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Using data from the MASS high-resolution solar wind spectrometer on the 

WIND spacecraft, six enhanced 3He2+f4He2+ periods were found from 1995 to 1998. 

The enhancements vary from a factor of five to almost a hundred times higher than 

average values previously reported. All enhanced 3He2+ periods were associated 

with the passage of CME-ejecta. The observed time periods were either within but 

towards the end of the CME-associated magnetic clouds or trailing the magnetic 

cloud by about 24 hours. Four of six events have enhanced overall densities (>30 

cm-3
) as well as enhanced 3He2+ abundances. All enhanced 3He2+ periods have a 

mixture of low (cold) iron charge states along with high (hot) oxygen charge states. 

Two periods have singly charged helium present with 4He+f4He2+ ratios of 1.0±0.5 % 

and 12±6 %. In addition, during one of these two periods we observed C2+, N2+, and 

0 2+ for the first time in the solar wind. 



The unusual charge state composition of these enhanced 3He2+ events 

suggest the plasma came from a relatively cold and dense solar region. In addition 

one of our enhanced 3He2+ events has optical observations from SoHO to suggest it 

came from the prominence core within a partial halo CME. We suggest that the 

enhanced 3He2+ plasma in all six of our events originated from the prominence core 

embedded within the CME as observed from spaceborne coronagraphs. Different 

fractionation theories that might explain the 3He2+ enhancement will be discussed. 

In addition, ionic and elemental abundances were determined in twenty-one 

magnetic clouds. Four of these magnetic clouds were associated with the four 

3He2+-enhanced events. In general, charge states of carbon, nitrogen and oxygen 

indicate that the twenty-one magnetic clouds contain "hotter" plasma than that 

found in the typical slow speed solar wind. Elemental abundances of other minor 

ions indicate that the "FIP effect", in which the abundances of elements with low 

first ionization potentials is enhanced, was operating in magnetic clouds. 



ACKNOWLEDGEMENTS 

I thank my thesis advisor, Professor Douglas Hamilton, for years of 

guidance and support. He has been my teacher, mentor and friend during all these 

years. I especially like to thank him for giving me the opportunities to work on so 

many projects during my seven years with the Space Physics group. I know for a 

fact that I didn't do anything useful for him during the first two years (?) as his 

student. But he has always been patient with me and given me encouragement 

whenever I needed it. For all the time that he looked out for me, I thank him. By 

the way boss, I am really sorry about those MCP I blew few years ago. 

11 

I thank Professor George Gloeckler for giving me the opportunity to work on 

the WIND/SMS project. I am grateful to Dr. Toni Galvin who has taught me a great 

deal about CME and helped me in proofreading this manuscript. Many thanks to 

my defense committee members who spent time to read my thesis and making it 

better. 

I thank Dr. Al Lazarus and Dr. John Steinberg at MIT who has kindly 

provided me the SWE data, and Dr. Ron Lepping at GSFC who gave me permission 

to use their magnetic cloud fitting routine results. 

I am also indebt to all the engineers who designed and built MASS. They 

are Bob Lundgren, Mike Lungociu, Scott Lasley, Fred Wire, Richard Pappalardo, 

Maurice Pairel, and Ed Tums at the University of Maryland, and Josef Fischer at the 

University of Bern. 

I appreciate all the people in the group that I spent time talking with. They 

are Fred lpavich, Steven Christon, Marian Greenspan, John Paquette, Kuen Ko, and 



Mike Collier. Mike has taught me a lot about the MASS instrument. And most 

important of all, he put up with me while sharing office together for four years. In 

addition, I enjoy all the graduate students who I worked with (Jeff Miller, Sham 

Chotoo, and Matt Hill). I know we are few in the group, but we are the one who 

make all the difference! · 

The front office of our group has given me a lot of help in bureaucratic 

matters. Without them, my paychecks would not have been arrived on time, my 

phone would not have been working, and that would be the end of my career. 

Thank you Pat, Alieen, Cassie and Jo Ann! 

lll 

I thank my mom for giving me the freedom to do whatever I chose (well, 

almost). My parents have never doubted my ability. They have raised me as what I 

am, not what they want me to be. For that, I thank them with my heart. Without 

their support I will never be where I am today. 

Last but not least, I thank my wife Beryl. She has been most supportive 

during the time I write this thesis. She kept me well fed and warm during all this 

time (also taking care of our dog Toto). For that I only have one thing to say to her: 

I am done! 



iv 

TABLE OF CONTENTS 

List of Tables ..................................................................................................... vii 

List of Figures .................................................................................................... ix 

Chapter 1: Introduction 

1.1 History of Coronal Mass Ejections ...................................................... 1 

1.2 Current Understanding of CMEs ......................................................... 5 

1.2.1 Solar Perspective ..................................................................... 5 

1.2.2 Interplanetary Manifestation ................................................. 19 

1.3 WIND Mission ................................................................................. 25 

1.4 Thesis Overview ............................................................................... 28 

Chapter 2: Instrumentation 

2.1 The Solar Wind and Suprathermal Ion Composition Experiment ...... 33 

2.2 MASS Principle of Operation ........................................................... 35 

2.3 WIND/SMS/MASS .......................................................................... 37 

Chapter 3: Data Analysis 

3 .1 Data Format. ..................................................................................... 44 

3.2 Science Data ..................................................................................... 49 

3.2.1 FSR Data .............................................................................. 51 

3.2.2 PHA Data ............................................................................. 53 

3 .3 Flux Calculation ............................................................................... 55 

3.3.1 Box selection ........................................................................ 55 

3.3.2 Efficiency ............................................................................. 59 

3.3.3 PHA Weighting .................................................................... 62 

3.3.4 Accumulation Time and Geometric Factor ............................ 63 

3.3.5 Energy Passband ................................................................... 65 

3.3.6 Background Contribution ...................................................... 65 

Chapter 4: Observations 



V 

4.1 Selection Criteria .............................................................................. 68 

4.1.1 Enhanced 3He Events ............................................................ 68 

4.1.2 Magnetic Cloud Events ......................................................... 77 

4.1.3 Interstream Solar Wind Events .............................................. 82 

4.2 Measurements from Other Instruments ............................................. 82 

4.2.1 SoHO/LASCO Observations ................................................. 88 

4.2.2 WIND/SWE and WIND/MFI Measurements ........................ 89 

4.3 Analysis of Events ............................................................................ 93 

4.3.1 Isotopic Abundances ............................................................. 94 

4.3.2 Singly Charged Helium ....................................................... 105 

4.3.3 Iron Charge States ............................................................... 111 

4.3.4 Other Minor Ion Charge States ............................................ 118 

4.3.5 Elemental Abundances ........................................................ 124 

4.4 Summary of Observations ............................................................... 126 

Chapter 5: Discussion and Conclusions 

5 .1 Prominence Material. ...................................................................... 130 

5.2 Unusual Charge States .................................................................... 133 

5.3 3He Enrichment .............................................................................. 135 

Appendix A: Particle Detection Efficiencies 

A. l MASS Calibration ......................................................................... 142 

A.2 Calibration Overview ..................................................................... 142 

A.2.1 Calibrated Species and Energies ......................................... 142 

A.2.2 Types of Runs .................................................................... 142 

A.3 Efficiency Analysis ........................................................................ 144 

A.3.1 Background ........................................................................ 144 

A.3.1.1 Electronic Noise ........................................................ 144 

A.3.1.2 ADC Noise ................................................................ 144 

A.3.1.3 TOF Backgrounds ..................................................... 146 

A.3.2 Calibrated Ion Efficiencies ................................................. 148 

A.3 .2.1 Individual Efficiencies ............................................... 149 



VI 

A.3.2.2 Deflection Analyzer and Start Efficiencies ................ 149 

A.3.2.3 Stop Efficiency .......................................................... 151 

A.3.2.4 + 1 Ion Fraction in TOF Spectrum .............................. 153 

A.3.2.5 Total Efficiencies for Calibrated Ions ........................ 155 

A.3.3 Non-calibrated Ion Efficiencies .......................................... 160 

A.3.3.1 Combined Start Efficiency ......................................... 160 

A.3.3.2 Combined Stop Efficiency ......................................... 165 

A.4 vadps Defect .................................................................................... 168 

A.5 Correcting vadps .•.••..•..•...... .•••...••.•......••.•.•••.•••.••...•.....•••.•............... 171 

Appendix B: TOF Channel Ranges .................................................................. 177 

Appendix C: Field Signatures of a Magnetic Cloud 

C.1 Force-Free Flux Rope .................................................................... 179 

C.2 Least Squares Fit. ........................................................................... 180 

Appendix D: Memory Allocation of PHA Words Among Three SMS Sensors. 184 

Appendix E: Key Parameter Plots for all Events ............................................. 188 

Appendix F: MASS Time of Flight Calculation ............................................... 218 

References ....................................................................................................... 221 



vii 

LIST OF TABLES 

1.1 Summary of the WIND spacecraft instruments ....................................... 31 

2.1 Capabilities of the three SMS instruments .............................................. 34 

3.1 The ten MR boxes .................................................................................. 48 

3.2 Estimated contamination from other species ........................................... 60 

3.3 Calibrated species and their energies ...................................................... 61 

4.1 Start and stop times of EH events ........................................................... 70 

4.2 Start and stop times of MC and CL events .............................................. 80 

4.3 Start and stop times ofIS events ............................................................. 83 

4.4 Comparison between MC and LAS CO halo-CME list ............................ 90 

4.5 Helium isotopic ratios ........................................................................... 102 

4.6 Time difference between EH and selected MC events ........................... 106 

4.7 Helium charge state ratios .................................................................... 110 

4.8 Inferred temperatures from helium, oxygen and iron for EH events ...... 117 

4.9 Inferred temperatures from CL 1 and EH 6 ........................................... 123 

4.10 Average elemental abundances within magnetic clouds ........................ 128 

A. l Selected instrument testing during Bern calibration .............................. 143 

A.2 Polynomial fit coefficients for selected ion efficiencies ........................ 159 

A.3 Minimum energies for non-calibrated species ....................................... 164 

B.1 TOF and background ranges for selected species .................................. 178 

D.1 Transmitted MASS PHA words ............................................................ 185 

D.2 Distribution of PHA allocation ............................................................. 186 



viii 

D.3 PHA distribution for ranges and sectors ................................................ 187 



ix 

LIST OF FIGURES 

1.1 Sketch of a magnetic cloud in interplanetary space ................................... 3 

1.2 . Temporal relationship between a solar flare and a CME ........................... 7 

1.3 The latitude distributions of flares, coronal helmet streamers, and CMEs .. 9 

1.4 The three-part structure of a helmet streamer.. ........................................ 11 

1.5 A 3-D view of the helmet streamer ......................................................... 12 

1.6 CME model by Mikic and Linker ........................................................... 13 

1.7 Flux ropes that have the same helicity .................................................... 15 

1.8 CME model by Low ............................................................................... 17 

1.9 CME-ejecta identification scheme by Richardson and Cane ................... 22 

1.10 CME-ejecta identification scheme by Richardson ................................... 24 

1.11 WIND orbits ........................................................................................... 29 

1.12 WIND spacecraft. ................................................................................... 30 

2.1 MASS TOF equipotential configuration ................................................. 36 

2.2 A cross sectional view of the WIND/MASS instrument.. ........................ 38 

2.3 Pointing directions of the three SMS sensors .......................................... 39 

2.4 Charge state yields of helium after foil passage ..................................... .43 

3.1 Sun and non-sun sectors of SMS ........................................................... .47 

3.2 MASS PHA word configuration ............................................................. 50 

3 .3 Daily time series FSR stack plot.. ........................................................... 52 

3.4 Color spectrum of the MASS PHA data .................................................. 54 

3.5 Oxygen charge states as shown in PHA data ........................................... 56 



X 

3.6 Magnesium ionic fraction for 2.0 MK corona ......................................... 58 

3.7 Helium neutral background .................................................................... 66 

4.1 FSR spectra of EH 1 ............................................................................... 71 

4.2 FSR spectra of EH 2 ............................................................................... 72 

4.3 FSR spectra of EH 3 ............................................................................... 73 

4.4 FSR spectra of EH 4 ............................................................................... 74 

4.5 FSR spectra of EH 5 ............................................................................... 75 

4.6 FSR spectra of EH 6 ............................................................................... 76 

4.7 Vadps potential for different solar wind speeds .......................................... 78 

4.8 FSR spectra of IS 1 ................................................................................. 84 

4.9 FSR spectra of IS 2 ................................................................................. 85 

4.10 FSR spectra of IS 3 ................................................................................. 86 

4.11 FSR spectra of IS 4 ................................................................................. 87 

4.12 CME as seen on SoHO/LASCO ............................................................. 92 

4.13 Event-averaged MIQ spectrum from EH 1 .............................................. 95 

4.14 Event-averaged MIQ spectrum from EH 2 .............................................. 96 

4.15 Event-averaged M/Q spectrum from EH 3 .............................................. 97 

4.16 Event-averaged M/Q spectrum from EH 4 .............................................. 98 

4.17 Event-averaged M/Q spectrum from EH 5 .............................................. 99 

4.18 Event-averaged M/Q spectrum from EH 6 ............................................ 100 

4.19 Estimation of the helium FSR saturation factor during EH 2 ................. 101 

4.20 4He/3He ratios from ISEE data .............................................................. 104 

4.21 Contributions from other ions to the M/Q = 4 peak during EH 2 ........... 108 



XI 

4.22 Contributions from other ions to the M/Q = 4 peak during EH 6 ........... 109 

4.23 Inferred freezing-in temperatures based on different He+/He2+ ratios ..... 112 

4.24 Multiple gaussian fit for the low iron charge states in EH 1 .................. 113 

4.25 Multiple gaussian fit for the low iron charge states in EH 2 .................. 114 

4.26 Multiple gaussian fit for the low iron charge states in EH 3 .................. 115 

4.27 Multiple gaussian fit for the low iron charge states in EH 5 .................. 116 

4.28 Ratios of charge states of carbon, nitrogen, oxygen, and magnesium .... 119 

4.29 Charge state composition for CL 1 and EH 6 ........................................ 121 

4.30 Charge states of neon and magnesium for both CL 1 and EH 6 ............. 122 

4.31 FIP effect ............................................................................................. 125 

4.32 Elemental abundance ratios for all MC and IS events ........................... 127 

5.1 Speeds of different features of a CME .................................................. 132 

5 .2 Charge state distributions for ions within a plasmoid ............................ 136 

5.3 Theoretical model of the solar magnetic field geometry ........................ 139 

A.1 Low and high-bit noise within MASS TOF spectrum ........................... 145 

A.2 MASS TOF peak shape ........................................................................ 147 

A.3 Discrepancy between Bern FS and CEM measurements ....................... 150 

A.4 Start efficiencies for the calibrated species vs. total energy ................... 152 

A.5 Stop efficiencies for the calibrated species vs. total energy ................... 154 

A.6 + 1 ion fraction efficiencies for the calibrated species ............................ 156 

A.7 Total efficiencies from FC for the calibrated species vs. total energy .... 157 

A.8 Total efficiencies from CEM for the calibrated species vs. total energy 158 

A.9 Combined start efficiencies plotted as a function of mass ..................... 161 



xii 

A.10 Slope of the linear fit to combined start efficiencies .............................. 162 

A. 11 Y-intercept of the linear fit to combined start efficiencies .................... 163 

A.12 Combined stop efficiencies energy dependence .................................... 166 

A.13 Total efficiencies for calibrated and non-calibrated species ................... 167 

A.14 Start efficiencies data from Bern calibration ......................................... 169 

A.15 Discrepancy between in-flight and calibration data ............................... 170 

A.16 Start efficiencies as a function of azimuthal angle during calibration .... 172 

A.17 Estimation of carbon foil cells lost during launch ................................. 173 

A.18 Ratio of the observed and predicted Vadps defect.. .................................. 174 

A.19 Agreement for in-flight and calibration data with proposed function ..... 175 

C. 1 Computer simulated magnetic cloud field lines ..................................... 181 

C.2 Fit based on Lepping et al. routine compared with WIND/MFI data ..... 183 

E.1 Key parameter plot for MC 1 and EH 1 ................................................ 189 

E.2 Key parameter plot for MC 3 ................................................................ 190 

E.3 Key parameter plot for MC 4 ................................................................ 191 

E.4 Key parameter plot for MC 5 ................................................................ 192 

E.5 Key parameter plot for MC 6 ................................................................ 193 

E.6 Key parameter plot for MC 7 ................................................................ 194 

E.7 Key parameter plot for MC 8 ................................................................ 195 

E.8 Key parameter plot for MC 9 ................................................................ 196 

E.9 Key parameter plot for MC 11 .............................................................. 197 

E.10 Key parameter plot for MC 12 and EH 2 .............................................. 198 

E.11 Key parameter plot for MC 13 and EH 3 .............................................. 199 



xiii 

E.12 Key parameter plot for EH 4 ................................................................. 200 

E.13 Key parameter plot for MC 14 .............................................................. 201 

E.14 Key parameter plot for MC 15 .............................................................. 202 

E.15 Key parameter plot for MC 16 .............................................................. 203 

E.16 Key parameter plot for MC 17 .............................................................. 204 

E.17 Key parameter plot for MC 18 .............................................................. 205 

E.18 Key parameter plot for MC 19 .............................................................. 206 

E.19 Key parameter plot for MC 20 .............................................................. 207 

E.20 Key parameter plot for MC 21 .............................................................. 208 

E.21 Key parameter plot for MC 22 .............................................................. 209 

E.22 Key parameter plot for MC 23 .............................................................. 210 

E.23 Key parameter plot for MC 24 .............................................................. 211 

E.24 Key parameter plot for MC 25 and EH 5 .............................................. 212 

E.25 Key parameter plot for CL 1 and EH 6 ................................................. 213 

E.26 Key parameter plot for IS 1 .................................................................. 214 

E.27 Key parameter plot for IS 2 .................................................................. 215 

E.28 Key parameter plot for IS 3 .................................................................. 216 

E.29 Key parameter plot for IS 4 .................................................................. 217 

F.1 MASS TOF coordinate ........................................................................ 219 



1 

CHAPTER 1: INTRODUCTION 

1.1 History of Coronal Mass Ejections 

Coronal Mass Ejections (CME) are large-scale solar eruptive phenomena 

that eject solar material into interplanetary space. This phenomenon differs from the 

continuous flow of superheated solar gas from the Sun's surface that we call the 

solar wind. During the last solar maximum, space-borne coronagraphs measured on 

average 3.5 CMEs per day compared with only 0.2 CMEs per day during solar 

minimum [Webb and Howard, 1994]. In a matter of several minutes to hours, the 

Sun ejects on average 1012 kg of ionized gas into space during a CME [Hundhausen, 

1997 and references therein]. These ejecta carry kinetic energy varying from 1023 to 

1024 J. The average CME angular width is 48° as measured from space-borne 

coronagraph data [Burkepila and St. Cyr, 1993]. 

Depending on the preceding ambient solar wind velocity, the CME-ejecta 

can create an interplanetary shock as it moves through interplanetary space. When 

these solar materials are earthward moving, they will reach the Earth's 

magnetosphere a few days later. These CME-ejecta are believed to cause many of 

the nonrecurring geomagnetic storms [Gosling et al., 1990]. The association of 

CMEs with geomagnetic activity is covered in reviews by Gosling [1993] and 

reference therein. Space scientists are starting to realize the importance of CMEs to 

the Earth's environment. 

Ideas about CMEs actually predated our knowledge of the existence of the 

solar wind or actual space-borne observations of CMEs [Gosling, 1997]. As early 
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as the 18th century, Sabine [ 1852) noted that geomagnetic activity tracked the 11 

year solar cycle by observing the correlation of the northern lights with the number 

of sunspots. Later on, Carrington [1860) used a ground based coronagraph to record 

the first solar flare, and 18 hours later there was a geomagnetic storm. But he 

cautioned against making a causal association. Lindemann [ 1919) then 

hypothesized that geomagnetic storms would be a result of transient ejections of 

plasma from the Sun. In addition, Chapman and Ferraro, when working on 

magnetic storms, suggested in 1931 that during a solar flare a cloud of plasma is 

ejected from the Sun, reaching the Earth about a day later. Subsequently, based on 

that model and L. Biermann' s work on comets in 1951, theoretical studies by 

Chapman and Parker proved that the solar corona is not in hydrostatic equilibrium 

but expands continuously. Parker published his theory of a supersonic solar wind in 

1958 [Hargreaves, 1992). 

It was Newton [1943) who found a direct correlation between flares and 

geomagnetic storms. It was believed at that time that solar flares generated shocks 

which caused geomagnetic storms when they impacted the Earth's magnetosphere. 

CMEs were thought to be the plasma clouds emitted by flares [Cane, 1997). 

Cocconi et al. [ 1958) suggested the plasma clouds would drag solar magnetic fields 

into an extended loop in interplanetary space. They used the term "elongated 

tongue" and "magnetic bottles" to describe the clouds. However, Piddington [1958) 

took one further step and suggested that the loops could detach from the Sun by 

magnetic reconnection and form magnetic "bubbles" (Figure 1.1). 



Figure 1.1 An artistic drawing of a magnetic cloud in interplanetary space. The 

thickness of the curves represents magnetic field strength, the thicker ones being 

stronger, and the dashed portions indicated those fields below the ecliptic plane 

(Figure taken from Burlaga et al., 1990). 

3 
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The controversy about whether such a global magnetic structure would have 

stronger, and the dashed portions indicated those fields below the ecliptic plane 

(Figure taken from Burlaga et al., 1990). magnetic field lines connected to the Sun 

still exists today [Lepping et al., 1990]. But it is generally agreed that the loops 

would be connected to the Sun at both ends at least initially. 

The magnetic bottles so formed would have such a high electrical 

conductivity that they would effectively block out some galactic cosmic rays from 

their interiors [e.g., Obayashi, 1962]. Therefore, the existence of such plasma 

clouds and the partial exclusion of cosmic rays from the interior of the clouds was 

invoked in explaining the sudden decreases in cosmic ray intensity associated with 

geomagnetic storms [Forbush, 1938]. 

The first direct space-borne observation of a CME was accomplished with 

the white light coronagraph on the OSO-7 spacecraft in early 1970' s [Tousey, 

1973]. One of the major discoveries about CMEs is that they are common 

occurrences. From the late 1970s and on, a series of space-borne coronagraphs was 

launched by NASA to study the solar corona free of ground interference. They 

included Skylab [MacQueen et al., 1974], SOLWIND (1979-1981) [Michels et al., 

1980; Howard et al., 1985], Solar Maximum Mission (SMM) (1980, 1984-1989) 

[Hundhausen et al., 1984 ], and So HO (1996 -) [Brueckner et al., 1995] missions. 

In the subsequent sections of this chapter, we will explore the current 

understanding of CMEs and CME-ejecta and the remaining open questions. 



1.2 Current Understandin2 of CMEs 

It has been over 20 years since the discovery of CMEs, and substantial 

understanding of these energetic phenomena has been gained. Advances in 

observational techniques and computer modeling power have further increased our 

knowledge of CMEs. We will discuss various aspects of CMEs in the following 

sections, from proposed initiation models to CME-ejecta signatures at 1 AU. 

1.2.1 Solar Perspective 

In order to understand the difficulties in modeling CMEs, we must first 

recognize the scale size of the phenomenon. A typical CME ejects 1012 kg of 

plasma into interplanetary space with kinetic energy in excess of 1024 J within 

several hours (The energy carried by solar wind is only about 10-4 J/s-m 2
). The 

speed of the leading edge of a CME range from less than 50 to greater than 2000 

km/s. Its angular width covers on average 48° in interplanetary space. CMEs and 

flares are the two major forms of eruptive hydromagnetic phenomena in the solar 

corona. Because of the massive size of CMEs, most initiation models have 

difficulty in addressing the energy source for their eruptions. 

