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Positron acceleration to ultrarelativistic energies by an oblique
magnetosonic shock wave in an electron-positron-ion plasma

Hiroki Hasegawa
Theory and Computer Simulation Center, National Institute for Fusion Science, Toki 509-5292, Japan

Yukiharu Ohsawa®
Department of Physics, Nagoya University, Nagoya 464-8602, Japan

(Received 16 June 2004; accepted 8 October 2004; published online 14 December 2004

Positron acceleration in a shock wave in a plasma consisting of electrons, positrons, and ions is
studied with theory and simulations. From the relativistic equation of motion, it is found that an
oblique shock wave can accelerate some positrons with the energy increase rate proportional to
E-B. They move nearly parallel to the external magnetic field, staying in the shock transition region
for long periods of time. Then, this acceleration is demonstrated with one-dimensional, relativistic,
electromagnetic particle simulations with full particle dynamics. Some positrons have been
accelerated to ultrarelativistic energieg~ 1000 with this mechanism. Parametric study of this
acceleration is also made. @05 American Institute of PhysidDOl: 10.1063/1.1827624

I. INTRODUCTION parallel to the external magnetic fieB}, and y increases
linearly with time.

Plasmas containing positrons can be produced with in-  In Sec. IV, we study the positron acceleration by using a
tense lasefsand could be found around pulsars or in astro-one-dimensionalone space coordinate and three velocity
physical jet$ > Many authors have thus studied wave propa-componenty relativistic, electromagnetic particle simulation
gation, plasma configuration, particle acceleration, etc., irtode with full particle dynamics. It is shown that some pos-
such plasma‘g’ﬁ‘.18 itrons are reflected and then accelerated in the shock transi-

In a recent paper it has been shown that an oblique tion region. The observed maximum energy in the simula-
magnetosonic shock wave in an electron-positron-iortions is y~1000. The energy increase rate/dt is in good
(e-p-i) plasma can accelerate positrons to ultrarelativistic enagreement with the theoretical prediction. Also, as the theory
ergies. During the acceleration, these positrons stay in thpredicts, the particle motion is nearly parallel to the external
shock transition region and move nearly parallel to the eximagnetic field. We then examine the dependence of this ac-
ternal magnetic fiel®,. The energy increase rate was found celeration on some plasma parameters; shock speed, propa-
to be proportional td -B. gation angle, ion-to-electron mass ratio, and positron density.

These features are quite different from those in the surin Sec. V, we summarize our work.
fatron acceleratiof’ 23 where the longitudinal electric field
E, accelerates particles in the direction parallel to the wave
front and perpendicular tq the mfagneztic field. For the unlim-, MAGNETOHYDRODYNAMIC WAVES IN AN e-p-i
ited accelerationE,/B> 1 is required’ PLASMA

This paper describes the positron acceleration found in
Ref. 19 in more detail. In Sec. I, we outline some properties  Here, we briefly describe magnetohydrodynamic waves
of obligue magnetohydrodynamic waves in celg-i plas- in e-p-i plasmas. From the three-fluid model for a cold
mas. Linear dispersion relations of the three modes in the-p-i plasma with full Maxwell equations, we obtain linear
frequency regime lower than the electron gyrofrequency aréispersion relations of oblique waves as
shown. Then, some nonlinear properties of the magnetosoni

mode, which is one of the three modes, are mentioned. Al wi  cA? w?; w3
. . . 1_2_21___ 1_2_21 1_2_21_
though the magnetosonic wave has no electric potential in , , -
; 812,17 ; i w?2-0%2 @2 I @? i w2-02
pure electron-positroffe-p) plasma, it can have large j j
electric potential in are-p-i plasma, which plays an impor- ” 5 ) 2\ o0
tant role in the particle acceleration. _C K + E Wpj _& oK Sin2 0
In Sec. lll, we theoretically discuss the positron accel- 2 T2 A 2 2
X . L w ' (0= Q) v/ w
eration. Some positrons are reflected along the magnetic field !
by E;, the electric field parallel toB. Assuming that 02 Q. 2 02 A2
vdy/dt> y|dv/dt| for the reflected positrons, whereis the -1 > —2— 1-> 2 -=—sirte | =0,
particle velocity andy is the Lorentz factor, we obtawmand I (w?- QJ.Z) ® i w2 w?
dyl/dt of relativistic positrons. In this solution; is nearly (1)
3Electronic mail: ohsawa@phys.nagoya-u.ac.jp where wy,; is the plasma frequency,
1070-664X/2005/12(1)/012312/7/$22.50 12, 012312-1 © 2005 American Institute of Physics
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FIG. 1. Dispersion relations for magnetohydrodynamic wavespri plas-
mas. The propagation angle &-45°. The positron densities argy/ng

ck/wpe

governed by the Korteweg—de Vries equaﬂgﬁ'.he soliton
width is ~c/ wp,; except for the vicinity of=90°.

