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Acceleration of electrons from rest to GeV energies
by ultrashort transverse magnetic laser pulses in free space
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In this paper we describe a laser acceleration scheme where an electron is accelerated from rest to GeV
energies by the longitudinal electric field of an ultrashort transverse magmitig) optical pulse. The on-axis
longitudinal electric field of the pulse is obtained from the free-space divergence equation beyond the so-called
slowly-varying-envelope approximation. The instantaneous electron dynamics is studied; numerical simula-
tions predict net energy gains in the GeV range for laser intensities reacHiagviony.
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I. INTRODUCTION trons initially at rest at the focal plane of an ultrashort fM
Laser-driven accelerators are considered as a potenti%fave packet. From real-time integration of the instantaneous

scheme to build experimental facilities that produce high- griﬂrt; dfol;ce,ﬂ:/(\; © f?e?(rjno\r/ﬁ?rt]e tLheatIaS:eZ?einetle?r?st?ns;e;irr]\ebse
energy particle beams, with reduced size and lower cosi p y ) y

2 -
compared to accelerators presently in {i5e4]. To operate e?;ie\gv\//\(/:i?ﬁzih C;?;werg”ﬁlﬁgiggs are accelerated to GeV en
laser-driven accelerators in a traveling-wave configuration, The paper is divided as follows. In Sec. Il we establish the

the displacement of charged particles must be synchromzet(a" electromagnetic structure of ultrafast HMvave packets

with the phase of the driving electromagnetic field. Once ropagating in free space. We therein develop a brocedure to
synchronization is achieved, the moving charges feel a statigropadating pace. bap

electric field and they are accelerated for a finite period Ofcorrect Fhe SVEA when t_he electromagr_1et|c field Iasts_only a
time. Metal waveguide$5.6], plasmas{7,8], inverse free- few o_pt|cal cycles. Sectlon Il deals with f[he dynamics of
electron laser$9], self-sustained cyclotron resonandd] on-axis electrons subject to the acceleration caused by the
vacuum beat wavdd 1], focused doughnut puls¢$2], sub- longitudinal electric f_|eId component of the oM wave
cycle pulses[13,14], laser beams with sharp-rising edges packet. We also consider the stability of the on-axis electron

[15,16], evanescent wavé47], and photonic band gap fibers trajectory with respect to the radial field components, as well

[18] are some of the acceleration schemes that have bedly the losses caused by the emission of radiation during ac-

proposed within the past 40 years. As it is discussed in Refsceleratlon. In Sec. IV our method is compared to other pro-

[19-25, acceleration schemes that involve laser beams iﬁ)osed schemes, including those based on the. focusmg_of
free space offer some practical advantages. doughnut-shape modes and on the ponderomotive potential.

In this paper, we describe an approach to laser accelerzwe also discuss the presence of any effect caused by residual

tion in free space based on the longitudinal electric fieldStatIC field components.

associated with a transverse magnéiitiy,) beam with a

very short duration in the time domain. We have selected thell. VECTORIAL DESCRIPTION OF ULTRASHORT TM
TMg; beam because in the paraxial approximation it experi- LASER WAVE PACKETS FOCUSED

ences a phase advance sf—known as the Gouy phase IN FREE SPACE

shift—from its waist to infinity. Hence, it should be possible

to confine a relativistic charged particle within a half cycle of (doughnut-shapédntensity profile. It can be generated in-

the on-axis longitudinal electric field. In principle, this par- ) X . .
g P P b terferometrically from two identical cross-polarized M

tial synchronization should produce a substantial accelera: Hermite modef26-30. In thi tion. w v
tion. To carry out the analysis of this proposed scheme, tha%auss- ,e MIte modegco—54. In 1nis section, we solve
axwell's divergence equation in free space to obtain the

vectorial propagation of an ultrashort TMwave packet is o o
considered and the longitudinal electric field is calculatedong''tUd'n‘"1I electric field of an ultrashort Tiwave packet.

from the free-space divergence equation beyond the slowly-
varying-envelope approximatio(B8VEA). Through numeri- A. The divergence equation beyond
cal simulations, we investigate the on-axis dynamics of elec- the slowly-varying-envelope approximation

The propagation of a laser wave packet is generally stud-
ied with the use of a spatiotemporal envelope sustained by a
*Electronic address: charles.varin@phy.ulaval.ca plane-wave carrier. As demonstrated by Brabec and Krausz,

