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Quasi-linear ion cyclotron heating in the near-Earth magnetotail
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Abstract. Quasi-linear studies in the near-Earth (Xggg>-25 Rg) central plasma sheet and plasma
sheet boundary layer indicate that the ion cyclotron proton anisotropy instability may lead to signif-
icant ion heating in these regions. Saturation of the anisotropy instability can yield both narrow and
broadband magnetic spectra below the proton gyrofrequency with amplitudes of the order of 1 nT.
These waves then heat thermal and suprathermal He* and O* ions via resonant and nonresonant
processes to energies above 1 keV for He* ions and up to 100 eV for O* ions. He*" ions also expe-
rience significant heating to temperatures that may exceed that of the unstable proton component.
These results are consistent with in situ observations of magnetic noise and heavy ion distributions

in the near-Earth magnetotail.

1. Introduction

The properties of the plasma constituting the near-Earth magne-
totail were first studied by Bame et al. [1967]. Since then observa-
tions most notably from ISEE, AMPTE, and Geotail have
identified four distinct plasma domains including the magnetotail
boundary layer (which includes the low-latitude boundary layer),
the magnetotail lobes, the plasma sheet boundary layer, and the
central plasma sheet. Of these the later two are relevant in the
study of ion cyclotron heating since distributions here may be suf-
ficiently anisotropic in this high B plasma to excite the ion cyclo-
tron anisotropy instability and observations of electromagnetic
waves below the proton cyclotron frequency in these regions are
common [Bauer et al., 1995].

Particle distributions in the plasma sheet boundary layer are
dominated by field-aligned counterstreaming proton beams with
flow speeds of the order of 1000 km/s and temperatures of the
order of 1-5 keV [Eastman et al., 1984]. It is well known that these
distributions can excite a number of electrostatic and electromag-
netic instabilities [Grabbe and Eastman, 1984; Akimoto and
Omidi, 1986; Angelopoulos et al., 1989; Gary and Winske, 1990;
Winske and Omidi, 1992; Chaston et al., 1994] including the Dop-
pler-shifted ion cyclotron anisotropy or ion-beam anisotropy insta-
bility. This instability leads to magnetic noise bursts (MNBs) with
frequencies below the local proton gyrofrequency (£2p).

Particle distributions in the central plasma sheet are typically
described as hot and close to isotropic with temperatures and den-
sities increasing toward the neutral sheet [Huang and Frank,
1994]. However, these distributions often exhibit deviations from
isotropy [Frank et al., 1996] due to adiabatic. particle motion with
changes in magnetic field topology and nonadiabatic particle
motion [Speiser and Martin, 1995; Ashour-Abdalla, 1996]. These
variations have been shown to excite the ion cyclotron anisotropy
instability [Chaston et al., 1999a] also leading to MNBs with fre-
quency < Q.
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Studies of ion composition using ISEE 1 data collected in the
near-Earth central plasma sheet and plasma sheet boundary layer
indicate significant densities of antisunward flowing heavy ions of
ionospheric origin. In the plasma sheet boundary layer, Eastman et
al. [1984] reports He™/H™ density ratios of < 0.05 and O*/H* ratios
of 0.1 to 0.43 during active times with proton densities from 0.073
to 0.425 cm™. Lennartson and Shelley [1986] find that central
plasma sheet ions are mainly of solar wind origin (H* and He*™*)
with average ion densities and energies per nucleon across the cen-
tral plasma sheet of 0.5-1 cm™ and 2-4 keV consistent with the
earlier results of Petersen et al. [1981] and Sharp et al. [1982]. The
corresponding ion density and energy of the O and H* iono-
spheric components are 0.01-0.05 cm™ and 3-5 keV and 0.0001-
0.005 cm> and 3-4 keV, respectively, also consistent with the find-
ings of Eastman et al. [1984]. Significantly, the He* and O* ions
are observed with broad energy and pitch angle distributions
inconsistent with acceleration of a cold ionospheric population
through a potential drop alone [Lennartsson et al., 1985]. This is
particularly true when adiabatic particle motion is considered in
the decreasing magnetic field from the high-latitude ionosphere to
the plasma sheet.

In addition to the warm ionospheric and solar wind components
discussed above, a significant density of cold-warm antisunward
streaming ionospheric ions composed of either O* or H* exists
throughout the central plasma sheet. A typical density for these
components is 0.004 cm™ with energies of the order of 100 eV
[Sharp et al., 1981, 1983; Eastman et al., 1984; Delcourt et al.,
1993, 1994]. More recently, observations from the Geotail space-
craft have identified warm He* and O* beams in the central plasma
sheet and its boundary layer [Frank et al., 1996] and cold He* and
O* beams in the magnetotail lobe/mantle [Hirahara et al., 1996;
Seki et al., 1999].

