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ABSTRACT 24 

 We have examined features in the structure of the heliosheath using the fine scale time 25 

variations of termination shock particles (TSP) between ~0.5 – 20 MeV and electrons between 26 

2.5-14 MeV measured by the CRS instrument as the V2 spacecraft crossed the heliospheric 27 

termination shock in 2007.  The very disturbed heliosheath at V2 is particularly noteworthy for 28 

strong periodic intensity variations of the TSP just after V2 crossed the termination shock 29 

(2007.66) reaching a maximum between 2007.75 and 2008.0.  A series of 42/21 day periodicities 30 

was observed at V2 along with spectral changes of low energy TSP and the acceleration of 6-14 31 

MeV electrons.  Evidence is presented for the acceleration of TSP and electrons at the times of 32 

the 42/21 day periodicities just after V2 crossed the HTS.  Spectra for TSP between 2-20 MeV 33 

and electrons between 2.5-14 MeV are derived for three time periods including the time of the 34 

HTS crossing.  The energy spectra of TSP and electrons at these times of intensity peaks are very 35 

similar above ~3 MeV, with exponents of a power law spectrum between -3.0 and -3.6.  The 36 

ratio of TSP intensities to electron intensities at the same energy is ~500.  The electron intensity 37 

peaks and minima are generally out of phase with those of nuclei by ~1/2 of a 42 day cycle.  38 

These charge dependent intensity differences and the large periodic intensity changes could 39 

provide new clues as to a possible acceleration mechanism. 40 

41 
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Introduction 42 

Four major populations of energetic particles above ~1 MeV are believed to exist in the 43 

heliosheath region: [1] Termination Shock Particles (TSP); [2] Anomalous Cosmic Rays (ACR); 44 

[3] Galactic Cosmic Rays (GCR); and [4] Galactic Electrons (Ge) (see e.g., Stone, et al., 2008).  45 

Of these populations only GCR exist in sufficient numbers to be well studied near the Earth.  The 46 

other components all have intensities in the heliosheath which reach values 102-104 times those 47 

which manage to reach the inner heliosphere near the Earth.  In fact the TSP and ACR in the 48 

heliosheath behave much like “trapped particles” accelerated near to or just beyond the HTS or 49 

in the heliosheath itself, with the intensities building up to a level at which the production in the 50 

heliosheath equals the escape from both the inner boundary (HTS) and the outer boundary, the 51 

heliopause (HP). 52 

These intensities and their fluctuations with time can be studied with a very high precision 53 

with the large area detectors which are part of the CRS instruments on V1 and V2 (Stone, et al., 54 

1977).  In this paper we describe some of these observations just after V2 crossed the HTS in 55 

2007.  The charged particle observations related to this crossing have been initially discussed by 56 

Stone, et al., 2008, and Decker, et al., 2008.  The new studies at V2 reported here indicate a very 57 

turbulent and structured region near to and just beyond the HTS with strong ~42 day periodic 58 

intensity variations with sub-multiples of ~21 days, perhaps indicative of shocks, MIR’s etc, 59 

propagating from the inner heliosphere into the heliosheath in route to the HP and beyond.  The 60 

periodic structures just beyond the HTS on V2 may be an important source of accelerated TSP 61 

and electrons as evidenced by the periodic intensity increases.  In what follows we will discuss 62 

the most significant of these intensity variations and what they imply. 63 

The Data- General Comments 64 

 In Figure 1 we show the rates (intensities) of >0.5 MeV H nuclei, representing TSP, and 65 

electrons from 6-14 MeV observed by the CRS instrument on V2.  Also shown in this figure, for 66 

comparison, are the intensities of 27-42 MeV He nuclei as representative of ACR.  This figure is 67 

expanded and is linear in the intensity dimension.  This is in contrast to typical logarithmic plots 68 

which may extend several decades in intensity.  The two time intervals labeled � and � in this 69 

figure bracket the time period when the largest periodicities in the intensity of TSP are observed.  70 

Time period � will be discussed in a later paper. 71 
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  It is seen from the Figure that the largest TSP intensities are observed directly beyond 72 

the HTS, crossed at 2007.66, where the dominant time variations are massive periodic variations.  73 

In the remaining time that V2 is beyond the HTS up to 2010.5, the TSP intensity actually 74 

decreases on average but still includes large periodic and episodic time variations.  75 

