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Observations of energetic particles at interplanetary shocks are important to study acceleration mechanisms and their connection with magnetohydrodynamic turbulence. Energetic storm particle (ESP) events are increases in proton fluxes that occur locally at the passage time of interplanetary shocks. These events are more dangerous when they are superimposed on the solar energetic particles (SEPs) produced by the eruption of flares and/or CME-driven shocks propagating from the corona to the interplanetary space. We considered ESP events occurring in association with SEPs on 3 November 2021. We used proton fluxes provided by Solar Orbiter (located at 0.85 AU) in the energy range of 30 keV–82 MeV, by Wind at energies from 70 keV to 72 MeV, and ACE in the range from 40 keV to 5 MeV (both located at the Lagrangian point L1, close to 1 AU along the Sun-Earth direction). In order to broaden the range of analyzed energies (40 keV - 72 MeV), we combine these data with the proton fluxes from the SOHO spacecraft, also located at L1. We analyzed the ESP event and fitted the proton energy spectra at both locations with several distributions to shed light on the mechanisms leading to the acceleration of energetic particles. We also investigated the turbulent magnetic field fluctuations around the shock. The obtained ESP spectra, best reproduced by the so-called double power law function, the spectral differences at the two locations, and the shock features (quasi-parallel geometry, enhanced downstream turbulence) suggest that diffusive shock acceleration is responsible for acceleration of low energy particles, whereas stochastic acceleration contributes to the (re) acceleration of high energies ones.
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1 INTRODUCTION
Coronal mass ejections (CMEs) emitted in the solar corona can generate shock waves propagating in interplanetary (IP) space. Local enhancements of energetic charged particle intensities observed at IP shocks are known as energetic storm particles (ESPs; Gosling et al., 1981; Pesses et al., 1982; Tsurutani and Lin, 1985). There is a wide variety of different types of ESP events: classical, spike, step-like or irregular according to their time profile (Lario et al., 2003). These energetic particles are accelerated from a few tens of keV to many MeV (Kallenrode, 1996), although the acceleration efficiency decreases with energy, so enhancements are observed frequently in ion fluxes at low energy (Tsurutani and Lin, 1985; Lario et al., 2003; Dresing et al., 2016). ESPs can occur at the shock passage after the initially accelerated solar energetic particles (SEPs) have been released in the IP space.
The diffusive shock acceleration (DSA) theory (see, e.g., Krymskii, 1977; Bell, 1978; Blandford and Ostriker, 1978) can describe particle acceleration at shocks occurring in interplanetary space. DSA predicts a power-law energy spectrum, and several observed energy spectra, in the range from a few tens up to a few hundreds of keV, show values consistent with those predicted by this mechanism (Giacalone, 2012; Parker and Zank, 2012). Nevertheless, it has been shown that many ESP events do not follow the relation predicted by the DSA theory (see, e.g., Ho et al., 2003; Desai et al., 2004; Fisk and Gloeckler, 2012). Ellison and Ramaty (1985) proposed an exponential decay to describe the rollover in the power-law spectra at high energies. Mewaldt et al. (2005) have shown that in the case of SEP events the energy spectra can be reproduced by a power law form only at low energies, whereas the so-called double power law proposed by Band et al. (1993) provides better fits to these energy spectra (see also, Tylka et al., 2005). Stochastic acceleration (SA) mechanism could play a role in particle energization at shocks (Schlickeiser et al., 1993). Afanasiev et al. (2014) argued that the spectral break in the double power law of SEP events can be attributed to the stochastic re-acceleration of energetic protons by enhanced Alfvénic turbulence in the downstream region of a coronal shock wave. Chiappetta et al. (2021) invoked the SA mechanism to explain the ESP events, for which spectra at quasi-parallel shocks were reproduced with the Band function. On the other hand, it was found that the Weibull function (Weibull, 1951) provides the best fit for proton energy spectra in several SEP, ESP and Corotating Interaction Region (CIR) events (see, e.g., Laurenza et al., 2013; Laurenza et al., 2015; Laurenza et al., 2016; Chiappetta et al., 2021) in the case of quasi-perpendicular shocks. The Weibull distribution can be theoretically obtained as a steady-state solution of the diffusion-loss equation in a model wherein acceleration is represented as an anomalous diffusion in momentum space (Pallocchia et al., 2017). In the framework of particle acceleration, two processes can be related to the Weibull spectra, shock surfing acceleration (SSA; Sagdeev, 1966; Lee et al., 1996) and SA. In the first model, at quasi-perpendicular shocks, the particle energy augments in time as the power law E(t) ∼ t2, the acceleration efficiency decreasing with the shock angle θBn and consequently, a spectrum with a spectral index equal to γ = 1/2 is expected (as defined in Equation 1 in Section 3). An alternative interpretation is provided by the SA of protons in the vicinity of shock waves due to the interactions with magnetic irregularities or turbulent fluctuations.
