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Ponderomotive acceleration of electrons by a tightly focused intense laser beam

Feng He'? Wei Yu,! Peixiang Lut?* Han Xu?! Liejia Qian? Baifei Shen! Xiao Yuan? Ruxin Li,* and Zhizhan Xt
1Shanghai Institute of Optics and Fine Mechanics, Shanghai 201800, People’s Republic of China
%State Key Laboratory of Laser Technology, Huazhong University of Science and Technology, Wuhan 430070,
People’s Republic of China
3Fudan University, Shanghai 200433, People’s Republic of China
(Received 17 April 2003; revised manuscript received 18 July 2003; published 28 Octobgr 2003

Ponderomotive force driven acceleration of an electron at the focus of a high-intensity short-pulse laser is
considered. Accounting for the asymmetry of acceleration and deceleration due to the evolution of the Gauss-
ian laser beam waist, the energized electron is extracted from the laser pulse by the longitudinal ponderomotive
force. It is shown that an electron’s energy gain in the range of MeV can be realized for laser intensities above
10 W um?/cn?. Final energy gain as a function of the scattering angle and the electron’s initial position has
also been discussed.
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[. INTRODUCTION tron’s drift motion but neglects its fast-varying quiver mo-

tion, Yu et al. [6] proposed that the electron is mainly accel-
The new technique of chirped pulse amplificati@PA) erated by the longitudinal ponderomotive force and extracted
[1] allows one to generate laser pulse with focused intensitieby the radial ponderomotive force of the laser pulse. This
far above 168 W um?/cn?. Intense focused optical beams theory can explain the simulations and the experiments well.
can reach field levels greater than'd®/m in vacuum, Since the Rayleigh length for a wide enough laser beam
which is many orders of magnitude greater than that prowaist is much longer than the electron’s drifting distance in

duced by the conventional accelerator. Such enormous fieldde electromagnetic field, in those cases the change of the
have stimulated a great deal of research in laser-driven agaser beam waist’s width can be neglected.

celeration concepts in vacuuf2—10] and plasmd11-20. However, now the laser beam can be focused down to few
Electrons accelerated to relativistic energies have been obnicrons, such as) (\ is the wavelength andl=1 um in
served in experimentsl2,13,21. our calculationy or even tox [22]. In this case, the corre-

Itis well known that planar electromagnetic waves do notsponding Rayleigh length is comparable to or even shorter
serve the purpose of electron acceleration. This is true evelhan the laser-electron interaction drift distance. Therefore,
when the light pressure effects are included, since when ge change of the laser beam waist cannot be neglected any-
wave overtakes an electron, the radiation pressure pushes thgyre. In this paper, we extend the work of ¥tial. [6] by
electron forward in the ascendirigading front and back-  considering the change of the laser beam waist and finding
ward in the descendin@railing) part of the laser pulse. As @ tnat the longitudinal ponderomotive force can not only accel-
result, the electron does not acquire net acceleration. Howsrate the electron but also extract the energized electron from
ever, if after being accelerated the electron leaves the intefhe |aser pulse. When the laser pulse overlaps a stationary
action region before being decelerated, it will have gainedectron in the vicinity of the focus, the ponderomotive force
the energy. So the extraction of the energized electron fron jntense and the electron is accelerated effectively because
the laser pulse is a crucial issue for laser acceleration ofe |aser beam waist is narrow and the intensity is high.
electrons. Hartemanretal. [4] proposed an extraction \yhen the laser pulse overtakes and begins to decelerate the
mechanism known as ponderomotive scattering. They thinlectron, both the electron and the laser pulse are far from the
that when the quiver amplitude of the electron driven by thefocus where the laser beam waist is wide but the intensity is
laser field exceeds the focal spot radius of a Gaussian beafgeak. so the ponderomotive force is weak and the decelera-
the restoring force acting on the charge decays exponentiallyon js ineffective. Therefore the acceleration and decelera-
and the electrons are scattered away from the focus. HOWjon will not be counteracted, and we found that the energy
ever the estimated theoretical threshold laser intensityain for electrons in the range of MeV can be realized for a
needed for this mechanism to operate is rather larger thagger intensity above W pm?cn?. The dependence of
that shown in experiments and simulations. In fact, in addithe energy gain on the electron’s initial position for this ac-
tion to the transverse quiver motion, an electron is d”VerbeIeration mechanism is presented in this paper, and the re-

forward by the longitudinal ponderomotive fordeght pres-  |ationship between the energy gain and the scattering angle is
surg in the ascending front of the pulse. In the relativistic yiscyssed.