It was previously believed that geomagnetic storms were caused by the 

shocks generated by solar flares, and CMEs were thought to be the plasma clouds 

emitted by flares. Therefore early models concentrated their efforts on how flares 

lead to the onset of CMEs. Models in the late 70's and early 80's treated the 

dynamics of CMEs as an initial boundary-value problem in the context of magneto

hydrodynamic (MHD) simulations [Nakagawa et al., 1978; Wu etal., 1982]. The 

5 
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initial field geometry was treated as force-free, and the onset of the CME was 

believed to be caused by a thermal pulse resulting from magnetic-to-thermal energy 

conversion during a flare. 

Subsequent data obtained by the Skylab mission, however, showed that 

CMEs were more commonly associated with eruptive prominences ( - 79%) than 

with impulsive solar flares ( <40%) [Gosling et al., 1974; Munro et al., 1979; Webb 

and Hundhausen, 1987; St. Cyr and Webb, 1991]. In addition, data from 

SOL WIND and SMM demonstrated that on those occasions when CMEs and flares 

do occur in close temporal association, CMEs usually begin lift off from the Sun 

before any substantial flaring activity occurs [Harrison, 1986; Hundhausen, 1988; 

Harrison et al., 1990; Hundhausen, 1997]. This appears to rule out the possibility 

that flare energy plays a major (or any) role in the acceleration of the CME. Figure 

(1.2) shows an example of the temporal difference between heights of different parts 

of a CME and the soft X-ray output of the associated flare [Hundhausen, 1995]. It 

shows the total flare energy requires many hours to dissipate in the solar 

atmosphere, occurring long after the CME leaves the corona. 

Other than causality problems between flares and CMEs, early force-free 

models were also questioned on theoretical grounds. Aly [1984] showed in general 

that the energy of the open field is always larger than any force-free field having the 

same boundary flux distribution at the photosphere. Therefore it is unlikely the 

force-free models can achieve the high-energy state demanded by the CME's open 

field lines. Low and Smith [1993] have shown that one way to get more magnetic 
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Figure 1.2. A case study of the temporal relationship between a solar flare and 

CME by Hundhausen [1995]. The top panel shows the position of the top of the 

cavity measured by SMM and the Mauna Loa coronagraph. The bottom panel 

shows the X-ray output of the associated flare measured by NOAA GOES. They 

showed the cavity part of the CME departed the Sun at least 30 minutes before the 

onset of the flare. 
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energy stored in the solar atmosphere is to have detached magnetic field lines. 

Furthermore, Low [1996] showed the total energy liberated by the CME is likely to 

have been stored in stressed magnetic fields (magnetic flux rope) prior to eruption 

and is not driven by the photosphere. 

8 

Observations have also shown that many CMEs originate from a broader 

range of latitudes than flares. Figure (1.3) shows the latitude distributions of CMEs 

and flares compiled by Hundhausen [ 1993] from 1980-1991. It is clear from this 

figure that the latitudes of flaring regions drift equatorward as solar activity 

progresses from minimum to maximum. In contrast, CMEs were found to originate 

from disruptions of large-scale quasi-static structures in coronal helmet streamers. 

Hence they originate from a broader latitude range extending to high latitudes as 

maximum solar activity is approached [Illing and Hundhausen, 1986]. Further 

evidence for a close tie between CMEs and helmet streamers came from Steinolfson 

and Hundhausen [ 1988], who constructed three initial coronal models and showed 

that only the heated helmet streamer can reproduce the major observed 

characteristics of loop-like CMEs. 

Thus current CME initiation models have used magnetic flux ropes as the 

mechanism of energy storage and helmet streamers as the initial states [Low, 1996; 

Wu and Guo, 1997]. Helmet steamers typically have three-part structures: a high

density dome, a low-density cavity, and a prominence within the cavity. Low 

(1996] suggested that this global magnetic field topology can be represented by a 

cavity containing a detached magnetic flux rope running above the polarity-
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Figure 1.3. The latitude distribution of flares (first panel), coronal helmet streamers 

(second panel), and CMEs (third panel) [Hundausen, 1993]. It is apparent that 

CMEs tend to extend to higher latitudes like coronal helmet streamers as maximum 

solar activity approaches. However, the latitudes of flaring regions drift 

equatorward as solar activity progresses from minimum to maximum. 
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inversion line and anchored at its two ends in the photosphere as shown in Figure 

(1.4). In Figure (1.4), the helmet streamer is located above the equator and assumed 

to be axisymmetric about the polar axis and symmetric about the equator for 

simplicity. The lines with arrows are the magnetic lines of force projected onto the 

meridian plane. The shaded area represents the high-density dome and the 

embedded lighter region is the low-density cavity. The thick line in Figure (1.4) 

represents a vertical sheet of prominence material suspended at the base of the 

closed loop region. Figure (1.5) shows the same structure in a 3-D view [Wu and 

Guo, 1997]. The flux rope carries a significant portion of azimuthal component. In 

the real corona, the flux rope would have ends which fold down in realistic 

geometry to blend into the background magnetic field [Low, 1997]. 

Although current models have used the helmet structure as the initial state, 

there are disagreements concerning how the magnetic flux ropes were formed in the 

helmet streamer cavity. The popular CME models propose that displacements of 

magnetic footpoints on the photosphere along with magnetic reconnection will bring 

existing coronal field lines to form a magnetic flux rope in the corona (e.g., Inhester, 

Birn and Hesse, 1992; Choe and Lee, 1992). 

Linker and Mikic [1995] have shown that movement of the magnetic 

footpoints on the photosphere can build up energy for a catastrophic release when 

critical shear of the field lines is reached. They have done both 2-D and 3-D 

simulations on the helmet streamer's configuration with an idealized shear profile 

[Mikic and Linker, 1994]. In their model, a CME is launched once a critical shear is 

achieved. The evolution of the simulated CME is shown in Figure (1.6) as a 



Figure 1.4. A theoretical model of the three-part structure of a helmet streamer by 

Low [ 1996]. The helmet streamer is located above the equator and has a detached 

magnetic flux rope running above the polarity-inversion line and anchored at both 

its ends in the photosphere. The shaded area represents the high-density dome, and 

the embedded lighter region is the low-density cavity. The thick line is the 

prominence material suspended vertically at the base of the closed loop. 

11 



12 

-/ 
flux rope 

Figure 1.5. A 3-D view of the same helmet streamer model as shown in Figure 1.4. 

The cavity contains a detached flux rope running above the polarity-inversion line 

and anchored its both ends in the photosphere. 
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&max= 0.45R0 
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&max = 1. 60R0 &max = 1. 77 R0 

Figure 1.6. A 3-D model of the evolution of selected magnetic field lines as a 

function of the maximum footpoint displacement, 11Smax by Mikic and Linker 

[1997]. The field lines initially evolve quasi-statically as they become twisted by 

the applied photospheric shear flow. When twist approaches 11Smax ~ 1.6 R5, there is 

a rapid upward motion of the field lines. This eruption is characteristic of a coronal 

mass ejection. 



14 

function of maximum footpoint displacement, ~Smax· The magnetic energy of the 

configuration decreases to the initial state following the eruption as magnetic 

reconnection takes place. However, Wu and Guo (1997] argued that the time scale 

of such shearing is unrealistic compared with actual observations. In addition, Low 

[ 1997] suggests CMEs are the basic mechanism by which the solar corona 

reconfigures itself to reverse its polarity during the eleven-year solar cycle. Any 

models that have magnetic energy returning to its initial state are interesting but 

play no role in the long-term evolution of the corona. 

Although there has been no proof that magnetic helicity is conserved in 

space plasma, helicity is a conserved quantity in ideal MHD. Berger [1984] shows 

that helicity decays on a much slower time scale than other quantities in the corona. 

Helicity is defined by the following equation: 

H =fA·BdV 
m V 

(1.1) 

where A is the vector potential and B is the vector field. Berger and Field (1984] 

interpreted Hm as a measure of a magnetic field line's twisting, linking and kinking 

(writhing). In a closed field, twisted flux rope, Hm = ±T<I>, where Tis the number 

of twists and <I> is the magnetic flux. The sign of Hm is called chirality. It indicates 

whether the twist is in clockwise or counter-clockwise direction. Figure (1.7) shows 

the topology of different flux ropes that have the same helicity but different 

geometries. 

Considering the helicity argument, Low (1996] suggested the magnetic flux 

rope may have risen from under the photosphere as part of the solar cycle process. 



(a) 

(b) □ 

Figure 1.7. Two examples of different flux ropes that have the same helicity: (a) A 

flux rope with kinks can be flattened out, but the resultant toroid will have a twist. 

(b) A toroid with no helicity can be distorted to exhibit twist helicity equal and 

opposite to writhing helicity (Figure taken from Rust [1997]). 
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When the flux rope rises through the corona by magnetic buoyancy, it carries the 

solar helicity within it. When finally the magnetic buoyancy dominates the 

gravitational force as gravity falls off as an inverse square, the flux rope leaves the 

solar atmosphere. Low [ 1997] has used a simple calculation to show that with a 

modest rate of one CME a day, it would take seven years to remove the total solar 

flux, an interval well within the eleven-year cycle. 
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Wu and Guo [1997] have constructed a 3-D MHD simulation based on 

Low' s proposed streamer-flux-rope. The results are shown in Figures (1.8a and 

1.8b ). The figures show the evolution of magnetic field topology and the velocity 

vector of streamer-flux-ropes with (Fig 1.8a) and without (Fig. 1.8b) the cavity 

present in its core. The numerical results for the streamer-flux-rope with cavity 

reproduce the three parts of global coronal streamer features. For both cases, the 

erupted structures reproduce the major observed characteristics of loop-like CMEs. 

In addition, with the same magnetic energy content, the structure that has a cavity 

present travels faster than the one without. This suggests the magnetic buoyancy 

force plays a key role in lifting the flux-rope system into interplanetary space. 

However, they did not observe the magnetic reconnection that was thought to be the 

cause of solar flares associated with CMEs in their model. 

Hundhausen etal. [1968] first showed that knowledge of the ionization state 

of the corona can be used to infer the coronal electron temperature. They showed 

that the solar-coronal ionization balance between collisional ionization and radiative 

and dielectronic recombination is very sensitive to the local electron temperature. 

However when ions flow out of the corona and into the solar wind, the electron 
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Figure 1.8. Numerical simulations based on the Low [1996] model. Figure 1.8a 

and 1.8b show the evolution of a magnetic field topology (solid lines) and velocity 

vector fields (arrows) streamer-flux-rope system: (a) cavity present; and (b) no 

cavity present in its core at 3, 6, and 10 hours intervals (Figures from Wu and Guo 

[ 1997]). 
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density decreases quickly and solar wind ionization state is "frozen" in the high

density corona within a few solar radii of the solar atmosphere. 
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Therefore the degree of ionization of plasma measured at I AU can be used 

as a diagnostic of coronal electron temperature. Several investigators have used the 

measured charge state composition at 1 AU to study CME-ejecta [Gosling et al., 

1980; Zwickl et al., 1982, Galvin, 1997]. In the next section of this chapter, we will 

discuss plasma and magnetic field signatures that are associated with CME-ejecta at 

1 AU. 

In summary, advances have been made in understanding CMEs. The 

previous misconception that flare shocks caused geomagnetic storms has been 

cleared up with spaceborne observations (Skylab, SOL WIND, and SMM). 

However, the causal relationship between flares and CMEs is still unclear today. 

The early CME initiation models focused on how flares might trigger CMEs. 

Hundhausen and others have shown that helmet streamers have closer ties with 

CMEs with possible energy storage in magnetic flux ropes. A model by Linker and 

Mikic [ 1995] suggests that movement of magnetic footpoints in the photosphere can 

build up enough energy to launch a CME. However, Low suggests the time scale of 

their mechanism is too long. Another model by Low suggests that streamer-flux

ropes arise as a whole from the solar dynamo. Wu and Guo have constructed a 3-D 

MHD simulation based on the Low model and show that the magnetic buoyancy 

force can lift the structure from the surface of the Sun into interplanetary space. 
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1.2.2 Interplanetary Manifestation 

It takes 3-7 days for Earthward traveling CME-ejecta to reach the Earth once 

the CME-ejecta leave the solar surface. The CME-ejecta can create shocks when 

they travel faster than the solar wind ahead of them. The shock defines the leading 

edge of the "sheath" region of accelerated, heated, and compressed ambient solar 

wind [Galvin, 1997]. After the passage of the sheath region (6-18 hours), there 

usually follows a contact interface which may mark the boundary of the CME-ejecta 

[Borrini et al., 1982]. Many of the CME-ejecta at 1 AU have expanded as they 

propagate out through the heliosphere [Burlaga et al., 1982; Kelvin and Burlaga, 

1982]. These expansions are thought to result from high internal initial pressure 

within the ejecta. The high internal pressure is thought to be the cause of the 

formation of forward-reverse shock pairs of high latitude CME-ejecta [Gosling et 

al., 1994]. The rear boundaries of the CME-ejecta are usually less well defined 

because the ejecta can interact with other flows [Burlaga and Behannon, 1987]. A 

detailed theory of such an interaction remains to be developed. 

There are many signatures that characterize CME-ejecta flow. However, it 

is rare to have CME-ejecta that exhibit all signatures, making it somewhat difficult 

to identify CME-ejecta systematically at 1 AU. Here are some of the in-situ 

signatures of CME-ejecta: 

• High and steady magnetic field strength within the ejecta [Burlaga et al., 1981; 

Pudovkin et al., 1977; Zwickl et al., 1983]. If one of the magnetic components 

shows a smooth rotation through a large angle, it is classified as a "magnetic 

cloud" (more on this later). 
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• Enhanced He/H ratios. Hirshberg et al. [1970] first noticed most CME-ejecta 

have enhanced He/H ratios(> 8%), and it was later confirmed by others 

[Hirshberg eta!., 1972; Bame eta!., 1979; Borrini eta!., 1982; Zwickl eta!., 

1983]. The enhancements, however, are found to be very patchy and sometimes 

occur outside of the ejecta [Neugebauer and Goldstein, 1997]. There have been 

no good explanations of why such an enhancement occurs in CME-ejecta. 

• Bi-directional streaming of electrons [Montgomery et al., 1974; Temny and 

Vais berg, 1979; and Bame et al., 1981]. This signature is thought to be related 

to the closed field line structure present at the Sun. However, like the enhanced 

helium signature, the periods of bi-directional streaming electrons are patchy 

and can occur anywhere within the CME-ejecta. 

• Low proton temperature, TP. Richardson and Cane [1993] examined over 40 

shocks and ejecta and concluded that abnormal TP depression was among the 

more reliable indicators of the presence or absence of ejecta material. 

Neugebauer and Goldstein [1997] suggested this may be caused by the ejecta 

high internal pressure pushing aside the ambient wind to expand into a larger 

volume than it would occupy if it were channeled flow like the quasi-stationary 

wind. 

■ Unusual ionization states of heavy ions. A few studies have reported 

abnormally low heavy ion charge states (Fe5+, He+ etc) in CME-ejecta [Bame et 

al., 1968; Gosling et al., 1980; Zwickl et al., 1982]. These low charge states are 

thought to be associated with solar prominence material. We will focus on this 
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aspect of CME-ejecta, along with associated unusually high 3He2
+ abundances in 

this thesis. 

For further detailed discussions of CME-ejecta signatures, see reviews by 

Neugebauer and Goldstein [1997] and Galvin [1997]. 

Since so many signatures are associated with CME-ejecta, different methods 

have been proposed to systematically search for CME-ejecta using plasma and 

magnetic field data currently available. Richardson and Cane [ 1995] and others 

have proposed a method to identify CME-ejecta with low T /Tex time intervals, 

where TP (x 103K) is the observed proton temperature and T,x is the expected proton 

temperature based on the observed solar wind speed. Lopez and Freeman [1986] 

deduced an empirical relationship between solar wind speed and T,x based on Helios 

1 and 2 data. Richardson and Cane [ 1995] then introduced the heliocentric distance 

R (in astronomical units) to approximate the (slight V,w dependent) radial TP 

dependence found by Lopez and Freeman [1986]. The relationships are given in the 

following equations: 

T,x = (0.0106V,w- 0.278)3/R 

T,x = (0. 77V,w - 265)/R 

V.,w < 500 km/s 

V,w;::: 500 km/s 

(1.2) 

(1.3) 

Figure (1.9) shows plasma and magnetic field data from Helios 1 at 0.39 AU 

from February 28 to March 10, 1975. The shaded areas are time intervals when 

T /T,x < 0.5. In this case this proposed method could successfully identify the 

magnetic cloud event on March 4-5, 1975. 

Magnetic clouds are a sub-class of CME-ejecta that have unique magnetic 

field structures. It was found that approximately 1/3 of CME-ejecta are magnetic 
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Figure 1. 9. Plasma and magnetic field data from Helios 1 during the interval 

February 28 to March 10, 1975. The solid line in panel four shows the observed 

proton temperature and the dotted line shows the expected proton temperature based 

on solar wind velocity. The shaded areas include time periods when T/Tex < 0.5. 

Richardson and Cane [ 1995] interpreted the region as CME-ejecta. 
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clouds [Gosling, 1990]. Their signatures include strong magnetic fields, a smooth 

rotation of the magnetic field direction over"" 180°, a low proton f3 and proton 

temperature, and a radial extent of -0.25 AU at 1 AU [Burlaga et al., 1981]. 

Because of their simplicity and long duration, they are easy to identify and study. 

Lepping et al. [ 1990] have developed a least squares fitting algorithm based on the 

magnetic flux rope model of Burlaga [1988]. They use it to search for CME

ejecta/magnetic clouds using the magnetometer data on different spacecraft at 1 AU. 

A detailed discussion of this algorithm is given in Appendix C. In this thesis, all 

CME-ejecta studied except one are magnetic clouds as identified by the 

magnetometer data on the WIND spacecraft using the Lepping et al. [1990] fitting 

routine. 

One of the early observations that led to the idea of CME-ejecta was the 

sudden decrease in cosmic ray intensity associated with geomagnetic storms 

[Forbush, 1938]. It was found that the low energy cosmic rays flux decreased when 

a large magnetic structure was present in interplanetary space [Barnden, 1973; 

Marsden et al., 1987; Cane, 1988]. The depression typically extends over the entire 

ejecta region as determined by other signatures; in particular, plasma with 

abnormally low proton temperatures. Hence Richardson [1997] suggested a method 

to search for CME-ejecta based on the intensity of local cosmic rays. Figure ( 1.10) 

shows a cosmic ray depression (bottom panel) that was recorded on the anti

coincidence guard of the GSFC instrument on IMP 8. The shaded area in the 

second panel shows the periods when T /T,x < 0.5 as discussed for the previous 

method. The two methods show similar results. 
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Figure 1. 10. Cosmic ray depressions are usually associated with periods when the 

proton temperature is abnormally low. The figure shows the magnetic field and 

plasma data from IMP 8. The fourth panel shows a counting rate associated with 

galactic cosmic rays. The shaded area in the second panel indicates when T /J',x< 

0.5. Another signature of CME-ejecta is the bi-directional electron heat flux (BDE) 

indicated by the horizontal line in the second panel (Figure taken from Richardson 

[1997]). 
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In summary, identification of CME-ejecta at 1 AU can be difficult because 

they manifest many different signatures, not all of which may be present. These 

signatures include enhanced He/H ratios, depressed proton temperature, unusual 

heavy ion charge states, and bi-directional electron streaming. Approximately one 

third of the CME-ejecta have enhanced magnetic field strength and smooth rotation 

of the field direction over a large angle, and they are classified as magnetic clouds. 

Currently there are few methods suggested in the literatures to systematically search 

for CME-ejecta using both plasma and magnetic field data. They generally focus on 

one individual signature of CME-ejecta. 

In addition, there have only been limited efforts to identify different parts of 

the CME-ejecta at 1 AU that correspond to the three-part structure (high-density 

dome, low-density cavity, and prominence within the cavity) of the CME as 

observed by the coronagraph. It is generally believed that the main part of the 

CME-ejecta as observed at 1 AU corresponds to the low-density cavity structure. 

Recently, there have been some suggestions of plasma signatures between the shock 

and sheath region of the CME-ejecta that may correspond to the high-density dome 

[B. Tsurutani, private communication]. In this thesis, we will present evidence that 

we have observed plasma that originated from the high-density prominence regions 

embedded in the low-density cavity of CMEs. 

1.3 The WIND Mission 

In late I 970's, NASA formed a Science Definition Working Group (SDWG) 

to define the future objectives of the US space plasma physics program, which could 

I 

I 



26 

complement other existing solar terrestrial science programs. Along with the 

recommendations by the Study Committee on Space Plasma Physics of the National 

Academy of Science's Space Studies Board [Colgate, 1978] and the Committee on 

Solar-Terrestrial Physics of the National Academy of Science's Geophysics 

Research Board [Friedman, 1977], the SDWG recommended the 'Origins of 

Plasmas in the Earth's Neighborhood' (OPEN) program that would coordinate 

multipoint spaceflight measurements, ground-based observations, and theory to 

study the global energy budget of geospace [Whipple and Lancaster, 1995]. 

Concurrently, scientists at both the Japanese Institute of Space and 

Astronautical Science (ISAS) and the European Space Agency (ESA) had their own 

programs to explore the solar-terrestrial environment. In 1983, NASA proposed to 

merge the US OPEN program with the European and Japanese missions to form the 

International Solar Terrestrial Physics Program (ISTP). The OPEN program was 

then renamed to Global Geospace Science (GGS) as NASA's contribution to this 

international effort [Whipple and Lancaster, 1995]. The Japanese ISAS contribution 

to the ISTP program included the GEOT AIL spacecraft, which was launched by 

NASA in 1992. As of 1998, GEOTAIL is still in operation and collecting valuable 

data in the geomagnetic tail region. The details of the GEOT AIL mission are 

described by Nishida [1994]. 

The European ESA effort included two missions, the Solar Heliosphere 

Observatory (SoHO) and CLUSTER. SoHO was launched in late 1995 and is now 

in a halo orbit at the Lagrangian point (Ll) between the Sun and the Earth. There 

are a total of 12 principal investigators on the SoHO mission, nine European and 
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three American. It has an array of scientific instruments that measure from the 

interior of the Sun to the outside solar corona. The CLUSTER mission included a 

total of four spacecraft which were launched aboard an Ariane V rocket in June 

1996. Unfortunately, the rocket was destroyed shortly after it cleared the launch 

pad. At the time of this paper, ESA is rebuilding all four CLUSTER spacecraft and 

plans to launch them in the year 2000. 

The US GGS mission is made up of the WIND and POLAR spacecraft and 

instruments, theory and ground-based investigations and data sets obtained from 

equatorial spacecraft operated by the National Oceanic and Atmospheric 

Administration (NOAA) and the Los Alamos National Laboratory (LANL). The 

GGS mission goal is to understand the global features of the geospace system by 

integrating a number of key elements in its planning. The combined data set from 

the two spacecraft, in addition to ground-based data, will provide measurements 

relevant to many of the fundamental but yet unresolved physical processes (energy, 

momentum, and mass transport, etc.) occurring in our geospace [Acuna et al., 

1993]. 

