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I Introduction

Extraordinarily high fields are generated in beam-plasma interactions.

Accelerating gradients in excess of 100 GeV/m and focusing gradients greater than 1

MT/m have been observed. These results show the promise of plasma devices for high-

energy accelerators, but much of this promise has yet to be realized in components or

systems that could be part of an operating accelerator. This is a proposal to study key

questions related to the applicability of plasmas to high-energy accelerators.

High gradient accelerators are almost always thought of in the context of linear

colliders. SLAC experiment E-157, performed by this group, was the first experiment to

study plasma wakefield acceleration (PWFA) of electrons over meter-scale distances.

This length is probably close to that of an accelerator stage, and E-157 was the study of

issues that arise in a first, primitive prototype of a plasma accelerator stage. Positron-

plasma interaction physics is qualitatively different, and we are proposing to make the

first measurements of positrons in meter-scale plasmas. We have learned a great deal

about beam-plasma experiments during the course of E-157, and the proposal includes a

substantial improvement to the E-157 apparatus. Therefore, we are also proposing to use

this apparatus to improve our earlier electron measurements.

                                                
* Primary Investigator
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E-157 was the first experiment to study plasma wakefield acceleration of

electrons over meter-scale distances. The experiment was proposed in 1997 with the

primary goal of measuring acceleration by an electron beam-driven plasma wave. E-157

data taking was completed in the Spring of 2000 and has observed a rich variety of

effects (summarized in Table 2 and Section VII). The collaboration has developed a

unique facility at the SLAC Final Focus Test Beam, and we have experience and

expertise in these experiments. All of this experimental work is performed in conjunction

with the theory and simulation that are essential for understanding.

The interaction of intense positron beams in long plasmas has never been

systematically studied experimentally, and there is an opportunity at SLAC for

groundbreaking experiments. We expect that the collective phenomena taking place in

plasmas subject to intense positron beams–and the resultant reaction back onto the beam

itself–to be radically different than for electron beams. This is due to the difference in the

sign of the forces between the mobile plasma electrons and beam particles. For example,

for beam densities higher than the plasma density, an electron beam will expel all the

plasma electrons in a time-scale given by the inverse of the beam plasma frequency (ωpb).

This leaves a pure ion column that becomes a rather simple optical element for the

electrons. However, for similarly intense positron beams, the background plasma

electrons must rush in to neutralize the positron beam leaving a rather complex field

structure for the positrons trailing by more than c/ωpb behind the head of the beam.

Understanding these differences is essential for application of plasmas to high-

energy accelerators. A positron beam of the same intensity as the electron beam in E-157

is available to the same experimental apparatus. This presents a unique and timely

opportunity for looking at, plasma focusing and wakefield acceleration of positron

beams, and perhaps undiscovered basic physics, such as the refraction of an electron

beam at a plasma–gas interface [Appendix 3].

The E-157 plasma source and beam diagnostics (see Figure 1), presently situated

at IP1 (Interaction Point 1) of the Final Focus Test Beam (FFTB), offer a chance for an

immediate first look at many of the physics issues associated with propagation and

acceleration of positrons in a long plasma. A more detailed characterization of the

accelerating wakes of both electrons and positrons will then be possible by moving the
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experiment upstream to IP0 (Interaction Point 0). The magnetic optics upstream of IP0

will enable, for the first time, the study and propagation of a matched beam in a long

plasma. The remaining optics downstream of the plasma will combine with the FFTB

dipole dump magnets to form an imaging spectrometer. An imaging spectrometer will de-

couple the effects of the transverse and longitudinal wakes, which have complicated the

interpretation of previous data.

II Linear Theory

We begin by summarizing the results of linear wakefield theory (nb n0 << 1) to

introduce many of the important physical mechanisms for PWFA. Linear wakefield

theory has been validated by detailed computer simulations and several experiments and

applies equally to electrons and positrons. 2-D and 3-D Particle in Cell (PIC) simulations

will be used to better describe the non-linear regime in which the experiments are

performed.

Table 1: Legend of symbols used in this proposal
Physical Parameter Symbol

Speed of Light in Vacuum c

Charge of an Electron e

Accelerating Gradient eE

Plasma Focusing Gradient K= p/(2 )1/2c

Plasma Wavenumber kp= p/c

Plasma Wavelength p=2 /kp

Mass of an Electron me

Number of Electrons per Bunch N

Drive Beam Density nb=N/(2 )3/2
r
2

z

Plasma Density n0

Hollow Channel Radius r0

Drive Beam Transverse Size r

Drive Beam Bunch Length z

Beam Plasma Frequency pb=(nbe
2/ 0me)

Electron Plasma Frequency p=(n0e
2/ 0me)
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In linear theory, the response of a plasma to a relativistic bunch with bi-Gaussian

density distribution is given by integrating the Green’s function for a single electron. The

result can be expressed approximately by

eE[eV cm] = no[cm−3 ] ×
nb

no

kp ze
−k p

2
z

2 2

1 + 1

kp
2

r
2

2 (1)

Equation (1) predicts the maximum wake amplitude to occur for a plasma density such

that p ≅ 4 z  for kp r << 1. For this optimum plasma the wakefield amplitude can be

expressed as

eE[MeV m] ≈ 240 ×
N

4 ×1010

 
  

 
  ×

0.6

z[mm]

 

 
  

 

 
  

2

(2)

From this we see that the maximum wake amplitude for a given amount of charge scales

as 1/σz
2.

For typical parameters of the SLC bunch and the plasmas of interest for high

gradient acceleration, the limits of the linear theory are exceeded. In fact, nb/no is greater

than one and eE/m pc is on the order of one for this example. Thus, we turn instead to

fully nonlinear particle-in-cell (PIC) numerical simulations.

III PIC Simulations

There is no experimental data on wakes generated by intense positron beams in a

plasma. The physical mechanism behind generating such wakes with positrons is

different than with electrons. In the regime of linear wakefield theory, the wavelengths

and amplitudes of wakes from positron and electron beams are identical, but when the

beam density is larger than the plasma density, linear theory breaks down and there is an

asymmetry between the electron and positron cases. In the electron case the beam

electrons blow out the plasma electrons whereas in the positron case the beam positrons

suck in the plasma electrons.

The previous simulations for electron beam drivers (see Appendix 1) have been

extended by considering positrons. To make connection to the previous work and

illustrate the different dynamics associated with positron drivers, the wake structure of a

positron bunch is compared with the wake of an electron bunch. The phenomena
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illustrated in the following Figures highlight much of the interesting physics and serve as

a guide to what we will measure in the experimental program outlined in Section VI.

Transverse Dynamics

Figure 2a shows the electron beam envelope undergoing three envelope

oscillations within the plasma due to the transverse focusing fields of the ion column

(“blow out” regime), which corresponds to a focusing gradient on the order of 4,000 T/m.

We can not measure these oscillations within the plasma; instead we make the equivalent

measurement of spot size at the downstream OTR as a function of plasma density. Figure

2c shows the electron beam transverse size measured at the downstream OTR as a

function of the betatron phase advance of the beam in the plasma(∝(n0)
1/2). The green

curve shows the expected envelope oscillations based on the given beam parameters. The

good agreement demonstrates that for the bulk of the electron beam, the transverse

focusing fields in the plasma can be represented as a strong but simple thick lens. Figure

2b shows the expected beam envelope behavior for a positron beam within the plasma.

The constant focusing force of the ion column in the electron case is replaced by a

dynamic focusing structure resulting from regions of different plasma electron density.

Characterizing the dynamic focusing force resulting from electrons being sucked in by

the positron drive bunch is one of the first goals of this proposed experiment and would

fill in the missing panel Figure 2d.

Longitudinal Dynamics

Figure 3 (a) and (b) show the longitudinal wake structures for electron and

positron bunches in a 3-D simulation. Physical beam parameters similar to those

available in the FFTB are used to illustrate the expected physical behavior. Simulations

tailored to the exact parameters of the experiment will be performed as these parameters

are determined in the operation of the experiment. For N = 2x1010, σz = 0.4mm(~1.3ps),

the plasma density 4.34×1014 cm-3 is chosen to optimize the accelerating field (λp ≈ 4σz).

The positron beam density is larger than the plasma density (i.e., the plasma is referred to

as being in the “underdense regime”). In this regime, the plasma electrons are sucked in

by the space charge of the positron driver, and their momentum takes them back out. In

contrast to the electron beam case, the positron wake is less steep in the back of the

bunch. In the electron case, the plasma electrons blown out by the head all rush back in to



6

the tail of the bunch at the same time producing a large spike in accelerating gradient. For

the positrons however, plasma electrons are continually being sucked in and a smaller

spike is generated.

In the 3-D simulations shown in Figure 3 (electrons in Figure 3a, positrons in

Figure 3b) the beam has been propagated into the plasma roughly 1.6cm to let the

longitudinal wakes develop, and gives the accelerating gradients and an energy spectrum

when extrapolated to 1.4m. Positrons in the tail of the beam in the maximum energy bin

have a bin-averaged gradient of 192 MeV/m. The electron-driven case with the same

parameters shows a maximum bin-averaged gradient of 340 MeV/m. When scaled to a

bunch length of 0.65mm, the gradients are correspondingly lower: 75 MeV/m for

positrons and 130 MeV/m for electrons. Further, the ratio of accelerating fields to de-

accelerating fields known as the transformer ratio is 1.2 for the positron case,

considerably lower than for the electron beam driver. To experimentally characterize

these accelerating wakes in detail, a high-resolution energy spectrometer is required. The

creation of the imaging spectrometer  is the primary motivation for moving the

experiment upstream to IP0 in the FFTB (discussed in Section IV).

Hollow Plasmas

The primary limit to positron wake amplitude, as seen in Figure 3b is the

smearing of the plasma density peak on the axis due to plasma electrons from different

radii arriving at different times. These effects can be mitigated by using a plasma in the

shape of a hollow cylinder or channel. A hollow channel plasma can be made by UV

ionization of a long gas column with a laser beam for which the center is blocked. To

investigate the feasibility of creating such a hollow plasma, the reflective coating of a UV

mirror was purposely damaged over a ~500 µm diameter and the E-157 UV laser beam

was reflected off the mirror. Figure 4 shows an images of the UV laser profile ~30 cm

(Figure 4a) and ~1m (Figure 4b) from the mirror. Diffraction of the UV beam has not yet

filled in the hole and it thus seems possible to create the desired hollow profile over the

length of the plasma.

