Design Considerations for Plasma Accelerators Driven by
Lasersor Particle Beams

C. B. Schroeder, E. Esarey, C. Benedetti, Cs. Toth, C. G. Rd€eand W. P.
Leemans

Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA

Abstract. Plasma accelerators may be driven by the ponderomotive fafran intense laser or the space-charge force of
a charged particle beam. The implications for acceleragsigth and the different physical mechanisms of laser-drared
beam-driven plasma acceleration are discussed. Drivgagaiion is examined, as well as the effects of the excitashph
wave phase velocity. The driver coupling to subsequentnmdaaccelerator stages for high-energy physics applicaii®n
addressed.

PACS: 52.38.Kd, 52.40.Mj

INTRODUCTION

Plasma-based accelerators have attracted considersiéat owing to the ultrahigh field gradients sustainable
in a plasma wave, enabling compact accelerators. Thed#&/igtla plasma waves may be excited by the nonlinear
ponderomotive force of an intense laser or the space-cliarge of a charged particle beam.

Laser-driven plasma accelerators (LPAs) were first proghvs£979 by Tajima and Dawson [1]. (For a recent review
of laser-plasma acceleration, see Ref. [2].) At the timéltdser-plasma accelerators were proposed, the techntogy
produce intenseX 10" W/cn?), short-pulse (sub-ps, the duration of the plasma peras#)s did not exist, so beating
two long laser pulses to produce the required temporaltstreigvas considered (i.e., the plasma beat wave accelerator
[3]). Chirped pulse amplification was developed in the m@8Q’s [4], making sources of intense, high-power lasers
available, and the field of laser-plasma acceleration haeflited greatly from the rapid advances in compact high
peak power laser technology over the last decade.

The basic mechanism for acceleration by particle beanedgNasma waves was first analyzed by Céet. [5]. In
beam-driven plasma accelerators, or plasma wakefieldexetets (PWFA), the electron plasma wave (space-charge
oscillation) is created by a charged particle beam disptaelectrons in a neutral plasma. The PWFA mechanism was
experimentally demonstrated in the late 80's in a set of ewpnts at ANL [6], where a witness bunch was delayed
to map the plasma wave excited by a drive beam. Beam-drivaamyal accelerators have benefitted greatly by recent
improvements in linac technology that allow the productidhigh density beams of ultrashort ps) durations.

There has been significant recent experimental success lasiers and particle beam drivers for plasma acceler-
ation. In particular, for LPAs, the demonstration at LBNLAA06 of high-quality, 1 GeV electron beams produced
in approximately 3 cm plasma using a 40 TW laser [7]. In 2007 FWFAs, the energy doubling over a meter to
42 GeV of a fraction of beam electrons on the tail of an electvream by the plasma wave excited by the head
was demonstrated at SLAC [8]. These experimental succassesresulted in further interest in the development of
plasma-based acceleration as a basis for a linear coléddrpreliminary collider designs using laser-drivers [@], 1
and beam drivers [11] are being developed.

Laser-driven excitation of plasma waves uses the nonlipeaderomotive force (radiation pressure) of an intense
laser. Beam-driven plasma waves are excited by the spageforce of a dense charged-particle beam. These two
different physical mechanisms of plasma wave excitatisnwell as the typical characteristics of the drivers, have
implications for accelerator design. In this proceedirgsgr, we discuss the similarities and differences betwesew
excitation by lasers and particle beams. In the followirgjdfstructure of the plasma wave driven by lasers or particle
beams is discussed, as well as the regimes of operatioat(larel nonlinear) and the operational plasma density for
the plasma accelerator. Driver propagation is discusseid,driver coupling to subsequent plasma acceleratorstage
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PLASMA WAVE EXCITATION

