We conclude by summarizing the outlook for LAP meaments at the
comet in Section 5.
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2 Scientific objectives

The LAP science objectives relate to the general scientifjeatives of the Rosetta
mission and of the RPC consortium. The special features &f inake it particularly
useful for the following studies, among others:

1. By monitoring the development of plasma density, electeonperature and flow
speed from the onset of cometary activity to the perihelid® will significantly
improve our view of cometary outgassing and the buildup ettthmetary plasma
environment.

2. By studying time and space variations of the fluid pararseitthe inner coma,
LAP will pave the way for a detailed understanding of thisioegincluding the
diamagnetic cavity where no in-situ observations haveiptsly been made.

3. By its ability to measure plasma density structures, LARiavestigate dynamic
featuresin the cometary environmentthat can be compagautttinked to comet
surface events as observed by other Rosetta orbiter insirism

4. By measuring density fluctuations and electric field \temies from zero fre-
quency up to 8 kHz, LAP will be able to investigate the stéypiind dynam-
ics of the cometary plasma environment in different stage®metary activity.
This is of particular interest on and inside the contactastef where no wave
measurements have yet been done.

5. By analysing LAP data together with data from other RP@umsents, it will
be possible to investigate a broad range of problems noesRBIC instrument
could cover on its own. Examples are interactions betwesririequency waves
and plasma particles (LAP-ICA-IES), MHD waves and contadiee properties
(LAP-MAG), and wave-wave interactions (LAP-MIP).

Table 1 Summary of parameters accessible to LAP. All the parametege for a given parameter
may not be accessible in one single operational mode, oflfpteama parameters. For example,
the lowest limit of sensitivity to plasma density fluctuatsocan only be obtained in the highest
density plasmas.

Quantity Range

Plasma density 1cnd -1 cm 3

Electron temperature ~ 10 meV — 10 eV (100 K - 1K)
Plasma drift velocity Up to 10 km/s

Electric field fluctuations Up to 8 kHz

Plasma density fluctuations 0.05 - 50%

Spacecraft potential +40V

Effective ion mass (weighted harmonic mean; 1 - 100 AMU
assumes density and flow speed known)
Integrated solar EUV flux (fone < 1000 cn1®)
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Fig. 2 Principles for LAP measurements. Numbers in parenthef@s t@ Sections in the text.

3 Measurement principles

A spherical Langmuir probe is a conceptually simple dewicgjs nevertheless able
to provide data on a multitude of plasma parameters. Thefusegrobes extends

these possibilities further, particularly when coupleds¢osatile electronics. LAP

does the best of these possibilities by implementing sérezasurement principles,
as described below and illustrated in Figure 2.

3.1 Bias voltage sweeps

For the measurement of electron number density and eletenoperature, the stan-
dard measurement technique is the Langmuir probe bias sWwheprobe potential
with respect to the spacecrai¥g, is varied and the current collected by the probe,
Ip, is recorded. By comparison to theoretically predictedentrvoltage relations,
fundamental plasma parameters can be inferred, most gdtebklectron number
densityne and temperatur&. This is a standard technique in the laboratory as well
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as in space, including the Vega flyby of comet Halley [3] and<ia at Saturn and
Titan [4]. During the Rosetta mission, LAP will encounteideily different plasma
regimes, and the appropriate probe theory will vary accwylgh

Details of some bias sweeps, obtained in different spaceécments, were
shown in Reference [2]. In Figure 3, the lower panel contaieslour coded sum-
mary of all sweeps obtained near closest approach of the antt Ewing-by on
November 13. The plasmasphere was encountered twice 2880 and 21:15),
as is clearly seen from the higher currents seen for poditagvalues, correspond-
ing to higher electron density. One can see a similar sigaadiso for the ions,
collected at negative bias voltages, though the ion cuokoburse is weaker.

For supersonic ion flow (thermal speed above flow speed),mkiexpected to
be the case in the inner coma [5], one can derive an averaggifokinetic energy.
If the flow speed (Section 3.2) and ion charge are known tlugiges an estimate
of the effective ion massy [4].

