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Electron bunch trapping and compression by an intense focused pulse laser
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A focused short-pulse laser of TEM,0)+TEM (0,1) mode has two intensity peaks in the radial direction,

so that the transverse ponderomotive force may trap electrons between the two peaks. At the same time the
longitudinal ponderomotive force may accelerate electrons at the head of the laser pulse, when the laser is
focused. When the electrons move to the laser tail, the laser may diverge and the electron deceleration becomes
relatively weak. Our numerical analyses demonstrate that electrons are trapped well by the laser potential well,
and that at the same time the acceleration by the longitudinal ponderomotive force induces the electron bunch
compression. This trapping and compression mechanism is unique: the electron bunch can be compressed to
the scale of the laser pulse length.
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[. INTRODUCTION electron acceleration mechanism in vacuum with a linear
. combination of lasers of the TEND,0) mode and the TEM
Intensive research works led to the remarkable develop(—l 0) and TEM (0,1) modes. In their scheme the electron
ment of I'aser chirped pulse amplificatighPA) technique .bunch is confined by the radial potential well provided by the
[1-4], which has made TW compact short-pulse lasers ava'lTEM (0,1) and TEM (1,0) modes and accelerated by the
able in laboratories. Current laser intensities reached teEM (0’0) mode laser bne may imagine that a TEMO)

1 ) ; :
18222 chﬁ' It is _expected dthaé IasE_r ”Ltens'rt_]y of +TEM (0,1) mode of short-pulse laser may accelerate elec-
10°"W/cm* or more is expected to be achieved in the neat oo 1y the longitudinal ponderomotive force in the longi-

future. Such intense lasers can provide a field gradient udinal direction, in addition to the electron transverse

10°-10° MV/m, which is much higher than that of conven- confinement by the transverse ponderomotive force. We also

tional accelerators, which is less than 100 MV/m. Thus Iaseg udied the ponderomotive acceleration by the TEND)
acceleration of particles, especially electrons, has attracte TEM (0,1) mode lasef17]

sign_ificant research attentiofs-19. A large number of the- . In this paper, we present electron dynamics in the laser
oretical and experimental advances have been performed Bectron acceleration by the TENL,0)+TEM (0,1) mode

;hlsf.ﬂiljd [8_13' The Iasir acce[eratI?n scrllemes mclude t,hqaser: electrons are trapped by the radial ponderomotive po-
ar-field acceleration scheme, 1.e,, free electron Interactiofy ;o well of the laser pulse for a long time, and accelerated
with a propagating electromagnetic pulse wave, includinge|| 4t the same time, and the electron beam bunch is com-

laser, in vacuum. ressed in longitudinal to the size of the laser pulse. In this

Indt_he Iaseglaccgleranor; '?1 vacuum, therglhave.beﬁn Iolngg'lectron trapping and compression mechanism electrons can
standing problems: one of the serious problems is the elegqq a0t for a long time with the laser field due to the laser

tron scattering in the perpendlcqlar_dwectlon to a Ias_er_ axiSeonfinement effect: for example, foa,=eE,/mcw=10
Because the strong laser electric field component is in th

T ; X here ay is the dimensionless parameter specifying the
transverse direction, it may drive electrons from the lase agnitude of the laser field,e-and m, are the electron
center. .Consequently the electrons are expelled from. th@harge and mass, respectivedythe speed of the light in the
strong-field region quickly, lose a chance of ful! acceleratlon,vacuum' and» the light angular frequengythe electron can
and may also be led to an unacceptable radial spreéd

Thi . b ‘ded or b kened et the maximum energy of 228 MeV from the TE(,0)
IS Fransverse s_catterlng can be avoided or be weakene TEM (0,2) mode laser, while the maximum energy is
creating a potential well in the radial directiph7—22. Re-

. : 38.9 MeV in the case of the TE(@,0) laser electron accel-
cently, Stupakov and Zolotoref22] proposed an interesting g ation. In this paper, we present this trapping and accelera-

tion scheme and the properties of the accelerated and com-
pressed electron bunch in detail.

*Corresponding author. Electronic address: In the following, we present the laser field of TEM,0)
gkong@cc.utsunomiya-u.ac.jp +TEM (0,1) mode and our simulation model, and discuss on
"Electronic address: kwt@cc.utsunomiya-u.ac.jp the mechanism of electron trapping and compression
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scheme. Then we analyze the characteristics of the trapped
and longitudinal compressed electron bunch. y
e-Bunch
—>
II. LINEAR COMBINATION OF TWO HERMIT-TEM
MODES
] //z
The transverse electric field of a TEM laser, propagating ; ]
along the+z direction, can be described by a linear combi- / s
nation of E'™ [23], > / " Spot Size
= = Envelope
) V2x AR r2 Laser Pulse X )
E'™=ReEy™H ( )H ( ) exp| - =
° "Mwz)) ™ w@) /w2 wW(z)2 Elegin t=0
2
. r
X exp<|[kz— wt=(+m+1e(2)]+ 2R(Z))’ D) FIG. 1. Configuration of the electron trapping and acceleration

in vacuum by TEM(1,0)+(0,1) mode laser. The laser and the
WhereEgm is the amplitude of the electric fieldy, the beam injected electron bunch propagate alonglaxis. The electrons do
width at the focus pointg the laser wave number, am] is not experience the laser field initially & Tyeqin The center of the
the Hermite polynomialt =yx?+y? is the transverse radius, laser pulse and the electron bunch coincide with each other at the
and laser focus af=0.