In this work we investigate the kinetic energy spectra of proton flux enhancements associated with ESP events on 3 November 2021, in order to get more insight into the underlying particle acceleration processes. The same shock, thanks to multi-point in-situ observations, was detected by Solar Orbiter, Wind, Advanced Composition Explorer (ACE), and Solar and Heliospheric Observatory (SOHO) spacecraft. We analyze these ESP events, occurring in association with SEPs, using different spectral distributions. The paper is organized as follows. In Section 2, we describe the utilized data sets and the solar wind plasma observations. In Section 3 we present the results obtained from the analysis of ESP proton energy spectra by using different functional forms, such as the Ellison-Ramaty, double power law and Weibull function. The results about turbulent magnetic fluctuations around the shock are shown in Section 4. Finally, discussion and conclusions are given in Section 5.
2 OBSERVATIONS AND DATA SETS
The data used to study the ESP events on 3 November 2021 were taken from Solar Orbiter, Wind, ACE, and SOHO spacecraft. Solar Orbiter was located at about 0.85 AU, while Wind, ACE and SOHO were at the Lagrangian point L1, very close to 1 AU along the Sun-Earth direction. The locations of different satellites in the HEEQ coordinate system are shown in Figure 1.
[image: Figure 1]FIGURE 1 | Locations of Solar Orbiter and spacecraft at L1 (Wind, ACE and SOHO) in HEEQ coordinate system on 3 November 2021 at 14:00 UT.
From Solar Orbiter, 1 min and 0.125 s magnetic field measurements from the magnetometer (MAG; Horbury et al., 2020), 4 s plasma data from the Solar Wind Analyser (SWA; Owen et al., 2020) and particle fluxes from the Energetic Particle Detector (EPD; Rodríguez-Pacheco et al., 2020) with a resolution of 30 s in the energy range from 30 keV to 82 MeV have been used. For Wind, we used 1 min and 0.092 s magnetic field data from the Magnetic Fields Investigation (MFI; Lepping et al., 1995) magnetometer, 92 s plasma data from Solar Wind Experiment (SWE; Ogilvie et al., 1995), 24 s suprathermal ion observations from the Three-Dimensional Plasma Analyzer (3DP; Lin et al., 1995) in the energy range (70 keV - 6.8 MeV) and 92 s from the Energetic Particles: Acceleration, Composition and Transport (EPACT; von Rosenvinge et al., 1995) in the range (19–72) MeV. ACE data come from the Electron, Proton and Alpha Monitor (EPAM; Gold et al., 1998) instrument in the energy range (47 keV - 4.8 MeV), with 12 s resolution. The High Energy Detector (HED) from the Energetic and Relativistic Nuclei and Electron (ERNE; Torsti et al., 1995) instrument from SOHO has been used for the flux of energetic particles with a resolution of 1 min in the energy channels from 13.0 MeV to 130.0 MeV.
The magnetic field signatures, bulk solar wind velocity, proton density, and temperature recorded by Solar Orbiter and Wind for the ESP events of 3 November 2021 are shown in Figure 2. The dashed lines refer to the shock crossing over the two spacecraft on 2021 November 3 at 14:04 UT, and at 19:35 UT, respectively.
[image: Figure 2]FIGURE 2 | Magnetic field and plasma data obtained by Solar Orbiter and Wind spacecraft on the 3rd November 2021. From top to bottom, the panels show the magnetic field components, the magnetic field magnitude, solar wind bulk speed, proton density and temperature. The vertical dashed lines indicate the time of the shock passage over Solar Orbiter at 14:04 UT and Wind on at 19:35 UT.
