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Abstract When the Cassini spacecraft finally plunged into the Saamratmosphere on 2017 September
15, China’s deep space telescope pointed to Saturn to @8assini and study the Saturnian upper neutral
atmosphere. In this first Chinese Saturnian radio sciengerarent, X band Doppler velocity radio science
data between the deep space telescope and the Cassinirgftagene obtained. After removing Saturnian
and solar gravity effects, Earth rotation effect, the rerim Saturnian atmosphere drag information was
retrieved in the Cassini final plunge progress. Saturn’ssumeutral atmosphere mass density profile is
approximately estimated based on atmosphere mass deasitgdiprincipally by real orbit measurement
data. Saturn’s upper neutral atmosphere mass density 8@90’km to 1400 km is estimated from the orbit
measurement data, the mass density results are about filom10~'® kgcm3 t0 2.5 x 10~ kg cm 3.
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1 INTRODUCTION ments, and neutral atmosphere derived from spacecraft or-
bit measurement or determination, and so on. The opti-
The Cassini spacecraft was used to study the Saturn sysal observation, like the ultraviolet and infrared spectro
tem from 2004 until 2017. To protect two of Saturn’s graph, are remote sensing measurements which are good
62 moons from potential microbial contamination from at identifying the neutral compositions (Moore et al. 2004;
Earth (Voosen 2017), Cassini plunged into Saturn’s atKoskinen & Guerlet 2018). The only in-situ measurements
mosphere on 2017 September 15. During Cassini’s finabf Saturn’s neutral atmosphere are from the Cassini’s
plunge, it worked as an in situ entry spacecraft until itGrand Finale orbits and specifically the lon and Neutral
was destroyed by Saturn’s great pressure and temperatuf@ass Spectrometer (INMS) instrument (Waite et al. 2006;
The final plunge orbit allowed Cassini to take its finestyelle et al. 2018). Compared to optical observation or in
in situ measures of Saturn’s atmosphere, and provided thgtu measurement by on board instruments, the method of
best opportunity to study Saturn’s atmosphere, such as gslanetary neutral atmosphere derived from spacecraft or-
mosphere’s composition, temperature, density, intevasti  bit measurement or determination can be also effective to
with the Saturn rings (Edgington & Spilker 2016; Yelle et obtain neutral atmosphere information (Hickey et al. 2018;
al. 2018; Hickey et al. 2018; Wahlund et al. 2018; Waite etBruinsma & Biancale 2003; Jeon et al. 2011). This method
al. 2018; Cravens et al. 2019; Persoon et al. 2019). depends on the principle of neutral atmosphere affecting
Saturn’s atmosphere consists of various neutra$pacecraft flight, giving the opposite force to the flying
molecules and their ionized gases, neutral gases oftegpacecraft, which can be utilized to derive neutral atmo-
called a neutral atmosphere which is the subject of atsphere density. The Cassini final plunge orbit was tailored
mospheric drag effect to the spacecraft. There are sevefor a radio science experiment (Voosen 2017), the high
al methods for obtaining the information of planetary at-gain antenna (HGA) of Cassini pointed forward the Earth.
mosphere, such as optical measurements, in situ measurgius, Earth ground deep space radio telescope can effec-
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tively receive the downlink signal, monitor the Doppler ve- In order to obtairp, aggg should be calculated first. When
locity from the spacecraft’s signal, which could be utiize Cassini crossed Saturn’s upper atmosphere step by step in
to derive Saturn’s upper neutral atmosphere. the high latitude of Saturn, the main external force con-

In this work, we focus on Saturn’s neutral atmospherdained Saturnian gravity, solar gravity and Saturnian atmo
derived from Cassini’s orbit measurement information. Wespheric drag, the other external forces were slight, which
introduce the atmosphere density measurement principleould be ignored, such as Cassini’s solar pressure force,
based on radio observation, the brief procedure of China'the other planets’ gravity forces except for Saturn and so-
deep space telescope tracked and observed Cassini spalee- Equation (2) shows the main forces, whdré&* is
craft during its final plunge into Saturn’s atmosphere, andhe external force on line of sighf’y;, is the external
the result of Saturn’s upper neutral atmosphere densitiorce caused by Saturnian and solar gravity on line of sight,
estimation. China’s deep space telescope named Jiamubiss, is the external force caused by Saturn’s upper atmo-
(JMS) participated in the final plunge observation. Fitstly sphere on line of sight:
Cassini downlink frequency information and observation o los o