Positron and electron wakes in a hollow plasma channel of various radii have

been studied through simulation. The results of the wake amplitude vs. radius of the

channel are shown in Figure 5. Note that the amplitude of the positron wake increases as
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the channel radius increases. Interestingly, the non-linear wake profiles for positrons and

electrons reverse roles in the hollow and homogeneous plasmas. The wake of the positron

driver becomes spiked on the axis in the hollow plasma channel, resembling the nonlinear

spike of electron wakes in a homogeneous plasma. On the other hand, the electron wake

in a hollow plasma channel loses the narrow spike seen in Figure 3a for a homogeneous

plasma.

Summary

We have studied positron wakes with PIC simulations and illustrated many of the

experimental signatures we seek to measure. The transverse wakes for a positron bunch

are dynamic throughout the length of the bunch, resulting in qualitatively different

transverse dynamics. The accelerating wake of a positron bunch is smaller than that of an

electron bunch in an homogenous plasma, but it can be made comparable to the electron

wake by employing a hollow plasma.

Experience has shown that the simulations give good guidance, but in practice the

phenomena are more complex. Experimentation is critical to understand the value of

plasmas to high-energy colliders.

IV Beam Properties

As mentioned in the introduction, E-157 was the first experiment to study the

issues associated with PWFA in a long plasma. The experimental techniques and

apparatus of E-157 were developed and improved over the course of five runs distributed

from the Summer of 1998 to the Spring of 2000. In contrast to E-157, which was started

from no experience in electron plasma interactions, the experiments proposed here will

benefit from and continue to build upon the extensive experience and infrastructure

developed over the past two years. Results from E-157 are discussed in section VII.

E-157 was able to operate under a wide variety of experimental conditions (beam

and plasma densities) at a beam repetition rate of 1Hz. The beam rate of 1 Hz was

dictated by the data acquisition system and mitigating damage to the pellicle mirrors

(discussed in the Section V). With the experimental apparatus situated in it’s current

location (IP1), typical beam parameters are E=28.5 GeV, σz=0.7 mm, N=2x1010

electrons/bunch and σr=40−100µm. These parameters are useful for studying the majority
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of the physics associated with beam-driven PWFA. Positron beams with the same energy,

bunch length, and charge have already been delivered to the FFTB for the E-150 SLAC

experiment. Sending this positron beam down the FFTB into the existing E-157 apparatus

would allow a first look at the transverse dynamics of a positron beam propagating in a

long plasma. With the current E-157 diagnostics all working and at a mature stage of

development, a reasonably complete study of the transverse dynamics of an unmatched

positron beam could be concluded in a relatively short time.

Subsequently moving the experimental apparatus upstream to IP0 offers two

important advantages. Firstly, the magnetic optics available upstream from IP0 would

provide the ability to match the beam into the plasma and contrast the behavior with the

unmatched case. Secondly, the remaining quadrupoles located downstream from the

plasma exit can be used in conjunction with the FFTB dipole dump magnets to form an

imaging spectrometer. An imaging spectrometer will de-couple the effects of transverse

and longitudinal wakes, allowing for a more detailed examination of the energy spectrum

produced by the plasma. Our E-157 experience has shown this to be a significant

experimental issue.

Moving the E-157 equipment upstream to IP0 requires only minor modification to

the existing beam line. Two quadrupoles (6020-6030) must be removed to create the

necessary space. Solutions exist that use the remaining quadrupoles (6040-6080) to image

the beam exiting the plasma onto the Cherenkov radiator(see next section). We estimate

that one to two weeks would be required to restore these quadrupoles and associated

mounts

V Plasma source and diagnostics

The experiments proposed here rely on the E-157 experimental apparatus,

presently located at IP1 in the FFTB, and shown schematically in Figure 1. The details of

the apparatus as well as many of the experimental issues are described in Appendix 2.

The hardware summarized below is working and can be transported as a package to IP0

for the second and third group of measurements discussed in Section VI.

A 1.4 m long lithium (Li) heat pipe oven produces a Li vapor with a density ρ0 ~

3×1015 cm-3. The vapor is contained by a He buffer gas and isolated from the beamline
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vacuum via thin Be windows. The plasma is produced by ionizing the vapor with a

193nm Argon-Fluoride (ArF) excimer laser located nearby. The laser beam is injected

into and extracted from the plasma by thin pellicles that are also traversed by the electron

beam. The fluorescence of the pellicle silica substrate when traversed by the particles,

and its fluorescence when hit by the UV laser pulse are viewed on a single screen to align

the electron beam and the laser beam (i.e., the plasma) both upstream and downstream of

the Li column. Roughly 15% of the Li vapor is ionized and the plasma recombination

time is of the order of 15 µs. Varying the laser discharge voltage and/or delay between

the laser pulse and electron beam provide convenient controls of plasma density. The

initial plasma density is measured by means of the incident UV energy on a shot-by-shot

basis.

Titanium (Ti) foils provide another key feature of the experiment. Optical

transition radiation (OTR) from the electron beam passing through the Ti is detected both

upstream and downstream of the plasma. OTR allows monitoring of the electron beam

profile and gives the information needed for measuring and removing beam tails. Plasma

focusing is studied by measuring the beam size after the plasma.

The plasma is followed almost immediately by the FFTB permanent magnet

dump which introduces energy dispersion in the vertical plane. An aerogel Cherenkov

radiator with index of refraction n = 1.009 is located after the dipole dump magnets. The

dispersion at the aerogel is ηy = 100 mm. Light from this radiator is transported out of the

FFTB tunnel to an optical table where the time integrated spot size and the time dispersed

horizontal and vertical profiles are measured. The latter is done with a streak camera. The

time dispersed vertical profile gives the energy spectrum of the beam with 1 ps time

resolution. This time resolved energy measurement is the key to studying the energy

changes within the bunch.

Data is acquired with shot-by-shot correlations. The upstream and downstream

OTR images, the time integrated Cherenkov image, the streak camera image, and laser

and beam data are acquired on each shot, and information from these different

diagnostics can be combined for filtering and sorting of data.

VI Experimental Program
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Run 1: A First Look at Positron Propagation in Long Homogeneous and Hollow

Plasmas.

IP1 – 4 weeks

Use the functioning E-157 apparatus currently located at IP1 to characterize the

transverse wakes of a positron driven plasma wave in the “suck-in regime” of a

homogeneous plasma. Envelope oscillations will be studied as a function of plasma

density. The time dependent focussing forces within the positron bunch will be resolved

via the Cherenkov/streak camera diagnostic at IP2. A hollow channel plasma will be

made by introducing a mask in the ionization laser pulse. The transverse dynamics (time

integrated and time resolved) will be measured as a function of channel radius and

compared to the case of homogeneous plasmas.

Extended break to move to IP0 – 8 weeks

Access to the FFTB tunnel will be required during this time.

Run 2: High Resolution Energy Gain Measurements of Positrons

IP0 – 6 weeks

The quadrupoles downstream of IP0 are used in conjunction with the FFTB dipole

dump magnet to form an imaging spectrometer. The detailed structure of the longitudinal

wakes will be resolved within the bunch and compared with theory. The incoming beam

density required to minimize filamentation and maximize acceleration will be explored

for a homogeneous plasma. The accelerating wake produced in a hollow channel plasma

will be compared to the homogeneous plasma case and to the numerical simulations.

Run 3: High Resolution Energy Gain Measurements of Electrons

IP0 – 4 weeks

The primary goal of E-157 was to measure 1 GeV acceleration of electrons from

an electron beam driven plasma wave. As the experimental parameters evolved

(principally the electron bunch charge and bunch length) and our understanding of the

physics progressed, the magnitude of the accelerating gradient has gone down. However,

the underlying physics is unchanged, and we have learned a tremendous amount about
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plasma accelerators from this experiment. Moving the experiment to IP0 will provide two

advantages over the original design that build on the experience gained from E-157. First,

the magnetic optics upstream of IP0 will allow the study of matched beam propagation of

electrons in a long plasma for the first time. Second, the imaging spectrometer will allow

for a more detailed measurement of the accelerating wakes than were possible in E-157

without an imaging spectrometer.

VII E-157 Results

E-157 was proposed in 1997, began running in the summer of 1998, and

concluded data taking in the spring of 2000. The experiment has yielded an enormous

amount of data that is still being analyzed. Table 2 highlights the experimental work in

progress and the text that follows gives a brief description of the individual elements.

Table 2: E-157 Publications in Progress
Experimental Result Publication or Expected

Submissions(*)
E-157: A 1.4 Meter-long Plasma Wakefield
Acceleration Experiment Using a 30 GeV Electron
Beam from the Stanford Linear Accelerator Center
Linac

Physics of Plasmas 7, 2241
(2000)

Refraction of an Electron Beam at a Plasma–Gas
Interface

Nature (submitted)

Gas/Plasma Cherenkov Radiation as a Diagnostic of
Plasma Density

Phys. Rev. Letters*

Transverse Betatron Dynamics of a 30 GeV Beam in a
Long Plasma

Phys. Rev. Letters*

Experimental Test for the Electron Hose Instability Phys. Rev. Letters*
X-ray Generation from an Ion Channel Wiggler Phys. Rev. Letters*
High-Gradient Acceleration of Electrons in a Meter-
Long Plasma Wakefield Accelerator

Science*

Refraction of the Electron Beam at a Plasma–Gas Interface

The observation of refraction of the electron beam as it exits the plasma/gas

boundary, defined by the laser path, was among the unanticipated results of E-157. This

refraction is analogous to the bending of light exiting a water/air interface; however the

associated Snell’s law is time-dependent and non-linear. Three-dimensional plasma
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simulations have been crucial for understanding and interpreting all of these

measurements.

Gas/Plasma Cherenkov Radiation as a Diagnostic of Plasma Density

Emissions produced by the electron beam propagating partially ionized vapor of

the Li oven have been measured near atomic spectral lines. The Cherenkov spatial profile

has been studied as a function of oven temperature and pressure, observation wavelength,

and ionizing laser intensity and delay. The Cherenkov peak angle is detected by the

creation of plasma; estimates of plasma and neutral density have been extracted. Large

increases in visible background radiation consistent with increased plasma recombination

emissions due to dissipation of wake fields were simultaneously measured.