The key parameters of the fast forward (FF) shock observed by Solar Orbiter and Wind, associated with the ESP events, are taken from Trotta et al. (2023), where the normal vector of the shock [image: image], and then the other parameters, are calculated using the mixed mode method (Paschmann and Schwartz, 2000), using intervals in the upstream and downstream region of the shock with averaging windows lasting in a range between 30 s and 5 min. The obtained shock parameters are given in Table 1. The columns report the date and time of the shock passage, shock-normal angle (θBn) between the magnetic field and the normal to the shock surface, compression ratio (r), plasma beta (β), and the magnetosonic Mach number (Mms), respectively. The shock has not had a great evolution going from Solar Orbiter (0.85 AU) to L1 point (0.99 AU). The spacecraft are well-aligned radially and the shock parameters are very close to each other, with the exception of the compression ratio (see Table 1). However, the compression ratio calculated at Wind exceeds the MHD limiting value of 4 and it could be considered an anomalous value, since the values of compression ratio calculated by Trotta et al. (2023) for THEMIS B and C, near the Earth, are quite similar (2.93 and 1.54, respectively) to that obtained for Solar Orbiter (1.47).
TABLE 1 | Parameters of the selected shock observed from Solar Orbiter and Wind. Columns: satellite, date, time of the shock, shock-normal angle (θBn), compression ratio (r), beta of the plasma (β) and magnetosonic Mach number (Mms).
[image: Table 1]Figure 3 shows proton fluxes around the shock crossing on 2021 November 3 at Solar Orbiter at 14:04 UT, Wind at 19:35 UT, ACE at 19:25 UT and SOHO. Both ESP events are associated with an SEP event. Solar Orbiter data are taken from Electron Proton Telescope (EPT) and High Energy Telescope (HET) sensors. EPT and HET consist of two double-ended telescopes, pointing in different directions: one is pointing sunward and anti-sunward along the nominal Parker spiral and the other one is pointing northward and southward. Figure 3A displays Solar Orbiter fluxes in the sunward direction. 3DP and EPACT data from Wind spacecraft are shown in Figure 3B. In order to broaden the range of energies analysed with Wind, we combined the proton flux data from Wind and ACE (see Figure 3C) with those from SOHO (see Figure 3D), which show fluxes similar to those of the first two spacecraft.
[image: Figure 3]FIGURE 3 | Proton fluxes around the shock crossing on 2021 November 3 at (A) Solar Orbiter at 14:04 UT in the sunward direction, (B) Wind at 19:35 UT, (C) ACE at 19:25 UT and (D) SOHO. (A) The upper and lower panels show data recorded by the EPT and HET instruments in the energy range of (0.04–4.5) MeV and (7.0–82) MeV, respectively. (B) Proton intensities taken from 3DP sensor (upper panel) in the energy range (70 keV - 6.8 MeV) and from EPACT instrument in the range (19–72) MeV. (C) Proton fluxes taken from EPAM instrument in the energy range (47 keV - 4.8 MeV). (D) Proton data recorded by the HED detector in the energy range (13–130) MeV. The vertical dashed lines indicate the time of the shock passage over the spacecraft.
3 ESP ENERGY SPECTRA
We analysed the proton energy spectra to have information on the acceleration processes of particles at the shocks when an SEP event is in progress. We calculated the average differential flux (dJ/dE) over an interval of 3 h around the shock arrival. To derive these spectra, we took data in the Sunward direction from EPT and HET sensors on board Solar Orbiter spacecraft.
In addition, the energy spectrum (dJ/dE) over 3 h was also calculated for the shock observed at the Lagrangian point L1 by Wind and ACE on the 3rd November at 19:35 and 19:25 UT, respectively, combining these data with proton intensities from SOHO spacecraft.
Then, we used three different distributions (see, e.g., Chiappetta et al., 2021), Weibull (Frisch and Sornette, 1997), Band (Band et al., 1993) and Ellison-Ramaty (Ellison and Ramaty, 1985) functions to fit differential fluxes dJ/dE. The first functional form has the shape
[image: image]
where C is a scaling factor, Eτ is a characteristic energy and γ is a spectral index (Laurenza et al., 2013; Laurenza et al., 2015; Pallocchia et al., 2017). The Weibull function is also known as the two-parameter stretched exponential associated with particle acceleration by “killed” processes, namely, stochastic processes exhibiting a power-law growth and truncated at random times. In particular, this type of spectrum was found as the steady-state solution of a diffusion-loss equation if we consider a population of particles accelerated by a second-order Fermi mechanism that gives rise to anomalous diffusion in the particle velocity space. The Band double power law function is represented by the equation
[image: image]
where C is a scaling factor, γa is the low energy power law slope, γb is the high energy power law slope and E0 is the break energy. This spectral shape is commonly used to fit particle spectra in SEP events (Band et al., 1993; Tylka et al., 2005; Mewaldt et al., 2012; Desai and Giacalone, 2016). For comparison, we also used the Ellison-Ramaty function (Ellison and Ramaty, 1985),
[image: image]
equal to the Band shape (Eq. 2) below the transition energy, to fit the spectra of the selected ESP events.
