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Blowout regimes of plasma wakefield acceleration
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A wide region of beam parameters is numerically scanned and the dependence of wakefield properties on the
beam length and current is clarified for the blowout regime of beam-plasma interaction. The main regimes of
the plasma response are found, which qualitatively differ in the plasma behavior. To characterize the efficiency
of the energy exchange between the beam and the plasma, the energy flux through the comoving window is
introduced. Scalings of the energy flux for the linear plasma response and the main blowout regimes are
studied. The most efficient energy transfer occurs in the so-called “strong beam” regime of interaction. For this
regime, analytical approximations for various aspects of the plasma response are obtained.
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I. INTRODUCTION Il. THE MODEL AND THE CODE

We consider a dense axisymmetric ultrarelativistic elec-
n beam propagating through the infinite fully ionized cold
plasma of a constant density (Fig. 1). Our aim is to study
the plasma response to beams of various length, radius, and
peak current. The long-term beam dynamics, a role of the
plasma temperature or inhomogeneity, and the plasma re-
sponse to beams of exotic shapes are beyond the scope of
this paper. We also neglect the motion of plasma ions since,
in the time of interest, the ions cannot shift considerably.
[2-4]. . . There is no external magnetic field in the system.

_Several PWFA sche_mes were proposed that differ in the Since the time scale of beam evolution is much longer
drive beam configuration1,5-§. Here we study the so- than the plasma time scale, the problems of beam dynamics

cglletd blllo;/r\:outlreglme Im ;Nh'Chfthe htead of a sfhort (r:i]rlver nd plasma response get decoupled, and we can consider the
€jects all Ine plasma electrons 1rom 1S propagation channgye 5y 55 5 “rigid” nonevolving charge distribution propagat-

and most part of the beam propagates in the electron-fre - ; ; : :
region (termed the cavern hencefoyifThe blowout regime fﬁg with the velocity of lightc. Correspondingly, the picture

has been extensively studied both theoreticfly15 and ?gaali‘?'g/i;lal/ﬂﬁ ?ﬁg gg;rrints does not change in the window
experimentally[3,16—23. :

. . In th moving window w h lindri rdin
Most of the recent theoretical studies of the blowout the comoving do e use the cylindric coordinates

r,o, &), whereé is related to the laboratory coordinaand
PWFA were concentrated on the beam and plasma param- ?:¢) ¢ y

eters of SLAC E-157 experimeiit1—15. However, the op- time t asé=z-ct. The beam density is taken in the form

timum regimes of the wakefield accelerator may not fall into | o 2 ¢ =

parameter regions accessible with today’s facilities. In this No(r, &) = —2M2 207 +co<— —) :

paper we scan a much wider parameter area and study the 4mecoy oy V2

plasma response to a dense drive beam for various beam g < UZ\;'Z.,, (1)

sizes and currents. We also introduce the total energy flux as

a measure of beam-plasma energy exchange and study itderel, a4 IS the peak beam current, ando, are the beam

scalings. dimensions, an@>0 is the elementary charge. This cosine
The paper is organized as follows. In Sec. Il we describelistribution over¢ is more convenient for simulations than

the mathematical model adopted for the beam and plasnithe Gaussian one because it smoothly vanishes outside an

and the code used for simulations. In Sec. Il we present the

map of blowout PWFA regimes and describe the main perfectly conducting wall ~ simulation window

asymptotic cases. In Sec. IV we derive an analytical approxi- 4 £ &

This paper is related to electron-beam-driven acceleratio&o
of particles in plasmagl] (termed plasma wakefield accel-
eration, PWFA. PWFA is of great interest due to availability
of high accelerating gradieni®rders of magnitude higher
than those in conventional accelerajoend intrinsically
long acceleration distance that is not limited by driver dif-
fraction or dephasing (unlike laser-driven wakefield
schemep Reviews of PWFA basics can be found in Refs.

mate formula for various cavern parameters in the special rT L:

case of a “strong beam.” In Sec. V we show the main scal- % \ £ c

ings for geometrical parameters of the cavern and describe s hN

the motion of plasma electrons in various regimes. In Sec. VI cavern beam

we introduce the total energy flux and study its scalings in unperturbed plasma ahead of the beam
the linear and blowout regimes of PWFA. The main results

of the paper are emphasized in the Summary. FIG. 1. (Color onling Geometry of the problem.
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interval of finite length. It is close to the distribution Deriving various scalings, we use dimensionless quanti-
5 ) ties and denote them by tildes, for example,
O =0 el - - £ ) @
ST 2 reco? 20° 20° T _Clhmax ~ _owp N = E
r r z |m— , Oz= , N=—, Ez— , (9)
mc> c No Eo

and contains the same number of particles. -
For calculation of the plasma response, we use the codehereEq=4mnomc.

