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Subluminous phase velocity of a focused laser beam and vacuum laser acceleration
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It has been found that for a focused laser beam propagating in free space, there exists, surrounding the laser
beam axis, a subluminous wave phase velocity region. Relativistic electrons injected into this region can be
trapped in the acceleration phase and remain in phase with the laser field for sufficiently long times, thereby
receiving considerable energy from the field. Optics placed near the laser focus are not necessary, thus allowing
high intensities and large energy gains. Important features of this process are examined via test particle
simulations. The resulting energy gains are in agreement with theoretical estimates based on acceleration by the
axial laser field.
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For more than a decade there has been much interest stheme, the capture and acceleration scen&@#s), from
studying the interactions of ultraintense lasers with mattethe previously studied regime of ultrahigh intensitieg, (
[1]. Laser acceleration of charged particles has been one ¢f100) and broad laser beamesw,=170) [12,13 to a new
these frontier research subje¢-5]. Concerning laser ac- regime, in which significant energy gains>(00 MeV)
celeration in vacuum, there were many discussions and arggan result for presently achievable powers 100 TW)
ments lasting decad¢6—13], and the crucial issue in those and intensities &,>8); where as=eEy/(mwc)=8.5
discussions is related to wave phase velocity. For examplex 10 '\1¥2 with \ the laser wavelength in micrometets,
the so-called Lawson-Woodward theoré)7] states that a is the intensity in W/crh, E, is the electric field amplitude
relativistic electron interacting with a focused laser beam inof the laser beam at focusy=ck=2wxc/\ is the laser fre-
vacuum cannot gain energy provided that the electron quency, andv, is the beam width at focus. Furthermore, in
trajectory is a straight line with a speedq approximately the CAS regime, the acceleration primarily takes place in the
equal to the speed of light in vacuum,~c, which is un-  subluminous phase velocity region, and the energy gain is
perturbed by the laser field, aril) the interaction region is found to scale linearly in the laser field and is in agreement
infinite in extent. The essential physics underlying this theowith theoretical estimates of acceleration by the axial laser
rem is that the phase velocity of the laser field near the focalield. Simulations indicate that the electron trajectory is sig-
region is greater than. Thus, it was argued that the inevi- nificantly perturbed by the laser field as it enters the high
table phase slippage would lead the relativistic electron tantensity channel, which in effect limits the interaction re-
experience alternatively acceleration and deceleration phaggion, thereby circumventing the Lawson-Woodward theo-
regions as it traverses the laser field, which would result imrem. Hence, large energy gains are obtained without limiting
the cancellation of the energy gain for an unlimited interacthe interaction distance by the use of additional optas
tion length. More recently it was shown, via experimg8it  required in Ref[14]). This allows operation at ultrahigh la-
and simulatior{9—11], that a focused laser pulse interacting ser intensities and high-energy gains without the restriction
with low-energy electrongat rest or nearly at rest, and of damaging nearby optics.
thereby not subject to the Lawson-Woodward thedreould For a laser beam of Hermite-Gaussi@n 0) mode polar-
be ponderomotively scattered and receive a net energy gairned in thex direction and propagated along thexis, the
by interacting with the nonlinear ponderomotive laser forcetransverse electric field component i5]

Simulations of ponderomotive scattering indicate, however,
that the energy gain is intrinsically limited to relatively low Wy ex;{ r2

values, i.e., less than 10 MeV for presently obtainable laser Ex(x,y,z,t)zEOW(Z) W(2)? —ileteo |, (D)
intensities[9—-11].

In this paper we will show that the Lawson-Woodward _ 2\1/2 : —
theorem can be circumvented at high intensities that can b\éyhirsm\:zvfzz) is Vm(el;gyl)e:ighlsletr?gth?giTZ—V:;?;[h’a |Zs/Zt?1e
delivered by present laser systems. For a focused laser bea}rrﬁtial ﬁase and with bhase » %o
propagating in vacuum, there exists a region characterized by P ' P
subluminous wave phase velocity. Based on this feature, we

are able to extend the proposed vacuum laser acceleration

kr?
(p=kz—wt—tan71a+—. (2)
22(1+ 1/a?)