Ion heating in the auroral acceleration region with or without
further acceleration through a parallel potential drop [Mozer et al.,
1980] and upflowing ions in the polar wind with acceleration
through a parallel potential drop have long been considered as pos-
sible source mechanisms for energetic distributions of ionospheric
ions observed in the magnetotail. A review of heating processes
and observations in the aurora is given by Andre and Yau [1997].
While this explanation is adequate for the cold closely field-
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aligned beams discussed above, it is not alone sufficient to account
for the broad pitch angle and energy spectra often observed. In this
report, we demonstrate self-consistently how ions of ionospheric
and solar wind origin found in the central plasma sheet and its
boundary layer may be locally heated to the observed thermal
energies by the broadband electromagnetic turbulence ubiquitous
throughout these regions.

2. Quasi-linear Ei]uations

The. formalism implemented is the fluid-kinetic approach of
Chaston et al. [1999b] where it is assumed that each component
maintains a bi-Maxwellian functional form throughout the heating
process and the instability saturates linearly. This technique is sim-
ilar to that adopted by Davidson et al. [1972] and Yoon et al.
[1992].The validity of this approach requires that the bandwidth of
the excited fluctuations defines a range of resonant velocities com-
parable to or larger than the thermal velocity of the resonant com-
ponent. In such cases the plasma evolves through changes in the
moments of the components (j) including the drift velocity (vqp),
and the parallel (7};) and perpendicular (T',;) temperatures. Fur-
thermore, since the anisotropy instability provides maximum
growth for waves with phase velocities aligned along By [Gary,
1993], it is assumed that kxBy=0. Under these constraints and the
usual assumptions associated with the quasi-linear approach
[Galeev and Sagdeev, 1983] it can be written
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where & is the spectral energy density of the magnetic field
ﬂuctuatlons of wave mode o, W= ()+iyk*(r) and 0 =y
(£)y+iy, () are the positive and negative helicity solutions of the
electromagnetic dispersion relation, D(®,k)=0 [Gary, 1993] at time
t and wavenumber k, ®; is the plasma frequency
(@ —(4nneq,2/m )12y, v, is the Alfven speed (v A—B0/(41tnemp)l/2)
B . is plasma beta for the proton core (B, =8nn, T, By, v; is the
thermal velocity (vj=2T/m;) and {i*=(@-kyvo£Q)/kyv;. kBOIL is
related to the spectral energy density of the electnc ﬁe]d uct
£ B, +

tions, &, through Faraday’s law, & o &k o k"/ o rza
These equations together with the electromagnetic dispersion rela-
tion [Gary, 1993] and the relationship between spectral energy

density & , and (1),

ék all ZYk ocgk ol s Q)
form a complete self-consistent set describing the evolution of a
weakly turbulent plasma under the usual quasi-linear constraints
and where the density is invariant with time and the drift velocity
perpendicular to B of any component is zero. A more detailed dis-
cussion of the derivation of these equations can be found in the
work of Chaston et al. [1999b].

3. Ion Cyclotron Heating in the Central Plasma
Sheet

Using (1)-(4) the evolution of a plasma containing the species
H*, 0%, He*, and He** and e” and representing distributions in the
central plasma sheet is studied. Two sets of parameters are exam-
ined and are labeled A and B in Table 1. The proton and electron
temperatures are consistent with typical quiet time plasma sheet
observations. In the case of the heavy ion components, particularly
He* and O™ the initial temperatures are typical of the polar wind to
investigate the possibility of local heavy ion heating to tempera-
tures closer to those found by insitu observations. For the five-
component plasma considered, four Alfvenic roots of the disper-
sion relation [Gary, 1993] occur each bounded above by a reso-
nance with one of the ion species and below by a cutoff above a
narrow stopband [Chaston et al., 1997]. For brevity we label each

Table 1. Normalized Initial Moment Parameters for Two (A.B)
Central Plasma Sheet Simulations.

Species nifn, T T, T /Ty,
A B A B
Ht 088 08 1.0 1.0 2.5
Het 001 005 0002 001 1.0
Hett+ 001 005 0002 001 1.0
o+ 01 0.1 0.002 001 1.0
e 101 101 0.1 0.1 1.0

Assuming a background field strength of 15 nT these parameters
correspond to a total ion density of 0.3 cm™ and T,.=7.5 keV. Here
Blc=4.0, VA(H+)/C=O-002
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of these roots starting with the lowest-frequency mode the O™,
He*, He™, and H* branches.