A focused TM,; beam is characterized by a ring-shaped

1539-3755/2005/72)/02660310)/$23.00 026603-1 ©2005 The American Physical Society



VARIN, PICHE, AND PORRAS PHYSICAL REVIEW E/1, 026603(2009

this approach still applies for tightly focused few-cycle quence of the interference between the overlapping beams,
pulses [31,37. Beyond the so-called slowly-varying- the signal intensity is zero on the aki&7]. For a propagation
envelope approximation, solutions of Maxwell's equationsoriented along the axis of the cylindrical coordinate system
can be obtained using the method introduced by etal.  (r,#,2), its transverse electric fiel#, is radially polarized
[33]. In this section, we develop a general method—based oand angularly symmetric, i.eE | =E,a, and J,E | =0.

the divergence equation of the electric figld vacue—to Following the work of Porrag35], we express the electric
calculate the longitudinal electric field associated with pulsedield of a scalar ultrashort pulsed beam beyond the SVEA as
of a few-cycle duration. a series of corrections to a paraxial quasimonochromatic

The six field components of an electromagnetic field formbeam. For the TN} laser beam, the zeroth-order transverse
a unigue vectorial solution of the four Maxwell's equations. field is defined as
Thus, given the transverse electric fi#éld, the longitudinal
electric fieldE, can be obtained from the divergence equa-

- ~ i \2 r2
tion E© :A(@) r exp(— j%)f(t’) (5a)
V.E=0. 1) a a
Using phasor notation, with, being a longitudinal unit vec-
tor oriented along the pulse propagation, we define the vec- __AZ_Rr?_Gof " (5b)
torial electric field as follows: T Tk ar ),
E=E, +Ea,

- . whereA is a normalizing constanfj=z' +jzy is the complex

= Re(E exrij(wgt ~ ko2 I} parameter of the Gaussian beamGy=(jzz/Q)

= Re{(E, +Ea)extlj(wot -~ k2)} 2) X exp(=jkor?/2G) is the fundamental Gaussian-beam spatial

envelope,f(t')=exp(-t'2/T?) is a Gaussian pulse envelope
wherewo=koC, ko=2m\o, and\, are, respectively, the central with T being the pulse duration, amg=kyp2/2 is the Ray-
angular frequency, central wave number, and central wavagigh distance withp, being the beam spot size at the beam
length of the pulse spectrum, withbeing the speed of light \aist[27]. The retarded tim¢' is introduced as a new vari-
in free space. The complex amplitudes andE, are phasors able to distinguish diffractiofwhich depends oa’ =z) from
that are explicitly dependent upon the variabtey, z, andt.  temporal effectgwhich depend ort’ =t-z/c). By recalling
By introducing Eq.(2) in Eq. (1), the divergence equation the method outlined in Ref.35] [see Egs.(8)—(11)], the

reads nth-order correction then reads
~ o~ I ~
VL'EL_JKOEZ_E’ (3) E(n)_(L)n&n g1 <£n£50)> (64
r m aorn-1 ’
given V| to be a two-dimensional differential operator, act- wo/ 702 nt oz
ing in the plane perpendicular to theoriented time-
averaged Poynting vector. Equatit8), which is equivalent N AN "
to Eq. 4b) of Ref.[34], can be formally inverted to yield :_AZ_R<J_) 9"(t) 9Go” (6b)
9 ko (O] ﬂt'n or '
- _j m+1 am -
E,=2 (—) —(V.-EL). (4)
m=0 \ Ko 9z wheren=1,2,3... and
It should be noticed that no approximation is necessary to
obtain Eq.(4) from Eg. (3). Hence, it applies to both non- " =1\/=7\P kot
paraxial beams and few-cycle pulses: if the spatial distribu- GV =Gy, ( )(T> (j—) (7)
tion and polarization of the transverse electric fi€ld are p=1\P~1 a Zq

known, it gives an exact expression of the corresponding
longitudinal electric fielde,. Them=0 term is the contribu- \y;itp (
tion to the longitudinal electric field that origins from the
carrier of the transverse electric field and all higher-orderg
terms—them=1,2,3, ... o terms—are contributions com-

ing from the transverse field enveloﬁer For slightly fo-
cused and long pulses, E@) reduces to the expression for

araxial and monochromatic beafi8,33. ~ .
p 28,33 EL=R9[<E§O)+E E®

;:i) being the binomial coefficient and,( ) the La-
uerre polynomial of ordep. By definition, ijo):Go. As
efined in Eq.(2), the physical field is the real part of the

complex envelope times the carrier wave. Thus,

n=1

)ar exfj(wot’ - %)]] , (8
B. The longitudinal electric field of an ultrashort TM o, laser
wave packet in free space