The magnetosonic wave has no electric potential in a
pure e-p plasma?!’In an e-p-i plasma, however, it can

=0.02 andny/ne=0.9 in the left and right panels, respectively. In the low haye a large electric potential. The magnitude of the potential
frequency regime, we have three modes: the high-frequency (tiadeH),

magnetosonic mod@ine M), and Alfvén modgline A).

2 _ 2
wpj = danjdi/m;,

2

in a solitary waved is given as

(1-Z2p)r(M-1)
sif 6’

e¢ _ 2mivi
T (1+03lcd) Z(u+v)

11

whereM is the Alfvén Mach number. Fag/ng~ 1072, the

with the subscripf=e (electrong, p (positrong, ori (ions),  potential is ~10? times as large as that in an ordinary

and(); is the gyrofrequency including the sign of the charge,electron-ion(e-i) plasma,~2mivi(M —-1). Large-amplitude
magnetosonic waves will propagate as shock waves.

The subscript 0 refers to equilibrium quantities. Equatibn
gives six oblique waves. These are shown in Fig. 1, where
the ion mass and charge were taken tonpam,=1836 and
g;=e. The magnetic field strength j€¢|/ w,.=3.0. The angle
between the wave vectdr and the external magnetic field
B, is #=45°. The positron-to-electron density ratio is  In Sec. Il A, we describe some properties of positron
Npo/Neo=0.02 for the left panel, while it ig1,/ng=0.9 for motions in an obliqgue shock wave. In Sec. Il B, then, we
the right panel. These pictures indicate that in the low freWill discuss positron acceleration. The shock wave is sup-
quency regime such that=< ||, we have three modes. We posed to propagate in the direction with a propagation

lll. POSITRON MOTIONS

will call them high-frequency modgine H), magnetosonic speed wvs, in an external magnetic field By
mode(line M), and Alfvén modgline A), respectively’™®  =By(cos6,0,sin6).
In the limit of k— o, these waves have resonance fre-
quencies:
onir = Qe (4)
for the high-frequency mode A. Characteristics of positron motions
O = |Qelcos, (5) The width of the transition regioA of an oblique mag-

netosonic shock wave is of the order of the ion inertial
for the magnetosonic mode, and length, ~c/ wp,;. The gyroradii of nonrelativistic positrons,
o ~ O 6) are thus much smaller thak, whlltla.those qf ions are com-

d " parable to or greater thak. In addition, positrons can make
for the Alfvén mode. Ak=0, the high-frequency mode has a gyromotion many times while they pass through the shock
cutoff frequency, transition region. Hence, the motion of nonrelativistic posi-

5 trons can be well described with drift approximation. Their
no = Z(p+ v)|Qll(1+ Z), ) guiding center velocity, may thus be written as
wherev=njo/ (Neo+Ngo), w=m/m;, andZ=qj/e.
In the long-wavelength region, the dispersion relation of
the magnetosonic wave is given as

Vg=Vatuig: (12
wherevy is the drift velocity andy; is the velocity parallel to
the magnetic field.

Another important property of positrons is that they can
be reflected along the magnetic field by the parallel electric
field E;. This occurs because the positron mass is quite small.
(lons can be reflected across the magnetic fiefd:> In
fact, from the nonrelativistic equation of motion in the wave
frame, we have the following equation:

= #A/Cz)l,z(lﬁ k), (8)

whereuv, is the Alfvén speed

-1/2
Up = Bo<4772 njomj) . (9)
J

The dispersion coefficieny,, is obtained as
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1 1
Emp(ku —vn)?==e(Fy = Fyo) = K= By + Empvevo

1 E
2 wy0
- Empvwd —myC B (Vwaz = Vwz0) -
X0

(13)
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bV Be BB o (20)
c ¢ By By By ’

Ay w B BB g, 21)
dQ) ¢ By By By

wheree is a smallness parameter, we obtain the lowest order

Here, the subscript w refers to quantities in the wave framegquations as

Uwaz IS the z component of the drift velocity,,q, and w,, is
the magnetic momenuwzmpvﬁl/(ZBW) with vy, , the gy-
ration speed perpendicular to the magnetic field. Alsg,
=—CEpyoBuz/ (B,oBy), andK=-my? /2. The quantityF,, is
the integral ofE, alongB,?

