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Electron acceleration by an intense short pulse laser in a static magnetic field in vacuum
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Electron acceleration by a laser pulse having Gaussian radial and temporal profiles of intensity has been
studied in a static magnetic field in vacuum. The starting point of the magnetic field has been taken around the
point where the peak of the pulse interacts with the electron and the direction of the static magnetic field is
taken to be the same as that of the magnetic field of the laser pulse. The electron gains considerable energy and
retains it in the form of cyclotron oscillations even after the passing of the laser pulse in the presence of an
optimum static magnetic field. The optimum value of the magnetic field decreases with laser intensity and
initial electron energy. The energy gain also depends upon the laser spot size and peaks for a suitable value.
The energy gained by the electron increases with laser intensity and initial electron energy. The electron
trajectory and energy gain for different parameters such as laser intensity, initial electron energy, and laser spot
size have been presented.
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I. INTRODUCTION increases the duration of the interaction between the laser
) . ... _pulse and electron, thus increasing the ener ain. Further-
With the development of the chlrped-pulse-ampl|f|cat|onpmore' the peak energy attained bygthe electr(?ril igcreases with
technique, table-top high-peak power lasers have been sufiitial electron energy and this makes it easier to inject pre-
cessfglly developed with light intensities as high BS  accelerated electrons in a vacuum than that in a plasma. It is
=10** W/cn¥, wherel and \ are the laser intensity and well known that a planar-laser pulse cannot be used for elec-
wavelength in units of W/cand um, respectively. Conse- tron acceleration, since when it overtakes an electron the
quently, there have emerged many new frontier research afatter is ponderomotively driven forwards in the rising part,
eas in both applied and fundamental physjts Among but then backwards in the trailing part, resulting in no net
these, the development of a laser-driven electron acceleratianergy gain by the electrofi8]. An electron can gain and
mechanism is a fast advancing area of scientific researctetain significant energy if a wiggler magnetic field of suit-
[2,3]. The early schemes envisaged the production of a largeable magnitude and period is externally applied. However,
amplitude plasma wave in different accelerators such as thene of the fundamental limitations of this acceleration
plasma wake-field acceleratp], the plasma beat-wave ac- scheme is the dephasing of the trapped electron with respect
celerator[5], the laser wake-field acceleratWFA) [5,6),  to the driver laser wavgl9]. Resonance can be maintained
the resonant laser plasma acceleraldl, and the self- for longer duration for a suitably tapered wiggler period and
modulated laser wake-field accelerat@MLWFA) [8—10.  the electron can gain much higher enefgg]. The required
A major limitation of these schemes arises from the wave/iggler period increases with initial electron energy. In this

particle dephasing. One may overcome it by a surfatron conP2Per it is shown that if an optimum static magnetic field in
cept[11] in which a traverse static magnetic field is Sljloer_the same direction as the magnetic field of the laser pulse is

imposed on the plasma wave. Dieckmagtral. [12] exam- externally applied during the trailing part of the pulse, the

. : . .electron can gain and retain significant energy in the form of
ined electron acceleration by an electrostatic plasma wave i clotron oscillations even after the passing of the laser

magnetized plasma. They assumed an glectric field of th Ulse
electrostatic Wave_E(X’t):EO(t)S'_n(k?(_“’t)XA propagating In this paper, results of a relativistic two-dimensional
transverse to a uniform magnetic fieB=Boz. The phase gingle-particle code for electron acceleration by an intense
space distribution of electronfix,vy,vy) at different time  ghort pulse laser in the presence of a static magnetic field
scales was recorded. Singh al. [13] have shown that the parallel to a magnetic field of the laser pulse have been pre-
duration of the interaction between plasma waves and elegented. Relativistic equations for electron acceleration have
trons increases due to the self-generated azimuthal magnetieen formulated in the next section. Numerical results are
field and the electrons gain more energy. presented in Sec. lll. Finally, a brief discussion of the results
Direct laser electron acceleration in vacuum has receivet given in Sec. IV.
attention in recent yead4-17. Vacuum as a medium for
electron acceleration has some advantages over plasma. The
problems inherent in the laser-plasma interaction such as in- Consider the propagation of a laser pulse with the vector
stabilities are absent in a vacuum. The group velocity of thgpotential
laser pulse is higher in a vacuum than that in a plasma. This AL = — %A, sin(wt — k2) expl- [t - (z- 2)/c]4 72}

II. RELATIVISTIC ANALYSIS

X exd - ré/2r3], (1)