Corresponding periods of increased 6-14 MeV electron intensity are observed that have 76 

previously been attributed to locally accelerated electrons (McDonald, et al., 2009). 77 

The Data – The Time Period from ~2007.4-2008.4 78 

 We will consider the temporal variations bracketed by interval � in Figure 1.  This time 79 

interval extends from before the HTS crossing to about 2008.4, almost a year after the HTS 80 

crossing.  This time interval is shown in more detail in Figure 2.  Large periodic intensity 81 

changes of factors up to ~3 are observed in both the >0.5 and 3.3-8.1 MeV protons plotted here 82 

(see Decker, et al., 2008 and Decker, Krimigis, Roelof and Hill, 2010, for time-intensity profiles 83 

of lower energy 28-540 KeV ions during this same time period).   Some of these increases are 84 

also observed for 6-14 electrons, but in many cases the large structured 42/21 day variations are 85 

not present for electrons.  Much weaker intensity changes are observed for ACR at higher 86 

energies (see Figure 1).  The higher energy ACR appears to be part of a different population.  87 

This is particularly evident in the longer term trends of intensity. 88 

The largest intensity changes of TSP in time interval � have a period 42-44 days with 89 

evidence of a sub-multiple period of ~21-22 days.  They are a continuing part of a series of 90 

strong periodic intensity changes of TSP extending all the way back to 2007.42, well before V2 91 

first encountered the HTS.  In fact, the general increase in both TSP and electron intensities 92 

begins at about 2007.55 , 0.1 year (~0.3 AU) before the HTS crossing itself at 2007.66.  The sub-93 

multiple period, ~22 days, is strongest just after the HTS crossing and particularly strong during 94 

the time period from ~2007.83 to ~2008.0 when the “normalized” 3.3-8.1 MeV rate exceeds the 95 

>0.5 MeV rate by a significant amount, as shown by the solid blue data points.  The normalized 96 

3.3-8.1 MeV intensity is a factor ~1.5 times higher than the 0.5 MeV rate at 2007.87 (day 318) 97 

near the time of a sub-multiple peak.  The “normal” value of this ratio is between 0.3-0.6.  This 98 

enhancement is evidence of a very distorted TSP spectrum with an excess of particles between 99 

3.3-8.1 MeV relative to the lower energy particles at these times. 100 
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 It is interesting that the 6-14 MeV GCR electron intensity shows a peak (at 2007.97, day 101 

355) at a time ~ 40 days after the 2007.87 peak of 3.3-8.1 MeV protons  but at a time when the 102 

3.3-8.1 MeV proton intensity now shows an extreme minimum.  These features and their + and – 103 

charge asymmetry may provide clues about the acceleration process occurring at this time.   104 

 We note that these extreme maxima and minima for electrons and TSP at about 2007.97 105 

occur at the time Intriligator, et al., 2010, report the presence of high energy solar wind ions 106 

(HEI) at V2.  Burlaga, et al., 2009, also report unusual magnetic field variations (including the 107 

onset of a uni-polar region) near the times of the extreme intensity maxima and minima. 108 

 High time resolution data for TSP of several energies and for 6-14 MeV electrons is 109 

shown in Figure 3 for this time period.  Note that the normalized 3.3-8.1/>0.5 MeV ratio for TSP 110 

is changing most rapidly during the time period at which the electron intensity is a maximum.  111 

Also note that this sudden decrease disappears at higher energies so it is clearly only a TSP 112 

effect. 113 

 Overall we believe that the time period from about 2007.75 to the end of 2007 represents 114 

a period in which the spectrum of TSP below a few MeV is very distorted, possibly indicating 115 

that these particles are accelerated in the vicinity of these periodic structures, in close proximity 116 

to, but just beyond the HTS.  This time period has earlier been identified on a broader time scale 117 

of 52 day intervals as one of changing TSP spectra at energies below a few MeV (Cummings, et 118 

al., 2009). 119 

 The periodic structures that we observe and the acceleration process may be enhanced as 120 

a result of the interaction of the interplanetary shock from the large December 2006 events at the 121 