_JM

BxO

Fu dx,,. (14)

Equation(13) indicates that positrons cannot penetrate

regions where the values of the right-hand side become neggyare \we have used the relations

tive. Thus, if e(F,,—F, becomes greater than the other

terms, positrons will be reflected there. The other terms are

of the order ofmpvzA or mpvip (v7p the thermal speegd
whereasF in a shock wave can exceedqc? (see Ref. 26 or
Sec. IV in the present paperHence, positron reflection
alongB can occur in a shock wave.

Y v v
My = eE + e—CYBZ - efo, (22)
Uz Ush
0=e—B,,—e—B,, 23
c X0 c 20 ( )
dy v
Mpvz o =~ e—CXon. (24)
Ey = (vs{C)(B, = By) (25
and
E,=- (Usf/C)By’ (26)

which are obtained from Maxwell equations for a stationary

Reflected positrons would move with the shock wave for,ave where the fields depend only éax-vgt. From Eq.

long periods of time if the condition
Ugnh~ CCOSH, (15)

is satisfied. Because time averaged particle velocity inxthe

direction is given as
<UX> =) cosé, (16)

reflected positrons witly ~c would not be able to quickly
run away ahead of the shock wave with condit{@5).

B. Motions of accelerated positrons

We here study the acceleration of reflected positrons an
)

obtain the energy increase rate for such particles. We discu
this in the laboratory frame.

We consider positrons moving with a shock wave; thus,

their v, is
(17)

We assume that their speeds are very close(4e>1) and
that

Uy = Ugh-

(18)

Also, we assume that, is much smaller in magnitude than
the other velocity components.
Hence, in the relativistic equation of motion,

d(W):e(E+\E’xB>,

™ gt
we neglectydv,/dt compared withv ,dy/dt, whereo=x, v,
or z. Then, assuming that

(19

(23), we find that these positrons move almost parallé§p
UAvsh= Bo/Byo. (27

Eliminating v, andv, in Eq. (22) with the aid of Eqs(24)
and(27), we find the time rate of change ¢fas

dy _ eBy ( E(§) - vsthoBy@)/(cho))
dt mygy BoBA&) + B '

Here, the particle positiosi and thusE(¢) andB(£) are con-
stant. The particle energy therefore increases linearly with
time. The effect of the synchrotron radiation can be ne-
glected in this mechanism #°B < 10, whereB is in Gauss
gsee the Appendix

With the aid of Eqs(25) and(26), we can put Eq(28)
into the form

dy_eBo (E-B)
dt mpl)sh(B . Bo) '

We also note that the relatida-B=E B, holds for station-
ary waves with Eqs(25) and (26).

(28)

(29)

IV. SIMULATION STUDIES
A. Simulation method and parameters

We now study the positron acceleration in a shock wave
by means of a one-dimension@ne space coordinate and
three velocity componenjsrelativistic, electromagnetic par-
ticle simulation code with full particle dynamié$.The
method to initiate shock waves was described in detail in the
preceding papers: 24?9 That is, the particles near the left
boundary of a simulation box initially have rightward mo-
menta. They push the neighboring particles and excite a
shock wave, which then evolves in a self-consistent manner.

Downloaded 16 Nov 2012 to 133.75.110.124. Redistribution subject to AIP license or copyright; see http://pop.aip.org/about/rights_and_permissions
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T 600 et =800 e
1600
1400 |
Bz I 1 ]
Bo 1200 |
L 1 0 .féﬁs.%:: 2 Ny TR i 0
20 -10 0 10 20 30
1000 (X-Vent)/(c/wpe
5 - .
FIG. 4. Phase space plats, y) of positrons. Profiles oB, are also shown.
(Dpet =800
0 1 i i i i
400 600 800 1000 gyroperiod even in the shock region. As in the theoretical

(x-va t)/(c/mpe) model, the external magnetic field is in the z) plane, and
waves propagate in thedirection.
FIG. 2. Profiles ofB, of an oblique shock wave at various times.

