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Trapping, compression, and acceleration of an electron bunch in the nonlinear laser wakefield
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A scheme of laser wakefield acceleration, when a relatively rare and long bunch of nonrelativistic or weakly
relativistic electrons is initially in front of the laser pulse, is suggested and considered. The motion of test
electrons is studied both in the one-dimensigid#l) case(1D wakefield and in the case of three-dimensional
laser wakefield excited in a plasma channel. It is shown that for definite parameters of the problem the bunch
can be trapped, effectively compressed both in longitudinal and transverse directions, and accelerated to
ultra-relativistic energies in the region of first accelerating maximum of the wakefield. The accelerated bunch
has sizes much less than the plasma wavelength and relatively small energy spread.
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[. INTRODUCTION [10], and the LILAC[11] schemepsare aimed at the genera-
tion of such a short relativistic bunch.

The rapid progress in the technology of high-intensity la-  The diffraction broadening leads to a rapid decrease of the
sers, based on the chirped-pulse amplificati@PA) [1], |ntense2Iaser—puIse amplitude with the characteristic length
opens opportunities for the use of lasers in many branches &= 7T/ (hereZg is the Rayleigh length,, is the focal
science and industry. Relatively inexpensive tabletop teraSPOt size of the pulse, anq is the laser wavelengttihat is
watt lasers(so-called F lasers become a tool in physical typically in order of a millimeter. To prevent diffraction, the

researches and now are available at many laboratories ovBfaSma channel with minimum density at the axis, proposed

the world. Last year's CPA technique permitted the produc© 9uide the laser pulse in LWFAL2]. The amplitude of the

tion of subpicosecond laser pulses of multiterawatt powefCCeerating component of the wake wave generated in the
with peak intensities exceeding 20n/cn? [2]. With inten- plasma channel decreases as distance from the laser pulse

sities as such we practically have to do with an interactior]increaseile"14]' Besides, the change of the pl?sma wave-
Pe . ength\ , in the transverse directiofx ,~[n,(r)]~ 2 where
range of laser radiation with matter, where the role of th gmip dirp—[Np(1)]

A ) ; . - Ny is density of electrons in the plasma chanpnétads to
nonlinear effects is often essential. In this intense laser fieldn yasirable wave-front curving; this effect becomes stronger

the matter is usually transformed to plasma and free elecsg gistance from the pulse increases. The effect of wave-front
trons oscnlate with r_elat|V|st|c quivering energy. _Presently,cuwing in the channel, in the case of a strong laser pulse
the interactions of hlgh—power Iase_r radlgtlor! with p|asm_a(a0=eEm/mECwL>1, where e and m, are the absolute
a.re. aCt|Ve|y |nVe.St|.gated In connection W|th d|ﬁerent appll— Charge and mass of the e|ectr(ﬁ]m is the maximum amp"-
cations: the excitation of strong plasma wake waves for fotyde of laser fieldg is the speed of light in vacuum, arne|
cusing and acceleration of charged buncf®s generation s the laser frequengyis amplified due to the nonlinear
of radiation at harmonics of carrier laser frequefdl x-ray  change of the wake wavelength in transverse direction
sourced5]; laser inertial fusiori6]; etc. [15,16. Thus, for regular acceleration of a charged bunch in
The laser wakefield, generated in plasma by the shoithe wake wave, most preferable is the region of the first
(with the length~\ /2, where , is the plasma wavelength maximum of accelerating field behind the laser pulse.
intense laser pulse provides the acceleration gradient up to To avoid the aforesaid difficulties in LWFA, we suggest
tens GeV/m(laser wakefield acceleration, LWHA,8]), that ~ and study in this paper a scheme of trapping, compression,
is three orders of magnitude higher than that achieved i®nd acceleration of a nonrelativistic or weakly relativistic
conventional accelerators. The main aim of experimental anglectron bunch in the laser wakefield, when the bunch is
theoretical WorkS, that are presenﬂy in progress, is the Codnltla”y in front of the laser pulse. The initial bunch .denS|ty
struction of compact and relatively inexpensive accelerator§an P& much less than that required for accelerating bunch
of charged particles for applications in physics researchand the bunc_h sizes can be in order or more than the plasma
medicine and hi-tech industry. However, some challenges ré¥avelength, i.e., much more than required other by methods
main on this way, the main one of those is the problem ofof injection[9-11]. Our investigations take into account both
electron bunch injection. the pulse p_onderomouve force and the wakefield. It is shown
The wake wavelength in the LWFA ¥s,~2c, [3] (here that for deflnlte_parameters of the proble_m the t?unc;h can be
7, is the laser-pulse duratipand makes up tens or hundreds rapped, effectively compressed both in longitudinal and
micrometers for typical plasma densities,~ 10— 10! transverse directions, and accelerated to ultrarelativistic en-