As has been mentioned before, a JjMvave packet can where ¢, is the carrier phase at the beam waist.
be generated by an interferometric methaé]. As a conse- For a paraxial few-cycle wave packet, we h4@8]
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3ZEL = (szEL - C_lfytIEL (98)
~-cl9E, (9b)
=- c‘lﬁt,<E£°) + E§”>)a,. (90)

n=1

By introducing Eq.(9b) in Eq. (4), it is easily shown that for

each correction applied to the transverse field there corre-

sponds a contribution to the longitudinal field given by the
following expression:

. i ,
E§”>=—k—02(wo> &t/mVL (f)),
m=0

wheren’=(n-1)=0,1,2,3,... After calculation with Egs.
(5), (6), and (10), the zeroth-order(n'=0 and m
=0,1,2,3,..) longitudinal electric field reads

(10)

~ Aljzg\? ko2 ko
EQ=-2 —(—R) {1 ex O
2 ko 5 5 e t),
(11)
and the nth longitudinal correction(n=1,2,3,... andm
=0,1,2,3,..) is written as
~ ' oG
E;m:A%*f(“)( t)= { } (12)
Ko ror| or

wheref(Z”')(t’) is the time envelope of the longitudinal field:

* s\ m+n’
f§”’>(t'):20(wLo> o () (133
m=
el - )2 (25 ()
_exp< T2>r§0 ot Hpen = (13b)

with H,.(x) being the Hermite polynomial of order
(m+n’).

As shown in Fig. 1, the transverse electric field vanishes

on axis(r=0), as the longitudinal electric field reaches its
maximal value. SINCEE,) 12 Mo/ po(Er)max the amplitude
of the longitudinal electric field is only a small fraction of the
amplitude of the transverse electric field. From E44) and
(12), the zeroth-order andth-order contributions to the on-

axis longitudinal field]h]f;Z are found to be

~ Aljzg\?
(=
ﬁ(n)__zj_(]_) f(n)é (n—l)(p_‘_l)(—_z’)p.
‘ ko\ T ‘ p=1 p-1 q
(15

The physical on-axis longitudinal electric field is de-
fined as

PHYSICAL REVIEW E 71, 026603(2005
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Longitudinal electric field

Normalized Field Amplitude
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FIG. 1. Spatial distribution of the transver&gashed ling and
longitudinal (full line) electric fields of a T\j; wave packet at the
waist (z' =0). Fields are not to scale: they have been normalized so
that their respective maxima are equal to 1.

o

When the pulse duration is long compared to the carrier os-
cillations, i.e., whenT> 2w/ w,, the SVEA applies and:,

:E(ZO). On the other hand, as the pulse duration decreases
and approaches the limit of a single-cycle pul$€
=27/ wg), higher-order terms become significant and modify
noticeably the pulse envelope and carrier oscillati(see

Fig. 2. As a result, the carrier wave is redshiftéslower
oscillations between the beam wai¢z’=0) and the Ray-
leigh distance(z’=zgz) and blueshifted(faster oscillations
beyond this position. Also, the pulse envelope appears to be
slowed down(positive time delaybetweernz’ =0 andee, but
faster(negative time delgybetweerz’ =—~ and 0. In Fig. 3,
these two effects are compared to the SVEA fieldZce 0.

O+ 3
n=1

)exr[i(wot’ - f/’o)]] . (19

1.0+ N
- - --non-SVEA
——SVEA T=2n/a,
Q
B 05+
£
3 00
2
o
K
£ 05+
(=)
Z
-1.0 +———————
20 -15 -10 5 0 5 10 15 20

Normalized Retarded Time (@t - ¢)

FIG. 2. Envelope and oscillations of the on-axis longitudinal
electric field i, of a single-cycle(T=2#/wy) TMq; wave packet
with a Gaussian temporal envelope at the waist0). The SVEA
field corresponds ta’=0, m=0 and the non-SVEA field ta’
=0,1,2,m=0,1,2.
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FIG. 3. On-axis envelope and oscillations of the longitudinal electric field of a single-¢yel@n/wy) TMg, wave packet. The
non-SVEA field (dashed curvke i.e., the corrected field with the terms correspondingite0,1,2 andm=0,1,2, is compared to the
quasimonochromati¢SVEA) field (solid curve for different axial positiong’.