Although large amplitude, relativistic plasma waves cardbeen either by electron beams or laser pulses, the
physical forces that drive the wave are different. Consilderelectron plasma density perturbation excited by a laser
or beam driver. Combining the plasma fluid momentum equaptasma continuity equation, and Gauss’s law, in
the linear regime, the electron plasma density perturbatian initially uniform plasma takes the form of a driven

harmonic oscillation X )
— 4w | —=—-wi— +c0°— 1
<0t2+ p) No pn0+ 27 ( )

wheren is the plasma electron density, the ambient densityw, = (47Tn0e2/m)1/2 is the plasma frequency the
electron mass;-e the electron chargey, is the beam density, anal= eA/mc? is the normalized vector potential
of the laser. The drive term [on the right-hand side of Eq] ¢an either be an electron beam or a laser pulse. As
seen from Eqg. (1) there are some common features of beamrdaind laser-driven excitation. For example, the
accelerating bucket size is given by the plasma wavelehgth 2ric/w,. The wave excitation is most efficient for
driver durations less than, or on the order of, the plasmegeifhe phase velocity of the wave is determined by
the driver velocity. And the characteristic acceleratimggdfifor large density perturbations £ ng) is on the order of
the cold nonrelativistic wavebreaking fiell~ Eq = mcwp/e. For example, a plasma density of'@m~3, yields
Ap ~ 33 um andEg ~ 96 GV/m,; this field is approximately three orders of magnétggieater than that obtained in
conventional linacs.

Although, from Eq. (1), excitation of the plasma densitytpdsation from either beam or laser drivers appears
equivalent, the field structure is different. Consider anbehiver @ = 0) in the linear regime; the longitudinal and
transverse fields are, assuming cylindrical symmetry andlayrrelativistic drive beam, [12]

E,/Ey= K [ A2’ [ 'dr"cosfkp(Z ') Tofkot <Kol e(r", )/, @
(Er —Bg)/Eo— —kg/dz'/r’dr'sin [ko(Z — 2)] 11 (Kor < )Ka (KpF > ) (', ") /o, 3)

where{ = z— ct is the co-moving variable,. (r-) are the smaller (larger) afandr’, andl, andK, are modified
Bessel functions of the thkind. Equations (2) and (3) indicate that the radial extéthe beam-driven wakefields is
given by the larger of the plasma skin degjt and the beam radius. For narrow bunchesy < 1, wherery, is the
beam radius) the fields extend a skin depth independent Gighe size.

For a laser driverr, = 0) in the linear regime, the fields are given by [13]

E/Eo— — / dt’sin [cop(t — )] Cla?(t') /2. )

The radial extent of the fields driven by a laser is on the oofiéhe transverse laser intensity profile, i.e., the laser
spot size. Transversely, the laser ponderomotive forcetsrohined by the local gradient in laser intensity, whereas
the fields of a narrow beam driver always extend a plasma sthd As discussed below, this fact has consequences
if shaping the transverse fields (controlling the focusimigés) are required.

Itis desirable to have independent control over the acatihey and focusing forces in an accelerator, i.e., one would
like to independently tune the focusing forces for matchesh propagation. For a given normalized emittasacand
beam energyy, the matched spot size of the beamys= (&n/kg yb)l/z, wherekg is determined by the focusing force

F/(ymc?) = —kf;r. For a laser driver, the transverse focusing force is detmd) from Eq. (4), by the local transverse

gradient of the laser intensify 0 d,a%. Hence, by shaping the transverse laser intensity prdfileamplitude of the
focusing force can be controlled. In practice this may beedmyncombining higher-order laser modes (which can all
be guided in a parabolic plasma channel) [14].

Since the self-fields of the beam extend a plasma skin depsiiape the transverse fields in a beam-driven plasma
wave requires using a broad beam such that the beam radiasisskin depth&pry >> 1. In this situation, the return
current passes through the drive beam, and, hence, the lsesumbject to filamentation instability [12]. Temporal
growth rates for the beam filamentation instability are giweRef. [15].

