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Ponderomotive acceleration of electrons at the focus of high intensity lasers
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Ponderomotive-force driven acceleration of an electron at the focus of a high-intensity short-pulse laser is
considered using a model that accounts for its averaged drift motion but neglects its fast-varying quiver motion.
It is shown that at relativistic laser intensities the ponderomotive acceleration mechanism can be significant
even for an electron initially at rest. The latter can easily be driven out of the interaction region by the radial
component of the ponderomotive force. For intensities abov&\W0oum?/cn?, energy gains in the range of
MeV can be realized.

PACS numbgs): 52.35.Ra, 52.35.Mw, 52.35.Qz

In view of possible applications in the laser accelerationelectrons can occur for laser powers well below the theoret-
of electrons, the interaction of an electron with short-pulseical estimate$1,6]. Simulationd 4] also indicated rather iso-
tightly focused lasers has drawn much research interestopic scattering: the electrons are expelled from the focus
[1-6] in the past few years. It is well knowjiT] that planar  region mainly along the intensity gradient, with the polariza-
electromagnetic waves do not serve the purpose of electrafpn direction playing no particular rolgt].
acceleration. This is true even when light pressure effects are | the simulationg 1,3,4] based on test particles, the tra-

included, since when a wave overtakes an electron, the rgectories of the individual electrons are followed. The com-
diation pressure pushes the electron forward in the ascendiqgjtation is voluminous since both the high-frequency elec-
(leading front and backward in the descendiftgiling) part  tron oscillations in the wave field and the relatively slowly
of the laser pulse. As a result, the electron does not acquirgarying electron response to the light pressure are included.
net acceleration. However, if after being accelerated the elegygreover, there is evidendd, 3,4 that at least for the ini-
tron leaves the interaction region before being decelerated, ifally slow electrons the energy gain is mainly in the aver-
will have gained energy. This scenario can occur in the focugged motion, with the high-frequency quiver motion nearly
region of a laser pulse. Hartemaanal.[1] proposed that if  ynaffected. By averaged motion we refer to the slowly vary-
the electron quiver displacement imparted by the laser beng (relative to the quiver motiorelectron drift driven by the
comes comparable to the waist of the laser beam, the actiggyadients in the radiation pressure, or the time-independent
of the laser field on the electron will be terminated when thecomponent of the ponderomotive force, in the focus region
accelerated electron leaves the focus region in the course gf 5 |aser pulsd4,5]. There the radiation pressure on the
its quiver motion. As a result, the electron retains the energg|ectrons is much enhanced and is fairly isotropic. In particu-
gained during its encounter with the ascending front. Thaar it contains a component that can accelerate electrons ra-
threshold power needed for this mechanism to operate can kgally outward from the propagation axis. If the acceleration
estimated by equating the quiver displacement to the beamg syfficiently strong an electron can be driven out of the

waist. One obtains focus region and thus escape in nonaxial directions before it
5 . experiences the decelerating phase of the pulse. The question
P~(0.21K)(R/N)™ TW, (1) is whether the ponderomotive force is sufficiently strong to

expel an electron from the focus region within a half-width

wherevy; is the initial electron energy in terms of the relativ- of the laser pulse.
istic factor, andR and \ are the effective waist size and In this Rapid Communication we consider the
wavelength of the laser in the focus region, respectivelyponderomotive-force driven acceleration mechanism by in-
Equation(1) shows that the accelerated electron can escapeoking a simple interaction model. Instead of following the
from the interaction only if the laser is of very high power exact electron trajectory, we follow only its drift motion by
and/or is very tightly focused. That is, the field in the inter- precluding the fast-varying quiver oscillations. An analysis
action region must be sufficiently high, especially if the elec-based on the electron equation of motion in cylindrical coor-
tron is initially slow (y;~1). For example, iiR/A=10 and dinates near the focus of a laser pulse is presented. It is
vi=1 we haveP~2100 TW. Furthermore, according to this shown that the proposed acceleration mechanism is indeed
mechanism the accelerated electrons can escape from a lieffective. We found that in addition to the well-known rela-
early polarized laser pulse only in the direction of the polar-tion between the scattering angle and escape erédigyhe
ization[1] as two oppositely directed jets. radial momentum and energy gain of the electron is strongly

