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Abstract

A plasma wakefield accelerator (PWFA) experiment is conducted at the Stanford Linear Accelerator Center. The experiment
aims at studying the issues relevant to a meter-long plasma accelerator module in the context of an actual high-energy collider.
The transverse dynamics issues include transport and focusing of the beam. The longitudinal dynamics issues are the loss and
gain of energy by the beam particles. Other physical phenomena such as the emission of radiation by the beam particles along
their betatron motion, the steering of the electron beam when crossing a plasma/gas boundary, the beam impact ionization of
neutral gases, and the light emitted by the plasma are also studied. Some of the experimental results obtained with electrons or
positrons are presented.

Introduction

Plasmas can sustain very large electric fields, and plasma accelerators could thus play an important role in future high-energy
electron-positron colliders. In the plasma wakefield accelerator' (PWFA) a short relativistic particle bunch drives a large
amplitude plasma wave or wake and thus creates the high frequency accelerating structure in the plasma. Electrons or positrons
can be accelerated by the longitudinal component of the wake*®. The transverse component focuses the particle bunch. The
PWFA istransformer in which the energy is transferred from the particles in the front of a single bunch or of adriver bunch to the
particles in the back of the same bunch or to a trailing witness bunch. There are four main experimental issues that have to be
addressed to demonstrate the relevance of the PWFA to present and future high-energy colliders. First, the acceleration of
particles in a high gradient (>1 GeV/m) in a meter-long module has to be demonstrated. The field structure of the PWFA is
strongly affected by the actua driver beam parameters (non-round beam, tilted beam, etc.). Impact ionization of the plasma ions
and remaining neutral particles could create an additional plasma density. The dynamics of the newly created electrons could
interfere with the PWFA dynamics in a pre-formed plasma. Second, the stable propagation of the particle beam in a dense, meter-
long plasma has to be demonstrated. The maximum plasma density and/or the length over which the particle bunch can propagate
are limited by the hose instability*. Third, the dimensions of the PWFA accelerating structure are in general of the same order as
those of the particle bunch, and emittance dilution could result from the longitudinal and transverse variations of the wake fields
over the beam size. Fourth, the linear theory for the PWFA shows that the maximum accelerating gradient that a bunch of
Gaussian length s, with N particles can drive scales as*> W, (N/s,?). The scaling shows that gradients in the hundreds
of MeV/m range can be expected with present bunches with alength s,@.7 mm, and N@" 10 particles/bunch in a plasma with a
density n.@.5" 10 cm®. However, very short bunches (s,@00 to 12 um) that could lead to multi-GeV/m energy gains in a
plasmas with densities in the 10 to 10" cm™ range® will become available soon®. All these issues have to be addressed with
electron and positron beams. The main technical issues of the PWFA are the creation of meter-long uniform plasmas with the
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appropriate density, as well as the control of the particle beam entering and exiting the PWFA module. It is thus very important to
study the transverse and longitudinal dynamics of electron and positron beams in a meter-long PWFA module.

A PWFA experiment is currently performed at the Stanford Linear Accelerator Center (SLAC)”. The 28.5 GeV particle bunches
of the final focus test beam® (FFTB) line with s,@.7 mm and N=2" 10" particle/bunch are sent in a »1.4 m long plasma with an
electron density n, in the 0-2” 10™ cm® range. A schematic of the experiment is shown on Fig. 1, and typical beam and plasma
parameters are shown in Table I. With these parameters the beam density n, is larger than the plasma density (n,>n,) and the
experiment is performed in the non linear regime of the PWFA. This regime is interesting because the accelerating gradient is
larger than that predicted be the linear theory. Also, the head of an electron bunch expels all the plasma electrons from the bunch
volume. In this blowout regime the core of the electron bunch propagates in a pure ion column. The plasma ions partially
neutralize the electron bunch, and the radial focusing electric field is linear with radius: E,(r)=(n&/2e,)r. The focusing strength
B,/r=n/2e.c isin the 0-6 kTesla/m range in this experiment. The bunch is focused by a very strong, ideal, extended plasma lens
free of geometrical aberrations. PWFA experiments with lower (MeV) energy electron beams are either performed® or planed™.
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Figure 1: Schematic of the experiment with the imaging spectrometer (not to scale).

Parameter Symbol Value

Particles Energy E 28.5 GeV

Beam Relativistic Factor g 55686

Number of e-, e+ per Bunch N 210"

Beam Energy 91

Bunch Length S, 0.7 mm

Beam Power 40 TW

Bunch Radius @ Plasma Entrance Sx Sy <40 pm

Beam Focused Intensity 8 10" W/cm?