cm™3. To obtain high-quality relativistic electron bunch ac- €"9i€s in the region of first accelerating the maximum of the
celerated by the wake wave, it is necessary to inject sho akefield. The accelerated bunch has sizes much less than
(with the lengthL<\ ), enough dense relativistic electron "€ plasma wavelength and enough good quality.

bunch in the accelerating phase of the wake wave with fem-
tosecond synchronization, that is a difficult technical prob-
lem (see, e.g., Ref9]). The injection schemes proposed for At first we neglect the transverse variation of the laser-
the standard LWFAthe LIPA[9], the colliding laser pulses pulse amplitude and consider the case of one-dimensional

Il. THE CASE OF WIDE LASER PULSE
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laser wakefield excited by a wide pulse in uniform plasma.
This allows us to study the longitudinal dynamics of the
bunch electrons in more details.

A. Basic equations and correlations

E;, @, a

The one-dimensional steady wakefield excited by a lin-
early polarized laser pulse is described by the following
equation(see, e.g., Ref.3)):

d2<I>+B AP ®/(1+a%/2)Y?
79| TP 0% (14 ati2) - v, 212

=0, (1)

dé&?

where® =1+ ep/m.c? is the dimensionless potential of the ~ FIG. 1. The one-dimensional nonlinear wakefield excited by the
plasma wakefielda=eE,(¢)/m.Cw,, Eq is the electric- linearly polarized laser pulse with peak normalized amplitage
field amplitude of the laser pulse§=kp(z—vgt), kp =2, o_z=2, y=10. l,_the Iongltudlnal elegtrlc fiel&,(&); 2, the

- wp/vg, w,= (4wnpe2/me) 12 ig the plasma frequency,g potential of t.he wakefield (&) 3 3, the amplitude of the laser pulse
is the group velocity of the laser pulse which is equal to the?(¢)- All variables are normalize(see the text

phase velocity of the wake wavegy=vg/c, y4=(1
—B5)~M?is the relativistic factor, which, in the casg>1,

is nearly equal tas; /w,. The electric field of exited wake-
field, normalized to the nonrelativistic wave-breaking fiel
Ews= mev%wp/e, can be found from the equatiok,
=—(1/By)“d®/d¢. The equation of motion for a test elec-
tron in the wakefield and in the laser pulse fielddse, e.g.,
Ref.[17])

The minus sign in Eq(5) corresponds to the initial momen-

tum p, of an electron which has momentupyy, at the
dpoint ¢, and the plus sign corresponds to the momentum the

of free electron which initially was at the poidt. Expres-
sion (5) describes both trapped and passing particles. In the
wake, electrons can be trapped only in the region wikgre
<0. Equation of motior§2) can be rewritten in the forifil9]

2 _ 2 _ P2
dp 1 da? 0 ABh) da B)Ez=o, (6)

dr = aBgy di  PeEe 2) dr? 4Bl d¢ Y

Here the first term on the right-hand side is the relativisticVhereé is the normalized coordinate of a test electron in the

ponderomotive force averaged over the fast laser oscillationffame comoving with the laser pulse. The dimensionless ve-
and the second one corresponds to the plasma wakefield ity of the electron one can obtain from the expresgion
cited by the laser pulsgg=v/c, p=pgy, and y=(1+p?  =Bg(1+d¢/dr).

