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The recent discovery of energetic particles trapped in the QER)(in close association
with diamagnetic cavities (CDC) strongly suggest a newtilmedor particle accelera-
tion. Such an acceleration region has long been sought as the oussterurce of outer
radiation belt electrons (ORBE) and ring current ions (RCI). his paper we present
some theoretical support for the acceleration mechanism and testhmaa the quadru-
pole cusp may be the most powerful accelerator in geospace. lfesothe CEP/CDC
may provide a useful predictor of the injection of ORBE/RCI fluked are detrimental
to geosynchronous spacecraft.

1. INTRODUCTION

The 1959 discovery that the Earth had radiatiotslzeime as a great surprise to the Van Allen'sisficeteam, as
Ludwig quipped, “My God, space is radioactiveHgss68. It was a surprise because none of the knowntsapu
cosmic rays, the Earth's ionosphere, the Sun'ssgineve--possessed such an energetic particlerflaking their
origin mysterious. The first radiation belt soudiscovered posited that cosmic rays striking thpeuatmosphere
would sputter neutrons up into space, where spentasineutron decay would produce charged protothse k-
trons that could become trapped in the magnetid.figy this the origin problem was conveniently radvto the
problem of cosmic ray production, itself a somewtaen issue. But this source only explained thgimf the in-
ner radiation belts around 2 Re, not the origithefOuter Radiation Belt Electrons /Ring Curremtsi¢ORBE/RCI)
at5 Re.

Forty years later, it is remarkable that we stdivé not identified the origin of ORBE/RCI (e.g., Main's
mechanisms 1 & 5Mcllwain96), despite numerous spacecraft that have exploeadynall the near Earth space.
Several factors contribute to this difficulty, inding the variability of the ORBE population, ame tproperties of a
dipole trap. Accordingly, there have been seveothble attempts to explain ORBE as of Jupiterior{§aker86)
substorm producedngraham99) recycled through the magnetosphdxiskida7§, wave-particle resonant accel-
eration Elkington99, shock-accelerated.i93, Reeves98;ME related Baker9g or due to magnetic clouds4r-
rugia98). All of these explanations fail to correlate wslth satellite measurements of ORBEa(likas79.

Similar difficulties attend the explanations for R@hich posit warm >10 keV) ions in the plasmasheet adia-
batically diffusing into the dipole trap region.n8eé the tail is vast, magnetic mapping uncertaa, E2connection
certain, the origin of this precursor warm powew l@il on the plasmasheet populatioi@hgiston89, is often
brushed under the rug, however, the ubiquity oferaspecies throughout the magnetosphere, andrépd rise
during active periods make “tail theories” of theiigin suspect, since they would not have sufficiéme to trav-
erse the long distances of the t&hgldonOR

Thus it came as a big surprise when POLAR foungppied MeV ions and electrons in the distant cusp the
Earth's poles with nearly exactly the same phaaeesgensity as the ORBE/RCI, in what were then darnep en-
ergetic particle (CEP) eventSHeldon98, Chen97, Chen98a, Chen98b, FrjtzZ@fas this population part of a mi-
grating Nishida circulation? Does it map to thé (®elcourt99? Did it come from the ORBE/RCI population
(leakage), or is it supplying the ORBE/RCI popuwatiChang98, TrattnerQ®f Further analysesSkeldon00,
Chen00, Chen01la, Chen01b, Chen02, Fritz00, FritzB8&03b, SheldonQ3uggested that we had serendipitously
stumbled into the nursery where ORBE/RCI are bafrere low-energyE<10 keV) plasma is accelerated to ener-
getic particle statuse>100 keV), where non-Maxwellian power-law “tails” weeglded to the thermalized particle
distributions. Furthermore, if the mechanism 8@naple consequence of topology, of a quadrupofg tren there is



no reason not to believe that such nurseries exiali magnetic cusp geometries, including thathaf heliosphere
and the galaxy. If so, then this mechanism map algplain the ubiquitous source of cosmic ralysrni49,
Alfvén49, Alfvén5) bringing theoretical closure to the origin oétimner radiation belts as well. Although this book
is an ideal place to discuss the similarities dégfic cosmic ray acceleration and ORBE/RCI, fa siake of brevity
we constrain our discussion to ORBE/RCI alone.

