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A vacuum beat wave accelerat®/BWA), in which two focused laser beams of differing wavelengths
generate a beat wave that can impart a net acceleration to particles, is analyzed and simulated. The mechanism
relies on the ponderomotiv@ X B) force, thus circumventing the so-called Lawson-Woodward theorem. No
gas, plasma, or other proximate material medium is required to achieve a net energy gain. The single-stage
energy gain of the VBWA is limited by diffraction of the laser beams, particle slippage, and radial walkoff. In
the simulations the particles are synchronous with the beat wave for a short interval of time and the energy gain
has the nature of an impulse delivered near the focal region. Simulations show that the problem of radial
walkoff may be ameliorated by using a converging beam of particles, as naturally occurs for injection of a
finite-emittance beam. For terawatt-level laser beams, with wavelengtim &and 0.5um, and a 4.5 MeV
finite-emittance electron beam, the energy can be increased205 MeV in a nonsynchronous interaction
over a distance of under 4 mm, with a peak acceleration gradids GeV/m and an estimated trapping
fraction of ~1%. The simulated energy gain is compared with analytical predictions. Scaling is illustrated by
increasing the injection energy to 50 Mef51063-651X97)03704-3

PACS numbd(s): 29.27—-a

[. INTRODUCTION The simplest method for direct acceleration utilizes a
single laser beam. Plane electromagnetic waves are not suit-
Advances in the development of high power lasers conable for direct acceleration since the longitudinal electric
tinue to spur new concepts for acceleratfity There is a field componentalong the direction of propagation, taken to
need for radically new approaches with the potential for acbe thez axis) is zero. In three dimensions, however, a fo-
celeration gradients considerably larger than thd00 cused laser beam will have a finite longitudinal component.
MeV/m typical of proposed next-generatiotband linacs. It follows from Gauss’s theorem that, in general, the longi-
Energetic electrons have been observed in a number of lasexdinal field E, is related to thdominanj transverse elec-
driven plasma beat wave and wakefield experim¢@ts9] tric field E, throughdE,/9z=—V,-E,, where the suffixL
and peak gradients 6100 GV/m have been inferrdd]. If denotes the transverse component. Higher order Gaussian
such an acceleration gradient could be sustained-fth m,  beams, in whiclE, is zero along the axis andE, is non-
a TeV electron beam would be produced. This would essereero, have been analyzed as possible candidates for vacuum
tially remove site development problems associated witHaser acceleratiofl0—16. Alternatively, a similar electric
conventional acceleration schemes. However, laser-basdigld configuration near the axis can be produced by inter-
plasma acceleration schemes face a myriad of challenges thedcting two laser beams at finite anfle8—15.
must be overcome before any of these schemes can be con-The existence of a longitudinal electric field is not suffi-
sidered practical. Some of the difficulties lie in the fact thatcient for a viable acceleration scheme. It is also necessary to
the plasmaor gag medium, needed to support the acceler-ensure that the accelerating field can interact with the par-
ating slow waves, may be susceptible to instability or induceicles synchronously over an extended distance. In particular,
scattering. Additionally, since acceleration of positrons is ahe phase velocity,, of the accelerating field must be close
sine qua nonn lepton colliders, their rapid annihilation in a to the longitudinal particle velocity3, over a sufficiently
plasma or gas could be problematic. long interaction distance, whe@=v/c denotes a velocity
An alternative approach to particle acceleration is to makenormalized to the speed of ligitt vacua In the absence of
use of laser beamim vacuoin the far-field limit, i.e., in  phase matching, particles slip relative to the laser field, lim-
regions that are facompared to the vacuum wavelength iting the distance over which acceleration takes place. In
from boundarieq10-18, thus mitigating material break- far-field accelerators phase slippage occurs because the lon-
down, plasma formation, and instability. Particle acceleratiorgitudinal phase velocity of the laser beamvacuoexceeds
in vacuoby laser fields can be divided into two main catego-c. In addition, 8,, and 3, vary along the particle trajectory
ries: (i) direct acceleration, in which the accelerating force isand, hence, the phase relationship between the particle and
linearly proportional to the field, an@i) ponderomotive ac- the wave evolves continuously. In fact, it is possible to show
celeration, in which the accelerating force is proportional tothat if a highly relativistic particle,=c) interacts with the
the square of the field. longitudinal laser field fronz=—o to z=c in vacuothe net
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energy gain is zero. This is the essence of the Lawson-

