LASER ACCELERATION IN VACUUM
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Abstract beam propagating in thez+irection, the field (for y=0)

This paper explores the use of the large electric fields SPmponents afe

high-brightness  lasers (e.g., up to order TV/cm) to E, - Eoﬂex;{— r_zzj cog
accelerate particles. Unfortunately, as is well known, it is w w

difficult to couple the vacuum field of the laser to W x ;2 .

particles so as to achieve a net energy gain. In principle, E, = 2E0—°—ex;{— —Zj(simﬁ—— cogﬁj 1)
the energy gain near the focus of the laser can be quite W kw? w %

high, i.e., on the order of the work done in crossing the B, = E,

focus Ay =reEw ~30MeV+/ P/ 1TW, where P is the with the phase

laser power. In order to retain this energy, the particles rz 1
must be in the highly nonlinear regime (Vosc/c >>1) or g=lz-at+ w?z, ~tn (Z/ZO) @
must be separated from the laser within a distance on th

order of a Rayleigh length from the focus. In this Work\fvﬁere W, is the spot sizew is the laser field radius at

we explore the acceleraion and output energhOSitionz 2z =mwg/ 4 is the Rayleigh length, aridis
distribution of an electron beam injected at various anglége free-space wave number of the laser.

and injection energies into a focused laser beam. Insight The numerical algorithm is straightforward. Given
into the physical mechanism of energy gain is obtaingde initial velocity of this particle, then the EM force can
by separating the contributions from the longitudinal angush this electron into a new position with a new velocity

transverse laser field components. after a small time step by using the Time Center Leap
Frog methodl
I. INTRODUCTION The maximum energy gain from the accelerdtian

& evaluated and compared to analytic estimates. The
proximate value is given by estimating maximum work
ne by the laser field when the electron crosses the laser
am:

The rapid development of high-brightness lasers Ieads?l
to re-examine the interaction of electron beams witf}P
vacuum focused lasers. For example, PetaWatt 1

lasers are nearly available. For such lasers, the electri

fields at focus will approach a TV/cm. There has been Ayma‘zﬂ:é- ar

considerable previous work on this topic, so the

limitations to energy gain via a linear interaction are by ~Vzw, E +[ E & 3)
now well knowr. This paper is concerned with the ~0OM Wm

highly non-linear regime (normalized quiver velocity

eE/muc >> 1) where a net energy gain is possible. Her}é\{hereP is the laser power in units of TW. Fpr example,
we present preliminary numerical results of the ndt We have a 100 TW laser, then the maximum energy
energy gain, energy spread and angular spread that ngg}l,n IS no more th:_;m 300Mey. In the following sect|on.,.
be expected by injecting an electron beam at variol€ Use the model just described to analyze three specific
angles into a focused PetaWatt-class laser. The goal'?ﬁer ac_celleratlon geometries: one is |nje<_:t|n_g .eleptrons at
the simulation is to determine the net work done on %small incident angle; the second is coaxial injection; and

relativistic electron as it propagates through a laser fock€ third is injecting down the axis of the two crossed

zone. Insight into the physical mechanism responsible fi3S€r béams.

the energy gain is obtained by separating the contribution

from the longitudinal and transverse field components. IIl. SIMULATION RESULTS

Il ALGORITHM 1. Small Incident Angle Injection:

For a linearly polarized, cylindrically focused GaussiaIn Fig.1, thex-z plot shows a laser beam propagating

from z = -72000 pm t@ = +72000 pm in the direction.
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An electron is injected from the left bottom corner wheréhe interaction. The final energy at the paint 72000

z = -72000 pm crossing the laser beam with a smglim depends on the initial phase of the electron injection
incident angled . For the parameters used in the examplénto the laser fields. In this example, the maximdprin

the laser wavelengthis 10.6 pm, which corresponds to aa particular initial laser phase is near 27.4; that is 5% of
CO, laser, in order to compare to parameters of UCL#e maximum value we estimated using the work done by
CO, laser experiment. The laser waist widtlis 200 um; the laser in equation (3).

