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Wide ultrarelativistic plasma-beam—magnetic-barrier collision

V. V. Usov and M. V. Smolsky
Department of Condensed Matter Physics, Weizmann Institute, Rehovot 76100, Israel
(Received 9 April 199y

The interaction between a wide ultrarelativistic fully ionized plasma beam and a magnetic barrier is studied
numerically. It is assumed that the plasma beam is initially homogeneous and impacts with the Lorentz factor
I'o>1 on the barrier. The magnetic field of the bariBgris uniform and transverse to the beam velocity. When
the energy densities of the beam and the magnetic field are compmb&zrnompcz(ro—l)/83~l, the
process of the beam-barrier interaction is strongly nonstationary and the density of reversed protons is modu-
lated in space by a factor of 10 or so. The modulation of reversed protons decreases with decteddeof
beam is found to penetrate deep into the barrier provideddbat ., wheree«,, is about 0.4. The speed of
such a penetration is subrelativistic and dependa oftrong electric fields are generated near the front of the
barrier and electrons are accelerated in these fields up to the mean energy of protons, i.e.mrgpzlﬁo. The
synchrotron radiation of high-energy electrons from the front vicinity is calculated. Stationary solutions for the
beam-barrier collision are considered. It is shown that such a solution may be enyf— 0.5, depending
on the boundary conditions for the electric field in the region of the beam-barrier interaction.
[S1063-651%98)04602-9

PACS numbgs): 41.75-i, 95.30.Gv, 95.85.Pw, 98.70.Rz

[. INTRODUCTION with a magnetic barrier is considered numericdfigr pre-
liminary results and some astrophysical applications see Ref.
There is now compelling evidence that plasma is ejected11]).
from many astronomical objects and flows away at relativis-
tic speeds. The Lorentz factdl, of such plasma wind is a
few X (1—10) for the jets associated with active galactic
nuclei[1] and ~10°— 10° or even more for they-ray burst-
ers[2]. A strong magnetic field may be in the outflowing gas  The situation to be discussed is the following. At the ini-
[3-6]. Relativistic magnetized winds can interact with antial momentt=0 the ultrarelativistio/Lorentz factorl";>1)
external medium(e.g., an ordinary interstellar medignit neutral beam of protons and electrgnember densities, =
was pointed out in Ref.7] that such an interaction may be n.=n;) runs along thex axis into the magnetic barrier,
responsible for radiation of both x rays atydrays from the  which is the half spac&>0 with an external magnetic field
y-ray bursters. For consideration of the interaction between g — B e @(x), wheren,,B, are constants an®(x) is the
relativistic magnetized wind and an external medium, it isstep function equal to unity fox>0 and to zero fox<O0.
convenient to switch to the wind frame. In this frame, théThe peam is infinite in thg-z dimensions and semi-infinite
problem of the magnetized wind—external medium interacyp thex dimension. Our goal is to construct & dimensional
tion is identical to the problem of collision between a Widetime-dependent solution for the problem, i.e., to find induced

relativistic beam of cold plasma and a region with a StrongelectromagneticfieIdsE(—E éx+E éy B—Béz) and motion

. . . . . . — Lx y 1 -
ma?ﬁgtf;ﬁfﬁqvg?!ﬂé Iiitg?gg':ijo?] rt-)neat\?vr:aee}:}c ?:glnea:.beams anof the beam particles in they plane. The field structure and

b P %e beam particle motion are to be treated self-consistently.

magnetic barriers was attacked in many experiments and thé:" the quantities are assumed to be dependent and x
only.

oretical papergsee Ref[8] and references therginHow-

ever, aII' known.expenm.ental studies of the beam—mag_ne’glc— As noted earlier, the strength of the magnetic fields in the

barrier interaction are irrelevant to our problem. This is ; : . . .

astrophysical winds may be very high, especially in the

because the plasma beams produced by the laboratory equUID= < fowing out from th ray burster§4 5]. High-ener

ment are either nonrelativistic or very narrow and the cross- 9 €y-ray ers4,ol. Hig ergy
ectrons generate synchrotron radiation in these fields and

e radiation damping force that acts on the radiating elec-

beam sizes are much smaller than the gyroradius of the bea‘fhln
protons in the field of the barrier. In the theoretical studies, |ttrons has to be taken into account. Simagsm, both the
ynchrotron radiation of protons and the radiation damping

is usually used the assumption of Rosenbl[@h that the
charge separation is small. However, this assumption is vali brce that acts on the protons are very snialfy., Ref[12])
and may be neglected.