The WIND satellite was launched from Cape Canaveral Air Station, Florida, 

on the 1st of November 1994, using a Delta II rocket provided by MacDonnell 

Douglas Aerospace. It executed a series of lunar swing-by orbits immediately after 

launch to maintain its apogee along the earth-sun line (dayside apogee between 80 

and 230 earth radii). The designated final orbit of WIND during its primary mission 

was about the Ll lagrange point, 230 earth radii from the earth towards the Sun 

along the earth-sun line, and the spacecraft achieved that orbit at the end of 1997 
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after exploring different parts of the Earth's geospace. The final orbit during 

primary mission was strategically placed at the LI point so that WIND can act as an 

upstream monitor of the solar wind. Currently, WIND is in its extended mission 

phase. The final orbits during the extended mission have yet to be decided upon by 

the principal investigators. Figure (1.11) shows orbits of WIND from 1995 to 1998. 

The WIND spacecraft is cylindrically shaped with diameter of 2.4 m and a 

height of 1.8 m. There are two 12 m booms for the d/c magnetometers and the 

triaxial magnetic search coils. Figure (1.12) shows a picture of the WIND 

spacecraft. The spacecraft spins at a rate of 20 rpm to allow the instruments to 

sample the ambient charged particle distribution in all directions with good time 

resolution. A total of 8 scientific instruments consisting of 24 separate sensors are 

carried onboard WIND. They provide full diagnostic tools for analyzing the 

properties of the solar wind and energetic particles. Table (1. 1) gives a summary of 

all the instruments and principal investigators on WIND. A detailed description of 

the WIND mission is reported by Harten and Clark [1995). 

1.4 Thesis Overview 

Current space-borne coronagraphs (e.g. LASCO on SoHO) can continuously 

observe CMEs as they progress from the solar surface to -30 solar radii. However, 

detecting CME-ejecta at 1 AU remains difficult. This difficulty results from the fact 

that CME-ejecta exhibit many disjointed plasma and magnetic signatures at 1 AU. 
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Table 1.1. Summary of the WIND spacecraft instruments (Table taken from Harten 

and Clark [1995]). 

Instrument Description P.I. Institute 

Magnetic field investigation d/ c magnetic fields R. Lepping NASAJGSFC 

(MF!) 

Radio and plasma wave a/ c electric/magnetic fields J. Bougeret Obs. de Paris 

experiment (WAVES) 8 Hz-16 MHz France 

Solar wind experiment Mass, energy, direction K. Ogilvie NASA/GSFC 

(SWE) of low energy ions and 

electrons 7 eV-22 keV 

3-D plasma Distribution and energy R. Lin U.C. Berkelev 

(3-DP) of ions and electrons 

3 eV-30 keV and 

20keV-11 MeV(SST) 

Energetic particles: Mass, energy, direction T. von Rosen vi nge NASA/GSFC 

acceleration. composition of ions in .range 

transport (EPACT) 0.2-500 MeV 

Solar wind/mass Mass, energy, direction G. Gloeckler U. of ,vlaryl;rnd 

suprathermal ion of ions in range 

composition studies 0.5-500 MeV 

(SMS) 

Transient gamma-ray High spectral resolution 8. Teegarden NASA/GSFC 

spectrometer (TGRS) gamma-ray detector in 

range 15 kcV to 10 Mt:V 

KONUS High time resolution E. Mazcts IOFFE Institute 

(Russian instrument) gamma-ray detector Russia 



These signatures, although seemingly disjointed, give hints on CME initiation and 

propagation near the Sun. 

In this dissertation, we use data from the MASS instrument on the WIND 

spacecraft to measure the relative helium isotope abundance and minor ion 

composition in CME-ejecta. 
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In a preliminary analysis of the MASS data from the January 11, 1997 CME 

event, we identified a period with a high 3He/4He ratio [Ho et al., 1997]. This led us 

to undertake a systematic search of the MASS data for other such periods. We 

identified six such periods and, to our surprise, found that all six were associated 

with CME-ejecta. We suggest these periods were related to prominence material 

from the Sun. We will offer some possible theoretical explanations of these 

observations. 

In Chapters 2 and 3, we describe the MASS instrument and WIND mission 

in detail. MASS has higher mass resolution than any solar wind instrument 

previously flown in space, and we will discuss how we utilize its data to measure 

isotopic and charge state composition. In Chapter 4, we describe our event selection 

criteria and observations from other instruments that complement our 

measurements. We then will discuss our observations on a case by case basis. 

Discussion and conclusions will be given in the last chapter. 



CHAPTER 2: INSTRUMENTATION 

2.1 The Solar Wind and Suprathermal Ion Composition 

Experiment 
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The Solar Wind and Suprathermal Ion Composition (SMS) Experiment on 

WIND consists of three separate sensors that measure ion species from H to Fe with 

energies between 0.5 to 230 keV/e. A summary of the three sensors' capabilities is 

given in Table (2.1). The Solar Wind Ion Composition Spectrometer (SWICS) uses 

an energy per charge analyzer with post-acceleration up to 30 keV/e. SWICS was 

designed to measure the mass per charge and mass of ions from 0.5 to 30 keV/e. 

Unfortunately, a power supply failed which prevents SWICS from meeting its full 

designed capability. The Supra-Thermal Ion Composition Spectrometer (STICS) 

measures the supra-thermal ion population with a relatively large geometrical factor. 

It measures three-dimensional distribution functions for H to Fe from 30 to 230 

ke V /e in interplanetary space to make direct comparison with ion populations inside 

the Earth magnetosphere. 

The MASS instrument was added to be part of the SMS experiment in 1988 

[Gloeckler et al., 1995]. MASS features a new solar wind composition 

measurement technique and is the first of its kind being flown in space. It measures 

the elemental and isotopic abundance of solar wind ions with high mass resolution. 

A detailed description of the MASS sensor is given in the following two sections. 
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Table 2.1. Capabilities of the three SMS instruments. (Table from Gloeckler et al., 

1995). 

SWICS MASS STICS 

sensor sensor sensor 

Ion species H-Fe He-Ni H-Fe 

Mass/charge range (amu/e) 1-30 1--60 

Energy range (ke V /e) 0.5-30 0.5-11.6" 8-226 

Mean speed range (km s- 1) 
H+ 310-2400 
o+6 190-1470 200-900 
Fe+10 130-1010 200-500 

Resolution (FWHM) 

Energy, 6.(E/Q)/(E/Q) 0.06 0.05 0.05 

Mass/charge, 6.(Af /Q)/(M /Q) 0.04 0.15 

Mass, 6.M/M 0.2a 0.01a 0.12° 

Total instrument geometrical factor 

cm- sr 2.3 X 10- 3 0.05 
0 1.8 X 10-: 0.35 cm-

Field of View (FOY) 

Pointing direction is 22.5° wrt 22.5° wrt oo 
perpendicular to spin axis STICS STICS 

FOY is fan-shaped 4° by 45° 4° by 40° 4.5° by 156° 

Dynamic range 1010 1010 5 X 1010 

Minimum flux 

(cm2 s sr keV/e)- 1 10-6 

(cm2 s)- 1 10-2 10- 2 

a Species dependent. 

i, STICS measures the mass of ions only above about 30-100 keV (depending on species). 
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2.2 MASS Principle of Operation 

The SWICS instrument on Ulysses (launched in 1990) introduced a 

technique for solar wind ion composition measurement using an electrostatic 

analyzer to select the energy per charge (E/Q) of the ion that enters a time-of-flight 

(TOF) region in which the mass per charge ratio (M/Q) can be measured. If the 

energy of the ion exceeds the threshold of the solid state detector that is located at 

the end of the TOF path, the energy (E) of that ion can be measured and hence the 

mass (M) and charge (Q) of the ion can be separately determined [Gloeckler, 1990]. 

What makes MASS unique from SWICS and STICS is the design of its TOF 

region. A specially designed electric field is set up in the TOF region of MASS by 

placing the equipotential plates in the configuration shown in Figure (2.1). The 

upper, hyperbolic surface in Figure (2.1) holds a positive potential, VhP-'' and the V

shaped lower surface is held at an accelerate/decelerate voltage (more on this later). 

This configuration provides an electric field that increases linearly with distance z 

from the vertex. A positive ion that starts out at the vertex of the "vee" and travels 

in this field region along the center line undergoes harmonic motion and will have a 

TOF proportional to the square root of the M/Q* ratio, where Q* is the ion's charge 

state after passage through a thin carbon foil. The TOF value is totally independent 

of the ion's energy. Therefore, we can directly measure the ion's mass, assuming 

Q* = 1, with high resolution and with no energy dependence. The start TOF signal is 

generated from secondary electrons emitted when an ion passes through the thin 

(-2.2 µ g/cm 2
) carbon foil located at one end of the vertex of the "vee". The 
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HYPERBOLA 

Figure 2.1. MASS TOF equipotential configuration. The hyperbolic top surface 

has a positive voltage of V H = 5-30 kV (23.2 kV in flight configuration) and the 

lower V-shaped surface is held at an acceleration/deceleration potential VF= 1.6 to 

-2.0 kV (1.7 to -3.0 in flight configuration). Ions that start out at the carbon foil 

and travel along the center will hit the stop MCP and have TOF proportional to the 

ions' ✓MI Q* value. 
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electrons are accelerated through the hyperbola and collect at the start mico-channel 

plate. A stop signal is obtained when the ion terminates its trajectory directly onto 

the stop micro-channel plate (MCP) surface, just below the vertex of the "vee". The 

measured TOFs range from 58.6 ns for protons to 432 ns for iron for Vhps = 23 kV. 

The TOF resolution of the instrument is approximately 1 ns, so that high mass 

resolution can be obtained. Hamilton et al. [ 1990] reported ...!!!:_ of over 100 from 
. b.m 

their MASS prototype model. 

2.3 WIND/SMS/MASS 

We show a schematic of the MASS instrument in Figure (2.2). A positive 

ion enters MASS through the spherical segment deflection system that was built by 

the University of Bern, Switzerland. The curved path of the ion though the analyzer 

is out of the plane of the figure. The pointing direction of the aperture of the 

deflection system relative to the spacecraft x-axis is shown in Figure (2.3). Only 

ions that have a specified E/Q ratio will pass through the analyzer. The E/Q is 

determined by the voltage (Vdpps) applied to the inner plate of the analyzer. The Vdpps 

potential is stepped once per spacecraft spin, completing a 60 step cycle, 

logarithmically spaced from -0.076 kV to -1.467 kV, in three minutes. These steps 

correspond to EIQ ratios of 0.52 to 9.89 keV/e with an energy passband of 

approximately 4%. 

After the selected ions pass through the deflection analyzer, they are 

accelerated (decelerated) by a negative (positive) potential difference, Vadps• between 
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Figure 2.2. A cross sectional view of the WIND/MASS instrument. At the left of 

the figure is the spherical segment electrostatic analyzer built by the University of 

Bern. The thick solid line is a typical ion trajectory. The dashed line labeled "e" is 

the path of the secondary electrons as they accelerate towards the start micro

channel plate. 
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Figure 2.3. The pointing directions of the three SMS sensors on WIND [Gloeckler 

et al., 1995]. 
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the analyzer and the harmonic TOF region (as shown in Figure 2.2). The purpose of 

the Vadps potential is twofold. The potential accelerates low energy ions to an energy 

of -35 keV in the TOF region to increase the yield of singly charged ions after 

passage through the carbon foil. At low energies, the percentage of + 1 ions 

emerging from the foil increases as a function of the ion's energy [Gonin et al., 

1991]. Second, the potential decelerates those ions that have energies too high to be 

contained within the TOF region. 

The exact Vadps voltage is determined by an on-board algorithm using data 

obtained two-science records (120 spacecraft spins, or 120 Vdpps steps) prior. MASS 

determines the solar wind velocity through detecting at which Vdpps step the 

maximum peak in the Front SEDA Rate (FSR, where SEDA stands for Secondary 

Electron Detection Assembly) occurs. It is assumed this maximum results from 

solar wind protons. The FSR rate counts pulses from the start MCP. The SMS Data 

Processing Unit (DPU) then uses this information to determine the solar wind 

velocity, and uses Equation (2.1) to set the Vadps voltage for each of the 60 E/Q steps 

in order to meet the two goals listed above as well as possible. 

i,:dps = 2.054 - 0.0322 · Ladps 

where Ladps is the vadps level, and is given by 

Ladps = Ao + Al . s H + Ai . s + A3 . s1 + A4 . s H . s + A5 . s2 

and A 0 = 215.68; A 1 = 7.8900; A2 = -2.2700; A 3 = 0.1620, A 4 = -0.1870, 

A5 = -0.0602 

(2.1) 

(2.2) 

Vhps is the hyperbola voltage in kV, Sis the current EIQ step number (0-59), and SH 

is the E/Q step corresponding to the solar wind proton peak. 
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The values of the Vadps range from -6.0 kV (accelerating the positive ions) 

to +1.7 kV (decelerating the ions). However, we limit the Vadps range from -3.0 kV 

to+ 1.7 kV in flight (Ladp., from 11 to 160) to avoid possible high-voltage discharge. 

The selected ions after passage through the potential Vadps will enter the 

harmonic TOF region at an 45° angle in the symmetry plane (as shown in Figure 

2.1 ). After going through the Vadps potential, they will pass through a thin 

(-2.2 µ glcm 2
) carbon foil. The secondary electrons produced as a result of ions 

passing through the carbon foil are accelerated upward toward the start MCP that is 

placed above a hole in the hyperbola. The ions will continue their original path at 

an 45° angle entering the MASS TOF section if there is no scattering in the carbon 

foil. A TOF is measured when the ions travel through the harmonic field region and 

hit the stop MCP placed just below the "vee". The hyperbola voltage and ion 

energy determine the exact trajectory of the ions in the TOF region. If the energy of 

the ion is too high, or if the ion exits the foil as a neutral, it will strike the hyperbola. 

A hyperbola voltage of Vhp.,· = 23.2 kV has been used since launch. Assuming the 

ion has not been scattered from the initial angle after passage through carbon foil, 

the maximum energy an ion can have inside the TOF region is approximately 46 

keV/e (for Vhp, = 23.2 kV). If we take Vadp.,· into account, MASS can measure Fe 12
+ 

up to a maximum solar wind velocity of 478 km/s (see Table 2.1). 

We mentioned in the previous section that the ion's TOF is proportional to 

the square root of the mass to charge ratio ( ✓MI Q* ). The charge, Q*, is the charge 

state of the ion after passage through the carbon foil. Gonin et al. [1994] have 

shown that at low energies (-ke V /nuc ), the most common charge states after the foil 
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are O or+ 1 (see Figure 2.4 ). The TOF pulse height analyzer on MASS has 4096 

channels covering the range 0-515 ns . The conversion of TOF channel to M/Q* is 

given by 

M* =MI Q* = (1.9781 x 10-7
) • (TOF Channel)2 · ½,ps (2.3) 

where the V,,p, is in kV, and the units of the constant are am¾. kV. 

In summary, MASS is one of three sensors of the WIND/SMS instrument 

package. It features a new measurement technique enabling it to make high mass 

resolution solar wind composition measurements. In the next chapter we will 

discuss the analysis of MASS data. 
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Figure 2.4. The charge state yields of helium after passage through a 1.1 µg/cm 2 

foil. The open circles are the experimental results from Bilrgi et al. [1993], and the 

different dashed lines are theoretical calculations by Gonin et al. [ 1994]. 
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CHAPTER 3: DATA ANALYSIS 

3.1 Data Format 

A common Data Processing Unit (DPU) is used for all three SMS sensors. It 

handles all on-board data processing, command processing, telemetry formatting 

and alarm monitoring. The on-board data processing involves executing fast 

classification algorithms using look up tables stored in Random Access Memory 

(RAM) and generating Basic Rates, Matrix Rates and Pulse Height Analyzed (PHA) 

data. The DPU then stores all the science and housekeeping data and compresses 

them into the available spacecraft telemetry. The telemetry can be divided into two 

modes: science and maneuver. In science mode, telemetry can be further sub

divided into fast telemetry (high bit rate) and slow telemetry (low bit rate). 

The WIND spacecraft spins at three seconds per revolution with its spin axis 

normal to the ecliptic plane. During each spacecraft spin, the electrostatic deflection 

voltages (E/Q) on all three sensors are held constant, with a step occurring at spin 

boundaries. The normal MASS deflection voltage sequence covers 60 steps. 

Science data gathered from each spin form an Experiment Data Block (EDB). The 

spacecraft allocates 800 (400) bytes per EDB during high (low) bit rate for the SMS 

experiment. An EDB consists of three data blocks: the EDB header, the Core data 

and the PHA words stored separately for the SWICS, STICS and MASS sensors. 

Descriptions of each data block for MASS are given below. 

a) EDB header 
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The EDB header consists of 11 bytes of data at both high and low bit rates. 

It contains essential housekeeping data from the three SMS sensors ( e.g., spin 

counter, discharge counter and instrument on/off indicator). Other housekeeping 

data are stored in the Fixed Housekeeping (HK) data and Housekeeping Data Block 

(HDB) in the telemetry not within the header. The housekeeping data are used to 

monitor the health and state of the sensors. 

b) MASS core data 

The MASS core data consists of Basic Rates (BRs), Matrix Rates (MRs), 

deflection voltage step and engineering rates. 

Unlike SWICS and STICS, the MASS BRs classification algorithm involves 

only the Time-of-Flight PHA and the hyperbola voltage (SWICS and STICS 

classification algorithms use both TOF and Energy from the solid state detector). 

The MASS BRs classification algorithm uses Equation (3.1) to classify BRs. 

M* = T2 · V,,P.,. (3 1) 
m C2 · 

I 

M* mass in amu 

Tm measured TOF in nanoseconds 

Vhp., hyperbola voltage in kV 

C1 286.1 

Hyperbola voltage is given by 

LH hyperbola power supply level (0 to 255) 

C2 0.1302 
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Four BR "boxes" are used for MASS: the BR0s and BR ls for both the sun 

and nonsun sectors. The BR0s have mass range from Oto 11 amu, and BRls mass 

range covers from 11 amu to the maximum detectable mass on MASS (77 amu for 

current hyperbola voltage setting). The BRs are used in determining the range for 

PHA events (see Chapter 3.3). In addition, the instrument divides the spin plane 

into 16 equally spaced sectors (see Figure (3.1)). Two sectors (9 and 10) are 

classified as sun sectors ( 45°) and the other 14 sectors are nonsun sectors (315°). 

The sun and nonsun "supersectors" each have a corresponding BRO and BRl. The 

DPU classifies each particle into its appropriate BR box using Equation (3 .1) and 

the direction information. The boundaries of the BR boxes can be changed by 

command. 

Besides the coarse resolution BR boxes, there are ten MR boxes that 

correspond to the counting rates of selected ion species. They are not sectored like 

the BRs. Table (3 .1) lists the mass ranges of the MR boxes that have been used 

since launch. The MASS core data also include engineering rates: Front SEDA 

Rate (FSR), Rear SEDA Rate (RSR) and Double Coincidence Rate (DCR). These 

rates are used primarily for in-flight instrument diagnostics. However, the FSR can 

be used for simple data analysis when detailed particle classification is not required. 

Further discussion of how to use FSR for data analysis is given in Chapter 3.1.1. 

c) PHA words 

The PHA words contain the most detailed information about a particle's 

time-of-flight and arrival direction. They are sectored and ranged just like the BR 

boxes. Each MASS PHA word is 16 bits long and contains the particle's TOF 
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Dusk 
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2 9 

Miclnight Noon 

10 

14 13 

Do.wn 

Figure 3.1. The DPU divides the spin plane into 16 equal angular sectors. The sun 

sector includes both sectors 9 and 10. The rest are classified as non-sun sector. We 

show the relative positions of all 16 sectors in the spin plane of the spacecraft. 
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Table 3.1. The ten MR boxes that are used by MASS. 

MASS core data location Matrix rate Ion 

Byte 15 MRO H 

Byte 16 MRI 3He 

Byte 17 MR2 4He 

Byte 18 MR3 C 

Byte 19 MR4 N 

Byte 20 MRS 0 

Byte 21 MR6 Ne 

Byte 22 MR7 Mg 

Byte 23 MR8 Si 

Byte 24 MR9 Fe 
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channel number, mass range and sector information (see Figure 3.2). PHA words 

are first accumulated in memory before they are transmitted in telemetry by the 

DPU. A maximum of 64 PHA words for each sector and range can be stored for 

every spin. Hence for every spin, the DPU is able to collect 64x16x2 = 2048 PHA 

words. However, because spacecraft telemetry is limited, only a small fraction of 

these PHA words are transmitted. 

The number of MASS PHA words to be transmitted depends on the 

telemetry mode, the spin rate, and the number of PHA words currently allocated for 

all SMS sensors. If all sensors have collected at least the nominal number of PHA 

words, the DPU calculates the number of PHA words from each sensor to include in 

the telemetry. If one sensor can not fill its nominal PHA area, then the remaining 

space will be distributed to the other sensors. 

Within the MASS PHA area, the DPU allocates telemetry space for each 

sector and range. This allows the transmission of a significant fraction of rare 

events (such as solar wind C, N, 0, Fe) in range 1, while not completely excluding 

the more abundant ion species (protons and heliums) in range 0. The detailed 

MASS PHA distribution is given in Appendix D. 

3.2 Science Data 

In this dissertation we have used two kinds of science data from MASS: FSR 

and PHA data. We will discuss in detail how we make use of each type of data in 

the following sections. 
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MSB 
bits of the PHA word 15 14 13 T 12 11 T 10 I 9 T 8 I 1 T 6 I s I 4 I 3 2 1 0 

bits of the subgroup 0 0 1 I o 11 I 10 I 9 I 8 I 1 I 6 I s I 4 I 3 2 1 0 
subgroup s R Anode Time of Flight 

Figure 3.2. Each MASS PHA word is 16 bits long. The low order 12 bits are the 

TOF information. Bits 12 and 13 are the MCP anode information (not used because 

a planned split start anode was replaced by a one-piece anode before launch). Bits 

14 and 15 are the range and sector information, respectively. 



3.2.1 FSR Data 

Ions that pass through the electrostatic analyzer and penetrate the 2 µg/cm 2 

carbon foil at the start of the TOF section will be counted in the FSR (E.ront 

Secondary electron detection assembly Rate). These data are not sectored and are 

equivalent to that from a standard hemispherical E/Q solar wind ion instrument. 
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An example of the daily time series FSR stack graph is given in Figure (3.3). 

Time runs vertically from bottom to top, and the horizontal axis gives energy per 

charge. Each spectrum corresponds to one instrument cycle (three minutes) that 

covers 60 logarithmically E/Q steps from 0.5 to 10 keV/e. Ions will enter the 

spherical segment analyzer at different steps according to their E/Q values. The 

largest peaks at the left of the plot indicate the solar wind protons. The second 

largest peaks to the right of the protons indicate solar wind alpha particles. All the 

other peaks to the right of the alphas are heavier ions (Z>2) in the solar wind. These 

kinds of E/Q spectra provide an overview of the MASS data set and are useful for 

identifying interesting events. The location of the proton peaks at different E/Q 

values indicate the changing solar wind velocity and the width of the peaks indicates 

the kinetic temperature of the solar wind. In particular, these spectra can be used to 

detect any enhanced 3He event. The 3He peaks will show up between the solar wind 

proton and alpha peaks. 
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Figure 3.3. Daily time series FSR stack plot. Each spectrum corresponds to 

approximately 3 min of measurement. Time is running from bottom to the top of 

the plot. 
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3.2.2 PHA Data 

PHA data provide the most detailed measurements from MASS. Each PHA 

word contains an individual particle's TOF and sector information. Figure (3.4) 

shows the raw sun sector PHA data plotted in MIQ vs. M* (M* = mass per charge 

after foil). The conversion from TOF to M* is done using Equation (3.1 ). Since 

most low energy ions are either neutral or singly charged after the foil, M* is 

usually equivalent to ion's mass. Neutral particles are not deflected by the TOF 

electric field and those that impact the hyperbola and scatter back to the stop MCP 

produce the major source of background (see Appendix A.3). There are some cases 

in which the fraction in the +2 or even +3 charge state can be significant and must 

be taken into account. 

