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The maximum energy of 3He ions accelerated by current-driven instabilities
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Nonlinear development of strong current-driven instabilities can cause selective accelerdiien of
ions through H cyclotron waves with frequencies=2Qs,. (3 is the cyclotron frequency of

3He). Energies of these ions are studied theoretically and numerically. Theoretical expressions for
the wave numbersk, andk, , of the H cyclotron waves withv=2Qsy, and for the maximum
energy of®He ions are presented. As initial electron drift speedincreases, the value d&f,
decreases; which leads to the increase in the maxirtgrenergy. Simulation results for the wave
numbers and for the maximuriHe energy obtained by a two-dimensional, electrostatic, particle
code are quantitatively in good agreement with the theory. It is also shown that when the initial
electron drift energy is of the order of 10 keV, mattje ions can be accelerated to energies of the
order of MeVh. © 2004 American Institute of Physic§DOI: 10.1063/1.1650846

I. INTRODUCTION indicates that the electrons exist initially as an energetic
) ) , beam with relatively cold temperature and are heated later.
During solar flares, high-energy particles are producedyhg gensity and velocity distribution of the electrons at the
The compositions of these energetic particles are differeng jgina| acceleration place are unclear, and the electron ac-
between gradual and impulsive flares; the two categories Qfgjaration mechanism has been unresolfeHowever, it
solar flares are commonly divided on the basis of duration ofgoms plausible that, near the original place, the density of

soft x-ray emissiort. the energetic electrons is so high that the total electron ve-

Energetic particles from the gradual flares are dominateg, i, gistribution (including background electrons with zero
by protons, and the elemental compositions of the heavy iongeam speechas a positive slope.

are, on average, similar to those of the background solar  aq 5 mechanism for selective energization®de ions
coronal pIagm&?’ It has been experimentally realized that oy ciotron resonances with waves are believed to be impor-
the energetic ions in these events are produced by shoghnt and several theories have been developed over the years
wave;(Ref. 4 and refergnces thergimheoretically, a large- (Refs. 19—24 and references thejeifihere are, however,
amplltqde magnetosonic shock wave accelerates "’?” th€ome conflicts between these models and observations. For
heavy ions to nearly the same spéédyhich would explain example, Fisk® proposed that the resonant heatingpie
the observed compositions of the energetic heavy ions.  jong s due to electrostatfitle cyclotron waves with frequen-

On 'Fhe ot_her hand, in impulsive flar_e%, the abundance OéieSwzﬂsHe (Qaye is the cyclotron frequency dHe ions.
ent_ergetlec’:gHe4|ons_|s extremely enhancéd.’The abundance There as a wave generation mechanism, instabilities due to
ratio of "He/"He in energetic particles sometimes exceedsyjeciron currents parallel to the magnetic field were studied

. - . - 74 .
unity, aIthougéh this ratio is usually- 10" in the solar co-  pageq on the linear theory; the entire electrons were assumed
rona. In theseHe rich events, the abundances of Fe, Si, M.tg haye a shifted Maxwellian distribution. Fisk's model re-

etc., also tend to increase. Very high charged states WelSires a high’He-to-H density rations,./ny=0.2. In Ref.
reported for Fe ions}'?this suggests that the electron tem- 55 i+\voc chown that H cyclotron waves with=20s,. are
. . . . 1 e

perature is considerably beyond 1 keV in the accelerationegiapilized by electron currents if the electron temperature
region. _ _ T. is sufficiently higher than the H temperatufe,. This

The "He rich evﬁgtﬁl are associated with enhancement ofqgition agrees with the observations because the electron
1-100 keV electro and possess impulsive hard x-ray emperature in the acceleration region tends to be consider-
emission in the early phas_es of the fla(%f. 9 and refer- ably beyond 1 keMRefs. 11 and 12 However, the accel-
ences therejn A standard interpretation of this hard x-ray o ation ofHe ions to energies of the order of MaVtannot
emission is that the electrons are initially accelerated to engg explained.
ergies=10 keV, and then stream along the magnetic field g\, thermore, these previous models assumed that the in-
toward' apd mto.the c;hromos.phere, producing bremsstrahs;oiiities are driven by very weak currents with<uv-e:;
lung via interaction with ambient protons. The number of,qrq ;, is the initial electron drift speed along the magnetic
energetic electrons can be comparable to the electron contepdq andur, is the initial electron thermal speed. However,
of the whole flare region-¢ 10%) (e.g., Ref. 1 The hard 59 mentioned above, energetic electron beams with a rela-
X-ray emission is observed to be followed, with a little t'metively cold temperature u;>v1s) can exist in the early

