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Propagation of a short proton beam through a thin plasma slab
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A one-dimensional open boundary Vlasov code is used in order to investigate the propagation of a short
proton beam through a plasma slab. Collisionless regimes are assumed, where the interaction between the beam
and the plasma occurs due to the self-consistent, collective, electric field. Both charge compensated~by an
accompanying electron cloud! and noncompensated beams are considered.
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I. INTRODUCTION

Energetic proton beams are produced during the inte
tion of ultrahigh intensity, short laser pulses with plasm
Proton acceleration is indeed one of the most important
tures of the petawatt pulse power regime. Laser gener
proton beams are expected to have important applicat
ranging from proton fast ignition@1#, to proton imaging@2#,
to localized energy deposition in biological tissues@3#. In the
present experiments@4# these proton beams are emitted
short bursts of picosecond duration, are well collimated,
have a very high brilliance, but their energy spectrum
broad with maximum energies up to a few tens of MeV. Hi
quality beams with a small energy spread are required
applications where spatially accurate energy deposition
important. A method aimed at producing such high qua
beams using appropriately designed two-layer targets
been proposed in Ref.@5#.

Different ion acceleration regimes are encountered in
interaction of ultraintense laser pulses with a target. Wh
laser pulses with powers corresponding to relativistica
strong fields are used, a transition is found from an ess
tially quasineutral lower intensity regime where the hea
Boltzmann electrons accelerate the ions up to energies,
ion unit charge, of the order of the electron temperature~see,
e.g., the recent calculations of the maximum ion energy p
sented in Ref.@6#! to a new regime where dynamical char
separation effects are dominant and a fraction of the ions
acquire an energy that is substantially larger than the elec
thermal energy. Extensive investigations with multidime
sional particle in cell simulations@5,7# have confirmed tha
collimated beams of fast protons with energies in the sev
MeV range can be obtained by optimizing the laser-tar
parameters.

Depending on the specific conditions under which
proton acceleration occurs in the laser plasma interaction
example, whether or not the beam appears as a spatially
limated positively charged bunch in a more extended e
tron cloud, the proton beams may be modeled either as
initially strongly charged particle bunch or an essentia
neutral~charge compensated! beam. If the beam is strongl
charged, self-generated electromagnetic fields can play
important role through processes such as electrostatic C
lomb explosion and magnetic pinching. Furthermore,
beam properties change depending on whether the prop
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tion of the beam, after it has been accelerated, occurs in
almost vacuum environment or through a dilute plasma. T
process of electric charge neutralization is quite importan
the context of the problem of the proton beam transport fr
the acceleration region to the target. For some specific ap
cations the target may be located far from the accelera
region, in which case space charge effects can deterio
both the beam longitudinal and the transverse emittance
ing its propagation~see, e,g., Ref.@8#!. Evidently, such an
uncontrolled change of the proton beam parameters is u
sirable for most applications. Different configurations can
used in order to control the charge neutrality of the beam:
simplest is just a finite length plasma slab. After its intera
tion with the slab the proton beam can either gain additio
electrons or lose part of the electrons that it had before
teracting with the slab.

In the present paper we integrate the Vlasov-Poisson
tem numerically in order to study the interaction of a fa
proton beam with a plasma slab and to elucidate the diffe
processes of electric charge neutralization. These studie
also of interest for proton imaging, providing information o
the reorganization of the collective electric field in th
plasma exposed to the fast protons.

Different physical mechanisms are at play in the plas
beam interaction depending on the plasma density and b
energy. Here we consider relatively thin plasma conditio
where collisions are unimportant in comparison with the
fects of the collective electric and magnetic fields genera
by the beam propagation and by its interaction with t
plasma slab. As we mentioned above these thin plasma
conditions are of interest for proton transport and proton
aging studies, but do not apply to the energy deposit
phase inside a compressed pellet in the fast ignition scen

