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Abstract. Observations of a beam-like ion distribution upstream of an interplanetary shock near 1 A.U. are presented in this paper. Such observations upstream of interplanetary shocks are rare, with only one known example in the literature, a shock studied by Voyager 1 at about 2.25 A.U. The ions are observed by the Advanced Composition Explorer SWEPAM and EPAM instruments and associated MHD fluctuations are observed by the ACE MAG instrument. The energy per charge of the ions observed by SWEPAM extends from about 700 eV/q to about 3 keV/q in the spacecraft frame, while the ions seen by EPAM extend to about 100 keV in the spacecraft frame. The fluctuating fields observed by MAG have spacecraft frame frequencies from about 0.03 to 0.3 Hz. The particle and field data is combined to determine the ion phase space density parallel and perpendicular to the ambient magnetic field, and the results suggest that a field-aligned beam moving away from the shock is observed. Linear Vlasov theory predicts that the observed ions can drive fluctuations with the observed frequencies and polarization. In addition, fluctuating field amplitudes are in qualitative agreement with simulation predictions. 


1.  Introduction 


	 In-situ observations of particles and fields at Earth’s bow shock by the ISEE 1 and 2 instruments and subsequent interpretation via plasma theory and simulation were active areas of space research in the 1980’s. Because Earth’s bow shock usually moves slowly relative to Earth-orbiting satellites, observational studies by ISEE 1 and 2 provided extensive particle and field data upstream of the shock. In the upstream region, relatively cool, beam-like proton distributions, including the so-called field-aligned, gyrating, and intermediate ion distributions were observed, as well as the hotter, more isotropic diffuse distributions. [e.g. see Thomsen, 1985]. The most complete study of the diffuse particle events for energies from 30 to 130 keV/Q is reported in Ipavich et al. (1981). They found that at these energies the composition of diffuse ions in Earth’s foreshock is relatively insensitive to energy per charge and comparable to the incoming solar wind. Ipavich et al. (1981) interpreted these ISEE-1 measurements as consistent with a Fermi acceleration mechanism.	


	In contrast to Earth’s bow shock, in-situ observations of the evolution of particle distributions and magnetic field waves at interplanetary traveling shocks are less numerous for particle energies below about 35 keV. Although particle and field observations at one fully developed interplanetary shock with relatively isotropic energetic ions [Kennel et al., 1986] showed good agreement with theory [Lee, 1983], the early-time conditions that may exhibit ion beam development are not well documented, presumably due to observational limitations. Such shocks move quickly over the spacecraft so that the resulting observations have relatively poor spatial resolution. However, a quasi-parallel interplanetary shock observed by the plasma experiment on Voyager 1 at 2.25 A.U. did appear to exhibit a field-aligned ion beam in the upstream region [Vinas et al. 1984]. The other known study of upstream ions at interplanetary shocks at energies below 35 keV is Gosling et al., 1984, using ISEE 1 and 2 instrumentation. They found that about half of the 17 shocks studied had detectable upstream shock-associated ions. The observed flux of upstream ions increased monotonically closer to the shock and all distributions were roughly isotropic in the solar wind frame. Numerous other studies of energetic particle populations have focused on particles with energies > 35 keV [Sanderson et al., 1985a, 1985b; van Ness et al., 1984; Scholer et al., 1983; Wenzel et al., 1985; Tsurutani and Lin, 1985], but beam observations have been rare at interplanetary shocks.