Transverse Betatron Dynamics of a 30GeV Beam in a Long Plasma

In the E-157 experiment, the electron beam is not matched to the plasma. As a

consequence, the betatron motion of individual electrons produces multiple oscillations

of the electron beam envelope over the plasma length, and the spot size of the beam

downstream from the plasma varies with n0. Figure 2c shows the electron beam spot size

x measured at the downstream OTR as a function of the beam phase advance  in the

plasma. The line in Figure 2c is the solution to the beam envelope equation for a beam

with a focus at the upstream UV pellicle (see Figure 1). The good agreement between the

experimental data and the envelope equation solution for a beam in a pure ion channel

confirms that the transverse wake fields are excited as expected from the PWFA theory in

the “blow-out” regime.

In the case of a beam matched to the plasma ( beam= plasma, as achievable at the IP0

location), the beam spot size at the plasma exit remains constant (±2.5%) over a wide

range of plasma densities (see Figure 6), and can be imaged on to the energy

measurement plane, yielding a much larger n0 range over which particles’ energy can be

measured. In addition, the transverse momentum imparted to the beam tail by the plasma

is expected to be much less than in the unmatched case.

Experimental Test for the Electron–Hose Instability

A beam with a longitudinal-transverse correlation (tilt), would experience a

transverse instability known as the electron-hose instability. In analogy with a
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quadrupole, any portion of the beam that is offset with respect to the center of the ion

column will experience a dipole field linearly proportional to the offset, resulting in a

beam tail oscillation with respect to the head of the beam. The linear theory of the

electron-hose instability predicts that for the parameters of the E-157 (beam charge,

bunch length, and plasma density) the amplitude of this oscillation will grow. Some data

was analyzed to look for this instability. For these data the incoming beam has a tilt of

5.3µm/σz at the entrance of the plasma (IP1). The beam centroid oscillates in the ion

channel as expected from the envelope equation. Up to the maximum plasma density

achieved, no growth of amplitude was measured.

High-Gradient Acceleration of Electrons in a Meter-Long Plasma Wakefield Accelerator

Time resolved  energy spectra are obtained from streak camera images of the

beam in the energy dispersive plane after the FFTB dipole dump magnet. For the analysis

the beam image is cut in time slices of 1ps and the mean energy of each slice is

calculated. A sample of this analysis for several events is shown in Figure 7a. In this

example, the core of the beam lost an average of 30MeV while the electrons in the last

tail slice gained an average of 120 MeV. A typical streak camera image obtained at the

optimum plasma density is displayed in Figure 7b. This image again shows the same

energy loss and gain in the beam slice centroids and also shows particles, appearing as

single events on the image, accelerated to even higher energies. Without an imaging

spectrometer these results are sensitive to the behavior of the beam tail. Thus, a good

understanding of beam transverse dynamics is necessary for a complete understanding of

the beam longitudinal dynamics.
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Li Plasma

193 nm
Ionization

Laser

1.4 m
σ = 0.7 mm
E = 30 GeV

Streak Camera
2 × 1010 e-

12 m

0.1 - 4×1014 cm-3 Cherenkov
Radiator

OTR Radiators  
 
 

 
Figure 1: The E-157 experimental apparatus is shown schematically. 30 GeV electrons from the 
SLAC linac are transported through the FFTB to IP1 (Interaction Point 1) where the plasma is 
located. Beam profiles are measured before and after the plasma using optical transition 
radiation. The FFTB permanent magnet dump, which is almost immediately after the plasma, 
disperses the beam at a Cherenkov radiator at IP2, 12 m from the end of the plasma. The 
Cherenkov light is analyzed with a streak camera to give a measurement of energy vs. time in 
the bunch. The plasma is a 1.4 m long Lithium vapor that is partially ionized by a 193nm laser. 
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Figure 2: Transverse dynamics of electron and positron beams in a long plasma. 2a)
Simulations showing the electron beam size oscillations within the 1.4 meter long
plasma, 2b) Simulations for a positron beam in a homogeneous plasma analogous to the
simulations for electrons shown in 2a,  2c) Beam spot size measured using OTR, about
1 m downstream from the plasma exit. Empty symbols correspond to plasma off. The line
corresponds to the solution to the beam envelope equation for x=43 µm and nx=9·10-

5 m-rad ( x=1.3 m). 2d) Data to be taken during the first stage of the experimental
program outlined in Section VI.
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Figure 3: 3-D PIC simulations for a bunch of (a) electrons, and b) positrons) propagated
roughly 1.6 cm into the plasma to let the longitudinal wakes develop. The accelerating
gradients and an energy spectrum when extrapolated to 1.4m are shown along with the
bunch distribution. Positrons in the maximum energy bin in the tail of the bunch have a
bin-averaged gradient of 192 MeV/m. The electron-driven case with the same parameters
shows a maximum bin-averaged gradient of 340 MeV/m. When scaled to a bunch length
of 0.65mm, the gradients are correspondingly lower: 75 MeV/m for positrons and 130
MeV/m for electrons.
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a)         b)

Figure 4: UV profiles 0.3 m (a) and 1.3 m (b) from a damaged UV optic with ~ 500 mm
hole in reflective coating (center of images) as well as other forms of damage. The
structure of the resultant mask in UV fluence is preserved over the required length to
photo-ionize a hollow channel plasma.
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Figure 6:  Beam spot size (σ0) at the plasma exit calculated from the beam envelope equation 
for a beam matched to the plasma at n0 = 1.5×1014 cm-3: σ = 10 µm, εn = 5×10-5 m rad, β = 
13 cm. 
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Figure 7: Time resolved energy spectra of the beam for a) multiple events and b) a single
event. The average energy loss for the several events in a) is around 30MeV while the
average energy gain for particles furthest in the tail is around 120MeV. The single event
shown in b) indicates that particles are accelerated to energies higher than the slice
average energy.
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We have used 2D cylindrically symmetric particle-in-cell simulations to investigate the dynamics of
a high energy electron beam propagating through an underdense plasma. The simulation parameters
are relevant to a recent plasma wakefield experiment conducted at the Stanford Linear Accelerator
Center [R. Assmann et al., Stanford Linear Accelerator Center Proposal, 1997]. We model the dynamic
development of the beam and wakefield excitation over meters of propagation length. To most clearly
illustrate the dynamics of both the beam and the wakefield, a video of the simulation data is presented.
The main observation is that the beam dynamics, i.e., its betatron motion in the resulting ion channel,
agree well with the theoretical predictions while the plasma wake remains almost invariant over the
entire propagation distance. The video illustrates subtle details regarding the interplay between the
beam dynamics and wakefield generation. The results presented here complement results published
separately [S. Lee et al., Phys. Rev. E 61, 7014 (2000)].

PACS numbers: 52.65.Rr, 52.40.Mj, 41.75.– i
I. INTRODUCTION

The basic concept of a plasma wakefield accelerator
(PWFA) is to accelerate a low current trailing electron
bunch by the wakefield generated by a high current driver
[1,2]. If the driving bunch is highly relativistic, then both
the accelerating as well as the accelerated bunch are mov-
ing with about the speed of light and the accelerated
bunch can stay in phase with the accelerating field for
distances long enough to gain significant amounts of en-
ergy. Motivated by and as part of the preparations for
an experiment which was recently conducted at the Stan-
ford Linear Accelerator Center (SLAC), we have simu-
lated a plasma wakefield accelerator with the expected
parameters of this experiment [3]. In this experiment
a 30 GeV electron beam at SLAC is used to excite a
wake of the order of 1 GeV�m in a 1.4 m long plasma
of density 1 2 3 1014 cm23. In this wake the centroid
energy of the tail of the beam is expected to increase
by several hundred MeV. Since the beam in this ex-
periment is typically much denser than the plasma (e.g.,
N � 3.5 4 3 1010 electrons in a sz � 0.6 mm bunch
length and a spot size of sr � 50 mm corresponding to
a beam density nb � 1 3 1015 cm23), the PWFA is in
the highly nonlinear or so-called blowout regime [4]. The
advantages that this regime offers are a high accelerating
gradient, a constant accelerating structure with respect to
the transverse dimensions, a linear focusing force, and a
high transformer ratio. However, in this nonlinear regime,
linear theory or fluid models are inapplicable and do not
provide an accurate understanding of the physics. Much
better insight into the physical processes can be gained by
using particle-in-cell (PIC) simulations, which allow ac-
1098-4402�00�3(6)�061301(5)$15.00
curate modeling of highly nonlinear processes such as the
ones occurring here. For these reasons, we conducted PIC
simulations to investigate this regime of plasma wake-
field acceleration. Many of these results can be found
elsewhere [5]. In this paper we provide more detail on
the dynamics of the drive beam and wakefield evolution.
The presentation is aided through simulation generated
videos.

II. SIMULATION SETUP AND RESULTS

We carried out simulations for the physical parameters
similar to the ones described above using the newly devel-
oped, object-oriented, parallel PIC code OSIRIS [6]. This
PIC code is fully explicit and therefore contains all of the
relevant physics. Because of its object-oriented structure,
this code contains algorithms for several geometries and
dimensions as well as current deposition schemes. The
algorithms for the results presented in this paper were 2D
cylindrically symmetric, and a rigorously charge conserv-
ing current-deposition algorithm was used [7]. The code
also uses a moving simulation window [8], which moves
at the speed of light, i.e., with the beam. This limits the
simulation domain to the beam and its immediate sur-
roundings rather than the whole propagation distance of
the beam. The simulation window in normalized units
had a size along the propagation direction z of 25c�vp

and a size in the radial direction r of 10c�vp with a grid
of Nz 3 Nr � 500 3 200. Here c is the speed of light
and vp is the plasma frequency for a given plasma density
np . We will use np � 2.1 3 1014 cm23, which corre-
sponds to c�vp � 0.367 mm, throughout this paper when
converting simulation results back into physical units.
© 2000 The American Physical Society 061301-1
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This means the simulation window corresponds to a size
of 9.175 mm 3 3.67 mm. The beam propagated through
the plasma for 190 000 time steps with dt � 0.02v21

p
(corresponding to 18.35 mm of propagation distance per
time step) for a total of 3800c�vp (�1.4 m). Nine par-
ticles per cell were used for the background plasma and
25 particles per cell for the beam. The beam’s longitudi-
nal profile was fitted to the experimentally known profile
of the SLAC beam [3], which is very close to a Gauss-
ian profile of width sz � 0.63 mm, and transversely as a
Gaussian of width sr � 70 mm. The peak density was
taken to be 7.56 3 1014 cm23. Therefore the simulated
electron bunch contained 3.7 3 1010 electrons.