+a?/2)?=[(1+a%2)/(1—- B?)]"? are the normalized lon-

gitudinal velocity and momentum and the relativistic factor B. Numerical results

o_f the test el.ectror(transvc'erse yelocity i; zero in this sec- Equations(1) and (6) were solved numerically for the
tion), Tzwpt_ is the nor_mallzed time. M_ult|ply|ng Eo[2_) by_ Gaussian laser pulse

3, one obtains after simple mathematics the following inte-

gral of motion(see also Ref4.14,18): a=agexg —(£—&)%o2].

y— Bgp— P =const. (3)  Alaser pulse withag=2 and nonlinear wakefield excited by
it are presented in Fig. (here and below in numerical cal-
Let us consider an electron which is initially situated aheactulationso,=2, ¢£,=30,, and ¥¢=10). The amplitude of
of the laser pulse at a certain poify, where®=1 anda  the wake wave is essentially less than one-dimensional rela-
=0. If the electron has initial momentupy< By, ., it will tivistic wave-breaking fieldE,,=[2(1— yg)]1/2/,gg%4_26
be overtaken by the laser pulse and can be trapped at sorf®20]. Figure 2 shows the dependence of initial electron
point ¢, inside the pulse or in the wake and accelerated. Alnomentump,, on the trapping point near the first accelerat-
the trapping pointor, in other words, at the point of reflec- ing maximum in the wake wave. The minimum value of the
tion) the electron velocity becomes equalitg. Then from injtial momentump,,, corresponds to the trapping point,
expression(3) we have where the potential achieves its minimum d@hg=0. Curves
1 and 2 in Fig. 2 reach their minima at different points, that
S=(1+a7l)" yy—(®,—1)=(1+p*) = B4p. (4 s the consequence of the nonlinear increase of wake wave-
length with increasing amplitudéthe dependence of the
In Eq. (4) a, and®, are the pulse amplitude and the wake- wavelength on the amplitude can be found in R21]). The
field potential at the reflection poirg, . From Eq.(4) one  curves were obtained numerically and coincide with the ex-
has pression(5) for the trapped particles. Figure 3 shows the
e " dependence of the value of,;,, and wake wave amplitude
P= Yol BgyeS~ (7S —1)7]. (5 E,max 0N a. One can see that the laser pulse wagh-1
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FIG. 2. Dependence of dimensionless electron initial momen- 60
tum p, on the trapping point near the first accelerating maximum. 1, y
30:2; 2,a0:3. 50 A (b)
40 A
(that corresponds to the pulse peak intensity,.y
~10'® Wicn? at the laser wavelength, =1um, andl 30 A
~10' W/cn? atA =10 um) provides trapping of initially a0
nonrelativistic or weakly relativistic electrons in the wake
wave. For instancep,i,~0.4 for the wakefield presented in 10 |
Fig. 1. Electrons withpo<pnn are not trapped in the wake
wave and can be detected behind the wave. This fact may be 0 — ' i i
used to determine the wake wave amplitude in experiments 0 20 40 . 60 80 100
from thepmin(E,max dependencéFig. 3). Our numerical cal- ) _ _ o
culations have witnessed that electrons with< B4y, can- FIG. 4. Trapping, compression, and acceleration of the initially

not be trapped in the region of laser pulse because of th@onoenergetic electron punch in the wakefield presented in.Fig. 1,
decelerating wakefield; only the electrons Wila~Fyyy ittt Cocons. The coordinate and time are nommalized
can be trapped by the leading edge of the pigkereE, ' '
~0) due to the ponderomotive force. This confirms the re-
sults of Ref.[18]. In the case of long laser pulser(  getic nonrelativistid po=0.5, yo=(1+ p§)1’2~1.12] bunch
>wgl) the wakefield can be essentially reduced and direcin the wakefield presented in Fig. 1. The initial dimension-
laser ponderomotive acceleration of preaccelerated electromass bunch length ,=5 corresponds, approximately, to the
is possible[22]. When the pulse is short(~ o, 1), plasma linear plasma wavelength, . For 7=50, the trapped bunch
tends to compensate for the laser ponderomotlve force, dength isL~0.027 andL~ 0 04 for 7=100, that is two or-
that the decelerating wakefield is strong enough to preverflers of magnitude less than the initial bunch length. The
the trapping and effective ponderomotive acceleration ofibsolute energy spreafiy in the accelerating bunch in-
electrons inside the puldsee Fig. 1 creases insignificantly with time, but the relative energy
Figure 4 shows the behavior of electrons of monoenerspreade =Avy/y falls due to growingy; for example,e
~0.26 at7=50, ande~0.14 at7=100. The acceleration