. . . €

delay, by a soft x-ray emission from heated plasfid This phases of the flares. On the basis of the linear stability
theory, it was expected that such electrons would destabilize
dElectronic mail: toida@plab.phys.nagoya-u.ac.jp many kinds of waves with a wide range of frequencies and
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that selective acceleration difle ions would be difficul On the other hand, the ion temperature rises little. Thus, a
Another mechanism for the enhancement of energeti®lasma withT,, higher thanT, is produced. The change in
®He ions was presented by Temerin and Rdtiyho stated  fe(v)) then destabilizes the electrostatic H cyclotron waves
that the selective acceleration #fle ions is due to electro- Which were marginal in the initial state; the phase velocities
magnetic H cyclotron waves witw=s.,. Motivated by  of these waves are
the Earth’s auroral observations of keV electron beams and Ik~ 5
electromagnetic H cyclotron waves, they considered insta- @I=0d- )
bilities via electron beams in the background electrons andhese waves eventually grow to the largest amplitudes and
ions. Miller and Viras® later studied their model in detail strongly influence energy transport to heavy ions.
and predicted that an electron beam with several ki In Ref. 37, particle simulations were carried out for a
beam velocity is assumed to be larger than its thermal velogslasma containing H'He, and®He ions, and it was demon-
ity, v4>vre) could produce’He ions with energies of the strated that nonlinear development of current-driven insta-
order of MeVh via the electromagnetic H cyclotron waves. bilities with v4>v 1, can cause selective acceleratiorrlde
In these studies, however, the effects of two-stream angbns. This acceleration is caused by H cyclotron waves with
electron-plasma waves were neglected, although these wavitequencies near @s,.. The dispersion relation was theo-
have much greater growth rates than electromagnetic H cyretically and numerically analyzed in order to show the con-
clotron waves. The fast growing waves would change thelition where these waves become dominant. The growth
electron velocity distribution significantly and could preventrates of these waves can be written as
the electromagnetic H cyclotron waves from growing.
Recently, Paesoldet al?”?® presented that parallel W a9(vy) 3
propagating, left-hand polarized electromagnetic waves " dv, ) =w/k,
driven by electron firehose instabilities, can selectively ac- s
celerate®He ions. These electron firehose instabilities arewhereg(v,) is the electron parallel distribution functidthe
excited by the electron temperature anisotropyTe,) expression foi, will be presented in Sec.)ll It was found
that is expected to occur in the course of the energization dhat «, have the largest values ab=2Qsy,, if Tg
electrons during the impulsive phase of flares; here the sutiz10Ty. (The frequencies and growth rates are almost inde-
scriptsll and L denote quantities parallel and perpendicularpendent of the values of the magnetic field and the plasma
to the magnetic field, respectively. It was suggested thadlensity) These results indicate that if an electron beam with
these instabilities could account for the acceleration of iondts initial drift energy higher than 1 keV exists, and the ef-
up to MeV/n. However, the wave amplitude was assumed tdective electron temperature beconieg=1 keV, in the so-
be determined by the linear growth rates, although the wavéar corona wherel';=100 eV, the H cyclotron waves with
saturation is a nonlinear process. w=2Q3,, would eventually grow to large amplitudes and
All the above models were thus based on the lineawould preferentially acceleratéHe ions. This prediction
theory of plasma instabilities. In order to study the associatedgrees with the observation thde rich events are almost
energy transport to ions, nonlinear effects of the instabilitiessccompanied by energetic electrons with 1-100 VE
should be investigated in a self-consistent manner. Recentlgnd the electron temperature in the acceleration region is
current-driven instabilities in a multi-ion-species plasmahigh*2
have been investigated by means of a two-dimensi@nal In the simulation, the entire electrons were assumed to
space and three velocity componentslectrostatic particle have a shifted Maxwellian distribution at the tirte 0, and
simulation code with full ion and electron dynanfics®  background electrons withy=0 were not included. How-
where all the electrons were assumed to be initially drifting.ever, the theory, expressed by E¢b, (2), and(3), can be
It has been found that the nonlinear effects of the instabilitiesipplied to a situation where background electrons efisie
strongly influence energy transfer from electrons to heavynitial growing waves are electron plasma waves when the
ions. (These nonlinear effects were not shown in Ref. 32background temperature is relatively cold. The electron
where the authors were motivated by observations of ioplasma waves change the electron velocity distribution func-
heating in the Earth’s ionosphere and studied electrostatiton, which destabilize H cyclotron waves with'k,~v.)
ion cyclotron instabilities, which were driven by electrons The theory gives a good estimate of when the density of the
with a shifted Maxwellian distribution. Electron currents energetic electrons is high.
with v4>v+. destabilize Buneman waves at fitdtas pre- In these studies, however, the maximum energyH
dicted by the linear theory. However, the Buneman waves$ons was not given. In this paper, we have obtained the maxi-
quickly saturate owing to electron trappifftj.>®The electron mum energy using theory and simulation. We then show that
trapping drastically changes the shape of electron velocityf the initial electron energy is of the order of 10 k&sind
distribution function,f«(v,), and significantly broadens its the electron temperature beconiks~ 10 keV), many*He
width. Because of this broadening 6f(v,), the effective ions with energies of the order of MeN/would be pro-
electron temperaturd@y, rises significantly. The saturation duced. These results explain the observations thatHan
level of T is estimated as rich events, manyHe ions are accelerated to energies of the
order of MeVh.%10
5 In Sec. Il, we give theoretical expressions for the wave
Tey~Mevyg/2. (D) numbers,k, and k, , of the H cyclotron waves withw
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=20, assuming that the wave phase velocities atk,  getic electrons would be significantly reduced and the posi-
~Uy and that the effective electron temperature Ti§‘ tive Slope in the distribution would be relaxed.
~me5. We will also give a theoretical estimate for the || THEORY