LCODE [15,23. In simulations, plasma electrons are modeled

by macroparticles, while plasma ions are the immobile back-

ground charge. Each macroparticle is characterized by six ll. MAP OF BLOWOUT REGIMES

quantities: the transverse coordinateghree components of

the momenturr(p:, p,, andp,), massM, and charge. The the plasma responsk; ay 0, ando,. For beams of a small

Iongltudmgl coordinate IS nqt a parametgr here, t?“t an ar- radius (o; <c/wp), the plasma response weakly depends on
gument. Since the beam is rigid, all particles starting from a

given radius copy the motion of each other, and their param(-r“ tT}O Wle can pllot a tw|<:)_-d|men5|_|(_)rr]1al map o>fc7\ver_n Ireglmes
eters(r, p, p,, andp,) can be found as functions df on the pland o, I ma) [Fig. A8)]. The casar = c/wy is less

. o interesting since wide beams always produce a weaker wake-
Parameters of plasma macroparticles are initialized ahe

SR Id than narrow beams of the same current.
of the pean(at 5_02V27T) and then calculated layer by layer All simulations presented in the paper are made dpr
according to the equations

=0.1c/w, unless stated otherwise. The map is deliberately

-1 . extended to the region of high beam currents. These currents
<E+ —[v X B]), (3) can be obtained by longitudinal compression of a high-

¢ energy beam and should also be analyzed.
For long beams, we observe the regime at which the beam
dr v - p smoothly moves plasma electrons aside and leaves no much
d_g - Uz_‘C v= M2+ p2ic (4) perturbations behin@Fig. 2(c)]. In this regime, the longitu-

dinal electric field is rather small; it decelerates the front half

The plasma current and electron density are obtained bgf the beam and accelerates the tail half. The cavern is long;
summation over the macroparticles lying within a given ra-it is usually termed “ion channel.” The channel has its maxi-

There are three parameters in our model which determine

dp_dpdt_ 9
dé  dtdé v,-c

dial interval: mum width at the place of maximum beam current. Dimen-
) sions of the channel, electromagnetic fields in the system,
i=AS qivi n=-AS aile (5) plasma current, and density are in a good agreement with the
T C-uy T C-vg infinite beam mode[25-28. According to the model, the

plasma response to the beam is local, i.e., it is completely
whereA is a normalization factor. The denominator in Eq. determined by the beam current at this cross section. The
(5) appears since contributions of a macroparticle to the dertheoretically predicted channel radius is shown in Fig) 2
sity and current depend on the macroparticle speed in thby the “theory” line. The beam in the ion channel regime is
simulation window. This plasma model is similar to that subject to the instability of two-stream nature, when a trans-
used in Ref[24] for fast simulations of laser-plasma inter- verse shift of the beam couples with a disturbance of the
actions. channel boundarj29-31.
Knowing j and n at some¢, we obtain the fields in the As the beam shortens or the beam current increases, there
corresponding layer from the Maxwell equations that, unde@Ppear strong oscillations of the cavern bound&ig. 2(€)]
the condition which continue after the beam passage. Most part of the
beam energy remains in the plasma, and field oscillations
dloé=aldz=-ald(ct), (6) take a singular form. The widest place of the cavern shifts
behind the cross section of maximum beam current, and the
cavern itself gets wider than predicted by the infinite beam
model (theory line. In Fig. 2a) we show several lines that

are reduced to the equations

E L . -
——TrE, =—4me(n+n,—ng) - [?—Z, (7)  quantitatively characterize these changesm bottom right
ror 9¢ to top leff: the line where 95% of the energy taken from the
decelerated beam head is recuperated by the accelerated
d(E, - Bg) _ JE, _ 4. ® beam tail,.the line showing 005 lag Qf the widest cavern .
PY: ar  olr place behind the beam center, the line where the cavern is

20% wider than predicted by the infinite beam model, the
The plasma response is calculated layer by layer towards tHme showing 5% of energy recuperation by the accelerated
decreasing (from right to left in Fig. 1. Bothr and¢ steps  tail of the beam, and the line where the cavern radius has its
are 0.005c/ wp,, where wp:v’4wn0e2/m is the unperturbed maximum as a function of.
plasma frequency. The step is automatically decreased At high beam currents and moderate beam lengths, we
near field singularitie$15]. Typically, ten macroparticles observe the “strong beam” regime of the blowgiig. 2g)].
perr step are used. In this regime, most part of the beam sees high-amplitude
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FIG. 2. (Color online The map of blowout regime&), the palette used for electron density mdpy the plasma electron density
(grayscale mapslongitudinal on-axis electric fiel&,, and beam currerit, for various regimes: ion channg), short bean{d), perturbed
ion channelle), E-157 beantf), and strong beanm).