In each simulation the initial wave energy density is considered
uniform over the range of unstable wavenumbers and has value
0.0001 n,T | . For the parameters given in Table 1 this wave energy
density is equivalent to (BI/BO)2=4‘02x10‘6 or an initial wave
amplitude of 0.03 nT for all unstable wavenumbers. It should be
noted that since all components have zero drift the dispersion
results (D(w,k)=0) are symmetric with respect to k such that

Yo=Y, and o *=-;". As a result, it is only necessary to discuss

the dispersion results for one helicity. Here we consider the nega-
tive helicity results (w;,Yy)-

Figure 1a shows the temporal variation of real frequency and
growth rate for case study A. At Q=0 the anisotropy instability
occurs on both the H* and He* Alfven branches with maximum
growth at w/Qp~0.5 where the two branches become coupled. At
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Figure 1. Variations in wave properties during the evolution of the
plasma sheet model A. (a) Changes in the wave dispersion of the
He™ branch at 1Q,=0, 20, 40, 60. (b) Changes in growth rate for
the proton anisotropy instability at the same times. (c) Increase in
total wave energy and equal decrease in total particle energy over
the time required to saturate the anisotropy instability. (d) Mag-
netic wave spectrum at the time of saturation; the solid line is the
simulation result, while the dashed line is the observed wave spec-
trum averaged over the interval 1978-04-02/1855-56 UT.

5509

later times during the simulation the frequency of maximum
growth falls to increasingly lower values and the instability
becomes isolated to the He™ branch except for negligible growth
on the He* branch (not shown) at 1Q2,260. The falling growth rate
shown in Figure 1b is reflected in the decreasing anisotropy of the
proton component shown in Figure 2 with linear saturation of the
instability after tQp-80 (or ~56 s if By=15 nT).

Coincident with the saturation of the instability is the increase
in the spectral energy density of the magnetic field fluctuations. As
indicated in Figure lc, the increase in wave energy density is
matched by the energy loss in the particles. The average wave
amplitude for the chosen parameters is 0.33 nT with a peak of 0.49
nT at kc/u)p=0.4 and @/Q,=0.38. Figure 1d shows the saturated
quasi-linear magnetic field wave spectrum. The wave is narrow
banded in this case and matches a peak in the observed wave spec-
trum for a central plasma sheet ion cyclotron wave event reported
by Chaston et al. [1999a] which is represented in Figure 1d by the
dashed line.

Saturation of the anisotropy instability is achieved through
energy isotropization so that T,;/T); <Q/(Q-w,) [Kennel and
‘Petschek, 1966]. It is this process which provides the free energy
necessary for wave growth. Figure 2 shows the temperature evolu-
tion for each ion species present in the simulation. The curves for
the unstable proton component (first row) show that the reduction
in anisotropy is achieved through a large increase (50%) in Typ and
a small (10%) reduction in T, Saturation occurs with T /Ty
=~1.6.

The second row of Figure 2 shows that for O* ions, AT is neg-
ligible and T, (#)/T, (0)~4 at the time of saturation (AT ;=45 eV for
the parameters suggested above). The He* ions (third row, Figure
2) are strongly heated with Ty(0)/T)(0)=45 and T, (¢)/T, (0)=140 at
saturation. Since the initial rate of change in 7| is larger than in T,
the anisotropy of this species increases rapidly and in fact becomes
unstable to the anisotropy instability itself. This effectively slows
the rate of perpendicular heating so that the anisotropy of He*
remains at the instability threshold throughout the remainder of the
simulation. Note also how the He* heating continues at the same
rate toward saturation. For the typical parameters suggested above,
the final temperatures of this component are 7;=675 eV and
T,=2100 eV. The He™ ions (fourth row, Figure 2) also exhibit a
peak in anisotropy at which time the distribution becomes margin-
ally unstable thereby reducing the perpendicular heating rate
throughout the remainder of the simulation. These ions are effi-
ciently heated with T(e)T)(0)=130 and T,(#)/T,(0)=425 before
saturation corresponding to final temperatures of 7;=1950 eV and
T,=6375¢V.

In case study B (the lighter curves in Figure 1) the simulation is
begun with higher heavy ion temperatures and densities. Since the
total energy made available through isotropization of the proton
distribution remains basically the same, the amount of heating
experienced by the heavier ions is reduced significantly. In fact,
the energy gain is approximately inversely proportional to the
increase in density for each heavy ion species. For the He** ions in
B the initial temperature has been increased to a value more repre-
sentative of temperatures found for this species in the solar wind.
Nonetheless, a several fold increase in the temperature still occurs.