regime, this slowly varying drift motion can be much larger
than the quiver motion. Using a model that accounts for elec-

Il. THE ACCELERATED MODEL AND FORMULATION

* Author to whom correspondence should be addressed. Email ad- For a circular polarized tightly focused laser pulse, the
dress: fhe@siom.ac.cn vector potential can be expressed 23]
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_ cending front and the electron is accelerated rapidly. In this
region, the laser beam waist is nday and the intensity is
s very high. When the descending part of the pulse begins to
S decelerate the electron, both the electron and the laser beam
are far from the focus and the intensity of laser beam de-
creases rapidly with the increase of the beam waist. Because

* Eloctron . of the asymm_etry in acceleration and deceleration, the elec-
/ tron can obtain net energy from the pulse when the electron

+X

\ departs from the laser pulse.
B The motion of an electron in an electromagnetic wave is
L T described by the Lorentz equatip24]

di(p—a)=—V,(u-a), 4
FIG. 1. Schematic geometry of electron acceleration by a circu- th ith fi
lar polarized Gaussian laser beam, we assume that the laser pufrsoege er with an energy equation
propagates along-z axis. diy=u-da, (5)

a=agexp(— 7%/L2— p?/b?)(by/b)a, (1)  whereu is the velocity of electron normalized loy p= yu is
the normalized momenturm,= (1—u?) ~*2is the relativistic

where a= cos()x+sin(p)y, p’=x?+y? L andb are the factor or normalized energy, ai¥d, in Eq. (4) acts ona only.
pulse width and beam waisf, is the peak amplitude Note that Eqs(4) and(5) are exact.
normalized bymc®/e, and b=by(1+2%/z?)*? where b, Substituting Eqgs(2) and(3) in Eqgs.(4) and(5), and after
is the minimum spot size angk=b?%/2 is the correspond- some straightforward algebra, we find
ing Rayleigh length.¢p=¢,— dg— Po+ dr, Where
:gz—t:yn, g¢G: Z/ng , ¢¢R£?X2ﬁ(§/2)(/ﬁ[02|:;(ﬁ5], and R?;l)j thux: (1- U)Z() dray+ uy( ayax_ axay) +Uz(da,— axaz)
=z(1+z?/zz). Npte thateg is a constantg'?p is thg plane- —U,Uyday— Ul da,, (6)
wave phaseg is the Guoy phase associated with the fact
that a Gaussian beam undergoes a total phase changaof —(1—02 _ _
z changes from-o0 to +«, ¢g is the phase associated with yeltly = (17U )diy  Un( Oy = dya) + Uz 08y~ 0y2z)
the curvature of the wave fronts, and tf(tz) is the radius —UyUydiay,—UyU,d:a,, (7)
of a curvature of a wave front intersecting the beam axis at
the coordinatez. In the above definitions, space and time ydtuZ:(l—ui)ataZJr Uy(dxa,— d,ay) +uy(dya,— d,a,)
coordinates are normalized b ' and w,®, respectively,

and wg and k, are the laser frequency and wave number, ~ UxUzdi@,— UyUzdiay (8)
respectively.m and e are the electron’'s mass and charge, Ay e UndhBt U Bt Ul 9
respectively. Obviously, the intensity of the laser beam is Y= Uxdidx T Uydidy T Uz0i8z ©)

hereu,, uy, andu, are the components of the electron’s

sensitive tob. At the focus, the laser beam has the highes&N
a\/elocity in X, y, andz directions, respectively. Solving Egs.

intensity due to the minimum spot size. The peak intensity
a distance of Rayleigh length is 50% of that in the focus. _ . ) : .
In the Cartesian coordinate, the components of the vecta 6)—(9), we can obtain electron's trajectory and energy dur