12 the TEM (1,0)+(0,1) mode from Eqs(5)—(7).
) ' 2 On the other hand the Maxwell equation requires the sym-
metry of the electric components and the magnetic compo-
) nents. However, from EqZ7), one can find termdf/ dz)E,
1+ ée) 3) and(df/ 9z)E, appearing irB, andB,, and these terms break
z2)’ the symmetry of E and B. For a long-pulse laser or a station-
ary laser, i.e.L.,—, these terms can be neglected, and Egs.
o(2) = tar {(Z/Zp) (4) (5)«7) provide a good approximation. However for a short-
pulse laser, such as a pulse duration concerned in this paper,
are the beamwidth, the curvature radius, and the Gouy phaseg.,L,< 10\, the contribution of these terms cannot be ig-
factor of the laser beam, respectiveﬁh:kmﬂolz is the Ray- nored, and the terms may lead to an overestimation of the
leigh length. Thus, fotf=m=0 it gives a laser of TEMO, 0 energy exchange between the electrons and the laser. To
mode, which is widely used in the literatures on the interac-avoid the model error, we follow the idea of Dayi5] to
tion between laser and matter. find the symmetric field description for the laser field. Equa-
The laser we employed is a short-pulse laser of a combitions (5)—(7) are combined with the field description starting
nation of the(1,0) mode(I=1,m=0) and the(0,1) mode(I  from the magnetic field as follows:

w(z) = W0< 1+—
Zg

Wa:4

=0,m=1). For the sake of simplification, we call it just the ~ ~ ~ i \[dB, Ex
TEM (1,0 +(0,1) mode. The transverse electric field com- B=-E, By=Ex B,=- o\ ax + ay )’
ponent for the TEM(1,0)+(0,1) mode is ®)
2 i
— WO r - _
E, = 2\2E,r expl — E=-—(V XB).
rT VR0 ()2 p( W(Z)2> @

kr2 Equationg5)<7) and Eq.(8) are summed and divided by 2.

xexp{i{kz— wt - 2¢(2) + R ” (m), (5  This model ensures the field symmetry and serves a reason-
2 able interaction between electrons and laser, as shown below.

wheref(7) represents the Gaussian pulse envelop: The configuration of our electron bunch acceleration
scheme is shown in Fig. 1. The laser pulse propagates along

_ 7\? the z axis from the position of the minus inand impinges

f(7) =exp - |__Z : ©®) on the electron beam. We set the beginning time of the simu-

) ) _lation atTpegin<<0, when the electrons do not experience the

HereL, is the pulse duration angl=z-ct. The other electric  |3ser field. Att=0, the center of the laser pulse coincides

and magnetic components can be obtained by using with the electron beam center at the focus point.
; : The relativistic Newton-Lorentz equation of motion
i\[JdEx  JE i
=l |2+ B=-( |V XE. (7 &P
KIhax oy © = CEBXE) ©

The paraxial approximatiof24,25 is used to derive full

expressions of the electric and magnetic fields. The approxiis solved to obtain the electron motion by the fourth-order
mation was proved to work well for a large focus scale ofRunge-Kutta method, whele=ymV andy the Lorentz fac-
kwg>50[26]. We can obtain the fields of a pulsed laser in tor measuring the electron energy.
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In the following, the laser wavelength is 1.053um.
Laser intensityly is given in terms of the dimensionless pa-
rameterag: 1p\>~ (1.37x 10'9)a3 for the TEM (0,0) mode =
and Ip\2~ (5.48x 10'®)a3 for the TEM (1,0)+(0,1) mode,
whenl, is expressed in W/cfnand\ in um.