The conversion from E/Q to incident M/Q, however, is more involved. First 

we fit the solar wind alpha peak in the FSR rate as a maxwellian function in E/q and 

determine the speed of the alpha particles. Assuming the alphas and other heavy 

ions in the solar wind move at a common bulk velocity [Schmidt et al., 1980; von 

Steiger, 1995a], we derive the MIQ associated with each EIQ step. MASS has a 

total of 60 logarithmically spaced E/Q steps. Depending upon the given solar wind 

velocity, which varies from 200 to 1000 km/s, the 60 EIQ steps will correspond to 

different MIQ values. Therefore we define 200 logarithmically spaced MIQ bins 

from 0.8 to 32.0 amu (Equation 3.2). 

Bin 

ln(M IQ) 
no= 0.8 

0.018444 
(3.2) 
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Figure 3.4. Color display of the MASS PHA data. The y-axis is the 200 MIQ bins 
as described in Chapter 3.2.2 (plotted only from 2 to 10 amu/e). The x-axis plots 
the 4096 TOF channels (binned by two) after being converted into M* using 
Equation (3.1). The color spectra qualitatively show the overall solar wind ion 
composition for a broad mass range. Using this plot, we can identify the various 
charge states of carbon (M* = 12), nitrogen (M* = 14), oxygen (M* = 16). Different 
charge states of one element will show a vertical spread in the y-direction. 
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Figure 3.4. Color display of the MASS PHA data. The y-axis is the 200 MIQ bins 
as described in Chapter 3.2.2 (plotted only from 2 to 10 amu/e). The x-axis plots 
the 4096 TOF channels (binned by two) after being converted into M* using 
Equation (3.1). The color spectra qualitatively show the overall solar wind ion 
composition for a broad mass range. Using this plot, we can identify the various 
charge states of carbon (M* = 12), nitrogen (M* = 14), oxygen (M* = 16). Different 
charge states of one element will show a vertical spread in the y-direction. 
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Counts are accumulated in those bins. The counts in each of the 200 M/Q 

bins are weighted according to the number of times any energy per charge step was 

mapped into it. 

3.3 Flux Calculation 

We define the particle flux, J, to be the number of ions per unit area per unit 

time, and the unit is ( cm2-s-sr-ke V /et'. We calculate the flux in the following· 

manners: 

J = Corrected Counts 

Weightx · G · Tlwiat · dt · L1( EI Q) 
(3.3) 

where Corrected Counts, Weight, G, TJro,at• dt, and L1(E IQ) will be discussed in 

details in the following sections. 

3.3.1 Box Selection 

To obtain the Corrected Counts of a targeted ion species, we have to 

unambiguously identify it within the PHA data. First, we select data that have TOF 

values within the range of the targeted species. The TOF ranges of selected species 

are listed in Appendix B. This 1-D cut in the PHA data effectively excludes events 

that originate from ions that have different M* values. When we plot the TOF 

selected PHA data vs. MIQ, different charge states of the selected species will fall 

into different MIQ peaks (as shown in Figure 3.5). The widths of the different MIQ 

peaks represent the thermal spread of the ion distributions. To calculate the flux of 
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2/9/98 

Figure 3.5. We can select PHA data based on a restricted range of TOF channels. 

This figure shows the PHA data from TOF channels corresponding to 15.91 to 16.1 

amu. It shows the three charge states of oxygen with very little background. 
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the different charge states, we then sum up a range of MIQ steps. The ranges of 

M/Q for different species' charge states were found by fitting gaussian distributions 

to a long period of slow speed ( <400 km/s) data. The entire selection process is 

similar to summing Corrected Counts in a box range within the 2-D MIQ vs. M* in 

MASS PHA data. 

However, different species can still fall into the same TOF and/or M/Q 

ranges. Since MASS' s TOF scales with M*, those ions that have the same M/Q* (Q* 

is the charge state after the foil) value will fall into the same TOF peak. Summing 

only the appropriateM/Q ranges of the targeted species can eliminate the majority of 

this contamination from other species. 

For those species that have the same M* and M/Q ratios, we can estimate 

their individual contributions using: (a) a standard solar system abundance table 

[e.g. Anders and Grevesse, 1989]; (b) MASS pre-flight calibrated data; (c) measured 

charge state composition after passage through a carbon foil [Kallenbach et al., 

1995 and reference within]. Considering the C6
+ ion, Mg 12

+ will fall into the C6+ M* 

and MIQ ranges if the charge state of Mg 12
+ is +2 after foil. Since carbon is five 

times more abundant than magnesium in the interstream solar wind, we expect a 

similar abundance ratio to enter MASS [Anders and Grevesse, 1989]. 

In addition, with an assumed freezing-in temperature of 2.0 MK in the solar 

wind, Mg 12
+ contributes only 6x 10·7 % of the total magnesium (more than 92 % of 

the magnesium is in Mg 1
0+ form). Figure (3.6) shows the relative ionic ratios of 

magnesium for a 2 MK freezing-in temperature. Although at 1.0 keV/nuc the 

predicted magnesium detection efficiency is three times higher than the carbon 
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Figure 3.6. The predicted magnesium ionic fraction based on Arnaud and 

Rothenflug [ 1995]. Over 90% of the magnesium is in the + 10 state at a temperature 

of 2.0 MK. 
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detection efficiency (see Appendix A), the total contamination of C6+ by Mg 12+ will 

be negligible. We list the amount of contamination from other species for all 

measured charge states in this study in Table (3.2). It is clear that contributions 

from other species are negligible. 

3.3.2 Efficiency 

The flux calculation requires information on the MASS response functions 

for detecting ions as a function of species and energy. Prior to launch, we calibrated 

MASS extensively to obtain the detection efficiencies for selected ion species. The 

calibration was done at the University of Bern low energy accelerator. A list of the 

pre-launch calibrated ion species and energies is given in Table (3.3). 

The MASS efficiency is defined as followed: 

11rotal = 11deflection · 11start · 11stop · 11+ 

where, 

FSR 

11deflection = B Ff G , D earn ux · eometnc r actor · 11.narr 

is the deflection analyzer efficiency; 

= DCR and 
11.,·tart RSR , 

DCR 
71.l'lop = FSR 

are the start and stop efficiencies, respectively; and 

Counts in + l PHA Peak 
11 =---------

+ Total PHA Counts 

(3.4) 

(3.5) 

(3.6) 

(3.7) 

(3.7) 
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Table 3.2. Contributions from other species to the targeted species' M/Q and M*. 
The first column is the species intended to be measured, the second column lists 
those species that fall into the same M/Q and M* ranges if their charge state after the 
foil is +2. The third column gives the fraction of the contaminating species 
expected to be in the appropriate charge state to produce the same M/Q value as the 
target species. The efficiency ratios are determined as discussed in Appendix A. 
The +2/+ 1 ratios are the ratios of doubly charged to singly charged ions after 
passage through a 2.2 µg/cm 2 carbon foil [Gonin, 1991]. 
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Table 3.3. List of all different ion species and energies that were used during 

MASS calibration at the University of Bern low energy accelerator. The run 

number corresponds to the file number that was used to store the calibration data. 

Run number Ion beam type Energy/Charge (kev/e) 

76-79 H+ 5, 7, 9, 11 

96-100 3He+ 5, 8, 11, 14, 17 

15-21 4He+ 5, 7, 9, 11, 13, 16, 19 

59-63 c+ 15,20,25,30,35 

70-74 N+ 15,20,25,30,35 

53-57 o+ 15, 20, 25, 30, 35 

41-47 Ne 2+ 8, 10, 15, 18,20,25,30 

27-32 Ar 2+ 10, 15,20,25,30 

33-37 Kr3+ 15,20,25,30,34 
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is the+ 1 ion fraction in TOF spectrum efficiency. Detailed explanations for each 

efficiency and a summary of the efficiency results are given in Appendix A. 

3.3.3 PHA Weighting 
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The available spacecraft telemetry for SMS is inadequate to transmit all 

detected PHA events. Therefore, in order to transmit PHA data on rare as well as 

abundant species, the DPU must uses a priority scheme (see Appendix D). 

Basically, the DPU divides available telemetry for MASS PHA into four boxes. 

The four boxes are for the PHA data in range 1 and range O in both the sun and 

nonsun sectors, just like the four BR "boxes" as defined in Chapter 3.1. Therefore, 

the more abundant solar wind protons and alphas will be limited to range O and will 

use telemetry allocated to the heavier ions in range 1. 

In order to recover the prioritization being done to the PHA data, we use 

data from the BRs. The four Basic Rates count all analyzed events except when on

board electronics cannot handle the high number of counts. 

Assuming the PHA data are distributed in the same manner as the BR rate 

counts in each box, the PHA events should be weighted according to 

Weightx = BRijPHAix (3.9) 

where i is the range O or 1, and x is sun or nonsun sector. 

However, there are times when the on-board electronics could not handle the 

high rate. This is true when the abundant solar wind proton and alpha distributions 

are entering the instrument. Since the solar wind propagates approximately radially 

outward from the sun, all solar wind ions will enter MASS in 1 or 2 out of 16 look 
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directions. This amounts to a high number of counts in a short period of time, 

especially for the E/Q steps for solar wind protons and alphas. The maximum rate 

of analyzed events is limited by the transfer rate of the optocoupler between the 

TOF assembly and the main MASS electronics. In particular, the maximum transfer 

rate of the MASS optocoupler is 15625 analyzed events per second. Therefore, BRs 

can not possibly count all the events for abundant species (protons and alphas). 

Fortunately, this is only a problem for the solar wind protons and alphas; all heavier 

species counting rates will be low enough to be handled by the on-board electronics. 

We will discuss how we can use the double coincidence rate from MASS to recover 

some of the lost alpha information in Chapter 4.3. 

3.3.4 Accumulation Time and Geometric Factor 

In order to convert counts per EDB to rates, we need to determine the exact 

time per measurement (EDB). As we discussed, MASS's electrostatic analyzer 

goes through 60 energy per charge steps during every science record. The 

deflection voltage is optimized for any given species at one E/Q step ( or at two or 

three steps if the kinetic temperature is high) for only 3 s of every three-minute 

period. In addition, because the spacecraft is spinning, MASS is not exposed to the 

solar wind during the entire spin. For a single EIQ step, a spin rate of once every 3s, 

and an angular acceptance of 4 °, this corresponds to 

/1t = 0.033 s (for a collimated beam) 

for every science record of data collected. 
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The geometric factor is a measurement of the effective area-solid angle 

product of the instrument in sampling the particle flux. If/ is the absolute intensity 

of an isotropic particle distribution in (sec·'-cm-2-s( 1
), and C is the counting rate in 

(counts sec-'), then 

C= GI (3.10) 

where G is the isotopic geometric factor and it is assumed that detection efficiency 

is 100%. And 

G = J f ( cos 0 · dA )dQ (3.11) 
QS 

where 0 is the angle between the incident particle trajectory and the normal to the 

element of area dA, dQ is the element of solid angle, and S represents the domain of 

dA [Gloeckler, 1970]. 

If the area, A, of the detection surface is normal to the incident flux, then 

Equation (3.11) becomes 

(3.12) 

where .'.1Q is the effective solid angle subtended by the aperture. 

If we assume the solar wind is an narrow beam with no width, the angular 

dependence drops out, it is useful to use an "effective area" rather than an isotropic 

geometric factor in flux calculations. With the MASS sensor, this area is the 

effective area of the carbon foil (the 4 ° by 20° field-of-view of the deflection 

analyzer is mapped entirely onto the carbon foil surface), which is approximately 

5 x 7 mm2
• The effective area is then the ratio of counting rate (s-1) to directed flux 



3.3.5 Energy Passband 

The energy passband is defined as the Full-Width at Half Maximum 

(FWHM) of the energy per charge that will pass through the deflection analyzer. 

We determined the MASS's deflection system passband during the calibration 

. !J.(E/Q) 
penod to be --- = 4%. 

EIQ 

3.2.6 Background Contribution 
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The major source of background in the TOF section of MASS comes from 

neutrals reflecting off the hyperbola producing real PHA events. These neutrals are 
i 

produced from ions picking up extra electrons while passing through the carbon foil. 

Because they are electrically neutral, the harmonic electric field in the MASS TOF 

spectra will not affect to them. These neutrals would follow the ions' initial 

trajectories and strike the hyperbolic surface on the top of the TOF section. Most of 

these neutrals will reflect from the hyperbolic surface and then strike the stop MCP 

producing TOF signals that are longer than those associated with singly charged 

10ns. 

In particular, solar wind doubly charged helium is a problem for MASS 

because it is abundant in the solar wind and produces neutrals that interfere with 

other heavy ion measurements. Figure (3.7) shows the broad neutral helium peak is 

a major background problem for heavy species with M/Q* = 2, although C6
+, N7

+, 

0 8
+, and Mg 12

+ are still visible. Fortunately, since MASS has an energy per charge 
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Figure 3.7. The neutralized helium produces the highest background in MASS PHA 

data. The neutralized helium atoms reflect from the hyperbola surface and produce 

TOF signals in the same range as those produced by singly ionized carbon to iron. 

Fortunately, we can select E/Q steps to avoid those in which the solar wind alpha 

particles enter. 
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analyzer, we can select Vdpp.,· steps in which the helium does not enter the instrument. 

In addition, the background can be evaluated and subtracted by examining TOF 

channel ranges below and above the range of the targeted species if the background 

is not too large. Other types of background are discussed in Appendix A. 

jraines
Highlight



CHAPTER 4: OBSERVATIONS 

4.1 Selection Criteria 

4.1.1 Enhanced 3He Events 
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We undertook a systematic search of enhanced 3He/4He periods using the 

MASS data. This followed a preliminary analysis of January 11, 1997 CME-ejecta 

event when we identified a high 3He/4He ratio using MASS [Ho et al., 1997]. 

Although MASS can resolve isotopic ratios of heavy ions with high-mass 

resolution, it cannot detect solar wind helium using the PHA data very efficiently. 

The primary reason for this is high background generated from neutralized helium 

striking the internal surfaces of the MASS TOF (see Figure 3.7). However, we 

found that during periods when the solar wind kinetic temperature is low, we can 

identify enhanced 3He events (EH) by examining daily MASS FSR time-series 

stacked spectra (Figure 3.3). Using this kind of multiple stacked spectra format 

allows small features in the data to stand out if the features last longer than the time 

it takes to measure two or three spectra (6-9 min). It should be noted that the 

enhanced 3He events were determined independently from the magnetic cloud list in 

the next section. 

Simple criteria were developed for the identification of an EH event: If a 

series of at least forty spectra ( -2 hours) showed repeatable peaks between the solar 

wind protons and alphas, and had heights at least 0.1 % of the height of solar wind 

alpha peaks, the event was tagged for further study. We then converted the event's 

FSR data from E/Q to M/Q according to the solar wind velocity as discussed in 
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Chapter 3.2.2. The spectra were then summed for the entire event interval to 

accumulate statistics. If the final ratio of 3He/4He was more than 0.1 %, the event 

was categorized as an enhanced 3He event. Figure ( 4.1) shows the FSR spectra of 

the EH 1 event. The largest peaks at ~0.6 keV/e indicate the solar wind protons, and 

the peaks at ~ 1.2 ke V /e are solar wind alphas. The peaks between the solar wind 

proton and alphas peaks at around DOY= 40.9 are the 3He. Please note that 

detection of the 3He peaks is very sensitive to the solar wind kinetic temperature. 

When the solar wind kinetic temperature went up at around DOY 41.5, the 3He 

peaks became hidden. Table ( 4.1) lists the time periods of the six identified EH 

events from November 1994 to May 1998. 

Figure ( 4.2) shows the FSR spectra for the day containing EH 2. During this 

event the solar wind density was as high as 120 cm-3
, therefore all the peaks in the 

spectra were enhanced ( except solar wind protons and alphas because they were 

saturated, more on this in the following section) compared with other solar wind 

periods. All the peaks at high E/Q values (EIQ = 5 to 10 ke V /e) are low iron 

charges. The FSR spectra of EH 3 to EH 6 are shown in Figure (4.3) to (4.6). 

We should be aware of the limitations that these selection criteria place on 

our EH list. As we discussed in Chapter 2.3, the MASS spherical analyzer steps 

from 0.5 to 10 ke V /e. Therefore, if the solar wind velocity is less than ~ 250 km/s, 

the 3He EIQ peak will fall below the lowest MASS E/Q step. In addition, if the 

solar wind kinetic temperature is high, clear separation of the 3He2
+, H+, and 
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Table 4.1. The time intervals of the selected EH events based on the criteria given 

in Chapter 4.1. 

Event Start Time Stop Time <Velocity> <Ther. WIND Remarks 

yy 
yy (km/s)* Speed> location 

DOY.HR. 
DOY.HR. (km/s)* (X, Y, Z)t 

MN 
MN 

EH 1 95 95 350.5 14.40 193.7, 
040.22.46 041.00.30 -46.0, -1.8 

EH2 97 97 415.3 14.51 93.4, - Density> 
011.00.51 011.01.58 57.5, -4.6 120 cm·3 

EH3 97 97 374.1 16.79 201.3, 5.8, 
042.18.15 042.21.30 -17.0 

EH4 97 97 405.1 34.23 229.5, 7.6, 
101.10.33 101.12.57 21.6 

EH5 98 98 319.6 13.75 234.1, -
064.20.55 065.02.03 18.5, -26.6 

EH6 98 98 471.9 12.11 214.6, 6.2, 
123.00.00 123.17.00 26.9 

* The solar wind velocities and thermal speeds are determined by WIND/SWE 

instrument. 

t The locations are in GSE coordinate system. 
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Figure 4.1. The FSR spectra of EH 1. We can see the 3He peaks stand out at around 

DOY - 40.9. One of the criteria we established for EH events is that the 3He/4He 

ratio be at least 0.1 %. 
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Figure 4.2. The FSR spectra of EH 2. During this event the solar wind density is 

over 140 cm·3, hence the alpha peak (E/Q-1.8 ke V /e) is saturated. In addition, the 

low charge states of iron dominant at high E/Q values. 
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Figure 4.3. The FSR spectra of EH 3. The 3He enhancement occurred at around 

DOY~ 42.8. 
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Figure 4.4. The FSR spectra of EH 4. The 3He enhancement occurred at DOY 

-101.5. 
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Figure 4.5. The FSR spectra of EH 5. The 3He enhancement occurred at DOY~ 

64.9. 
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Figure 4.6. The FSR spectra of EH 6. The 3He enhancement occurred throughout 

the day from DOY~ 123.0 to 123.8. At DOY~ 123.8 a shock arrived. Also evident 

here is the relatively high peak at E/Q ~ 5 keV/e that corresponds to M/Q = 4. All 

the high E/Q peaks were low charge states of carbon, nitrogen and oxygen. 
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4He2
+ peaks in the FSR data would not be possible (as shown in Figure 4.2 at around 

DOY - 11.15). We found that if the solar wind thermal speed is higher than 20 

km/s, resolving the 3He2
+ from the more abundant H+, and 4He2

+ is less likely (e.g. 

see Figure 4.9). Hence, for relatively "hot" solar wind (Vrherm > 20 km/s), even if 

3He were enhanced relative to 4He, we would not be able to identify it with MASS 

data. 

Furthermore, the helium isotopes enter the MASS spherical analyzer at 

different EIQ steps. They will be accelerated by different Vadps potentials before 

entering the TOF region; hence the two isotopes will have different energies and 

efficiencies. Fortunately, the Vadp, is already at its maximum acceleration potential 

(-3.1 kV) for both helium isotopes for a broad range of solar wind speeds. The Vadp, 

values for the helium isotopes for different solar wind speeds are shown in Figure 

(4.7). 

4.1.2 Magnetic Cloud Events 

There is no single distinctive feature that describes all CME-ejecta in 

interplanetary space (see Chapter 1.2.2). However, approximately one third of 

CME-ejecta at 1 AU are magnetic clouds (MCs) that have distinctive plasma and 

magnetic signatures [Gosling, 1990]. These signatures include relatively enhanced 
t 

magnetic field strength, a smooth rotation of magnetic field direction over 180°, low 

proton f3 and proton temperature and a radial extent of -0.25 AU at 1 AU [Burlaga 

et al., 1981]. 
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Figure 4.7. We show the Vadp, potential for different solar wind speeds. For a broad 

range of solar wind speeds, Vadps is at -3.1 kV for both 3He and 4He. Different 

settings for Vadp,· can affect the overall efficiency for detection. 
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Goldstein [1983] showed an MC could be approximated as a magnetically 

force-free flux rope in interplanetary space. Burlaga [1988] demonstrated that MCs 

have magnetic field profiles at I AU that can be described to zeroth-order by the 

static, constant- a field solution of Lundquist [1950] in cylindrical coordinates, as 

described in Appendix C. Lepping et al. [ 1990] have developed a least squares 

fitting algorithm based on this Lundquist solution. Using this algorithm, the 

WIND/MFI magnetic field instrument team fit all MCs that WIND observed during 

its first three years and published the list on their instrument web page 

[http: ://lepmfi.gsfc.nasa.gov/mfi/mag_cloud_pub I .html]. Table ( 4.2) lists estimated 

start and end times of all the magnetic clouds events and one cloud-like (CL) event 

extracted from the WIND/MFI list as it existed in May 1998. The one cloud-like 

(CL) event is a MC event that has met all the magnetic cloud criteria but does not 

show a full rotation of the magnetic field. 

We consider the list compiled by the WIND/MFI team to be the most 

complete CME-ejecta events list available. However, approximately two thirds of 

CME-ejecta do not show MC signatures [Gosling, 1990]. In addition, there are 

some MCs at 1 AU that will not be detected by the WIND/MFI because there were 

various magnetosphere passes that brought the WIND spacecraft out of the solar 

wind. 
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Table 4.2. List of all twenty-five MC events and one CL event. The start and stop 

times of the MC events are taken from the WIND/MFI instrument team list. 