Finally, the wave carrier experiences a global on-é&isuy) [ll. DYNAMICS OF AN ELECTRON IN AN ULTRASHORT
phase shift ofr from z’ =0 to «, thus offering the possibility TMo; LASER WAVE PACKET FOCUSED IN FREE
of synchronizing charged particles with the field within this SPACE

range.

In this section, we explain the steps followed to study the
motion of an electron initially at rest at the beam waist of an
C. The magnetic flux vector of an ultrashort TMy, laser wave intense ultrashort T} laser wave packet. The analysis pre-

packet in free space sented here, based on the instantaneous relativistic Lorentz

A general equation giving the magnetic flux vectrof force, reveals a highly nonlinear dynamics that is not acces-
an arbitrary ultrashort wave packet cannot always be reducegible from time-averaged equatiof&7,38|.
to a simple expression, as is the case for monochromatic
transverse electromagneti€EM) waves[see Eq.(7.11) of
Ref.[36]]. However, when the electric field vector is known,  The equations of motion for an electron in an external
B can easily be deduced through Maxwell’s equations. electromagnetic field are expressed in a relativistic form as

For the TM); wave packetB,=0, E,=0, andB,=0. Fur-  [36]
thermore, if the divergence equation for the electric field is

A. Equations of motion

satisfied, the differential form of Ampére’s law in free space, dp =q[E +v X B], (20)
i.e., VX B=c24E, leads to the following equation: dt
B, 14E, dw
- = 17 W
7 & 0 S =WE, (21
Introducing phasor notation, E¢L7) becomes wherep=ymev andW=ymuc? are, respectively, the momen-
B 1 B tum and energy of an electron of velocity chargeq, and
B+ A0 = _<E _J__r)_ (18)  rest massmy, with y=(1-v?/c?)™2 Inside the symmetric
ko dz ¢ wp ot field of a TMy; wave packet, Eq(20) is developed as fol-

The technique introduced in Sec. Il A, previously used by!0Ws [With the use of Eq(19)]:

Haselhoff to develop a high-gain free-electron-laser model dp, v,
[34], can be applied to obtaiB, However, under the ik 1-—|E, (22)
paraxial approximatiofisee Eq(9b)], Eq.(18) exactly yields
~ 1~ dpy
By=—E,. 19 — =0, 23
s (9 " (29
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dp, dv, _ vir’z
= + — —=—
ot q[E c E} (24 at moﬂd.z(z t)[ 2| (26)
Along the axis(r=0), the transverse electric field van-
ishes, leaving only the longitudinal electric field acting onwhere
the electron. This field configuration produces an accelera-
tion parallel to the time-averaged Poynting vedt®6]. For _
that ideal case a one-dimensional dynamics is obtained, thus I (z,t) = Re[E, exdj(wot — koz = o) I} (27)
leading, with the help of Eq21), to the following equations
of motion: i , ) o L )
is the physical on-axis longitudinal electric field obtained
(25) from Egs. (14—(16). By considering the corrected field
shown in Fig. 3, Eq(27) then reads

dz
dt

= vy,

[ S NI EY NEA P
Sl o -2 2
ol o ol o] 2 2

2 t’ ) t’ 1 4 t’ .
Hz(?)Sln‘I’Z (on> (;)cos‘lfz <w0T) H4<?>Sln‘1’2] (28)