. . ing the interaction.
potential can be written as 9

ay=a . cog¢), a,=asin¢), 2 Ill. RESULT AND DISCUSSION
where a, = agexp( 72/L2—p2b?)(by/b). For satisfying the For an electron initially at rest, the drifting distansés
Coulomb gaug - a=0, the vector potential exists the lon- 0-63oL, which is obtained from Eqs4) and (5) by simpli-
gitudinal component, i.e., fying the electromagnetic field as a planar wave with pulse

width L and peak strength parametey. Here, we also re-
2x 2y gard the electron’s drifting distance in focused laser beam as
a;=ag| — bO—bS|n(¢>+ 0)+ bO—bCOS(d’JF 0)|, (3 s If the Rayleigh length is much longer thanthe change of
the laser beam waist can be neglected. For example, the drift-
where = m—tan }(z/z;). In fact, a, is one order of mag- ing distance is about 18@ (\, is the wavelength normal-
nitude less thara, anda, when the beam width is larger ized by ko' and can be replaced bynd when ay=5L
than five times the wavelength. =100((33 fs). If the beam waist is up to 2@, the corre-
The configuration of laser-electron interaction is shown insponding Rayleigh length will be 1254. In this case, we
Fig. 1. We assume that the laser pulse propagates along tlsan neglect the change of the beam waist. Figure 2 shows the
+z axis and an electron initially stationary is on the axis andelectron’s trajectory and energy as a function of tinfier the
near the focus. When the laser beam overlaps the electroapove situation. The laser pulse propagates along+tke
the radiation pressure pushes the electron forward in the asxis and the electron is at (0,0,0) initially, where the radial

046407-2



PONDEROMOTIVE ACCELERATION OF ELECTRONS BA. .. PHYSICAL REVIEW E 68, 046407 (2003

<0
> TAVaN
-1 “ ‘ YV ¢
laser
-2
2
o 008 010 042 014 i, °
-1 Too0 002 004 006 ] _
21z ¢ 27 5 10 15 20 25 30
f 2/,
15 "
(b) 0 (b)
. A
<
10 >
£ 5 4l
S £
] S ol
g sf >
k=1 o
i S a4l
=4
w
0 1 1 1 1 1 1 2_
0.0 0.1 0.2 03 04 05 06 07 08 0 . . . . .
09 0 1 2 3 4 5 6

. . . . . t(ps)
FIG. 2. Electron trajectory in a circular polarized Gaussian pulse

electromagnetic wavéa) and electron’s energy during the interac-  FIG. 3. Electron trajectory in a circular polarized Gaussian pulse
tion (b) for ap="5, L=10\q, andby=20\,. electromagnetic wavés) and electron’s energy during the interac-

. . tion (b) for ag=>5, L=10\y, andby=5\,.
ponderomotive force is about zero. One can clearly see from

Fig. _2(a) tha_t the eIectro_ns trajectory is screwy. The r_ad|alin the focus. So the deceleration by the descending part of
maximum displacement is less thapand the electron drifts

. . . the pulse is ineffective and the electron propagates with the
about 10% of the Rayleigh length along thez axis during I
the interaction. It is shown in Fig.(B) that the electron is laser pulse along the z axis with a speed very near After

. : 5.ps, the electron’s displacement along the axis is up to
accelerated during 0.1-0.4 ps and decelerated in 0.4-0.7 . . X
The maximum energy gait y is more than 12 during the P30 times that of the Rayleigh length and the energy dajn

. . ; . is about 7.2, but the laser intensity is only 0.4% of that in the
interaction, but the electron’s velocity reverts to zero after, . X .

: . o . focus. One can also see from FigaBthat the final velocity
the interaction. Because the drifting distance along the axis

and the maximum radius are much shorter than the Rayleig?lf the electron is nearly parallel with the propagation axis.

length and the beam waibb, respectively, the electromag- If the electron is put on different positions in the focus
9 . ' pec Y, 9 lane, the energy gain will also be different. Figure 4 shows
netic wave acting on the electron is near to a planar wav

during the interaction and the vector potential can be rewrit- e'depen.d.encej of the electron’s energy gi'n on its initial
radial position in the focus plane, whes=5 and b,

ten nearly asa=agexp(-77/L%)a. So no energy gain that _s)  (solid line), a,—3 andb,— 20K, (dash-dotted ling

takes place is reasonable. If the electron is not located on tl}ﬁe pulse widt. = 10\ ,. One can see that the optimal initial

propagation axis initially, however, the electron can beragia| position where an electron gains maximum energy ap-
pushed away from the axis by the radial ponderomotive force

and then be extracted from the laser pulse, as described in
reference Ref[6].