	The Advanced Composition Explorer (ACE) spacecraft was launched on August 25,1997 and is in orbit about the L1 Lagrange point between Earth and the Sun. [Stone et al., 1990]. Since instrument turn-on, the Los Alamos National Laboratory Solar Wind Electron Proton Alpha Monitor (SWEPAM) and the University of Delaware, Bartol Research Institute Magnetometer (MAG) on ACE have observed traveling interplanetary shocks driven by coronal mass ejections. At least 35 such shocks were clearly resolved in 1998. Interplanetary shocks near 1 A.U. typically have a relatively low Alfven Mach number (MA < 3), and exhibit the preferential heating of ions (T p > Te downstream) and enhanced magnetic fluctuations. In contrast to the early study by Gosling et al. [1984], and extending the results of Vinas et al. [1984], an interplanetary shock observed by ACE on April 7, 1998, appears to offer a rare opportunity to study the upstream region of an interplanetary shock containing anisotropic ion distributions. In this study, three ACE instruments are employed to diagnose the upstream region of the shock. The SWEPAM instrument unambiguously observed anisotropic ions (assumed herein to be protons) moving away from the shock with a bulk speed of about 100 km/s in the solar wind frame. These distributions are either a field-aligned beam or a ring distribution. It is not possible for SWEPAM to distinguish between a field-aligned beam and a ring because the instrument did not view along the field during this event. In conjunction with these observations, the MAG instrument observed enhanced MHD fluctuations with inferred phase speeds as expected for resonant interactions with the observed ions. In addition, the Johns Hopkins University, Applied Physics Laboratory, Energetic Proton Alpha Monitor (EPAM) observed higher energy ions moving away from the April 7, 1998, shock, presumably the high energy portion of the population observed by SWEPAM. The most intense flux observed by EPAM for the ions was in the lowest, ~60 keV, energy channel, although counts above background were observed by EPAM to at least 100 keV. 





2.) Instrumentation


Because this is the first study to report results from the SWEPAM suprathermal detectors, a brief review of the instrument is given here. For a more detailed discussion, see McComas et al. [1999]. For a discussion of the MAG and EPAM instruments, see Smith et al. [1999] and Gold et al. [1999], respectively.


SWEPAM-I is a spherical section electrostatic ion analyzer. The outer spherical plate is at ground potential, and the inner plate is biased at a negative voltage to allow transmission of the incident ions for narrow ranges of the incident ions energy per charge (~ 3 %). The allowed energy per charge transmission of the instrument, set by the inner plate voltage, is from about 265 eV/q to about 36 keV/q.  Sixteen channel electron multipliers at the exit gap of the shells detect transmitted ions centered about sixteen incident angles, referred to as the polar angles. Look directions vary as the spacecraft spins. The angle between the normal to the instrument entrance aperture and the ACE spin axis is about 18 degrees, and the angle of the ACE spin axis to the solar direction over the mission is planned to range from 6 to 20 degrees. On April 7, 1998, when the shock studied in this paper was observed, this angle was about 10.5 degrees. For this geometry, over a spacecraft spin period (~12 sec) a subset of the first main solar wind detectors always view the incident plasma at small angles to the solar wind velocity while the four suprathermal detectors always view at larger angles to the solar wind velocity. For the April 7, 1998, geometry the suprathermal detectors viewed from 30 to 70 degrees away from the solar direction depending on spin phase. For the data shown in this paper, primarily one mode of operation of SWEPAM-I is employed for the main solar wind detectors and the suprathermal detectors. This mode typically covers the energy range from a few hundred eV/q to a few keV/q and the time resolution is 64-seconds. 


3.) Observations


		Figures 1 and 2 illustrate the temporal evolution of several quantities measured by the three ACE instruments on April 7, 1998, from 12:00 to 18:00 UT. Illustrated in Figure 1 are the magnetic field strength from MAG, the solar wind proton density and solar wind speed from SWEPAM, and three components of the magnetic field. The shock occurred at about 16:50 UT. At the shock there is a jump in B and Np. Averages for the jumps are Bup/Bdown ~ 2.0 for the field, and Nup/Ndown ~ 2.2 for the proton density. Using magnetic co-planarity methods, [e.g. Burgess, 1995], the shock normal in RTN coordinates is [-0.85, 0.43, 0.40]. The r, t, n coordinate system is a spacecraft centered system with the r vector directed from the Sun to the spacecraft and the t vector in the direction of w x r, where w is the Sun’s angular velocity vector. The vector n completes a right-handed system. The Alfven Mach number of the shock is ~2.5, and the angle between the shock normal and the magnetic field, qBn is ~ 42 degrees. These results are consistent with shock fitting using more accurate methods [A. Szabo, personal communication]. Figure 1 illustrates that the field magnitude upstream of the shock is steady. The vector magnetic field measurements show that the field direction is nearly radial, anti-parallel to r. For the viewing geometry of the SWEPAM suprathermal detectors, this upstream field geometry leads to a blind spot at small pitch angles (~<30deg) for these detectors. Figure 2 illustrates fluctuating field amplitudes and SWEPAM and EPAM measurements in the vicinity of the shock. Plotted in the top panel is the square of the RMS variation in the field magnitude normalized to the field magnitude. The RMS calculation employs 16 s average data and samples at 3 vectors/s. The second panel is total summed counts from 700 eV/q to 3 keV/q for the SWEPAM suprathermal detectors, and the bottom panels are differential particle flux from EPAM in three energy channels. All of the quantities increase closer to the shock and peak at the shock.