maximum energy ofHe ions accelerated by these waves. It We consider instabilities by energetic electrons that are

is then found that as the initial electron drift speeglin- oy nected to be produced in the initial phases of flares and to
creases, the value &f, decreases, and the maximuide  then stream along the magnetic field. We assume that the
energy thus increases. In Sec. lll, we present results obtainggactron stream velocity4 is larger than its thermal speed
by a two-dimensional, electrostatic, particle code with fuIIUTe' and the beam density is so high that the total electron
ion and electron dynamics. Setting electrons to have a shiftege|ocity distribution has a positive slope. We also assume
Maxwellian distribution att=0, we study how the wave that after development of the first growing waves, effective
numbers of the H cyclotron waves and the maximiiie  electron temperature becomes~me?2, and then electro-
energy depend ony. The observed wave numbers and thestatic H cyclotron waves with phase velocig/k,=v4 are
observed maximurmiHe energy are both in agreement with destabilized. We estimate the wave numbers of the H cyclo-
the theory. It is also shown that as thée density decreases, tron waves and the maximum energy®sfe ions accelerated
the fraction of high-energjHe ions increases. In Sec. IV, we by these waves. Inhomogeneities of the background plasma
compare the theory with the observations. Assuming that thend the magnetic field are neglected.

initial electron drift energy is of the order of 10 keV and that o \yave number of H cyclotron waves

the electron temperature also becomes this value, we esti- ] . )

matek, andk, of the H cyclotron wave witho = 2Qs. We We give theoret|ca_l expressions for the wave n_umbers of
then show that the corresponding maximee energy is of H cyclotron waves witho =203 in a plasma withTe

the order of MeVh. Furthermore, by numerically calculat- — et TH- In the case of strong current-driven instabilities,
ing the orbits of many test particles in the wave, we demon{he electron temperature is related to the initial electron drift

strate that manyHe ions can be accelerated to these ener> peed asfg ~Mevy . It was theoretically and numerically
) . shown that the waves witlh =203, and w/k,~v4 grow to
gies. In Sec. V, we summarize our work.

the largest amplitudes Fo=10T,;.%’

Ip our theoretical .model, we gssgme that the or|g|.n.al We assume that the electron distribution function is writ-
density of the energetic electrons is high and that a positive, | 4s

slope exists in electron velocity distribution function. It is )
deduced from the spectrum of the bremsstrahlung in the solar £ _ 1 U 4
flares that the velocity distribution of the energetic electrons Divi) 2m a2 R T 22 9(vy). (@)