decelerating field and efficiently transfers the energy to thend get accelerated up to hundreds of MeV. This phenom-
plasma. The cavern is essentially asymmetric, its widesénon cannot be self-consistently modeled within the adopted
place is located near the beam end, and the cavern itself [dasma model and causes a code fault. Thus, for sufficiently
noticeably longer and wider than predicted by the theorystrong beams this code can simulate only the first period of
(theory line. A narrow high-density electron layer is formed the wakefield up to the singularity. The area of correct simu-
near the cavern boundacgcreening layerso that perturba- lation beyond the singularity is located in Figagbelow the
tions do not deeply penetrate into the plasma. gray line.

In the strong beam regime, some plasma electrons get For short beams, we observe the third main regime of the
captured by the large electric field at the end of the caveriblowout [Fig. 2(d)]. In this regime, the beam acts similar to
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the point charge. Nearby electrons receive an instant pust v, /¢ v, /e L os
and form a clearly visible diverging jet. Far electrons form 06
the screening layefnot as dense as for strong bearasd 04
define a tear-shaped form of the cavewmich is wider at the A LoLo02
front half). Near the singularity, the second jet of plasma : : .o : ‘ 0
electrons is formed. The field singularity itself is asymmetric. ~10 %8 /6/ é‘:'u /c-z S PN
The transitions between the main regimes are smooth, sc S P £ 04
the definition of regime boundaries is somewhat arbitrary. To & 0.6
draw several boundaries in Fig@, we use the energy flux (a)
described in Sec. VI. In the “short beam” area, the scaling
(77) is correct up to 20%. In the “strong beam” area, the FrWp
dimensionless energy flu9) behind the beam i¥ > 20. Ar :4 ¢
The regime of E-157 experimefit1-13 is shown in Fig. 3
2(f). It is located at the transition between the main cavern Ty s
regimes and contains a mixture of the above-discussed fea 3
tures. As for long beams, the dimensions of the cavern are 0
close to theoretical values. As for strong beams, most part ol -0 -8 -6 4 -2 0 2 4
the beam is decelerated. As for short beams, we observe th  (b) §wp/e

jet of scattered electrons and asymmetric field singularity. approximation £2
IV. ANALYTICS FOR STRONG BEAMS 17\ 0

Before describing specific properties of the strong beam
regime, we recall some general features of the blowout
PWFA. In the absence of plasma electrdgps=0,n=0), it
directly follows from Eq.(8) that the longitudinal electric
field is constant across the cavern:

units of Ey

JE,
=0. 10
ar (10

From the Poisson and Maxwell equations

19 JE
F;rE,:Me(nO—nb)—&—g, (11)

19 JE,

=—rB,=-4men, - —, 12 d
;77 Be= T AT (12 (d)

FIG. 3. (Color online (a) Electron velocity in the screening
layer(obtained by averaging over> 2ng region), (b) trajectories of
plasma electrons in the moving windaifor estimation ofA), (c)
F,=-e(E - B(p) =- 277n092r, (13 test of the estimate of, (d) correction factore, and(e) test of the

) . estimate ofa.
An analytical treatment of the strong beam case is pos-

sible owing to the narrow screening layer that separates the "

cavern and surrounding unperturbed plasma. The electrons in E,0,8) = Aief no, dr =~ @Avr(fl), (15)
this layer move coherently with nearly equal velocities. The c Jo c

¢ dependencies of layer velocity components are shown in

Fig. 3a) [all illustrations in this section are made oy ax

we find that the focusing force on the ultrarelativistic beam
is linear inside the cavern:

=51 KA, 0,=2.4¢/ w,, Fig. 29)]. wherer, is the layer radius. To estimat& we notice that
We can introduce the surface density of the screeningnost of the plasma electrons flowing into the moving win-
layer dow in the circle of radius, gather in the screening layer of
the thicknesar [Fig. 3(b)]. The electron flux is steady in the
A :f ndr (14) moving window:
layer ,
e.g., by integration ovem> 2n, region(the result is insensi- mrnge = 27 Ar n(r)[c - v,r)], (16)

tive to the layer detection threshgldAs follows from Eq.
(8), this quantity approximately relatds, inside the cavern
with the layer velocity: from which
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screening layer screening layer
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FIG. 4. Motion of the screening layer.
FIG. 6. Calculation of the field derivative in the layer.
N
A ~n(r)Ar = 2(c-v,) = Aest (17 As follows from Egs.(11) and(12), the transverse fields
) ) ) ) in the cavern depend on the derivativ€,(0,£)/9¢. Let us
(henceforth we omit the argument in designation of layefyg|ate this quantity to other cavern parameters. To this end,

velocitieg. To check the precision of this nonrigorous esti-\ye integrate Eq(7) and divide the integration interval into
mate, in Fig. &) we compare the exact value of the on-axisyyg parts as follows:

