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PHYSICAL REVIEW E 70, 056410(2004)

Simulation of ultrashort electron pulse generation from optical injection into wake-field
plasma waves

E. S. Dodd! J. K. Kim, and D. Umstadter
Center for Ultrafast Optical Science, University of Michigan, Ann Arbor, Michigan 48109, USA
(Received 19 December 2003; revised manuscript received 13 July 2004; published 22 Novemper 2004

A laser-plasma-based source of relativistic electrons is described in detail, and analyzed in two dimensions
using theoretical and numeric techniques. Two laser beams are focused in a plasma, one exciting a wake-field
electron plasma wave while another locally alters some electron trajectories in such a way that they can be
trapped and accelerated by the wave. Previous analyses dealt only with one-dimensional models. In this paper
two-dimensional particle-in-cell simulations and analysis of single particle trajectories show that the radial
wake field plays an important role. The simulation results are interpreted to evaluate the accelerated electron
beam’s properties and compared with existing devices.

DOI: 10.1103/PhysRevE.70.056410 PACS nuni®er52.38.Kd, 41.75.Jv, 52.65.Rr, 29.25.Bx

[. INTRODUCTION amplitude plasma wave will be resonantly driven behind the
g;\ser pulse if the pulse width approximately equals a plasma-
wave period. The resulting electrostatic wake field propa-
Ig:ljates in the same direction, with a phase velocity equal to the

e . X g?oup velocity of the laser pulse. This wake becomes the
ultra-high electron acceleration gradierits10 GeV/m of gradient for particle acceleration. In terms of a method for

laser-driven plasma wave@-4), which are made possible electron injection, even with state-of-the-art electron guns,

due to the invention of compact, high-peak-power lag8}s t£e pulse width of the electron bunch can be considerably

The p_Iasma-\_Nave electric field_ gradients are thre_e orders 9 nger than the plasma wave period of a second-stage laser-
magnitude higher than those in conventional rf linacs, be-

h t limited by dielectric breakd N plasma accelerator. It will thus fill multiple acceleration
cause they are not imited by dielectric breakdown. NOr,p g uniformly, resulting in a large energy spread. Also, it
mally, electrons oscillating in the plasma wave cannot b

lerated by th ke field si th t of oh .t's difficult to position and focus the electron beam in the
f"tlcgla e:ae tﬁ’ t e wa ? Iet Sf'?r?e Iey are outof p ?)se Witasma channel with micrometer accuracy, and synchronize
It. Electrons that areé not part ol In€ plasma wave can DECOME v, e plasma wave acceleration phase.
trapped, or continuously accelerated by the wave, provide

that they are moving in the correct phase at nearly the phas&m previous work, we showed that all these problems
velocity of the wave[6]. Since this velocity is close to the uld simply be solved by making use of an additional laser

. . pulse[9,10]. This method also takes advantage of the excel-
speed of light, it was generally thought that such preaccelrem emittance properties of plasma-based electron genera-

eratic_)n can only b_e acc_omplished by external ir_ljection, .SUClaon while providing an easily built experimental sefud].
as with a conventional linac. However, the low-field gradlentThe’ basic idea is that once a wake field is excited by the

(<10 MeV_/m) [7].0f a f_irst—stage co_nventional linac pro- longitudinal ponderomotive force of one laser puldke
longs the time during Wh.'c.h t_)eam emittance can grow befor ump pulsg the ponderomotive force of a second laser
the bea!'n k_)ecomes relativistic; after this point, self-generate ulse (the injection pulsecan then be used to locally alter
magnetic fields can balance the effects of space charge. Grgse yrajectories of the plasma wave electrons such that they

dients on the order of 1 GeV/cm have been demonstrategq j, hhase with the wave's electric field and accelerated to

experimentally8], and accelerate electron beams with transye trapping velocity. The key is that electrons are dephased,

verse emitlances that rival current electron guns. , . either directly by the laser pulse or by other means, which
Acceleration of electrons by plasma waves requires first ill be discussed. As first described in a previous pdBer

means to drive the wave, and second a .method for electrotrpﬂs device is referred to as laser injected laser accelerator, or
injection. In the former case, when an intense laser puIsE“_AC

propagates through a plasma, its ponderomotive force dis- gjnce jnitial publication of the idea, a number of varia-

places plasma electrons. Since this force is proportional %ons on optical injection have been propo$a]. However
the laser intensity gradient, it will be directed primarily inthe | Joa of these dealt with transverse effects of the plz;sma
longitudinal direction, if the laser pulse length is m“Chwaves which can be significant, as pointed ouflia]. One
§horter than its foc_al spot s?ze. Because the ions remgin St%éper ;/vhich did wa$l4]; howevér, their results show much
tionary, due to their larger inertia, a residual charge imbalygper transverse emittance than the work presented here. To
ance results after the laser pulse passes by. Thus, a large,nery understand the physics of the device, the analysis
was reworked in this paper to include transverse effects.
These calculations are then compared to the simulations to
*Present address: Los Alamos National Laboratory, Los Alamosshow that two-dimensional effects are essential. With the
New Mexico 87545, USA. multidimensional simulations, the emittance, or quality of

Nearly 20 years ago, the use of laser-induced plasm
waves to accelerate charged particles was propddéed
These wake-field accelerators seek to take advantage of t
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there exist three main generation techniques. The laser wake-
field acceleratonfLWFA) [1-4] uses a single pump pulse
with a pulse widthr,~ 27/ w,, Wherew, is the plasma fre-
quency. Another technique, the beat-wave accelerator, uses
---------- the beat of two longer pulses to generate a train of short

wakefield o~ TTIERgmmmmm—aas s

i pump pulse pulseq15]. Finally, the most efficient method is the resonant
e e laser-plasma acceleratpt6], which uses a series of pump
) pulses with increasing spacing between them and decreasing
3 pulse widths to compensate for the change in resonance as
< the plasma wave grows an@, changes. Although any
injection pumping method is compatible with LILAC, for the sake of
pulse ) simplicity, we will primarily consider the LWFA.