When the photoelectron current emitted by the probe can tssuned, it can
be used to estimate the integrated solar EUV flux [6], whictuin can give infor-
mation on the gas and dust in a column of the coma from the spaftéowards
the sun. In tenuous plasmas, sunlight on the probes makssttge to measure the
spacecraft potential and the electric field (Section 3.3).

Rosetta RPC-LAP  2nd Earth Swing-By = November 13, 2007

8000

6000

Frequency [Hz]
B
o
o
o

2000

o
Now
o

Bias voltage [V]

[N

<
c
o
=
=3
2
€
o
5
o
o
=1
<}
o

15

-30
20:00 20:10 20:20 20:30 20:40 20:50 21:00 21:10 21:20 21:30
UT on 2007-11-13

Fig. 3 Summary of LAP data around closest approach on the 2nd Egity flop panel: power
spectrum of current fluctuations seen on probe 1. Lower pgmebe bias sweeps presented in
colour code, with the probe current to probe 1 at fixed bias5(19 denoted by a black line (in
units of uA multiplied by 4).
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3.2 Probe current fluctuations

By keeping the probe bias voltage constant (usually p&itbne can study the
changes in probe current caused by variations of plasmatgemsl temperature.
Assuming isothermal or adiabatic conditions, this can lelus estimate the rel-
ative electron density variationdne/ne, up to a frequency which varies with the
plasma conditions but can be determined from a probe biaspaed electronics
performance [7]. Above this frequency, which for Rosettaidglly lies in the kHz
range, the currentis mainly due to capacitive coupling éovibitage fluctuations in
the plasma, so that we measure electric fluctuations rdthardensity fluctuations
at the highest frequencies.

The top panel of Figure 3 shows the power spectrum (up to 8 kHhe current
to probe 1, at 19.5 V bias w.r.t. the spacecraft, measuredhdrdosest approach on
Rosetta’s 2nd Earth swing-by. Natural waves are easilytegotvith the strongest
emissions in the sunlit plasmasphere (around 21:10). Irather panel, we also
show the time series of this probe current at a lower sampéitey(57.8 samples/s,
c.f. Section 4.2). While this signal does not give the pdbsilo disentangle density
from temperature in the way possible from the bias sweepsgitides much better
temporal resolution.

By using two probes separated in space, one can also stupggation proper-
ties of waves and plasma structures [8]. Close to the comeplasma and neutral
gas flow should be coupled [5], so LAP can also provide infdimmaon the flow
speed of the neutral gas.

3.3 Electric fields and spacecraft potential

When Rosetta first arrives at the comet, the solar distarlaege and the cometary
activity is low. The coma is therefore not fully developeddahe plasma condi-
tions close to the comet are expected to be more like the naohar wind [5].
Any measurements of probe current, using the principlenedgtin Sections 3.1
and 3.2 above, will therefore suffer from contamination bbelectrons emitted
by the spacecraft and its solar panels. For studying themalak/namics in these
circumstances, the LAP probes can also be operated withteotled bias current,
Ig, generally chosen to be such as to minimise the impact onrtiteesheath volt-
age by changes in the plasma parameters. In this bias medegidsured quantity is
the potential between the probe and the space®aftwhich is a sensitive measure
of the plasma density (see below). This technique actuellgs on the probe pho-
toemission [9, 10], and so works well down to very low deesitiThis is the main
science mode used for all cruise phase operations (se®%dc) except near clos-
est approach on the Earth swing-bys, where the dense plpkerass better studied
with the voltage bias mode.

The difference invpg between the two probes provides an electric field estimate
when divided by the probe separation. This technique haswikely used for elec-
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tric field measurements in space [10], including the Vegaeatoencounters [9, 3].
While LAP measurements of the quasi-static electric fielin-density situations
(Debye lengtp = boom lengthL) are complicated by the obvious asymmetries
in the boom configuration (Figure 1), the AC electric field cenmonitored up to
8 kHz. Frequencies above 7 kHz are covered by the MIP instntifié].