the normalized laser amplitudek, /mac = aa, is 0.4; the
initial electron energy is 32; and the electron incident
anglethetais 0.04 rad. The energy of the electrois Before considering the coaxial injection into focused laser
plotted versus the propagating directiprfrom -72000 beams, consider the movement of electrons in infinite
UM to +72000 um and shown in the bottom side. We chlane waves. The exact solution for an electron moving
see from the-z plot thaty increases and decreases as th8 an infinite plane wave can be expressed as a drifting
particle slips in phase behind the light wave, finallyfigure eight”. Using a large beam waist in our
reaching the same value as its initial energy. In thf§mulation program approximates the plane wave limit;
example,aa is not large enough to induce nonlineathe trajectory of an electron in Fig.3 exhibits similar
effects, so no net energy gain results, as expected fry@havior to the exact solution in an infinite plane wave.
the Lawson-Woodward theorém

2. Coaxial Injection:
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FIGURE 3. Particle trajectory and (beloyy plot for

FIGURE 1. Particle trajectory and (below) particlecoaxial injection with large laser waist.
energy §) vs.zfor aa=0.4.
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FIGURE 2. Particle trajectory and (below) particle ¢
energy gain vsz for aa= 4. yincrease from 32 to 59.4 = T

(dotted line shows the incident direction for this electron).” g~ phase 6.22

FIGURE 4. Particle trajectories for 100 initial laser
hases from 0 tor2and insets: final vs. initial laser
Pase, finaly vs. outgoing angled, 6 vs. initial laser
phase.

In the second example (Fig. 2), we increaadrom
0.4 to 4, which means that the laser power is 100 tim
that of the first one. From the (lowerr plot in Fig. 2,
we see that there is a net increase in the enedye to
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When the laser beam is focused to small spotwsjzbe A laser geometry that has received attention is the case of
trajectories of coaxially injected electrons are quitéwo gaussian laser beams crossed at a small angle with
different. The trajectories of coaxially injected electronsespect to the axis of electron injecfibn The advantage
with initial laser phases distributed from O ta 2re of this geometry is that the transverse electric and
shown in Fig.4. The initial energy for the electrong# magnetic fields will cancel on axis, leaving only the axial
32, and the~thetaplot (the first inset) shows the final electric field to accelerate the particles. Fig.5 shows the
measured at the poirg = 72000 pum versus different simulation results of electrons injected at various initial
outgoing angleheta As the second inset-phase plot) laser phases on axis into the crossed beams which are
shows, at the injection phases of 0 antthe final energy positioned at an angle of 0.04 rads with respect to the
is relatively insensitive to injection phases (oveelectron beam. As the inset shows, there was no net
approximately 1.7 radians or 27% of the full laseenergy gain for any initial laser phases. This result can be
wavelength). Therefore, particle injection at these phasesplained by realizing that by arranging the geometry
will result in better output beam quality (i.e., small energguch that there is only an electric field along the direction
spread and emittance growth). By Comparsion the rue§ motion, we have eliminated the nonlinear forces which
we have done with injection at a small angle, were vedre necessary for laser acceleration in vacuum. This is

sensitive to the injection phase. consistent with the results of P. Sprangle ét al.
Based on the results of Fig.4, it appears that a
100TW laser could be used to accelerate a micro-bunch V. CONCLUSION

(1.4 um or 14% of the bucket) of cold electrons fromrhe simulation results show that net energy gain can be
16MeV to 26MeV with an energy spread of 0.4MeV andyiracted from a single laser via nonlinear interactions.
emittance growth ofe, ~1mm-mrad. The maximum The nonlinear energy gain comes from the transverse
energy gain in this example is only 3.8% of the maximurfields; while the longitudinal field affects the path of
value from equation (3). By raisingto 64 (not shown), electrons but does not increase their energy gain. If initial
we could increase the energy gain to 9.1%, but thigjection energy and angle and laser amplitude are chosen
particles with highest energy were from a very smafproperly, large scattering spread angle can be avoided.
region of initial phases (2% of the bucket). For further research, characteristics of the outgoing

In order to separate the effects of transverse amdectron beam with respect to the injected beam emittance
longitudinal fields in the acceleration process, we turn offeed to be investigated. Other acceleration schemes, such
the longitudinal field and find the interaction with theas axicon focused lasérer standing wave acceleration
transverse field only. We observe that the electran two counterpropagating laséare also of interest for
trajectories are considerably altered by the presence of fhther simulations with this code.

Ez field, even though we found that thé E,dz
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FIGURE 5. Numerical simulation showing no energy
gain for any injection phase in two crossed lasers (dotted
lines show laser beam axes).
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