At the electron plasma relativistic energies and ultraf
time scales that are involved in the proton acceleration p
cesses, both inductive electric fields, due to fast change
the self-generated magnetic field, and electrostatic fields,
to electric charge separation, are important in determin
the dynamics of the proton beam. Here we present the res
of a time dependent analytical and numerical analysis wh
a finite length, high energy~but nonrelativistic! proton beam
is followed as it propagates through a one-dimensional~1D!
plasma slab. In this simplified one-dimensional analysis o
electrostatic effects can be taken into account. Thus 2D
3D effects~see, e.g., Ref.@9#!, and in particular plasma lens
©2003 The American Physical Society06-1



l
in

-

CALIFANO, PEGORARO, AND BULANOV PHYSICAL REVIEW E68, 066406 ~2003!
FIG. 1. Left frame: the elec-
tron and proton plasma slab~foil !
at t50 and the beam spatia
shape. The beam is introduced
the simulation domain from the
left according to the time varying
boundary conditions~3!. Right
frame: the isocontours of the elec
tron distribution function in a por-
tion of the (x,v) phase space att
50.
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ing ~see Ref.@10#!, are outside scope of the adopted appro
mation. The numerical results presented are obtained u
an ‘‘open boundary’’ Eulerian scheme for solving the on
dimensional Vlasov equation in physical and in veloc
space~1D-1V! @11#, which provides us with a direct repre
sentation of the evolution of the electron and proton dis
bution function in phase space. This open boundary sch
has been explicitly developed in order to study plasmas w
a transient influx of particles and/or energy. The beam, wh
is initiated in vacuum and is either fully charged~no elec-
trons! or fully compensated~as many electrons as protons!,
interacts with a plasma foil with density larger than that
the beam.

In the case of a charge noncompensated proton beam
teracting with a plasma slab, the main physical processe
play are the sweeping of a fraction of the plasma electrons
the moving electric potential of the proton beam as it cros
the plasma slab and the oscillations at the local plasma
quency of the neutralizing electron cloud extracted from
foil as it propagates in vacuum together with the prot
beam. Electron oscillations are also excited inside the pla
slab, at the plasma frequency of the electron density in
slab, in the case of very narrow~nonadiabatic! proton beams.
In the case of a neutralized~charge compensated! proton
beam the main physical mechanism is a beam plasma in
bility ~see, e.g., the recent Ref.@12#! which involves the elec-
trons of the beam and of the plasma slab. In both cases
are interested in the possible resulting spread of the pro
beam in space and energy and in the spreading depend
on the beam and plasma parameters. A further point of in
est is how the beam propagation can affect the plasma in
slab. This is particularly important in the case of the n
diagnostics of proton imaging, since the creation by
beam of low-frequency~quasistatic! fields could in, prin-
ciple, affect the proton propagation and confuse the interp
tation of the field structures in the plasma. In addition, in
case of a wider plasma and for longer time scales, the pro
beam plasma interaction can be of interest for the study
the wake field generation in the ion-wave regime@13#.

II. OPEN BOUNDARY VLASOV CODE

We employ a numerical code that integrates the Vlas
Poisson system of equations for a two-component plasm
the 1D-1V phase space in the nonrelativistic limit:
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] f a~x,v,t !

]t
1v

] f a~x,v,t !

]x
2ma

]f

]x

] f a~x,v,t !

]v
50,

a5e,i , ~1!

]2f

]x2
5E f e~x,v,t !dv2E f p~x,v,t !dv, E52

]f

]x
,

~2!

where quantities are normalized with a characteristic den
n̄, the electron massme , the Debye lengthlDe , the inverse
of the plasma frequencyvpe

21 , and a characteristic electri

field Ē5mevpev the /e. Here v the is the electron therma
speed andma5me /ma .

The initial and the boundary conditions and the init
form of the electron distribution function are sketched in F
1. The simulation box extends spatially fromx50 to x
5Lx ~in lDe units!. The initial conditions correspond to
neutral electron-ion plasma slab situated close to the
boundary. The density of the slab is constant~and equal to 1)
on a plateau 270lDe long with two ramps of 40lDe . The
temperatures of the electrons and protons in the plasma
are equal (Te5Ti). From the left boundary (x50) we inject
a proton beam~together with an equally shaped electro
beam in the charge neutralized case! by varying the bound-
ary conditions of the electron and proton distribution fun
tions in time. This corresponds to the following bounda
conditions~at a fixed time instant!:

f a
.~v !5given for v>0, f50 at x50, ~3!

f a
,~v !5given for v<0,

]f

]x
50 at x5Lx . ~4!