provided the inequalityy(y/c)?< Me/My=5.4X 10 # holds
true, wherey is the beam velocitym, is the electron mass, The following set of equations can be used to describe the
process of the beam—barrier collisipt2]:

II. FORMULATION OF THE PROBLEM
AND BASIC EQUATIONS

and m, is the proton mass. For relativistic beams,
=cy1— (1) 2=c, the assumption of Rosenbluth proves
inadequate and the charge separation is very important for

the dynamics of particles near the barrier frot®,11]. Be- ‘9_Ex:477 )
low, the interaction of a wide ultrarelativistic plasma beam IX p:
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&Ey 1B @ TABLE I. Input parameters of simulations.
% ¢ Bo Iy a ~ Xmin Xmax tmax
B 10E, 4m Run (G (109 (clwgp)  (clogy)  (Tp)
x oo ¢lv S 100 01 2 5 10 2.8
B 300 0.3 2 5 10 2.8
du e . 2e4 C 300 1 2 5 12 3.3
meo = EF"‘uk+ > (Fu)(F"uu, (4 D 1 05 2 5 7 3.3
3m°c E 10 1 2 10 7 35
where p andj are the densities of charges and currentsg ig; i g 150 55’ 2;
respectively,e is the charge of particlesn is the mass o 1 1 10 c 4'4
of particles,m={m¢,my},s is the interval,u'={I",(v/c)I'} :_' 103 N 4 c . 3'5
is the four-velocityI" is the Lorentz factor of particles, and :
Fi is the electromagnetic-field tensor. No simplifying as-> 10 1 0.2 > 15 51
sumptions besides geometrical ones are exploited when r& 300 03 173 10 > 10.6
writing Maxwell equationg1)—(3). The second term on the - 300 0.3 215 10 S 10.6
right-hand side of the relativistic equation of particle motion™ 300 0.3 al7 5 30 10.6
(4) is the radiation damping four-force. Following Rgf1], N 300 0.3 213 5 30 15.9
only the term of the highest power Inis left in the damping  © 300 0.3 1 5 30 10.6
force. This is valid for ultrarelativistic motion of particles P 300 0.3 2 5 30 10.6

I'>1 (e.g., Ref[12]).

The four-velocityu' from Eq. (4) is related to the charge
and current densities that appear in the Maxwell equationsomparable to the magnetic-field pressure of the barrier. In
(DH-3): different runs,a ranges from 0.2 to 4.

To integrate the set of equatiofiy—(9) we used a mac-
i . 1, roparticle approximation in which all particles of the beam
i'={epix fy =2 cel M, ® " are subdivided into a large number 0% of packets. The
particles within a packet are bundled together forming a
whereX means the sum over the beam particles per unitaryarge macroparticle that is infinitively small along the axis
volume. The energy lossdsof electrons because of their and infinitively large in all directions of thg-z plane. Each
radiation in the electric and magnetic fields are computeq)acket contains either protons or electréfus details of the
using the equatiofl2] numerical method see RdfL1)).
The examined space-time domain is

2¢* 2 ol o
l=— E+—vXB| ——=(E-v)*; T~ (6)
3mic? c c?
Xmin<X<Xmax» O0<t<tmax, (10
To evaluate the spectrum of the radiation of electrons, we
have used the following expression for the spectral intensity . .
of synchrotron radiatiof13]: whereX,,, is equal to a few><(1'— 10)(c/wgp), Xmax iS equal
to a few X(1—-10)(c/ wgp), tmax is equal to a fewx(1—-10)
J3e3B v (= Ty, Tp=2mlwg, is the groton gyroperiod, anag,=eBy/
L= —— Kga(7)d7, (7 m,cl'y and c/w3p=mpc FoleBo_ are the proton gyrofre-
MeC™ VeJwlve quency and gyroradius, respectively. The time step of calcu-
] N ] lations is a fewx 10" °T,, depending onw.
3eBI2 chosen so that no beam particles penetrate deepeixthan

(8) in the observed interval of time. Electromagnetic waves gen-
erated due to charge flow are allowed to escape freely from

In Egs.(7) and (8), it is taken into account that in our case }r:]eEZﬁSg;natr?c?(tSI)s used as boundary conditionsfandE,

the velocities of particles are perpendicular to the magnetic
field v.L B.

