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Abstract

We use a 2-d object oriented particle-in-cell siratibn code (OOPIC) to model
the interaction of positron beam with plasma. A 88GeV positron beam passes
through 1 metre of pre-ionized lithium plasma. Thiateraction regime is in the
magnetically self —focused (beam radius is muchslékan the plasma wavelength).
The plasma electrons are blown out creating a lammplitude wake of about 3 x 10
m, driven by a strong axial electric field Eof order 1Gv/m, which is used in
accelerating the electrons to high energies. This in good agreement with the
Stanford linear accelerator centre (SLAC) E-157 eqment.
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1.0 Introduction

Studies of charged particle acceleration procegseain one of the most important areas of resdarltaboratory, space
and astrophysical plasmas. Plasma acceleratiortashmique for accelerating charged particles, aslklectrons, ions or
protons, using an electric field associated withelattron plasma wave. The wave is created by #ssgge of an intense
laser beam or electron pulse through the plasma [1]

The beam driven plasma wakefield accelerator (PW&&)also capable of providing high acceleraticadgmts, and
thus may lead to next generation of smaller andpbehigh energy accelerators [2]. The techniquears to offer a way to
build high performance particle accelerators of memaller size than conventional devices at theees@ of coherency.
Current experimental devices show acceleratingignési several orders of magnitude than currentgba@ccelerators.

In a plasma accelerator, the role of the accelegadtructure is played by an ionized gas. Instdagemmg a problem,
electrical breakdown is part of the design becdbsegas is broken down. The power source is edhaser or a charged
particle beam [3]. Different methods exist for gextimg the plasma wave. The common are laser bae¢ Waser wakefield,
particle beam driven wakefield [4]

2.0 The Positron beam driven PWFAs

The interaction between a positively charged beadhpdasma is different from an electron beam-plasrexaction in
the magnetically self focused regime. A high chatgasity electron beam will expel plasma electrisom a small region
surrounding the beam. A positively charged bearhduilthe reverse, drawing plasma into the coréefidleam. This process
leads to a complicated non-linear wake structutioviang the beam that appears to be less favorfdleaccelerating a
withess beam when compared to the electron dri#enario. However, when an ultra relativistic, higfdcused positron
beam enters an under-densed plasma (density bEtra greater than the density of plasma), the éoiua balance between
the beam’s space-charge defocusing field and saffrmtic focusing field is modified by the highly bile plasma electrons
that are pulled in neutralizing the excess spaeegehof the positron beam. The degree of neuttalizalepends not only on
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the plasma density, but also on the longitudinaitppm along the positron bunch. As plasma elestrfsam various radii
arrive on the axis of the beam at various timesamishoot, they create a wake field structure tlagtcomplex longitudinal
and transverse electric field components [5]. Havethere are a significant number of particleshia tail of the beam
where the wake field has changed sign and areftiteraccelerated as indicated below:

= e e

positron
" AN s beam

Fig. 1 Wakefield generated by a positron beam.

3.0 Basic Equations

Although the interaction of a dense, short positbeam with plasma is inherently nonlinear, we cs@ the linear
theory which predicts the plasma response to edhghort electron or positron beam as a guidetipret the PIC code
(OOPIC) results. Here the beam density, plasmaityerizeam radius, beam longitudinal characterigicgth, and the
wavelength are donated hy n,, o,, o, and, respectively. The beam induces a small perturbatiadhe plasma whose
response can be calculated, assuming that the isgafinitely short.

The interaction regime is magnetically self-focused the important feature of the regime is thattthnsport of
the beam can be theoretically approximated byeatitheory in which the beam is assumed to be i pké (o << 2, ).
The plasma is described by eqns (1) — (7):

V.E= 4rtp — 4men, (1)
V.B,=0 (2)
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whereE;, By J; Vi, Ny, 0, & M., Ny and c are electric field, magnetic field, current depsielectron velocity, density,
electronic charge, mass of electron, unperturbasinph density and speed of light. The equationexaet in the limit of non
relativistic motion.