Earth with the HTS (Intriligator, et al., 2010).  The same process that accelerates the TSP may 122 

also accelerate electrons of several MeV.  This time period will be discussed in more detail in a 123 

later section. 124 

 After 2008.0 the >0.5 and 3.1-8.1 MeV TSP intensities continue to decrease but have 125 

intensity maxima at 2008.0, 2008.14/2008.20 and 2008.33, which indicate a 44-50 day 126 

periodicity with possible submultiples.  By 2008.4 the TSP intensities have decreased so that 127 

they are comparable to what they were prior to the HTS crossing.  The overall electron intensity 128 

enhancement also decreases throughout this period, but remains substantial, and does not exhibit 129 

the large periodic variations observed for TSP. 130 
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Discussion – The Large Periodic Variations Just Before and After V2 Crossed the HTS 131 

 This part of the discussion concerns the strong 42/21 day periodicities observed in the 132 

TSP intensities and the associated rapidly changing TSP energy spectrum which dominate the 133 

time period at V2 from about 2007.4, just before the HTS crossing, to about 2008.0.  Note that 134 

the 1st intensity peak in the ~42 day TSP periodicity occurs at 2007.42 prior to the HTS crossing.  135 

This peak is coincident with a B field enhancement prior to the HTS crossing that is described as 136 

an MIR by Burlaga, et al., 2009.  This time also corresponds to the first of two solar wind plasma 137 

speed and ram pressure decreases reported by Richardson, et al., 2008.  These decreases prior to 138 

the HTS crossing reduce the solar wind ram pressure to ~0.3 of the value it had earlier in 2007 in 139 

the upstream solar wind.   140 

The large increases in TSP intensity and the rapid spectral changes at low energies after 141 

2007.66 represent a continuation of this 42 day periodicity after V2 crossed the HTS.  The 6-14 142 

MeV electrons also increase rapidly during this time period starting at about 2007.55, which is 143 

the time of a second B field enhancement and a second solar wind speed and ram pressure 144 

decrease prior to the HTS encounter.  The overall intensity maximum for electrons also occurs 145 

between about 2007.8-2008.0.  The amplitudes of the electron periodicities are weaker than those 146 

of the TSP, however, and the electron intensity maxima that do occur (e.g., at 2007.64 and 147 

2007.72) are at the times of the TSP intensity minima (see Figure 2). 148 

After the HTS crossing, the TSP intensities first peak at 2007.77 (day 283) ~41 days after 149 

the HTS crossing.  During subsequent 21 day sub-cycles the normalized 3.3-8.1/>0.5 MeV ratio 150 

increases rapidly up to values ~1.5, from a normal ratio of between 0.3-0.6.  This ratio is at a 151 

maximum at about 2007.87 (day 318).  This increased ratio continues until after the extreme TSP 152 

intensity minimum at 2007.97 (at a 21 day sub-cycle minimum, see Figure 3), after which the 153 

normalized 3.3-8.1/>0.5 MeV ratio then decreases more slowly over a period of 0.15-0.20 year 154 

to the more normal ratio ~0.5.  The 1.9-2.7 />0.5 MeV ratio (not shown here) follows a similar 155 

intensity-time behavior.  It is therefore during the specific time period from about 2007.75-156 

2008.0, with a maximum at 2007.87, that we believe the distortion of the TSP spectrum below a 157 

few MeV is at a maximum and the intensity between 3.3-8.1 MeV is enhanced relative to lower 158 

energies in alignment with the specific 42/21 day cycles/sub-cycles of maximum intensity.  This 159 

is a time period in which Cummings, et al., 2009, have observed significant changes in the shape 160 
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of the TSP spectra in the few MeV range averaged over 26 or 52 day time periods.  The striking 161 

TSP intensity minimum at 2007.97 coincides with the absolute maximum of 6-14 MeV electron 162 

intensities as noted earlier (Figure 3).  The intensities of the two oppositely charged components 163 

are thus out of phase and the intensity ratio of electrons to protons at roughly the same energy 164 

changes by a factor of ~6 in just a few days during this time. 165 

This feature suggests the establishment of a plasma double layer as a possible source of 166 

the accelerated TSP.  Such double layers have been suggested as the cause of various auroral 167 

phenomena in the magnetosphere where an overall acceleration of KeV is possible (Alfren, 168 

1958).  In the outer heliosphere these regions may be much larger in scale providing acceleration 169 

in the MeV range as observed by V2 (see http://en.wikipedia.org/wiki/Double_layer_(plasma)). 170 

