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Abstract

The Grain Impact Analyser and Dust Accumulator (GIADA) instrument onboard Rosetta
studied the dust environment of comet 67P/Churyumov—-Gerasimenko from 3.7 au inbound, through
perihelion, to 3.8 au outbound, measuring the dust flow and the dynamic properties of individual
particles. GIADA is composed of three subsystems: 1) Grain Detection System (GDS); 2) Impact
Sensor (IS); and 3) Micro-Balances System (MBS). Monitoring the subsystems’ performance
during operations is an important element for the correct calibration of scientific measurements. In
this paper, we analyse the GIADA inflight calibration data obtained by internal calibration devices
for the three subsystems during the period from 1 August 2014 to 31 October 2015. The calibration
data testify a nominal behaviour of the instrument during these fifteen months of mission; the only
exception is a minor loss of sensitivity for one of the two GDS receivers, attributed to dust
contamination.

Keywords: Rosetta ESA Mission; GIADA,; Dust instrument; Inflight calibration; Performance
monitoring.

1. Introduction

Starting from the 1960s, various types of in-situ dust detectors have been developed and
flown on several space missions (McDonnell, 1978) in order to characterise cometary, planetary
and interplanetary dust environments. Exploiting various detection techniques, dust instruments
were able to measure particle sizes and flux and to provide information on their physical and
dynamical properties. Impact ionisation detectors (Auer and Sitte, 1968), mounted onboard Pioneer
8 and 9 (Berger and Richardson, 1969), Heos 2, Helios (Dietzel et al., 1973), Ulysses (Griin et al.,
1992a) and Galileo probes (Grin et al., 1992b), provided mass and velocity of the impacting
particles, by measuring the charge released from their hypervelocity impact onto a solid target.
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Penetration detectors, i.e. cells pressurised with gas and equipped with a pressure-monitoring
device, were installed on Pioneer 10 and Pioneer 11 probes (Humes, 1980). A particle penetrating
the cell generates a gas leakage, with consequent pressure loss recognised as an impact (O’Neal,
1974); this allows measurement of the dust flux. Polyvinylidene fluoride (PVVDF) impact sensors
were mounted onboard Vega 1 and 2 (Simpson et al., 1987), ARGOS (Tuzzolino et al., 2001) and
New Horizons (Horanyi et al., 2008) space probes to detect high-velocity particles. Dust particles
penetrating the thin PVDF film cause a localised volume depolarisation of the material and
consequently a charge pulse in an external circuit. The amplitude of the pulse is proportional to the
mass and velocity of the penetrating particle (Simpson and Tuzzolino, 1985). Lead zirconate
titanate piezoelectric sensors (PZTs) were used on GIOTTO (McDonnell, 1987) and PROBA-1
missions (Leese et. al., 1996). The PZTs are microphones that detect the bending waves produced
by a particle impacting onto a target surface and thus measuring the released momentum
(McDonnell, 1969). Quartz Crystal Microbalances (QCMSs) are used to measure integrated mass
flux. The QCMs determine the cumulative mass of sub-micron and micron-sized particles collected
on a sensor quartz crystal by measuring the resonance frequency variation with respect to a
reference quartz crystal (McKeown, 1998; Sauerbrey, 1959). These sensors were used as dust
collectors on Mars Pathfinder Mission (Landis et al., 1996) and as molecular contamination
monitoring systems on MSX (Wood et al., 2000) and SDS-4 (Nakamura et al., 2013) satellites, on
the Space Shuttle (Soares et al., 2002), and on the International Space Station (Tighe et al., 2009).

Some in-situ dust detectors were developed combining different detection techniques. Notable
examples are: the Giotto Dust Impact Detection System, DIDSY (McDonnell, 1987), the CDA
onboard Cassini (Srama et al., 2004), the DFMI onboard Stardust (Tuzzolino et al., 2003) and the
Grain Impact Analyser and Dust Accumulator (GIADA) (Colangeli et al., 2007) onboard Rosetta
(Fig. 1). GIADA combines three different detection subsystems: the Grain Detection System
(GDS), able to detect individual dust particles by means of a laser curtain without affecting particle
dynamics (Mazzotta Epifani et al., 2002); the Impact Sensor (IS), consisting of five PZT sensors
connected to an aluminium plate and measuring the momentum released by an impacting particle
(Esposito et al., 2002); the Micro-Balances System (MBS), composed of five QCMs, which
measure the cumulative mass of particles smaller than 5 um in diameter (Palomba et al., 2002).

Launched on 2 March 2004, Rosetta reached the comet 67P/Churyumov—-Gerasimenko (67P
hereafter) on 6 August 2014; since then it continuously monitored the 67P nucleus and its activity
along its orbit from 3.7 au inbound to perihelion (13 August 2015) and outbound to 3.8 au. GIADA
detected the first dust particle on 1 August 2014 and since then it monitored the evolution of the
67P dust environment (Della Corte et al., 2015, 2016b; Fulle et al., 2015, 2016a, 2016b; Grin et al.,
2016; Rotundi et al., 2015). During the mission, we monitored the functional parameters of the
sensors, evaluating their health status and checking their performance over time and in different
environmental conditions. The laser emission intensity (Pankove, 1968; Xiang et al., 2009) and the
QCM crystals resonance frequency (Palomba et al., 2002; Soares et al., 2002; Tighe et al., 2009)
are sensitive to the operative environmental conditions, e.g. the temperature. The PZT sensors are
sensitive to temperature variations (Sabat et al., 2007; Sherrit et al., 1999) and sensor ageing
(Berlincourt et al., 2000). Temperature variations are induced by Rosetta spacecraft - Sun distance
changes and by specific observational geometries. It is pivotal to monitor the behaviour of the three
GIADA subsystems, as done by Della Corte et al. (2014) during the Rosetta cruise phase.

