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Abstract. The study is dedicated to the interplanetary (IP) shock's fronts because of their strong influence on the space weather
and renewed interest in the detailed study of the processes taking place in the collisionless plasma. IP shock parameters were not
studied by plasma measurement with high-time resolution as good as it were studied from the magnetic field measurement.
Spectrometer BMSW (installed onboard SPEKTR-R satellite) solved this problem - it measured plasma flux magnitude and
direction with time resolution 0.031 s and allowed us to study fine structure of the ramp region. Data from SPEKTR-R was
completed by magnetic field measurements from ACE, WIND, THEMIS and CLUSTER spacecrafts. On the base of BMSW [1]
measurements 54 IP shocks were identified from August 2011 to November 2017. Ramp thickness was found to lies in the range
from 45 to 450 km. I some cases foot, overshoot, upstream/downstream wave trains structures were observed near the shock font
both in plasma and magnetic field measurements. It was found that wavelengths of the precursor waves varied from 55 to 440 km.
Four events with large and brief increasing of He™ at the shock front were found according to BMSW measurements. These
observations were confirmed by the measurements at WIND satellite.
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in the solar wind collisionless plasma, redistribute energy of
the directed plasma motion into the thermal energy, and
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g ,“ID,—?——:—»——'—-L Foi energies that lead to a large growth of all kinetic parameters
Z o M ‘I”" .t . : : < of the solar wind plasma and magnetic field. These dramatic

i WIND T P changes occur inside the narrow transition layer of the shock,

=, W o hified (3546 Ly called a ramp. According to the magnetic field
R e ——— ) ' 2 measurements ramp can be accompanied by the formation of
z b W:i a foot or overshoot structures. In addition, fast magnetosonic
E oo R T_(“,;m, } i i or whistler waves can be formed upstream the ramp [2, 3, 4].

The most important parameters that characterize the shock
o EL B B front structure are: the parameter f3 (ratio of thermal pressure
SEERTRR =Wt to magnetic pressure), the angle 0g, (angle between the
Mamt7 ";]m* [ normal to the wave front and the direction of magnetic field
i ' ' _— £ in the unperturbed solar wind), magnetosonic Mach number
| Rl e s [5, 6]. According to the classification, shocks with Op, > 45°
: ‘ : are called quasi-perpendicular shocks, with 0g, <45° - quasi-
S . parallel shocks.
] b\ e When beta is low, the shock is laminar (or quasi laminar),
o T — T s and the processes occurring at the shock do not appear to be

: s | ? turbulent in nature. Value of Mach number determines

i mechanism of energy dissipation at shock front. A lot of
T s it studies have been performed on the low Mach low beta
quasi-perpendicular  shocks. It was shown that

Figure 1. Example of IP shock: 2017-07-09 event. ~ duasiperpendicular low beta, low Mach shocks (M <3 and B,
Plasma (density, temperature, Vx velocity) and << 1) can dissipate required energy entirely through
magnetic field (magnitude and components) anomalous resistivity within the shock current sheet. When
parameters. increasing Mach number approaches the first critical Mach
number Mc; anomalous resistivity within the shock current
sheet becomes unable to transform the necessary amount of
energy from directed bulk flow into thermal energy because the value of the downstream flow speed along the shock
normal approaches the value of downstream sound speed. As a result, reflected ions appear leading to a foot structure
formation upstream the ramp and an overshoot-undershoot structure downstream the ramp.
Many works were devoted to study the thickness of the wave front according to magnetic field measurements [7, 8,
9, 10] with high time resolution. The thickness of the ramp according to plasma measurements was investigated in
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Analysis of the interplanetary shock front fine structure, observed by BMSW experiment

[11] and depends to excessively steep spatial gradients, and their steepening is determined by the interaction between
nonlinear processes of dispersion and dissipation. The definition of the characteristic scale of the shock front is an
important task, because it allows us to determine the dominant processes in the interaction mechanism and its
characteristics. The main aim of this study was to determine plasma parameters behavior through all structures of IP
shock front.
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2. Experimental data. For this study we used measurements of
plasma spectrometer BMSW [12] (Bright/Fast Monitor of Solar
Wind) placed onboard the SPEKTR-R satellite. The BMSW device
has time resolution 1.5 s for the velocity, temperature and density,
and 0.031 s for the ion flux (magnitude and two angles). According
P . . - its measurements we identified 54 interplanetary shock waves
Erontiniknoss by poems iy & vpstcan wavcienom mypusna g Tegistered from August 2011 to November 2017.
2a 2b The BMSW data was complemented by magnetic and plasma
measurements at other satellites, if they were in the solar wind at the
same time with the highest possible time resolution. We usually used
data from WIND, THEMIS-B/C, CLUSTER 1 — 4 satellites.
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Figure 2. Comparison of measurements by
plasma flux and by magnetic field module.