Event Start Time Stop Time <Velocity> <Kin. WIND Remarks 
yy yy (km/s)* Temp> location 

DOY.HR DOY.HR (km/s)* (X, Y, Z)t 

MCI 95 039.04 95 039.23 406.4 18.5 192.5, -
49.1, 
-3.1 

MC2 95 063.11 95 064.04 206.4, 0.8, HPS 
12.6 level 

144 
MC3 95 096.07 95 096 18 336.3 19.85 222.3, 

57.6, 15.5 
MC4 95 133.03 95 134.02 332.5 21.80 244.2, 

34.6, 
-3.4 

MC5 95 234.22 9523519 353.3 22.17 39.2, -32.9, 
-2.0 

MC6 95 291.19 95 293 00 399.6 26.04 175.2, -3.7, 
-13.3 

MC7 95 350 02 95 351.04 391.5 26.33 69.9, 29.0, 
7.5 

MC8 96 148 15 96 150 07 362.8 22.38 150.3, -
10.3, 
-9.7 

MC9 96 183.17 96 184.09 346.2 22.01 211.4, 
20.1, 
-11.4 

MC 10 96 220.20 96 222.03 136.0, HPS 
22.6, level 
-3.7 144 

MC 11 96 359.03 96 360.10 359.0 21.81 73.1, 25.2, 
-8.8 

MC 12 97 010.05 97011.02 429.3 20.19 86.5, -59.1, 
-3.6 

MC 13 97 041.03 97 041.18 450.6 24.43 199.1, 3.5, Poor 
-17.2 statistics 

MC 14 97 111.15 97 113.07 371.3 29.24 223.3, 1.9, Double 
24.4 stream-

ing 
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Event Start Time Stop Time <Velocity> <Kin. WIND Remarks 
yy yy (km/s)* Temp> location 

DOY.HR DOY.HR (km/s)* (X, Y, Z)t 

MC 15 97 135.09 97 136.01 452.6 27.64 189.9, 3.5, 
17.3 

MC 16 97 159.22 97 161.01 362.9 26.24 40.1, 40.4, 
-6.0 

MC 17 97 196.06 97 197.01 358.5 87.3, -28.2, 
-7.8 

MC 18 97 215.14 97 216.01 428.9 17.42 79.7, -60.9, 
-11.4 

MC 19 97 261.00 97 263.12 347.4 27.29 83.2, -14.1, 
-1.6 

MC20 97 264.22 97 265.23 407.9 27.29 82.5, 4.6, 
1.9 

MC 21 97 283.23 97 285.00 392.2 20.76 77.3, -33.7, 
0.3 

MC22 97 311.05 97 312.12 418.0 28.36 130.7, -
48.8, 17.4 

MC23 98 007.03 98 008.12 371.1 22.62 227.2, 
20.3, 
-5.2 

MC24 98 035.04 98 036.22 371.8 13.93 235.6, 3.3, 
-28.8 

MC25 98 063.14 98 065.06 371.8 14.56 235.6, 3.3, 
-28.8 

CL 1 98 122.04 98 123.17 548.5 18.21 215.7, 4.3, 
26.1 

* The solar wind velocities and kinetic temperatures are determined by the 

WIND/SWE instrument. 

t The locations are in the GSE coordinate system. 



4.1.3 Interstream Solar Wind Events 

For comparison purposes, we randomly selected four long periods of 

interstream solar wind from 1995 to 1997. Table ( 4.3) lists the start and end times 

of the periods that we have selected. 
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The time periods were chosen according to their solar wind velocities. We 

limited the solar wind velocity from 250 to 300 km/s for the entire four periods to 

exclude any high speed flows. The speed restriction was placed to exclude Coronal 

Hole flow. The periods were then checked for any reported Interplanetary Shocks, 

Coronal Mass Ejections, Solar Energetic Particle (SEP) events, and Corotating 

Interaction Regions (CIR) in the literature. Figures ( 4.8) to ( 4.11) show the FSR 

spectra of the four IS events. If our EH events are simply instrumental effect in 

which the 3He becomes visible due to low solar wind kinetic temperatures in CME

ejecta, we would expect enhanced 3He/4He to be found in these slow solar wind (i.e. 

low kinetic temperature) periods as well. However, this is not evident as shown in 

these spectra. 

4.2 Measurements from Other Instruments 

We complement our observations with those from other space-borne 

instruments. We will use data from the LASCO coronagraph on-board the SoHO 

spacecraft at the Ll point near 1 AU, which makes direct observations of the Sun on 

a continuous basis. In addition, we will use data from the plasma (SWE) and 

magnetic fields (MFI) instruments on WIND. 
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Table 4.3. The time intervals of the selected IS events based on the criteria given in 

Chapter 4.1. 

Event Start Time Stop Time <Velocity> <Ther. WIND Location 

yy 
yy (km/s)* Speed> (X, Y, Z)t 

DOY.HR.MN 
DOY.HR.MN (km/s)* 

IS 1 96 355.00.00 96 356.00.00 320.3 18.72 92.7, 3.1, -6.8 

IS 2 97 023.00.00 97 025.00.00 338.9 23.12 156.6, -29.8, -
14.3 

IS 3 97 066.00.00 97 071.00.00 323.6 20.11 223.2, 20.0, -4.2 

IS 4 97 165.00.00 97 166.00.00 300.2 17.48 35.2, -24.6, -0.3 

* The solar wind velocities and thermal speeds are determined by WIND/SWE 

instrument. 

t The locations are in GSE coordinate system. 



0 
a., 
>-
0 
>-
0 

0 

355.6 

355.4 

WIND/SMS/MASS FSR 
19961220 00:00 - 24.00 UT 

Energy/Charge (keV/e) 

Figure 4.8. The FSR spectra of IS 1. 

84 

10 



24.50 

0 .., 
>-
0 24.00 
>-
0 

0 

23.50 

WJND/SMS/MASS FSR 
19970123 00.·00 - 19970125 00.00 UT 

Energy /Charge (keV /e) 

Figure 4.9. The FSR spectra of IS 2. 

85 

10 



0 
<lJ 

>-

0 
>-
0 

Cl 

70.00 

69.00 

68.00 

67.00 

W!ND/SMS/MASS FSR 
19970307 00:00 - 19970312 00:00 UT 

Energy /Charge (keV /e) 

Figure 4.10. The FSR spectra oflS 3. 

86 

10 



87 

WJND/SMS/MASS FSR 
1 99706 f 4 00:00 - 24:00 UT 

165.6 

~ 

0 
<lJ 
>-
0 
>-
0 

a 

165.4 

10 
Energy/Charge (keV/e) 

Figure 4.11. The FSR spectra of IS 4. 



88 

4.2.1 SoHO/LASCO Observations 

In December 1995, NASA launched ESA's SoHO spacecraft to the Ll 

lagrangian point. On board SoHO, there are two experiments that measure visible 

optical emissions for the whole solar corona: the Large Angle and Spectrometric 

COronagraph (LASCO) and the Extreme Ultraviolet Imaging Telescope (EIT). 

Both instruments have direct and continuous observations of the Sun at Ll, and 

provide advance warning of a CME moving toward earth. LASCO has a complete 

list of CMEs that they have observed on their instrument web page [http://lasco

www.nrl.navy.mil/cmelist.html]. 

LAS CO is a set of three separate coronagraphs that examine the solar corona 

from 1.1 to 32 solar radii. The C 1 telescope on LASCO examines the corona from 

1.1 to 3 solar radii, the C2 from 1.5 to 6 solar radii, and C3 from 3.5 to 30 solar 

radii. All three telescopes have occulting discs that block direct emission from the 

solar disc. Because of the large coverage distance from the solar disc, LASCO can 

track a CME as it leaves the solar surface to the outer edge of the solar corona. 

LASCO can also measure the velocity of a CME leaving the sun and hence can 

predict the approximate time of arrival of a CME at 1 AU assuming constant 

velocity. However, this kind of prediction is extremely difficult because of the 

problems in observing CMEs that are directed along the earth-sun line, called halo 

CMEs. Halo CMEs, because they are traveling along the earth-sun line, appear as a 

thin shell of high-density plasma expanding in all Sun direction as seen on LASCO. 

In addition, the prediction also relies on the current solar corona density model 
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which itself has undergone much debate. The details of the LASCO instruments can 

be found in Brueckner et al. [1995]. 

CMEs are found to occur over a broad latitude range [Illing and 

Hundhausen, 1986]. However, only a small portion of the CMEs launched from the 

Sun are halo events (Earthward) [Howard et al., 1997]. Table ( 4.4) lists the start 

times of the observed halo CMEs that are thought to be associated with the observed 

MC events at 1 AU. SoHO was launched on December 5, 1995; therefore, data 

from LASCO are not available before January 1996. A majority of the magnetic 

clouds reported by WIND/MFI from 1996 to 1997 were associated with halo CMEs 

observed by LASCO. 

Figure ( 4.12) shows an image from the LASCO C 1 telescope of a CME 

leaving the Sun at the western limb on Dec. 24, 1996, the so-called "Christmas Eve" 

event. 

4.2.2 WIND/SWE and WIND/MFI Measurements 

Although MASS measures solar wind minor ions at very high mass 

resolution, it cannot measure the more abundant solar wind protons and alphas 

under all solar wind conditions. The MASS deflection analyzer excludes solar wind 

protons at very low speeds, and the instrument saturates at proton densities and the 

highest alpha particle densities. The Solar Wind Experiment (SWE) on WIND, 

however, was designed to look specifically at solar wind protons and helium under 

all flow conditions. 
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Table 4.4. Comparison between our MC and CL events and the LASCO halo-CME 

list. 

Event Start Time LASCO Halo First C2 Appearance Remarks 

YYDOY.HR Event Time 

YY DOY.HR.MN 

MC 1* 95 039.04 Not available 

MC2 95 063.11 Not available HPS level 144 

MC3 95 096.07 Not available 

MC4 95 133.03 Not available 

MC5 95 234.22 Not available 

MC6 95 291.19 Not available 

MC7 95 350 02 Not available 

MC8 96 148 15 Not available 

MC9 96183.17 Not available 

MC 10 96 220.20 Not available HPS level 144 

MC 11 96 359.03 Not available 

MC 12* 97 010.05 Yes 97 006.15.10 

MC 13* 97 041.03 Yes 97 038.00.30 Poor statistics 

MC 14 97 111.15 Yes 97 106.07 .35 Possible 
Double 

streaming 
MC 15 97 135.09 Yes 97 132.06.30 

MC 16 97 159.22 No 

MC 17 97 196.06 No 

MC 18 97 215.14 Yes 97211.04.45 

MC 19 97 261.00 No 

MC20 97 264.22 Yes 97 260.20.28 
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Event Start Time LASCO Halo First C2 Appearance Remarks 

YYDOY.HR Event Time 

YY DOY.HR.MN 

MC21 97 283.23 No 

MC22 97 311.05 Yes 97 308.06.10 

MC23 98 007.03 Yes 98 002.23.28 

MC24 98 035.04 Yes 98 030.14.31 

MC 25* 98 063.14 Yes 98 059.13.51 

CL 1* 98 122.04 Yes 98118.16.58 

* MCs that are associated with EH events. 
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Figure 4.12. The "Christmas Eve" event as seen by the C 1 coronagraph on 

SoHO/LASCO. The high-density (white) loop at the front of the CME is clearly 

seen. The dark region within the loop is the low-density (black) cavity. Within the 

cavity, we can see the high-density prominence material (arrow). 
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The WIND/SWE uses two Faraday cups to measure the solar wind plasma 

parameters (velocity, density, flow direction, and temperature of solar wind ions) 

[Ogilvie et al., 1995]. They put their 2 min resolution data call "key parameter" on 

the web site at http://web.rnit.edu/afs/athena/org/s/space/www/wind/wind.html. 

The Magnetic Field Investigation (MFI) on WIND provides high-resolution 

magnetic field measurements. A detailed description of the instrument is given by 

Lepping et al. [1995]. The "Key-Parameter Data" provided by MFI have 92 second 

resolution and they provide the three components of the IMF. The current MFI 

data are available at http://www.sec.noaa.gov/wind/mfi_plots.html. 

4.3 Analysis of Events 

The estimated time intervals of the twenty-five magnetic clouds (MC) and 

one cloud-like (CL) event selected for this study are given in Table (4.2) (courtesy 

of R. Lepping). Also listed in Table ( 4.2) are the positions of WIND at the start of 

each event, average solar wind velocities, and thermal speeds for all events. All 

events were analyzed except for four MC events which had various instrument or 

data anomalies. The time periods of both the interstream (IS) and enhanced 3He 

(EH) events are listed in Table (4.3) and Table (4.1), respectively. The overview 

plots that show the plasma and magnetic field data of all events are available in 

Appendix E. All events were selected based on the criteria given in the beginning 

of this chapter. In the remaining portion of this chapter we will examine the ionic, 

elemental and isotopic abundances in the solar wind for all three types of events. 
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4.3.1 Isotopic Abundances 

The event-averaged FSR spectra of the six EH events are plotted in Figures 

( 4.13) - ( 4.18). The largest peaks at M/Q = 1.0 amu/e are the solar wind protons 

and the second largest peaks at M/Q = 2.0 amu/e contain mostly 4He2+. The M/Q = 

1.0 amu/e peaks in the MASS FSR spectra are always suppressed because of 

saturation due to high counting rates for solar wind protons. In addition, we 

estimate the M/Q = 2.0 amu/e FSR peaks will also be saturated during periods when 

the solar wind densities are over 50 cm-3 for typical alpha abundances. We identify 

the peaks at M/Q = 1.5 amu/e with 3He2+ because that is the only solar wind species 

that has such an MIQ value. The dashed lines are multiple gaussian fits to the 

helium isotopes. The widths of the 3He2+ gaussian fits are set to be the same as the 

corresponding 4He2+ as a first order approximation. 

During EH 2, the solar wind density was well over 100 cm-3. We have 

multiplied 4He2+ peak by a factor of five to compensate for the estimated saturation, 

from the enormous density. The saturation factor was deduced from fitting the 

shoulder of the 4He2+ peak instead of the maximum of the peak (see Figure ( 4.19)) 

and on an examination of other rates (DCR and RSR) that were not saturated in the 

instrument. Based on these two independent methods we estimated the saturation 

factor is ~5±1 in the 4He2+ peak during EH 2. The 4He2+ peaks for the other EH 

events were not saturated. Table ( 4.5) lists the helium isotopic ratios from the six 

EH events with appropriate efficiencies applied. 

Prior to this dissertation, there have been two long-term surveys of the 

3He2+/4He2+ abundance ratio in the solar wind. The study by Ogilvie et al. [1980] 
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Figure 4.13. Average M/Q spectrum for EH 1. The conversion from FSR data to 

M/Q involves assuming all ions travel at the same speed as solar wind 4He2+. We 

shaded the proton peak at M/Q = 1.0 amu/e because it is actually suppressed 

because of saturation due to high counting rates of the solar wind protons. The 

dashed lines are a bi-gaussian fit to the two helium isotopes. The width of the 3He 

peak is fixed to be the same as the fitted width of the 4He peak. In this event, we 

can also see the low charge states of iron at high MIQ (>5.0 amu/e) values. 
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Figure 4.14. Average M/Q spectrum for EH 2. The proton and alpha peaks at M/Q 

= 1.0 and 2.0 amu/e, respectively, are shaded because they are both saturated due to 

high solar wind density. The dashed lines are a bi-gaussian fit to the two helium 

isotopes. 
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Figure 4.15. Average M/Q spectrum from EH 3. The dashed lines are a bi-gaussian 

fit to the two helium isotopes. 
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Figure 4.18. Average MIQ spectrum from EH 6. The dashed lines are a bi-gaussian 

fit to the two helium isotopes. Notice all the low charge state minor ions at high 

MIQ in this event. The large peak at MIQ = 4 is mostly 4He+. 
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Figure 4.19. Since during EH 2, the solar wind density was over 120 cm·3, both 

proton and alpha peaks are saturated. We can estimate the alpha peak saturation 

factor by fitting the alpha peak using only the shoulder instead of the maximum of 

the peak. The two fits yield different results. The estimated saturation factor based 

on this method is ~5. We obtain a very similar estimate by examining other rate 

data from MASS as well. 
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Table 4.5. Comparison with previous studies of helium isotopic ratios. 

Event 3He/4He Ratio Source Reference 
-0.13% Vela data Bame et al. 

Low speed solar wind [1968b] 
( <400km/s) 1965 

0.043±0.002% SWC Foil Collection Geiss [ 1972] 
Experiment on Apollo 
average 

0.043±0.001 % ISEE 3 data Ogilvie et al. 
1978 - 1979 average [1980] 

0.04±0.01% Ulysses data Bodmer 
1991 to 1996 average [1996] 

EH 1 0.4±0.3% February 9-10, 1995 This work 
2345-0030 UT 

EH2 0.2±0.1 % January 11, 1997 0051- This work 
0051-0158 UT 

EH3 0.3±0.1 % February 10, 1997 This work 
1815-2130 UT 

EH4 0.2±0.1% April 11, 1997 This work 
1033-1257 UT 

EH5 0.4±0.2% March 5-6, 1998 This work 
2055-0203 UT 

EH6 3.0±1.0% May 3, 1998 This work 
0000-1700 UT 
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examined eight months of ISEE data from 1978 to 1979 and reported a long-term 

average of 3He2+f4He2+ = 0.043±0.001 %. We show a histogram of the ratio 

distribution from Ogilvie et al. in Figure (4.20). The most probable value of 

3He2+f4He2+ ratio is 0.1 %. More recently, Bodmer [1996] reported a similar average 

value using Ulysses/SWICS data from 1991 to 1996. These values are similar to the 

results from five Apollo foil experiments (SWC) which are still considered the best 

estimate of the average solar wind 3He2+/4He2+ ratio [Geiss, 1972]. 

The six EH events have ratios at least five times higher than the averages 

from previous studies by Ogilivie et al. [1980] and Geiss [1972]. On the other hand, 

we are not the first to report an enhanced 3He2+f4He2+ratio. Bame et al. [1968b] 

reported a 3He2+/4He2+ ratio of 0.13% in one event using Vela data. In addition, 

Ogilvie et al. [1980] also noted that in few occasions during their survey, they saw 

enhancements of the 3He2+/4He2+ ratio that lasted for several hours. Less than 5% of 

the periods from Ogilvie et al. study have 3He2+f4He2+ > 0.2%. 

Although EH 4 has no association with any reported MC events, the SWE 

data indicated CME-ejecta passed by WIND the day before EH 4 [J. Steinberg, 

private communication]. Therefore, no EH event was found for the entire WIND 

mission in the MASS data set that was not associated with CME-ejecta. Signatures 

of 3He2+ were observed during low kinetic temperature periods in slow speed solar 

wind not associated with CME-ejecta. However, none of those events met our 

>0.1 % criterion. 
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Table ( 4.6) shows the time intervals between the onset of the EHs and the start time 

of the associated MCs. All our EHs were either within the latter part of an MC or 

trailed the MC by some 24 hours. This suggests the solar wind that contained the 

enhanced 3He2+ left the sun either towards the end of the CME or after the main bulk 

of the CME had been ejected. This timing corresponds well with the three-part 

structure of CMEs. The prominence usually begins lift off from the Sun after the 

low-density cavity. Therefore, depending on the speed difference between the 

prominence and the main bulk of the CME, the prominence material will arrive at 1 

AU either towards the end of the CME-ejecta or totally detached from it. One of 

our EH events (EH 3) has optical data from LASCO to support the fact that it 

originated from the prominence of the CME. We will discuss more on the timing of 

the observed EHs and MCs in the next chapter. 

4.3.2 Singly Charged Helium 

Kozlovsky [1968] calculated the relative 4He+J4He2+ abundance ratio should 

be on the order of~ 10-6 for solar wind originating from a million-degree corona. 

However, Bame et al. [1968b] reported one case when 4He+fHe 2+ ~ 10-3 in the solar 

wind (the same event in which they found an enhanced 3He abundance) using the 

Vela data. Almost ten years later, Schwenn et al. [1980] found two few-hour 

periods that had an enhanced peak at MIQ = 4 amu/e out of three years of data from 

To further demonstrate how rare the enhanced 4He+J4He2+ events are in the solar 

wind, Zwickl et al. [1982] did a systematic search for enhanced 4He+events using 



Table 4.6. The elapsed time between MC and EH events. HELIOS 1 and 2. 

Event EH Start Time Associated MC Start MC Stop 
yy MC Event Time Time 

DOY.HR.MN YY DOY.HR YY DOY.HR 
EH 1 95 040.22.46 MC l 95 039.04 95 039.23 

EH2 97 011.00.51 MC 12 97 010.05 97011.02 

EH3 97 042.18.15 MC 13 97 041.03 97 041.18 

EH 4 97 101.10.33 

EH5 98 064.20.55 MC25 98 063.14 98 065.06 

EH6 98 123.00.00 CL 1 98 122.04* 98 123.00* 

* We determined the start and stop time of CL 1 

106 

Elapse 
Time 

HR:MN 
23:46 

28:09t 

23:45 

30:55t 

00:00 

t EH is within the MC. The elasped time is from the start time of the MC to EH 



107 

eight years of plasma data from four different spacecrafts and found only three 

events. Incidentally, one of the three events that were reported by Zwickl et al. 

(with the largest 4He+r'He2+ ratio) was first reported by Gosling et al. [1982] who 

quoted a ratio of 4He+r'He2+ ~30%. All of the reported enhanced 4He+r'He2+ events 

in previous studies were found associated with flows that have CME like signatures 

(depressed kinetic temperature followed by an interplanetary shock, etc). 

Two of our six EH events have anomalously high peaks at MIQ = 4 amu/e 

compared with adjacent peaks, suggesting that they may contain singly charged 

helium. There are other solar wind species (S8+, si7+) that have MIQ = 4 amu/e, but 

using the MASS PHA data we can unambiguously determine how much these other 

species contribute to the M/Q = 4 amu/e peak. Unfortunately, the singly charged 

helium is decelerated after the E/Q analyzer because the Vadps algorithm sets Vadps to 

a positive value (deceleration) at M/Q = 4. The result is an extremely low 

probability of a TOF measurement for the 4He+ ions, so they have no PHA data. 

Figures (4.21)-(4.22) show the averaged FSR plots of EH 2 and EH 6 with 

the dashed lines showing the calculated contributions to the MIQ = 4 amu/e peak 

from species other than 4He+ using predicted efficiencies [Appendix A]. It is clear 

that the calculated contributions from the other species cannot account for the entire 

M/Q = 4 amu/e peaks. The corrected ratios of 4He+r'He2+ for these two events along 

with previous results are shown in Table (4.7). With MASS' ability to separately 

identify species with same value of MIQ, we are the first to report accurately the 

percentage of 4He+ in the M/Q = 4 amu/e peak. 
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Figure 4.21. The estimated contributions from silicon and sulfur to the M/Q = 4 
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Figure 4.22. The dashed line shows the estimated contribution from carbon, 

oxygen, silicon and sulfur to the MIQ = 4 amu/e peak in event EH 6. 
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Table 4.7. Comparison with previous studies of helium charge state ratios. 

Event He+/He2+Ratio Source Reference 

He+/He2+ -0.3 % Vela 3A and 3B data Bame etal. 
Low speed solar wind [1968b] 
( <400km/s) 1965 

3-10 % HELIOS 1 and 2 data Schwenn et al. 
Driver gases [1980] 

30 % IMP 7 and 8 Gosling et al. 
July 29, 1977 [1980] 

0.3-24 % IMP 7 and 8, ISEE 1 and 3 Zwickl et al. 
1972 to 1980 [1982) 

EH2 1.0 ± 0.5 % January 11, 1997 0000- This work 
0251 UT 

EH6 12±6 % May 3, 1997 This work 
0000-1700 UT 
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We show the derived freezing-in temperatures for different 4He+f4He2+ ratios 

using the ionization equilibrium model by Arnaud and Rothenflug [ 1985] in Figure 

( 4.23). It is shown that even for a relatively small (> 1 % ) amount of He+, the 

inferred temperatures are much colder ( ~ 105 K) than a million-degree corona. 

Besides the presence of singly charged helium in the two EH events, there is also 

evidence for other low charge state species in all six EH events. 