Figures 1(a) and 1(b) show the first and the last frames
of the video accompanying this paper. The video shows
seven different aspects of the simulation data. In the up-
per left-hand corner is a colored, rubber sheet represen-
tation of the longitudinal, accelerating electric field. For
FIG. 1. (Video) The first and the last frames of the video accompanying this paper. The different plots of the video are (column
by column from the top to the bottom) Ez: rubber sheet; Er -Bu: focusing field lineout sr off axis; Ez : lineout on axis, beam-energy
change as a function of z-ct; Er in the r-z plane; nbeam in the r-z plane; nplasma in the r-z plane (direction of r reversed). Please
note that in the figures and the video the indices 1, 2, and 3 are used instead of z, r , and u.
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this visualization the elevation of a surface point as well
as its color represent the field strengths of the electric
field. Note that we chose a perspective for visualizing
the rubber sheet surface so that negative field values of
the electric field would be represented by positive values
of the surface elevation. This leads to a better visual-
ization of the accelerating region. The sharp edge of the
rubber sheet surface going roughly from the upper left-
hand corner to the lower right-hand corner is due to the
axial boundary of the 2D cylindrically symmetric simula-
tion and, accordingly, r increases starting from this axial
boundary toward the lower left-hand corner. Because of
the chosen perspective, the rubber sheet does not show
the data for the whole simulation. The upper middle
of the video frame shows the value of the longitudinal
electric field along the axial boundary for its full length of
25c�vp . The figure in the lower middle below the elec-
tric field lineout shows the energy gain and loss of the
061301-2
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electron beam as a function of the axial position. The
colored areas indicate the parts of this plot where beam
electrons are present. Note that the horizontal axis of this
plot is precisely aligned with the axis of the field lineout
above. The plot in the lower left-hand corner shows the
focusing field experienced by the beam electrons, Er-Bu ,
at a position 73.4 mm � sr off axis. The right-hand
column shows three color plots in the r-z plane (in the
video frame also labeled as the x2-x1 plane). The plots
shown (from top to bottom) are the radial electric field Er ,
the charge density of the beam, and the charge density of
the background plasma. This last plot has been mirrored
along the axis to allow for a more direct comparison of the
plasma density with the beam density. The horizontal axis
for each of the three plots goes from 12.5 to 22.5c�vp of
the simulation window and the vertical axis shows 0 to
5c�vp along the radial direction. The field and density
values are given by the color bars in each of the plots.
Note that the areas of the plots colored in magenta are
areas in which the field or density values are outside
the respective color scales. Since the color code of the
beam charge density plot reaches from 0 to 1, which
is the normalized density of the background plasma, the
magenta-colored areas in this plot indicate densities above
the background plasma density.

The video consists of a total of 191 frames at a speed of
10 frames�sec. With such a large number of frames the
video can clearly illustrate subtle points in the evolution of
the beam and wake. The first fact to note when watching
the video is the lack of change over time in the evolution
of the accelerating electric field and the focusing field.
With the exception of the peak accelerating field, which
fluctuates slightly by about 60.05 GeV�m around a value
of about 0.75 GeV�m (about 67%), and some slight
variation in the level of numerical noise, the accelerating
electric field essentially does not change over time. This is
in strong contrast to the dynamic development of the beam
radius (middle plot in the right-hand column) and energy
(lower plot in the center column) and the radial electric
field (upper plot in the right-hand column). The energy
plot shows that every part of the beam except the front part
and the very tail gains or loses energy linearly as a function
of time. This is consistent with the constant longitudinal
field since at an initial energy of about 30 GeV the beam
electrons experience no significant phase slippage over the
time of the simulation.

Two other effects can also be observed. First, there is
a slight broadening of the front part of the decelerated
area of the beam along the energy axis, which means
that not all electrons at a given z experience exactly the
same decelerating field. Second, there is a large energy
spread of the very back of the beam tail, which splits into
two parts. The first observation can be understood when
looking at the background plasma charge density. The
plasma charge density plot shows that in the front part of
the beam the area of total electron blowout is smaller than
061301-3
in the latter parts of the beam, and therefore the radius
up to which the focusing force Fr is independent of z
is smaller. According to the Panofsky-Wenzel theorem,
≠Fr�≠z � ≠Fz�≠r , this implies an acceleration gradient
that varies along the radial position [4]. This can also
be noticed for the region of decelerating field that is
visible in the lower right-hand corner of the Ez rubber
sheet plot. The radially flat area increases slightly in
width toward the back. The broadening of the front part
of the deceleration area of the beam is a result of this
nonuniform accelerating field. The energy spread of the
tail of the beam can be understood by looking at the
narrowing of the accelerating and focusing field profile
near the peak accelerating field. It shows that a part
of the tail of the beam, in contrast to the rest of the
beam, experiences a strong defocusing force that pushes
it radially out of the accelerating field. The blowout of
some of the tail electrons of the beam can also be seen in
the development of the beam charge density.

The evolution of the main part of the beam, as seen
in the beam charge density plot, is clearly dominated by
the betatron oscillation of the beam in the focusing field.
The focusing field is mainly due to the ions left in the
plasma blowout area, as seen in the plasma charge density
plot, since the effects of electric and magnetic fields of
the relativistic beam on itself cancel each other almost
completely. The linear focusing force in the blowout
area results in the same oscillation frequency for all
beam electrons in that area. The beam propagates while
undergoing betatron oscillations with a wavelength of the
spot size

lspot size � lb�2 � p

s
gmc2

2pe2n0
, (1)

where lb is the betatron wavelength of a single par-
ticle. Measuring this wavelength using the minima of
the oscillation of the beam density gives a wavelength
lb�2 � 40 cm as predicted by Eq. (1) for the density of
the simulation [3].

The dynamics of the front part of the beam is more
complex because the blowout area there is not as wide.
This leads to nonharmonic oscillations or so-called aber-
rations in the focusing force, which leads to phase mixing
of the electrons. The oscillation frequency of the beam
electrons decreases toward the front. The video shows
clearly that after the main part of the beam reaches an os-
cillation minimum this minimum moves forward toward
the front of the beam as the electrons there execute beta-
tron oscillations with lower frequencies. This dynamics
at the front of the beam leads to a subtle point, which was
not appreciated until the video was made. Namely, the fo-
cusing field for the beam, Er -Bu , shows an unexpected be-
havior with time. Initially the focusing force rises slowly
over the first one-fourth of the beam, but once the head of
the beam begins to pinch the rise becomes steeper. The
061301-3
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unexpected behavior results because the transverse profile
never relaxes back to the original one. Instead, there is
always an axial slice of the beam at the head of the beam
that is near a pinch. So on average, the beam density at
the front of the beam is always larger than it was at t � 0.
As a result, the occurrence of complete blowout is earlier
in the beam and the region of blowout is wider leading to
more of the beam undergoing the uniform betatron oscil-
lations than might have been expected.

Unlike the beam, the plasma electrons respond pre-
dominantly to only Er . Thus, the blowout of the plasma
electrons and their oscillation back onto the axis in the
back of the pulse is caused by the total radial electric
field that they experience. The video shows that the
radial field has two distinct regions. The front, where
the plasma electrons are not blown out yet, is dominated
by the electric field of the beam; the back, where the
plasma electrons are blown out, is dominated by the radial
electric field of the remaining ion charge. The plasma
charge density plot shows the effect of this. In the moving
window frame, i.e., in the z-ct coordinate, the plasma
electrons stream backward past the stationary drive beam.
After the radial field force deflects the electrons outward,
most of them coalesce in a narrow, high density surface
layer that lies at the edge of the blowout region. The
radius of the blowout region [5], and therefore the
radial position of the layer, is roughly 2sr

p
nb�n0.

The electrons stream backward within this narrow surface
layer and converge on the axis creating a very dense
spike and, therefore, a sharp peak in the accelerating field.
(Note that in the laboratory frame individual electrons
are blown out and then return while remaining near their
initial z value, but we will use the moving window
point of view for its convenience of description.) The
insensitivity of the accelerating wakefield to the dynamic
beam development is a consequence of the beam being
narrow when compared to the radius at which the surface
layer is located. For most of the plasma oscillation, all
of the plasma electrons are outside of the beam so that
from Gauss law the electrostatic field affecting them is
independent of the radius of the charge inside. Thus
the betatron pinching of the beam has little effect on
the plasma electrons and hence the wake. The slower
evolution in the front of the beam does not have any
significant effect either since the slight variations in the
initial trajectories of electrons become insignificant after
the blown out electrons reach the surface layer. The
surface layer is shown in Fig. 2, where a radial lineout
of the plasma charge density at the center of the beam is
plotted after 1.4 m of propagation. The plasma blowout
as well as the surface layer are clearly visible.