. . _ FOBZFOE +FO§ . (2)

plan were obtained in advance. Secondly, deep space tele grav atm
Scope gui(je ephemgri:s was generated for.Cassini ObSEfos _ ma'°®, wherea!*® is the total acceleration on line
vation. Thirdly, Cassini was tracked by China’s deep s-

of sight, F15 = mal%_, wherea!os is total gravi-

ace telescope, downlink radio signal was sampled an srav et grav
P Pe, 9 P acceleration on line of sighg!¢® is the atmosphere

recorded by VLBI baseband terminal. Then, the DoppIeEJI a0 acceleration of s acecraft(g;gline of sightos —
measurement results were calculated from the recordeJ 9 P tm 7

los i i i
downlink signal. Fourthly, Cassini’s acceleration on Iineniidrag' Thus the foIIowmg_gquann cpgld be c_>btamed.
of sight caused by Saturn’s upper atmosphere was calc{frav could be calculated utilizing Cassini post high aceu-
lated, Cassini’s post ephemeris (NASA 2018) was utilized 2Y ephemeris provided by ‘],PL’ Whlc.h contains the grav-
to eliminate the other error impact effects. Finally, Satir ity effects caused by Saturnian gravity and solar gravi-

upper neutral atmosphere density was approximately estly- Meanwhile, IERS .(_Zonvgntlons bas!c models (,Pe“t &
mated from the residual acceleration information. Luzum 2010) were utilized in acceleration calculation.

@' = a, + ag, . 3)
2 OBSERVATION PRINCIPLE AND EXPERIMENT
The acceleration information is related to Cassini's ex-
2.1 Atmosphere Mass Density Estimation Principle ternal force, thus

los los
Saturn’s upper atmosphere density could be detected using a® = Av', )

the following calculation equation (Mehta et al. 2014; Jeorwhere Av's is the difference of Doppler velocity on line
etal. 2011): of sight.

los
Afdop = 2AT,Ufup]\/v- (5)
According to three Doppler velocity measurement the-
whereaq,., IS spacecraft acceleration due to atmospherery, Av'° could be calculated by Equation (5), where
drag,p is the atmosphere mass densitys the velocity of A faop is the difference of Doppler frequengy.,, which
spacecraft relative to planet atmospherés the velocity is obtained by deep space telescope observatois. the
scalarCp is the atmosphere drag coefficiedtjs the ref-  turn-around ratio of spacecraff,; is the uplink carrier
erence area of spacecraft, ands the spacecraft’'s mass. In frequency.
order to estimate Saturn’s upper neutral atmosphere densi- Thus, the drag acceleration of the spacecrédﬁag
ty, v, adarag, andA should be known in advance, especially could be estimated, then the neutral atmosphere mass den-

1pCpA 5 v
- 02—

(1)

Qdrag = _2 m |'U| )

v andadrag - sity p could be approximately estimated:

The observation geometry of Cassini is shown in los | los
Figure 1. In the Cassini final plunging procedure, the p= _2m Gdrag v |. (6)
uplink telescope was DSS43 in Canberra Deep Space CpA ylos? wlos

Communication Complex, and DSS35 in Canberra Deep
Space Communication Complex was the downlink telew 5 Speervation Experiment
scope. Thus JMS deep space telescope can do Doppler
measurement in three ways like DSS35 telescope. China’s Deep Space Network (CDSN) construction was

In this paperyp is presumed that it has the same valuecompleted in 2016 (Dong et al. 2018). There are three deep
in all direction.p will be derived on line of sight (LOS), space telescopes and two deep space data processing cen-
the direction of spacecraft relative to the ground telescop ters.
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Fig.1 The observation geometry of Cassini plunging into SaturnF'g' 2 Tklwe observation velocity of Cassini relative to JMS deep
procedure. space telescope.