The last condition corresponds toE50 atx5Lx and is valid
until fast particles reach the right boundary. At that mome
the simulation is stopped. In the case of the charge nonc
pensated beam, this condition implies that no electric field
generated by the proton beam in front of itself, as consis
with the causality requirement. In this model the nonco
pensated beam is considered to originate from a neu
source outside the simulation box (x,0) which is left nega-
tively charged as the beam propagates. This negative ch
outside the simulation box ensures that, in the 1D configu
6-2
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tion considered here, the electric field due to the beam v
ishes in front of the beam. In order to focus our attention
the interaction of the charged beam with the plasma sla
the simulation, we keep this source term constant in time
disregard the effect of the electric field of the beam on it.
the other hand, this electric field causes the protons at
back of the pulse to experience, before interacting with
plasma slab, a retarding electric field which is twice as la
as that which would be produced by the Coulomb explos
while the protons at the front experience no electric field.
must thus ensure that, in the case of a noncompens
beam, its travel time before it reaches the plasma slab
short compared to its Coulomb explosion time. In practice
the case of noncompensated beams, this Coulomb explo
is responsible for a considerable velocity spreading of
beam in its initial propagation phase even before it reac
the plasma slab and becomes neutralized. This initial ve
ity spreading is then transformed into a spatial spreading
the beam propagates to the right of the plasma slab by
ballistic evolution of the distribution function.

In our numerical runs the proton beam has a Gaus
shape with half-widthsbeam~see Fig. 1, first frame! ranging
between 35lDe and 3.5lDe , mean velocityu055v the , and
maximum densitynb ranging from 0.05 to 0.75 correspond
ing to a ratioDq between the total number of protons in th
beam and in the plasma slab ranging from'1.5% to'15%.
The beam temperature was taken equal to the plasma
temperature. We take the mass ratiomp51/1836. The nu-
merical algorithm adopted in these simulations, including
boundary conditions strategy, is described in Ref.@11#. The
specific value of the adopted beam velocity,u055v the , was
chosen as the best compromise between the requiremen
the proton beam moves much faster than the thermal e
trons and the numerical constraints of a Vlasov code wh
the velocity space interval2vmax,v,vmax must contain
the beam velocityvmax@u0, and the corresponding mes
size dv5vmax/Nv must be smaller than the proton therm
velocity, dv!v th,p .

The initial plasma slab configuration is not a Vlasov eq
librium and the electrons expand into the vacuum reg
creating a charge separation at the plasma vacuum inte
which slows down the electron expansion and leads to
ambipolar expansion of the plasma. Due to the large be
velocity adopted in this model, this plasma slab expansio
slow compared to the beam propagation and does not a
our numerical results significantly. The same considerati
apply to the thermal spreading of the compensated ‘‘lon
beam (sbeam535). Control numerical simulations of th
beam propagation without the plasma slab~briefly reported
and discussed in the Appendix! confirm that the therma
spreading of long beams is negligible. On the other hand
the case of a ‘‘short’’ beam (sbeam55.3), the spreading, de
fined by the change with time of the value of the beam wi
s, becomes significant and, over a distance of 1000lDe cor-
responding to the normalized timet'200, can be estimate
to be of the order of 40%.

As a final test, we have also verified that the results p
sented for both long and short beams remain valid in the c
of a wider plasma slab~we have performed simulations up
a slab width of 500lDe).
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III. CHARGE NONCOMPENSATED BEAMS

In the limit where the ramp-up timet rump'sbeam/u0 of
the electric field carried by the beam is longer thanvpe

21 , the
electrons in the slab redistribute their density almost ad
batically following the beam propagation, as shown in Fig
for an initially noncompensated proton beam with maximu
density nb50.3, Dq.10%, and dimensionless half-widt
sbeam535 ~in this simulationLx53000). Here the electron
and proton densities and the electric field are shown vsx at
t560 when the proton beam has just entered the slab an
t580 just before it comes out from the slab. In Fig. 3 w
show~upper frames! the electron and proton~thick line! den-
sities vs time inside the plasma slab and in the right~decreas-
ing! density ramp where, att50, ^ne&5^np&50.5. We see
that small amplitude plasma oscillations are excited by
beam with dne;2% and dne;10% ~with respect to the
local mean value! inside the plasma and in the ramp, respe

FIG. 2. Left frames: the proton and electron densities~continu-
ous and dash-dotted lines, respectively! at t560 ~upper frame! and
at t580 ~lower frame!. Right frames: the electric field at the sam
time instants.