Bunch Density Ny >10"cm’®

Normalized Beam Emittance e 5 10° m-rad
e 0.5 10° m-rad

Plasma Density Ne 0-2° 10%cm?

Plasma Freguency 0-125 GHz

Plasma Length L 14m

Table|: Typical electron or positron beam, and plasma parameters. The beam parameters are before scattering through the various
pellicles used in the experiment.

Experimental Set Up

The plasmais obtained by single-photon, laser photo-ionization of alithium vapor produced in a heat-pipe oven **. The volume
average plasma density at the time the laser isfired is obtained from the absorption of laser pulse uv photons and from the volume
of the lithium vapor intercepted by the laser beam®. In the experiment the laser is typically fired a few ps prior to the particle
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beam entering the plasmato allow for the plasma density to become more homogeneous by recombination and diffusion. The line
integrated plasma density actually sampled by the particle beam is obtained from the particle beam parameters and from the
variation of the beam spot size downstream from the plasma as a function of the laser pulse energy incident upon the lithium
vapor. The plasma density at which the maximum accelerating gradient is produced given in the linear theory (n,/n, and ks ,<<1)
is such that ks @2, where k, is the plasma wave number: k,.=w,/c, and w,.=(n.€7/e,m)"” is the electron plasma frequency. It
correspondsto »1.5” 10" cm™ for s ,@.7 mm. At this density the frequency of the accelerating wave is »110 GHz.

The particle beam spot size is monitored by imaging the optical transition radiation (OTR) emitted by the beam when traversing
titanium foils (25 um thick at 45°) located »1 m upstream from the plasma entrance and downstream from the plasma exit.

In early experiments the beam was allowed to travel balistically from the plasma exit, through a dipole bending magnet, and
through a thin piece of aerogel placed right after the magnet (»12 m from the plasma exit), in which the particles emit Cherenkov
radiation™. Imaging a fraction of the Cherenkov light onto a CCD camera yields the time integrated measurement of the beam
spot size (s,, in the non-dispersive x-plane of the magnet) and of the beam energy (in the vertical y-plane). Imaging another
fraction of the light onto the dlit of streak camera yields a time-resolved measurement of the same quantities. For the latest rounds
of experiments, quadrupoles were added between the plasma exit and the dipole magnet. They allow for the imaging of the
particle beam at the plasma exit onto the piece of aerogel. The imaging property of the new spectrometer effectively eliminates
the contribution to the energy measurement from the possible drift of the beam tail outside of the beam spot size. It also ensures
that the vertical spread of the beam observed after the bending is a true representation of the particle beam energy content:
M,S,, pasma-eit< <N (DE/E), where M,@ is the imaging magnification in the y-plane, h@O0 cm is the magnetic dispersion at the
aerogel location, and DE is the energy content of the particle beam. This was a very significant improvement of the experimental
set up.

The incoming beam has a correlated energy spread of about 430 MeV, with the high energy particles in the head of the front,
and the low energy particles in the back of the bunch (Fig. 2). Time integrated images of the beam after dispersion in energy, and
thus to some extend in time, will therefore provide some insight into the beam transverse dynamicsin the x-plane, aswell asinto
the beam energy loss. The energy loss is experienced by the particles in the core and back of the bunch, aready entering the
plasma with a lower average energy (Fig, 2). However for the energy gain measurement both the imaging of the beam at the
plasma exit and the time resolution will be necessary since the expected relative energy gain is of the same order as the incoming
energy spread. Energy loss and gain results will be reported later.
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Figure 2: Measured correlated energy spread of the s,@.7 mm incoming electron bunch, as obtained from the analysis of a streak
cameraimages with »1 ps resolution. The bunch travels from right to left.

Electron Plasma Focusing

In the experiment the particle beam is focused near the plasma entrance ( z=0). The beta function of the beam bye,=05 /€4y IS
shorter than the plasma length L, and the plasma acts on the beam as an extended plasma length. In the electron beam case in the
blow out regime, the focusing strength of the plasma reaches its pure ion column value early in the bunch and more than 75% of
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the beam particles experience that focusing strength®. The evolution of the electron beam spot can thus calculated using a beam
envel ope equation™:;