y g TelVTeL Tel
fhallls no positive sIgp@.This discrepa?cy canbbe explaiged ZSWe consider waves whose wave numbers and frequencies are
ollows: We consider an energetic electron beam produced in
the initial stage of the flare and assume that its beam density |0=nQili(kpr)>1,  o—nel/(kpre) <1,
is high and its stream velocity parallel magnetic field is K pe<1, ®)
larger than its thermal velocity. This situation is very un-whereu; is the thermal velocity of ions, angl, is the elec-
stable, and relaxation to the distribution without the positivetron Larmor radius. We keep ion thermal effects in the per-
slope can occur in a short tim{according to the simulation pendicular direction and electron thermal effects in the par-
results, it can be of the order of, at most, the ion cyclotronallel direction.
period. The ratio of its relaxation time to the slowing-down We shortly describe the growth rates of the H cyclotron
time of the electrons through collisions with background ionswaves, which are given by

can be estimated as 102, where the magnetic field, ion ag(v;)
density, and electron energy are assumed t@Bk€l00 G, YnT & (6)
ny=10" cm~3, andm.v3= 10 keV, respectively. Therefore, b=
before the bremsstrahlung occurs, the density of the enewith «,
|
[o] ’ o0 7 _l
47Tana n"Quln (un) 47TnHeq|2-|e N Qpel’n (he)
an= T 2 -n'Q 2 + T E -n'Q 2 ’ (7)
H nieee (0,—n"Qy) He nievw (@r=N"Qaye)

wherel',(u;) =1n(x;)exp(=u;) with 1, being the modified 3He ions is much smaller than those of H &tk ions in the
Bessel function of theth order. The quantity; is defined  solar corona. IfT.=10Ty, a, is the greatest ab=203.
as =k p? with p; being the gyroradiug; is the density, (Strictly, the frequency differences from(2,, are of the
q; is the charge, and; is the temperature. The effects®fe  order of T,/ T, .>” We here neglect these differendes.
ions on the waves are neglected, because the abundance of In order to obtain the theoretical expressionsdor, we
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approximateg(v,) as a Maxwellian distribution with thermal a plasma withT¢>Ty, however, the growth rates of the
velocity vre. Retaining thenth and fi+1)th terms of H  electrostatic waves become much greater. From(Bgyval-
ions and the Oth term dHe ions, we write dispersion rela- yes ofa; can be approximated as

tion of thenth harmonic H cyclotron waves as

a1~ N3, QuA% (K2 p2), (16)
nyT nyT . .
Qi=1+ %nl‘n(ﬁm) 1+ nHTe” 1-To(up) where\py is the H Debye length, anfl is A=w—Q. As
H e'H e'H discussed in the previous papgémve can roughly estimate as
m. Q2 A=0.1 andk, py~1 for T /Ty=1. AsTg /Ty increasesA
=TI () +nT () + m—e _26/-LH increases anll, py decreases; which leads to the increase in
H @pe the growth rates.
2 -1
AieNHel He
~o7n 7 11~ To(une)] ®
ele B. Basic equations for accelerated ions
In a plasma withT¢>Ty, the fundamentalr(=1) waves We consider particle orbits in an electrostatic H cyclo-
with smallk, , tron wave under three assumptiori$) the wave amplitude
K pu<1l, (9) does not change in timé2) its frequency is nean{) (n is

integer and( is the cyclotron frequency of the parti¢)€3)

. 7 .
become importarit’ For these waves, we set B@) into the amplitude is so small that the stochastic acceler:tfSn

form does not occur. The particles satisfying the resonance condi-
e 5 o tion, o —nQ —kjv;=0, will then be accelerated, and their
w=|1+ 2n.Tp KLph | Q. (10) Larmor radii will increase. However, the acceleration will
e

o . _ not continue infinitely, and the upper limit of the Larmor
SubstitutingTe~mevg into Eq. (10), we obtaink, of the  radius exists. We give the maximum Larmor radjig,.

w=2{)3,, Waves as Suppose thak; is much smaller thak, , as shown by
nemHU‘zl'H 20810— O Eq. (13). Then, for the resonant part|ples with —n()
K, py~ 5 q (12) —kyjv,;=0, we have a constant of motiod,y(k, p)cosé
NEMel H (Refs. 40 and 41 and references thereitere, the magnetic

As the initial electron drift speed, increasesk, decreases. field is set to be in the direction, and the wave is assumed

We estimatek; from Eq. (2) as to propagate in thex(z) plane. The quantity is defined as
kj=2Qse/vg. (12) §=nb—(o—kp)t+k, Xg0+KZo, (17)
The ratio ofk, to k; is written as where 6 andxy, are the gyration phase and the initial posi-
K 20 Q.| 112 tion of the gyration center, respectively. Using the initial con-
L mHne< SHe H) =1 (13  ditions, we write the constant of motion as
k men Q '

