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Abstract

High-amplitude plasma wake waves are excited by high-density relativistic electron byR&®snoving in a plasma.

The wake-fields can be used to accelerate charged particles, to serve as electrostatic wigglers in plasma free-electron
laserd FEL), and also can find many other applications. The electromagnetic fields in the region occupied by the bunch
control the dynamics of the bunch itself. This paper presents the results of 2.5-dimensional numerical simulation of the
modulation of a long REB in a plasma, the excitation of wake-fields by bunches in a plasma, in particular, in
magnetoactive plasma. The previous one-dimensional study has shown that the density-profile modulation of a long
bunch moving in plasma results in the growth of the coherent wake-wave amplitude. The bunch modulation occurs at the
plasma frequency. The present study is concerned with the REB motion, taking into account the plasma and REB
nonlinearities. It is demonstrated that the nonlinear Ri&ma dynamics exerts primary effect on both the REB
self-modulation and the wake-field excitation by the bunches formed. We have demonstrated that a multiple excess of
the accelerated bunch enekgy,,over the energy of the exciting REB is possible in a magnetoactive plasma for a certain
relationship between the parameters of the “plasma—bunch—magnetic field” ggsterg to a hybrid volume—surface
character of REB-excited wake-fields

Keywords: Charged particles acceleration; Nonlinear phenomena numerical simulation; Plasma accelerators;
Relativistic electron bunches; Wake-fields excitation

1. INTRODUCTION ing fields should be excited by laser pules and relativistic
electron bunches. The charged particle acceleration by charge
The ideas of using collective fields for acceleration in thedensity waves in a plasma and in uncompensated charged
plasma and noncompensated charged beams were stateq,@%ms(painberg, 195p appears to be a most promising
early by Budkef1956), Fainberg 1956, and Vekslef1956.  trend in the collective methods of acceleration. The variable
The appearance and development of new powerful energyart of the charge density can be made to be very figfo
sources such as lasers, high-current relativistic eIectroHo, wheren is the unperturbed plasma densijtherefore,
beams, super-high-power microwave generators gave afne accelerating fields can reach’lnd 16 V/cm. Chen
other impetus to the development of the collective methodgyt 5. (1985 have proposed a modification of the Fainberg
of charged particle acceleration. As a restilgjima & (1956 acceleration method, consisting of using a train of
Dawson, 1979; Cheet al., 1985, there appeared new mod- pynches. Katsoule&$986 has considered electron bunches
ifications of the method of charged particle acceleration in gyjith different profiles, namely, a bunch with a slow build-up
plasma by charge density wavesee reviews by Fainberg, i the density and its very quick fall-off, and also the bunch
1987, 1994, 1997, 2000; Dawson, 1999; Poefsl, 1999,  yith the Gaussian-type distribution for different rise and
Suket al, 2001, where it was proposed that the accelerat-fy||.off times. It was establisheKatsouleas, 198@hat the
use of these nonsymmetric bunches instead of symmetric
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Avy.cvp Lis equal to ZrN, whereN corresponds to the num- tions for the self-consistent electicand magneti® fields.

ber of wavelengths along the bunch lengthis relativistic ~ We assume that, initially, a cold two-component back-
factor of a bunch. The excitation of nonlinear stationaryground plasmam; /m, = 1840, wheram; andm, are the ion
waves in the plasma by a periodic train of electron buncheand electron massgtills the entire regiorf0,L] X [0,R],

has been studied by Amatuet al. (1979 and Rosenzweig whereL = 100 cm andR = 10 cm. To analyze the depen-
(1990, where it was shown that the electric field of the dence of the amplitude of the excited fields on the number of
wave in the plasma increases wify at commensurable bunches injected into plasma, we carried out a series of
plasmabeam densities. The experiments undertaken ircalculations. A finite sequence of REB, which are specified
Rosenzweig 1990 on wake-field acceleration have dem- by the expression

onstrated the importance of three-dimensional effects.