where ¥, =wgt—Koz+(2+n ) Wg— g, Vo=tani(z/zy) is B. Electron dynamics

the basic Gouy phase shift of a paraxial Gaussian beam, and The instantaneous electron dynamics is obtained by nu-
p(2)=po\1+72/75 is the wave packet transverse dimension.merically solving Eqs(25) and (26). The acceleration of an
We point out that, according to E¢28), the longitudinal electron subject to the field of a paraxi@ly=0.8 um, pg
electric field of a paraxial and monochromatic JMeam =10 um, and kyppy=78.5 ultrashort (T=27/wy) TMg,
experiences a Gouy phase shift given by and hence a wave packet that comes fromr-o is considered40,41].
phase advance af from z=0 to« (for an ultrashort wave The electron of rest mass,=9.109x 103 kg and charge
packet the actual Gouy phase shift would be slightly largerg=-1.602< 1071° C is initially at rest(vy=0) at the beam

as shown recently by Lindnet al.[39]). This feature offers waist (z,=0), whereuv, and z, are the initial velocity and
the possibility for relativistic electrons to remain in phaseposition of the electron. The field intensity is defined, in
with the longitudinal electric field of a Ty beam from its ~ W/cn?, as|=E3/27,=p3A% exp(-1)/47,, whereE, is the
waist to infinity. However, an electron initially at rest at the maximum value of the transverse field amplitude in V/cm
beam waist will not be trapped within a half cycle of the and 5,=120x () is the impedance of free space.

pulse up toz=«; a delay is necessary to bring the electron Through numerical simulations of the instantaneous equa-
from rest to a relativistic velocity. As a consequence of thations of motion, using an embedded fifth-order Cash-Karp
delay, the electron will slip into the next half cycle where it Runge-Kutta method42], we observed that inside low-
will be decelerated. During successive acceleration and dentensity pulses the electron oscillates at a frequency close to
celeration cycles, the electron will move away from the beanthe natural(centra) frequency of the electric field. As a re-
waist, toward the Rayleigh distanzg From that position to  sult of this fast oscillation, only a very small quantity of
infinity, the Gouy phase shift of a paraxial and monochro-energy is transferred to the electron and no net acceleration is
matic TMy; beam is only=/2. If the electron reaches a po- producedsee Figs. &) and 4b)]. However, for extremely
sition aroundzg and if the field intensity is high enough, the high laser intensitiegsay 1% W/cn?), highly relativistic
electron could then be accelerated to a relativistic velocitwelocities can be reached within a distance comparable to the
and confined within a half cycle of the pulse, upztex. In laser wavelength. Then, the electron remains confined within
the next subsection, we investigate the dynamics of such half cycle of the field for a finite period of time. As a result
electrons using the theoretical tools we developed. of this partial phase matchinghat lasts only a few picosec-
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FIG. 4. Energy transferred to an electron at rest at the waist of an ultrashgitWwaWe packet as a function of time, measured in the
laboratory reference framéa) and(b) The pulse intensity is too weak to trap and accelerate the ele¢tjoand (d) The pulse intensity is
above threshold; the electron is trapped and accelerated. Two values of the pulse carriefppbasesponding to the maximum and the
minimum of the transferred energy, are considered for each intensity.

ondg, the electron is pushed beyond the Rayleigh distancenergy gain. It is observed from Fig. 5 that the use of longer
zz. Far from focugz' > z3), the pulse intensity vanishes due pulses leads to lower values of the peak energy gain, but that
to diffraction and the electron moves freely through spacehe energy gain is less sensitive to the value of the carrier
with a velocity close to the speed of ligitan energy of phase. With longer pulses, electrons are trapped in the front
1 GeV corresponds to,/c=0.999 999 8Y, when the pulse of the pulse before the field reaches its peak value. With
has the proper carrier phase at the beam aest Figs. &)  shorter pulses, some electrons can penetrate the field up to its
and 4d)]. This acceleration mechanism is consistent with themaximum before being trapped and accelerated.
observation that the longitudinal electric field of a JNaser The results of Fig. 5 show how the non-SVEA corrections
beam decreases #2:/z')? and experiences a Gouy phase influence the electron energy gain. As expected, the effects of
shift of 7= from the beam waist to infinity. the corrections are more important as the pulse duration de-
The net energy gained by the electrons resulting froncrease$35]. However, we observe that the global dynamics
their acceleration is sensitive to the field intensity, the pulsds mainly governed by the SVEA field, which appears to be a

duration, and the carrier phagsee Fig. $. Such dependen- good approximation even in the case of a few-cycle pulse
cies are a characteristic of strong-field phenon|@a32. A (T=27/ wy).