The initial beam number density is taken from the equa-
tion

Vo= .
¢ 4mmgC

IIl. RESULTS OF NUMERICAL SIMULATIONS
AND SCALING

The relativistic cold plasma—magnetic-barrier collision is
characterized by the following parameteBg, I'y, and .
The input parameters of our simulations are given in Table I.
where « is the dimensionless parameter. In this work weThe values ofB; andI'y are chosen to be relevant to cos-
study mainly the case~ 1 when the plasma flow pressure is mological y-ray burster§3-5,7,11.

2
0
nompcz(f‘o—l):ag, )



57 WIDE ULTRARELATIVISTIC PLASMA- . .. 2269

3 : : : TABLE Il. Derived parameters of simulations.
I - (e I ) &y (&)
Run T, Ty Ty To (1073 MeV)
ol A 132 603 643 0.61 3210°% 0.013
B 107 785 809 0.41 0.12 0.45
= C 106 464 543 0.57 0.96 5.1
= 7 D 119 745 425 048 3.4 8.9
& ' M E 92 542 337 048 11 14
N It F 92 785 235 040 12 35
G 56 402 193 0.43 14 36
H 116 801 419 0.57 9.9 15
I 105 427 555 0.41 29 9.1
J 9.5 39 41 0.99 0.16 0.20
0 X 0 K 115 573 288 0.94 0.017 0.09
x [c/ey,) - L 424 1473 596 073 0.052 0.19
M 296 1038 913 0.69 0.18 0.64
FIG. 1. Density of reversed protons in unitsmgf in run N. N 489 1275 807 0.50 0.36 0.34
(0] 213 1284 821 0.62 0.16 0.34
P 94 550 883 0.63 0.42 0.68

A. Particle dynamics and penetration of the beam particles
into the barrier

The density of protons that move towards the magnetighe initial kinetic energy of protons, is lost in the process of
barrier (v,>0) is almost unperturbed until the distance to their collision with the barriefsee Table I). Figure 2 shows
the barrier is smaller than-c/wg,. Reversed protons that the energy distribution for reversed protons.
move away from the magnetic barrier<0) are bunched The density of electrons that move away from the barrier
in the process of the beam-barrier interacti®ig. 1). The is well correlated with the density of reversed protons; the

modulation of the density of reversed protons is strong atorrelation coefficient isr=0.8, Wherer:gpe/,/gppaee,
a~1 and decreases with decreasexoNamely, the ratio of gnd

the maximum to minimum densities of reversed protons is

~10 ata=1 and~2 ata=0.2. A typical length of such a [ Xmax — — ——
modulation is roughly the proton gyroradiakwg,. A simi- gij = (ni—np(nj—npdx, {i,j}={e,p}. (1)
lar phenomenon was observed also in numerical simulations
of collisionless shock waves near the shock fr@g., Ref.  These electrons screen the electrostatic figjdof proton

[14]). bunches mostly, but not completely.
At a~1, the mean Lorentz factor of reversed protons that  p¢ a>a., a,~0.4, it is observed that the length of the

are far enough from the barrier<—(c/wgp), where the  peam particle penetration into the barrier increases in time.
process of a strong interaction between particles and fields isigyre 3 shows thex coordinatex,,, of the most deeply

more or less over, i[')")=(0.5+0.1)l'y, i.e., about half of  penetrated proton as a function of timeThe speeds of such
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FIG. 3. Beam penetration depiy., as a function of time in
FIG. 2. Energy spectrum of reversed protong<t—(c/ wgyp) in run P (thick solid line, in run N (thin solid line, and in run L
run N. (dotted line.
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TABLE lll. Penetration of the beam particles withy= 300 into 10 F
the magnetic barrier witB,=300 G for different values of.

a 2 1 2/3 4/9 2/5 1/3 08

Upen/C 0.32 0.17 0.077 0.05 0 0

protons along th& axis vary strongly from each other. How-
ever, the mean velocity,.,=(vy) of the penetrated protons
remains more or less constant within the studied time inter 3,
vals, where(v,) is the proton velocity that is averaged over 5
proton gyroperiod. The value af,., depends orv and is
equal to zerdno penetrationat a< a,=0.4 (see Fig. 3 and

© [arb. units]

0.4 +

Table 111).