4. Ton Cyclotron Heating in the Plasma Sheet
Boundary Layer

In the plasma sheet boundary layer the streaming of the unsta-
ble anisotropic population causes a large Doppler shift of the ion
cyclotron wave in the rest frame. Consequently, the unstable wave



5510

CHASTON ET AL.: QUASI-LINEAR ION CYCLOTRON HEATING

ne T,(®/Tuy(t) s Tu(t)/T15(0) T ;(1)/T 4(0)
[ 0.96 1
2 1.25 4
byt _ e 082+
1.4 1.00 0.90 -
o* L o* I ot L
| / 1.002 + 3+
1 ' 1.00 71 :
He* He+ - He+
i -A 1 "1
0 0 _ 0
He++ He++ He++ I
10 + 70 + 250 L
0 0 0 e ——
0 85 0 85 0 85
1Qp tQp 1Qp

Figure 2. Changes in temperature for each ion species over the saturation time for the central plasma sheet
models given in Table 1. The darker and lighter curves are the solutions for model A and B, respectively. The
first column presents the time rate change in temperature anisotropy, T,/T}. The second column shows the
variation in parallel temperature, Tj(¢), normalized in terms of the initial parallel temperature, 7},(0). The third
column shows the variation in perpendicular temperature, T (), normalized in terms of the initial perpendicu-

lar temperature, T, (0).

frequencies may extend across the resonances of the different ion
species as has been shown by Chaston et al. [1999a]. This can
complicate the numerical study of the anisotropy instability partic-
ularly when the plasma carries a current. To simplify the problem,
we consider a currentless plasma. For the nonzero current case we
refer the interested reader to Chaston et al. [1999b] where the cur-
rent-driven instability is studied in a drifting anisotropic proton-
electron plasma.

Again, two sets of initial parameters are employed as indicated
in Table 2. Both represent the quiet time plasma sheet boundary
layer and include a cool proton core, two counterstreaming aniso-
tropic proton beams and cool O*, He™, and He** distributions. It is
assumed that the initial (background) wave energy is uniform over
all unstable wavenumbers with value 0.01n,T ., which corre-
sponds to B;=0.02nT or (BI/B0)2=6.43x10'7 if By=25 nT.

Since the proton beams are of equal density but opposite drift
velocity along By, here again the positive and negative helicity
solutions of D(w,k)=0 are symmetric. Figures 3a-3d are snapshots
of the negative helicity real-frequency dispersion curves for the
He**, He*, and 0% branches at 1Q,=0, 30, 60, 120. Extrapolating
from the growth rate curves of Figure 3e onto the real frequency
curves of Figures 3a-3d shows that because of the mode coupling
that the Doppler shift provides, instability occurs on all three
branches along the Doppler-shifted portion of each curve. As the
growth rate decreases in time, the range of unstable wavenumbers
contracts (and hence also the frequency range) until positive
growth occurs on the He* branch alone before saturation. Figure 3f
shows the change in particle and wave energy throughout the evo-
lution of the system. For a background field of 25 nT the saturated

wave amplitude is 0.32 nT. The saturated wave spectrum shown in
Figure 3g is broadband and similar to that observed during a
plasma sheet boundary later crossing studied by Chaston et al.
[1994] and presented here by the dashed line in this panel.

Figure 4 shows the temperature variation of each component.
The first row shows small nonresonant heating of the core protons
in the perpendicular direction. The saturation of the instability
occurs in the same manner as discussed in the previous section for
the central plasma sheet anisotropy instability. The second row of
Figure 4 indicates a final proton beam anisotropy of ~3.2. There is
almost no change in the proton beam velocity except for a negligi-
ble decrease representing ~1/40 of the total energy lost from the
particles. For this reason the beam velocity variation curves have
been omitted.

For the heavy ions a similar pattern to that occurring in the cen-
tral plasma sheet emerges. The O* component is heated slightly in
the perpendicular direction with an increase from 10 to 33 eV. The
He" ions experience strong heating with T”(t)/T”(O)=3O and T (¢)/
T,(0)=345 before saturation corresponding to final temperatures of
T)=300 eV and T,=3450 eV. Again, notice that the heating contin-
ues at the same rate even though the instability is very close to sta-
ble after tQp=180. Importantly, at times following tQp=40 the
anisotropy of the He* ions is sufficient to excite the He* ion anisot-
ropy instability. This instability does not appear on the Doppler-
shifted portions of the real frequency curves but rather occurs close
to the He™ resonance. Its growth rate throughout the remainder of
the simulation remains too small to be visible in Figure 3e. The
effect of this instability has not been included in the quasi-linear
analysis. However, since the magnitude of the growth rate at any
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Table 2. Normalized Initial Moment Parameters for Two (A,B) of the perpendicular and parallel temperatures in eV. Values of

Plasma Sheet Boundary Layer Simulations.