Lo e 3n(k, p)cost=J,(K, po)cosé,. (18)

Hence, the waves propagate nearly perpendicular to the am- . i
bient magnetic field, and the perpendicular electric figd ~ duation (18) shows thatp becomes maximum at cgs
is much greater than the parallel ofig). ==*1, and its valugy,y satisfies

Electromagnetic components in these waves are negli- |3, (K, pyad) | =|In(K, po)COSEo|. (19
gible. In the extremely long wavelength region, electrostatic . . . _
H cyclotron waves would be connected to magnetosonic The zero points of the Bessel functidpgives the maxi-

waves®® Hence, we can write the condition where the elec-MUM energy ofHe ions. When the initial Larmor radiys,

trostatic approximation is valid as is much smaller than the perpendicular wavelength,
olk, <va, (14) K po<1, (20)
whereu , is the Alfvén speed. For H cyclotron waves with U 1€ft-nand side of Eq19) is extremely small. Themya
w~Qy, Eq.(14) is written as can be estimated from
K pp=>vr, /va. (15) In(Kyprax) =0. (21

That is, the value ok, pyax COrresponds to the first zero

In coronal magnetic tubesir /v, is extremely small. In point of the Bessel functiod, and is written as

fact, for B~10% G, ny~10® cm 3, and T,~100 eV, we
havevTH/vA:6><10‘3. Thus, ifvTH/vA<klpH<1 is sat- n+ §) (22)
isfied, the electromagnetic components are negligible. 2

We do not consider electromagnetic waves with muchThe ratio of the maximum Larmor radius to the initial one is
longer wavelengths, although a part of the electron free engiven by
ergy may be transferred to those waves. Whgp=T,, the
electromagnetic waves might be important, because the elec- PMax__ Z( + E)i (23)
trostatic H cyclotron waves have only small growth rates. In P02 2/kipo’

o
K\ pmax™ E
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If K, po<<1, pmax IS Mmuch greater thap,. We also note that 12 I I I I
Pwmax IS @almost independent &f. The particles can have the R P
maximum Larmor radius given by E1), almost indepen- 10— , o -7 —
dent of the initial gyration phasé, or the initial position, RN 3He

— 4 —

Xgo andzy.

(=]
S
C. Maximum energy of °He ions M_'
As described in Sec. Il AHe ions are accelerated by the
H cyclotron waves withw=2Q3,.. These waves have long
wavelengthsk, py<1. Suppose that the initidHe tempera-
ture is equal to the H temperature. Then, most ofthe ions
would satisfy Eq(20). From Eq.(22) with n=2, we estimate
the maximum Larmor radiugyay of the *He ions as 0.12

8
6
4
2
0

Pmaxc=5/K, .

(24

0.1

The ratio of the maximum energy to the initial thermal e 0.08

energy is written as

2 2 02
U Max 25 Ut Q3

(29

=
M 0.06
0.04

H cyclotron wave |

2 - 2 .2 2
UTse (ki pn) UTae QH

0.02

WhereuTH and v sy are the initial thermal velocities of H
and3He ions, respectively. Equatiaf25) shows that in the 0
wave with k, py<1, the maximum®He energy is much
greater than the initial one. Als; decreases, the maximum
®He energy increases.

Using Eq.(11), we approximately write Eq25) as

2 2 2
UMax ' Meld Qape Mev g

U%He T Tane (2Qape— Qpy) Tape

I I I I I I
0 1000 2000 3000 4000

Mpel

FIG. 1. Time variations of the total perpendicular energies ofHte, and
SHe ions, and time variation ofE,? of the H cyclotron wave with
(kypn .k, py)=(0.031,0.43). The ion energies are normalized to their initial
(26) values, and the wave amplitudig,|? is normalized tomav2,.

whereTsye is the initial *He temperature. The maX|.mu?hIe drift speedv4 along the magnetic field. The initial electron
enerzgy is proportional to the initial electron drift energy temperature is equal to the ion temperatdig=T;,, where
Melg - i denotes H*He, or°He.

