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ABSTRACT

Context. In order to allow for a comparison with the measurements from other antenna systems, the voltage power spectral density
measured by the Radio and Plasma waves receiver (RPW) on board Solar Orbiter needs to be converted into physical quantities that
depend on the intrinsic properties of the radiation itself (e.g., the brightness of the source).

Aims. The main goal of this study is to perform a calibration of the RPW dipole antenna system that allows for the conversion of the
voltage power spectral density measured at the receiver’s input into the incoming flux density.

Methods. We used space observations from the Thermal Noise Receiver (TNR) and the High Frequency Receiver (HFR) to perform
the calibration of the RPW dipole antenna system. Observations of type III bursts by the Wind spacecraft are used to obtain a reference
radio flux density for cross-calibrating the RPW dipole antennas. The analysis of a large sample of HFR observations (over about
ten months), carried out jointly with an analysis of TNR-HFR data and prior to the antennas’ deployment, allowed us to estimate the
reference system noise of the TNR-HFR receivers.

Results. We obtained the effective length, . ;¢, of the RPW dipoles and the reference system noise of TNR-HFR in space, where the
antennas and pre-amplifiers are embedded in the solar wind plasma. The obtained [.; values are in agreement with the simulation
and measurements performed on the ground. By investigating the radio flux intensities of 35 type III bursts simultaneously observed
by Solar Orbiter and Wind, we found that while the scaling of the decay time as a function of the frequency is the same for the Waves
and RPW instruments, their median values are higher for the former. This provides the first observational evidence that Type III radio
waves still undergo density scattering, even when they propagate from the source, in a medium with a plasma frequency that is well

below their own emission frequency.

Key words. Sun: radio radiation — solar wind —Instrumentation: detectors

1. Introduction

The Solar Orbiter (SO) mission (Miiller et al.|2020; [Zouganelis
et al|/2020) carries ten instruments, including the Radio and
Plasma Wave experiment (RPW) (Maksimovic et al,|[2020),
which is designed to measure magnetic and electric fields,
plasma wave spectra, and polarization properties, as well as
the spacecraft (S/C) floating potential and solar radio emissions
in the interplanetary medium. In this paper, we focus on the
two high-frequency receivers of RPW: Thermal Noise Receiver
(TNR), producing electric and magnetic power spectral densi-
ties in the frequency range from 4 kHz to 1 MHz, and High

Frequency Receiver (HFR), only providing electric power spec-
tral densities in the range from 375 kHz over to 16 MHz. The
TNR-HFR has two input channels, which allows us to perform
simultaneous measurements from two selectable sensors config-
urations. Among those, the monopole modes measure the po-
tential difference between an antenna and the S/C ground, while
the dipole modes measure the potential difference between two
antennas. A mode for the measurement of magnetic field fluctua-
tions at high frequency through the search coil (see Maksimovic
et al.[|2020) has also been defined. A large variety of configu-
rations, characterized by frequency range, temporal, and spec-
tral resolutions, etc., are programmable in a series of operat-
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ing modes optimized for specific analyses (Maksimovic et al.
2020). A given TNR setup combines simultaneous measure-
ments (dipoles or monopole, or both) from the two channels
and computes autocorrelations and cross-correlations between
the signals, allowing us to derive, with goniopolarimetry meth-
ods, the full polarization of the incoming radio waves. The HFR
is a sweeping receiver providing the electric power spectral den-
sity for dipole antennas only. The three monopole sensors of
TNR-HFR are named V1, V2, and V3 and they correspond to
the antennas Pz, Py, and My, respectively (see Figure 7 from
Maksimovic et al.|[2020).

The spectral properties of the signals measured by radio re-
ceivers on board the spacecraft are computed onboard. The volt-
age power spectral density V? is usually sampled and transmitted
on the ground. The power spectral density needs to be converted
to physical quantities related to the properties of the radiation
itself in order to allow for a comparison with measurements per-
formed by other antenna systems. To this purpose, instrumental
parameters, such as the antennas’ effective lengths and capaci-
tances, need to be measured in flight in the real physical condi-
tions of operation that (due to the effect of the spacecraft body
and the low density environment) are not reproducible on the
ground. A typical approach to performing this conversion is to
observe a known source of electromagnetic radiation and to re-
late the measured V? to the flux of the source. A dominant natu-
ral radio emission in the frequency range from 500 kHz to 10
MHz is the radio background radiation of the Galaxy, which
it is commonly used as a calibration source for space anten-
nas (Dulk et al.|2001; [Zarka et al.|2004; |Zaslavsky et al.|2011).
Unfortunately, the TNR-HFR receiver suffers a strong electro-
magnetic (EM) contamination due to the central power distribu-
tion unit (PCDU) radiated by the Solar Panels, at 120 kHz and
harmonics, and the reaction wheel electronic box, at 80 kHz and
harmonics (Maksimovic & et al.[|2021). This makes the obser-
vation of the galactic background much more difficult as it is
masked by the instrumental noise due to the platform.

