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Electron velocity distributions during beam—plasma interaction
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It is well known that low-frequency Alfve waves can be excited due to an ion/ion instability when

a tenuous ion beam streams through a background plasma along a magnetic field. In this article,
using a one-dimensional particle-in-cell code, the consequence of this beam—plasma interaction
process is investigated. Emphasis is placed on the nonlinear effects of enhancedwdfxes on

beam electrons. In the simulation, the speed between the beam plasma and ambient plasma is
considered to be 19, (whereV, is the Alfven speeg] the ratio of beam—plasma density to
background plasma density g /ng=0.006 (, andn, are the beam and total plasma densjties

For the casgs;=4x 10" (3; being the ratio of kinetic pressure of the ions to magnetic pressure

the Alfven waves begin to grow exponentially at abdet32Q; 1 and they saturate at about
=88, *. The excited waves are nearly monochromatic, which satisfies the resonant condition, and
the perpendicular velocitfthe velocity component whose direction is perpendicular to the ambient
magnetic fieldl distribution of the beam electrons peaks away from its origin with a maximum radius
about 2.5V, at the saturation stage. Then, the amplitude of the excited waves decreases and the
higher-frequency waves are also excited. A quasi-equilibrium stage is reached at tabout

= 1OOQi’1, and the radius of the ring in the perpendicular velocity distribution is about Q. For

the caseB;=0.04, the situation is similar except that the radius of the ring in the perpendicular
velocity distribution of the beam electrons is smaller, and the ring almost disappears at the
quasi-equilibrium stage. Another point is that both the beam and background electrons can be heated
by the excited Alfve waves. The heating effect is more significant for the beam electrons than the
background electrons, and their final thermal speeds are anticorrelated with the par@meter
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I. INTRODUCTION hanced Alfve waves can also lead to the heating of the
_ . _ ambient plasm&? Such a finding was unexpected because
_ Itis \_/veII known that two interpenetrating plasmas mov- conventional wisdom based on linear theory seems to predict
ing relatively along an ambient magnetic field can lead tohat Alfven waves can only interact with beam ions but not
plasma inStabilitieS, enhanced field ﬂUCtUationS, and Wavewith the ambient p|asma' The reason is that in linear theory,
particle scattering. Among these, electromagnetic ion/ion inyaye—ion interactions rely on the resonant condition, which
stabilities have attracted much theoretical interest due t@annot be satisfied by the thermal ions. However, recent the-
many relevant applications in space physics research, such ggstical studies by Let al,® Wu et al, 2’ and Chenet al?

, ! e | - al,”an =
the study gf 8the Earth's magnetotail,bow shocki™ and  have convinced us that nonlinear interactions do not require
solar wind>~® Not only can ion beam instabilities explain cyclotron resonance. Enhanced Alfvevaves can directly
many commonly observed wave activities, but also, in S0M§ieract with low-energy ions.
cases, the instability can play pivotal roles that lead to essen- |hgpired by this finding, we question whether the en-
tial consequences. An outstanding example is that the ion/iofanced Alfven waves could nonlinearly interact with fast
beam instability can lead to energy and momentum transfeg|ectrons. According to linear theory, an electron beam can-
between two plasmas in the absence of Coulomb collisions, ot excite Alfven waves just because no cyclotron resonant
It is by this process that the solar wind can pick up newlyjnteraction between electrons and Alfvevaves is possible.

12,13

; ; =11
createdl4_|?8ns of interstelldr” solar; and cometary Tpe emerging issue is whether interactions via nonlinear pro-

origins. cesses are possible.
One of the reasons, that has made the electromagnetic Tha reason why we are interested in beam electron dis-

ion-beam instability very important is that under certain con-yip \tion function will be briefly explained. It is well known
ditions the ion beam can e>]<C|te ultralow-frequency hydro-yat in plasma physics literature, we usually model the dis-
magnetic waves, such as Alivevaves, which can in U iption function of an electron beam by a displaced Max-
result in pitch—angle scattering, a process which can effiy;q|jian distribution function, which represents a standard ap-
ciently modify and isotropize the ion-beam distribution. proach. However, it may or may not be the best way to
Moreover, it was also found in a recent study that the enyegcrine the realistic situation, particularly in the solar—
terrestrial environment where enhanced Affieeturbulence
dElectronic mail: gmlu@ustc.edu.cn is pervasive. In some cases, both energetic protons and elec-
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trons may be produced at the same time, so that the beamin T 17—
particles actually involve both species. The protons can ex- a
cite Alfvén waves if the beam velocity is sufficiently higher

than the Alfven speed, although the streaming electrons can-

not. We are interested in whether the ensuing Aifeetur- 3
bulence can then modify the beam electrons via nonlineal
interactions. To investigate this issue is the principal purpose~

of the present study.