Most present experiments in beam-driven or laser-drivesrph acceleration do not operate in the linear regime,
but in a highly-nonlinear regime. This nonlinear regimehamacterized by expulsion of plasma electrons from behind
the driver and formation of a co-moving cavity. This regimaswiirst analyzed by Rosenzwedgal. [16] for beam
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FIGURE 1. Left: Plasma wave excitation in the nonlinear regime: (a) ebecttensityn/ng, (b) axial electric fieldez/Eg, ()
transverse electric fiell; /Eg. Laser withag = 3.5, kprg = 5, andkpL = 1 is propagating to the right [centeredkg(z— ct) = 0].
Positron acceleration and focusing only possible in edectiensity spike at back of the cavity(z— ct) ~ —6. Right: Plasma wave
excitation in the quasi-linear regime: (d) electron densitng, (€) axial electric fielde;/Ep, (f) transverse electric field, /Eo.
Laser withag = 1, kprg = 5, andkpL = 1 is propagating to the right [centeredig(z— ct) = 0]. Nearly symmetric regions of
focusing and acceleration for both electrons and positiogsiasi-linear regime. Numerical modeling shown in (g)pérformed
using INF&RNO [19].

drivers. This nonlinear regime has several attractiveufest for electron acceleration. In particular, in the gavit
the focusing forces are linear (determined by the ion dgnéli; — Bg)/Eo = kpr /2, and the accelerating forces are
transversely uniforne,/Eq = kp{ /2. The condition for cavity formation, referred to as theviplout regime, is that
the beam density be greater than the plasma densityng, the beam dimensions be less than a skin degih< 1
andkpL < 1.

It was later discussed [17, 18] that this cavitated reginre alao be accessed with a laser-driver, and for laser
drivers is referred to as the bubble regime. The conditicentier this regime using a laser driver is that the nonlinear
ponderomotive force balance the space-charge force ofatfeeiinsk; 202 (1+a%)%/2 ~ n/ng — 1, or, for a Gaussian

pulse profile,a?/(1+ a?)%? ~ k2r3/4. Therefore, for laser-drivers, by increasing the lasterisity, the nonlinear
bubble regime can be accessed. Note that one can also estezghme by using a sufficiently tight laser focus to
produce a large transverse ponderomotive force. Figupe(jeshows a laser-plasma accelerator entering the bubble
regime. As the laser intensity increases, the regions efing and defocusing of electrons become highly asymmetric
This is shown in Fig. 1(c). This asymmetry in the wake may bésaue if acceleration of positrons are desired for
high energy physics applications. Positrons can be aatelband focused on the electron density spike at the back of
the cavity [cf. Fig. 1(a)], where the attractive properiiéshe nonlinear bubble regime are lost. As the plasma wave
becomes more nonlinear, the phase region where positreteaation and focusing is possible becomes narrower.

By reducing the laser intensity, the laser-plasma acdeleemters the quasi-linear regime, as shown in Fig. 1(d)—
(). In the quasi-linear regime the fields are nearly symiodtr electrons and positron acceleration and focusing.
In addition there is no self-trapping, stable laser profiagaan be achieved in a plasma channel, and the transverse
focusing forces can be controlled via the transverse lasensity profile as discussed above.

Accessing the linear regime of beam-driven plasma acdelsra(to facilitate positron acceleration) re-
quires Ez/Eq < 1. Assuming a bi-Gaussian electron beam wkpr, < 1, the solution to Eq. (2) is

~

Ez/Eo ~ v/2m(ny/no) (kpL) exp(—k3L?/2) (kpr)?In(1/Kprp) O Npn'/2. Hence operating in the linear regime re-
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quires low plasma density or low beam charge. For fixed buhelnge (i.e., fixed driver energy to be transferred to a
witness bunch), operating in the linear regime requiresgtagma densities. Lower plasma densities result in smaller
accelerating gradients, = 2EokpreNp In(1/kpry) O Np/L? O Npn 0 1/Np,.

In the nonlinear blow-out regime of PWFA, particle-in-cglhulations have shown [20] that the linear beam length
scaling for the accelerating gradient holds in the nonlimegime, namelyg, [0 N,/L? 0 Nyn, assuming the resonant
conditionkpL ~ /2 (i.e., optimizing the beam length). The operational dgrisi the nonlinear blow-out regime is
determined simply by the availability of short drive bunsh&nd the size of the accelerating field is proportional¢o th
plasma density. For example, given a3t beam length, indicates one should operate 40!’ cm~3 to maximize
the accelerating gradient.