	Figure 3 is a color spectrogram of the ion counts observed by the SWEPAM suprathermal detectors on April 7, 1998. The sum of the ion counts from the four suprathermal detectors at different ion energy per charge is plotted as a function of time for the 24 hour period. The energy range covered is 700 eV/q to ~2.5 keV/q. The shock transition region is at about 16:50 UT, the time when the highest count levels are observed. The background ion count level is the dark blue region from about 0:00 to 05:30. On average about ~0.5 counts per detector are observed in 0.3946 s in this region, yielding a count rate of about 1.3 counts/s per detector, in good agreement with the manufacturer’s dark current specifications. The suprathermal ion counts increase closer to the shock and exhibit significant temporal variability. A small enhancement occurs between ~08:45 and 09:45 UT while a larger increase occurs from ~13:00 to 14:00 UT, consistent with the SWEPAM counts in Figure 2. In addition, this enhancement coincides with an increase in the fluctuating field amplitude, as shown below. Spectrograms like Figure 3 are routinely surveyed in the SWEPAM data, and at the ~35 shocks in 1998 there are no other shock events that exhibit upstream ions either at this intensity or with the observed time variability. 


	Illustrated in Figure 3 is the fact that in the immediate upstream region of the shock the most intense suprathermal counts are concentrated at the highest measured energies. To better illustrate this point, Figure 4 shows the summed suprathermal ion counts over the time interval 15:00 to 17:00 UT. It is clear that immediately upstream of the shock the most intense counts are observed at the higher energy per charge values and that the counts are reduced in the lower energy channels. This point is the definitive evidence for a field aligned beam moving away from the shock. Using a simulation of the SWEPAM ion monitor and the geometry of this event, it can be shown that the samples with reduced intensity at the low energies map into the phase space regions between the enhanced counts and the main solar wind. In other words, SWEPAM samples these regions of phase space and does not measure elevated counts as would be expected for an isotropic diffuse distribution. 


   	Figure 5 shows the magnetic power spectra from MAG for hour-long intervals in the vicinity of the shock. In all cases the upper curve is the trace of the power spectral density matrix and the lower curve is the power spectrum of |B|.  The spectra were computed using an FFT algorithm and smoothing by 21 spectral estimates [Otnes and Enochson, 1972].  The spectra were confirmed using a prewhitened Blackman-Tukey analysis. The dashed line is determined as an approximate fit to the 12:00 to 13:00 UT interval and is reproduced at the same power level for each interval for reference and comparison.  In the mode of the instrument at the time the data was recorded, 1.5 Hz is the Nyquist frequency and the highest frequency that can be measured without the fortuitous capture of the event in the snapshot buffer [Smith et al., 1999]. 


 	In Figure 5, the spectrum for the 50 minutes immediately upstream of the shock (16:00 to 16:50 UT) shows a form that is familiar from past studies of interplanetary foreshock waves with upstream wave power evident from approximately 0.02 to 0.8 Hz.  Both lower and higher frequencies display the expected power law form of the undisturbed IMF.  However, comparison of this spectrum with the Lee [1983, 1984] and Gordon et al. [1999] results suggests that the magnetic power at the low-frequency end of the wave enhancement is less intense than the long connection time theories predict. This is consistent with the ion fluxes being lower than the theoretical predictions.


	Magnetic spectra earlier in the day (near the bottom of figure 5), exhibit a largely undisturbed IMF spectrum with a near power law form and a slight suggestion of the wave power that is seen closer to the shock.  From 9:00 to 10:00 UT there is a significant degree of upstream wave power in the expected frequency interval. This power is gone in the next hours spectra.  In its place is an unexpectedly narrow wave enhancement at about 0.7 Hz.  This signal becomes a broader feature in the 11:00 to 12:00 UT interval, and is all but disappeared in the following hour from 12:00 to 13:00 UT.  There is then a small and broad wave enhancement from 13:00 to 14:00 UT and from about 0.3 to 0.8 Hz that is largely absent in the following hour.  Lastly, the clear ion foreshock wave signature develops beginning at 15:00 UT and lasting for ~ 2 hours prior to the shock crossing.  During this same time the low-frequency cutoff of the upstream wave enhancement moves to lower frequencies as the spacecraft approaches the shock, suggestive of an increased number density of the more energetic ions close to the shock.  