In order for electrons to be accelerated, they must become
plasma wave acceleralgfanneq in the plasma wave. When electrons begin to
move with the wave, its potential appears to be a well, in-
the beam, can be evaluated, along with the effect of the rastead of oscillatory; at this point trapping becomes similar to
dial component to the wake field. Both numeric and theoretthe Kepler problem. There exists a minimum energy above
ical methods were used to evaluate the performance and poghich the particle is trapped and accelerated, and below
sible uses for LILAC, as compared with conventional Which it oscillates in the background. The intensity of the
accelerators. pump pulse defines both the accelerating gradient and the
This paper is organized as follows. In Sec. Il, a simplethreshold for trapping. The pump laser pulse is described by
analysis is used to obtain an approximate expression for tha=a.,(z,t)e“'=eA | /m,c? whereA | is the transverse vec-
intensity threshold of the injection pulse in order to trap elector potential andwy is the frequency of the pump. Denoting
trons. We next present in Sec. Ill, the results from a morep anduv, as the electrostatic potential and the group velocity
realistic analysis of the motion of a single electron in thegf the wake, respectively, the 1D governing equation for the

combined wake field and the injection pulse. In Sec. IV, weyake field, characterized by a plasma frequeagyis given
present the results of two-dimension@D) particle-in-cell by

(PIC) code simulations, which include collective effects,
such as the perturbation caused by the wake of the injection P, 1+a? |12
pulse, yielding details about the accelerated electron beam, d_gz - kp”s B\ 1 - V(1 +¢d) -1 1)
such as its pulse duration, emittances, current, and energy 9
spread. We conclude in Sec. V. where [=z-ct, ¢=ed/mLc? By=vglc=PBy, vy
. MODEL i(l—ﬂg)‘l’zz Y4~ wol wp, and the plasma wave numbley
=wp/c [17]. Given a properly optimized pump pulse width,

The LILAC concept consists mainly of three different the largest normalized amplitude for the electric field of a
stages. First, a large amplitude wake field is generated; sepiasma wave, gives, is Eqqgiven in[17]. The background
ond, electrons are dephased; and then third, electrons aggectrons experience an electric field of the wake which is
trapped in the pump’s wake field from the dephasing. By;/2 out of phase with their momentum in the plasma, and
understanding each of the three parts involved, a descriptiofhys none are trapped. However, if the amplitude of the
of the injection process can be derived. The process Gblasma wave's electric field is very large, a small amount of

dephasing and then trapping electrons with secondary asgfzphasing of the electron momentum with respect to the field
pulses is quite general. Just as there are myriad ways 10 drivey, result in trapping and acceleration of these electrons.
plasma waves, by means of either a single pulse, multiple

pulses, or beat waves, there are many ways to use lasers to o .
inject electrons. Several orientations of the laser pulses are B. Longitudinal trapping

also possible: collinear, counterpropagating, or orthogonal. Now that the wake is defined, trapping may be described
Besides combining laser pulse c_haracteristics, ionization ofyy g given amplitude. For a particle’s longitudinal motion

density gradients are other possible means to dephase el§fis has already been derived in at least two different papers
trons. This paper is useful in two respects: first, in detalllng[e]' Both papers define a threshold in the electron energy,
one example of a laser-based electron gun, and second, Byove which electrons move with the wave and are acceler-
providing an example framework for future work. In the gteq. This threshold is defined in phase space by an orbit
analysis that follows, the model will be used to study thecajled the separatrix, because it separates the region of
specific case of orthogonal geometry, shown in Fig. 1 angtjosed, trapped orbits from open ones. The separatrix is ob-
discussed in the previous paper. The pump pulse and ifgined by equating the kinetic energy of electron with the

wake will be examined first, since they are independent ofyaye’s potential energy in the wave frame, and then trans-
the version of all-optical injection. forming back to the lab frame. The threshold injection en-

A. Background theory ergy of electrons is given for any value ¢f at phase, if ¢

. is a function ofZ. Thus, from[6],
Laser-plasma based accelerators utilize the electrostatic

field of a plasma wave to accelerate electrons, for which F=y,(1+y40 £ y,B (1 + y46)? - 12, )

FIG. 1. Schematic of the crossed-laser-
concept.
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€= () = P(Lo), ()

where I is the relativistic gamma factor for the electrons
kinetic energy. The separatrix results whgns the phase for
the minimum potential. If the phase of the maximum poten-
tial, dmax— @min IS substituted intce then Eq.(2) gives the
minimum trapping energy. Thus for a given pump pulse, Eq.
(1) yields the amplitude of the wave, and E@) gives the
kinetic energy an electron needs to be trapped.

3
mec
C. Transverse trapping U \/ v v

Equation(2) is limited to one dimension, since it uses FIG. 2. Basic profile for LWFA. The pump pulse creates a

only the longitudinal velocity. Electrons will also have trans- p1asma wave to accelerate electrons. To be accelerated, electrons

verse momentum, causing them to drift out of the wake tQy, st cross inside the separatrix.

one side, unless some sort of focusing, or transverse trap-

ping, guides them. However, the potential also has a trans- L . . L

verse dimension and as the particle moves transversely in t galtlcgr;r(r)?nméln ;V'tq_'r?i;r;e fégorﬁ?,&ﬁfbvevths%g iisézglr;g/ It?)

wake potentialg(Z,r), it can be turned back towards the Py=1. q.5)- qua Y
e N evaluate the amount of focusing needed for LILAC, at which

axis, if the field is strong enough. To stay trapped we assumeé

. ; _ point simulation data will be used. It should be pointed out

the particle oscillates about the axis=0) and reaches a h i i

: ; " . ere that the same calculation was performed independently
maximum radial positiorir =r) where it turns back. At these . . .

. . . in [14], with the result in a different form.

two points we defineh({y,0)=0 on axis, andp(y,r)=A¢
at the maximum radial position. On axis, the electron has D. Injection mechanisms
its maximum transverse momentumm, besides the neces-
sary longitudinal momentum for trapping,,, for a total

Separatrix

pump
—_—

The next step is to discuss ways to move electrons from
il energy of y=\g+o5 L, where [\ofod s SO he backoround aross e sepsra and e
calculated from Eq(2). At the maximum radius of a parti- . y 9y, Fg. 2.

cussions of laser based accelerators assumed that an electron

cle's transverse motion the transverse component of its M%Bunch would be injected from an external gun, however this
mentum isp, =0, and the longitudinal trapping momentum at has the drawbacks mentioned in Sec. |I. The oscillations of

this point is This gives a final total energy;=p2,+1
P Pz- 9 9Yr=1\ Pz electrons in large amplitude plasma waves take them very

;l;érthat;tsr J_urSt Ifgoun&]ll ég;irle mhms{ir;]:mtr:gngrl:;gmealir:ri?r?gt]i% close to the separatrix without becoming trapped, such that
gy, o physics, 9 only a small impulse is needed to make them cross it.