close look at Figs. &) and 4d) reveals details about the
electron dynamicgthe horizontal scale on those figures is
time). Electrons at rest at the waist that are promptly accel- The stability of the on-axis trajectory is a major concern
erated to highly relativistic energies tend to progressively gefor the proposed scheme to be of practical interest. If we
out of phase with the field; they are decelerated in the lasissume that the transverse veloaityremains small com-
part of their trajectory and experience a small overall energyared to the speed of ligfiv,/c<1), the transverse motion
gain. On the contrary, electrons that are subject to a smallesf the electron close to the axis< p,) is mainly defined by
acceleration at the waist tend to be slowed down around thgg longitudinal position inside the field, as seen from the

Ray|e|gh diStanCéit takes 1.3 ps for a relativistic electron to fo”owing two equationiobtained from Eqs(22) and (24)]
move fromz=0 to zz). From then on, they enter a half cycle q A
r

& q[l - %Z}kO—Ezcot\Ifo,

C. Stability of the on-axis trajectory

of the field that produces a strong acceleration; they remain
2

29
trapped in the field up to infinity, resulting in a substantial dt 29
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FIG. 5. Energy transferred to an electron at rest at the waist of an ultrashgstwidte packet as a function of laser intensity and carrier
phaseg,. The energy gain produced by the corredteon-SVEA) field [in (c) and(d)] is compared to that obtained with the SVEA fi¢id
2 ( 9

(a) and(b)].
2
<. 2
247 3 47re, mocz) [E2%,

where ¢ is the permittivity of free space (g
where the SVEA is used for simplicity, withr being the ~=10"°/367 F/m). If we consider only the SVEA fieldthe
small displacement of the electron with respect to the axismain contributiof, it then follows that
For the definition of¥,, see below Eq(28). Because the 2 4
charge of the electron is negativg<0), the electron is |Ez|2=8€xﬁ1)<k§—o) (%) f(t')2.

Po/ \p(Z

accelerated wherk,<0, i.e., for r<W¥,<27. From Eq.

(29), we then see that off-axis electrons will be focused to-  he resyit obtained in E432) shows that the radiation is
ward the axis and accelerated for@<Wo<2m (cot¥o  |ocalized, concentrated in the strong-field regions. The radia-
<0). Under relativistic conditiongv,—c), the radial accel-  tjon josses thus depend on the relative position of the particle
eration simply vanishes for all values oF,. We have jth respect to the focal plane and the center of the wave
observed that the two solid curves shown in Fig&)4nd  packet. By assuming that the spatial envelope of the field is
constant[p(z')=pg] and that the electron remains at the

4(d) (those reporting the highest energy gairse stable
same position inside the pulgt’)=1], Egs.(31) and(32)

trajectories.
are simplified to yield
_l6exgl) c ( 9 ﬂ&)z
rad 3 4mey\moc?) \kopo/

On the other hand, we can calculate the power of the
driving wave packet. The task is done by integrating the

dp,
— =ql,

at (30

(31

(32

D. Radiation

(33

The instantaneous power radiated by an electron acceler-
ated along the axis of a Tj{l wave packet is given by the
following equation[36]:
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work of Lax et al.[33]. In this paper, we have extended that

X H’| in the plane perpendicular to the propagation axislatter work and provided a general expression for the longi-

From Egs.(5) and(19), it thus reads

Pfield:277f |@|r dr, (348
0
22
ES exp(1l
_ oo OXPL) 412 (34b)
4n

From Egs.(31) and (34b), we define the following ratio
[again,p(z') = p, is assumel
q2 )2 1
mgc’

= Slare) (el 2
B 47re zé’

3
giving the fraction of the laser light power lost in radiation.
For an electron, we calculate th@ g/ Pseq~ 10222,
where zz is in meters. For the special case whexg
=0.8 um andpy=10 um, the power radiated by an electron

(35
Plield

tudinal electric field of paraxial ultrashort wave packietse
Eq. (10)].