Species nj/nt T_Lj/TJ_C T_Lj/TI!] Voj/VA
A B A B
H* 0.08 002 10 10 1.0 0.0
Core
H 04 0.4 50 50 8 0.6
Beam
H* 0.4 04 50 50 8 -0.6
Beam -
Het 0.01 0.04 0.1 1.0 1.0 0.0
He™t 001 004 0.1 10 1.0 0.0
ot 0.1 0.1 0.1 1.0 1.0 0.0
e 1.01 104 10 10 1.0 0.0

Assuming a background field strength of 25.nT these parameters
correspond to a total ion density of 0.1 cm™ and T,.=100 eV. Here
B1,=0.0064, and v y,/c=0.0058.

time is at most 1/10th of maximum growth rate of the Doppler-
shifted instability we consider its importance as secondary. Fur-
thermore, the Doppler-shifted instability acts in the same way upon
the He" anisotropy as attested by the decreasing anisotropy of
these ions subsequent to #2,=40.

For the parameters of model B the increased density of the
heavy ion components tends to decouple the dispersion curves as
the heating process proceeds. This separates the instability into
two peaks on the Doppler-shifted portions of the He** and He*
branches so that now a stopband exists between the growing waves
on each branch. The obvious affect of increasing the density of
heavy ion species is a decrease in the temperature change which as
in the central plasma sheet case is roughly inversely proportional
to the increase in heavy ion density. Final temperatures of He™
this case are T, =1250 and T)=880 eV.

5. Discussion
5.1. Resonant and Nonresonant Heating

The ion heating results can be understood in terms of the cyclo-
tron resonant and nonresonant interaction of the ions with the
growing wave field. The resonance condition may be expressed in
a normalized form as

ﬂz/_TnL_z(wo_Zou

& = B, (T /T, om

‘ﬁ'ﬁel) i 5)
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where k,=kc/w), and ®,=/<2, are the normalized wavenumber and
wave frequency. The component j may be considered resonant if
Cj <1, weakly resonant if CJ >1, and nonresonant if CJ >>1. Figure
5 shows the variation in heating rate and IICJ with ¢. T; is the sum

IICJ >1 indicate strong resonance. For the O% ions in the central
plasma sheet case study, IICJ remains less than 0.1 throughout.
Consequently, this species is nonresonant and is only slowly
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Figure 3. Variations in wave properties during the evolution of the
plasma sheet boundary layer model A. (a-d) Changes in the wave
dispersion of the He**, He*, and O* branches at 1Q,=0, 30, 60, and
120. The instability occurs on the Doppler shift portlons of these
curves. (¢) Changes in growth rate for the proton beam-anisotropy
instability at the same times. (f) Increase in total wave energy and
equal decrease in total particle energy over the time required to sat-
urate the anisotropy instability. (g) Magnetic wave spectrum at the
time of saturation; the solid line is the simulation result, while the
dashed line is the observed wave spectrum averaged over the inter-
val 1978-04-18/0923-24 UT.



5512

CHASTON ET AL.: QUASI-LINEAR ION CYCLOTRON HEATING

T ;(B)/Tu(t) Tui(t)/T(0) T,(t)/T ;(0)
1.3 1
core | core 12 core i
1.15 + 1.1 4+
1 0.975 Ty
’ beam beam L beam
2 -+ 0.95 +
5 £
15 + 0.9 +
2 1 0.85 I
o* L o' L o’ L
3 T 34
1.004 +
2 + o L
1 1 1
He* He" He'
10 + 20 + 200 +
0 0 0
He™" He™ i He™ r
8+ 1 - 10 +
0 } 0.8 } 0 f
0 90 180 0 90 180 0 90 180
tQp tQ, tQp

Figure 4. Changes in temperature for each ion species over the saturation time for the plasma sheet boundary
layer models given in Table 2. The darker and lighter curves are the solutions for model A and B, respectively.
The first column presents the time rate change in temperature anisotropy, 7| /T}. The second column shows the

variation in parallel temperature, 7}(z), normalized in

terms of the initial parallel temperature, 7}(0). The third

column shows the variation in perpendicular temperature, T (r), normalized in terms of the initial perpendicu-

lar temperature, T, (0).