The energy gain in a beam-driven plasma wave is given by tmesformer ratioR = Ay/ Varive, WhereAy is
the energy gained by an electron at the peak of the accelgrigld andyg;ive is the energy in the drive bunch.
Under general considerations [2H,< 2 for plasma waves driven by symmetric beams. Higher tramsfo ratios
may be achieved by using asymmetric beams to drive the wakgarticular, transformer ratios witR > 2 can be
achieved using a longgL > 1), ramped beam (i.e., triangular bunch with low densityhathiead), or, equivalently,

a train of bunches with increasing charge. A higher tramsésrratio enables a more compact accelerator via the
use of lower energy drive beams (potentially produced froralker conventional accelerators). Appropriately shaped
ramped bunches have been produced experimentally [22]gsasrramped bunch trains [23]. Experiments using
a ramped bunch train in a dielectric-loaded wakefield acatde have demonstrated high transformer ratios [24].
One limitation with using long beams for high transformetias, is that long beams are subject to instabilities,
and, in particular, the electron-hose instability [25,.Z6he growth rate of the electron-hose instability scales as

MMhose~ ygl/e(wpt)1/3(ka)2/3, indicating that the most effective way to suppress hosirnig ieduce the bunch length.
In a laser-plasma accelerator, the energy gain is limitethbylaser energy depletion length. The laser depletion
length [27], for fixed laser intensity, scaleslas] n—%/2. Since, for fixed intensity, the accelerating field of thespia
wave scales ak, ~ Eg 0 n'/2, the energy gain in a single laser-plasma acceleratorsedta plasma density as
Ay ~ E;Lg O n~L. Achieving higher energy gains in a single laser-plasmalacator requires going to lower density,
lower gradient, and longer interaction lengths. Presesdrialasma accelerator experiments typically rely on self
trapping of plasma electrons. The self-trapping threslmidetermined by the phase velocity of the plasma wave
[28]. In contrast to beam-driven plasma waves, the phaseiglof the laser-driven plasma wave is a function of
plasma density, and for fixed intensity, the Lorentz facfahe phase velocity scales gs~ wy/wp O n—1/2 where
wy = 211C/ A is the laser frequency. Hence, to achieve high energy gemnsines operating at low plasma density,
and, as a consequence of the increased phase velocity, amimg form of triggered injection. Several methods of
trigged injection are actively being explored, such asdiolj pulse injection [29, 30], using plasma density grathe
[31, 32], and ionization injection [33—36].

DRIVER PROPAGATION AND COUPLING

Plasma-based acceleration can be limited by the lasemplas beam-plasma interaction length. This interaction
length may be set by either the characteristic propagai&tarnte of the driver, or driver-plasma instabilities. Bor
beam-driver, the characteristic scale length for beamutienl is the beta functiof = yrg/sn, over which the beam
diverges. In the nonlinear blow-out regime, the body of tearh may be self-guided in the cavity, but the head of
the beam (outside the cavity) will continue to diverge, lagdo beam head erosion. The rate of head erosion will
be proportional to the beam emittance. A straightforwatdt&m to extending the beam-plasma interaction length is
to use a low emittance beam. For example, using a beam witbraegec emittance of,/y, = 1071° m-rad and a
10 um beam radius, yield8 = 1 m.

A tightly focused laser diffracts, and the length over whileh laser diffracts is the Rayleigh range = mg//\o,
whererg is the laser spot size ang is the laser wavelength. In the nonlinear bubble regimepthdy of the laser
may be guided in the cavity, but the head of the laser will biside the cavity and will continue to diffract, leading
to erosion of the head of the laser. The Rayleigh range i€#jlgithe shortest length scale for laser evolution. For
exampleZgr =2 mm forrg = 25 um andAo = 1 um. The geometric emittance of the photon beam is fixed by gerla
wavelength, and therefore some form of external guidingtlhegmployed. Preformed plasma density channels (i.e.,
tailoring the transverse plasma density profile such theretlis a density minimum on axis) have been successfully
demonstrated as an effective mechanism for guiding a ladee [j37—39]. Hydrogen capillary discharge waveguides
[40] have been used to generate long (few cm), low density (i@ cm~3) plasma channels suitable for producing
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high-energy beams in a laser-plasma accelerator [7, 41].