The driver beam is approximated as a delta functibis will allow the calculation of impulse resmanof the
plasma. Thus,

Poeam = 28(r)8 [t =] (8)
Now, our goal is to solve for the density pertuitraias a function of the impulse response. Talirgtime derivative of the
linearized continuity equation (6)

Jd ,0ng _
a ?+nOV.V1— 0)
a%n avi
6t21 + Tlov.? =0 (9)

Putting equation (5) into (9)
2
T e yE =0 (10)
Substituting (1) into (10) gives:
Oy _ Mo ynn  _ 4men;) =0 1)
9t2 Me Beam 1
Equation (11) is simplified by combining terms ir@arametric known as the plasma frequengy
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where,
ame?n,
wp = (a2)
Now
92 w.,2
?1;1+WP2n1 = Tp PBeam (13)
Substituting equation (8) into (13), we get:
P WPy = Wy Ls(r)e(t — 2 14
6t2+ p 1 = P o (T) (t_;) 0

Equation (14) is a differential equation, which ¢@nsolved, using the Laplace transform of a systétially at rest.

by =L 5(r) 2,
ec $2+W3
n,=L71 [i 5(r) Yp 22] (15)
ec $2+W3
ny = W, 26(r) sin{w, (¢t =2/} u (6 -%/) (16)

Equation (16) gives the density as it is perturbgdhe beam. The function (t) is heavy side function which means that the
plasma is not perturbed until after the beam passes
Now, the electric field, as a function of the perturbed density is solvedaling the curl of equation (3) i.e.

VXV X E, =—%%ﬂx31 (17)

Substituting equation (4), for the curl of magndi#dd into equation (17) and applying the vectentity for the curl of a

curl of a vector gives
41 0J1 1 62E1

V(V.Eq) = VPE; — 51— 55— (18)
The time derivative of the linearized current e@prats given by:
611 _ 6V1 _ No
E——en07—€EE1 (19)
Insert equations (19) and (1) into (18) and rerageaterms to get:
2 2
(55-C?v2)E; = - 4”:;8"0 E, — C?V (4np — 4men,) (20)

Put equations (8), (12) and (16) into (20) to get:

9? z z

(ﬁ —C2V2+ wg) Ey =4mqW 5(r) U (t— E) Cos {W;, (t - E)} 21)
Here we are interested in the longitudinal accélegaand decelerating fielEl,. Hence we brake the gradient term in its
longitudinal and transverse components
2

Vi=Vi 4o (22)

Our interest is relativistic drive particle beartig velocity is approximately the speed of lighteTefore, the time derivative

can be replaced with a special derivative given by

92 _ 02
= Coz (23)
A further quantity is the plasma wave number gilgn
_ 2
=2 (24)
Putting equation (22), (23) and (24) into (21) gl
¥2 —K?%) Ey =4nqK%6(r) U (t—2) cos {W, (t-2)} (25)

Equation (25) is modified Helmholtz equation foethlectric field driven by an impulse, which conta delta function
therefore, the response of 2-D Greens’ functioscalar Helmholtz equation in cylindrical geomesgiven by:

G(p) = — 5-Ko(Kep) (26)
Substitute equation (26) into (25) to get:
E; =-2q K2 Ko(Kpr) U (t = 2) Cos {w, (1 - %)} 27)

Equation (27) is longitudinal electric fields, which result from a beam approximated by a deitection.

Integrating equation (27) over the charge distithugives peak accelerating field resulting fro@aussian distribution,
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given as:

_KZO-Z
ny +/2wky 0z€ pTZ .
Eg =/n, i iTSm Ko( z- ct) (evicm) (28)
po?

Equation (28) indicates that the Wakefield excitgdthe bunch oscillates sinusoidally with frequemigtermined by the
plasma density and its phase velocity travelsasfieed of light. The accelerating gradient in@geéigearly with increasing
charge. And the field excited by the electron aasitpon beams are equal in magnitude but oppasipdase.

The dynamics of plasma electrons that are beingifierd by the space charge field of the electropositron beam
are extremely complicated and PIC simulations (JDRire used in order to gain insight beyond what wlatained from
linear theory [6].

4.0 The OOPIC code

The Simulation code used in this study is an objeieinted two-dimensional relativistic electromatimearticle-in-cell
code written in C++. OOPIC can simulate many phaisftystem including plasmas, beams of chargedgbestiwith self
consistent and externally generated electric anghetic fields, low —to- moderate density neutraegaand wide variety of
boundary conditions. It has electrostatic and ebmeagnetic field solvers of 2d geometries in botl fslab) and r-z
(cylindrical) coordinates [7].