energy is equal and opposite to thg change in potential erbephasing may arise from a number of sources, such as den-
ergy, A¢=-Ay. Therefore, the equation to be solved is sity variations, ionization, interaction between multiple

Y= vi—Ad. (4) waves, and the ponderomotive force of additional laser
o o ] ] ) pulses. If the density varies, so will,, causing neighboring
Substituting in the initial and final energies, we arrive at thegjectrons to oscillate at different frequencies. This form of
final form dephasing will be mentioned again in Sec. IV due to its
20— = 2_ 2 presence in simulations. In ionization, newly freed electrons
P(r=0) =442+ A¢) +([T5-T. ® may appear at velocities different from older electrons at the
The maximum transverse momentum on axig, that can  same phase, i.e., dephased. Also, the wave may interact with
remain trapped in the wave is related to the depth of thether wake-fields, and the ponderomotive potentials of other
potential wellA¢, and the change in minimum longitudinal laser pulses, causing complicated orbits. These orbits may
trapping as the electron moves off axls, andT',. When  cross the original separatrix, mixing phase space in any case.
A¢, I'y, andl', are measured from a PIC code, EB) gives  The new orbits may be calculated if the combined potentials
a condition for transverse motion in a wake that Ef).had  are known. This situation has been studied for the specific
previously given only for the longitudinal case. One maycase of a wake field overlapped with the ponderomotive po-
estimatep, from the potential in simulation results, an ex- tential of a second pulsgl8]. The results show orbits that
ample of which is plotted in the inset of Fig. 8, which will be connect background oscillation to accelerated forward mo-
discussed in Sec. IV B. tion for the duration of the second, or injection pulse. Re-
As an example assume a wave with phase velogjfy gardless of method, any possible injection scheme involves
=10 and wave amplitude @&=0.7 on axis, then from Eq2)  Egs.(1), (2), and(5). Having selected a trapping method, the
I';=1.0243 andp,;=0.22. As the particle drifts off axis it dephasing and effect on the wake field may be calculated
reaches some maximum radiusu for example, before analytically or numerically. The specific case which follows
turning back toward the center. At this point let the amplitudecan be treated as an example of how to approach any injec-
have decreased t=0.5 so thal',=1.1350 an,,=0.54. If  tion scheme.
the potential difference between this point and the axis is We assume that electrons interact with the injection pulse
A¢=0.3 then the maximum transverse momentum on axishrough the ponderomotive force, the same force used in

056410-3
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deriving Eq.(1). The pulse will dephase electrons via thisin the same direction as the pump pulse, aeocity
potential, distorting the plasma wave and separatrix, causindephased with respect to, and injected into, the wake, field
some electrons to enter the separatrix and become trappeahd will be trapped if inside the separatrix. The local pertur-
Fig. 3. The phase space area with trapped electrons definbation of the injection pulse can also disrupt the phase of the
the emittance of the beam, and is shaded in the figure. Emitvake field, disabling LILAC operation in the third stage.
tance will be discussed in Sec. IV. It is now necessary tdHowever, the propagation velocity of this disturbance is
calculate the ponderomotive force due to the injection pulsenuch less than the phase velocity of the plasma wave. This
in order to describe trapping. In the specific case of transmeans that once electrons are injected into the plasma wave,
versely oriented pulses, the injection pulse is given a Gausshe disturbance will not affect the ongoing acceleration.
ian temporal and spatial profile, described by the pulse width A condition for trapping based on the intensities of the
7, and the beam radius at the focal poigt as well as the pump and injection pulses is necessary. In what follows, we
amplitudeb,. The normalized vector potential for the injec- have developed an analytic theory which provides a simple,
tion pulse,b, can then be written as intuitive model for trapping in one dimension. An electron
b= b1, 1)e ©) receives a drift velocity fro_m the transverse ponderomotive
envit ' force of a laser pulse. If this velocity exceeds the calculated
where bg,(r,t)=bg exd—(r/ro)?lexp(-4[(t-t)/ 7]°} is the threshold at an injection point in the plasma wave, then the
pulse profile,t, is the time the peak of the injection pulse €lectron will be trapped. We first start with the relativistic
crosses the axis, andw is the laser frequency. Helg takes ~ ponderomotive force exerted on an electron, undergoing a
the place ofa, to distinguish the pump from injection pulse, series of plasma oscillations initiated by the pump. Plugging
however they have the same meaning. The focal point of th&d. (6) into Eq.(7), we get

injection pulse is az=0 andy=0. In this specific case, of b2 2 2
the injection pulse is in the direction. The time averaged IFpond = —Ozzme;z{z xp<_ 2—2)}
relativistic ponderomotive force of the injection pulse is de- (1+by2)" 15 o
fined by[19] t—t)?
5 X exp(— 8@) . (8)
1  mec 7

I:pond: T L RA12 4 V b2 (7)

(1+b%) 4 Since, for a propagating pulse,depends on, in order to
Referencd19] and the following calculation assume that any détérmine the ponderomotive force, we should solve the
plasma response to the injection pulse can be neglected. v@guation of motion and find(t). The equation of motion for
feel this is reasonable since the conclusions of this paper afl€ctron’s trajectory is
based on: one, numerical solutions to single particle motion d
that give similar results in Sec. Ill; and two, PIC simulation d—t(ymev) =0qEepw* Fpona 9)
results that contain the full plasma response in Sec. IV. The
results of this section are meant as a guide for the correavhereE,,, is the electric field of the plasma wave in the
order of magnitude. A more complete calculation would needlirection. Noting that the scheme relies on alteration of the
a ponderomotive force containing the full plasma responseglectron velocity distribution, and hence alters the wake
and Ref.[20] contains such a calculation, though for a dif- field, solving this problem exactly is nontrivial. To avoid this
ferent problem. The ponderomotive force, Ef), is in both  difficulty, we first solve the system with the assumption that
the positive and negative directions, producing bidirec- the wake field is a function of only, meaning that the pon-
tional drift motion of the electrons in the plasma wave.deromotive force does not affect the wake, in the simplest
Those electrons that acquire a ponderomotive drift velocitycase. Further we assume that the electron drifts a negligible
distance during dephasing, so that we need not congbi)te
Thus it is straightforward to get an approximate functional
Separatrix form for the change of the dimensionless relativistic momen-
tum A(yB). Using an electron whose plasma oscillation cen-
ter is ro/2 away fromz=0 along the positivez axis, the
ponderomotive force assumes positive maximum value. For
a beam diameter of the injection pulse equal to the plasma
wavelength 2o=\,=wpC, the injection pulse produces

