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Abstract
High intensity short pulse laser plasma interaction experiments were performed to investigate laser
wakefield acceleration (LWFA) in the ‘bubble’ regime. Using a specially designed phase plate, two high
intensity laser focal spots were generated adjacent to each other with a transverse spacing of 70 μmand
were focused onto a low density plasma target.We found that this configuration generated two
simultaneous relativistic electron beams fromLWFA (with lowdivergence) and that these beams often
interact strongly with each other for longer propagation distances in the plasma thus reducing beam
quality. In addition, it was observed that the existence of an adjacent laser drivenwakefield
significantly reduced the self-trapping threshold for injection of electrons. Numericalmodeling of
these interactions demonstrated similar phenomena and also showed that electron beamproperties
can be affected through precise control of the phase and polarization of the incident laser beam.

Laser wakefield acceleration (LWFA) promises to greatly reduce the size and cost of future particle accelerators.
Significant improvements in the quality of relativistic electron beams from laserwakefield experiments have
beenmade over the past few years. In 2004,mono-energetic electron beamswere generated for the first time
[1–3] and several years later the generation ofGeV energy range electron beams using centimeter length plasmas
[4–6]was demonstrated. The stability and control of the process for injecting bursts of electrons into these
plasma accelerating structures [7] has also been improved using a variety ofmethods such as colliding pulse
injection [8], density gradient injection [9], and ionization injection [10, 11]. These advances have demonstrated
the feasibility of using plasma-based accelerators for a variety of applications. However, challenges still remain to
increase the total charge of the accelerated electron beams and to control beamparameters such as emittance,
dark current, and energy spread. Current experimental results show that themaximumaccelerated charge
ranges from several tens of pC to about 1 nC. For applications in high-energy density physics, beam-driven
inertial confinement fusion, and high-flux radiation sources, large beam charge is beneficial, and is often a
critical requirement.

The accelerated charge in LWFA experiments is affected by a number of factors such as beam loading,
propagation distance, ionization-induced defocusing of the laser pulse, and other factors due to the specific
injectionmethod used [12].More charge can typically be obtained simply by lowering the plasma density.
However, lowering the density in this way also requires a higher laser power for self-focusing, trapping and
accelerating electrons. If higher laser power is available, this is themost straightforwardway to increase the
overall charge.

It has been suggested that a potentiallymore efficientmethod of increasing the charge, usingfixed laser
energy, is to generate twowakefields that co-propagate simultaneously andwhich independently inject charge
into eachwakefield [13]. Previous simulationwork [13] indicated that the total number of accelerated electrons
can be increased in LWFAby usingmultiple parallel laser pulses; the amount of accelerated chargewas observed
in these simulations to increase linearly with the number of laser pulses. Such increased beam charge can then
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also potentially lead to an increase in radiation emission (fromTHz emission to hard x-rays resulting from
‘betatron’ oscillations [14]). However for implementation of such experimental configurations, it is necessary to
understand howmultiple parallel laser beams can generatemultiple wakefields andwhether adjacent wakefield
structures can interact and be controlled.

Simultaneous parallel laser beams can be created experimentally in a number of ways. For example, if the
laser beamquality is non-uniform, the focal spot of a single beam can naturally evolve from a single spot to a
double spot within the Rayleigh length of the focusing optic and create two beams resulting froma self-focusing
instability in the plasma [15]. Thismethod, of course,may not exist for every experimental setup.However, a
more reliable way to generate two beams is to use amirror with a step discontinuity to change the phase of half of
the single beam in the near-field byπ radians as shown infigure 1. The resulting laser beam is quasi-radially
polarizedwith a TEM01 farfieldmode, generating two focal spots of approximately equal energy. In the
experiments described herewe have implemented this setup using interferometry to verify the phase shift.

In this paper, the charge and energy of relativistic electron beams generated using such dual focal spots are
characterized and comparedwith those generated using a single focal spot with similar total pulse energy orwith
a single spot with pulse energy corresponding to only one of the focal spots (i.e., half energy). Aπ phase shift
mirror is used to create two stable laser spots at focus. Our experiments showed that, although two separate
electron beamswere consistently generated, a significant increase in the electron beam charge produced by two
adjacent laser beamswas not observedwhen compared to a single beamhaving the same total energy. However,
therewas a significant reduction in the self-trapping (self-injection) threshold for these beams and therewas also
often an increase in the overall divergence of the electron emission due to interaction of the two electron beams
with each other during propagation such that a resulting beamhosing [16] or ‘beam-braiding’ instability could
be observed.