Although the initial electron distribution used in the
simulation may be hardly formed in solar flares, this simula-
tion system enables us to qualitatively understand energy
transfer from electrons téHe ions through nonlinear pro-

By means of a two-dimensiondtwo space and three cegses of the instabilities. We here pay attention to how the
velocity componenjselectrostatic particle code with full ion \ave numbers of H cyclotron waves and the maximum en-
and electron dynamics, we study the evolution of the enerergy ofHe ions depend ony. We also compare simulation
gies of °He ions accelerated by nonlinear development ofresylits with the theory that can be applied to cases where the

strong current-driven instabilities. Since the simulationinitial electron distribution is not a shifted Maxwellian dis-
method was described in detail in the pervious pdp&e  tripution.

only briefly mention it. We consider a plasma consisting of
electrons, H/*He, and®He ions. Their total numbers in the
simulation are N.=16777216, Ny=12783616, Naye
=1597440, andNsy,,=399360. The mass ratios are According to the linear theory based on these initial con-
My /me= 100, may/my= 4, andmey./my=3; the charge ra- ditions, Buneman waves are unstable, while H cyclotron
tios areqy/|qe =1, Qene/gu=2, andgse/qy=2. The sys- waves are almost stable. Certainly, as shown in Refs. 31 and
tem size isL, XL, =512A,X 1024\, whereA, is the grid 37, the Buneman waves grow at first. However, they quickly
spacing. We use periodic boundary conditions in bothxthe saturate owing to electron trapping. The electron trapping
andy directions. The external magnetic field is in thali-  drastically changes the shape of the electron velocity distri-
rection. The electron cyclotron frequency is set to bebution functionf¢(v,); which leads to the rise in the electron
|Qe|/wpe=4, wherew,, is the electron plasma frequency. temperature. The H cyclotron waves are then destabilized by
The time step iSv,At=0.1. the change inf¢(v). The waves withw=2Q3,, and w/k

We assume that the ions have isotropic Maxwellian ve=uv4 become dominant and preferentially accelerdite
locity distribution functions at=0, and that the entire elec- ions.
trons have a shifted Maxwellian distribution with the initial Figure 1 shows time variations of the total perpendicular

IIl. SIMULATION

A. Method and parameters

B. Wave properties and 3He energy
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®/Qy 0 100 200 300 400 500
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FIG. 2. Power spectrum of H cyclotron waves and contour lines of phase 3He
velocity w/k; in the (w,k;) plane. Vertical line represents the frequeney

= 20— (413)0. FIG. 4. Energy distributions ofHe ions forvy/vre=3, 4, and 6. The

energies of théHe ions are normalized to their initial thermal energies.

energies of H*He, and®He ions and of the H cyclotron waves withw=20Q3,, depend orwy. We have performed
wave that grows to the largest amplitudelere, the initial ~ simulations with various values afy and obtained Fig. 3,
electron drift speed is set to hg=41..) We see that the where the value of, of the largest amplitude wave is shown
3He ions are selectively accelerated. The H cyclotron wave igs a function ob4. The dots are simulation results, and the
destabilized atw,t=200 and saturates ah,.t=800; the solid line represents the theoretical prediction, 8d). The
saturation is caused by the flattening fe{v,) around the simulation results are in good agreement with the theory. As
phase velocity of the wavé. After the timew,t=800, the v, increasesk, decreases.

wave is damped because of the energy transfer tclee Figure 4 shows energy distributions of tfide ions for
ions. At w,t=1700, the wave amplitude is significantly de- v4/vte=3, 4, and 6, at the time,t=2000. The maximum
creased, and thiHe energy saturates. 3He energy increases withy, as Eq.(26) predicts. Figure 5

Only a small part of the initial electron free energy shows the maximumiHe energy as a function &, of the
(about 0.03 is converted to the energies of the H cyclotron largest amplitude wave. The solid line represents the theoret-
waves. Most of their wave energies are then transferred tial value estimated from Ed25). The simulation results
the ®He ions. As shown by Eq1), a large part of the initial ~also agree with the theory.
free energy is converted to the electron thermal energy.

