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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 compéysated
accompanying electron cloudnd noncompensated beams are considered.
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[. INTRODUCTION tion of the beam, after it has been accelerated, occurs in an
almost vacuum environment or through a dilute plasma. The
Energetic proton beams are produced during the interagrocess of electric charge neutralization is quite important in
tion of ultrahigh intensity, short laser pulses with plasmasthe context of the problem of the proton beam transport from
Proton acceleration is indeed one of the most important feathe acceleration region to the target. For some specific appli-
tures of the petawatt pulse power regime. Laser generatezhtions the target may be located far from the acceleration
proton beams are expected to have important application®ggion, in which case space charge effects can deteriorate
ranging from proton fast ignitiofl], to proton imagind 2], both the beam longitudinal and the transverse emittance dur-
to localized energy deposition in biological tissi8 In the  ing its propagation(see, e,g., Refl8]). Evidently, such an
present experimentig}] these proton beams are emitted in uncontrolled change of the proton beam parameters is unde-
short bursts of picosecond duration, are well collimated, andirable for most applications. Different configurations can be
have a very high brilliance, but their energy spectrum isused in order to control the charge neutrality of the beam: the
broad with maximum energies up to a few tens of MeV. Highsimplest is just a finite length plasma slab. After its interac-
quality beams with a small energy spread are required fotion with the slab the proton beam can either gain additional
applications where spatially accurate energy deposition iglectrons or lose part of the electrons that it had before in-
important. A method aimed at producing such high qualityteracting with the slab.
beams using appropriately designed two-layer targets has In the present paper we integrate the Vlasov-Poisson sys-
been proposed in Reff5]. tem numerically in order to study the interaction of a fast
Different ion acceleration regimes are encountered in thgroton beam with a plasma slab and to elucidate the different
interaction of ultraintense laser pulses with a target. Whemrocesses of electric charge neutralization. These studies are
laser pulses with powers corresponding to relativisticallyalso of interest for proton imaging, providing information on
strong fields are used, a transition is found from an esserthe reorganization of the collective electric field in the
tially quasineutral lower intensity regime where the heatedplasma exposed to the fast protons.
Boltzmann electrons accelerate the ions up to energies, per Different physical mechanisms are at play in the plasma
ion unit charge, of the order of the electron temperafse®, beam interaction depending on the plasma density and beam
e.g., the recent calculations of the maximum ion energy preenergy. Here we consider relatively thin plasma conditions
sented in Ref[6]) to a new regime where dynamical charge where collisions are unimportant in comparison with the ef-
separation effects are dominant and a fraction of the ions cafects of the collective electric and magnetic fields generated
acquire an energy that is substantially larger than the electroy the beam propagation and by its interaction with the
thermal energy. Extensive investigations with multidimen-plasma slab. As we mentioned above these thin plasma slab
sional particle in cell simulationg5,7] have confirmed that conditions are of interest for proton transport and proton im-
collimated beams of fast protons with energies in the severadging studies, but do not apply to the energy deposition
MeV range can be obtained by optimizing the laser-targephase inside a compressed pellet in the fast ignition scenario.
parameters. At the electron plasma relativistic energies and ultrafast
Depending on the specific conditions under which thetime scales that are involved in the proton acceleration pro-
proton acceleration occurs in the laser plasma interaction, fazesses, both inductive electric fields, due to fast changes in
example, whether or not the beam appears as a spatially cdhe self-generated magnetic field, and electrostatic fields, due
limated positively charged bunch in a more extended electo electric charge separation, are important in determining
tron cloud, the proton beams may be modeled either as afe dynamics of the proton beam. Here we present the results
initially strongly charged particle bunch or an essentiallyof a time dependent analytical and numerical analysis where
neutral(charge compensatgtieam. If the beam is strongly a finite length, high energgbut nonrelativisti¢ proton beam
charged, self-generated electromagnetic fields can play as followed as it propagates through a one-dimensigbB)
important role through processes such as electrostatic Coplasma slab. In this simplified one-dimensional analysis only
lomb explosion and magnetic pinching. Furthermore, theelectrostatic effects can be taken into account. Thus 2D and
beam properties change depending on whether the propagab effects(see, e.g., Ref9]), and in particular plasma lens-
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ing (see Ref[10]), are outside scope of the adopted approxi- af 4(X,v,1) af (x,v,1) d af J(x,v,1)
mation. The numerical results presented are obtained using at o X T Ha TIO,
an “open boundary” Eulerian scheme for solving the one-
dimensional Vlasov equation in physical and in velocity a=e., (1)
space(1D-1V) [11], which provides us with a direct repre-
sentation of the evolution of the electron and proton distri-
bution function in phase space. This open boundary scheme ﬂ: fo(X,v t)dv—j fo(x,0,t)dv, E=-— ¢
has been explicitly developed in order to study plasmas with  9x? en P X’
a transient influx of particles and/or energy. The beam, which (2
is initiated in vacuum and is either fully chargédo elec-
trons or fu||y Compensateq!as many electrons as prot()ns where quantities are normalized with a characteristic density
interacts with a plasma foil with density larger than that ofn, the electron mass,, the Debye length ., the inverse
the beam. ~of the plasma frequenc;ogel, and a characteristic electric