The value olVpsitself for a sunlit probe at negative bias current relatesdrly
[12] to the spacecraft potential with respect to the plasvigawhich is the basic
parameter describing the spacecraft-plasma interactidratso is a proxy for the
the electron number density in tenuous plasmas after a#ililor to other plasma
density measurements. Pedersen et al. [9] MWpeaneasurents from Vega to infer
electron densities and temperatures during the Vega eteronith comet Halley.

Figure 4 shows example data from the Rosetta Mars swing-bglmuary 2007.
While all the orbiter payload had to be switched off at closggproach for eclipse
power budget reasons, RPC was switched on in time to captei@itward passage
of the Martian bow shock, which is seen in the figure. At thetstathe interval,
Rosetta is inside the bow shock. We here find a gradually &singVps, corre-
sponding to a similar increase in plasma density, probabk/td changing solar
wind conditions. Preliminary comparisons to Mars Expre&PERA-3 ion data
[13] suggest that the range s covered in the plot translates to a plasma density
range of approximately 4 to 10 cri. Around 04:02, the density drops as Rosetta
crosses the bow shock and enters the solar wind. Close t@ ,0éh® bow shock
expands past Rosetta, possibly due to the solar wind peessuirning to lower val-
ues, and LAP again observes denser magnetosheath plassstaRmally leaves
the magnetosheath around 04:10.

Figure 4 also shows a lot of other details, correspondingtesity variations on
the order of 0.1 cm® or 1%. As expected, the density fluctuations are strongéein t
magnetosheath than in the solar wind. The plot illustrdtaBtsis a sensitive mea-
sure of plasma density available at high time resolution§%¥z in this case). We
therefore expect LAP to be able to detect structured and weadetary outgassing
activity through its ionized component soon after arrivdha comet. Mapping LAP
Vps around the nucleus may thus be an efficient way to identifiv@cegions on
the comet.

-0.6 L L L L L L L
02:45 03:00 03:15 03:30 03:45 04:00 04:15 04:30 04:45
UT on 2007-02-25

Fig. 4 A slow density increase in the Martian magnetosheath angpaldensity changes at three
crossings of the bow shock are observed as signatures inrAR&/jts data gathered on the outward
leg of the Rosetta Mars swing-by on February 25, 2007.
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4 Instrument hardware and operations
4.1 Sensors

The LAP sensors are spheres of 25 mm radius, mounted on 15tebs”svhich in
turn are attached to the ends of the spacecraft booms by # (fégure 5). Probe 1
(often referred to as P1 or LAP1) is mounted on the "uppertspeaft boom, also
carrying the RPC-MIP antenna. This boom, which is 2.24 m mgte from hinge
to probe, is protruding from the spacecraft at an angle 6ftd5he nominal comet
direction (thez axis in Figure 1). By pointing to the comet, probe 1 will getess
to a plasma flow from the comet as undisturbed as possibleyogtecraft sheath
or wakes, wihout interfering with the field of view of otherstruments. Probe 2
is mounted on the "lower” boom, also carrying the RPC-MAG ss#B, which is
1.62 m from hinge to probe. The distance between the probe2®Gm, and the
probe separation in the nominal comet direction, relevanflbw measurements
with the interferometry technique (Section 3.2), is 4.55 m.

The probes are lightweight (40 g) titanium shells, and thbstare made from the
same material (Figure 5). The probes are electrically atedl from the stubs, but
the stub is bootstrapped to the same potential as the adjzcd® by the instrument
electronics (Section 4.2). Probes and stubs have a codttitgraum nitride (TiN),
which has a uniform work function, is mechanically robust @ chemically inert
[2, 14]. A single probe, identical to the LAP sensors, is a@ienal with the Cassini
RPWS instrument [15], providing excellent data [16, 4] withsign of degradation
after ten years in space.