*Author to whom correspondence should be addressed. FAXThe effective phase velocity of the wave along a particle
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FIG. 1. The distribution of the minimum phase velodityy, in
they=0 plane of a focused laser beam wikkv,=60. The value
v ,m IS given in units ofc, B=x/wy, anda=2/Zg.

FIG. 2. The acceleration quality factpEq. (4)] for a focused
laser beam okwy=60 in the plane ofy=0. Again, 8=x/w, and

dpldt+(v,);- (V) ,=0, @ a=zz,.

where Vo), is the gradient of the phase field along the

trajectory. In particular, the effective phase velocity along aicle can remain trapped ifi.e., synchronous withthe ac-

trajectory parallel to the axis isv,,,=ck/(d¢/dz), and the ~ Celérating phase region of the laser field.

minimum phase velocity is ,,=ck/|V ¢|, which occurs at The distribution of the acceleration qgallty factlolon. the

the angle 6,, (relative to thez axis given by targ,  Planey=0 for a focused laser beam wikw,=60 is given

=|aglor|l|deldz],  where a¢/az=k—(1—f¢)2§1(1 in Fig. 2. _It is apparent, judglng from Fig. 2, that there is an

+a?) L, a¢/ar=kraz,§1(1+a2)‘1, f=r2(1 accelerat_lon _channel in the_ field of the_ fo_cused laser _be_am
i propagating in vacuum, which shows similar characteristics

— a®)wy 4(1+ @) 1. From these equations, it is straightfor- . : _
. . . . to that of a waveguide tube of conventional accelerators: a
ward to find the subluminous phase velocity regions. The

" . . . subluminous phase velocity in conjunction with a strong lon-
conditionv ,,<c requiresf >1, which can only occur in ~ .~ " e :
e e gitudinal electric field component. Consequently, if one can
the regionz<Zg. Moreover, az=0, f,>1 occurs only for = f | . his ch | th h |
r>wg,. As for the minimum phase velocity, the condition Inject fast electrons into this channel, then these electrons
<°;: requires approximately>w( z which’ extends 1o a can remain synchronous with the accelerating phase for suf-
Uem . PP y=>w(z), . ficiently long times such that they receive considerable en-
region much larger than that for,,<c. In the subluminous ergy from the field
phlasgt Ve_|OCIt¥ rtﬁg'omdthe magnmluiel;)fkthe 2m|n|mL(ij0phase To study the detailed dynamics of electrons in this laser
velr./)clly 1S Toh d? t(')tr> (ta.rv‘f’mf cl EhWO)I]’ arlo macceleration channel, three-dimensional test particle simula-
(kwo). The distribution ofv, on the planey=0 is tions are utilized which solve the relativistic Newton-Lorentz

shown in Fig. 1. X ) .
. . . . equations of motiondP/dt=—e(E+vXB), wherev is the
Notice that the effective phase velocity along theis is electron velocity in units of, P= yv is the electron momen-

superluminous, i.e., t,)r—o=c/(1- 1/[sz(1+0‘2)]).‘ um in units ofmc, andy=(1—v?)~*?is the Lorentz factor.
Th.'s indicates that th_e near-axis region of the_bgam IS no%.o describe the laser field, in additionEg given by Eq.(1),
suitable for accelerating charged particles. This is becaug e other electric and magnetic components are obtained by
the phase velocity in this region is the highest, which leads t olving analytically(to leading order in KZg) Maxwell's

fast phase slippage. Also, in the near-axis region the longituéquations in vacuum[15], E,~(i/K)(JE ?&x) and B

dinal component of the accelerating electric field is VeIY_" (i/w)V XE ot X

small. .