Woodward theoremh12—-14,19,2Q Laser Spot Size

In ponderomotive laser acceleration configurations, on the
other hand, the phase velocity can be subluminous and par- direction of
ticle acceleration over an extended range is, in principle, pos- envelope of laser beam propagation
sible. This is the case in the vacuum beat wave accelerator %W
(VBWA) [13,14], which utilizes a pair of laser beams to \Nj—/
accelerate particles. The VBWA is similar to the inverse envelope of Wot
free-electron lasefIFEL), wherein a propagating electro- laser at o o
magnetic wave interacts with an electron beam in the pres- Zjpous  2CCeleration

ence of a periodic magnetostatic field, and the resulting beat direction

wave produces acceleration. The VBWA is a novel variant of R

this concept, utilizing instead two laser beams to form a beat

wave to accomplish the same task. With the use of powerful

lasers, such as table-top teraV\(él'ﬁ) laserd 21], the VBWA FIG. 1. Vacuum beat wave accelerator configuration. Two col-

promises to be a more compact, or higher-gradient, accelerfipear and copropagating laser beams come to a common focus at

tor than the IFEL. Since the VBWA does not require theZocus: The waist of the laser beam of frequeney (w,) is Wo

proximity of a material medium, nor does it take place in aWo2-

plasma, it is limited neither by material breakdoas in an

inverse Cerenkov acceleratonor by pair annihilation of

positrons(as in plasma beat wave or plasma wakefield accel-

erators. In the presence of an electromagnetic figldvacuothe
The ponderomotive force of a single, linearly polarizedchange in the relativistic factoy of an electron of masm

laser pulse can lead to scattering of particles, as demorsnd charges, moving along the axis, due to the longitudi-

strated in Ref[17]. The phase velocity of this ponderomo- nal component of the laser fiel,, is given by
tive force exceeds since the phase velocity of a single laser

pulse is greater than. Thus the phase synchronism neces-

sary for high energy acceleration is not obtained. For ul- le| !

trashort laser pulses there is an additional longitudinal pon- Ay=- ma& _Idt vk,
deromotive force that arises from gradients in the laser pulse
envelope. The phase velocity of the ponderomotive force as- _
sociated with the envelope is approximately equal to the he usual ex_pre_ssmn of the Lgv_vs_on-_\Npodw_ard theorem
group velocityv 4 of the pulse, which can be less thal8]. states thaty=0 in the uIt_rareIat|V|st|c limit (’Z_.C.) pro-
The ponderomotive force associated with variations in the\”dem_>oo [12-14,19,2Q Since the theorem spec_mca_lly ne-
envelope is less than that associated with variations in thglects the_Lprentz force due to the mag_netlc_fladLe., .
phaseby ML, where is the wavelength antl is the pulse —|e|vxB, it is natural to consider a configuration wherein

length. Consequently, the energy gain resulting from the ent_hls force is significant with a view to escaping the theorem’s

velope variation is relatively small. In the following it is contplusflon. The/xB force is also referred to as the pondero-
assumed that —. As further justification, we note that the MCUV€ Torce.

distance over which a relativistic particle slips with respect Conslder two laser beams, with frequenCtelsa}nd “2,
to the laser pulse—which travels ag—is much less than respectively, that propagate along a common axis and come
the laser pulse length to a common focus at=Z;,,s as shown in Fig. 1. For

In this paper earlier modelgl3,14 of the VBWA are definiteness circularly polarized laser beams are considered

extended in order to better represent the detailed motion cigroughout. The vector potential of such a beam is express-

the particles, as observed in simulations. The parameters le as

the simulations are chosen to correspond to those of an ex-

periment to be performed at the Naval Research Laboratory. AW

Simulations demonstrate that, for low energies and on-axis AJ:M expl( — r2/w?) (B,cosp; +8,sing;) + A8,
injection of particles, the VBWA is limited by slippage. Ad- j

ditionally, they reveal that the VBWA interaction has the @)
characteristics of an impulse, delivered to the particles in the

vicinity of the focal point. New analytical estimates for the Where the suffix j=1,2 identifies the laser beam,
energy gain, appropriate to an impulsive interaction, are obw;=Ck;=2m/\; defines the wave numbedg; and wave-
tained. Concomitant with acceleration, the impulse scattertength;,

particles in the transverse plane. It is demonstrated that by

employing converging particle beams—that come to a focus _ 1o 12

at the same location as the laser beams—radial walkoff is Wj(2) =Woj[ 1+ (2= Zocud 1 ZR;]

mitigated and a several fold increase in energy is possible

with TW-level laser beams. Simulation results are also preis the spot size a, wy; is the waist(radius, ZR]-=7TW(2)J-/)\J-
sented to show the scaling of the VBWA to higher injectionis the Rayleigh rangéi.e., the diffraction scale lengtm
energies. vacug, Ay; is a constant ané, , &, ande, are unit vectors.