In this study, we used type III solar radio bursts as calibra-
tion sources for the RPW antenna system. Fast electrons beams,
originating from magnetic reconnection sites of solar flares and
escaping through open magnetic field lines to the interplanetary
space, interact with the local plasma and give rise to the type
III radio bursts that are commonly observed in the frequency
range 10 kHz-1 GHz, and are characterized by fast frequency
drifts (around 100 MHz/s in the metric range). Type III bursts are
among the strongest radio emissions routinely occurring in the
heliosphere, reaching flux densities up to 103-10* higher than the
galactic background and certainly well above the instrumental
TNR-HFR background. This strong signal can be used to cross-
calibrate the RPW antenna system by comparing the TNR-HFR
data with simultaneous measurements of type III radio bursts by
the radio receiver band 1 (RADI1, 20-1040 kHz) on Wind/Waves
(Bougeret et al.[[1995).

The paper is structured as follows. In Section [2] we present
some general relations between the signal measured onboard by
the radio receiver and the incoming electromagnetic radiation.
In Section [3] these relations are applied to cross-calibrate the
dipole antennas of RPW by using type III emissions measured by
the Wind spacecraft as reference sources. This allows us to de-
rive the in-flight measurement of the effective length of the three
dipoles (Section[d). The dipole antenna calibration was then ap-
plied to several type III emissions, occurring between July 2020
and January 2021, and a statistical analysis of the type III burst
decay times, measured by both RPW and Waves, is presented
in Section [5] Finally, the procedure to derive the system noise

background of TNR-HFR by comparing ten months of HFR ob-
servations with the expected Galaxy signal and by an analysis of
TNR-HFR data before the antennas’ deployment is described in

Appendix [A]

2. Short antenna dipole calibration

In the short-dipole approximation, when the wavelength A of
the measured radiation is much larger than the physical length
of the antenna, the latter experiences an homogeneous time-
varying electric field and the conversion of the signal in V?/Hz,
measured as the receiver’s input into incoming flux density, can
be obtained analytically (Dulk et al.|2001; [Zarka et al.|[2004;
Zaslavsky et al.|[2011). The RPW antennas can be considered
as short dipoles throughout much of the measured THR-HFR
frequency range. In this approximation, and for a unpolarized
source, it is possible to derive a simple equation relating the
squared voltage fluctuations at a given frequency v, (in units of
V?/Hz), induced on a dipole antenna to the apparent brightness
of the source B, (in units W/m?/Hz/sr):

12
V2= g, f B,(Q)sin’0dods, )
2 Qg

where Qg is the solid angle occupied by the source, l,;y = V/E
(V is the voltage induced at the antenna by an incoming elec-
tromagnetic plane wave of electric field, E, when the electric
field direction is parallel to the direction of the antenna (Kraus
& Marhetkal2003)) is the effective length of the antenna; a term
sin“ 6 (where 6 is the angle between the wave vector, k, and
the linear antenna direction) is due to the response pattern of
a dipole antenna and Zy = +/uo/€ = 1207 is the impedance of
vacuum. The antenna is electrically connected to a large input
impedance receiver through the deployment mechanism (the an-
tenna base) and various connection cables providing a so-called
stray impedance Z;. The effective voltage power spectral density
V2 measured by the receiver is then:

v2o|
Zy+ Zs

r

2
[ vi=rve, @)

where Z, is the impedance of the antenna and I is the gain factor.
Both Z; and Z, are determined by the spacecraft design. In the
radio frequency range (at frequencies well above the kHz), the
resistive part of these impedances is negligible (typically, at 1
MHz, 1/wC,s ~ 10 kQ and R, ~ 1 Q) and the gain factor
becomes:

I'=C,/(Cy+ Cy), (3)

where C, and C; are the antenna and the stray capacitances, re-
spectively. This indicates that the radio receiver’s sensitivity can
be increased by minimizing the stray capacitance.

A general relation for the voltage power spectral density
at the receiver level is (Dulk et al.|[2001; [Zarka et al.| [2004;
Zaslavsky et al.[2011):
Vr2 = Vr%oise + VéTN + Vzal + Vfource . (4)
Equation (4)) relates the effective voltage power spectral density
measured by the receiver V? to the signal from the source V2 ...,
both expressed in V?/Hz. Three other contributions have been
included. Firstly mee represents the noise produced by the elec-
tronic components of the receiver that superimposes any external
signal and depends on both the receiver and the impedance con-
nected to it. The second contribution is due to the quasi-thermal
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noise (QTN) produced by the ambient plasma (Zaslavsky et al.
2011} [Meyer-Vernet et al.|2017). The third contribution is due
to the Galactic signal. By defining the power response of the an-
tenna P, as

1
P, =3 f B,(Q)sin’6d6dg, (5)
Qg
Equation (@) becomes:
V2= Vi + Vory + T2 ZoP5" + T2 Zo Py, (6)

linking V? to the convolution of the brightness of the source with
the antenna response function, P}**"“°, expressed in W/m?/Hz. If
no external radio sources are present and the Galaxy is the only
external homogeneous (i.e., B, does not depend on Q) source,
which extends over Q; = 4, Equation (I can be immediately
integrated to yield:

4
V2 =T, 2P = ?ﬂl"zlﬁfonBﬁ“[ )
and Equation (6) becomes

4n
V2=V + Viry + ?rzlgffzoBl;’“’, (8)

where the product I'/, s can be considered as a “reduced effective
length” of the antenna.