Since the mechanism we propose is novel, this papsecessarily qualitative, for there is not spacdevote to
both definitions and extensive derivations for estp. In the first section, we discuss plasmantbeynamics and
the significance of trapping for effective acceteEna. With an appreciation for entropic conditiongany inefficient
acceleration mechanisms can be readily eliminatech ftonsideration as the origin of ORBE/RCI. In #ezond
section, we develop by analogy and simulation piteperties of three basic plasma traps: the dipalg the Fermi
trap, and the quadrupole trap, and show by dirgi@hation, the relative importance of the quadregdop.

2. PLASMA THERMODYNAMICS
2.1. Entropy Considerations.

If one considers that @; heat engine operates by taking medium-entropy gn€¥g and converting it to low-
entropy energWv, plus a high-entropy energ®,, in such a way that entropy either increasesv@nsble,S>0) or
remains the same (reversib&s0), then one can view particle acceleration as daimprocess whereby the acceler-
ated population, by virtue of its higher temperatand/or decreased thermal spread, plays the phrtveentropy
work. The advantage of this analogy is that it éemlbne to quantify accelerator efficiency, whistdefined as the
amount of work output for a given energy inpgtsW/Q,. From thermo-dynamics, we argue that if the wioak
zero entropy (say, all the accelerated particlesfaund in oppositely directed beams to conservenemium, pro-
ducing an infinite temperature), then the maximdficiency of the acceleration is the well knoww (T -T,)/T;. As
we reduce the infinite temperature of the work bgréding the oppositely directed beams into “wings"tails” on
the distribution, the entropy of the work increakes zero.

Assuming that the ideal reversibs0, situation occurs when the entropy of the exhagstls the entropy of the
input, then this increase in the entropy of thekwmimics an irreversible heat engine, with conseguecreasing
efficiency.

We performed a trick to separatéfrom Q,, arbitrarily separating energetic particles wittlie same distribution
by employing Maxwell's demon to sort particles bgit velocity. In our ideal example, we have exdca subset
of particles with high kinetic energy, but zerorepy, leaving behind a lower energy subset but witbhanged en-
tropy. If Q./T,=Q4/T;, even after extracting/, then conservation of energy impli®@s<Q; and thusT,<T;. Never-
theless, any real “sorting” demon reduces entrdfgr no other reason than it reduces the numbestates of the
system, wher&=k InQ, k being Boltzmann's constant, aritibeing the number of states of the system. In mhigst
cussions of Maxwell's demon, the conservation efogy is found to occur by a subtle back-reactibthe output
on the sorting mechanism, which eventually stogsdbrt. Likewise the accelerated particles cancaffee input
plasma to saturate the growth rate or efficiency.

This saturation is masked in neutral gases, whellisions operate so effectively that even witheaident “de-
mon”, all species are back in thermal equilibriumtbe timescale of a few collision times, but asvédl known in
the rarefied, fully-ionized gasses of space, dolitess plasmas experience long-range Coulomb $dte cause a
very slow return to equilibriumQollier93). Therefore space plasmas are rarely observed kMaxwellian, but often
are found in metastable or non-equilibrium disttidms, such as bi-Maxwellians and kappa-functiomisich we
interpret to be evidence of a saturation mechandisning the distribution into a stationary state.

Now we have a conceptual problem, how can we desthie entropy of a “saturated” or “stationary'tstthat is
not in thermo-dynamic equilibrium? We make an agstion that the ergodic theorem applies to thesmtsbns as
long as the “relaxation time” for the stationargtstreversion to a simple Maxwellian is much londpan the accel-
eration time or cycle time of the heat engine urmtersideration. That is, the stationary state‘imetastable” equi-
librium, which permits us to treat acceleration hmaisms as a perturbation around this point, ualhthe tech-
nigues of equilibrium statistical mechanics.