Because of the invariance of the accelerating field, the
expected energy gain can be predicted with confidence
for a specified beam charge and profile. The longitudinal
momentum pz �� g� versus ct phase space is shown in
Fig. 3 to illustrate the expected acceleration of the beam
061301-4
FIG. 2. A radial lineout of the background plasma electron
charge density at the center of the beam after 1.4 m of
propagation.

after 1.4 m of propagation. The mean, maximum, and
minimum energy of the beam are plotted in 0.12 psec
bins along the length of the beam [Fig. 3(a)]. This is
done in Fig. 3(a) for the actual simulation particle data
after 1.4 m. Figure 3(b), by contrast, was generated
by using the initial particle data propagated for 1.4 m
using the initial fields at the initial positions of the
particles. This makes the assumption of a nonevolving
field and neglects the betatron oscillation of each particle.
The mean, maximum, and minimum energies resulting
from these two graphs are very similar for most of the
beam. The results differ only at the very end of the
beam where Fig. 3(b) shows larger average and maximum
energies and lower minimum energies than Fig. 3(a). The
similarity between the two figures for the main part of the
beam is consistent with our assumption of nonevolving
wakefield if the accelerating field has a constant value
within the radial range of the betatron oscillation for each
particle. The differences in the tail are due to the fact that
the particles in the tail at larger radii do not experience
a constant accelerating field during their radial motion.
For the full simulation this leads to an averaging out of
the different accelerations experienced by each particle
due to its transverse motion. For the particles accelerated
with the initial field this averaging does not happen and
the maximum and minimum energies in the beam tail
of Fig. 3(b) are therefore a measure of the maximum
and minimum accelerating field in that part of the wake.
Based on these figures we can say that the maximum
field is about 0.85 GeV�m but that the maximum energy
gain by a particle after 1.4 m will be about 1 GeV.
The maximum mean energy for a 0.12 psec bin is
550 MeV with about 7 3 107 electrons in this maximum
energy bin. This is again consistent with the information
in the video for these numbers. The conclusion from
Figs. 3(a) and 3(b) is that the betatron oscillations do
not have a significant influence on the acceleration of
the beam.
061301-4
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(a)

(b)

FIG. 3. (Color) The mean, maximum, and minimum energy as
well as the number of electrons for each 0.12 psec bin after
1.4 m of propagation using (a) the full PIC simulation and
(b) the initial fields at the initial positions of the particles to
propagate the beam

III. CONCLUSIONS

The main result of the analysis of the beam and wake-
field dynamics is that the wakefield is rather insensitive to
the betatron oscillation dynamics of the beam and there-
fore essentially constant over time. In addition, the accel-
eration and deceleration of the beam electrons is also not
affected by the betatron oscillation either. The blowout
061301-5
regime therefore provides a stable and robust plasma
wakefield acceleration. Energy gains on the order of GeV
should be achievable in this blowout regime if the physi-
cal parameters of the simulations can be realized in an ex-
periment. Far higher gradients and energy gains may be
possible with shorter bunches and longer denser plasmas
[3]. Such beams would undergo hundreds rather than a
few betatron oscillations. Although it may be desirable to
match the beam emittance to the plasma focusing strength
to avoid betatron oscillations as discussed in Ref. [3], the
analysis here suggests that the presence of the oscillation
is not necessarily detrimental. A major issue on the scal-
ing of scaling plasma wakefield acceleration to the 10 and
100 s of GeV is the possibility of a hosing instability
of the beam [9], which might reduce the achievable en-
ergy gain and lead to emittance growth of beam. Hosing
is inherently a 3D instability and is therefore absent in
these 2D simulations. We are currently carrying out 3D
simulations to study the importance of hosing and other
3D effects.
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In the E-157 experiment now being conducted at the Stanford Linear Accelerator Center, a 30 GeV
electron beam of 231010 electrons in a 0.65-mm-long bunch is propagated through a 1.4-m-long
lithium plasma of density up to 231014e2/cm3. The initial beam density is greater than the plasma
density, and the head of the bunch expels the plasma electrons leaving behind a uniform ion channel
with transverse focusing fields of up to several thousand tesla per meter. The initial transverse beam
size with s550– 100mm is larger than the matched size of 5mm resulting in up to three beam
envelope oscillations within the plasma. Time integrated optical transition radiation is used to study
the transverse beam profile immediately before and after the plasma and to characterize the
transverse beam dynamics as a function of plasma density. The head of the bunch deposits energy
into plasma wakes, resulting in longitudinal accelerating fields which are witnessed by the tail of the
same bunch. A time-resolved Cherenkov imaging system is located in an energy dispersive plane
downstream of the plasma. It images the beam onto a streak camera allowing time-resolved
measurements of the beam energy spectrum as a function of plasma density. Preliminary
experimental data from the first three runs are compared to theory and computer simulations.
© 2000 American Institute of Physics.@S1070-664X~00!97805-4#
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I. INTRODUCTION

Plasma-based acceleration schemes1 utilizing relativisti-
cally propagating plasma waves have been under active
vestigation because of their potential to accelerate cha
particles at gradients that are orders of magnitude gre
than those currently employed in rf cavities. Specifica
such relativistic plasma waves are excited by using eit
laser pulses2 or short electron bunches.3 Both techniques
have shown acceleration of electrons in proof-of-princi
experiments.4 Laser-driven schemes such as the beat-w
accelerator,5 the laser-wake field accelerator,6 and the self-
modulated wake field accelerator7 have accelerated electron
with impressive gradients, much in excess of 1 GeV/m,
over rather small~,1 cm! distances. Consequently, the e
ergy gains have been&100 MeV.8 An electron beam-driven
plasma wake field accelerator~PWFA!9 has accelerated elec
trons over a longer length~;30 cm! but at a much smalle

*Paper JI26 Bull. Am. Phys. Soc.44, 163 ~1999!.
†Invited speaker.
a!Present address: European Organization for Nuclear Research~CERN!,
Geneva, Switzerland.
2241070-664X/2000/7(5)/2241/8/$17.00
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ed
er
,
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gradient~&50 MeV/m!. This is mainly due to the limit on
the total charge and length of the drive electron bunch
plasma-based accelerators are to have any relevance to f
high energy colliders it is essential to show high-gradie
~@100 MeV/m! acceleration over a long distance.

The purpose of the present experiment is to demonst
acceleration of electrons by plasma wake field accelera
with gradients in excess of 100 MeV/m over a distan
greater than 1 m. The experiment called E-15710 and de-
scribed in this paper, is ongoing at the Final Focus T
Beam facility ~FFTB! at the Stanford Linear Accelerato
Center~SLAC!. It is carried out by a multi-institution col-
laboration involving Lawrence Berkeley National Laborato
~LBNL !, SLAC, the University of California at Los Angele
~UCLA!, and the University of Southern California~USC!.

The experiment uses a high peak-current~.100 A!, ul-
trarelativistic (g@1) electron bunch from the Stanford Lin
ear Collider to access the so-called under-dense~or ‘‘blow-
out’’ ! regime of PWFA.11 In this regime the drive electron
bunch densitynb exceeds that of the plasma densitynp . The
plasma electrons are expelled by the space charge of
electron bunch leaving behind an ion channel which, idea
1 © 2000 American Institute of Physics
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provides a uniform~along the direction of propagation of th
beam!, and linear~in the transverse direction! focusing force
on the beam. The plasma electrons then rush back into
ion channel to produce ‘‘an accelerating bucket’’ or a lon
tudinal wake field that can accelerate electrons in the tai
the drive bunch.

For the beam and plasma parameters of our experim
there are several distinct experimental observable in add
to the acceleration of electrons in the tail of the drive bun
First, for a given length of plasma, the electron beam
undergo several betatron oscillations once the ion chann
established. These produce plasma density dependent o
lations of the electron beam spot size downstream of
plasma. Second, during the rise time of the electron bun
while the ion channel is being formed, different longitudin
parts of the beam will undergo different betatron phase
vances. This manifests itself as time-dependent focusin
the beam. Third, if there is a head-to-tail offset or tilt to t
drive beam, the tail of the beam could oscillate due to
transverse wake fields~or focusing force! and even grow in
amplitude due to the hosing instability.12 Fourth, the bulk of
the beam will experience an energy loss when creating
wake. All these effects produce characteristic experime
signatures and have to be quantified in order to clearly
late the energy gain. This paper describes the cur
progress toward understanding these related effects.

II. EXPERIMENTAL APPARATUS

The bulk of the experimental apparatus is located in
FFTB at the end of the SLAC linac. The principal elemen
are the lithium plasma source, integrated mirrors and opt
transition radiation~OTR! radiators, and finally an aeroge
Cherenkov radiator located in the energy dispersive reg
downstream of the plasma. The experiment is shown sc
matically in Fig. 1.

A. Electron beam

The SLAC linac delivers a single electron bunch to t
plasma at a rate of either 1 or 10 Hz. The electron be
diagnostics include toroidal current transformers for meas
ing the beam charge, beam position monitors, for measu
beam centroids and charge, wire scanners for measuring
average transverse beam size and its emittance, and di

FIG. 1. The E-157 experiment is shown schematically: A 30 GeV elec
bunch from the SLAC linac is propagated through a 1.4-m-long photo
ized Li plasma of density up to 231014 e2/cm3. The bunch exits the plasm
and is dispersed by a dipole magnet. A Cherenkov imaging system in
dispersive plane images the beam onto the slit of a streak camera to re
the beam energy and energy spread as a function of time.
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sive regions for measuring the beam energy spectrum. T
cal electron beam and plasma parameters are given in T
I.

Transverse wake fields in the accelerator rf structu
can produce head–tail tilts and tail offsets that could lead
false energy gain signatures or no energy gain at all. T
the setup of the linac upstream of the plasma is critical.10

The SLAC linac is currently configured for operation
the positron–electron storage ring PEP-II.13 Its impact on
E-157 is briefly explored. The electron beam is accelera
up to ;30 GeV in the first two-thirds of the linac for pos
tron production. The rf in the last third of the linac is most
off. The rf has two principal functions: energy gain and m
nipulation of the correlated energy spread on the beam
control wake fields—so called BNS damping.14 No BNS
damping in the last third of the linac leads to emittan
growth and jitter amplification to unacceptable levels. If t
energy spread of the beam is not removed prior to the en
the linac, BNS damping controls the wake fields and be
jitter, but the energy spread leads to chromatic effects in
FFTB. In practice the linac is setup to compromise betwe
these two extremes.

Because of transverse wake fields the beam can ha
head–tail offset on the order of tens of microns. Because
tail is offset with respect to the head of the beam, it is off
with respect to the center of the plasma focusing chan
~which can be thought of as a quadrupole focusing in b
planes! and receives a wake-field-like deflection. The focu
ing strengthKr ~T/m! for a uniform ion column of density
n0 ~cm23! is approximated by

Kr5960p
n0

1014.

For a plasma density of 231014 ~cm23! and focusing gradi-
ents on the order of 6000 T/m, a 10mm offset per longitu-
dinal beam sizesz can lead to a 2 mmdeflection in the
dispersive plane downstream at the Cherenkov radiator~see
Fig. 1!. This effect can in principle be quantified and su
tracted from the energy measurement.
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TABLE I. Nominal electron beam and plasma parameters.