Ill. PONDEROMOTIVE ACCELERATION IN THE SHORT-
PULSED LASER FIELD

A. Energy exchange between laser and free electron >~

In the research area of laser electron acceleration in
vacuum, there has been a long-standing debate whether a
free electron can obtain net energy from the laser field in
vacuum. Every scheme on laser electron acceleration in
vacuum needs confront this question. Since a laser beam in £ 2. The sketch map of the electron ponderomotive accelera-
the lowest approximation can be considered as a plane wavgen by an intense focused laser pulga. The laser field intensity
we first review the main results of the plane wave. For ajecreases quickly when the laser pulse leaves from the focus. The
plane wave propagating along the direction with the vec-  dashed line is the envelope of spot sid®.An electron is acceler-
tor potential A,(z—ct)e,, one can obtain the field compo- ated near the focus and slightly loses its energy after the laser

Time

nents: diffraction.
_ 1A
* cat’ it leaves the focus plane. Therefore the electron may obtain a
larger energy near the focus and lose a less energy at the
dA deceleration phase, as shown in Figb)2 This is the basic
YT 57 X (10) idea of the ponderomotive-force electron acceleration by an

intense focused pulse laser.
Assume that an electron moves in the z direction with the \With the theory of the ponderomotive potential model
initial velocity Bo=8,=vo/Cc and the electron initial energy (PPM), it is easy to explain this laser acceleration mecha-
¥0=(1-vo/c?) Y2 The electron oscillates in the laser field nism in vacuum. In PPM, the time-averaged force experi-
and shows a “quivering motion” in a transverse plane waveenced by an electron is given byFp,dr,z,t)=
148 —VVpondr,z,t), whereV,,nqis the ponderomotive potential
0

A2+ﬁo), (1) [29)

px=mcA py = 0, p,= mc70<

where A=eA,/m.c?. During the oscillation, the electron en-

ergy varied betweeny, and the maximum value ofy Voona=[V1 +|A(r,z,1)|%2 - 1Jmc?
=~ 2) A2 > i
70[(1fﬁQ)A [2+1]. If A>1, the eIeptron is acgelerated to_ (A Z0[24me? if|A(r.z1)] <1
a relativistic energy. Because the light speed in vacuum is ~y (12)
always larger than the electron speed, there exists a phase VA z b [2Ime?  if|A(r,z,t)] > 1.

slippage between the laser and the electron. Due to the peri-

odicity of the laser phase, the electron may be accelerated

and decelerated alternately by the plane wave. In otherere|A(r,z,t)?/2 is the normalized time-averaged laser in-

words, any energy gain is temporary. This is usually contensity profile. At the head of a pulse laser, the ponderomo-

cluded as the “Lawson-Woodward” theorei®7,28. This tive forceF,,,¢>0 and the electron absorbs the laser energy,

result also stands for the case of a wave pulse of nonfocuseghile at the tail of the puls€ ponq< 0 and the electron loses

laser. The electron gains energy at the head of the laser pul#g energy. For a plane-wave laser, the ponderomotive forces

and is decelerated at the tail of the pulse. After the waven these two stages are equal and the net energy exchange

overtakes and passes over the electron, the net energy gairbécomes zero. For a focused laggy,,qin acceleration stage

still zero. can be larger than that in the deceleration stage, and the
In order to obtain a net energy, we need some ideas: faslectron can obtain the net energy after the interaction.

example, setting a boundary to separate accelerated electrons

from laser, using the nonlinear ponderomotive force, and so

on. In this paper we employ the ponderomotive force to acB. Electron scattering and trapping in focused short-pulse laser

celerate electrons. In this acceleration mechanism one has to

take into account a focusing effect of a focused pulse laser, Because the strong electric component of the laser is in

like the laser shown in Eq.l). As shown in Fig. 2a), the the transverse direction, it leads to an electron scattering. For

amplitude of the laser intensity increases to the maximunthe widely used TEMO,0) mode laser, the transverse electric

when it approaches to the focus plane, and then decreases@smponent is
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10 | (a) Electron Scattering in of the laser. The second term denotes an acceleration force
o8l TEM(0,0) mode laser for >0 at the head of the laser pulse and a deceleration
= o6l force for <0 at the tail of the laser pulse. Because
& o4 Aq(x,Y,z,t) also has the diffraction effect, the second term
02k can also lead to a net acceleration.
0.0 - - On the other hand, the axis-symmetric laser of TEM
15 2 0 2 . (1,0+(0,1) mode defined by Eq5) has the minimum on
(b) Electron Confine in h L Iy _
TEM(1,0+(0,1) the axisr=0 and has a peak atw(z)/v2. The correspond
Ee Lo mode laser ing normalized time-averaged laser intensity profile is
H’- 0.5 wWar2 2 2
r 2r 27
AZ(r,z,t) = 8a2—2 exp(— )exp(— —) (17)
0.0 ' w2 w(2)? L2
2 0 2
Radius [units of w(z)] The transverse and longitudinal ponderomotive forces are
FIG. 3. The normalized intensity of transverse electric figld or2 20, r2 2
vs the radial radius. (a) The electron transverse scattering in a F, :( - )ao 0 ex;{- ) -,
o i w(2)? wW(2)2 w(2)? L2
TEM (0,00 mode laser.(b) Electron trapping in a TEM(1,0) z
+(0,1) mode laser. (18)
— E WO eX;{ r2 ) 2r2 Z/ZR 27] 2W0I'
r—Eo 1 WAV F.= 2 - ) + =L
w(2) w(2) z {( wW(2)%/ kw(z)? Lg}aow(z)z
kr? 7 2
Xexp{i{kz— wt— ¢o(z) + Hexp(— —2>. p( r ) p< 772>
Xexp — exp - . 19
2R(Z) LZ W(Z)2 Lg ( )