Note that the absolute entropy need not be cakuljainly the relative change in entropy. Sinceagmtiis defined
as a logarithm of the density of states, this ndathange in entropy is insensitive to an additeastant in the
number of states. That is, we need not concerretwas with finding the number of states of“larticles per cubic
centimeter plasma if this factor stays the samkeoith input and output distributions, so that we banour phase



space into the largest partitions possible whichaia unchanged in both the input and output. Tfbezeby appli-
cation of our modified ergodic theorem, we assuneé the closer a distribution is to such a metastaguilibrium
(which factors out), the more likely it is to exist, the smaller the increase in entropy generiyean acceleration
mechanism, the more likely the mechanism can explhé data. Thus the task of finding the origintoé
ORBE/RCI, should be to identify the most probaldeederation mechanism that can be physically defénd

Krall and Trivelpiece[1986] discuss plasma thermo-dynamic limits td#itg which can be fruitfully applied to
the problem of evaluating the efficiency of anygiive acceleration mechanism. The first step isl¢ntify the sta-
tionary state. If such a distribution is highly taise, say, a nonmonatonic bump-on-a-tail distidmtwe can calcu-
late a growth rate, or conversely a relaxation tforeit to decay. To satisfy our modified ergodiebrem, such a
relaxation time must be much longer than the prgadicceleration mechanism under consideratiothdmext sec-
tion we divide the acceleration energy by thisxaten time, to define an average acceleration pdameselected
mechanisms. Our goal is simply to find the higlpester acceleration mechanism that can explain ale. d

A second use is to invert the concept of “stalfilipnd argue that acceleration proceeds the oppdsiection,
converting waves into energetic particles. Accelegato an unstable distribution is attempting wars upstream in
the entropic current, and is highly unlikely. THere not only must the stationary state have a lefaxation time,
but the final state must be relatively stable comgdo the initial one.

2.2. Traps and Waves.

In addition to all the statistical heating mecharggproposed for neutral gasses, magnetized plasrmadsiown to
support both fluid (MHD) and kinetic waves, whictidadozens of candidates for wave-particle accéterawin-
nowing the field down to the leading candidatesutthdhen be the first task of all analyses. Thusdeeelop a bi-
nary tree algorithm, divide and conquer.

The first division separates single-step and natép mechanisms, e.g., a shock passage heats wimstoEam
fluid in a single step, just as a van de Graaf gHpe is a single-step accelerator, whereas Fecoglaration or a
cyclotron is a multi-step accelerator. From entroponsiderations, we argue that multi-step acctdgras more
efficient because it operates closer to equilibribiam a single-step process, the improvement begipgoximately
the Boltzmann factor, or temperature differencea afingle step taken in both mechanisms. This igomahy that
single step accelerators are not useful, but fraoglobal perspective, inefficient processes willyobe apparent in
the data when there is no other, more efficient@ss available to explain them. Only after exhagstil other more
efficient mechanisms should we fall back on a &rgiep mechanism.

Next we distinguish between coherent and incoharesthanisms. The difference may be thought of aiskte-
tween a cyclotron and a synchrocyclotron. In thgt £ase, the driving frequency is not necessarilgynchroniza-
tion with the particle population, leading to a@retion inefficiencies, whereas in the latter dase “tuned” to the
particle packet. Consequently, the spatial schiberent acceleration is much larger than thamnasherent accel-
eration. Using Boltzmann's definition of entropye ee that coherent systems have far fewer sthties system, or
alternatively, the particles in the system are eotrated in far fewer states leading to much smalfdropy. A
rough estimate of the effect is a factor of thdess&e of the smallest scale length, perhaps e-gspit, divided by
the coherency length, raised to some power bet®eserd 3.

Now we earlier argued that a reversible heat enigine be preferred to an irreversible one, bubkecent system
has overall lower entropy, should it also be pref@rover an incoherent system? All other thingaidgpeiqual, yes,
but thermodynamics warns us that we cannot recheentropy of the boundary condition without cé¥ther, if
we draw a bigger box around the coherent boundamglitions, that system must increase in entropy That is, as
long as there is some interaction between cohavawées and particles that is faster than the rdlarxdime of the
particle spectrum, then we can augment phase spdoeat the waves as a special type of partictbask the ques-
tion, “what is the efficiency of the heat enginattproduces both the waves and the particles?” higain, we need
not consider the kinematics of wave generatiodpsg as we can calculate the entropy ratio of aupinput.

Now the cost of coherent waves becomes clear. fijpat lacks both accelerated particles and cohevanes,
whereas the output has both. Thus any mechanischvgnoposes coherent wave acceleration must in¢chelen-
tropy cost of providing for an even larger numbgtaecelerated pseudo-particles”. That is, accéieneby incoher-
ent waves is to be preferred to coherent wavesusectney do not change the entropy bookkeepingeoheat en-
gine, where the entropy cost difference can benastid as the proportion of phase space occupigdebgoherent
waves in contrast to the incoherent waves.