	The magnetic power spectra in Figure 5 suggest a dynamic foreshock with the repeated appearance and disappearance of the suprathermal ion component, consistent with the SWEPAM observations in Figure 3.  The hour 17:00 to 18:00 UT shown at the top of figure 5 shows the wave power after the shock’s passage.  The broad spectral feature is generally consistent with the passage of the shock and of shock-processing of the upstream waves. SWEPAM sampling rates do not permit us to compute the components of the waves that would be derived from the bulk ion moments, making direct measurement of the compression of these waves impossible.  However, we can infer from the large wave enhancement of the |B| spectra that these waves are highly compressive.  While the beam instability analysis of the following section might suggest that the waves are highly transverse and noncompressive, it appears that the linear growth phase of the waves is short-lived and that the waves have achieved their nonlinear evolution phase by the time they reach observable energies.


	Figure 6 shows the magnetic helicity spectra [e.g. Matthaeus and Goldstein, 1982] for these same intervals.  For convenience, we will define the normalized magnetic helicity spectrum, (M(k) = |k|HM(k)/EB(k), where HM(k) is the magnetic helicity and EB(k) is the magnetic energy spectrum and -1 < (M(k) < +1. The magnetic helicity is intrinsically a spatial quantity that measures the net handedness of the magnetic structures.  While it is more traditional to discuss polarization when discussing waves and wave/particle instabilities, the super-Alfvenic flow of the solar wind only permits the measurement of polarization in the spacecraft frame of reference. A propagation direction for the waves must be assumed and from this pair of properties (the spacecraft-frame polarization and the wave propagation velocity) the polarization in the rest frame of the plasma can be determined.  In this regard the magnetic helicity serves as well as the measured polarization because waves propagating away from the sun (parallel to the solar wind velocity) have right- (left-) handed polarization in the rest frame of the plasma if (B0)z(M(kz) > 0 (< 0).  The reverse is true if the wave is propagating sunward. The convention in this paper is (B0)z > 0 (< 0) if the mean field is directed away from (toward) the sun.  Spectral decomposition is possible only along the flow, which is why the magnetic helicity spectrum is denoted (M(kz). Therefore, for the fluctuations observed here, because Br < 0, negative helicity implies right-hand polarized anti-sunward propagating waves in the plasma rest frame.


	In Figure 6, immediately upstream of the shock from 16:00 to 16:50 UT there is a nearly maximal helicity signature that spans the same range of frequencies as the power enhancements shown in Figure 5.  At frequencies less than 0.03 Hz and greater than 1 Hz, outside the range of the upstream wave power spectral enhancements, the helicity spectrum is nearly zero, consistent with inertial range results commonly observed in the undisturbed solar wind [Matthaeus and Goldstein, 1982]. In the upstream time intervals when the wave power is reduced relative to the 16:00 to 16:50 UT interval, the helicity still shows a significant and observable feature over the same frequency range. This is seen in spite of the reduction and sometimes elimination of the upstream wave energy from the power spectra shown in Figure 5. Not until 13:00 UT and again at 07:00 UT does the helicity in the frequency interval corresponding to the upstream waves go nearly to zero. The wave power enhancement during many of these intervals of nonzero helicity is a small to negligible enhancement above the background. In these instances, the ion beam may be simultaneously damping waves of the same polarization according to their propagation direction (e.g. see Lee [1983, eqn. 6]). The resonance condition is such that a right-hand polarized wave propagating parallel to the beam speed will be amplified while a wave with the same polarization propagating in the opposite direction will be damped. Because these two waves have oppositely signed helicity, the net helicity will increase faster than the net magnetic energy. Immediately downstream of the shock there is a nearly featureless helicity spectrum again consistent with long connection time acceleration events [Lee, 1983].  However, this may be the result of the shock compression of the upstream waves, in which case it is an interesting feature of the observations that the helicity signature is largely absent after passage of the plasma through the shock.