It is interesting to note that Intriligator, et al., 2010,  have  observed high energy solar 171 

wind ions (HEI) at roughly twice the average solar wind speed for a time period between days 172 

333-348 (2007.91-2007.95) almost exactly at the time when we observe a maximum spectral 173 

distortion of TSP and a maximum difference in electron and TSP intensities.  These energetic 174 

solar wind ions have been observed on several other occasions, including at 2004.32 in 175 

conjunction with the passage of the “Halloween” shock at V2 and also at 2007.66 when V2 176 

initially crossed the HTS.   177 

 This time period near the end of 2007 also includes a period F described by Burlaga, et 178 

al., 2009.  This time period has two peaks in magnetic field strength reaching values ~0.2 nT, 179 

several times the average value, on days 342 and 370 (~28 days separation).  Systematic abrupt 180 

variations of magnetic field direction from 90° to 270° are observed starting at about 2007.3.  181 

They also find a magnetic field with a direction ~0° (directly outward from the Sun) between 182 

days 358-367 (in close conjunction with the 6-14 MeV electron increase and the TSP extreme 183 

intensity minimum at 2007.97).   184 

The post HTS solar wind “ram” pressure also shows strong peaks at 2007.83 and 2007.96 185 

(~46 d separation) (Richardson, et al., 2008).  The ram pressure beyond the HTS at these times 186 

approaches the ram pressure measured in the solar wind well upstream of the HTS.  These solar 187 

wind ram pressure peaks coincide with the strongest intensity maximum and deepest intensity 188 

minimum for electrons and TSP respectively.   189 

 190 
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The Energy Spectra of the Nuclear and Electron Components 191 

 We have averaged the data in time intervals of width � 3 days centered on the times of 192 

2007.66, 2007.87 and 2008.19 to obtain representative intensities and spectra of TSP and 193 

electrons in the above time intervals.  To determine the spectra for TSP we have used the energy 194 

intervals >0.5 (0.5-1.9), 1.9-2.7, 3.5-5.3, 5.3-7.3, 6.2-10.9, 10.9-16.8 and 16.8-28 MeV.  For 195 

electrons we have used the energy intervals 2.5-5.3 and 6-14 MeV.  The >0.5 MeV intensity in 196 

cts/sec (�10) is plotted as an approximate differential intensity at 1.0 MeV. 197 

 The spectra for TSP and electrons for these three time intervals are shown in Figure 4 198 

with the electron intensities multiplied by 100.  The intensities are all multiplied by E2 to better 199 

illustrate the sometimes subtle spectral differences in the different time intervals.  All intensities 200 

are plotted at 0.33 of the energy interval width above the lower energy limit to allow for the 201 

steep spectra.  These effective energies are 1.0, 2.15, 4.0, 6.0, 8.2, 12.8 and 20.5 MeV for TSP 202 

and 3.4 and 8.7 MeV for electrons.  The TSP spectra at all of these three times appear to steepen 203 

with increasing energy with an inflection point at ~2-3 MeV as also reported by Cummings, et 204 

al., 2009, 2011.  The maxima in the xE2 spectra, or the inflection point of the spectrum, signifies 205 

that this energy corresponds to the maximum energy input to the TSP spectrum, an important 206 

point for theoretical consideration (see Florinski, et al., 2009). 207 

 We have compared our TSP spectrum for the interval 2007.66 with a detailed energy 208 

spectrum shown in Stone, et al., 2008, for a 12 day interval near the HTS crossing (see Figure 4).  209 

The agreement between spectra is good.  The differences at higher energies are due to the fact 210 

that the estimated ACR component is subtracted in this paper. 211 

 The degree of flattening of the spectral exponent at low energies is determined directly 212 

from the changing 3.3-8.1/>0.5 MeV ratio.  The larger this “normalized” ratio becomes the 213 

greater is the change in the spectral exponent.  This 3.3-8.1/>0.5 MeV ratio is larger by a factor 214 

of between 2 and 3 for the 2007.87 (A) time period as compared with a later time period at 215 

2008.19 (B).  The spectrum for interval A is therefore flatter below ~6 MeV than period B and 216 

also flatter than the spectrum at the time of the HTS crossing.  It is as though the particles ~1 217 

MeV or less are being removed from the spectrum and re-distributed at energies above ~3.3 218 