The “cost” of coherency is similar to the calcuwatiof the “Ockham factor” in Bayesian treatmentssiattistics
(Sivia9§. That is, if a data set can be fit either by eotly with two, or three adjustable parameterscthst of one
more variable can be calculated by estimating tiarwe of phase space introduced by the additioasdmeter. It
is in essence the same entropic calculation, wiverlok at the range of available values for theiteahal parame-
ter compared to the total volume introduced byatiditional parameter.

“Wave” is merely an abstract term here, which aafeirto any quantized energy source, dynamic ticsihe re-
flection from a moving wall in Fermi accelerationay be considered a “wave”, where the continuouspression
of approaching walls, Fermi-l, would be a “cohetemtve (each energizing step is in the same dwagtiand the
motion of a particle between randomly moving wakiermi-Il, would be an “incoherent” wave (diffusiemergy
gain). Thus Fermi-Il is to be preferred over FetpaH other things being equal.

The final division is the distinction between stegdwaves and travelling waves, or from the pagtipérspective,
between a trap and free streaming. The differesi@ghether a given wave or particle interacts mbaa tonce in the
acceleration process. If the waves and/or partatesspread uniformly through the entire thermodyinasolume,
then the initial energ®; must be much larger to produce the same outpeteretion,W, and hence a reduction in
the efficiency,7. Conversely, if we keep the energy constant lgating the same number of waves/particles over
a larger volume, then the dilution reduces the abillty of an accelerating interaction and greatigreases the ac-
celeration time, possibly invalidating our statipnatate hypothesis. Thus it should be clear thathighest power
heat engines are those that concentrate their work.

Therefore the most likely and highest power medmasiare those that are multi-step, incoherent,oandr in a
trap. For our application, three such traps hawntmnsidered: the dipole trap itself, the Ferapirand the quad-
rupole cusp trap.

3. TRAP CHARACTERISTICS

In our thermodynamic heat engine analogy for acaét, the entire argument depends on the apprmeghasi-
equilibrium. If any part of the process takes tond, then the entire method is invalidated. Therefee must con-
sider other temporal bottle necks beyond entropitsitlerations that can restrict the power of thipuatu For exam-
ple a restricted source of particles might throtitie power, or a rapidly diminishing probabilityr fowultiple steps
may produce too soft a spectrum to explain the. dgttéhis point, we must leave behind generalizagiand focus
on the particulars of the traps as accelerator3alole 1, we compare the Earth's dipole trap anh@riergization
through radial diffusion (e.gSchulz73 with both the Fermi-trap at the bow-shock (ekilison90 and the quadru-
pole trap found in the Earth's outer cu§h€ldon98, SheldonpOTrhe quadrupolar acceleration mechanism is dis-
cussed later, but invokes the same SW compresgergused by others (e.ylead64, Falthammar65, Fillius67)
to produce dipole energization.

Table 1: Comparison of Three Traps

Feature Dipole Fermi Quadrupole
1)Stochasticity poor moderate good
T 1o T3 103:1:108 10-3:103:104 10":1:101
2)Process poor moderate good
flow from ... Rim>Ctr End>Side Ctr>Rim
And exitis ...  blocked by diffusion easy
3)Wave coupling  poor moderate good
varies w/Energy  inversely constant directly
4)Trapping for moderate  poor good
acceleration traps detraps both
5)Diffusionand ~ poor moderate good
acceleration needed helpful neutral
6)Adiabatic Heat  good moderate good
P.AD. 2D oblate 1D prolate 2D oblate
7)Energy source  moderate  moderate good
SWvsinternal compress  Alfvenic both+intern



8a) electron Emax  good poor moderate
MeV @ Re 900@10 1.8@0.1 280@3

8b) electron Emn  Poor good moderate
keV <45 2.5 ~30
9a) Trap Volume  good poor moderate
log(m3) 24 20 22
9b) Trap lifetime  good poor moderate
log(seconds) >13 4 lo:hi 9:5
9c)Trap Accelt  poor good moderate
log(seconds) >5.2 3.8 4.2
9d)Trap Power good poor moderate
log(Watts) <83 6 7.3