On the other hand, experimer@] and simulationg$3,4] correlated. In particular, as long as its final radial momentum
showed that rather effective acceleration of initially slowis finite, an electron will achieve net energy gain. The maxi-
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mum electron energy gain depends on the laser strength. 90
Even for electrons initially at rest, the acceleration can be 80
remarkable at relativistic laser intensitiesl A =10 0!
W um?/cn?, wherel and \ are laser intensity and wave- &
length and the affected electrons can easily leave the inter- 2 60
action region. For laser intensities above!®1l®/um?/cn?, § 50
energy gains of the order of MeV can be realized. é" 20 |

The Lagrange equations for electron motion in a laser & 30
field can be written ag8] 3 I

20 |
d(p—a)=—cV(a-u), 2 0L
diy=u-da, 3 %0 2 4 6 g 10

whereu is the velocity of electrons normalized loya is the Energy gain Ay
vector potential normalized bypc?/e, p=yu is the normal- ] ] .
ized momentumy=(1—u?)~¥2 s the relativistic factor or FIG. 1. Relation between the scattering angle(in degreep

normalized energy, and tHein Eq. (2) acts ona only. Note ~ @nd energy gaidy, where;=1 (solid line), 2 (dashed lin and
that Egs.(2) and (3) are exact. 5 (dotted ling.
As solution of the one-dimensional wave equation, the

vector potential of a planar laser pulse can be expressed as di(yu,—a,)=—cu-d,a, (6)
a=a(7), where n=z—ct, a,=0, and we have used the d Ca=0 7
Coulomb gauge. Since the vector potential is independent of t(yus=ay) =0, ()

x andy and depends onandt only throughz, Equationg2)
and (3) lead to three integration constants, nameby,,

—ayy=Cjyandy—p,=Cjz, from which we get the relation |eading to two integration constants

di(yu,)=dyy=—cu-4,a, 8

y=[1+C3+(Ci+a)°+(Cy+2))?/2C5,  (4) yuy—as=C; and ¥(1-u)=C,, (9

where the definition ofy has been used. For an electron corresponding to the cyclic propertiesafentioned above.
entering the laser field with; and leaving withy;, Eq. (4) When the electron eventually leaves the laser field, from

yields vy;=vy;. That is, there is no net energy gain for the Eq. (9) and the definition ofy we obtain
electron in a planar laser pulse.

However, around the peak of the laser pulse the electron tar? 6;=(2C,y;— C3—1)/(y;— C,)?, (10
has considerable energy, namely, up & 1+ pf + pz2
=1+a??2 for an initially stationary electron. Here, =a is yfuZ—2C,y¢=—(1+Ci+C), (12)

from the transverse quiver motion, driven roughly at the la-

ser frequency by the electric force of laser, agg=a%/2is ~ Where y¢ is the normalized escape energy, afdis the

from the longitudinal motion driven by the magnetic or pon- Scattering angle measured from the direction of laser propa-
deromotive force. In circularly polarized light, the latter con- gation. Equation10) is the well-known relation between the
tains only a slowly varying drift toward the regions of low Scattering angle and the escape energy, and has been verified
field intensity, while in linearly polarized light it contains a in numerical simulations and experimefs-4,8,9.

2w oscillation as well. We should emphasize that at relativ- The maximum scattering angle is

istic intensities the electron drift Eowly varyingbut it is b

no means slow, as is often stated in tyrqe Iit)éragture. In fa)c/t, for Of max=tan {(C,/\/1-C3), (12

a>2 the drift velocity is even larger than the quiver velocity.

; —c-1
This crucial fact makes ponderomotive acceleration effectivé("hICh occurs fory;=C, ~. Note that Eqs(10) and(12) are

and promising. valid as long as the IaS(_ar fielc_i depe_nds toand z only
For a focused laser pulse, the vector potential near thErOUgh 7. Results from simulations with exact laser fields
focus can be modeled as I.e., without invokinga=a( #,p)] showed that slight devia-
tion from this dependence may ocdu.
a=a, exp(— 7%/L2— p?/R?)a (5) For an electron initially moving ahead of the laser pulse

with u;=/1— vy, 2z, we haveC;=0 andC,=y;— /y?—1.
where a=coskzn)x+ e sinkn)y, p=x>+y?, L andR are  Figure 1 shows the relation between the scattering afigle
the pulse width and minimum spot siZeis the wave num- and the energy gainy;—1, where y;=1 (solid line), 2
ber, a; the peak amplitudee=0 for linear ande=1 for  (dashed ling and 5(dotted ling. For electrons initially at
circular polarization. We have assumed that the Rayleighest (y,=1), the maximum scattering angle can be up to 90°.
length zg=kR?/2 is much larger than the pulse widlth Moreover, the scattering angle decreases steadily with in-