	Figure 7 shows the ion phase space density parallel and perpendicular to the magnetic field in the solar wind rest frame for the SWEPAM data. The primary purpose of this analysis is to determine where in this velocity space the enhanced counts in Figure 4 map. To improve counting statistics, the time interval from 14:00 to 16:00 UT is summed and averaged, although the basic conclusions hold for smaller time intervals in the upstream region, as will be shown in Figure 8. The phase space density near zero speed is the main solar wind beam observed by the central solar wind detectors. The suprathermal detectors sample the space in the tails of the solar wind and, due to the radial field geometry discussed above, do not sample the small pitch angles. The suprathermal data is for spacecraft frame energies from 700 eV/q to about 3 keV/q.  In the figure, there are three main components of the suprathermal population. The first is a population concentrated in one region of phase space that is either a field-aligned beam or a ring distribution. This region is labeled as the beam in Figure 7 and is enclosed by a contour. Second, there is a diffuse population in Figure 7 that is slightly above background and distributed over all measured energies and pitch angles. This population may be scattered and accelerated ions originating in the first population, or a diffuse ion component, analogous to observations in Earth’s foreshock by Ipavich et al. (1981).  The third component is a low-level background due to the detector dark current discussed earlier.


	Figure 8 shows suprathermal ion phase space density parallel and perpendicular to the magnetic field for 8 time intervals in the vicinity of the shock. To illustrate the field-aligned beam enhancement more clearly, this figure shows the SWEPAM suprathermal data plotted over a smaller dynamic range than Figure 7. The figure illustrates that in the seven time intervals upstream of the shock, the enhanced SWEPAM counts are always seen at negative parallel speeds. Because the field direction is nearly radial, and directed toward the sun, the ions are moving away from the shock in the solar wind frame. The intensity of the beam ions generally increases closer to the shock. With the smaller dynamic range, the concentration of ions at the negative parallel speeds is clear. The region of positive parallel speed in the solar wind frame is sampled by SWEPAM and the reduced phase space density is evident. At early times, e.g. 13:00 to 14:00 UT, there is a hint of a wide arc-shaped distribution, and this could be a signature of the low energy ions scattered by the waves and swept back toward the shock. At the shock, a hot and more isotropic distribution in the solar wind frame is evident and this distribution can be shown to connect smoothly with the main solar wind.


	In order to provide an estimate of beam parameters consistent with the observations in Figures 7 and 8, it is assumed that in the solar wind frame the proton phase space consists of an isotropic maxwellian distribution with a less dense, possibly anisotropic convected maxwellian that models a beam. For the time periods of 15:00 – 16:00 UT and 16:00 to 16:50 UT shown in Figure 8, the maximum phase space density measured by the suprathermal detectors is used to specify the beam convection speed. For 15:00 to 16:00 UT, this speed is –100 km/s, while for 16:00 to 16:50 UT,  the convection speed is –120 km/s. These speeds are known to an accuracy of one bin size in Figure 8, which is 10 km/s. The parallel convection speeds define slices in phase space in the perpendicular direction and the data along the slices are fit to the convected maxwellians. These fits are performed on the data after correcting the phase space with an empirically derived background noise with functional form fp ~ v -4. Both time periods yield beam densities of 0.025 +- 0.01 cm-3 and perpendicular temperatures of about 1.5 x 106 deg K.





4.) Discussion  


To link these plasma and magnetic fluctuation observations, we have solved the linear Vlasov dispersion equation described in Gary [1993].  We take the proton density of the solar wind to be np = 7.5 cm -3, Bo = 7 nT, and Tp = 2 eV, so that the Alfven speed vA = 56 km/s and the proton beta bp = 0.12. We assume the existence of a tenuous proton beam propagating along the background magnetic field Bo away from the shock.  Using the fitting procedure described above, the beam has an average speed relative to the solar wind thermal protons of vo ~110 km/s, a beam density of nb ~ 0.025 cm-3, and a temperature perpendicular to Bo of about 200 eV, so that vo/vA ~ 2 and nb/ne ~ 0.003.