I. PONDEROMOTIVE BEAT WAVE
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The expression for the vector potential, Ed), is valid in dy (ko—kp)a,a,

the paraxial limit, wheravy;>\; . In Eq.(1), A,; denotes the Gz o SN, 5
axial component of the vector potential. In the Coulomb z

gauge, divA;=0, whenceA,;=0(Ay/kjw;); i.e., A is
small compared td\; in the paraxial limit. The total vector

1 | H — d(uL_aL) AD  AD 2
potential |sA—Al+A2. _ 2u, T%—Vi[aﬁ as+(a,t+an)]
The vector potential for the lowest order Gaussian beam,
Eg. (2), includes both a spot size variation and a phase varia- —2V | (8,8,)C08 hr— )
tion. The phase); can be expressed as the sum of several o
physically distinct contributions +4a;a; sin(gro— 1)1 (2= Zgoeus)

1 1
X| o—=—=—], (6)
(ZRZWZ ZR1W1>

=it bt it thoj -

The first term g =k;z— w;t, is the usual plane wave phase wherer is the radius vector in cylindrical coordinates, and

The second Cont”bu“O”‘I’G =—tan [(z= Zocud/Zr). 1 onIy the ponderomotive terms have been retained on the
due to the Guoy effect, WhICh leads to an extra half- cycle of fight hand sides of Eqg5) and (6). The normalizecbeat

the phase shift upon passing through the focal resj. wavephase velocity is given by

The third term, i; =1z~ Zieud/(ZrW;%), is due to the
curvature of the wave fronts and contributes for off-axis par-

ticles. The last term is an arbitrary constant. 1—(1—2§)r2/w§ l—(l—if)rzlwf

As a first approximation, it is natural to assume that par- ﬂph — —
ticles remain close to the axis, i.esswj, through the inter- (ke KDZpo(1+2) (Ko~ ki) Zra(1+2
action region. Therefore, disregarding the phase shift due to v

curvature, the Guoy effect causes the phase fronts of a
Gaussian beam to shift forward by an extraon passing wherez;=(z— Zo,J/Zg; is the normalized axial coordinate
through the waist and, hence, the phase velocity is slightlyelative to the focal point.
greater tharc. The central idea in the VBWA is that the  To complete the description of the slowly varying com-
phase velocity of the beat wave of two laser beams may bponent of particle motion, Eq$5) and (6) must be supple-
controlled by appropriate choice of parameters, and, in factnented by an equation for the variation of the beat wave
made sufficiently slow to trap particles. phase

Physically, beat wave acceleration may be important
when the wiggle velocity of a particle in one of the laser
beams, crossed into the magnetic field of the other beam, d(y,— ¢,) 1 B.-r
“moves” at a velocity that is close to that of the particle. We —g; — (Ke=K)(Bpn =B, ) +2 B, (2= Zsocus)
define auxiliary variablesi=p/(mc), wherep=+ymv is the
momentum, and the normalized vector potential
a= |e|A/(mc2) To Iowest order in the fields and in the
paraxial limit, u®—y%&,=a+(uy— y,)&,, wherey, and u,
denote the |n|t|al values of the relativistic factor and of the o
axial component ofi, respectively, far upstream of the laser Which follows from the definition ofj; .
beams(where a—0). Iterating, ponderomotive and diffrac-
tive effects enter the equations of motion at the next order, Ill. ANALYTICAL ESTIMATES FOR ENERGY GAIN

X

1 1 g
ZR2W§ ZR1W§ ’ ®

To estimate the single stage energy gain in the VBWA the
dy 1 922 1 0a, equations of motion are analyzed, extending previous models
(20  [13,14 of the interaction to account for the particle motion

observed in the simulations. However, for these analytical
studies the radial displacement of particles from the axis will
be ignored for simplicity. It is further assumed that the mo-
du, da, 1 V. @V g fionis entirely determined by the beat wave, i.e., the indi-
dz  dz 2u, @-V.a;, @ vidual laser fields are assumed to have no influence on the
slow scale evolution of the particle energy. With these as-
where sumptions the motion is governed by the equation for the
relativistic factor, Eq(5), and that for the phase, E(f).
Equation (8) permits one to identify dlocal) slippage
a?=a3+a5+22a,a, cod ¢,— ) + a2, (4)  distancez, given by

= _t = —
dz 2cu, gt c at’

a;=(ag;Wo;/w;)exp(—r?/w?) and ap=|e|Ag/(Mmc?).
Making use of Eq(4) to evaluate the appropriate derivatives, 7= - S
Egs.(2) and(3) become * (ko= ko) (Bon — B2 )

v




55 VACUUM BEAT WAVE ACCELERATION 5927

that is, a measure of the distance over which the phase of the ag A 1(Ko—ky)
particle in the beat wave slips by. In terms of the slippage I'~— ’2,8’ SiNYrsyn
distance one is led to consider the following cases. z.synsyn
(@ Synchronous acceleratipzy/Zg;>1. Here the par- a0 A01(Ka—Kq) 2
ticle motion is such that it remains at a fixed phase with * W Slnl//syn)
respect to the beat wave through the entire interaction region £Synasyn
i.e., the relative phase,— s =,=const. This is referred (ko—ky)2y?ag A0 1 2
to as the synchronous case, and the acceleration is simply (BrsyiYoy )3 COSpsyn| - (12

limited by the axial falloff of the laser fields on either side of
the focal region. This limit was examined in Ref43] and