In the present work, we study GIADA performances from the Rosetta rendezvous with
comet 67P until a couple of months after perihelion, i.e. from 1 August 2014 to 31 October
2015. The spacecraft thermal conditions, mainly influenced by the heliocentric distance,
represent one of the most critical aspect that can affect GIADA performances. In order to
monitor the subsystems behaviour in the entire range of temperatures faced by GIADA, we
selected the inflight calibration data acquired every hour during the inbound branch orbit,
i.e. with Rosetta escorting comet 67P while approaching perihelion. As a confirmation of the
thermal behaviour results, we also included a small portion of the outbound orbit, i.e. about
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two months and a half after perihelion.

Fig. 1: (a) GIADA, installed on the nadir panel of the Rosetta spacecraft, during the thermal test performed
in 2002 in the Large Space Simulator at ESA's ESTEC facility, The Netherlands (Photo: ESA/A. Van Der
Geest). (b) GIADA Proto Flight Model (GIADA PFM), operating in a clean room in our laboratory.

2. GIADA subsystems

The GIADA instrument and its performances are described in Colangeli et al. (2007) and in
Della Corte et al. (2014), here we recall the main characteristics of the sensors of the three GIADA
subsystems. The GDS is made up of four SDLO-4001 InGaAs CW (continuous-wave) laser diodes
(A= 915 nm), operated in pair pulsed mode at 100 kHz, i.e. four lasers are switched on/off two
by two at 100 kHz (Mazzotta Epifani et al., 2002), creating a 100 mm x 100 mm x 3 mm laser
curtain (Fig. 2). Each laser module is equipped with a thermistor and a photodiode, to monitor the
laser diode temperature and the output light signal, reported in the subsystem’s housekeeping
telemetries. A system of mirrors (periscope group) deflects the laser beam outside GIADA through
a slit. The two GDS receivers (Left and Right receivers) are made of two series of four PIN
photodiodes, mod AME AE-945, coupled with Winston cones (used as collimating optics), and
placed at 90° with respect to the laser source. In front of each cone an interference filter is installed
to optimise the transmission of the radiation peaked at A=915 nm (Mazzotta Epifani et al., 2002).
The GDS receivers and the proximity electronics have been designed and built to minimise the
effects induced by temperature changes and stray light. Stray light is minimised by double
subtraction, that removes the spurious common-mode light, and capacitive coupling that cuts the
continuous contribution (Fig. 3).
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Fig. 2: The laser illuminator subsystem and its power supply block diagram (modified from Calamai et al.,
2000).
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Fig. 3: Diagram of the proximity electronics of one of the two GDS receivers. The photodiode signals are
converted into voltage and subtracted from the adjacent photodiodes, then the two resulting voltages are
subtracted at the second amplification stage, where the signal is amplified 20 times (A). The capacitive
coupling (B) between the second and the third stage eliminates the DC component of the signal and keeps
the 100 kHz modulated component scattered by the dust particle crossing the laser curtain (modified from
Epifani, 2000a).

The IS (Esposito et al., 2002) consists of five lead zirconate titanate ceramic piezoelectric
transducers (model PZT5A produced by Morgan Matroc with Curie Temperature T¢ = 365°C),
resonating at 200 kHz and installed under the centre and below the four corners of a square
aluminium plate (124 mm x 124 mm x 0.5 mm). The IS proximity electronics consist of five pre-
processing circuits, one for each PZT. The signal, recorded by each PZT, is processed by a
dedicated circuit (Esposito, 2001) and transferred to the main electronics where it is compared with
the threshold set in a dedicated comparator (Vergara and Olivares, 2000). The IS is equipped with a
sensor to monitor the plate temperature. An additional piezoelectric device (PZTcy) is placed under
the plate between PZT1 and PZT5 (Fig. 4) to act as an internal calibrator monitoring the IS
performance in time and at different environment conditions, e.g. operative temperatures. A
voltage pulse of a pre-defined level, applied to PZT¢y, produces the IS calibration stimulus. The
calibration is applied periodically or triggered by ground telecommand. The voltage level and the
number of stimuli are two settable parameters; the default values for periodic calibration are:
calibration level = 10 V, and number of stimuli = 4. The PZT¢, generates a mechanical stimulus to
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the IS plate; the resulting bending wave propagates at 200 kHz along the plate and is detected by
the five piezoelectric sensors. The PZTs sensitivity is monitored by analysing the measured signal
amplitude and the time delays with respect to the first detecting PZT. The amplitudes and the time
delays induced by the internal calibrator are recorded in the IS calibration telemetry packet.

®PZT5 PZT3 9
oPZT,_,
oPZTI1
o PZT4 PZT2

Fig. 4: Sketch showing the position of the five piezoelectric sensors plus the internal calibrator (PZTcq)
under the plate of the IS.