*Electronic address: k_psingh@yahoo.com wherez is the initial position of pulse peak; is the pulse
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P,
myC

{(P-1-[(%- DY~ yo + y+xeBy/(me) A2,
(10

In the following discussion, the following dimensionless
variables will be usedag=eAy/myc, by=eBy/Myw, t— wt,
T— w1, X—owXlc, zZ—wzlc, 2z —wzlc, dx/dt
— (dx/dt)/c, dz/dt— (dz/dt)/c, k—kc/w. In these vari-

FIG. 1. Schematic of electron acceleration by an intense shor@Ples, one can write Eqér), (9), and(10) as follows:
pulse laser in a static magnetic field in the downward§)

direction.
O -1 {08- 11 yo y e xT2, (1)
duration,r?=x?+y?, andr, is the laser spot size. dt vy 0 0 ’
The electromagnetic fields related to the vector potential
of the laser pulse are
dAL dz 1
BL=-— 1 BL=V XAL v g1 LB DYyt v+ xby], (12)
t oy
There also exists an external magnetic field
N 600
B =-VyB,. (3 (@)
Figure 1 shows a schematic of the electron acceleration 500+
by an intense short pulse laser in a static magnetic field. .
The equations governing electron momentum and energy 400+
are
aP, [oA (oA =27
—*:e—L+vz(—L—Bo) , (@)
dt at az 200
P,=0, (5 100+
0 T T T T ¥ T T T T T T
ap, _ _ x<‘9_AL _ Bo), (6) 0 100 200 300 400 500 600
dt az 1/,
d evy JA
9y _ —x ey (7) 100004 (b
dt  myc® Jt _
where € andm, are electron charge and rest mass, respec- 1000_’ o _,, e
tively. e T e
Equations(6) and(7) yield Rt -
d L 1004 5
—(P, = ymgc — xeBy) =0, I
dt 1 v
1 ’
(8) 04 7
P, - ymyc - xeBy=Cy, ]
whereC, is given by the initial conditions. If the electron is )
at the origin with P,=0 initially and =y, then C,=(3 0 2 4 6 8 10
— )2 yomyc: "
P, _ 12 FIG. 2. (a) Retained energy as a function of 18, for a,
myC - (%2) 1) Yo+ v+ xeBy/(mge). ©) =5,y,=3,r7=85, andz,;=3200 andb) 1/by as a function of initial

Using Eq.(9) with y2=1+(P2+P2)/mZ,c?, we obtain

electron energy formy=1, 5, and 10(dotted, dashed, and solid
lines, respectively
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FIG. 3. Electron energyy as a function ofz at y,=3 for (a)
a8y=0.5, by=0.025,2,=815, andry=7.8, 9, and 12(b) ay=1, by
=0.015,2,=875, andry=15,17, and 20(c) a;=5, by=0.003, 2,
=3200, andry=80, 85, and 95, andd) ay=10, by=0.0015, z,,
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FIG. 4. (a) and (b) Electron trajectories in th&-z plane. The
parameters are same as in Fig&)and 3d), respectively.

dy __ _ng/c]z} _r_z}i
R R e

X[V = 1={(%= D= yo+ v+ xbo}?]?

X [cos(t -2) - &qumsin(t - Z)] . (13

Equations(11)«13) are coupled ordinary differential equa-
tions of order 1. These have been solved numerically for
electron trajectory and energy by the fourth-order Runge-
Kutta method by assuming the initial electron position at the
origin and initial electron energy,.

IIl. NUMERICAL RESULTS

The electron energyy as a function ofz for different
parameters has been obtained. The results are presented in
the form of dimensionless variables. The values of the pulse
length, magnetic field, etc., turn out different for different
laser wavelengths. | have choser25 andz =-50. The
point z,, is chosen such that the electron interacts with the
pulse in the presence of a static magnetic field during the
trailing part. The results are as follows.