[14], taking Zr;=Zg,. This example is particularly interest-
ing since the Guoy phase contributions of the two Iaserg1

t_)eams cancell out and, for an uItrareI§t|V|san1-aX|s Par- yvector potential(due to diffraction is long compared with
ticle, the relative phasg,— =y, o1 is manifestly con- ot for acceleration, which, in turn, is long compared with
stant. Unfortunately, Eq.7) shows that, when the Rayle|gh 'Y That is, I'>|d Inys,{dz|>|d In(a;)/dz.  Since
ranges are set equal to one anothéif,=1 and particles  |q in(a;)/dZ~|z— Z;,,J/Z %}, the second part of the inequal-
cannot maintain synchronism with the beat wave. This isty is valid in the focal region. However, examination of Eq.
also implied by Eq(8). One way out of this dilemma is to (12) reveals thafl| is comparable tqd Iny,/dz| and, there-
assume that the Rayleigh ranges are unequal. If, without loggre, phase bunching is likely to be a slow process, taking
of generality, it is assumed thdiz,>Zr,;, Eq. (5) may be place at the same rate as the acceleration. Thus synchronous
integrated over the intervdl-o,») to obtain the change in acceleration is impractical because the beat wave phase ve-
the relativistic factor locity varies rapidly in the focal region.

(b) Ayl'y small, z/Zg; arbitrary. A different model of the
interaction is obtained by assuming that the acceleration is
weak; for example, a multistage system in whikk/y per

Ay2=4(ky—Ky) Zra8g 180 K (V1 — 22,1 Z25)sin Yoymr (9 sétgg(%)is small. Analysis of this case proceeds by integrating

Equation(12) indicates that acceleration is accompanied by
hase bunching provides/2<,<m. Equationg10)—(12)
re valid provided the scale length for the variation of the

whereK(x) is the complete elliptic integral of the first kind s P A, . ,

and 8,~1 has been assumed. Maximum energy gain is ob- 27 =2(k2—k1)lmfiwdz ay(z')a(z")expiP(z')],
tained forys,,=m/2. WhenZg,=Zg, in Eq. (9), Eq. (48) of (13
Ref.[14] is recovered.

The validity of synchronous acceleration may be checke
by perturbing around the synchronous values of the relativ-
istic factor, ys,(2) and the phase. Perturbing EdS) and
(8), the equations of motion for the deviatigdy,dy) from z
the synchronous values are q’(Z)Z(kz—kl)f dZ'[Bon(z) =B, '(z)] (14

here

follows from Eg.(8) upon neglecting terms proportional to
the transverse displacement. When the change in energy is

d Sv— — a0,20,1(K2—Kky) s small it is appropriate to make use of the Born approxima-
dz°7" 323 syn?’szyn SiNsyndy tion and takeB, to be a constant in Eq14). For equal
’ Rayleigh rangesZg,=Zg,=Zg, Bpr=1 and the evolution
ag,20,1(K2—ky) of the phase is readily determined from E@4). Equation
+ Bz, syn¥syn COSJsyndth, (10 (13) then integrates to
2_ _ _
d_ (ky—kq) 2 ) an Ay*=2m(ky— ki) Zrag 180 £XN — mZr/Z5), (15
dz (,82 syn'ysyn) 30V

where the constant of integration in E@.4) has been set
equal tonr/2. The interesting feature of E(L5) is the expo-
nential factor. It reveals the manner in which slippage leads
In writing Egs.(10) and(11) use has been made of the defi- to phase mixing of the integral and reduces the acceleration
nition )/J_=(l+a2)1/2 for the transverse relativistic factor gradient. The relevant dimensionless measure of slippage is
[with y=17, y,=7,(1—B2)~*2]. Additionally it has been as- clearly Zg/z,. Equation(15), however, underestimates the
sumed that the axial variation of the vector potential is suf-energy gain—at least in the numerical examples in Sec. IV—
ficiently small, as quantified presently. It follows from Egs. since it does not take into account the fact that in gaining
(10) and(11) that any deviation from the synchronous valuesenergy the particles speed up and tend to catch up with the
evolves according to exp(), where beat wave, effectively increasirg.
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(c) Impulse acceleratiorezs<Zg;. The last model to be requirement becomes prohibitive. This property is shared by
considered may be regarded to be the opposite extreme sbme other schemes, such as the inverse free-electron laser
case(a). Namely, one assumes that the phase variation isaccelerator.
rapid compared to that of the amplitudes. In this case the
acceleration is assumed to be significant in the immediate
vicinity of the focal point. The rapid variation of the phase