B. Simulation result

The simulation parameters are as follows. The total sys-  Figure 2 shows profiles d&, in a shock wave at various
tem length isL,=8192\;, whereA is the grid spacing. The times. Here, the shock propagation angl®+42°. The pos-
ion-to-electron mass ratio isn/m,=100, with my=m,. itron density is taken to beny/ngn=0.02; thus,va/c
(These are rest massedhe number of electrons 8, =0.301. The shock speed is observed toQg=2.42,;
=614, 400, withNe=N;+N,. The initial thermal velocities hence,vs,~ccosé is satisfied. The main pulse propagates
arevre/c=v7,/c=0.08 andv+;/c=0.008. The magnetic field nearly steadily. Figure 3 displays field profilesagjt=800.
strength i§Q|/ w,e=3.0 in the upstream region. The electron The fieldsE,, B,, ¢, andF have similar profiles. The maxi-
skin depth isc/ wpe=4A4. The time step is sufficiently small, mum value off is much greater thamyv3, suggesting that

wpeAt=0.01, so thatAt is much smaller than the electron positrons can be reflected aloBgy
We show in Fig. 4 phase space pldétsy) of positrons

and profiles oB,. Here, some positrons are accelerated up to
v~700. In the shock transition region, positrons are re-
flected by the large positive; in the top panel, we find no

positrons behind the shock transition region. As these re-
flected positrons move with the shock wave, they gain ener-

5E @pet = 800,

3 j
mec? — A :‘1 0 VShmne_
745 755 765 775 785 , , , , ,
X/(C/(Dpe) 0 800 1600 2400
Wpet
FIG. 3. Snapshots of field profiles. The vertical dashed line indicates the
position at whichB, has its maximum value. FIG. 5. Time variations ofy, vy, vy, andv, of an accelerated positron.

Downloaded 16 Nov 2012 to 133.75.110.124. Redistribution subject to AIP license or copyright; see http://pop.aip.org/about/rights_and_permissions



012312-5 Positron acceleration to ultrarelativistic energies... Phys. Plasmas 12, 012312 (2005)

T T T T T 1200
Ot
800 r
N L
é‘;’m v
400
S -100¢
S’
~
- L
0 L L L
0.6 0.7 0.8
200 Ven/c
Lo FIG. 8. The maximumy vs shock speedg, The other parameters are the

0 30 same as those in Fig. 2.
(X'Vsht)/ (C/ O)pe)

FIG. 6. Orbit of an accelerated positron in the-vgt,y) plane. to epitrochoidlike orbit; at this stagey shows a stepwise
increase as in the incessant acceleratfort in Fig. 5, y
jumped atw,t = 1900.
lons and electrons are also accelerated by this shock
gies from the wave(In the upstream region, positrons have awave with other different mechanisms; for the ion and elec-
Maxwellian velocity distribution with a thermal velocity tron acceleration mechanisms, see Refs. 24, 28, and 34-37
much lower than the speed of light. and Refs. 26, 38, and 39, respectively. Figure 7 shows phase
Figure 5 shows time variations of andv of a positron  space plots of iongthe upper pangland of electrongthe
accelerated toy~ 700. After the encounter with the shock lower panel. Some ions are reflected across the magnetic
wave atwpd =250, this particle was reflected. lslinearly  field and are accelerated to~5. On the other hand, some
increased with time fronw, & =250 to w,&=1600. The en-  electrons gained ultrarelativistic energigs; 500.
ergy increase rate idy/d(wpd)=0.41, which is close to the Next, we investigate parameter dependence of the posi-
theoretical valuedy/d(wpd)=0.38 estimated from Eq28).  tron acceleration. Figure 8 shows the maximum valug a$
Here, in the theoretical estimate, we have used simulatioa function of the shock speed,. The other parameters are
data for the field valuesiE,/By)=1.14,(B,/By)=1.18, and the same as those in the above simulation. Here, the dashed
(B,/Byy=2.45, where the brackets denote time averaging. Vvertical line represents the shock spagg=c cosé. For a
The thin horizontal lines in the panels of andv, rep-  fairly wide range ofvg, y exceeds 100. In particular, posi-
resent the velocities,=vg, and v,=vs tané, respectively. tron energies become very highy~1000, when vgy,
These pictures indicate thag~uvg, on average and that the ~ccosé.
particle moves nearly parallel to the external magnetic field. ~ Figure 9 shows the maximum value pfs a function of
From the third panel, we find tha, is negative and is small the propagation anglé. The propagation speeds for these
in magnitude forwpt<1800. These are consistent with the shocks were fixed to begy/c=0.73; the other parameters
theory. were unchanged. For these parametergxceeds 100 for
Figure 6 shows the trajectory of this positron in the 30°=#=<50°. Similarly to Fig. 8,y has a peak near the
—vgqt,y) plane. After the reflection, this particle moves in the angle satisfying the relationg,=c cos@; this angle is indi-
negativey direction along the shock front with hypotrochoid- cated by the dashed vertical line.
like orbit. In the final stage, however, the trajectory changes Figure 10 shows the maximum value pfas a function
of the mass ration;/ m.. Here,va, vg, andd were fixed to be
the same as those in Fig. 24/¢=0.301,v4,/c=0.73, and

i 800

400: S : ’Y4007
Tezo L L

H L T e - 0

0%.‘;&;: oy kX | 30

40 20 0 20 40
(X-Vsht)/(c/®pe)
FIG. 9. The maximumy vs propagation anglé. The propagation speeds for
FIG. 7. Phase space plats, y) of ions and electrons. these shocks arey,/c=0.73.
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1200 +
900
v
600 -
300
50 100 150 200
mi/me Opet =700