“heated” in the perpendicular direction due to the E{XBy, drift of
each ions guiding center in the growing wave field [Chaston et al.,
1999b). The nonresonant heating process as modeled does not
really represent a change in the temperature of the distribution
function since it is isentropic. As discussed by Krall and Triv-
elpece [1973] and Gary et al. [1995, 1996a], the process is revers-
ible so that the component will return to its original temperature if
the wave field is removed. A similar explanation can be extended
to account for O* heating in the central plasma sheet. However, it
seems reasonable to include these variations as temperature
changes from an observational perspective since the integration
time of spacecraft borne electrostatic analysers averages the distri-
bution over times longer than the observed wave period.

For the He* ions in both the central plasma sheet and boundary
layer a two-stage heating process occurs. As indicated by the
curves in Figure 5, this species is initially nonresonant with the
growing wave and the heating rate is small. However, as the insta-
bility approaches saturation, the bandwidth for wave growth in
both the central plasma sheet and plasma sheet boundary layer
shifts to lower frequencies. This combined with slight nonresonant
heating brings an ever increasing fraction of the He* ions into res-
onance with the growing wave field and so the heating rate
increases. Effectively, the combined influence of the increasing
thermal velocity of the He* distribution and the falling wave fre-
quency of the instability with decreasing proton anisotropy brings
the He* ions into resonance so that rapid heating results after
1€,~70 (~50 s) in the central plasma sheet case and after 1Q2 ~50

P
(~20 s) in the boundary layer. This occurs despite the significantly

decreased growth rate of the instability at these times from its
value at rQ =0. In fact, as indicated earlier, in the central plasma
sheet case the He™ heating rate increases until saturation of the pro-
ton anisotropy instability and continues after this time and in the
plasma sheet boundary layer heating continues beyond the satura-
tion time when the simulation was stopped. Consequently, the final
temperature of this species is uncertain but is certainly larger than
the final temperatures reported above. Gary et al. [1995, 1996a]
comments on the same effect for cool He* heating determined
from hybrid simulations for the proton anisotropy instability in the
outer magnetosphere and indicates that this result is consistent
with the predictions a simplified quasi-linear or second-order
approach [Gary and Tokar, 1985]. Essentially, this shows that in
the presence of broadband field fluctuations covering the frequen-
cies resonant with He™ ions, heating of this species proceeds and
does so without the need for local plasma instability.

For the He™ ions in the central plasma sheet and plasma sheet
boundary layer the heating mechanisms responsible differ. The
central plasma sheet He™ ions are strongly resonant with the
growing wave particularly at wavenumbers close to the coupling
between the H* and He** branches until tQp~60 (~ 40 s). In fact,
at 1Q,~15 (~10 s), l/z_=1/z+=>oo at the wavenumber of maximum
growth. As a result, these ions have a large heating rate throughout
the simulation until saturation of the proton anisotropy instability.
The value of T, yy, ./Tjjge+. is limited by the condition of marginal
instability to the He*" anisotropy instability. For this reason,
T Y.+ actually decreases slightly after 1€,=40 or (28 s), while
T)|He++ continues to increase. This species, however, becomes less
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Figure 5. Heating rates (on the primary y axis) and resonance conditions (on the secondary y axis) for the (a)
the central plasma sheet and (b) the plasma sheet boundary layer using the simulation results from model A in
each case. The darker curves represent the ion heating rate, dTj/dt, while the lighter curves are the inverse
value of the resonance condition, 1/ i, given by (5) at the frequency and wavenumber of maximum wave
growth at the normalized time, tQ Here T T _Lj(t)+ T" (1) in eV.

resonant as the system evolves and heating rates fall toward zero as
the anisotropy instability saturates. In the plasma sheet boundary
layer, Figure 5 shows that the He** ions are nonresonant through-
out and so have slower heating rates.

5.2. Comparison to Hybrid Simulations

A simple test of the veracity of the results obtained by this tech-
nique is direct comparison to those obtained from full simulations.
An obvious potential shortcoming of quasi-linear approach
adopted here is the assumption that the distributions maintain bi-
Maxwellian form throughout -the simulation. The hybrid simula-
tions of [Gary et al., 1996b] show that the functional form of an
anisotropic proton distribution does in fact remain bi-Maxwellian
as the anisotropy is relaxed through proton cyclotron wave emis-
sion. Further, for drifting anisotropic components unstable to the
beam-anisotropy instability the hybrid simulations of Gary and
Winske [1990] show that ion beam distributions are weakly pitch
angle scattered with a net decrease in temperature anisotropy asso-
ciated with the instability saturation. Consequently, for the anisot-
ropy instability under consideration here, the evolution of the
plasma can be studied approximately in terms of the variation in
the velocity moments including the drift velocity (vq;(#)), and per-
pendicular (T 1 (9) and parallel (T“ j(t)) temperature of each com-
ponent in the plasma.