ds.,(9 ¢ . _euw, U =

I AT ?
in which the action of the plasmais described by the restoring constant K=w,,/(2g)"c. In vacuum the beam size downstream from
the plasmais s, (2= s,,(0)[1+ey,,’Z/Fs,, (0)]* (solution to Eq. 1 with n,=0). In the plasma the beam envelope oscillates with
a spatial period equal to half the betatron period of the particle | ,=2p/K= 2pc(29)”2/Wpe. The plasma density is assumed to be
constant over the length of the plasma L. The beam and the plasma can be matched, and the beam envelope oscillation in the
plasma suppressed, by choosing the experimental parameters such that the term in the brackets in Eqg. 1 vanishes. The radius
matched to a plasma with a density optimum for acceleration (n.@.5 10 cm®) is »12 pm. Fig.3 b shows the beam as observed
that the downstream OTR location (»2.4 m from the plasma entrance) after propagation in vacuum (n,=0) for the case of asize at
the plasma entrance of s,(0)=14 pm (s,(0)=9 pm), normalized emittance after scattering of €,,=18" 10° m-rad (b,,=6.1 cm)
(ey=4" 10° m-rad, be=10.5 cm) and a waist located »4 cm (»2 cm) before the plasma entrance in the x-plane (y-plane
respectively). The spot sizes obtained from Gaussian fits to image summed in the x-, and y-directions are s,=575 pm and
s,=155 pm. Figures b shows the beam observed at the same location this time in the case of n,@.3" 10" cm™ over »1.4 m. At this
plasma density the spot size is at a minimum in the x-plane, but not in the y-plane, because the beam parameters are different in
both planes. The measured spot sizesare s,@10 pm and s, @0 pm. The beam spot size reduction in the x-plane at thislocation is
thus larger than five. The beam propagation was stable up to a plasma density of »5 10™ cm™, and no significant hose instability
was observed"’.
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Figure 3a: Electron beam, n,=0 cm®, Figure 3b: Electron beam, n.@.3" 10* cm®,
unfocused, s,=575 pm, s =155 pm. focused, s,=110 pm, s,=70 pm

Also shown, line outs through the image peak.

Positron Plasma Focusing

A plasma can also focus a positron bunch. 8 In the case of positrons, the plasma electrons are attracted toward the positron
bunch, and partially neutralize the space charge field of the positron bunch, which is focused. However, there is no blow out
regime with positrons since plasma electrons will be attracted from a plasma skin depth away of the beam. Electrons from
different radii reach the bunch volume at different times. The focusing process is thus very dynamic, with the focusing strength
varying both along the beam, and in the transverse dimension. This leads to emittance dilution of the positron beam. At low
plasma density, the positron beam can be partially neutralized, and overall focusing of the bunch can be expected. Figure 4a
shows the positron beam at the downstream location for the case of an round beam radius of 25 pum, focused at the plasma
entrance, without plasma (n,=0). The emittance of the beam in both planes is similar to that of the electron beam. The beam spot
sizesare s,=634 um and s,=122 pm. Figure 4b shows the beam at the same location in the case of n.@.5" 10" cm™ over »1.4 m.
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The beam is focused in the x-plane to spot sizes of s,=344 um and the Gaussian fit indicates that the beam is defocused in the y-
plane tos,=243 pm. The images shows the presence of a particle halo around the focused core of the beam. The spot size is
composed of a narrow part of the beam sitting on top of an unfocused shoulder and the Gaussian spot sizes are larger than
expected from the image line outs shown on Fig. 4. The transverse dynamics induced by the plasma €electrons rushing into the
beam volume can be greatly reduced by propagating the positron beam in a hollow plasma channel®. The hollow channel also
enhances the accelerating gradient by helping to synchronize the plasma electron rushing on axis, since they all originate from a
radius larger than that of the hollow plasma channel. Partialy hollow plasma channels with different radius have been produced
by placing a mask in the ionizing laser beam path. The laser beam casts a shadow of into the lithium vapor, thereby creating the
channel. The results obtained with the channel will be presented el sewhere.
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Figure 4a: Positron beam, n.=0 cm?, Figure 4b: Positron beam, n,@.5" 10* cm?,

unfocused, s,=634 um, s,=132 um. focused, s,=344 um, s,=243 um.
Also shown, line outs through the image peak.