A(yB) = A(yB)odt - to), (10

b2
A(yB)o= (ngIZ)”z \/gexp(— 1/2). (11

Equation(1l) represents the impulse an electron receives by

FIG. 3. Basic profile for optical injection. The injection pulse drifting out of the injection pulse, with thé function being a
dephases electrons in the plasma wave, distorting it and the separghort impulsive kick. Alone this equation only describes test
trix. Electrons cross the separatrix, into the accelerating bucket. electrons with no space charge, or interaction with the wake.

pump
—
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With an idea of which electrons are being dephased, thever we can think of it in more general terms: the change to
proper combination of trapping threshold and injection pulsehe wake'’s potential is essentially equal to the original wake
intensity will lead to the desired trapping threshold. plus the ponderomotive potential. So in this section we have
provided a trapping threshold for a specific injection scheme,
while trying to use a general prescription for analyzing the
E. Injection threshold dephasing of electrons due to a second laser pulse. In order
In order to calculate the injection point in the plasmatO test the concept fully, the threshold will be analyzed via
wave, it is first necessary to define the background plasmasimulation in the following sections.
wave electron motion. We can simply write down the non-

linear oscillatory motion of the electron as follows: Il ANALYSIS OF MOTION OF A SINGLE ELECTRON
YB==(¥Bop(1), (12) The concept is first tested by studying the relativistic
equation of motion for a single electron. The test particle
2=275p(t + 7l wp), (13)  moves within the plasma wave's two dimensional electric
field governed by the numerical integration of E§). The
¢ = dop(t—2zc), (14)  electron is allowed to move in thg-z plane to properly

describe the interaction between the electron and the injec-
tion pulse. Thus Eq(9) is decomposed into thg and z
‘components:

where(yB), andz, refer to the amplitude of the motion, and
p(t) represents the form of the plasma wave. For a low
amplitude linear wavep(t) can have a sine or cosine shape.

In the nonlinear regime it takes a form that is solved for d _q

numerically[16]; nevertheless, it is always a periodic func- dt(ymeﬂy) - cﬁin”i’ (18)
tion. Due to thed function in Eq.(11), the momentum of the

electron experiences a discontinuitytatt. and is dephased d q

with respect to other background plasma wave electrons, a(?’meﬂz) = E{(l — By)Einj + Eepud - (19

(YAt = = (¥B)ob(te) + A(vB)o. (15) We assume the following: the group velocity of the wake
Combining Eq.(11) for the dephasing with Eq2) for the is approximately equal to and is a constant; the quasistatic
minimum trapping velocity, we can ge,,, the threshold approximation; a linear polarization for the injection pulse
value for by, which is required in order to trap the electron along thez axis; no wake is produced by the injection pulse;

for a given ¢(ay), and the plasma channel is one dimensional. The plasma wake
field is generated by solving one-dimensional fluid equations
by, = §[1 +(1+168)12)2, (16) numerically and imported t&.,.
2 First, we verified the validity of the code by comparing it

with analytic expressions farl) the final drift velocity and
(2) the threshold trapping energy. For the calculation of the
) final drift velocity, good agreements are made whmgnis
S= \/:exp(1/2)[(1"2 - )Y+ (yB)op(ty)].  (17)  smaller than 1.3; the deviation starts to occur due to the fact
m that the amplitude of the ponderomotive force in the curve is
For example, withy,=10 anday=1, which corresponds to always calculated at=ry/2. With largeby, the displacement
€=0.7, Eq.(16) predictsby,~0.8. Even though this model z(t) of the electron becomes important and the assumption of
illustrates the essential physics of the LILAC, it is a simpli- maximum ponderomotive force no longer holds. Trapping
fied description because the injection of electrons is assumetireshold of electrons in the plasma wave agrees with(&q.
to occur at the maximum ap where the injection is optimal, for any e. After the validity check, simulations with both
i.e., perfect phase matching. Thus it reveals little informationpump and injection pulse were then performed. Even though
about the threshold’s dependence on the temporal separatitiis analysis cannot provide us with information about the
between the injection and pump pulses, describetl.byet  number and energy spread of the accelerated electrons, it is
t. significantly affectsby, since it provides the synchroniza- still useful to determine the optimal time delay between the
tion between the accelerating phase of the electric field of theump and the injection pulse as well as the threshold inten-
plasma wave and the ponderomotive push by the injectiosity for the injection pulse when the amplitude for the pump
pulse. pulse is given.

As we will see in the following sections, it suffices to In order to follow the motion of an electron in the plasma
predict the needed order of magnitude of the laser pulse inwave, we first assume the plasma channel is one dimensional
tensities. A more complicated version must be solved foin the z direction. This can be justified by using a spot size
numerically. Also, since this same process may be followedor the pump much larger than for the injection pulse. Thus,
for any given laser injection configuration, dephasing can béhe transit time in which the injection pulse crosses the chan-
compared with the trapping threshold to determine if injec-nel is much larger than a plasma periog,nsi> 7). Further-
tion will occur. In our simple model we have added the drift more, the plasma wave is assumed to be free of Landau
velocity from the injection pulse to a single electron, how-damping and any perturbation by the injection pulse. In

where

056410-5
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FIG. 4. A particle oscillating in the background plasma wave. FIG. 5. A particle oscillating in the background with injection.
(@) is B, vst. (b) is B, vs z. Note the Stokes drift iih). The injection pulse changes the motion of the electron. The phase is
incorrect and the particle is not trapped in the waa.is B,vs t.