In the regionx<Xpen, Strong longitudinal E,) and trans- 00 e e el e Lorete e
verse €,,B,) electromagnetic waves propagate while al- = 60 P Oy 60 %
most no remnants of the external magnetic figl@ (x) are
found (Fig. 4). Roughly, it could be stated that at>a, FIG. 5. Angular distribution of reversed protons ak
the magnetic barrier is pushed according to the Bt) —(clwgy) inrun N.

=B (X—Xpe(1)) andx,e, appears to be a location of the

barrier front at the momeritas well as the particle penetra- induced electric fields and thus accumulate a substantial por-
tion depth. At x>Xpen, the magnetic field remains un- tion of the kinetic energy of protor(see Fig. 6 and Table)ll
changed except for its time-space variations due to lowFigure 7 shows the energy spectrum of outflowing electrons,
frequency electromagnetic waves that are generated by thg <0, in run N. Ata~1, the mean Lorentz factor of out-
time-variable currents in the front vicinity. At «a~1, the  flowing electrons and their maximum Lorentz factor far

typical amplitude of these wavesﬁbz(o.z— 0.3)B,. enough from the barriex< —(c/wg,) are

In the casex<«a,, When the ion penetration length does
not increase with time, all protons move along the same track <l—wou[>:0 J_(ﬂ) r pout :1( ﬂ) r (12
with small deviations from it. In this case, the velocity of all € \mg o emax- 21 me 0

reversed protons is perpendicular to the barrier front. How-

ever, ata> a,, the trajectories of protons differ qualitatively within a factor of 2. The fraction of the kinetic energy of
from each othetfor the angular distribution of reversed pro- relativistic protons that is transformed into the energy of out-
tons in this case see Fig).5Therefore, the dimensionless flowing electrons is up te-20%. The rest of the energy that
density @ may be called a stochastization parameter of thes lost by protons is transformed into both low-frequency
beam protons. In all runs, the trajectories of electrons arelectromagnetic waves and synchrotron high-frequency ra-

very chaotic and differ from each other qualitatively. diation.
_ _ o The synchrotron high-frequency radiation is generated by
B. Acceleration of electrons and high-frequency radiation single electrons in the process of their ultrarelativistic motion

The most important feature of the dynamics of electrondn the electromagnetic fields. The mean energy of so-called

is that they are accelerated in the barrier front vicinity byradiating electrons near the barrier front-—(c/wgp) is
several times higher than the mean energy of outflow-

15 ing electrons far from the barriex<-—(c/wgp), i.e.,
(I =(3-5)(I'3" (see Table Ii. The radiating electrons
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FIG. 4. Distribution of magnetic field in run N at the moments  FIG. 6. Maximum energy of accelerated electrdtisck line)
t=0 (dotted ling, t=7.96T, (thin solid ling, andt=15.9T, (thick and intensity of their synchrotron radiation per unitary area of the
solid line). barrier front(thin line) in run N.
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FIG. 7. Energy spectrum of outflowing electromg<0, in run
N at the moment=15.9T. FIG. 8. Schematic drawing of a plasma beam entering a mag-
netic barrier.

are responsible for generation of the main part of the syn-
chrotron high-frequency emission. A fully relativistic self-consistent model of the stationary

If the average fractiorg, of the kinetic energy of the ir_1teraction between a wide plasma beam and a magn_etic bqr—
plasma beam that is radiated in the vicinity of the magnetidier was developed by Peter, Ron, and Rostocker in their
barrier is small¢,<0.01 orT'3B,<3x 10° G, the results of Pioneering papef10]. The set of equations that describes
our simulations fora~1 may be fitted by the analytic ex- Such an interaction ig10]

pression
dB, (me/mp+ 1 15
_ —4 2 o = |
£,~=3x10"4I'(/10%)% B,/ (10°G)]. (13 dx 7Y \/z—p Vze
At T3B,>10° G, the value of¢, tends asymptotically to
P r o dg, T | I
~0.15 asl';B, increases. The characteristic energy of syn- =_Pr__° (16)
chrotron photons is dx  Vz, Vz.
e,)=3(&,/10°%) MeV (14 d dA
< y> Y d_g::_Exy d_Xy:Bzu (17)
within a factor of 2 or so. Except for numerical factors, Egs.
(13) and(14) can be derived analytically from Eq&l)—(9). herel’ =T — u: —T2_ 252 q
At a<1, electromagnetic fields that are induced in theV"CTE I o A e I
process of the beam-barrier collision are much smaller than —1 forelectrons (j=e)
By and the beam particles may be treated as test particles in = (18