The phase velocity of the plasma wave is approximately equhk driver propagation velocity. The velocity of the
beam driver is typically ultra-relativistic, e.g6 = yp ~ 10*. These large phase velocities have several advantages: no
trapping of background plasma electrons (dark curren} fresgligible slippage between the drive and a witness bunch
and reduction of beam-plasma instabilities (i.e., a stifvet). For laser-driven plasma waves the phase velocity is
rather low. The laser driver propagation velocity is apjmately the driver velocity, and using = 1 ym wavelength
in typical plasma densitigs~ 10'"-10"° cm~3, yy &~ y, ~ 10-100. This relatively low plasma wave phase velocity can
allow trapping of background plasma electrons as discugsdbeé previous section. The low phase velocity also results
in slippage between the plasma wave and the beam. The distaec which the beam slips from an accelerating to
a deceleration region of the plasma wave, or dephasingHergitqpn ~ Apyg. This slippage may limit the energy
gainAy O yg One solution to slippage is to taper the plasma densityitodigally [42, 43], i.e., on the scale of

the dephasing length, slowly increase the plasma denséggeby decreasing the plasma wavelengii] n-%/2 and
maintaining the phase of the beam in the plasma wave. Byritagidhe plasma both transversely (for laser guiding)
and longitudinally (for beam-wake phase-locking) botHrdiftion and dephasing may be overcome. In this case the
single stage energy gain in a laser-plasma acceleratoniietl by laser energy depletion.

For fixed driver energy, increasing the beam energy requsi@ging plasma accelerators. The total size of the
accelerator will be determined not only by the length of tteesma accelerator, but also by the distance to couple
a new driver into subsequent plasma accelerator stagesideoran accelerator stage consisting of the plasma
length and the driver-coupling distand&tage= Lcouplet Lpiasma The total length of the accelerator will gy =
Nstagd-stage= (Winal/Wstage (Lcouple+ Lplasma, WhereWsna is the required final energy atiksiageis the energy gain
per stage (approximately the driver energy). Minimizing #ftcelerator length and maximizing the geometric gradient
requireslcouple S Lplasma FOr example, coupling a 25 GeV beam into a plasma while preserving beam quality,
requires~ 100 m. Coupling tens of J of laser energy, while avoiding dgerta optics, requires several meters using
conventional focusing optics. A laser-driver may also bednpled using a plasma mirror [44, 45]. A plasma mirror
uses an overcritical plasma created on the surface of a eilewmaterial (tape or liquid jet) by the foot of an intense
laser pulse to reflect the body of the laser pulse. Using an@asirror, laser-driver in-coupling may be achieved in
< 10 cm. Using laser-drivers offers the potential of ultrdhayerage or geometric gradients of the staged plasma
accelerator [9, 10].

Note that given a driver of sufficient energy, coupling aiddial drivers would be unnecessary. For example, in the
case of a high-energy beam-driven accelerator, a protam leeald be accelerated to TeV energies in a conventional
circular accelerator, and used to drive a plasma wave,feaing a large fraction of its energy to a plasma wave in a
single stage [46].

In the case of a laser-driven plasma accelerator, even vgitiffi@iently high energy laser driver, staging is desirable
to maintain high accelerating gradient. As discussed ghmisaining high energy in a single laser-plasma accelerato
requires operating at low plasma densitiage ] 1/n, with longer plasmas pjasmall n%2 and lower accelerating

gradientsE, [ n'/2. A more compact accelerator design (with higher averagdigmg would use multiple high-
density, ultrahigh gradient laser-plasma acceleratgest§l0].