MeV during time interval A.  Similar spectral features have been reported by Cummings, et al., 219 

2006, before and after the HTS crossing by V1 in late 2004. 220 
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 In the energy range above 5 MeV/nuc the TSP have spectra with exponents in the range 221 

~3.1-3.6.  The spectral exponent in Period A, when there is believed to be acceleration, appears 222 

to be slightly flatter (3.20�0.10) than the spectrum in period B (3.60�0.15) when no acceleration 223 

appears to be occurring.  The errors on the “differences” in spectra are mainly statistical since the 224 

energy intervals are identical for each time interval.  The statistical errors are less than a few 225 

percent for all TSP intervals.   226 

 For electrons in the energy range from 3.4-8.7 MeV, the spectral exponents are also in the 227 

range -3.2-3.6 for each time period, albeit with larger errors.  So electrons and TSP have very 228 

similar spectral exponents in this energy range.  The ratio of TSP intensities to electron 229 

intensities in this energy range is ~500 �150 with the errors representing the variability in these 230 

ratios from time period to time period, and also from lower to higher energies. 231 

Summary and Conclusions 232 

 This paper summarizes high time resolution data on TSP intensities between ~0.5 and 20 233 

MeV and electrons from 6-14 MeV obtained by the CRS experiment on V2 in 2007 before and 234 

after this spacecraft crossed the HTS.   235 

 Large periodic intensity variations dominate the intensity-time landscape of TSP and 236 

electrons just before and after the HTS crossing at 2007.66.   These variations provide evidence 237 

of a highly structured and variable heliosheath at V2 near the HTS.  Much of the variability in 238 

the TSP and electron intensities is in the region from just in front of the HTS to perhaps ~1-2 AU 239 

beyond the HTS. 240 

 The strong 42/21 day periodicities of TSP intensity observed just before and just after V2 241 

encountered the HTS are perhaps the most striking aspect of these variations.  The largest 242 

amplitude periodicities are observed at energies between about 0.5 and 10 MeV, but not so much 243 

at still lower energies, where the intensity variation at these times is much less in the LECP 244 

experiment, (Decker, et al., 2010 and http://voyager.gsfc.nasa.gov).  Intensity changes greater 245 

than a factor ~2 are observed between the intensity maximum and minimum in any one period 246 

and changes in the TSP spectral index below a few MeV are evident at times of both the intensity 247 

maxima and minima during the time interval from about 2007.75 to 2008.0.  These spectral 248 

changes are evidenced by the changes in the 3.3-8.1/>0.5 MeV ratio which acts as an index of 249 

the spectral changes.  An increasing ratio indicates a more rapid intensity increase of higher 250 
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energy TSP relative to the lowest energy (which itself is increasing) during this time period, 251 

suggestive of acceleration of several MeV TSP near the energy peak of the x E2 spectrum (which 252 

occurs at ~5 MeV at this time) by a mechanism related to the specific 42/21 day periodicities 253 

themselves.   254 

 The electron periodicities during this time interval are not as striking as those of TSP.  255 

The electron intensities are well above background so the electrons appear to be locally 256 

accelerated, (e.g., McDonald, et al., 2009).  The electron intensity peaks that do occur are out of 257 

phase with the 21 day intensity sub peaks of the TSP, however.  The largest excess of 6-14 MeV 258 

electrons, in fact, occurs at the deepest minimum in the intensity of TSP at 2007.97. 259 

 This intense activity and the periodicities in the intensity at this time may be instigated by 260 

the arrival of a large IP shock at the HTS.  This could be the interplanetary shock related to the 261 

December 2006 events at the Earth.  This shock propagates out to the V2 location (Intriligator, et 262 

al., 2010; Webber and Intriligator, 2011) arriving in the later half of 2007.  This may at least 263 

partially account for the much larger intensity of TSP observed when V2 crossed the HTS in 264 

2007 relative to when V1 crossed the HTS 2.7 years earlier and also for the fact that the TSP 265 

intensities at V2 peaked in the heliosheath region just beyond the HTS in 2007 whereas at V1 the 266 

TSP intensities steadily increased after crossing the HTS and peaked much deeper into the 267 

heliosheath.   268 

 If the two cosmic ray/B field/solar wind plasma “events” that were observed by V2 at 269 