Figure 2 shows a contour map of the power spectrum fofS- Fraction of high-energy  *He ions
many H cyclotron waves in theu(k)) plane; the data from Equation(25) indicates that the maximurite energy is
wpet =0 to 4000 is used. Contour lines of phase velocityjngependent of théHe densityns,e. However, the fraction
wlk, are also plotted. The waves with=2Q3c and w/k; high-energy®He ions may depend ons... In order to
=vgq eventually become dominant. The H cyclotron wavegydy this, we have performed simulations assuming that
shown in the bottom pqnel of.Flg. lis one of these WaVeS. . dane/ (N = 1/4, 1/16, and 1/400. In the case of

Now, we compare simulation results with the theory. Ac- 1/400, we use the fine particle metfddor the 3He ions;
cording to the theory, the values &f of the H cyclotron Gore= 0.0, Mape=0.03My, Nae= 399 360, and the initial

thermal velocity iSUTBHe:O.OZGJTe.
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FIG. 5. The maximum energy dHe ions as a function df, of the largest
FIG. 3. Wave numbek, of the largest amplitude wave as a functiorvgf. amplitude wave.
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FIG. 6. Energy distributions ofHe ions in the three plasmas with
NayeOape/ (Napelane) = 1/4, 1/16, and 1/400. The initial electron drift spegd
is set to bevy/vre=4.

FIG. 8. Time variations of the amplitudes of the H cyclotron waves with
w=2Q03, and w/k=vq, in the three plasmas wherer
= NayeOape/ (Napeliane) = 1/4, 1/16, and 1/400.

IV. COMPARISON WITH OBSERVATIONS
Figure 6 shows the energy distributions of fi¢e ions

at wp et =4000 forns,Gspe/ (Napelane) = 1/4, 1/16, and 1/400
(the initial electron drift speed is set to bevy/v.=4).

It has been reported thdHe rich events are almost al-
ways accompanied by energetic electrons with 1-100
The fraction of energetic particles such thet/v?, >50 keV®*In this section, we suppose that electron drift energy
: q Tre is of the order of 10 keV. We then estimate the wave number
INCIeases adse decreases. ) of an electrostatic H cyclotron wave that would be destabi-
3 Figure 7 shows time variations of the total energies ofjj,q by these electrons. Energies’sfe ions accelerated by

He ions. Asnsye decreases, the saturation level KiKo g \yave are studied theoretically and numerically.

|n|creases: ;’:’hemlol Is the |n|t||al energy. Tp'i('; be_cause ina Although the simulation is started with a situation where
plasma with smallens., a larger part of theHe ions are all the electrons are drifting, the discussion in this section

accelgrated tohhlgh enelrg!es, afs shown ml Fig. 6. ith can be applied to situations where background electrons ex-
Figure 8 shows evolution of the H cyclotron waves wit ist; the total electron velocity distribution must have a posi-

w=2{3pe andw/kj=vq. In a plasma with smallems.e, the 4\ slope neav,=v4. The theory gives a good estimate of
wave keeps a large amplitude for a longer time, because ﬂ\ﬁhen the beam density is high

Qamping due to théHe.ions is Weaker._;l'hus, we expect that From Eqgs/(11) and(12), we obtain k; ,k, ) of the wave
in the solar corona withsye/naye~10"%, the H cyclotron ; _ _
. ) with =203y, and w/k;=v4 as
waves with w=20s,, would keep large amplitudes for a
(kaH,kJ_pH)"’(OOOJ.l,OO45 (27)

much longer time, and the fraction of energetide ions

would be much greater. Here, we assume that the initial electron drift energy is
meu§/2= 40 keV, and that the temperature of H ionsTig
=100 eV. The H density is set to be equal to the electron
density; the effects ofHe and“He ions on the wave are

40 neglected. As described in Sec. Il, the electromagnetic ef-
fects are negligible.
30 Suppose that the magnetic field is 100 G, the parallel and
& perpendicular wavelengths of the H cyclotron waves are of
B the order of 18 cm and 16 cm, respectively. They are much
§ 20— smaller than the typical flare size,®16m. Hence, we neglect
- effects of inhomogeneities of the background plasma on the
10 waves.
| Substituting Eq(27) into Eq. (25), we estimate the ratio
5 T L L L L of the maximum®He energy to the initial thermal energy as
0 1000 2000 3000 4000 02
Oyt 10, (28)
UTsHe

FIG. 7. Time variations of the total perpendicular energiesHs ions for

. . 3 .
F = NoeGrie/ (Nseline) = 1/4, 1/16, and 1/400. The energies are normalized Where the initial°He temperature is assumed to be equal to

to their initial values.

the H temperature, 100 eV. That is, the maximthe energy
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FIG. 9. Phase space plots(v,) of the testHe particles in the H cyclo-
tron wave with &;py .k, py)=(0.0011,0.045) an@d =203, at the times
Qsyt=0 and 800.

is of the order of 1 MeW, which is the same as the ob-
served energies oHe ions in theHe rich events:*®