the field of the barrier. In this case, there is almost no energy me/m,  for protons  (j=p),

transfer from protons to electrons. Therefore, it is natural thagﬁ and A. are the electrostatic and maanetic potentials in
both acceleration of electrons and their high-frequency radial]nits of é/mcz In these equations we Eave mpeasured the
tion are strongly suppressed@t1, as was observed in our ' q

simulations(see Table ). Preliminarily, we have the follow- distance X inllzt_erms Of 2(wpeBo/c), where wye
ing scaling |aWS:<1—‘guI>O<a rgurEnaxoca <F;a(5o(a éymaz =(4mnge‘/my)~'“ is the electron plasma frequency afd

2 ) ’ y 1 1 b 1 _:Uolc
and(e,)>a“. We did not observe any decrease in nonsta Equations(15) and (16) for the magnetic and electric

tionarity of the process of the beam-barrier interaction and in. , : : . X .
acceleration of electrons, even in simulations extended up %Sf;k;rg 2Lscfhoge(raqourglir:)?]r);I?égvesr%r;ﬁiiloigut?;lsggérfltgg%i-
tmax=16T}, (see Figs. 1 and)6 tion. For the magnetic fiel,, the boundary condition is
B,=By at the proton turning point, (see Fig. 8 whereB,
IV. STATIONARY COLLISION is the field of the barrier. The strength of the magnetic field

The problem of the beam-barrier collision is simplified Br at the front of the barriex=0 has to be found from
significantly if it is treated as a stationary one. This is be-Intégration of Eq(15). An important issue isvherethe elec-
cause in a stationary consideration a time dependence of dlic field Ey should vanish: at the right or left boundary of the
values is disregarded and the beam particles of any kingollision region G=x=x, . In Ref.[10] the electric field van-
(protons or electronsmove along exactly the same track. In ishes atx=x, Ex|x=xp:0- This seems quite natural and
this section we consider the beam-barrier interaction in a&orresponds to our nonstationary solution. However, in Ref.
stationary manner. [10] it is wrongly suggested that if the beam density is high



2272 V. V. USOV AND M. V. SMOLSKY 57
enough the electric field, is zero at the left boundary as TABLE V. Parameters of simulations of stationary collision be-
well, Ex|x=0:0- Below, stationary solutions for the beam- tween the bea_nj witd" =300 and the magnetic barrier for the
barrier collision are considered in detail and, in particular, jtPoundary conditiorEy|,—o=0.

is shown that there is a net charge in the regieaxG=x,

irrespective of the beam density until the beam-barrier colli- o « T%’“ax ? @
sion is stationary, i.e., the transverse electric fildcannot 0 0 0
be zero at both boundaries at once. SL1 0.01 9.8 103 1 0.99 0.016
The right-hand side of Eq$15) and (16) for the deriva- SL2 1/10 0.082 1.06 0.90 0.15
tives of the electric and magnetic fields contains terms thagL3 1/5 0.13 1.1 0.81 0.29
tend to infinity at the electron and proton turning points, i.e.,sL4 1/3 0.16 1.3 0.69 0.45
at bothx=x, andx=Xx, . This is the main difficulty that does si5 1/2 0.15 1.5 0.55 0.63
not permit one to apply a standard numerical technique tg g 2/3 0.11 1.9 0.41 0.78
integrate Eqs(15) and (16) directly. Since the electric and g| 7 3/4 0.085 292 0.34 0.85
magnetic fields should remain finite everywhere, the meng g 08 0.068 25 0.29 0.88
tioned singularities are integrable. To integrate a set of equag g 0.9 0.032 37 0.19 0.95
tions with such a weak, integrable singularity, one shouldy, ;4 1 4.6¢10°4 31 0.02 1

switch to another independent variable so that all derivatives
with respect to this new variable are finite. The interval of
the beam particles may be used as such a new independgpy, g
variable instead ok. In this case, the right-hand sides of
Eqgs.(15) and(16) are finite everywhere. This is because the
particle density per unitary interval is constaietg., Ref.
[10]) rather than infinite at the turning points if measured pe