3. Calibration using solar type Ill bursts

To evaluate the reduced effective length of the RPW electric an-
tennas, we compared the radio spectra of a type III emission
measured by RPW with the measurements by Wind/Waves when
both spacecraft are close. On March 8, 2020, two type III emis-
sions occurred between 15:00-16:00 and 20:00-21:00, respec-
tively. On March 30, 2020, a type III emission occurred be-
tween 11:00-12:00. These solar radio emissions were clearly ob-
served by both Wind/Waves and SO/RPW (Figure [I). We used
the Wind/Waves flux density, obtained through goniopolarimet-
ric inversions (Manning & Fainberg|[1980) and expressed in W
m~2Hz!'; RPW data, on the other hand, were only calibrated at
the receiver level and are expressed in V2/Hz. We used TNR-
HFR dipole measurements that are affected to a lesser extent,
with respect to the monopole ones, by the EM contamination,
and we also chose clean frequencies. While the configuration of
the HFR receiver was the same on March 8 and 30, with only
the dipole V1-V2 measurements available, the configuration of
TNR was different: over the first day, all the monopoles and only
V1-V2 measurements were available, while all the monopoles
and all the dipoles measurements were available for March 30.
Since the type III radio emissions are not isotropic and the exact
position and size of the source is unknown, we made use of the
general Equation (6) under some assumptions: i) the two space-
craft are about at the same location, implying that they observe
the source with the same solid angle and measure the same flux
density of the type III burst, S g_rpw (V) = S p_wina(v); ii) the k
vector of the radiation is perpendicular to the RPW antennas.
Figure 2] showing the position of Wind and SO in the GSE
reference frame, indicates that on both March 8 and 30, Wind
and SO were very close each other (between 0.05 and 0.1 AU).
The frequencies at which the type III radiation is observed on
both Wind and RPW (500 kHz-16MHz) are compatible with an
emission occurring close to the Sun. Indeed, using the [Leblanc

et al.| (1998) density model, a radio emission emitted at a fun-
damental plasma frequency of 500 kHz would be located within
10 solar radii from the Sun. The full width at half maximum
(FWHM) of the type III radio beam at frequencies higher than
500 kHz is about 100 degrees for both latitude and longitude
(Bonnin et al.|2008)). On the other hand, the angular distance be-
tween the two spacecraft, as viewed from the source, is 3-5 and
0.75-1 degrees in longitude and latitude respectively. Since the
angular width of the radio beam is very large with respect to the
mutual distance between Wind and SO, the difference in the ra-
dio flux measured by the two spacecraft is low. When quantified
through the functional form of a type III radio beam derived by
Bonnin et al.| (2008)), the difference in radio flux is about 0.3%
and 0.1% for the longitude and latitude, respectively. At the same
time, the difference in radio flux due to the different distances
of the two spacecraft from the Sun is about 3%. Assumption
i) can be thus considered, to a good approximation, as valid.
Concerning assumption ii), since the radio emission would be
located close the Sun, the k vector of the radiation can be consid-
ered, to a good approximation, as perpendicular to the RPW an-
tennas since the latter are perpendicular to the Sun-spacecraft di-
rection. Under these assumptions, the relation between the RPW
voltage power spectral density and the flux density during the
type III burst can be expressed as:

Vigew®) = (1/2)Z00°L S p-gpw(v) ©)

The factor I'l,s can be thus derived from Equation (9) by com-
paring Waves and RPW data at the frequencies showing the type
III emission:

2 V? v
rzlgff - = B—RPW( )’ (10)
Zo S p-wina(v)
where Vé_RPW and S g_wing are the power spectral density and
the flux density as measured by RPW and Waves, respectively.
Then, Véf rpw follows from Equation

VE ppw() = V20) = V2,0) = V2, ) V3/Hz (1)

where V? is the power spectral density as measured by TNR and
HFR. The term V7 + V., has been estimated as the median

noise
value of the power spectral density calculated in time intervals
far from the type III occurrence. We remark that the results do
not change if the term V., + V, . is evaluated by using, for
instance, the lower 5% percentile. The contribution of the QTN
can be considered negligible for w > 500 kHz. However, possi-
ble residual contributions of QTN are removed when the median
background is subtracted from the data.