In these experiments, a 10 cmdiameterπ-phase shiftmirror at near normal incidencewas inserted in the
beampath of theHERCULES laser system [17] at theUniversity ofMichigan at the entrance of the target chamber
and an additional 12.5 cmdiameter silvermirror redirected the beam to a 2 m focal length off-axis parabolic
mirror used for laserwakefield experiments. LWFA experiments were performed using a 3 mmsingle stage gas
cell target [18]with a laser power up to 55 TW (λ=800 nm, τ=30 fs). For the focal spot sizes in this work, this
corresponds to a peak intensity of approximately 7×1018W cm−2 (a0∼2). Bothmixed gas (97.5%He and
2.5%N2 gasmixture) and pure helium gaswere used in the cell for the plasma target. No significant difference
between these gases was noted for themain results of these experiments as described below. An electron
spectrometer using a permanentmagnet was used tomeasure the electron beam energy and charge. Transverse
interferometry was used tomeasure plasma electron density.

The focal spots were characterized using aCCDcamera. Figures 2 and 3 show typical images of the energy
distribution for single and double focal spots, respectively, at various distanceswithin theRayleigh length
(1.5 mm) of the focusing f/20 paraboloidalmirror. For the dual focal spots, there is typically a slightly uneven
distribution of energy between the spots. This was because in our experiments themirror step discontinuity was
not perfectly centered, resulting in slightlymore energy in the upper focal spot.We see later that thismay lead to
the production of dual electron beams that are slightlymismatched in either energy or charge.

Analyses of the focal spot images show that the full width at halfmaximum (FWHM) diameter of the single
and double focal spots are approximately the same andwere 28 μm. In addition, the total energy in the FWHM
of the dual focal spots is similar as comparedwith the energy contained in the FWHMof a single focal spot. The
separation between the dual focal spots in the vertical direction is approximately 70 μm.

Typical energy spectra of the electron beams generated using either a single or dual focal spots in the 3 mm
single stage cell are shown infigure 4. The dotted vertical lines denote the energy of the beamas indicated starting

Figure 1. Schematic of themirror used to induce pi phase shift. Beam incident on the portion of themirrorwithout the additional
SiO2 layer travels 400 nm (λ/2) farther.
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Figure 2.Representative images of the energy distributionwithin a single focal spot throughout the confocal length of the f/20
focusing optic. 0 mmdenotes the position of best focus. Positive numbers denote positions after focus and vice versa for negative
numbers.

Figure 3.Representative images of the energy distributionwithin dual focal spots, generated using a coatedmirror, throughout the
confocal length of the f/20 focusing optic. A slight asymmetry in the energy distribution (weighted towards the top beam) can be seen
for the dual focal spots. 0 mmdenotes the position of best focus. Positive numbers denote positions after focus and vice versa for
negative numbers.
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from the right in each image. The spectra in both columnswere generated using the same laser parameters,
plasma density (∼1019 cm−3), and gasmix. In the case of a single electron beam,more charge is loaded into the
wakefield bubble and as a result beam loading (and a reduction in charge injection) can occur at lower density. As
a comparison the typical spectra of electron beams for single beams at 55 TW for this experiment with respect to
changing density is shown infigure 5. For a plasma density below about 8×1018 cm−3, the single electron beam
energy spectra demonstrate divergence as good or better than the individual dual beamdivergence (figure 4).
However, as density is increased to 1019 cm−3 the electron beamdivergence in the single beam case has increased
by an order ofmagnitudewhile the dual beamsmaintain a small individual divergence for similar total charge, as
shown infigure 4. At higher densities such as 1.5×1019 cm−3 even the dual beamdivergence has started to
increase. In the case of dual electron beams, themaximumenergy and charge between the two beams are not
generally equal, potentially as a result of the uneven energy distribution in the two focal spots. It should be noted
that the ‘hour-glass’ shaped feature at the low-energy end of the dual beam spectra infigure 4 is an artifact
resulting from the interaction of lower energy electronswith the fringe fields of the dipolemagnet inside the
experimental chamber.