Parameter Value

Electron Beam
Number of electrons (Ne) 231010

Energy~E! 30 GeV
Energy spread–uncorrelated 0.3%
Energy spread–correlated Variable to 1%
Bunch length (sz) 0.65 mm
Horizontal spot size (sx) 50–100mm
Vertical spot size (sy) 50–100mm
Normalizedx emittance (ex) 60 mm mrad
Normalizedy emittance (ey) 8 mm mrad
Repetition rate 1 or 10 Hz

Plasma
Plasma length 1.4 m
Plasma density~e2/cm3! ,231014

Fractional ionization ;10%
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Head–tail effects are dependent on the betatron ph
advance through the plasma. When the plasma den
length product is adjusted to correspond to a betatron ph
advance equal to an integer multiple ofp, the plasma is
effectively transparent to the initial transverse beam distri
tion. When the betatron phase advance is an even multip
p a particle will exit at its initial transverse position an
angle, regardless of its incoming offset with respect to
center of the ion channel. When the betatron phase adv
in the plasma is an odd multiple ofp the tail will exit at a
transverse position and angle opposite its initial position
angle. By adjusting the plasma density to an odd or e
multiple of p the tail is either flipped in sign or not change
at all. When operating at this transparency condition, a
given the dispersion of 0.085 m, a 10mm tail offset would
correspond to an apparent energy change of only;3 MeV.
Complications to this simple picture are discussed in Sec.

B. Plasma source

Given the drive beam parameters of Sec. II A, t
plasma wavelength

lp~cm!5
2pc

vp
53.343106np

21/2,

where vp is the electron plasma frequency andnp is the
plasma density in cm23, can be optimized so as to maximiz
the energy gain of a sufficient number of particles to
detected by the imaging system. There is a tradeoff betw
maximizing the acceleration gradient and maximizing
number of particles that get accelerated. The electron bu
length has been measured to be 0.65 mm rms. Simulat
~discussed in Sec. III! indicate that the plasma density
optimized when the plasma wavelength is equal to the t
bunch (4sz), which gives 2.131014e2/cm23. For the
plasma column length in this experiment of 1.4 m, operat
at the transparency condition requires a density of
31014e2/cm23. Simulations performed for this lowe
plasma density indicate that reducing the plasma density
a minimal effect on the accelerating gradient and are
cussed in Sec. III. The longitudinal density gradient in t
plasma must be less than 15% to avoid a dephasing of m
thanp/2 with respect to the accelerating wake.

The neutral lithium vapor that is ionized to become t
plasma must have two important characteristics. First, s
the impact ionization cross section increases with ato
numberZ, it must have a low atomic number to minimize th
effect of impact ionization from the 30 GeV electrons. Se
ond, it must have a low enough ionization potential to
ionized by an available laser system. Lithium~Li !, with
atomic number 3 and ionization potential of 5.392 eV mak
a good choice.

A prototype for the photoionized Li plasma source h
been described in detail elsewhere.15 A heat pipe oven pro-
vides a Li vapor column which is partially ionized by a
excimer laser pulse. A stainless steel tube with an inner
ameter of 30 mm is fitted with a wire mesh along its inn
surface and wrapped on the outside with heater tapes to
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a heat pipe. The tube is filled with 30 g of solid Li and heat
to ;750 °C. The heated Li becomes molten and Li vap
expands outwards toward cooling jackets at either end. Th
jackets are water cooled and work together with a heli
~He! buffer gas to confine the Li vapor column and provi
sharp~a few centimeters! Li/He longitudinal boundaries. The
cooled Li vapor condenses, and is reheated while migra
back toward the oven center by wicking in the stainless s
wire mesh. The helium buffer gas is isolated from the be
line ultrahigh vacuum by 75-mm-thick beryllium windows.

An argon–fluorine~ArF! excimer laser provides 8 mJ o
incident UV~193 nm, 6.45 eV photons! at the entrance to the
Li vapor column. It has a rectangular cross section which
demagnified by a 3:1 telescope to an 8 mm2 area at the
entrance of the plasma, corresponding to a fluence of;100
mJ/cm2. The Li has an ionization potential of 5.392 eV an
an ionization cross section of 1.8310218cm22 for the 6.45
eV photons.15 The UV telescope is adjusted to taper the sp
size along the vapor column. This counteracts UV absorp
by the Li vapor and maintains a constant fluence over
length of the plasma column.15 Longitudinal and transverse
gradients in plasma density, resulting from damage to
optical elements, are being investigated. An approxima
10% ionization fraction ensures that the estimated 0.1%
pact ionization of the Li vapor is negligible.

By measuring the incident and transmitted UV ener
(Ei and Et , respectively!, and using the known ionization
cross section of the neutral Li~s!, the line integrated numbe
of neutral Li atoms along a column of lengthL can be cal-
culated from the exponential attenuation of the photo
through single photon ionization:

n0L52
1

s
lnS Et

Ei
D .

The UV energy at the Li–He boundaries can presen
not be measuredin situ. Thus, an additional measurement
UV transmission must be made when the oven is cold and
Li vapor is present. In this case any absorbed UV is due
losses in the air or optical elements such as windows, len
and pellicle mirrors. Further, the reflectivity and transmiss
ity of the various UV windows, lenses, and mirrors chang
over time given the hostile environment in which they a
operating—high incident laser energy density, x rays, a
the electron beam itself. The optical elements degrade, t
cally over a few hours, and hence the plasma density ca
lated from UV absorption becomes more uncertain with
tegrated run time after the cold oven offset is measur
Mitigating damage to optical elements is an area of vigoro
activity in the ongoing experiment.

For the purpose of developing an independent diagno
for the neutral and plasma density, systematic studies
Cherenkov radiation immediately downstream from the ov
at wavelengths near the spectral line of Li neutrals~670 nm!
have been performed. Measurement of the Cherenkov c
angle permits direct estimate of the neutral density seen
the electron beam, since the Cherenkov resonance cond
depends directly on this quantity.16
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C. Optical transition radiation diagnostics

The pellicle mirrors that couple the ionization laser pu
into the plasma~see Fig. 1! are 150-mm-thick fused silica
substrates with a multilayer dielectric high reflectivity~HR!
coating for 193 nm. By depositing a thin film of aluminu
onto the side opposite the HR coating they serve an a
tional role as sources of OTR at close proximity to t
plasma entrance and exit. OTR provides a convenient, n
destructive way to measure the beam transverse profile
single pulse basis. The electron beam undergoes betatro
cillations as it travels down the length of the plasma.
principle, OTR images downstream of the plasma allow
tuning the plasma density such that the beam envelope
dergoes an integer number of oscillations and the plasma
be considered transparent to the transverse dynamics
practice, fluctuations in laser energy give rise to fluctuatio
in the plasma density and the downstream OTR serve
monitor these deviations from the ideal.

The validity of OTR as a diagnostic for multi-GeV
beams was recently confirmed as part of an E-157 test ru
SLAC17 in which 50mm spot sizes were resolved, in agre
ment with independent measurements. Although the ra
tion peaks at an angle 1/g, at multi-GeV energies a larg
fraction of the radiation is in the wings of the distributio
and has consequences for the resolution of an OTR-b
imaging system. The full width half-maximum~FWHM! of
an image of a point source, resolved using OTR, is obtai
by integrating the single point function, but can be estima
for an optical system of angular acceptance (ua) and wave-
lengthl:18

FWHM>
1.44l

ua
.

OTR from the aluminum coating exits the vacuum throug
viewport and is imaged onto a charge-coupled device~CCD!
camera by a high-resolution compound lens. The angular
ceptance is sufficient for a total resolution of the order of
mm. The overall resolution, which includes effects from
nite pixel size, etc., is typically larger, on the order of 20mm.
Images from the cooled CCD cameras, with dynamic ran
of 12 and 16 bits, are digitized by computers that tag
images and store them to disk.

D. Cherenkov radiation diagnostic

As discussed in Sec. III, the peak accelerating field
curs in the back of the electron bunch. As the accelera
gradient increases within the electron bunch, the numbe
electrons present to witness the accelerating field is prog
sively lower. Additionally, the number of accelerated ele
trons that can be resolved is directly proportional to the nu
ber of photons created and transported to the streak cam
Recent measurements at SLAC demonstrated that
aerogel-based Cherenkov system delivered a factor o
more photons than an OTR-based system for similar be
conditions.19 Measuring the combined effects of the tran
verse and longitudinal fields as depicted in Figs. 2–5,
quires measuring the beam energy as a function of time w
spatial resolutions of the order of 150mm ~corresponding to
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an energy resolution of 50 MeV! and a temporal resolution
of 1 ps, respectively. Since housing the streak camera in
radiation enclosure of the FFTB beamline is undesirable
to the limited access afforded, the aerogel radiator is ima
onto the slit of the streak camera located outside the ra
tion shielding some 15 m away. All reflective optics are us
to prevent temporal resolution degradation due to dispers
in transmissive optical elements. The mirrors are coated w
an enhanced aluminum coating that is 90%–95% reflec

FIG. 2. Simulation results predicting the core of the electron bunch sho
lose up to 125 MeV creating the plasma wake, while particles in the
should gain an average energy of 275 MeV with a maximum energy of
MeV.

FIG. 3. Simulations showing an electron bunch of 231010 electrons, with
an initial tilt of 10 mm radially persz , at the exit of the plasma. The bunc
undergoes a total of three envelope oscillations within the 1.4 m pla
column of density 1.531014 e2/cm3. ~a! The bunch at the exit of the plasma
~b! The same bunch propagated 12 m downstream to the Cherenkov de
~not including energy dispersion!. With an initial tilt on the bunch, the tail
could exit the plasma with enough divergence to cause offsets on the o
of a few millimeters when propagated 12 m downstream to the Cheren
detector.
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over the bulk of the visible spectrum~400–700 nm!, result-
ing in an overall transmission efficiency of roughly 25%
Field mirrors allow for a field of view~FOV! of ;7 mm. For
an electron beam energy of 30 GeV and a dispersion~h! of
0.085 m, this corresponds to a total imaged energy sprea
up to

DE5E
FOV

h
52.5 GeV.