cuts off the integral in Eq(13). The analysis, however, goes  The expressions for the energy gain, E(®, (15), and
one step beyond cask) by approximately correcting for the (16), are approximate. They ignore the effects of the indi-
acceleration that takes place during the short interval aroungidual laser fields. Further, radial displacement of the par-
Zocus- Asymptotic evaluation of the integral in E€L3) pro-  ticles is neglected and no information regarding beam emit-
ceeds by expanding the phase function in a Taylor seriegance emerges. The latter is a serious shortcoming since the
aboutz=Z,ys luminosity is directly related to beam emittance. There are
three distinct transverse force terms in E). The first
arises from the ponderomotive effect of the two individual
D(2)=D(Ztocud + (2= Zocud P (Ztocud) + 7 (2~ Ztocud)” laser beams. These are always defocusing inasmuch as the
" 1o, 3y laser intensity peaks on axis. The other two terms are due to
X P (Zioeud +6(2~ Ziocud "P" (Zrocud ¥ the joint ponderomotive effect of the two beams. One would
hope that there is a range of phase values such that
In the highly relativistic limit and for equal Rayleigh ranges, sin(y,— ;) positive, and therefore accelerating, while at the

IV. NUMERICAL RESULTS

Zp1=Zry=2Zg, EQ.(13) reduces to same time net focusing is obtained in the transverse direc-
tion.
For a comprehensive description one must seek a numeri-
A2 4 o k)7 Y130,180,2 cal solution where a finite-emittance beam of particles is in-
Y3 (ka—k1)Zr a jected along the axis, copropagating with the laser beams

_ towards the focus. The numerical method here employs a
X[Jya(b) +I_1/5(b) ISIND (Zsocus), (16)  leapfrog integrator to push the particles in the prescribed
fields of the two laser beams, employing the complete rela-

whereb=(27Zg/3z.) v, /a, the amplitudea is given by Eq. tivistic Lorentz force equation. T_he simulations are carried

(4) andy, is defined following Eq(11). The argument of the Out on_the fa_st tem_poral and spatial scales associated with t_he

Bessel functions in Eq.(16) is also expressible as Iaser fields, mqludmg all components of the 9Iectromagr_1et|c

b=(k,—k;)Zry3/(37%a), and the Bessel function sum field. The_parncle equations of motion are mtegrated in a

may alternatively be expressed in terms of the Airy functionSPeed-of-light coordinate system in which the independent

Ai(—(3b/2)?3). Equation(16) may be useful in multistage variables are/=ct—z and 7=t. Boris’ rotation is used for

systems, wherd y/y per stage is relatively small. accurate finite differencing _of thex B force[23]. _
Equations(9), (15), and(16) may be used to gain insight Two sets of results are d_|scusse(_j below. The first assumes

into the scaling properties of the VBWAL4]. The following @ 4.5 MeV particle beam injector, with about 1 TW a_lvallable.

observations may be made based on the form of these e¥l €ach laser beam. These parameters can be achieved using

pressions. First, the energy gain is nearly proportional to théacilities available at the Naval Rese_arch Laboratory. The

product of the amplitudes. As a result if either laser beam i$€cond employs a 50 MeV beam and is presented to demon-

weak (i.e., ap,<1 oray,<1) the influence of the beat wave Strate the scaling of the concept to higher energies. The nu-

may be minor compared with that of the individual lasermerical examples employ a laser beam with wavelength 1

beams. Second, the scaling with the ratio of laser frequenciegm and another at 1/am. In practice this may be accom-

is more involved. At first sight the energy gain increases a@lished by splitting the beam from a Am laser into two,

k,—k, is increased. However, Eqél5) and (16) also de- frequency doubling one with a KDEKH,PQ,) crystal, and

pend on the slippage distanzg, which decreases with in- then recombining. The beams are phased such that

creasingk,— k; . As z decreases, the Bessel function sum in%o,2~ #o,1= 2, although in practice this may be adjusted for

Eq. (16) decreases, reducing the energy gain. The optimaPpPtimization. .Th_e laser beam power, determined from the

frequency ratio is therefore a function of several factorsVector potential in Eq(1), can be written as

Among these we should include the ease with which the two

frequencies are generated in the laboratory; e.g., frequency

doubling is typically straightforward. In any evety—0 as P;[ TW]=0.0432a,;wy /)\j)2

k,—k;—0. In this connection it should be noted thatlas

varies—due, for example, to an increase in the energy—the

Bessel functions in Eq16) imply an oscillatory variation of in the paraxial limit. Similarly the peakon-axis intensity

Ay. Accordingly, in a multistage system where the energy isand electric field are given by

to increase continuously, it may be necessary to gradually

adjust the laser system parameters so as to avoid decelera-

tion. Finally, to a first approximation, the energy gain is in- IJ-[W/cmZ]=2.75>< 1018(an /M[,U«m])z, 17

versely proportional to the initial particle energy. That is,

there is an energy beyond which the beat wave mechanism is

not an effective method of acceleration since the laser poweand
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E;[TV/Im]=3.11ag;/\;[ um], (18 TABLE |. Parameters for VBWA simulation with 4.5 MeV
beam injected az=0.
. Injection energy 4.5 MeV
respectively. . . . Normalized emittance,, 1.2 7 mm mrad
The results described below are designed to optimize thg_ . . :