1E3 |E

SBYB

In literature, all previous studies of the ion-beam insta-
bility mentioned earlier have made use of hybrid-code simu-
lations. Evidently, in the present case, a full particle code is
necessary because we are ultimately interested in the distri =
bution function of the streaming electrons. The organization i
of this article is as follows. The simulation model is de-
scribed in Sec. Il. The one-dimensiondD) particle-in-cell 0
(PIC) simulation results and discussion are presented in Sec  (a)
[ll, and conclusions are given in Sec. IV.

0.1 ¢
II. SIMULATION MODEL t

A 1D PIC code based on the explicit algorithm is used in
this article. In PIC simulations, the electromagnetic fields are ~ oo1 |
defined in grids, and they are updated by the Maxwell equa- ;
tions; while the ions and electrons are taken as discrete pai_ !
ticles, they can be anywhere in the simulation domain and gy’
advance in the electromagnetic fields according to theiry "®°F
equations of motio”>?®Although relativistic effects are in-  ©
cluded in the original code, they have no impact on the re-

sults in the present study. The 1D simulations allow spatial

1E-4 |
variations only in thex direction, but include the full three- b
dimensional velocities and electromagnetic fields, and the
ambient magnetic fiel®, is parallel to thex axis. : - :
0 30 60 90 120 150 180

Initially, the beam and background particles are distrib- (b)
uted uniformly in the simulation domain, where both the
beam and background particles consist of ions and electrons

ith ber d . he b . del fl FIG. 1. The time evolutions of magnetic field energy in logarithmic scale,
with same number density. The beam ions and electrons e parameters am, /n,=0.006 andg;=4x10"*. (a) Total wave energy

in the +x direction with the same bulk velocity,=10V (eg). (b) Energy of waves with positive helicitys¢) and negative helicity
relative to the background plasma. Initially, the beam iongeg).

are assumed to possess the following distributions:

ot

f—ext — (U= Up)? exd — (U, —uy? particles per cell for each species, and the beam density is
A? 2 ’ n,/ny=0.006. Periodic boundary conditions are employed

o
whereu=yv (yis the relativistic factor, and s the particle ; Ollilro?:rr]nalljilzgtci)gr.\ of physical quantities is described as fol-
velocity) is the momentum per unit mass, subscripénd L pny q

refer to the directions parallel and perpendicular to the am!—OWS' The length is expressed in unitsaito;, and the time

bient magnetic fieldB,, respectively, andi;z=1.7V,. The IS norrrr:allzed tOQi ' '(;hel veIQC|]£y Ilj expressed in L:jn!ts Of.
distributions of the background ions and electrons are as\—/A' The magnetic an gectnc lelds are expressed in units
sumed to be Maxwellian, and the distribution of the beam?! Bo andVaBo, respectively.
electrons is a displaced Maxwellian distribution. It is consid-
ered that the temperature of the ions is four times that of thé”' SIMULATION RESULTS

electrons. The ratio of the ion to electron mass is set to be In the first case, we set the plasiBa=4x 10 *. Previ-

m; /me=400 in our simulation, where the subscriptande  ous studies reported in literature find that waves due to the
denote the quantities associated with ions and electrons, reesonant beam instability excite waves with positive helicity,
spectively. The system length used in the present simulatiota right-hand side mode that propagates to-thedirection