The MBS subsystem consists of five microbalances MK21, produced by QCM Research,
installed around the GIADA entrance and pointing in five different directions in order to
characterize the dust flux within a view angle of 180° (Della Corte et al., 2016a). Each QCM is
composed of two AT-cut quartz crystals (O’Sullivan and Guilbault, 1999), one exposed to the dust
environment and the other, isolated from the dust environment, acting as reference, resonating at 15
MHz. The change of the beat frequency is related to the accumulated mass deposited on the
exposed quartz crystal (Palomba et al., 2002). A heating device is installed on each QCM to
monitor the frequency vs. temperature behaviour. These sensors are in general characterized by a
temperature dependence (Battaglia et al., 2004; Palomba et al., 2002; Tighe et al., 2009); this issue
can be solved by performing frequencies readings at fixed temperatures. In order to evaluate the
amount of mass accumulated on the QCMs, we identify for each of them the most recurrent
temperature registered (reference temperatures) and we consider the frequency readings only
when it occurs (Della Corte et al., 2015). The heating device can be also used to sublimate any
volatile component deposited on the quartz sensors.

3. Data Analysis
3.1 Grain Detection System receivers

For each GDS receiver (Left and Right channels), two quantities are measured independently
every hour and recorded in the GDS calibration telemetry: the mean noise signal (“GDS mean”) and
its standard deviation (“GDS standard deviation). These are evaluated, for each receiver, over a
sample of 32 measurements acquired in about 1 second, i.e. a time interval during which it is
highly improbable that the detection of a dust particle occurs. The GDS mean values recorded
during the period under study are reported in Fig. 5.
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Fig. 5: Noise signal (GDS mean) for the Left (circles) and Right (diamonds) GDS receivers collected from 1
August 2014 to 31 October 2015. The Left receiver data < 0.2 V and the Right receiver data < 0.1 V,
enclosed in the dashed rectangle (bottom right), correspond to the saturation of the GDS receivers (Della
Corte et al., 2014).

On 1 August 2014, the mean noise level of the Left channel (circles in Fig. 5) was at ~1.0
V. This value is comparable to the one recorded at the end of the Rosetta cruise phase and
confirms the Left channel increase of noise level occurred after payload checkout 9 (Della
Corte et al., 2014). The noise level of this channel significantly increased during the mission.
Probably this was due to dust contamination of the GDS optics, e.g. periscope group (Epifani,
2000a), which induced an increase of the internal stray light. The first significant noise step
occurred on 20 December 2014, when the signal increased from about 1.4 V to ~3.3 V. The
contamination could be due to a “dust shower” (Fulle et al., 2015), but this cannot be confirmed as
the GDS subsystem was switched off for four hours on 20 December 2014. On 16 March 2015 the
noise increased from ~3.4 V up to ~3.7 V, when a high dust detection rate was registered. On 29
March 2015, the Rosetta spacecraft went to “Safe Mode” switching off all the instruments,
including GIADA. During the emergency switch off procedure the GIADA cover was closed. When
GIADA was switched on again on 14 April 2015 the noise was at ~3.9 V. The contamination could
be due to dust accumulated in the GIADA cover during the previous months of measurements and
falling onto the GDS optics when the cover was closed. The hypothesis that the noise increase was
due to the dust deposited onto the GDS optics is supported by the noise trend recorded between 17
July 2015 and 14 August 2015, i.e. around perihelion when the dust detection rate was high.

On 7 September 2015 the laser temperatures increased, with values near to their soft-limits,
due to the illumination conditions. In order to avoid over stress to the GDS, the subsystem was
switched off from 8 to 12 September. At the following GDS switch on a slightly lower noise level
(~3.8 V) was observed. This was due to the higher laser temperature, which results in a lower light
intensity (Section 3.2) and a consequent stray light decrease in the receivers. An issue with the
Rosetta spacecraft Solid State Mass Memory (SSMM) occurred on 15 September 2015. To perform
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the recovery actions GIADA was off with the cover open, from the 18 to 21 September. When
GIADA was switched on the noise level was at ~4.2 V and after a series of fluctuations it stabilised
at ~4.0 V, on 31 October 2015. This behaviour was due to the trend of the laser temperature
induced by the specific observing geometry.

The mean noise level of the Right channel (diamonds in Fig. 5) is generally lower than for the
Left channel and does not show significant increases. The tests carried out on the GDS receivers
during the on-ground calibration activity (Epifani, 2000a) and the analysis of the data
acquired during the cruise phase (Della Corte et al., 2014) showed that the Right channel was
less affected by stray light than the Left one. This was due to a lower light intensity of the
laser mounted close to the Right channel with respect to the light intensity of the laser
installed close to the Left channel. For the whole period under study only a slight increase from
~0.2 V to ~0.3 V was registered on the Right channel, which produced negligible effects on its
performance. On the contrary, the noise increase for the Left receiver affected the sensitivity range
of the measurable particle cross sections, reducing its upper limit to 24% of the original value.
Despite this, the GDS was still able to detect and measure every individual particle crossing the
laser curtain for the entire period of the Rosetta scientific operations.

As explained by Della Corte et al. (2014), the GDS receivers can be saturated by direct Solar
illumination at Rosetta - Sun distances lower than 2 au. This is the case for the data enclosed in the
dashed rectangle reported in Fig. 5, where the mean noise levels of both the Left and Right
receivers are lower than 0.2 V and 0.1 V, respectively. The low noise values are produced by the
saturation of the second amplification stage (A in Fig. 3); this continuous signal is cut by the
capacitive coupling (B in Fig. 3).

3.2 Laser light emission

We analysed the light emitted by each of the four laser photodiodes as a function of the laser
operative temperature, during the period 1 August 2014 — 31 October 2015. The almost linear
relation between the laser emitted light and the operative temperature is nominal and similar those
observed during the Rosetta cruise phase (Della Corte et al., 2014) and during on-ground calibration
(Epifani, 2000b). Fig. 6 shows as an example the laser 1 emitted light versus its operative
temperature.
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Fig. 6: Laser 1 emitted light versus the operative temperature. The linear trend indicates nominal laser
behaviour.