OOPIC provide a convenient and intuitive GUI foewn Microsoft windows, Mac osx, and Linux systeaswell as a
batch mode to run jobs from the command line.

The OOPIC physics kernel has been used by researeneund the world since 1995 to simulate a wialege of
challenging problems. These include plasma displayels, ion implantation, high power microwave desj and next
generation particle accelerator concepts. The demewhat rare among PIC simulations in its it handle ionization
of background neutral gases via electron impafietit- induced tunneling effects [8].

Particle-in-cell codes have proven to be an exthgrpewerful and accurate tool for simulating PWFAndmics
OOPIC code is used to simulate the evolution ofpth&tron driver and the wake produced by the beam.

5.0 Simulation

This simulation models a beam-plasma wake fielegelecation using beam plasma, such that the backgrplasma is
pre-ionized (ions assumed stationery), the bearsityeexceeds electron plasma density & n,), so that the beam blows
out plasma electrons near the symmetry axis. Atsitimn beam is Gaussian in z and r. Once the leders the grid and is
close to the far edge of the simulation region,avimg window algorithm is invoked so that the beeam be modeled for
long times. Simulation region is bounded by condigin order to captured lost particles and avoil éharge build up such
that: electric fields parallel to the boundaries forced to zero. The beam and plasma parametedsinighis simulation are
listed in the Table 1.

The simulation region is a 2-d cylindrical geomesinulation parameters were radial and longitudinal sizes with r
=9x10"m, z = 5.4x10m, grid points p= 32, n = 192, for a total of num cells= 32 x 192 =6144e8.5Gev positron beam
is injected into plasma with density 72.1x10e cm?®, the corresponding grid size = d, =20 x 10°m, time step (dt) chosen
= 0.41 x d/lc = 2.74 x 13* The electron plasma frequenay = 8.6 x 16 rad/s. The wakefield was measured after the beam
fully propagated into the plasma, at this pointhia plasma, the wakefields are more or less fulbited and do not change
shape or magnitude as the drive beam propagatibeifunto the plasma although parts of the beaeifiten dramatically
focus and defocus in the transverse directionesponse to the wakefield.

Table 1: Beam and plasma parameters used inrthiagion

PARAMETERS VALUE

Pi 3.14159

Speed of light 2.9997% 108m/s

Mass of Positron 9.1095 10~3kg

Charge +1c

Positron energy 28.5x 10%ev

Length of lithium im

Plasma density 2.1x¥ecm?
6.0 Results

The wakefield produced was measured after the elyrpropagated into the plasma. Fig. 2 showsitiiteal 28.5 GeV
beam in cylindrical coordinates, at an initial enethe beam is stiff and the beam particles dgphgsically move in the
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longitudinal direction, the dimension are in meterth r on vertical axis and z on horizontal ax#&g. 3 shows the
corresponding wake field or plasma wake. The cngssif particle trajectories in the wake is an imadiicn of highly non
laminar flow, which cannot be modeled with a fleimde. The structure of the wake is independerti@beam radius.

z-T phase space for beam_positrons Z-T phase space for plasma_electrons
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Fig. 2 Initial beam energy measured at t = 7.69282"°  Fig. 3 Plasma wake after full propagation & tteam.
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Fig. 6 Initial number density for plasma electrons Fig. 7 Number density of plasma electrons after

propagation of the beam.
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The peak accelerating field (longitudinal elecfrédd) as a function of perturbed density generdigthe wake is shown in
Fig. 4 with higher resolution, the peak field orisaié greater than 1GV/m. Fig. 5 shows the resgltinceleration of beam
particles after 1m propagating through the lithiplasma.

The initial number density of plasma electrons #imel corresponding number density of plasma elestafter the
positron beam passes or after the full propagatfdhe beam are indicated below in Figs 6 and 7s $hows that the plasma
is not perturbed until after the beam passes tlirdhig plasma.

7.0  Conclusion

We have investigated the interaction of a positbeam with plasma using the object-oriented pariitieell code
OOPIC, which is time explicit and fully electromaagic. It is found that the plasma electrons arevblout creating a large
amplitude wake of about 3 x 1@n, driven by a strong axial electric fiel¢ Bf order 1 GV/m, which is used in accelerating
the electrons to high energies. This is in goodeagient with the Stanford linear accelerator ce(@eAC) E-157
experiment [9].
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