is Ly=256¢/wy;, wherec is the speed of lighthere, we  whereas the nonresonant instability excites waves with nega-
assumec=40V,), wy,=(nee?/mieg)*? is the ion—plasma tive helicity (a right-hand side mode that propagates to the
frequency, and/wy; is the ion inertial length. The grid cell is —x direction. Taking advantage of this fact, we can study
Ax=2.0c/ wp;, and the time step iAt=O.OOOSQi_1, where  the excitation process by separating the wave fields into posi-
Q,=eB,/m; is the ion—gyro frequency. We use 400 super-tive and negative helical part$?® Figure 1 shows the time
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FIG. 2. The field quantitiesB, , 6B= \/5By2+ 5822, the Fourier power spectrur&’Bi(k), the bulk velocity of beam ion&lashed lingand electrongsolid
line) V,, V, at(a) t=520; %, (b) 680Q; %, (c) 880, *, and(d) 172Q; * which correspond to initial growttprediction from the linear theoyysaturation,
postsaturation and quasi-equilibrium stages, respectively. The parametegsage- 0.006 andgB;=4x 10 *.

evolution ofsBzﬁBZ/Bg, the total magnetic field energy, saturation, postsaturation and quasi-equilibrium stages, re-
eg , the magnetic field energy of the positive waves, andspectively. In this Fourier power spectrlﬁﬁii(k), the posi-
eg , the magnetic field energy of the negative waves in logative sign “+” of k means that excited waves have positive
rithmic scales. Obviously, the right-hand side resonant instawave numbers, which are the right-hand side resonant modes
bility, which corresponds to Alfve waves, dominates and, propagating to the+x direction; while the negative sign
thus, the nonresonant instability is negligible. This conclu-* —” of k corresponds to the right-hand side nonresonant
sion is consistent with the previous discussions and hybrignodes propagating to the x direction, which have the
simulations?®?’ From aboutt=32(; %, the resonant wave negative wave numbers. The characteristics of the four dif-
begins to grow in time, and it saturates at abdut ferent stages are described as follows.
=689i’1. It reaches a quasi-equilibrium stage at about At the linear growth stage, the right-hand side mode has
1000(1. a nearly monochromatic wave spectrum, and the wave num-
Figure 2 describes the field quantitiesB,, oB ber is about 0.12; /c. It satisfies the gyro resonant condi-

=\/6B2+ 5B, the Fourier power spectrudB(k), the tion involving ions and Alfve waves:

bulk velocity of beam ions and electrong,, V, att 10 —K~0 1
=520;%, 680, 880!, and 1720, which corre- @RI @
spond to initial growth(prediction from the linear theofyy =~ wherew=KkV, is the Alfven wave dispersion relationy, is
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FIG. 2. (Continued)

the velocity of beam ions which interact with the Alfve netic field and the beam plasma bulk velocity are larger. The
waves. At this stage, we can use the bulk velocity of themagnetic pulsations are obvious, and they propagate to the
beam plasmaV,=10V, to stand forv,, so we getk +x direction with a speed about 1M}, . More beam ions are
=0.11w;/c. Magnetic pulsations are formed at about trapped by the magnetic pulsation than at the linear growth
=128/w;, which steepen progressively. The magnetic pul-stage. Thus, the beam ion velocity parallel to the ambient
sation traps the beam ions and electrons via gyro-phasmagnetic fieldy, is dispersed. According to Eq@l), waves
bunching. Thus, the bulk velocity of the beam ions and elecwith higher wave numbers can be excited. The result is that
trons in the +x direction decreases at the position of thethe wave spectrum is broadened.
magnetic pulsation, and the influence of the magnetic pulsa- At the postsaturation stage, the magnetic pulsations split,
tion decelerates the beam ions more efficiently than the beaand an increasing number of spiky magnetic pulsations
electrons. Figure 2 also shows a nearly positive correlatioemerge, and, moreover, the widths and amplitudes of the
between the bulk velocity of the beam ions and electrons ipulsations vary from place to place. The beam ions are still
the y direction andéB,, but the amplitude of the bulk ve- trapped by the magnetic pulsations, but the beam electrons
locity of the beam ions is larger than that of the beam eleceannot be trapped. The positive correlation between the bulk
trons. It is same for the bulk velocity of the beam ions andvelocity of the beam electrons in tiyedirection andsB,, can
electrons in the direction andéB, (not shown. still be found, but the bulk velocity of the beam ions begins
At the saturation stage, the situation is similar to theto deviate this positive correlation. In summary, more reso-
linear growth stage, except that the amplitude of the magnant waves with higher wave numbers, as well as the non-
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FIG. 2. (Continued).