(13)

This field has the maximum intensity at the center0 and +(0 1 de | : t al | h F |
decreases with r, as shown in FigaB The corresponding (0,1) mode laser is not always larger than zero. For elec-

normalized time-averaged laser intensity profile of this fieldoNs moving in the range afe (0,vV2w(2)/2), F,<0. The
is electrons can be driven to the center by the transverse

ponderomotive force and may oscillate in this trap, as
297 shown in Fig. 8b). This trapping effect may provide an
exp -~ F . (149 electron dynamics, in which the electrons can be kept in-
‘ side the laser strong-field region for a longer time.
One can obtain the transverse and longitudinal ponderomorhrough this interesting electron dynamics, the electron

The transverse ponderomotive force of the THM,O)

. o Wo ~ 2r2
Adlr2.0 _aOW(Z)ZeXp< w(2)?

tive forces: transverse scattering can be avoided effectively, and
B therefore the electron bunch is confined and accelerated.
F - (r,zt) (15)  In the longitudinal ponderomotive force the two terms
' 2holl 2, 2 2 2 2 ;
w(2) [2-2r2/w(2)?](z/ Zg) I kw(2)? and 2y/LZ in Eq. (19) repre-

_ sent two sources of the electron net energy gain by the
2r2 21Z 12 longitudinal ponderomotive force acceleration. Compared
F,= [( ) R4 ni|Ao(r7Z,t)- 19 with " 3

\Ek—w(z)z + e with the electron scattering fe_ature of the T!_{MO) mod_e

z laser, for electrons located in<w(z) the first term is
The transverse ponderomotive forEe is always positive, positive, which means that the trapped electrons are accel-
which means that off-axis electrons are accelerated and scatrated successively by the longitudinal ponderomotive
tered in transverse by the transverse force and are expellddrce, when they stay at the head of the laser pulse. This
from the strong field region. It is difficult for the scattered feature makes the longitudinal ponderomotive force accel-
electrons to enter again into the near-axis region. Ireration notable. Because of the trapping effect, it is ex-
Eqg. (16) we found that the longitudinal ponderomotive pected that the trapped electrons may interact with the
force F, has two components: the first term TEM (1,0)+(0,1) laser for a longer time and that the
[1-2r2/w(2)?](z/ ZR) [ 2kw(2)2 comes from the radial in- electrons may obtain a higher net energy than that in the
tensity gradient, i.e., the diffraction effect of a focused TEM (0,0) mode laser.
laser. It is clear that this term becomes negative, when In spite of the trapping effect, electrons may experience
r>w(z)/y2, and as a result the scattering electrons expethe decrease in the field intensity as follows:
rience a distinct deceleration before they leave the laser (1) electrons can move out from the regiorw(z), be-
beam. The second term@n/Li comes from the intensity cause the field intensity decreases by[exp/w(2)?].
gradient of the laser pulse, wherg=z—-ct, which is the (2) When electrons pass over the laser pulse, the field
relative distance between the electron and the pulse centértensity decreases by the term (expzng).

- w(2)?
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(a) —"‘,.~”'('):’707W(z)
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FIG. 4. A typical case of electron trapping and acceleration by a laser of TE®)+(0,1) mode. The laser parameters a3, wy

=15\, andL,=10n. The electron is injected dtx=-44.6,ky;=50.0, andkz=-29784 with the initial velocity ofg,;=8,;=0.0 andp;;

=0.95. (a) The electron trajectory in the-z plane and(b) in the y-z plane. Here, the dashed lines represent the envelope of the radial

potential well,r = +w(2)/v2. (c) The history ofy, that is, the electron relative distance to the laser pulse cedjeFhe energy historye)

and(f) are the history of the transverse and longitudinal ponderomotive forces, respectively. The unit of the fey@nih(f) is mec?/k.