Figure 4A shows the spectra of energetic protons related to the 3rd November 2021 ESP event observed from Solar Orbiter and the combined spectra at L1. In the case of the spectrum computed 3 h around the shock arrival at Solar Orbiter, the three distributions have been fitted in the energy range (40.0 keV - 22.10 MeV) and the Band function provides the best fit for the ESP event (blue curve). As can be seen from Figure 4A, the double power law seems to better reproduce also the combined spectrum at L1 in the range of energies from 0.3 to 22.4 MeV (red curve), confirming results from Chiappetta et al. (2021). In fact, in a statistical study on shocks observed from Solar Terrestrial Relations Observatory (STEREO) A spacecraft performed by Chiappetta et al. (2021), they found that the Band distribution better reproduces the proton energy spectra at quasi-parallel shocks associated with an SEP event. On the contrary, for quasi-perpendicular shocks, the best fit is provided by the Weibull function. In our analysis, the shock observed by Solar Orbiter and Wind can be considered in both cases quasi-parallel, since θBn = 45° and θBn = 33°, respectively, and the fit results are in agreement with the previous work. In order to have information directly related to the acceleration region around the shock front, we also calculated the spectra obtained by subtracting the background spectrum calculated over a 1 h interval preceding the ESP increase, at least 1.5 h before the passage of the shock. The subtracted spectrum, displayed in Figure 4B, presents similar results. For the subtracted spectrum calculated at L1 (lime markers) both Band and Ellison-Ramaty function are in good agreement with data. Fit parameters obtained for the ESP events over 3 h around the shock passage and for the background subtracted spectra are listed in Table 2, where γa is the low energy power-law slope, γb is the high energy power-law slope and E0 is the energy break. For both locations we found that the slopes of the Band function at low energies are the same within the uncertainties, and this result is consistent with the small evolution of the shock. The other two parameters obtained from the fit, the rollover energy and the spectral slope above this quantity are also very close to each other at the spacecraft locations.
[image: Figure 4]FIGURE 4 | (A) Time averaged differential fluxes of energetic particles calculated 3 h around the shock arrival at Solar Orbiter and at L1 and (B) after subtracting the background. Magenta circles indicate the data from EPT and HET telescopes pointing sunward on board Solar Orbiter. The data from Wind, ACE and SOHO are indicated with lime stars, squares and triangles, respectively. The blue and red solid curves are the Band distribution used to fit the spectra at Solar Orbiter and L1, respectively. Data errors are within the marker size.
TABLE 2 | Fit parameters, by using Band function, for the ESP events observed from Solar Orbiter in the Sunward direction and from spacecrafts at L1 (Wind, ACE, SOHO).
[image: Table 2]4 TURBULENCE AROUND THE SHOCK
The characteristics of turbulent fluctuations around interplanetary shocks can have a significant impact on the particle acceleration processes, in particular if SA is involved. Claßen et al. (1999) analysed the correlation between magnetic fluctuations and energetic particles (1 MeV/nucl.) at CIR-related shocks, and found a significant correlation between the high energy proton and helium flux and the turbulence level (quantified by the total wave power in a given frequency range) in the downstream region, while the correlation was found to be not significant for the upstream region. These results were interpreted by the authors as an indication of the existence of strong wave-particle interactions in the region downstream of the shocks. In Chiappetta et al. (2021), the correlation between the proton flux enhancements in the range 4–6 MeV and magnetic field turbulence downstream of interplanetary shocks was analysed for ESP events observed by the STEREO A spacecraft and associated with SEP events. The used turbulence measure was the same as in Claßen et al. (1999). More specifically, a significant correlation was found between the peak flux value in the 4–6 MeV energy range and the magnetic field magnitude fluctuations downstream of the selected shocks, which included both quasi–parallel and quasi–perpendicular shocks. These results appear to confirm the idea of downstream turbulence being a relevant factor in shock acceleration or re-acceleration processes.