The energy spectra of the dual electron beams also showed interesting dynamics when a two-stage cell was
used such that the laser/electron beampropagationwas extended to longer lengths (beyond the dephasing
distance) [12]. Infigures 6(a)–(c), trajectory crossing between the two electron beams and significantly enhanced
transverse oscillations of the electron beams can be observed. Infigures 6(d)–(f), the formation of a third beam is
observedwhose energy and charge are comparable to the other two beams. The generation of the third beam
only occurred in the two-stage cell due to the longer propagation distance available in the cell (6.5–11.5 mm).
This suggests that there is an optimal length over which the twowakefields can fully develop and trap charge. For
the laser pulse parameters and densities usedwhen operating with the two-stage cell, dual beamswere
consistently generated for all lengths, in comparison to an 80% formation rate for the optimal electron density of
∼1019 cm−3 in the 3 mm single-stage cell. The formation of the triple beamswas less often observed and is likely
due to the formation of a thirdwakefield in the region between the twomain beams.

Figure 4. (a)–(c)Energy spectra of electron beams generated using a single focal spot for three consecutive shots. (d)–(f)Energy spectra
of electron beams generated using dual focal spots for three consecutive shots. The beams in both columnswere createdwith 55 J of
laser energy and a 3 mmgas cell. The cell fill pressurewas 6 psi 97.5%He and 2.5%N2. The dotted vertical lines denote the energy
levels of the beam starting from the left in each image. At this density, divergence of electron beams generated using a single focal spot
ismuch larger than those generated using dual focal spots.
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Asmentioned earlier, the presence of dual electron beams appeared to delay the onset of beam loading in the
wakefield. Figures 7(a) and (b) show the integrated electron signal for the 2.5%N2 gasmixture and pureHe gas,
respectively, as a function of the electron density. All spectral images obtained using theπ phase shiftmirror,
whether two electron beamswere generated or not, are included in a data set ‘WithπMirror’ presented in
figures 7(a) and (b). Similarly, all spectra obtainedwithout theπ phase shiftmirror (i.e., images with only a single
electron beamwas generated) are designated as ‘NoπMirror’ in the twofigures. Inspection of the data in
figures 7(a) and (b) show a possible increase in the density which produced the highest charge in the dual
beam case.

The integrated electron signal on the scintillating screenwas characterized as a function of the electron
density to determine if an increase in the total charge occurred in the case of distinct dual beams comparedwith a
single beam. Figures 8(a) and (b) show the integrated signal from the single and dual beams generated using the
2.5%N2 gasmixture and pureHe gas, respectively. The circular data points result from images where two
distinguishable electron beamswere observed. Lower densities were below the injection threshold and thus do
not produce any beams, while higher densities failed to produce distinct dual beams. It is clear from these
experiments that the charge did not increase for the case of dual beams. In general, the charge contained in the
dual beams is less than or at best equal to the charge contained in a combined single beam.

Experiments were also conducted to test whether electron beams could be generated using a single focal spot
at half power, comparable to the power containedwithin each of the focal spots for the dual focus configuration.
The energy spectra for these shots are represented by the diamond data points infigures 7(a) and (b) for the two
gases. Overall, no significant injectionwas observed at half power (without aπ-shiftmirror). This trend suggests
that injection of charge using dual focal spots is a result of interactions between the twowakefields. Efforts at
producing electron beams at higher plasma densities at half powerwere also not successful and are not shown in
thefigures for clarity.

Themaximum energy of the electron beams, defined as the highest energywith signal, is plotted infigure 9
for beams generated using the two gas types. For a given density, the energy of the single beam is higher than that
of either dual beams because of the smaller laser intensity in the dual focal spots. The energies of the electron
beams also decrease with increasing density as would be expected since both the dephasing and depletion lengths
also decrease as density increases. The slight asymmetry in the energy between the top and bottombeams for the
dual beams can be attributed to the uneven energy distribution in the two focal spots.

Figure 5.Typical energy spectra of electron beams generated using a single focal spot for differing plasma densities. The beams in both
columnswere createdwith 55 TWof laser power and a 3 mmgas cell.
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Particle-in-cell (PIC) simulations are required to better understand the interaction between the two
wakefields and the role of the separation distance between the spots in generatingmultiple electron beams.Here
we performed 3D simulations using the PIC code EPOCH [19] tomodel the interactions between the laser
pulses. The simulation boxwith amovingwindow is 50 μm×80 μm×110 μmwith 1250×200×275 cells
in x, y and zdirections, respectively. There is onemacro-particle in each cell with the ‘cold plasma’ condition.
The plasma density is 6×1018 cm−3 with a linear ramp for the first 50 μmof propagation. The two laser pulses
in the simulations are identical with a laser power of 50 TW, a FWHMpulse duration of 30 fs and a FWHMspot
size of 20 μmfor each pulse. The laser pulses propagate in xwhich is also the direction of themovingwindow.
They are both polarized in y except for the case with perpendicular polarization and are separated by 30 μm in z.
We initially simulated two linearly polarized parallel pulses, and each pulsewas seen to drive its ownwakefield
with electrons capable of being injected into the accelerating field of the adjacent wakefield bubble.When the

Figure 6. (a)–(c)Energy spectra of dual electron beams. Interaction between the electron beams led to trajectory crossing between the
beams and increased transverse oscillations. (d)–(f) Injection and acceleration of a third electron beamoccurs due to the coherent
superposition between the diffracted parts of the original two focal spots as demonstrated in the simulations. Gas cell length is
indicated in eachfigure (note that 200 pixels corresponds to∼3°).