25 gradient in the considering case is approximately equal to
2 MeV/\,. For example, whenA,=100 um (n,
2]\ 1 ~10 cm 3) the acceleration gradlent is 20 GeV/m.
2 Figure 5 illustrates the motion of electrons with different
g 15 - initial momenta and the same initial positions (8.8
o <1.2, 1.1 y=<1.56, £,=0) in the wakefield presented in
ERRE Fig. 1. The trapped bunch length is nearly 27 times less than
& the plasma wavelength,. The relative energy spread at
05 4 =100 is lower than 0.1, that is much less than the spread in
the initial electron bunch.
0 . . : . The dephasing length, for electrons with,,<py=<1.2,

05 15 25 35 45 varies in the range 639L4<700 (the greater values corre-
Qg spond to the smaller initial momer)tmat is comparable with

FIG. 3. The minimum dimensionless momentum of the trappeaIhe linear dephasing Iengthpyg [3] (which, in our nota-

electronspm,n (curve 3 and the normalized wake wave amplitude tions, corresponds td—d_2777g 2007). The maximum
E, max (CUrve 2 in dependence on peak amplitude of the laser pulsgelativistic factor of accelerated particles varies in the range
ag. 350< y,,,=410 (here again the greater values correspond to
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T r J) D. Wakefield generated by accelerating bunch
100

60 80 The trapped bunch also generates wakefield which can

destroy the laser wakefield and decrease the accelerating
field. Since the accelerating bunch is shdr{( 7)<\ ,] we

can consider it as a plane bunch and find the normalized
amplitude of the wakefield excited by the bunch from ex-
(a) PressionEy, may=Ky(vp/C)(Np/np) [24], wherevy, and Ny, are
velocity and the surface density of the bunch, correspond-
ingly. This expression is valid both in linear and nonlinear
regimes. In our casB,=nyold/k,, Wwhered<1 is the ra-

tio of trapped electrons number to the total number of par-
T ticles in the initial bunch, and we have

Eb,max= 0(vp/C)(NpoLo/Np). (7)

60 The normalized amplitude of moderately nonlinear laser
Y wake wave, considering in this paper, is about unit. So, we
(o) can neglect the wakefield generated by the bundByif,ax
40 1 <1, or when

nb0< np(C/U b)(l/Loé)

207 For n,~10'-10'® cm™3 (that is typical for the LWFA ex-

perimentq 3]), v,~c, d~1, and the initial bunch length in
0 =22 . . . order of N, (Lo~5-10) this condition readsny,
0 20 40 &0 80 100 <10"-10' cm 3. The density of the accelerating bunch
T may be in order of plasma density.
Thus, the one-dimensional analysis has showed the possi-
bility of trapping, essential compression, and high-gradient
dacceleration of a low-energy electron bunch in moderately
nonlinear laser wakefield.

FIG. 5. Behavior of electrons with initial positiof=0 and
with initial momentapy,=0.5, 0.8, 1, and 1.2 in the wakefield
shown in Fig. 1. Electrons with smaller initial momenta are trappe
earlier.(a) The normalized coordinate ar{t) relativistic factor of

electrons. lll. TRAPPING, COMPRESSION, AND ACCELERATION

IN LASER WAKEFIELD EXCITED
smaller py), that essentially exceeds the linear valueéz IN A PLASMA CHANNEL
=200[3], but is an order of magnitude less than the maxi-

. 3 In this section we consider our scheme of LWFA for the
mum nonlinear value #;=4000[21,23.

case of laser wakefield excited in a plasma channel and study
the peculiarities of radial motion of test electrons during

) , trapping and acceleration.
C. Energy spread in accelerating bunch

. A. Nonlinear laser wakefield excited in a plasma channel
The energy spread in the trapped bunch depends both on

energy spread and length of the initial bunch. The tail eleciS r?esc\(lev::arrnetr(])tlozﬁjilgtlgie"r]tr%?suecn'lqﬂi’stgelzlSJ\?SST? t%hgggsrl]
trons of the initial bunch are trapped earlier and therefore yidg P )

. . . . tially increase the laser-plasma interaction dist that,
have greater energy at a giveruring acceleratiofsee Fig. y P dna,