Usually, we consider two different regimes with high Na(r,z,t) = Ny (Ry — 1)@ (vpt — z+ (N —1)A,)
amplitudes of plasma wake-fields that are employed in the
accelerator physics. The first regime makes use of an ex- XO(z=vpt+Z+(n=1)Ap).

tended short beam, then the high-amplitude waves excited
by this beam and having high-gradient longitudinal electric Here n is the number of the injected buncW, =
fields can be used to accelerate other bunches. In the secong 1 — 1/y2 is the bunch velocity; is the speed of light; the
case, a strong focusing can be attained with a long narrownitial bunch sizes are equal to 0.4 ¢i(0.1-0.5 cm; n, is
beam, making use of its intrinsic magnetic field which is the mean density of a relativistic electron bunghi= 27r¢/
unbalanced because of space charge compensation by tlg.. The scale on which the electric and magnetic fields vary
plasma. is meCwpe/€. We assume that the plaspminch particles
escape from the calculated region through the 0 and
z = Z boundary surfaces and are elastically reflected from
ther = R surface. We also assume that cold background
electrons and ions can return to the region under consider-
ation from buffer zoneg < 0 andz > Z. The boundary
The excitation of wake-fields is investigated with an aid of conditions for the fields correspond to the metal wall at the
the 2D3V axially symmetric version of the SUR code being,cylindrical surface = Rand free emission of electromag-
in turn, a further development of the COMPASS codenetic waves from the right and left plasma boundaries. The
(Batishchevet al, 1994a, 1994pb Earlier, this code had weight of the model particles was a function of the radial
been used to simulate the induction accelerd@faras’et al., coordinate, and the total number of these particles was about
1992, the modulated relativistic electron be&Batishchev ~ 10° All the calculations were carried out on a Pentium-166
etal, 1993, and a single REB or a train of these bunches inpersonal computer using the modified particle-in-cell sim-
a plasma(Batishchevet al, 1994a, 1994b; Karasgt al, ulation algorithm.
1996, 1997, 1998, 200Da

Note that, in those studiesimilar to the experiments 2.2.1. Numerical simulation of the formation of a
described in Rosenzweig, 199¢he initial bunch radius plasma channel due to ion redistribution
ro = Ry and the length., of the bunch were smaller than  Barov and Rosenzweil994 pointed out that, in the
skin depthic = ¢/wpe (wpe is the Langmuir frequengyand  immobile-ion approximation, a channel with a neutralized
the densities of the relativistic electron bunch and plasma&harge can arise in the plasma when the background elec-
were bounded varying. The numerical simulation carriedtrons escape from the region through which the REBs prop-
out in Karas'et al. (1992, 1996 showed that the radius of agate. Ithas already been noted that, to analyze the formation
the bunch propagating in a plasma varies considerably, whichf an ion channel in a realistic situation, we must take into
substantially changes the bunch denglly more than an account, along with the electron motion, the ion motion in
order of magnitudeand the field excited by this bunch. It self-consistent electromagnetic fields. We will show that the
was also shown that the amplitudes of the axial and radiabn dynamics plays a key role in the formation of an ion
electric fields increase as each subsequent bunch is injectethannel.
into the plasma. However unlike in the rigid bunch approx- Figures 1 and 2 illustrate the formation of an ion channel.
imation (Keinigs & Jones, 1987 the increase in the field The parameters of the plasma channel are governed by the
amplitudes is not proportional to the number of injectedratio between the bunch and plasma densities and by the
bunches. ratio between the bunch radius and the collisionless skin
depth. Also, Figure 1 shows that the effective sizes of the
plasma channel and its depth increase monotonically with
time and in the direction against tkeaxis. From Figure 2,
The REB dynamics is described by the relativistic Belyaev-we can see that substantial variations of electron density are
Budker equations for the distribution functiofigr, p) of  associated only with the wake-field wave and have no per-
plasma particles of each species and by the Maxwell equananent component contrary to ion density distribution.

2. 2.5-D NUMERICAL MODELING OF THE
FORMATION OF APLASMA CHANNEL AND
OF THE LONG REB SELF-MODULATION

2.1. Mathematical model and methods
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ning,.. . bunches in a plasma by longitudinal wake-fields. Results
el _ were reported there for one-dimensional numerical simula-
ST tw, =70 : : : .
vio 1@, = 120 tion of nonlinear dynamics of bunch modulation. It was
L.15} p demonstrated in Balakireet al. (1996 that the particle

modulation of a long bunch moving in the plasma causes an
increase in the wake-field amplitude.