Under the condition nb/ne < 0.01 the electromagnetic proton/proton instability of largest growth rate is the proton/proton magnetosonic instability [Daughton and Gary, 1998] which has maximum growth rate along the field and propagates with right-hand polarization. With the additional assumption that the beam is isotropic in its own frame, linear theory yields a maximum growth rate of  gm = 0.0017 wp (Here wp is the proton cyclotron frequency); this corresponds to a growth time of about fifteen minutes which is sufficiently fast to produce the enhanced magnetic fluctuations observed for an hour upstream of the shock. Linear theory also predicts that the range of appreciable growth about  gm corresponds to spacecraft frame frequencies of 0.08 Hz < f < 0.34 Hz, the central frequencies of the fluctuating field enhancements at 16:00—16:50 UT shown in Figure 5.  Furthermore, the negative helicity predicted for this instability when the beam velocity is antiparallel to the background magnetic field is consistent with the negative helicity observations of Figure 6 for the frequencies corresponding to the enhanced part of the fluctuation spectrum.


The observations  indicate that the beam is not isotropic, but rather has a temperature perpendicular to the field larger than parallel to the field. Precise values for this temperature anisotropy are difficult to obtain from the limited observations. However, the temperature anisotropy stabilizes the proton/proton magnetosonic instability, consistent with the possible scenario that a less hot beam from the shock drives this mode unstable.  Then, as shown in simulations [e.g., Daughton et al., 1999], wave-particle scattering heats the beam primarily in the direction perpendicular to the background magnetic field.  


Simulations yield a scaling relation for the maximum fluctuating field energy density from the proton/proton magnetosonic instability.  This is |dB|2/Bo2 = 1/2 nb/ne (vo/vA)2 (Gary et al., 1986) which, for vo/vA = 2, yields |dB|2/Bo2 = 2 nb/ne. The magnetic field measurements of Figure 5 show that |dB|2/Bo2 peaks at about 0.05 near the shock and decreases with distance from the shock to an order of magnitude smaller over the interval from 13:00 to 14:00 UT.  This implies a beam density in the range 0.0025 < nb/ne < 0.025, consistent with our estimate of nb/ne = 0.003.  Thus both plasma and field observations are consistent with the predictions of theory and simulations for the proton/proton magnetosonic instability driven by a tenuous field-aligned beam upstream of the shock.


  





5.) Conclusion


	Particle and magnetic field data measured by the ACE spacecraft in the upstream region of an interplanetary shock seen on April 7,1998 are analyzed in this study. ACE observed a tenuous proton beam streaming away from the shock and associated enhanced magnetic fluctuations at about 0.1 < fsc < 1 Hz.  These are the first correlated measurements of an ion beam in association with beam-excited magnetic waves upstream of an interplanetary shock.  The particle distributions reported here are distinctly different from the diffuse ions more commonly observed at interplanetary shocks.  Linear theory of the proton/proton magnetosonic instability predicts growth rates, a range of unstable frequencies, and right-hand polarization, all consistent with the observations. In addition, measured magnetic fluctuation levels are consistent with constraints obtained via plasma simulation. Because the observations were made at 1 AU and a significant degree of intermittent behavior is observed in both the energetic ion intensity and associated magnetic wave energy, it appears that a high degree of time-dependent acceleration and/or foreshock reformation is possible for interplanetary shocks at 1 AU.  This suggests, but does not prove, that the acceleration of ambient ions by heliospheric shocks may not be the steady process sometimes described in theory.


	 


	 








�
Acknowledgements


The authors at Los Alamos thank Ed Santiago for excellent support with the ACE data reduction tasks. Work at Los Alamos was performed under the auspices of the United States Dept. of Energy with financial support from the NASA ACE program. CWS and NFN acknowledge partial support from the Caltech ACE project office.


References


Burgess, D., Collisionless Shocks, in Introduction to Space Physics , Cambridge University Press, pg. 161-162,1995





Daughton, W.  and S.P. Gary, Electromagnetic proton/proton instabilities in the solar wind, J. Geophys. Res., 103, 20, 613, 1998





Gary, S.P., C.D. Madland, D. Schriver, and D. Winske, Computer simulations of electromagnetic cool ion beam instabilities, J. Geophys. Res., 91, 4188,1986





Gary, S. P., Theory of Space Plasma Microinstabilities , Cambridge University Press, Cambridge, 1993.