In t_he case of a charge noncompe_nsated_ proton beam iRg g E= Mewpeine/€. Here vy is the electron thermal
teracting with a plasma slab, the main physical processes @beed andu,=m,/m, .
play are the sweeping of a fraction of the plasma electrons by" e initial and the boundary conditions and the initial
the moving electric potential of the proton beam as it Crosseg, i, of the electron distribution function are sketched in Fig.
the plasma slab and the oscillations at the local plasma frep The simulation box extends spatially fror=0 to x
qgency_of the neutraliz_ing electron cloud extr_acted from the:LX (in Ape units). The initial conditions correspond to a
foil as it propagates in vacuum together .W't.h the proton,g ira| electron-ion plasma slab situated close to the left
beam. Electron oscillations are also excited inside the plasml?oundary. The density of the slab is constatd equal to 1)
slab, at the plasma frequency of thg eleptron density in th%n a plateau 270y, long with two ramps of 4Bp,. The
slab, in the case of very narroﬁmonadlabatu:proton beams. temperatures of the electrons and protons in the plasma slab
In the case of a neutralize@tharge compensatggroton are equal T.=T,). From the left boundaryx=0) we inject

beam the main physical mechanism is a beam plasma insta- ;

bility (see, e.g., the recent R€L2]) which involves the elec- %eg:gt?nntﬁ : i?fat?ggeet::l:tg;it;eg Ilhz(;u\?g?yiiga&idbiljr%r.on
trons of the beam and of the plasma slab. In both cases &y conditions of the electron and proton distribution func-
are interested in the possible resulting spread of the Protop < in time. This corresponds to the following boundary
beam in space and energy and in the spreading dependenc,ct?nditions(at.a fixed time instant
on the beam and plasma parameters. A further point of inter-

est is how the beam propagation can affect the plasma in the >N _ _

slab. This is particularly important in the case of the new fa(v)=givenfor v=0, $=0 atx=0, (3
diagnostics of proton imaging, since the creation by the 9

beam of low-frequencyquasistati¢ fields could in, prin- f=(v)=givenfor v<0, —=0 atx=L,. (4)
ciple, affect the proton propagation and confuse the interpre- X

tation of the field structures in the plasma. In addition, in the N . .
case of a wider plasma and for longer time scales, the protohh€ last condition corresponds Bo=0 atx=L, and is valid
beam plasma interaction can be of interest for the study ofintil fast particles reach the right boundary. At that moment

the wake field generation in the ion-wave regifié]. the simulation is stopped. In the case of the charge noncom-
pensated beam, this condition implies that no electric field is

generated by the proton beam in front of itself, as consistent
with the causality requirement. In this model the noncom-
pensated beam is considered to originate from a neutral
We employ a numerical code that integrates the Vlasovsource outside the simulation box<€0) which is left nega-
Poisson system of equations for a two-component plasma itively charged as the beam propagates. This negative charge
the 1D-1V phase space in the nonrelativistic limit: outside the simulation box ensures that, in the 1D configura-

Il. OPEN BOUNDARY VLASOV CODE
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tion considered here, the electric field due to the beam van’-5
ishes in front of the beam. In order to focus our attention on
the interaction of the charged beam with the plasma slab ir’-%[
the simulation, we keep this source term constant in time anc
disregard the effect of the electric field of the beam on it. On%°|
the other hand, this electric field causes the protons at thg, ,
back of the pulse to experience, before interacting with the o ;00 200 300 400 0 100 200 300 400
plasma slab, a retarding electric field which is twice as large z z
as that which would be produced by the Coulomb explosion
while the protons at the front experience no electric field. We
must thus ensure that, in the case of a noncompensate, ;|
beam, its travel time before it reaches the plasma slab bt i
short compared to its Coulomb explosion time. In practice, ing 5| :
I
!