The random phase approximation invoked in the quasi-linear
technique removes any phase specific mechanisms such as phase
bunching or trapping which are included in the hybrid approach.
The effect of such processes is usually to saturate the instability

before linear stability is reached. Gary and Winske [1990] have
performed hybrid proton-electron simulations for plasma sheet
boundary layer distributions similar to that adopted for the quasi-
linear PSBL case studied here. These results can be compared
directly to the quasi-linear results. In agreement we find (B 1/30)2
<< 1, however, our saturation time is of the order of 50% longer
than found in the full simulation in which stability is attained after
12, =100. In addition, for the quasi-linear results the plasma
becomes stable with a beam anisotropy of ~3.2 at saturation which
is somewhat lower than the 4.8 predicted from simulations. In fact,
at saturation the plasma in the hybrid simulation is still linearly
unstable. This suggests that the shorter saturation time and the
larger beam anisotropy at saturation are likely the result of wave
trapping. Nonetheless, considering that Gary and Winske [1990]
use larger beam temperatures, beam anisotropies By, smaller beam
velocities, and do not include a cold stationary ion component or
the effects of heavy ions, the results are basically in reasonable
agreement with the damping effects of wave trapping becoming
more important towards the end of the simulation.

Hybrid codes have also been employed to examine the heating
of He* ions by waves grown from the anisotropy instability in the
dayside equatorial magnetosphere [Tanaka, 1985; Omura et al.,
1985; Machida et al., 1988] and magnetosheath [Gary et al.,
1996a]. While these simulations have been performed for some-
what different plasmas than considered in this study the heating
process is similar. Consistent with the quasi-linear heating rates
presented in Figure 5, it is shown [Gary et al., 1996a] that the max-
imum heating rate coincides with the time of strongest resonance
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for the He" ions. Furthermore, in the hybrid simulations this spe-
cies is initially reversibly heated as the ions oscillate in the wave
field in a manner analogous to the quasi-linear case where He*
ions are initially nonresonantly accelerated as E;xB increases
with E;. The transition from nonresonant to resonant interaction
with the growing wave field and the corresponding increase in
heating rate is apparent in both techniques. Omura et al. [1985]
and Gary et al., [1996a] obtain He™" anisotropies with a similar pro-
file to the quasi-linear results given in Figures 2 and 4, where ini-
tially larger heating is observed in the perpendicular direction
providing a peak in T ye/T)ye followed by partial isotropization
as the parallel heating rate increases at later times.

5.3. Comparison With Heavy Ion Energy Observations

Since the saturation time of the instability (2 min) is several
times less than the time resolution of the mass spectrometer ion
moment data available (13 min) from the ISEE mission, a detailed
comparison between the time evolution of obsérved and predicted
ion temperatures is not possible and a statistical study of ion tem-
peratures in the near-Earth magnetotail goes beyond the scope of
this work. For these reasons we will discuss observed mass spe-
cific energy results covering two MNBs, one in the central plasma
sheet [Chaston et al., 1999a] and a second in the plasma sheet
boundary layer [Chaston et al., 1994]. The magnetic field spectra
for each of these appear in Figures 1d and 3g.

For the central plasma sheet ion cyclotron wave event (1978-
04-02/1850 UT), the moment data show that there is a peak in
energy for the He* and He™™ ions at the time of the wave event
with perpendicular energies of 4700 and 9150 eV and parallel
energies of 2290 and 5110 keV respectively averaged over the
interval from 1978-04-02/1846-59 UT. In the absence of signifi-
cant perpendicular drifts and taking into account the parallel drift,
these energies suggest T, ~2350 eV, T, ~4550 eV, and T=2070 eV
and T;=4900 eV for He" and He** ions, respectively, which is sim-
ilar to the modeled results at saturation of the instability (T, =6375
He**, 2100 He*, 60 O eV; T;=1950 He™™, 675 He*, 15 O* eV)
albeit somewhat more isotropic. The O ions, however, are signifi-
cantly hotter than predicted with T, ~2200 eV. In the case of the
plasma sheet boundary layer MNB (1978-04-18/0923 UT) the
approximate observed temperatures based on moment values in the
limit of no perpendicular drift are 7, ~3100, 1650 and 1090 eV and
T;~6400, 748 and 296 eV for He**, He* and O™ ions respectively.
These temperatures are larger than predicted (T =1250 He**, 3450
He*, 33 O* eV; T=880 He**, 300 He*, 10 O* eV) except in the
case of He+ where a lower final temperature than predicted is
obtained.