This effect is accounted for by coherent combining of
fields excited by microbunches, into which the bunch is split
in the course of modulation. The bunch is modulated at a
plasma frequency. The investigation of the one-dimensional
approximation is justified in the case of great transverse
20 40 60 80 100 dimensiong2mr,/A, > 1). This paper, in part, deals with

Z, CM the 2.5-dimensional numerical simulation of wake-fields
excited by a long relativistic electron bunch. Figures 3to 5
show spatial distributions of the electric charge density
of plasma electrongl.Q, longitudinal electric field dfld

2.2.2. Self-modulation of a long relativistic electron bunchEz longitudinal current density of electrored.Jhz re-
Apart from the transverse forces, the bunch particles aréPectively, for the instants of time= 60w, () andt =

also influenced by powerful longitudinal forces on the sidelOO‘f’r?el (b). . o o

of electric wake fields. The longitudinal fields will give rise  !tiS seen from Figure 3 that the longitudinal electric field

to a longitudinal modulation of the electron bunch, that is, toraPidly grows, reaching Or.cw,/e. Note that the original

a splitting of an originally uniform bunch into microbunches b&am particle density was only 6% of the plasma electron
with a modulation periodA, = 2mc/wpe = 3.36 X density. The radial electric fiel, also grows, butitreaches

10°ng Y2 cm. In particular, in the plasma with a particle @ Somewhat lower value of 0cCwp/e. It is significant
density of 185 cm3, the modulation period is 0.3 mm. The that: (1) the finite length of the initial bunch is responsible

effect of longitudinal REB modulation by wake fields can
be used for developing plasma modulators of dense electron
beams. It is pertinent to note one more feature of this phe-
nomenon. Since the modulation frequency is coincident with
the plasma frequency, the wake-fields of microbunches are
then combined coherently. Therefore, the electron bunch
modulation will involve an increase in the amplitude of the
wake-field behind the bunch. This effect opens up a possi-
bility of using long-pulse electron bunches to excite intense
wake-fields in a plasma. It is particularly remarkable that
the effect of longitudinal modulation at a plasma frequency
takes place for a long laser pulse, tdoshiet al., 1987).
Previously in Balakireet al. (1996, a theoretical study
was made into the process of modulation of long electron

T 1@, =150
T, e m)p =180

1.10

1.05

Fig. 1. lon density versus the axial z-coordinate for 0.5 cm.

rfic
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Fig. 2. Electron density versus the axial z-coordinate fo= 0.5 cm, Fig. 3. 2D distribution of the longitudinal electric field dfl&, for the
twpe = 180. instances of time = 60w,e” andt = 100w,
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picture corresponding to the rigid REB and the one by the
scenario following from the one-dimensional numerical mod-
ulation (cf. Balakirevet al, 1996. This supports in full
measure the conclusion given in Rosenzw@ig90 about

the necessity of taking into complete account the three-
dimensional effects and the nonlinear behavior of both the
plasma and the bunch.

The spatial density distributions of REB and plasma elec-
trons obtained for the instances of tine 60w,e andt =
100w, show that the density ratia,/n, (the initial value
being 0.018 reaches 0.04 as early astat 60w,e-. At t =
100w,¢', the highest beam particle density becomes com-
mensurable with the plasma density, that is, a very strong
modulation of beam particle density is observed. The spatial
distributions of the longitudindt, and transversk, electric
fields show that th&, andE, amplitudes grow owing to the
enhancement in the density modulationtAt 100w, the
highest longitudinal-field amplitude reaches Bi8w,/€,
and the highest transverse-field amplitude is equal to
0.4m.Cwpe/e. It is essential that the amplitude growth oc-
curs only within a moderate REB length. Therefore, there is
little point in using the REB of the length greater than that
corresponding to the highest longitudinal-field amplitude;
otherwise no increase in the excited wake-field will be

attained.

Fig. 4. 2D distribution of the plasma electron dengtyQ for the instances
of timet = 60w,e" andt = 100w

for the formation of the growing electric field2) the elec-

tric field has a rather high amplitude near the axis, this being
due to microbunch pinching3) the evolution of the insta-
bility, giving rise to microbunches, leads to some decrease
in the phase velocity of the perturbed wake wave.

From Figure 4 it is seen that the electric charge density
distributions of plasma electroes Qare similar to the spa-
tial distributions of the longitudinal electric field,. The
highest density value is attained for the eighth microbunch
and is 4.%. Itis of importance to note that the maximum of
the beam particle charge density corresponds to the fifth
microbunch rather than to the eighth microbunch and is
equal to 1.6y, this being two orders of magnitude higher
than the initial beam particle density value in the long bunch.