Gold, R.E., S.M. Krimigis, S.E. Hawkins, D.K. Haggerty, D.A. Lohr, E. Fiore, T.P. Armstrong, G. Holland, and L.J. Lanzerotti, Electron Proton Alpha Monitor on the Advanced Composition Explorer Spacecraft, Space Sci. Rev., in press, 1999.


 





Gordon, B.E., M.A. Lee, and E. Mobius,  Coupled hydromagnetic wave excitation and ion acceleration at interplanetary traveling shocks and Earth’s bow shock revistied ,  J.Geophys. Res.. , submitted, 1998.








Gosling, J.T., S.J. Bame, W.C. Feldman, G. Paschmann, N. Sckopke, and C.T. Russell  Suprathermal ions upstream from interplanetary shocks ,  J. Geophys. Res., 89, 5409, 1984.





Ipavich, F.M., A.B.Galvin, G.Gloeckler, M. Scholer, and D. Hovestadt, A statistical survey of ions observed upstream of earth’s bow shock: energy spectra, composition, and spatial variation , J. Geophys. Res., 86, 4337, 1981.





 Kennel, C. F., F. V. Coroniti, F. L. Scarf, W. A. Livesey, C. T. Russell, E. J. Smith, K. P. Wenzel, and M. Scholer,  A test of Lee's quasi-linear theory of ion acceleration by interplanetary traveling shocks ,  J. Geophys. Res., 91 , 11,917, 1986.





Lee, M. A.,Coupled hydromagnetic wave excitation and ion acceleration at interplanetary traveling shocks ,  J. Geophys. Res., 88 , 6109, 1983.





Lee, M.A.,  Particle acceleration and MHD wave excitation upstream of interplanetary shocks , Advances in Space Research, 4, 295-304, 1984.





Matthaeus, W.H. and M.L. Goldstein, Measurements of the rugged invariants of magnetohydrodynamic turbulence in the solar wind ,  J. Geophys. Res.,87,6011-6028,1982.





McComas, D. J., S. J. Bame, P. Barker, W. C. Feldman, J. L. Phillips, P. Riley, and J. W. Griffee,  Solar Wind Electron Proton Alpha Monitor (SWEPAM) for the Advanced Composition Explorer , Space Sci. Rev., in press, 1999.





Otnes, R. K., and L. Enochson, Digital Time Series Analysis, John Wiley, New York, 1972.





Sanderson, T. R., R. Reinhard, P. van Nes, K.-P. Wenzel, E. J. Smith and B. T. Tsurutani, Observations of 35 to 1600 keV protons and low frequency waves upstream of interplanetary shocks, J. Geophys. Res., 90, 3973-3980, 1985b.





Sanderson, T. R., R. Reinhard, P. van Nes, and K.-P. Wenzel, Observations of three-dimensional anisotropies of 35 to 1000 keV protons associated with interplanetary shocks, J. Geophys. Res., 90, 19-27, 1985a.





Scholer, M., F. M. Ipavich, G. Gloeckler, D. Hovestadt, Acceleration of low-energy protons and alpha particles at interplanetary shock waves, J. Geophys. Res., 88, 1977-1988, 1983.





Smith, C. W., M. H. Acuna, L. F. Burlaga, J. L'Heureux, N. F. Ness, and J. Scheifele,  The ACE magnetic fields experiment , Space Sci. Rev., in press, 1999.





Stone, E.C. et al., The advanced composition explorer, Proceedings of the workshop of the NASA cosmic ray program for the 1990’s and beyond; AIP Conf. Proc., Goddard Space Flight Center, Nov 6-8, 1998; 1990.





Thomsen, M. F.,  Upstream Suprathermal Ions , Collisionless shocks in the heliosphere: reviews of current research, B.T. Tsurutani and R.G. Stone, Editors, Geophysical Monograph 35, American Geophysical Union, Washington, DC, 1985, pgs 253-270.





Tsurutani, B. T., E. J. Smith, and D. E. Jones, Waves observed upstream of interplanetary shocks, J. Geophys. Res., 88 , 5645, 1983.





