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Abstract. Recent electron beam driven plasma wakefield acteleexperiments carried out at

SLAC indicate trapping of plasma electrons. Mdrarge came out of than went into the plasma. Most
of this extra charge had energies at or below h1&V level. In addition, there were trapped elact
streaks that extended from a few GeV to tens of (&M there were mono-energetic trapped electron
bunches with tens of GeV in energy.
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INTRODUCTION

Figure 1 illustrates a plasma wakefield aceste (PWFA). A neutral lithium
vapor with a density of 2.7-3m>was confined by a helium buffer gas in a heat-pipe
oven [1]. An ultra-relativistic electron drive brawith 1.8-1&"electrons, focused to a
transverse spot size of 10 um, and compresseduaitgally to a minimum of about
12 um was sent through the neutral lithium vapgr [Phe electrons in the front of the
bunch both field ionized the lithium vapor and drawt the plasma electrons [3]. The
lithium ions then pull the plasma electrons bacth®beam axis. This interaction set
up longitudinal electric fields, which acceleratddctrons in the back of the bunch
[4]. When PWFA experiments started to produce itoidgnal fields that were tens of
GV/m, the drive beam’s wakefield began to trap plalectrons. The trapping of
plasma electrons was apparent from the comparisohasge measuring toroids
upstream and downstream of the plasma oven. T&ses much as four times more
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charge coming out of than went into the plasmanuBitions indicate that helium
electrons are trapped in the transition region betwthe helium buffer gas and the
lithium vapor. Helium has a higher ionization putal than lithium so it is ionized at
a different position in the wake, which allows tiedium electrons to satisfy the
condition for trapping [5].
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FIGURE 1. An illustration of a plasma wakefield accelerator.

It is important to understand what limitatiaisctron trapping has on plasma
wakefield acceleration; however, the trapped ebesthave properties that make them
interesting all on their own. There are indicasidnat the trapped electrons had sub-
micron features in a system with length scalegw$ ©f microns or more. In addition,
the trapped electrons had energies up to tens\éf Ge

EXPERIMENTAL SETUP

Figure 2 shows pictures of our experimentalse Compressed electron bunches
were sent through the lithium heat-pipe oven. Bé&am charge was measured with
toroids both upstream and downstream of the hget-@ven. Downstream of beam-
plasma interaction there were three different gnepgctrometers: a low energy
spectrometer (10 - 200 MeV), a Cherenkov cell spemtter (60 MeV — 10 GeV), and
a high energy spectrometer (>2 GeV). Two of trecspmeters were based on
deflections created in a small dipdiB;dl = 0.033 Tm, and the other spectrometer was
based on deflections created in a large digBlel = 1.2 Tm.
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FIGURE 2. The experimental setup.

Low Energy Spectrometer

Figure 3 illustrates the low energy spectr@nethich had an energy range from
10 to 200 MeV. A small dipole, a mask, and a wroere placed downstream of the
plasma oven. The dispersion of the dipole magit@t/ed the mask to collect
electrons with momentum below a cutoff. By chaggime magnetic field, the
momentum cutoff was changed. By recording the arhoficharge through the toroid
versus the magnetic field, the amount of chardevatenergies was measured.
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FIGURE 3. An illustration of the low energy spectrometer.

Figure 4 shows how the amount of extra charded from the plasma varied with
the momentum cutoff. The lithium vapor length v@8&s5 cm. The drive beam had
1.8-18° electrons with an initial energy of 28.5 GeV. TFhéra charge had as much
as 7-16 electrons; however, only had these high valuefofemomentum cutoff.

The variation in the charge values at a fixed dutaficates the shot to shot variations
of the experiment. These measurements show thadtahtige extra charge pulled
from the plasma is at or below the 10 MeV level.
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FIGURE 4. Typical low energy spectrometer data. This shdwas most of the extra charge pulled
from the plasma has energy at or below 10 MeV.
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Cherenkov Cell Spectrometer

Figure 5a illustrates our Cherenkov cell sfueter, which had an energy range
from 60 MeV to 10 GeV. A gas cell was placed dawewm of a small dipole. The
cell was 20 cm long and filled with 1 atm. of heflicorresponding to a Cherenkov
angle of 8 mrad. A titanium foil was inserted desthe cell to reflect Cherenkov light
off of the beam axis. The far-field of this lights imaged with an optical camera.
Since, for a fixed momentum, the Cherenkov lighs wenitted with a delta function in
angle, the electrons showed up as rings. The digpefrom the magnet made
different energy electrons show up as rings witfedént displacements.
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FIGURE 5. a) An illustration of the Cherenkov cell spectroeretb) An example of dispersed
Cherenkov rings (saturated color map).