X|X:Xp=0 was carried out with a “shooting method”

technique. The electric field was guessed at the left boundary
x=0 and Eq.(16) was integrated with all the quantities
rspecified on that boundary. Then the electric field on the left

unitary x. We integrated Eq15)—(17) from x=0 to x=x, boundary was adjusted to give a closer agreement with the

using theelectroninterval s, as an independent variable. bou-ndary Cond'tlorEX|X:,X_p:0' Such ShOt_S were repeatgd

Then we switched to another independent variaplewhich until the boundary condition for the electric field was satis-
is the proton interval measured from thelectronturning ~ fied with a desirable accuracy. As a rule, only a few shots
point with the initial conditionsp|xzxe= Selx:xe- We thus Were required to reach the accuracy-ei %.

broke the region of integration into two parts and used a The computational engine we used 1o salve the regular-

different independent variable for each subinterval to inte—'zed set of equations was theobE packagel15] together

grate Eqs.(15—(17). Then we switched back ta as an with the OCTAVE interpreter[16]. The developed octave
independent variable to present results of this integration. i:r:lgplja:gemosw compatible with the populamTLag [17]

Fot"ow'”? ;zef.[lo],zwerz_hiwlci;;ed the d|men3|onlefssthpa- Figure 9 shows typical numerical solutions for the longi-
rameter a;=omNoMyC™ Vi o i as a measure of W€ y,4inal electric fieldE,, the magnetic field,, and thex
beam density instead of. The parametet; is more conve-

. . X component of the four-velocity of electrong, in run SR10.
ment th.ana. for integration of Eqs(15)—(17) because such In this run, the boundary condition @, is E,|,_, =0. The
integration is performed fromi=0 to x=Xx,. In our calcu- P

lations the value ofy; varies in a wide range from 16 to energie_s of_ both electrons and protons insi(_je the barrier are
105, s_hown in Fig. 10. The results of our calculations are summa-
rized in Tables IV and V. From these tables and Fig. 9 we
can see that the electric fiel, is not equal to zero at=0
andx=x, at once, as mentioned above. A common feature
of all stationary solutions is that the electric and magnetic
fields sharply increase near the electron turning pairds it
TABLE IV. Parameters of simulations of stationary collision ygs pointed out in Ref[10]. There is the following ten-
between the bggm with' =300 and the magnetic barrier for the dency: The greater the value af, the sharper the rise of
boundary conditiorE, |- =0. the fields. Due to the change of independent variables dis-
cussed above, the sharp rise of the fields at the electron turn-
Run o o FF"“” Fi‘_vmax ? ? EBmaX ing point i§ well resol\_/ed:. It covers a large _number of inte-
0 0 0 0 0 gration points and derivatives of the fields with respect to the
SR1 0.01 0.0098 099 1.02 0.99-0.015 —0.015 new independent variable remain finiteee Fig. 1L The
SR2 110 0.086 0.92 12 0.92-0.13 -0.13 latter facts allow us to claim a high accuracy of our calcula-
SR3 1/5 0.15 0.86 1.3 0.87 —0.22 -0.22 tions.
SR4 12 029 076 21 076 -0.40 -0.41 In the paper of Peteet al.[10], Egs.(15)—(17) were in-
SR5 1 044 067 71 067 —057 —-0.58 tegrated directly usingk as an independent variable and
SR6 2 050 064 48 050 —050 -o062 therefore they ran into serious difficulties on their wag|,
SR7 4 051 064 97 036 —-038 -061 which led to certain mistakes. For example, they were not
SR8 10 051 063 170 023 —-027 —058 able to calculate the valug,(x) at x=x, directly and the
SR9 40 051 063 276 011 —0.20 —053 integration of Eq.16) was treated as a two-point boundary

SR10 1000 051 062 434 0023-014 —0.45 value prpblem, adjusting,(x.) to be equal .to zero at both
boundariesE,(0)=E,(x,)=0. Our calculations show that

To integrate Eq(16), the following two kinds of bound-
ary condition for E, were specified: Ey|,_o=0 or
EX|X:Xp=O. Integration of Eq(16) for the boundary condi-
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FIG. 9. Plots of the magnetic fielB,(x) (thin solid ling, the FIG. 11. Numerical resolution of the main results of the station-

longitudinal electric fieldE,(x) (dotted ling, and thex component  ary case, run SR100, magnetic field profile;®, electric field
of the four-velocity of electronsie(x) (thick solid ling in run profile; X, longitudal component four-velocity of electrons. Each
SR10. figure stands for five integration points.