the case of noncompensated beams, this Coulomb explosio
is responsible for a considerable velocity spreading of theo.o :
beam in its initial propagation phase even before it reaches ¢ 700 200 300 400 0 100 200 300 400
the plasma slab and becomes neutralized. This initial veloc- ’ ‘

ity spreading is then transformed into a spatial spreading as FiG. 2. Left frames: the proton and electron densiisntinu-
the beam propagates to the right of the plasma slab by theus and dash-dotted lines, respectiyedyt =60 (upper framg and

ballistic evolution of the distribution function. ~ att=80 (lower fram@. Right frames: the electric field at the same
In our numerical runs the proton beam has a Gaussiafime instants.

shape with half-widthoy,.,y, (Se€ Fig. 1, first frameranging
between 3%y, and 3.5.p., Mmean velocityug="5v,., and
maximum densityn,, ranging from 0.05 to 0.75 correspond-
ing to a ratioAq between the total number of protons in the  In the limit where the ramp-up time ;= opeanf/ Ug Of
beam and in the plasma slab ranging freri.5% to~15%. the electric field carried by the beam is longer tlaagj, the
The beam temperature was taken equal to the plasma slafectrons in the slab redistribute their density almost adia-
temperature. We take the mass ratig=1/1836. The nu- batically following the beam propagation, as shown in Fig. 2
merical algorithm adopted in these simulations, including thefor an initially noncompensated proton beam with maximum
boundary conditions strategy, is described in R&l]. The  density n,=0.3, Aq=10%, and dimensionless half-width
specific value of the adopted beam velocity=5v,e, WaS  opeqan= 35 (in this simulationL,=3000). Here the electron
chosen as the best compromise between the requirement theid proton densities and the electric field are showr &t
the proton beam moves much faster than the thermal ele¢=60 when the proton beam has just entered the slab and at
trons and the numerical constraints of a Vlasov code where=80 just before it comes out from the slab. In Fig. 3 we
the velocity space interval-v,,x<v<vmax Must contain  show(upper framepthe electron and protofthick line) den-
the beam velocityv 5,2 Up, and the corresponding mesh sities vs time inside the plasma slab and in the rigetreas-
sizedv =vmax/N, must be smaller than the proton thermal ing) density ramp where, a@t=0, (ng)=(n,)=0.5. We see
velocity, dv<vyp p - that small amplitude plasma oscillations are excited by the
The initial plasma slab configuration is not a Vlasov equi-beam with sn,~2% and Sn,~10% (with respect to the
librium and the electrons expand into the vacuum regioriocal mean valuginside the plasma and in the ramp, respec-
creating a charge separation at the plasma vacuum interface
which slows down the electron expansion and leads to ar 0.80
ambipolar expansion of the plasma. Due to the large bean .25} 3
velocity adopted in this model, this plasma slab expansion is ;fg
slow compared to the beam propagation and does not affec , 4t
our numerical results significantly. The same considerations .05}
apply to the thermal spreading of the compensated “long” 92— i
beam @pean=35). Control numerical simulations of the 0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
beam propagation without the plasma slabiefly reported ! ‘
and discussed in the Appenglixonfirm that the thermal

IIl. CHARGE NONCOMPENSATED BEAMS

0.10 0.15
spreading of long beams is negligible. On the other hand, in 0.10
the case of a “short” beamdpeani=5.3), the spreading, de- noof 0.05
fined by the change with time of the value of the beam width 0-00 0.00
o, becomes significant and, over a distance of AQ0cor- _o.05F -0.05
responding to the normalized tinte-200, can be estimated _, ,, o
to be of the order of 40%. 0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350

As a final test, we have also verified that the results pre- ! !

sented for both long and short beams remain valid in the case FIG. 3. Upper frames: the electron and proton densiikisk
of a wider plasma slabwe have performed simulations up to line) vs time atx=_200 andx=300. Lower frames: the same for the
a slab width of 50Rp). electric field.
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L L L L plasma frequency, scales as,n./m,)3, wheren, is the
normalized proton beam density. Such a growth rate leads to
an efolding time greater than the beam crossing time,
7Bun7tfans<1’ and to an e-folding distance considerably

longer than the beam lengthrye < Ug/ Your

The electron density in the beam is modulated by Lang-
muir oscillations(at the local beam plasma frequendiat
are excited in the ramp-down region of the plasma slab.
These electron oscillations decay as the beam propagates due
to phase space mixingaused by the inhomogeneity of the
beam density without causing any significant modulation of
. . the proton beam, but heating the distribution of the traveling
: v L e N electrons as shown in Fig. 5 where we draw the electron