The spatial distribution of the longitudinal current density
of plasma electrongl.Jhz(Fig. 5 also correlates rigidly
with the longitudinal electric field, distribution. Here at-
tention must be given to the peak current value for the eighth
microbunch, which is two orders of magnitude higher than
the initial longitudinal current value or REB particles.

rfic

_—
2.3. Results and discussion n 40 ‘“‘5&\‘&0/,6

The present results show _that th? nonlinear picture_in _theig. 5. 2D distribution of the longitudinal electric current denséityJhz
plasma—REB system drastically differs from both the initial for the instances of time= 60wy andt = 100wpd.
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The undertaken numerical experiments have demonstratadhere
that the nonlinear dynamics of the particles of plasma com-

ponents and bunches results in the following effedsthe 2 20n2 _ 2

. . . . . Aj AF(pE — AT)
transverse dimension of bunches varies within a very wide A = JEYY B = 22 k= w/Vp,
range;(2) close to the axis of the system, an ion channel is rone tone
formed, which is a contributory factor for the stabilization , .
of bunch propagation and the growth of bunch-generated _ 1 Wpe(@ + iv)
. L ; . . ko= w/c, e1=1 5 > 1
fields; (3) an essential increase in the amplitudes of excited ol(w +iv)? — of]
electric fields takes place in the case of a long bunch as a
result of its self-modulation. However, bunches of optimum WZehie w2

length should be usgd, since'any excess of the optimum 27 oo +iv)?— i 2 1- w(w+iv)
length of the bunch fails to provide, even at self-modulation,

the growth in the amplitudes of excited electric fields. ] .
whe IS the Larmor frequency of plasma electronds the

effective collision frequencyy is the peak value of the total

3. WAKE-FIELDS IN MAGNETOACTIVE current of bunchys (r) is the function describing the current
PLASMAS distribution in the bunch cross section, the functibde-
scribes the longitudinal profile of the bun@naxT =1), tis

In our opinion, the excitation of accelerating fields in a . . oo .
S L the time zandr are, respectively, the longitudinal and radial
plasma by an individual relativistic electron bunch appears : ; Lo . .
ﬁgordmatesvb is the bunch velocityg, is the unit vector in

. . C
most preferable, because it is nonresonant in character, an . : . .
the direction of bunch motion and an external magnetic field

therefore, is a little sensitive to the longitudinal plasma den-Ho — Hoe,, ¢ is the azimuthal coordinate, ,are the trans-

sity inhomogeneity observed in the experiment. Besides, to . .
S : o erse wave numbers of ordinary and extraordinary waves,
preclude the electromagnetic filamentation and slipping of

instabilities, it is reasonable to use the stabilizing extern ehsgegg\r/]etl)yg \;T/?i(tjt:r:eziéhe roots of the biquadratic equation.
longitudinal magnetic fieldKeinigs & Jones, 1987 Aside y '

from stabilization, the magnetic field also gives rise to a

multitude of new wave branches, and this, as is shown be- _ PE+PA (PE—PA)® ., ., (&)
low and in Amatuniet al. (1995, essentially extends the L2745 = 4 Tk kOsS(_> '
potentialities of the wake-field method of charged particle

acceleration. {

€1

H(()l)()‘lr)JO(/\i ro), =>"ro

This section presents the results from theoretical studies g, r,, A1) =
HSY (Airo)Jo(AiT), T <To,

into the processes of REB excitation of wake-fields in a
magnetoactive plasma, both in cases of an unbounded plasma
e'md the Waveg.wde with a partlal plasma} living. Let us qe'where Jo(A; 1), HS (A1) are the Bessel functions and
fine the wake-field by an axially symmetric REB moving in ; .

. . Hankel functions, respectively.
the magnetoactive plasma along thaxis. We neglect the

thermal motion of electrons, and assume ions to be immobile In the ultrarelativistic case, we can puf = c. Then,
' instead of earlier equation, we have