FIG. 3. Upper frames: the electron and proton densities~thick
line! vs time atx5200 andx5300. Lower frames: the same for th
electric field.
6-3
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CALIFANO, PEGORARO, AND BULANOV PHYSICAL REVIEW E68, 066406 ~2003!
tively. The corresponding electric field is shown in the low
frames.

After crossing the plasma slab, the plasma beam pro
gates in the vacuum region at nearly the initial mean velo
u0 together with the neutralizing electrons, as shown in F
4, which is a composite of images of the electron and pro
densities att5150, 200, 275, and 350. The total number
protons in the beam is practically equal to that of the init
beam~before entering the slab!. The electrons traveling with
the beam fully neutralize the total initial charge of the bea
This global neutralization is a consequence of the fact tha
a one-dimensional configuration the ions must rip off
equal number of electrons from the slab since any net ch
imbalance would produce an electrostatic energy associ
with the proton beam that increases proportionally with
distance between the plasma slab and beam position. O
contrary, if the proton beam is globally neutral, the elect
energy of the system remains finite as the beam propag
away from the slab.

In this 1D simulation the resulting unbalanced positi
charge in the slab is later compensated by a slow flow
protons through the left ramp of the slab~not shown in Fig.
4! towards the left boundary of the simulation box. Th
return proton flow restores the global neutrality of the plas
slab on a time scale of the order of the inverse ion plas
frequency, calculated with the density of the noncomp
sated protons in the slab. We observe however that in hig
dimensional configurations this process will compete w
the transverse motion of the electrons in the plasma slab
will contribute to neutralize the region left charged by t
interaction with the beam.

The interaction between the proton beam and the s
produces no significant heating of the slab electrons. In
absence of collisions, the protons in the beam could tran
part of their energy to the plasma slab electrons by excitin
Buneman-type instability@14#. However, for the parameter
of the simulation in Fig. 2, this mechanism is not effecti
since the instability growth rateg

Bun
, calculated near thresh

old for a homogeneous plasma and normalized with the

FIG. 4. The electron and proton densities~continuous and dash
dotted lines, respectively! after crossing the plasma slab att
5150, 200, 275, and 350.
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plasma frequency, scales as (nbme /mp)1/3, wherenb is the
normalized proton beam density. Such a growth rate lead
an e-folding time greater than the beam crossing tim
g

Bun
t trans,1, and to an e-folding distance considerab

longer than the beam length,sbeam,u0 /g
Bun

.

The electron density in the beam is modulated by La
muir oscillations~at the local beam plasma frequency! that
are excited in the ramp-down region of the plasma sl
These electron oscillations decay as the beam propagate
to phase space mixing~caused by the inhomogeneity of th
beam density!, without causing any significant modulation o
the proton beam, but heating the distribution of the travel
electrons as shown in Fig. 5 where we draw the elect
distribution function isocontours at the same time instants
in Fig. 4. From Fig. 4 we observe that, as the beam pro
gates, its width increases and, correspondingly, its maxim
density decreases at a rate faster than the rate predicte
the thermal expansion of a neutralized proton beam at
initial beam temperature. This enhanced ‘‘thermal’’ bea
spreading is a kinetic consequence of the initial stretching
velocity space of the noncompensated beam before it en
the slab and is caused by the differential deceleration~see the
Appendix! produced by the self-generated electric field~i.e.,
by the Coulomb explosion! before the beam becomes ne
tralized. This ballistic evolution of the proton beam distrib
tion function is shown in Fig. 6 where the evolution of th
proton distribution function in the case of a noncompensa
~upper frame! beam is compared to that, discussed in t
following section, of a compensated~lower frame! beam.