As a chain is only as strong as its weakest linkars acceleration process can be throttled byglesstep. As the
comparison shows, quadrupoles may be the mosttrobtise three processes. One could view it asnargdization
of Fermi-acceleration to the other two spatial digiens, or as an inside-out dipole trap. Fromttitide, we see that
the quadrupole is a very promising accelerator trejfeed, which while not conclusive proof for thegm of
RCI/ORBE, is reason enough to discuss it in motailde

3.1.1Stochasticity. From Hamiltonian dynamics, the symmetries of a fsegduce constants of the motion, adia-
batic invariants such ag,(,L) for a dipole and a similar triplet for a quadriggavhile a Fermi trap lacks the third.
Now i [7Ep while J 7Ey, so in general, a particle cannot be acceleratdwut violating one or both of these in-
variants. Since the invariants are listed with éaaing periods, an acceleration event that vioktearticular invari-
ant generally violates all invariants at longeripds as well, leaving shorter period invariantsharged. This leads
to the problem: Fermi acceleration violates the ndriant, increasing;, but notE.; Likewise, adiabatic compres-
sions in both dipole and quadrupole traps violage3rd invariant, but have no effect on the moneartant 1st and
2nd invariants. In order to have an efficient &@or, the energy must be redistributed rapidipag the invari-
ants, so that particles do not detrap in the Ferase, nor adiabatically return to their initial Epein the
di/quadrupole case.

If we associate these invariants with a trajecthrgugh phase space, then the conservation ohtagiants maps
to a closed curve in a Poincaré section, on#orus in then-dimensional subset of 6D phase space (the Kolmo-
gorov-Arnol'd-Moser theorem)Arnol'd64). As fluctuations, scattering, and chaos caussetherii to “blur”, Ar-
nol'd argues that the torii can overlap and forffwab” that permits rapid stochastic transport tlylogphase space,
thereby redistributing the energy. Arnol'd showattthe formation of a web is greatly enhanced wherinvariants
have similar periods. The dipole trap, with thregess of magnitude separating the invariants, bbasuch stochastic
transport, whereas the quadrupole trap is an Ideation.

3.1.2 Process.A second consideration is the flow of particlesotigh the heat engine. The dipole has a large
supply, the entire plasmasheet and geotail, buaitkeleration process brings the output into tdatin belts close
to the Earth, where they scatter in the upper giimere and are lost. All dipoles have this problérat the exit is
filled with the magnet that makes the dipole in finst place. Thus the dipole may be a bright sewt energetic
neutral atoms, but not energetic ions. The Fermcgss is more dynamic, with the trap forming whendke SW
magnetic field is radial and vanishing abrupthtlzes field wanders. Thus the exit is not so muclow fis a sudden
release. While the Fermi process isn't throttledther is it very continuous. In contrast the qupdie process be-
gins with plasma flowing into the center of theptravhere it is scattered and trapped. As it diffusetward it is ac-
celerated until it finally escapes at the rim. Thiecess is limited not by the exit but by the dypd sufficient
source particles at the center.

3.1.3. Coupling. The strength of the coupling between “waves” (poinedisturbances to the trap), and the parti-
cles affects the power. In the dipole trap, thearenergetic particles are also found much furtheand at much
higherB-field strength, such that the strength of magnéisturbances/B/B, as well as pitch angle scattering, de-
creases as energy increases, resulting in higleegeparticles becoming more and more decoupled fte waves.

In contrast, the Fermi accelerator imparts the saatadive energy to all particles that rebound frarmoving wall,
independent of their energy. In absolute energydethe more energetic ones are actually favoretiti& quadru-
pole trap, being an inside-out dipole trap, pugaibst energetic particles at the periphery. Saonbt does a com-



pression have all the beneficial characteristica BErmi trap, but the energetic particles are rfikedy to be in the
largest4B/B region of the trap.