We investigated the effect of the laser light emission variations on the measurement of the
dust particle cross section. A reduction in the laser light emission implies that a particle crossing the
laser curtain is illuminated with a lower light intensity and thus scatters a smaller amount of light,
hence mimicking the behaviour of a particle with smaller cross section. Characterising the laser
light emission as a function of the temperature is critical to constrain the measurement error on the
particle cross section. To define and evaluate this error we ran a dedicated test on the GIADA Proto
Flight Model (hereafter GIADA PFM, Fig. 1), available on-ground and operated in a clean room in
our laboratory (Della Corte et al., 2016a). The laser emitted light measured by GIADA in flight
until 20 December 2014, i.e. when the first significant GDS receiver contamination occurred,
showed a maximum laser emitted light variation of ~44 mW, due to the operative temperatures. To
reproduce a similar laser emitted light variation on GIADA PFM we increased the lasers’ power by
about 16%. We simulated the particle crossing using a thin glass needle placed in the laser curtain.
Such a power variation induced a maximum GDS signal variation of about 5%. Since the cross
section is proportional to the square of the scattered light signal (Della Corte et al., 2016a), the
maximum uncertainty induced by laser emitted light variations on the particle cross section
measurements is about 10%. These uncertainties are negligible within the procedure we followed to
obtain the calibration curves (Della Corte et al., 2016a) necessary to derive the particle cross
section.

3.3 Impact Sensor

The IS internal calibrator (PZTc,) can be used to check the behaviour of the IS subsystem, in
particular of the signal amplitude and the bending wave propagation times over the sensing plate
(time delays). To evaluate the IS performance from August 2014 until October 2015 we calculated
the mean and the standard deviation for all the calibration measurements performed. As an
example, we report the results obtained for five months of the whole studied period (Fig. 7). The
calibrator signal amplitude mean values are reported in Fig. 7a; the standard deviations are not
visible in the plot because they are negligible. These results show a very stable behaviour of the
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piezoelectric transducers: the measured signal amplitudes do not vary, except for PZTs 3 and 5 that
show some minor fluctuations, i.e. well below 2% of the signal average value recorded during the
entire period under study. The time delays measured by the counters linked to the five piezoelectric
transducers are plotted in Fig. 7b. The average time delay values remain constant except for PZT3
which shows a small variability. However, this variation is insignificant; in fact, it is smaller than
the time resolution of the counter (3 ps).

The electrical noise of the IS acquisition chain during the studied period remains constant: the
rate of spurious detections due to spikes or electrical noise does not show any variation.
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Fig. 7: 1S internal calibrator signal amplitude means (a) and time delay mean values (b) for selected months,
for each of the five piezoelectric transducers. Each plotted value represents the average of signal
amplitudes and time delays, calculated over the whole selected month.

For the whole considered period, the signals recorded by the 5 PZTs sensors didn’t show
any significant systematic variations, leading us to conclude that the PZTc, did not suffer any
performance degradation due to age or operative temperature variation. If a PZTc, decrease
in performance had occurred, due to sensor ageing or operating temperatures, we would
expect to observe the same behaviour also on the other PZTs, resulting in significant
variations of their signals prompted by the calibration stimulus. Indeed, in case of a lower
piezoelectric conversion efficiency, PZT ¢, would produce less intense stimuli on the IS plate,
the other PZTs would respond less to the stresses and so the effect would result in weaker
PZTs output signals.

3.4 1S Cross-talk

We performed calibration activities on the IS GIADA PFM in the laboratory (Della Corte et
al. 2016a). Since we noted that the PZT2 sensor showed a non-nominal behaviour it was studied in
depth, stimulating the IS plate with different PZTc, amplitudes and by applying different PZT2
threshold values (Fig. 8a). Setting the PZT2 threshold to values lower than 280 mV, the higher the
PZTc, stimulus the lower the PZT2 signal (Fig. 8a). We find that the recorded time delays (

Tab. 1, GIADA PFM) are lower than the theoretical value (51 us), which is estimated
considering the geometrical configuration of the PZT sensors (Fig. 4) and assuming a constant wave
propagation speed of 1.711 mm us™ (Esposito et al., 2002). When the threshold is set to 280 mV the
signal rises linearly up to a stimulus of 6 V and then decreases (Fig. 8a). With the highest threshold
value and for stimuli of 7 V, we obtained a time delay close to the theoretical value (

Tab. 1, GIADA PFM). In this configuration, performing a best fit on the data up to 6 V,
we can estimate the PZT2 expected signal (about 3.2 V) for the highest stimulus. The signal
detected by PZT2, for highest amplitude stimulus, is instead ~1.5 V, lower than the expected
one. With a threshold lower than 280 mV, the PZT2 detected signal drops to 0.4 V (Fig. 8a).
All these considerations led us to conclude that GIADA PFM PZT?2 is affected by electrical cross-
talk, i.e. a signal detected by another PZT creates an undesired effect on PZT2. The analysis of the
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time delays measured during the cruise phase for the GIADA in flight PZT2 (Della Corte et al.,
2014) provided first evidence that it was affected by electrical cross-talk. In order to verify this
behaviour, we performed a dedicated test on GIADA in flight, reproducing the tests performed on
GIADA PFM in the laboratory. We used three different PZTc, amplitudes and three different
threshold values. The signals recorded by PZT2 on GIADA in flight are reported in Fig. 8b. The
test confirmed the non-nominal behaviour for the PZT2 in flight. Only when the threshold is set to
280 mV the PZT2 signal (Fig. 8b) increases linearly with the stimulus, but the time delays recorded
are always inaccurate. The time delays recorded with low threshold values are always shorter than
the theoretical delays (