The modeling results provide at least an order of magnitude
estimate for the temperatures of He** and He* in this region of
space. Considering that the initial temperature of each component
is unknown and the fact that each species may have undergone
several heating events prior to its interaction with the individual
MNBs makes an accurate case study analysis difficult and pre-
dicted temperatures can be expected to be less than those observed.
For O* ions however the modeled temperature is too low. As indi-
cated in Figures 1d and 3g, observations of MNBs exhibit signifi-
cantly larger spectral energy densities below 50 mHz than the
modeling predicts. Significantly, this range contains the O* gyro-
frequency. Chaston et al. [1999b] has shown that these energy den-
sities may be partially due to the contribution from current driven
instability which grows to spectral energy densities equivalent to
the anisotropy instability. As mentioned earlier, for the sake of
simplicity this contribution has been ignored in this study. Enhanc-
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ing the modeled spectrum at frequencies of the order of the O*
gyrofrequency by inclusion of these instabilities may be sufficient
to account for observed O temperatures in the keV range.

6. Conclusion

Tonospheric ions arriving in the central plasma sheet and its
boundary layer whether as part of the polar wind or from the
auroral oval should be closely field-aligned. However, the results
presented by Lennartsson et al. [1985] indicate that typically these
ions have broad pitch angle and energy spectra. This work pro-
vides a possible explanation for the velocity distribution of these
ions motivated by observation of broadband magnetic noise
(MNBs) [Bauer et al., 1995] and linearly unstable hot proton dis-
tributions in these regions [Angelopoulos et al., 1989; Chaston et
al., 1999a]. '

For a plasma initially unstable to the proton anisotropy instabil-
ity and typical of the central plasma sheet and boundary layer we
have performed quasi-linear simulations to self-consistently follow
the evolution of the wave spectra and plasma moments as the sys-
tem saturates. In this way He* ions have been shown to be heated
via a two-step nonresonant to resonant process from 10 eV up to
>3 keV. O* ions experience nonresonant heating from 10 eV up to
~100 eV. This temperature change is, however, reversible and
dependent on the local wave amplitude. He** ions are weakly
heated in the plasma sheet boundary layer but experience strong
heating in the central plasma sheet. Final temperatures for this spe-
cies are of the order of 7 keV consistent with the observations of
Lennartsson et al., [1985) who show enhanced He** energies in
the plasma sheet and those of Lennartsson and Shelley [1986] who
show that the energy of this species is lowest in the flanks of the
plasma sheet and increases toward the central axis ¥ggp=Zgsm=0.
These authors also discuss the inverse relationship between the
density and thermal energy of this species which is suggestive of
the modeling performed where due to the overall energy budget

the more dense the He™™ (or ionospheric) ions the lower their tem-
perature.

In terms of wave properties similar wave amplitudes (<1 nT) or
spectral densities and polarization to that reported by Chaston et
al. [1999a] are obtained and at least a portion of the magnetic wave
spectrum can be explained in this manner. Inclusion of current
driven instability improves the comparison between modeled and
observed spectral results and may push the temperature of O* ions
above 1keV [Chaston et al., 1999b].

In conclusion, this study emphasizes that the observed iono-
spheric and solar wind ion distributions observed from the ISEE
spacecraft in the near-Earth magnetotail may be a result of local
heating due to interaction with the MNBs prevalent in these
regions. This does not imply that it is the only process contributing
to the temperatures of heavy ions seen in these regions but rather is
perhaps an important factor in the evolution of ion distributions as
they stream antisunward from the high latitude ionosphere or enter
the plasma sheet from the magnetosheath. In fact, observations
show that ion waves occur almost continually along the entire
length of fieldlines emanating from the high-latitude ionosphere
and into the magnetotail. Observations in the auroral oval of ion
cyclotron waves are numerous [Kintner et al., 1979; Temerin and
Lysak, 1984; Andre et al., 1998; Cattell et al., 1998; Erlandson and
Zanetti, 1998; Lund et al., 1998] and several theoretical studies
have shown how such waves may lead to the heating of iono-
spheric ions [Andre and Yau, 1997]. At higher altitudes, Mozer et
al. [1997] reports the presence of ion cyclotron waves from the
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Polar spacecraft. Bauer et al. [1995] and Chaston et al. [19992]
have presented statistical studies of waves close to ion cyclotron
frequencies in the near-Earth magnetotail and Tsurutani et al.,
[1985] has reported the existence of such waves in the distant mag-
netotail. This suggests a scenario whereby ions maybe continually
heated as they stream tailward from the ionosphere (in the case of
ionospheric ions) or near-Earth plasma sheet (in the case of solar
wind ions) and become resonant (or to a lesser extent nonresonant)
with the ion waves occurring along their paths.
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