4.3.3 Iron Charge States 

Most of the MC and EH events lasted for less than two days. The relatively 

short accumulation times prevent us from measuring the less abundant elements in 

the solar wind using the MASS PHA data. However in four of six EH events, 

enhanced low iron charge states ( < Fe10+) were unambiguously observed in our FSR 

data. We note that we could not measure the low charge state iron in EH 6 because 

the high MIQ bins in the FSR data were for the first time dominated by low charge 

states of carbon and oxygen (see next section). Therefore we could not tell whether 

low charge states of iron were present in EH 6. Figures (4.24) to (4.27) again show 

the event-averaged M/Q spectra from FSR data for EH 1, EH 2, EH 3, and EH 5 

with an expanded scale covering the high MIQ values. The dashed lines show the 

multiple gaussian fits to the iron charge states with specified (i.e; not free to vary in 

the fit) M/Q values. A summary of the ionic ratios of iron from these EH events is 

given in Table (4.8), along with freezing-in temperature inferred from those ratios 

using Arnaud and Rothenflug [1985]. 
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Figure 4.23. The inferred freezing-in temperatures based on different ratios of the 

two charge states of helium. Even for a small percentage of singly charged helium, 

(> 1 % ), the inferred temperature is much less than that in a million-degree corona. 
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Figure 4.25. Multiple gaussian fit to the EH 2 high M/Q data. The solid lines are fits 

to the data with the fixed MIQ values of different iron charge states. 
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Figure 4.26. Multiple gaussian fit to the EH 3 high MIQ data. The solid lines are fits 

to the data with the fixed M/Q values of different iron charge states. 



116 

EH 5 
March 5-6, 1998 

2.2 1 O 1 20:54:48 - 02:03:24 WIND/MASS 

2 101 

Fe9+ 

Fe7+ 

1.8 101 ···••·········••······· ............ ····1··············· 
(/) 

c 
::; 
0 

1.6 101 () 

~ 
ell 
cc 

1.410 1 

\ 

.. ·····\······· 

+ 
1.2 101 

I 

1 101 

5 6 7 8 9 10 

MASS/Q [amu/e] 

Figure 4.27. Multiple gaussian fit to the EH 5 high M/Q data. The solid lines are fits 

to the data with the fixed MIQ values of different iron charge states. 
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Table 4.8. Inferred coronal temperatures from helium, oxygen and iron charge 

states for selected EH events 

Event Ionic Fraction Inferred Ionic Fraction Inferred 
Temperature (K) Temperature (K) 
[Actual Ratios] [Actual Ratios] 

EH 1 Fe 10+/Fe9+ l.00xl0 6 o7+,o6+ l.68xl0 6 

[0.51±0.12] [0.38±0.18] 

EH2 Fe7+/Fe6+ 4.16xl0 5 o7+,o6+ 2.10xl0 6 

[1.3±0.5] [1.04±0.14] 

He2+/He+ 5.18xl0 4 

EH3 Fe 10+/Fe9+ l.26xl0 6 o7+,o6+ l.88xl0 6 

[l.3±0.31] [0.66±0.14] 

EH6 Fe9+/Fe8+ 7.16xl0 5 o7+,o6+ See Table 4.9 
[0.19±0.04] 

He2+/He+ 6.25xl0 4 
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The relative charge states of ions reflect the temperature of the solar corona 

from which the plasma originates. The ionization balance between collisional 

ionization and radiative and dielectric recombination is related to the local electron 

temperature [Hundhausen, 1968]. When the plasma flows out of the corona and 

becomes the solar wind, the electron density sharply decrease and the charge of the 

ion will be "frozen" in its current state. Therefore, measurement of the 

interplanetary ionization state can be used to interprete the freezing-in temperature 

of the local corona. 

Although we could not usually separate the 0 6
+ and 0 7

+ from other minor 

ion charge states in the FSR data, there are enough PHA data from oxygen in these 

relative short events to obtain reasonable statistics to calculate coronal temperatures 

from the 0 7+/06+ ratios. The inferred 0 7+/06+ freezing-in temperatures from the 

PHA data are also listed in Table (4.8). As we can see, the inferred temperatures 

from these species differed greatly from those derived from the iron and helium, 

which can themselves differ by an order of magnitude. We will explore the possible 

mechanisms to produce a mixture of hot and cold plasma in the solar wind in next 

chapter. 

4.3.4 Other Minor Ion Charge States 

The ratios of minor charge states to more abundant charge states of C, N, 0, 

and Mg are plotted in Figure (4.28) for all MCs. The time periods of these MC 

events are listed in Table 4.1. If an EH event occurs within a MC event, the average 
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Figure 4.28. The ratios of minor charge states to more abundant charge states of 

carbon, nitrogen, oxygen, and magnesium for all MCs. The solid lines of each plot 

give the range of ratios from four IS events. In general, the MC events have higher 

freezing-in temperatures than the IS events. 
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charge state ratios also include the EH time period. The shaded areas of each plot 

indicate the range of ratios obtained during the four IS events. In general, most of 

the MC events have higher coronal temperatures than the IS events. This tendency 

was also reported by Galvin [1997] when she found on average the CME-related 

plasma has a higher freezing in temperature than that in interstream solar wind. CL 

1 and EH 6 exhibit the most unusual charge states. We show the observed charge 

states of carbon, nitrogen, oxygen, neon and magnesium during CL 1 and EH 6 in 

Figure (4.29) and (4.30). As we discussed earlier in the chapter, observations of low 

charge state ions in the solar wind have been rare; the ones that have been reported 

in the literature beside singly charged helium are Fe5
+ and 0 2

+ [Zwickl et al., 1982]. 

This is the first time, however, that low charge states from carbon and nitrogen (C2
+, 

and N2+) have been reported in the solar wind. The preliminary analysis from 

ACE/SWICS indicates that singly charged carbon and oxygen may be present in this 

event as well [Gloeckler, private communication]. Unfortunately, the solar wind 

velocity during CL 1 and EH 1 was particularly high (>500 km/s); therefore, singly 

charged carbon and oxygen did not pass through MASS' E/Q analyzer. We list the 

inferred temperatures from selected observed charge states during CL 1 and EH 6 in 

Table (4.9). All minor ions show a similar-10 5 K freezing-in temperature. 

However, the temperature from 0 7+/06+ still indicates a more typical coronal 

temperature (106 K). We will explore these mixtures of hot and cold plasma in next 

chapter. 
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Figure 4.29. Charge states of carbon, nitrogen and oxygen for both CL 1 (left 
column) and EH 6 (right column). In general, we can see the charge states shifted 
from high to low from CL 1 to EH 6. For example, the most abundant oxygen 
charge state in CL 1 is 0 6+, while within EH 6 it is 0 2+. We have observed charge 
states in EH 6 that have only been speculated on before in the solar wind (e.g., 0 2+ 

and c2+, etc.). The inferred freezing-in temperatures are shown in Table (4.9). 
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Figure 4.30. Charge states of neon and magnesium for both CL 1 (left column) and 
EH 6 (right column). Unlike the difference seen in carbon, nitrogen, and oxygen, 
both neon and magnesium show similar charge states for the two events. In 
addition, coexistent of high (hot) and low ( cold) charge states of magnesium suggest 
more than one freezing in temperature. 
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Table 4.9. Inferred temperatures for abundant minor ions within CL 1 and EH 6. 

CLl EH6 

Carbon Ionic Fraction c 5+;c4+ c3+;c2+ 

Inferred 1.06xl0 6 1.42x 105 

Temperature 
(K) 

Nitrogen Ionic Fraction - N3+/N2+ 

Inferred 6.34xl0 4 

Temperature 
(K) 

Oxygen Ionic Fraction 0 1+106+ 03+;02+ 

Inferred 2.04xl0 6 1.16xl0 5 

Temperature 
(K) 

Neon Ionic Fraction Ne 8+/Ne7+ Ne8+/Ne7+ 

Inferred 7.30xl0 5 8.44xl0 5 

Temperature 
(K) 

Magnesium Ionic Fraction Mg 5+/Mg4+ Mg4+/Mg3+ 

Inferred 2.92xl0 5 l.90xl0 5 

Temperature 
(K) 



124 

4.3.5 Elemental Abundances 

It has been well established that elemental abundances in the photosphere 

can be different from those in the corona, solar wind, and solar energetic particles 

(SEP) [Meyer, 1985; Feldman 1992]. The most striking difference is an 

enrichment of elements with a low first ionization potential (low-FIP, <10 eV) 

relative to high FIP elements in the solar wind and SEP by a factor of ~4.5 over 

photospheric values (see Figure 4.31) [von Steiger et al., 1995b]. These differences 

in relative abundance as a function of FIP have been called the FIP effect. When 

Ulysses went over the poles of the Sun, however, such enhancements were greatly 

reduced in polar coronal hole related flows [ von Steiger et al., 1992; Shafer et al., 

1993]. 

It is generally believed that the element separation process occurs in the 

chromosphere by means of a neutral-ion separation process [Geiss, 1982]. A variety 

of fractionation models have been suggested (see reviews by Meyer [1993] and 

Henoux and Somov [1992]) to explain such an effect. Von Steiger & Geiss [1989] 

proposed a pressure gradient force that drives an initially neutral gas mixture across 

an ambient magnetic structure to achieve fractionation. The other model by Marsch 

et al. [1995], and further refined by Peter [1996], and Huba and Joyce [1997] 

invoked diffusion of neutral trace elements upward in the chromosphere which they 

claim can explain the observed effect. 

Elemental abundances in CMEs have been reported in different studies for 

selected elements [Ogilvie et al., 1992; Galvin et al., 1987; and Ipavich et al., 

1992]. Galvin [ 1997] showed the FIP effect is operating within CME-related solar 
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Figure 4.31. Elemental abundances in solar energetic particles (SEP) and the solar 

wind (SW) relative to the solar photosphere. When plotted against first ionization 

potential (FIP), they show a step function near 10 e V. The dashed line of the figure 

is drawn for visualization (taken from von Steiger and Geiss, 1989). 
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wind. It is not unreasonable to expect to see such effects in CME-ejecta. The bulk 

of the CME plasma originates from the corona, and therefore even before being 

ejected from the sun, such a signature would already be imprinted in the plasma. 

Figure (4.32) shows the elemental abundance ratios obtained for MC events 

in this study. The shaded areas are the results from four IS events. Unfortunately 

because of the relatively short life span of the EH events, elemental abundances of 

minor ions for EH events are not available. Table 4.10 shows the average 

abundance ratios of C/O, N/O, Ne/O and Mg/O for both MC and IS events along 

with previously reported values. The ratios in MCs are very similar to the IS events; 

the FIP effect appears to operate in MCs as well. In particular, the high FIP 

element, magnesium, did not have a depletion in MCs relative to IS measurements. 

4.4 Summary of Observations 

We summarize our observations of the EH, MC, IS and CL events as 

follows: 

■ Six enhanced 3He2+f4He2+ periods (EH) were found. The enhancements vary 

from a factor of five to a hundred times the previously reported values from long 

term averages studies. All EH periods are associated with the passage of CME

ejecta. Within the six enhanced 3He2+ periods, four events showed signatures of 

low iron charge states(< Fe 10+). 

■ For one EH (EH3) event, there is optical data from SoHO/LASCO to support the 

premise that the EH plasma originated from a solar prominence. 
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Figure 4.32. The relative elemental abundance ratios for selected minor ions. The 

solid lines include the ratios from those obtained from the four IS events. The 

results from MC and IS events are similar. 
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Table 4.10. Average abundances of C/O, N/O, Ne/O and Mg/O for both MC and IS 

events along with previous reported results. 

Ratios 

C/O 

N/O 

Ne/O 

Mg/O 

* From Ogilvie et al. [1992]. 

Magnetic Clouds 

Previous 
Work* 

0.45±0.11 

0.24±0.06 

0.12±0.03 

This work 

0.44±0.04 

0.23±0.16 

0.11±0.02 

0.08±0.03 

Slow Solar Wind 
in the Ecliptic 

This work 

0.48±0.02 

0.19±0.09 

0.12±0.01 

0.08±0.01 
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■ In two EH events, there is 4He+ present. In EH 6, the 4He+J4He2+ ratio is -12%, 

one of the largest ratios ever observed. In addition, 0 2+, C2+, and N2+ were also 

present in EH 6, observed in the solar wind for the first time. 

■ Charge states of C, N, and O indicate MCs contain plasma that is "hotter" than 

typical ecliptic solar wind. 

■ The FIP effect was found to be operating in MCs. 

) 

\ 
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CHAPTER 5: DISCUSSION AND CONCLUSIONS 

5.1 Prominence Material 

Data from the space-borne coronagraphs show how CMEs evolve from the 

solar surface to interplanetary space. In particular, we know now that CMEs have a 

closer association with eruptive prominences than with solar flares. Typical 

eruptive prominence events have three-part structures: a high-density loop, a low

density cavity; and a high-density prominence embedded in the cavity. As 

discussed in Chapter 1.2, it has been proposed that solar prominences are located in 

large curved flux tubes, which are twisted by some forces (Coriolis, or magnetic 

footpoint movement). When the twist is large enough, the magnetic field near the 

summit has the required curvature to support plasma against gravity. As the twist 

increases the prominence grows in length, eventually overcomes the gravitational 

force, and erupts outwards into interplanetary space with a CME [Priest, 1989]. 

It has been generally agreed that the main bulk of the CME-ejecta observed 

at 1 AU originates from the low-density cavity of the CME back at the Sun. 

Currently, there are efforts in identifying the high-density loop at the front of the 

CME at 1 AU [B. Tsurutani, private communication]. We will discuss in this 

chapter that the EH events we observed with MASS originated from the prominence 

within the CME. 

A solar prominence is a thin sheet of dense, cold material with abundances 

characteristic of the photosphere [Priest, 1989; Tendberg-Hanssen, 1974, 1995]. 

The densities in the solar prominence have been reported to be on the order of 

l.5xl0 10 cm-3 compared with 5xl0 8 cm-3 in the solar corona. 
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Tracking the prominence from the Sun to 1 AU is difficult if not impossible 

with available observation techniques [Hundhausen, 1997]. Currently we rely on 

optical instruments (white light coronagraph or X-ray) to observe distinctive CME 

features as they propagate out from the Sun. Most of these earthward moving 

CMEs are "halo" events as observed in the white light coronagraph. Halo-CMEs 

are events that appear to propagate away from the whole solar disk in all directions. 

Therefore, it is extremely difficult to determine their distance and speed. 

We show the elapsed time from the arrival time of MCs and EHs in Table 

( 4.6). As mentioned earlier in the last chapter, most of the observed EHs are either 

trailing or at the end of CME-ejecta. This is consistent with the three-part helmet 

structure associated with CMEs as observed at the Sun. 

In coronagraph images, the prominence core is always observed at a lower 

projected height compared to the frontal structure [Hundhausen, 1993; Gopalswamy 

et al., 1997]. Howard et al. [ 1997] have shown for one CME that constant speed is 

seen for different features within the CME. Figure (5.1) shows the observed heights 

of different features of a CME as a function of time. All features were traveling at a 

constant speed up to 12 solar radii. If they maintain their speed through 

interplanetary space, we can predict their approximate arrival time at 1 AU. 

We illustrate this method with one of our EH events. The time difference 

between the MC 13 and EH 3 events corresponds well with the reported departure 

times (Kay et al., 1997) of the main cavity of a partial halo CME, and the 

prominence as observed with both EIT and LASCO on SoHO. They reported the 

speed of the frontal structure of the CME was about 730 km/sat 25.4 Rs, At this 
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Figure 5 .1. Height-time Curve for the January 15, 1996 CME. Different lines 

represent different features (FEAT) within the CME: ( 1) The leading edge of the 

narrow loop in the center, (2) The leading edge of the flat-topped loop, (3) A bright 

internal filament behind feature 2, (4) The leading edge of the system along the 

southern boundary, (5) The leading edge of the oval bubble along the northern 

boundary, (6) The center of the of the disconnection feature along the north 

boundary. All features were traveling at approximately constant speed [taken from 

Howard et al. 1997]. 
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height, the prominence was moving with a speed of only 390 km/s. The 

extrapolated time interval between the main CME and prominence material at 1 AU 

is 48 hours. The actual observed time interval between MC 13 and EH 3 is 39 

hours, close to the prediction. Unfortunately, this is the only EH event for which 

optical observations are available. 

Additional evidence which suggests EH events are material from solar 

prominences is their density. Five of our six EH events have enhanced densities 

(>30 cm-3). Of these five EH events, EH 2 has a density enhancement up to 

120 cm-3, which is the highest solar wind density observed on WIND during its first 

three years. Such a high density when compared with typical solar wind ( ~5 cm-3
) 

has a ratio that is comparable to the solar filament to the solar corona density ratio 

[Burlaga et al., 1997). 

5.2 Unusual Char~e States 

All but one of the EH events exhibit unusual minor ion charge state 

composition. EH 6 has even shown low ion charge states that have never been 

observed in the solar wind before. In addition, in EH 6 we have measured one of 

the highest 4He+f4He2+ ratios ever observed. The inferred freezing-in temperatures 

for that event from the helium charge states as well as all other minor ions suggest 

that the plasma came from a cold region whose temperature is comparable to those 

found in the chromosphere. 

Four EH events have shown a wide range of iron charge states including 

some that are considerably lower than typically (Fe 10+) found in the ecliptic solar 

) 

\ 
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wind. Fe6
+ was observed during these four EH events. During EH 2, 

WIND/SWICS even reported observation of Fe5
+, and during EH 6, ACE/SWICS 

reported Fe3+, the lowest ever reported in the solar wind [G. Gloeckler, private 

communication] (MASS was not able to observe iron charge states below 6+ in 

these events because of its 10 keV/e E/Q limit). However, during these four EH 

events, the more abundant solar wind minor ions (e.g. oxygen) have ionic ratios that 

are commonly observed in the ecliptic solar wind and are typical of a 1-2 MK 

corona. The question now remains how hot and cold plasma co-exist in the solar 

wind at 1 AU, without first achieving thermal equilibrium in the corona. 

A plausible explanation for the mixture of hot and cold plasma is that the 

relatively cold plasma must have originated from a cold region (e.g., the 

chromosphere) and was ejected from the Sun in explosive events (e.g., CME). 

Hence, the expansion time may be too short for local thermodynamic equilibrium to 

be established [Fenimore, 1980]. We are not aware of any theoretical work that has 

studied the ion charge state responses in the corona during CME-like explosive 

events. A more detailed study in this area is needed. 

Another explanation requires the cold plasma to leave a relatively cold solar 

region and to travel into interplanetary space as a coherent magnetic structure. The 

magnetic fields of this structure will make ion interaction with coronal electrons 

difficult, thus preventing them from achieving thermal equilibrium with the hot 

coronal electrons. Neukomm and Bochsler [1996] refined the model by Cargill and 

Pneuman [ 1984] to simulate a magnetized plasmoid starting at the solar surface and 

passing through the corona. Depending on the initial temperature inside the 
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plasmoid, they obtained different mixtures of high and low charge states for 

different elements at 1 AU. Figure (5.2) shows one of their simulation results for 

helium, carbon and nitrogen using the initial temperature of 2x 105 K. After a 

distance of one solar radius, they found He+, o+, C+, and c2+ coexist together with 

He 2+, 0 6+, C4+. This is similar to what we observed during EH 6. In particular, in 

their simulation result, 9.2% of the total amount of helium is in singly ionized form, 

which is close to our 12% 4He+fHe 2+ ratio. Therefore one would argue that low 

charge states would be one of the signatures of CME-ejecta at 1 AU because of the 

closed magnetic structure. However, in their simulation, the final freezing-in charge 

states of the heavy ions are strongly dependent on the initial temperature and 

magnetic field strength within the plasmoid. That could explain why we only have 

4 low charge state events out of 21 MCs. 

5.3 3He Enrichment 

We can currently offer no good explanation for the enhancement of 

3He 2+/4He2+ during EH events. Enhancements of energetic ( ~Me V) 3He (by factors 

of 100-1000) during SEP events have been commonly found following impulsive 

X-ray flares [Mason et al. 1986; Reames, Meyer, & von Rosenvinge 1994). 

Different acceleration mechanisms have been put forward to explain the so-called 

3He-rich events (e.g., resonant wave-particle interactions, stochastic particle 

acceleration). They generally invoke a two-step process consisting of non-thermal 

heating through resonant interaction of ion cyclotron waves with selected species up 

to a threshold energy [Fisk, 1978]. The second step then provides the bulk of the 
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Figure 5.2. Evolution of charge state distributions for helium, carbon, oxygen for a 

strongly magnetically dominated (/3 = 0.013) plasmoid [Neukcomm and Bochsler, 

1996]. The initial internal temperature is set to equal to 2.0xl0 5 K. After a distance 

of one solar radius, within the simulation, o+ coexists with 0 6+. This bears a 

similarity to our observations during EH 6. 
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particle energization that accelerates the ions into the Me V range [Kahler et al., 

1985]. 

Such an acceleration mechanism does not involve the plasma that is in the 

main core of the solar wind distribution, and therefore could not be used to explain 

our EH events. The SEP particles represent only a minor fraction of the total 

plasma and are consequently much more susceptible to mass fractionation through 

acceleration and/or transport [Mewaldt and Stone, 1989]. 

Coplan et al. [1983] have found there is no correlation between the 3He rich 

flares and enhancement of 3He2+/4He2+ in the solar wind within their measurement 

uncertainty. Furthermore, Kahler et al. [ 1985], when studying the relationship 

between CMEs, type II radio bursts and 3He-rich events, concluded that there is no 

evidence of any enhanced rate of CME occurrence during the 10 hr periods 

preceding 3He-rich event onsets. 

There are currently several mechanisms for isotopic fractionation in the solar 

wind that may be relevant to the 3He enrichment in our EH events: 

■ Gravitational settling in the outer convective zone 

■ Shocks in the interplanetary medium 

■ Ion-neutral separation in the upper chromosphere 

■ Insufficient Coulomb coupling of minor ion to protons 

The first two mechanisms will affect the overall average 3He2+f4He2+ ratio for 

all solar wind conditions. Thus they cannot be used to explain our short-lived EH 

events. The ion-neutral separation process has been successful in explaining the FIP 

effect as we discussed in Chapter 4.3.5. However, FIP fractionation taking place in 

l 
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the chromosphere will enrich low first ionization potential ( <10 e V) elements in the 

solar wind but will have a negligible effect in altering isotopic ratios [Geiss, 1982; 

Marsch et al., 1995]. Marsch et al. give a simple approximate relationship for the 

isotopic fractionation factor: 

(5.1) 

where Aj < Ak are the masses of the two isotopes in amu. Following this 

relationship, helium isotopes only fractionate by fi. 4 ::::: 1.016, which means a relative 

enrichment of 3He of 1.6% in the coronal streamer type flow compared to polar 

coronal hole flow. 

The Coulomb coupling can strongly vary in different solar wind regimes. 

The most noticeable effect of such a mechanism is its effect on the depletion of 4He 

in slow speed solar wind. Compared with density ratios of 4He2+/H+ in the fast 

speed solar wind, the slow speed wind ratios are depleted by a factor of 2.5 

[Neugebauer, 1981]. This is thought to be due to variable Coulomb friction in the 

inner corona. The slow speed solar wind has a proton density that decreases more 

rapidly with height due to the superradial expansion of the coronal streamer field 

lines (Figure 5.3). 

Btirgi [1992] has shown that we can parameterize the solar magnetic field 

geometry if we assume varying flow tube cross section. If we assume flow is in 

radial direction, but with a flow tube cross section a(r) varying nonradially as 

(5.2) 
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Figure 5.3. A theoretical model of the magnetic field configuration of the solar 

atmosphere by Wang and Sheeley [1990). The superradial expansion factor is given 

in Equation (5.2). 