From a detailed analysis of the electron distribution fun
tion at different time instants, we observe that some f
particles are generated close to the right edge of the pla
slab and propagate with typical velocities up to two-thr
times the beam mean velocity~see Fig. 3, right frames!. This
effect can be easily modeled by referring to the limit of
very short and fast proton beam interacting with a very t
plasma slab. The electrons extracted from the plasma be
the proton beam feel a negative electric fieldE that depends
on their initial coordinate. This electric field accelerates t
electrons until they overtake the proton beam which pro
gates with velocityu0. The velocity and position of thes
electrons are given in dimensional units byv(t)5eEt/me
and x(t)5eEt2/2me . The acceleration time is equal to th
time 2meu0 /eE it takes the electrons to overtake the prot
beam. When the electrons overtake the beam their veloci
equal to 2u0, i.e., twice as large as the proton velocity.
addition, the electrons gain energy during the breaking of
plasma oscillations where they are accelerated by the ele
field of the waves with the phase velocity towards the low
plasma density@15,16# region in the slab ramp. In the case
a long proton beam the amplitude of these oscillations
small and only few fast electrons are produced. The m
energetic electrons overtake the proton beam, but the ele
field that they generate is not sufficiently strong to affect
propagation significantly. Nevertheless, the simulation is
terrupted when these fast electrons reach the right boun
as they introduce a small but detectable perturbation in
boundary conditions.
6-4
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FIG. 5. The electron distribution function at the same time instants as in Fig. 4.
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We consider now the case of a very short proton be
with sbeam55.3, nb50.75, Dq.5%, andLx52500. In this
case, the adiabatic approximation does not apply and st
Langmuir oscillations are excited in the plasma slab in
wake of the proton beam, as shown in Fig. 7 where
electron and proton densities and the electric field are plo
vs x at t560, when the proton beam has just entered
slab, and att580, just before it exits the slab. These stro
Langmuir oscillations, with amplitudes ranging, with respe
to their initial values, fromdne.20% inside the slab to
dne.40% inside the ramp, lead to a strong and rapid hea
of the electrons in the plasma slab, as shown by the elec
distribution function in phase-space in Fig. 8, first frame,
t5100. Subsequently, due to propagation and phase mi
effects, the amplitude of these plasma oscillations decrea
Small proton depletions withdnp;3 –4 % are produced
starting fromt;100 and persist till the end of the simulatio
The cavity formation process will be discussed in more de
in the following section. The breaking of the large amplitu
plasma waves, excited at the right slab edge regionx;300
when the beam exits from the plasma slab, produces a p
lation of ‘‘free’’ electrons some of which propagate in fro
of and some behind the proton beam, as shown in Fig. 8.
density of these free electrons is sufficient to generate
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electric field E that accelerates the front of the beam a
slows down its back. In turns, this field accelerates the e
tron at the back, as discussed qualitatively above, and sl
down the electrons at the front of the beam making th
oscillate around the proton beam with characteristic ti
2meu0 /eE. The resulting spread of the proton beam, as
propagates outside the plasma slab, is illustrated in Fig
where we plot the proton and electron density at differ
time instants. This spatial spread is due to the combi
effects of the enhanced ballistic expansion caused by
initial phase of Coulomb explosion discussed in the prec
ing section and of the distortion caused by the field of
free electrons. As indicated by the evolution of the prot
distribution function in velocity space, Fig. 10, the veloci
spread caused by the initial Coulomb explosion is sm
compared to that due to the electric field of the free electro
which stretches the proton distribution function towards b
slower velocities~at the back! and larger velocities~at the
front!.

IV. COMPENSATED BEAMS

In the case of a long, charge compensated beam, with
same parameters of the noncompensated long beam
6-5
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CALIFANO, PEGORARO, AND BULANOV PHYSICAL REVIEW E68, 066406 ~2003!
cussed previously, the velocity difference between the be
electrons and the plasma electrons inside the plasma
excites a fast growing two-electron beam instability~see,
e.g., the pioneering simulations in Ref.@17# and, in the recent
literature, @12,18#!, with a growth rategel that scales at
threshold asnb