SUMMARY AND CONCLUSIONS

In this proceedings paper we have discussed some of theagies and differences between plasma acceleration
using laser drivers or particle beam drivers. Althoughtase/en and beam-driven plasma acceleration are equivvale
in some aspects, there are some fundamental differenceartka from the physics of the excitation mechanisms.
For the case of the laser drivers, excitation is from the inear ponderomotive force, and for beam drivers, from
the space-charge force. The different physical mechaniaswell as the typical characteristics of the drivers, have
important implications for the design of plasma-based lacators.

The field structure of the plasma wave can be strongly depegmatethe driver. For example, in the linear regime,
the fields of a tightly focused electron beam extend at leatigma skin depth, independent of the transverse bunch
structure, and therefore shaping the transverse fields apirsth the drive bunch is problematic. In contrast, the
transverse fields of the laser-driven plasma wave are detedby the local transverse gradient in laser intensitg, an
therefore the transverse fields (and the focusing forcespeacontrolled by controlling the transverse laser intgnsi
profile.

The nonlinear cavitated regime can be accessed by eitheara ever or a laser driver. In this regime the phase



region where positron acceleration is possible is greatliiced. For beam-drivers of fixed charge, operating in the
linear regime requires using low density (and consequéailyaccelerating gradient). The accelerating gradient of
the beam-driven plasma wave scale&a8 1/L2, and, hence, the operational density is determined by thitaality

of short particle beams. The operation density for laseedrplasma waves is determined by the laser pulse energy
and laser depletion length.

In practice the phase velocity of the beam driven plasma veatypically much larger than the phase velocity of the
laser-driven wavey, > . One consequence is the potential for self-trapping of iemind plasma electrons in laser-
driven plasma accelerators. Another consequence is ghppatween a relativistic withess beam and a laser-driven
plasma wave. This slippage can limit the energy gain, anshpdetapering may be used to overcome this limitation.

In this paper, we have discussed PWFAs driven by electrombelasma waves may also be excited by positrons,
where the driver attracts electrons in an initially neupdabma creating a space-charge oscillation [47]. Protamise
are also being actively considered for plasma wave exait§i6]. The challenge for proton beam drivers is generating
short (on the order of the plasma period) proton beams tanesgly excite large plasma waves. PWFAs driven by
electron beams have received the most attention becauke afailability of high average and peak power electron
beams for drivers.

Minimizing the driver coupling length is also essential taged plasma accelerator design. In a multi-stage plasma
accelerator the size of the machine (and the average/geometdient) will be determined by the distance to couple
a fresh driver into subsequent stages. Lasers offer thélgildgsof short coupling distances, commensurate with the
plasma length, enabling ultra-high average/geometridigrais for the multi-stage plasma accelerator.

In this paper we have also focused on accelerator propentigisg from plasma physics, and not addressed the
driver technology. It should be noted that high-power, hefficiency, high repetition rate charged particle beams are
presently available from conventional accelerator systéphe footprint of such a conventional accelerator system
(e.g., using S-band linacs) is large. The footprint may kced, for example, by using X-band technology to
accelerate the drive beams and beam shaping to yield a laigsfarmer ratio. Significant R&D is required to realize
high transformer ratiodR > 2) with stable beam propagation in beam-driven plasma ecatelrs.

Presently, the laser technology exists to deliver inteakert laser pulses, e.g., tens of J of laser energy in tens
of fs (i.e., PW peak power laser systems), operating at 1-A08tdch a PW laser system occupies a small footprint
(<10mx10m in area), and is capable of delivering electron beants eviergies up to 10 GeV. High average power
and high-efficiency lasers are under development, and $ys¢éems using diode-pumped ceramics show promise for
greatly increasing the efficiency and average power of ghade laser systems [48].

Several new accelerator experimental facilities are uedastruction worldwide to explore the physics of these
excitation mechanisms and to develop plasma accelerdwwossuch facilities, BELLA (Berkeley Lab Laser Accel-
erator) [49] and FACET (Facilities for ACcelerator scieranel Experimental Test beams at SLAC) [50] have been
reported at this workshop and show great promise towardailvg the development of plasma accelerators.
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