Figure 7. Integrated electron signal versus density for beams generated using the (a) 2.5%N2 gasmixture (b) pureHe gas. Theπ phase
shiftmirrorwas used to generate dual electron beams. This effect ismore pronounced for the pureHe gas.
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two pulses were closer to one another (<20 μm), they expelled electrons as a single, larger pulse and only one
bubble is formed since the pulses propagate and self-focus as a unit. It should be noted that there is a reduced
interaction between the twowakefields in the experiment versus the simulations, a result of larger experimental
dual beam focal spot spacing.

However, in our simulationswe also investigated the role of the laser phase and the polarization of the
adjacent laser pulse. If a sufficient separation initially existed between two linearly polarized pulses with the same
phase, then twowakefield bubbles are formedwith a shared electron sheath boundary between them
(figure 10(A)). After the pulses have self-focused, the bubbles remain clearly separated and trap and accelerate
electrons independently. The charge in this case can be almost double that using a single beam case (i.e., with half
the total laser energy). Those simulations also showed that the coherent superposition of the diffracted parts of
the two focal spots can also create a third spot between the two that is intense enough to drive a thirdwakefield
for an optimal separation. This is likely what has occurred in our experiments when a third electron beam is
produced for long acceleration distances. From the simulations it is also very interesting to note that changing
the polarization and the phase between beams (figures 10(B), (C)) dramatically changes the dynamics of the
interaction as well as the number of electron beams andwakefields produced. In particular, with theπ phase
shift between the beams—no thirdwakefield structure or third electron beam is observed—which is similar to
the data obtained from the vastmajority of the data taken during these experiments. It is therefore likely that in
the rare instances when three beamswere observed in our experiments, that the phasemismatch between the
two adjacent spots was not precisely π radians as in the EPOCH simulations. Unexpectedly when perpendicular
polarizations are used in the simulations the adjacent wakefield bubblesmerge—while the two electron beams
are injected separately into the combinedwakefield and undergo very large oscillations in the transverse
direction to that of beampropagation (i.e., betatron oscillations).

In conclusion, it is clear fromour experiments and simulations that the spot separation, inter-beamphase
polarization and energy distribution play an important role in generatingmultiple high-energy beams and
increasing the total charge. To control these factors in future experiments, a deformablemirror can be used to
preciselymanipulate thewavefront of the laser beam in order to obtain the optimal separation andmaximum
energy contained in the FWHM.Once these parameters are optimized, the corresponding emission of radiation
[14]may also be controlled or increase accordingly—provided that the charge and peak energy of the electron

Figure 8. Integrated electron signal comparison between single (full energy) and dual electron beams for the (a) 2.5%N2 gasmixture
and (b)pureHe gas. The data is shown in finer detail than infigure 7 and it is clear than the dual beams do not in general producemore
charge than the single beam at full power.

Figure 9.Maximumelectron energy versus density for beams generated using the (a) 2.5%N2 gasmixture and (b) pureHe gases,
averaged overmultiple shots. The designation of ‘top’ and ‘bottom’ correspond to the orientation of the beams on the detector.
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beams in eachwakefield cavity is comparable to the charge and energy of an electron beam in a single wakefield
cavity. Byfine-tuning the focal spot parameters (and hence, the electron beamparameters), one could also
manipulate the x-ray spectrum and also possibly decrease the x-ray beamdivergence.

It is also clear that the number of wakefields can also be precisely controlled by using phase shiftingmirrors
and polarization control. These experiments showed that interaction between thewakefields can cause injection
to occur for situations inwhich a single wakefield shows no significant injection. The combination of several
suchmirrors would result in a structure consisting of four ormore focal spots, leading to the simultaneous
generation ofmanywakefields. The region between thesewakefields will provide a regionwith a charge
maximum—similar to an ‘inverse’nonlinear plasma bubble wakefieldwhich can also potentially serve as an
accelerating structure for positrons [20, 21].
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