(3) The diffraction effect of a focused laser also contrib- C. Electron dynamic trajectory in TEM
utes the electron scattering: the laser field intensity decreases (1,0+(0,1 mode laser
by the term 1w(2)? for the TEM (1,0)+(0,1) laser. In the Complexity of the equation of motion and the field equa-
electron scattering process in the TE(@,0) mode laser, tions leaves little room for further analytic manipulations in
most cases belong to the cagg, because in many cases drawing an intuitive picture. We therefore resort to numerical
electrons are scattered and the interaction time might not banalyses below. First we analyze the characteristics of the
sufficiently long. However, in the TEM1,0+(0,1) mode electron dynamic trajectory in the laser of TEK,O)
laser the two terms of[2-2r2/w(2)?](z/Zg)/kw(z)?and  +(0,1) mode.
217/L§ are positive for the trapped electrons staying at the In Fig. 4 we present a typical case for an electron trapping
head of the laser pulse. Therefore if the electrons are acce#nd acceleration in the laser of TE(, 0)+(0, 1) mode with
erated to a speed close to the light speduy a sufficiently  the parameteray=3, wy=15\, andL,=10\. The electron is
intense laser or if the electron initial velocity is relativistic, injected from the 2 direction with the initial velocity of
the effective trapping and acceleration can be expected. |8,;=0.95 andg,;=8,;=0. The initial position of the electron
this situation is realized, a relative slippage between the laséds kx,=-44.6, ky;=50.0, andkz=-29 784. In Figs. &) and
pulse and the electrons may be slow. The electron can stay 4¢b), the electron trajectory in the-z andy-z planes is pre-
the head of the laser pulse or near the center of the laseented. One can see that the electron is kept well in the
pulse, so that the electrons can be accelerated in longitudinpbtential well, i.e.r<wz/\2. Figure 4c) shows the his-
and trapped in transverse for a longer time. It can be alseory of »=z-ct, that is, the relative longitudinal distance
expected that a longitudinal compression phenomenon ametween the electron and the laser pulse center. At the begin-
pears during the laser pulse illumination on the electroming stage,7 decreases quickly when the laser pulse ap-
bunch. For these trapped and accelerated electrons, the majroaches the electron. The electron stays at the head of the
factor, led to the decrease in the laser intensity which theaser pulse tillo t~11500. Then the electron passes the
electrons see, is the factor\i(z)? of case[3] shown above laser pulse center and falls into the deceleration phase. Be-
and is the slowest factor in time. Therefore during most ofcause of the relatively slow slippage between the electron
the interaction time of the trapped and accelerated electrorend the laser pulse, this interaction stage lasts for a long
by the TEM(1,0)+(0,1) laser, the longitudinal ponderomo- time. The electron keeps inside the laser pulse uaatil
tive force is larger than zero. When the electrons move to the-50 000. The trapped electron is kept in the strong-field
tail of the laser pulse and are decelerated, the laser maggion and consequently accelerated well by the laser, as
already diverge greatly and the laser intensity decreaseshown in Fig. 4d), the maximum electron oscillation energy
much so that the deceleration can be minor. is y=37.1. After the deceleration stage, the final electron

Following the above discussions, the electron bunch wenergy isy;=~19.6, corresponding to about 10.0 MeV. We
employed in our following analyses is in relativistic initially; found from the simulation that the electron energy becomes
the electron initial velocities are set t6,;=p,;=0, B;; nearly constant aftewt>60 000, the corresponding effec-
=0.95, corresponding to the initial energy gf3.20. tive acceleration range is about 0.955 cm, and the accelera-
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FIG. 5. A typical case of the electron trapping and acceleration in TEM)+(0,1) mode laser at the laser intensity af=10. All
parameters and figures are the same as in Fig. 4, expect the laser intensity and the electron initial kogsiti@t.6, ky,=50.0, and
kzy,=-29 784.

tion gradient reaches 1.47 GeV/m. The histories of the trans5(d) we can see that the decrease in the electron energy in the
verse and longitudinal ponderomotive forces shown in Figsdeceleration stage is small. The transverse ponderomotive
4(e) and 4f) prove our analyses discussed above. First, thdorce is almost negative and the longitudinal ponderomotive
transverse ponderomotive force is kept almost negative, bderce is also almost positive. The longitudinal ponderomotive
cause the electron is well trapped inside the range of force accelerates the electron successively in longitudinal.
e[0,V2w(2)/2]. Second, the longitudinal ponderomotive The energy exchange becomes very small after 400 000,
force is positive when the electron is kept at the head of th€orresponding to the acceleration distance-@ 37 cm, and
laser pulse, and after the electron passes the pulse centerftie acceleration gradient is about 3.58 GeV/m.
becomes negative which leads to a deceleration process. Through the analyses and simulations on the electron pon-
However, due to the diffraction effect of the focused laserderomotive acceleration in the TEKL,0)+(0,1) mode la-
the deceleration is minor and the electron keeps the energger, we found that there are another electron dynamics be-
Our calculation for an electron in the TEW, 0) mode laser sides the electron scattering in the Gauss mode laser. In this
with the same parameters shows that the electron final emynamic trajectory, the electron is trapped by the transverse
ergy is abouty;~9.37 with the interaction time ofwt potential well and kept at the head of the laser pulse for a
~38 400, which is much smaller than that in the TEM long time. The trapped electron can be well accelerated by
(1,0)+(0,12) mode laser. the longitudinal ponderomotive force and keeps the most of
The effects of the trapping and acceleration become morthe oscillation energy. This trapped and acceleration effect
distinct, when the laser intensity increases. Figure 5 presentgecomes more remarkable, as the laser intensity increases.
another result for the parameteas=10, wy=15\, andL,  This scheme may have a potential to bring a compact high-
=10\ in the TEM (1,0 +(0,1) laser. The initial position of energy electron-bunch generator.
the electron iskxy=-44.6,ky,=50.0, andkz=-29 784.
First, besides the electron transverse trapping phenomenon inv. ELECTRON BUNCH TRANSVERSE CONFINEMENT
Figs. 5a) and %b), one can see in Fig.(§) that the electron AND LONGITUDINAL COMPRESSION
is almost “captured” in longitudinal by the laser pulse. We
found that the relative motion between the laser pulse and
the electron becomes slower fap=10. In actual by the Now we turn to study the characteristics of an accelerated
simulations we found thay=0 is kept well untilwt=1.60 electron bunch generated by this trapping and acceleration
X 10%: at this time the electron longitudinal position is scheme. First we present an example to give a picture of the
~180Zy. The electron acceleration effect becomes more reelectron bunch acceleration process and the output electron
markable compared with the results in Fig. 4. The electrorbunch properties. The parameters of the laser employed here
maximum oscillation energy is aboyt~515 and the final areay=10, wy=15\, andL,=10\. The corresponding laser
energy is abouty;~447, corresponding to 228 MeV. The intensity is ~5.48x 10°° W/cn?¥ for the laser wavelength
simulation results for the TENMO,0) laser electron accelera- A=1.053um. The total number of the electrons used is
tion with the same parameter values show that the final en2.40x 10*. Because the laser field is axially symmetric, we
ergy is abouty; ~76.2, corresponding to 38.9 MeV. In Fig. only present electron maps in they plane(in Fig. 6) and