Fig. 5 LAP hardware. At
left one of the two probes;
at right the top of the RPCO
electronics box with the lid
open, exposing the LAP
analog board. The probe
and its supporting rod (stub)
are made of titanium with a
titanium nitride coating.
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4.2 Electronics

The LAP electronics are mounted on two circuit boards in tRE€R common elec-
tronics box [1]. One of the boards holds the digital progggsinit (DPU), while the
other board (Figure 5) contains the sensor analog elecsanierfacing the DPU
to the LAP sensors. The LAP electronics are well describseldiere [2]: we here
just review the basic properties, directly relevant forieasurements.

The analog electronics are designed so that the two prolvesithentical capa-
bilities and can be operated independently of each othereXxample, both can be
operated in any of the two bias modes (voltage or current b&esSection 3 above),
and the bias mode of one probe can be chosen to be the samé&oerdifrom the
other.

The two spheres can be individually biased within the raf@d V when in
Langmuir mode, and withint44 nA in electric field mode. Probe bias voltage
sweeps can be performed over the full measurement rangsdatitions down to
0.25 V. In the inner coma, electron temperatures (in eV)wealis minimum step
size value are expected [5]. To properly resolve such lowe&bfTs, it is possible
to perform high-resolution sweeps at step sizes down to 1@wuev+1.2 VV around
an offset bias which can be set by command or onboard softiwaralues in the
range—8 V to +9 V. Electrostatic cleaning [17] of the probes is providedthy
+31V bias voltage.

Probe 2 can be used by the RPC-MIP instrument for its longyBééngth (LDL)
mode [11]. In this mode, MIP uses LAP probe 2 for transmissiod the MIP an-
tenna on the upper boom for receiving, thereby getting adobgse line, appropri-
ate for low plasma densities. LAP cannot use probe 2 at the sane as MIP, but
can continue operations using probe 1 only or time-shareeg2owith MIP.

The plasma densities expected during the Rosetta missars §gpme six order
of magnitudes, from sometimes below 1 chin the solar wind to possibly as high
as 16 cm~2 in the fully developed cometary coma. This implies an appnaxely
equal variation in probe currents, though there is littledhé cover the full bias
voltage range in the densest plasmas. Two measuremenstraregierefore imple-
mented: low gain spanning10 yA, and high gain spanning200uA. The voltage
measurements (electric field mode, Section 3.3) alwaysrco®é V.

Two analog-to-digital converters (ADCs) are connecteaittheprobe: one 16 bit,
operating at 18 750 samples/s, and one 20 bit, acquiring $&&héles/s. The in-
clusion of two ADCs for each probe makes it possible to sawegssing power
in low-telemetry mode operations and provides some recrydd hree four-pole
analog low-pass filters are implemented for each probe: tierdj selectable by
multiplexor, for the 16 bit ADCs with corner frequencies &tz and 8 kHz, and
one for the 20 bit ADC, with a corner frequency of 20 Hz. Addlital digital filtering
is available in software (Section 4.3).
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4.3 Operational modes

LAP can transmit data to the PIU at three different rates:bit/8 (low telemetry
rate, or LM), 62.5 bit/s (normal telemetry rate, or NM) or 325t/s (burst telemetry
rate, or BM). Even the highest TM rate barely allows the traission of all data
produced by even the two low rate 20-bit ADCs, and nothing tie& 600 kbit/s
produced by the two high rate 16-bit ADCs can ever be trartiechifor the highest
frequencies, the mainly used approach is to take data dirfidlresolution during a
short time span, to get information on phase as well as andglifor any observed
waves.

To provide flexibility over the mission lifetime of more thaen years, the in-
strument operational modes are defined as "macros”, i.eataple command se-
guences that can be uploaded to the spacecraft and stohed ieitEEPROM for
execution at any time or directly into RAM for immediate uBeset of basic macros
are also included in PROM. The macros can control any asgegheanstrument,
including bias modes, bias values, measurement rangepswaealog and digital
filtering, and ADC selection, but must conform to the telemyeate.