2 S| el | ; q Fi Let in its turn, provides ultra-relativistic acceleration in the
). Slower particles also are trapped earligee Fig. 3. Le wakefield [3]. Nonlinear axially symmetrical laser wake-

us suppose that the bunch is initially situated ahead of thge|ys excited in a plasma channel are described by the fol-
laser pulse, so thaf=0 corresponds to the bunch tail, and lowing system of equationsL5]:

+(Po) is the time necessary to trap an electron which is
initially at £€=0; the initial electron momentum is in the p, Jve

rangep,;<py<p-. Then, for the energy spread in the trapped '3(9_5 e ~B’E,=0, (8a)
bunch one can write Ay~A7E, o= 7(P2)— 7ir(PD)
+Lo/(1—v2/vg) |E, max, WhereA 7, is the time interval which Ipr %—,BZE 0 (8b)
is necessary to trap the initial bunch. For the relative energy g or e
spread one has~Ar,/(7—AT,). These estimates agree
well with the numerical results. One can see that the pres- _ @+ ‘9_ErJr N.=0 80
ence of fast electrongvith vy~vg=c) in the initial bunch IS B €& BiNe=0,
leads to an undesirable increase in the energy spread. E

The trapped bunch density can be found from expression z
Np(7)~ nbOFIJ_F;/L(T), wherenboy is the initial bunch denpsity. ViHot B7g +BNe=0, (8d)
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FIG. 6. The radial profiles of dimensionless unperturbed elec-
tron density in the plasma chann@urve ) and the normalized

laser-pulse intensitycurve 2, ren=0,=5, b=0.01. f, o
0.2 1
dH, JE, JE, 014
PR (89 o
. 2]
Ne=Np(r) =V E,— =, (8 o1
¢ -0.2 41
whereE, , andH 4, are longitudinal and radial components of 031
the electric field and azimuthal component of the magnetic
field normalized to the on-axis wave-breaking fidlgg(r =04

=0)=mewy(r=0)v,/e, p,, are the normalized compo- §
nenzts 192f _plasma elec_:tr_or_‘ momentumye=(1+ p§+ pr2 FIG. 7. The two-dimensional nonlinear laser wakefield excited
+a®/2)7° is the relativistic factor, 8, =p,r/ve, Ne in the plasma channel with the radial density profile shown in Fig.
=ng(&,r)/ny(0) is the normalized density of plasma elec-6, a,=2, ¢,=2, o,=5. (@ The longitudinal electric field for,
trons, ny(r) is unperturbed plasma density in the channel,=0, 3, and 5 in the order of magnitude reductié. The focusing
Np=n,(r)/ny(0), V, =dldr+1ir. The force acting on the field f,=B,H,~E,. 1,r=1; 2,r=3; 3,r=5. All variables are
relativistic electrons in the wakefield iB(—eE,,—e(E, normalized.
—BH,),0). According to Eq.(8¢)
Equations(8a)—(8f) were solved numerically for the fol-
&_Ez: J(E;,—BHy) __ (7_fr 9) lowing parameters of the problenay,=2, o,=2, 0,=5,
ar Z3 7 andy,=10. In this caseA ~0.16, the value ob was chosen
) ] ] to be 0.01. In Fig. 6 we present the radial profile of unper-
So, the field of forces is potential beca%sﬁx F=0,and turbed plasma density and the radial behavior of the normal-
one can writeF=V®(¢,r), here®=1- JE.d¢. _ ized laser-pulse intensity, namely, exifr%o?). Figure 7
In this section we consider an axially symmetric lasershows the longitudinal electric field and the focusing field
pul;e whlch has Gaussian profile both in longitudinal andfr:BHﬂ_ E, of the wakefield excited. One can see that the
radial directions: wake wavelength decreasesragcreases. This is caused by
the radial increase of unperturbed plasma density in the
channel[3,13] and by the nonlinear increase of wavelength
With the wake wave amplitude which is at maximum on the
axis[15,16,24. Figure 7 shows also the nonlinear steepening
of the accelerating field like the one that takes place in the

a(é,r)=agexp — (¢— &) alexp —r2la?).