3.1. REB excitation of wake-fields in unbounded K2

0
magnetoactive plasma A= o [ea(er — 1) £ ex0/e3].
The solution to the nonuniform set of Maxwell equations
has the form In the frequency range? < w2, the transverse wave
numbers are complex.
Ho =i lo T(0) ke, In the limiting case of a strong magnetic fielofie > w/e,
@z c & the expression for transverse wave numbers takes the form
X f[AlG(Alro,Alr) — AsG(Aaro, At rodroi(ro), M=k —k%  A5=(K—k?)es.
lo 1 For simplicity’s sake, we consider an infinitely thin an-
E,,=—7 < T(w) P nular bunch of radius,:
0€3
S(r—rp)
X | [B1G(A1rg,A1r) — BoG(Azrg, Aor)]rodroys(ro), T(w)=1 ()= —.
b
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Then, for the electric field on the axis of the systemO,
we obtain the following integral representation:

o Ji(1,a)

w Jl(/\za)
e cAy (1 @)’

e cAz b(rz@)

42 T

Azs=Q(wa), Ay =

1 > __“ -
E= s f exp(—iot) HE" (K, rp) @ do, Auz = = Fiwa), - Aw =0,
2 V5 vs Jwo
where
whereQ is the total charge of bunchk? = (k3 — k?)es.
Note that in the frequency range< wp.the bunch emits an lo(wa) K, (wh) + Ko(wa)l(wh)
electromagnetic field in the radial direction, becak$z 0. Q(wa) = L (Wa)Ky(Wh) — (W) Ky(Wa)
We obtain the following expression for the longitudinal com-
ponent of the electric wake-field: 1 ks
N,= 2_81{(81 - 83)<81 - k_g - 822
2Qo‘l’ge T <s,n T 24 cos\72 + p,2>
, = inN72+ u® + ———— |, k2 2 k2|2
H AT ST, (e ) o et
0 0
where K K2 .
A= 2_81 (e1+e3)|e1— k_g — &
<t Z ) Wpelp
T=wpe|lt— 5 | n= . K2 2 K22
& Vo b (| (er—ea)|len— 5| — €3] +4elez— ;
k2 k2

At large distances behind the bunch, the wake-wave field lo(Wo 1) Ag(Wry wh)
decreases ag't. This is due to the fact that the oscillations F, = P S w, = (k2 — kZe3)V2;
in the plasma placed in a strong magnetic field have the lo(Wp2) Ao(wa,wh)
finite group velocity. The radiation of plasma waves from
the near-axis region causes the wake-field to decrease in the
longitudinal direction(Balakirevet al., 2000.

w? = k? — k&; Ag = lo(wr)Ko(wh) — Io(wh)Kq(wr).

The character of field distribution in the cross section for
the waveguide is determined by the transverse wave num-
3.2. REB excitation of wake-fields in waveguide bers. IfA7 ;> 0, then the wave is three-dimensiorfablu-
with a partial plasma filling metric). However, ifA3 , < 0, then the wave is pertaining to
the surface. And finally, ifA3 , are the complex variables,
Let us consider the plasma waveguide with a partial plasméen the wave is hybrid. The boundaries of the region, where
filling in the external magnetic field, that is, the waveguide, A3 , become complex, are defined by the inequalitigs>
where, between the plasma boundasya and the conduct- © > w,, where
ing housingr = b, there is a vacuum gap.
To derive a dispersion equation of eigenwaves of this 202+ 0fie = (W + 0pewZe — wick?c?)Y?
plasma wave guide, it is necessary to find the electromag- @1.2= k¢
netic fields in the vacuum gap< r < aand join them with
the plasma fields through the use of boundary conditions on
the plasma surface. The boundary conditions are standarg
that is, the continuity of electromagnetic field tangential d ) .
' . . . The field pattern and the frequency of the hybrid wave
components. As a result, we obtain the dispersion equa6 L hroni ith the bunch found b i
tion, which can be conveniently written as a determinant €ing in synchronism wi € bunchwere found by numer

_ . . . Ical methods.
DetA= 0, where the matriA had the following components: We attained the characteristic radial distribution of the

longitudinal electric-field component at the following plasma

0Fe + AKECE

To excite the REB of the hybrid wave, the relativistic
ctor must satisfy the following condition;, > wye/2wpe.

An=1 Ap=1 As=-1 Au=0, and waveguide parameters:
o Ji(A1) o Ji(1a) w Wped b
An =D ’ =L ! He = i = - = =
21 = 11 CAy Jo(A1@) 22 =12 chy Jo(A,a) 6.3, . 23.3, a 2.4, vp = 4.6.

Wpe

The wake hybrid wave frequency is here equal to @35

w
Aoz = Aou=—, Az1=1Ty, Asp=1, Asg= . . .
2700 A= An=h Ae=Ta As=0, Itis shown that for the radiuga = 0.8, the magnitude of the
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