S g is derived from RAD1 measurements as:

S B=wind¥) = S wina(V) = S backg-wina(v) Wim?/Hz, (12)

where S winq is the type III flux density as measured by Waves
and S packg-wina TEPresents the background signal due to other
sources of noise at low frequency (e.g., the galactic background
noise). As before, S pucre-wing 15 €stimated as a median value and
subtracted from the Waves spectra to remove the low frequency
noise from the data. Moreover, since RAD1 and TNR/HFR pro-
duce spectra at slightly different frequencies and are character-
ized by different time sampling, we firstly interpolated S g_wing
on the same time grid of TNR and HFR data and then by apply-
ing Equation @I) we choose S p_wing(v) at the closest frequency
to the corresponding Vlzg_ rpw(¥). Examples of the spectra from
RADI1, TNR, and HFR, during the type III bursts of March 8,
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Fig. 1. Dynamic spectra from Wind/Waves-RAD1 (upper panels) and SO/RPW-TNR (dipole V1-V2, lower panels) for March 8§ (a,
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Fig. 2. Position of the SO (magenta dot) and Wind (orange dot)
on March 8 (left panel) and March 30 (right panel), 2020 in the
GSE reference frame. The light blu dot indicates the Earth. The
X axis points towards the Sun.

are shown in figure 3} For each frequency, a value for I'/,;; is
calculated by averaging Equation (I0) over the type III emission
profile. The number of points in the average is not the same at
each frequency since the duration of the type III emission profile
changes as a function of the frequency.

For both days, an average I'l,;s for V1-V2 was calculated as
a function of frequency from both the TNR and HFR data. The
I'l,s values for V2-V3 and V3-V1 were evaluated from the mea-
surements on March 30 based only on TNR. An example of the

average I'l,rs as a function of frequency is shown in Figure F_fl

for both TNR and HFR measurements. This quantity should not
depend on the frequency since neither the effective length nor
the antenna capacitance does so in the frequency range where

the short dipole approximation holds. Indeed, no strong varia-
tions were detected for the same type III nor when the samples
were compared. For each day, we calculated a single I'l, sy as the
average over frequency, receiver (if measurements on both TNR
and HFR are available) and type III (for March 8 data when two
emissions are detected). The average values of I'l,ss are shown
in table [T} The comparison between V1-V2 I'ls;’s from the two

Table 1. Average I'l,;; values as obtained from the cross-
calibration with type III measurements from Wind/Waves on
March 8 and 30, and from the Galaxy background signal from
ten months of HFR V1-V2 dipole data (see Appendix [A).

Sensor ~ March 8 March 30 Galaxy
VI-V2 27+03m 32+03m 34+0.Im
V2-V3 25+03m

V3-V1 3.0£0.2m

days indicates that the values are compatible within the uncer-
tainty limits. The I'l,s; value in the last column of table

derived by comparing about ten months of V1-V2 HFR data,
to reduce the EM contamination, with a model of the Galaxy
background (see Appendix[A). Only HFR measurements for the
V1-V2 dipole were available for such a long period. The value of
I'lepp = 3.4 £ 0.1 m is compatible, in the uncertainty limit, with
the values obtained from the type III emissions. We also remark
that the I'l, ; values are compatible with the corresponding ones
obtained after ground testing and characterizations of the RPW

antenna expected to be between 2.35 and 3.24 m
let al.2020). Unfortunately, no observations of type III emissions
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Fig.4. I'l,;; as a function of the frequency for the first (black)
and second (red) type IIT on March 8th 2020. Dots and triangles
refers to TNR and HFR, measurements respectively.

by TNR monopoles are available for the periods when SO was
close to Wind. The calibration of the RPW monopole antennas
is thus ongoing and will be the subject of a future paper.

4. Determination of the effective length

Given that for March 30, the measurements for all the three
dipoles are available, in the following we use I'l,¢; values ob-
tained from this day as a reference for calculating the effective
length, ¢, of the SO dipole antenna. To derive s, we first
need to model the gain factor, I', and to this end, we need to
know the antenna capacitance, C,, and the stray capacitance, Cs.
The antenna capacitance can be analytically derived by consid-

ering cylindrical antennas of length L, and radius a (Zaslavsky
et al.[2011):

_ enm tan (kL)
“" k log(L/a)—1

Values of a = 0.015 m, C; = 54.7 pF, for the RPW dipoles,
L = 7.857 m, for the dipoles 12 and 31, and L = 6.99 m, for
the dipole 23, as given in Maksimovic et al. (2021) were used.
We note that the latter paper provides corrected values for some
parameters that were previously published in Maksimovic et al.
(2020). By using these parameters, l.;; can be obtained from
the previously derived values for I'/,ss . The effective antenna
lengths for the three TNR-HFR dipoles are shown in Table [2]
The value of /sy obtained by using the I'l,;s as derived from
the Galaxy background signal from ten months of HFR mea-
surements is also shown. The values of /s agree, within the
uncertainty limits, with the values of the effective length for the
dipoles found by Panchenko|(2017)) and reported by Maksimovic
(2019).

13)

5. Type lll radio bursts simultaneously measured by
SO and Wind

This section deals with the statistical analysis and comparison
between type III bursts simultaneously observed by SO and
Wind. We apply the antenna calibration developed in the previ-
ous section to a selected set of 79 type III radio bursts observed
by SO between June 2020 and January 2021, representing the
most intense and most simple cases detected. Due to the strong
EM pollution suffered by RPW measurements, not all frequency
channels are capable of detecting the type III signal. Since the
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Table 2. Results of the Calibration. Parameters of the RPW dipole antennas as obtained from the cross-calibration with type III
measurements from Wind/Waves, from the Galaxy background signal from ten months of HFR V1-V2 dipole data (see Appendix

E]) and from numerical simulations by Panchenko| (2017)).