3. Example of IP shock and fine structure of the IP ramp region. The example of IP shock, observed by
BMSW is shown in Fig. 1 upper part. It presents, from top to bottom, the behavior of the solar wind density,
temperature and velocity (in the GSE coordinate system) measured onboard SPEKTR-R and magnetic field
propagated from WIND satellite. The shock normal direction was determined as: n = (-0.810, 0.373, -0.452). The IP
shock was registered at 23:06:26.4 (08.07.2017) by the WIND s/c and at 00:04:01.0 by the SPEKTR-R s/c. Time scale
for magnetic field was shifted on 3454.6 s for usability.

A sharp increase of all solar wind parameters at the time of shock passage was observed. Solar wind speed increased
by 30-35 km/s. The temperature of protons increased by 2 times after the passage of the shock wave. The ion density
also increased by almost 2 times. Angle 0z, was about 70°, according to that the interplanetary shock was determined
as quasiperpendicular. Magnetosonic Mach number Mms was about 1.7, which corresponds to a supersonic wave.
The ratio of thermal to magnetic pressure was small: B = 0.4.

The extended time period of the same
event is presented on bottom part of Fig.
1. It includes density, temperature, Vx
velocity, magnetic field magnitude
through period of 20 seconds. The
figure shows its parameters: the
duration of the ramp by plasma
measurements: t& = 0.34; by magnetic
field measurements: t6 = 0.35 s; IP
shock speed: 1Py = 351 km/s. One can
see waves or oscillations before
(upstream) and after (downstream) the
ramp. Wave length (or period) of these
oscillations seen to be similar on
different spacecrafts, so we can say, that
the front structure is sufficiently
sustainable during propagation from
WIND s/c to SPEKTR-R s/c.
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Figure 3. Example of BMSW instrument spectrogram.
http://aurora.troja.mff.cuni.cz/spektr-r/project/quicklook_digital. php#contentTop

4. Statistical study. For all events, the ramp thickness and wavelengths of upstream oscillations were calculated
from the magnetic field data and from plasma parameters. Fig. 2 shows a comparison of the parameters calculated
from the these two methods of measurements as follows: shock ramp thickness (2a) and wavelengths of the precursor
waves (2b). The ramp thickness is between 45 and 450 km. The wavelength of the precursor waves is between 55 and
440 km. In general, close agreement is found between the characteristics calculated from the plasma parameters and
the magnetic field data. Measuring the ramp thickness with different methods shows close correspondence which
indicates the equivalence of these methods.

5.He™ analysis. In some events BMSW device can measure He™ (or a-particles) density - it should be more than
0.5% (He™ density relative to protons density) in the solar wind and proton temperature should be not very high.
Example of BMSW spectrogramm is in Fig. 3. First panel shows energy-time spectrogram of the protons and He™
ions during 6 hours from 12-00 to 18-00 on September 9, 2011 where color corresponds the protons and He™ ion flux
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magnitude. Second and third panels show absolute countity of protons and relative to them He™ density during the
period. Time resolution of He"™ measurement is the same as for velocity, temperature and density - 1.5 s.

According to BMSW He™ data it was found four events with sharp and large increase of He™ density (shown in
relative units) near the ramp: 03-09-2012, 13-04-2013, 21-06-2015, 12-10-2016 cases (Fig. 4). At the time of front
propagation both instruments registered significant increase of He'™ density (for 4-5 times) which lasted only for few
seconds (2-5 data points). Main parameters of IP shocks are shown in the figure: B, the angle 0g,, magnetosonic Mach
number and IP shock speed. So far it is not clearly determined which parameter (or set of them) is more important for
this phenomenon. The source of IP shock may have influence in these cases, so it is now analyzing.
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Figure 4. Four cases of He'" density major increase. Data obtained by BMSW and 3DP instruments of SPEKTR-
R and WIND satellites. Proton (in absolute units) and He™ (in relative units) density are shown.

5. Conclusion. The fine structure of IP shock fronts including ramp region and upstream/downstream waves was
studied on the base of SPEKTR-R data. According to the solar wind plasma measurements with high-time resolution
it was shown that ion ramp scale lies in the range from 45 to 450 km and identical to the magnetic ramp scale. The
plasma and magnetic wavelengths of the precursor waves are in the interval from 55 to 440 km and are similar to each
other. Four events with brief (5-10 seconds) and large (by 4-5 times) enhancements of He++ in the solar wind plasma
were observed by BMSW and 3DP measurements. We are looking for more similar events for further investigation
of this phenomenon.
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