China’s deep space telescope Jiamusi (JMS) with a dMeanwhile, the Qassini -observation velocity based on
ameter of 66 m, participated in the radio observation 01DSS35 telescope is obtained from ODF data in PDS sys-

the Cassini final plunge. Planetary ephemeris DE 435 wagm (NASA 2018), and this velocity is also compared to

utilized (Folkner et al. 2016), telescope guide ephemerigassLni po§t ephemeris. _Thl:]S’ ther:esidual veloclity.rxesult
of Cassini observation was generated utilizing the gegres ownin Figure 3. Itis shown that 98535 ve ocny_ ac-
ometry relationship between Saturn and deep space telgracy 1s a .I|ttle.better than JMS veloplty accuracy, since
scope, since Saturn and Cassini were in the same telesco g_mtegratlon time _Of Doppler velocity measurement 'S
beam during the plunging process. X band was utilize sin DSS?E_’ acco_rdmgto_ODl_: data, the accuracyis ‘?‘bOUt
for Cassini radio observation, Cassini sky frequency wa ,'4 mm §°in 55 mtegratlon time, Wh"? the |.ntegrat|on
8429.938 MHz (Taylor et al. 2002), thus China’s deep glime of Doppler velocity measurement is 1s in JMS, the

pace telescope can track and observe Cassini downlink gfecuracy is about 2.1 mnT$ in 1 s.integratior-l time. on
fective carrier signal, the one hand, DSS35 and JMS residual velocity display ap-

. . ) . proximately the same trend. On the other hand, the veloc-
The observation time was from 10:30 (UTC “me).ity accuracies both in DSS35 and JMS in the final plunge

to 12:00 on 2017 September 15. VLBI baseband termi- . o
: " are obviously degenerated compared to the Cassini normal
nal in deep space telescope was utilized to sample arﬁ{

L . . . - . flying condition phase, especially the residual errors be-
record Cassini's downlink carrier signal. Cassini’s carri : R
. ome large at the end of final plunge, shown in Figure 3.
er frequency was estimated by Beijing Aerospace Contral, . - .
: . his is because the Cassini spacecraft had large dynamic
Center (BACC) measurement signal processing software. . ) :
LT . movement in the final plunge causing measurement accu-
Because Cassini uplink carrier frequency was adapted b ; i
acy to become lower. But it can be concluded that IMS’s
ramp model (Andersona & Schubertb 2010), ramp table . o . . \
. Observation velocity is reliable to derive Saturn’s nelutra
was post obtained from NASA Planetary Data Systematmos here information
(PDS) server (NASA 2018). Thus Doppler frequency be- P ’

tween Cassini and JMS telescope was calculated, and

Cassini’s relative velocity was obtained. Figure 2 shows3 SATURN NEUTRAL ATM OSPHERE DENSITY

the observation velocity of Cassini by JMS deep space tele- ESTIMATION RESULTS AND DISCUSSION
scope from 10:30:00 to 11:55:21 (UTC time). The results

show that the relative velocity between Cassini and JM3n order to calculate the density of Saturn’s upper neutral
telescope varied intensely in the final plunge procedureatmosphere, according to Equation (1), the other parame-
which was about from —20 knt$ to —40 km s''. These ters should be known in advance. In this paper, all the vec-
observation results provided very useful information to stor parameters, including the speed of the spacecraft, the
tudy Saturn’s upper neutral atmosphere. drag acceleration of the spacecraft, are expressed on line
In order to evaluate observation velocity accura-Of sight. The reference area is the projected area on line of
cy based on JMS telescope, the observation velocity isight.
compared to the calculation velocity based on Cassini  The following steps are for calculating Saturn’s upper
post ephemeris, and the residual velocity is obtainedneutral atmosphere density.
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by was calculated to be 18.46nand the projected area of
the Titan-5 flyby was 19.08 fr(Liechty 2006), the project-
ed area of Cassini flyby E21 was 18.6 (horenz & Burk
2018). In this paper, the projected area is approximately
fixed as the mean projected area of the above three pro-
jected area to 18.71%in the final plunge progress, which
ignore the spacecraft flying attitude affection. It assumes
that Cassini’s shape is cylinder, with the height 6.7 meters
the diameter 4 meters, thus Cassini's max projected area
is 26.8 nt, Cassini's min projected area is 12.56.riThe
uncertainty is approximately 40%, when the projected area
‘ . ‘ . : : , is setup 18.71
L T Step 3, the drag coefficient is fixed to 2.1 in this paper,