This spectrometer was used for 13, 22.5, &6 @n lithium vapor lengths. The
drive beam’s initial energy was 28.5 GeV. For ali?o of the shots in a data set
there appeared two distinct rings. One ring washfthe drive beam, and the second
ring was from trapped electrons. Figure 5b shawsxample of the dispersed rings
with a saturated color map. The lack of azimuilyahmetry of the Cherenkov rings
indicates a lack of azimuthal symmetry in the be#imas produced the Cherenkov
light. The energy of the second ring scaled lilyearth plasma length. The mean of
the second ring energy was 7.6 GeV for the 30.pla®ma. The energy scaling of
the trapped electrons with plasma length is cossistith the hypothesis that some of



these trapped electrons are picked up by ionizatidghe helium buffer gas at the
entrance to the plasma.

The ring intensities were at least three @aémagnitude brighter than rings from
incoherent emission. This meant the distributibbath the drive beam and the
trapped electrons had a significant Fourier compbatethe optical wavelength along
the direction of Cherenkov emission. Put in simpéems, the drive beam and trapped
electrons had sub-micron features. The charattelength scales of the system are
the drive beam dimensions and the plasma wavelengik drive beam was focused
to a transverse spot size of 10 pm and compressgdudinally to a minimum of
about 12 um at the entrance of the plasma [2]. pl&ema wavelength was on the
order of 64 um. Thus, the beam-plasma interagitoduced sub-micron features in a
system initially characterized by tens of microns.

High Energy Spectrometer

Figure 6 illustrates the high energy spectri@mevhich had an energy range
greater than 2 GeV. A large dipole and an airngape placed downstream of the
plasma. The displacement of the electrons wasumeddy imaging the Cherenkov
light they produced in the air gap. This was pathe PWFA experiment’'s energy
gain spectrometer [6]. The lithium vapor lengthsvé® cm, and the initial energy of
the drive beam was 42 GeV. In addition to thedgpsignatures of energy gain and
loss on the drive beam, there were narrow streattsaall bunches. These streaks
and bunches had smaller transverse sizes thamitieebgam, so they were not
considered to be part of the drive beam. They Welieved to be trapped electrons.
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FIGURE 6. An illustration of the high energy spectrometer

In addition the smaller transverse sizesgtlieother evidence that shows the
streaks and bunches were trapped electrons. Ttensgsarted with 42 GeV drive
beam electrons and 0 GeV plasma electrons. Téakstiand bunches showed up with
energies up to 30 GeV, so they were either acdellfeom O GeV or decelerated
from 42 GeV. By noticing how the energy of thegeaks changed with the
amplitude of the accelerating field, their origemcbe deduced.

Upstream of the plasma, coherent transitidiateon (CTR) was collected from the
drive beam [2]. This was used to monitor the amgé of the accelerating field in the
following way. Both CTR signal and acceleratingldiamplitude are inversely related



to the drive beam bunch length, which was varid@yher CTR signal, to first order,
corresponded to stronger electric fields. If threats and bunches were originally part
of the 42 GeV drive beam, then as the CTR sigraksmsed their energy would move
farther away from 42 GeV to lower energies; howetlex energy of the streaks and
bunches increased with higher CTR signal. This gltbilat they were not originally
part of the drive beam but came from the plasma.
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FIGURE 7. Example of the streaks and bunches that appeartdttdiigh energy spectrometer
(saturated color map).

Figure 7 shows some examples of the streak®anches with a saturated color
map. By changing the magnetic field of the largmk®, the energy range of the
spectrometer was changed. The streaks extendtémsrof GeV to below 2 GeV,
which was the lowest energy measurable. The eledensities of these streaks were
from around 10per GeV up to almost Iper GeV. At the top of these streaks,
frequently a mono-energetic bunch appeared. Tiesehes appear with around
3-16 electrons, energy spreads better than a few pe@ethtens of GeV in energy.

CONCLUSION

More charge came out of than went into the RWRNost of the extra charge had
energies at or below the 10 MeV level. In additibrere were trapped electron
streaks that extended from a few GeV to tens of (& there were mono-energetic
trapped electrons that appeared with tens of Geahergy.

One future trapped electron experiment wiltdoehange the buffer gas from
helium to neon. Since neon has a different iorongbotential, the neon will be field
ionized at a different position in the wake thaa lttelium. The neon electrons would
then be trapped a different positions in the walaa the helium electrons or may not
even be trapped. This is a way to confirm the béhiat the trapped electrons come
from ionization of the buffer gas.
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