If the beam waist is sometimes wide of the wavelength,
such as & (the corresponding Rayleigh length is\g3, the 1or
interaction scenario is obviously different from the above
situation. Wherag=5, andL =10\, the estimated drifting
distance along therz axis is near 160, and is twice the 3
Rayleigh length, the change of the beam waist cannot bes
neglected anymore. The calculated electron’s orbit and en3
ergy gain for an electron initially at (0,0,0) are shown in ;&j
Figs. 3a and 3b), respectively. At the beginning of the
interaction, the electron’s orbit is helix and its velocity and
energy increase rapidly in the leading front of the pulse. The
electron is pushed forward from the focus by the radiation
pressure and the laser intensity becomes weaker and weak _
with the increase of the laser beam waist. As the pulse is far  olZ : s : s : s : :

. . . P 4] 0.05 0.1 0.15 0.2 0.25 0.3 0.35 04 045 0.5
from the focus, the radial field on propagation axis is near to Redial position pfb
planar electromagnetic field. As a result, the radial pondero- ‘
motive force is so weak that the electron is confined near the FIG. 4. Dependence of electron’s energy gain on its initial radial
axis. When the ascending part of the pulse overtakes thgosition. The dash-dotted line and the solid line describe the situa-
electron, both the electron and the laser pulse are far from thions forag=3, by=20\, anday=5, by=5\,, respectively. Some
focus and the intensity of the laser pulse is only 30% of thabther parameters ate=10\,,.

12
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FIG. 5. Dependence of electron’s energy gain on its initial lon-  FIG. 6. Dependence of the scattering anglen energy gain
gitudinal position. The laser parameters are the same as those hY- The laser parameters are the same as those in Fig. 3.

Fig. 3.
g the intensity atz/L =20 is only 13% of that in the focus due

to the wider beam waist, and the corresponding strength pa-
rametera is less than 1. It is interesting that there is a low
ex atz/L=—7.8 shown in Fig. 5, where the electron ob-
ins the extremal energy gain. In fact, the electron around
this position initially is accelerated ineffectively but deceler-
ated effectively. In other words, the electron is accelerated
weakly because of the weak laser intensity. During the accel-
eration period, as the electron and the laser pulse get close to
e focus, the intensity of the laser pulse becomes higher and
higher. When the ascending part of the pulse overtakes and
%ecelerates the electron, the laser intensity is so high that it
not only makes the electron’s velocity along the axis zero
but also lets it obtain the velocity along thez axis. Since
the electrons put on different positions on the axis can obtain
the velocity along+z axis and—z axis, there must exist a
osition where the electron has no energy gain because the

SO we may concll_Jde that the electron acceleration is morg. e|eration and deceleration can be counteracted by each
effective by more _tlghtly .focu'sed laser pulse. The NAmoWNeSgher We can easily find that position from Fig. 5, i#L
of the peak in solid line implies that only a small fraction of _ _

electrons is accelerated to the highest energies. But the elec- || Qéneral the velocity of accelerated electron is not al-
tron is not always at rest initially in fact. If the electron has a ’
S”?a” energy of 40 eV with the initial velocity a_llong thex  jitferent positions initially in the focus plane, they will es-

axis, the energy .Of the accelerated elec_tron is abowl0 ._cape from the laser pulse with different scattering angles and
after the interaction when the electron is put on the PoINtittarent energy gains. When neglecting the change of the
(—bo/10,0,0) initially. So the electron beam can be accelerygam \waist, there is a remarkable relation between the en-

ated well by a tightly focused laser beam. er ainAvy of the electron and the scattering anglé5
Figure 5 shows the dependence of energy gain on its inil—egy ¢ Y g angi¢s),