Spatial resolution is of the order of 100mm and temporal
resolution~including the contribution from the streak came
entrance slit width! is 1 ps. A beam splitter samples a fra
tion of the Cherenkov light and provides a time-integra
image of the beam in the transverse plane. Monitoring
transverse size provides an additional diagnostic as we
ensuring that alignment of the electron beam image onto
slit is maintained for both the plasma on and plasma
conditions.

III. SIMULATIONS AND PREDICTIONS

Fully self-consistent particle-in-cell simulations ha
been performed in two and three dimensions using
object-oriented parallel codeOSIRIS.20 The code employs a
moving window to follow the beam and was run on up to
nodes on the Cray T3E at the National Energy Resea

FIG. 4. Simulations showing an electron bunch of 231010 electrons exiting
the plasma after undergoing only 2.5 envelope oscillations within
plasma.~a! The bunch at the exit of the plasma,~b! the same bunch propa
gated 12 m downstream to the Cherenkov detector~not including disper-
sion!. The beam exits the plasma at a waist with a large divergence
results in the beam blowing up to such an extent that the transverse siz
divergence would obscure the energy measurements.
of

d
e
as
e

ff

e

h

Scientific Computing Center~NERSC!. Simulation results
for the energy gain, beam profiles, and betatron behavior
shown in Figs. 2–5.

Figure 2 shows the energy gain of the beam in a plas
of density 1.531014cm23 in a 2-D simulation with axisy-
metric cylindrical geometry. Also shown are the number
particles and the maximum particle energy in 0.122 ps b
along thez axis. For this case, the bunch contained 231010

electrons in a bi-Gaussian round bunch of lengthsz

50.63 mm, transverse spot sizes r570mm, and emittance
of 15 mm mrad. The maximum energy bin had a b
averaged energy gain of 250 MeV and the highest ene
particle gained 400 MeV. It should be noted that the acc
erating gradient scales with the electron bunch charge
inversely with the electron bunch length squared. Future
forts will study the effects of increasing the electron bun
charge by up to a factor of 2 and/or decreasing the elec
bunch length by 30%.

Figures 3 and 4 show images from three-dimensio
~3-D! simulations of the beam~y vs z! at the exit of the
plasma and again after 12 m of free space propagation to
Cherenkov detector~not including energy dispersion from
the magnet!. In order to simulate head–tail offsets of the typ
that can occur in the experiment, the beam was initializ
with a linear cant in they direction of 10mm per sz ~0.63

e

at
nd

FIG. 5. Simulations showing the effect of the plasma on a beam that en
the plasma with a vertical tilt of 10mm persz . Although the envelope of
this particular tail slice~440 mm back from the head! may undergo three
oscillations~a!, the centroid oscillates about the head of the beam at slig
less than half the envelope frequency~b!. Particles in the tail can thus exi
the plasma with up to 320mrad of divergence, which leads to offsets of th
order of a few millimeters when propagated 12 m downstream to the C
enkov detector.
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mm!. In Fig. 3 the beam is exiting the plasma atz51.4 m
after three envelope oscillations~see Fig. 5!, while in Fig. 4
it exits after 2.5 envelope oscillations. In the experiment,
spot size measured at the Cherenkov detector is a comb
tion of both the transverse size and the dispersed en
spectrum of the electron beam, adding together in qua
ture. The blowup of the beam in Fig. 4~b! illustrates how in
the experiment a beam diverging at the plasma exit
dominate the measured beam spot size when compared t
contribution from the energy spectrum. Operating at plas
conditions corresponding to an integer number of envel
oscillations minimizes the beam divergence and the su
quent contribution to the time-resolved energy measurem

Figure 5 shows they centroid andy-spot size of an axia
slice 440mm behind the center of the beam as a function
distance propagated into the plasma~corresponding to the
3-D simulation of Fig. 3!. We see the regular oscillations o
the spot size. The centroid of this slice is initially aty5
27 mm and oscillates approximately about an axis defin
by the head of the beam aty517 mm. The period of the tail
flipping apparent in Fig. 5~b! is roughly twice the period of
the envelope oscillations. Therefore, if the electron beam
ters the plasma with a head-to-tail offset or tilt, the tail of t
beam will oscillate due to the perpendicular wake fields a
could even grow due to the hosing instability.12,20 The 3-D
simulations shown in Fig. 5~b! indicate that although the
plasma density may be such that the bulk of the beam e
the plasma with a phase advance of 3p, the tail is slightly
out of phase with the bulk of the beam. Consequently,
tail of the beam can exit the plasma with a significant div
gence~160–320mrad!, which when propagated 12 m down
stream to the Cherenkov detector, can lead to tail offset
several millimeters@see Fig. 3~b!#. Such an offset is of the
same order, and convoluted with, offsets due to change
electron energy~see Sec. III D!.

IV. EXPERIMENTAL DATA

As mentioned in Sec. I, there are several distinct exp
mental observables in addition to the acceleration of e
trons in the tail of the drive bunch. First, for a given length
plasma, the electron beam undergoes betatron oscillat
once the ion channel is established. These produce pla
density-dependent oscillations of the spot size of the elec
beam downstream of the plasma. The transverse focu
forces of the ion column should result in betatron oscillatio
within the plasma of betatron wavelength (lb)

lb5A2glp ,

whereg is the relativistic factor. Figure 6 shows the bea
undergoing the first envelope oscillation on the tim
integrated Cherenkov detector. The plasma density is va
by changing the relative delay between the ionization la
pulse and the arrival of the electron beam, allowing
plasma to decay due to recombination and diffusion. Idea
the experiment is conducted at a plasma density corresp
ing to an integer number of beam envelope oscillations
minimize the contribution of transverse dynamics to t
time-resolved energy measurement. In practice, fluctuat
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in both the ionization laser energy~plasma density! and the
incoming electron beam distribution necessitate reducing
data based on information such as the laser energy and b
size downstream of the plasma.

Second, during the rise time of the electron bunch, wh
the ion channel is being formed, different parts of the be
will undergo a different number of envelope oscillation
This will manifest itself as time-dependent defocusing a
focusing along the electron bunch. For the simulatio
shown in Figs. 3~a! and 3~b!, the three envelope oscillation
are visible in the head of the bunch. The 1 ps resolution
the streak camera diagnostic only resolves the envelop
these oscillations at the head of the bunch.

Due to variations in electron beam tails and ionizati
laser pulse energy, the diagnostics show a wide variety
images. Figure 7~b! shows a time-resolved image of the ele
tron beam at the Cherenkov detector, selected because
lustrates many of the effects predicted by the simulatio
Figure 7~a! is a case with plasma off and Fig. 7~b! is with the
plasma turned on. In Fig. 8, the images from Fig. 7 ha
been processed to illustrate the time-dependent features.
images in Fig. 7 have been divided into 1.3 ps slices. E
slice is then projected onto the vertical axis and fit to
Gaussian. The central contours show the centroid and
widths of the individual slices. When the projections a
non-Gaussian, however, the fits do not take into account
ticles out in the wings. The additional contours in Fig.
show the maximum extent of particles registering intensit
of 50% and 30% of the maximum, respectively.

In the plasma off case the beam is roughly cylindric
with no longitudinal correlation in beam energy. Once t
plasma is turned on, however, the time-resolved image
Fig. 7~b!, as well as the contours in Fig. 8~b! show many of
the qualitative features predicted by the simulations. T
head of the beam defocuses to;1.5 times the initial trans-
verse size as the electrons are being blown-out, then pin
back down to nearly its initial size after the ion channel
formed. Third, in the back of the beam where the accele
ing gradient is large, there is a shift of particles in the dire
tion of increasing energy.

To differentiate the effect of the transverse dynam

FIG. 6. The time-integrated transverse spot size of the electron beam
sured at the Cherenkov detector. As the plasma density~estimated from the
UV absorption measurement! is increased to a few 1013 e2/cm3, the beam
gradually focuses, blows up, and then refocuses at the detector as the
undergoes the first envelope oscillation.
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~deflections of tails! from the longitudinal dynamics~accel-
eration of tails!, two techniques are typically employe
First, ‘‘bumps’’ are placed into the electron beam orbit u
stream of the plasma to manipulate the transverse wake fi
and deliberately introduce tails into the beam such that t
deflection by the plasma can be studied. Second, the pla
density is changed from the nominal operating dens
which corresponds to three envelope oscillations, to a lo
density corresponding to two envelope oscillations. Af
two oscillations in the plasma, an electron emerges with
same radial position and angle as it enters. After three os
lations, an electron exits the plasma with a radial posit
and momentum opposite to how it entered. This results
‘‘tail flipping.’’ These two techniques are used to understa
and minimize the contributions to the energy measurem
resulting from transverse kicks. When analyzing candid
images for acceleration, these effects have to be consid
and quantified—improving our understanding of tail effe
is ongoing.

The head of the bunch deposits energy into plas
wakes, resulting in a longitudinal accelerating field which
then witnessed by the tail of the same bunch. For a beam
231010 electrons and a plasma density of 1.531014, Fig. 2
predicts that the core of the beam should deaccelerate b
to 100 MeV as it creates the plasma wake. An energy los
100 MeV corresponds to a change in the centroid location
2285mm at the Cherenkov detector. In the tail of the bun
where particles witness the longitudinal wake, electrons g
energies up to 400 MeV, corresponding to an upward shif
1.2 mm. Quantifying the exact values for energy gain a
loss via improved statistics and understanding the contr
tions from transverse effects is the focus of this ongo
experiment.