3.1.4. Diffusion. Diffusion being 2%rder, is generally slower thari brder direct acceleration, which is why the
cosmic ray community has preferred Fermi-l at skackthe slower Fermi-ll, despite the lower entrapysidera-
tions of 2 order methods. In addition, diffusion is most effee when the gradients are largest, so that slifely
dominated acceleration is a victim of its own ssscdecoming less efficient as it erases gradietais the de-
pendence and the rate of diffusion are both ctitiwainderstanding the efficiency or power of agmeed mecha-
nism. Dipole acceleration depends completely ugfinsibn to adiabatically energize, whose rate igh power of
radial distance, making it increasingly slower ighler energies. Diffusion is of secondary importafar Fermi ac-
celeration, providing a way for energetic partidlesescape the trap, or pitchangle scatter ginto E;so as to
achieve higher energization. But in a quadrupadféygion is almost irrelevant. The low field regiam the center of
the cusp acts as a built in scattering mechanigin that ordinary diffusion is of limited importanizeredistributing
the energy. Likewise, particles migrate outwardhia trap under adiabatic, not diffusive forces, imgkhe process
flow independent of diffusion. This independencekesathe quadrupole much faster than the dipole gares it a
slight edge over Fermi in processing speed.

3.1.4. Adiabaticity. If we assume an adiabatic compression using arnppigt equation of statd®\'=k, where
y=(m+2)/mis given by the number of degrees of freedomthen we can calculate how effectively a prespulse
converts to work (acceleration).

dw=PdV=(kN)dV=(K* P MdP
W=k/(1-)) V¥ = PVI(1-)) = K*M(1-)) PPV

Settingk=1, for all systems, assuming a square-wave pregsuise a facton greater than the initial pressure,
gives:

Table 2: Pressure Pulse Efficiency vs Trap Dimansio

D vy W 1.01P 1.1P 10P 38P 100P
1 3 5k3P6& 003 0.03 182 516 103
2 2 1kSP5 005 005 216 5.16 9.00
3 53 15k6P+4 006 0.06 227 490 7.96
1 3 Normed 1.00 1.00 1.00 1.00 1.00
2> 2 Normed 150 149 119 1.00 0.87
3* 53 Normed 180 1.78 124 095 0.77

We see that for small pressure pulsesl(01), the 2-D quadrupole trap has a 50% greatzleration efficiency
than the 1-D Fermi trap, which holds true until fiessure pulse is roughly 38 times the initiakpuee. Since small
pulses are more common than large pulses, the gpealdrtrap has the potential to be more efficieceterator than
the Fermi-trap, depending &n

3.1.5. Energy sourcesThe energy source for the Fermi-trap comes fronBtfield enhancement that reflects the
streaming ions. Such an enhancement might come fAdfuén waves, or compressional waves in the S@h-c
vecting toward the bow-shock. Very occasionallynight be actual shock fronts propagating in froha coronal
mass ejection or magnetic cloud. Likewise, fordtendard dipole compression, very similar distucearin the SW
are usually invoked. In terms of cross-sectionahgresented to the solar wind, the dipole is &rdellowed by the
qguadrupole, and lastly the Fermi-trap. In additiorthese SW energy sources, the quadrupole carab&swb inter-
nal sources of waves, such as dipolarizations dwilbstorms. Aslassam95oint out, the cusp has a very low Q-
value, and is therefore a great absorber of waweepd/Nhile this source is available for the dipatewell, the/B/B
is much smaller in the dipole than the quadrup@ducing its importance there.

3.1.6. Energy cutoffsThe total energy in the accelerated spectra caintbgrated over all energies, which for
both Fermi and quadrupole acceleration, have ptavetails. Depending on the exact power-law, thfs at both
low and high energy have effect on the total. Idithoh, data constrains the models to very precigeff energies.
The Fermi trap has an upper energy cutoff that iscatien the gyroradius of a particle exceeds tHaeduirement
for a quasi-parallel shock, whereas the cutofitfier dipole/quadrupole traps occur when the gyrosadi the same



radius as the trap. Using 10 nT for the Fermi teayg 50 nT for the dipole/quadrupole trap outerriaamy, we esti-
mate the maximum cutoff energy given 10 Re, 0.1aRd,3 Re for the respective radii of the traps.

Likewise, the low-energy cutoff can occur wherx B drift is comparable or greater than the trappimg)drift.
Using the same estimate for the radius of thedasapbove, and estimating the voltage fdmr * v x B of the SW,
we get 2.5 keV for the Fermi trap, 360 keV for thedrupole, and 1.2 MeV for the dipole. Clearlhgtisian overes-
timate, perhaps because both the dipole and qualértiaps have boundary layers that short out moicthe poten-
tial that develops fromr x B. Using satellite electric field probes, we can mare realistic limits oE;,< 45 keV
for the dipole and perhajfis,;~30 keV for the quadrupole.