E, with its approximation(15) and(17). In the wide interval

of ¢, the estimate is correct up to 20%itroduction of the 0 _J“ <4 o(n+ng—ng) + (9_1>r dr ~ +f
correction factora=1.20 essentially improves the esti- ~Jo & b0 & cavern Iayer.
mate. This factor may be explained by the fact that not

only then>2n, layer contributes to field creation. In what (22
fO”OWS, we definea as the factor that makes the formula Each part can be calculated or approximated:
4mea v 2
E,0,6) ~ = A pp; = 2mnoear| — (18) f JL(M _ 47Tnoe> R
¢ c- Uz cavern 2 & g c

strictly correct at the point of maximum positi¥g [marked

by the cross in Fig. @)]. In the strong beam regiony A IELr,,6) 5
weakly depends on the beam current and linearly decreases L ThAN T +4meln(r) —nl |,  (24)
as the beam length increagésg. 3(d)]: aver

a = agg= 1.29 - 0.0330,w,/C; (19

the precision of this approximation is illustrated by Fi¢e)3
With the expression fo\, we can relate the shape of the

wherel,(£) >0 is the absolute value of the beam current. For
the field derivative in the layer, we hayEig. 6)

IEMH  EL08)  E0HAr  E0H v

cavern and the longitudinal field inside it. From simple geo- 9§ A¢ Ar  A¢ Ar c-v,
metrical considerationg-ig. 4 we have (25)
% U (20) Inserting Eqs(23)—(25) and (17) into Eq. (22), we find
e IE0D _, 20\ 41y | 20,E40,9
hence ~Amnge{ L+ ——]-— o+ —
W d& r cr| rc-v,)
dr dr? 8meA 4l 4me 2v,E,(0,
E,0,8) ~ - 2mngear|— = — mgea—-. (21 i b(f) _ dmenw, | 20EL0.8)
d¢ dé r cr; c-v, rn(c-vy
The precision of this approximation is illustrated by Fig. 5. (26)
o Denote the resultant three terag A,, andAs, respectively.
approximation 2y These terms are plotted in Fig. 7 along with their sum and
G the field derivative itself. The approximation is seen to be
o 5 4 08 quite good everywhere but the very beginning of the cavern.
- 5 As follows from Fig. 7, in the beam regiqat the forepart

) of the caverinthe largest terms in Eq26) are the first(A,)

and the third(A;) ones, while the field derivative is small.

Physically, it means that the beam current is mainly compen-

sated by the displacement current in the layer rather than by

the layer current or displacement current in the cavern. Ne-
FIG. 5. (Color onling Relation between the cavern shape andglecting the smaller terms in E@26), using Eq.(18), and

the on-axis electric field. omitting the correction factow, we obtain
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3 approximation 2.y
3 =
P2 5 E, 1y
A+ A+ A Az 118 N é
2 Ho A Ty e a0
‘ T oo /10§ T twyle
3 4 — o —a /] 3 P -1
A wp/c E, F-1
2 Ay L2
L2

(a)
FIG. 7. (Color onling The field derivative E, and its approximations 35
approximations. 6
T E B
,4 E
45§  20E,0.5) EX0.9) 5
>~ =~ . (27 S|
cr; nic-v)  mnger 2
This approximate equality gives us a remarkably simple es- 5‘;‘(’;’ s ér’f:z e e 0
timate of the electric field in the firstbeam part of the ) -7 €w /'c
cavern: (b) b
Amngely(d) ~ -~ = E i
E0.8 =~ E0H=Vi®. (29 Ehe ofGH T s
" 0.5 é
The check of this estimate is given in Figa8 Notice that TN F0.4 P
the whole beam is predicted to fall into the region of decel- L03
erating field. 02
Now we can derive the shape of the diverging part of the
0.1
cavern from Eq(21), o
. Ho & 6 4 2 0 2
f*f ) g (29) © Seple
¢ mngec

FIG. 8. (Color onling Simulation results and analytical approxi-

and estimate the maximum radius of the cavern for the,ations for the longitudinal electric field), cavern radiugb), and

Gaussian bear?),

radial layer velocity(c).