such an adjustment is impossilikee Tables IV and )/ The
authors of Ref[10] believed that aty;>1 the orbit of elec- For the boundary ConditiOEx|x=xp:01 a stationary solu-
trons is strongly elongated in the direction in a narrow tion of Egs.(15)—(17) can exist for any nonzero value af .
vicinity of the electron turning point and the beam electronsFor all these solutions, we have<0.5 (see Fig. 12 This
move more or less along the barrier front wkh-x for a  upper limit ona is more or less evident since in a stationary
long time. As a result, a net charge in the collision regioncase the ram pressure of the beam cannot be more than the
might be zero. We did not observe such a strong elongatiopagnetic-field pressure of the barrier. As for the case of the
of the electron orbit. Moreover, for the boundary conditionpoundary conditiorE,|,_,=0, a stationary solution can ex-
Exlx-0=0 we havea;=1, i.e., for this boundary condition st only if a;<1 anda=<0.2. This reduction of the upper
a; cannot be much more than unit. limit on a occurs because in such a solution the electric field
We have confirmed the suggestion of Ref0] that elec- g _far enough from the barrier front is directed inside the
trons of the beam may be strongly accelerated inside thgarrier, E,>0 atx= a few timesx,. This field causes pro-
barrier. However, such an acceleration was observed only ifhns to penetrate even deeper into the barrier and to generate
runs with the boundary condition foE, in the form  eyen stronger electric field. At;>1, at some distance from
Exlx=x,=0. For the boundary conditiorE,|,-o=0, the  the barrier front the electric field inside the collision region is
beam electrons do not penetrate substantially deeper into tigronger than the magnetic field and the barrier cannot sup-
barrier than their gyroradius in the fieB; and their accel- press penetration of protons inside itself.
eration is very small.

0.6

1 €p. min

| ©e, max

_ 10°
0.0 =

1 X, 15 X
x[R]
FIG. 12. Value ofa as a function ofx; for both the boundary
FIG. 10. Plots of the proton energgolid line) and the electron ~ condition Ey|y_, =0 (thin line) and the boundary condition
energy(dotted ling in run SR10. E,|x=0=0 (thick line).
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V. DISCUSSION domainXpedt) — (C/wgp) <X<Xper(t), Wherexpe(t) is thex

One of the main results of our time-dependent simulation oordinate of the most t_ieeply penetrated particlea lis
presented in Sec. lll is that the outflowing electrons ar arge enough &>ay), this current layer screens strongly

strongly accelerated near the barrier front and accumulatetge external magnetic field of the barrier &t Xpe{t)

substantial portion of the kinetic energy of protons. At_(C/wBF’) apd moves deepgr and. deeper info the barrier.
1 when the ram oressure of the beam is equal to th From our time-dependent simulations, we havg=0.4.
@=L P q This is more or less consistent with the conclusion that there

magnetic-field pressure of the barrier, the fraction of the kl'are no stationary solutions for the beam-barrier collisiom if

netic energy of protons that is transferred to outgoing elecl—S more than~ (0.2—0.5) depending on the boundary con-

trons is up to~ 20%. The acceleration of outflowing elec- jition on the fieldE

. . . . X+
t_rons is complgtely due_to _nonstatlonarlty of eleptroma_gnetlc Many important features of our nonstationary solutions
fields that are _mduce(_j inside and near the b_arrler during thgre apsent in a stationary one. They are energy transfer from
beam-barrier interaction. Indeed, in a stationary case thicoming protons to outgoing electrons, bunching of outgo-
electric field is constant in time and depends onxhepor-  ing protons, excitation of low-frequency electromagnetic
dinate only,E={E,(x),0,0}. If, as in both Ref[10] and Sec. waves, etc.
IV, the energy losses of electrons due to their radiation inside The main question that still remains open is what the final
the barrier are ignored, the electron energy is a function of state of the beam-barrier system in a very long-time run
only and the energy of reversed electrons outside the barrigt>T,) is. As noted, we did not observe any decay of non-
coincides with their initial energy before the beam-barrierstationarity of the beam-barrier interaction, even in simula-
collision. tions extended up t,,=16T,. However, it is possible that