A. Electron bunch acceleration and its properties
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FIG. 6. Electron-bunch transverse confinement. The parameteag=at®, wy=15\, andL,=10\. Electrons are injected with the initial
velocity of 8,=8,=0,8,=0.95. The electron maps on the transverse plemeat the initial time ofT=-5000\/c, the electrons are located
uniformly in the range of = \s‘"xiz+yi2s 1.5np; (b) at T=0, the laser pulse bumps into the electron beam center; a high density electron group
appears at the centdic) at T=500Q\/c, many of electrons are trapped by the transverse potential well, while others be scatipeed;

T=60 000\/c, electrons are divided into two groups: a trapped electron bunch located in the center and an annular scattered electron bunch
located atr > 7500\.

the x—z plane (in Fig. 7). The initial electrons are located tron bunch longitudinal compression by the laser pulse. In
uniformly inside the region ofri:\s‘“xi2+yi2s 1.50ng and  Fig. 6 one can see that electrons injected into the region of
ToeginBzi— 4L, <7 <TyeqinB,i+ 4L, [see Figs. @ and 1a)]. ri>(€2/2)wo are scattered, while other electrons injected
The electron initial velocity is8,;=0.950c and the initial into the potential well are driven to the center during the
electron density is 1.74 10! cm™3. Both the electron bunch laser pulse overtaking the electrons. In this case, 3370 elec-
and the laser pulse are injected from the negative position itrons are trapped inside the potential weks 900\ and most
z In our simulations the initial time mean$=T,q,=  Of these trapped electrons are located in the range; of
-5.00x 10° N /c. <350\ at the final stage oT=60 000\/c. The most of the
There are two notable features in the electron bunch propscattered electrons locate inside the regiom;ef 750Q\. It
erties: one is the electron bunch transverse confinement big clear that the TEM1,0)+(0,1) mode laser achieves the
the transverse ponderomotive force; and another is the eleelectron-bunch confinement in radial.

4 2

2 (a).T=-50007»/c < 1) T=0

[=) 2F g 2 = 1F

- \l L

% o gs ok

Z s |

= a2t = -lb

2 g

\; -4 L s o sl . L R 1 s L
-4.80 475 470 2 o 2 4

z(units of 10°3) z(units of 101)

101(c) T=5000/

(d)T=600007/c.

x(units of 10°1)
x(units of 100)

480 485 490 495 500 505 T 575 580 585 590 595 6.00
. 3 .
z(units of 10°) z(units of 10°3)
FIG. 7. Electron-bunch longitudinal compression. All the parameters are the same as in Fig. 6. The electron mags ptette= (a) at
the initial time of T=-5000\/c; (b) at T=0 the center of the electron bunch and the laser pulse center coincide with each@thef;