Betatron Radiation

The beam electrons are accelerated along their betatron motion in the plasma. Asaresult an electron starting at aradius ro

oscillating at the betatron frequency w,= Wpe/("IZg), emits radiation with a characteristic wavelength given by
w, =2mgiw,/(1+K2/2+ (g)’)

where m=1,2,... isthe harmonic number, K=gw,r/c is the plasmawiggler strength, and Wis the observation angle measured from
the axis. Since there are electrons with all radii between 0 and s, ,, K,, varies continuously through the beam radius and reaches 15
(Ky>>1) at s, @0 pm, and the radiation is emitted in a broadband spectrum. For the parameters of Table I, the spectrum cut-off
frequency® w.=3qecr, W,%/2c is in the x-ray range, and is emitted in a very narrow angle q@,/g, in the forward direction. This
radiation was observed for photon with energies between 5 and 30 keV, using a silicon wafer as Bragg scatterer and reflector, and
surface  barrier  detectors!. The pesk spectral brightness a a photon energy was estimated to be
»7" 10" photons/sec//mrad?/mm?/0.1%bandwidth. Plasmas could thus be used as simple wigglers to produce very high brightness,
tunable radiation in the visible to x-ray wavelength range.

Collective Electron Beam Refraction

In ahomogeneous plasma, the ion channel produced by a short cylindrical electron is aso cylindrical with aradius
r.@(N/(2p)¥*s,n,)"?, where a@ for a long bunch and a@ for a short bunch of the order of a plasma wavelength long. The
focusing is provided by the partial neutralization of the beam space charge, or equivalently by the focusing field of theion column
within the beam volume. In a plasma with a density gradient, the focusing force becomes asymmetric and the beam is steered by
the plasma®. When the beam crosses the boundary between the plasma and the surrounding vacuum or neutral gas, the ion
channel becomes asymmetric (positive charges missing on the vacuum side), and the beam is collectively deflected toward the
plasma boundary. This collective deflection of the electron beam at the plasma/vacuum boundary can be seen as the analogous to
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the refraction of a photon beam at a dielectric interface. It can be described by a non-linear Snell’s law®. This effect has been
measured for the first time, and was found to follow the expected angular dependency?.

Impact lonization

Lithium was chosen for plasma because of itslow atomic number Z. The 28.5 GeV beam particle can create additional plasma
density by direct impart ionization. More over, the cross section for impact ionization pesks at an energy of about 100 eV* and is
about two orders of magnitude larger than around 28.5 GeV. Plasma electrons created by direct impact ionization could therefore
create an even much larger additional plasma density in subsequent collisions. The dynamics of the electrons created by impact
ionization could interfere with the formation of the accelerating gradient expected from the PWFA mechanism in a pre-formed
plasma. To evaluate the amount of plasma created by the electron and positron beam in the experiment.®, the Li vapor is replaced
by neutral gases with various Z: He, Ar, Ne, and N,. The beam spot size is then measured as a function of the gas pressure at
different locations. Because of the additional time within the particle bunch necessary to create the plasma, the plasma density
necessary for a spot size reduction (at a given location) is probably larger than for the same spot size reduction in the pre-formed
plasma case. Experimental results show that for helium there is no noticeable spot size reduction in the pressure range typical of
the oven operation (He with Z=2 pressure »0.4 Torr, Li with Z=3 and pressure of »0.1 T). This is confirmed by full tri-
dimensional particle-in-cell simulations of the PWFA with the present experimental parameters”’. However, plasma sources
capable of producing plasma densities appropriate for PWFA experiments with much shorter bunch length® or future energy
doubler systems®, may use large Z atomic vapors such as rubidium, or cesium®. In principle higher Z vapors also require higher Z
buffer gases at higher pressures. Strong focusing is observed in afew Torrs of Ar, Ne, or N,. Impact ionization may thus become
an issue in devices operating in this pressure range.

Summary

The dynamics of 28.5 GeV electron and positron beamsin a 1.4 m long PWFA module has been studied in aregime where the
beam density is larger than the plasma density. The plasma acts on the particle beam as an extended plasma lens, and both
electron™ and positron beams are focused. The propagation of the €lectron beam appears to be stable'” up to densities relevant for
plasma acceleration of the s,@.7 mm beam: n»5 10%cm®. The experimental set up has been modified to allow for the imaging
of the beam at the plasma exit into the plane where the energy diagnostic is performed. Experimental results regarding the energy
loss and gain by the beam particles will be reported in the near future. Other very interesting phenomena have been observed and
studied: the collective refraction of the electron beam at the plasma/gas boundary®, the wiggler action of the plasma on the
electron beam leading to the emission of high brightness radiation in the x-ray energy range?, and the focusing of both electron®
and positron beams by the plasma density they create by impact ionization of noble various gases. Shorter electron bunches will
be available very soon at the Stanford Linear Accelerator Center®, and experiments will be performed with s,@00 pm electron
bunches. Energy gains in excess of one GeV are expected over a plasma length »30 cm with a density in the 5-8” 10" cm™®. One
can envisage that PWFA could be used in the near future to double the final energy of alinear electron-positron collider over a
short distance®.
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