short, the pump solely determines the behavior of the plasm® 'S £z VSZ

wave. cause of the poor synchronization between the plasma wave
A single electron, with initial conditions for velocity and field and the ponderomotive force from the injection pulse,
position consistent with other background electrons in thehe electron could not obtain the required thrust from the
plasma wave, is allowed to undergo plasma oscillationplasma wave field to remain in the same “bucket” of plasma
along thez axis. Since the excursion distance is on the ordewave and thus was not trapped. Figuréd)5shows this
of \p/ 27 without injection, the motion can be approximated bucket-to-bucket transition of the electron in phase space tra-
by a harmonic oscillator system. In Fig. 4, the motion of thisjectory. Thus optimization of. is crucial in order to mini-
background electron is shown, from a pump pulse veith mize by for threshold operation of LILAC.
=1 having generated the plasma wave. The ratio between the Next, keeping the other parameters fixed, the same simu-
laser frequency and the plasma frequency was 10:1, the sarfaion was done except with,=1.857, which approxi-
as the relativistic factor for the plasma wave, The phase mately corresponds to the maximum of the potential when
space trajectory in Fig.(8) is that of a harmonic oscillator, the peak of the injection pulse crosses thaxis. Figure 6
including the Stokes drift of the particle due to the wave’sshows that electron trapping occurred given this valubyof
finite phase velocity21]. The plasma wave phase velocity was 0©88d the electron
The electron trajectory drastically changes when the inwas observed to pass the trapping threshold velocity and
jection pulse is applied. The peak of the injection pulse arcontinued to be accelerated up to 21 MeV withinrgiQor-
rives atz=0 on thez axis at timet=t.. Again, the pump and responding to an energy gain of 50 keV per micron. The
injection pulse laser frequencies were equal. A valudg.of angular distance produced by the longitudinal ponderomo-
=2.57, was used, corresponding to the negative maximum ofive force of the injection pulse was approximately 0.025 rad
the potential. Alscay=1 andby=1.7 were used respectively after 40r, (corresponding to a distance of 10n off the z
for the pump and injection pulse. As seen in Figa)s5the  axis alongy or a distance ok,). The ratio between thg and
electron was clearly injected into the plasma wave, but bez directional velocities was 0.6%. In order to obtain the
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1 £ (.) 5 FIG. 7. The trapping thresholdy, plotted versus the plasma-
e wave amplitude¢. The dashed line represents the results of Eg.
Lo — : , (16) and the solid one, Eq9). The trapping region is above the
r (b) curves. The results of PIC simulations are shown by the two points;
the error bars are from finite temperature effects. Inggt), vs t;,
- valid only alongy=0.
0.50 Yy ay
r determine the optimal value fag in Fig. 7 (insed. Figure 6
- shows the resulting trajectory of these simulations. Because
i of the periodicity of the plasma wave, the optimum value for
t. also has period;,. Since the variation of; in the simula-
i tion was within, the periodicity oft; is implicitly assumed
-0.51 hereafter. The optimal value was found totpe1.85r,. The
i electron was not trapped sinbg=1.6 was short 0b,=1.7,
i 7 the optimized threshold value. However, it is clear that
—1.0 Lo s =1.85r, is optimal with an injection pulse df,=1.6. Since
-0.20 —0.10 0.00 0.10 0.20 0.30 0.40 0.50 the plasma channel has a finite waist sizés a linear func-

z (A,) tion of y in the channel. This implies that only negx0 will
a given value ot; be optimal.
Figure 7 compares the calculation of Sec. Il and numeri-

cal simulation of Sec. lll. The threshold value fy is plot-

FIG. 6. (a) Velocity of an injected and trapped electron in
LILAC, predicted by Eq(9), is plotted versus time. The optimized

time delay between the pump and injection pulse1.85r, was  teq versus the amplitude of the plasma wave. The solid line
used. With the same parameters as Fig. 5 excefite electron was represents Eq(9) with 74=10 and the dashed line results
trapped and remained in the same bucket until the end of simulaﬁ,om Eq.(16), including consideration df. For a wave with
tion. (b) The phase space trajectory was plottgglys z a higher phase velocity, e.g., a valuegf=100, this theory

maximum acceleration, the electron must remain in thePredicts a larger threshola, since then an electron needs a
plasma channel in the transverse dimension. Although th&tronger boost from the injection pulse in order to be trapped
electron in the above calculation did remain in a 1D plasman the faster plasma wave.
channel(re,, >\, wherer,, is the waist size of the plasma ~ Note the distinct discrepancy between curvespat0.9,
wave), this effect could be a limitation on the maximum where the dashed line goes to zero while the threshold points
acceleration. However, it can be readily removed by the uséom Eq. (9) remain abovey,=1.3. In arriving at Eq(16),
of two colliding counterpropagating injection pulses right atoptimal injection(perfect phase matchipgf a test electron
the center of plasma channel. Given proper temporal ang implicitly assumed. Accordingly, the final drift velocity of
spatial synchronization, their longitudinal ponderomotivethe electron from the injection pulse is independent of the
drifts cancel each other, adding constructively only to aamplitude and phase of the wake. An electron with zero ini-
transverse ponderomotive drift. Alternatively, the radial waketial velocity injected at maximumy can be self-trapped
can be used. To move transversely out of the wake the elegwithout an injection pulse On the other hand, when E@®)
tron needs to overcome the trapping potential, provided thé solved, the injected background electron has a phase dif-
kinetic energy of the electron is large enough for escapeference relative to that of the wake, determined by the delay
Therefore a finite transverse profile helps to keep the bearparametet.. Self-trapping no longer occutat least not in a
aligned with the axis, if the radial wake has a high enoughcold plasma for wave amplitudes below wave breaking
amplitude. by, becomes independent gfas ¢ approaches 1 because
To show the crucial dependencelnf ont,, t. was varied  while it becomes easier to trap an electron it also becomes
within the range of one plasma wavelength in multiple simu-harder to dephase one. These two effects begin to balance
lations. A value ofay=1 and a value ob,=1.6, were used to each other. The electron is easier to trap because of the larger
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TABLE I. A summary of the different simulation sets used in the study of LILAC. Three sets of simu-
lations were performed, each containing seven to ten simulations.

Set Purpose Varied

1 Find optimum wake Aol Ve

2 Test LILAC, find by, Timing between injection pulse and pump
3 Test lack of focusing on trapping Useg=5 um for pump

¢, decreasing the required injection threshold velocity. Inpresent the electron phase space resulting from the simula-
contrast, it becomes harder to dephase an electron oscillatiritpns described.
in a large amplitude plasma wave because the required The pump parameters detailed above resulted from the
change in momentum becomes larger. first set of simulations. The various spot sizes of the pump
were ro=5, 6.5, and 8um; the intensity was varied from
a8p=1.6 to 2.2; and the pulse length was 16.7 or 33 fs, giving
IV. PARTICLE-IN-CELL SIMULATIONS phase velocities of,=5 and 10. The previously published
2D simulations usedy,=5 [10]; however, background
trapping obscured the trapping threshold, though injection
was observed. Therefore background reduction was needed.
were performed[9], as well as initial 2D rung[10]. In For this reason, the phase velocity of the wave was raised

this section, the results of a two dimensional code willl® Y¢=10, thus the need for such a large simulation grid. In

be detailed and compared with the previous data. In all simuiN€ ¢asé 0Bg=2, there was some self trapping of electrons

lations, the pump pulse has a wavelength ofrh, and a from.the background, leading to _the choiceagE1.6. Als.o

pulse length 1Qum, or 33 fs, giving electron densities of 25 discussed in the model section, transverse trapping, or