In the above mentioned works, the turbulence level was simply quantified through the total wave power integrated over a given frequency range. However, especially when studying a single event, the turbulence properties around an interplanetary shock can be investigated in more detail by calculating the power spectral density (PSD) and structure functions of the magnetic field (see e.g., Carbone et al., 2004; Bruno and Carbone, 2016). For the present analysis, we used magnetic field measurements taken around the shock passages by the Solar Orbiter/MAG instrument (in RTN coordinates) with a 0.125 s resolution and by Wind/MFI (in GSE coordinates) with a 0.092 s resolution. Two time intervals were considered, upstream and downstream of the shock, respectively. The length of the time intervals is 68 min avoiding a 5 min interval around the shock.
The upstream and downstream power spectral densities (PSDs), obtained from the traces of the spectral matrices of magnetic field fluctuations, are shown in Figure 5. Due to the presence of data gaps within both the upstream and downstream Wind/MFI data samples, the PSD in this case was calculated through the Lomb-Scargle method (see e. g.,; Lomb, 1976; Scargle, 1982). The downstream PSD is significantly larger than the upstream one, as expected as a consequence of the enhancement of the fluctuations arising from the shock. The PSDs show a clear inertial range (slightly shorter for the upstream case) with a power law behaviour close to the Kolmogorov-like behaviour f−5/3. It is also possible to observe a breakdown at 0.5–1 Hz, followed by steepening of the spectrum, which can be attributed to the occurrence of kinetic effects (see e.g., Leamon et al., 1998; Bruno and Carbone, 2016).
[image: Figure 5]FIGURE 5 | PSDs of the magnetic field upstream and downstream of the shock associated with the ESP event of 3 November 2021 from the Solar Orbiter (left) and Wind (right) spacecraft. The PSDs are obtained from the traces of the spectral matrices of magnetic field fluctuations. The black dashed lines corresponds to the power law f−5/3, shown for comparison.
In order to obtain information about the intermittency level of magnetic field fluctuations, the flatness (or kurtosis) Fi(τ) (see e.g., Carbone et al., 2004; Bruno and Carbone, 2016) was calculated as
[image: image]
where [image: image] are the structure functions of order p of the magnetic field increments, Bi(t) are the magnetic field components, τ the timescale separation, and ⟨⋅⟩ denotes time average over the considered interval. The flatness Fi(τ), calculated upstream and downstream of the shock, is reported in Figure 6. For the Solar Orbiter data interval, the flatness is found to be remarkably larger in the region downstream of the shock and it exhibits a steeper increase towards small values of τ for all the components with respect to the upstream region. Otherwise, the same analysis on the Wind data sample highlights how the enhancement of the flatness in the downstream region observed at L1 is mostly focused on a single component of the magnetic field, i.e., By in the GSE reference frame. However, a clear increase in the flatness at small scales is globally present also for the x and z components in the downstream region. This results indicate that the downstream region of the shock is accompanied by a stronger and highly structured turbulence, which is reflected in a higher level of intermittency with respect to the upstream region. Overall, considering that the double power law spectral shape can be related to a significant contribution of stochastic re-acceleration of high energy protons by enhanced downstream turbulence (Afanasiev et al., 2014), the observed increase in the level of magnetic field turbulence and intermittency downstream of the shock represents an additional result in support of this picture.
[image: Figure 6]FIGURE 6 | Flatness of the increments of the magnetic field components upstream (left panels) and downstream (right panels) of the shock associated with the ESP events of 3 November 2021 as observed by Solar Orbiter at 0.85 AU (top) and Wind at L1 (bottom).
5 DISCUSSION AND CONCLUSION
In order to shed light on the mechanisms leading to the acceleration and transport of energetic particles in interplanetary space we have investigated the SEP-associated ESP events observed on the 3rd November 2021 from two locations. We have used in-situ observations of proton fluxes from Solar Orbiter, ACE, and Wind, which observed a shock passage at 14:04 UT, 19:25 UT, and 19:35 UT, respectively. The proton enhancement covered energies from about 40 keV up to about 20 MeV. We separately studied the ESP event for Solar Orbiter and for spacecraft located at L1.
We obtained the ESP spectrum and the background subtracted spectrum for both locations, where the background spectrum was computed in a period of pre-increase, before the ESP start, to the aim of having information directly related to the acceleration region around the shock front. We found that for the shock observed by Solar Orbiter and by the spacecraft at L1, the Band function fits better the differential fluxes of energetic particles. Moreover, a good agreement is observed also between the Band distribution and the background subtracted spectra, which are more representative of the acceleration region around the shock front.