It is well known that the electron gains energy during the
rising part of the laser pulse and loses it during the trailing
part, resulting in a negligible net energy gain. However, if a
suitable static magnetic field is present during the trailing

=11 000, and(,=161,175, and 210. Dotted, dashed, and solid linespart of the pulse, the electron gains considerable energy and

correspond to increasing order of spot sizes, respectively.

retains it even after the passing of the pulse. The retained
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FIG. 5. Electron energy as a function ofz at ap=5 for (a) FIG. 6. Electron energy as a function ofz at ag=10 for (a)
b rog o ang?_ls 6 15 o 1632]‘@) {2 77=1,,=0.045,2,=290, andro=28, 32, and 34 andb) =5,
Yo=-, Bo=U.1, Zn=11, 0= 5.0, 9, . Y072 1h=0.0005, z,=32000, andr,=270, 300, and 355. Dotted,

bO:O.OO_l,zm:9400, andro=137, _150' an_d 167. Dotted, daSh?d' dashed, and solid lines correspond to increasing order of spot sizes,
and solid lines correspond to increasing order of spot s'zesrespectively
respectively. '

energy peaks for an optimum magnetic field. Figufe)2 3(d), respectively. The electron traverses more distance in the
shows the variation of the retained energy as a function ofransverse direction for higher laser intensity. The electron
normalized external magnetic field, and Figb2shows the trajectories in the other cases are similar to these and, there-
optimum value of the magnetic field as a function of initial fore, have not been shown.
electron energy for different laser intensities. The value of Figures 5 and 6 show the electron enenggis a function
the optimum magnetic field decreases with laser intensityf 7 for a,=5 anda,=10, respectively, for different initial
and initial electron energy. The results of Figs. 3-6 havejectron energieéy,=1 andy,=10). It can be seen that the
beglz_rr: obtained for Opc}'g]um vallue? of thle mdagnetlctj: field. (value of a suitable spot size and the positiap) at which
Iaserip?c?tesrigz)t/a%?:gepeais fgreaescuri?;bl’ctlas\?alu??hes rltjazms% € electron experiences the peak of the pulse intensity in-
Figs. 3—6 have been shown for three spot sizes; the middIg €aSes with initial eIecFron energy.'Fu_rth(.ermore, the energy
gained by the electron increases with initial electron energy

one corresponds to a suitable spot size. . R
Figures 3a)-3(d) show electron energy as a function of ~and the quantityy- Yo)/ag is higher fory,=10 than that for

zfor ay=0.5, 1, 5, and 10, respectively, #=3. It can be %=1 in both l_:igs._ 5 and 6, implying that lthe efficit_ancy of

seen that value of the suitable spot size and positigp ~ the energy gain with respect to the laser intensity increases

increases with laser intensity. Furthermore, it can also baith initial electron energy for a given laser intensity. For a

seen that the energy gained by the electron increases witAser pulse with wavelength of Am, the optimum value of

laser intensity; however, the quantity— 7,())/aé remains ap- the magnetic field corresponding t=0.1, 0.045, 0.001,

proximately the same for all cases, implying that the effi-2nd 0.0005 turns out nearly 1000, 450, 10, and 5 T, respec-

ciency of energy gain with respect to laser intensity remaindiVely-

approximately the same. Usingy,=2mmy chy/ex, we can

calculate valu_e of the optimum magnetic fi(_ald in tesla. For a IV. DISCUSSION

laser pulse with wavelength of Am, the optimum value of

the magnetic field corresponding tb,=0.025, 0.015, An electron gains energy during the rising part of the laser

0.0030, and 0.0015 turns out to be nearly 250, 150, 30, angulse and loses it during the trailing part, resulting in negli-

15 T, respectively. gible energy gain. The presence of a suitable static magnetic
Figures 4a) and 4b) show electron trajectories in the field during the trailing part of the pulse leads not only to an

x-z plane corresponding to the parameters of Figs) 8nd  enhancement of the energy gain but also to the retention of
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most of the energy in the form of cyclotron oscillations afterenergy because the duration of interaction between laser
the passing of the laser pulse. If the value of magnetic field ipulse increases with initial electron energy. The electron
low, the electron experiences some deceleration, interactingains very high energy at high laser intensity and high initial

electron escapes from the pulse; hence, the energy gained Ry eases. At low laser intensity and low initial electron en-

the electron peaks for an optimum magnetic field. Similarly,ngieS, the optimum values of the magnetic field are very

for a small spot size the electron escapes from the pulse alrjy h; however, intense magnetic fields with duration several
for a large spot size the electron experiences some decele 9N, ' 9

tion, interacting with the trailing part; therefore, the energy©rders of magnitude longer than that of a short laser pulse are
gain peaks for a suitable spot size. An electron traverses available[21]. If such a strong magnetic field is not available
larger longitudinal distance during the rising part of the pulseat @ laboratory, then the experiment can be carried out at high
at higher laser intensity and initial electron energy; hencelnitial electron energy and high laser intensity because the
the starting point of the static magnetic field has been chosePptimum value of the magnetic field decreases with laser
accordingly. The energy gain increases with initial electronintensity and initial electron energy.
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