The laser pulse is guided in preformed plasma channel whic
has the following unperturbed electron density:

r2 p one-dimensional wakefiel¢see Fig. 1L Due to the depen-
Np=| 1+A T) ex;{ — b7> , (100  dence of the wavelength anthe field in the radial direction
Fch Fch grows more chaotic as the distance from the laser pulse in-

_ creases. In fact, the oscillations of the plasma for different
wherer ¢, A andb<1 are constant values. Such a densityare started behind the pulse with nearly equal phases but
profile is typical for plasma channels created in experimentgjifferent wavelengths. As the value 0] increases, the
[25]. Suppose that the pulse is guiding without change in itghange of phase in the transverse direction becomes more
radius o,. In this case o;=r¢, and np(ren) =Np(0)  and more marked. This leads to a curving of the phase front
=1/mrr?,, where ro=e?/m,c?~2.8x10 % cm is the and to oscillations in the transverse directifith,16,28.
classical electron radius and all values are dimensi#| Such behavior of the wakefield excited in a plasma channel
Then, in expressiof10), A=(2/crrﬂg)2. leads to the transverse multistream motion of plasma elec-
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0.2 and radial dynamics, and we suppose in this paper that
] T~ p,(0)=0. Equation(11) gives the following equation for the
6 8 1o energy of electrons:
02 1
w d’y_ E 1 9a? 13
i 04 9.~ BdBE) Ty 9 (13
-06
From Egs.(12), (13), and(9) we obtain the integral of mo-
0.8 1 tion
: r y—BgP,—P(&1)=const, (14)

FIG. 8. The radial behavior of the wakefield shown in Fig. 7, atyhjch formally coincides with the one-dimensional integral
£=-109. 1, dlmenS|opIess Iongltudlnal electric field, (¢ of motion (3) [14,28,29. Electrons can be trapped in the
=—10.9r); 2, the normalized focusing fordg(£=—10.9r). region where wakefield is both accelerating and focusing.
For the scattered particles, from E@4) one hasp?=(S

trons in the wake and to the transverse wave break2id ngz)z_ pﬁ— 1, here S=[1+p?(0)]¥?— Bgpo(0). If an

The radial dependence of the longitudinal electric field and(:Iectron is initially nonrelativistic [p(0)|<1, S~1), then
the. focusing forc_e is shown _in Fig. 8 for poigit:.—10.9 at b~ (2p,) Y2 and tam=p. /p,~[2/(y— 1)]1/2’, wheré 0 is
which the on-axis acqeleratmg f'eld. rea}ches 'ts. maximumy, o, angle between the axis and final momentum of the
We see that the wakefield changes its sign and is steepene attered electrof80]

For the ultra-relativistic acceleration of electrons one needs Taking into accouht Eq(13), we rewrite Eqs(123 and
to use a region in the wakefield where the conditids (120 in the form '

<0 andf,<0 are satisfied simultaneously. The radial steep-
ening leads to the radial restriction or the region suitable for

2
acceleration. Near the first accelerating maximum of the d—§+E[(l—ﬁg)Ez—ﬁzBrEﬂrﬂrHa]
wakefield shown in Fig. 7, the suitable regionris2.8. As dr= 7
the distance from the laser pulse increases, the suitable re- 1 5
gion becomes narrower, so that at some distance the wake- + (1~ ByB2) ai: (159
field is highly irregular. Thus, the most preferable for elec- 4,85;/2 29 '
tron acceleration is the region of the first accelerating
maximum in the wake. d?r 1
g2 P LA BOE~ BBE~ BH,
B. Equation of motion of bunch electrons T
Three-dimensional vector equation of motion of bunch B 1 ( r7a2_ 1 ga? o (15b)
electrons is 43972 "9E By or '
d_p: — Bo(E+BXH)— Va2, (12) The normalized components of velocity obey the formulas
dr 4BqY B,=By(1+dé/d7) and B, = Bydr/dr. For particles trapped
) ) ) in the wakefield, we suppose that during acceleratyn
Here all values are dimensionleg$=v/c=p/y is the nor- <1 B2<1 andr<1 (the numerical results presented below

malized velocity, y=(1+p*+a®2)"?=[(1+a%2)/(1  show that this is the caseThen, from Eq(158 one has
—B?)]1*? is the relativistic factor. For the momentum com-