The macro programming makes it possible to optimize oparatior each sci-
ence task and mission phase without need for large commdimk wplumes: the
macros are short lists, and once loaded, they are invokedsbhgée command se-

Table 2 LAP macros used during the second Earth swing-by, Novemb@r,22xamplifying the
LAP measurement capabilities. 11 is current to P1, V2 veltag P2 etc. Thésampis the resulting
sampling frequency after possible downsampling in sofw&ias sweeps and wave snapshoths
are not continuous but occur with a cadency (repetition) natech is a multiple of 32 s. Further
explanations are given in the text.

[MacroID | 104 | 600 | 604 | 704 705 | 706
Purpose Calibratior)Sweeps, wavgSweeps, waveg/sc, wavesVsc, wavesVsc, waves
cont. current
TM rate NM NM BM BM NM BM
Bias mode NN NN NN E- (LDL) EE EE
Fix bias P1 - +20V +20V -29 nA -29 nA -29 nA
Fix bias P2 - +20V +20V - +3 nA +3 nA
Continuous data (20-bit ADCs)
Sampled daff - - 11,12 V1 V1 V1, V2
famp Hz] | - - 28.9 57.8 0.9 57.8
Wave snapshots (16-bit ADCs)
Sampled daf - 11,12 11, 12 V1 V1-V2 V1-Vv2
feamp [HZ] - 18750 18750 18750 18750 18750
Samples - 256 1840 2416 272 2624
Cadency [s] - 256 96 32 160 96
Bias voltage sweeps (16-bit ADCs)
Probes Internal P1, P2 P1, P2 - - -
Cadency [s] 288 256 96 - - -
Range [V] [-30, +30]| [-30, +20] [-30, +20] - - -
Step [V] 0.25 0.25 0.25 - - -




Rosetta Langmuir probes 11

quence. Table 2 shows the macros used during the secondsiaantby in Novem-
ber 2007. Of these, the first two can be seen as diagnosticspetiée the last four
are science macros. Macro 104 performs internal calibratisweeping the bias
voltage with the probes disconnected to establish intarffiséts for on-ground cal-
ibration of the data from other macros. Macro 600 was alsa dige diagnostic
purposes, to establish the photoelectron saturationrifinem the probes at a few
times during the swing-by.

LAP operated for two weeks around closest approach, anedmitk of this time
was spent in the tenuous plasmas of the solar wind and thesteal magnetotail,
the macros used for the science operations mainly cond¢edtom\Vps measure-
ments (3.3). Macro 705 provides such measurements at afr@t® samples/s for
the normal mode (NM) telemetry allocation, together withhars record of wave
data to 8 kHz every 160 s. For the 24 hours around closest apiprohen RPC
had burst mode (BM) data rate, macro 706 provides the sangeatlahuch bet-
ter time resolution. When probe 2 was handed over to the MéRument for the
LDL mode (Section 4.2), macro 704 was used instead. Onlycstest approach
did Rosetta enter plasmas of sufficient density for makirgubltage bias mode
(Sections 3.1 and 3.2) useful. For this period we used ma¥to@ovided sweeps,
continous probe current measurements at 28.9 samplesfixeddias voltage, and
short burst of data to 8 kHz: an overview of the resulting da&hown in Figure 3.

5 Outlook

In this paper, we have summarized the scientific expecttionthe LAP instru-
ment and the methods it implements for fulfilling these sthating with data from
the Earth and Mars flybys. The first task facing LAP at the cowikktoe to detect
and map early cometary activity, which it can do by high sinsi in situ mea-
surements of plasma density structures. This capability examplified with data
from the Martian magnetosheath and bow shock, and we exipacsimilar data
gathered close to the comet will provide good spatial régmiwf the structure of
the cometary outgassing through its ionized components.

Closer to comet perihelion, we expect a much denser plaswieoement, at
least as dense as at the terrestrial plasmasphere encshtsvn here. Different
biasing modes (current and voltage bias, respectively)ogiloptimal in these two
plasma regimes, and LAP has the capacity to cover both atrbagiution.
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