=5000\/c some trapped electrons are overtaken by the laser pulse and move alongdjtatiT;=60 000\/c a high-density electron bunch
are generated by the longitudinal compression effect at the head of the electron pulse.
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3{_ 05 plane. All the parameters are the same as those in Fig. 6.
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FIG. 8. The transverse confined and longitudinal compressed — T T
electron bunch(a) Electron maps in the plane a@f-r;. The solid ey =[ly=-y)Y -y) - (z-2(y' -y)T" (20
line is the sketch curve of the laser pulse, the dashed line is the
longitudinal of the laser spot size, and the dotted line is the bound- _AP,
ary of the radial potential well. The most part of the trapped elec- &8,=7—=,

trons is located in the region< 300\ andAz=<20\. (b) The initial Pz
position of the accelerated and accumulated electrons belonging twherex’ =dx/dzandy’ =dy/dz are the slopes of the electron
the electron bunch ia) in the z-r; plane. trajectory, z=s(t) —sy(t) is the difference in the direction of
the beam propagation, arkP,=P,— P, is the difference of
the momentum in the longitudinal direction. Thé) is the
As we discussed in the preceding section, electrons irradistance of particle transfer along the direction of beam
diated by an intense laser ag=10, some electrons can be PropagationP is the average value of the longitudinal mo-
kept at the head of the laser pulse for a long time. Therefor&€ntum. The_rmf emittances of the trap;zed electron bunch in
while the laser pulse overtakes the electron bunch, more and9- 8 f_irelsrsy‘o-lzg mm mrad ana,=4.27 mm mrad,
more electrons are captured by the laser pulse: in othdgspectively. . . .
words, the laser pulse can assemble the electrons and form ﬁln the following, we Investigate the |_nfluence .Of the space
high density electron bunch at the head of the laser pulsqc. f”“ge(sc) effect. The SC effgct Is not mcludeq In our simu-
. 7 . tion model, because it is minor in our cases: the transverse
This longitudinal compressed phenomenon is well reveale |

A : ectric field due to SC i€, ~eNyy/27L,L |, whereNg is
in Figs. 7 and 8. Figure(d); shows the electron bunch at the u : : :
) .~ the electron numbet,, andL , are the bunch sizes in longi-
final stage ofT=60 000\/c; 2579 electrons are located in- L, - g

. ) . tudinal and transverse, respectively. Therefore the net SC
side of the laser pulse length, i.e.,N20corresponding to

Bl - e force isF, ~ €N/ yL,L . To avoid the emittances dilution
70 fs as shown in Fig. (&). Figure &b) shows the initial

the SC effect, the relation Ap<SO~Flt

electron position map for the compressed and trapped elec- &N,m./27Lp, <p, should be fulfilled. Thenlthe maxi-

trons shown in Fig. @), and one can find that these trapped ,ym number limitation of electrons can be estimated by

and longitudinal compressed electrons are initially locatedy_ < (27L,/r)(p, /mc)?, wherep, is the transverse momen-
from the head to the tail of the bunch. Based on this remarkyym andr, the classical electron radius. For the parameters

aple .result for the laser electron bunch compression in lonye employed, No<1.59% 10*° and n,<2.68x 104 cm3
gitudinal, we can expect that a larger number of electronghould be satisfied. Herg, shows the electron number den-
may be accumulated: in our simulations an electron bunchity. As shown in Fig. 9, the maximum electron density for
length of 80\ in z was limited by computer CPU and the trapped electron bunch located at the head of the electron
memory limitations. In an actual experiment one may use dunch and around the axis is about 8.00° cm™ and the
longer electron bunch, so that more electrons can intera@lectron number in this example is about several thousands,
with and are accumulated by the short pulse laser. In addihat is, far less than the limit. Therefore the SC effect is
tion, as we discussed above, the decrease in the laser figliinor in our simulations.

intensity in this acceleration scheme mainly comes from the

term 1Av(z)?. This longitudinal bunch compression phenom- B. Energy distribution and spectra

enon may generate a high energy, short-pulse electron bunch \,e present the electron final energy versus the final

in the scale of the laser pulse duration. longitudinal positionr; in Fig. 1Qa) and versus the final
For the electron bunch located in the region Qf  transverse radiug in Fig. 1Qb). One can see that there are
=\x?+y?<w(z)/\2~900\ and the longitudinal length 20, two high-energy peaks in Fig. (#: one is located near the
the transverse and longitudinal rms emittances are calculatesbnter and is the trapped electron group. Another is located
by [22-3Q aroundr;~ 2000 and consists of the electrons fleeing from
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FIG. 10. The electron maps in the plane of the electron final
energy y; vs (@) the electron final transverse distange Vx2+y? FIG. 12. The electron trajectory in thez plane (a) and the
and(b) the final electron longitudinal positioz. corresponding history of the electron enec¢byfor a typical case of

the electron trapping and acceleration by the TEMO0)+(0,1)
the potential well during the acceleration process. The finainode laser are presented withgsilid line) and with(dashed Ling
energies of the scattering electrons, located in the range dffie radiation damping effect. The insets(&@ and (b) are the en-
r{>7500, are very low, less thap ~50. In Fig. 1@b) it is largements of the parts shown by arrows.
found that almost all high-energy electrons are located at the
head of the electron bunch. Our calculation results show thatenter of this high-energy cloud is located aroupd- 65.

the average final energy for the total electron bunch is abo_uthe high-energy part represents the electrons trapped by the
y~36.8, corresponding to about 18.8 MeV. The average fi{aser pulse and mostly belongs to the trapped electrons
nal energy of the trapped electronsyis~ 113, correspond- shown in Fig. 8.