. . . article beam radius at waist #m

energy gain for given input electron beam and laser puls 1 um
o

parameters. Preliminary simulations in each case used

zero-emittance beam of particles, spread over a single lasd°malized vector potentiado, 13
wavelength along the axis, in order to obtain a rough guideadiation waiswo; 4 pum
for the laser beam parameters. Particles are injected along th@¢@! POINZrocus 2 mm
positive z axis, well upstream of the focal point, where the Rayleigh range&Zg, 50 pum
laser intensity is small. Note that this is central to the VBWA Power(1 um beam P, 116 TW
concept: the particles enter and exit the combined laser fielddower(1/2 um beam P, 116 TW
at distances that are many Rayleigh ranges away from th¥ector potential raticag /ag 1 112
region of high intensity. Consequently laser beam opticalVaist ratiowg 7w ; 12

elements that are required to define the boundaries of the
interaction region are not likely to be damaged. The appro-
priate initial condition is to seti, =a, to mimic particles
with zero transverse canonical momentum. These simula-
tions were then followed by finite-emittance runs, where atween the particle and the beat wave. Figu(e)2which
convergent beam, consisting of 4000 particles, is injecteghows B,,—B,, emphasizes this point and, in addition,
along the axis. In this case the canonical momentum ishows that the beat wave is nowhere exactly synchronous
zero: (u,)=a,, where( ) indicates an average over the with the particle.
particle distribution. Another important feature of the interaction is illustrated
Prior to these studies it was felt that the laser beam pain Fig. 2(c), which shows thex components of the normal-
rameters must be chosen so that the beat wave is sufficientlged vector potential and the normalized mechanical momen-
slow to be synchronous with the particléise., 8,,~B,)  tum. At the injection point the two variables are equal and
throughout the interaction. For the 4.5 MeV case, for ex-they remain so right up to the focus, at which point the
ample, this necessitates the Rayleigh range of theut2 normalized momenturn, (dashed lingreceives a kick and
beam to be much longer than that of theufin beam, i.e., deviates froma, thereafter by a large and nearly constant
Zro>Zg; [see Eq.(7)]. Analysis of the numerical results, amount. From Eq(6) it would appear that this is caused by
however, revealed that, due to diffraction, the phase velocityhe transverse component of the ponderomotive force, which
of the beat wave varied so rapidly in the focal region that itis large in this example due to the small focal spot size.
was not appropriate to attempt this synchronization. FurthefThus, the assumption of constant canonical momentum in
phase space plots revealed no significant phase bunchinBefs.[13] and[14] is valid only up to the focal point. In this
with particles dispersing apart at a rate that was closely reeonnection the following two observations should be made.
lated to their respective energies. It should be noted that, blirst, in the simulations the particle oscillation amplitude is
employing disparate Rayleigh range&,,>Zg,, one is ef- not small compared to the laser spot size. This breaks the
fectively wasting a significant portion of laser beam 2, sincesymmetry that is necessary for conservation of canonical
the beat wave is dominant only within a distance on the ordemomentum. Additionally, the analyses in Rgf£3] and[14]
of Zg,. After performing simulations in which the above were based on the assumption of rapid particle quiver motion
points were verified, the synchronization requirement wasuperposed on top of a slower ponderomotive motion. For
abandoned. Simulations were thereafter performed witlthe parameters here, however, the particle undergoes a few
equal Rayleigh ranges by appropriate choice of parametergscillations only in the interaction region and thus the decou-
(a) 4.5 MeV VBWA example.Table | lists the parameters pling into a small amplitude motion on top of a slow motion
for the 4.5 MeV case. Before proceeding with a descriptionis not obtained.
of finite-emittance simulations, we consider the ideal case. Figure Zd), which shows the transverse distance of the
Figure 2 shows several plots for a zero-emittance beanparticle from thez axis, indicates a large sideways kick on
which illustrate some of the points made earlier. Here, gassing through the focus. Examination of Ef).shows that
single particle is injected at=0, 4®g, upstream of the well after the focal pointg,, is a constant, as indicated in
focal point, and is followed to 40, past the focal point. Fig. 2(@), providedr increases in proportion t@a— Zss.
The beat wave is expected to be significant within a fewThis dependence is precisely what is observed in Fid). 2
Rayleigh ranges on either side of the focus. The particleéSince the displacement scales linearly with Zg,, ¢ it fol-
phase at the injection point is chosen for near-maximum entows that the effect of the laser beams on the particles is akin
ergy gain. Figure @) shows } g, as seen by the particle, to that of an impulse, delivered in the vicinity of the focal
as a function ofz/Zg,. Far upstream the beat wave is lumi- point. Consistent with this, Fig.(8) shows that the particle
nous. It speeds up slightly and then becomes subluminousnergy undergoes rapid changes in the focal region, plateau-
for a short interval before and after the focus, becoming suing at just under 8 MeV(The energy gain can be improved
perluminous thereafter. Observe the rapid variation of thesignificantly by employing a converging beam of particles,
phase velocity in the vicinity of the focal point. This plot as described presently.
clearly shows the difficulty of maintaining synchronism be- We now proceed to describe the results of a realistic
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FIG. 2. Simulation results for a VBWA using a single particle with injection energy 4.5 MeV. The particle is injected on zxi8.at
The abscissa is measured in units of Rayleigh radge, of laser beam 1. Laser beams come to focusg4@ownstream of the injection
point. Plots of(a) 1—B,n, (b) Byn— B, () X components of normalized vector potentégl (solid line) and normalized mechanical
momentumu, (dashed ling (d) radial displacement, an@) energy as functions of axial distance.