resonant waves, are excited at this stage, although the leviglcrease of the momentum dispersion due to the effect of the
of the nonresonant waves is negligible. enhanced Alfvae waves until the quasi-equilibrium stage. On
At the quasi-equilibrium stage, the wave spectrum of thehe other hand, the situation for the reduced velocity distri-
excited mode becomes very broad, and more magnetic efution of the beam electrorf§u, ) is different. The Alfve
ergy is transferred to higher wave number modes. The chajyayes can scatter it into a ring distribution such that
acteristic scale size of the magnet_ic pulsatioirs roughly df(u,)/du, >0 exists neau, =0. The ring distribution be-
equal to the wavelength of the excited resonant waves. Th&ins to form at about=48(2i’1, and its radius is positively

bulk velocity of beam ions is about S\, while the bulk correlated with the fluctuation level of the excited Alfve

velocity of the beam electrons remains almost unchanged in o 1
the same spatial region, which is about 82. A positive waves. The radius is about 24 at 68(}; = and 0.2V, at

correlation between the bulk velocity of the beam ions anossg_i_l' In the quasi-equilibrium stage, the ring (Eilstribution
electrons in they direction andsB, can be found. persists, and the radius is about ¥y att=172Q; ~. The

Figure 3 shows the reduced velocity distributions of thereduced distribution can be modeled by a functidu, )
beam electrons (u,) and f(u,) at t=52Q.%, 680 %  ~exg—(u —u)¥a’] as considered in Wet al*®
889(1, and 172()i—1_ Initially, the reduced velocity distri- Previous hybrid simulations show that the background
butions of the beam electrorigu,) andf(u,) are Gaussian ions, as well as the beam ions, can be heated by the excited
distributions. Later on, the distributiof(u,) evolves only Alfvén waves with a high turbulence lev€l, however,
slightly from the initial Gaussian distribution with a small whether the beam and background electrons can be heated by
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FIG. 2. (Continued).

the excited Alfve waves has never been studied. Figure 4perpendicular to the background magnetic field, respectively.
presents the thermal speed of the beam and background ele&t the final phase, the velocity distribution of the back-
trons as a function of time, both the beam and backgrounground electrons is still a nearly Maxwellian distribution.
electrons begin to be rapidly heated at abbst50€);*,  One thing we need to know is that part of the heat of both the
where the turbulence level of the excited Alfvevaves is  peam and background electrons in the direction parallel to

reasonably high, and the waves heat the beam electrons magg, packground magnetic field is attributed to the effect of
effectively than the background electrons. For the beam eleq:-harge separation between the electrons and ions, and this
trons, the thermal speed in the direction perpendicular to th

SR . : ffect | he h r for th m electrons in th
background magnetic field is positively correlated with the8 ect leads to the heat process for the beam electrons in the

turbulence level, and it is about 11 and 6 times of its initialdIreCtlon parallel to the background magnetic field at about

value at the saturation and quasi-equilibrium stages, while iﬁzSQi . ) )

the direction parallel to the background magnetic fields, the N the second case, we de5|gn§l;<,t20.04. Figure 5 de-
corresponding values are about 6 and 10 at the saturation agiPes the time evolution afg=6B%/Bj, and it is almost
quasi-equilibrium stages. For the background electrons, afhe same as the cagk=4x10"*. Actually, other physical
though the situation is similar to the beam electrons, the heatalues are also similar to the cage=4x10"* except the
effect by the excited Alfve waves is less significant, at the perpendicular velocity distribution of the beam electrons.
quasi-equilibrium stage, the thermal speed is about 5.2 andigure 6 shows the reduced perpendicular velocity distribu-
1.6 times of its initial value in the direction parallel and tions of the beam electronu, ) att=56()i_1, 680(1,
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FIG. 3. The reduced velocity distributions of the beam electrons at different timB2Q; %, 68Q, %, 8801, and 1720}, the parameters ang, /n,
=0.006,8;=4x10"*. (a) The reduced velocity distribution in the direction parallel to the ambient magneticffialyl, the dashed line denotes the fitted

Gaussian distributior(b) The reduced velocity distribution in the direction perpendicular to the ambient magneti€(field Subscriptd andL denote the
directions parallel and perpendicular to the ambient magnetic field.
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FIG. 4. The thermal speed of the beam
and background electrons as a func-
tion of time, the parameters are
Ny /n,=0.006 andB;=4x10"%. (a)
The thermal speed of beam electrons
in the direction parallel to the back-
ground magnetic fieldb) The thermal

L
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speed of beam electrons in the direc-
i tion perpendicular to the background
magnetic field.(c) The thermal speed

of background electrons in the direc-

05

00

tion parallel to the background mag-
netic field. (d) The thermal speed of
beam electrons in the direction per-
pendicular to the background magnetic
field. v and v, o denote the initial
electron thermal speed in the direction
parallel and perpendicular background
magnetic field.