Thus, the vector potential dependsandt only through  creasing escape energy. For electrons with higher initial en-
n=z—ct, and its amplitude is independent of the azimuthalergy, the scattering will be confined to smaller angles.
coordinateg. That is, we havea=a(7,p) and Egs.(2) and Using the same initial conditions, E¢L1) leads to an-

(3) can be rewritten as other important result, namely,
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FIG. 2. Drift of electrons starting from radial positions
=0.3R (curve a) and R (curve b), for y;=1, e=1, ag=2, L
=30\, andR=20\.

strengthay=2(0), 3(x), and 4(+), respectively.

Ay=yi— 9= yfu3/2C,, (13

FIG. 3. Dependence of energy gadrty on the initial radial
position p;, where y;=1, e=1, L=30\, R=20\, for laser

becomes noticeable only in the relativistic regimye>1, or

for the energy gain. It shows that the electron will achievel)\z> 108
net energy gain as long as its final radial momentymn, is W
nonzero. This conclusion demonstrates the importance of thf%
radial drift motion: without it there can be no net accelera-
tion, as in the case for a planar wave field.

By settingu=v+a/y and using the above mentioned ini-
tial conditions, we can rewrite Eq&)—(8) as

W um?/cm?. At intensities

r electrons initially at rest.

di(yv,)= —(c/27)&pa2—0vp(9pap, (149

di(yv,)=d;y=— (c/2y)ﬁ,,a2— Cv,d,a,, (15
where the electron quiver motion driven byhas been pre-
cluded. Other fast-varying terms in Eq44) and (15 also
have little contribution and can thus be ignored. _
The acceleration of initially stationary electrons by a cir- Of the laser light.
cularly polarized laser is studied by solving Eq%4) and

(15). In this case, the field amplituda®= a3 exp(—277/L>

191 Niedertemperatur Plasmen,

above
wm?/cn?, energy gain in the MeV level can occur even

6

We have shown that, although on a timescale greater than
that of the electron quiver motion, the ponderomotive force
of a tightly focused high-intensity laser can lead to net ac-
celeration and scattering of initially slow electrons. This oc-
curs because in the relativistic regime the electrons acceler-
ated by the ponderomotive force can acquire sufficient radial
drift speed to leave the interaction region before encounter-
ing the decelerating phase of the laser pulse. Moreover, since
the direction of the ponderomotive force depends on the field
gradients in the focus region, the scattering is quite isotropic.
In particular, it is independent of the direction of polarization
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Figure 2 shows the drift trajectories of two electrons startingshanghai Center of Applied Physics, the ICF Youth Science

at rest from the axial positio;=300 and the transverse Fuynd, the Chinese Academy of Scier(@rant No.

positionsp;=0.3R andR, respectively. The other parameters 1298, and the Humboldt Foundation.
areap=2, yi=1, e=1, L=30\, andR=20\. One can see
that the electrons, initially stationary, are pushed away from

LWTZ-

the propagation axis by the radial component of the radiation
pressure. They are also accelerated along the propagation
axis. The radial drift out of the focus region terminates the
laser action on the electron before it experiences the de-
scending phase. We note that for the parameters under con-
sideration, the quiver displacement of the electron is well
below the focus spot size.

Figure 3 shows the dependence of the energy gairon
the initial transverse positiop; for laser strengths,=2
(O), 3 (*), and 4 (+), respectively. The other parameters
are the same as that for Fig. 2, i.¢;=1, e=1, L=30\, - L * X

— —_
o] \S] (o))
T T T
*

Max. energy gain Ay, .
*

N
T
*

andR=20\. One can see that for any given laser strength, 0 1“
there is an optimal initial radial position for which an elec-
tron gains maximum energy.

Figure 4 shows the dependence of the maximum energy
gain A y,. On the laser strength, for the same parameters
as in Fig. 2. Note that the proposed acceleration mechanistaser strengtta,, for y;=1, e=1, L=30\, andR=20\.

Strength parameter a,

FIG. 4. Dependence of the maximum energy g&ip,,., on the
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