400 600 800 1000 7200 7400 1600 1800 distribution function isocontours at the same time instants as

in Fig. 4. From Fig. 4 we observe that, as the beam propa-

FIG. 4. The electron and proton densitiesntinuous and dash-  gates; its width increases and, correspondingly, its maximum
dotted lines, respectivelyafter crossing the plasma slab &t gensity decreases at a rate faster than the rate predicted by
=150, 200, 275, and 350. the thermal expansion of a neutralized proton beam at the

initial beam temperature. This enhanced “thermal” beam

tively. The corresponding electric field is shown in the lowerspreading is a kinetic consequence of the initial stretching in
frames. velocity space of the noncompensated beam before it enters

After crossing the plasma slab, the plasma beam propahe slab and is caused by the differential decelerdtee the
gates in the vacuum region at nearly the initial mean velocityappendi® produced by the self-generated electric fiéld.,
uo together with the neutralizing electrons, as shown in Fighy the Coulomb explosignbefore the beam becomes neu-
4, which is a composite of images of the electron and protorralized. This ballistic evolution of the proton beam distribu-
densities at= 150, 200, 275, and 350. The total number oftion function is shown in Fig. 6 where the evolution of the
protons in the beam is practically equal to that of the initialproton distribution function in the case of a noncompensated
beam(before entering the slabThe electrons traveling with (upper frame beam is compared to that, discussed in the
the beam fully neutralize the total initial charge of the beamfollowing section, of a compensatébwer frame beam.
This global neutralization is a consequence of the fact thatin  From a detailed analysis of the electron distribution func-
a one-dimensional configuration the ions must rip off antion at different time instants, we observe that some fast
equal number of electrons from the slab since any net charggarticles are generated close to the right edge of the plasma
imbalance would produce an electrostatic energy associateflab and propagate with typical velocities up to two-three
with the proton beam that increases proportionally with thetrimes the beam mean velocityee Fig. 3, right framesThis
distance between the plasma slab and beam position. On tlegfect can be easily modeled by referring to the limit of a
contrary, if the proton beam is globally neutral, the electricvery short and fast proton beam interacting with a very thin
energy of the system remains finite as the beam propagatg$asma slab. The electrons extracted from the plasma behind
away from the slab. the proton beam feel a negative electric fielthat depends

In this 1D simulation the resulting unbalanced positiveon their initial coordinate. This electric field accelerates the
charge in the slab is later compensated by a slow flow otlectrons until they overtake the proton beam which propa-
protons through the left ramp of the slafot shown in Fig.  gates with velocityu,. The velocity and position of these
4) towards the left boundary of the simulation box. This electrons are given in dimensional units byt)=eEtm,
return proton flow restores the global neutrality of the plasmaand x(t) =eE®/2m,. The acceleration time is equal to the
slab on a time scale of the order of the inverse ion plasm@me 2m,u,/eE it takes the electrons to overtake the proton
frequency, calculated with the density of the noncompenheam. When the electrons overtake the beam their velocity is
sated protons in the slab. We observe however that in hlgh@qua| to 210, i.e., twice as |arge as the proton Ve|ocity_ In
dimensional configurations this process will compete withaddition, the electrons gain energy during the breaking of the
the transverse motion of the electrons in the plasma slab thglasma oscillations where they are accelerated by the electric
will contribute to neutralize the region left charged by thefield of the waves with the phase velocity towards the lower
interaction with the beam. lasma density15,16] region in the slab ramp. In the case of

The interaction between the proton beam and the slag |ong proton beam the amplitude of these oscillations is
prOdUCGS no Signiﬁcant heating Of the Slab electrons. In thgma” and On|y few fast electrons are produced_ The most
absence of collisions, the protons in the beam could transfesnergetic electrons overtake the proton beam, but the electric
part of their energy to the plasma slab electrons by exciting #e|d that they generate is not sufficiently strong to affect its
Buneman-type instability14]. However, for the parameters propagation significantly. Nevertheless, the simulation is in-
of the simulation in Fig. 2, this mechanism is not effective terrupted when these fast electrons reach the right boundary
since the instability growth ratg_ . calculated near thresh- as they introduce a small but detectable perturbation in the
old for a homogeneous plasma and normalized with the slaboundary conditions.
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FIG. 5. The electron distribution function at the same time instants as in Fig. 4.