Tab. 1, GIADA); the results demonstrated that the inflight PZT2 sensor is also affected by
electrical cross-talk. The full characterisation of the PZT2 behaviour allowed us to improve the
accuracy in the reconstruction of the impact position of a particle impinging on the IS plate by 25%
(Della Corte et al., 2016a).
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Fig. 8: (a) PZT2 signals on GIADA PFM in the laboratory vs. PZT¢, stimulus at different thresholds
(THS2); (b) PZT2 signals on GIADA in flight vs. PZT, stimulus at different THS2.

GIADA PFM (in the laboratory) GIADA (in flight)
PZT2 Thresholds PZT2 Thresholds

Stimulus 80 mV 100 mv 120mVv | 280mV | 100 mV | 120mV | 280 mV
v t [ At t | At |t | At |t | At | t | At| t | At | t | At
[us] | [ps]|[us]| [ms] |[ms]| [ws] |[us]|[ws]| [us] | [us]| [us] | [us] | [ps] | [us]

3 42 | 9 | 48| -3 |63 12|69 |18 - | - | - i e
4 30 |-21|36| -15 | 42| -9 | 63|12 | 48| -3 | 72| 21|87 |36

5 30 |-21|1 30| -21 |36 | -15| 63 | 12 - - - - - -
6 27 |-24|33| -18 |33 |-18 |63 | 12 | 33 |-18| 36 |-15| 78 | 27

7 27 |-24| 27| 24 |30 |21 (48| -3 | - | - | - - -] -
8 27 | 24| 27| 24 | 27| -24 | 42| -9 | 33 |-18| 30 |-21| 72| 21

9 27 |-24|30 | -21 |30 |-21 |39 |-12| - | - | - o e

Tab. 1. Time delays (t) recorded by the PZT2 sensors on GIADA PFM in the laboratory (left) and on
GIADA in flight (right), at different thresholds and using different stimuli for the internal calibrator. At is the
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difference between the recorded time delay and the theoretical time delay (51 us), estimated considering the
geometrical configuration of the PZT sensors and assuming a constant wave propagation speed of 1.711 mm
us™ (Esposito et al., 2002).

3.5 Micro-balances system

In order to monitor the five QCMs responses we analysed the frequency behaviour vs.
temperature during the heating process. As an example in Fig. 9, we report the frequency vs.
temperature trend for QCMDS, recorded during four different heating processes performed during the
cruise phase, March 2004 — June 2011(Fig. 9a), and during the Rosetta scientific phase, May 2014
— September 2016 (Fig. 9b). The curve trends are similar, showing only an upper shift in frequency
due to dust collection. The same behaviour has been observed for all the QCMs. The stability of
frequency vs. temperature curves indicates a nominal behaviour of the five microbalances along the
entire mission.

Cruise phase Scientific phase
3790 3790

(a) (b)
. 3770
van , 4 06-Mar-06 + 05-Aug-14
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o 3750 e
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Fig. 9: QCMS5 frequency vs. temperature during the active heating process performed during
the Rosetta cruise (a) and scientific (b) phases. The trend of these curves is in accordance with

typical behaviour for AT-cut QCM (Sauerbrey, 1959) and comparable with the frequency vs
temperature curves provided by the QCM manufacturer.

4. Conclusions

The GIADA inflight calibration data recorded from 1 August 2014 to 31 October 2015 were
analysed in order to evaluate GIADA performance throughout this period of the Rosetta mission.
We observed that the noise in one of the two GDS receivers (Left receiver) increased during the
considered period. This effect is attributed to dust contamination on the GDS optics. The noise
increase did not prevent GDS nominal operations. The only consequence was a reduced sensitivity,
with consequent reduction of the maximum dust particle cross section measurable by the Left
receiver. The lasers’ light emission maintained the nominal behaviour despite some variations due
to operative temperature changes, which did not introduce additional uncertainties in the
measurement of the dust particle cross sections.

The tests performed on GIADA in flight and on GIADA PFM confirmed that the PZT2
sensors of both GIADA models are affected by cross-talk. Taking into account this issue, the work
performed during the extended calibration activity (Della Corte et al., 2016a) allowed to improve
the accuracy of the dust particle impact position reconstruction. The analysis of the signal and of the
time delays recorded by the five PZTs, as a result of the IS calibrations, shows that the 1S
maintained a nominal behaviour during the whole examined period, with a good stability with
respect to the different observation conditions.

The MBS data obtained during the heating process demonstrate that the QCM frequency vs.
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temperature trends did not change.

We conclude that during the 86 months of cruise and the investigated 15 months of operation
GIADA operated under nominal conditions.
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List of figure captions

Fig. 1: (a) GIADA, installed on the nadir panel of the Rosetta spacecraft, during the thermal test
performed in 2002 in the Large Space Simulator at ESA's ESTEC facility, The Netherlands
(Photo: ESA/A. Van Der Geest). (b) GIADA Proto Flight Model (GIADA PFM), operating in
a clean room in our laboratory.

Fig. 2: The laser illuminator subsystem and its power supply block diagram (modified from
Calamai et al., 2000).