simulation of a finite-emittance beam, with parameters agield amplitude, evaluated with the aid of E¢%7) and(18),
listed in Table I. Figure 3 shows the results. In order toare very large at the focal point.

approximately match the axial particle velocity with that of The computations employ a beam of noninteracting par-
the beat wave, and to maximizg, it was necessary to ticles(i.e., with no space charg&ith normalized root mean
choose a relatively small waisty, ;=4 um. In practice the square(rms) emittances,=1.27 mm mrad. It is natural to
minimum waist for a Gaussian beam is givenway,,~f“\,  arrange for the particle beam to come to focus at the same
where\ is the wavelength and” is the f number(defined location as the laser beams. Commonly available optical el-
for a lens that collects 99% of the laser bed@4]. Thus a  ements for the particle beam line, such as bending magnets
moderately sophisticated focusing element witmumber  and quadrupoles, are suitable for focusing this beam down to
close to 4 and a near-diffraction-limited beam must be eman rms waist on the order of 4m and thus achieve a nearly
ployed to obtain the indicated laser waist. The relativelyoptimal overlap of the optical and particle beams.

small f number and waist mean that the intensity and the Interestingly, the convergent, finite-emittance particle
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cT = 0.40 em TABLE II. Parameters for VBWA simulation with 50 MeV
25 . . ' . — T (-) —) beam injected az=0.
L a
I Injection energy 50 MeV
201 ] Normalized emittance, 12 = mm mrad
3 B Particle beam radius at waist 4m
15F - ] A 1 um
o~ _ Normalized vector potentiad, ; 6.5
L Radiation waistwvg ; 4 um
1o Focal pointZsye,s 2 mm
I 1 Rayleigh rangeZg; 50 um
5[ ] Power(1 um beam P, 29 TW
[ ] Power(1/2 um beam P, 29 TW
ol o Vector potential raticg /ag 1 1/2
0 =0 10 60 80 100 Waist ratiowg o/Wg 1 1/42
r (um)
cT = 0.40 cm
30 7 - T ' ]
i ) particle beam, coming to a focus at the point where the laser
o5 ] beams are in focus, it is found that there is a significant
i improvement in the net energy gain. Presumably this is be-
i . : ] cause the convergence of the particles towards the focal
201 T 7 point partially compensates for the scattering effect of the
~ L ] laser beams. The particles scatter away from the axis after
C ] the focal point isotropically.
15 . .
i Figure 3a) shows they-r phase space, demonstrating that
i 1 a small number of the high energy particles are close to the
10 7 axis. The lack of significant phase bunching is demonstrated
i by the plot of the longitudinal phase spagel, where{=ct
50 S —2z), shown in Fig. 8b). Note that the particles, initially
0 20 40 60 80 100 loaded over a longitudinal distaneel um, are now spread

over more than 5um. Observe that a small fraction of the
particles are at the highest energies. Based on this and simi-
lar plots it is estimated that the fraction of particles with
energy in excess 10 MeV is on the order of 1%. Finally Fig.
3(c) shows the peak energy of the ensemble of particles,
along the interaction length. Observe that the energy rises up
to ~16 MeV in the vicinity of the focal point and then drops
off, plateauing at~12.5 MeV. This final energy is 4 MeV
higher than the case of on-axis injection in Fig. 2. Equation
(16) predicts a peak energy of 17 MeV fan(Z;,. o= — /2.

The final dropoff can be reduced by injecting the particles
into the interaction region at larger angles than in the present
case. This tends to support our speculation that radial
walkoff may be responsible for the phase detuning that leads
to the drop in energy. In this connection, it must be noted
that at the termination of the run/Zg,=80, the spot sizes of
initially converging 4.5 MeV finite-emittance beam. Particles areth€ laser beams have expandeavie=320 um andw,=226
injected atz=0. Laser and particle beams come to focuZ40 AM, respectively. That is, the highest energy particles are
downstream of the injection point. Plots @ 1-r phase space and Still within the laser spots. Even with the dropoff, one has a