Antenna Configuration  average I’ losr (m) typelll  [;; (m) Galaxy  theoretical s (m)
VI-V2 0.44+0.01 7.2+0.8 7.7+0.3 7.53
V2-V3 0.42+0.01 6.0+0.8 5.60
V3-Vi 0.44+0.01 7.0£0.6 7.53

purpose of the analysis is to compare Wind and SO measure-
ments for the type III detected on both spacecraft only, a further
selection was made according to the following steps. First, we
identified the TNR frequency channels where the type III burst
peak is above the background plus 40, (Where o 1S @ mea-
sure of amplitude of the fluctuations calculated as the standard
deviation in the same time interval where the background is eval-
uated), then we verified that the same event is evenly detected at
the RAD1 channel closer to the corresponding TNR frequency.
If both these requirements were verified, the event was selected
for subsequent analyses. The final database is then reduced to 35
type III events.

Waves/RAD1-RPW/TNR 2020-07-11 107

10

frequency (kHz)
W/m?Hz

02:15

02:30 02:45 03:00

1000 P —

frequency (kHz)
W/m?Hz

100 yd
02:15

Fig. 5. Radio measurements of the 2020 July 11 type III burst.
Radio flux density for Wind/Waves-RAD1 (a) and SO/RPW-
TNR (b).

One example from one of the considered events is shown
in Figure [5] It is a type III burst occurring on 2020 July 11
that has been linked to an electron beam at ~ 200 keV de-
tected by the EPD instrument (Rodriguez-Pacheco et al.|2020)
onboard SO at around 02:30. Figure [5] shows the flux den-
sity from Wind/Waves-RAD1 (a) and SO/RPW-TNR (b). Both
spacecraft detected a simple and isolated type III burst with an
onset time at about 02:22 UT. During this event, the GSE coor-
dinates of the two spacecraft were (Xwind, Ywina) = (0.01,0.004)
AU and (x50,ys0) = (1.19,0.58) AU and the distance from
the Sun was 0.99 AU and 0.88 AU for Wind and SO respec-
tively. The time profile of the intensity of the type III at a
given frequency consists of a very fast rising phase, followed
by a longer phase decreasing exponentially (Evans et al.|[1973).
This is clearly shown in Figure [6] where the light curves at

four frequencies [290.9,411.4,662.6,978.6] kHz for RPW and
[292,428, 624, 1040] kHz for Waves are plotted. Results from
Krupar et al| (2018) suggest that the characteristic exponential
decay profile of type III bursts could be solely explained by the
scattering of the radio beam by electron density inhomogeneities
as they propagate from the source to the spacecraft.

To evaluate the characteristic decay time 7 for each type III
burst, the background level was first calculated as the median
value, far from the type III occurrence, of the flux density S for
each frequency channel. Then the data points between the peak
time, 7,04, and the last value above the background were fitted
through an exponential function of the form:

tpeak -t

S@® :S,,mkexp(T) . (14)
An example of the result of the fitting procedure is shown in
Figure [] As expected, the calculated decay times 7 increases
with decreasing frequency. The decay times 7 have been eval-
uated at different frequencies for all the type III events ana-
lyzed. Histograms of the decay time for four frequency channels
are shown in Figure [/| The statistics on the considered events
confirm that, on average, the values of 7 increase with decreas-
ing frequency. The number of detected events also decreases at
lower frequencies. The latter effect, already observed in other
datasets (Krupar et al.|2014,[2018},|2020), may be due to the com-
bination of the intrinsic properties of the radiation mechanism,
the effect of the directivity of the radiation, and propagation ef-
fects between the source and the observer (Leblanc et al.|[1995}
Musset et al|[2021). Figure [§| shows the median values of decay
times as a function of frequency for both SO and Wind dataset.
As already performed in previous works (e.g.,|Evans et al.|1973;
Alvarez & Haddockl!|{1973}; [Krupar et al.| 2018, 2020), a decay
time dependence on frequency in the form of a power law,

(V) = P, (15)

is considered here. The spectral indices S, obtained by fitting SO
and Wind data through the function in Equation (I3) in the fre-
quency range ~ 170 kHz - ~ 1 MHz, are equal to —0.83 +0.4 for
SO and —0.86 + 0.3 for Wind and compatible in the uncertainty
limits between each other. These values can be compared to the
results of other works present in the literature. The spectral in-
dex B found by Alvarez & Haddock! (1973), in the frequency
range 50 kHz-3.5 MHz, from data by the spacecraft OGO-5,
was —0.95. [Evans et al.| (1973) found a value of 8 = —1.08,
between 67 kHz and 2.8 MHz, from data by RAE-1 and IMP-
6. More recently, Krupar et al.| (2018, [2020), by performing the
analysis of the decay time on a dataset of 152 type III bursts
from STEREO-A/STEREO-B (in the range 0.1 — 1 MHz) and
30 events for Parker Solar Probe (PSP) (in the range ~ 0.4 — 10
MHz) spacecraft, found § = —1.18 + 0.02/1.25 + 0.02 (for
STEREO A/B) and 8 = —0.60 = 0.01 (for PSP). The values
we obtained for SO and Wind are slightly higher with respect
to the STEREOA/STEREOB results and comparable, given the
error bars on our beta parameters, with PSP. The value we found
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Fig. 6. Radio measurements of the 2020 July 11 type III burst. Light curves of the radio flux density measured by SOLO-RPW/TNR
(left column) and Wind-Waves/RADI (right column) at four frequency channels. The red line shows the results of decay time fitting.
The dashed vertical line indicates the peak fluxes and the horizontal line shows the median value.