1/3. This instability causes strong Langmu
small scale oscillations~at the slab plasma frequency!, as
shown in Fig. 11 inside the plasma slab att570 before the
beam exits the slab. These electron density oscillati
slowly damp as the beam propagates out of the plasma
The proton beam emerges from the slab and propagate
vacuum with nearly the initial velocity,u055, together with
the neutralizing electrons. In the charge compensated
we can expect that the energy transfer between the proto
the beam and the electrons inside the slab is even we
than in the noncompensated case because the electron
accompany the proton beam will shield the proton field.
we consider a Buneman-type instability involving the sl
and the beam protons, we find that in the limit case where
a result of the two-electron beam instability, a single h
electron population is formed inside the plasma slab
growth rate of the proton instability scales as the freque

FIG. 6. Upper frame: the long noncompensated beam pro
distribution function att525, 50, 75, 100, 150, 200, 250, 300, an
350. Lower frame: the same for a long compensated beamt
550, 100, 150, 200, 250, 300, and 350.
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of an ion sound wave timesnb
1/3 @19#. The proton beam spa

tial spread, when it exits the plasma slab, is negligible due
the absence of the velocity spread caused, in the case o
noncompensated beam, by the Coulomb explosion before
beam enters the slab. Similar to the noncompensated c
the electron density in the beam propagating in vacuum
the right of the plasma slab exhibits fluctuations at the be
plasma frequency. The beam propagation in the vacuum
gion is shown in Fig. 12, which is a composite of images
the electron and proton densities att5125, 175, 225, and
275. We see that, as soon as the proton beam exits from
slab, the Gaussian-like spatial shape of the beam is sig
cantly modified~contrary to the noncompensated case,
Fig. 4 dash-dotted lines!, showing the presence of sma
scales modulations. These proton beam modulations are
generated by the plasma waves produced by the b
plasma instability in the slab~these waves are absent in th
noncompensated case! and then grow during the beam
propagation in vacuum on a time scale much slower than
beam plasma frequency. The mechanism which produ
these local inhomogeneities is similar to the cavity format
process by ponderomotive effects and will be discussed
low in the case of the plasma oscillations in the slab. T
effect of the Langmuir oscillations in the plasma slab and
the propagating beam on the electron distribution function
shown in Fig. 13 at the same time instants as in Fig.
Similar to the noncompensated case, the plasma oscillat
in the slab ramp cause the formation of a population of f
electrons that propagate both in front of and behind the p
ton beam, as shown in Fig. 14 where we plot the elec
field at t5100, after the beam exits from the slab, and at
5250. In this figure we observe that the electric field is n
zero at the left boundary att5250, even if the beam is
compensated, due to the emission of electrons by the
ramp slab, which are allowed to exit freely from the le
boundary, as consistent with the boundary conditions gi
by Eqs.~3!.

Increasing or decreasing the number of particles in

FIG. 7. Left frames: the proton and electron densities~continu-
ous and dash-dotted lines, respectively! at t532 ~upper frame! and
at t562 ~lower frame!. Right frames: the electric field at the sam
time instants.

n
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FIG. 8. The electron distribution function att5100, 150, 200, and 225.
ct
o
it

e
in-
Fig.
e

-

long compensated beam does not change the above pi
qualitatively. At rather small beam densities the amplitude
the oscillating electric fields is essentially in agreement w
the quasilinear estimate for a homogeneous plasma„see, e.g.,

FIG. 9. The electron and proton densities~continuous and dash
dotted lines, respectively! after the plasma slab att5100, 150, 200,
and 225.
06640
ure
f

h

Ref. @20#, Sec. 10.5, Eq.~10.5.9!…, once the ratio between th
width of the plasma slab and the width of the beam is
cluded. At higher beam densities, such as those shown in
11, the amplitude of the oscillating fields is found to b

FIG. 10. The beam proton distribution function fromt525 to
t5225 with everyDt525.
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smaller than the quasilinear estimate and to grow with
beam density slower thannb

1/2.
In the case of a short charge compensated beam, with

same parameters of the noncompensated short beam

FIG. 11. Left frame: the proton and electron densities~continu-
ous and dash-dotted lines, respectively! at t570. Right frame: the
electric field at the same time instant.
06640
e

he
is-

cussed in the preceding section, we see that the differe
between charge compensated and noncompensated be
less marked than in the case of longer~adiabatic! beams. A
short compensated beam produces a strong oscillating e

FIG. 12. The electron and proton densities~continuous and
dash-dotted lines, respectively! after existing the plasma slab att
5125, 175, 225, and 275.
FIG. 13. The electron distribution function at the same time instants as in Fig. 12.
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tric field wake in the plasma slab, as shown in Fig. 15 wh
we plot the proton and electron densities~left frames! and the
electric field~right frames! at t532 andt555. This interac-
tion is strong enough to perturb the charge neutrality of
beam.