Tsurutani, B. T., and R. P. Lin, Acceleration of > 47 keV Ions and > 2 keV by interplanetary shocks at 1 AU, J. Geophys. Res., 90, 1-11, 1985.





van Nes, P., R. Reinhard, T. R. Sanderson, K.-P. Wenzel, and R. D. Zwickl, The energy spectrum of 35 to 1600 keV protons associated with interplanetary shocks, J. Geophys. Res., 89, 2122-2132, 1984.





Vinas, A.F. M.L. Goldstein, and M.H.Acuna, Spectral Analysis of Magnetohydrodynamic Fluctuations Near Interplanetary Shocks, J. Geophys. Res., 89, 3762, 1984. 





Wenzel, K.-P., R. Reinhard, T. R. Sanderson, and E. T. Sarris, Characteristics of energetic particle events associated with interplanetary shocks, J. Geophys. Res., 90, 12-18, 1985.











R.L. Tokar, S.P.Gary, J.T. Gosling, D.J. McComas and R.M. Skoug, Space and Atmospheric Sciences, MS D466, Los Alamos National Laboratory, Los Alamos, NM, 87545.





C. W. Smith, N.F. Ness, Bartol Research Institute, University of Delaware, Newark, DE, 19716





D. Haggerty, Applied Physics Laboratory, Johns Hopkins Universtiy, Laurel, MD, 20723





Figure Captions





Figure 1: Plotted is data from the ACE SWEPAM and MAG instruments on April 7, 1998, from 12:00 to 18:00 UT. Shown is the magnetic field magnitude, solar wind proton density and speed, and three components of the magnetic field. The shock transition region is at about 16:50 UT. The Alfven Mach number of the shock is ~2.5, and the angle between the shock normal and the magnetic field, qBn, is ~ 42 degrees.


Figure 2: For the time interval 12:00 to 18:00 UT on April 7, 1998, plotted is the fluctuating field amplitude from MAG, suprathermal ion counts from SWEPAM, and energetic ion flux in three energy channels from EPAM. The third highest energy channel is near background throughout the event. The flux of energetic ions peaks at the shock as do the wave fluctuation amplitudes.


Figure 3: This figure shows SWEPAM ion counts summed over the four suprathermal detectors and spin angle in a color-coded spectrogram.  The data is for 24 hours on April 7, 1998, with the shock transition at about 16:50 UT. The count level is at the dark current background of the instrument in the first ~3 hours, while upstream of the shock, suprathermal ions with considerable time variability are observed.


Figure 4: The same SWEPAM data as figure 3, but over the smaller 15:00 to 17:00 UT time interval to exhibit the enhancement of counts at the higher SWEPAM energies in the immediate upstream region. These suprathermal ion counts are the primary signature of a non-disrupted field aligned beam in the immediate upstream region of the shock. If the distribution were isotropic in the solar wind frame, enhanced counts would also be observed at the low energy per charge values.


Figure 5: Plotted is power spectra from MAG in the vicinity of the shock. The enhanced power in the immediate upstream region 16:00 to 16:50 UT is clearly visible, as is the upstream power variability.


Figure 6: Plotted is field helicity, obtained from the MAG measurements and defined in the text, as a function of time in the vicinity of the shock. In the immediate upstream region of the shock, 16:00 to 16:50 UT, there is a nearly maximal helicity signature that that spans the same frequency range as the power enhancements shown in Figure 5.  


Figure 7: MAG and SWEPAM data are combined to display phase space density in velocity space in the plasma rest frame parallel and perpendicular to the background magnetic field. The average phase space obtained over the time period 14:00 to 16:00 UT on April 7,1998, is shown. Suprathermal ions sampled by SWEPAM are at the highest energies, while the main solar wind beam is the contours near zero speed. The intense counts visible upstream of the shock in Figure 3 and 4 map primarily into a field-aligned or gyrating component labeled as the beam in this figure. 


Figure 8: Same format as figure 7, but illustrating with a smaller dynamic range only the suprathermal ion phase space density in the vicinity of the shock. The enhanced counts observed in the upstream region map to the smallest pitch angles at the negative parallel speeds, indicative of a field-aligned beam moving away from the shock. The data for the time periods 15:00 to 16:00 UT and 16:00 to 16:50 UT are used to estimate the beam density. A hot and more isotropic distribution is observed downstream of the shock in the 16:50 to 17:20 UT time interval.
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