Now the Fermi trap lower limit is just above themnmal energy of the SW, so that much of the SWigardlistri-
bution is available for acceleration, whereas libéhdipole and the quadrupole have lower cutofésady above the
thermalized SW energy, which can starve the inpbibth these traps. This is the essential diffeedvetween “low”
and “high” quadrupole states, where we proposditje state has modified cutoffs due to topologadanges in the
trap. That is, a CDC increases the radial magmgtidient, which strengthersB-drift, and effectively lower&,
while simultaneously raisinB,, In doing so, it increases the average power,ymresl CEP particles, and taps into
the high fluxes available at lower energy.

3.1.7. Power The last four entries are an attempt to estirttedeverage power of the proposed mechanisms using
constant SW input. The trap volume is estimatedafdipole of radius 10 Re, a Fermi trap with’avide region of a
bowshock with a 12 Re radius of curvature extendifi§ Re upstream, and a quadrupole of 3 Re radidsap-
proximately 3 Re depth. The trap lifetime is estdafor a dipole to be the 1 million year flippind the Earth's
internal dipole field, for a Fermi-trap a 3-hourgistence for a particular vector direction of thagnetic field, and
for a quadrupole trap, two separate persistencestiffihe first given by the dipole + solar wind peence time, the
second given by the proposed “high” meta-stablie siththe quadrupole (estimated from risetimes BBB during
high-speed solar wind conditions).

In calculating the acceleration time, it is nottjtie time for which the trap exists, but the titneaccelerate a par-
ticle to the appropriate cutoff energy. Or convlsié the trap exists for insufficient time, thaergy cutoff will be
correspondingly lower. We give an estimate fortihee to go from 1 keV to 1 MeV in all three trapEstimating
this for the dipole trap is difficult, since onesgadrom L=10 plasmasheet to L=5 ORBE is insuffitiienexplain the
spectrum, and no theory of multipass (e.g., Nish&tarculation) is currently accepted or understdgevertheless,
we optimistically estimate that 4 circulations ofldy each can provide the energy. For the Feripj i@ estimate
the time required to bounce 100 Re between bayrieceiving a 400 km/s kick at one end, or 32 kioks
t=(800,000 km/400 km/3)1/n=2000(4.05)=8000s. For a quadrupole we assumese ptil30% increase in pressure,
which from Table 2 gives a 14% increase in eneogyh3 kicks, which if occurring every 8 minutestypical peak
in a power-spectrum of solar wind pressure pulsegrates to 25,000 sec.

Clearly the dipole trap exists longer than the éutain) acceleration time, so power is limited bg ticceleration
time. In contrast, the Fermi trap has an accetaratme comparable to the trap lifetime, which nmsetre power is
limited mainly by the lifetime of the trap. The glrapole trap is a little less clear. The “low” stagxists much
longer than the acceleration time, whereas theh*higate is again comparable. Thus in the highestite power
may again be limited by the trap lifetime.

The acceleration power is proportional to the epelgnsity,&, and volumey, divided by the timet, given by,
P.=&V/t. We don't know the energy density well, sinceaih clepend on waves as well as particles, but illdHme
comparable to some fraction of the solar wind epeensity that can be extracted by the trap, &@46 of the SW
kinetic energy. So assuming the energy densityaheanstant value af=10"° J/n? for all, we arrive at a power es-
timate of the three traps.

4. CONCLUSIONS.

We have made qualitative thermodynamic argumemtshio superiority of traps in accelerating parscl&reater
rigor could be obtained by evaluating actual disttions without any change in the argument, baheatisk of los-
ing the forest for the trees. We then consider wedl-known traps, and the lesser known quadrupalp. tBy esti-
mating the average power of the three traps fromynmerspectives, we showed that the quadrupolprhes the
potential to outperform the others, both in the negsphere and in astrophysical magnetospheressibsequent
paper, we refine the model for the Earth's cuspwaiy the effect of CDC entrained plasma on theokogy and
energy cutoffs, which may account for the “low” {mut CDC) and “high” (with CDC) states of the quauble
accelerator.
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