40_2 llb,max.
ngec
This maximum radius is reached approximately at the beam

end. The fieldE,(0,¢) changes its sign also here. The pre-
dicted cavern shape for the cosine bedmis shown in Fig.

8(b) (right curve. : | »
Let us obtain the law of motion for the screening layer at€'€ctron motion(3) in terms of velocities reads

the converging part of the cavefwherel,(£)=0]. We as-

(30 E, =~ 2mmnger, - nIEL0.H
2 ¢

~ anoen(

2

avy

as

c-v, (c-v,)?

[we have used Eq€12), (18), and(26) herd. The law of

;snunrg(rabtcr;ﬁ:]dtg(ra .motion is determined by fields at the layer dv, _ e _(1—v—r2>E _Ua v
y: dé  ym(c-v,)| [ A g
2mNgear
E,~E/0,9 ~ = 1, (31 _
€702 dv e v2 v v
zz__ = 1——Z)E—r—ZE +-B
dé  ym(c-v ( (o A R R
noE0d )
® 2 9& . o N
wherey is the relativistic factor of electrons. Substituting the
_ 2mngenv, _ uvE(0,9) fields (31)~(33) into this law yields
C—v, C—v,
2 2 2/2
Uz av, du, wp T ( avylc )
~ 2mNger -, 32 — = 1- , 34
o I(C—vz (C—vz)2> (32 dé¢  2v% (1-v,c)? 1-v,/c 349
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do, __wpn ey 35
dé  2y’c(1-vc)? ¢ 8.9 10 ;
b,maz
and forms, together with Eq20), a closed set of equations. 4 17TkA
We can relate the velocity components dividing E24)
by Eq. (35): 3
dy auu,-1 2
—=——, U-=vl/c, U,=1-vjdc. (36
du, au, r—=Ur z vl (36) .
The solution to this equation is 0
5 u, _ FIG. 9. (Color onling Map of precision for several analytic
aly = 2u,( 1 - w) Up = const, (37)  estimates. The numbers in parentheses refer to the equations in the
0 text.
or, in the dimensional form,
dr? ZFu
, 2(c-v) c-v, —~-= (45)
vy = c- , (38) dé u,
«o 1-v,malC
where v, may is the layer velocity at the widest part of the \c/)\;e;btaln the equation for determinationwgfas a function

cavern(wherev,=0). The test of Eq(38) is shown in Fig.

8(c). du, U auy(2 -u,) + 2(u, - ug)1¥*V2(uy - u
Dividing Eqg. (35) by Eg.(20) and excluding),, we obtain — =~ Tate 2)3,4 7,42, Jl 0= U

dE a” Uy Va—1
‘j?“z - Zj; L (39) = U(uyUp). (46)
r u
! ‘ This equation has no solutions in elementary functions ex-
where cept for the whole integration interval from the cavern end
(at &.4,) to the widest placéat &n,,,):
1 2 vl ufaug(2-u) +2(u,-u
=1 —%— % . ud atol ZL U=l (Emax— Eca)wp f“" du,
o Asmax” Scaw)®p 7
° c o U(u,Up)
5 2 3/4
2 [T(0.79] ( u )
T = % =1- = ! — 0
r c ' Up=1 Uz,ma)[C- (41) Jrr 2-u,
_ 314
Equation(39) has the analytical solution ~ 12(%) (47)
’ C+Uzmax
~2 4V augu, . . .
72~ : , (42) wherel is the Gamma function. Using Eqgl4), (30), and
(a=1)Vauy(2 —u,) + 2(u, — Ug) (19), we obtain
the test of which is _sho_vvn in Fig.(® (left curve. The _ ~max_~§cav ~ (4% 1079 731/4 53/2(39 ~7)%48.8-7,)%"2.
maximum cavern radius is thus related to the layer velocity
at this place: (49
In our illustrative case, this formula predicts the value of
72 4 Ug (43) 7.8clw, for the length of the converging part, while the
M a-1V2-uy simulation gives 6.2/ wy,.
_ _ . The above illustrations show the precision of the analyti-
or, in the dimensional form, cal estimates for one special case only. The general map of
Ua precision for key formulas is shown Fig. 9. It is seen that the
. 2c (C‘ Uz,max) (44) above estimates are correct in a wide region of parameters.
m wp\r’/a— 1I\CHvzma Surprisingly, the estimatg8) for the peak decelerating field

- turns out to be very accurate between the strong beam and
Notice that, due to the factofa—1 in denominators, ap- short beam areas.
proximations(42)—(44) are very sensitive to the choice of  There is an interesting observation which can be ex-
a. plained by the above theory; namely, in the strong beam
Substituting Eqs(37) and (42) into the dimensionless regime,E, decreases almost linearly in a wide intervaléof
form of Eq. (20), [dotted line in Fig. 29)]:
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FIG. 10. (Color online Radial field profiles behind the beam
(éwp/C=6).