We consider now the case of a very short proton beanelectric field E that accelerates the front of the beam and
with opeani= 5.3, Npy=0.75,Aq=5%, andL,=2500. In this  slows down its back. In turns, this field accelerates the elec-
case, the adiabatic approximation does not apply and strortgon at the back, as discussed qualitatively above, and slows
Langmuir oscillations are excited in the plasma slab in thedown the electrons at the front of the beam making them
wake of the proton beam, as shown in Fig. 7 where theoscillate around the proton beam with characteristic time
electron and proton densities and the electric field are plottedm.uy/eE. The resulting spread of the proton beam, as it
vs x at t=60, when the proton beam has just entered thgropagates outside the plasma slab, is illustrated in Fig. 9
slab, and at= 80, just before it exits the slab. These strongwhere we plot the proton and electron density at different
Langmuir oscillations, with amplitudes ranging, with respecttime instants. This spatial spread is due to the combined
to their initial values, fromén.=20% inside the slab to effects of the enhanced ballistic expansion caused by the
Sn.=40% inside the ramp, lead to a strong and rapid heatingnitial phase of Coulomb explosion discussed in the preced-
of the electrons in the plasma slab, as shown by the electrang section and of the distortion caused by the field of the
distribution function in phase-space in Fig. 8, first frame, atfree electrons. As indicated by the evolution of the proton
t=100. Subsequently, due to propagation and phase mixindistribution function in velocity space, Fig. 10, the velocity
effects, the amplitude of these plasma oscillations decreasespread caused by the initial Coulomb explosion is small
Small proton depletions withén,~3—-4 % are produced compared to that due to the electric field of the free electrons,
starting fromt~ 100 and persist till the end of the simulation. which stretches the proton distribution function towards both
The cavity formation process will be discussed in more detaislower velocities(at the back and larger velocitiegat the
in the following section. The breaking of the large amplitudefront).
plasma waves, excited at the right slab edge regier300
when the beam exits from the plasma slab, produces a popu-
lation of “free” electrons some of which propagate in front
of and some behind the proton beam, as shown in Fig. 8. The In the case of a long, charge compensated beam, with the
density of these free electrons is sufficient to generate asame parameters of the noncompensated long beam dis-

IV. COMPENSATED BEAMS
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FIG. 7. Left frames: the proton and electron densitEmntinu-
ous and dash-dotted lines, respectiyelyt =32 (upper frame and
ptasma compensated beam att=62 (lower frameg. Right frames: the electric field at the same

voay

5.20

of an ion sound wave times.> [19]. The proton beam spa-
tial spread, when it exits the plasma slab, is negligible due to
the absence of the velocity spread caused, in the case of the
noncompensated beam, by the Coulomb explosion before the
beam enters the slab. Similar to the noncompensated case,
the electron density in the beam propagating in vacuum to
the right of the plasma slab exhibits fluctuations at the beam
plasma frequency. The beam propagation in the vacuum re-
480 ' T T gion is shown in Fig. 12, which is a composite of images of
z the electron and proton densitiestat 125, 175, 225, and

FIG. 6. Upper frame: the long noncompensated beam protor1275' We see that, as soon as the proton beam exits from the