Fig. 3: Diagram of the proximity electronics of one of the two GDS receivers. The photodiode
signals are converted into voltage and subtracted from the adjacent photodiodes, then the two
resulting voltages are subtracted at the second amplification stage, where the signal is
amplified 20 times (A). The capacitive coupling (B) between the second and the third stage
eliminates the DC component of the signal and keeps the 100 kHz modulated component
scattered by the dust particle crossing the laser curtain (modified from Epifani, 2000a).

Fig. 4: Sketch showing the position of the five piezoelectric sensors plus the internal calibrator
(PZTca) under the plate of the IS.

Fig. 5: Noise signal (GDS mean) for the Left (circles) and Right (diamonds) GDS receivers
collected from 1 August 2014 to 31 October 2015. The Left receiver data < 0.2 V and the
Right receiver data < 0.1 V, enclosed in the dashed rectangle (bottom right), correspond to the
saturation of the GDS receivers (Della Corte et al., 2014).

Fig. 6: Laser 1 emitted light versus the operative temperature. The linear trend indicates nominal
laser behaviour.

Fig. 7: IS internal calibrator signal amplitude means (a) and time delay mean values (b) for selected
months, for each of the five piezoelectric transducers. Each plotted value represents the
average of signal amplitudes and time delays, calculated over the whole selected month.

Fig. 8: (a) PZT2 signals on GIADA PFM in the laboratory vs. PZT g stimulus at different
thresholds (THS2); (b) PZT2 signals on GIADA in flight vs. PZT ¢, stimulus at different
THS2.

Fig. 9: QCMS5 frequency vs. temperature during the active heating process performed during the
Rosetta cruise (a) and scientific (b) phases. The trend of these curves is in accordance with
typical behaviour for AT-cut QCM (Sauerbrey, 1959) and comparable with the frequency vs
temperature curves provided by the QCM manufacturer.
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List of table caption

Tab.1: Time delays (t) recorded by the PZT2 sensors on GIADA PFM in the laboratory (left) and
on GIADA in flight (right), at different thresholds and using different stimuli for the internal
calibrator. At is the difference between the recorded time delay and the theoretical time delay
(51 ps), estimated considering the geometrical configuration of the PZT sensors and assuming
a constant wave propagation speed of 1.711 mm ps-1 (Esposito et al., 2002).



Highlights

Highlights

1) We report on the performances of GIADA, an instrument onboard Rosetta designed to study the
67P/CG coma dust environment

2)Dust contamination of the Grain Detection System (GDS), a GIADA subsystem, did not prevent
its nominal operations

3)GDS temperature dependence did not add error in the particle cross-section measurements

4)During the first 15 months of measurements at comet 67P/CG GIADA operated nominally



Tablel

GIADA PFM (in the laboratory)

GIADA (in flight)

PZT2 Thresholds PZT2 Thresholds

Stimulus 80 mV 100mV | 120mV | 280mV | 100mV | 120 mV | 280 mV
M t | At t | At |t | At |t | At | t | At| t | At | t | At
[us] | [ps] | [us]| [ms] |[us]| [us] |[us]|[us]| [us] | [us]| [us] | [us] | [ps] | [us]

3 42 | 9 | 48| -3 |63 12|69 |18 - | - | - o A
4 30 |-21|36| -15 | 42| -9 | 63|12 | 48| -3 | 72| 21|87 |36
5 30 |-21|30| -21 |36 |-15|63 |12 - | - | - o e
6 27 |-24|1 33| -18 |33 |-18 |63 |12 | 33 |-18| 36 |-15| 78 | 27
7 27 |24 27| 24 | 30| -21|48|-3| - | - | - - -] -
8 27 |-24| 27| 24 | 27| -24 | 42| -9 | 33 |-18| 30 |-21| 72| 21
9 27 | 24|30 | -21 |30 |20 {39 |-12| - | - | - - -] -
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*Detailed Response to Reviewers
Click here to download Detailed Response to Reviewers: ASR_Reviewers_Response_Sordini.docx

Dear Editor,
here following the answers to reviewers’ and your comments. Please note that in the paper the modified text
is bold.

Reviewers' comments:
Reviewer #1: General comments

* |t may be worth stating why only the period up until 31/10/2015 is analysed here, which is neither the
end of the mission, nor the end of nominal mission

Response: The thermal conditions of the spacecraft represent one of the most critical aspect that can affect
GIADA sub-systems performance. The thermal behaviour of the spacecraft is mainly influenced by the
heliocentric distance. We selected the set of data referring to the inbound branch orbit, i.e. with Rosetta
escorting comet 67P while approaching perihelion, in order to monitor the GIADA sub-systems performance
at rising operative temperatures. We thus included the entire range of temperatures faced by Rosetta and, as a
confirmation of our thermal behaviour results, we also added a small portion of the outbound orbit, i.e. about
two months and a half after perihelion. This is the reason why the analysis reported in this work concerns the
period 1/08/2014 - 31/10/15.

We modified the text of lines 55-57 page 3:

“In the present work, we study GIADA performances from the Rosetta rendezvous with comet 67P until a
couple of months after perihelion, i.e. from 1 August 2014 to 31 October 2015. The spacecraft thermal
conditions, mainly influenced by the heliocentric distance, represent one of the most critical aspect that can
affect GIADA performances. In order to monitor the subsystems behaviour in the entire range of
temperatures faced by GIADA, we selected the inflight calibration data acquired every hour during the
inbound branch orbit, i.e. with Rosetta escorting comet 67P while approaching perihelion. As a confirmation
of the thermal behaviour results, we also included a small portion of the outbound orbit, i.e. about two
months and a half after perihelion.”