ponents, from Eq(11) one has d2&/d?~E, /% (16)
dp, B 1 9a? It follows from this equation thatdy/dr=~—E, and
dar ~By(Er=BHg)— 4Byy T (12a y~—JE,dr. Thus, the longitudinal dynamics of accelerat-

ing particles is approximately the same as in the one-
dimensional case. The radial motion of electrons, according
=0, (12p  to Eq.(15b), obeys the equation

d2r+|EZ| dr+92 0 (17)
dp, 1 ga? 2 d- r=u,

ul - d72 v dr

dr ﬁg(Ez+:8rH0) 4:897 (9§ (120)

whereQ = (|df, /ar|/y)Y?is the betatron frequency. Suppos-
It follows from Eq. (12b) that the azimuthal momentum is ing that the value o, is approximately conserved during
conservedp,=py(0)=const,B,(7)=py0)/y(7). The azi- acceleration, we can writg~|E,|(7— 7). In this case so-
muthal momentum has no essential influence on the axidution of Eq.(17) is
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FIG. 10. The characteristic dependence of the minimum trap-
ping threshold on the initial radial position of the electrgn,
=0, £,=0. Both variables are dimensionless.

pulse, the electrons experience approximately the same ac-
celerating field. Therefore, the longitudinal dynamics of the
electrons is well described by the one-dimensional theory.
The focusing force acting on the bunch electrons depends on
r linearly (see Fig. 8 The small bunch size@s compared
with the wakefield characteristic sizemnd the fact that elec-
trons are trapped near the accelerating maximum provide
high-accelerating gradient and relatively small energy
spread. For example, the relative energy spread of electrons
presented in Fig. 9 is5% at7=300. The numerical results
show that dynamics of the accelerating bunch is well de-
scribed by approximate EqeL6)—(18). The betatron oscilla-
tions of the accelerating electrons are clearly seen in Fig.
9(b). The wavelength of this oscillation decreases with the
increase of the particle’s energy that conform to the formula
for betatron frequency. Radial velocity of accelerating elec-
trons is much less than the longitudinal ong,(7)|<0.1
<B,(7). One can see also that even electrons which are
initially at the periphenyfr(7=0)=ry,~o,] can be trapped

in the wakefield and accelerated. The characteristic depen-

FIG. 9. Trapping and acceleration of electrons with zero initial dence of the minimum trapping threshagl i, on the initial
momenta in the wakefield given in Fig. @,0=0.8, £,=0. Longi-

tudinal (a) and radial(b) positions and relativistic factdc) of elec-
trons. The coordinates and time are normalized.

r=r(7)o(L|of Jor|(7— m)I|E,|]),

(18

whereJ, is the Bessel function of zero order.

C. Results of test-particle simulations and discussion

Motion of test electrons in the two-dimension&D)

wakefield presented in Fig. 7 was investigated by numerical

solution of exact Eqs(159 and (15b) for different initial

positions and momenta. Figure 9 shows the behavior of elec-
trons with zero initial transverse momenta and with different

initial radial positions. One can see that particles are trapped
near the first accelerating maximum in the wake. During the

trapping, electrons concentrate near the axis due to the fo-
cusing forceB,H,—E,. Since the longitudinal size of the

radial position of electron is presented in Fig. 10. Figure 11
shows the minimum and maximum initial radial momenta of
trapped electrons in dependence on initial radial position.
The figure witnesses that electrons which initially move at a
relatively high angle to the axigup to 109 also can

0.3 1

1
0.1 1

E T T T T T
Py \
a 019 1 2 3 4 5 6 1
5
E .03-
o

-0.5 2

-0.7

o

FIG. 11. Maximum(curve ) and minimum(curve 3 dimen-

trapped bunch is much less than the plasma wavelength argbnless initial radial momenta of trapped electrons depending on
its transverse size is essentially less than that of the lasdie normalized initial radial positiom,,=0.8, £,=0.
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The on-axis amplitude of the linear wake wave excited by
the bunch is reduced by the factd(R)=1—-RK;(R)<1
[31] (whereK is the modified Bessel functipms compared

to the one-dimensional cagsee Sec. )l Therefore, in our
case, for the amplitude of wakefield generated by the bunch,
we haveEy ma=TLn,/n,. This wakefield can be neglected
when Ep max<E;max, OF taking into account Eq(20)—if
TLod(o, /R)*(Nyo/Np)<1; whenR<1, T~R??2, and this
condition readsLoo,an05/2np<1. The total number of
trapped electrons, according to E@l9), is restricted

by the following condition: N;,<< wnpkg3(R2/T)~1.4

X 10'(R?/T)\p, with N, in wm.