(b) longitudinal phase spade~{), at end of runc7=0.4 cm. Inthe ~ Near tripling of the particle energy in a distance that is less
latter, the direction of beam propagation is towards the left. A plotthan 4 mm. The peak acceleration gradient is on the order of

of peak energy vs axial distance, with the abscissa measured k5 GeV/m.

units of Rayleigh rangeZg;, of laser beam 1, is shown ifc). (b) 50 MeV VBWA exampl&.able Il lists the parameters
for the case with injection energy 50 MeV and Fig. 4 shows

beam employed here has a characteristic that tends to ethe results. Note that the laser beam power has been in-

hance the energy gain in the VBWA configuration. As de-creased to 29 TW. This example is presented to indicate the

scribed earlier the transverse forces in the VBWA tend tgpotential of the VBWA at a higher injection energy. Alter-

scatter the particles after the focal point. With a convergennatively it may be viewed as part of a multistage system

0 20 40 60 80
Z/ZRI

FIG. 3. Simulation results for a VBWA with injection of an
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wherein each successive stage adds onto the beam a fractionThe particles are injected ZQ, upstream of the focus and

of the desired total energy gain. It is apparent that to achievénllowed to 4®g, past the focal point. Figurega@ and 4b)

a significant energy gain, for example to accelerate a particlehow they-r phase space and the longitudinal phase space
beam from the MeV range to the GeV range, a multistaggy-¢), respectively, at the end of the run. A notable feature of

system is indispensable. Fig. 4(a) is that, in contrast to the 4.5 MeV case, the higher
energy particles tend to be closer to axis. This is due to the
CT = 0.40 cm fact that at higher energies the particles are stiffer and less
soop T T T T T T T susceptible to radial scattering by the ponderomotive force.
i , ] By the same token a larger laser power, 29 TW per beam, is
=50 b S B now required to nearly triple the energy, tdl50 MeV. The
i S ' 1 energy eventually levels off a-130 MeV. Equation(16)
A ] predicts a peak energy of 140 MeV fdK(Z,.,d=7/2, al-
SRS B though it is doubtful that any of the analytical estimates here
> 150¢r. are valid for values o8, ; or ag, as large as in this example.
In closing it should be pointed out that single laser beam
100" null tests, witha, ,=0, were performed for both the 4.5 MeV
f R E and the 50 MeV examples. In both cases the energy was
50 : IR A . observed to change in the vicinity of the focal point, return-
. ' o -] ing to its original value far downstream. No significant net
ot R - acceleration was observed with a single laser beam.
0 20 40 60 80 100
r (um)
cT = 0.40 cm V. SUMMARY AND CONCLUSION
300( . T ' ARARARARRRN ] . : .
: ®) Simulations reveal some key characteristics of the
250 b VBWA. First, in practice, the variation of the phase velocity
[ 1 in the focal region leads to rapid detuning of particles from
500 o E the beat wave. Second, the interaction is in the nature of an

impulse delivered to the particles in the focal region. Third,
particles are scattered radially on passing through the focus.
As a result, slippage and walkoff tend to limit the accelera-
. tion gradient of the VBWA. It may be possible to reduce the
7] radial scattering by using larger laser spot sizes. The ex-
] amples in this paper assume the fundamental Gaussian laser
. profile, with the peak intensity on the axis and, therefore, a
] net defocusing radial force. One can envisage the use of
! ] radial profiles that exhibit a minimum on the axis, such as a
40 50 combination of higher order Gaussian modes, that do not
lead to particle scattering.
Previous models of the interaction have been extended to

© ] obtain improved estimates for the energy gain. Further,

] through simulations it is demonstrated that the energy gain
can be improved significantly by employing a converging
particle beam that is focused at the same location as the laser
beams. Thus, it is shown that one can, with readily available
state-of-the-art equipment, design a VBWA that will have an
acceleration gradient far in excess of what will be achievable
with conventional radio-frequency technology. Finally, it

- ] should be emphasized that, since the vacuum beat wave ac-
0 I . . . celerator is limited neither by material damage nor by anni-
hilation of antiparticles, it has clear advantagésa-visthe

0 <0 40 60 80 inverse Cerenkov and the plasma wakefield accelerator con-
2/ Zr, cepts.

> 150
100

50 [

Energy (MeV)
o
S

(o)l
(@]

FIG. 4. Simulation results for a VBWA with injection of an
initially converging 50 MeV finite-emittance beam. Particles are

injected atz=0. Laser and particle beams come to focuZ40 ACKNOWLEDGMENTS
downstream of the injection point. Plots @ y-r phase space and ] _ ) _
(b) longitudinal phase spade-¢), at end of runc7=0.4 cm. In the The authors have benefited from extensive discussions

latter, the direction of beam propagation is towards the left. A plotwith Dr. J. L. Hirshfield and Dr. A. Ganguly. This work was
of peak energy vs axial distance, with the abscissa measured gupported by the Department of Energy and the Office of
units of Rayleigh rangeZg,, of laser beam 1, is shown fic). Naval Research.
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