Test particle simulationNow, in order to study energies
of many>He ions, we numerically calculate test particle or-
bits in a stationary monochromatic H cyclotron wave with
the wave number given by E@27). Initially, particles are
distributed uniformly in space with a Maxwellian velocity
distribution. The total number of the test particlesNg;e
=8192. The wave amplitude is set to Bg=1.0, whereE,
is the electric field normalized toryBg/c. The electron-to-
ion mass ratio is set to b, /m,=1,836. Numerical inte-
gration of the equation of motion is performed with Adams—
Bashforth—Moulton methotf

Figure 9 shows phase space plaig,¢ | ) of the testHe

particles atQQsyt=0 and 800. The particles are accelerated

perpendicularly to the magnetic field. Als,t=3800, most
of the particles have large velocitias, /uT3He~ 100, almost
independent of the initial gyration phase or the initial posi-
tion, as predicted by Eq21). Evidently, many*He ions can
be accelerated to the energy of the order of MeV/

Almost all the particles resonate with the wave. In Fig
9, the maximum value of the parallel velocity@t;=800 is
about 4vt,, - Even for the particles with this parallel veloc-

ity, the resonance condition is well satisfied because
- ZQSHG_ k”l)Hz 2X10" 3QBH9'

The maximum energy of *He ions. . . 1629
with
2 2 2 2
1) w5yl (k
pe pH=2H! n{K Py
e=1+ + . (30)
k*Te ; K Th(0—nQy)°

The ratio of the wave energy to the initial electron free en-
ergy is written as

Wk,w _ E|E0|2 ﬁ |Qe|2

2 2
NeMeU g 4 Wpe

Assuming that |Eo|=1.0, @=2Q3, and Q¢/wye
=3 (B=100 G, n,=10° cm %), we estimate this ratio as
~10"1. The wave energy is smaller than the initial free en-
ergy.

We now calculate the ratio of thitde total energy to the
wave energy, which is given by

(31)

2
Ud

2 2
N3peMBpel Max _ 4x10* MayelMBe Wpe
Wk,w €| Eolz

where all the®He ions are assumed to be accelerated to the
energy given by Eq(28). This ratio is of the order of 0.1.
Thus, the damping due to théle ions is small, even if all
the ®He ions are accelerated to the energ§ fites as high

as the initial one.

, (32
NyMe |Qe|2

V. SUMMARY AND DISCUSSIONS

We have studied energies 6He ions accelerated by
strong current-driven instabilities. The acceleration is via the
H cyclotron waves with frequencies=2Qs,. and phase
velocitiesw/k,~v4. We have given a theoretical expression
for the wave numberg; andk, , of these waves as a func-
tion of the initial electron drift speedy . We have also theo-
retically estimated the maximum energyfe ions acceler-
ated by these waves. Asy increases, the value df;
decreases, and the corresponding maxinitd® energy in-
creases. By means of a two-dimensioftalo space and three
velocity componenis electrostatic, particle code with full
ion and electron dynamics, we have performed simulations.
The observed wave number of the H cyclotron waves and the
observed maximumHe energy are both in good agreement
with the theory. It is also demonstrated that the fraction of
energetic’He ions increases as thele density decreases.

Based on the theory given in this paper, we have esti-

The *He ions are accelerated to the energy of the ordepated k, andk, of the H cyclotron waves that would be

of MeV/n in a very short time. Assumin®=100 G, we
estimate its acceleration time asl0 2 s. The®He ions then
travel only a short distance~(10* cm) along the magnetic

destabilized by electrons with initial drift energies of the or-
der of 10 keV. We then showed that the corresponding maxi-
mumHe energy is of the order of MeWi/ Furthermore, the

field during thi_s period; this distance is much smaller thanggt particle simulation demonstrated that m3g ions can
the characteristic scale length of solar coronal tubege accelerated to such high energies. These results can ex-
(10° cm). Therefore, inhomogeneities of the magnetic fieldpjain the observations that tiéle rich events are almost

do not limit the acceleration oHe ions.
We compare the wave energy with the initial electron

always accompanied by energetic electrons with 1-100 keV,
and that manyHe ions are accelerated to the energy of the

free energy. Suppose that the H cyclotron wave with theyrger of MeVh.

electric-field amplitudee, is excited in a plasma. Then, the
total energy of the wave is written ‘ds

W, ,= €|Eo|?/(16m), (29

In this paper, we have considered electrostatic H cyclo-
tron waves whose group velocities are in the region

Vg <Ug1 <Ua, (33
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