60 <0 120 150 180

76 Qi’l, and 172(1[1, which correspond to initial growth, their initial values in the direction parallel and perpendicular

saturation, postsaturation and quasi-equilibrium phases, rée the background magnetic field, while the corresponding
spectively. The ring distribution of the beam electrons onlyvalues are only about 1.05 and 1.01 for the background elec-
appears near the saturation phase and, in other phases, thens that are insignificant.

ring distribution is almost indistinguishable. Even if we in-

We have also simulated the casgdny=0.01 and 0.05;

creasep;, the ring distribution of the beam electrons will the results are similar to the casg/ny=0.006. The interac-

also disappear at the saturation phase wken0.2. Figure 7

tion between the background and tenuous beam plasma can

presents the thermal speed of the beam and background elexxcite right-hand side resonant waves, which can scatter the
trons as a function of time, although the excited Alive beam electron into a ring velocity distribution and heat the
waves can heat the beam and background electrons, but it leeam and background electrons.

much less effective than that of thg=4x10* case, the
final thermal speeds of beam electrons are 1.25 and 1.50 of

77
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FIG. 5. The time evolutions of total magnetic field enesgyin logarithmic

scale, the parameters amg/ny,=0.006 andg;=0.04.
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IV. CONCLUSIONS

In summary, we have simulated the nonlinear beam—
plasma interaction process with emphasis placed on the
study of the velocity distribution of the beam electrons dur-
ing the process. From the simulation results, we find the
following salient points.

Because the density of the beam patrticles is tenuous, the
resonant instability of the right-hand side mode is generally
dominant, and the excited waves are low-frequency Alfve
waves. This is in agreement with previous investigations re-
ported in literature. The time evolution of these waves con-
sists primarily of four phases: The initial growth, saturation,
postsaturation and quasi-equilibrium phases, which are con-
sistent with the results obtained by Wang and Lin with 1D
and two-dimensional hybrid simulations, although they use a
longer system lengtf?

However, our main interest is how these waves affect the
velocity distribution of the beam electrons. With PIC simu-
lations, we are able to study this issue. The details have
already been discussed in Sec. Ill. Here, we only summarize
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FIG. 6. The reduced velocity distribu-
leA tion in the direction perpendicular to
the ambient magnetic field(u,) at
different timest=560Q, %, 68Q;*,
760, and 1720, %, the parameters
aren,/ny=0.006 andB;=0.04.

the main conclusions. Wheg#; is sufficiently low (<0.01), tion level. It reaches a peak value at the saturation stage, and
in the linear growth phases, the perpendicular velocity distridecreases at the postsaturation stage. At the quasi-
bution of the beam electrons can be pitch—angle scattereghjuilibrium phase, the positivé (u,)/du; region in the ve-

into a ring-like distribution, and, as a result, there exists docity distribution of the beam electrons still persists. But,
positive df(u,)/du, region. The radius of the positive the ring distribution disappears at the quasi-equilibrium
of(u )/du, region is correlated with the magnetic fluctua- phase if the ion beta is sufficiently high. For example, when
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FIG. 7. The thermal speed of the beam
and background electrons as a func-
tion of time, the parameters are
n,/ny=0.006 andB;=0.04. (a) The
thermal speed of beam electrons in the
direction parallel to the background
magnetic field.(b) The thermal speed
of beam electrons in the direction per-
pendicular to the background magnetic
field. (c) The thermal speed of back-
ground electrons in the direction par-
allel to the background magnetic field.
(d) The thermal speed of beam elec-
trons in the direction perpendicular to
the background magnetic fieldz e
and v, o denote the initial electron
thermal speed in the direction parallel
and perpendicular background mag-
netic field.
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