w =~ 27Nge. (49)
a&

This contrasts with one-dimensional strongly nonlinear
wakefields for which this derivative is twice greatesee,
e.g., Ref[32]). Formula(49) follows from Eq.(26) and Fig.
7. Around the widest part of the cavern, the main contribu-
tion to the field derivative comes from the second tehgn FIG. 12. (Color onling Radius of the caver(a) and its scalings
which approaches2hqge as the layer velocity tends to the in ion channekb), strong beanic), and short beanid) regimes.
relativistic limit (v,— —c). The constant field derivative}9)

makes the right-hand sides of E¢$1) and(12) nearly equal  jon channel value while the beam length increases. In the

in absolute values, and we have main blowout regimes, we have the following approxima-
E, ~ - B, ~ meer (50) tions for the cavern radius:
just behind the beartFig. 10. ion channel¥,, ~ \/r_m fi), £ e 2.202): (51)

V. SCALINGS FOR GEOMETRICAL PARAMETERS OF ~ ~1 a1/
THE CAVERN strong beamr,,~ 3.81,,"0, 5 (52

The best place for location of accelerated particles in the
blowout PWFA is near the cavern end, where the accelerat- short beamT,, = 4.2Vl,,0,; (53
ing field is the highest. Shortening of the cavern caused, e.g.,
by the driver depletion or a plasma density variation, may béhe accuracy of which is illustrated by Fig.(b2-12d). For-
fatal for accelerated particles if they fall into the defocusingmula (51) follows from the ion channel theof\26], expres-
region of the wakefield. Therefore it is important to realizesion (52) is the dimensionless form of E(30); and Eq.(53)
scalings of cavern geometrical parameters. The main paranis obtained empirically. Note that, although the surfaces in
eters are the maximum radiug, location of the field zero Fig. 12c) and 12d) have no plateau, they cross the
(émay, location of the field singularity&.,,), and closing asymptotic values at correct places, which means an agree-
angle of the caveri,) (Fig. 11). ment with the approximate formulas.

The behavior of the cavern radius is shown in Figal2 The location of the zero-field cross section is shown in
The radius monotonically increases with the beam current-ig. 13@). For short beams, the length of the decelerating
As a function of the beam length, the radius has a maximunfield region (limited by &,9 linearly increases with the
in the strong beam region and slowly decreases toward theeam current:

|Ema>J ~1.95+ 0.6Tm. (54)

For strong beams, the theory predicts that,is located near

the beam end and its absolute value grows proportionally to

o, The thick line in Fig. 18) marks the place wheré, .

=-2.50,. For the ion channel regime, the field changes its

! sign near the beam center, and we observe the decrease of

Eoav Smaz |émad, @s the beam length increases. At low currents, the

oscillating component of the longitudinal field affects the

FIG. 11. Geometrical parameters of the cavern and the methotdcation of the zero-field point and somewhat shifts it for-

of approximation ofa. ward or backward relatively to the beam center.

Ez(f, 0) =0
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C = N WD L oo

@ ¢

FIG. 13.(Color onling Location of the zero-field poin@), location of the field singularityb), and closing angléc) as functions of beam
length and current; illustration of merging of the first and second caveins

The location of the field singularity is shown in Fig. angle indicates that the electron motion is not relativistic.
13(b). We do not find simple scalings for this quantity. Near Intermediate angles are possible only for a relativistic motion
the boundary of the ion channel region we observe an abrugtith v, ~v,~c.
change of,, caused by merging of the first and the second |t is instructive to look at the motion of plasma electrons
caverng[Fig. 13d)]. in the laboratory frame of referena&ig. 14). In the ion

The closing angle is shown in Fig. &3. Itis close t0 90°  channel regimgFig. 14a)], the electrons move backward
for high beam currents and moderately long beams. ThiS igng remain at the shifted positions. Strong and short beam
favorable for wakefield acceleration, since the region of thgegimes have no qualitative differencgSigs. 14b) and
good field is wide. In the ion channel regime, the cavern ends 4c). near-axis electrons are scattered away, mainly in the
gently (a;—0). The experimentally investigated area of 1, ia| direction, while most of perturbed electrons make a
E-157 experiment falls into the transition region between theyirie near their initial position. Some of electrons are even