The bunching of reversed protons is a key element oft (t>10T,) our nonstationary solution tends to a stationary
nonstationarity of the beam-barrier collision. Roughly, theone. It is worth noting that, in turn, a stationary solution of
process of bunch formation may be illustrated in the follow-the beam-barrier collision might be unstabledifis high
ing way. The first protons, which enter the barrier fromenough. Indeed, the energy of electrons inside the barrier
t=0tot<T,, run along an almost semicircular trajectory in may be a few hundred times higher than their initial energy.
an almost unperturbed field of the magnetic barrier. For then this case, small+ 10~ 2) perturbations might result in that
same Lorentz factor, the gyroradius of electrons is muclsome part of the reversed,<0, electrons is stopped and
smaller than the gyroradius of protons. Therefore, electronsaptured inside the barrier before reaching the barrier front.
cannot penetrate as deep as protons into the barrier. THe addition, electrons may be captured by the barrier because
separation of electric charges induce a strong electricigld of their energy losses via synchrotron emission in electric
in thex direction according to Ed1). The following protons  and magnetic fields if these fields are strong enough. In turn,
“feel” this electric field. The fieldE, decelerates protons such a capture of electrons may result in complete destruc-
and accelerates electrons. Protons that are injected into thien of the stationary solution.
barrier later run along “shorter” trajectories and spend less The beam-barrier collision is similar, in many respects, to
time inside the barrier. As a result, in about half of a protoncollisionless shocks. Such shocks in astrophysical settings
gyroperiod,t~%Tp, most of the protons quit the barrier al- can and do accelerate charged particles to high eneffgies
most simultaneously and formation of the second bunch bea review see Ref§19,20). The efficiency of particle accel-
gins, and so on. eration by shocks may be as high a20-40 %(e.g., Ref.

In the case of large, the velocitiesv, of reversed pro- [19]). This value is more or less the same as the fraction of
tons in thex direction are quite differenfsee Fig. $so that the kinetic energy of the beam that may be transferred to
the bunches will decay at some distance from the barriethigh-energy electrons in the process of the beam—barrier col-
Once there is no bunching at all in the law-case, no lision.
bunches can be observed far from the barrier no matter what In addition to analytical calculation®.g., Refs[21,22),

«a is considered. acceleration of particles by shocks was studied numerically

The propagation of plasma beams across a magnetic fiefd both test particle Monte Carlo simulatiofsee Ref[23]
is one of the oldest problems in plasma physics. In spite ofind references thergirand self-consistent plasma simula-
the long history of investigatione.g., Ref.[8]), a clear tions (e.g., Refs.[24-27). Most current self-consistent
model of this phenomenon is yet to emerge. However, somsimulations of plasma shocks used in astrophysics are of the
general conclusions about the beam—magnetic-field interadwbrid type because then./m, ratio is small, m./m,
tion were made many years ago. For example, if the plasma0.54x 10 3. In the hybrid approach, the ions are treated
flow pressure is more than the magnetic-field pressure, it ikinetically using standard particle-in-cell techniques, while
possible for the plasma to cross the field by purely magnethe electrons are treated as a massless, charge neutralizing
tohydrodynamic principles. This propagation mode isfluid. In our simulations we did not use the hybrid approach
equivalent to the motion of a solid conductor across the fieldbecause the case of the ultrarelativistic beam is, in some
During propagation, the plasma beam picks up and carriesespects, easier than the nonrelativistic case. This is because
along the ambient plasma and magnetic field. Such models our case I (>1, electrons are accelerated fast, and the
of the beam propagation into the magnetic field are based omean energy becomes only an order of magnitude smaller
the diamagnetic properties of the plasma. Most probably, ithan the mean energy of protons. In this case, the ratio of the
our time-dependent simulations we observed such a propayroradii of electrons and protons is about two orders of
gation mode. Physically, the pushing of the magnetic field isnagnitude larger tham./m,, which is the ratio of the gy-
provided by strong transverse electric currenjtg) (in the  roradii of electrons and protons in nonrelativistic plasma.
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This allowed us to treat both electrons and protons kinetithe barrier-front current. As for a situation that is relevant for
cally. astrophysics, the barrier field has to be generated by the mag-
The configuration considered in our simulations is notnetized plasma of the barrier. Numerical considerations of
quite self-consistent. Indeed, the barrier magnetic field has teuch a configuration are under way.
be generated by some kind of current flowing in the plane
x=0 in they direction. However, the evolution of this cur-
rent, because of its interaction with the induced electromag-
netic fields, was not studied. In laboratory experiments, an This research was supported by the MINERVA Founda-
external current flowing along a sheet of thin wires can beion, Munich, Germany.
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