distribution function at =25, 50, 75, 100, 150, 200, 250, 300, and >2P: the Gaussian-like spatial shape of the beam is signifi-
350. Lower frame: the same for a long compensated beam at C'?‘”“y modlfled(contrgry to the. honcompensated case, see
—50, 100, 150, 200, 250, 300, and 350. Fig. 4 dash-dqtted lings showing the presence of small_
scales modulations. These proton beam modulations are first
generated by the plasma waves produced by the beam
cussed previously, the velocity difference between the beargjasma instability in the slatthese waves are absent in the
electrons and the plasma electrons inside the plasma slafbncompensated cgsand then grow during the beam
excites a fast growing two-electron beam instabilisee, propagation in vacuum on a time scale much slower than the
e.g., the pioneering simulations in REE7] and, in the recent beam plasma frequency. The mechanism which produces
literature, [12,18)), with a growth ratey, that scales at these local inhomogeneities is similar to the cavity formation
threshold asni®. This instability causes strong Langmuir process by ponderomotive effects and will be discussed be-
small scale oscillationgat the slab plasma frequencyas low in the case of the plasma oscillations in the slab. The
shown in Fig. 11 inside the plasma slabtat70 before the effect of the Langmuir oscillations in the plasma slab and in
beam exits the slab. These electron density oscillationghe propagating beam on the electron distribution function is
slowly damp as the beam propagates out of the plasma slaBhown in Fig. 13 at the same time instants as in Fig. 12.
The proton beam emerges from the slab and propagates Bimilar to the noncompensated case, the plasma oscillations
vacuum with nearly the initial velocityy,=5, together with  in the slab ramp cause the formation of a population of free
the neutralizing electrons. In the charge compensated casdectrons that propagate both in front of and behind the pro-
we can expect that the energy transfer between the protons tnn beam, as shown in Fig. 14 where we plot the electric
the beam and the electrons inside the slab is even weakéeld att=100, after the beam exits from the slab, and at
than in the noncompensated case because the electrons tka250. In this figure we observe that the electric field is not
accompany the proton beam will shield the proton field. Ifzero at the left boundary at=250, even if the beam is
we consider a Buneman-type instability involving the slabcompensated, due to the emission of electrons by the left
and the beam protons, we find that in the limit case where, asamp slab, which are allowed to exit freely from the left

a result of the two-electron beam instability, a single hotboundary, as consistent with the boundary conditions given
electron population is formed inside the plasma slab théy Egs.(3).

growth rate of the proton instability scales as the frequency Increasing or decreasing the number of particles in the

Uz
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4.90

(=]
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FIG. 8. The electron distribution function & 100, 150, 200, and 225.

long compensated beam does not change the above picturef.[20], Sec. 10.5, Eq(10.5.9), once the ratio between the
qualitatively. At rather small beam densities the amplitude olwidth of the plasma slab and the width of the beam is in-
the oscillating electric fields is essentially in agreement withcluded. At higher beam densities, such as those shown in Fig.
the quasilinear estimate for a homogeneous plas®e, e.g., 11, the amplitude of the oscillating fields is found to be

0.5 T T T T T T T T T ]
; 5.30F T T T T E
0.4 3
] 5_202_ non—compensated beam _§
é E plasma g
0.3 E s.10E stab 3
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FIG. 9. The electron and proton densitiesntinuous and dash- :
dotted lines, respectivelyfter the plasma slab &+ 100, 150, 200, FIG. 10. The beam proton distribution function frar 25 to
and 225. t=225 with everyAt=25.
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FIG. 11. Left frame: the proton and electron densitieantinu-

ous and dash-dotted lines, respectiyelyt=70. Right frame: the
electric field at the same time instant.

FIG. 12. The electron and proton densitiéontinuous and
dash-dotted lines, respectivglgfter existing the plasma slab it
=125, 175, 225, and 275.

smaller than the quasilinear estimate and to grow with the&ussed in the preceding section, we see that the difference

beam density slower thanﬁ’z. between charge compensated and noncompensated beam is
In the case of a short charge compensated beam, with tHess marked than in the case of londadiabati¢ beams. A

same parameters of the noncompensated short beam dihort compensated beam produces a strong oscillating elec-

20[ T T T ] 20T T ]
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10—~ i - 10— [ —
§ sF 1 & s ]
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4 ] & ]
-} 1 i
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x T

10-6 105 104 10-3 10-2 10-1 100 10-6 10-5 10-4 10-3 10-2 10-1 100
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FIG. 13. The electron distribution function at the same time instants as in Fig. 12.
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FIG. 14. The electric field v att=100, 250. FIG. 16. The beam proton distribution functiontat25, 50, 75,

100, 150, 200, and 250.

tric field wake in the plasma slab, as shown in Fig. 15 where
we plot the proton and electron densitiéeft frameg and the  These cavities appear quite markedly in Fig. 19 for a short
electric field(right frame$ att=32 andt=55. This interac- beam with densityn,=0.75, 0=5.3 and a plasma slab
tion is strong enough to perturb the charge neutrality of the870\ 5 long. We see the deepening of cavities in the proton
beam. density spatially modulated with a scale length of half the