Iwo exireme cases. . entrained by the beam and move forward.
The closing angle also shows the velocity of plasma elec-

trons near the end of the cavern, since
VI. ENERGY FLUX

tan a; = (55)

vz~ ¢ In the presence of the beam, there appears an energy flow

The right closing angle means that the electrons move alonglong the comoving window. This flow is composed by the
the beam axis with relativistic velocity,~c. Zero closing energy flow in the laboratory frame and the energy transfer

fn=1 6,=9 In=3, 6,=24 In=3, 6,=0.16

r 1

8

(b) ‘ (©)

FIG. 14. (Color onling Motion of plasma electrons in the laboratory frame for ion chariaglstrong beanib), and short bean(ic)
regimes. Insets show trajectories of the same electrons in the moving window.
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due to motion of the window. Denoting the unit vector in the I P 7, |arb. units
L = X . b b
beam direction byg,, we can write the flux density of the E
electromagnetic energy as F U E,. =0
- _E?+B®> ¢ _- - n
Sm=-Cé& + —[EXB] (56) I, =0
8 A7 —
T T T T T T T T T T T T T n — 0
-2 10 8 6 4 2 é 0 2 T =0

and the total energy flux density in the comoving window as

(@

S=Smt+ 2 (y-YmP(w-c &), (57)
7Sq, arb. units "] 0 1 2 3
where the summation is carried out over plasma particles in ~
the unit volume. For zero-temperature fluid plasma models, TSy 727’
the energy flux density is ‘ 1 =%

S =Sm+nmE(y- 1[G -c &). (58) | <O
Integrating Eqs(56)—(58) yields us the energy fluxes along rS, ’2;,

the window, for example, -12 -10 -8 6 4 2
(b)

FIG. 15. (Color onling Example of a weakly nonlinear wake-

) ] _ field: (a) the beam currerlt,, excited wakefieldE,, electron density
Itis easy to check straightforward that the total energy flux isy  and energy fluxest and W,,; (b) spatial distribution of the

\P:—f S, 27 dr, \Iff:—f S, 2a@r dr. (59)
0 0

the measure of beam-plasma energy exchange: energy flux density.
il mj L, 2mr dr, enc (60) o ~7
- = bz 27l Af,  Jpz=— : 2270~
& Jo E,m= Eo%ne_"?z, o= (66)
g,

. ) r ) )
The difference betweeW and ¥ can serve as a measure of |n the case of linear plasma response, the longitudinal veloc-

the lost energy which cannot be retrieved by the accelerategly of the electron fluidv, plays the role of the wakefield

beam. In the absence of beams and nearby walls, the derivgotential and no magnetic field is left behind the beam:
tive g¥/9¢ must be zero; this can be used as a good test of

7 ; X ~ ~  Jv, I,
precision for simulation codes. E,=—, E=—7=—1,
For low-density beams and a linearly respondent plasma, x3 ar - g¢
the expression for the flux density can be written analyticallywhence, in the highest term, we obtain the energy flux den-
in the most interesting cases. To this end, we use the texsity behind the factorable bea(@3):

B,=0, (67)

book formula[2] for the longitudinal wakefield: _SE s _ E§+~Er2 +5r2+5§ _ % Rg . <5Rez>2
¢ = nemc 2 2 2 ¢ 7/
Ejr,é) = 4wel€f dg’f cosky(&— & )lo(Kor <) 68)
B 0
X KoKl >)ny(r', &)r’" dr’, (61) It does not depend od and is directly related to the ampli-

tude and radial distribution d,.
The behavior of the energy flux for a low-density beam is
(62) illustrated by Fig. 15, where the second beam is accelerated
by the wakefield of the first beam. The flux densByis
andl, andK, are the modified Bessel functions of zero or- maximal on the axis, though most part of the energy is trans-

where

Ky=wp/C, ro=min(r,r'), r.=maxr,r’),

der. If the beam density is factorable, i.e., mitted at radii of the order of, or ¢/ w,, whatever is greater.
Note that the electromagnetic energy flieig. 15a)] oscil-
Np(r, €) = NpmRn(N Znp(§), (63) lates around half of the total flux, as it should be in linear

i . Langmuir waves.
then the field behind the beam has the form Figure 15b) also shows how a weak plasma nonlinearity
_ changes the above idealized picture. As the on-axis electron
B, = Bam COthpE + 0o)Red 1), (64) density increases, the energy flow shifts toward the axis, and
. vice versa. Small oscillations oF between the beams are a
2 P numerical artifact; this is the way how the finite radius of the
Redr) = kpf lo(kpr <)Kolkor - )Ru(r)r " dr”.— (65) simulation window can disturb the energy balariter the
twice wider simulation window, the oscillations become in-
For the Gaussian beaf@), we have visible).
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arb. units

v Iy
Yem E.=0
E I, =0
- ¥ =0

10 -8 6 -4 2.0 2 4 6
@) :
4 ([ I
7Sa, arb. units =5 1 2 3 FIG. 17. (Color onling Total energy flux at the zero-field cross-

section(a) and at the cavern eng).

transfer occurs in the strong beam regime. The maximum of

WV is exactly at the beam length for which the cavern width is
maximal[Fig. 2(a)]. For a fixed beam charge, the maximum
energy is transferred to plasmaagt=0.6 ¢/ w, independent
of the beam current. The difference between Figsajl7
and 17b) shows the energy taken back by the tail of a
long beam.