* Has the behaviour of the driving (calibration) piezo with age/temperature been studied?

Response: Yes, it has been studied.

We added the following paragraph to the text, pag. 9 line 27, to specify this item:

“For the whole considered period, the signals recorded by the 5 PZTs sensors didn’t show any significant
systematic variations, leading us to conclude that the PZT, did not suffer any performance degradation due
to age or operative temperature variation. If a PZT¢, decrease in performance had occurred, due to sensor
ageing or operating temperatures, we would expect to observe the same behaviour also on the other PZTs,
resulting in significant variations of their signals prompted by the calibration stimulus. Indeed, in case of a

lower piezoelectric conversion efficiency, PZTc, would produce less intense stimuli on the IS plate, the other
PZTs would respond less to the stresses and so the effect would result in weaker PZTs output signals. ”

* Almost all figures have text which is too small, and most appear to be low-resolution bitmap images -
please improve!

Response: Thanks for your feedback, we improved the quality of the figures.

Reviewer #1: Specific comments

* page 3, line 9 - "consequently a pulse in an external circuit" -> consequently a charge pulse in an external
circuit"?


http://ees.elsevier.com/asr/download.aspx?id=385166&guid=72124d49-dca7-4882-8a90-e6bcf891e33a&scheme=1

Response: You are right, the correct sentence is “consequently a charge pulse in an external circuit”, we
corrected the text.

* page 3, line 44 - "the laser emission™ - can you be more specific? What changed with temperature -
frequency?

Response: We refer to the intensity of the laser emission. We modified the sentence to be more specific and
clear:
“The laser emission intensity... ”

* page 3. line 45 - "frequency readings" - does this mean the vibration frequency of the quartz, or the
readout electronics? Presumably the former - better to be clear

Response: We refer to the quartz crystals resonance frequency composing the QCM, so we modified the
sentence as follows:
“...the QCM crystals resonance frequency....”

* page 4, line 29 - can you define "pair pulsed mode" - does this mean that two lasers fire in sync with each
other?

Response: We mean that the four lasers are switched on/off two by two at 100 kHz switching frequency, we
added the relative reference and we specified the meaning of pair pulsed mode in the text as follows:

“...in pair pulsed mode at 100 kHz, i.e. four lasers are switched on/off two by two at 100 kHz (Mazzotta
Epifani et al., 2002),...”

* Fig 2. the text in this figure is very difficult to read, even when zooming. Preferably the font should be
enlarged, and the figure stretched to the full page width to allow more room

Response: Thanks for your feedback, we increased the image resolution and width, and the font size.

* Fig 4. again, please increase font size

Response: Thanks for your feedback, we made the suggested changes.

* page 6, line 12 - "this issue can be solved by performing frequencies readings at fixed temperatures™ - does
this mean that the heater is always used to keep the QCM at a constant temperature somewhat above
ambient?

Response: No, the heater device installed on GIADA QCMs is not designed to maintain the sensor at a fixed
temperature. The sentence is referred to the procedure to overcome the temperature dependence of the QCM
signals. As described in Della Corte et al. 2015, we perform isothermal readings: for each QCM we select a
temperature reference value, i.e. the value registered more frequently during the whole period analysed, and
select the signal only when the reference temperature occurs.

We added the following sentence in the text of line 12 page 6:

“In order to evaluate the amount of mass accumulated on the QCMs, we identify for each of them the most
recurrent temperature registered (reference temperatures) and we consider the frequency readings only



when it occurs (Della Corte et al., 2015).”

* page 6, line 20 - how long are the GDS mean/SD values sampled for? Are measurements in which dust is
detected automatically excluded?

Response: For each receiver, these values are evaluated every hour over a sample of 32 measurements
acquired in about 1 second, i.e. a time interval during which it is highly improbable a dust particle detection.

We add the following sentence in the text of line 23 page 6:

“These are evaluated, for each receiver, over a sample of 32 measurements acquired in about 1 second, i.e.
a time interval during which it is highly improbable that the detection of a dust particle occurs. ”

* page 6, line 58 - The referenced paper shows an increase already in the cruise phase to ~1V after passive
checkout 9 and speculates that this could be due to cold temperatures - this point could be responded to here
(the value did not return below this level) and a few words added to explain this (and avoid the reader having
to dig out the original paper)

Response: Following your suggestion, we modified the paragraph as follows:

“On 1 August 2014, the mean noise level of the Left channel (circles in Fig. 5) was at ~1.0 V. This value is
comparable to the one recorded at the end of the Rosetta cruise phase and confirms the Left channel
increase of noise level occurred after payload checkout 9 (Della Corte et al., 2014).”

* page 6, line 61 - can you explain the physical nature of the signal as it relates to contamination - do you
mean contamination of the laser emitters, causing light to be scattered into the receivers? Or contamination
of the Winston cones?

Response: The contamination of the GDS optics, e.g. the periscope group, can produce an increment of the
internal stray light and consequently an increase on the mean noise level of the receivers. This was verified
during the pre-launch calibration (Epifani, 2000a). The increase in the noise signal inside the receivers led us
to conclude that contamination occurred on the collimation optics (laser collimating optics or periscope
group). In fact, in the case of Winston cones contamination a signal attenuation in the receivers should have
been detected and this was not the case.

We modified the sentence on line 57 page 6 with the following paragraph:

“The noise level of this channel significantly increased during the mission. Probably this was due to dust
contamination of the GDS optics, e.g. periscope group (Epifani, 2000a), which induced an increase of the
internal stray light.”