for Wind is also higher than the 8 = —1.81 + 0.22 derived by
Krupar et al.| (2020) from only one type III burst detected by
Wind (although the fit is performed on a slightly different fre-
quency range). The differences among 8 values from different
studies can be attributed to several factors: data quality and time
resolution, type III event selection, decay time computation, fre-
quency band, etc. In comparison with the present study, differ-
ences can arise due to the list of frequency and the frequency
range of the fit that differs from previous studies thus changing
the relative fitting weights allocated to frequencies. This could
explain why lower or higher 8 values, computed on lower or
higher frequency bands, were found for STEREO/PSP.

The median values of decay times as a function of frequency
are shown in Figure [8| The 7 values derived from the RPW
dataset are always lower than the corresponding Wind values by
about 45 seconds, on average. Considering that one of the possi-
ble physical mechanisms behind the exponential decay observed
in type III profiles is believed to be the radio-wave scattering,
this result could indicate that an extra-scattering occurs for ra-
dio waves reaching the Wind spacecraft at 1 AU with respect to

RPW. Although the radio scattering is certainly very important
close to the source, as previously reported (see e.g. Krupar et al.
2018} [Kontar et al.|2019; | Krupar et al.|[2020), our observational
results demonstrate that it still continues to affect type III radio
burst propagation.

This observation represents the first evidence of a statistical dif-
ference in decay times measured by spacecraft located at dif-
ferent distances from the Sun. In a previous analysis, where
only one type III burst measured by both PSP and STEREO-
A was considered, no significant difference in 7 values from the
two spacecraft in the overlapping frequency range were found
(Krupar et al.|[2020). However our results — obtained by con-
sidering a larger number of events and performing a punctual
comparison between Wind and SO events in a way that only the
same type IlIs detected by both spacecraft were taken into ac-
count and statistically compared — provide a more robust result.
Moreover, while the number of events we considered in our anal-
ysis is not particularly large, we analyzed observations in a time
period when SO and Wind were always separated by a very high
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Fig. 7. Histogram of the 7 calculated for each type III of the dataset at different frequencies for SOLO-RPW/TNR (left column) and
Wind-Waves/RAD1 (right column). Dashed line indicates the median value.

radial distance (greater than 1 AU), allowing the effect of the
additional scattering to be highlighted.

6. Conclusions

Applying the calibration method developed by [Zaslavsky et al.
(2011) for the STEREO/Waves instrument we performed the
antenna calibration of the RPW instrument on the SO space-
craft. Although the original method implied the use of the galac-
tic background signal as a reference source, the same approach
is not entirely suitable for RPW due to the high level of EM
pollution suffered. By cross-calibrating the TNR-HFR data us-
ing type III burst emissions measured by Wind/Waves as refer-
ence sources, we provide accurate values of the reduced effec-
tive length of the dipole RPW antennas. The analysis of about
ten months of HFR measurement and TNR-HFR data before the
antennas’ deployment, described in Appendix [A] allowed us to
derive the reference system noise of TNR-HFR in space, where
the antennas and pre-amplifiers are embedded in the solar wind
plasma. The reference system noise for both TNR and HFR re-
ceivers, as a function of frequency, is shown in Figure An

almost constant background of about —160 dB is found for TNR
in the frequency range 30 kHz-1 MHz. The TNR background
level increase, observed at low frequencies, may be attributed
either to noise generated by the spacecraft subsystems or to ex-
ternal noise picked up even in the absence of deployed antennas.
The HFR background is almost constant, with an average value
of —157 dB in the range 375 kHz- 4.3 MHz, while it increases
at higher frequencies due to the effect of antenna resonances and
due to possible couplings with the spacecraft.

By analyzing a sample of 35 type III radio bursts simulta-
neously observed by both SO and Wind in the period between
June 2020 and January 2021, we performed a statistical study on
the retrieved decay times 7. While our results confirm some ex-
pected properties, such as the number of detected events decreas-
ing at lower frequencies and the values of 7 increasing with de-
creasing frequency according to a power law, quite interestingly
we found that the 7 values from the RPW events are system-
atically lower than the corresponding Wind values by about 45
seconds, on average. This result, representing the first evidence
of a statistical difference in decay times measured by spacecraft
at different distances from the Sun, could indicate that the radio-
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Fig. 8. Median values of 7 for SO (red) and Wind (black) as a
function of frequency. Error bars represent the 25th and 75th per-
centiles. The black and red lines represent the results of power-
law fitting from Equation (T3).