ing to 57.7 MeV. The maximum electron energy ¥8 max In the above simulations, the influence of the electron
~590, i.e., 301 MeV. radiation loss was ignored. In the relativistic limit the elec-

We present the energy spectra of the accelerated electrof®n radiation damping effect can be evaluated 8]
in Fig. 11. One can see that these electrons are divided into

two parts. The lower energy peak is located near5, __ 2¢* VV[(E + B X B)2= (E - B)?] (21)
which represents the scattered electrons. The higher-energy - 3m§c5 B Bl

electrons have a relatively wide energy distribution and the ) )
For the comparison we present one typical result employed

in our present studies withosolid line) and with (dashed

6000 (a) line) the radiation damping effect of E€R1) in Fig. 12. The
laser parameters employed asg=10, wy=15\, and L,
4000 =10\. The electron is injected with initial velocity,
z =B,=0.95 from the initial position of x,=4.15\, v;
2000 =8.62\, andz=-4775\. The difference of the final energy

is Ay;~1.59, and theadiation damping effect can be ig-
nored in the cases treated in this paper, as is expected at

0 100 200 300 400 500 this laser intensity.

' I
(b) C. The scaling law of the electron energy

It is also important to know the scaling law of the electron
final energy. Normally the maximum electron net energy
gained from the laser is proportional j@aé for the pondero-
motive acceleration. For the longitudinal acceleration, fol-
lowing the analyses of Ref32], the energy exchange is
R — estimated ad\e ~ E,Zg~ (2/kwy) EgZg~ agwp. In Fig. 13a)

50 150 250 350 450 550 we present the maximum final electron energyn.x as a
Yf function of the laser intensitg, for wy=15\ and L,=10\.
One may see that for the lower intensity regiap< 10, the

FIG. 11.(a) Electron energy spectra of the output electron bunch€lation ¥ max & (shown by dashed linenolds well. How-
in Fig. 6b). (b) The enlarged figure for the high-energy electron €Ver, for a higher intensity the scaling law seems to be dif-
part in (a). ferent froma3 but in the rule ofa}, where 1<n<2.
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10000 g wo=15\ and L,=10n and the electron initial energyy

=3.20.

Another important parameter is the beamwidth, that is, the
laser spot size at the laser focus point, v&,, For the higher
laser intensity, the maximum energy electron gain is propor-
tional towy: in Fig. 13b) an example result is presented for
the laser intensity 0éd,=10 andL,=10\. In our simulations
we also found that for a lower laser intensity, for example,
=3, the maximum energy electron gained does not depend
on w,.

21000 |
E E
= E

= 100 |

V. SUMMARY

15 20 25 30 In this paper, we investigated the ponderomotive accelera-
wo(units of 1) tion in an intense short-pulse laser of TEMO)
+TEM(0,1) mode. In this scheme, the electrons are trapped
FIG. 13. (a) The scaling law between the maximum final elec- effectively in the radial trap provided by this laser and stay in
tron energyys max and the laser intensit,. The parameters em-  the strong-field region for a long time. During the trapping,
ployed areL,=10n and wo=15\. The electron initial velocity is  he glectron can be fully accelerated by the longitudinal pon-
Pxi=P,i=0.0, p;=0.95 and the electron number is 16 000. The gerompotive force. For the electrons injected with the relativ-
dashed line represents the relation %fmax ag- (b) The scaling iqiic initial velocity and for the intense laser, the trapped
law betweerty; may and .the laser spot siag. The electron param- o010 can stay at the head of the laser pulse for a long
ﬁt‘irioire the same as(@ and the laser parameters a¢s=10 and time. As a result of this trapping effect, the electron bunch is
o confined in transverse by the laser to avoid the electron ra-
. . ) dial scattering, and at the same time compressed in longitu-
Following the above analyses, the trajectories of the elecgjn,) 1o the scale of the laser pulse duration. The high-energy
trons trapping and acceleration in the TEM,0+(0,1)  4ng short-pulse electron bunch is successfully generated

mode laser are different from those in the usual ponderomanroygh this scheme, which may provide a viable electron
tive acceleration. By the trapping effect, the electron can stay;;nch generator in the future.

inside the strong field for a longer time. Consequently, the
acceleration scaling law is not so simple. Because the trap-
ping effect becomes more notable as the laser intensity in-
creases, the scaling law of the maximum electron final en- This work was partly supported by JSRP&pan Society
ergy may tend to stand apart from a3 at the higher  for the Promotion of SciengeWe would like to present our
laser intensity(ay>10). Through our simulation studies we thanks to Professor K. Mima, Professor K. Tachibana, Pro-
found that the electron can gain the maximum energy ofessor S. Kurokawa, and Professor |. Pogorelsky for their
about 1.55 GeV fory=100 with the following parameters: fruitful discussions on this subject.
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