~2007.42 and 2007.55, described as MIR’s by Burlaga, et al., 2009, are attributed to fore-270 

structures of the HTS itself; then the December, 2006 shock would have had to have reached the 271 

HTS and therefore V2, not prior to the HTS crossing, but sometime in the later part of 2007 272 

perhaps between about 2007.7 and 2008.0.  This is consistent with the propagation time of this 273 

shock as described by Webber and Intriligator, 2011. 274 

 We have obtained both TSP and electron energy spectra for three time periods during this 275 

very disturbed period including the time of the HTS crossing.  The TSP and electron spectra in 276 

the energy range from ~3 MeV up to ~20 MeV are similar with average spectral exponents in the 277 

range ~3.0-3.6.  These spectral exponents are close to, but perhaps slightly larger than the 278 

canonical value of 3.0 expected for diffusive shock acceleration at a strong shock, where s=2.0.  279 
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The typical TSP/electron intensity ratio during the averaging periods is ~500 with a large 280 

variability. 281 

 The TSP energy spectra flatten significantly below ~3 MeV as shown in the x E2 spectral 282 

plots.  This is most notable in the x E2 spectrum for time interval A which has a higher peak 283 

intensity between 3-6 MeV than interval B or the HTS interval, but the intensities in time 284 

interval A are the same or less than the other two intervals at energies ~1 MeV or below.  This 285 

degree of flattening is greatest when the normalized 3.3-8.1/>0.5 MeV ratio is largest and this 286 

implies that particles ~1 MeV or less are removed from the spectra at these times and possibly 287 

redistributed at energies peaking at ~5 MeV where the peak in the x E2 spectrum is observed. 288 

 Overall this study emphasizes the strong 42/21 day periodicities observed in the 289 

intensities of 1-10 MeV TSP just before and after V2 crossed the HTS in 2007.  These 290 

periodicities were accompanied by changes in the spectrum of TSP below ~3 MeV along with 291 

the acceleration of 6-14 MeV electrons.  The intensity peaks of electrons are generally ~21 days 292 

out of phase with the intensity peaks of TSP.  We believe that these features are evidence for 293 

significant acceleration of both TSP and electrons during these time periods.  The difference in 294 

phase of the electrons and protons suggests that a plasma double layer capable of accelerating 295 

particles to MeV energies may be a part of this acceleration process. 296 
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FIGURE CAPTIONS 334 

Figure 1:  Intensities of TSP (>0.5 MeV) and 6-14 MeV electrons (red) at V2 from 2007.3 to 335 

2011.3.  Data are 5 day running averages.  Intensities are cts.s-1 for >0.5 MeV and 336 

P/m2.s.sr.MeV (x 100) for electrons.  Time periods of interest are labeled 1 and 2.  Note that 337 

the vertical scale is linear and greatly expanded.  The solid red line is the estimated 338 

background (both GCR and instrumental) for electrons.  The relative intensities of 27-42 339 

MeV He nuclei as representative of the anomalous component are also shown in blue. 340 

Figure 2:  The intensities during time interval 1 at V2.  Intensity scale for >0.5 MeV is in cts.s-1.  341 

The 3.3-8.1 MeV TSP (blue) and 6-14 MeV electron intensities (red) are “normalized” by 342 

the factors indicated and the units of intensity are P/cm2.s.sr.MeV.  6-14 MeV electrons are 343 

in red and are the “excess” electron intensities above background.  The vertical lines indicate 344 

the times of prominent peaks for >0.5 MeV particles.  Upper numbers between the lines are 345 

in days.  Lower numbers refer to the sub-multiple peaks.  Note that the times when the 346 

normalized 3.3-8.1 MeV intensity exceeds >0.5 MeV intensity are shown by the solid blue 347 

data points.   348 

Figure 3:  Higher time resolution data showing several TSP and electron intensities during the 349 

time interval from 2007.9 to 2008.04. 350 

Figure 4:  Energy spectra of TSP and electrons (intensities x E2 in MeV) observed during the 351 

time intervals A and B and also at the time of the HTS crossing (electron spectra in red and 352 

intensities x 102).  Detailed 12 day average energy spectra from Stone, et al., 2008, for the 353 

HTS interval are also shown (in blue).  Further details regarding these spectra are given in 354 

the text. 355 

356 
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