) _ which has been confirmed to be very reasonable (Liechty
Fig.3 DSS35 and JMS telescope velocity measurement accuraCQ'OOG)

in the final plunge.
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Step 4, Saturn’s upper neutral atmosphere mass den-
sity is calculated. Saturn’s upper neutral atmosphere mass
density is calculated from JMS telescope observation data.
The mass of Cassini was setup to 2150 kilogram (wikipedi-
a'). The mass density estimation results of Saturn’s neu-
tral atmosphere are shown in Figure 4. The red marks
are the estimation results, the gray lines express the es-
timation error uncertainty. The mass density profile ob-
tained from observing the final plunge shows that Saturn’s
neutral atmosphere density estimation results are from
1.4x 107" kgem 3 t02.5x 10~ kg cm2 when the alti-
tude between Cassini and the 1 bar level of Saturn is from
76000 km to 1400 km, the mean mass density is about
7.2 x 1071 kg cm~2 with 1o uncertainty 40%.

0 05 1 15 2 25 3 a5 4 Since Saturn’s neutral atmosphere has unexpected
Atmosphere mass density (kg cni®) ©10°14 heavy neutral molecules except for H2, HD, and He (Yelle
) _ __etal. 2018; Cravens et al. 2019; Waite et al. 2018), this pa-
Fig.4 Saturn’s upper atmosphere mass density results obtalneF(J:ler just gives the atmosphere mass density results derived
by IMS telescope. from Cassini orbit measurement data, not the atmosphere
) ) number density results for each neutral molecule. The pro-

Step 1, calculating the drag acceleration caused b}écted area not considering Cassini’s flying altitude is one
Saturn’s upper neutral atmosphere. _ of the major error sources for Saturn’s neutral atmosphere

The drag acceleration of the spacecraftis caused by th@ass density estimation. The low-order gravity field coef-
force of Saturn’s upper neutral atmosphere. In order to obyicient of Saturn may also cause some estimation errors.
tain drag acceleration, the total acceleration on lineglitsi g paper gives another technique different from in situ
and the gravity acceleration caused by Saturn and the Syfeasurement and remote sensing measurement (Vervack
on line of sight are calculated. The total acceleration reg \oses 2015; Waite et al. 2018; Yelle et al. 2018), to
sults are calculated from Cassini’s final ephemeris, and thgptain useful information of Saturn’s neutral atmosphere
gravity acceleration results were calculated from Sawm'density. Although the method and results of indirectly ob-

gravity field (Anderson & Schubert 2007; Kong etal. 2018;5ining atmosphere mass density are different from the in
less etal. 2019), Saturnand the Sun’s ephemeris. The grayy, measurement of Saturn’s atmosphere, this method is
itational coefficients J2, J4, and J6 are utilized in thisgmap easonable, and the orbit measurement data of the line of
From the.above derivation process in Section 2.1, the dragght Doppler which has been phase-locked to the frequen-
acceleration caused by Saturn's upper neutral atmosphegg standard given by active hydrogen atomic clocks at deep
can be obtained. space tracking stations is reliable. There are two possible

Step 2, the projected area is approximately calculatreasons for this discrepancy between the in situ measure-

ed. Since Cassini spacecraft stands more than 6.7 metgffent by INMS and the indirect measurement which de-
high and is more than 4 meters wide (Liechty 2006). For

comparison, the projected area of the Cassini Titan-A fly- * https://en. wi ki pedi a. or g/ wi ki / Cassi ni CHuygens

x10*

Altitude from the 1 bar level of Saturn (km)
N
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