~10Y° cm3 and - ~,T| wherér, is the laser pulse length focusing of the electrons is necessary in order for trapping
P T :

Therefore, the one and two dimensional simulations may p&P oceur, tr_\erefore the spot siz«_a was varie_d to fi_nd the mini-
compared directly. The pump pulse used a Gaussian spatiglum reauiredro=8 um. The third set of simulations, with

profile with a spot size arrived through simulation, as will beaf)zz'0 and ro=5 um, failed to wrap injected electrons

discussed. The spatial domain size for the simulation waSM¢€ they d_rifted out of the wake a“.ef only a _few microns
5\, in 2D, using a grid of 1024 1024 cells with 5¢ 108 of. accelerathn. Set one will not be discussed in greater de-
particles. The PIC code, callakisTAN [22], is based on the @il but was included for completeness.

same relativistic and electromagnetic algorithm in both one dAnot{?er efLeCth IOO'LEd a; b”.Eﬂyh was trlap_plng duedtoh
and two dimensions. It is fully self-consistent so the vector®d9€ €ffects. A sharp boundary in the simulation caused the

potential satisfiesY -A=0, for Gaussian laser pulses. Two Plasma frequency to change abruptly, going from zero in

changes in the code have been made: a shifting routine wa@cuum to full density in a few microns. Oscillating particles

written to remain in the moving frame of the laser pulse, and"”II see two _frequenmes as they move into the vacuum and
the two dimensional code was moved to a parallel machind €U causing them to be dephased, and possibly trapped.

IBM SP2, using a domain decomposition algorithm. The ba-1 NiS Was studied previously by two other grouj@s]. We

sic simulation code was unchanged, parallelism was addeg['0S€ {© use the solution of Bonnaatial. to remove this

with Message Passing Interfa@dPl) and all interprocessor problem from t_he code, and' moved the particle boundary
communication was hidden inside separate routines. accordingly. This was tested in set one, and removed almost

all background trapping from the simulation. Physical
boundaries this sharp are difficult to achieve experimentally.

To test the principle of optical injection, including the
effect of the injection pulse’s wake, particle-in-cell simula-
tions were performed. Previously, 1D simulations of LILAC

A. Parameters studied

To determine the importance of two-dimensional effects B. Simulation analysis

and to study geometries that do not require the one- Figures 8 and 9 are the longitudinal phase sgagem.C)
dimensional approximation, three simulation sets were rumy z of two different simulations. First, Fig. 8, is a pump
(see Table )l The first varies the pump pulse’'s parameters,pulse alone without injection, using the previously men-
the second studies LILAC, and the third tests LILAC without tioned parameters. Electrons oscillating in the background,
transverse focusing. This paper primarily concerns itself withbut not trapped in the wake, can be seen. The wake's elec-
the results of the second set, where the two pulses start ovearostatic field is plotted also, with a strength of about 70% of
lapped, and then the delay between them is increased. Agsave breaking. The dashed lines represent the separatrix,
before, we use the LWFA with the pump pulse resonant taalculated from the simulated wake’s potential using @9.

the plasma frequency. The specific pump pulse parametefor trapping, electrons must have been moved by the injec-
used areag=1.6,r,=8 um, and7,=10\//c, where\, is the  tion pulse from their initial positions, to a point lying within
laser’s wavelength. Given the spot size, the Rayleigh rangthe dashed lines. The ponderomotive drift received by the
was 180um for 2D. For the injection pulse we use=27,  electrons from the injection pulse exceeds the predicted trap-
and by=2.0 with a spot size ofy;=5 um. In Sec. IVB we ping threshold, so that many electrons should be trapped.
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p,/m.c

p,/m.c

FIG. 8. LWFA only without injection. Shown are the electrons ~ FIG. 10. This figure shows the transverse momenfytmec
oscillating in the backgroun¢points, the normalized electrostatic Plotted as a function of the longitudinal momentyoimec. Elec-
field (solid line), and separatrixdotted ling. The inset shows the trons are plotted as points, diamonds for trapped. The lines mark the
transverse trapping, with the maximupy/mec=6.0, with larger region for electron trapping due to both longitudinal and transverse
momenta drifting out sideways. The crosses mark the positioirapping.
where the injection pulse intersects the pump pulses’ axis in each
simulation of the set discussed. this will be discussed later with individual particle trajecto-

ries. A cross marks where the peak of the injection pulse

Similarly to the longitudinal separatrix, one can take a transcrossed the pump’s axis, corresponding to a cross in Fig. 8.
verse slice of the potential and substitute it into B, thus ~ AS the injection pulse was scanned through the different
yielding the maximum radial momentum for an electron toPhases of the wave, electrons were injected into every bucket
remain trapped in the wave. This is p|0tted in the inset OﬁNlthln the simulation domain, shown in Flg 9. The first three
Fig. 8. To stay within the wake field, given a laser spot sizePuckets were analyzed for every run. A correlation between
of 8 um about the central axis at 38m, an electron can Momentum and position is visible, a characteristic observed
have at mosp,/mgc| <6.0 on axis. in the previous one dimensional simulations mentioned. This
The action of the injection pulse on the wake is shown inchirp in the bunch comes from the electrons having been
Fig. 9. Two sets of particles appear: those in the backgrounthiected over a finite period of time. A large area of phase
and those trapped in the wave. For analysis, trapping wasPace was covered as the wave advanced through different
defined by two characteristics, first if the particles had thePhases, subjecting the particles to remarkably different accel-
necessary forward velocity, and secondly we artiﬁcia"yeration gradients. Therefore after some acceleration, the cor-
picked only those particles in the bucket of interest for analyelation between momentum and position appeared. This
sis, which allowed us to calculate the properties of a singl€hirp opens the possibility of compressing the already short
micro-bunch. In the particular simulation plotted, the injec-€lectron bunch by use of conventional electron-bunch com-

tion pulse filled only buckets after it passed. The reason foPression techniquef24,28. _
Motion in the transverse direction also affects trapping as