* page 7, line 27 - "The reason is that the light intensity of the laser mounted close to the Right channel is
lower than that of the laser installed close to the Left channel” - to confirm, this is a real difference in the
output power? | would not really characterise this as making the channel less sensitive to stray light!
Presumably the signal is reduced along with the stray light...

Response: _Indeed the calibration campaign showed a less intense emission from the laser installed close to
the right channel along with also the stray light is reduced. We agree that the sentence as it was written was
confusing, thus we modified the paragraph as follows:



“The tests carried out on the GDS receivers during the on-ground calibration activity (Epifani, 2000a) and
the analysis of the data acquired during the cruise phase (Della Corte et al., 2014) showed that the Right
channel was less affected by stray light than the Left one. This was due to a lower light intensity of the laser
mounted close to the Right channel with respect to the light intensity of the laser installed close to the Left
channel.”

* Fig 7 - these look like low resolution bitmap plots - hopefully they will be included as vector plots, or in
higher resolution, for the final article. Again, fonts sizes could be larger.

Response: Thanks for your feedback, we implemented the required improvements.

* Fig 7 - perhaps adding horizontal "error" bars might make it visually clearer that these are monthly
averages?

Response: Taking into account your feedback we added the following sentence in the caption:

“Each plotted value represents the average of signal amplitudes and time delays, calculated over the whole
selected month.

* page 9, line 43: "In addition, during the test the signals detected by PZT2, for each amplitude stimulus, are
too low with respect to those detected by the other PZTs" - can you say what value you would expect this to
have? And also PZT4, perhaps (i.e. the farthest sensors from the calibrator)

Response: We observe that for a threshold of 280mV, the PZT2 signal rises linearly up to a stimulus of 6 V.
Calculating the best fit on this data, we can estimate that, at highest PZT ¢, stimulus, PZT2 should detect a
signal of about 3.2V, while we recorded 1.5V. With threshold lower than 280mV the PZT2 signal drops to
0.4V.

We modified the text in the section “IS Cross-talk” from line 43 to 45 as follows:

“In this configuration, performing a best fit on the data up to 6 V, we can estimate the PZT2 expected signal
(about 3.2 V) for the highest stimulus. The signal detected by PZT2, for highest amplitude stimulus, is
instead ~1.5 V, lower than the expected one. With a threshold lower than 280 mV, the PZT2 detected signal
drops to 0.4 V (Fig. 8a).”

* page 9, line 59: is this mechanical cross-talk, or electrical cross-talk?

Response: It is electrical cross-talk, we specified this is the text.

* Fig 9 - I would find it more intuitive to have these curves over-plotted to compare, but perhaps then the
trends are not so clear... Also, there appears to be a knee in the curves which is most pronounced in (c) - does
this have a physical explanation?

Response: We modified the image. Now on the left are reported the curves concerning the heating process
performed during cruise phase, while on the right are reported the heating process performed during the
Rosetta scientific phase. The frequency vs temperature curves reported are in accordance with the typical
behaviour of the AT-cut QCM (Sauerbrey, 1959) and comparable with the frequency vs temperature curves
provided by the QCM manufacturer

We updated the Fig. 9 caption as follows:



“Fig. 9: QCMS5 frequency vs. temperature during the active heating process performed during the Rosetta
cruise (a) and scientific (b) phases. The trend of these curves is in accordance with typical behaviour for AT-
cut QCM (Sauerbrey, 1959) and comparable with the frequency vs temperature curves provided by the QCM
manufacturer.”

Typographic errors or suggestions

* page 8, line 40: "we incremented the lasers' power of about 16%" -> "we increased the laser power by
about 16%"

Response: Thanks for your feedback, we modified the sentence as suggested.

* page 9, line 5: on my PDF the "™ symbol in (3 <mu>s) does not show correctly...

Response: We think it is a problem due to the PDF generations, we will check on the final version.

Reviewer #2: This manuscript presents an overview of the operational performance of the GIADA
instrument on-board the Rosetta mission to comet 67/P. The manuscript describes the performance of the
three GIADA subsystems: the GDS, IS, and MBS, demonstrating that all three performed within tolerance.
Degradation in the GDS laser output was noted and attributed to contamination of the optics by incoming
dust.

Overall, the paper is well-written and | have no specific comments. | recommend to publish the manuscript
as-is.

Response: No response is required and thanks for appreciating the paper.

*hkkhkkhkkhkhkhkhkhkikikikhkhkhkkhkihkhkhhkkhiikikk

Editor's comments:

Regarding the figures, it would be wise to submit a separate enlarged set of figures and let the typesetter size
the figure to the page as appropriate. Elsevier will reduce the size of the figure but will not increase the size.
Regarding the resolution of some of the figures; they are marginal at best. | agree with the reviewer that the
figures could be improved.

Response: Thanks for your feedbacks, we will submit the figures as single high resolution files.
References:

* The titles of the Epifani thesis and the Esposito thesis should have a translation in English within
parenthesis.

Response: We translated the PhD Thesis titles.

* The McKeown (1998) and the Soares et al. (2002) reference refers to SPIE conference proceedings. | am
not familiar with that series, but if they are printed proceedings page numbers (or paper numbers) should be
given. If only a presentation with an abstract printed, this should be noted. ”

Response: We added the page numbers to the references.

* The Nakamura et al. reference needs to have the AIAA paper number.

Response: We added the required information.

Sincerely,
Roberto Sordini