tial longitudinal position. In the calculation, the electron is
put on the propagation axis. The laser parameters are the 9= arctari\/2/A y). (10)

same as those in Fig. 3. One can see from Fig. 5 that there is

an optimal initial position where an electron gains maximumin this case, the scattering angle cannot be zero because the
energy. Concretely, the initially stationary electronzak energy gain of accelerated electron is finite. But if consider-
=1 gains the biggest energy, which is up to 8.1. If the elecing the change of the laser beam waist, the dependence of
tron is put on the propagation axis but far away from thescattering angle on its energy gain is different from 8d).
focus, there is nearly no energy gain after the interactionFigure 6 shows the relationship of the scattering adgéand

This can be explained by the fact that both the acceleratiothe energy gairly. The solid line and the dash-dotted line
and the deceleration are ineffective because of the weattescribe the situations considering and neglecting the evolu-
pulse intensity in the region far from the focus. For exampletion of the beam waist, respectively. The laser parameters in

pears afp/by=0.2 for the case with wider beam waist, and
the corresponding maximum energy gain is about 3.2. W
should emphasize that there is no energy gain for the electr
initially on the propagation axis whehy=20\, and this
accords with Fig. 2. On the contrary, the electron initially
near the axis obtains maximum energy gain whepn
=5\, the corresponding maximum energy gain is about
11.3. The energy gain decreases rapidly with the increase
plbgy and electrons distributed in the region pfby>0.1
cannot be accelerated effectively. Comparing the case f
ap=5 andby=5\, with that forag=3 andby=20\,, one
can clearly see that the maximum energy gainafge5 and
bo=5\, is larger than that foa,=3 andby= 20\, though
the power of the laser pulse fa,=5 andby=5\, is an
order of magnitude less than that fag=3 andbgy=20\,.

ways parallel to thet z axis. If electrons are distributed in
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60 ' ' ' - - ' - ' ' function of the laser amplitude. Wheay<2, the approxi-
mately drifting distance is shorter than the Rayleigh length,
so the evolution of the beam waist can be neglected, and
there is nearly no net energy gain. The energy gain is pro-
portion to a5 as 2<a,<5. Whena,>5, the energy gain
increases witha, linearly. Whenay=10, the energy gain
Avy=50.

501

40

Tmax

30

IV. CONCLUSION

Energy gain A

2 We have described a mechanism of extracting energetic

electrons from a tightly focused laser beam. The initially
stationary electron can be accelerated effectively in the vi-
cinity of the focus where the laser beam waist is narrow and
the intensity is high, but decelerated ineffectively far from
the focus where the laser beam waist is wide and the inten-
° sity is weak. Because of the asymmetry of the laser intensity
FIG. 7. Dependence of the maximum energy ghip,.,on the N acceleration and deceleration, the electron can obtain net
light amplitudea,. The laser pulse width =10\,, the minimum  €NErgy gain from the laser pulse when the electron departs
spot sizeby="5X\,. from the laser pulse. When considering the change of the
laser beam waist, E@10) is not exact to describe the depen-
this calculation are the same as those in Fig. 3. When théence of the scattering angle on the energy gain. The scat-
electron is away from the origin in the focus plane, there istering angles for electrons initially on the propagation axis
no difference for the relationships between scattering angl@re near to zero. Comparing the mechanism of electron ac-
and energy gain whether considering the evolution of theceleration in this paper with the method described in Ref.
beam waist. One can also clearly see that there is no electrdfl, we find that tightly focused laser pulse has an advantage
in the small scattering angle region if neglecting the evolu-of generating collimated MeV electron beam in the forward
tion of the beam waist. While considering the evolution of direction.
the beam waist, we find the scattering angles of energetic
electrons reduced obviously. The maximum energized eIep- ACKNOWLEDGMENTS
tron escapes from the laser pulse with a 15° degree scattering
angle. Note that the energy gain is 7.2 when the scattering This work was supported by the Special Foundation for P.
angle is zero, which reminds us that the collimated MeVLu from Chinese Academy of Science, the National High-
electrons could be generated in the forward direction by dechnology ICF Committee in China, and the National key
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Figure 7 shows the electron’s maximum energy gain as 2G1999075206-2.
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