T S e R R R RE previously mentioned. The injection pulse traveled in the
positive y-axis direction, and kicked the electrons trans-
50 . a 3 versely, as well as collinear to the pump pulse axis. This was
g E compensated by use of the transverse wake field. Plotted in
40 g E Fig. 10 is the transverse momentypyy mg versusp,/ mec,
% f ¢ for the same simulation plotted previously. Around the point
£ 30 . E (0,0), we see a set of points in the shape of a paratoa
& f © the solid ling, these are electrons oscillating in the back-
=0F E ground. It can be seen that the trapped particles had a much
105_ « 3 smaller transverse velocity than in the longitudinal direction,
with p,/mgc>10 and|py/mec|s4. Set three gave different
0§ PR Y L W S— . results, Iongitut_jinally tra}pped particles drifted out one _side
0 10 20 30 40 50 of the wake field, havingp,>p,. In 2D the separatrix

changes with radius due to the wake profile, so particles
within the separatrix on axis may leave it through transverse
FIG. 9. LWFA with an injection pulse. Electrons trapped and motion, but not Iongitudinally, even after the laser pulse has
accelerated in the wake may now be seen. Note that buckets aftgassed. Since the wake is in the two-dimensional instead of
the one intended for injection are filled due to partially dephased¢he one-dimensional limit the amplitude depends on the spot
electrons bouncing in the wake, and falling behind. Note the crosssize,rq, as well as the pump pulse’s amplitudg, Therefore,
reflecting the relative position of the injection pulse. by making the pump pulse wider in set two, the wake field's

Z (um)
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p,/m.c

p,/m.c

Z (,um) t/Tp

FIG. 11. Injection and acceleration process traced by 40 indi- FIG. 12. Motion of a single electron. The longitudinal momen-
vidual electrons in two buckets. The line with long dashes is thetum p,/mgC plotted as a function of time. A particle trapped in the
plasma boundary, and the dotted line shows the maximum extent dirst bucket is shown irfa), with one from the second i¢b).
the beam oscillations in the trapping potential.

) ) the first bucket. The longitudinal momentum is also plotted
potential well deepens. Enough so that particles no longeg, Fig. 13, but now versuz. The dotted vertical line at
drifted transversely out of the wake, which had decreased thgg um is the center of the injection pulse, showing the
number of electrons in the accelerated bunch. During trapgapned electron initially pushed in the negatiweirection.
ping the electrons have a maximum radius of abowtn.  Figyre 13a) shows the particle from the first bucket starting
The maximum transverse momentum that can be constraingh 5 the ponderomotive force maximum at 271, while
to this radius is plotted with the two horizontal dashed linesyo particle that slips a bucket, Fig. (b comes from a
in Fig. 10 at|p,/m,c|>4.5. So the momentum dp,/mec| region of lesser force. The orbits can actually be calculated
=6.0, calculated earlier using the/8n spot size, is larger ,y"|ooking at how the ponderomotive potential effects the
than needed to keep particles close to the axis. The parabol\l/gave[lg]_ These pictures match reasonably well with Fig. 5

solid Iine_is the minimum longitudinal mome_ntum from Eq. and Fig. 6 from the previous section, showing that all meth-
(2) at a given radius, plotted versus the maximum transversgqg of analysis match each other.

momentum from Eq(5) at the same radius, and depicts the  gina|ly Figs. 14 and 15 deal with transverse motion dur-

absolute minimum trapping. It should be noted that the bean}y the trapping process. Earlier we saw particles oscillate
emittance, calculated later in this section, directly relates tQ,,5,nd the pump pulse’s axis due to their transverse velocity.
the velocity spread inside the lines. We therefore concludgpis motion can again be seen in Figs.(@4and 14b)

that particles will not drift transversely out of the wake field showing the same particles as in Fig. 12, with a dashed line
if the minimum focusing field is applied. The bunches weregq he pump pulse’s axis. Figure 15 diagrams the changing
made up of electrons trapped transversely, as well as longjpngitudinal trapping threshold as the particles move off
tudinally. axis. The solid line is the separatrix on axis from Fig. 8,

Since individual particles in the bunch were identifiable,\ynile the dashed line is the separatrixrat? um. Off axis
the simulation was rerun to trace trapped particles through

their entire motion. This was done for 20 particles each, in

the first two buckets filled in each simulation. The paths of ¢, 3 a)
these electrons are shown in Fig. 11, with the particles oscil- E LE
lating in Y as they accelerate in tl&direction. The oscilla- L 0F
tion’s maximum extent is plotted with the dotted line, giving _124;

Imax=7-0 um, previously used to find the maximum trans-
verse velocity trapped. Figure 12 shows the longitudinal mo-
mentum versus time for two different electrons in the first
two bunches of the simulation shown in Fig. 9. Figurga}2

is an electron in the first bunch, and Fig.(tpin the second.
The electron in Fig. 1@) clearly oscillated in the pump
pulse, and then the injection pulse superimposed on the
background oscillation, after which it was trapped and accel-
erated. The second plot shows a similar scene, except the
electron was not trapped in the first bucket, but bounced once
and fell back a bucket as it moved radially through the FIG. 13. The same electrons as in Fig. 12; here longitudinal
changing separatrix. This bounce centered around a forwanglomentunmp,/mgc is plotted as a function of positiah (a) has the
momentum of aboup,/m.c+1, meaning the electron re- electron trapped in the first bucket with) showing the particle that
ceived a forward kick, but was still outside the separatrix forbounces before becoming trapped.

24 26 28 30 32 34
Z (um)
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FIG. 14. The same electrons as in Fig. 12 are plotted; here o )
transverse positiolY is plotted as a function of timea) has the FIG. 16. Beam characteristics as a function of delay between the
electron trapped in the first bucket with) showing the particle that Pump and injection pulses. Shown &agnumber of electrons in the
bounces before becoming trapped. The dashed line represents tAdnch.(b) average energy of the bunafe) longitudinal emittance,
axis of propagation for the pump pulse. and(d) transverse emittance. The first bucket is diamonds, second

triangles, and third squares.

the minimum trapping momentum ig,/m=2.5 instead
of 0.5 so an electron needs 1 MeV more energy to be trapped

atr=7 pm than on axis. The particles most strongly inter-electron sources. First, the trapped particles mentioned pre-
acted with the injection pulse at a time 0f3.77, in both  yjgusly in Sec. IV B can be converted to a number of real