Let us write out approximate formulas for the energy flux
behind the beam in two blowout regimes. In the strong beam
regime, it is convenient to calculate the total flux at the wid-

10 8 6 4 2.0 2 4 é est place of the cavern, whelle=0 on the axis. For the total
(b) £ electromagnetic flux, we use Eq&6) and(50) to obtain
IR
n/mo g1 1 2 3 c [
5 Ve~ -] (E—B,?2ardr
L6 8m 0
i c [
eneigy flow 4 ~— J (27mneen? r dr
| 4),
’ end
: ngc
A =, =24 (70)
10 8 6 -4 2.0 2 4 6 4

(©)
The contribution of plasma kinetic energy to the energy flux

FIG. 16. (Color onling Energy flow in the strong beam regime 5 made mainly by the screening layer. It can be approxi-
[the same beam as in Fig(@]: (a) the beam currenty, excited o104 59

wakefieldE,, and the energy fluxe@otal ¥, electromagnetitVq,
and thermal —Wy), (b) spatial distribution of the energy flux den-

sity, and(c) directions of the energy flow on the density map.
\I’Iayer:‘v’ nmé(y— 1)(c—-v, 2ar dr
layer

A typical behavior of the energy flux in the blowout re-

gime is shown in Fig. 16. A major part of the energy is ~mCA(y-1)(c-v,)2mry

transmitted via the_ electromagnetic fidlig. 16a)]. There 2mnem (T2(a - 1) 2

appears a small difference betwednand W, which means ~— 2 -1/, (71
that some energy is irretrievably lost with scattered near-axis wpl@—1)

electrons. The map of the energy flux dendifig. 16b)]
shows that the cavern boundary acts as a “mirror” that fowhere we use Eqg58), (17), and the consequence of Eq.
cuses the energy to the singularity point at the end of thg44):
cavern[Fig. 16c)].

The dependence of the dimensionless energy flux

L 1 L 2 (T,Zn(a— 1) 1>2
ry— i ——— = = - .
CI} - \I,4Le§ (69) vl —vg/Cz rzm(a -1 4
mc (72)

on the beam parameters is shown in Fig. 17 for two cross
sections. Given a peak current, the most efficient energyrhe total energy flux in the dimensionless form is
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U~ (1,5,)°87A,, A.=-InG,. (76)
For the illustrating case ¢¥,=0.1, wehave

Ae=~2, V¥ =~1601,0,)?2 (77)

in good agreement with numerical observatipiig. 18b)].

4

2 3
I,

VIl. SUMMARY

We numerically scanned a wide region of beam param-
eters and clarified the dependence of main cavern properties
on the beam length and current for the blowout type of
beam-plasma interaction. Three main regimes of the plasma
response were found, which qualitatively differs in the

FIG. 18. (Color online Precision of the estimates of the total
energy flux for stronda) and short(b) beams.

A A A T L 2m Tala=1) 1 2 v plasma behavior. These regimes are the ion channel regime
T tem? Tlayer™ 407 1 4 oo which can be described analytically by the infinite beam
(73) model[25-29, the strong beam regime which allows us to

make analytical approximations correct up to tens of per
cent, and the short beam regime which can be understood in
terms of interaction of a point charge with the plasma.

To characterize the efficiency of the beam-plasma energy
exchange, we introduced the energy flux density and the total

For the short beam regime, the energy flux can be foun nergy flux in the comoving window. We studied scalings of

in terms of the instant push. An electron located close to th&he total energy flux for linear qu blowout plasma responses
beam at some radiusgets the transverse momentum and revealed that the most efficient energy transfer occurs in

the strong beam regime of interaction. Operation in the

2eQ \/"Zﬂb o strong beam regime requir_es high beam currellm_,s of ki-

Ap, = —, = — 2Nz (74) loamperepthat are not available at today’s experimental fa-
r c cilities, but achievable in future experiments by a longitudi-

, nal compression of a high-energy beam.
where Q is the total beam charge. The energy lost by the

beam per unit path length can be estimated as ACKNOWLEDGMENTS

The precision of this estimafevith the expressiori19) for
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