525 For the normalized emittance,= o5/ (here oy, is the
matched transverse size of the bungh,is the betatron
length of the accelerating bunch, in our notations, one can
write_e,~R*Q\ /47, In the case\,=100 um (n,
~10' cm™3%), for the bunch presented in Fig. 12,

~8 nmlyY? for example,e,~0.5 nm wheny= 300, that

is comparable with the emittance expected in the TeV-range
laser wakefield accelerat$B2,33 (see also Refd.14,33—
36] for the dynamics of the accelerating buinch

200 -

150 A

100 A

0 50 100 150 200 250 T 300 IV. SUMMARY

FIG. 12. Trapping, compression, and acceleration of an electron Th_e results Of_ the present .paper ShO,W the Poss'b'"ty of
bunch in the wakefield presented in Fig. 7. Initial parameters of thd"@PPing, essential compression both in longitudinal and
bunch are: B=£,<5, ro<4, 0.6<p,,<0.8, —0.02<p,,<0.02.  transverse directions, and ultra-relativistic acceleration of an
The normalized radial position&) and relativistic factor(b) of  initially nonrelativistic or weakly relativistic electron bunch
electrons. in moderately nonlinearap~1, E, na1) laser wakefield.

The initial bunch can be generated, for example, by a pho-
be trapped and accelerated. This again is caused by the ftecathode. So far as the electron bunch is initially nonrela-
cusing force and the fact that electrons are initially nonrelativistic (y,~1), trapping and compression take place during
tivistic (yo~1). time interval comparable with the plasma wave period, that

In Fig. 12 we show behavior of electrons of a bunch withis much less than the time scale of longitudinal dynamics of
the following initial parameters: € £,<5, ro<4, 0.6<p,y  relativistic particles in the wakg35]. Due to the fact that
<0.8, and —0.02<p,(,=0.02. The passing particlegot trapped bunch sizes are essentially less than characteristic
showed are well separated from accelerating one both spaspatial scales of the wake wave, the energy spread in the
tially and energetically. The length of the accelerating bunchaccelerated bunch can be relatively low, namely, a few per-
in this case also is much less than the plasma wavelengttent. In our scheme the problems connected with the wake
[L(7=100)~0.27, L(7=300)~0.19. The radius of the wave front curvature also are removed. The electron bunch
bunchR decreases relatively slowly during acceleration andrapped and accelerated can be accelerated further in the
is essentially less than the characteristic transverse size of theultistage LWFA[33].
wakefieldo, , R(7)~1; the bunch radius can be reduced by Thus, the scheme of LWFA proposed, has the following
the choice of smaller laser spot size. The absolute energgdvantagesia) instead of injection of an enough dense rela-
spread does not change practicallyy~ 24, but the relative tivistic electron bunch with small size$n order of a mi-
energy spread falls and is equal to about 109%=-a800. Our  cromete), our scheme utilizes a nonrelativistic, rare and long
simulations show that neither initial transverse size of theelectron bunch, that is much easier to get technicéby,
bunch nor initial radial momenta of trapped electrons havdemtosecond electron bunch synchronization in the laser
any influence essentially on the energy spread and dynamisgakefield is not requiredc) effective electron bunch com-
of accelerating bunch. The estimations of absolute and relgression, andd) spatial and energetic separation of the ini-
tive energy spreads presented in Sec. Il are valid also in théal electrons, that can decrease the trapped bunch emittance.
2D case.

The total number of electrons trapped and their density

can be estimated from expressions ACKNOWLEDGMENTS
Niot~ mNpoorLod/k?, (19 The author is grateful to B. Hafizi, R. Hubbard, and P.
Sprangle(Naval Research Laboratory, Washington, Cf@r
Np~Npod( 0, IR)?(Lo/L). (200  helpful discussions.
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