FIG. 10. The maximurmy vs mass ratian,/m.. The propagation angléand 0 15 0 15
Alfvén speedv, are fixed to be#=42° andv,/c=0.301. (X—Vsht)/(C/(Dpe)

FIG. 12. Profiles of for three different positron densities. The valueg-of
#=42°. The thermal velocities were also unchanged. Undefor Npo/no=0.5 are magnified five times.
these conditions, the maximum value pfincreases almost
linearly with m;/me.

When the positron density is highy,,~njo, this accel-  ing nearly parallel to the external magnetic field. The energy
eration mechanism is less effective. Figure 11 displays posncrease rate is proportional #®-B. Then, we have demon-
itron phase space plot&,y) at w,t=2100 for n,/ng  strated this acceleration with a one-dimensional, relativistic,
=0.02, 0.1, and 0.5. Againya, vs, and 6 are the same as electromagnetic particle simulation code with full particle
those in Fig. 2. Fony/ngy=0.5, the fraction of accelerated dynamics. It has been shown that an oblique shock wave
positrons is small, and their maximum energy is rather lowreflect some positrons and then accelerate them to ultrarela-
y=300. (The acceleration ty=100 in this case is caused tivistic energies with this mechanism; positrons with
by the interaction betwee, and gyromotion perpendicular ~1000 have been observed. Further, we have examined the
to B.3%33 That the acceleration alorgjis weak is due to the parameter dependence of this acceleration. For fairly wide
fact that, asny rises, the quantityc becomes small and ranges ofvg, and 6, positrons are accelerated to energjes
non-stationary; Fig. 12 compares profilesfofor three dif- =100; the acceleration is particularly enhanced wlgn
ferent values ofho/Ngo. ~ccosé. Also, the acceleration is strong when the positron

density is rather lowng/ngp=0.1.
V. SUMMARY

We have studied positron acceleration in an obliqueACK'\'OWLEDGMENTS
magnetosonic shock wave in afp-i plasma. Nonlinear ob-
lique magnetosonic pulses propagate with pulse wilith ¢ he National Institute for Fusion Science and was sup-

; ; 2
~¢/wp; and electric potentiagd=2mu;(M—1). From the a4 in part by a Grant-in-Aid for Scientific Research from
relativistic equation of motion, then, we have found that possy o Japan Society for the Promotion of Science.

itrons can be accelerated in the shock transition region, mov-

This work was carried out by the joint research program

APPENDIX: COMPARISON BETWEEN THE ENERGY

600 [p0/M c0 = 0.02 ’ 6 INCREASE RATE AND RADIATION LOSS RATE
Y 200 | % The energy loss rate by the synchrotron radiation from a
L 0 particle with velocity perpendicular to the magnetic field,
ol =v,, is given b)?o
600 - d 2620, y%0? 2
- X pyz“ =1.1X 106X = 2B g,
Y 300 d(Qub)syn 3myc c
I (A1)
ol whereB g, is the magnetic field strength in Gauss. The syn-
600 ] chrotron radiation from a positron accelerated to energyy
] the present mechanism will be much smaller than Bq.),
7 300 b because the particle velocity is nearly paralleBip On the
BETs ] other hand, from Eqg24) and(27), we may write the energy
o asllE i increase rate of the accelerated positron as
1650 1700 1750
x/(c/0pe) dy _(-vycosh A2)

d(Qp)ace  vsptand
FIG. 11. Positron phase space plotsy) for n,/ng=0.02, 0.1, and 0.5. ) o
Here,v,/c=0.301,v4,/c=0.73, and§=42°. Their ratio is
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—dyld(Qgt)syn _ 2[€4(Myc)] viveptand y
dyd( Qe 3 (c/Q,) CA(-vy)coss’

Assuming thatv, ~c¢, vy,~-0.1c, vgy~ccosé, and tand
~1, we have

(A3)

dy/d(Qpt)syn

~ 10X y*B(g).
d'y/d(th)acc 72 ©

(A4)
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