wave scattering can still play a relevant role far from the source
as well. Of course, future analyses with multi-spacecraft obser-
vations at various radial distances from the Sun (including fu-
ture data from RPW), together with quantitative comparisons
with the results of numerical simulation describing the effects
refraction and scattering on the propagation of interplanetary ra-
dio emissions, will be performed to increase the statistical set
and further asses the result obtained here.
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Appendix A: Calibration using the Galaxy

The presence of a strong time-varying EM contamination at 120
kHz and 80 kHz and its harmonics that is due to the PCDU radi-
ated by the Solar Panels and the reaction wheel electronic box,
respectively, makes the observation of the galactic background
much more difficult as it is masked by the instrumental noise
(Maksimovic & et al.|2021). However, to reduce the effect of the
EM contamination and infer the Galaxy signal from the data, we
performed an analysis over about ten months of HFR measure-
ments. This analysis allowed us to estimate the reference sys-
tem noise of HFR in-flight when RPW is embedded in the space
plasma environment, and to derive a value for I'l, s, for the V1-
V2 dipole. The latter is compatible, within the uncertainty limit,
with the I'/, ¢ value obtained from the cross-calibration with the
type III emission measured by Wind.

A.1. System noise in space

As with previous missions, such as Stereo (Zaslavsky et al.
2011), it is necessary to determine the instrument system noise in
space that has to be removed in order to retrieve, for instance, the
physical ambient noise due to the Galaxy. Unfortunately, there
were no measurements available with all three antennas unde-
ployed due to a spacecraft shutdown and loss of scientific data.
About 1.5 hours of observation with TNR-HFR were carried out
two days after the launch at the instrument second switch-on (12
February 2020, 13:26 to 16:00 UT), following the deployment
of the antenna Pz (sensor V1 of TNR-HFR). A series of 164
and 329 spectra, covering the full spectral range of the receiver,
were recorded by TNR and HFR connected to all the available
sensors. Figure [A.T] shows the TNR-HFR backgrounds for the
dipole sensors measured before the deployment of antennas V2
and V3. These backgrounds have been obtained by considering
the minimum level detected at each frequency during this 1.5-
hour interval. As expected, since V1 is from a deployed antenna,
the pre-deployment background levels for sensors V1-V2 and
V3-V1 are higher with respect to V2-V3. The high frequency
part (> SMHz) of the HFR V2-V3 shows an increase in power
with the presence of large peaks at 8 and 15 MHz, which is
probably due to some coupling with the spacecraft. Moreover,
all HFR backgrounds show several interference line due to the
spacecraft and TNR backgrounds show interference lines only
in the high frequency part of the spectrum. Since we are only in-
terested in the receiver’s noise level (to be used as a reference),
the interference lines should be removed. For this purpose, we
identified the lower envelopes of of TNR and HFR V2-V3 back-
grounds via a linear interpolation among the absolute minima,
thus removing discrete interference lines (with linear interpola-
tion through them). The resulting background noise is shown in
Figure (thick dashed lines).

A.2. Galactic background

The presence of the EM contamination makes the observation
of the galactic background very difficult. Indeed, the HFR spec-
trum measured after the deployment of the RPW antennas, ap-
pears sawtoothed with the power of peaks and troughs varying in
time. To reduce the effects of the interference, we analyzed HFR
data over a long time period of about ten months. The observed
spectrum, which corresponds to the sum of galactic background
noise and receiver noise, is derived as follows. We first consid-
ered all the V1-V2 spectra acquired in the period between March
1 and December 31, 2020 (unlike the other dipoles, V1-V2 are

10

available for every day) and we then evaluate the daily minima
for each frequency (Figure [A.2). A forest of interference lines
due to the harmonics of 80 and 120 kHz is still visible in the data.
At each frequency, the statistical fluctuations of the background
level appear as a well-defined gaussian distribution (Zarka et al.
2004) centered on the average value of V§a1 + nystem_nuise at that
frequency (an example at a given frequency is shown in Figure
[A.3). Similarly to what was considered for the calibration of
other receivers in space (Zarka et al.[[2004)) we considered the
lower 5% occurrence level detected at each frequency as our ref-
erence for V2 + V2 (black line in figure . As we do

al system—noise
for defining gthe sysiem noise, we remove the effect of the space-
craft interference lines from the galactic background by consid-
ering only the lower envelope (red line in figure [A.4).

The found minimum background can be compared to a sky
galactic radio background model. In this work, we use the model
from|Novaco & Brown| (1978)), which is an empirical model for
the isotropic sky background brightness based on space mea-
surements. The model is expressed as:

0.76 -1

Biuodet = Bo ATIHZ e, (A.1)

where fyn, is the frequency in MHz, v = 3.28 f/&(}g‘ and B =

1.38 x 107" W/m?/Hz/sr. By reversing Equation , the product
I'l, s can be obtained as:

-2v2 )\

3 V-V, QTN

noise
4z ZQ

Tlesy = (A.2)