Similar to the short noncompensated case, this causesveavelength of the electron Langmuir oscillations, consistent
considerable velocity spread as the beam propagates to tiéth a nonlinear ponderomotive drive of the cavities by the
right of the plasma slab, as shown by the proton distributior{standing electron oscillation$21] in the plasma slab.
function evolution in Fig. 16 and by the electron and proton
beam dgnsity eyolution in Fig. 17 after the beam exits th_e V. CONCLUSIONS
slab. This velocity spread is a consequence of the electric
field arising from the partial charge separation between the The simulations that we have performed of the interaction
protons in the beam and the electrdits/olved in the beam of a proton beam with a thin plasma slab show the formation
plasma instability in the slakthat propagate with it, and by of oscillating electric fields in the plasma slab excited by the
the free electrons generated by the slab inhomogeneity. THgeam propagation, both in the case of charge compensated
electric field is shown in Fig. 18 dat=100 andt=250. and noncompensated beams. In the case of long béatizs

As in the case of a long compensated pulse, if the partibatic interactiol these fields are much stronger in the
cle’s density in the short proton beams is increased, the antharge compensated case. In the case of a short beama-
plitude of the Langmuir oscillations inside the plasma slabdiabatic interactionthe difference between noncompensated
becomes larger and the proton density in the slab starts to nd compensated beams is less marked.
significantly perturbed and forms slowly deepening cavities. These electric fields can cause spatial and velocity spread-

ing of the proton beam. This spreading is significant in those

1.51 o6 - - - 1~ T Tt T T T T T 1 E
, t=100 3
1.0¢ E i E
0.5 “ E
o5l E f t=150 E
0.4 E i i E
E ! ! E
0 100 200 300 400 0 100 200 300 400 g : =200 E
T z £ I m
0.3 t=250
1.5 E : ;
0.2 || ;
1.0 Eo 3
0.1
E o 3
0.0k=di 1} 07 A O
0 100 220 300 400 0 1700 220 300 400 400 600 1200 1400
x
FIG. 15. Left frames: the proton and electron densiteestinu-
ous and dash-dotted lines, respectiyelyt =32 (upper framg and FIG. 17. The electron and proton densitiesontinuous and
att=>55 (lower frameg. Right frames: the electric field at the same dash-dotted lines, respectivglgfter existing the plasma slab at
time instants. =100, 150, 200, and 250.
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2E In a one-dimensional configuration such as the one con-
1E £=100 3 sidered in this paper, the electric field can only accelerate or
i decelerate the protons, whereas the technique of proton im-

_1§ 3 aging relies on the proton deflection by(slowly varying

_2 field component orthogonal to the direction of the proton
0 =00 000 1200 2000 2500 propagation. Thus the simulations that we have presented

z cannot be used directly to establish the limits of applicability
of the test particle approximation used to calculate the proton
deflection in the proton imaging technique and, in particular,
to determine whether the electric fields generated by the pro-
ton beam could mask the effects of the “true” electromag-
netic fields inside the plasma. In addition, the ratio between
the density of the proton beam and that of the plasma slab is
much larger in our simulations than that used in the proton

0 500 1000 1500 2000 2500 imaging technique. However if we introduce an efficiency

z factor » which represents the fraction of the ordered kinetic
FIG. 18. The electric field vs att= 100, 250. energy of the electrons that accompany the beam that is
transformed into energy of the fluctuating electromagnetic
cases where the interaction between the beam and the plasmiergy, we can expect that the beam generated fields could
slab produces a population of free fast electrons or leaves tHead to a “background noise” in the deflection patterns mea-
beam propagating outside the slab not fully quasineutralsured by the proton imaging technique with a jitter deflection
even if the total charge of the propagating beam is well comangle of the order of (Qan/dg)l’z(cme/miuo), wherelL is
pensated. This happens, e.g., in the case of short beams, ihe slab width andl, the electron skin depth evaluated with
dependent of whether, before interacting with the plasmahe beam density.
slab, the beams were charge compensated or noncompen-
sated. The beam propagation to the right of the plasma slab
corresponds to that of a globally neutralized beam. However,
in particular, in the case of short beams, a completely ambi- We are glad to acknowledge A. Mangeney for interesting
polar configuration is not reached until the Langmuir oscil-discussions. Part of this work was performed in the frame of
lations of the neutralizing electron cloud are quenched bythe INTAS Project No. 01-0233. Part of this work was sup-
phase mixing and the free electrons propagating in front an@orted by the INFM Parallel Computing Initiative.
at the back of the beam are reabsorbed into the beam due to
the electric forces acting on them.