In the scenario of particle acceleration, the Band distribution has been associated with SA mechanism (Afanasiev et al., 2014; Chiappetta et al., 2021), in which particles are stochastically re-accelerated in the downstream region of the shock, where it is found a significant level of magnetic irregularities and turbulent fluctuations (Zank et al., 2006; Giacalone and Jokipii, 2007; Lu et al., 2009; Guo et al., 2012; Pohl et al., 2015). In particular, Chiappetta et al. (2021) showed that for four SEP-associated ESPs at quasi-parallel shocks the Band function reproduces the observed spectra better than other spectral shapes (e.g., the Weibull distribution, which on the contrary, was found to be the best fit for ESPs at quasi-perpendicular shocks). As the shocks observed at both Solar Orbiter and Wind are both quasi-parallel (θBn = 45° and θBn = 33°, respectively), our results confirm previous findings.
By comparing the spectra at Solar Orbiter and L1 we observed that both the spectral indices of the Band function are basically the same within the uncertainties at the two considered locations, which is consistent with the small evolution of the shock. Nevertheless, a flux difference of about 1 order of magnitude at energies below the rollover energy at about 2 MeV can be observed mainly because of the radial density gradient (see e.g., Gardini et al., 2008; Gardini et al., 2011) due to the different location of the spacecraft (0.85 and 0.99, respectively). On the contrary, the spectra at higher energies are quite similar showing no noticeable flux difference between the two locations. Moreover, the particle profile at lower energies (less than 0.5 MeV) both at Solar Orbiter and L1 have the behaviour predicted by the DSA (see e.g., Zank et al., 2006) as the flux remains almost flat in the downstream region after the peak, while at higher energies they show a sharp decrease.
These results support the scenario in which two different mechanisms contribute to the particle acceleration in different energy ranges as proposed in the past (Kallenrode, 1996; Pallocchia et al., 2017; Chiappetta et al., 2021). In particular, we speculate that at low energy the dominant mechanism is the DSA, although the value of the first power law index γa is not related to the shock compression ratio as predicted by the DSA theory. This could be explained by considering that the shock compression ratio is a local measure of the shock at the position of the observer and at the time the shock passes the spacecraft. On the contrary, the particle event and hence the spectral index, although obtained from measurements taken very close to the shock, may combine particles produced at various locations on the shock front, whereas the locally observed plasma properties do not necessarily relate to the properties of the plasma sampled by the mobile energetic particles. As a matter of fact, it is not possible to accurately determine the average plasma density jump across the shock along its surface using only a single spacecraft and this leads to considerable uncertainty in the plasma density jump (Giacalone, 2012). Also past attempts to establish the predicted relationship between the observed power-law spectral exponent and the local plasma density jump across the shock have been unsatisfying (see e.g., van Nes et al., 1984). On the other hand, at higher energy a contribution from the SA can be relevant, as achieved through adiabatic particle reflection from randomly moving turbulent waves or eddies, especially in the downstream region of the shock (Schlickeiser et al., 1993). For instance, Ostrowski (1994) has showed that statistical acceleration by high-amplitude MHD turbulence can transfer the energy of a weak parallel shock to the particles more efficiently than a first-order process. As a matter of fact, our analysis of magnetic field fluctuations around the shock observed at Solar Orbiter and Wind shows a turbulence enhancement in the downstream region, as expected. This is also confirmed by the intermittency level, which is found to be significantly higher in the downstream region with respect to the upstream one.
In conclusion, we found that for both locations the proton spectra are fitted by the Band function at the quasi-parallel shock, confirming that this spectral shape can be related to a stochastic re-acceleration of particles to high energies by enhanced downstream turbulence. Moreover, the higher level of intermittency observed downstream with respect to the upstream region is found to be similar at the two locations as well as the spectral shape (same γb and flux values) at high energies above the rollover energy. This suggests that the more structured downstream turbulence can favor the SA mechanism in determining the particle re-acceleration at high energies and hence the second power law of the ESP spectrum, even regardless of the radial distance.
In this context a systematic study of several ESP events associated with different plasma conditions and shock types, with different geometries going from quasi-parallel to quasi-perpendicular, would help in establishing in clearer way the interplay between particle acceleration processes and turbulent magnetic fluctuations at interplanetary shocks.
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