Bmodel

The value of I'l,¢; is determined by taking the average of the
right-hand side of Equation (A.2) in the frequency range where
it is almost constant. The analysis is thus restricted to the fre-
quency range 1.2-3.1 MHz, chosen in such a way that the short
dipole approximation is valid (f <4 MHz) and the plasma ther-
mal noise, the term I'2 VéTN, can be neglected (f > 1.2 MHz).
Since the level of the galactic background signal is very low
and close to the receiver noise, the determination of Vrfw.se is
crucial for a very accurate antenna calibration. As was already
the case for previous instrumentations of this kind (Zaslavsky
et al.[2011), it is not possible to directly measure the precise sys-
tem noise level for HFR. We thus assume that the actual system
noise level is between the pre-deployment HFR spectrum (red
line in Figure ) and the HFR background measured on the
ground, including the preamplifiers (thin dashed line). Thus, to
get an accurate value of T'lss, V2. has been varied between
the two curves by constant steps. Operationally this is done by
iteratively reducing the system noise, starting at the measured
pre-deployment HFR spectrum, by 0.2 dB until the lowest level,
given by the on-ground background, is reached. For each value
of Vlfom we evaluate the mean value of I'l,;; between 1.2-3.1
MHz by using Equation and the y? of the data points
with respect to this mean (Zaslavsky et al.[2011). We then re-
tain the values of I'l,s that minimize the y~ , the uncertainty

on I'l,ss being defined as VX% /Nyaa- The best fit for the sen-
sor V1-V2 is shown in Figure[5] The fitting procedure provides
['l,rr = 3.4 £ 0.1 and an average value of the noise, in the range
of frequency 1.2-3.1 MHz, of -156.9 dB(V?/Hz) that is 2:107'¢
V?/Hz. Since for f <1.2 MHz and f >3.1 MHz the receiver
noise cannot be measured through the Galaxy signal, we assume
that the value of the total downward shift AB ~ 14 dB, allowing
to get the best fitin the 1.2-3.1 MHz range, also applies to the full
HFR band. The V2 for HFR, representing the true sys-

system—noise
tem noise level measured in space where the antennas and pre-

amplifiers are embedded in the solar wind plasma, is obtained by
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Fig. A.2. Daily minima of the HFR spectra over the time span
from March 1 to December 31, 2020 for the sensor V1-V2 as a
function of the frequency.

subtracting AB to the measured pre-deployment HFR spectrum
and it is shown in figure @ (red dotted line). We remark that at
frequencies above 5 MHz, the peaks due to the possible coupling
with the spacecraft have been removed by means of linear inter-
polations. The value of I'l,ss for the dipole antenna V1 — V2,
as obtained from the Galactic background signal, is shown in
in Table [T} We note that the values found by using independent
methods — that is, the comparison with the type III radio power

1025 kHz
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counts
|

| S S S S S S S R T Sy
-152 -151 -150
dB(V?/Hz)

-149

Fig. A.3. Histogram of the minima values in the period between
March 1 and December 31, 2020 at the frequency of 1.025 MHz.
The gaussian distribution (dashed) corresponds to the Galactic
signal plus the system noise and their fluctuations at this fre-
quency. The vertical line indicates the limit of the lower 5% oc-
currence level.

as measured by Wind/Waves on March 30 and the galactic back-
ground inferred by using ten months of HFR measurements — are
compatible within the uncertainty limits. Figure [6] (upper panel)

shows the comparison of the signal V2 — meem_nme, calculated

from the minimum background, with the theoretical prediction

11
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Fig. 5. Depiction of the right-hand side of Equation as a
function of the frequency. The horizontal lines show the mean
value (red) and 1o uncertainties (black) calculated in the fre-
quency range between the two dashed vertical lines for the min-
imum y? fit.

based on the (Novaco & Brown||1978)) model and Equation (@)
in which [,;; is given by the minimum x? fit. Flgure E] shows
a good agreement between the data and the model in the short
dipole frequency range: between 1.2-3.1 MHz, the relative error
between the data and the model curve is less than 5%.

Flgure [6] (lower panel) shows the comparison among daily
minima of the receiver power spectral density V> — Vstem—noise
over the time span March 1-December 31, 2020 for the sensor
V1 — V2 as a function of the frequency and the theoretical re-
ceiver power from Equations (§)), (A.I),and (A.2), calculated by
using l,;s = 7.7 £ 0.3 m, as obtained from the galactic back-
ground and derived in Section 4] For the purposes of illustration
and comparison, Figure shows the model of galactic back-
ground together with the receiver background data as functions
of frequency, calibrated in W/m?%/Hz/Sr.
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Fig. 6. Comparison of the measured receiver power spectral den-
sity with the theoretical received power. Upper: V2 — them noise
for the sensor V1-V2, as a function of the frequency, calcu-
lated from the minimum background Black dots represent the
data points. Lower: daily minima of the HFR V? spectra minus

mtem 1oise 88 @ function of the frequency, over the time span
March 1-December 31, 2020 for the sensor V1-V2. Red solid
line represents the theoretical receiver power, expected for the
model|Novaco & Brown|(1978)), as obtained from Equations @,
(A.1),(A.2) using Tl,sy = 3.4 £ 0.1 m (from the galactic back-
ground measurements). The increase of the measured voltage
spectral power at frequencies above 4 MHz is the consequence
of the antenna resonance discussed in the text.
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