FIG. 7. Selected time-resolved images of the electron beam size in
energy dispersive plane for plasma off~a! and plasma on~b!.
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V. CONCLUSIONS

In the ongoing plasma wake field acceleration expe
ment E-157, several characteristics of the transverse and
gitudinal dynamics predicted by simulations have been
served. The beam transverse size is not matched to
focusing channel produced by the blow-out of the plas
electrons. This results in a modulation of the transverse
of the electron beam downstream of the plasma as a func
of the plasma density. Within the rise time of the electr
beam, while the ion channel is being formed, different pa
of the beam undergo a different number of envelope osc
tions, and are manifested as time-dependent defocusing
focusing of the front of the beam. Quantifying the ener
loss of the core and energy gain of the tail, through an
proved understanding of the contributions from the defl
tion of wake field tails, is the focus of ongoing efforts.
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FIG. 8. The Figures 7~a! and 7~b! are divided into slices 1.3 ps wide
projected onto the vertical~energy dispersive! axis, and then fitted to Gaus
sians. The position of the peak value as well as the rms width of the i
vidual slices is plotted versus slice number for both plasma off~a! and
plasma on~b!. Additional contours showing the farthest extent of coun
having an amplitude of 50% and 30% of the peak value of each individ
slice are also plotted.
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The refraction of light at an interface is as familiar as rainbows and “bent” pencils in a

glass of water.  The refraction of charged particles at an interface between two media on

the other hand is not commonly considered.  Take for example the case of a 30 GeV

electron incident on water.   The refraction takes the form of a small amount of random

scattering 1,2 – an rms scattering angle of 20 micro-radians after one millimeter.  In this

letter we report the collective refraction of a 30 GeV beam of electrons at a plasma/gas

interface that is orders of magnitude larger than would be expected from single electron

considerations and that is unidirectional.  Although the density of nuclei is ten million times

less than that of the water example above, the collective response of the plasma produces a

deflection of the electron beam of the order of one milliradian.  The electron beam exiting

the plasma is bent away from the normal to the interface in analogy with light exiting from

a higher index medium.

To understand the physical picture of this collective refraction mechanism, consider the

geometry shown in Fig. 1.  A dense beam of electrons is incident from the plasma side on a

planar boundary between a medium of ionized plasma gas and un-ionized gas.  For simplicity we

neglect the small effect of Coulomb scattering by the gas and treat the boundary as between

plasma and vacuum.  We consider the case of dense beams or underdense plasmas such that the

beam’s density nb is greater than the plasma density no.  While the beam is fully in the plasma,

the space charge at the head of the beam repels the plasma electrons out to a radius rc 
3. The

remaining plasma ions constitute a positive charge channel through which the latter part of the



beam travels.  The ions provide a net focusing force on the beam 4.  When the beam nears the

plasma boundary, the ion channel becomes asymmetric producing a deflecting force in addition

to the focusing force.  This asymmetric plasma lensing gives rise to the bending of the beam path

at the interface.  The bending of the beam by the collective effect of the (passive) medium at the

boundary is the particle analog to refraction of photons at a dielectric boundary 5.

To estimate the order of magnitude of this deflection, consider the simple case of the

beam at the edge of a sharp plasma boundary (Fig. 1b) of density no. The beam of radius rb and

density nb has a positive ion charge column on one side of radius rc=α(nb/no)
1/2rb, where α is 1 for

long beams 3 and  approximately 2 for beams of length on the order of the plasma wavelength 6

(due to a resonant overshoot of the expelled electrons).  For beams shorter than the plasma

wavelength (λp) there is not enough time for the channel to reach its full extent and _ can be

shown to scale as 4

π
σ z

c ω p
, where σz is the Gaussian bunch length and c/ωp is the plasma skin

depth (=λp/2π =c / 4πnoe2 / m ).  At the edge of the column is a layer of electrons with a total

charge equal and opposite to that in the ion column; and on the other side of the beam there is no

charge 7.  The nearby positive charge will attract the beam toward the center of the plasma.  The

electric field at the beam is easily estimated for this picture from Coulomb's law applied to a

cylinder with the cross-section shown in Fig. 1b, yielding

F = −eE = 2noe2rc (1)

The impulse on the beam is found by multiplying this force by the time that the beam is within a

channel radius of the edge.  The time spent near the edges is 2rc/c sinφ, where φ is the angle

between the beam and plasma boundary.  Dividing by the particles' parallel momentum γmc

gives a scaling law for the deflection angle θ valid for φ greater than θ:

θ =
8αNre

π 2π γσ z sinφ
(2)

where N / 2πσ z  is the charge per unit length of the beam and re is the classical electron radius.

Note that for long beams compared to the plasma skin depth (or equivalently, high plasma

densities) such that α is constant, the dependence of θ on plasma density cancels out.  This is



because higher density, although giving a stronger deflection force, gives a narrower channel and

hence a shorter time for the impulse.

We note that the impulse approximation used in obtaining Eq. (2) breaks down at small

incident angles φ such that the deflection θ is on the order of _.  In this case, the beam can be

internally reflected.  From the simulations, when φ is less than θ above, the beam is deflected just

enough to skim along the interface.  That is

θ ~ φ (3)

for small angles φ.

The simple analytic model above was tested with the electron beam from the Stanford

Linear Accelerator Center (SLAC) linac at the Final Focus Test Facility.  The experimental setup

has been described in Ref. 9.  The plasma was created by photoionization of a column of lithium

vapor by an ArF laser (193nm, 14 mJ, 5 ns). The plasma density was 1-2x1014 cm -3 with a cross

section of approximately 2.5 mm × 2.1 mm and length of 1.4 m.  The beam consisted of 1.9x1010

electrons at 28.5 GeV in a Gaussian bunch of length σz=.7mm and spot size  σx~ σy~40 µm. The

electron beam traversed a thin glass pellicle located 57 cm before the plasma, and overlapped

with the ionizing laser beam that reflected off the same pellicle. The angle between the electron

bunch initial trajectory and the laser beam φ (in Eq. 2) was remotely adjusted using the pellicle

tip-tilt angle, and was monitored by measuring the deflection of a reference HeNe laser.   The

electron beam propagated over a distance of about 12 m after the plasma and its shape and

transverse position at that location were measured using a Cerenkov radiator (1mm long aerogel)

and an imaging system. The transverse position was also monitored independently at several

other locations downstream of the plasma, including a beam position monitor 4.3m downstream.

Sample results are shown in Figs. 2 and 3.

 To compare to the experiments as well as to provide further insight into the physical

mechanisms involved in the refraction we performed fully self-consistent, electromagnetic

particle-in-cell simulations in three dimensions 10.  Fig. 2c shows a snapshot of the real space of

the beam and plasma electron density (blue) from a simulation. The head of the beam has

emerged undeflected from the plasma at this time, but the tail portion has been deflected toward



the plasma and is near the plasma boundary. This results in a characteristic splitting of the beam

downstream into two as seen in Figs. 2b and 2d.

The apparent break-up of the beam into bunchlets can be understood in the following

way.  There is a focusing force from the plasma that increases from head to tail as the plasma

responds to the beam 6.  The head is not focused, but as the plasma responds, the ion column

forms producing focusing, and the first waist that forms has separated the head from the next

bunchlet.  This bunchlet is separated from the remainder of the beam by another waist.  Note that

once plasma blowout occurs, the remainder of the beam has the same focusing and deflection

angle.

Figure 3 is a plot of beam deflection (θ) measured with the beam position monitor versus

angle between the laser and the beam (φ).  The solid curve is the prediction from the impulse

model.  For incident angles φ less than 1.3 mrad, the beam appears to be internally reflected in

agreement with Eqs. (2) and (3).

The simulations and experimental results presented here show that it is possible to refract

or even reflect a particle beam from a dilute plasma gas. Remarkably, for a 28.5 GeV beam, the

collective effects of a plasma are strong enough to "bounce" the beam off of an interface one

million times less dense than air.  It is possible to ascribe to the plasma an effective index of

refraction and corresponding Snell’s law for this collective phenomenon.  However, the

refractive index is angle-dependent and intrinsically nonlinear, and we leave it for a future paper.

The refraction and total internal reflection of light obviously have many significant

applications such as the guiding of light pulses in optical fibers.  It is interesting to contemplate

the possibility of a similar use of internal reflection of particles to guide electricity in “vapor

wires” that are rapidly created or reconfigured by shining laser beams through a gas.  One can

imagine fast optical kickers replacing magnetic kickers or even compact magnetless storage

rings.  For such applications it will probably be necessary to use an auxiliary laser or particle

beam (which may be of much lower energy) to pre-form the ion channel and deflect all of a

trailing particle beam.  As an example, consider a gas that is ionized to a density of 1016 cm-3 by a

laser that propagates at an angle of a few milliradians to the path of a focused electron beam.  For

beam parameters typical of SLAC, the deflection force (Eq. 2) is equivalent to a 50 kG dipole

magnet, and the turn-on time is approximately ωp
-1 = 200 femtoseconds.
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Figure Captions

Figure 1.  Schematic of refraction mechanism: a) side view and b) front view of beam and

plasma illustrating how asymmetric blowout creates a net deflection force.

Figure 2.  Images of the electron beam showing refraction of a portion of the beam: a)

Cerenkov image without the plasma (i.e., laser off). b) Cerenkov image with the laser on at an

angle φ of 1mrad to the beam. Cross-hairs show the undeflected beam location. c) PIC simulation

of electron beam, side view with plasma shown (blue).  The inward motion of the plasma

electrons is visible as a depression in the blue plasma surface behind the beam. d) PIC

simulation, head on view corresponding to (b). The code used was OSIRIS and is described in

Ref. 10. Simulation parameters: beam energy of 30 GeV, beam charge of 3.2n Coul in a bi-

Gaussian distribution (spot size σr=70µm, bunch length σz=0.63 mm) incident on a plasma of

density 2x1014 cm-3.  In the simulation, the beam propagated through approximately 80 cm of

plasma before encountering a sharp plasma/vacuum boundary at an incident angle of 0.9 mrad in

the x-z plane.  The model consisted of 2x107 particles on a 160x120x88 grid representing a

2.9mmx2.2mmx6.5mm section of plasma (x,y,z) moving with the beam (z-direction).

Figure 3. Experimentally measured electron beam deflection θ as a function of angle between

laser and e-beam (i.e., angle of incidence φ).  Solid curve is the impulse model from Eqs. (2) and

(3) with α=1.4 for the bunch length and plasma density corresponding to this run (0.7 mm and

1x1014 cm-3, respectively).  Since the beam deflection measured by the beam position monitor is

a weighted average over the entire beam, it is less than one would obtain for the peak deflection

of the tail portion of the beam. To compare to the data, the impulse model has been scaled by an

overall factor (0.17).  Note that the critical angle for total internal reflection (the cusp in the

figure) is independent of the choice of scaling factor.
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