In all the cases examined, the total energy of the proton
beam is essentially unchanged by its interaction with the In order to separate the effects of the beam interaction
plasma slab. In the case of a charge compensated beam tith the plasma slab from those arising from the unperturbed
total energy in the oscillating electric fields inside the slab ishbeam propagation in vacuum, we have performed control
a fraction of the total ordered kinetic energy of the electronsiumerical simulations with beam parameters equal to those

1E
_2f ]
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APPENDIX: BEAM THERMAL EXPANSION

that propagate with the beam. used in the runs reported above and no plasma slab, and we
have compared the results obtained in this way to those with
1.04F : 2 plasma slab and to simple analytical estimates.

1.02f We consider a charge compensated Gaussian beam with

] 1
1.oo—A/\/\/\\/\N\'\W . an initial proton distribution function given in a comoving
0.98f ] reference frame &t=0 by

0.96F
3 ] -2
0.94 ‘ No , , ,
250 300 350 400 450 250 300 350 400 450 fp(xo,vo):—ﬂzexq—xol(z(y )_UOIILLD]' (Al)
x x
(Wﬂp)
1.04F ] 2

and a corresponding electron distribution with the same tem-
perature. The distribution function of EGA1) does not cor-

1.02¢
1.00¢,

0.98t o respond to a Vlasov equilibrium and evolves in time. If we
096" -1 assume exact quasineutrality, no electric field is present and
0.94% I e the proton distribution function at times obtained from Eg.
250 300 350 400 450 250 300 350 400 450 (A1) using the characteristics
FIG. 19. The proton density and the electric field-at150, 200 X()=xXotvot,  v()=wvo, (A2)
for the short, compensated beam case with a longer slab of length
370\ pe - and reads
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fo(X,v,t)= (n—ollzexp[—(x—vt)zl(Zaz)—vzl,up].

)
ﬂ-Mp (A3) 0.8

However, in the very first phase of the beam expansion,
when the electrons move outwards faster than the ions befor®6|
the beam expansion becomes ambipolar, an electric field i
generated, which produces an initial velocity spread that is
transformed into a spatial spread as the beam propagates. **[
we take this velocity spread of the foridvy=V'x,, we

obtain 0.2
F( t) No I |
X,V =—
pt~0:Y0:%0 [1X7) S Lo v e Lo v Lo v [P
(m Mp) 2 0 100 200 300 400 500
t
X exf] —x3/(202) = (vo—V'Xg)?/
H =g/ (20%) = (vo o) 'up] FIG. 20. The time evolution of the maximum beam denaift)
(A4) for a short, compensated beam without the plasma (@latve A),
. . in the presence of the plasma sl@urve C). CurveB represents
which gives the analytical expression, E¢A6), with V’ ~0.001.
fo(X,0,t)= Mo mexp[—(x—vt)zl(Zoz) discusse_d in_ the second part of Sec.(Bée Figs. 15_—])7
(rp) Curve B in Fig. 20 represents the analytical expression, Eqg.
) ) (A6), with V' ~0.001. We see that curv® and curveB are
—[v =V (xX=0vt)]7 up] (AS) practically superposed, and show that the expansion of the

compensated beam in vacuum is simply the ballistic evolu-
tion of the initial distribution function. On the other hand,
curve C shows that as soon as the beam enters the plasma
slab,t~15, electric field effects play a major role and pro-
duce a space dependent velocity spread. This additional ve-

instead of Eq(A3). Then, the time dependence of the den-
sity at the center of the beam £ 0 in the comoving frame
due to its thermal expansion is given by

n(t)/n(0)=[(1+tV)2+t2u,/(20%)]7 Y2 (A6)

which predicts an initial density decrease lineatt ifor V'
# 0.

locity spread can be represented as a redefinitiof oh Eq.
(A6) and is responsible of the faster decreasing slope of

curve C with respect to curveé andB for t<100. In addi-

In Fig. 20 we plot the time evolution of the maximum tion, after the beam exits the plasma slab, the self-consistent
beam densityn(t) in the case of a short, compensated beanelectric fields of the accelerated particles and/or the lack of

which propagates in the absence of the plasma &abve
A), and in the presence of the plasma s{abrve C). The

exact(local) quasineutrality increase the beam spreading fur-
ther with respect to the case where the beam propagates in

beam parameters are those of the short, compensated beaatuum without interacting with the plasma slab.
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