For accelerating particles. in addition to the subluminous Results of these simulations indicate that there exists a
. g part ' . ' regime in which relativistic electrons can be injected into the
phase velocity of the field, the acceleration field strength

i.e., the amplitude of the longitudinal electric field is also anacceleratlon channel of a very intense laser beam and receive

important factor. We hereby introduce a quan@tyhat com- sub'stantlallgnergy gains. We call this the CH32,13. The
: I~ basic conditions for CAS to occur have been found as fol-
bines these two factors to represent the ability of the lasef

field to accelerate charged particles. We call it acceleratiorlaﬁ\;vi'_r(]g LT:&?;?:?;E?;V es:eoruld zﬁovueltrjy sgoi;\m?[hkeS)rén e
quality factor, which is defined by I 9y 9

5-15 MeV, depending on the beam widthi) The electron
Q=Qo(1—vym/C) [x/w(z)]exd — (x2+y2)Iw(2)?], incident crossing gngle(relative to th_e beam directian
(4) should be smalitypically tan6~0.1). Figure 3 shows typi-
cal CAS trajectories at different laser intensity. These CAS
for v ,m<c andQ=0 forv,,>c. HereQq is a normaliza- trajectories have in common the following interesting dy-
tion constant chosen to makgin the order of unity. In Eq. namic characteristics.
(4), (1—v,m/c) represents the contribution from the phase (a) The CAS electrons are trapped in and move along the
velocity, and the remaining factor is proportional to the am-acceleration channel, which are different from the pondero-
plitude of the longitudinal electric field. Also, we simply motively scatteredPS electrons, The later are quickly ex-
assume that foo ,,>c, Q=0 because in that case no par- pelled from the intense field regidifig. 3a)].
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FIG. 4. The maximum final energy;, as a function of the laser
intensityag. yfy, denotes the maximum value of as the initial
laser phase is varied over the range 02 The other parameters
used are the same as in Fig. 3.

(d)

3(b)]. The acceleration occurs primarily in the focus region
with effective interaction lengths on the order of the Ray-
leigh rangdFig. 3(c)] and acceleration gradients on the order
of a few GeV/cm[Fig. 3b)].
Figure 4 shows the variation of;,, as a function of the
laser intensityay. Here, y; is the final value ofy after the
(e) interaction, andy;,,, denotes the maximum value ¢f as the
20000 30000 20000 initial laser phasep, is varied over the range 0-=2 Various
kz values ofgq correspond to electrons impinging on the laser
beam at different delay times. We note that the dynamic tra-
FIG. 3. Typical CAS dynamic trajectories at different laser in- jectories in Fig. 4 can generally be divided into two groups:
tensities.(a) CAS dynamic trajectories in the-z coordinate space CAS for ag=8, and PS electrons fa,<3. The CAS elec-
for a,=100(solid line), 60 (dashed ling and 30(fine-dotted ling.  trons are greatly accelerated by the laser field, and the net
s e e s v e sl ac's 81197 gan scales approxmately el wih 1.
contrast, three typical ponderomotively scatte(@® electron tra- Is feature Is consistent .Wlt the mec; an]sm underlying
) i : CAS, namely, the acceleration occurs primarily in the accel-
jectories corresponding to the same parameters as that of the CASesration channel. In contrast to that, the PS electrons have

are also presentedb) Same parameters as {a) but for y vs z | I f h ith the |
coordinate.(c) Same parameters as {g) but for the longitudinal ﬁgl():il [slrga;qamount of net energy exchange with the laser

force experienced by the electronsasoordinate(d) Same param- . . . .
eters as ir(a) but for the phase experienced by the CAS electrons vs 1 N€ @bove simulation results are in approximate agree-
z coordinate.(e) Same parameters as (@) but for the electron Ment with the following simple theory of laser acceleration.
velocity (solid line) and the phase velocity of the laser wave along The energy gain is given bw= —efdt(v- E). Assuming a
the electron dynamic trajectorglotted line vs z coordinate a,  Small electron trajectory angle, i.e., small compared to the
=30. diffraction angle[see, e.g., Fig. @], and the energy gain is
primarily due to the axial electric fieldE,= (2ix/kw?)(1

(b) The effective wave phase velocity along the CAS elec-+iz/Zg)E, (this is also confirmed by the simulatiprthen it
tron trajectories is less thamin the region near the beam yields
waist [can even be less than the particle velocity, see Fig.