Similar to the short noncompensated case, this caus
considerable velocity spread as the beam propagates to
right of the plasma slab, as shown by the proton distribut
function evolution in Fig. 16 and by the electron and prot
beam density evolution in Fig. 17 after the beam exits
slab. This velocity spread is a consequence of the elec
field arising from the partial charge separation between
protons in the beam and the electrons~involved in the beam
plasma instability in the slab! that propagate with it, and by
the free electrons generated by the slab inhomogeneity.
electric field is shown in Fig. 18 att5100 andt5250.

As in the case of a long compensated pulse, if the pa
cle’s density in the short proton beams is increased, the
plitude of the Langmuir oscillations inside the plasma s
becomes larger and the proton density in the slab starts t
significantly perturbed and forms slowly deepening caviti

FIG. 14. The electric field vsx at t5100, 250.

FIG. 15. Left frames: the proton and electron densities~continu-
ous and dash-dotted lines, respectively! at t532 ~upper frame! and
at t555 ~lower frame!. Right frames: the electric field at the sam
time instants.
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These cavities appear quite markedly in Fig. 19 for a sh
beam with densitynb50.75, s55.3 and a plasma slab
370lDe long. We see the deepening of cavities in the pro
density spatially modulated with a scale length of half t
wavelength of the electron Langmuir oscillations, consist
with a nonlinear ponderomotive drive of the cavities by t
~standing! electron oscillations@21# in the plasma slab.

V. CONCLUSIONS

The simulations that we have performed of the interact
of a proton beam with a thin plasma slab show the format
of oscillating electric fields in the plasma slab excited by t
beam propagation, both in the case of charge compens
and noncompensated beams. In the case of long beams~adia-
batic interaction!, these fields are much stronger in th
charge compensated case. In the case of a short beam~nona-
diabatic interaction! the difference between noncompensat
and compensated beams is less marked.

These electric fields can cause spatial and velocity spre
ing of the proton beam. This spreading is significant in tho

FIG. 16. The beam proton distribution function att525, 50, 75,
100, 150, 200, and 250.

FIG. 17. The electron and proton densities~continuous and
dash-dotted lines, respectively! after existing the plasma slab att
5100, 150, 200, and 250.
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CALIFANO, PEGORARO, AND BULANOV PHYSICAL REVIEW E68, 066406 ~2003!
cases where the interaction between the beam and the pl
slab produces a population of free fast electrons or leaves
beam propagating outside the slab not fully quasineut
even if the total charge of the propagating beam is well co
pensated. This happens, e.g., in the case of short beam
dependent of whether, before interacting with the plas
slab, the beams were charge compensated or noncom
sated. The beam propagation to the right of the plasma
corresponds to that of a globally neutralized beam. Howe
in particular, in the case of short beams, a completely am
polar configuration is not reached until the Langmuir osc
lations of the neutralizing electron cloud are quenched
phase mixing and the free electrons propagating in front
at the back of the beam are reabsorbed into the beam du
the electric forces acting on them.

In all the cases examined, the total energy of the pro
beam is essentially unchanged by its interaction with
plasma slab. In the case of a charge compensated beam
total energy in the oscillating electric fields inside the slab
a fraction of the total ordered kinetic energy of the electro
that propagate with the beam.

FIG. 18. The electric field vsx at t5100, 250.