The acceleration of electrons by the longitudinal electric
field of a doughnut-shapednode has been previously dis-
cussed by Hellwarth and Nouchi2]. We have noticed that
the TM focus wave mode they considered leads to a longi-
tudinal electric field different from that of an ultrashort M
wave packet. Moreover, these authors have suggested the use
of a mirror to cut off the accelerating laser beam beyond its
waist. From our point of view, the use of a mirror close to the
focus of the pulse would encounter severe practical limita-
tions due to material breakdown at such ultrahigh field inten-
sities. According to Varin and PicHd4—47, the presence of
a field-limiting apparatus is not required to produce substan-
tial accelerations with TM laser beams. In the light of the
results we have presented here, energy can be transferred to
an electron initially at rest at the waist of an ultrashortgiM
wave packet from the longitudinal electric field component.

is smaller than the power of the driving signal by a factorWe also observed that there is a clear intensity threshold for
10721 Also, we can evaluate the amount of energy lost bethis effect to take place. For field intensities that are ten times

cause of the radiation. As a global estimate, we /5@t 4
~ P.adAt, whereAt is the duration of the interaction. Typi-
cally, At~20 ps [see Figs. &) and 4d)]. Then, for |
=107 W/cn?, \p=0.8 um, andp,=10 um, it appears that

the thresholdfound to be 18'W/cn? for A=0.8 um and
for a beam with a 1Qsm wais), the energy of the acceler-
ated electrons can exceed 1 GeV.

In the literature, the acceleration of charged particles is

AW,,4=6 keV. It thus shows that the radiation losses result-often described in terms of the ponderomotive fof8&].

ing from the acceleration of an electron by the longitudinalThis terminology refers to time-averaged equations of mo-
electric field of a TM); wave packet are negligible. Such low tion. Such an approach is particularly useful for a low-mass
energy losses due to the emission of radiation are typical gbarticle, like an electron, driven by a fast oscillating laser
linear acceleratorg36]. field (wo~ 10 rad/9. It should be pointed out that the early
theory of the ponderomotive acceleration applies to the non-
relativistic regime and is not appropriate to deal with the
high intensities provided by today’s ultraintense laser tech-

The propagation of laser light beyond the sIowa-varying-nOl‘?gy-,'” fact, acgordmg to K|bblé37]2a nonrelat|V|s_t|c
envelope approximation is a topic of high interest in many'€9ime is characterized hy=(qE/ Mowoc) <1, whereEo is
areas of optics, particularly in the study of ultrafast phenomlhe amphtude o_f the gcceleratlng field. For an electron driven
ena. To investigate the interaction between ultrashort electrd the longitudinal field of a TM laser wave packet whose
magnetic wave packets and matter, it is necessary to knottensity reaches 28W/cn¥ (A;=0.8 um), w is of the or-
precisely the distribution of the vectorial electromagneticder of 2.5. A few years ago, Quesnel and Mora developed a
field of the laser signal, especially when dealing with freerelativistic treatment of the ponderomotive acceleration deal-
particles [25]. For example, when a very intense optical ing with wave packets of finite duratidr38]. However, the
pulse passes through a film of nanometric thickness, the atelativistic theory of the ponderomotive acceleration re-
oms of the film are ionized. The free electrons produced irfiuires, to be valid, thakyp(1-v,/c)>1: for an electron
this interaction are violently expelled from the focal region.accelerated to GeV energie®,/c=0.999 9998y by a
We have shown here that if an ultraintense ultrashort pulsparaxial laser wave packekopo=78.9, it appears that
with a TMy, profile is used, the electrons that are close to thekopo(1-v,/c)=10"°. On the other hand, the parametér
propagation axis are accelerated forward by the longitudinat2mp,/cT, obtained from the condition k§py~\o/CT in-
electric field. In the case of pulses of a few-cycle durationtroduced by Quesnel and Mofa8], must be of the order of
we have demonstrated that the corrections to the slowlythe unity: for a single-cycle wave pack@i=2w/wg) whose
varying-envelope approximation have an influence on theransverse dimensiop, is 10 um, & is about 80. Still, we
electron energy gain. recall that the final kinetic energy of an electron accelerated

Methods to describe the free-space propagation of vectdsy the longitudinal field of an ultrashort Tgjlwave packet is
rial ultrashort pulsed beams in the frequency domain haveensitive to the field absolute phase and the pulse temporal
been proposed by Quesnel and Mf88] and, more recently, extent(see Figs. 4 and)5As a consequence, the concept of
by Lu et al. [43]. However, in the time domain it has been ponderomotive acceleration is not relevant to the accelera-
demonstrated by Porrd85] that exact expressions that de- tion scheme proposed here. We thus conclude that the accel-
scribe the propagation of paraxial ultrashort pulsed beamsration mechanism presented in this paper could not have
can be obtained by using a method inspired by the previoubeen revealed considering time-averaged equations of mo-