' 



where fa is the superradial expansion factor which describes the divergence and 

inflation of the flux tube. Then the Coulomb drag coefficient is found to be 

proportional to: 
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(5.3) 

where Fp= npupa(r) is the stream-tube constant, Up and ua are the proton and alpha 

speeds, and Tis the average ion temperature. In the coronal streamer field geometry, 

friction is reduced as the flux tube is inflated (increasing a( r) decreases the proton 

flux npup). Therefore the Coulomb drag that lifts the solar wind 4He is rather weak, 

and 4He is finally depleted in the outer corona [Bodmer and Bochsler, 1997]. 

Bodmer [1996] has used a multifluid (p, e, a) model that includes the effect 

of Coulomb friction to examine the fractionation effect on 3He. He found the 

approximate ordering parameter for the fractionation of different species relative to 

protons is: 

(5.4) 

where Ax is mass in amu and Qx is the charge state. Alpha particles have the largest 

factor out of all species (1.4), and 3He has a relatively high value also (0.87). 

The model predicts a 10% variation in the helium isotopic ratio between 

polar coronal hole flow and coronal helmet streamer flow, with the 4He abundance 

lower in the coronal hole flow. And at the same time the model predicts strong 

depletions (up to factor of 2.8) of 4He2+/H+ in the coronal helmet streamer flow 

relative to coronal hole type flow. However, his Ulysses/SWICS measurements of 



the helium isotopic ratio, which had a 20% statistical uncertainty, showed no 

difference between fast and slow speed wind. 
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Such a Coulomb drag model has a strong dependence on the density and 

magnetic field configuration within the corona. If our EH events have indeed 

originated from prominence cores of CMEs, their density and magnetic field would 

differ from those in the steady state corona, and the Coulomb drag effect may be 

important in this case. To a first approximation, the relatively high density and fast 

traveling prominence core would seem to enhance the lower mass isotope. 

However, the observed 4He2+/H+ ratios of all our EH events have relative 

typical values (-2%) from WIND/SWE measurements [J. Steinberg, private 

communication]. We would expect if the Coulomb drag mechanism was operating 

in our EH events, the same mechanism would decrease the 4He2+/H+ by even more, 

but this was not observed at all. Therefore, we currently are not aware of a model 

that can explain the high 3He2+f4He2+ ratios that we have observed. 

1 

} 
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APPENDIX A: PARTICLE DETECTION EFFICIENCIES 

A.1 MASS Calibration 

The MASS flight instrument was calibrated at the University of Bern low 

energy accelerator facilities during 2 weeks of November 1993. The MASS 

instrument was calibrated with 9 different types of ions in the energy range 0.3 to 

11.0 ke V/nuc. Essentially all available ion species were used and the energy range 

was chosen to provide a sufficiently broad range to cover all solar wind conditions, to 

the extent possible. For a few selected ion species and energies, the MCP bias 

voltage and hyperbola voltage were also varied. 

The Bern accelerator produces ion beams with energy from 5 keV/e to -60 

keV/e. A feedback control loop using beam monitor sensors at different locations in 

the accelerator guarantees the ion beam to have constant intensity within ±5 %. 

Ghielmetti et al. [ 1983] gave a full description of the accelerator facility. 

A.2 Calibration Overview 

A.2.1 Calibrated Species and Energies 

During the calibration at Bern, all available ion species from the accelerator 

were used. A list of the ion species and approximate energy of each run is given in 

Table 3.2. 

A.2.2 Types of Runs 

In addition to varying the species and energy for a fixed Vhps and Vadps setting, 

other types of runs were performed to determine the instrument response function 

under different sensor configurations. Table A.1 lists these additional instrument 

performance tests. 
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Table A. l. Different types of tests that were done during MASS Bern calibration. 

Not shown are the tests listed in Table 3.3. 

Beam Species Beam Energy Varying sensor Comments 
(keV/e) parameter 

None None vhps level Background rates 
vs. vhps level test 

N+ (On and off) 30.0 Stop MCP bias Stop MCP level 
level test 

N+ 30.0 Start MCP bias Start MCP level 
level test 

N+ 30.0 vadps level Efficiency vs 
ADPS level test 

He+ 9.0 Start MCP bias Start MCP level 
level test 

He+ 9.0 Stop MCP bias Stop MCP level 
level test 

All nine calibrated Selected vadps level vadps level test 
species 

All nine calibrated Selected Wide and narrow MASS angular 
species angles response test 



A.3 Efficiency Analysis 

A.3.1 Background 
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In order to appropriately analyze either calibration or flight data, certain forms 

of background in the data must be accounted for or subtracted. This section discusses 

the various types of background. 

A.3.1.1 Electronic Noise 

There are three counting rates that we used in our calibration data analysis. 

The Universal Front Seda (Secondary Electron Detection Assembly) Rate (UFSR) 

indicates counts that open the TOF window. The Rear Seda Rate (RSR) closes the 

TOF window and the Double Coincidence Rate (DCR) indicates counts that have a 

valid TOF. 

The electronic noise in the UFSR, RSR and DCR rates are generated in both 

analog and digital components of the instrument (thermal noise, amplifier noise, etc.). 

This type of electronic noise should vary mainly as a function of temperature but not 

as a function of instrument setting (i.e. hyperbola voltage). 

A.3.1.2 ADC Noise 

MASS uses a 12-bit "Sample and Hold" Analog to Digital Converter (ADC) to 

convert the analog Time-to-Amplitude Converter (TAC) output into a digital signal to 

be used in the DPU. During the initial calibration that was done at GSFC, two types 

of "noise" were identified that were attributed to the ADC. The first one was the "low 

bit" noise, that appears as ripple in the TOF histogram, as shown in Figure (A. 1 ). 

This noise was believed to be caused by voltage fluctuations in the ADC and/or the 

TAC output. As the ADC reads an analog signal, it needs to hold the signal for a brief 

time ( 5-1 O microseconds) in order to compare its value to a reference voltage to set in 

the appropriate bits. Therefore if there were a slight fluctuation during the 
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Figure A.1. Two types of noise were identified in the TOF histogram. The first one 

was the "low-bit" noise, which appears as ripple in the TOF histogram. The second 

type of noise is the "high-bit" noise. A large spike in the TOF spectra can be seen at 

almost every 2" channel. 
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voltage comparison process, either on the reference voltage (ADC) or input voltage 

(TAC output), the lowest bit would be mispla_ced by one bit (upper or lower) 

depending on the direction of the fluctuations at that instant of time. This kind of 

noise will only affect the lowest bit. 

The second type of noise that is caused by the ADC is the "high-bit" noise. A 

large spike in the TOF spectra can be seen at almost every 2" (where n is an integer) 

channel. This noise is believed to be caused by underdamping in the ADC's sampling 

switches, which generates a ringing peak on the "sample and hold" capacitor 

[Sheldon, 1995]. When the ringing in the capacitor decays during conversion, it 

affects only the most significant bit and shows up in the 2" channel in the TOF 

spectra. 

Re-binning the data more coarsely (e.g. in 2-channel bins) eliminates most of 

the "low-bit" noise. Bining the data will decrease the resolution of the instrument, but 

2-channel binning maintains sufficient resolution. In addition, combining 2-4 

channels around the 2" spikes seems to get rid of the "high-bit" noise. 

A.3.1.3 TOF Background 

A close examination of the PHA data will reveal that the mass peak is not a 

perfect gaussian. From the Bern calibration, we found that the mass peak departed 

from a gaussian distribution with a high TOF tail, as shown in Figure (A.2). This 

high TOF tail is believed to contain genuine events, and is attributed to TOF paths that 

deviated from the nominal. Ions whose paths deviate from the central axis of the 

instrument have longer times-of-flight (see Appendix F). 

In addition to the high TOF tail, we have also observed "Ringing" peaks in 

our calibration and flight data. The cause of the ringing peak has been linked to the 

pick-up of a signal inside the TAC board during the analog to digital conversion 

process. However, a detailed explanation of this noise has yet to be found. The first 
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Figure A.2. One of the oxygen calibration data sets that was taken in Bern. As 

shown in the data, both the ringing peaks and high TOF tail distorted the otherwise 

gaussian distribution. The solid line is a fitted gaussian. Despite the noise features, 

the fitted function still gave a good estimate on the sigma of such a TOF peak. 
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ringing peak appears approximately 23 channels ( - 3 ns) below the main peak. In 

some cases an additional peak appears 64 channels below the main peak. The first 

ringing peak is always the largest and contains from a few to 20% of the main peak 

counts. A typical number is 10%. The second ringing peak typically is down by 

another factor of two. 

Aside from the above two TOF backgrounds, the major background comes 

from ions neutralized in the carbon foil reflecting off the hyperbola producing a real 

TOF event. We discuss that process in the main section of this paper. 

A.3.2 Calibrated Ion Efficiencies 

There are two different ways for deriving the efficiencies for the MASS 

instrument. The first method uses the efficiencies that are calculated independently for 

the deflection analyzer, start detection, stop detection, and + 1 ion yield. The total 

efficiency for the MASS instrument is the product of all four efficiencies. The 

advantage of this method is that we can derive the efficiency curves for species that 

were not calibrated in the accelerator, but are observed in space, by interpolating from 

the calibrated efficiency curves. 

The second method for calculating the efficiencies is to treat the MASS 

instrument as a whole "black box". We need not concern ourselves about the 

individual efficiencies from the deflection analyzer, start, stop and+ 1 ion yield. All 

we use in this method is the number of ions going into the instrument and how many 

of them show up in the appropriate TOF channels. 

This second method of calculating the efficiency will theoretically give the 

same total efficiency as is done by the individual efficiency method. However, this 

method will not give any insight into the efficiency curves for species that were not 



calibrated in the accelerator. Therefore we have decided to use the individual 

efficiencies method in calculating the instrument's overall efficiency. 

A.3.2.1 Individual Efficiencies 

The definitions of deflection analyzer, start, and stop efficiencies are listed 

below: 

Deflection analyzer efficiency: 
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11 deflection = Fl G 
UFSR 

(Al) 
UX · · Tlstarr 

where Flux is defined as number of particles per unit area per second in the beam as 

determined by the beam monitors and G is the MASS aperture in cm2 

Start efficiency: 

DCR 
Tlstart = RSR 

Stop efficiency: 

DCR 
Tlstop = UFSR 

A.3.2.2 Deflection Analyzer and Start Efficiencies 

(A.2) 

(A.3) 

The definition of the deflection analyzer efficiency is given in Equation (A. l ). 

It gives the probability of an incident ion of appropriate energy passing through the 

analyzer and entering the TOF section. We have found different values of the 

deflection analyzer efficiency (shown in Figure (A.3)) in the calibration data 

depending on whether we used the Faraday Cup (FC) measurement or the Channel 

Electron Multiplier (CEM) measurement as the beam monitor. We will include both 

sets of data in this paper until the problem can be resolved. 

Start efficiency is defined in Equation (A.2). This efficiency includes the 

effects of secondary electron production in the carbon foil and detection of those 
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Figure A.3. Two deflection analyzer efficiencies are shown here. Both efficiencies 

were calculated from the same nitrogen beam over the same time. The open circles are 

the efficiencies derived from the flux measured by the Faraday Cup (FC) beam 

monitor. The open squares are the efficiencies derived from the flux measured by the 

Channel Electron Multiplier (CEM). The efficiencies that were calculated from the FC 

measurement are about 60% larger than the values that were obtained by the CEM 

measurement. It has been pointed out that FC measurement are in general more 

accurate than the CEM readings. 
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electrons by the start MCP. It also includes the effect of holes in the carbon foil since 

an ion passing through a hole can produce an RSR count but never a UFSR or DCR 

count. In order to give a mechanical support for the thin carbon foil, the foil is 

mounted on a ~90% transparent nickel mesh grid. The grid has cell size of ~0.3 mm. 

Individual cells can be lost due to acoustic and vibration tests. Right after the Bern 

calibration, we did a visual inspection of the foil, and it was discovered that 

approximately 10% of the cells were gone. Therefore it is more than likely we would 

lose more cells during the harsh launch environment. Figure (A.4) shows the start 

efficiency of all nine calibrated ion species as a function of total energy in ke V along 

with their respective polynomial fits. 

The calculated values of TJdeflection, sometimes exceeded unity. This tells us 

that the beam monitor rates have given us values that were lower than the actual beam 

rates. However, if we use the product of the deflection analyzer and start efficiencies, 

the results are always below unity. Therefore we have chosen to use the product of 

these efficiencies as our new start efficiency, Combined Start Efficiency (CSE). 

11cse = 11deflection X 11start (A.4) 

Furthermore, because of the inconsistency of the two beam monitor rates, we 

will include both sets of efficiency results in this paper until the problem can be 

resolved. Accelerator personnel suggest that Faraday cup measurements are more 

reliable. 

A.3.2.3 Stop Efficiency 

Equation (A.3) gives the stop efficiency. Many factors can affect it. In order 

to generate a stop signal in MASS, ions have to exit the foil positively charged and 

remain near the center of the TOF region (see discussion in Appendix F). If they exit 



0.8 

0.6 

--,;i--H+ 
,...............,.......,ri, .....,.......--,-,-"T"""T.,.....,......,.......,..,...............,.......,.....,..."T"""T.,.....,......,......,...,......,......,.......,.....,...~ --e - H e3+ 

• - 1:r - He4+ 
! --0--C+ 
I . O· ·N+ 

·····~······,..::i ··················· ···················· ◊ . O+ 
I I 
I 'IJ 
I I 
Cl 

·-■··-Ar+ 
-- ·♦··-- Kr+ 

·················--······································----- ... . o 
• ~. o-' ~--

0.4 ... ,,,,,,.,,-;#'-~-:-·--------;,--·:, ... , .. : ............... ~, ........ ,. - ✓♦-.· ....... ,,,,,,,,,,,, 
(fl ◊ ◊ / It, •. 

0.2 .. t, ,., ... ····◊····· ........ ,/ ....... , .. ✓ , ••• , 

,I 
0 

0 10 20 30 40 50 60 70 

Total Energy (ke V) 

152 

Figure A.4. Start efficiencies for all nine calibrated species are shown here. Plotted 

on the x-axis is the total kinetic energy of the ion beams. The lowest energy 

measurement (5 keV) for proton is most likely due to beam uncertainity. 
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the foil neutral, they will impact the hyperbola. If they scatter away from the center 

line, they will miss the narrow 16xl01 mm2 stop MCP (see discussion in Sheldon, 

1995). In addition, based on the literature, an MCP is not as responsive to single ions 

as it is to multiple electrons. Thus we could expect the stop efficiency to be much 

smaller than the start efficiency. We can clearly see that by comparing the stop 

efficiency in Figure (A.5) to start efficiency in Figure (A.4). The stop efficiencies are 

smaller by about two orders of magnitude than the start efficiencies. 

A.3.2.4 +1 Ion Fraction in TOF Spectrum 

There is a final efficiency that is important in analyzing the MASS TOF PHA 

data. Not all ions entering the TOF section of the instrument produce a TOF 

appropriate to the + 1 charge state of that element. The TOF may lie outside the 

appropriate peak because of scattering inside the instrument, and will be counted as 

part of the background (e.g. neutralized helium shown in Figure 3.7). Also, a certain 

fraction of the ions emerges in the +2 (or even +3) charge state after the foil passage 

and lies in a separate well-defined peak. We define the+ 1 ion fraction in TOF 

spectrum efficiency as 

Counts in the + 1 PHA Peak 
11+ = -----------

Total PHA Counts 
(A.5) 

where (Total PHA Counts) are from an accelerator run with a single ion species. In 

defining the peak channel range, we immediately ran into difficulty with various types 

of backgrounds. First, looking into the calibration data (Figure (A.2) for example), 

we noticed both the ringing peaks and high TOF tail features. Decisions were made 

not to include the ringing peaks and high TOF tail as part of the peak. The ringing 

peaks were excluded because they are relatively small and are frequently obscured by 

other background or other mass peaks. The high TOF tail part of the PHA peak was 
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Figure A.5. The stop efficiencies for the nine calibrated species. Comparing with the 

start efficiencies in Figure (A.4), the stop efficiencies are orders of magnitude lower 

than start efficiencies. 
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initially included as part of the peak in the calibration data. However, they have been 

excluded now after further investigation. Calibration data usually shows the high 

TOF tail feature clearly, but in early flight data, it was hard to pick these features out 

distinctively from the general background. In order to reduce the risk of including too 

many background counts, we have limited the accepted TOF range to ±2 sigma of the 

center of the PHA peak. This range excludes most of the high TOF tail and also the 

ringing peaks. The sigma of the peak was found by fitting the data (with the tail) with 

a gaussian functional form. We have found that the fitted sigmas well describe the 

upper half of the PHA peak. Figure (A.6) shows the + 1 ion fraction efficiencies for 

all nine calibrated species. 

A.3.2.5 Total Efficiencies for Calibrated Ions 

Two sets of start efficiency are given; one is denoted as Combined Start 

Efficiency (FC), which is the product of the deflection analyzer efficiency from the 

Faraday Cup measurement and the start efficiency. The other Combined Start 

Efficiency (CEM) is the product of the deflection analyzer efficiency from the Channel 

Electron Multiplier (CEM) measurement and the start efficiency. 

The total efficiency for MASS is then the product of three individual 

efficiencies for every ion species and energy, 

Tltotal = Tlcse X Tlstop X Tl+ (A.6) 

Figure (A.7) shows all nine calibrated species total efficiency plotted against 

total energy along with fitted third order polynomial fits using the Combined Start 

Efficiency (FC). Figure (A.8) shows the total efficiency using the Combined Start 

Efficiency (CEM). All the polynomial fit coefficients for both total efficiencies (FC 

and CEM) are listed in Table (A.2). 
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Figure A.6. + 1 ion fraction efficiencies (Counts in the + 1 PHA peak divided by the 

total PHA counts), as defined in Equation (A.5), for all nine calibrated species. 
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Figure A.7. Total efficiencies plotted against total energy along with fitted third order 

polynomial fits using the Combined Start Efficiencies (FC). 
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Table A.2. Coefficients for the polynomial fits to the calibrated ion efficiencies. 

Ions Combined Start Coefficients Combined Stop Coefficients 

PO Pl P2 P3 PO Pl P2 

H+ -9.36e-2 l.37e-l -l.22e-2 3.83e-4 2.06e-3 -l.71e-3 3.41e-4 

He3+ -l.39e-l I.I le-I -7.55e-3 l.74e-4 -8."28e-5 -5.20e-5 1.13e-5 

He4+ l.72e-2 6.36e-2 -2.90e-3 4.40e-5 2.1 le-4 -9.60e-5 1.19e-5 

C+ -9.0le-2 4. IOe-2 -7.94e-4 2.51e-6 -3.72e-3 4.46e-4 -1.lle-5 

N+ 2.83e- I -8.94e-3 I .20e-3 -2.28e-5 -9.96e-4 4.84e-5 3.80e-6 

O+ -3.37e- I 6.91e-2 -2.lle-3 2.34e-5 2.37e-5 -6.30e-5 6.l 6e-6 

Ne+ - l.56e-1 3.79e-2 -7.68e-4 5.29e-6 3.42e-5 -4.93e-5 4.3le-6 

Ar+ -5.91e-1 5.66e-2 -l.06e-3 6.89e-6 I .83e-3 -2.26e-4 8.4le-6 

Kr+ -6.28e-l 3.77e-2 -4.08e-4 1.08e-6 2.IOe-3 -l.66e-4 4.lle-6 
In order to use the table we will have, 

TlcombinedStart =PO+ Pl· (EI Nuc) + P2 ·(EI Nuc) 2 + P3 ·(EI Nuc)3 

Similarly, 

TlcombinedStop =PO+ Pl· (EI Nuc) + P2 ·(EI Nuc)2 + P3 ·(EI Nuc)3 

using their respective coefficients. 

P3 

-l.35e-5 

-2.03e-7 

-2.35e-7 

l.22e-7 

-5.63e-8 

-8.81e-8 

-5.72e-8 

-7.99e-8 

-2.90e-8 

jraines
Comment on Text
These are probably actually E/q * expected_q.


jraines
Comment on Text
These are 3He+ and 4He+, resp.
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A.3.3 Non-calibrated Species Efficiencies 

The nine different species that we calibrated MASS with are only a subset of 

the species that MASS will analyze during its mission in space. For those species for 

which MASS has no pre-flight calibration, we must estimate their efficiencies by 

interpolating between the existing calibration data points. The first step in creating 

those non-calibrated ion efficiencies is to find the underlying organizing variables 

(mass, energy per nucleon, atomic properties) in the existing efficiency data. Then 

we can construct the efficiency curves for those non-calibrated ions using the 

underlying organizing variables. 

A.3.3.1 Combined Start Efficiency 

Figure (A.9) plots the Combined Start efficiencies (FC) versus mass for 

different total energies using existing calibration data. W can see the data are 

reasonably well organized by total energy and mass. The shown fits in Figure (A.9) 

are all linear functions with slopes and intercepts plotted in Figure (A.10) and Figure 

(A.11 ), respectively. Figure (A. I 0) shows that the intercepts of the linear fits for all 

different ion energies are 0.522±0.001. 

Hence if we want to construct the combined start efficiencies for the non

calibrated ions, we have 

TJcombinedStarl = 0.522 +Slope· mass; (A.7) 

where 

Slope= - l. 3008 · (£ 1~:~~
625 

); (A.8) 

and mass is the atomic mass in amu and Etotal is the total energy of the ion in ke V. 

The lowest energies for different species for which we can obtain Combined Start 

efficiencies using the above equations are listed in Table (A.3). 
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90 

Figure A.9. Combined start efficiencies organized by total energy for all heavy 

calibrated ions (where mass> 4 amu) are plotted against the species' mass in amu. 

Data from He+ and H+ are not included because they do not follow the same pattern as 

the heavier ions. We can clearly see that they are very well organizied by total energy 

and mass. The fitted lines are all linear functions with their respective slopes and 

intercepts plotted in Figure A.10 and Figure A.11. 
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Figure A. l 0. The slopes of the linear fits to the Combined Start efficiencies, which 

are plotted in Figure A.9, are shown here pl9tted vs. total energy in keV in a log-log 

plot. The slopes are fitted well using a power law function as shown in the figure 

along with its functional form printed. 
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Figure A 11. The y-intercept points of the linear functions that are plotted in Figure 

A.9 are shown here. As demonstrated in this figure, the intercepts points showed a 

consistent values for different energies. 



Table A.3. The minimum energies for which the fit to the data is valid for selected 

non-calibrated ions. 

Ions B F Na Mg Al Si s Cl K Ca Ti Cr Fe 

Energy 
r-- "SI" 0 °' r-- '-0 "SI" N 0 0 r-- '-0 l/") 

(keV/nuc) '-0 l/") l/") "SI" "SI" "SI" "SI" "SI" ---i: "SI" C"") C"") C"") 

6 0 6 6 6 6 0 6 0 6 6 6 6 
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Ni 

"SI" 
C"") 

6 
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A.3.3.2 Combined Stop Efficiency 

Similar to the method used in producing combined start efficiencies, we have 

also used the product of the stop and + 1 ion fraction efficiencies and treated it as 

combined stop efficiency while seeking underlying organizing variables. The 

measurement of the + 1 ion fraction in the MASS TOF spectrum should be directly 

related to the production of+ 1 charge state ions after the ion passes through the 

carbon foil. Hence we have used the data obtained by Gonin et al. [1991] and their 

subsequent papers in measurement of charge state yields for different energetic ion 

species passing through a carbon foil. Figure (A.12) shows the absolute logarithm of 

the combined stop efficiency divided by the + I ion yield fraction ( obtained from a 

subroutine provided by Dr. R. Kallenbach at University of Bern that utilizes Gonin et 

al. [1991] results) versus energy per nucleon along with its fourth order polynomial 

fit. The polynomial fit characterizes the data reasonably well over this energy range, 

but there is considerable scatter in the data. We will use this fit to construct the 

combined stop efficiency data for the non-calibrated ions. The combined stop 

efficiency is given as: 

where 

7Jcombined Stop = 11srop Universal · Yield 

1J 
_ 1 QPnly(ln(E I nuc)). 