FIG. 19. The proton density and the electric field att5150, 200
for the short, compensated beam case with a longer slab of le
370lDe .
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In a one-dimensional configuration such as the one c
sidered in this paper, the electric field can only accelerate
decelerate the protons, whereas the technique of proton
aging relies on the proton deflection by a~slowly varying!
field component orthogonal to the direction of the prot
propagation. Thus the simulations that we have presen
cannot be used directly to establish the limits of applicabi
of the test particle approximation used to calculate the pro
deflection in the proton imaging technique and, in particu
to determine whether the electric fields generated by the
ton beam could mask the effects of the ‘‘true’’ electroma
netic fields inside the plasma. In addition, the ratio betwe
the density of the proton beam and that of the plasma sla
much larger in our simulations than that used in the pro
imaging technique. However if we introduce an efficien
factor h which represents the fraction of the ordered kine
energy of the electrons that accompany the beam tha
transformed into energy of the fluctuating electromagne
energy, we can expect that the beam generated fields c
lead to a ‘‘background noise’’ in the deflection patterns me
sured by the proton imaging technique with a jitter deflect
angle of the order of (2Lsh/db

2)1/2(cme /miu0), whereL is
the slab width anddb the electron skin depth evaluated wi
the beam density.
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APPENDIX: BEAM THERMAL EXPANSION

In order to separate the effects of the beam interac
with the plasma slab from those arising from the unperturb
beam propagation in vacuum, we have performed con
numerical simulations with beam parameters equal to th
used in the runs reported above and no plasma slab, an
have compared the results obtained in this way to those w
plasma slab and to simple analytical estimates.

We consider a charge compensated Gaussian beam
an initial proton distribution function given in a comovin
reference frame att50 by

f p~x0 ,v0!5
n0

~pmp!1/2
exp@2x0

2/~2s2!2v0
2/mp#, ~A1!

and a corresponding electron distribution with the same te
perature. The distribution function of Eq.~A1! does not cor-
respond to a Vlasov equilibrium and evolves in time. If w
assume exact quasineutrality, no electric field is present
the proton distribution function at timet is obtained from Eq.
~A1! using the characteristics

x~ t !5x01v0t, v~ t !5v0 , ~A2!

and reads
th
6-10
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f p~x,v,t !5
n0

~pmp!1/2
exp@2~x2vt !2/~2s2!2v2/mp#.

~A3!

However, in the very first phase of the beam expans
when the electrons move outwards faster than the ions be
the beam expansion becomes ambipolar, an electric fie
generated, which produces an initial velocity spread tha
transformed into a spatial spread as the beam propagate
we take this velocity spread of the formdv05V8x0, we
obtain

f p~x0 ,v0 ,t0!5
n0

~pmp!1/2

3exp@2x0
2/~2s2!2~v02V8x0!2/mp#

~A4!

which gives

f p~x,v,t !5
n0

~pmp!1/2
exp@2~x2vt !2/~2s2!

2@v2V8~x2vt !#2/mp# ~A5!

instead of Eq.~A3!. Then, the time dependence of the de
sity at the center of the beam (x50 in the comoving frame!
due to its thermal expansion is given by

n~ t !/n~0!5@~11tV8!21t2mp /~2s2!#21/2, ~A6!

which predicts an initial density decrease linear int for V8
Þ 0.

In Fig. 20 we plot the time evolution of the maximum
beam densityn(t) in the case of a short, compensated be
which propagates in the absence of the plasma slab~curve
A), and in the presence of the plasma slab~curve C). The
beam parameters are those of the short, compensated
06640
,
re
is

is
. If

-

am

discussed in the second part of Sec. IV~see Figs. 15–17!.
CurveB in Fig. 20 represents the analytical expression, E
~A6!, with V8'0.001. We see that curveA and curveB are
practically superposed, and show that the expansion of
compensated beam in vacuum is simply the ballistic evo
tion of the initial distribution function. On the other han
curve C shows that as soon as the beam enters the pla
slab, t'15, electric field effects play a major role and pr
duce a space dependent velocity spread. This additiona
locity spread can be represented as a redefinition ofV8 in Eq.
~A6! and is responsible of the faster decreasing slope
curveC with respect to curvesA andB for t,100. In addi-
tion, after the beam exits the plasma slab, the self-consis
electric fields of the accelerated particles and/or the lack
exact~local! quasineutrality increase the beam spreading f
ther with respect to the case where the beam propagate
vacuum without interacting with the plasma slab.

FIG. 20. The time evolution of the maximum beam densityn(t)
for a short, compensated beam without the plasma slab~curveA),
in the presence of the plasma slab~curve C). CurveB represents
the analytical expression, Eq.~A6!, with V8'0.001.
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