IV. DISCUSSION
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tion (the ponderomotive forgg37], even in the relativistic packet(py=10 um, 1=107> W/cn?, T=2.67 fs, andAW,
case[38]. =520 ke\), contributes only as a small fractiqiess than

In the past, the acceleration of electrons by ultrashor.0299 of the total amount of energy transferred to the elec-
electromagnetic wave packets has been the object of sevefien [see Fig. 4c)]. For a pulse withT=10fs and\,
criticisms (see Kimet al. [48]). In the case where the time =0.8 um, as seen in Fig.(d), the effect of the static com-
integral of the accelerating electric field does not vanish, ahonent is vanishingly smallAW, o~ 10750 eV). Hence, as
important ampunt of energy can be transfgrred to.the ,eleCtm@xpected from Eq(37) the contribution of the static compo-
from the static(w=0) component of the field. It is widely nent is not significant. In fact, E38b) gives a generous
accepted that such acceleration mechanisms are incorrect aggiimate of what could be the real effect of the static field.

lead to nonphysical prec_iictions that. cannot be_ reproducegrom our numerical simulations, it appears that the synchro-
experimentally. For the signals considered in this paper, Wization of the electron with the field is only maintained

define the following ratio: within a region that goes approximately fram=z5 to z=
* _ , [see Figs. &) and 4d)]. As a result of this shortened inter-
[ f f(t')ell@oat dt’} 12,2 action, W, -, would be half(260 keV) of what is obtained
R= =~ ©=0 _ ex;{— ﬂ>, (36)  When a perfect phase matching is assuri& ke\). More-
o , , 4 over, the effect of the Gouy phase shift has been neglected:
lf f(t)ell@oet dt’] the slow evolution of the carrier wave absolute ph@ke to
‘°° w=wg diffraction) would probably reduce considerably the contri-

giving the relative amplitude of the zero-frequency Compo_bution of the static field. This clearly shows that even if the
integral of the longitudinal field is not rigorously zero, the

nent (w=0) compared to the main component of the spec- . 2 , :
trum (w=wp) along the axisr=0) of a TMy; wave packet. correspondlng static fle!d is not responsible for the important
We thus see that for a single-cycle wave pack@t accelerations reported in this paper.

=27/ wy) the condition of a zero integral of the field is fairly

well respected(R=5%107°). For a wave packet withl

=7.57/ wg (corresponding to a time duration of 10 fs fiog V. CONCLUSION

=0.8 um), the integral of the electric field simply vanishes
(R~10799),

The amount of energy transferred to the electron from theel
static component of the fieldW,_, can be evaluated from
the line integral of the driving forcAW:f,EiF -dl (whereF is
the Lorentz forcg In the frequency domain, we can see that

The on-axis acceleration of an electron by the longitudinal
ectric field of a single-cycle Th] laser wave packet in free
space has been studied. Direct-time integration of the instan-
taneous Lorentz force revealed an intensity-induced phase
matching between the electron and the field, when the pulse

AW(w = 0) intensity exceeds POW/cm?. The kinetic energy trans-

m =K, (37) ferred to the accelerated_ electron depe_nds_on th_e absolute

phase of the pulse carrier. For ultrahigh intensitisay

where AW(0=0) and AW(w=w,) are energies respectively 10°2 W/cn¥), an electron could be accelerated from rest to
associated with the static and the main component of th&eV energies within a few millimeters. The acceleration
spectrum. From E(37), we see that the effect of the static scheme could be implemented as a probe-driver experiment,
field is negligible. In the time domain, assuming a perfectwhere a first laser pulse would be used to prepare a bunch of
synchronization between the fielghoncorrected and the thermal—close to rest—electrons which are subsequently ac-
electron and neglecting the spatial variations of the absoluteelerated by a high-intensity ultrashort FMlaser wave
phase of the carrier due to the Gouy phase shift, the accepacket. Alternatively, free electrons could probably be pro-
eration produced by the static component is evaluated frorduced and accelerated by a unique laser pulse, illuminating a

the expression that follows: very thin foil.
A (¢ dZ
AW _o=2|0—R| ——, 38
o= dalR| s (s
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