-

V &V

3] . . dz xw3 z r2

(c) The CAS electrons are in phase synchronous with the \y—= _m@aokwoj — ——|i——|exp ———igp].
laser field over a significant distan€Eig. 3(d)], which re- VAR 2

sults in substantial net energy gains from the laser fi€ig. (5)
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The magnitude of the energy gain can be estimated by adveV (300 MeV). Furthermore, there is an energy-angle cor-
suming that the effective acceleration length is a Rayleiglrelation that can allow for energy selection using a collima-
length and by approximatingy and ¢ as constants. This tor. For electrons in the energy range 92 MeV¥5%
gives W[ MeV]=0.51agkwyx exp(—rzlwg). Assuming x=r (400 MeV+=15%), which contained 45% (56%) of the ac-
~w, gives W[ MeV]=0.1%kw,=8.1(P[TW])*2 where celerated electrons and emerged with angle2°+0.21°
P=0.54(ackwp)2 GW is the laser power. For the parameters(1.09°£0.17°), the emittancess(mm mrad in thex andy

of Fig. 4 (kwo=60), W=110 MeV (1.1 Ge\j for ap=10 dlrec_tlons were 0.(?580.0_54) an(_j 0.83(0.60), r_espectlvely.
(100), in approximate agreement with those from the Simu_DetayIs on these simulations will be the subject of a future
lation W=100 MeV (1.5 Ge\j. A more accurate calculation publication. , . leration i
of the energy gain can be obtained by performing the inte- In summary, we report a regime of laser acceleration in

L . . LY vacuum in which the ener ain is found to increase ap-
gration in Eq.(5) numerically using the exact orbits, includ- 9y 9 P

h . roximately linearly inay, and in which substantial ener
ing effects due to the difference between the electron angains (>1g0 MeV)ycanobe obtained for present day Iag?a/rs
phase velocities.

L =100 TW). Finite energy gains are possible becdusine
In the case of injecting an electron bunch, the output Ofgjeciron orbit is significantly perturbed by the laser as it en-
the acceleration mechanism is a high-energy electron macr@a s the high intensity region, ari) there exists a sublumi-

pulse, which consists of many micropulses. The micropulsgoys phase velocity region in which the electrons can be-
duration corresponds to the periodicity of the laser field. Th&some captured and accelerated. The resulting energy gains
energy spread of the electrons is large, since the electrons agge in agreement with theoretical estimates based on accel-
injected over all phases within a single laser period, thugration in the axial laser field. Furthermore, optical compo-
some electrons are accelerated and others ponderomotivalgnts are not needed near the laser focus, which greatly sim-
scattered, depending on the phase when the electron inplifies the experimental interaction geometry and removes
pinges on the laser field. constraints due to laser damage, thus allowing ultrahigh in-
The following two examples show the output beam prop-tensities and large energy gains.
erties in quantitative detail. An electron bunch was synchro- The authors would like to thank C. M. Fou for a careful
nously injected to interact with a laser pulse with,=60,  reading of this manuscript. This work was partly supported
duration w7=300, and intensitya,=10 (30). Initially, the by the National Natural Science Foundation of China under
bunch had momenta,;=0.95, p,;=0, p,;=9.5 [crossing  Contracts No. 19984001 and No. 10076002, National High-
angle relative to the laser beath=tan 1(0.1)], geometric Tech ICF Committee in China, Engineering-Physics Re-
transverse emittance Grlmm mrad, impact parametdr  search Institute Foundation of China, and National Key Ba-
=0, and the same sizégdius and durationas that of the sic Research Special FoundatidNKBRSPF under Grant
laser pulse. After the interaction, the maximum energy of theNo. G1999075200. E.E. and A.S. were supported by the U.S.
output electron beam was 114 Me¥90 MeV), and 9.3%  Department of Energy, Office of Science, Contract No. DE-
(26.3%) of the injected electrons had energies above 78C03-76SF00098.
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