Figs. 14a) and 14b) were knocked off axis and then sub- ejectrons in each bunch. Next, the bunch can be statistically
jected to the higher trapping threshold in Fig. 15, the dashed 5764 for the average and standard deviation of the quan-

line. Both particles can be seen to bounce back toward thﬁt'es- Bunch spot size and lenath are th
center in Fig. 14, and the lower trapping threshold of the 168- ZY:P2Py. BU pot siz g ¥ oy

solid line in Fig. 15. However, the particle in Fig. (b4 was and| =2a, respectively. The average energy for each bunch

overtaken by the wave and slipped back a bucket beforé taken frompz, with an e_n ergy spread prz/ P and_Apy
for the divergence. Figure 16 shows characteristics for

being trapped. To be trapped, the particle’s phase needed Td’» . o ) i
be at the minimum of the separatrix, and also on axis at théhe beam as a function of pulse timing, with each point cor-
deepest part of the well. If both criteria are not met, then ndesponding to a cross in Fig. 8. To do this, we used the
trapping occurs. emittance, a common quantity used to examine a particle
beam’s quality, with both longitudinal and transverse emit-
tances in two dimensions. Basically, they represent the vol-

Now that it has been shown that an electron beam can beme of phase space occupied by the beam. In this paper, the
injected, it is relevant to compare the beam with existingvalues reported are the rms emittances, given the method of
statistical analysis.

In the transverse direction, thg-y plane, this volume
determines the angular spread of the beam, and the spot size.

C. Summary and comparison

4

3 ] In the transverse case we calculated the normalized emit-
1 tance by
o, g
& 2 :
a ]
E 3 Ap
N 1 e, 0= TYBAre—, (20)
E ] Pz
OE ...... | IR | PRI PN B n .IEw
0 10 ZOZ ( m?o 40 50 wherer, is the spot size of the beam, amy and p, are
M

the transverse and longitudinal normalized momepiayc.

FIG. 15. The minimum trapping threshold, or separatrix. The!n the 2D simulation presented, this quantity had a value
solid line reflects the minimum momentum needed to trap an elecof 1—2m mm mrad, and was found to be constant over
tron on axis with the pump pulse. The dashed line is the thresholthe simulation. The best rf guns have a value of
for the electrons at a radius of,,,=2.5 um from the axis. ~1 7 mm mrad, on the same order of magnitufizs].
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TABLE II. Typical parameters for an electron bunch created with LILAC. The numbers for LILAC
represent three microbunches clustered together.

Photoinjectors fronj25] SMLWFA LILAC
Energy 10 MeV 1-100 MeV 20 MeV
Spread 0.2-0.5 % 100 % 20 %
Bunch length 1-10 ps <2 ps 10 fs
Total charge 1-3nC 1nC <10 pC
Rep. rate ~10 Hz 10 Hz 10 Hz
Accel. field >100 keV/cm 2 GeV/cm 2.3 GeV/cm
Accel. length >1m 800um 400 um
£ | n=myB2ro(py/ p,) (1-57 mm mrad 1.% mm mrad ~27 mm mrad
Peak current ~1 kA 500 A 200 A
Avg. current ~100 nA 2 pA 100 pA
Norm. bright. 2< 1018 A/m? rac? 4x 1018 A/m? rad? 5% 10" A/m? rad?

The previous set of simulations iM10] had &,,, the references ifi25]. Looking at these values it can be seen
=0.3 7 mm mrad due to smaller volumes and larger accelerthat LILAC compares well, with the exception of bunch
ating fields. number. However, the peak currents are comparable since
The bunch had about>310’ electrons in it, fewer than in  the pulse duration is so short. The parameters for this simu-
1D [9]. The spot size of the electron bunch turned out to bdation were chosen to match initial experiments, not optimal
smaller than the pump pulse due to the need to keep thelectron gun performance. If beam charges of less than 10
electrons near the pump’s axis. This change accounts for thgC are undesirable, then other parameters may be explored
difference between the 1D and 2D simulations. At the latestor LILAC’s pulses. Additionally there are many applications
point in time of the simulation the electrons had an averagevhere ultrashort bunches are advantageous, such in high-
energy of 20—25 MeV, and a relative energy spread of aboutnergy physics, free-electron lasers, and ultrafast science.
20%. This spread in the energies is consistent with the aforéFhe two dimensional simulations again show that LILAC
mentioned change in the accelerating gradient over thaorks in theory, and produces a beam of excellent quality.
bunch length. If the electrons are accelerated to higher ener-
gies this value will decrease, for instance at 100 MeV it
would be only 4—5% sincAE is roughly constant. We will V. CONCLUSION

represent the longitudinal emittance by the integral Using both analysis and simulations, we have fully ana-

lyzed a concept for linear acceleration of electrons, in which
8|:3g dp, dz. (21) a laser optically injects electrons into a wake-field plasma
wave. Starting with a general analysis of the processes in-
This quantity represents the volume of phase space filledolved, one particular geometry was studied. The analysis
longitudinally by the beam, representing the energy spread agas then compared to two different simulation techniques
well as the bunch length. It was also observed to have beenthat returned similar results. In this way, a single ultrashort
constant of the motion, with a value from the simulation of (9 fs) electron bunch can be trapped and accelerated up to
(1-2x10°eV s. The longitudinal emittance is again the multi-MeV energies in a millimeter distance, a particularly
same or better than current devices. This is partly to do withattractive attribute for use in many applications. By permit-
the bunch length on the order of@m (9 fs). Even with a  ting femtosecond synchronization and micrometer spatial
large energy spread, the area in phase space will be smallerlap between the phase of the plasma wave and the injec-
with such a short bunch length. It should be noted that as thBon pulse, this technique obviates the problems associated
number of particles fell off when the timing between pulseswith the alternative, attempting to combine conventional and
was increased, the other bunch characteristics remainddser-plasma accelerators. From PIC simulations we are able
roughly constant. At the largest spacing between pulses th® conclude that this short bunch has characteristics compa-
injection pulse began to overlap the plasma vacuum boundable to current technology and may possibly be compress-
ary, and once again created trapping from the boundaryble to very short lengths. Also we have come to the conclu-
therefore the last two points in Fig. 16 diverge drastically,sion that, in the case of orthogonal beams, the radial wake is
and should be ignored. a necessary part of trapping. Though this particular geometry
Table II summarizes the typical characteristics in theof injection pulse may seem to create a large transverse emit-
simulations, and compares them with two other sources. Onence in the accelerated bunch, the predicted beam quality is
is based on a current experiment using an instability to geneompetitive with photocathode rf guns under development.
erate electrongg], the self-modulated laser wake-field accel- Parameters consistent with currently existing lasers have
erator(SMLWFA). The other comparison is a compilation of been used in the analysis.
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