Stop Universal - ' 

(A.9) 

(A.10) 

andploy((ln(Elnuc)) is the fourth order polynomial fit to 7JstopUniversal with Zn (Elnuc) 

as its independent variable. Yield is the + 1 charge yield (fractional) for ions after 

they pass through a 2.2 µ g/cm 2 of carbon foil as predicted by Gonin et al. [ 1991 ]. 

The total efficiency for the non-calibrated ion species is given as 

7JTotal = 7Jcombined Start · 7Jcombined Stop • (A.11) 

The total efficiencies for some selected non-calibrated and all calibrated ion 

species are shown in Figure (A.13). 
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+ 1 ion yield fraction obtained from Gonin et al. [ 1991] ( Tl stop Universal) versus the energy 

per nucleon along with its fourth order polynomial fit. We can see that polynomial fit 

characterizes the data reasonably well. 
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Figure A.13. Total efficiencies for all calibrated (H, 3He, 4He, C, N, 0, Ne, Ar, and 

Kr) and some selected non-calibrated ions (B, Na, Mg, Al, Si, S, Ca, Fe, Ni) are 

plotted here versus energy per nucleon. 
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A.4 vadps Defect 

The term "Vadp.,· defect" refers to an observed decrease in the MASS start 

efficiency (at equal total energy) with increasing post-acceleration or, equivalently, 

increasingly negative Vadps voltage. We hypothesize the effect is due to secondary 

electrons missing the start MCP. During the Bern calibration, we discovered the 

effect in our start rate and found that the side plate near the start MCP, with an 

intended voltage Vadps' was actually floating. Shown in Figure (A.14) are start 

efficiency data from the Bern calibration for two ion species, He+ and Ar+2
• The ratio 

of the measured start efficiency at non-zero Vadps to that at Vadps = 0 decreases from 

about unity at 2 kV to about 80% at -4 kV. After the calibration and before launch, 

the floating plate was set to Vadps using conductive epoxy to establish contact and 

correct the problem. 

Unfortunately, as a result of routine post-launch instrument checks, it was 

discovered that the problem had apparently not been corrected. Figure (A.15) shows 

MASS in-flight He2+ and 0 6+ data, which clearly still exhibit a Vadps-dependent start 

efficiency (Note that Vadps and Vi' for "floating" potential are used interchangeably). 

Interestingly enough, the in-flight start efficiency appears to be about 80% of the 

value measured during the Bern calibration (compare Figures (A.15) and (A.14) at 

equal Vadp), although the shape of the defect ( observed efficiency/calibrated start 

efficiency (Vadps =0) at a given energy) curve as a function of Vadps appears to be the 

same. 

We believe the Vadps -defect is due to defocusing by the electrostatic lens 

formed in the post-acceleration gap of the mass instrument. The 80% offset is 

believed due to two factors. The first is the possible loss of cells in the carbon foil 

during the transport and launch of the instrument. The second, and likely more 

important effect, is the angular spread of the actual solar wind in comparison to the 
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Figure A.14. Start efficiency data from Bern calibration for He+ and Ar2+. The ratio 

of the measured start efficiencies at non-zero Vadp/V1) to that at Vadp/V} = 0.0 

decreases from about unity at 2 kV to about 80% at -4 kV. 
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beam-like conditions during the Bern calibration. Figure (A.16) shows the start 

efficiency as a function of azimuthal angle, 0, during the Bern calibration. 

A.5 Correctin2 V ~ 
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Figure (A.17) shows the combined in-flight and Bern calibration data with the 

Bern Vadps -defect values multiplied by a factor of 0.8 to account for differences in 

calibration and space situations. These data were fit to an offset gaussian to 

characterize the vadps defect as a function of vadps· 

However, it was noted that there appears to be a smaller, second order 

dependence on the incident ion energy per nucleon. This type of energy per nucleon 

dependence does not seem unreasonable if the process responsible for the Vadps defect 

depends in part on the energy of the start secondary electrons liberated from the foil. 

Figure (A.18) shows the ratio of the observed vadps defect to the predicted vadps defect 

based on the simple gaussian fit in the post-acceleration voltage. Clearly at high 

energy per nucleon values (> about 3 ke V /nuc ), the gaussian fit tends to underestimate 

the degree of defect. The energy per nucleon dependence shown in Figure (A.18) 

was fit to an exponential in energy per nucleon plus a constant offset. Because the 

minor ions entering the MASS instrument tend to be below 3 ke V /nucleon, this 

correction is usually small. 

The final expression for the Vadps defect is as follows: 

(A.12) 

Figure (A.19) shows the agreement for both in-flight and calibration data 

between the observed start efficiency defect and that given by the expression above. 

The largest derivations are for He2
+ and 06+, solar wind ions, and may be due to the 

difficulties associated with in flight determinations of the start efficiencies, especially 
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Figure A.16. The solar wind has a much wider spread compared to the beam-like 

conditions during the calibration. The figure shows the start efficiency as a function 

of the azimuthal angle during the Bern calibration. 
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Figure A.17. This figure shows the combined in-flight and Bern calibration data with 

the Bern Vadp.,(V} -defect values multiplied by a factor of 0.8 to account for the losses 

due to passage through carbon foil and the width of the beam in the solar wind. 
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Figure A 18. The ratio of the observed vadplV} defect to the predicted vadps defect. 

The agreement is acceptable. But at high energy per nucleon values(> about 3 

keV/nuc), the gaussian fit tends to underestimate the degree of defect. 
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between the observed start efficiency detect and that given by the fitted functional 

form as stated in section A.4.1. The largest deviations are for He2+ and 06+. 
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for 0 6
+. In any case, it appears that the Vadps defect given by the above expression is 

good to typically better than 10%. In addition, in this dissertation data are in the form 

of ratios so as to cancel instrumental effects that are common to the different species. 
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APPENDIX B: TOF CHANNEL RANGES 

WIND/MASS has total of 4096 channels for TOF measurement. Depending 

on different Vhps settings, Equation (3.1) gives the relationship between channel 

number and actual mass in amu. All the calibrated species' TOF ranges were 

determined prior to launch by fitting their TOF peaks in gaussian form (as discussed 

in Appendix A.3). The Vhps voltage was 23.0 kV during calibration and 23.2 kV in

flight. The calibrated TOF ranges have been changed to reflect the difference. In 

addition, we also have to determine the TOF ranges for non-calibrated species. This 

is done by fitting the actual TOF data for long slow speed solar wind events. The 

actual TOF and background ranges that we used in this dissertation are given in 

Table B.1. 
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Table B.1. TOF and background channel ranges for selected species. 

Background TOF ranges 

Mass (amu) TOF ranges LowerTOF UpperTOF 
(Channel number) background background 

(Channel number) (Channel number) 

4 932-946 908 - 922 956-970 

12 1612 - 1632 1584- 1604 1637 - 1657 

14 1738-1766 1700- 1728 1771 - 1799 

16 1862 - 1882 1800- 1820 1910-1930 

20 2082-2100 2000- 2018 2140- 2160 

22 2176- 2190 2139 - 2153 2209-2221 

23 2234-2254 2200-2220 2258-2278 

24 2282-2300 2259-2279 2308-2326 

25 2334-2340 2307 -2313 2350-2356 

26 2380-2390 2355 -2365 2411 -2421 

27 2426-2438 2411-2423 2442-2454 

28 2466-2486 2526-2546 2580-2614 

32 2624-2658 2672-2720 2580-2614 

40 2946-2988 3000-3042 2880-2922 

56 3490 - 3536 3622 - 3668 3400 - 3446 



APPENDIX C: FIELD SIGNATURES OF A MAGNETIC 

CLOUD 

C.1 Force-Free Flux Rope 
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Goldstein [1983] showed we could approximate magnetic cloud to be a 

magnetically force-free flux rope in the interplanetary space. Figure (Cl) shows a 

sketch of an ideal view of the magnetic field of a magnetic cloud in interplanetary 

space from Lepping et al. [ 1990]. Hence, the internal magnetic tension of a magnetic 

cloud is balanced with its compression forces. Everywhere within the cloud, the 

current is proportional and parallel with the magnetic field, i.e., J = aB, so that 

VxB=l=aB (C.1) 

An analytic solution to Equation (C.l) is not available for varying a. 

However, Burlaga [1988] showed that a can be treated as a constant in first order 

approximation to describe magnetic clouds. Therefore, for constant a, Equation 

(C.1) gives: 

'\1 X (v X B) = a(v X s) = a2 jj (C.2) 

or (C.3) 

One will recognize Equation (C.3) is Helmholtz's equation. The solutions are 

known in different systems of coordinates corresponding to different symmetries 

[Arfken, 1985]. Burlaga (1988] demonstrated that magnetic clouds at 1 AU have 

magnetic field profiles that can be described to zeroth-order by the static, constant- a 

solution of Lundquist [ 1950] in cylindrical coordinates. 

Axial component 

BA = B0 J0 ( aR) 

Tangential component 

(C.4) 



BT = BOHJI ( aB) 

Radial component 

BR =0 

180 

(C.5) 

(C.6) 

where H = ±1, the sign providing the handedness of the field helicity, and B
0 

is the 

maximum field strength, and R is the radial distance from the axis of the cloud. ]
0 

and 11 are the zeroth- and first-order Bessel functions, respectively [Lepping et al., 

1990]. 

C.2 Least Squares Fit 

Lepping et al. [ 1990] developed a least squares fitting algorithm based on this 

Lundquist solution. They used their routine to fit with good results a total of 18 

magnetic clouds in the data sets from ISEE 3 and various IMP spacecraft taken at 1 

AU. In their routine, various parameters describing the magnetic cloud can be 

estimated, namely H, B
0

, and R. In addition, one can also obtain the orientation of 

the magnetic cloud and the impact parameter for the trajectory of the spacecraft relative 

to the axis of the magnetic cloud. Figure (C.1) shows computer simulated magnetic 

cloud field lines relative to a spacecraft trajectory. The field of the cloud is at its 

maximum along the straight line of the axis of the cloud that we labeled Z. Away 

from the axis, the field changes to helical lines and finally becomes circles at the 

boundary (shown at top and bottom). A unit vector, S, in the figure denotes the 

spacecraft trajectory. The cross product Z x Sis the Y-axis, and f x Z = Z. Burlaga 

[1988] and Lepping et al. [1990] have found that the angle between the vectors S and 

z vary anywhere between O and 360°. This confirms magnetic clouds travel outward 

from the sun in all possible attitudes (and with various closest-approach distances). 
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Figure C, 1. Computer simulation of the field lines in a magnetic cloud. R0 is the 

radius of the cloud and Sis a unit vector parallel to the trajectory of a spacecraft 

intersecting the cloud at closest-approach distance Y0 and at time t0 (Figure from 

Lepping et al,, [1990]), 
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Figure (C.2) shows a fit based on the Lepping et al. routine compared with the 

WIND/MFI magnetometer data at 1 AU. This event has been extensively studied by 

Burlaga et al. [ 1998]. The first three panels show the X, Y, and Z components in the 

GSE coordinates. The next three panels show the magnetic field strength and 

directions. The solid curve is a fit of the data between the vertical lines. The rotation 

in the theta direction is a distinct characteristic of a magnetic cloud in interplanetary 

space. 



. ~ =;![·••::·:••••+.;>+<••··] 
~Jr•••••••••~•:::::--1 
~J1••··••·••··•~:••···_] 
~ ~~[:::::::::H::::::J 
~ _:~r::::::::::~::::::J 

360° I 

I I 

270° ' I I 
• I •• • • ••. 

-s- 180° '•'• ., . . ' . . .. .. 
• •,,•• •, I • 

goo •' ··' : .·· ...... _ ....... 

9 10 11 12 
Day of 1997 

183 

Figure C.2. A fit based on Lepping et al. routine compared with the WIND/MFI 

magnetometer data at 1 AU. This event has been extensive studied by Burlaga et al. 

[ 1998]. 



APPENDIX D: MEMORY ALLOCATION OF PHA WORDS 

AMONG THREE SMS SENSORS 
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The number of PHA words allocated to STICS, MASS and SWICS depends 

on telemetry mode (LBR = Low Bit Rate, HBR = High Bit Rate), the spin rate 

(subframes per EDB) and the sensor status. We show the distribution in Table D. l. 

In cases when one of the three sensors does not use up its allocated PHA 

space, MASS will use the remaining space. The default distribution for un-used 

PHA space (in 10% steps) is listed in Table D.2. 

Within MASS, the distribution among different ranges and sectors is given 

in Table D.3. If the number of PHA words is more than 12, the DPU will use Table 

D.3 as a look up table for PHA word allocation. For example, if the number of PHA 

words is 29, the DPU will take the distribution of two times 12 and one times 5 

events from Table D.3. Therefore: 

The number of PHA words of range O (sun) is: 2x4+1=8 

The number of PHA words of range O (non-sun) is: 2x I+ 1 = 3 

The number of PHA words of range I (sun) is: 2x6+2 = 14 

The number of PHA words of range 1 (non-sun) is: 2x 1 + 1 = 3 

If the sector can not fill up its allocated space, the remaining space will be 

distributed to other sectors. In addition, the DPU will try to format PHA words 

from every azimuthal sector. 
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Table D.1. Number of MASS PHA words to be transmitted. 

Telemetry Mode SWICS OFF SWICS ON SWICS OFF SWICS ON 
Number of 

STICS OFF STICS OFF STICS ON STICS ON 
subframes per 

EDB MASSON MASSON MASS ON MASSON 

LBR 6SF/EDB 101 36 28 9 

LBR 7SF/EDB 121 46 38 17 

LBR 8SF/EDB 141 56 48 25 

LBR 9SF/EDB 161 66 58 27 

LBR lOSF/EDB 181 76 68 37 

LBR 1 lSF/EDB 201 86 78 43 

LBR 12SF/EDB 221 96 88 49 

LBR 13SF/EDB 241 91 61 46 

LBR 14SF/EDB 261 101 69 52 

LBR 15SF/EDB 281 111 77 58 

LBR 16SF/EDB 301 121 85 64 

LBR 17SF/EDB 321 131 93 70 

LBR 18SF/EDB 341 141 101 76 

LBR 19SF/EDB 361 151 109 82 

LBR 20SF/EDB 381 161 117 88 



Table D.2. Distribution of remaining PHA allocation. 

SWICS 
additional 

PHA space 
(10%) 

3 

4 

5 

10 

0 

0 

0 

0 

MASS 
additional 

PHA space 
(10%) 

4 

6 

0 

0 

6 

10 

0 

0 

STICS 
additional 

PHA space 
(10%) 

3 

0 

5 

0 

4 

0 

10 

0 

SWICS 
sensor 
status 

ON 

ON 

ON 

ON 

OFF 

OFF 

OFF 

OFF 

MASS 
sensor 
status 

ON 

ON 

OFF 

OFF 

ON 

ON 

OFF 

OFF 
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STICS 
sensor 
status 

ON 

OFF 

ON 

OFF 

ON 

OFF 

ON 

OFF 
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I 
Table D.3. MASS PHA word distribution for ranges and sectors in telemetry. l 

J 
Number of Events of BRO Events of BRO Events of BR 1 Events of BR 1 
PHA events (sun) (non-sun) (sun) (non-sun) l 

0 0 0 0 0 

0 0 1 0 

2 1 0 1 0 

3 1 0 1 1 

4 1 1 1 1 

5 1 1 2 1 

6 2 1 2 1 

7 2 1 3 1 

8 2 1 4 1 

9 3 1 4 1 

10 3 1 5 1 

11 3 1 6 1 

12 4 1 6 1 
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APPENDIX E: KEY PARAMETER PLOTS FOR ALL EVENTS 

We list the "key parameter" plots for all MC, CL, IS, and EH events in this 

appendix. All plots show the solar wind plasma and magnetic field data from SWI, 

MFI, and MASS instrument on WIND. The first panel of each plot shows the solar 

wind speed as determined by the SWE and MASS. The second and third panels 

show the solar wind thermal speed (km/s) and number density (cm-3). The forth 

panel shows the average oxygen ionization temperature in two-hour intervals. The 

temperature is determined by taking the density of 0 1+106+ every two hour from 

MASS PHA data, and using the look-up tables from Arnaud and Rothenflug [1985]. 

The fifth panel shows the ratio of thermal speed to flow speed from SWE. 

Richardson and Cane [1995] have used this ratio to identify CME-ejecta at 1 AU. 

The last three panels show three-component magnetic field data from the 

WIND/MFI instrument. 

All MC, CL and EH events are shown in Figures (E.l) to (E.25). The four 

IS events are given in Figures (E.26) to (E.29). 
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Figure E.4. Key parameter plot for MC 5. 
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Figure E.6. Key parameter plot for MC 7. 

351.0 351.5 

194 

MASS 

SWE 

MFI 



600 

~ 500 
'--.. 

_§ 400 
-.__.., 

,-.._ 
en 

'--.. 
E 

..c 

I 

WIND Key Parameters (GSE) 
19960526 - 19960529 

MC 8 

> 1 0 0 Ec-+-+--+--+-+__,__,........_+--l-_,_.__,__,........_-4--+-_,_.-i--<_+-+--+--+--+-+-+-l----+--+--l--+-+-+-+-+--+-=i 

,-.._ 
u 
u 

'--.. -.__.., 

0... 
z 

10 

2 3 . 0 I-+--+--+-+-+--+-+---+-+--+-+--+-+--+-<-..+.-+->-+-+--+-+--+-+---+-+--+-+---+-+---+--,>--+--+-+-~ 

2, 2 5 f- . 

N 2.0 

§ 1.5 
0 1.0 ........__~~~- ............... ~~-.......... ~~-~-~-'--'- ........... ~-~.._, 

v 40 
~ 30 
'? 20 
~ 10tWN',.,.,..,_,....,,...ar-

30.0 
~ 22.5 

C 
'-' 15.0 

7.5 Cil 

0.0 f-+--+-+--+-+-.......+-+--1--+-+'-'+-.........,.-,+-+--+-+-+------+-+--+--+--+-.,.._.!-+-i 

60 
~ 30 
~ 01111HHlll'l¥'-++H--,-,-,'4----4h#--,'M!H!---,,.JJ~-'--~-'--~..l--+-~~~~ 
ro -30 

-60 
35of-+-+r+;..t:r.i;w,r,,-,....~o,;;:;---f'-+---+------+--+.r-r+-;+-:-l:--';-"1;-+:-;,-t-r, 

270 ,-.._ 

~ 180 
Cil 

90 
0 L......._-!.....J..!.!l..llRl!!l:l,joj_..........L...~Lo.......~...L.....~-+-~~~~-J......L!l..!5.._J..........L.L.L...JU!.I 

148.0 149.0 
Doy of Year 

Figure E.7. Key parameter plot for MC 8. 
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Figure E.8. Key parameter plot for MC 9. 
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Figure E.9. Key parameter plot for MC 11. 
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Figure E.10. Key parameter plot for MC 12 and EH 2. 
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Figure E.11. Key parameter plot for MC 13 and EH 3. 
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Figure E.12. Key parameter plot for EH 4. 
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Figure E.13. Key parameter plot for MC 14. 

113.0 

201 

MASS 

SWE 

MFI 



600 
,---._ 

Cl) 500 
-......... 
E 

j(_ 

,---._ 
Cl) 

-......... 
E 

j(_ 
'-" 

..c 

I 25 
> 100 
,---._ 

(.) 
(.) 

-......... 10 '-" 

0... 
z 
,---._ 

3.0 ~ 
L 

2.5 '-" r-
N 2.0 
C 1.5 0 

0 1.0 
...: 40 Q) 

..c 30 r-
-......... 20 3: 
0 10 c;:: 

30.0 
-;=' 22.5 

C 
~ 15.0 

7.5 

WIND Key Parameters (GSE) 
19970514 - 19970516 

__ SWE speed 

0. 0 ,,___....-,,-

60 
;;--- 30 
~ 0f.=-~J-l,jf-ll!ltl-ll----l\lc++-H-~--h~-IH------t"~t-+-1-+-+-!:lA-__,4-l--111l~ 
co -30 

,---._ 

-60 
360 
270 

~ 180 
co 

90 
0~uw....~~'1...J...J......._..__.._._~..........1...___._~~..........._.L....:.:...c.......--..L~~~-

134.5 135.0 135.5 
Day of Year 

Figure E.14. Key parameter plot for MC 15. 
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Figure E.15. Key parameter plot for MC 16. 
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Figure E.16. Key parameter plot for MC 17. 
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Figure E.17. Key parameter plot for MC 18. 
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Figure E.19. Key parameter plot for MC 20. 
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Figure E.20. Key parameter plot for MC 21. 
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Figure E.21. Key parameter plot for MC 22. 
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Figure E.22. Key parameter plot for MC 23. 
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Figure E.23. Key parameter plot for MC 24. 
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Figure E.25. Key parameter plot for CL 1 and EH 6. 
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Figure E.26. Key parameter plot for IS 1. 
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Figure E.27. Key parameter plot for IS 2. 
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Figure E.28. Key parameter plot for IS 3. 
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APPENDIX F: MASS TIME OF FLIGHT CALCULATION 

The MASS TOF unit defines a region with a harmonic potential field, <I>. 

The equations of motion for ions within this region are well known. We define the 

coordinate system within the MASS TOF in Figure (F.l). The x-axis is from the 

vertex of the "vee" to the hyperbola, the y-axis is horizontal distance measured from 

the vertex. If the hyperbola surface has a voltage of V = Uh and the "vee" is V = 0, 

the potential field is then equal to: 

(F.1) 

whereas dis the x-distance of the hyperbola from the origin. The motions for ions 

with mass, m; and charge, q, entering the TOF with initial energy E
0 
= ..!..mv; are 

2 

given as: 

v cosa . 
x(t) = x cos(cut) + 0 sm(cut) 

0 cu 

(F.2) 

v sina . 
y(t) = y cosh(cut) + 0 smh(mt) 

0 cu 

whereas x
0 

and y
0 

are the initial position and the frequency cu is given by: 

We can study the deviation from an ideal period, .1t, if we assume particle 

begin at x,y = (0, 0) and make a small angle,£, deviation (v/vy = tan(£) << 1) from 

the angle a. We substitute a'= a+£ into Equation (F.2) and solve for .1t, using 

small angle approximation, and findL1t such that 
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V=O 

"vee' 
X 

d 

y 

Figure F.1. Coordinate system that we will use for solving the equations of motions 

for ions within MASS TOF. 
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/:!,.t = - - E + - E + ~( E ) 1(1 3 2 5 I) 
w 3 15 

(F.3) 

whereas the deflection in the y-axis, depends on the angular deviation such that, 

(F.4) 

Therefore to lowest order, the time delay is proportional to: 

(F.5) 

And this deviation occurs only on one side of the peak towards longer TOF, 

producing a "tail" in the TOF distribution [Sheldon, 1995]. 

To conclude, for ions that start out at a -:f:. 0, they will produce a longer TOF 

than ions that travel at a= 0. 
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